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SUMMARY

Microglia are critical in brain development and Alzheimer’s disease (AD) etiology. Down
syndrome (DS) is the most common genetic developmental disorder and risk factor for AD.
Surprisingly, little information is available on the impact of trisomy of human chromosome 21
(Hsa21) on microglial functions during DS brain development and in AD in DS. Using induced
pluripotent stem cell (iPSC)-based organoid and chimeric mouse models, we report that DS
microglia exhibit enhanced synaptic pruning function, which alters neuronal synaptic functions. In
response to human brain tissue-derived pathological tau, DS microglia undergo cellular senescence
and exhibit elevated type | interferon signaling. Mechanistically, knockdown of Hsa21-encoded
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type | interferon receptors, /FNARS, rescues the DS microglial phenotypes both during brain
development and in response to pathological tau. Our findings provide /n vivo evidence that
human microglia respond to pathological tau by exhibiting dystrophic phenotypes. Targeting
IFNARSs may improve DS microglial functions and prevent senescence.
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With human iPSC-based brain organoids and mouse chimeras, Jin and colleagues demonstrate
that upregulated type | interferon (IFN-1) signaling in Down syndrome microglia causes elevated
synaptic pruning during development and accelerated senescence, rather than massive activation/
inflammation, in response to pathological tau. These phenotypes can be rescued by inhibiting
IFN-I receptors.

Introduction

Down syndrome (DS), caused by trisomy of human chromosome 21 (Hsa21), is the most
common genetic cause of abnormal brain development and the most common risk factor for
Alzheimer’s disease (AD) (Lott and Head, 2019; Parker et al., 2010; Wiseman et al., 2015).
Microglia play critical roles in maintaining CNS homeostasis and remodeling of neuronal
synapses, thereby regulating synaptic plasticity, and learning and memory (Bar and Barak,
2019; Li and Barres, 2018; Wang et al., 2020). Moreover, microglial dysfunction is a central
mechanism in AD etiology, and many AD risk genes are highly and sometimes exclusively
expressed by microglia (Gosselin et al., 2017; Hansen et al., 2018; Holtman et al., 2017).
Therefore, targeting microglia has enormous potential for improving DS brain development
and treating AD. Unfortunately, the precise contributions of microglia to brain development
in DS and AD in DS (henceforth referred to as DSAD) as well as underlying molecular
mechanisms are poorly understood, which hampers the development of therapeutics.
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Limited information is available on the influence of trisomy 21 on microglia during brain
development and degeneration. A recent study using a mouse model of DS reports that
microglia are activated during brain development (Pinto et al., 2020). Consistently, a study
using DS postmortem human brain tissues also shows elevated microglial activation and
inflammatory cytokines (Flores-Aguilar et al., 2020). Despite these characterizations at
cellular levels, how trisomy of Hsa21 genes alter microglial development and functions
remains largely unknown. The association between DS and AD is largely due to
overexpression of the amyloid precursor protein (APP), whose gene is located on Hsa21
(Doran et al., 2017; Head et al., 2003; Lott and Head, 2019). As early as 35-40 years of age,
tau pathological changes are observed in the hippocampus in DS (Head et al., 2003; Lott and
Head, 2019). While the aggregation of amyloid-beta (Ap) precedes that of tau, tau protein
pathology commences in humans much sooner than was previously thought (Braak and

Del Tredici, 2015). Contrary to the marked microglial activation reported in amyloidogenic
mouse models (Jimenez et al., 2008; Meyer-Luehmann and Prinz, 2015), in brain tissue

of AD patients, brain regions particularly relevant in AD development, such as the
hippocampal formation, exhibit low and late Ap pathology, whereas hyperphosphorylated
tau (p-tau) accumulates starting early (Braak and Del Tredici, 2015; Sanchez-Mejias et al.,
2016). Intriguingly, studies using AD and DSAD brain tissues showed that degenerating
neuronal structures positive for p-tau invariably colocalized with severely dystrophic and
senescent rather than microglial activation (Shahidehpour et al., 2021; Streit et al., 2009;
Xue and Streit, 2011). In DSAD, microglial phenotypes shift with age and AD pathology,
showing the presence of higher numbers of dystrophic microglia(Martini et al., 2020). Thus,
the preferential accumulation of p-tau over Ap plaques in specific brain regions could induce
a different microglial response than merely activation and inflammation.

Modeling the DS-related cellular phenotypes and elucidating the molecular mechanisms
underlying DS disease pathogenesis is challenging. This is because functional DS human
brain tissue is relatively inaccessible, and DS mouse models often show variations and
discrepancies in modeling DS-related phenotypes due to the trisomy of different subsets

of Hsa21 orthologous genes (Belichenko et al., 2015; Das and Reeves, 2011; Xu et al.,
2019). In addition, none of the mouse models of DS reliably reproduces Ap or tau
pathology even in aged animals (Choong et al., 2015). It is also important to note that
rodent microglia cannot fully mirror the properties of human microglia (Galatro et al., 2017;
Geirsdottir et al., 2019; Gosselin et al., 2017; Jiang et al., 2020). A limited overlap was
also observed in microglial genes regulated during aging and neurodegeneration between
mice and humans, indicating that human and mouse microglia age differently under normal
and diseased conditions (Friedman et al., 2018; Galatro et al., 2017). These findings argue
for using species-specific research tools to investigate microglial functions in human brain
development, aging, and neurodegeneration (Smith and Dragunow, 2014).

