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Abstract

Friedreich Ataxia (FRDA) is an autosomal recessive neurodegenerative disorder characterized by progressive loss of neurons that control movement and
coordination. In most patients, FRDA is caused by homozygous GAA trinucleotide repeat expansions in the first intron of the frataxin (FXN) gene, resulting in
reduced expression of frataxin, a mitochondrial protein essential for biogenesis of iron-sulfur clusters and mitochondrial function. Effective disease-
modifying treatments remain lacking for FRDA. Increasing evidence indicates that microglial cell dysfunction contributes to FRDA pathogenesis, highlighting
these cells as potential therapeutic targets. However, the molecular mechanisms underlying FXN-deficient microglial dysfunction remain poorly understood.
Here, we sought to address this gap in knowledge. Microglia were generated from FRDA patient-derived iPSCs under naive conditions and alterations in gene
and protein expression, compared to isogenic microglia, were characterized by bulk RNA sequencing and secretome analysis. FXN-deficient microglia exhibit
a cell-autonomous interferon-responsive and antigen-presenting pro-inflammatory phenotype. This pro-inflammatory state is characterized by coordinated
activation of immune transcriptional programs, dysregulated secretion of neuroinflammatory proteins, activation of inflammasomes involving NLRP2 and
NLRP3, and abnormalities of lysosomal homeostasis, autophagic flux, and extracellular matrix composition. These findings demonstrate that FXN deficiency
is sufficient to induce intrinsic microglial activation and identify molecular pathways that may represent attractive targets for future FRDA therapies.

Introduction

Friedreich ataxia (FRDA) is an autosomal recessive multisystem disorder whose hallmark neurological manifestation is progressive ataxia. FRDA
neuropathology is characterized by the selective vulnerability of specific neuronal populations, including hypoplasia and progressive degeneration of primary
proprioceptive neurons in the dorsal root ganglia, followed by degeneration of neurons in the deep cerebellar nuclei and corticospinal tracts. In most patients,
FRDA is caused by homozygous GAA trinucleotide repeat expansions in the first intron of the frataxin (FXN) gene, which induce epigenetic silencing and
reduce expression of the mitochondrial protein frataxin (FXN). In a minority of cases, the disease results from a pathogenic loss-of-function FXN variant
(missense, nonsense, or deletion) in compound heterozygosity with a GAA repeat expansion (Campuzano et al., 1996; Cossée et al., 1999; Reetz et al., 2025).
FXN is essential for the biogenesis of iron-sulfur (Fe/S) clusters in the mitochondrial matrix, and its deficiency impairs the activity of multiple Fe/S enzymes,
disrupts iron homeostasis and compromises mitochondrial function (Campuzano et al., 1997; Llorens et al., 2019; Reetz et al., 2025; Ristow et al., 2000).
Despite recent therapeutic advances, FRDA remains an incurable and progressively disabling disease.

Growing evidence implicates dysfunction of microglia, the resident immune cells of the nervous system, in the pathophysiology of FRDA. Microglia are
essential for maintaining neuronal homeostasis and orchestrating neuroinflammatory responses to infection, injury or disease. Under pathological
conditions, they acquire an activated state characterized by morphological, transcriptional, and metabolic changes associated with proinflammatory and
potentially neurotoxic phenotypes. Activated microglia are present in the dentate nucleus of FRDA patients (Koeppen et al., 2012) and neuroinflammatory
changes are evident in the cerebellum and brainstem (Khan et al. 2022). Consistently, FRDA animal models exhibit microglia activation and
neuroinflammation (Shen et al., 2016; Della Valle et al., 2023). FXN-deficient microglia from FRDA mouse models display an exaggerated response to
inflammatory stimuli together with a shift towards glycolysis and itaconate production, consistent with a pro-inflammatory state (Sciarretta et al., 2024).
Moreover, a FRDA mouse model harbouring a human FXN transgene with > 800 GAA exhibits early cerebellar microglial activation preceding overt disease
progression (Vicente-Acosta et al., 2024). Together, these findings suggest that FXN-deficiency drives aberrant microglia activation, creating a pro-
inflammatory environment that may contribute to neuronal degeneration. This concept has been directly supported by recent studies using microglia
generated from FRDA patient-derived induced pluripotent stem cells (iPSCs), which demonstrated that FXN-deficient microglia are proinflammatory and
sufficient to drive neuronal degeneration both in in vitro co-culture assays and in vivo after implantation into the brains of healthy mice (Pernaci et al., 2025).
Overall, these studies establish microgliopathy as an important contributor to FRDA pathogenesis.

However, little is known about the molecular mechanisms underlying the dysregulation of pro-inflammatory mechanisms in FXN-deficient microglia. In this
study, we characterized the transcriptome and secretome of microglia generated from FRDA patient-derived iPSCs and matching isogenic controls in the
absence of exogenous inflammatory cues. Naive FXN-deficient microglia are cell autonomously primed for an interferon-responsive and antigen-presenting
pro-inflammatory phenotype characterized by dysregulated secretion of numerous neuroinflammatory proteins including several chemokines and cytokines.
FXN-deficient microglia display activation of inflammasome mechanisms involving NLRP2 and NLRP3 and hallmarks of compromised lysosomal
homeostasis and autophagic flux. These findings identify molecular pathways dysregulated in FXN-deficient microglia that could offer future therapeutic
opportunities in FRDA.

