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Aicardi-Goutières syndrome (AGS) is a rare genetic disorder classified among type I interferonopathies. Current pharmacological management of AGS is symptomatic and supportive, with recent clinical applications of JAK inhibitors (JAKi) and antiretroviral therapies (RTIs). To investigate the effects of these therapies, patient-specific induced pluripotent stem cells (iPSCs) were generated by reprogramming fibroblasts from three AGS patients with distinct genetic mutations (AGS1, AGS2, AGS7) and differentiated into neural stem cells (NSCs). iPSCs and NSCs derived from commercial BJ fibroblasts of a healthy donor served as control. The cytotoxic effects of glucocorticoids, thiopurines, JAK inhibitors (ruxolitinib, baricitinib, tofacitinib, pacritinib), and RTIs (abacavir, lamivudine, zidovudine) were evaluated using the MTT assay. Results showed that glucocorticoids did not compromise NSC viability. Among thiopurines, thioguanine, but not mercaptopurine, exhibited cytotoxicity in NSCs. All tested JAK inhibitors, except pacritinib, were non-toxic to iPSCs and NSCs. Interestingly, high concentrations of certain JAK inhibitors (ruxolitinib, baricitinib, tofacitinib) led to an unexpected increase in cell viability in AGS patient-derived cells compared to control, suggesting potential alterations in cell proliferation or stress responses. RTIs demonstrated no cytotoxicity, except for zidovudine, which showed selective toxicity in AGS2-derived iPSCs compared to controls. These findings suggest that glucocorticoids, JAK inhibitors (excluding pacritinib), and RTIs are likely safe for NSCs of AGS patients, while caution is warranted with thioguanine and pacritinib. Further studies are needed to explore the mechanisms underlying increased cell viability at high JAK inhibitor concentrations and the selective sensitivity to zidovudine.
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1 INTRODUCTION
Aicardi-Goutieres syndrome (AGS, ORPHA-51 (www.orpha.net)) is a rare genetic neurological disorder classified as type I interferonopathy (Landrieu et al., 2013). It typically begins during infancy and early childhood. The prevalence is about 1–5 cases every 10,000 persons and the disease affects individuals across various ethnic backgrounds. AGS was first described in 1984 in patients showing early-onset encephalopathy, basal ganglia calcification and persistent lymphocytosis in cerebro-spinal fluid (CSF) causing systemic inflammation and neurological progressive impairments with poor life expectancy (Aicardi and Goutières, 1984; Lebon et al., 1988). Tetraparesis occurs without other obvious causes in the first year of life and most of the affected children exhibit intellectual disability, dystonia, microcephaly and skin lesions similar to chilblains at fingers and toes (Al Mutairi et al., 2018). The main neuropathological feature of the disease is abnormal myelination, likely caused by increased expression of proteases like cathepsin D, which can degrade myelin and brain tissue matrix (Pulliero et al., 2013; Vanderver et al., 2015). Elevated type I interferons (IFNs) in CSF and serum are additional hallmarks typically associated to AGS (La Piana et al., 2016; Al Mutairi et al., 2018). AGS patients show an increased expression of interferon-stimulated genes (ISGs), the so-called “interferon signature”, commonly observed in CD4+ T cells, monocytes, and monocyte-derived macrophages from peripheral blood (Rice et al., 2013; Galli et al., 2018; Aso et al., 2019).
To date, nine subtypes of AGS have been identified, each associated with mutations in different genes (i.e., DNA exonuclease 1 (TREX1) in AGS1, ribonuclease H2 subunit B (RNASEH2B) in AGS2, ribonuclease H2 subunit C (RNASEH2C) in AGS3, ribonuclease H2 subunit A (RNASEH2A) in AGS4, SAM and HD domain containing deoxynucleoside triphosphate triphosphohydrolase 1 (SAMHD1) in AGS5, RNA-specific adenosine deaminase-1 (ADAR1) in AGS6, cytosolic double-stranded RNA receptor gene IFIH1 (also called MDA5) in AGS7, U7 Small Nuclear RNA Associated (LSM11) in AGS8 and U7 Small Nuclear 1 (RNU7-1) in AGS9 (Crow et al., 2015; Livingston and Crow, 2016; Uggenti et al., 2020)). These genes encode proteins involved in nucleotide metabolism and/or sensing. Consequently, AGS is associated with an abnormal response to endogenous nucleic acid stimuli. Specifically, the accumulation of cytosolic DNA activates the DNA sensor cyclic GMP-AMP synthase (cGAS). Upon binding to an endogenous nucleic acid fragment, cGAS converts AMP and GMP into cyclic 2′3′GMP-AMP (cGAMP) that acts as a second messenger by interacting with STimulator of INterferon Genes (STING) localized on the endoplasmic reticulum (Sun et al., 2013). STING then translocates from the endoplasmic reticulum to the Golgi, where it recruits the TBK1 kinase and subsequently the IFN regulatory factor IRF(3), which translocates to the nucleus to upregulate the production and the release of type I IFNs.
The transcriptional induction of the genes encoding type I IFNs is achieved also by the activation of cellular sensors for RNA accumulation localized in the cytosol. Indeed, gain-of-function mutations in the IFIH1 gene encoding MDA5 (AGS7) activate the retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) pathway rather than the cGAS-STING pathway. MDA5 associates with the adapter molecule mitochondrial antiviral-signaling protein (MAVS). This interaction leads to the recruitment of downstream signaling molecules, including TNF receptor associated factor (TRAF) 3/6 and inhibitor of NF-κB kinase (IKK) family members (IKKε, TBK1, and IKKα/β), to activate IRF-3/7 and NF-κB, leading to the transcriptional activation of IFN and proinflammatory cytokine genes (Onomoto et al., 2021). Mutations in the ADAR1 gene encoding the adenosine deaminase acting on RNA 1 (AGS6) impairs the adenosine to inosine conversion in double-stranded RNA, disrupting a RNA editing process (Rehwinkel and Mehdipour, 2024). Loss of function mutations in ADAR1 lead to recognition of unedited self-dsRNAs by MDA5, which activates MAVS, TBK1 and IRF3 in turn, thus inducing overexpression of type I IFNs (Liu and Ying, 2023).