Recent advances in stem cell technology have led to the efficient generation of microglia
from human induced pluripotent stem cells (hiPSCs) (Abud et al., 2017; Brownjohn et al.,
2018; Jiang et al., 2020; Pandya et al., 2017), providing an unlimited source of human
microglia to study their pathophysiology. We have recently developed new hiPSC-based
microglia-containing cerebral organoid and chimeric mouse brain models (Jiang et al., 2020;
Xu et al., 2021; Xu et al., 2020), in which hiPSC-derived microglia undergo maturation
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and develop appropriate functions. In this study, we demonstrate that DS hiPSC-derived
microglia show defective development and functions. Mareover, in microglial chimeric
brains, DSAD human brain tissue-derived pathological tau induces senescence in DS
microglia, recapitulating microglial responses in human AD and DSAD brain tissue.
Importantly, inhibiting the expression of Hsa21-encoded type I interferon receptor genes
improves the defective DS microglia functions during brain development and prevents DS
microglial senescence in response to pathological tau.

Generation and characterization of DS hiPSC-derived primitive macrophage progenitors

(PMPs)

We derived PMPs from the control (Cont) and DS hiPSCs that were generated and fully
characterized in our previous studies (Fig. 1A and Table S1) (Chen et al., 2014; Xu et al.,
2019). Over 94% of Cont and DS hiPSC-derived PMPs expressed hematopoietic progenitor
cell markers CD235 and CD43. These PMPs were highly proliferative, as indicated by
expressing Ki67 (Fig. 1B—C). These DS PMPs exhibited trisomy of Hsa21, as demonstrated
by fluorescence /n situ hybridization (FISH) assay and gene copy number assay for Hsa21
genes, OLIG2, IFNAR1, and IFNARZ2 (Fig. 1B, S1A). By performing RNA-sequencing
(RNA-seq), we identified 775 differentially expressed genes (DEGSs) between Cont and

DS PMPs (Fig. 1D). Gene ontology (GO) analyses of the upregulated DEGs showed
significant enrichment of biological processes particularly related to type | interferon (IFN)
signaling pathway, neural tube development, and cell differentiation (Fig. 1E, Table S2).
The downregulated DEGs were enriched in pathways relevant to immune signaling, such
as innate immune response, Toll-like receptor signaling pathway, and NF- xB pathway
(Fig. 1F, Table S2). Moreover, the volcano plot showed that the XAF1, /F/27, and IFI44L
involved in the type I IFN (IFN-1) signaling pathway were upregulated in DS PMPs (Fig.
1G). Consistently, gPCR analysis showed that the expression IFN-I receptors (IFNARS),
IFNARL and /FNAR2, were increased in DS PMPs compared to Cont PMPs (Fig. S1B).
Furthermore, expression of /RAK4 and FCGL 1 - which are involved in T cell activation
(Borowski et al., 2007; Suzuki et al., 2006; Wang et al., 2019) — was also altered in DS
PMPs than Cont PMPs (Fig. 1G). Interestingly, we found that 22 DEGs are Hsa21 genes.
For example, the tetratricopeptide repeat domain 3 (TTC3) is an E3 ligase that interacts
with Akt, and DS neural cells exhibit elevated TTC3 expression (Suizu et al., 2009), which
is consistent with our observations. Taken together, these findings suggest that aberrant
development of myeloid cell lineage in DS can be detected as early as the PMP stage.

Abnormal development and function of DS microglia in cerebral organoids, human brain
tissues, and human-mouse microglial chimeras

Next, we used microglia-containing cerebral organoid model (Xu et al., 2021) to examine
DS microglia functions. The Cont pNPCs and DS PMPs were mixed to develop organoids.
By week 4, similar percentages of CD45* microglia were seen in both Cont and DS
organoids (Fig. 2A-C). We also found cells in organoids that expressed microglia-specific
marker TMEM119 (Fig. 2D). There were many MAP2* neurons in the organoids (Fig.
S1C), indicating successful differentiation in these organoids at week 8.
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Using super-resolution imaging techniques, we found a significantly higher number of
PSD95* puncta within hnTMEMZ119* DS microglia than Cont microglia (Figs. 2D-E),
suggesting that DS microglia had enhanced synaptic pruning function. We also generated
trisomic organoids by mixing the PMPs and pNPCs derived from DS hiPSC lines (Fig.
S1D). Like DS microglia developed in a euploid environment, DS microglia in the trisomic
organoids also exhibited enhanced synaptic pruning function compared to Cont microglia
(Fig. S1ID-E). A recent study (Pinto et al., 2020) reported that microglia in DS mice had
larger soma size and branching impairment in comparison to microglia in wild-type mice.
However, in the cerebral organoids, microglia extend fewer processes and do not show
morphology as highly ramified as they do 7 vivo (Benito-Kwiecinski and Lancaster, 2020;
Ormel et al., 2018; Xu et al., 2021). Consequently, we did not observe any significant
morphological differences between DS vs. Cont microglia in cell size (Fig. 2D-E). We
then analyzed microglia in post-mortem hippocampal tissues from DS and Cont subjects
at ages of less than 1 year (Table S1). Like our brain organoid model, we observed that