Results
Cell autonomous dysregulation of pro-inflammatory gene expression in FRDA iPSC-derived microglia

The transcriptional changes underlying the dysregulated activation of human FXN-deficient microglia remain poorly characterized. To address this gap, we
performed transcriptomic analysis in FRDA patient iPSC-derived microglia and their corresponding isogenic control cells. Microglia were differentiated from
three iPSC lines derived from both female and male FRDA patients. To minimize potential protocol-dependent biases, two different microglia differentiation
protocols were used throughout the study (Douvaras et al., 2024; Haenseler et al., 2017). Regardless of donor or differentiation protocol, all microglia
preparations consistently displayed typical microglia morphology, and virtually all cells expressed the canonical microglia/macrophage markers P2RY12 and
IBA1. Representative images are shown in Fig. 1A for microglia derived from the female FRDA iPSC line FRDA_86 (hereafter FRDA_F) and its isogenic control
line FRDA_86 GAA homo-del (ISO_F). Similar results from the male FRDA line FRDA_4676 (FRDA_M) and its isogenic control FRDA_4676 GAA homo-del
(ISO_M) line are shown in Supplementary Fig. 1 (Fig. S1) available in Supplementary. Bulk RNA sequencing (RNAseq) analysis further confirmed the identity
of the differentiated cells, demonstrating robust expression of established microglial marker genes (Butovsky et al., 2014; Hickman et al., 2013), relative to
undifferentiated human iPSC lines from publicly available datasets (Fig. 1B). Similar results were obtained with a third FRDA patient-derived iPSC line
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obtained from a male donor (not shown). We did not detect appreciable differences in the microglia differentiation efficiency or quality among the different
FRDA iPSC lines nor between the two differentiation protocols.

Microglia derived from both female (FRDA_86) and male (FRDA_4676) iPSC lines were subjected to bulk RNAseq together with isogenic controls. In all
experiments (n = 8), microglia were maintained under basal conditions, without exposure to lipopolysaccharide (LPS) or any other treatment that would
trigger innate immune responses, to characterize the cell-intrinsic transcriptomic changes associated with FXN deficiency. After correction for batch and sex
effects, principal component analysis showed clear separation of FRDA and isogenic microglia along one dimension, with samples clustering according to
genotype (Fig. 2A). Differential gene expression analysis of iPSC-derived microglia preparations identified 425 up- and 467 down-regulated differentially
expressed genes (DEGs) in FRDA microglia relative to isogenic controls (adjusted p-value (false discovery rate; FDR) < 0.05, with no fold-change cut-off)

(Fig. 2B; entire list of statistically significant DEGs available in Supplementary Information). Among the top 30 upregulated DEGs (Fig. 2C), many encode
proteins involved in innate immunity, interferon signaling, and antigen presentation, such as APOL1, CD37, NLRP2, AQP9, JAK3, PADI2, APOL3, MEG9Y,
TMEM176A, CD14, CALHM2, SLC15A4, VSIG4, ZNF208, SP140, MIR4458HG, RYR1, PRR5L, BST2, SVIL-AS1, MEG8, MEG3 (eg, Cheng et al., 2021; Chiu et al.,
2024; Gaudet et al., 2021; Ji et al., 2021; Juliar et al., 2024; Li et al., 2016; Meng et al., 2025; Wang et al., 2013; Xu et al., 20243a; Ye et al., 2023; Zahl et al.,
2023; Zhang et al., 2024). More specifically, a coordinated interferon-response dysregulation in FRDA microglia was suggested by the upregulation of several
interferon-stimulated genes, such as IF16, IFI27, IFI44, IFI44L, OAST, 0AS2, OAS3, OASL, RSAD2, ISG15, and MX1 (Supplementary Information). Furthermore,
upregulated DEGs in FRDA microglia included several antigen presentation genes, including class-l (HLA-B, HLA-C) and class-Il (HLA-DMA, HLA-DOA, HLA-
DRBS5) major histocompatibility complex (MHC) genes, and the MHC class Il gene activator C/ITA (Supplementary Information).

Over-representation analysis of all the up-regulated DEGs in FRDA microglia revealed significant enrichment of Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Kaneisa and Goto, 2000; Kanehisa, 2019; Kanehisa et al., 2025) terms related to infection and immunity (Fig. 3A). Consistently, the top 25 over-
represented Gene Ontology (GO) Biological Process terms amongst upregulated DEGs were dominated by immune- and inflammation-related categories,
including ‘immune response’, ‘inflammatory response’, ‘innate immune response’ (Fig. 3B). In contrast, downregulated DEGs were enriched for KEGG
pathways involved in cellular signaling, like “PI3K-Akt signaling”, “Hippo signaling”, “Rap1 signaling” (Fig. 3C), while top over-represented GO Biological
Process terms included categories like “regulation of signaling”, “regulation of cell communication”, “animal organ development” (Fig. 3D). Gene Set
Enrichment Analysis of the complete ranked gene list yielded highly concordant results (data not shown). Taken together, these findings show that FRDA
microglia adopt a cell-intrinsic pro-inflammatory transcriptional program characterized by an interferon-responsive and antigen presentation-high state.
Upregulation of maternally expressed long non-coding RNA genes in FRDA iPSC-derived microglia

The top upregulated DEGs in FRDA microglia included maternally expressed gene (MEG) family members such as MEG3, MEGS, and MEG9 (Fig. 2 and
Supplementary Information). These genes encode long non-coding RNAs that perform a variety of functions by interacting with specific proteins and RNA
molecules. Specifically, MEG3 plays important roles in cancer progression and tissue inflammation (Wang et al., 2026; Zhang et al., 2022). It is both a
downstream target of interferon signaling and a mediator of interferon signaling cascades (Gao et al., 2022; Liu et al., 2017). Due to its ability to engage with
many partners and mediate several molecular pathways, MEG3 has multiple roles in inflammation-associated diseases (Wang et al., 2026). Importantly,
studies in FRDA iPSC-derived cardiomyocytes have recently identified MEG3 as a consistently dysregulated DEG across several multiple iPSC lines. Silencing
of MEG3 in FRDA cardiomyocytes alleviates cell death associated with FXN deficiency (Lees et al., 2026). Together, these observations show that MEG3
upregulation is a recurrent gene dysregulation in FXN-deficient microglia and cardiomyocytes.