Type I IFNs act in autocrine and paracrine manner. When type I IFNs bind to their cell surface receptors, IFNAR1 and IFNAR2, the receptor-associated tyrosine kinases JAK1 and TYK2 are activated and phosphorylate the receptors themselves, creating docking sites for STAT1 and STAT2 proteins that are in turn recruited to the receptor and phosphorylated. This activation step further promotes the dimerization of STAT1 and STAT2 as well as the recruitment of IRF9 to form the heterotrimeric interferon-stimulated gene factor 3 (ISGF3) transcription complex. In the nucleus, ISGF3 binds to IFN-stimulated response elements (ISRE) on DNA, promoting the expression of ISGs (Schneider et al., 2014; Volpi et al., 2016; Michalska et al., 2018; Fryer et al., 2021).
To date, there are no effective cures for AGS patients. In the past, treatments were mainly supportive and symptomatic, aimed at improving the patient’s quality of life particularly if started early, during the initial acute/subacute phase of the disease. “Broad acting” immunosuppressive therapies, based on glucocorticoids (dexamethasone, methylprednisolone), intravenous immunoglobulin (IVIG) and thiopurines (mercaptopurine, thioguanine and azathioprine) and/or combined (prednisone + azathioprine, intravenous methylprednisolone + IVIG) were tried empirically for symptomatic relief through the manage and reduction the inflammatory conditions (Crow, 2003; Crow et al., 2014; Iro et al., 2017; Tonduti et al., 2020). Evaluating efficacy of these interventions was challenging because of the small number of patients involved and variability in the stage of the disease process at which treatment was initiated.
Insight into the pathogenic mechanism of AGS have suggested novel therapeutic strategies, including the use of JAK inhibitors (JAKi) and reverse transcriptase inhibitors (RTIs), (Tonduti et al., 2020; Cattalini et al., 2021; Galli et al., 2023). Since JAK1 and TYK2 play a pivotal role in IFNAR1 and IFNAR2 activation and in type I IFNs response, JAKi are considered promising in reducing the inflammation caused by the IFNs overproduction (Tonduti, et al., 2020; Vanderver et al., 2020); current ongoing clinical trials are exploring the use of baricitinib (a JAK1/JAK2 non selective inhibitor) in AGS and AGS-related interferonopathies (NCT03921554, NCT04517253, clinicaltrials.gov). Another current hypothesis is that functional loss of an AGS-associated gene alters the normal metabolism of retrotransposon RNA or its reverse-transcribed cDNA, triggering an interferon response and AGS. RTI can potentially disrupt the replication cycle of both exogenous retroviruses and endogenous retro-elements, reducing the accumulation of cytosolic DNA, which is the responsible for IFN release (Crow et al., 2014). Using a combination of three RTI (abacavir, lamivudine and zidovudine), Rice and collaborators demonstrated a reduction in IFN signaling without evidence of side effects, leading to a reduction in IFN score, calculated as the median fold change of the six target ISGs (Rice et al., 2013). The clinical trial NCT04731103 assessed the interferon status in AGS patients. NCT03304717 investigates whether RTI can decrease endogenous retroelement accumulation. Novel approaches such as anti-IFN-α antisense oligonucleotides (Viengkhou et al., 2024a), cGAS inhibitors (e.g., antimalarial drugs (mepacrine) (Lama et al., 2019)) and STING inhibitors (Zhang et al., 2023) are currently under investigation but their efficacy still needs to be proven in AGS patients. Unlike prior “broad acting” immunosuppressive therapies that focus on symptoms management, JAKi, RTIs and these latter potential drugs aim to target specifically the underlying pathogenic mechanism of AGS, potentially improving the clinical outcomes of patients.
Given the neurological localization of the disease and the challenges in creating in vivo models, the ability to generate innovative patient-specific models, such as neural stem cells (NSCs) derived from induced pluripotent stem cells (iPSCs), offers an intriguing and promising approach for pharmacological studies. The roles of NSC go beyond brain development and are complex and multifaceted. NSC are now recognized for their potential in immunomodulation and in slowing down disease progression in many neurological disorders, although not in the specific context of AGS (Rahimi Darehbagh et al., 2024). We aim to explore whether drugs used in AGS treatment might harm NSCs, which may have beneficial protective functions that have not yet been fully investigated, or ruled out.
Aim of the study was therefore to provide currently missing evidences on JAKi and RTI effects on AGS specific stem cells, chosen as patient-specific and innovative preclinical models; in particular safety of therapy was assessed by drug cytotoxicity on iPSC and NSC. Glucocorticoids and thiopurines were also included in the panel of drugs tested.
2 MATERIALS AND METHODS
2.1 Drug and chemicals
Ruxolitinib (Catalog Number: 11,609, Cayman Chemical, United States), baricitinib (S2851, Selleckchem, United States), tofacitinib (S5001, Selleckchem, United States), pacritinib (SB1518, Selleck Chemicals, United States), lamivudine (L1295, Sigma-Aldrich, Italy), abacavir sulfate (SML0089, Sigma-Aldrich, Italy), zidovudine (A2169, Sigma-Aldrich, Italy), mercaptopurine (852,678, Sigma-Aldrich, Italy), thioguanine (A4882, Sigma-Aldrich, Italy) were dissolved according to manufacturer instructions (Supplementary Table S1).
2.2 iPSC reprogramming
iPSCs were generated and characterized at the “A. Nocivelli” Institute of Molecular Medicine in Brescia (Italy). AGS1-iPSCs were generated from skin fibroblasts of a 5-year-old male with a compound heterozygous TREX1 mutation (c.[260insAG]; [290G>A]) (Ferraro et al., 2019a). AGS2-iPSCs were generated from skin fibroblasts of a 10-year-old female presenting a homozygous mutation in RNASEH2B (c. [529G>A]; [529G>A]) (Ferraro et al., 2019b). AGS7-iPSCs were generated from fibroblasts of a 14-year-old male with a dominant negative heterozygous mutation in IFIH1 (c.[2471G>A]; wt) (Masneri et al., 2019). Reprogramming was performed in feeder free condition using an episomal Sendai virus-based vector delivering reprogramming factors OCT4, SOX2, KLF4 and c-MYC (CytoTune-iPS 2.0 Sendai Reprogramming Kit, A16517, ThermoFisher Scientific, Italy). IPSCs reprogrammed from the commercial cell line BJ (human foreskin fibroblasts from a neonatal male, ATCC CRL-2522, American Type Culture Collection, Manassas, VA) were used as the control cell line (Ali et al., 2020). The study was approved by the Scientific Committee and by the Board of the Aziende Socio Sanitarie Territoriale Spedali Civili of Brescia, protocol numbers 1603 (AGS-CARIPLO study) and 3426 (iPSCREP study) and appropriate informed consent was obtained from patients’ parents. The study (RC 9/24) was also approved by the Institutional Review Board of IRCCS Burlo Garofolo in Trieste (Italy).
