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SUMMARY

While ATM loss of function has long been identified as the genetic cause of ataxia-telangiectasia
(A-T), how it leads to selective and progressive degeneration of cerebellar Purkinje and

granule neurons remains unclear. ATM expression is enriched in microglia throughout cerebellar
development and adulthood. Here, we find evidence of microglial inflammation in the cerebellum
of patients with A-T using single-nucleus RNA sequencing. Pseudotime analysis revealed

that activation of A-T microglia preceded upregulation of apoptosis-related genes in granule

and Purkinje neurons and that microglia exhibited increased neurotoxic cytokine signaling to
granule and Purkinje neurons in A-T. To confirm these findings experimentally, we performed
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transcriptomic profiling of A-T induced pluripotent stem cell (iPSC)-derived microglia, which
revealed cell-intrinsic microglial activation of cytokine production and innate immune response
pathways compared to controls. Furthermore, A-T microglia co-culture with either control or A-T
iPSC-derived neurons was sufficient to induce cytotoxicity. Taken together, these studies reveal
that cell-intrinsic microglial activation may promote neurodegeneration in A-T.
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Lai et al. characterize cell-type-specific transcriptional changes in ataxia-telangiectasia (A-T)
using single-nucleus RNA sequencing of patient brain tissue and find that cell-intrinsic activation
of microglia in A-T promotes cytotoxicity. These findings provide mechanistic insight into the role
of microglia on cerebellar degeneration in A-T.

INTRODUCTION

Selective degeneration of the cerebellum occurs in genetic ataxias such as ataxia-
telangiectasia (A-T). However, the mechanisms underlying cerebellar degeneration remain
poorly understood. A-T is an autosomal recessive multi-system disorder caused by
mutations in the gene ATM.L It affects as many as 1 in 40,000 live births and typically
presents in early childhood with a median age of diagnosis of 6 years.2 Clinical

features of A-T include progressive impairment of gait and coordination due to cerebellar
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neurodegeneration, immunodeficiency, and increased predisposition for cancers. There are
currently no therapies to slow neurodegeneration in A-T.2

ATM s a multi-functional kinase known for its role in the DNA damage response to double-
strand breaks (DSBs).1:3 DNA damage leads to ATM activation, which phosphorylates
downstream regulators of cell-cycle arrest, DNA repair, and apoptosis.* Additionally, ATV
plays a role in cellular metabolism. ATM can form a dimer that mediates mitochondrial
redox sensing and regulates antioxidant capacity.> Moreover, ATM deficiency leads to
upregulation of autophagy and perinuclear accumulation of lysosomes, implicating A7TM

in lysosomal trafficking.6

While ATM has roles in diverse cellular functions, it remains unclear how A7M loss of
function leads to selective and progressive degeneration of Purkinje and granule neurons
in the cerebellum. ATM-null mice do not recapitulate the cerebellar degeneration found
in human patients with A-T,” but bulk transcriptomic analyses of human brain tissue

and neuronal models have begun to offer some insights into dysregulated pathways in
A-T. Expression of /TPR1, a calcium channel that is highly expressed in Purkinje cells
and is associated with spinocerebellar ataxias, is significantly altered in A-T cerebellum.8
Transcriptome analyses of induced pluripotent stem cell-derived cerebellar-like neurons
from individuals with A-T and controls have also revealed alterations in pathways related
to synaptic vesicle cycling, oxidative stress, and insulin secretion.® However, it remains
unresolved whether bulk transcriptomic changes reflect loss of certain cell types in A-T or
perturbation of cellular functions in specific cell types.

Emerging evidence implicates dysfunctional microglia in the pathogenesis of A-T. Human
cellular models of microglia with A7M deficiency reveal dysfunctional phagocytosis of
neuronal processes.19 However, whether microglia activation is present in A-T patient
brains, whether the microglia are reactive to cell-intrinsic or -extrinsic signals, and

their role in neurodegeneration remain unknown. Characterization of microglia and their
transcriptional signatures in human A-T brain may provide further insight into mechanisms
that underlie cerebellar degeneration in A-T.

Here, we present a single-nucleus transcriptomic atlas of the adult human cerebellar vermis
in A-T. We profiled 126,356 nuclei from the postmortem human cerebellar vermis of

six individuals with genetically confirmed A-T and seven matched control individuals.

In addition, we profiled 86,354 nuclei from postmortem human prefrontal cortex (PFC)
from two A-T and two matched control individuals. We annotated major cell types in the
human cerebellum and PFC and identified cell-type proportion changes between A-T and
controls. We also demonstrated cell-type-specific expression of cerebellar-ataxia-associated
disease genes, some of which were significantly dysregulated in A-T Purkinje neurons,
supporting a convergence in disease pathophysiology underlying several hereditary ataxias.
We analyzed the cell-type-specific molecular pathways perturbed in A-T across these brain
regions, revealing prominent and widespread activation of pro-inflammatory pathways in
A-T microglia. Pseudotime analysis revealed that activation of A-T microglia preceded
upregulation of apoptosis-related genes in granule and Purkinje neurons, while ligand-
receptor analysis suggested that microglia have increased neurotoxic cytokine signaling
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to granule and Purkinje neurons in A-T. We experimentally interrogated the role of
microglia in neurodegeneration using A-T patient and control induced pluripotent stem

cell (iPSC)-derived microglia (iIMGLs) and neurons (iNs). Transcriptomic profiling of A-T
patient iMGLs revealed cell-intrinsic microglial activation of pro-inflammatory pathways,
and A-T patient iMGLs were sufficient to induce elevated cytotoxicity of co-cultures with
control and A-T iNs. Overall, our data suggest that activated microglia are central to A-T
pathophysiology and cerebellar degeneration. Our data are publicly available for exploration
at the Broad Single Cell Portal (https://singlecell.broadinstitute.org; Study IDs: SCP1300
and SCP1302).

Single-nucleus RNA-seq profiling of A-T human cerebellum and PFC

A-T presents with prominent loss of motor coordination associated with early selective
atrophy of the cerebellum. To investigate cell-type- and region-specific perturbations in A-T,
we performed single-nucleus RNA sequencing (SnRNA-seq) of human postmortem tissues
from the cerebellar vermis (the region with the most prominent atrophy in A-T11) and

the PFC (Figure 1A). We profiled six cerebella from neuropathologically and genetically
confirmed A-T cases and seven control cerebella, as well as matched A-T and control

PFC from two cases each (Table S1). The ages of the A-T cases ranged from 19 to 50
years old (mean age: 28 years). Biallelic ATM variants (with evidence of pathogenicity

in ClinVar2.13.14) were confirmed in all six A-T cases by whole-genome sequencing
(WGS) (Table S1). All cases were balanced for age, sex, RNA integrity number (RIN),
and postmortem interval (PMI) (Table S1). After quality control and doublet filtering,1>-17
there were 126,356 cerebellar nuclei (51,297 A-T; 75,059 control) and 86,354 PFC nuclei
(16,979 A-T; 69,375 control) for downstream analysis (Figures SLA-S1D).

snRNA-seq recapitulates neuropathological hallmarks and reveals increased glial
populations in A-T cerebellum

To distinguish cell types in the cerebellum, we used Seurat!® to perform graph-based
clustering with the Leiden algorithm and annotated clusters based on the expression

of canonical marker genes and existing single-cell atlases of the cerebellum.13.14 Ten

major cell types were identified, including cerebellum-specific granule cells (R/MS1,
GRM4), Purkinje cells (/TPR1, CALBI), and Bergmann glia (7TUBBZ2ZB, AQP4), as well

as interneurons (GADI1, PVALDB), astrocytes ( TTN, AQFPI), oligodendrocytes (PLPI ,MBP),
oligodendrocyte precursor cells (OPCs) (PDGFRA, OLIGI), microglia (CD74, CSFIR),
endothelial cells (CLDN5, VWF), and fibroblasts (DCN, APOD) (Figures 2A-2C). We
annotated PFC cell types by reference-based mapping with SingleR using an existing human
PFC snRNA-seq dataset as the reference.18.19 There were thirteen cell types identified,
including astrocytes, microglia, endothelial cells, oligodendrocytes, OPCs, and multiple
subtypes of excitatory and inhibitory neurons (Figure S2A).