Altered lysosomal homeostasis and extracellular matrix composition in FRDA iPSC-derived microglia

Lysosomes play a central role in autophagy/mitophagy by selectively clearing misfolded proteins and damaged organelles. These processes are closely
linked to inflammatory signaling, with impaired autophagic flux generally promoting inflammatory responses (Biasizzo and Kopitar-Jerala, 2020; Harris et al.,
2017). Consistent with this relationship, previous studies have shown that FRDA iPSC-derived microglia exhibit lysosomal dysfunction, impaired
mitochondria-lysosome crosstalk, resulting in impaired mitophagy (Pernaci et al., 2025). In agreement with those findings, GO Cellular Component analysis
of upregulated DEGs in FRDA microglia revealed significant enrichment of terms related to intracellular membrane compartments such as “cytoplasmic
vesicles”, “organelle membrane”, “lysosome”, “endosome”, suggesting disruption of organelle homeostasis (Fig. 4A). This interpretation was further
supported by the presence among the top 30 upregulated DEGs in FRDA microglia of several genes implicated in organelle homeostasis and autophagy
regulation, including SLC15A4 (Lopez-Haber et al, 2022; Rimann et al., 2022), APOL1 (Blazer et al., 2022), APOL3 (Ritacco et al., 2026), RYR1 (Vervliet et al.,
2026), MEG3 (Zang et al, 2022), CXCL9 (Hu et al., 2025), and SFXN2 (Chen et al., 2022) (Fig. 2). In agreement with pathway analysis, investigations at the
protein level showed that FRDA microglia exhibit decreased expression of lysosomal-associated membrane protein 1 (LAMP1) (Fig. 4C, D), particularly its
heavily glycosylated 100-120 kDa forms (Fig. 4F, G). This change was correlated with reduced FXN protein levels (Fig. 4F). Decreased hyperglycosylated
LAMP1 has been associated with reduced lysosomal membrane stability and impaired autophagosome-lysosome fusion (Xu et al., 2024b). We also
observed that the late endosome marker protein Rab7 trended to decreased levels in FRDA microglia, although this change was not statistically significant
under the tested conditions (Fig. 4C, E). Collectively, these findings suggest that, while endosomes may be formed and mainly maintained, the lysosomal
compartment is compromised in FRDA microglia.

Analysis of down-regulated DEGs in FRDA microglia showed that they were enriched for terms associated with extracellular components, including “collagen
containing extracellular matrix (ECM)” (Fig. 4B). In this context, we observed downregulation of several genes encoding collagen proteins such as COL1AT,
COL16A1, COL4A5, COL6AT, and COL6A2 (Supplementary Information). These collagens promote cell-matrix adhesion (Heino, 2007), suggesting that FRDA
microglia have decreased cell-substrate adhesion. This possibility is also consistent with the coordinated downregulation of other ECM genes encoding
proteins that promote adhesion, like NID2, FBLN2 and FNT (Supplementary Information). Several members of the protocadherin family mediating cell-cell
adhesion, such as PCDHGB6, PCDHGB7, PCDHGC4, PCDHGC5, are also downregulated in FRDA microglia (Supplementary Information). These observations
suggest perturbations of cell-matrix and cell-cell adhesion properties in FRDA microglia.
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Dysregulated secretion of neuroinflammatory proteins by FRDA iPSC-derived microglia

To determine whether the cell-intrinsic transcriptomic changes observed in FRDA microglia were reflected at the functional level in the microglial secretome,
we compared the levels of 285 immune system proteins in the conditioned media from FRDA and isogenic microglia. This analysis identified 57 differentially
secreted proteins (DSPs) in the secretome of FRDA microglia, including 43 that were increased (Fig. 5A, C) and 14 that were decreased (Fig. 5B, C) (p value <
0.05 and log2FC > 0.5). The over-secreted DSPs included several pro-inflammatory members of the CC Chemokine Ligand (CCL), C-X-C Chemokine Ligand
(CCXL), and interleukin (notably IL1-beta (IL1B) and IL6) protein families. The established roles of these molecules in neuroinflammation are in agreement
with the pro-inflammatory state of FRDA microglia revealed by RNAseq (eg, Becher et al., 2024; Bufi et al., 2025; Li et al., 2025; Sogorb-Esteve et al., 2021; Sun
et al., 2025; Wei et al., 2025). Another highly represented family among over-secreted DSPs was that of the matrix metalloprotease (MMP) proteins, providing
further evidence for ECM abnormalities in FRDA microglia. Other over-secreted proteins included additional pro-inflammatory and neuroinflammatory
mediators, like TREM2 (Shi et al., 2025), uPAR/PLAUR (Ma et al., 2026), TLR2 (Heidari et al., 2022), and GZMA (Metkar et al., 2008). These findings indicate
that FXN-deficient microglia have a pro-inflammatory secretory phenotype. Consistent with previous studies showing under-representation of certain
complement cascade proteins among differentially expressed proteins in the cerebrospinal fluid of FRDA patients (Imbault et al. 2022), under-secreted
proteins in FRDA microglia included the classical complement pathway proteins C1R, C1S and, more marginally, C2 and C4B. In contrast, CFD, a component
of the alternative complement cascade, was over-secreted. Collectively, these findings demonstrate broad dysregulation of immune signaling in the FRDA
microglial secretome and further support the conclusion that FXN deficiency primes microglia toward a neuroinflammatory state.

Activation of NLRP2 and NLRP3 inflammasomes in FRDA microglia

Activation of pro-inflammatory microglia is frequently associated with inflammasome signaling mediated by members of the Nucleotide-Binding-
Oligomerization Domain (NOD)-and Leucine-Rich Repeat (LRR)-containing (NLR) family of proteins, particularly NLR Pyrin-Domain-Containing (NLRP) 2 and -
3 (Ducza and Gaal, 2024; Lu et al., 2026). A variety of ‘danger signals’, including potentially harmful microbial agents and signs of tissue damage, increase
expression of NLRP2 and NLRP3, ‘priming’ the activation of inflammasome responses, which is then completed by assembly of multiprotein complexes that
recruit and activate caspase-1 (CASP1). Activated CASP1 processes pro-inflammatory molecules, including but not limited to interleukin-1beta (IL1B), IL18,
and IL37 (Ducza and Gaal, 2024; Fu and Wu, 2023; Paik et al., 2025; Sharma and Kanneganti, 2021).