2.3 iPSC-derived NSC
For NSCs differentiation, iPSCs colonies were seeded in StemMACS iPS-Brew XF medium on diluted Geltrex coated 6-wells plates at a density of 3 × 105 cells/well and allowed to recover for 24 h at 37°C 5% CO2, 20% O2. Then, the medium was change to PSC Neural Induction medium (A1647801, Gibco, ThermoFisher Scintific, Italy) and, for 7 days, medium was replaced every other day, according to standard protocol (ThermoFisher Scientific, MAN0008031).
2.4 Cell cultures
Patient-specific iPSCs and the control BJ-iPSCs were maintained in StemMACS iPS-Brew XF (130-104-368, Miltenyi Biotec, Italy) on diluted Geltrex matrix (A1413202, Gibco, ThermoFisher Scientific, Italy) coated plates (1 mL/well in 6-well plate, 833,920 Sarstedt, Italy). Geltrex was diluted at a ratio of 1:100 in DMEM/F12 medium (D8062, Sigma-Aldrich, Italy). Cells were passaged at 80% confluence: after 2 min exposure to Versene (0.48 mM, 15040066, Gibco, ThermoFisher Scientific, Italy) cells were gently detached using medium. Since iPSCs grow in clusters, the standard protocol of passaging used for long-term iPSCs cultures avoids the complete breakup of clusters. In contrast, when single-cell culturing was required to perform cytotoxicity assays, iPSCs were treated according to the same procedure but were exposed to Versene for 5–6 min. After each seeding, 10 μM Rho-associated, coiled-coil containing protein kinase (ROCK) inhibitor (Y-27632, 130-103-922, Miltenyi Biotec, Italy) was added to the medium for 24 h to facilitate cells adhesion.
Patient-specific NSCs and the control BJ-NSCs were maintained in a medium consisting of equal parts of PSC Neural Induction Medium and Advanced DMEM/F12, on diluted Geltrex matrix coated plates (1:100 Geltrex in DMEM/F12 medium). Cells were passaged at 80% confluence: after 5 min exposure to StemPro Accutase Cell Dissociation Reagent (A11105, Gibco, ThermoFisher Scientific, Italy) at 37°C, cells were gently detached with PBS (D8537, Sigma-Aldrich, Italy) and filtered with a 100 μm cell strainer (08-771-19, FisherScientific, Italy) before seeding on diluted Geltrex matrix coated plates.
Immortalized lymphoblastoid cell line NALM6 (ACC 128) purchased from the DSMZ GmbH (Germany) was included as positive control when dexamethasone was tested. The cell line grow as single cells in suspension within sterile polystyrene flasks with growth surfaces of 25 cm2 or 75 cm2, equipped with a filter cap to allow for gas exchange (83.3910/83.3911, Sarstedt, Italy). Cell passaging is performed every 3 or 4 days, under sterile conditions, using RPMI-1640 culture medium (ECB9006L, Euroclone, Italy) supplemented with 1% L-glutamine (ECB3000D-20, Euroclone, Italy), 1% penicillin/streptomycin (FBS P0781, Sigma-Aldrich, Italy), and 10% fetal bovine serum (FBS, F7524, Sigma-Aldrich, Italy). Cell seeding density varies depending on the cell type, ranges from 0.5 to 2 × 106 cells/mL.
2.5 iPSC cell proliferation assay
Cell proliferation was determined by labeling metabolically active iPSCs cells with [3H]-thymidine (NET027X00 1MC, PerkinElmer, Italy). Cells were seeded on a Geltrex coated 96-well plate at different densities (500, 1,000, 2,500, 5,000, 10,000, 30,000 cells/well) and cultured in StemMACS iPS-Brew XF medium for 96 h, with [3H]-thymidine (2.5 μCi/mL) added during the last 5 h. Cells were then washed with PBS, collected, and the radioactivity of the samples was determined by a liquid scintillation analyzer (Wallac 1,450 Microbeta liquid scintillation counter, PerkinElmer, Italy). Count per minute (CPM) data were analyzed.
2.6 iPSC cell cycle analysis
Cell cycle of patient-derived AGS/BJ-iPSCs were analyzed by flow-cytometry using the propidium iodide (P4170, Sigma-Aldrich, Italy) cellular uptake assay (Cattalini et al., 2021). Two million cells were fixed in 70% ethanol on ice, washed twice with PBS, and kept in PBS for 1 h at 4°C. Cells were stained overnight with 2 mL of a PBS/EDTA 0.5 mM solution containing 200 µL of propidium iodide (0.1 mg/mL, P4170, Sigma-Aldrich, Italy) and 25 µL of 1 mg/mL RNase (R4875, Sigma-Aldrich, Italy). Samples were analyzed by flow cytometry (CYTOMICSTM FC500, Beckman Coulter Inc. Fullerton, CA) with FCS Express V3 software.
2.7 MTT assay
Viability of iPSCs and NSCs was measured after 72 h growth at different cell seeding density (range: 5.0 × 103–3.0 × 104 cells/well on 100 µL/well of Geltrex coated 96-well plate) by using the 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide assay (MTT, M2128-1G, Sigma-Aldrich, Italy).
