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Abstract

Manganese (Mn) is an essential trace element required for various biological functions, but
excessive Mn levels are neurotoxic and lead to significant health concerns. The mechanisms
underlying Mn-induced neurotoxicity remain poorly understood. Neuropathological studies of
affected brain regions reveal astrogliosis, and neuronal loss, along with evidence of
neuroinflammation. Here, we present a novel Mn-dependent mechanism linking mitochondrial
dysfunction to neuroinflammation. We found that Mn disrupts mitochondrial transcriptome
processing, resulting in the accumulation of complementary RNAs that form double-stranded RNA
(dsRNA). This dsRNA is released to the cytoplasm, where it activates cytosolic sensor pathways,
triggering type | interferon responses and inflammatory cytokine production. This mechanism is
present in 100-day human cerebral organoids, where Mn-induced inflammatory responses are
observed predominantly in mature astrocytes. Similar effects were observed in vivo in a mouse
model carrying mutations in the SLC30A10 gene, which results in Mn accumulation. These
findings highlight a previously unrecognized role for mitochondrial dsRNA in Mn-induced
neuroinflammation and provide insights into the molecular basis of manganism. We propose that
this mitochondrial dsRNA-induced inflammatory pathway has broad implications in for
neurodegenerative diseases caused by environmental or genetic insults.
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Introduction:

Manganese is an essential metal for living organisms at trace levels, however its excess
is neurotoxic (1). Toxic manganese accumulation occurs as a result of environmental factors,
genetic defects, and/or secondary to liver damage (2). Environmental exposures occur from
contaminated water, air, and soil affecting broader populations or occupationally in miners,
welders, and industrial workers (3-5). Increased manganese levels in organs and the brain can
also occur as a result of genetic defects in manganese transporters controlling manganese influx
(SLC39A14) or efflux (SL30A10) from cells and organisms (6-8).

The brain is one of the most sensitive organs to excess manganese exposure by genetic
or environmental routes. In the brain, manganese accumulates predominantly in the basal ganglia
causing manganism, a condition characterized by early neuropsychiatric symptoms, progressive
dystonia and extrapyramidal dysfunction (9, 10). Exposure to manganese at chronic low levels
also increases the risk of cognitive, neuropsychiatric and behavioral symptoms in young and at-
risk adult individuals (5, 11).

The mechanisms for manganese brain toxicity remain poorly understood.
Neuropathological studies of the globus pallidus in non-symptomatic and symptomatic individuals
following manganese exposures, showed astrogliosis, elevated glia counts and neuronal loss (12-
15). Cytokines produced by microglia and astrocytes can be detected at early and late stages of
disease and in brains of manganese exposed mice, indicating a neuroinflammatory component
to the pathogenic mechanism of toxicity in the brain (16-20). Both microglia and astrocytes
respond to manganese with cytokine production (21), and these responses can interact and
synergize in vitro as demonstrated by co-culture experiments showing that microglia factors
released after manganese treatment modulate the responses in astrocytes. For example, TNFa
produced by microglia in response to manganese mediated increases in IL -1 and Ccl2 but not
of IL6 and Ccl5 in astrocytes (22). Similarly, Manganese-induced inflammatory responses on glial
cells exacerbate the metal toxicity in neurons (23, 24). Neuroinflammation is a response to injury,
common to many neurodegenerative diseases that is proposed to be involved in both, disease
initiation and progression (25, 26). While induction mechanisms for neuroinflammation have been
proposed to be disease-specific, in manganism, the mechanisms underlying neuroinflammatory
upregulation remain largely unknown. Here, we present a novel manganese-dependent
mechanism for the induction of neuroinflammation that requires the generation of double stranded
RNA (dsRNA) in mitochondria.

We previously found that manganese disrupts processing of the mitochondrial

transcriptome and induces accumulation of un-processed mitochondrial transcripts intermediaries
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(27). Processing of the mitochondrial polycistronic RNA is necessary to generate functional
ribosomal, transfer, and messenger RNAs, which are required to synthetize the thirteen
mitochondrial-encoded proteins necessary for the assembly and function of the respiratory chain
(28). The bidirectional transcription of the mitochondrial DNA generates long complementary RNA
which are homeostatically maintained by mitochondrial specific post-transcriptional modifications
and degradation of non-coding transcripts (29, 30). Accumulation of complementary RNA has the
potential to generate mitochondrial dsRNA, which can translocate to the cytoplasm, be recognized
by cytosolic sensor molecules and trigger antiviral signaling pathways to produce type | interferon
(IFN) responses and inflammation (31-33). We tested the hypothesis that processing defects of
the mitochondrial transcriptome caused by manganese are sufficient to induce inflammatory
signaling. Here, we demonstrate that at sub-cytotoxic doses, manganese induces dsRNA
accumulation in mitochondria, which triggers the IFN type | response as well as the production of
inflammatory cytokines in cell lines and in the most mature subpopulation of astrocytes in 100-
day old human cerebral organoids. The in vitro neural tissue inflammatory responses are
reproduced in vivo by the mouse brain of a genetic model of manganese accumulation due to
mutation of the SIc30a10 gene (34, 35).
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Results
Exposure to manganese leads to the accumulation of mitochondrial dsRNA

We previously found that manganese alters mitochondrial RNA processing, measured by
molecular counting employing a custom NanoString panel designed to detect mitochondrial
MRNA, tRNA-mRNA, and tRNA-rRNA junctions as well as non-coding regions in both, H and L
strand transcripts (27, 36). On close analysis, we observed the accumulation of L strand non-
coding RNA sequences, which are normally degraded (30, 31), accumulated in Hap1
SLC30A10%%cells as well as HAP1 and Hela cells treated for 24h with manganese at 150 and
800uM respectively (Fig. 1A). In contrast, transcripts levels for TFAM, SDHA, or POLMRT did not
change consistently, indicating no change in mitochondrial mass. Linear and non-linear
dimensionality reduction of the data by principal component analysis and by Uniform Manifold
Approximation and Projection (UMAP), demonstrated clustering of all the control samples and
segregating away from all samples with increased manganese resulting from either manganese
exposure or mutagenesis of the SLC30A10 efflux transporter (Fig. 1B). The alterations of the
mitochondrial transcriptome after manganese exposure of wild-type cells occur at 1Cso metal
doses (50% death when survival was measured at day 3 post-metal treatment, Fig. 3E and S1C
(27)). These manganese doses elicited comparable increases in intracellular manganese levels
in both cell lines, without affecting Zn?* or Ca** (Fig. 1C).

We reasoned that the dysregulated persistence of RNA transcripts of complementary
sequence belonging to the H and L-strands could lead to dsRNA accumulation in mitochondria.
We tested this hypothesis by detecting dsRNA co-localization with the mitochondrial RNA granule
component GRSF1 by immunofluorescence with the J2 antibody, a monoclonal antibody that
binds to dsRNA molecules larger than 40bp irrespective of sequence (37) (Fig. 1D). Both cell lines
showed increased levels of dsRNA in mitochondria following 24h manganese treatment. dsRNA
immunoreactivity was downregulated by inhibition of the mitochondrial RNA polymerase
POLRMT with IMT1 (38), indicating the mitochondrial origin of the dsRNA signal induced by
manganese is mitochondrial transcription (Fig. 1E). We confirmed that the J2 antibody selectively
recognized dsRNA by degrading dsRNA specifically with RNAse Il before immune labeling (Fig.
1E).

