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Abstract

:

Janus kinase inhibitors (JAKis) represent a new strategy in rheumatoid arthritis (RA) therapy. Still, data directly comparing different JAKis are rare. In the present in vitro study, we investigated the immunomodulatory potential of four JAKis (tofacitinib, baricitinib, upadacitinib, and filgotinib) currently approved for RA treatment by the European Medicines Agency. Increasing concentrations of JAKi or methotrexate, conventionally used in RA therapy, were either added to freshly mitogen-stimulated or preactivated peripheral blood mononuclear cells (PBMC), isolated from healthy volunteers. A comparable, dose-dependent inhibition of lymphocyte proliferation was observed in samples treated with tofacitinib, baricitinib, and upadacitinib, while dosage of filgotinib had to be two orders of magnitude higher. In contrast, antiproliferative effects were strongly attenuated when JAKi were added to preactivated PBMCs. High dosage of upadacitinib and filgotinib also affected cell viability. Further, analyses of DNA double-strand break markers γH2AX and 53BP1 indicated an enhanced level of DNA damage in cells incubated with high concentrations of filgotinib and a dose-dependent reduction in clearance of radiation-induced γH2AX foci in the presence of tofacitinib or baricitinib. Thereby, our study demonstrated a broad comparability of immunomodulatory effects induced by different JAKi and provided first indications, that (pan)JAKi may impair DNA damage repair in irradiated PBMCs.
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1. Introduction


Rheumatoid arthritis (RA) is a chronic, autoimmune disease, characterized by inflammation and progressive damage of synovial joints, when treated insufficiently [1]. With increasing knowledge about disease pathophysiology, new pharmaceutical strategies and compounds are available. After the application of conventional synthetic disease-modifying antirheumatic drugs (csDMARDs), such as methotrexate (MTX) in late 1980s, and biological DMARDs since late 1990s, small-molecule Janus kinase inhibitors (JAKis), classified as targeted synthetic DMARDs, represent a new milestone in RA treatment [1,2,3]. Clinical studies with JAKi demonstrated similar efficacy and safety compared to biological DMARDs [4,5]. However, long-term data for JAKi covering several years are still missing.



Janus kinases (JAKs) are cytoplasmic tyrosine kinases comprising four different types of JAK enzymes in humans: JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2) [6]. While JAK1, JAK2, and TYK2 are expressed ubiquitously, JAK3 is predominantly detectable in hematopoietic tissue [7,8]. Upon extracellular ligand binding, JAKs associate as homo- or heterodimers with type I and type II cytokine receptors. Subsequently, JAK dimers become activated by auto- and transphosphorylation and phosphorylate the cytoplasmic tail of the cytokine receptor [6,8]. This induces the recruitment and binding of signaling molecules, such as the members of the signal transducer and activator of transcription (STAT) family (seven members: STAT1/2/3/4/5A/5B/6). After JAK-mediated STAT phosphorylation, dimerization, and activation, STAT dimers translocate to the nucleus where they act as transcription factors for multiple target genes, modulating, i. a., survival, proliferation, or differentiation of T lymphocytes [9,10]. More than 50 different cytokines and growth factors are known ligands of type I/II cytokine receptors. Depending on the cytoplasmic chains of the receptor, they are able to associate either with only one type of JAK enzyme or with different JAK isoforms. Hence, this creates a high degree of specificity regarding different JAK and STAT combinations [9,10,11].



Sufficient JAK-STAT signaling is essential in the regulation of immunological processes. Polymorphisms and loss- or gain-of-function mutations within this pathway are associated with immunodeficiency, autoimmune disease, and hematological malignancy [9,12]. Therefore, JAK-targeting agents represent a new class of immunomodulatory drugs [11]. After first approval of JAK inhibiting drugs for the treatment of neoplastic diseases, several JAKi are also authorized for the treatment of RA by the U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA) [13,14]. The two approved first-generation JAK inhibitors tofacitinib (JAK3 > JAK1 > JAK2) and baricitinib (JAK1 > JAK2 > JAK3) are classified as pan-JAK inhibitors, targeting multiple JAK isoforms, but with different affinities. In contrast, the two second-generation JAKi upadacitinib and filgotinib (not yet approved by the FDA) show high selectivity for JAK1 and primarily inhibit its associated cytokine-receptors [10,15]. However, selectivity of JAKi towards specific JAK isoforms is not absolute and depends on dosage and cell type [16]. An overview of reported mean half-maximal inhibitory concentrations (IC50) obtained by enzymatic assays is provided in Table S1.



Although already approved for RA treatment, in vivo and in vitro head-to-head studies of all four JAKi are rare. Therefore, we evaluated the immunomodulatory and cytotoxic potential of tofacitinib, baricitinib, upadacitinib, and filgotinib on human PBMCs freshly isolated from healthy donors. For comparison with conventional synthetic DMARDs, samples treated with MTX were investigated in parallel. JAKi or MTX were either added directly to freshly PHA-stimulated PBMCs or 48 h after PBMC activation, to investigate their impact on preactivated T lymphocytes, as this might be more relevant regarding inflammatory conditions in vivo [17]. Compared to healthy controls, peripheral blood isolated from patients with active RA revealed an enhanced level of activated PBMCs, which may play a direct role in disease pathogenesis [18]. Furthermore, Kitanaga et al. stated constitutive activation of JAK/STAT signaling in PBMCs from patients with systemic sclerosis or RA [19].