The cytotoxic effect of drugs on iPSCs and NSCs was also determined by MTT assay. iPSCs and NSCs were cultured on a Geltrex coated 96-well plate at different cell densities according to their different cell growth rate, to obtain similar cell densities at 72 h. AGS2 patient-derived iPSCs were seeded at 3.0 × 104 cells/well in a final volume of 100 µL while all the other iPSCs tested (AGS1, AGS7 and BJ-iPSCs) were seeded at 1.0 × 104 cells/well; all NSCs were seeded at 1.0 × 104 cells/well. After 24 h of incubation at 37°C, 5%CO2, 20% O2, the cultural medium was replaced with a drug-containing medium at serially diluted concentrations (Supplementary Table S1). Experiments were repeated at least three times, and each experimental condition was tested in triplicate. Treated cells were incubated for 72 h at 37°C, adding MTT in each well (0.5 mg/mL) 4 hours before the end of the incubation; cells were then lysed with 100 µL dimethyl sulfoxide (DMSO, 472,301, Sigma-Aldrich, Italy). Absorbance was measured at 540–630 nm wavelength (Fluorostar Omega, BMG, Labtech Germany).
Cell metabolic activity was calculated as % cell activity = (absorbance treated/absorbance control)*100, and considered as a measurement of cell viability. Percentages were graphically reported as a function of the drug concentrations used, expressed in molarity and reported in a logarithmic scale (Log10), obtaining a sigmoidal dose-response curve.
2.8 Real-time PCR analysis
Total RNA was extracted with TRIzol reagent (15596018, Invitrogen, ThermoFisher Scientific, Italy) and PureLink RNA mini KIT (12183018A, ThermoFisher Scientific, Italy) according to the manufacturer’s instructions, and quantified using Nanodrop 2000 spectrophotometer (ThermoFisher Scientific, Italy). RNA was reversed-transcribed into cDNA using the High-Capacity RNA-to-cDNA kit (4387406, Applied Biosystem, ThermoFisher Scientific, Italy).
iPSCs and NSCs stemness determination and the analysis of genes involved in drug pathways were performed by real-time PCR using 12.5 ng of cDNA and the KiCqStart SYBR Green qPCR Ready Mix (KCQS00, Sigma-Aldrich, Italy), in a Thermal Cycle Dice Real Time System (BIO-RAD, Italy), using pre-designed primers sequence (KSPQ12012, Sigma-Aldrich, Italy), shown in Supplementary Table S2. Relative quantification is represented as 2−ΔCt with respect to the housekeeping gene beta-actin. All experiments were carried out in technical triplicate and the reproducibility of the observations was confirmed in at least two biological independent experiments.
2.9 Statistical analysis
Graphical representation and statistical analysis were performed using the GraphPad Prism 9.4.1 program (GraphPad Software Inc.). All experiments were replicated at least 3 times.
Data obtained from the MTT assay and proliferation assay are presented as mean ± standard error (SE); results were analyzed using a nonlinear regression and half maximal effective concentration (IC50) was determined from the dose-response curve. Two-way analysis of variance (ANOVA) followed by Bonferroni’s post-test was used to compare the cell viability percentage of AGS- versus the cell viability percentage of control cells BJ.
All the gene expression analyses through Real-Time PCR were carried out in technical triplicate and the reproducibility of the observations was confirmed in at least two biological independent experiments. Real-time PCR data of relative expression of stemness genes and genes involved in drug pharmacodynamics were analyzed by t-test analysis in iPSCs versus related NSCs, considering the different degree of differentiation as independent variable.
Statistical significance was set at P < 0.05 for all the statistical analyses.
3 RESULTS
3.1 Characterization of iPSCs and NSCs
3.1.1 Cells stemness evaluation
Expression of pluripotency gene markers for different grades of stemness was assessed in both AGS patient-derived iPSCs and NSCs by real-time PCR to confirm the proper differentiation of iPSCs into NSCs. The expression of OCT4 was significantly reduced in NSCs compared to iPSCs whereas the expression of neural markers SOX1 and PAX6 were increased. There were no significant variations in SOX2 and Nestin mRNA expression between iPSCs and NSCs in all cell lines considered, although a trend towards an increased Nestin mRNA level could be observed in NSC (Figure 1).
[image: Figure 1]FIGURE 1 | Expression levels of iPSCs (OCT4, SOX2) and NSCs stemness specific markers (SOX2, Nestin, SOX1, PAX6) in iPSC and NSCs. Gene expression was normalized to housekeeping actin β gene expression, and relative expression was calculated as 2−ΔCt. P-value according to t-test analysis, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The data are reported as means ± standard error (SE) of 3 independent experiments performed in triplicate.
3.1.2 Stem cells proliferation and metabolic activity
iPSCs proliferation was analyzed by the [3H]-thymidine incorporation assay and propidium iodide uptake was measured by flow cytometry to analyze iPSCs cell cycle after 72 h of cell culture. AGS2-iPSCs were significantly less proliferating than BJ-iPSCs, particularly when seeded at 0.5 × 104 and 1.0 × 104 cell/well in 96 well plate (Figure 2A). AGS2-iPSCs showed also significantly lower percentage of cells in G2 phase compared to BJ-iPSCs (26.2% vs. 35.8%); in contrast, AGS1-iPSCs and AGS7-iPSCs were comparable to BJ-iPSCs at any phase (Figure 2B).
[image: Figure 2]FIGURE 2 | Stem cell viability assays. (A) iPSCs proliferation assay; [3H]-thymidine incorporation into DNA was expressed counts per minute (or CPM). (B) iPSCs cell cycle assay. (C) NSCs MTT assay; NSCs metabolic activity was evaluated under basal conditions. Cell densities referred to initial cell/well seeding in a 96-wells plate. OD: optical density. Data are reported as means ± SE of at least 3 in-dependent experiments performed in triplicate. Statistical analysis vs control BJ-stem cells: *P < 0.05, ***P < 0.001, Two-way ANOVA, and Bonferroni’s post-test.
No difference in metabolic activity, measured by MTT assay, under basal condition was reported for NSCs (Figure 2C). A seeding concentration of 1.0 × 104 NSCs/well was considered the best seeding condition to reach 80%–90% confluence at the end of the 72 h incubation for investigating drug safety.