Next, to understand the patterns of cerebellar cell loss in A-T, we examined the cell-
type proportions in A-T compared to controls. Due to the negative covariance structure
of compositional data—as one feature increases, the other features must decrease—we
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implemented Dirichlet multi-nomial modeling using Hamiltonian Monte Carlo (DMM-
HMC) to estimate the cell-type proportions in A-T and control.20 We generated multi-
nomial distributions of cell-type proportions for each sample based on the nuclei counts
(Table S1) and used these to construct a Dirichlet distribution of cell-type proportions in
A-T and controls. To determine the relative shift in abundance of each cell type in A-T
versus control, we subtracted the control posterior probability distribution of proportions
from the A-T distribution (Figure 2D). Granule cells were significantly decreased in A-T
(Figure 2D; 89% credibility interval). Purkinje cells were reduced in abundance, although
not significantly, possibly due to individual sample variability and decreased power for
detecting changes in rare cell types. In addition, astrocytes, Bergmann glia, microglia, and
oligodendrocytes showed significant increases in A-T compared to control (Figure 2D; 89%
credibility interval). In contrast, permutation testing of disease labels (A-T versus control)
showed no significant differences for any cell type, as expected (permutation n = 500; Figure
S1E). Unlike A-T cerebellum, there was no evidence of neuronal loss in A-T PFC (Figure
S2B). However, oligodendrocytes were significantly decreased in A-T PFC compared to
control (Figure S2B), consistent with reports of cortical white matter degeneration in A-
T.21.22 Taken together, these results are consistent with the neuropathology autopsy reports
from individuals with A-T, which describe granule and Purkinje cell atrophy and gliosis in
the cerebellum, while the PFC is grossly unremarkable (Table S1).

Monogenic cerebellar disease genes are expressed in specific cell types

Next, we characterized the expression of ATM across cell types in the cerebellum and

PFC. ATM had the highest expression in microglia in adult control human cerebellum and
PFC (Figure S3A). To investigate human developmental expression patterns, we profiled

the expression of A7M in an sSnRNA-seq dataset of human control fetal cerebellum,23

which also revealed the highest expression of A7M in microglia (Figure S3B). Taken
together, these data suggest an important role for A7M in microglia during normal cerebellar
development.

Given that A7M is enriched in microglia, we asked whether additional hereditary ataxia
genes are enriched in specific cerebellar cell types. We curated a list of genes implicated in
human hereditary ataxias using the Online Mendelian Inheritance in Man (OMIM) database
(Table S2) and profiled their expression in control cells. We found that like A7\, most
hereditary ataxia disease genes demonstrate cell-type-specific patterns of expression (Figure
S3C; Bonferroni-adjusted p < 0.05, t test). Cerebellar disease gene expression was most
commonly enriched in Purkinje cells, including the potassium- and calcium-ion-related
genes KCND3, PRKCG, CACNA1G, ITPR1, TRPC3, and KCNC3. Microglia also showed
enriched expression of several ataxia disease genes (ATM, TPP1, SETX, and VPS13D)
(Figure S3C). These gene expression patterns implicate Purkinje cells and microglia in the
pathogenesis of cerebellar ataxias.

Transcriptional dysregulation across cell types in A-T

To investigate the cell types and molecular pathways that are most perturbed in A-T
cerebellum, we performed differential gene expression analysis between A-T and control for
each cell type (Table S2). Astrocytes, microglia, and oligodendrocytes had remarkably high
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numbers of differentially expressed genes (DEGs; n = 1,631, 1,577, and 1,563, respectively)
while granule cells had the least (n = 265). These data suggest that while granule cells
degenerate in A-T, their gene expression program is less dysregulated than other cerebellar
cell types such as glia.

Next, we performed Gene Ontology (GO) analysis on the DEGs found in each cerebellar
cell type to gain insight into the biological processes dysregulated in A-T. Consistent with
the loss of Purkinje and granule cells in A-T, both cell types had significant upregulation
of genes involved in apoptotic signaling (Figures 3A and 3B; Table S2). A-T Purkinje

and granule cells also upregulated genes involved in ribosome assembly and biogenesis,
which has been observed in several studies of aging brains.2425 A-T microglia specifically
demonstrated upregulation of immune-response-related genes involved in microglial cell
activation, phagocytosis, and cytokine production (Figure 3C).

Activated microglia associate with sites of injury and pathological changes across various
neurodegenerative diseases28 and can induce local neurodegeneration by phagocytosis of
synapses and secretion of neurotoxic cytokines.2” We thus sought to characterize the spatial
distribution and number of microglia in A-T and control cerebellum by immunostaining
for CD11B, a microglia marker that is upregulated in activated microglia,28 in four A-T
cerebellum and three matched control cerebellum samples (Table S1). In A-T cerebellum,
there were increased CD11B+ cells throughout the white matter, the granule layer, and

the molecular layer compared to control cerebellum (Figure 3D). Across all layers, the
number of CD11B+ microglia per area was significantly higher in A-T compared to control
(Bonferroni-adjusted p < 1e-04, Mann-Whitney U test) (Figure 3D). These data confirm that
A-T cerebellum has a widespread increased presence of activated microglia.

Dysregulated calcium signaling in Purkinje neurons in A-T

GO analysis of genes downregulated in A-T revealed significant enrichment of calcium-
related pathways (calcium ion transport, regulation of cytosolic calcium ion concentration,
cellular calcium ion homeostasis) in A-T Purkinje cells (Figure 3A; Table S2). Among
these genes was /7PR1, an endoplasmic reticulum (ER) calcium channel that causes
spinocerebellar ataxias in an autosomal-dominant manner29:30 (Figure 3A). We asked
whether additional cerebellar disease genes are differentially expressed in A-T. Hereditary
ataxia genes with enriched expression in Purkinje cells (i.e., KCNC3, PRKCG, ITPR1,
KCND3, CACNA1G) were significantly downregulated in A-T Purkinje cells (Figure S4A).
These disease genes were also enriched for calcium processes (calcium ion transport and
regulation of cytosolic calcium ion concentration) (Figure S4B). These results suggest that
ATM may be an upstream activator of calcium signaling and point to converging underlying
mechanisms of a subset of hereditary ataxias in Purkinje cells. HDAC4is a known negative
regulator of calcium ion genes (/TPR1, DABI),3! and ATM is an inhibitor of HDACH.

Loss of A7M leads to nuclear accumulation of HDAC4, which could lead to dysregulated
expression of HDAC4 target genes.32 In support of this, there was significant overlap
between HDAC4 targets and A-T downregulated genes (p = 6.08e—22, Fisher’s exact test;
Figure S4C). Taken together, these findings support that abnormal calcium ion homeostasis
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may be a consequence of A7M loss of function in Purkinje neurons, which may lead to
aberrant firing patterns and ataxic phenotypes.33:34

Activated microglia in A-T cerebellum share transcriptomic signatures with aging and
neurodegeneration-associated microglia

Microglia in A-T cerebellum express activation markers, including strong upregulation of
the complement genes CIQA, CIQB, C1QC, and C3(Figure 4A). Increased expression

of complement is associated with microglial activation in neurodegenerative diseases such
as Alzheimer’s disease (AD),3® where they have been shown to mediate synaptic loss

and dysfunction.36:37 To assess whether A-T cerebellar microglia share additional features
associated with microglia in aging and other neurodegenerative disorders, we compared

the upregulated genes in A-T cerebellar microglia with three gene sets: markers of aged
human microglia, AD-associated microglia markers from a human snRNA-seq study of AD,
and markers of disease-associated microglia (DAMs) from a murine model of AD.38:39:40
We found significant overlaps between A-T cerebellar microglia upregulated genes and
these three gene sets, with the highest overlap being with aging microglia (Fisher’s exact
test p < 1e-13; Figures 4B and 4C). TREM?Z2, TSPO, MS4A6A, complement components,
and major histocompatibility complex (MHC) class Il genes were among the overlapping
genes, all of which have been associated with neuroinflammation and microglia activationt!
(Figure 4C). GO enrichment analysis of the overlapping genes and A-T microglia-specific
upregulated genes revealed common enrichment in immune-response-and RNA-processing-
related pathways and A-T-specific enrichment of cytoskeletal organization, ER stress,

and regulation of neuron projection development (Figure 4D). Overall, these data show

that A-T cerebellar microglia share transcriptomic signatures found in aging and other
neurodegenerative diseases.

Differential activation of microglia in A-T cerebellum versus PFC

To systematically compare gene expression changes in A-T cerebellum with A-T PFC, we
identified genes and pathways that were more significantly changed in A-T cerebellum
than in A-T PFC in cell types common to the two brain regions (microglia, OPCs,
oligodendrocytes, astrocytes, endothelial cells) (Figure S5; Tables S3 and S4). While

both cerebellar and PFC microglia showed upregulation of genes involved in immune
response in A-T, microglia were more strongly activated in the cerebellum compared to
the PFC. Cerebellar A-T microglia had significantly higher upregulation of genes related
to inflammatory processes (adaptive immune response, leukocyte proliferation, glial cell
activation, tumor necrosis factor superfamily cytokine production) and neuronal death than
A-T PFC microglia (Figure 5A).