JAK/STAT signaling is involved in regulation of multiple fundamental cellular processes. Additionally, there is increasing evidence suggesting that JAK/STAT signaling also modulates molecules involved in DNA damage response pathways [20,21,22,23,24]. To investigate the impact of JAKi on DNA double-strand break (DSB) formation and on repair of radiation-induced DNA damage we quantified nuclear foci stained by γH2AX or 53BP1 (p53-binding protein 1) antibodies. These markers have been described as sensitive molecular indicators for DNA DSBs [25,26,27].



The objective of the present in vitro study was to compare the immunomodulatory potential of all four JAKi currently approved for RA treatment in Europe. Therefore, we treated freshly and preactivated PBMCs with rising concentrations of either tofacitinib, baricitinib, upadacitinib, filgotinib, and MTX and determined the effect on cell proliferation, activation (CD25) and apoptosis. Furthermore, we investigated the impact of different JAKi and MTX on DNA damage induction and repair by fluorescence microscopic analysis of DNA DSB markers γH2AX and 53BP1. Our study indicates a broad comparability of the immunomodulatory effects induced by different JAKi and offers a first indication, that (pan)JAKi may impair DNA damage repair in radiated lymphocytes.




2. Experimental Section


2.1. Ethics Statement


The study was performed in accordance with the Declaration of Helsinki and was approved by the local ethics committee (No. 183/20). All 14 healthy blood donors (10 female and 4 male; mean age: 35 ± 12 years) who agreed to participate in this study provided written informed consent.




2.2. Cell Culture


Human peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood by density gradient centrifugation using Pancoll separating solution (PAN-Biotech, Aidenbach, Germany). Afterwards, PBMCs were washed twice and suspended to a final density of 1 × 106 PBMCs per mL in serum-free AIM-V culture medium (Invitrogen, Eggenstein, Germany). Activation of T lymphocytes among PBMCs was achieved by mitogen stimulation with 2 µg/mL phytohemagglutinin (PHA, life technologies/Gibco, London, UK).



JAK inhibitors tofacitinib, baricitinib, upadacitinib, and filgotinib and methotrexate (MTX) were all purchased from Selleckchem (Houston, TX, USA). These agents (stock solution: 10 mM in dimethyl sulfoxide (DMSO)) were either added simultaneously with PHA into cell culture plates or 48 h after PHA-stimulation, to investigate their impact on preactivated PBMCs. Cells treated with DMSO, diluted 1:1000, served as corresponding vehicle controls.




2.3. Proliferation Analysis by 3H-Thymidine Incorporation


Cell proliferation was analyzed by 3H-thymidine incorporation assay. For T cell activation, PHA was added to PBMC suspension and 1 × 105 PBMCs/well were seeded into flat bottom 96-well plates. Different concentration (1 nM–10 µM, 1:10 serial dilution) of the four investigated JAKi were added as triplicates either directly to the cell culture or 48 h after PHA-stimulation (preactivated lymphocytes). After 72 h of PHA activation, PBMCs were pulsed with [3H]-thymidine at a dose of 0.2 μCi/well for additional 6 h. At the end of the incubation period cells were harvested and 3H-thymidine incorporation was quantified using the microplate liquid scintillation counter Wallac MicroBeta TriLux from Perkin Elmer (Waltham, MA, USA).




2.4. Proliferation Analysis by the CFSE Dilution Assay


Additionally, cell proliferation was assessed by the cell trace carboxyfluorescein succinimidyl ester (CFSE) cell proliferation kit (Invitrogen, Carlsbad, CA, USA). Therefore, freshly isolated PBMCs were washed in phosphate buffers saline (PBS; PAN-Biotech) and resuspended in 1 mL PBS containing 5% inactivated fetal calf serum (FCS). Subsequently, 5 µM CFSE solution was added and incubated for 5 min at room temperature in the dark. Afterwards, cells were washed twice in PBS-FCS and were resuspended to a final concentration of 1 × 106 PBMC/mL in AIM-V medium. CFSE loaded unstimulated cells served as control sample, representing CFSEhigh, non-divided cell population. For activation PHA was added to remaining CFSE-stained PBMC suspension, which was subsequently plated into 24-well cell culture plates. Increasing concentrations of JAKi or MTX were either added directly or 48 h after PHA-stimulation. After an incubation period of 96 h PBMCs were transferred into 5 mL round bottom polystyrene tubes and washed once in cold PBS containing 0.5% BSA. Subsequently, CFSE intensity of living cells (gating based on forward/side scatter signal) was determined in FITC channel by flow cytometry (LSRFortessa cell analyzer, BD Biosciences, Mountain View, CA, USA) and FlowJo software (version 7.6.4, Tree Star Inc., Ashland, OR, USA).




2.5. Analysis of CD25 Expression


Activation status was assessed by CD25 expression. Therefore, 1 × 106 PBMCs/sample were simultaneously treated for 48 h with PHA and different JAKi at various concentrations as indicated. Afterwards, cells were transferred into 5 mL round bottom polystyrene tubes, washed twice with PBS containing 0.5% bovine serum albumin (BSA; AppliChem, Darmstadt, Germany) and incubated for 30 min at 4 °C with 1:200 diluted phycoerythrin(PE)-coupled anti-human CD25 antibody (BioLegend, San Diego, CA, USA). Subsequently, samples were washed with PBS containing 2 mM ethylenediaminetetraacetic acid (EDTA) and resuspended in PBS-BSA. Samples were kept cold until flow cytometry analysis using a BD LSRFortessa cell analyzer. Data were acquired by FACSDiva 6.0 software (BD Biosciences) and analyzed by FlowJo software.