3.2 Drug safety: in vitro drugs cytotoxicity on stem cells and analysis of key genes involved in drug pathways
Drug cytotoxic after 72 h of exposure on iPSCs and on NSCs was investigated in vitro by MTT assay. The expression of crucial molecular targets involved in drug pharmacodynamic was also evaluated.
3.2.1 Immunosuppressant drugs: glucocorticoids and thiopurines
Drug sensitivity of iPSCs to glucocorticoids and thiopurines was previously reported (Genova et al., 2020); NSCs results are reported in Figure 3. Dexamethasone was not cytotoxic for NSCs (Figure 3A). Expression of NR3C1 gene, encoding the glucocorticoid intracellular receptor as crucial molecular target involved in the glucocorticoid response, was analyzed to understand whether the lack of in vitro drug cytotoxicity could be ascribable to the lack of expression of the glucocorticoid intracellular receptor. Indeed, NR3C1 was not expressed in NSC (Figure 3B).
[image: Figure 3]FIGURE 3 | Drug safety of immunosuppressant drugs. (A) Dose-response curve (by MTT assay) of dexamethasone on NSCs. Immortalized lymphoblastoid cell line NALM6 was used as control. (B) Relative NR3C1 gene expression. (C) Dose-response curve (by MTT assay) of thiopurines on NSCs. (D) Relative HPRT1 gene expression. Drug cytotoxic effects were analyzed by MTT assay after 72 h; results are presented as mean ± standard error (SE) from at least 3 independent experiments for each cell line; P-value were calculated according to Two-way ANOVA, Bonferroni’s post-test. Gene expression was calculated with respect the housekeeping gene actin β (relative expression of ΔCT (2−ΔCT)); P-value were calculated according to one-way ANOVA analysis. *, p < 0.05, **, p < 0.01, ***, p < 0.001,****, p < 0.0001.
BJ-NSCs did not show cytotoxicity after thioguanine exposure, whereas a dose-dependent decrease in cell survival was detectable in AGS-derived NSCs (Figure 3C). In AGS2-NSCs and AGS7-NSCs, IC50 (mean ± SE) were 4.5 ± 2.8 μM and 14.1 ± 4.4 μM, respectively; however the viability of AGS1-NSCs at 20 μM was 74%, thus IC50 could not be calculated. NSCs did not show cytotoxicity also to mercaptopurine. Only a slight cytotoxic effect was observed for AGS2-NSC at the highest concentration tested (viability ∼80%, IC50 could not be calculated). HPRT1 is the transferase required for the thiopurine conversion into active metabolites. The expression of HPRT1, key gene in thiopurines drugs activation, was analyzed and resulted comparable between BJ-NSCs and AGS-NSCs (Figure 3D).
3.2.2 JAK inhibitors
Among JAKi, baricitinib, like ruxolitinib, is a non-selective JAK1/JAK2 inhibitor and is thus interfering with the IFNAR activation, acting through the JAK1 inhibition. Additional JAKi were included in the study to investigate the safety of these drugs associated with different JAKs selectivity profiles. In particular, tofacitinib is a JAK1/JAK3 inhibitor, whereas pacritinib acts as JAK2/FLTR3 inhibitor. With the exception of pacritinib, JAKi did not compromise iPSCs and NSCs viability (Figure 4). In iPSCs, a 3-day exposure to high concentration of ruxolitinib (>2.5 µM) increased cell viability in AGS7-iPSCs compared to control BJ-iPSC (Figure 4A, green asterisks). A similar increase in cell viability was observed for AGS7-iPSCs and AGS2-iPSCs when exposed to baricitinib at concentration of 2.5 µM (Figure 4B, green and blue asterisk, respectively). Exposure of NSCs to high concentrations of ruxolitinib (>10 μM), baricitinib (>2.5 μM) and tofacitinib (>10 μM) increased cell viability in AGS7-NSC compared to BJ-NSCs (Figures 4E–G, green asterisks); a similar result was observed for AGS2-NSCs versus BJ-NSCs treated with baricitinib at 0.6 μM and 2.5 μM (Figure 4F, blue asterisks) or tofacitinib at 2.5 μM (Figure 4G, blue asterisk) and also for AGS1-NSCs treated with tofacitinib at 10 μM (Figure 4G, red asterisk). Pacritinib was cytotoxic to all iPSC (IC50 ± SE, BJ-iPSC: 0.61 ± 0.03 µM; AGS1-iPSC: 0.58 ± 0.04 µM; AGS2-iPSC: 0.29 ± 0.13 µM; AGS7-iPSC: 0.35 ± 0.07 µM, Figure 4D) and all NSCs (IC50 ± SE: BJ-NSC: 0.63 ± 0.13 µM; AGS1-NSC: 0.75 ± 0.05 µM; AGS2-NSC: 1.05 ± 0.34 µM; AGS7-NSC: 0.81 ± 0.08 µM, Figure 4H).
[image: Figure 4]FIGURE 4 | Dose-response curve (by MTT assay) after 72 h exposure of ruxolitinib, baricitinib, tofacitinib, pacritinib in iPSCs (A–D) and NSCs (E–H). Seeding density: AGS2-iPSCs: 3.0 × 104 cells/well, all other iPSCs and NSCs: 1.0 × 104 cells/well in 96-well plate. The data are reported as percentage of cell viability as means ± standard error (SE) of 3 independent experiments performed in triplicate. Statistical analysis vs control BJ stem cells: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Two-way ANOVA and Bonferroni’s post-test. Green asterisks referred to AGS7- versus BJ-stem cells; blue asterisks to AGS2- versus BJ-stem cells; red asterisks to AGS1- versus BJ-stem cells.
Gene expression of JAK1/STAT2 and TYK2/STAT1, crucial molecular targets involved in the JAKi pharmacodynamics and activated by the IFN receptors, were evaluated in iPSCs and NSCs. JAK1, STAT1, TYK2 and STAT2 showed comparable mRNA expression among iPSCs and among NSCs as well as between iPSCs and related NSCs with the exception of STAT2 that resulted higher in AGS7-iPSCs compared to AGS7-NSCs (Supplementary Figure S1).