NLRP2 was among the most strongly upregulated DEGs in FRDA microglia (log2FoldChange, 4.53; p value, 1.529E-08) (Fig. 2). Consistent with transcriptomic
data, levels of the full-length NLRP2 protein (~ 120 kDa), detected using an antibody directed against the N-terminal pyrin domain and part of the central
NACHT domain, were significantly increased in FRDA microglia at several stages of in vitro maturation (Fig. 6A, C). We also detected faster-migrating NLRP2
forms of ~90-100 kDa, possibly corresponding to C-terminally truncated species. NLRP3 protein expression was similarly increased in FRDA microglia

(Fig. 6B, D). Consistent with these observations, several top upregulated DEGs in FRDA microglia, such as AQP9, SLC15A4, MEG3, PADI2, and APOL1 (Fig. 2),
are known to promote/mediate NLRP3 inflammasome activation (Guzmén-Guzman et al., 2021; Lopez-Haber et al., 2022; Meng et al., 2021; Mishra et al.,
2019; Wu et al., 2021; Zhu et al., 2023). In contrast, expression of the anti-inflammatory NLR family member NLRC3, a negative regulator of both NLRP2 and
NLRP3 (Shiau et al., 2013; Zhang et al., 2014), was decreased in FRDA microglia (log2FoldChange, -1.721; p value, 0.0405). Together, these observations
indicate that FXN deficiency primes NLRP2/NLRP3 inflammasome signaling in human microglia.

Following priming, NLRP2 and NLRP3 inflammasome activation requires assembly of supramolecular complexes through recruitment of the Apoptosis-
associated Speck-like protein containing a Caspase-activation and recruitment domain (ASC). ASC subsequently oligomerizes and recruits inactive full-
length CASP1 to the NLRP2/3-ASC complexes, promoting CASP1 autocatalytic cleavage into smaller catalytically active forms (Ducza and Gaél, 2024; de
Alba, 2019; Vajjhala et al., 2012). To determine whether NLRP2/3 inflammasome activation was enhanced in FRDA microglia, we examined ASC expression
and oligomerization by immunoblotting both under standard conditions and following protein cross-linking, a method commonly used to stabilize and detect
high-molecular-weight ASC oligomers (Prather et al., 2022; Yu et al., 2023). Under non-cross-linked conditions, western blotting detected a roughly 22 kDa
band corresponding to monomeric ASC ('Monom.”) and a ~ 32 kDa form, consistent with previously described 30-35 kDa post-translationally modified ASC
monomers (Friker et al., 2020; Hara et al., 2013) (Fig. 7A). Monomeric ASC levels were unchanged in FRDA microglia, but the 32 kDa ASC immunoreactive
species was increased relative to isogenic microglia (Fig. 7B). Cross-linking preserved these bands and additionally revealed higher-molecular-weight ASC
species, including a ~ 65 kDa band consistent with ASC trimers (“Trim.”) and oligomeric complexes exceeding 250 kDa (“oligom.”) (Fig. 7D). These high-MW
ASCOligeom species were significantly increased in FRDA microglia, providing evidence for enhanced ASC oligomerization and inflammasome assembly

(Fig. 7E).

We next examined CASP1 expression and processing to determine whether the increased levels of NLRP2, NLRP3, and oligomerized ASC were accompanied
by CASP1 cleavage and activation. Upon inflammasome activation, pro-CASP1 (45-48 kDa; ‘p45’) initially undergoes autoproteolytic cleavage to generate a
transient form of 33-35 kDa (‘p33’, containing the CARD and ‘p20’ (20-22 kDa) domains) and a 10-12 kDa (‘p12’) fragment. The p33:p12 complex is a fully
active CASP1 complex that remains bound to the inflammasome supramolecular structure (Boucher et al., 2018). Further cleavage of p33 generates the p20
subunit, which forms an active complex with p12 (Boucher et al., 2018; Makoni and Nichols, 2021). The p20:p12 complex is less stable than p30:p12 dimers
and it is thought to contribute to termination of inflammasome signaling (Boucher et al., 2018; Sandstrom and Vance, 2018). Using a CASP1 antibody
predicted to react with p45, p33, and p20, we observed immunoreactive species resembling both p45 and p33 in our microglia preparations at approximately
two months after the start of the differentiation protocol, but we did not detect p20 (Fig. 7A). Whereas p45 levels were not detectably different, p33 was
significantly increased in FRDA versus isogenic microglia (Fig. 7C). A different CASP1 antibody, predicted to react with p45, p33, p20 and p12, also did not
detect p20 but revealed the p12 form in FRDA microglia, even though this required longer blot exposures than needed to visualize p45 and p33 (Fig. 7F).
These results show that naive FXN-deficient microglia have increased levels of p33:p12 CASP1 dimers, suggestive of augmented CASP1 activation. Overall,
the observed increase in NLRP2, NLRP3, oligomerized ASC, and active CASP1 dimers is strongly supportive of a cell-intrinsic activation of inflammasome
pathways in naive FRDA microglia, without exogenous cues.
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Discussion

FRDA is a neurodegenerative disease characterized by progressive loss of vulnerable neuronal populations, particularly cerebellar and proprioceptive neurons
involved in motor coordination. Although omaveloxolone provides modest clinical benefit, effective disease-modifying therapies are lacking. Emerging
evidence suggests that, as in other neurodegenerative disorders, neuroinflammation contributes to FRDA pathogenesis. Building on previous studies of FRDA
post-mortem tissues (Khan et al. 2022; Koeppen et al., 2012), FRDA animal models (Della Valle et al., 2023; Sciarretta et al., 2024; Shen et al., 2016; Vicente-
Acosta et al., 2024), and FXN-deficient human iPSC-derived microglia (Pernaci et al., 2025), the present study sought to define the molecular basis of the cell
autonomous phenotype of FXN-deficient microglia and its potential contribution to disease pathogenesis. To this end, we analyzed naive human microglia
generated from FRDA patient iPSCs under basal conditions, without exogenous inflammatory stimulation. This model provides a unique opportunity to
examine the direct consequences of FXN deficiency in human microglia, independently of interactions with neurons or other glial cells. This distinction is
important because human and murine microglia differ substantially in their transcriptional profiles, particularly for genes implicated in neurodegenerative
disease (Galatro et al., 2017; Healy et al., 2020; Masuda et al., 2019), and because animal models cannot readily distinguish cell-autonomous from non-cell-
autonomous mechanisms.