2.6. Viability Assessment


JAKi- and MTX- induced cell death was determined after 72 h in unstimulated, freshly PHA-stimulated and preactivated PBMCs using a FITC Annexin V/propidium iodide (PI) apoptosis detection kit (BioLegend, San Diego, CA, USA). In brief, 1 × 106 PBMC were transferred into 5 mL round bottom polystyrene tubes, washed once in cold PBS-BSA and resuspended in 50 µL staining solution, comprising Annexin V and PI diluted 1:20 in Annexin V binding buffer. After 15 min incubation at room temperature in the dark cellular staining was terminated by addition of 200 µL binding buffer. Ratio of viable (Annexin V−/PI−), early apoptotic (Annexin V+/PI−), late apoptotic (Annexin V+/PI+), and necrotic (Annexin V−/PI+) cells was determined of 20,000 cells/sample by BD LSRFortessa cell analyzer and subsequent analysis utilizing FlowJo software. Unstained, single- and double-stained cells treated with camptothecin were included as control samples.




2.7. Detection of γH2AX and 53BP1 Foci


Automated quantification of intranuclear γH2AX and 53BP1 foci, described as sensitive indicators for DNA double-strand breaks (DSB), was performed to study JAKi-induced DNA DSB and their impact on DNA repair of radiation-induced DSBs [25,26,27]. Therefore, unstimulated PBMCs were treated with indicated concentrations of JAKi or MTX. Additionally, one fraction was exposed to γ-rays at a dose of 2 Gy (Biobeam 8000, Cs 137, Gamma-Service Medical, Leipzig, Germany) to induce DNA damage. After an incubation period of 24 h non-irradiated and radiated samples were harvested, washed in PBS and fixed for 15 min with 1% formaldehyde on silanized glass slides, as described in detail elsewhere [28,29]. Subsequently, cells were permeabilized in 0.2% Triton X-100, washed in blocking buffer (PBS containing 1% BSA) and incubated for 60 min at room temperature simultaneously with 1:1000 diluted γH2AX (anti-phosphohistone H2AX mouse monoclonal IgG primary antibody, clone JBW301, Millipore, Schwalbach, Germany) and 53BP1 primary antibodies (anti-53BP1 rabbit polyclonal IgG (NB 100–305), Novus Biologicals, Centennial, CO, USA). Afterwards, slides were washed and incubated for 1 h at room temperature with 1:500 diluted polyclonal goat anti-mouse IgG antibody conjugated to Alexa Fluor 488 and polyclonal goat anti-rabbit IgG antibody conjugated to Alexa Fluor 647 (Lifetechnologies, Darmstadt, Germany). After a final washing cycle in PBS, slides were covered with DAPI (4′,6-diamidino-2-phenylindole)-containing mounting medium (Medipan, Berlin/Dahlewitz, Germany). Directly after staining procedure slides were analyzed by an automated digital microscopy system (AKLIDES, Medipan, Berlin/Dahlewitz, Germany) quantifying the number of γH2AX and 53BP1 foci in 300 nuclei per sample [28,29].




2.8. Statistical Analysis


Quantitative data analysis was performed by GraphPad Prism software version 5.01 (Graph Pad Software, La Jolla, CA, USA). Half-maximal inhibitory dose (IC50) was calculated by non-linear regression from logarithm-transformed data. Significance levels among samples treated with the same JAKi or MTX were calculated by repeated measures ANOVA (analysis of variance) with 95% confidence interval (α = 0.05) followed by the Dunnett’s post-hoc test, to compare the results with DMSO-treated control group. Data in text and figures are displayed as the mean ± standard error of the mean (SEM), and p values are indicated by asterisks (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05).





3. Results


3.1. Impact of JAKi and MTX on Lymphocyte Activation and Proliferation


3.1.1. 3H-Thymidine Incorporation


To assess the impact of different JAKi on lymphocyte proliferation DNA synthesis was analyzed by 3H-thymidine incorporation 72 h after PHA-stimulation (Figure 1). As expected, lymphocyte proliferation was significantly inhibited in freshly stimulated PBMCs by all four investigated JAKi in a dose-dependent manner (Figure 1a). However, whereas tofacitinib, baricitinib, and upadacitinib showed significantly inhibitory effects already at the nanomolar dose range, higher concentrations of filgotinib were required to reduce lymphocyte proliferation to a similar extent. Though, treatment of PBMCs with 10 µM filgotinib showed the strongest decrease in 3H-thymidine incorporation (5.5% ± 1.0%) when compared to cell cultures treated with 10 µM tofacitinib (38.6% ± 7.6%), baricitinib (19.8% ± 3.3%), or upadacitinib (19.4% ± 4.6%).