Microglia can be activated by neuronal death, a mechanism common to multiple
neurodegenerative conditions.*2 However, since PFC neurons are generally spared in A-
T, we hypothesized that A-T microglia in the PFC and cerebellum are cell-intrinsically
activated. One potential mechanism of intrinsic activation is the accumulation of DNA
damage due to AT7M deficiency. Deficits in DNA repair caused by A7M deficiency

are associated with increased cytosolic DNA.43 Cytosolic DNA is recognized by the
CGAS-STING pathway, which triggers an innate immune response by inducing type
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| interferons and inflammatory cytokines.*! We found that the CGAS-STING pathway,
including CGAS and activators of CGAS signaling — TRIM14, TRIM38, and TRIM56*+-46—
were upregulated specifically in A-T microglia from the cerebellum and PFC, suggesting
the presence of cytosolic DNA (Figures 5B and 5C). Moreover, the CGAS-STING pathway
showed significant enrichment among genes upregulated in A-T cerebellum versus A-T
PFC, suggesting that CGAS-STING activation was more prominent in cerebellar microglia
(Figure 5C). CGAS-STING pathway genes (TRIM14, TRIM3S8, IFI16, IRF7) were also
upregulated in aged human microglia but not AD or DAM gene sets, implicating DNA
damage and cytoplasmic DNA as common underlying causes of microglial activation in A-T
and aging microglia, while AD microglia may be activated by another mechanism, such

as extrinsic stimuli (Table S5). Taken together, activation of the CGAS-STING pathway
suggests that cytosolic DNA contributes to microglial activation that is more pronounced in
A-T cerebellum than PFC.

Self-DNA enters the cytosol in a mitosis-dependent manner through the formation and
rupture of DNA-damage-induced micronuclei.4”#8 Thus, we hypothesized that underlying
differences in proliferation may explain the differential activation of CGAS-STING in
cerebellar microglia compared to PFC microglia. We tested whether microglia in the
cerebellum and PFC differ in proliferation rate by inferring the cell-cycle status of each

cell by the expression of canonical markers of G1, S, and G2 phases. We found that
cerebellar microglia have an increased percentage of cells in replicating phases compared to
cortical microglia (p < 0.01, t test) (Figure 5D). This is consistent with previous reports that
cerebellar microglia have a higher turnover rate than cortical microglia, which may make
them more vulnerable to accumulation of DNA damage due to ATM deficiency.49°0 The
differences in proliferation may underlie our observation that cerebellar microglia have a
stronger CGAS-STING-mediated immune response in A-T than cortical microglia.

A-T patient iPSC-derived microglia demonstrate cell-intrinsic activation of NF-xB and type
| interferon signaling

To understand whether microglia might contribute to neurodegeneration in A-T, we sought
to determine when cerebellar microglia become activated in disease progression relative

to Purkinje and granule cell death. We employed pseudotime analysis to understand the
cell-type-specific cascades of molecular events across disease progression in A-T.51 For
each cell type, cells were ordered along a continuous trajectory that progressed from the
control to the diseased state (Figure S5A). We performed differential analysis to identify
genes that change as a function of pseudotime and clustered these genes by their pseudotime
expression patterns. We then applied GO analysis to determine the enriched biological
functions of each gene cluster. For microglia, the beginning of pseudotime (healthy state)
had high expression of genes involved in cellular respiration, oxidative phosphorylation,

and synaptic vesicle exocytosis, consistent with a high metabolism gene expression profile
characteristic of cerebellar microglia®2 (Figure S5B). Over disease progression, upregulation
of CGAS-STING pathway genes (i.e., CGAS, TRIM14, TRIM38, TRIM56) was followed
by leukocyte activation, cytokine production, and innate immune response (Figures S5B

and S5C). In Purkinje neurons, disease progression was characterized first by a decline

in genes related to calcium ion homeostasis (i.e., /TPRI), followed by a cluster of genes
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related to immune response and response to cytokines (i.e., HSPA1A, BZ2M, 1SG15) and

the apoptotic signaling pathway (i.e., XBP1, BCLZ2, CASP2) (Figure S5D). Granule neurons
first demonstrated a decrease in chromatin organization (i.e., HDAC4, HDACZ2, CHDS5)

and glutamatergic synaptic signaling genes (i.e., NRXN1, RELN, SYTI), followed by
upregulation genes related to oxidative phosphorylation (i.e., PINK1, NDUFS5, UQCRH),
and then upregulation of genes related to response to cytokine (i.e., SP100, STAT6, ISG15),
response to unfolded protein (i.e., HSPAIA, HSPE1, DNAJBI), and programmed cell death
(i.e., IFI6, BCL2, XBPFI) at the end of pseudotime, suggesting that synaptic and metabolic
dysfunction precedes granule neuron death in A-T (Figure S5E).

We then compared molecular events between microglia, Purkinje cells, and granule cells
along disease progression by aligning their pseudotime trajectories using dynamic time
warping.33 This revealed that the upregulation of inflammatory response and cytokine
production genes in microglia (i.e., CIQA, /L18, IFI16, CGAS, LTBR, TNFSF10) occurs
earlier in disease progression pseudotime than the onset of response to cytokine and
apoptosis genes (XBPI1, MUCI, TFAP2A) in Purkinje and granule cells (Figures 6A and
6B). These findings suggest that microglial activation and inflammation precede Purkinje
and granule cell death in A-T and support a model of cell-intrinsic microglial activation in
A-T.

To experimentally characterize microglial activation in A-T, we developed iPSC-

based experimental models using patients with A-T and controls (Figure 1B and

S6A). We generated human iPSCs from fibroblasts of an individual with A-T with
compound heterozygous splice-altering variants in A7M (hg38 chrl11:9.108332838C>T;
chr11:9.108347266_108353792del27) and used the well-characterized PGP1 iPSC line
as a control. We then differentiated microglia-like cells (iMGLS) from the A-T patient
and control iPSCs through a hematopoietic progenitor intermediate®* (Figure S6A). The
resulting iMGLs were a highly homogeneous population, with >85% cells expressing
microglia markers CD45 and CD11B as assessed by flow cytometry (Figure S6B). Profiling
of the iIMGLs by RNA-seq showed that they expressed canonical markers of microglia
(AIF1, CX3CR1, CSF1R, SPI1, TREM?) but did not express myeloid lineage (MPO,
KLF2), neuronal (MAPZ, SOX2), or pluripotency (POU5FI) marker genes Figure S6C).
Principal-component analysis with transcriptomic profiles from A-T and control iMGLs
along with our snRNA-seq data from human adult cerebellum and published snRNA-seq
data from human fetal cerebellum?2 confirmed that iMGLs cluster more closely with
microglia from adult and fetal human cerebellum than with other brain cell types (Figure
S6D).

We performed differential gene expression analysis of A-T versus control iMGLs, revealing
upregulation of genes involved in cytokine secretion, phagocytosis, nuclear factor xB (NF-
xB) signaling, and type | interferon signaling (Figure S6E; Table S5). To compare A-T
iMGLs and A-T cerebellar microglia, we obtained genes upregulated in both and identified
enrichment of immune-related GO terms, including microglial cell activation, cytokine
secretion, NF-xB, and type | interferon signaling pathways (Figure 6D; Table S5). These
results confirmed that A-T microglia grown in isolation take on an activated phenotype,
demonstrating that this is a cell-intrinsic property of microglia in A-T.
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We hypothesized that cell-intrinsic activation of NF-xB and type | interferon signaling in
A-T microglia could be due to cytoplasmic DNA triggering CGAS-STING since a major
consequence of CGAS-STING activation is initiation of NF-xB signaling and production
of type | interferon-related cytokines.556 In support of cytoplasmic DNA as a potential
trigger for microglia activation in A-T, A-T iMGLs also showed positive enrichment of a
CGAS-STING gene set (Figure 6E; Table S5). The similar enrichment of CGAS-STING,
NF-xB, and type | interferon pathways among genes upregulated in A-T iMGLs and

A-T postmortem microglia supports that A-T microglia are activated by a cell-intrinsic
mechanism that may involve cytoplasmic DNA and CGAS-STING (Figure 6E; Table S5).