DS microglia in the hippocampal tissue also had a higher number of PSD95* puncta
compared to Cont microglia (Fig. 2F-G). Importantly, DS microglia also exhibited a
reactive morphology as indicated by increased microglial volume, reduced numbers of
branches, process lengths, and endpoints (Fig. 2F, 2H), which are consistent with the recent
observations (Flores-Aguilar et al., 2020; Pinto et al., 2020).

We then transplanted PMPs derived from Cont and DS hiPSCs into the brains of

postnatal day 0 (P0) Rag2™'~ IL2ry™'= hCSFIK! immunodeficient mice to generate human
microglial mouse chimeras, as described in our recent study (Xu et al., 2020). At 8

weeks post-transplantation, both xenografted Cont and DS microglia labeled by human
specific TMEM119 (hRTMEM119) were found to migrate throughout the brain along the
corpus callosum and disperse in multiple brain regions, including the cerebral cortex and
hippocampus (Fig. 3A). At 3-4 months, hTMEMZ119* DS microglia were widely distributed
throughout the hippocampus (Fig. 3A). In both Cont and DS microglia chimeras, the vast
majority of hN* cells (>87%) were hTMEM119* (Fig. S2A, S2C). Both Cont and DS
microglia were capable of proliferating at 8 weeks, and no difference was observed (Fig.
S2A, S2C). As expected, both DS and Cont microglia showed complex processes in the
chimeras and developed increasingly complex morphology along with the developing mouse
brain from 4 weeks to 3 months old (Fig. 3B-C). Interestingly, in the grey matter (GM),

3D skeleton analysis indicated that DS microglia had less intricate morphology than Cont
microglia, as indicated by enlarged cell volume, shortened process length, fewer endpoints,
and branch numbers (Fig. 3B—C, S2D). As opposed to the GM, microglia morphology is not
as complex in the white matter (WM) (Fig. S2B). In the WM, the cell volume of Cont and
DS microglia was similar, but the DS microglia showed significantly fewer branch numbers,
reduced endpoints, and shorter process length (Fig. S2E). We also found PSD95* puncta
within both Cont and DS microglia, indicating that they were able to prune synapses (Fig.
3B). Of note, the synaptic pruning function of Cont and DS microglia is developmentally
regulated, increasing along with the age of animals from 4-week to 8-week to 3 months

old. Further 3D reconstructed imaging analysis showed significantly more PSD95* puncta
in DS microglia than Cont microglia in GM (Fig. 3B, 3D). In addition, we triple-stained
hTMEM119, PSD95, and CD68, a marker for phagolysosomes. As shown in Fig. 3E,
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PSD95* puncta were seen inside the CD68* phagolysosomes of both h\TMEM119* Cont and
DS microglia. DS microglia also showed enhanced phagocytosis, as indicated by a higher
volume of CD68* phagolysosomes and more PSD95* puncta in CD68* phagolysosomes
(Fig. 3F). Moreover, we observed more synapsin I* puncta within hCD45" DS microglia
than Cont microglia (Fig. 3G—H). In the WM, we also observed enhanced phagocytosis
function as indicated by an increased volume of CD68* phagolysosomes in DS microglia,
compared to Cont microglia in chimeras at week 8 (Fig. S2F-S2G). The Golgi staining
results showed that DS chimeras had a lower dendritic spine density than Cont chimeras
(Fig. S2H), which is consistent with the findings that DS microglia exhibit excessive
pruning of PSD95* synapses. We further recorded miniature excitatory postsynaptic currents
(mEPSCs) in hippocampal slices from Cont and DS chimeras at month 3. This time point
was chosen because there was a wide distribution of transplanted Cont and DS microglia

in the hippocampus, and a comparable level of chimerization by engrafted microglia was
observed (Fig. 3A, 31). The recorded CAL neurons labeled by neurabiotin through recording
electrodes were surrounded by engrafted hnTMEM119* microglia (Fig. 31). Compared to
Cont, DS microglial chimeric mice had mEPSCs with significantly reduced frequency

and amplitude (Fig. 3J-K). Taken together, these results demonstrate that in the chimeras,
DS microglia not only exhibit excessive synaptic pruning but also display less intricate
morphology than Cont microglia. Excessive synaptic pruning of DS microglia may lead to
impaired synaptic neurotransmission.