Additionally, we investigated the immunomodulatory potential of these four JAKi on preactivated PBMCs. Therefore, increasing concentrations of JAKi were added to the cell culture 48 h after PHA-stimulation (Figure 1b). Assessment of 3H-thymidine incorporation revealed no significant inhibitory effects in preactivated lymphocytes treated with tofacitinib or upadacitinib, whereas baricitinib decreased cell proliferation in a dose-dependent manner. Filgotinib significantly reduced the level of incorporated 3H-thymidine only when the highest dose (10 µM) was applied. Of note, inhibitory potential of JAKi was strongly attenuated in preactivated cell cultures compared to freshly stimulated PBMCs.



However, due to assay limitations, data obtained from PBMCs treated with MTX had to be excluded from this proliferation analysis. MTX led to a concentration dependent increase of 3H-thymidine incorporation (Figure S1), as also observed by others [30]. This effect is caused by MTX-induced blockage of internal thymidine biosynthesis. The lack of available endogenous thymidine was overcome by enhanced incorporation of external radiolabeled thymidine provided in the cell culture medium, as reflected by an increase in counted radioactivity.



To confirm results obtained by 3H-thymidine incorporation and to include samples treated with MTX, proliferation was additionally analyzed by the CFSE dilution assay.




3.1.2. CFSE Dilution Assay


In line with our data obtained by 3H-thymidine incorporation, CFSE dilution analysis demonstrated a dose-dependent decrease in lymphocyte proliferation, when JAKi were added to freshly stimulated lymphocytes (Figure 2a). Filgotinib significantly reduced the percentage of dividing cells only when PBMCs were treated with 10 µM filgotinib (36.8% ± 15.7%), yet representing the strongest effect compared to samples cultured with 10 µM tofacitinib (42.4% ± 3.4%), baricitinib (38.3% ± 3.7%), or upadacitinib (55.5% ± 2.9%), respectively. Treatment with MTX ≥ 0.1 µM also significantly reduced cell proliferation by more than 50%.



In preactivated cell cultures, the antiproliferative impact of JAKi was reduced. Still, JAKi significantly diminished the fraction of dividing cells after treatment with either 1 µM (93.3% ± 0.3%) or 10 µM (92.4% ± 0.4%) tofacitinib, 1 µM (92.5% ± 1.0%) or 10 µM (92.9% ± 0.4%) baricitinib, and 10 µM filgotinib (94.0% ± 1.0%) (Figure 2b). In contrast, MTX strongly reduced ratio of dividing cells (<50%) at a dose range ≥ 0.1 µM when added to freshly and to preactivated PBMCs.




3.1.3. CD25 Expression


Lymphocyte activation was assessed 48 h after simultaneous incubation of PBMCs with PHA and JAKi by the flow cytometric measurement of CD25 expression (Figure 3). Similar to proliferation analyses, JAKi and MTX induced a dose-dependent reduction of CD25 expression. Since data from CFSE analysis were insufficient to calculate half maximal inhibitory concentration (IC50) for all JAKi investigated, we compared IC50 based on the CD25 expression level. Upadacitinib (IC50: 0.0149 µM) showed the strongest inhibitory effect, followed by baricitinib (IC50: 0.0284 µM), tofacitinib (IC50: 0.0522 µM), and filgotinib (IC50: 2.4378 µM). Due to an attenuated effect of MTX on CD25 expression respective IC50 value could not be calculated. Nevertheless, a significant reduction of CD25 was observed for PBMCs treated with 0.1 µM (77.3% ± 8.6%), 1 µM (73.9% ± 6.4%), or 10 µM (75.3% ± 7.8%) MTX.





3.2. Impact of JAKi and MTX on Lymphocyte Viability


Further, we investigated JAKi-induced cytotoxicity in unstimulated (Figure 4a), freshly stimulated (Figure 4b), and preactivated (Figure 4c) PBMCs using Annexin V/PI staining. Statistical analysis revealed a small but significant rise of apoptotic cell fraction already in unstimulated PBMCs (control: 17.9% ± 0.9%) treated either with 1 µM baricitinib (22.7% ± 2.7%), 1 µM (21.5% ± 2.3%), or 10 µM upadacitinib (21.8% ± 2.1%) or after incubation with 10 µM filgotinib (21.7% ± 2.3%) (Figure 4a). Tofacitinib and MTX did not affect viability in unstimulated PBMCs.



PHA-activation itself significantly increased the apoptotic cell population (control: 35.5% ± 2.2%) (Figure 4b). Apoptotic fraction further rose 72 h after treatment with 10 µM tofacitinib (52.8% ± 4.9%), 10 µM upadacitinib (53.2% ± 4.1%), or 10 µM filgotinib (53.2% ± 3.3%). In contrast to JAKi, simultaneous incubation of PBMCs with PHA and 0.1 µM MTX already induced a high proportion of apoptotic cells (89.7% ± 2.1%), which did not further grow with increasing MTX concentrations.



Addition of tofacitinib or baricitinib to preactivated PBMCs did not affect cell viability. However, high doses of JAK1-selective JAKi upadacitinib (1 µM: 37.2% ± 2.5%; 10 µM: 37.32% ± 2.3%) or filgotinib (10 µM: 42.5% ± 2.7%) induced a significant rise in apoptotic cell fraction. Treatment of preactivated PBMCs with MTX also strongly induced cell death (0.1 µM: 62.5% ± 5.4%).