The present findings demonstrate that naive human FXN-deficient microglia display a variety of cell autonomous phenotypes, including alterations of
interferon responses, antigen presentation, secretion of neuroinflammatory molecules, and inflammasome-associated mechanisms, superimposed on
abnormalities of lysosomal biology and reduced expression of ECM-associated genes involved in cell adhesion. Moreover, we have identified MEG3
upregulation as a possible recurrent gene dysregulation in FXN-deficient microglia and cardiomyocytes.

The previously uncharacterized activation of inflammasomes involving NLRP2 and NLRP3 in FRDA microglia is consistent with the abnormalities in
interferon signaling, lysosome biology and autophagic flux observed in this study, as well as with the previous demonstration that these cells have altered
mitochondrial homeostasis and increased reactive oxygen species (ROS) production, both established triggers of NLRP3 inflammasome activation (Dominic
etal., 2022; Liu et al., 2018). Although NLRP3 has been extensively studied in microglia, considerably less is known about NLRP2, whose functions have been
investigated primarily in astrocytes, where it is involved in ATP-dependent inflammasome activation and in conditions mimicking ischemic stroke (Cheon et
al., 2018; Minkiewicz et al., 2013). Knockdown of NLRP2 in human astrocytes significantly decreases CASP1 processing in response to ATP, suggesting that
the NLRP2 inflammasome is an important component of astrocyte-mediated pro-inflammatory responses mediated by CASP1 (Minkiewicz et al., 2013).
NLRP3 is also upregulated by ATP in astrocytes (Albalawi et al., 2017), and astrocytes exposed to AB-calcium sensing receptor complexes respond by
upregulating the expression of both NLRP2 and NLRP3 (Chiarini et al., 2025).

The similar time course of NLRP2 and NLRP3 upregulation observed in the present study suggests that these inflammasomes may play redundant roles in
the cell autonomous response of microglia to FXN deficiency. Both NLRP2 and NLRP3 inflammasomes have roles in response to damage-associated
molecular patterns (DAMPs) associated with cell injury. FXN-deficient microglia may therefore be cell autonomously ‘primed’ for a multi-pronged
inflammatory response to intrinsic cellular stress. Several top upregulated DEGs in FRDA microglia may generate cell intrinsic DAMPs via dysregulated ROS
production, perturbations of intracellular organelle homeostasis, dysregulated ATP release, and/or dysregulation of interferon pathways, all of which can
prime both NLRP2- and NLRP3-mediated inflammasomes. We have observed that FXN-deficient microglia are enriched for the activated p33:p12 CASP1
dimers that remains bound to the inflammasome complex, with no detectable further p33 processing to generate the p20 subunit that may limit
inflammasome activation (Boucher et al., 2018; Sandstrom and Vance, 2018). Exposure to non-cell intrinsic danger signals, including the presence of
degenerating neurons, may sustain inflammasome activation but also lead to further processing of p33 to p20, thus modulating inflammasome responses.

Although NLRP2 and NLRP3 may have overlapping functions in FRDA microglia, NLRP2 is also likely to have distinct roles independent of inflammasome
activation. In oocytes and preimplantation embryos, NLRP2 functions as a maternal-effect protein within the subcortical maternal complex, where it
regulates DNA methylation at imprinted loci and supports zygotic genome activation through protein-protein interactions that control the localization of DNA
methyltransferases and other regulatory proteins (Amoushahi et al., 2019; Sharif et al., 2026). Consistent with this role, maternal deletion of Nirp2 in mice
alters both the methylome and transcriptome of germinal vesicle oocytes, with impaired post-transcriptional regulation thought to underlie many of the
transcriptional changes (Anvar et al., 2025). Our present study identified two other maternal effect genes among the top up-regulated DEGs in FRDA
microglia, namely MEG3 and MEG8. Both these long non-coding RNAs have roles in the regulation of DNA methylation and gene expression (Farhadova et al.,
2024; Terashima et al., 2018), suggesting further that FXN deficiency may be associated with dysregulated DNA methylation mechanisms. These
observations raise the possibility that coordinated dysregulation of NLRP2 and other epigenetic regulators contributes to transcriptomic remodeling and
inflammatory pathways in FRDA through mechanisms distinct from those mediated by NLRP3. The significance of the identification of MEG3 among the top
upregulated DEGs in FRDA microglia extends beyond these cells since recent studies in FRDA iPSC-derived cardiomyocytes also identified MEG3 as a
significantly upregulated DEG. Importantly, MEG3 silencing is sufficient to reduce FRDA cardiomyocyte cell death, directly implicating this gene in FXN
deficiency-associated mechanisms (Lees et al., 2026). Based on these findings, it is possible that MEG3 might represent a shared mediator of FXN deficiency
phenotypes in multiple cell types.

In conclusion, our findings support the concept that microgliopathy represents an important contributor to neurodegeneration in FRDA. At early stages of
disease progression, possibly even prior to the onset of neuronal degeneration, FXN-deficient microglia might respond to cell intrinsic danger signals by
becoming overactive, which in turn might cause the reactivation of neighbouring astrocytes. Together, reactive astrocytes and activated microglia might
establish a neuroinflammatory microenvironment that might begin to affect the survival of FXN-deficient neurons even before cell-intrinsic neuronal cell
death pathways are activated. At later stages, when the degeneration of FXN-deficient neurons becomes more prominent, microglia might be confronted with
new, neuron-derived, danger signals that further modify their pathobiological state, possibly causing further activation of neuroinflammatory mechanisms
aimed at removing dying neurons. These possible scenarios suggest that targeting activated microglia early in the progression of FRDA might offer a

Page 5/17



previously unrecognized early window of intervention. The dysregulated genes and proteins identified in this study might offer attractive targets for such
therapeutic strategies.