Manganese induced dsRNA activate type | Interferon responses

dsRNA of mitochondrial origin are known to escape from mitochondria into the cytoplasm
where they are recognized by the dsRNA receptors, retinoic acid inducible gene 1 (RIG-1) and
melanoma differentiation-associated protein 5 (MDAS), reviewed in (32). Once bound to dsRNA,

these receptors are then recruited to a multiprotein aggregate comprised of MAVS and signaling
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proteins. This multiprotein assembly activates the kinase TBK1, which phosphorylates IRF3,
enabling its nuclear translocation to induce IFNJ transcription. The produced IFNJ activates a
cascade of interferon-stimulated genes (ISGs) (32, 39) (Fig. 2A). To test the activation of this
dsRNA receptor pathway by manganese, we expressed a reporter construct in which the IFNJ
promoter drives luciferase expression. While HAP1 cells accumulated significant levels of dsSRNA
in mitochondria (Fig. 1D, E), no manganese concentration induced luciferase expression in these
cells (Fig. 2B). This outcome suggests that dsRNA is retained in mitochondria in HAP1 cells,
because the pathway was readily triggered by delivery of the membrane-permeable synthetic
dsRNA agonist, poly(l:C) (Fig. 2B). In contrast, sub-ICso manganese doses were sufficient to
increase luciferase activity up to four-fold in HeLa cells (Fig. 2B). We next identified the receptor
that recognizes manganese-induced mitochondrial dsRNA in the cytosol by knockdown
experiments. Reduced expression of MDAS5, but not RIG1, downregulated manganese-induced
luciferase activity by 40% (x 11% SEM) (Fig. 2C). Combination knockdown of RIG1 and MDAS
did not change the inhibitory effect of MDA5 downregulation, indicating that of the two dsRNA
receptors, only MDAS5 is required for recognizing manganese-induced dsRNA. In contrast, RIG1
was the receptor for poly(l:C) (Fig. 2C). We further confirmed mitochondrial dsRNA signaling by
pharmacological inhibition of predicted components in the pathway (Fig. 2A, 2D). Interferon
promoter transcription was reduced by downregulating mitochondrial transcription with the
inhibitor IMT1, which targets the mitochondrial RNA polymerase (POLRMT). Interferon promoter
transcription was also reduced by interfering with dsRNA export to the cytosol by either inhibiting
the permeability transition pore function in the inner mitochondrial membrane with cyclosporine A
(CspA) or by blocking the Bax-Bak mitochondrial pore in the outer mitochondrial membrane with
V5 peptide (40-43) (Fig. 2A). None of these inhibitors reduced manganese uptake by cells (Fig.
2D top panel) but all reduced IFN transcription by at least 25%, with 100% decrease when TBK1
was inhibited with GSK8612 (Fig. 2D bottom panel). Another potent activator of the antiviral
pathway is the release of mitochondrial DNA (mtDNA) into the cytosol which activates the cGAS-
STING converging to TBK-1 activation (Fig. 2A). We excluded a contribution of mtDNA to
signaling by pharmacological inhibition of STING with H151, which did not affect manganese or
poly(I:C) induced luciferase transcription (Fig. 2E). H151 successfully blocked STING activation-
induced transcription by the agonist 2’3 c-di-AM(PS). Rp,Rp (ADU S100) (Fig. 2E). Taken
together, these results indicate that manganese increases dsRNA in mitochondria of both cell
lines, but dsRNA reach the cytoplasm where they bind to MDAS5 and lead to increased IFNf

transcription only in HeLa cells.
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Manganese-induced accumulation of mitochondrial dsRNA results in neuroinflammatory
responses

Next, we asked whether IFN activation occurs in the context of a broader inflammatory
response by profiling conditioned media of HAP1 and HelLa cells following a 48h manganese
exposure with a cytokine profiling antibody array (Fig. 3A). While no significant changes were
detected in HAP1 cells (Fig. S1B), we identified several cytokines and chemokines induced in
response to increased manganese concentration in HeLa cells (Figs. 3A, 3B, S1A). Notably, the
chemokines CXCL10 and GM-CSF were robustly upregulated by manganese, both of which have
been shown to be upregulated following poly (I:C) treatment of epithelial cells (44). We detected
modest increases in IL8, but not IL6, in the cytokine array which we confirmed by ELISA assay
(Fig. 3C, 3D). We focused on IL8 production to monitor manganese-induced inflammatory
responses as this cytokine is responsive to both interferon and NF«xB activation by indirect and
direct mechanisms, respectively and all cell types in the brain express receptors for this
chemokine (45).

Manganese induced IL8 expression following 48h treatment with a sub-ICso manganese dose
(Fig. 3C, 3E). This upregulation was reduced by inhibition of the mitochondrial RNA polymerase
POLRMT with IMT1, the Bax-Bak pore function with V5 peptide, or a TBK1 inhibitor (Fig 3D).
Importantly, none of the inhibitors affected cell survival of either cell line in response to
manganese, which suggests that the inflammatory responses induced by dsRNA do not play a
role in cytotoxicity (Fig. 3E, S1C). Addition of the pan-caspase inhibitor Q-VD-Oph reduced
cytotoxicity in HAP1 cells (Fig. S1C) but did not affect HeLa survival, indicating that no apoptotic
mechanisms play a role in this inflammatory response either (Fig. 3E, S1C).

To gain further understanding of how manganese cytotoxicity and inflammation take place in
a model system for brain tissue, we studied the effects of manganese on the mitochondrial
transcriptome and cytokine secretion in human hiPSC-derived cerebral organoids. We chose the
unguided method for organoid growth as it provides diversified cell types and developmental
paths to interrogate (46, 47). To select the appropriate developmental timepoint to analyze, we
tested for processing of mitochondrial transcripts over organoid development with the MitoString
panel, which we customized by adding probes to quantify differentiation of neuroprogenitor cells
(NPC), neurons, and astrocytes. We found that neuroprogenitor cell markers declined overtime
from Day 30 on, with a steady increase in neuron maturation and astrocyte markers at Days 60
and 100 (Fig 4A, 4B). These transcriptional differentiation responses occurred concomitantly with

morphological maturation and layering of the organoids as determined by confocal
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immunomicroscopyu with antibodies against the cortical layer markers Ctip2 and Satb2 and by
the progressive loss of immunoreactivity of the neuroprogenitor marker Sox2 (Fig. S2A).