In silico and in vitro models of microglia-neuron interactions reveal that A-T microglia
increase cytotoxicity

A-T Purkinje and granule neurons showed enrichment of response to cytokine genes late in
disease progression, raising the possibility that cytokines produced by microglia induce
molecular changes in Purkinje and granule neurons in A-T (Figure 6A). Consistently,
ligand-receptor analysis revealed increased cytokine signaling (/L1B, IL7, IL4, IL15), type
I interferon signaling (/FNA2), CDA40 signaling (CD40LG), and complement signaling (C3,
C4) from microglia to granule and Purkinje neurons in A-T versus control (Figure S6F).
Notably, several of these pro-inflammatory cytokines, including /L1Band /FNAZ, have
been shown to induce neurotoxicity.>’-59 This suggests that activated microglia in A-T have
increased secretion of pro-inflammatory cytokines that may have neurotoxic consequences.

To test this hypothesis experimentally, we differentiated A-T patient and control iPSCs into
neurons using overexpression of Aign29 and co-cultured them with A-T patient and control
iMGLs (Figure 6C). iNs transcriptionally correlated with human midgestational cerebellum,
making them a relevant model for studying microglia-neuron interactions in A-T (Figure
S6G). We co-cultured iMGLs and iNs for 6 days and assessed cytotoxicity by lactate
dehydrogenase (LDH) release. We found that co-culturing control iNs with A-T iMGLs was
sufficient for increased cytotoxicity compared to co-culturing with control iMGLs (Figure
6C; p < 0.001, Mann-Whitney U test). Moreover, A-T iMGLs co-cultured with A-T iNs
demonstrated increased cytotoxicity compared to control iMGLs co-cultured with A-T iNs
(Figure 6F; p < 0.001, Mann-Whitney U test). A-T iMGLs co-cultured with A-T iNs had the
highest levels of cytotoxicity, suggesting that A-T iNs are more vulnerable to A-T iMGLs.
Taken together, these results indicate that A-T microglia have increased pro-inflammatory
interactions with neurons and lead to increased cytotoxicity.

DISCUSSION

In this study, we present an atlas of human cerebellar transcriptomes in health and
degeneration at single-cell resolution. We identified major neuronal and glial cell types
in the cerebellum and transcriptomic signatures in A-T. We resolved cell-type-specific
transcriptional perturbations in A-T, including activation of pro-inflammatory pathways
in microglia that was more pronounced in the cerebellum versus the PFC. The activation
of microglia in A-T PFC despite a lack of cortical atrophy or neuronal loss suggests

that A-T microglia are activated by a cell-intrinsic mechanism rather than in response to
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neurodegeneration, with brain-region-specific factors leading to stronger activation in the
cerebellum. We found that genes in the CGAS-STING pathway, including CGAS itself,
were significantly upregulated specifically in A-T microglia, with preferential activation in
the cerebellum. Moreover, A-T patient iPSC-derived microglia cultured in the absence of
neurons also demonstrated upregulation of genes involved in CGAS-STING, NF-xB, and
type | interferon signaling, further suggesting a cell-intrinsic mechanism of activation. The
CGAS-STING pathway is activated in response to cytosolic DNA, suggesting the presence
of cytosolic DNA in A-T microglia. These results are consistent with recent reports of
cytosolic DNA and CGAS-STING activation in microglia from rodent models of A-T.61.62
Potential sources of cytosolic DNA include release of nuclear self-DNA,#341 mitochondrial
DNA released by defective mitochondria,%3-%5 reverse-transcribed transposable elements as
observed in aging-related disorders,%6 and phagocytosis of nucleic acids from cellular debris.
It will be of great interest for future work to identify the source of cytosolic DNA in A-T
microglia as a potential therapeutic avenue for modulating inflammation in A-T. Reducing
inflammation in rodent models of A-T with ibuprofen led to decreased microglial activation
and neuronal apoptosis, further highlighting microglia as a therapeutic target in A-T.57

Activated microglia have been intensely studied in the context of neurodegenerative
disorders including AD, Parkinson’s disease, and amyotrophic lateral sclerosis (ALS).58
Our study highlights the involvement of microglia in human cerebellar degeneration as
well. Through pseudotime analyses, we found that the rise in pro-inflammatory genes

in A-T microglia precedes the onset of cytokine response and apoptosis-related genes

in A-T Purkinje and granule neurons, and ligand-receptor analysis indicated increased
pro-inflammatory signaling from microglia to neurons in A-T. These findings support a
model of pathogenesis whereby cell-intrinsically activated microglia release neurotoxic
cytokines and factors that trigger Purkinje and granule cell death. Recent work in human
microglial cell lines demonstrated that persistent DNA damage due to loss of ATM leads

to microglial activation and excessive phagocytosis of neurites, providing further validation
for a cell-intrinsic mechanism of microglia activation that contributes to neuronal damage.10
Rodent models of A-T also show evidence of neuroinflammation and microglial activation
that lead to secretion of neurotoxic cytokines,61:62.69 byt why these models do not fully
recapitulate cerebellar degeneration remains unknown. Potential reasons may be that the
rodent cerebellum has an increased numerical density (number/mm3) of Purkinje cells
compared to human cerebellum?® or that Purkinje cell transcriptomic differences between
rodent and human may underlie the different phenotypes.’1:72 Here, our data from human
patients with A-T and patient-derived iPSC models provides critical support that microglial
activation, previously demonstrated /n vitro and in rodent models, is also found in human
A-T patient brains and may contribute to A-T disease mechanisms. The pathological
nature of pro-inflammatory signaling from activated microglia is also supported by clinical
observations that treatment with glucocorticoids reduced ataxia symptoms in A-T.73-76
The presence of activated microglia in A-T PFC without cortical neuron loss suggests

that cerebellar Purkinje and granule neurons are more vulnerable to activated microglia.
Moreover, the increased cytotoxicity of A-T iNs cocultured with A-T iMGLs suggests that
A-T iNs have increased vulnerability to microglia. It is possible that cell-autonomous and
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non-cell-autonomous effects of A7M loss in cerebellar neurons and microglia interact to
cause A-T pathology.

This study identifies cell-type-specific changes in A-T across multiple brain regions and
serves as a resource as an adult human cerebellum vermis dataset in health and degeneration.
While granule and Purkinje neurons have been the most studied cell types in A-T due

to their selective degeneration, this study highlights the central role of microglia in A-T
cerebellar degenerative pathogenesis.

Limitations of the study

Limitations of this study include that the iPSC lines used were derived from a single patient
with A-T and an unrelated control. The iPSC-derived findings presented here represent

a preliminary study on the interaction between microglia and neurons in A-T disease
pathogenesis. It will be important for future experiments to expand this work to include
isogenic control lines or at least three independent A-T patient iPSC lines and control iPSC
lines. Another limitation is that the iPSC-derived neuronal model employed in this study
does not develop the same morphological complexity characteristic of Purkinje neurons.

An exciting area of future work includes co-culture of iPSC-derived microglia with iPSC-
derived cerebellar organoids or Purkinje and granule neurons as the most relevant models for
A-T. Given that microglia and other brain-resident macrophages share several transcriptomic
markers, another limitation is that the microglia cluster may include a small percentage of
other brain-resident macrophages. As markers of subtypes of brain-resident macrophages
become elucidated, future studies will be able to better distinguish these cell types in the
brain. Moreover, it is possible that some of the transcriptional alterations identified in

certain cell types reflect processes other than degeneration, such as compensatory changes

in surviving cells. It will be important for future work to further dissect the developmental
onset, contribution of cell-type interactions, and cellular responses to cerebellar degeneration
in A-T. Taken together, our findings suggest that cell-intrinsic microglial activation may play
a critical role in A-T, setting the stage for future experiments that will further illuminate

the precise mechanisms by which microglia-neuron interactions may contribute to selective
cerebellar degeneration in A-T.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Eunjung Alice Lee
(ealee@childrens.harvard.edu).

Materials availability—All unique reagents generated in this study are available from the
lead contact with a completed materials transfer agreement.

Data and code availability—Single-nucleus RNA-sequencing and whole genome

sequencing data from postmortem individuals and RNA-sequencing data from human
iPSC lines generated in this study have been deposited at dbGaP: phs003005.v2.p1 and

Cell Rep. Author manuscript; available in PMC 2024 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lai et al.