Methods

Human induced pluripotent stem cells

The following human iPSC lines were used: FRDA_86 (female donor) and FRDA_86 GAA homo-del, FRDA_4676 (male donor) and FRDA_4676 GAA homo-del,
FRDA_4259 (male donor) and FRDA_4259 GAA homo-del. All lines were obtained from the Friedreich’s Ataxia Cell Line Repository
(https://labs.utsouthwestern.edu/napierala-lab/cell-line-repository). Undifferentiated state of human iPSCs was assessed by testing for expression of the
stem cell markers NANOG and OCT4 using rabbit anti-NANOG (1/1,000; Abcam; Cambridge, UK; Cat. No. ab21624) and rabbit anti-OCT4 (1 pg/ml; Abcam;
Cat. No. ab19857) or goat anti-OCT3/4 (1/500; Santa Cruz Biotechnology; Dallas, TX, USA, Cat. No. sc-8628) antibodies, as previously described (Thiry et al.,
2025).

Microglia derivation from human iPSCs

Derivation of microglia from human iPSCs was performed following two previously published protocols (Haenseler et al., 2017, Douvaras et al., 2024). All
iPSC-derived microglia preparations were validated through morphological analysis, immunocytochemistry, and RNAseq as described (Tang et al., 2022;
Thiry et al., 2025). For immunocytochemistry, rabbit anti-P2RY12 (1/150; Alomone Labs; Jerusalem, Israel; Cat. No. APR-020) and rabbit anti-IBA1 (1/1,000;
FUJIFILM Wako Chemicals; Richmond, VA, USA; Cat. No. 019-19741) were used. Images were acquired with an Axio Observer Z1 microscope connected to
an AxioCam camera using ZEN software (Zeiss).

RNA sequencing

For bulk RNAseq, total RNA was isolated from cell pellets obtained from iPSC-derived microglia using sequential treatment with TRIzol Reagent
(ThermoFisher Scientific; Cat. No. 15596026) and PureLink RNA Micro Scale Kit (ThermoFisher Scientific; Cat. No. 12183-016) following the instructions
provided by the manufacturer. RNA samples were isolated from eight iPSC-derived microglia preparations (two female and two male isogenic microglia
samples, two female and two male FRDA microglia samples). All RNA samples were analyzed by Illumina next-generation sequencing at the Genomics
platform at the Institute for Research in Immunology and Cancer, Montreal, Quebec, Canada (https://www.iric.ca/en/research/platforms-
andinfrastructures/genomics). Adaptor sequences and low-quality bases in the resulting FASTQ files were trimmed using Trimmomatic version 0-35 (Bolger
et al., 2014), and genome alignments were conducted using STAR version 2-5 1b (Dobin et al., 2013). Sequences were aligned to the human genome version
GRCh38 using STAR version 2.7.1a, with gene annotations from Gencode v40 based on Ensemble release 106. As part of quality control, the sequences were
aligned to several different genomes to verify that there was no sample contamination. Raw read-counts were obtained directly from STAR and reads in
transcripts per million (TPM) formats were computed using RSEM (Li and Dewey, 2011).

In silico analysis

To characterize iPSC-derived microglia preparations by RNAseq, the levels of expression of 49 bona fide microglia/macrophage marker genes (Butovsky et
al., 2014; Hickman et al., 2013) were compared in induced microglia versus undifferentiated iPSCs (open-source data). Read counts for these specific genes
were converted into log2-counts-per-million (logCPM) values as previously described (Tang et al., 2022). Accordingly, negative values represent very low gene
expression values. Differential gene expression analysis was conducted on the raw read-count matrix using DESeq2 version 1.30.1 (Love et al., 2014). The
experimental batch and sex were incorporated into the design used for differential expression analysis since they were the two known sources of variability
in the studied samples. DEGs were considered statistically significant if the adjusted p-value (false discovery rate; FDR) was < 0.05, with no fold-change cut-
off applied. Over-representation Analysis (ORA) was used to functionally characterize DEGs. ORA identifies biological processes or pathways that are
statistically over-represented among a predefined list of significant DEGs (based on adjusted p-value and fold-change thresholds). This approach evaluates
whether certain functional gene sets occur more frequently than expected by chance within the subset of significantly up- or down-regulated genes. GO
terms and KEGG pathways over-represented in the DEGs were computed separately for all up- and all down-regulated genes. All genes expressed in the
dataset were used as the background universe and terms with a Bonferroni-correct p value < 0.05 were reported.

Open-source data

Raw read counts from RNA sequencing of undifferentiated human iPSCs were obtained from the LINCS Data Portal (LSC-1002 and LSC-1004 from Dataset
LDS-1355) (http://lincsportal.ccs.miami.edu/datasets/). LSC-1002 and LSC-1004 correspond to human iPSC lines CS14i-CTR-n6 (female donor) and
CS25iCTR-18n2 (male donor), provided by Cedar Sinai Stem Cell Core Laboratory. These raw data were combined with the RNAseq data from the present
microglia preparations and analyzed using a single pipeline, to generate heatmaps comparing the levels of expression of activated microglia marker genes in
each sample.

Secretome analysis of microglia conditioned media

Conditioned media from multiple iPSC-derived microglia preparations generated at different timepoints were subjected to analysis of 285 secreted proteins
utilising the nucleobase Enabled Localized Immunoassay with Spectral Addressing (nELISA) platform from Nomic-Bio (Montreal, Quebec, Canada;
https://www.nomic.bio/) (Dagher et al., 2025). Briefly, antibody pairs were pre-assembled on spectrally encoded microparticles (Dagher et al., 2018), resulting
in spatial separation between non-cognate antibodies, preventing the rise of reagent-driven cross-reactivity, and enabling multiplexing of hundreds of ELISAs
in parallel using flow cytometry. Standard curves were included for each protein, enabling quantification of pg/mL concentrations.
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Protein expression studies