The organoids were treated with manganese for 48h at several times of their development.
After treatment organoids were collected for RNA analysis and conditioned media for cytokine
measurement. We used a dose of 250yM manganese, a concentration that is approximately
equivalent to the metal concentrations estimated to accumulate in the striatum and globus pallidus
of manganese-exposed primate and rodent models (48). Using this strategy, we found that 30-
and 60-day organoids did not show significant changes in mitochondrial-encoded RNAs or levels
of their processing intermediaries. However, we found robust changes in 100-day organoids,
including increases of most of the mitochondrial-encoded mRNA, some tRNA-mRNA junctions
and several non-coding RNA encoded in the L strand of the mitochondrial genome (Fig. 4C).
These modifications of the mitochondrial transcriptome occurred without changes in the nuclear-
encoded mitochondrial genes TFAM, POLG, and POLRMT, excluding increases in mitochondrial
content in 100-day organoids after 48h of manganese exposure.

We comprehensively interrogated the bulk 100-day organoid transcriptome to characterize
the identity of inflammatory responses induced by manganese employing the Neuroinflammatory
(Fig.4D,4E) and Neuropathology (Fig. S2B, 2C) panels from NanoString. Hybridization with the
Neuroinflammatory panel demonstrated upregulation of multiple inflammation-annotated mRNAs
as represented in a volcano plot (Fig. 4D). Several genes that are transcriptional targets of IRF3
and NFxB as well as interferon stimulated genes (ISG) were significantly upregulated after
manganese exposure (Fig. 4E). We measured secretion of inflammatory cytokines by analyzing
the presence of IL6 and IL8 in conditioned organoid media with Mesoscale ELISA assays.
Manganese significantly increased IL8 levels in conditioned media of organoids exposed to
250uM dose in two independent organoid cohorts (Fig. 4F, S2D). We observed a fraction of
organoids with higher levels of basal cytokine secretion in the absence of manganese treatment
(Fig. 4F, S2D). Basal untreated and manganese-induced cytokine secretion levels remained
unaltered after normalizing organelle secretory activity and size by beta-2 microglobulin, a protein
constitutively expressed and secreted by all cells (Fig. 4F). Analysis of the Neuropathology panel
demonstrated that at this time of development and manganese concentration, there were no
changes in the expression of transcripts annotated to either neurons and astrocytes or associated
with disease mechanisms such as hypoxia, the unfolded protein response, or NRF2-dependent
pathway signaling (Fig. S2C). Taken together, these results indicate that the manganese-induced
mitochondrial and interferon type 1 inflammatory responses are present in brain cell types and

are not part of an overt stress or cytotoxic response in brain organoids. Additionally, because
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cerebral organoids lack microglia, these findings indicate that non-myeloid cells are competent to
induce these inflammatory responses independent of microglial function.
Manganese induces neuroinflammation in astrocytes

To identify the cell types engaged in inflammatory responses to manganese in the organoids,
we performed 10x scRNAseq on 12 individual organoids. Six organoids were left untreated and
six were exposed to 250uM manganese for 48h. A total of 119,996 cells were analyzed and
clustered into 8 distinct cell populations, including proliferative, fibroblast, choroid plexus, radial
glia, astrocyte, neural progenitor, and two neuronal categories (Fig. 5A, QC metrics in Fig. S3A).
All cell populations were proportionally present in all 12 organoids regardless of organoid size
and Manganese treatment (Fig. 5B, S3C) or preferentially affected cell count in any specific
cluster (Fig. S3D). Cell clusters were manually identified based on differential gene expression
profiles (Fig. 5C) and were of restricted expression as demonstrated by Feature Plots (Fig. S3B).
We also examined the expression of selected inflammatory genes and identified astrocytes as
the major cell population driving inflammatory responses in the organoids following manganese
treatment (Fig. 5C). To gain insights into the mechanisms and molecular phenotypes elicited by
manganese treatment in astrocytes, we obtained the differentially expressed genes via
pseudobulking and DESeq2 to compare control and treated organoids (Fig. 5D), then conducted
gene ontology analysis (Fig. 5E). Significantly up- and down regulated genes are represented in
a volcano plot, where we highlight genes relevant to astrocyte function, CXCL10 and selected
genes annotated to the pathways identified in bioinformatic analysis (Fig. 5D). Transcripts
upregulated by manganese were enriched in genes annotated to interferon alpha responses,
cholesterol biosynthesis and oxidative phosphorylation pathways in the MSigDB Hallmark 2020
database (49). Downregulated transcripts were annotated to UV response, hypoxia and TGFf
signaling (Fig. 5E). These manganese-induced responses were elicited across the treated
individual organoids (Fig. 5F). Manganese increased the expression of CXCL8 and CXCL10,
mitochondrial genes, subunits of the respiratory chain, and interferon response genes. Genes
induced by manganese correlated with higher mRNA levels of astrocytic reactivity markers,
cholesterol synthesis, and neuron supporting genes, but lower levels of transcripts annotated to
phagocytosis. Feature maps of CXCL8 and CXCL10 expression revealed that a subpopulation of
astrocytes expressed these chemokines, suggesting heterogeneity among the astrocyte
responses (Fig. 5G). To characterize and identify unique attributes of these chemokine-
expressing astrocytes, we subclustered astrocytes into 3 sub-populations (Fig. 5H, Astro 1,2 and
3), where Astro 2 concentrated the cytokine expressing cells (Fig. 5l). Comparison of the

differentially expressed genes in response to manganese showed that Astro 2 cluster also
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concentrated cells with the most robust induction of the interferon response genes, accumulated
mitochondrial-encoded transcripts, and displayed reduced expression of HSD17B10 and REXO2.
HSD17B10 is a component of the mitochondrial RNA processing complex RNaseP (50) and
REXO2 participates in mitochondrial dsRNA degradation (51) (Fig. 51 and Supplementary Dataset
S8). This heterogeneity of astrocytic responses detected by scRNAseq was also evident by
immunomicroscopy of manganese-treated organoids stained with antibodies against dsRNA and
GFAP (Fig. 5J-1). We found that 36% of GFAP-positive astrocytes were also positive for dsSRNA
after exposing organoids to manganese (Fig 5J-2). Importantly, the dsRNA signal colocalized with
mitochondrial markers in iPSC-derived astrocytes exposed to the same manganese challenge as
organoids (Fig. 5J-3).
In vivo chronic increased manganese induces inflammation in brain and liver

While organoids are an in vitro model for brain tissue well-suited to perform dose- and time-
controlled experiments of acute manganese exposures, we asked next whether inflammatory
responses are part of the phenotype following chronic excess manganese accumulation in brain
tissue in vivo. Mice with a global deficiency in the manganese efflux pump Slc30a10 progressively
accumulate manganese in the brain from the diet (6). At eight weeks of postnatal age, SIc30a10
” mice develop hypermanganesemia, reproducing several of the phenotypes observed in the
human SLC30A10 genetic disease hypermanganesemia with dystonia 1 disorder (OMIM 613280)
(6). We measured the expression levels of 32 cytokines in brain and liver samples from wild type
and Slc30a10-/- mice of both sexes as we have done before (52). We included liver as this organ
is one of the tissues with the highest levels of manganese in this mutant (6). We found a complex
pattern of altered cytokine expression modulated by sex, with higher expression levels of
cytokines in KO tissues in both organs (Figs. 6A and S4A). To resolve cytokines whose
expression was strongly associated with the mutant genotype, we analyzed these data by
discriminant partial least squares regression analysis, which enables us to study these
multivariate datasets by reducing data from 32 measured variables to a reduced set of latent
variables (LV1 and LV2) (Figs. 6B and S4B). Reducing the dataset to these latent variables
allowed us to identify differences between genotypes distinguishing cytokine changes correlated
with genotype from unrelated noise in the measurements (52-54). Each LV represents a profile
of cytokines that vary together between wild type and KO animals. We found that LV1
distinguished wild type animals and KO animals, irrespective of sex (Figs. 6B and S4B, x axis).
We used a leave-one-out cross validation strategy, wherein each animal was iteratively left out,
and the discriminant partial least squares regression analysis was re-computed. We found low