3.2.3 Antiretrovirals
Abacavir sulfate and lamivudine did not show cytotoxicity on iPSCs (Figures 5A, B); survival of AGS2-iPSCs seemed to be affected by zidovudine at higher concentrations, although IC50 could not be calculated in the range of concentrations tested (Figure 5C); however, this drug effect was lost in AGS2-NSCs (Figure 5F). A trend toward a dose-dependent increase of cell viability after RTIs exposure was observed in NSCs. In the case of lamivudine, the viability of AGS2-NSCs was significantly lower than BJ-NSCs at the higher concentration tested (20 μM, Figure 5E). The expression of key genes involved in RTI drug pathways (ADK for abacavir, DCK for lamivudine, TK1 for zidovudine) was comparable between iPSCs and derived NSCs for each cell line with the exception of ADK, whose expression level increased in AGS1-NSCs compared to AGS1-iPSCs (Supplementary Figure S1); however, no differences were found in terms of sensitivity to abacavir treatments.
[image: Figure 5]FIGURE 5 | Dose-response curve (by MTT assay) after 72 h exposure with abacavir, lamivudine, zidovudine, in iPSCs (A–C) and NSCs (D–F), respectively. The data are reported as percentage of cell viability as means ± standard error (SE) of 3 independent experiments performed in triplicate. Statistical analysis vs control BJ: *P < 0.05, ***P < 0.001, Two-way ANOVA and Bonferroni’s post-test. Blue asterisks reffered to AGS2- versus BJ-stem cells.
4 DISCUSSION
As a rare disease, cure of AGS is challenging for clinicians for many reasons, including the difficulty in conducting clinical trials with an adequate number of patients. Judging the efficacy of the therapeutic interventions across published studies and case-reports is difficult because of the different regimens attempted, the heterogeneity of the AGS subtypes and heterogeneity in the stage of the disease process at which treatment was started (Crow et al., 2020). A further complication in AGS study is represented by the lack of adequate animal models: AGS gene specific knockout mice models are useful but have the limitation that they cannot recapitulate all phenotypic features of diseases (Gray et al., 2015). In particular, they failed to recapitulate the strong central nervous system (CNS) involvement seen in AGS (Morita et al., 2004; Reijns et al., 2012; Bartsch et al., 2018). Other mouse models that mirror AGS neuropathology do not present the AGS causative genetic background (Akwa et al., 1998; Campbell et al., 1999; Viengkhou et al., 2024b). The importance of creating AGS patient-derived disease models to better understand inherited syndromes and to find ground-breaking therapies is becoming increasingly important in clinical and basic research. Patients’ neurons are not accessible, thus iPSCs and derived-NSCs offer an unprecedented opportunity to provide optimal patients cells surrogates, keeping the genetic background of the individuals. The iPSCs and NSCs represent a promising model for pharmacological studies, thanks to their ability to recapitulate the tissue characteristics maintaining the patient’s genetic features. In AGS patients brain damage occurs mainly in the early phases of neuronal development and symptoms occur months to years after birth when cells are differentiated (Orcesi et al., 2009); it is crucial to study the safety profile of any drug proposed for AGS, even in stem cells, since new functional neurons can be generated from NSCs pool residing in neural niche (Göritz and Frisén, 2012). Indeed, the use of iPSCs allowed to conduct safety studies on the AGS-iPSCs themselves, or on derived multipotent cellular model such as NSCs (Genova et al., 2019). In the current study we tested the cytotoxicity of iPSCs and NSCs after the exposure to “broad active” immunosuppressive drugs used in the clinical practice, such as thiopurines and glucocorticoids, able to manage and reduce the inflammatory condition (Crow et al., 2014; Crow et al., 2020) and new molecules proposed as promising AGS therapies, such as RTI and JAKi, which demonstrated to be beneficial for AGS patients (Tonduti et al., 2020; Vanderver et al., 2020). In this study, we used AGS patient-derived iPSC cell lines generated and fully characterized by Ferraro and collogues (Ferraro et al., 2019a; Ferraro et al., 2019b; Masneri et al., 2019) and differentiated them to NSCs. The expression of pluripotency gene markers for different grade of stemness was assessed in both iPSCs and NSCs. The decreased OCT4 gene expression, due to the gradual methylation of its promoter and proximal enhancer region during the differentiation processes (Lee et al., 2010), combined to the increased levels of SOX1 and PAX6 (transcription factors involved in the early steps of neurogenesis (Yan et al., 2013)) confirmed the proper differentiation of iPSC into NSCs. SOX2 and Nestin levels of expression were found to be comparable between iPSCs and NSCs, as expected by literature (Ellis et al., 2004). We compared the metabolic activity of stem cells. IPSC showed a reduced entry into proliferation due to a higher G0 percentage. Moreover, among iPSCs, AGS2- showed a lower percentage of cells in G2 phase compared to healthy control BJ-iPSC. Metabolic activity of iPSCs under basal condition, measured by MTT assay, was previously reported (Genova et al., 2020), showing a reduced survival in AGS2-iPSCs compared to other iPSCs. AGS2 patients are characterized by a reduction in RNASEH2B transcript and related protein levels (Garau et al., 2021). The lower proliferation of RNASEH2B deficient embryonic mouse cells was also reported by Hiller and collaborators (Hiller et al., 2012). RNASE H2 is an endonuclease that degrades RNA within an RNA:DNA hybrids (Cerritelli and Crouch, 2009) and is specifically responsible for removing single ribonucleotides that are misincorporated into DNA during DNA replication (Reijns et al., 2012). RNASEH2B mutation leads to a reduction of RNASE H2 activity and, consequently, to aberrant accumulation of ribonucleotides into genomic DNA (Rabe, 2013). It was demonstrated that RNASE H2 is able to exert its functions specifically in the G2 phase of the cell cycle (Lockhart et al., 2019). Among NSCs, the RNASEH2B deficient (hypomorphic) line did not show a different metabolic activity compared to other NSCs suggesting that the defective proliferative process observed in iPSCs could be lost at a higher degree of neural differentiation for unknown reasons.