Western blotting was performed using the following antibodies: rabbit anti-NLRP2 (Proteintech; 15182-1-AP), mouse anti-NLRP3 (Adipogen; AG-20B-0014-
C100), rabbit anti-ASC (Adipogen; AG-25B-0006-C), rabbit anti-CASP1 (Abcam; ab207802, rabbit anti-CASP1 p10/p12 (Invitrogen; MA5-56516), rabbit anti-
LAMP1 (Abcam; ab24170), mouse anti-Rab7 (Abcam; ab50533), and mouse anti-FXN (Abcam; 110328). Cross-linking using DTSSP reagent was performed
as described (Palaparti et al., 1997), followed by non-reducing SDS-PAGE. All protein expression studies were performed with at least 3 biologically
independent preparations per condition. Error bars shown in figures are means t standard error of means (SEM) of the average. Unpaired t test was used to
detect significant differences in protein expression levels. Image acquisition was conducted using a Bio-Rad ChemiDoc MP imaging system with built-in
Intuitive Inage Lab Touch Software with auto image capture capability. Full-length western blots are available in Supplementary Information.
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Figure 1

Characterization of iPSC-derived microglia. A) Representative images of microglia preparations differentiated from iPSC lines ISO_86 and FRDA_86, and
immunostained with anti-P2RY12 or anti-IBA1 antibodies (red) followed by counterstaining with Hoechst (blue). B) Heatmap showing known
microglia/macrophage marker gene expression in undifferentiated iPSCs (hiPSCs; obtained from publicly available datasets) or microglia preparations
(derived MG) differentiated from the two corrected isogenic iPSC lines (ISO_86 and ISO_4676), used as representative examples. Each column of the
heatmap corresponds to one sample, as indicated at the bottom, and each line corresponds to one gene. In this and succeeding figures depicting heatmaps,
subgroups of genes with correlated expression patterns are portrayed by the dendrogram on the left side of each heatmap. Relative levels of gene
expression are indicated by a color scale, with cool colors corresponding to low expression and warm colors corresponding to increased/high expression.
Hierarchical clustering of rows was applied to the heatmap to group genes with correlated expression patterns.
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Figure 2

Differentially expressed genes in FRDA versus isogenic iPSC-derived microglia. A) Principal component analysis plot showing the relationship between the
transcriptomic profiles of female and male isogenic (ISO) and FRDA (FA) iPSC-derived microglia. Each plotted data point represents one biological replicate.
The symbols refer to the sex (triangles correspond to male samples, dot correspond to female samples). Blue data points correspond to corrected isogenic
samples; red data points correspond to FRDA samples. The percentages of variance explained for dimensions 1 and 2 are indicated along the axes. B)
Volcano plot showing the log Fold-Change (X-axis) and -log10 p value (Y-axis), highlighting the DEGs in FRDA compared to isogenic iPSC-derived microglia.
Each plotted data point represents one gene: grey data points correspond to genes that are not differentially expressed, red data points correspond to down-
regulated DEGs, and green data points correspond to up-regulated DEGs (p-adjusted <0.05, with no Fold Change cut-off). Names of top dysregulated DEGs
are indicated. C)Heatmap showing the top 30 up-regulated DEGs in FRDA (FA) compared to isogenic (ISO) iPSC-derived microglia. Each column corresponds
to one sample (isogenic or FRDA, as indicated at the bottom) and each line corresponds to one gene.
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KEGG and GO Biological Process analysis of FRDA microglia DEGs. A-B) Bar graphs showing the top 25 over-represented KEGG terms (A)and Gene Ontology
Biological Processes (GO:BP) terms (B) amongst up-regulated DEGs in FRDA microglia. C-D) Bar graphs showing the top 25 over-represented KEGG terms
(C) and GO:BP terms (D) amongst down-regulated DEGs in FRDA microglia. The predefined list of significant DEGs was based on FDR-adjusted p-value <
0.05; no fold-change cut-off. For each graph, the number in brackets along the y-axis shows how many DEGs were mapped to the respective term; specific
KEGG identifiers and GO IDs are indicated. p values of GO and KEGG terms are indicated with a color-coded scale for each graph, with darker color for

smaller values.
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Perturbations of organelle homeostasis in FRDA microglia. A, B) Bar graphs showing the top 25 Gene Ontology Cellular Component (GO:CC) terms amongst
up- (A) and down- (B) regulated DEGs in both female and male FRDA microglia. The predefined list of significant DEGs was based on FDR-adjusted p-value <
0.05; no fold-change cut-off. Specific GO IDs are indicated C)Expression of LAMP1 and Rab7 in microglia derived from iPSC lines ISO_F (ISO) and FRDA_F
(FA). Cells were harvested at three increasing stages of in vitro differentiation, as indicated below panel F. Basal (~45 kDa) and hyper-glycosylated (~100-120
kDa) LAMP1 forms are visible. D, E) Quantification of total LAMP1 and Rab7 expression normalized to GAPDH (ns, not significant). F) Expression of hyper-
glycosylated LAMP1 and FXN in microglia derived from iPSC lines ISO_F (ISO) and FRDA_F (FA) harvested at the indicated time points. Both mature (~14
kDa) and intermediate (~19 kDa) FXN forms are visible. G) Quantification of hyper-glycosylated LAMP1 normalized to b-Actin.