Inhibiting the expression of IFNARs rescues the defective DS microglia development

We then examined the expression of Hsa21-encoded type | IFNARs in DS microglia

(Fig. 4A). DS microglial chimeras had higher /FNAR1 and /FNARZ gene transcripts
expression than Cont chimeras at 8 weeks and 4 months (Fig. 4B). We also performed flow
cytometry targeting hCD45* microglia cells using 4 months old chimeras and analyzed the
expression of IFNARL1 and IFNAR?2 in these hCD45* microglia. Consistently, DS chimeras
showed higher levels of IFNAR1 and IFNAR2 expression than Cont chimeras (Fig. 4C-D).
Therefore, these results demonstrate overexpression of IFNARs in DS microglia than in
Cont microglia.

To test the hypothesis that overexpression of IFNARs in DS microglia might be responsible
for their altered development and functions, we took the RNAI knockdown approach.

As observed phenotypes were highly consistent across the three DS hiPSC lines, we

used two DS hiPSC lines (DS2 and Tri-DS3) to express IFNAR1/2ShRNA gr ContshRNA,
Overexpression of IFNARs in DS could be detected at iPSC stages, as indicated by the
higher expression of /FNARI and /FNARZ gene transcripts in DS hiPSCs compared to Cont
hiPSCs (Fig. S3A). Transduction of DS hiPSCs with lentivirus carrying IFNAR1/250RNA
but not the ContS"RNA significantly inhibited the expression of /FNARI and /FNARZ2in DS
hiPSCs (Fig. S3B). Then, we derived PMPs from DS hiPSCs treated with IFNAR1/2SNRNA
(DS+IFNAR1/28hRNAY o ContShRNA (DS+ContS"RNAY and subsequently generated chimeras
by engrafting these PMPs. At 8 weeks post-transplantation, we analyzed the chimeric

brains and found that the expression of /FNARI and /IFNAR2was downregulated in
DS+IFNAR1/25hRNA group than in DS+ContShRNA chimeras (Fig. S3C). Western blot
analysis using an antibody specifically against human IFNAR2 confirmed the lower
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expression of IFNAR2 protein in DS+IFNAR1/2S"RNA microglia than DS+ContShRNA
microglia (Fig. S3D). In both DS+IFNAR1/2S"RNA and DS+ContS"RNA microglial chimeras,
the vast majority of the hN* cells were h\TMEM119*(Fig. S3E-S3F). Interestingly, 3D
skeleton analysis indicated that DS+IFNAR1/2S"RNA microglia in the GM have more
ramified morphology than DS+ContS"RNA microglia (Fig. 4E, 4G). In the WM, we found
that compared to DS+ContShRNA DS+ IFNAR1/2S"RNA microglia showed similar microglia
volume, branch numbers, and endpoints but increased process length (Fig. S3G, S3l).
Additionally, we found fewer PSD95* puncta within DS+IFNAR1/2S"RNA microglia, a
smaller total volume of CD68* phagolysosome, and fewer PSD95* puncta inside the

CD68* phagolysosomes in the DS+IFNAR1/2S"RNA microglia than in DS+ContShRNA
microglia in the GM (Fig. 4F, 4H-J). The hippocampal spine density was higher in
DS+IFNAR1/25hRNA chimeras than DS+ContS"RNA chimeras (Fig. S4A). Similarly, in the
WM, the total volume of CD68* phagolysosomes in DS+IFNAR1/2S"RNA microglia was
smaller than DS+ContShRNA microglia, indicating a decrease in the phagocytic function (Fig.
S3H, S3J). Taken together, inhibiting the expression of IFNARs increases the ramification of
DS microglia and rescues their synaptic pruning functions.

To explore the effects of inhibiting IFNARs in DS microglia on synaptic neurotransmission,
we recorded mEPSCs in hippocampal CA1 neurons from DS+ContShRNA and
DS+IFNAR1/28hRNA microglial chimeric mice at 3 months post-transplantation. There
was a significant increase in mEPSC frequency and amplitude in DS+IFNAR1/2ShRNA
microglial chimeras than DS+ContS"RNA group (Fig. 4K). The changes in both frequency
and amplitude of MEPSCs between DS and Cont microglial chimeras suggest that in
addition to the observed postsynaptic alterations (Fig. 3B, 3D—F and Fig. 4E-F, 4H-J),
pre-synaptic mechanisms are involved. We thus further recorded pair-pulse ratio (PPR) to
examine whether there were changes in synaptic release in the presynaptic sites. Inhibiting
the IFNARs expression in DS microglia significantly enhanced the PPR, as indicated by
the higher PPR at 50ms and 100ms interpulse intervals in DS+IFNAR1/2S"RNA group than
in DS+Conts"RNA group (Fig. 4L). To assess long-term synaptic plasticity, we induced
long-term potentiation (LTP) using 4 trains of 100 Hz high-frequency stimulation (HFS).
As shown in Fig. 4M, the enhancement of the field excitatory postsynaptic potential
(FEPSP) slope persisted for 60 min in Cont chimeras, but not in DS+ContS"RNA chimeras.
DS+IFNAR1/2ShRNA mice exhibited a significant enhancement of fEPSP slope than in
DS+ContS"RNA mice (Fig. 4N). In addition, after paired-pulse facilitation (PPF) and LTP
recording, we collected all the recorded hippocampal slices and performed histological
analysis. All the slices similarly showed a wide distribution of xenografted, h\TMEM119*
human microglia (Fig. S4B). Altogether, these data strongly demonstrate that elevated
synaptic pruning function of DS microglia results in impaired neurotransmission and
synaptic plasticity. Inhibiting the overexpression of IFNARs in DS microglia partially
rescues the defects and improves synaptic functions.