3.3. Impact of JAKi and MTX on DNA Double-Strand Break Formation and DNA Repair


To analyze the impact of JAKi on DNA DSB formation we investigated the induction of γH2AX and 53BP1 foci 24 h after drug treatment (Figure 5). In general, incubation of unstimulated PBMCs with JAKi or MTX did not induce γH2AX foci, only samples treated with 10 µM filgotinib revealed a significant increase in γH2AX foci formation (control: 0.41 ± 0.04 foci/cell; 10 µM filgotinib: 0.63 ± 0.06 foci/cell). This enhanced level of DNA DSB marker after 10 µM filgotinib treatment was further confirmed by a significant rise of 53BP1 foci (control: 0.59 ± 0.05 foci/cell; 10 µM filgotinib: 0.72 ± 0.04 foci/cell). Additionally, an increase of 53BP1 foci was also observed in cells treated with 10 µM baricitinib (0.82 ± 0.09 foci/cell).



Assessment of residual γH2AX and 53BP1 foci 24 h after radiation was applied to analyze DNA repair efficacy by means of foci clearance. Therefore, JAKi or MTX were added to cell cultures, which were subsequently irradiated with 2 Gy γ-radiation. Remaining foci were determined 24 h after irradiation (Figure 6). A significant, dose-dependent enrichment of residual γH2AX was determined in samples treated with pan-JAKi tofacitinib (control: 3.50 ± 0.37 foci/cell; 1 µM tofacitinib: 3.96 ± 0.41 foci/cell; 10 µM tofacitinib: 3.93 ± 0.51 foci/cell) or baricitinib (control: 3.33 ± 0.32 foci/cell; 1 µM baricitinib: 3.84 ± 0.39 foci/cell; 10 µM baricitinib: 4.12 ± 0.29 foci/cell). Radiated PBMCs incubated in the presence of 10 µM baricitinib also revealed a significant increase in the 53BP1 foci level (control: 3.25 ± 0.23 foci/cell; 10 µM baricitinib: 3.60 ± 0.29 foci/cell). Furthermore, treatment of irradiated PBMCs with 10 µM filgotinib correlated with enhanced level of residual γH2AX foci (control: 2.71 ± 0.27 foci/cell; 10 µM filgotinib: 3.85 ± 0.32 foci/cell) and 53BP1 foci (control: 2.48 ± 0.10 foci/cell; 10 µM filgotinib: 2.79 ± 0.09 foci/cell). Of note, differences in foci levels of DMSO controls among groups were caused by individual variance among blood donors, since some additional experiments investigating the impact of upadacitinib and filgotinib had to be performed separately.





4. Discussion


JAK inhibitors represent a new class of immunomodulatory drugs, currently being approved for therapy of cancer and inflammatory diseases [10,11]. In comparison to biological DMARDs, which are expensive to manufacture, require cold storage, and have to be administered parenterally, small molecular JAKi circumvent these limitations. Furthermore, JAKi are compounds that can be taken orally and typically exhibit a dose-proportional pharmacokinetic profile and a short half-life in the range of hours [4,31]. This allows rapid reversal of immunosuppressive or potential drug-induced adverse effects [4]. Although not just targeting one specific cytokine, but rather signaling pathways of multiple cytokine receptors, JAKi show similar efficacy and safety profiles compared to biological DMARDs, like TNF inhibitors [4,5,13]. However, analysis of currently available data revealed, e.g., an increased frequency of herpes zoster infection and thromboembolic adverse events in RA patients receiving JAKi, while the incidence of respiratory or urinary tract infections and recorded malignancies were similar compared to other DMARDs [4,9,13]. Completion of ongoing long-term extension studies and increasing prescription rates of JAKi will provide more pharmacovigilance data also concerning potential long-term effects [32].



Currently, leading pharmaceutical authorities, such as the FDA (United States), the EMA (Europe), and the Pharmaceuticals and Medical Devices Agency (PMDA) in Japan licensed the three JAKi tofacitinib (Xeljanz®), baricitinib (Olumiant®), and upadacitinib (Rinvoq®) for the treatment of patients with active RA, who responded inadequately to conventional therapies [13,14]. In September 2020 a fourth JAKi, filgotinib (Jyseleca®), received approval by the EMA and PMDA. In contrast, the FDA has rejected filgotinib for RA treatment, raising concerns, e.g., regarding its impact on sperm parameters and the risk–benefit profile of 200 mg dose [14,33]. In Asian countries, such as Japan and Korea, an additional pan-JAKi, peficitinib (Smyraf®), has also been approved for the treatment of patients with moderate RA [34,35].



Due to the absence of head-to-head trials, direct comparison of JAKi with respect to their efficacy in RA treatment is limited [36,37]. In the present in vitro study, we investigated all four JAKi currently approved by the EMA for RA treatment to gain more information about their immunomodulatory potential. In contrast to previous studies, which analyzed different JAKi and their inhibitory profile concerning specific cytokine receptor signaling pathways, we determined their inhibitory potential with regard to overall lymphocyte proliferation and activation [17,38].



Therefore, PBMCs were isolated from healthy volunteers and T cells contained therein were activated by addition of PHA. Increasing concentrations of tofacitinib, baricitinib, upadacitinib, filgotinib, or MTX were added to cell cultures either directly or 48 h post PHA-stimulation, to analyze the impact on preactivated lymphocytes. Proliferation and activation were assessed by 3H-thymidine incorporation analysis, CFSE dilution assay, and CD25 expression. Although small numerical differences have been observed, freshly activated lymphocytes incubated with tofacitinib, baricitinib, or upadacitinib exhibited a comparable, dose-dependent inhibition of T lymphocyte proliferation and CD25 expression. In contrast, concentrations of filgotinib had to be approximately two orders of magnitude higher to induce significant inhibitory effects. This deviation also reflects the higher dosage of filgotinib regarding IC50 values of JAK1-enzymatic inhibition and administered concentrations in clinical studies [16,38].