Page 14/17



A c Protein Fold change log2fc P value
name
43 over-secreted proteins
CCL8  75.00500325091963 6.228914929489732 1.4612096016510686e-12
MMP12  30.267634494975404 4.919704023580338 9.172818633134599e-21
CXCL3  13.144163939375328 3.716350474281356 1.5277960035704925e-05
CXCL5  12.022334094636967 3.587645112388483 3.188467235875931e-05
MMP7  11.372852941614415 3.5075223023650968 2.1393112832428053e-13
MMP10  8.6524804617525  3.113113778631162 2.9401645860469356e-09
CXCL8  8.489258861474067 3.085638607541746 1.4239654793260783e-06
CXCL2  8.328813133364639 3.0581109243297466 2.3757759980173055e-05
CCL22  8.244271911808086 3.043392088495297 6.703777578821755e-11
CCL7  8.200444322545247 3.035702081019271 7.78087217274379e-08
- TNFRSF14 CXCL1  7.559467352845876 2.918284584382866 1.542761067936169e-05
CCL18  6.664118865332125 2.7364141337310435 1.0524769654497606e-07
= MMP1  6.172714065021975 2.6259049638007124 1.5207894926775944e-07
5 ILIRN  5.715139591409618 2.514788736475616 1.3846552527709267e-11
» MMP9  5.458042605272226 2.4483836562784247 8.973284336567136e-14
e CFD  5.109094374208419 2.353067585169001 7.632120150795086e-08
S CXCL1I0  5.081224752798755 2.3451762788526054 0.0006417900199109416
- L6 5.0240553290279015 2.3288523524609555 9.3060441328027e-06
o MMP3  4.9430949288768335 2.305414612750149 1.3927011851188034e-05
K CCL2a  4.197686883487265 2.06959455622329  0.004869127689305842
® PLAUR  4.091206046851345 2.032526198014257 0.00028396110834275165
E UF  4.489016824696913 2.166399503440206 0.001081527972151506
‘ S CCL1  4.453459614846402 2.154926511363566 2.3371961190934907e-10
‘ IR 3.7478590274018315 1.9060666882443718 7.841305271485423e-06
GZMA  3.601105619652605 1.8484399140837113 0.0028757543060748607
TLR2  3.554527225302317 1.8296576850009223 1.2266526144539137e-10
TNFRSF14 3.1157528997972963 1.6395808224969157 2.2451186831771337e-07
TGFB2  2.501235941744811 1.322641153452539 0.0011969993598925429
TREM2  2.325217467470996 1.217365651519667 0.00043166351605178116
PPBP  2.061241252875507 1.043513371426282 0.00018520483711922313
CHIBL1  1.876768317353774 0.9082505638422287 7.07600190161826e-05
CSF1  1.8604760634757596 0.8956718291484665 0.00041375317142019997
CSF2RA  1.83350517730578 0.8746043398225968 5.622123577931788e-09
FCGR3A  1.781522769885285 0.8331109228709603 0.00955228645889178
TNF  1.765402766180714 0.8199973633734039 2.1912347356281466e-07
CCL14  1.7473496159919961 0.8051682967460833 0.01330607864522892
CD14  1.6074581492864115 0.6847811769915284 0.011084934674044635
TGFA  1.5071675428428295 0.5918398016690338 6.944624865853586e-05
P N D N D N N 1B 1.5029129752515415 0.5877614737866147 2.269244994151426e-05
VT, 0 T Ty T Te 770,70, 70, "0, 0, 05 o CCL3  1.4870493916771341 0.5724525666534539 0.00177294676152127
0s A I Isogenic TNFRSF9  1.475432227515072 0.5611376535564477 0.0008041182987457058
ILIR2  1.461753295168029 0.5476998435264451 0.000743388388355141
0 MRC1  1.4162116751371752 0.5020369150306705 0.0025414124834258643
B 14 under-secreted proteins
B UiLRB4 C1S  0.27934139147948267 -1.839898733737087 0.016184861459747277
SC1s & LGMN  0.2965151968351843 -1.7538220480016844 5.3837801177728326e-08
-CIR £ CIR  0.40033562346132806 -1.3207180966879735 0.01855975576948623
JIL6R 3 1122RA2  0.5013430471471139 -0.9961299803774083 0.002639227392883124
"I‘G;;';AZ & TIMPL  0.543496906089249 -0.879656272297891 6.565611605301186e-05
—CLD276 T STING1  05508892505322281 -0.860165782928543 0.029119277670591817
cring: ©  FGF19  0.5592682081609116 -0.8383877728460122 0.011779488756594677
- L8P § LILRB4  0.5727099568095584 -0.8041234093309306 0.030194667013685148
-NFATC1 = LBP  0.5031265405911094 -0.7535881654823537 0.00020780836073780543
“FGFLS £ cp27e  0.6023128122457057 -0.7314151469962664 0.00023299564748747344
:%?p . S NFATC1 06104562276857078 -0.7120402433516194 0.0014658938001887137
o C4B  0.6548610344081597 -0.6107393046354082 0.030647302066085957
1 o 8k h bt b b b G IR  0.664870913428983 -0.5888538304140927 0.00020646109503301744
T, % Ty Vo Ts Te T570, 70,70, 0, "0, 0, 0 €2 0.6993828395175012 -0.5158456972599806 0.025194369488335307
05 -
| FA || Isogenic
0
Figure 5

Differentially secreted proteins in FRDA versus isogenic microglia. A, B) Heatmaps showing the statistically significant (p value <0.05 and log2FC >0.5)
differentially secreted proteins in microglia derived from iPSC lines ISO_F (Isogenic) and FRDA_F (FA). Levels of 285 secreted proteins in cell culture
supernatants were measured using the nELISA bead-based multiplex immunoassay platform. For each heatmap, columns correspond to separate isogenic
or FRDA microglia samples and each line corresponds to one protein. C) Table showing the fold change, log2FC, and p values for all the statistically
significant over-secreted (43) and under-secreted (14) differentially secreted proteins in FRDA microglia.
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Figure 6
Analysis of NLRP2 and NLRP3 expression in FRDA microglia. A, B) Western blotting analysis of NLRP2 (A) and NLRP3 (B) expression in in microglia derived

from iPSC lines ISO_F (ISO) and FRDA_F (FA). Microglia were collected at the indicated days after the start of the differentiation protocol. C, D)Quantification
of protein expression levels normalized to b-Actin.
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Analysis of ASC and CASP1 expression in FRDA microglia. A)Western blotting analysis of the indicated proteins after standard SDS-PAGE. Separate lysates
were prepared from microglia derived from iPSC lines ISO_F (ISO) and FRDA_F (FA). Microglia were collected at the indicated days after the start of the
differentiation protocol. B, C)Quantification of 32-kDa ASC and CASP1 p33 protein expression in FRDA (FA) versusisogenic (ISO) microglia normalized to b-
Actin. D)Western blotting analysis of ASC expression after microglial cell lysates were cross-linked with DTSSP and gels were run under non-reducing
conditions. E) Quantification of oligomerized ASC expression in FRDA (FA) versus isogenic (ISO) microglia normalized to b-Actin. F) Expression of CASP1 in
microglia derived from iPSC lines ISO_F (ISO) and FRDA_F (FA) and collected 70-73 days after the start of differentiation. (a) Long exposure showing
expression of the p45, p33, and p12 forms of CASP1. (b) Short exposure of the same blot.
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