standard deviation in each cytokine, suggesting that the involvement of each cytokine is not
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dependent on any single tissue sample (Figs. 6B and S4B). Moreover, the cytokine expression
pattern was different in cortical and liver samples. For example, Vegf, a cytokine responsive to
hypoxia was elevated in liver but not cortex of KO animals, reproducing previous RNAseq findings
(65). In contrast, IL12b, was increased in both mutant tissues. (Figs. 6B and S4B). These results

demonstrate a profile of inflammatory cytokines in several Sic30a10-/- tissues.
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Discussion

We have identified a novel mechanism by which manganese induces inflammatory
responses in non-immune cells, initiated by alterations in the processing of the mitochondrial-
encoded transcriptome leading to activation of anti-viral type | interferon response in the
cytoplasm and induction of inflammatory cytokines production. We show that manganese induces
dsRNA accumulation localized to the mitochondrial RNA granule by immunofluorescence and the
accumulation of unprocessed non-coding segments of mitochondrial transcripts in multiple cell
types, including HeLa and HAP1 cells, and in astrocytes of cerebral organoids. We demonstrate
the role of mitochondrial dsRNA in triggering pro-inflammatory signaling, employing
pharmacological and genetic inhibition to interfere with signal transduction. IFNp transcription and
IL8 cytokine production can be downregulated by reducing mitochondrial transcription with the
mitochondrial RNA polymerase inhibitor IMT1 or reducing dsRNA traffic from mitochondria to the
cytosol with inhibitors targeting mitochondrial membrane permeability. We identified MDA5 as a
dsRNA receptor in the cytoplasm signaling to the downstream kinase TBK1. The pharmacological
inhibitors targeting early components of this pathway (upstream from TBK1 activation) and protein
knockdowns, partially reduced the response at similar magnitude, in contrast with highly effective
TBK1 inhibitors. This finding suggests that there may be additional manganese-induced
mechanisms converging on TBK1 activation. One possible mechanism is potential binding of
dsRNA to PKR in mitochondria, which then could contribute to signaling and TBK1 activation in
the cytosol (56). Alternatively, manganese has been shown to increase ATM activity and modulate
substrate specificity which leads to increased TBK1 activation (57, 58). Nevertheless, we found
that TBK1 inhibitors were highly effective in downregulating interferon induction and interleukin 8
production, without affecting cell survival outcomes in HelLa cells. This finding indicates that
mitochondrial permeability to dsRNA and downstream signaling is not a mechanism for
manganese to induce cell death.

Cerebral organoids provided a model of concerted development for astrocytes and
neurons to study manganese responses, in the absence of additional sources that may contribute
to inflammation in vivo, such as microglia and blood vessels. We found that changes in
mitochondrial RNA transcript processing and inflammatory responses emerged over time during
organoid growth, coinciding with astrocyte development. Single cell RNAseq confirmed our
findings with bulk RNA transcriptomes from organoids exposed to a short and non-lethal
manganese treatment identifying the most mature astrocytes as the main cell type driving IL-8
and CXCI10 expression/secretion and the induction of interferon response genes. We confirmed

by immunofluorescence that GFAP-positive cells accumulated dsRNA, suggesting that in this cell
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population, manganese induces dsRNA and signaling to activate anti-viral responses and
inflammation like the pathway induced in HelLa cells. Single cell RNAseq experiments have
demonstrated large heterogeneity in astrocyte phenotypes across brain regions and in their
capacity to respond to other pro-inflammatory stimuli, including LPS and pro-inflammatory
cytokines (59, 60). Similarly, we observed heterogeneity in responses within astrocyte populations
and across individual organoids. Some organoids and astrocyte subpopulations showed
increased mitochondrial transcripts accumulating with interferon response genes as well as
markers of reactivity and differentiation. Thus, this could be a mechanism for manganese-induced
astrocyte reactivity found in postmortem brains of exposed individuals (13, 14).

The transcriptional signature in these reactive astrocytes shows a combination of
deleterious markers such as reduced phagocytosis and high C3 expression, with neuron-
supporting phenotypes, such as cholesterol biosynthesis, cytoskeleton genes involved in
controlling cell area, and increased expression of glutamate transporters. Further studies are
needed to clarify the role of these responses during manganese accumulation and toxicity in the
brain.

We have identified type | interferon responses as a key pathway triggered during the first
24-48h following manganese exposure. Our findings are supported by published transcriptome
datasets. These transcriptomes reveal manganese-dependent induction of interferon responses
in human fetal astrocytes following a 7-day treatment in vitro (61). Bulk RNA transcriptomic
studies in Slc30a10-deficient mice have shown upregulation of the astrocyte activation markers
GFAP, CXCL10 and the interferon response genes Oas2 and 3 in brain, but not in liver (62).
When specific brain sub regions of the basal ganglia in 1 month old S/c30a10-deficient mice were
analyzed by bulk RNAseq, interferon responses were one of the major categories of genes
upregulated in 2 of the 3 regions probed and was reversed when the manganese content in the
diet was lowered (63). Since astrocytes have a high capacity for manganese uptake and have
been shown to exhibit persistent activation in adult mice that were exposed as juveniles (64), the
consequences of activation of interferon pathways elicited by a transient manganese exposure
may extend even after removal of the toxic exposure. All cells in the brain express receptors for
IFNB, and a basal tone is required for normal development and cognition (65-67). Low levels of
IFN production, specifically by astrocytes, has been shown to promote synaptic spine formation
and cognitive function in hippocampus (68) and interferon responsive microglia have increased
phagocytic activity towards neuronal bodies early in development (69). Complete absence of this
pathway or excess is pathogenic. For example, interferon  or IFNR loss of function is sufficient

to cause Parkinson’s- like neurodegeneration (70) while excessive interferon beta contributes to
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Alzheimer’s disease in preclinical models and it is sufficient to cause synapse loss (71). Excess
Interferon signaling is associated with Dystonia in Aicardi Goutieres syndrome (72) and secondary
to Type | IFN therapy, which also induces psychiatric symptoms (66, 73). Cytokines produced by
astrocytes exposed to manganese could be involved in mediating some of the cognitive outcomes
associated with manganese exposures during early development, as well as cognitive and
behavioral symptoms during early stages of disease in adults.