Page 13

are publicly available as of date of publication. Single-nucleus RNA-seq data have also
been deposited at the Broad Single Cell Portal (https://singlecell.broadinstitute.org; Study
ID SCP1300 and SCP1302). Accession numbers for all deposited data are listed in the

key resources table. This paper does not report original code. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human tissue—All human postmortem brain tissue samples were obtained from the NIH
NeuroBioBank. Samples were matched as closely as possible for age, sex, RIN, and PMI.
All available neuropathology reports and medical records for each sample were obtained.
Detailed sample information is in Table S1. All cerebellar vermis samples are from the
same anatomical section (section 1) and include the entire vermis, and all cortex samples
are from BA9/BA46, which are adjacent Brodmann areas. Sectioning was performed as
described by the University of Maryland Brain and Tissue Bank Sectioning Protocol: “LEFT
HEMISPHERE: CEREBRUM A cut is made just posterior to the cerebral peduncle and

the midbrain/pons/cerebellum are removed as a unit from the left hemisphere (Cut #3). The
remaining cerebrum is sectioned coronally, at approximate 1 cm intervals beginning from
the frontal pole apex and proceeding caudally. As each section is isolated, it is gently rinsed
with water, blotted dry, assigned a sequential numeric identifier (odd numbers only!), and
placed in the freezing bath. The handling of sections is best aided by the use of a plastic
spatula. Each frozen section is placed into individual plastic bags appropriately labeled and
sealed. All bags are then stored in a —80°C freezer prior to shipping. Frozen sections of the
cerebrum are identified as.

LEFT HEMISPHERE: CEREBELLUM The remaining cerebellum is placed in a vertical
plane (its normal anatomic position) and sectioned at 0.5 to 0.6 cm intervals beginning

from the medial surface (vermis) and moving laterally. Each resulting section is assigned

a sequential identifier (odd numbers only!). Frozen sections of the cerebellum are

identified as,9” (https://www.medschool.umaryland.edu/btbankold/Brain-Protocol-Methods/
Brain-Sectioning—Protocol-Method-2/).

Human cell lines—Fibroblasts from an individual with A-T (2 years old, female) were
reprogrammed into iPSCs using non-integrative Sendai virus. Control iPSCs from Personal
Genome Project participant 1 (PGP1, 53 years old, male) were used as the control line
(Synthego).

METHOD DETAILS

Isolation of single nuclei from fresh frozen tissue samples—The nuclei isolation
protocol was adapted from two previous publications.83:84 Specifically, the protocol was
performed as follows: all procedures were performed on ice or at 4°C. Approximately 100
mg of fresh frozen samples were processed using a Dounce homogenizer in 5 mL of tissue
lysis buffer (0.32M sucrose, 5SmM CaCl,, 3mM MgAcy, 0.1mM EDTA, 10mM Tris-HCl
(pH 8), 0.1% Triton X-100, ImM DTT). The homogenized solution was loaded on top of a
sucrose cushion (1.8M sucrose, 3mM MgAcy, 10mM Tris-HCI (pH 8), 1ImM DTT) and spun
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in an ultracentrifuge in an SW28 rotor (13,300 RPM, 2hrs, 4°C) to separate nuclei. After
spinning, supernatant was removed and nuclei were resuspended (1% BSA in PBS plus 25
KL 40U/uL RNAse inhibitor) then filtered through a 40 um cell strainer. After filtration,
nuclei were counted and diluted to a concentration of 1000 cells/pL.

Droplet-based snRNA-seq—Droplet-based libraries were generated using the
Chromium Single Cell 3’ v3 reagent kits (10x Genomics Cat# PN-1000268) according to
manufacturer’s instructions. Resulting libraries were sequenced on an Illumina Novaseq at
150 paired-end reads with depth 20,000 reads/nucleus.

snRNA-seq analysis—snRNA-seq data for each individual was preprocessed and aligned
to the GRCh38-3.0.0 reference genome using CellRanger count. After alignment, ambient/
background RNA was removed from the count matrix using CellBender remove-background
(v0.2.0).17 The resulting count matrices were used to create Seurat objects per individual
using Seurat v4.1° Further quality control removed cells with less than 200 genes per

cell, greater than 5000 genes per cell, and greater than 30% mitochondrial content.
DoubletFinder® was used to detect and remove doublets with an expected multiplet rate

of 7.6% for ~16,000 cells loaded per sample based on the 10x user guide.

SCTransform was used to perform normalization of expression values per sample.8
After normalization, samples were integrated to align common clusters across individual
datasets using Seurat’s integration method.® Dimensionality reduction was performed
using RunPCA and RunUMAP. A shared nearest neighbor graph was constructed using
FindNeighbors with dims 1:30, k.param 100, and cosine metric. Clusters were then
identified using the Leiden algorithm at a resolution of 1.5.

Marker genes for each cluster were obtained using FindAlIMarkers with a minimum log2
fold-change of 0.25. Cluster markers were used to assign cerebellar cell type identities
based on known literature cell type markers. For annotating clusters in the prefrontal cortex,
SingleR was used for reference-based annotation since reference datasets from the human
prefrontal cortex are available.1® Velmeshev et al., 2019 was used as the prefrontal cortex
ref.18,

To identify changes in cell type proportions in AT compared to controls, we used a

Bayesian statistics approach to compositional data analysis previously described in the
context of microbial ecology.2° Compositional data has a negative covariance structure that
is accounted for by the multinomial and Dirichlet probability distributions. We implemented
Dirichlet multinomial modeling (DMM) using Hamiltonian Monte Carlo (HMC) using the R
packages rstan and bayestestR (Stan Development Team (2020). “RStan: the R interface to
Stan.” R package version 2.21.2, http://mc-stan.org/.).86 The input to the model was a matrix
of counts where the rows correspond to replicates (individual samples) and the columns
correspond to cell types. We then modeled the replicates using the multinomial distribution
for the probability of each cell type per individual. The Dirichlet distribution was used

to model the multinomial parameters. The prior on the Dirichlet parameters was another
Dirichlet distribution with a fixed parameter alpha 10~/, which gives uniform cell type
proportions in expectation. The resulting posterior distributions were Dirichlet distributions
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of the cell type proportions in AT and control. We then subtracted the posterior probability
distribution (89% credible interval) of control from AT to see whether there are significant
differences in relative cell type composition. A cell type shift in log2 abundance ratio (AT/
control) was considered significant if the 89% credible did not include 0.

Differential gene expression and Gene Ontology analysis—Differential gene
expression analysis was performed on each cell type using edgeR.”” The integrated Seurat
object was subset to obtain Seurat objects for each cell type. The read counts were modeled
and normalized using a negative binomial distribution with the trimmed mean of M-values
(TMM) normalization method. To ensure robust signals, only genes that were expressed in
at least 5% of one cell type were included in the analysis. The design matrix formula was ~
disease.status + sex + age + cellular detection rate. Differentially expressed genes between
AT and control were identified using the quasi-likelihood approach (gImQLF). Genes with
FDR <0.05 and a log2 fold-change greater than 0.50 were used for downstream analysis.

Pseudobulk differential gene expression analysis was performed using DESeq2.78 To
generate pseudobulk data, we took the sum of raw counts for each gene over all cells in
each sample, resulting in a gene by sample counts matrix. The design matrix was specified
as ~ sex + age + disease.status. Differentially expressed genes between AT and controls
were identified after running IfcShrink. Genes with FDR <0.05 were considered statistically
significant.

Gene Ontology (GO) enrichment analysis was performed on the upregulated and
downregulated differentially expressed genes in each cell type using clusterProfiler.82 GO
biological processes with FDR <0.05 were considered significant.

Gene Set Enrichment Analysis was performed on differentially expressed genes ordered by
log2 fold-change (descending order) with the function GSEA() with default settings from
clusterProfiler. Human gene sets of interest were obtained from the Molecular Signatures
Database (MSigDB)87:88 and are listed in Supplementary Table 21.

CellChat’® was used to perform ligand-receptor analysis in order to identify differential
cell-cell communication in AT compared to control. Differentially active signaling pathways
with FDR<0.05 were considered significant.

Cell cycle scores—AddModuleScore calculates the average expression of a gene set

in each cell, subtracted by the average expression of a control gene set, as previously
described.8 A positive score means the module of genes is expressed more highly in a
particular cell than expected by chance. Cell cycle phase scores were calculated using this
method based on canonical cell cycle markers using the Seurat function CellCycleScoring,
which then outputs the predicted classification (G1, S, or G2M phase) for each cell.

Disease gene analysis—Known monogenic cerebellar disease genes were obtained from
the Online Mendelian Inheritance in Man (OMIM) database. The mouse cerebellum data
was obtained from Saunders et al., 2018.90 To determine the correlation of cerebellar disease
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gene expression between humans and mice, cosine similarity was calculated between the
human and mouse expression vectors of the genes for each cell type.