Single-cell RNA sequencing (scRNA-seq) analysis of DS microglial chimeras following
exposure to pathological tau

To examine the /n vivo responses of DS microglia to pathological tau, we prepared S1
soluble protein fractions from DSAD human brain tissue with abundant tau pathology
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(Tangle stage 6, Table S1) qualifying for AD, as well as from age- and sex-matched

Cont brain tissues. Western blot analysis showed that p-tau was not detectable in Cont
brain tissue-derived soluble fractions by Tau phos Ser396/Ser404 (PHF-1) antibody that
recognizes p-tau. In contrast, p-tau was highly abundant in DSAD brain tissue-derived
soluble tau fractions (Fig. S5A). In addition, both Cont brain and DSAD brain tissue-derived
soluble fractions had undetectable levels of Ap content, whereas AP could be detected in
the homogenate of DSAD cortical tissue (Fig. S5A). ELISA results also showed that both
groups had a similar level of total tau (Table S3). Chimeric mice engrafted with microglia
derived from two DS lines (DS2 and Tri-DS3) further received injection of either Cont or
DSAD at the age of 8 to 10 weeks. At two weeks post-injection, AT8* p-tau was distributed
widely in the mouse brains that received DSAD tau, which is consistent with previous
reports (Boluda et al., 2015; Nimmo et al., 2020). In the Cont tau group, very few AT8*
p-tau was detected (Fig. S5B). As shown in Fig. 5A-B, and Fig. S5C-S5D, hTMEM119*
DS microglia engulfed numerous AT8* or PHF-1* p-tau in the DSAD Tau group at 1-2
months post tau injection. In the Cont tau group, few p-tau was seen in DS microglia.

At two months following tau injection, brain regions, including the cerebral cortex,
hippocampus, corpus callosum, and olfactory bulb, were collected for sScRNA-seq. To
capture ample numbers of DS iPSC-derived microglia for scRNA-seq, we enriched DS
microglia by using a magnetic cell sorting-based mouse cell depletion kit (Fig. 5C). A total
of 7,790 human microglial cells were recovered after quality control, of which 3,919 DS
microglia were from the Cont tau group and 3,871 DS microglia were from the DSAD

tau group. The median gene counts were 1,041 and 1,158 per cell for Cont tau and

DSAD tau groups, respectively (Fig. S5E). We identified 6 clusters, in which cluster 5
contained few cells (<0.4% of cells), expressed hematopoietic progenitor cell marker CD34
rather than microglial markers (Fig. S5F), and thus was not included for further analysis.
UMAP (Uniform Manifold Approximation and Projection) and clustering of DS microglia
from Cont tau and DSAD tau groups demonstrated the overall similarities in clustering

of the two groups (0-4) (Fig. 5D). Clusters can be distinguished by their expression of
enriched markers (Table S4), which included 5 subclusters: cluster 0 (H1F0, HISTIHZAC,
and CEBPB), cluster 1 (GPNMB, LGALS3, and CHITI), cluster 2 (MERTK and JAGJ),
cluster 3 (MKI167, CENPF, and ASPM), and cluster 4 (FOSB, DNAJB1, and EGR3) (Fig.
5E). All clusters highly expressed microglial markers, including CIQA, CX3CR1, TREMZ,
TMEM119, PZRY12, and SALLI (Fig. 5F). We identified 122 DEGs (Fig. 5G, Table S5)
in DSAD tau group than in Cont tau group. To explore the function of these DEGs, we
performed GO and KEGG enrichment analyses by using g: Profiler. Interestingly, many
significantly enriched DEGs that were upregulated in DSAD tau group were associated
with the IFN-I signaling pathway (e.g. /F16, XAF1, IFI44L, IFI27, and IFITM3) (loannidis
etal., 2012) and cell senescence pathway (e.g. B2M, ZFP36L 1, and XAFI) (Heo et al.,
2016; Loh et al., 2020; Smith et al., 2015) (Fig. 5H, S6A). In subclusters (0 and 3), we
also found upregulated IFN-I signaling (Fig. S6B). Furthermore, a considerable amount