AGS are inherited type I interferonopathies and affect the nervous tissue linking a degenerative pattern to an inflammatory phenotype; for this reason, initial empirical therapeutic approaches involved drugs targeting the immune system, such as glucocorticoids and thiopurines. The primary mechanism of action of dexamethasone relies on by binding to the ubiquitously expressed glucocorticoid receptor, encoded by the NR3C1 gene. After glucocorticoid binding, the receptor complex migrates to the nucleus, binding to the DNA at the glucocorticoid response elements thus regulating expression of specific genes (Tischner and Reichardt, 2007; Reichardt et al., 2021). Previous results on AGS- and BJ-iPSCs and dexamethasone treatment showed lack of cytotoxic activity (Genova et al., 2020); here we confirmed the loss glucocorticoid cytotoxicity of NSCs due to the lack of NR3C1 expression, giving a rational for the safe use of glucocorticoids on stem cells.
Previous results on iPSCs have shown thiopurines induced cytotoxicity in both BJ- and AGS-iPSCs (Genova et al., 2020). In this study, AGS2- and AGS7-NSCs were sensitive to thioguanine, whereas the AGS1-NSC cells presented a low cytotoxicity after thioguanine exposure, showing the 70% of viability after 72 h of treatment. In contrast, no cytotoxicity was detected after mercaptopurine treatment likely because of the different cellular metabolism of these molecules. Mercaptopurine seemed safer than thioguanine for NSCs. Since it has a far more complex intracellular metabolism and the reaction mediated by HPRT1 is the first of the multiple steps in the activation to thioguanine-nucleotides (Franca et al., 2021), it is possible that the cytotoxic effect of mercaptopurine could not be observed after 72 h incubation. The distinct sensitivity profiles of BJ- and AGS-NSCs suggest that pathogenic mutations present in AGS patients may influence thioguanine cytotoxicity. In 1999, the group of Prof. Evans (St. Jude Children’s Research Hospital, Memphis, United States) showed that incorporation of thioguanine nucleotides into the DNA strand significantly inhibited (80%–90%) human RNase H-catalyzed RNA cleavage from DNA-RNA heteroduplexes in leukemic cell lines, indicating that thiopurine mechanism of cytotoxicity may involve interference with this component of the replication machinery (Krynetskaia et al., 1999). This inhibition resembles the condition of AGS2 patients; however, it is not clear how the lack RNASEH2B activity in AGS2 patients could enhance thioguanine toxicity. HPRT1 mRNA was similarly expressed in BJ–and AGS-NSCs; therefore, it would be important to further assess either the HPRT1 protein expression or the metabolite levels in NSCs for a deeper characterization of thioguanine metabolism in these cell lines. Of note, an overall shift towards resistance to thiopurines was observed in NSCs compared to iPSCs in AGS-patient-derived cells (Genova et al., 2020). One possible explanation could be the unique cell cycle characteristics of iPSC. iPSCs have a rapid division time (16–18 h) and a very short G1 phase (∼2.5 h). As development proceeds, the cell cycle length of neural progenitor cells increases (to up to ∼18 h), due to a four-fold increase in the length of G1 (Liu et al., 2019). The rapid cell cycle of iPSCs might make them more sensitive to cytotoxic agents such as thiopurines, which target the S phase of the cell cycle. When thiopurines are incorporated into the DNA during the S phase, they can cause cell cycle arrest. Additionally, drug resistance mechanisms such as enhanced efflux through activation of transmembrane proteins, increased detoxification and activation of anti-apoptosis or cell cycle arrest can not be ruled out. These mechanisms could contribute to the varying sensitivity.
With advanced understanding of molecular pathogenic processes in AGS, pharmacological strategies have shifted towards more targeted approaches, including repurposing currently approved drugs in use for other diseases (i.e., JAKi and RTIs) (Crow et al., 2020; Genova et al., 2020). The anti-proliferative and immunosuppressive effects of JAKi on immune cells are expected (Tonduti et al., 2020), whereas the efficacy and safety profiles of JAKi on patients NSCs and functional neurons need to be better investigated. The JAK/STAT signaling pathway plays a key role in the balance between NSCs quiescence and proliferation (Garza et al., 2008; Kim et al., 2010; Nicolas et al., 2013), in neurogenesis versus gliogenesis lineage decisions (Bonni et al., 1997; Nakanishi et al., 2007), in differentiation of NSCs into mature neurons (Kim et al., 2010) and in synaptic plasticity (Nicolas et al., 2012; Nicolas et al., 2013; Yasuda et al., 2021). In AGS patients, it is thus necessary to assess whether exposure to JAKi could be cytotoxic for NSCs. The significant cytotoxicity observed on iPSCs and NSCs suggest an unsafe use only of pacritinib for AGS. With IC50 in the low micromolar range, pacritinib has been shown to affect the viability of brain tumor-initiating cells and sphere forming capacity in preclinical studies (Jensen et al., 2017). The different cytotoxic profile of pacritinib can be attributed to its affinity for different targets such as IRAK1 and FLT3. In particular, FLT3 is a tyrosine kinase receptor expressed on the surface of multipotent stem cells (e.g.,: hematopoietic stem cells), playing an important role in the survival and proliferation of these cells (Verstovsek and Komrokji, 2015). The exposure of iPSCs and NSCs to other JAKi was not cytotoxic. In contrast, an unexpected increase in cell viability was observed in AGS patient-derived NSCs compared to the control BJ stem cells at high concentrations of JAKi (ruxolitinib, baricitinib, tofacitinib). The biological meaning of this finding is unclear. First, it would be important to discriminate whether JAKi promote the stem cell proliferation or the cell metabolism. This can be achieved by using more direct measurements of cell growth dynamics, such as [3H]-thymidine or BrdU incorporation assays, in both JAKi-treated and untreated cells to evaluate the impact on cell division. Additionally, studying autophagic and apoptotic processes, as well as ROS production following JAKi exposure, will provide further mechanistic insights. A strong relationship between autoimmune diseases, neuroinflammation and mitochondrial dysfunctions has been reported by several authors (Fang et al., 2016; Gambardella et al., 2019; van Horssen et al., 2019; Barrera et al., 2021; Dragoni et al., 2022). In rheumatoid arthritis, tofacitinib significantly increased oxidative phosphorylation, ATP production, and the maximal respiratory capacity and the respiratory reserve in primary synovial fibroblasts, suggesting JAK/STAT signaling as a mediator of the complex interplay between inflammation and cellular metabolism (McGarry