As JAKi are also administered under inflammatory conditions, it is of interest to investigate their immunomodulatory potential on previously activated lymphocytes [17]. Therefore, different JAKi were added to cell cultures 48 h after PHA-stimulation. Compared to direct JAKi exposure, inhibitory effects of JAKi on lymphocyte proliferation of preactivated cells were strongly attenuated. While the CFSE assay revealed a small but significant dose-dependent decrease in cultures treated with high doses of tofacitinib, baricitinib, or filgotinib, no alterations were observed in preactivated samples incubated with upadacitinib. Data obtained from 3H-thymidine incorporation only revealed a significant, dose-dependent reduction of DNA synthesis in preactivated cells subsequently incubated with baricitinib or treated with 10 µM filgotinib. However, in the highest concentration of 10 µM, filgotinib among all four JAKi induced the strongest proliferation inhibition in freshly stimulated and in preactivated PBMCs.



Furthermore, behavior of JAKi on lymphocyte proliferation is also reflected by data obtained from CD25 analysis, supporting an antiproliferative rather than a cytotoxic impact of JAKi. Of note, CD25 represents the interleukin-2 receptor α-chain (IL-2Rα) being part of the high-affinity IL-2 receptor [39]. Its surface expression is regulated by initial T cell receptor (TCR) activation and delayed IL-2 receptor stimulation [40]. Since IL-2R signal transduction depends on JAK/STAT pathways, impairment of JAK/STAT signaling inhibited CD25 expression and T cell proliferation [40,41]. Further, it was reported that application of JAK1/2 inhibitor ruxolitinib suppressed IL-2-induced STAT5 phosphorylation and CD25 expression, whereas phosphorylation of molecules associated with early T cell receptor signaling was not affected [42].



Our data obtained from MTX-treated samples (≥0.1 µM) demonstrated reduced CD25 expression, but to a lesser extent compared to JAKi-application, while MTX caused a strong proliferation inhibition of freshly stimulated and preactivated PBMCs. These results are in line with values obtained from 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay by Nesher et al., stating a significant proliferation inhibition of mitogen-stimulated PBMCs when treated with MTX concentrations > 10 nM for 72 h [43].



To further distinguish proliferation inhibition from cytotoxicity, we additionally performed cell death analysis by Annexin V/PI staining. Treatment of freshly activated PBMCs with a high dose (10 µM) of tofacitinib, upadacitinib, or filgotinib induced a significant increase of apoptotic cells from 36% to 53%. Cell death was also enhanced in preactivated PBMCs treated with high concentrations of JAK1-selective JAKi upadacitinib or filgotinib. Therefore, the decreased proliferation rate after high dose JAKi exposure might at least partly be due to induced cell death. Whereas viability of unstimulated PBMCs treated with MTX was not significantly affected in the applied setting, a strong increase of apoptosis was determined for MTX treatment of freshly and preactivated lymphocytes, leading to the conclusion that this reduced lymphocyte proliferation was mainly due to cytotoxicity. As already shown in publications from the 1990s, MTX primarily targets highly proliferating lymphocytes, mainly in the S phase of the cell cycle, while resting T cells were only little affected [44,45]. Therefore, only low-dose MTX therapy is applied in patients suffering from RA. Nevertheless, also this approach can induce drug toxicity, forcing patients to change the treatment method [46,47,48].



Cell death can be induced by enhanced cytotoxic but also by genotoxic stress, when DNA lesions cannot be repaired efficiently. DNA DSBs are among the most lethal types of DNA damage. A widely used marker to analyze DNA DSBs and DNA repair is γH2AX, a core histone protein rapidly phosphorylated on serin-139 by ataxia telangiectasia mutated protein (ATM), ATM- and Rad3-related (ATR), or DNA-dependent protein kinase (DNA-PK) in chromatin surrounding the break site [25,27]. Immunofluorescence staining followed by quantification of individual γH2AX foci represents the most sensitive method to detect DSBs [25,27,28]. DNA DSBs are repaired by two major pathways—non-homologous end joining (NHEJ) and homologous recombination (HR). Due to its simplicity NHEJ is the preferred pathway throughout the cell cycle, directly ligating two adjacent DNA DSB ends. In contrast, HR provides higher fidelity but requires a homologues DNA template. Thus, HR is primarily activated in the S/G2 phase of the cell cycle [49,50].



There is increasing evidence that DNA damage repair is also modulated by JAK/STAT signaling [20,21,22,23,24]. Further, inhibiting JAK/STAT pathways, e.g., by the JAK1/2 inhibitor ruxolitinib, impaired HR and NHEJ, and was accompanied by reduced expression of different proteins involved in DNA damage response [23]. To analyze the impact of different JAKi on DSB induction, we quantified γH2AX and 53BP1 foci 24 h after JAKi treatment. Additionally, we measured residual γH2AX and 53BP1 foci in unstimulated lymphocytes 24 h after irradiation with 2 Gy in the presence of increasing JAKi concentrations, to investigate their impact on DNA repair. A significant increase of both DSB markers in non-irradiated and irradiated samples was determined in PBMCs after incubation with 10 µM filgotinib. Further, a dose-dependent accumulation of residual γH2AX-foci 24 h after radiation was observed in samples treated with pan-JAKi tofacitinib or baricitinib, whereas upadacitinib and MTX did not lead to enhanced levels of DBS foci.