of downregulated DEGs in the DSAD tau group are involved in mitochondrial functions
and ATP metabolic processes (e.9., LDHA, ALDOA, and MT-ATP). This was also seen in
subclusters (e.g., 0 and 1) (Fig. 51, S6C).
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To explore the heterogeneity of these DS microglia, we compared the conserved gene
markers that define each cluster with both genes that define disease-associated microglia
(DAM; Table S6) (Butovsky and Weiner, 2018; Chen and Colonna, 2021; Deczkowska et
al., 2018; Keren-Shaul et al., 2017; Krasemann et al., 2017; Sobue et al., 2021) and cellular
senescence genes (Table S6) (Avelar et al., 2020; Zhao et al., 2016). When comparing the
expression of DAM genes with the conserved markers of each cluster, we found that DAM
genes were expressed by all clusters. Notably, the conserved markers of cluster 1 have the
highest number of genes that overlapped with DAM genes (Fig. 6A). We found that 21

of the total upregulated DEGs detected from each cluster in DSAD tau group were DAM
genes. The dot plot shown in Fig. 6B demonstrated that most of the identified DAM DEGs
had higher expression levels in all clusters of DSAD tau group than Cont tau group. For
senescence genes, many of these were expressed in all clusters, while cluster 3 expressed
the highest number of senescence genes (Fig. 6C). 8 of the total upregulated DEGs detected
from each cluster in DSAD tau group were senescence genes. Similarly, the dot plot shown
in Fig. 6D demonstrated that most of the identified senescence DEGs had higher expression
levels in all clusters of DSAD tau group than Cont tau group. Notably, all the 8 senescence
DEGs were upregulated in clusters 1 and 3 in DSAD tau group.

We then probed the dataset with homeostatic genes (TMEM119, PZRY12, PZRY13,
CX3CR1, SELPLG, and BIN1), DAM genes (Table S6), and custom senescence signature
genes (ATM, AXL, B2M, ZFP36L 1, XAF1, CDKNZA, CDKN1A, CDKNZD, CASPS,
IL1B, GLBI1, and SERPINE1). As shown in Fig. 6E, cluster 2 expressed high levels

of homeostatic genes and thus was annotated as homeostatic microglia, while cluster 1
was annotated as DAM. Interestingly, significant numbers of cells displaying senescence
signature were seen in all clusters, particularly in cluster 0. As compared to Cont tau
group, more cells in each subcluster in the DSAD tau group displayed greater association
with senescence signature (Fig. 6F). Moreover, DSAD tau group overall showed a shift
towards a higher senescence signature (Fig. 6G). Further trajectory analysis within DSAD
tau group revealed a phenotypical change of DS microglia from cluster 2 (homeostatic)
toward the cluster 3 (senescent state) and cluster 1 (DAM state), passing through cluster

0, an intermediate stage (Fig. 6H). Notably, cluster 0 was enriched in DSAD group (Fig.
61). A recent study reported that DAM exhibited senescent phenotypes (Hu et al., 2021).
Next, we analyzed DEGs within cluster 1, as cluster 1 had the highest DAM score. As
shown in Fig. 6J (Table S5), the volcano plot showed that B2M, a pro-aging factor in
neurodegenerative disease (Smith et al., 2015), was one of the top upregulated DEGs in the
DSAD tau group. Moreover, ZAP36L 1, whose expression was shown to promote cellular
senescence (Galloway et al., 2016; Loh et al., 2020), was expressed at a much higher level
in cluster 1 of DSAD tau group than Cont tau group (Fig. 6J). In addition, the expression of
various mitochondria genes (e.g9. MT-CYB, MT-RNR1, MT-CO1, and MT-CO3) (Lunnon et
al., 2017) was decreased in cluster 1 of DSAD tau group (Fig. 6J).

We further examined the expression of interferon-stimulated genes (ISGs, Table S6) (Hubel
et al., 2019; Rusinova et al., 2013). The Venn diagram shown in Fig. 6K demonstrated

that ISGs were expressed by all subclusters. The DAM cluster 1 expressed the highest
number of 1SGs. 25 of the total upregulated DEGs detected from each cluster in DSAD

tau group were 1SGs (Fig. 6L). The pathway enrichment analysis also indicated increased
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activation of IFN-I pathway in the DSAD tau group than the Cont tau group (Fig. S6B).

We performed gene set enrichment analysis (GSEA) and interestingly identified notable
enrichment of ISGs and IFNa/p responsive genes in the DSAD tau group (Fig. 6M). As
cluster 0 was an intermediate state (Fig. 6H), this cluster likely represented early responses
of DS microglia to DSAD tau. Moreover, given the fact that cluster 0 was enriched in

DSAD tau group and showed a higher senescence score (Fig. 6E), we further analyzed
DEGs within cluster 0 between DSAD tau and Cont tau groups. Intriguingly, the volcano
plot indicated that many IFN-I signaling-related genes (e.g., /F/44L, XAF1, IFI27, IFl44,
IFIT3, and IFITM3) were significantly upregulated in cluster 0 of DSAD tau group (Fig. 6N,
Table S5). Taken together, our sScRNA-seq results depict that DSAD tau promotes overall
senescence of DS microglia in all clusters and induces a DAM-like population of microglial
clusters, specifically cluster 1. This DAM cluster 1 in DSAD tau group also shows enhanced
cellular senescence. Increased cellular senescence of DS microglia subclusters in DSAD tau
group largely overlaps with the elevated IFN-I signaling, suggesting that the pathological tau
might work through activating IFN-I signaling to induce senescence of DS microglia.