Mitochondrial DNA has been reported as a trigger of inflammation in several
neurodegenerative diseases (74). Less is currently known about RNA from this organelle, but
increased mitochondrial RNA has been found in the cytoplasm of neurons in mouse models of
Huntington disease (75) and has been shown to drive inflammation in senescence (76). We
postulate that mitochondrial dsRNA-dependent signaling could be a more general mechanism for
triggering adaptive and maladaptive inflammation in diverse neurodegenerative disorders
accounting for regionality within the brain or in between organs in manganese exposures or other
genetic and environmental insults. Disruption of CRISPR screens suggest that RNA transcript
processing and dsRNA formation in mitochondria are controlled by the function of multiple
proteins in mitochondria and thereby could be influenced by signaling in the cytoplasm (36, 77).
Hypoxia downregulates mitochondrial DNA transcription and the interferon pathway signaling in
cancer cell lines (41, 78, 79). Metabolites generated by the mitochondrial enzymes fumarate
hydratase (80) and aconitate decarboxylase (itaconate) (81) promote dsRNA accumulation and
inflammatory responses. Altogether, these findings suggest that the mitochondrial transcriptome

is affected and is an effector in manganese-induced cell signaling.
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Methods:

Cell lines and media:

HAP1 wild type and SLC30A107 cells were grown in Iscove’s DMEM 10%FBS at 37°C and
5%CO.. HelLa cells were grown in DMEM 10%FBS 10mM Glutamine at 37°C and 5%CO..
Human iPSCs were obtained through Emory Stem Cell and Organoids Core. This iPSC line was
developed by reprogramming CD34+ human umbilical cord blood cells using an episomal
system to deliver seven-factors: [SOKMNLT: SOX2, OCT4 (POU5F1), Kruppel-like factor 4
(KLF4), MYC (homologous to avian virus, myelocytomatosis oncogene), NANOG (homeobox
transcription factor), LIN28 (regulates transition from pluripotency and committed cell lineages),
and simian vacuolating virus 40 large (SV40L) T antigen] Epstein Barr nuclear antigen (EBNA).
iPSCs were cultured in feeder-free conditions in dishes coated with Embryonic Stem Cell
qualified Matrigel (Corning). iPSCs were negative for mycoplasma, passaged using ReLeSR
(Stem Cell Technologies), cultured in StemFLex media (Thermo Fisher Scientific) and incubated
at 37°C and 5% CO.. Astrocytes were differentiated and matured from neuroprogenitor cells
employing StemCell differentiation and maturation media.

Cerebral organoids were developed as previously described (46, 47). On the first day, iPSCs
were dissociated using Accutase (Stem Cell Technologies) and 18,000 cells were seeded for
each organoid on 5-10 fiber scaffolds in low attachment plates. After 5 days, embryoid bodies
were formed and transferred to induction media (Stem Cell Technologies) to direct them
towards neuronal fate. After another 2 days, cells were expanded in Matrigel droplets for 3 days,
then moved to organoid maturation media (Stem Cell Technologies). After 2 weeks in culture,
the Matrigel was removed from the organoids by mechanical dissociation and the organoids
were grown on an orbital shaker (Infors HT). Maturation media was changed twice a week
during organoids growth for up to 100 days in culture.

Transfections and luciferase measurements:

Stable cell lines were generated by transfection of HAP1 and HelLa cells with Lipofectamine
3000 (Invitrogen) and plasmid pNiFty3-L-Fluc-Puro (InvivoGen) followed by selection in media
containing 5ug/ml Puromycin (Gibco). High Molecular weight Poly I:C (InvivoGen) was delivered
at 1ug/ml by direct addition to the media at the time of Manganese treatment. The Sting agonist
2’3 cdAM(PS)2 (ADU-S100) was delivered by transfection with Lipofectamine 3000. Following
24h treatment, the cells were washed with PBS, incubated with luciferase substrate Bright Glo
(Promega) for 10minutes at room temperature before luminescence measured in a white plate.
SiRNA (Dharmacon) was delivered at 50nM by two sequential reverse transfections (at day 1
and 3) with RNA-Max (Invitrogen). Cells were treated at day 5 post-transfection and analyzed at
day 6. Percentage of inhibition was calculated using as a reference the fold of change induced
by manganese treatment in scrambled siRNA transfected cells.

Immunoblot:

At the moment of analysis, cells grown in 6 well plates were washed with cold phosphate-
buffered saline (PBS) and lysed in buffer containing 10 mM HEPES pH 7.4, 150 mM NacCl, 1
mM ethylene glycol-bis(B-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), and 0.1 mM
MgCl2, (Buffer A), with 0.5% Triton X-100 and Complete anti-protease. Cells were then scraped
and placed in 1.5ml tubes on ice for 20 min and centrifuged at 21130rcf for 15 min. Protein was
measured in the clarified supernatant with Bradford Assay. Proteins were reduced and
denatured with Laemmli buffer and heated for 5 min at 75°C and separated by SDS-PAGE in 4-
20% Criterion gels and transferred using the semidry transfer method to polyvinylidene
difluoride (PVDF) membranes. The membranes were blocked in TBS containing 5% nonfat milk
and 0.05% Triton X-100 for 1h at room temperature and incubated overnight with primary
antibody prepared in PBS with 3% bovine serum albumin (BSA) and 0.2% sodium azide at 4°C.
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Detection HRP labelled secondary were diluted 1:5000 and enzymatic activity was detected with
Western Lightning Plus ECL substrate (PerkinElmer, NEL105001EA) and exposure to GE
Healthcare Hyperfilm ECL (28906839).

Immunofluorescence:

Cells were fixed in 4% PFA at 37°C for 20 minutes and permeabilized with 0.25% triton X100 on
ice for 5 minutes. For dsRNA detection, permeabilization included 20U/ml SUPERase-In RNAse
inhibitor. Control wells were treated with 5U/ml RNAselll in PBS with 10mM MgCl, for 30 min at
37°C in PBS. After blocking, J2 antibody 1:300, GRSF1 1:500, Tom20 1:300, GFAP 1:300 were
used. Slides were imaged in a Nikon A1R HD25 confocal microscope with a 60x Apo lens
(NA=1.4,WD=140uM).DsRNA localized to the mitochondrial granule positive for GSRF1 was
quantified with Image J/Fiji software in the focal plane of maximal intensity of a Z-stack. On both
images, background was subtracted with a 30 radius and signal was thresholded.
Measurements of fluorescence of dsRNA per cell were directed and limited to the corresponding
GSRF1 image. At least 30 cells in a minimum of 5 fields were measured. Organoids were fixed
overnight in 4%PFA and then incubated in sucrose before embedding. 8um paraffin sections
were re-hydrated by alcohol dilution series washes and antigen retrieval was performed for
20min in Citrate buffer pH6 with 0.05% Tween at 60% power in the microwave and then stained
as described above. Organoid images were corrected by brightness and contrast to distinguish
positive from negative cells and background signal. Cells within 300um from the organoid
surface, in 5 different captured fields were identified as GFAP positive and then classified as
dsRNA positive or negative. ldentical scoring was obtained by two independent observers.