et al., 2018). It could therefore be hypothesized that in this complex interplay the use of JAKi can reduce cells oxidative stress thus increasing metabolic response. Second, the unexpected increase in cell viability in patient-derived cells was observed at µM concentrations of JAKi. In healthy adult subjects receiving ruxolitinib 50 mg once daily or baricitinib 5 mg two times a day for 10 days, plasma concentrations are ∼3 μM and 146 nM respectively (Shi et al., 2011; Shi et al., 2014). In a pediatric AGS patient, ruxolitinib was started at 2.5 mg twice daily and increased to 5 mg BID 10 weeks later (Cattalini et al., 2021), likely bringing to concentrations in the µM range. Although JAKi are considered highly selective for some members of the JAK family, as the intracellular concentration of these drugs increases, a loss of selectivity occurs due to the interaction with ATP binding sites of other kinases (Lin et al., 2020). Conducting single-cell RNA sequencing (scRNAseq) on JAKi-treated and untreated iPSCs and NSCs could help identify the affected pathways and show how these pathways might change across different differentiation states. Third, it is possible that in the genetic settings of AGS, the higher concentrations of JAKi altered the equilibrate cross-talk between the JAK/STAT signaling and other proliferative pathway, potentially in favor of the latter. STAT proteins are crucial in regulating cell cycle progression, growth arrest and apoptosis (Bromberg and Darnell, 2000). Through the receptor-mediated activation of STAT1, IFNs inhibit cell proliferation (Bromberg et al., 1996; Liu et al., 2023). Consequently, high concentrations of JAKi, might interfere with the transcription of antiproliferative genes. A comprehensive protein profiling of the IFN signaling pathway, in particular comparing the levels of IFNs in cell surnatants as well as the expression of IFNARs and STATs between AGS- and BJ- stem cell derived cells, would be useful for an accurate interpretation of these results. Moreover, it would be also interesting to examine the ISGs profile of the stem cells. Analysis of genes expression of the JAK/STAT pathway show only the difference in STAT2 gene expression between iPSCs and NSCs in AGS7 patient. This observation is in line with the JAK-STAT pathway being present in all cell types and mediating responses to a wide array of cytokines, suggesting a fundamental role in cellular communication and homeostasis across different tissues (Hu et al., 2023).
In AGS patient-derived iPSCs lines, RTIs treatment did not affect AGS1-, AGS7- and BJ-iPSCs survival. The AGS2-iPSCs viability was significantly decreased after 3-day exposure at higher zidovudine concentrations, in contrast to other iPSCs; this difference was no longer observable between AGS2-NSCs and the other NSCs. However, expression of TK1, a key target gene involved in zidovudine activation, was comparable among iPSCs and NSCs. The increased cytotoxic effect of zidovudine on AGS2 patient-derived iPSCs suggests a disease-specific genetic contribution to drug sensitivity (Crow et al., 2014). In conclusion, the JAKi and RTIs drugs tested did not affect iPSCs and NSCs survival.
This study presents some limitations. The small number of AGS patients and controls included in the study, due to the low incidence rate of AGS disease (Aicardi and Goutières, 1984; Lebon et al., 1988) as well as the complexity and labor-intensive nature of cell line generation, may restrict the data robustness of the findings. Also the use of iPSCs/NSCs as a cellular model to study the effects of immunomodulatory/antiretroviral agents, which are effective on immune cells (Aquaro et al., 2020; Strzelec et al., 2023) has to be taken carefully. It is important to acknowledge that the cytotoxic results obtained in iPSCs and NSCs required additional mechanistic studies and functional assays to be correctly interpret; they may not be representative of the cytotoxic profiles of differentiated cells, due to various reasons, such as proliferation rate, cell cycle, epigenetics, relative density of drug target and enzyme expression profile (Liang and Zhang, 2013). Of great importance will be the differentiation of NSCs to tissues involved in the pathogenesis of AGS, such as the immune or nervous system cells (Barth et al., 1999; Kavanagh et al., 2016; Thomas et al., 2017; Viengkhou et al., 2024a). In a future perspective, it will be interesting to evaluate in vitro the impact of JAKi/RTI on neurons and microglia, particularly on astrocytes proposed as key players in AGS pathology since they are thought to be the primary cells that produce IFN-α in CNS. Cuadrado et al. demonstrated that when the AGS gene TREX1 was silenced in astrocytes, a significant induction of IFN-α expression, ISG signaling and release of pro-inflammatory cytokines and chemokines was observed (Van Heteren et al., 2008; Cuadrado et al., 2015). Understanding the contribution of cell-autonomous and non-cell-autonomous role of astrocytes will help reveal mechanisms underlying interferonopathy in AGS (Sase et al., 2018). Co-culture experiments could involve treating patient-derived astrocytes with JAKi and then using the culture supernatant as a conditioned medium for neurons to observe if their conditions improve. Nowadays, there are still several limitations on working with iPSCs-derived neurons, including time, costs, technical issues such as the variability in the neuronal pool for high throughput screening and reproducibility of results among iPSCs clones of the same individual (Dolmetsch and Geschwind, 2011; Yoshihara et al., 2017). However, iPSCs and iPSC derived cells carry the AGS patient’s specific genomic background and may be informative of drug effects in this pathogenic context.
5 CONCLUSION
In conclusion, this work highlights the importance in basic and clinical research of creating patient-specific disease models to better understand inherited syndromes and to deeper our knowledge on innovative therapeutic approaches. We used patient-specific iPSCs as model for AGS, obtained by reprogramming patients’ primary cells and differentiated into NSCs. AGS patient-derived in vitro model established has proven to be suitable for studying the safety profile of a panel of drugs on NSCs, being a cell type otherwise inaccessible. According to our results, all drug tested, in particular glucocorticoids, JAKi and RTI but not thioguanine and pacritinib, could be safe for NSCs of AGS patients.
As future prospective, it may be interesting to broaden the panel of drug tested on NSCs-derived neuronal cells. Additionally, considering the involvement of the immune component in AGS, it may be beneficial to analyze the effects of these novel drugs in neuronal co-cultures derived from NSCs, alongside cells from the immune system.
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