Pseudotime analysis—Pseudotime trajectory analysis was performed using Monocle2.51
First, Seurat objects for each cell type (Microglia, Purkinje, and granule cells) were
converted into the Monocle2 compatible cell dataset form using as.CellDataSet. Cells
were clustered in an unsupervised manner using clusterCells. The top 1000 differentially
expressed genes between AT and control in each cell type were used as the ordering

genes to order cells along the pseudotime trajectory. The root state of the trajectory was
defined as the cluster with the highest proportion of control cells. Genes that change as a
function of pseudotime were identified using differentialGeneTest with the model formula
specified as ~ sm.ns(Pseudotime), which fits a natural spline to model gene expression as
a smooth nonlinear function of pseudotime. Genes that change over pseudotime with an
FDR<0.05 were considered significant. These genes were then clustered according to their
pseudotime expression profiles. GO enrichment analysis was performed on each cluster
using cluster-Profiler to identify the biological processes that co-vary across pseudotime.

To align the pseudotime trajectories between cell types, the method dynamic time warping
(DTW) was applied as previously described.>3 DTW aligns similar temporal processes that
differ in length by calculating the optimal matching between points in each sequence. For
each cell type, ordered cells in pseudotime were binned into 100 “pseudocells” and the
average expression of each gene was calculated within each pseudocell. The resulting gene
x pseudocell matrices were the input for the dtw package in R. The Purkinje cell matrix was
set as the reference and the other cell type was the query. The cost matrix was calculated

as 1-corr(M1, M2), where corr(M1, M2) is the cosine similarity matrix between cell type 1
matrix (M1, reference) and cell type 2 matrix (M2, query). The query cell type pseudotime
values were then warped into the reference to obtain aligned pseudotimes.

Whole genome sequencing and variant Calling—DNA was isolated using the
Qiagen DNA Mini kit (Qiagen Cat# 51304) according to the protocol for tissues.
Approximately 25mg of fresh frozen tissue was minced into small pieces. Tissue was
transferred to a 1.5mL microcentrifuge tube and 180uL of Buffer ATL as added. 20ul

of proteinase K was added prior to 4 h of agitation at 56°C on a thermomixer (1400
RPM). DNA isolation proceeded as written in the protocol with the inclusion of the
optional RNase A step. Libraries were prepared with the TruSeq DNA PCR-free library
kit (Illumina). Libraries were sequenced at 30X coverage with Illumina NovaSeq 6000 S4,
2 x 150 bp. WGS data for each individual was processed using GATK4.80 Specifically,
we used the DRAGEN-GATK whole genome germline pipeline for variant discovery with
the WGS_Maximum_Quality mode on Terra (terra.bio). Reads were aligned using hg38
as the reference genome. Resulting VCF files were annotated using ANNOVAR.81 Sample
information and variants are listed in Table S1.

Immunostaining and Imaging—Postmortem human formalin fixed vermis samples
from four subjects diagnosed with Ataxia-Telangiectasia and three age matched controls
were obtained from the University of Maryland Brain and Tissue Bank (Table S1). The
samples were embedded in paraffin by the UMCCTS Biospecimen, Tissue and Tumor Bank,
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and sectioned on a LEICA RM2125 microtome. Sections were cut at 20 um thickness,
placed on uncharged untreated Fisherfinest premium microscope slides (Cat# 12-544-7),
and dried overnight at 37°C. Eight sections (four control and four with AT pathology)

were selected at random, deparaffinized with xylene and rehydrated in a graded ethanol
wash series. This was followed by antigen retrieval, done by heating citrate buffer (pH

6.2) to 90°C and leaving the slides to soak for 45 min, then allowing the solution and

slides to cool to room temperature. The samples were then subjected to brief PBS washes
before application of a primary antibody solution consisting of blocking solution, 10%
Triton in 10x PBS for permeabilization, and primary antibody. Primary antibodies used
included Anti-CD11B/Integrin Alpha M Monoclonal Antibody (Proteintech, Cat# 66519-1-
Ig, concentration 1:100), and Anti-GFAP antibody produced in rabbit (Millipore Sigma
Cat# HPA056030, concentration 1:250). The samples were incubated at 4°C overnight.

The following day the samples were washed for an hour and a half in cold 1x PBS

before application of secondary antibody solution consisting of blocking solution, 10%
Triton, and Donkey anti-Mouse Cross-Adsorbed Secondary Antibody, Alexa Fluor plus 555
(ThermoFisher Scientific, Invitrogen, Cat# A32773, concentration 1:125) and Donkey anti-
Rabbit Cross-Adsorbed Secondary Antibody Alexa Fluor plus 488 (ThermoFisher Scientific,
Invitrogen, Cat# A32790, concentration 1:125). After incubating overnight in the dark at
4°C the samples were washed in 1x PBS for an hour and a half in the dark. The tissue was
stained for DAPI (ThermoFisher Scientific, Cat# 62248, concentration 1:10,000 in 1x PBS),
washed and then treated with TrueBlack lipofuscin autofluorescence quencher (Biotium,
Cat# 23007) according to the manufacturer’s protocol. The samples were subjected to 30
min of washes in Barnstead water before being allowed to air dry. The tissue was mounted
in Everbrite (Biotium, Cat# 23003) with Platinum Line cover glass (FisherScientific, Cat#
15-183-89) and left to cure overnight. Imaging was performed on a Zeiss LSM700 inverted
microscope using ZEN Black 2012 Software.

Maintenance and culture of iPSCs—Fibroblasts from an individual with A-T (2 years
old, female) were reprogrammed into iPSCs using non-integrative Sendai virus. The patient
had the following compound-heterozygous variants in A7M: hg38 chr11:9.108332838C>T;
chr11:9.108347266_108353792del27. Control iPSCs from Personal Genome Project
participant 1 (PGP1) were used as the control line. Both iPSC lines were mycoplasma
negative, karyotypically normal, and expressed pluripotency markers OCT4, SOX2,
NANOG, SSEA4, TRA-1-60. iPSCs were maintained in 6-well or 10 cm plates (Corning)
coated with LDEV-free hESC-qualified Matrigel (Corning Cat# 354277) in feeder-free
conditions with complete mTeSR-plus medium (STEMCELL Technologies Cat# 100-1130)
in a humidified incubator (5% CO2, 37°C). iPSCs were fed fresh media daily and passaged
every 3—4 days.

Differentiation of iPSCs to hematopoietic progenitor Cells—Human iPSC-derived
hematopoietic progenitors (HPC) were generated using the STEMdiff Hematopoietic Kit
(STEMCELL Technologies Cat# 05310) according to the manufacturer instructions based
on a protocol by Abud et al., 2017.54 Briefly, iPSCs were dissociated into aggregates

using Gentle Cell Dissociation Reagent (STEMCELL Technologies Cat# 100-0485) and
40-80 aggregates were plated per well on Matrigel coated 12-well plates. Cells were
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maintained in Medium A to induce a mesoderm-like state until day 3. From day 3

to day 12, cells were maintained in Medium B with half-media changes every 2 days

to promote further differentiation into hematopoietic progenitor cells. To confirm the
differentiation from iPSC to HPC, we performed flow cytometry on day 12 at the end

of HPC differentiation. Cells were harvested and incubated with CD45-APC (1 umL per
50,000 cells in 100 pL, STEMCELL Technologies Cat# 60018AZ) and CD34-PE (1 pL per
50,000 cells in 100 uL, STEMCELL Technologies Cat# 60119PE) antibodies for 15 min
in the dark at 4°C. In addition to double-stained samples, we included unstained samples,
Fluorescence Minus One (FMO) controls, and compensation single-stain controls using
OneComp eBeads (Thermo Scientific Cat# 01111142). Samples were washed twice with
FACS buffer (Phosphate Buffered Saline (PBS) with 2% FBS) and transferred to 5 mL
Round Bottom Polystyrene FACS tubes. Flow cytometry was performed at the HSCI-BCH
Flow Cytometry Research Facility using the BD FACSAria 1. Analysis was performed
using FlowJo software.