Cytokine measurements:

Human Cytokine Array (R&D Systems) were used to profile cytokines in conditioned media
following 48h manganese treatment in HeLa (750uM) and Hap1(150uM) cells. A high and a low
exposure film was quantified by thresholding and measuring the signal intensity with the circular
brush selection in FIJI/Image J on each spot and an equal adjacent area to subtract local
background. CXCL8/IL8 was measured in media conditioned for 48h employing Elisa assays
(BioLegend and R&D) following manufacturer’s protocols. The human Proinflammatory 9-Plex
panel from MesoScale and the R-PLEX Human B2M Antibody Set were employed to measure
cytokines and beta 2 microglobulin in conditioned media from organoid treated for 48h by the
Emory Multiplexed Immunoassay Core.

Cell survival assay:

Cells were counted using an automated Bio-Rad cell counter (Bio-Rad, TC20) and plated in 96
well plates at 2,000 cells/well and allowed to sit overnight before drugs were added. Cells were
treated with the drug concentrations indicated in each figure for 72 hours when fresh media with
10% Alamar blue (Resazurin, R&D Systems) was added to each well and incubated for 2 hours
at 37°C.Fluorescence excitation at 530-570 nm and emission maximum at 580-590 nm was
measured using a microplate reader using a BioTek Synergy HT microplate reader with Gen5
software 3.11. For each experiment, percent survival was calculated by subtracting the
background value of an empty well with only Alamar blue and normalizing to the untreated
condition for each genotype. Individual data points represent the average survival of duplicate or
triplicate treatments for each concentration.

Total RNA extraction and NanoString mRNA Quantification

Cells were grown on 10 cm plates and after treatment, washed twice in ice-cold PBS and
solubilized in 1 ml of TRIzol (Invitrogen). RNA Extraction and NanoString processing was
completed by the Emory Integrated Genomics Core. RNA quality was assessed by bioanalyzer
before proceeding with the NanoString probe hybridization. The NanoString Neuroinflammation
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gene panel kit or a custom panel MitoString was used for mMRNA quantification. mMRNA counts
were normalized the housekeeping genes TBP for the neuroinflammatory panel and CLCT for
the MitoString using nSolver. Normalized data were further processed and visualized by
Qlucore.

Cytokine /Chemokine Multiplex Luminex Immunoassay:

Frozen mouse brain samples were provided by Dr. Tom Bartnikas. Shavings of frozen tissue
were collected and lysed in 8M urea in 100mM PO, with Complete anti-protease and
PhosSTOP phosphatase inhibitor and homogenized by sonication (Fisher Scientific, Sonic
Dismembrator Model 100). After incubation on ice for 30 minutes, samples were spun at 7000 x
g for 10 minutes at 4C, and the supernatant was transferred to a new tube. Protein
concentration was measured in triplicate using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific) according to manufacturer protocol. 5 ug of brain and 15 ug of liver tissue
samples were diluted using urea buffer and analyzed using the Milliplex MAP Mouse
Cytokine/Chemokine Multiplex assay (Millipore Sigma, St. Louis, MO, USA, MCYTMAG-70K-
PX32) Eotaxin/CCL11, G-CSF, GM-CSF, IFN-y, IL-1q, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-
9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IP-10, KC, LIF, LIX, MCP-1, M-CSF, MIG,
MIP-1a, MIP-18, MIP-2, RANTES, TNF-a, VEGF. Assays were read out with a MAGPIX
Luminex instrument (Luminex, Austin, TX, USA).

ICP mass spectrometry:

Procedures were performed as described previously (82). Briefly, cells were plated on 10 cm
dishes. After reaching desired confluency, cells were treated for 24 hours. At sample collection,
the plates were washed three times with PBS, detached with trypsin, and neutralized with media
and pelleted at 800 x g for 5 min at 4C. The cell pellet was resuspended with ice-cold PBS,
aliquoted into 3-5 tubes, centrifuged at 2000rpm for 3 min Cell pellets were stored at -80C. The
pellets were digested by adding 50 pL of 70% trace metal basis grade nitric acid followed by
heating at 95°C for 10 min. After cooling, 20 pL of each sample was diluted to 800 L to a final
concentration of 2% nitric acid using either 2% nitric acid or 2% nitric acid with 0.5%
hydrochloric acid (vol/vol). Metal levels were quantified using a triple quad ICP-MS instrument
(Thermo Fisher, iCAP-TQ) operating in oxygen mode under standard conditions (RF power
1550 W, sample depth 5.0 mm, nebulizer flow 1.12L/min, spray chamber 3C, extraction lens 1,2
-195, —15 V). Oxygen was used as a reaction gas (0.3 mL/min) to remove polyatomic
interferences or mass shift target elements. External calibration curves were generated using a
multielemental standard (ICP-MSCAL2-1, AccuStandard, USA) and ranged from 0.5 to 1000
Mg/L for each element. Scandium (10 pg/L) was used as internal standard and diluted into the
sample in-line. Samples were introduced into the ICP-MS using the 2DX PrepFAST M5
autosampler (Elemental Scientific) equipped with a 250 uL loop and using the 0.25 mL precision
method provided by the manufacturer. Serumnorm (Sero, Norway) was used as a standard
reference material, and values for elements of interest were within 20% of the accepted value.
Quantitative data analysis was conducted with Qtegra software, and values were exported to
Excel for further statistical analysis.

Cell isolation and capture for single cell RNAseq:

Organoids were dissociated into a single cell suspension using previously published methods
(83) adapted for organoids dissociation by decreasing volumes and omission of filtering steps.
Briefly, organoid tissue was chopped using a scalpel and digested in 10ml with 25 U/ml papain
(Worthington) and 12.5 U/ml DNAsel (Worthington) in a 5% CO2 incubator at 34°C on an orbital
shaker at 123rpm for 45 min. Cells were washed with a protease inhibitor solution (ovomucoid).
Following addition of Ovomucoid, the tissue was further triturated by pipetting and once single
cell suspensions achieved, the cells were collected by centrifugation. All dissociation and
trituration steps were performed in the presence of Protector RNAse inhibitor (Sigma
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03335402001), transcription inhibitor actinomycin D (Sigma-Aldrich; Cat#: A1410), and
translation inhibitor anisomycin (Sigma-Aldrich; Cat#: A9789) based on published
recommendations (84). Up to 10,000 cells per organoid were captured with a Chromium GEM-
X-Single Cell 3’ Chip kit v4 from 10X Genomics. Libraries were prepared using Chromium Next
GEM Single Cell 3' Kit v4 (1000686) with dual index labeling and sequenced on a standard
lllumina platform.

Statistical analyses

NanoString data was normalized with nCounter and then processed with Qlucore Omics
Explorer Version 3.6(33). ANOVA and paired analyses were conducted with Prism Version
10.2.2 (341). Gene ontology studies were performed with ENRICHR (85).

Luminex Cytokine Statistical and Multivariate Analyses, Wilcoxon rank sum test was performed
in R. Partial least squares regressions (PLSRs) and discriminant PLSRs (D-PLSRs) were
performed in R using the ropls package v1.4.2. The data were z-scored before being input into
the function. Cytokine measurements were used as the independent variables, and the discrete
regression variable in all D-PLSR analyses was genotype/sex. Error bars for LV loadings were
calculated by iteratively excluding K samples without replacement 100 times (leave-K-out cross-
validation, LKOCV), and regenerating the D-PLSR model each time. Error bars in the LV1 plots
report the mean and SD computed across the models generated to provide an indication of the
variability within each cytokine among the models generated.