DS microglial senescence induced by pathological tau can be rescued via inhibiting
microglial IFNARs

To experimentally validate the senescent phenotype of DS microglia as indicated by
scRNA-seq data, we first compared the morphology of hN* DS microglia in Cont tau

and DSAD tau groups. By double-staining Iba-1 and hN, we found that the percentage of
hN*/Iba-1* cells among total Iba-1* cells was similar between the two groups (Fig. 7A,
7C). hN*/lba-1* DS microglia in DSAD tau group, but not in the Cont tau group, displayed
dystrophic morphology, such as beading with shortened processes and fragmentation (Fig.
7A). Quantitative analysis showed shortened process length, enlarged soma size, and an
increased ratio between soma size and process length in the DSAD tau group (Fig. 7D).
Concomitantly, we found that in the same chimeras that received DSAD tau injection,

the hN—negative/lba-1* host mouse microglia displayed hypertrophic morphology with
shortened processes, decreased branch numbers, and endpoints, rather than dystrophic
morphology (Fig. SGBE-S6F). We next stained chimeric mouse brain tissue with hCD45

and ferritin, expression of which has been strongly linked to microglial senescence (Lopes et
al., 2008; Simmons et al., 2007; Verina et al., 2011). We found that there was an increased
number of ferritin®/hCD45* DS microglia in the DSAD tau group than Cont tau group (Fig.
7B, 7E). Furthermore, scRNA-seq analysis showed that multiple inflammatory cytokines
and chemokines, such as /L 1B, CCL2, and CCL4, were expressed at lower levels in DS
microglia in the DSAD tau group than in the Cont tau group (Fig. 7F). Consistently,

gPCR analysis using human specific primers for /L1Band 7TNFA that respectively encode
IL1p and TNFa also showed decreased expression of these inflammatory cytokines in DS
microglia in DSAD tau group (Fig. 7G). We also injected either Cont or DSAD tau into
Cont microglial chimeras at 8 weeks post-transplantation. As shown in Fig. S7A, we found
no ferritin*/hCD45* Cont microglia in the Cont tau group and very few ferritint/hCD45*
Cont microglia in the DSAD tau group at two months post tau injection. Interestingly, there
were many more ferritint/hCD45* Cont microglia at six months post DSAD tau injection,
compared with that at 2 months after DSAD tau injection (Fig. S7A).
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The /FNAZ and /FNBI gene transcripts, which respectively encode IFNa and IFNR, were
significantly upregulated in the DSAD tau group compared to the Cont group (Fig. 7H),

but no differences in the expression of /FNARs (Fig. S6G). In addition, flow cytometry
analysis also showed that the expression of IFNARs was similar in both groups (Fig. 71).
These results suggest that pathological tau increases the production of IFN-I but is not able
to further increase the already overexpressed IFNARs in DS microglia (relative to Cont
microglia as shown in Fig. 71, S6G). We then proposed that cell-type specific inhibition of
IFNARs in DS microglia might prevent their senescence in response to pathological tau.

We took the RNAI knockdown approach again and used the two DS hiPSC lines (DS2

and Tri-DS3) expressing IFNAR1/2ShRNA or ContshRNA \We found that the expression of
IFNA1 and /FNBI remained higher in the DS IFNAR1/2S"RNA+DSAD tau group compared
to the DS IFNAR1/2S"RNA+Cont tau group (Fig. S6H). Compared to DS microglia in the
DS ContS"RNA+DSAD tau, DS microglia in the DS IFNAR1/2S"RNA+DSAD tau showed
less fragmented processes, longer process length, smaller soma size, and decreased soma
size/process length ratio (Fig. 7J, 7L). DS microglia in the DS IFNAR1/2S"RNA+DSAD tau
group showed similar process length and soma size than in the DS+Cont tau group (Fig. 7L).
Moreover, there were fewer ferritinf/hCD45* microglia in the DS IFNAR1/2S"RNA+DSAD
tau group than in the DS ContS"RNA+DSAD tau group (Fig. 7K, 7M). Taken together, these
results demonstrate that pathological tau induces cellular senescence of DS human microglia
rather than causing massive activation. Inhibiting the expression of IFNARs in DS microglia
rescues their senescent phenotypes following DSAD tau injection.