Differentiation of hematopoietic progenitor cells to Microglia—Human iPSC-
derived microglia (iMGL) were generated from human iPSC-derived hematopoietic
progenitors using the STEMdiff Microglia Differentiation Kit (STEMCELL Technologies
Cat# 100-0019) and STEMdiff Microglia Maturation Kit (STEMCELL Technologies Cat#
100-0020) according to manufacturer instructions. Briefly, hematopoietic progenitor cells
from day 12 of the STEMdiff Hematopoietic Kit protocol were collected and transferred

to a Matrigel coated 6-well plate (200,000 cells per well) with STEMdiff Microglia
Differentiation Medium. From day 0-24, 1 mL Microglia Differentiation Medium was
added to each well every other day. After day 24, cells were maintained in STEMdiff
Microglia Maturation Medium with half-medium volume added every other day. To confirm
the differentiation from HPC to iMGL, we performed flow cytometry on day 24 at the

end of microglia differentiation. Cells were harvested and blocked with CD32 antibody

(2 pL per 50,000 cells in 100 pL, STEMCELL Technologies Cat# 60012) for 15 min at
4°C. Samples were then incubated with CD45-APC (1 uL per 50,000 cells in 100 pL,
STEMCELL Technologies Cat# 60018AZ) and CD11B-FITC (1 pL per 50,000 cells in

100 pL, STEMCELL Technologies Cat# 60040F1) antibodies for 15 min in the dark at

4°C. In addition to double-stained samples, we included unstained samples, FMO controls,
and compensation single-stain controls using OneComp eBeads (Thermo Scientific Cat#
01111142). Samples were washed twice with FACS buffer (Phosphate Buffered Saline
(PBS) with 2% FBS) and transferred to 5 mL Round Bottom Polystyrene FACS tubes. Flow
cytometry was performed at the HSCI-BCH Flow Cytometry Research Facility using the BD
FACSAria 1. Analysis was performed using FlowJo software.

RNA-sequencing of A-T and control iIMGL—RNA was harvested from day 29 iMGL
samples using the PureLink RNA Mini kit (Life Technologies Cat# 12183018A). Libraries
were prepared with the Illumina Stranded mRNA prep. Sequencing was performed on
Illumina HiSeq, 2x150bp configuration at approximately 20X depth per sample. Reads
were aligned to hg38 using STAR v2.7.9a followed by processing with featureCounts to
obtain a gene-level counts matrix. Differential gene expression analysis was performed
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using DESeq2 with control set as the reference condition and results coefficient set as
‘condition_AT_vs_control’.

Differentiation of iPSCs to neurons—Human iPSC-derived neurons (iNs) were
generated from iPSCs transduced with the lentiviruses Tet-O-Ngn2-Puro and FUW-M2rtTA
based on a previously published protocol.6% On day -1 of differentiation, iPSC colonies
were dissociated into single-cells using Accutase (STEMCELL Technologies Cat# 07920)
and 4-8 million cells were plated on Matrigel coated 10 cm dishes with complete

mTeSR plus medium supplemented with Y-27632 (10 puM). On day 0, cells were fed N2
media (DMEM/F-12 media, 1X N2, 1X Nonessential Amino Acids) supplemented with
doxycycline (2 ug/mL), BDNF (10 ng/mL), NT3 (10 ng/mL), and laminin (0.2 pg/mL). On
day 1, media was replaced with N2 media with puromycin (1 pg/mL) in addition to the
supplements listed above. On day 2, cells were fed B27 media (Neurobasal media, 1X B27,
1X Glutamax) supplemented with puromycin (1 ug/mL), doxycycline (2 pg/mL), Ara-C (2
M), BDNF (10 ng/mL), NT3 (10 ng/mL), and laminin (0.2 pg/mL). On day 3, cells were
dissociated into single cells using Accutase and replated onto polyethylenimine/laminin
coated 96-well plates (10,000 cells/well) with B27 media supplemented with Y-27632

(10 uM), doxycycline (2 pg/mL), Ara-C (2 uM), BDNF (10 ng/mL), NT3 (10 ng/mL),

and laminin (0.2 pg/mL). On day 5, cells were fed with Conditioned Sudhof Neuronal
Growth Medium (1:1 ratio of Astrocyte Conditioned Media and Neurobasal Media, 1X
B27, Glutamax, NaHCO3, and transferrin) supplemented with BDNF (10 ng/mL), NT3 (10
ng/mL), and laminin (0.2 pg/mL).

Co-culture of iIMGL and iNs—Day 29 iMGL were added to Day 6 iNs plated in a
96-well plate at a 1:5 ratio (2,000 iMGL:10,000 neurons per well) with 15 independent wells
per co-culture condition (A-T iIMGL/A-T iN; A-T iMGL/control iN; control iIMGL/A-T iN;
control iMGL/control iN). The co-cultures were maintained for 6 days.

Cytotoxicity assay—Cytotoxicity of co-cultures were assessed with the LDH-Glo
Cytotoxicity Assay (Promega Cat# J2380) according to the manufacturer instructions. 5

uL of medium from each co-culture well was diluted in 95 pL LDH Storage Buffer (200 mM
Tris-HCI pH 7.3, 10% Glycerol, 1% BSA). LDH activity was measured by combining 10 pL
LDH Detection Reagent with 10 pL diluted sample in a 384-well white opaque-walled assay
plate (Greiner Bio-One Catalog # 784080) after incubating for 45 min at room temperature.
LDH standards were prepared according to manufacturer instructions. Fresh culture medium
was used as a no-cell control. To generate a maximum LDH release control, 2 uL of 10%
Triton X-100 was added per 100 pL to 96-wells containing iNs for 10 min followed by
sample collection in LDH storage buffer as described above. Plate was read using the
Spectramax iD5 plate reader with the luminescence read mode. Percent cytotoxicity was
calculated according to the kit’s protocol as % Cytotoxicity = 100 x (Experimental LDH
Release — Medium Background)/(Maximum LDH Release Control — Medium Background).

Quantification and statistical analysis—No statistical methods were used to
predetermine sample sizes. All statistical tests were performed in R (v4.0.1) or Python (v3.8)
with multiple hypothesis correction using the Benjamini-Hochberg procedure (FDR<0.05)
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unless otherwise specified. Statistical tests and sample sizes are noted in figure legends, and
include Fisher’s exact test, Student’s t-test and Mann-Whitney U-test.
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Highlights
A-T microglia show signatures of aging and disease-associated microglia
A-T cerebellum has greater microglia activation compared to cortex
A-T patient iPSC-derived microglia (iMGLs) exhibit cell-intrinsic activation

A-T IMGLs are sufficient to increase cytotoxicity of neuronal co-cultures
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Figure 1. Dissecting cell-type-specific contributions to neurodegeneration in ataxia-telangiectasia
using single-nucleus RNA sequencing of postmortem brain and patient iPSC-derived cultures

(A) Schematic overview of single-nucleus RNA sequencing (ShRNA-seq) experimental

design and computational analyses.

(B) Schematic overview of ataxia-telangiectasia (A-T) patient and control human iPSC-
derived experimental design. n represents the number of independent culture wells. MG,
microglia; PC, Purkinje cells; GC, granule cells; iMGL, iPSC-derived microglia; iN, iPSC-

derived neurons.
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Figure 2. Cell types resolved in A-T and control human cerebellum by snRNA-seq

Decreased in A-T Increased in A-T

(A) Uniform manifold approximation and projection (UMAP) dimensionality reduction plot
of major cell types identified in A-T and control human cerebellum, downsampled to 10,000

cells for each condition.

(B) Top five marker genes for each major cell type in control cerebellum. Heatmap depicts
centered and scaled log-normalized expression values.
(C) Cell-type proportions in A-T and control cerebellum.

(D) Relative abundance of cell types in A-T versus control cerebellum, shown as the

posterior distribution of log2(proportion in A-T/proportion in control) with 89% credible
interval. Red bars highlight credible intervals that do not overlap 0. Bolded cell-type labels
indicate a significant difference in relative abundance.
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Figure 3. Gene Ontology (GO) analysis of differentially expressed genes in A-T cerebellum
(A-C) Select enriched GO biological processes among DEGs in (A) A-T Purkinje neurons,

(B) granule neurons, and (C) microglia. Select genes in each pathway and their log2

fold changes (A-T/control) shown in the heatmap. Bar plot shows significance of pathway
enrichment among upregulated genes (red) and downregulated genes (blue).

(D) CD11B immunostaining of postmortem cerebellar cortex from A-T and control. WM,
white matter; GL, granule layer; ML, molecular layer. Quantification of CD11B+ cells
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across cerebellar cortex layers in A-T and control. Error bar represents 95% confidence
interval. ****Bonferroni-adjusted p < 1e—04, Mann-Whitney U test. Scale bar, 50 pum.
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(A) Average scaled expression of complement components CIQA, CIQB, C1QC, and C3in
microglia from A-T and control cerebellum (CB) and prefrontal cortex (PFC).
(B) Overlap between A-T microglia upregulated genes and human Alzheimer’s disease
(AD) microglia markers,38 disease-associated microglia (DAM) markers,? and human
aging microglia markers (Aged).39 Overlap p values from Fisher’s exact test shown in

each cell. Color represents —log10(overlap p value). Number of genes in each set and

intersection are shown in parentheses.
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(C) Heatmap of A-T microglia log2 fold changes (false discovery rate [FDR] < 0.05)

for overlapping microglia markers. AT_AD, A-T and Alzheimer’s disease microglia
overlapping genes; AT_DAM, A-T and DAM overlapping genes; AT_AGED, A-T and
human aging microglia overlapping genes.