Single-cell sequencing analysis

The sequencing data were aligned to the human genome and demultiplexed using Cellranger.
Analysis was performed in R Studio using Seurat. For quality control, cells with <8%
mitochondrial genes were excluded and ncounts were filtered for 500-8000 range. Cells were
integrated and normalized using SCT transform to generate a UMAP and clustering based on
based on shared nearest neighbors. All featureplots, dot plots, and differential expression are
based on non-transformed RNA counts. Differential expression was performed using
pseudobulk data aggregation and Findmarkers DeSEQ2. Heatmaps are based in scaled RNA
counts data.
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Figure 1: Manganese induces the accumulation of noncoding mitochondrial RNA
sequences and mitochondrial dsRNA
a) Heatmaps of log> CLTC normalized NanoString counts of RNA hybridized with probes
targeted to non-coding sequences of the light strand of mitochondrial transcripts and for
nuclear encoded mitochondrial proteins as control. RNA was isolated from four replicate
samples of either wild-type HAP1 or HelLa treated either in the absence or presence of
manganese (300uM and 800uM, respectively) for 24h, or untreated wild-type and
SLC30A10 null HAP1 cells. Numbers in italics represent -log10 p values (t-test followed
by Benjamini-Hochberg FDR correction, q).
b) Manganese treatment and SLC30A10 deficiency similarly alter the MitoString
transcriptome. Linear and non-linear data reduction by principal component analysis
(PCA) and Uniform Manifold Approximation and Projection (UMAP), respectively of all the
RNA counts measured by the MitoString panel. Lines connecting PCA represent
Euclidean distances.
c) Metal content of HAP1 or HelLa cells treated in the absence or presence of manganese
as in (a). Manganese, zinc, iron and calcium levels are depicted as sulphur-normalized

metal content measured by ICP-MS at 24h. Fold of change (FC) after manganese
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addition. Data from two experiments are combined. One-way ANOVA followed by Sidak's
multiple comparisons test.

Immunofluorescence detection of dsRNA and the mitochondrial RNA granule component,
GSRF1, in HAP1 and Hela cells treated either in the absence or presence of manganese.
Quantification of dsRNA overlapping with GRSF1 in cells treated either in the absence or
presence manganese, the POLMRT inhibitor IMT1 (1uM), or with dsRNA specific RNAse
[l before addition of the dsRNA J2 antibody. Dotted lines represent the average intensity
of cells treated in the absence or presence manganese. One-way ANOVA followed by

Sidak's multiple comparisons tests.
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Figure 2: Manganese-induced dsRNA upregulates interferon p transcription.

a) Diagram summarizing the pathway activated by manganese effects in mitochondria
leading to IFN transcription. Depicted are the components targeted by inhibitors and the
pathway agonists, poly (I:C) and ADU S100.

b) Interferon B promoter luciferase reporter activity measured in either HAP1 or HelLa cells
following 24h treatment with the indicated manganese dose. For positive control 10ug/ml

of high molecular weight poly (I:C) were added. Average + SEM of 3 experiments. One-
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way ANOVA followed by Dunnett's multiple comparisons test. Dotted line marks luciferase
activity in the absence of manganese.

c) Interferon B promoter luciferase reporter activity measured in HeLa cells transfected with
non-targeting and targeting siRNAs followed by 24h treatment with 800uM manganese or
10 pg/ml poly (I:C). Data are depicted as percentage of signal in scrambled sequence
siRNA transfected cells. Average + SEM of 3 experiments. Dotted line marks 50%
reduction. One-way ANOVA followed by Tukey's multiple comparisons test. Bottom panel
depicts western blots of protein level downregulation following siRNA transfections.

d) Top panel depicts manganese content determined by ICP-MS in HelLa cells incubated
with 800uM manganese with and without the indicated inhibitor, identical conditions as
employed for the bottom panel experiments. Bottom panel shows luciferase activity
measured in Hela cells following 24h treatment with the indicated manganese dose. For
positive control, 10ug/ml of poly (I:C) were added. Average + SEM of 5 experiments. Two-
way ANOVA followed by Bonferroni's multiple comparisons test.

e) Luciferase activity measured in HelLa cells following 24h treatment with 800uM
manganese (top left panel) or 10ug/ml poly(l:C) (bottom left panel) in the presence or
absence of the Sting inhibitor H-151. Right panel shows 0.5uM H-151 inhibition of
luciferase induction by transfection of 1uM ADU S100 Sting agonist. Average+ SE. Two-
way ANOVA followed by Bonferroni's multiple comparisons test. Top numbers show

manganese effect, bottom number show drug effect.
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Figure 3: Manganese upregulates inflammatory cytokine secretion.

a) Inflammatory cytokine antibody array probed with media conditioned for 48h collected
from treated HeLa cells without or with 750uM manganese.

b) Densitometry quantification of positive spots in the array blots shown in (a) and Fig S1A.

c) IL-8 cytokine levels measured by ELISA in 48h conditioned media collected from HelLa
cells treated without or with the indicated manganese concentration. Average + SEM of 3
experiments. One-way ANOVA followed by Dunnett's multiple comparisons test.

d) IL-8 cytokine levels measured by ELISA in 48h conditioned media collected from HelLa
cells treated without or with 800uM manganese and the indicated inhibitor. Average +
SEM of 4 experiments. One-way ANOVA followed by Dunnett's multiple comparisons test

e) Cell survival of HelLa cells exposed to increased concentrations of manganese with and
without the indicated inhibitor. Average + SEM of 3-4 experiments. Two-way ANOVA
followed by Bonferroni's multiple comparisons test.
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Figure 4: Manganese alters mitochondrial transcripts and induces the interferon type |
response in human cerebral organoids.

a) Lineage marker expression measured by NanoString over developmental time (
Supplementary Dataset S1). Average + SEM of 4 organoids per time point. One-way
ANOVA followed by Dunnett's multiple comparisons test.

b) Heatmap of RNA levels of organoid differentiation markers and nuclear encoded
mitochondrial transcripts measured by NanoString in individual organoids over time of
development (Supplementary Dataset S1). Log» of normalized counts of the gene were
used for the heatmap.

c) Heatmap of nuclear and mitochondrial encoded mitochondrial transcripts measured by
NanoString in individual organoids over time of development (Supplementary Dataset S1).
The difference of normalized counts from manganese-induced minus non-treated
organoids per time point is expressed as Log,. Non-responsive organelles at 30 days were
compared to responses in 100-day organelles. Two-tailed t-test expressed as -Log1o.

d) Volcano plot of the genes in the Neuroinflammatory panel that change expression in the
transcriptome of 100-day organoids following 48h of 250uM manganese treatment

(Supplementary Dataset S2). Significance threshold was set at 0.05 (marked by the line).
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e) Heatmap of IRF3 or NF«B transcriptional target genes and interferon stimulated genes
included in the Neuroinflammatory panel (d) that change following manganese exposure
(Supplementary Dataset S2). Two-tailed t-test expressed as -Logqo.

f) Cytokines in conditioned media collected from 100-day organoids following mock or 48h
treatment with 250uM manganese. IL6, IL8 and beta 2 microglobulin levels were
determined by MesoScale assay. Average + SEM. Each dot represents an individual
organoid. Data from two organoid batches. Statistics for beta 2 microglobulin paired t test
and for IL6 and IL8 Wilcoxon matched-pairs signed rank test.