Microscopic quantification of γH2AX foci represents the most sensitive approach when samples with low γH2AX levels were investigated. In contrast, flow cytometric measurement of intracellular γH2AX intensity is more suitable in samples with high γH2AX expression, where individual foci cannot be distinguished properly. Furthermore, flow cytometry offers the advantage of simultaneous DNA content analysis, since γH2AX levels differ depending on the cell cycle phase. DNA and histone content and intrinsic γH2AX expression increase as cells progressing from G1 to S, G2, and M phase [51]. Therefore, it is recommended to combine γH2AX quantification of proliferating cells with cell cycle analysis.



In the present study, DSB analysis had to be restricted to resting PBMCs since difficulties were encountered quantifying the γH2AX level in PHA-stimulated lymphocytes. The vast majority of isolated lymphocytes are in a resting state (G0) exhibiting only a low baseline γH2AX level. Activation by antigen or mitogen stimulus induces chromatin remodeling and transcriptional activation. Thus, transition of lymphocytes from G0 to G1 phase also involves a strong endogenous induction of γH2AX [52]. In contrast to cells in S and G2/M, G1 cells cannot be differentiated from the G0 phase by DNA content analysis. Preliminary data of flow cytometric γH2AX measurements combined with cell cycle staining based on DNA content revealed a reduction of γH2AX positive cells with increasing JAKi concentration, while a dose of 10 µM again induced a small rise in γH2AX intensity. Since cell proliferation and thereby high expression of intrinsic γH2AX in activated lymphocytes was inhibited with increasing concentrations of JAKi, this method was not sufficient to distinguish JAKi induced DNA damage or modulated DNA repair from endogenous γH2AX expression, which varied depending on activation status and cell cycle phase. Therefore, we discontinued this analysis of stimulated PBMCs. In future studies, modified protocols need to be established including additional proliferation markers, such as Ki67 [53]. Furthermore, precise differentiation of cells regarding their cell cycle phase will also allow one to analyze the influence of JAKi on proteins critical for HR, such as RAD51, which is primarily active in the S/G2 cell cycle phase.



Although preclinical analysis applying multiple standardized genotoxicity assays did not reveal an enhanced DNA damaging potential of approved JAKi, there is increasing evidence that JAK/STAT signaling is involved in DNA damage repair and modulates chemo- and radiosensitivity. As reviewed in detail elsewhere, various in vivo and in vitro data demonstrated hyperactivation of JAK/STAT signaling, especially STAT3, in cancer cells contributing to cancer progression and radio- and chemoresistance [24,54,55,56]. STAT3 activation induced upregulation of DNA repair molecules, while STAT3 deficiency induced downregulation of proteins especially involved in DSB sensing and repair through HR, e.g., RAD51 [20,24,56]. Furthermore, the application of JAK inhibitor ruxolitinib downregulated key proteins of HR and NHEJ, thereby reducing DNA repair activity [22,23]. Bonner et al. also reported enhanced radiosensitivity and reduced DNA DSB repair in irradiated head and neck cancer cells treated with radiosensitizer cetuximab in combination with a JAK1 inhibitor [21]. Furthermore, Maranto et al. reported JAK2/STAT5A/B-dependent expression of Rad51 and suppression of HR but not NHEJ when STAT5A/B was knocked down [57].



Although JAKis show differences in their JAK-isoform selectivity, high dosage can also induce inhibition of additional JAK isoforms and off-target effects [4]. Based on data from pharmacological reviews published by FDA and EMA, mean maximal plasma concentrations (cmax) in human subjects treated with tofacitinib (5 mg/twice a day), baricitinib (4 mg/day), or upadacitinib (15 mg/day) reach values of approximately 0.15 µM [58,59,60,61,62,63]. A mean maximal plasma concentrations between 4 and 6.1 µM was reported after application of filgotinib (200 mg/day) [64,65]. Regarding published IC50 values obtained by cell-free enzymatic assays (summarized in Table S1), reported cmax exceed IC50 values of multiple JAK isoforms. With respect to doses used in our in vitro study, reported cmax of tofacitinib, baricitinib, and upadacitinib are multiple folds below concentrations associated with significant increases of apoptosis or γH2AX foci, whereas published cmax of filgotinib is in a magnitude comparable with the highest concentration (10 µM) applied. As JAKis show distinct pharmacokinetic profiles, e.g., hours per day above IC50 values and average daily STAT inhibition among different human leucocyte subpopulations need to be considered to evaluate particular safety and efficacy.



Such concentration-time profiles have been calculated for different JAKi by McInnes et al. [17] and Traves et al. [66]. Investigating cytokine-stimulated STAT activation authors reported similar daily average inhibition of JAK1-dependent signaling pathways. However, Travers et al. described highest JAK-1 selectivity of filgotinib, showing the least inhibition of JAK2- and JAK3-associated pathways when compared with tofacitinib, baricitinib, and upadacitinib and the least inhibition of JAK1/JAK3-related cytokines, such as IL-2, IL-15, or IL-21 [66].