(D) GO hiological process enrichment of overlapping microglia markers. AT, A-T microglia-
only upregulated genes. Pathways with FDR <0.05 shown.
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Figure 5. Stronger activation of microglia in A-T CB compared to PFC
(A) Heatmap showing enriched GO biological processes and log2 fold changes of significant

DEGs in each pathway with greater upregulation in A-T CB microglia than A-T PFC
microglia.

(B) Dot plot of average scaled expression of CGAS-STING pathway genes in microglia of
the CB and PFC in A-T and control. Heatmap shows log2 fold change of CGAS-STING
pathway genes in A-T cerebellar microglia versus A-T PFC microglia. *FDR < 0.05.

(C) Gene set enrichment analysis (GSEA) plot for the CGAS-STING pathway in A-T CB
microglia versus control microglia (top) and A-T CB versus A-T PFC microglia (bottom).
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(D) Percentage of microglia putatively in replicating phase in control CB and PFC. **p <
0.01, t test.
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Figure 6. A-T patient iPSC-derived microglia reveal cell-intrinsic activation and increased

cytotoxicity in neuronal co-cultures

(A) Heatmap of genes that significantly change over aligned pseudotime in microglia,
Purkinje neurons, and granule neurons clustered by pseudotemporal expression patterns.
Each cluster is annotated with enriched GO terms (FDR < 0.05).

(B) Expression of select inflammatory genes (magenta) and apoptotic signaling and response
to cytokine genes (cyan) over aligned pseudotime in microglia, Purkinje neurons, and

granule neurons.
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(C) Schematic of A-T and control iPSC-microglia (iMGLs) and iPSC-neuron (iNs) co-
culture experiment.

(D) GO terms enriched among genes upregulated in A-T iMGL and A-T cerebellar
microglia versus control.

(E) GSEA plots for CGAS-STING, NF-xB, type | interferon (IFN) production, and response
to type | IFN pathways in A-T versus control iMGLs (top) and A-T versus control CB
microglia (bottom).

(F) Percentage of cytotoxicity of iMGL and iN co-cultures based on LDH-based cytotoxicity
assay (bottom). C, PGP1 control. *p < 0.05 and ***p < 0.001, ns, not significant, Mann-
Whitney U test.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-CD11B/Integrin Alpha M

Proteintech

Cat# 66519-1-1g; RRID:AB_2881882

Anti-GFAP Millipore Sigma Cat# HPA056030

Anti-CD32 STEMCELL Technologies Cat# 60012; RRID:AB_2925215

Anti-CD45-APC STEMCELL Technologies Cat# 60018AZ

Anti-CD34-PE STEMCELL Technologies Cat# 60119PE

Anti-CD11B-FITC STEMCELL Technologies Cat# 60040FI

Biological samples

Healthy adult BA9 brain tissue NIH NeuroBioBank; https:// Cat# UMB5288
neurobiobank.nih.gov/

Healthy adult BA46 brain tissue NIH NeuroBioBank; https:// Cat# UMB4638
neurobiobank.nih.gov/

Healthy adult cerebellar vermis brain tissue NIH NeuroBioBank; https:/ Cat# UMB6052
neurobiobank.nih.gov/

Healthy adult cerebellar vermis brain tissue NIH NeuroBioBank; https:// Cat# UMB5988
neurobiobank.nih.gov/

Healthy adult cerebellar vermis brain tissue NIH NeuroBioBank; https:// Cat# UMB4643
neurobiobank.nih.gov/

Healthy adult cerebellar vermis brain tissue NIH NeuroBioBank; https:// Cat# UMB5887
neurobiobank.nih.gov/

Healthy adult cerebellar vermis brain tissue NIH NeuroBioBank; https:// Cat# UMB5350
neurobiobank.nih.gov/

Healthy adult cerebellar vermis brain tissue NIH NeuroBioBank; https:// Cat# UMB5288
neurobiobank.nih.gov/

Healthy adult cerebellar vermis brain tissue NIH NeuroBioBank; https:// Cat# UMB5559
neurobiobank.nih.gov/

Ataxia-Telangiectasia adult BA9 brain NIH NeuroBioBank; https:// Cat# UMBA4874

tissue neurobiobank.nih.gov/

Ataxia-Telangiectasia adult BA9 brain NIH NeuroBioBank; https:// Cat# UMB1459

tissue neurobiobank.nih.gov/

Ataxia-Telangiectasia adult cerebellar NIH NeuroBioBank; https:// Cat# UMB6018

vermis brain tissue neurobiobank.nih.gov/

Ataxia-Telangiectasia adult cerebellar NIH NeuroBioBank; https://

vermis brain tissue neurobiobank.nih.gov/ Catif UMB5902

Ataxia-Telangiectasia adult cerebellar NIH NeuroBioBank; https:// Cat# UMBA4663

vermis brain tissue neurobiobank.nih.gov/

Ataxia-Telangiectasia adult cerebellar NIH NeuroBioBank; https:/ Cat# UMB1459

vermis brain tissue neurobiobank.nih.gov/

Ataxia-Telangiectasia adult cerebellar NIH NeuroBioBank; https://

vermis brain tissue neurobiobank.nih.gov/ Cat UMBAS7S

Ataxia-Telangiectasia adult cerebellar NIH NeuroBioBank; https:// Cat# UMB1485

vermis brain tissue neurobiobank.nih.gov/

Chemicals, peptides, and recombinant

proteins

Recombinant Human BDNF PeproTech Cat# 450-02

Recombinant Human NT-3 PeproTech Cat# 450-03
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Laminin Thermo Fisher Scientific Cat# 23017-015
Doxycycline Clontech Cat# 631311
2AraC Sigma-Aldrich Cat# C1768
Y-27632 Cayman Cat# 10005583
Corning Matrigel hESC-Qualified Matrix, Corning Cat# 354277

LDEV-Free

Gentle Cell Dissociation Reagent

STEMCELL Technologies

Cat# 100-0485

mTeSR-plus STEMCELL Technologies Cat# 100-1130
OneComp eBeads Themro Scientific Cat# 01111142
Accutase STEMCELL Technologies Cat# 07920

Critical commercial assays

Chromium Single Cell 3" v3 kit

10X Genomics

Cat# PN-1000268

STEMdiff Microglia Differentiation Kit

STEMCELL Technologies

Cat# 100-0019

STEMUdiff Hematopoietic Kit

STEMCELL Technologies

Cat# 05310

STEMdiff Microglia Maturation Kit

STEMCELL Technologies

Cat# 100-0020

PureLink RNA Mini Kit Life Technologies Cat# 12183018A

DNA Mini Kit Qiagen Cat# 51304

LDH-Glo Cytotoxicity Assay Promega Cat# J2380

Deposited data

snRNA-seq data This study dbGaP: phs003005.v2.p1
WGS data This study dbGaP: phs003005.v2.p1l
RNA-seq data This study dbGaP: phs003005.v2.p1
Experimental models: Cell lines

PGP1-SV1iPSC line Synthego PGP1

A-T patient iPSC line This paper This paper

Software and algorithms

CellRanger

10X Genomics

https://support.10xgenomics.com/single-cell-
gene-expression/software/overview/welcome

CellBender

Fleming et al., 202217

https://github.com/broadinstitute/CellBender

DoubletFinder

McGinnis et al., 201916

https://github.com/chris-mcginnis-ucsf/
DoubletFinder

Seurat Hao et al., 202115 https://github.com/satijalab/seurat/
RStan Stan Development Team http://mc-stan.org/.
. https://bioconductor.org/packages/release/bioc/
77

EdgeR Robinson et al., 2010 html/edgeR.html

https://bioconductor.org/packages/release/bioc/
78

DESeq2 Loveetal., 2014 html/DESeq2.html

CellChat Jinetal., 202170 https://github.com/sqgjin/CellChat

Monocle2 Qiuetal., 20175 https://cole-trapnell-lab.github.io/monocle-
release/

GATK4 Poplin et al., 201880 https://github.com/broadinstitute/gatk

ANNOVAR Wang et al., 20108 https://github.com/WGLab/doc-ANNOVAR
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

clusterProfiler

Yu et al., 201282

https://bioconductor.org/packages/release/bioc/
html/clusterProfiler.html

ZEN Black Software (2012) Zeiss https://www.micro-shop.zeiss.com/en/us/
softwarefinder/software-categories/zen-black/
zen-black-system/

FlowJo FlowJo https://www.flowjo.com/
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