For b, c and e symbol size is proportional to the Logz value in between rows.

30


https://doi.org/10.1101/2025.02.16.638529
http://creativecommons.org/licenses/by-nc-nd/4.0/

available under aCC-BY-NC-ND 4.0 International license.

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.16.638529; this version posted February 20, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

A B ] C s o D 4 Control ~ Mn*2
NFKB1 o c ® cxcLs
NFKBIA @ ) .g I 20 12 © CXcL10
0.75- CCL2 L4 a5 10 s MT-805
5 CXcL1o s 1.0 SLC25A58" LINGO1551 - © MT-CO:
£ CXCLs - x 05 = 8 b - ® MT-CYB
5 05 CXCL5 » Wi % s Mcosts
g CXCL3 ’ s 6 oxgto S MPCIL
a CXCL2 ® S RORAL. ‘o LGALS3 2 EXO2
0.25 COL1A1 [ g . 25 7 4 RBFOX1 N IRFS a-Psmae s H[s)almm
FGFR1
e DURSE 2 e b o2q 21
0- SLC17A7 . o @75 ol PA?(‘ TGFi R‘1 EST2NcAN i o : Igé%u
Control sm\zg : 4 2 0 2 4 (2] : IFI35
Astrocyte AQP1 ° (Log, Mn*2 - Log,Control) @ IFl16
» Radial_Glia E [ ] NFKB1
~ | SFRP1 () H e - ccL2
Q! @ Choroid_Plexus_Epithelia  oTx2 . ] L6
4 ® Neural_Progenitor HES1 IFN Alpha Response A £ [ ] IL1B
% ° Excitataw Neuron 1 S1008 @ Cholesterol Homeostasis A E:CMZ
UMAP 1 ° Excitatory:Neuron:Z SE:; : IFN Gamma Respopse A 3 H S%x3
- Proliferating AQP4 Faéyg?:gsgﬁ;;’g{;? AA <° : H Tl/’\\ﬁgé
Fibroblast DR RR BN 0,0 : ~ 3
Yoo O‘Qerz})o"\ Q/‘&Q& < TGF-beta Signaling]| e ‘:é 10 2 2010
G H | N NN ) W Qngiogenegs . SHs &% APOE,
esponse Dn{ @ k7
) LGALS3
# i i 1350 CXCL8 MT-ND1 EMTi® A #Genes ° © FDPS
Dy : ﬁ 2 . CXCL10 MT-ND2 p53 Pathway {®@ N ] S SOLE A1
2 3.46 RV MENDS Hypoxia|® 5 25 Ve
(SR . o 2.17 ® BST2 S - VCAM1
) 3 1.98 18G20 [ MT-CO2 S s : viv
¢ 2.30 IRF9 [ MT-CO3 ° N
3 ) 294 oo I35 [ MT-ATP6 ERebr
) 2] 1.64 IFl44 |5 MT-CYB E © HOPX
N 155 © o IFI44L HSD17B10 = 25 S
; 1.22 * GBP2 : ’\RA?;OL% % KeNJi0
) 1.96 PSMB8
3 229 cD74 MPC1 < 25 Slwe
5 Astro 1 3;2 :gﬁg » 5 e gm&%m
: ® Astro 2 - IFIT3 14 ® FGFR1
® Astro 3 § g:xa
N Control ~ Mn*2 g eeo o H MEGF10
%‘ oTao [=] e} ° MERTK
S goge 15mE s 2 P = I
-4 222 FC (z-score) ) z-score

UMAP_1

Figure 5: Single cell RNAseq analysis of manganese treated 100-day cerebral organoids.
a) UMAP embedding of all samples (12 organoids aged 100 days) integrated and normalized
with SCT transform. Cells are colored by cluster assignment.
b) Proportion of cells assigned to each cluster from individual organoids. Color scheme is the
same as in a).
Dot plot of cell identity marker and inflammatory gene expression in cell clusters shown in
a) (Supplementary Dataset S4). Dot size is proportional to percentage of cells expressing
the gene and color reflects average expression level.
Volcano plot of the manganese differentially regulated genes in astrocytes
(Supplementary Dataset S5). Cut off is p<0.05 and 0.5< average log2FC <-0.5.
Highlighted genes belong to the categories identified by gene enrichment analysis (e) or
describing astrocyte function.
Main up and down regulated pathways in manganese treated astrocytes when comparing
the genes curated in Molecular Signatures Database employing EnrichR tool for gene
ontology analysis (Supplementary Dataset S6). Triangles are up-regulated genes. Circles
are downregulated genes.
Heatmap of the scaled gene counts in the astrocyte cluster for individual organoids

(Supplementary Dataset S7).
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g) Feature plot depicting the cells expressing CXCL8 and CXCL10 in control and manganese
treated organoids.

h) UMAP embedding of the subclustered astrocyte population from all organoids.

i) Differential expression of genes belonging to the interferon response, mitochondrial
transcripts and RNA processing in the three astrocytes subclusters in response to
manganese (Supplementary Dataset S8).

j) Immunofluorescence for dsRNA in manganese treated 100-day organoids and in iPSC
derived astrocytes. 1) 100-day organoids stained for GFAP (red), DNA (blue) and dsRNA
(green). Scale bar= 25um. 2) Quantification of the percentage of GFAP cells that were
positive for dsRNA in (1) and dsRNA in mitochondria in iPSC derived astrocytes shown in
(3).1.9x refers to fold of increase, Mann Whitney test 3) Human astrocytes derived from
iPSC treated or not with 250uM Manganese for 24h and stained for dsRNA (green) and
the mitochondrial marker TOM20 (red). Scale bar =10um.
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Fig 6: Cortex from a mouse model of hypermanganesemia with dystonia 1 disorder has
increased pro-inflammatory cytokines.

a) Heat map of z-scored cytokine levels measured by Luminex multiplex assays in cortex
samples of wild type and S/c30a10” male and female mice. The cytokines are named by
gene name.

b) A discriminant partial least squares regression model constructed from the cytokine
dataset regressed genotype. The model identifies a latent variable (LV1) that scores
animals based on cytokine protein expression measurements and predicts genotype.
LV2 describes variation that is not connected to genotype. LV1 and LV2 account for
approximately 44% and 4% of the dataset variation, respectively.

c) LV1is composed of cytokines that are elevated and able to predict the KO genotype in a
leave-one-out cross validation (mean + SD across LV1 generated for all models in the
cross validation).

d) Comparison of LV1s from cortex and liver (in supplementary data) from Sic30a10”
animals.

e) Example cytokine levels in brain cortex that yielded the highest LV1 scores.
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