Of note, IL-15 and IL-21 mediate proliferation and function of natural killer (NK) cells, which are essential for clearance of virus-infected and tumorigenic cells. JAKi treatment with tofacitinib and upadacitinib [17,67,68,69,70,71], but not with baricitinib or filgotinib [35,72,73], was accompanied with mild to moderate decrease of circulating NK cell number and impaired NK cell function. Although, these effects were not associated with an increased risk of infectious diseases or lymphoma. Investigating the effect of JAKi ruxolitinib in a murine breast cancer model Bottos et al. showed a JAKi-induced impairment of NK cell-mediated tumor immunosurveillance and enhanced metastasis formation, which were overcome by immunostimulation with IL-15 [74]. Until now, clinical relevance of JAKi-induced NK cell inhibition in RA treatment remains unclear [17,67,69]. Though, especially in regard with potentially affected DNA damage repair, this aspect also needs to be further investigated in long-term studies.



Cancer cells often exhibit dysregulations in DNA repair mechanisms. However, several studies also indicated enhanced DNA damage and DNA repair deficiencies in lymphocytes from RA patients [75,76,77,78]. In addition to studies investigating the role of different JAK inhibitors on DNA damage response pathways in primary cells from healthy donors or cancer cell lines, future trials also need to address the impact of JAKi on lymphocytes from patients with RA.




5. Conclusions


In conclusion, our study confirmed a comparable, dose-dependent inhibition of lymphocyte activation and proliferation in PBMCs treated with tofacitinib, baricitinib, and upadacitinib, independent of JAK selectivity. In line with reported IC50 values regarding JAK1-enzymatic activity and administered dosage in vivo concentrations of filgotinib had to be approximately two orders of magnitude higher to induce significant immunomodulatory effects. Furthermore, antiproliferating properties especially of JAK1-selective inhibitors may at least partially be caused by cytotoxicity, since high doses also affected cell viability. For the first time the effect of tofacitinib, baricitinib, upadacitinib, and filgotinib on DNA DSB induction and repair of radiation-induced DNA damage was investigated by applying γH2AX and 53BP1 foci analysis. Our results provide first evidence for a significant increase in DNA DSB markers after exposure to 10 µM filgotinib and a dose-dependent enrichment of residual γH2AX foci in irradiated samples incubated with pan-JAKi tofacitinib and baricitinib, possibly indicating attenuated DNA damage repair. Although these in vitro results do not necessarily represent behavior in vivo, additional studies need to be performed further investigating the impact of approved JAK inhibition on DNA damage response and their potential long-term effects in vitro and in vivo, also comprising analysis of RA patients. Since JAKi are also administered in combination with MTX, the impact of combined treatment additionally needs to be addressed in future trials, especially as MTX itself demonstrated JAK/STAT pathway inhibiting properties [79,80].
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Figure 1. Proliferation analysis by 3H-thymidine incorporation assay 72 h after PHA-stimulation of PBMCs treated with indicated concentrations of JAKi either (a) immediately after activation or (b) 48 h after PHA-stimulation. Diagrams display the mean ± SEM of five independent experiments normalized to the DMSO control (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05). 
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Figure 2. Proliferation analysis by CFSE dilution assay 96 h after PHA-stimulation of PBMCs treated with indicated concentrations of JAKi or MTX either (a) immediately after activation or (b) 48 h after PHA-stimulation. Percentage of divided cell population was quantified. Diagrams display the mean ± SEM of three independent experiments (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05). Representative histograms of CFSE intensity are shown below. 
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Figure 3. Assessment of lymphocyte activation by CD25 expression 48 h after PHA-stimulation and combined treatment of indicated JAKi or MTX concentrations. Median fluorescence intensity of CD25 expression was quantified. Diagrams display the mean ± SEM of three independent experiments (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05). Representative histograms of CD25 intensity are shown below. 
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Figure 4. Cell viability was assessed after 72 h by Annexin V/PI staining of (a) unstimulated, (b) freshly PHA-stimulated, or (c) preactivated PBMCs treatment with indicated concentrations of JAKi or MTX. Percentage of Annexin V+/PI− (light grey), Annexin V+/PI+ (dark grey), and Annexin V−/PI+ (black; <2%) population were quantified. Diagrams display the mean ± SEM of five independent experiments (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05). 
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Figure 5. The mean number of (a) γH2AX and (b) 53BP1 foci per cell were assessed, as markers for induced DNA double-strand breaks, 24 h after treatment of unstimulated PBMCs with indicated JAKi or MTX concentration. Diagrams display the mean ± SEM of seven independent experiments (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05). (c) Representative immunofluorescence microscopy images of PBMCs from one donor treated with either 10 µM JAKi or MTX. Colors indicate DNA/DAPI (blue), γH2AX (green), and 53BP1 (red). 
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Figure 6. The mean number of residual (a) γH2AX and (b) 53BP1 foci per cell were assessed 24 h after 2 Gy irradiation of unstimulated PBMCs in the presence of indicated JAKi or MTX to analyze DNA repair by means for foci clearance. Diagrams display the mean ± SEM of seven independent experiments (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05). (c) Representative immunofluorescence microscopy images of PBMCs from one donor treated with either 10 µM JAKi or MTX. Colors indicate DNA/DAPI (blue), γH2AX (green), and 53BP1 (red). 
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