Discussion

We find that the human microglia chimeric mice and cerebral organoids faithfully
recapitulate the defective phenotypes of DS microglia. Of note, as compared to

Cont microglial chimeras, DS microglial chimeras showed impaired synaptic functions,
corroborating the similar observations in Dp (16) mice (Pinto et al., 2020). Mechanistically,
we focus on IFN-I signaling, because the roles of IFN-I signaling are not only limited to
antiviral and immunomodulation, but are also involved in regulating homeostatic processes
in the CNS (Blank and Prinz, 2017). It is known that under healthy conditions, baseline
levels of constant IFN-I signaling play critical roles in brain development and functions,
such as synaptic plasticity (Blank and Prinz, 2017; Ejlerskov et al., 2015; Hosseini et al.,
2020). Moreover, trisomy 21 consistently activates IFN-1 responses (Araya et al., 2019;
Sullivan et al., 2016; Waugh et al., 2019), because of the increased gene dosage of /FNARs
(Araya et al., 2019; Sullivan et al., 2016; Waugh et al., 2019). We show that inhibition of
the /FNAR expression improves the morphological complexity of DS microglia, corrects its
synaptic pruning functions, and rescues the hippocampal synaptic functions, suggesting that
IFN-I signaling could be targeted to improve microglial functions in DS brain development.

Although the amyloid cascade/neuroinflammation theory of AD has been widely accepted,
several caveats have arisen. Based on postmortem neuropathological examinations of human
AD and DSAD brain tissues, a paradigm-shifting tau/microglial senescence hypothesis has
emerged, in which human microglia respond to pathological tau by exhibiting accelerated
senescence and dystrophic phenotypes rather than massive activation as previously thought
(Guerrero et al., 2021; Navarro et al., 2018; Sanchez-Mejias et al., 2016; Streit et
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al., 2020; Streit et al., 2004). The supporting evidence for tau/microglial senescence
hypothesis from live, functional brain tissue that contains human microglia as well as
knowledge of underlying molecular mechanisms have so far been out of reach. Both clinical
manifestations and biological evidence demonstrate accelerated aging of the brain and the
immune system in individuals with DS (Cuadrado and Barrena, 1996; Horvath et al., 2015;
Lott and Head, 2005; Teipel and Hampel, 2006). Recent work has also shown higher
numbers of dystrophic/senescent microglia in the brains of people with DS (Martini et

al., 2020). Moreover, in human microglial chimeric mouse brains, maturation and aging

of donor-derived human microglia appears to be accelerated in the much faster-developing
mouse brain relative to human brain (Jiang et al., 2020). Therefore, the combination of

DS and hiPSC microglial chimeric mouse model presents an unprecedented opportunity to
examine the novel tau/microglial senescence hypothesis and reveal aging-related responses
of human microglia to pathological tau.

Here we provide /n vivo evidence demonstrating that human microglia respond to
pathological tau with accelerated senescence. First, ScRNA-seq data clearly show that DS
microglia in DSAD tau group exhibit enhanced senescence compared to DS microglia

in Cont tau group. Senescence scoring (Fig. 6F,6G) and KEGG enrichment analysis of
DEGs (Fig. S6A) consistently indicate enhanced microglial senescence in DSAD tau group.
Some senescence-associated genes, such as B2M, XAF1, and ZFP36L 1, are significantly
upregulated in multiple clusters in DSAD tau group, particularly the intermediate, transition
cluster 0 (Fig. 6N). Many DEGs that are downregulated in DSAD tau group are involved
in mitochondrial functions and cell metabolism, indicating decreased metabolic processes
in DS microglia in DSAD tau group. Reduced metabolic processes also suggest cellular
senescence (Lopez-Otin et al., 2013; Vasileiou et al., 2019). Moreover, our SCRNA-seq

and gPCR analyses show that DS microglia in DSAD tau group express much lower

levels of proinflammatory cytokines and chemokines than DS microglia in the Cont tau
group, suggesting that pathological tau may not induce massive activation of DS microglia.
Interestingly, as opposed to human DS microglia, the host mouse microglia in the same
chimeric mouse brains in DSAD tau group exhibit hypertrophic morphology, suggestive

of activation. Second, histological evidence also points to enhanced senescence in DSAD
tau group. As compared to DS microglia in Cont tau group, DS microglia in DSAD tau
group show increased expression of ferritin and dystrophic morphology, characteristics

of senescent microglia (Streit et al., 2020). Lastly, our mechanistic studies also reveal
enhanced microglial senescence in DSAD tau group. Our scRNA-seq analysis of DS
microglia chimeric mouse brains show that IFN-I signaling is significantly upregulated

in DS microglia in DSAD tau group, as compared to Cont tau group. Previous studies

in human AD brain tissues report increased production of IFN-1 (DiPatre and Gelman,
1997; Overmyer et al., 1999; Sheng et al., 1997; Taylor et al., 2014; Taylor et al., 2018).
The receptors for IFN-I are expressed in microglia in the brain tissue from AD patients
(Yamada and Yamanaka, 1995). Importantly, elevated IFN-I signaling has been shown to
promote cellular senescence and aging (Frisch and MacFawn, 2020; Yu et al., 2015). By
inhibiting /FNARs in xenografted microglia, we demonstrate that inhibition of /FNARSsin
DS microglia prevents their senescence after DSAD tau injection. A previous study (Bussian
et al., 2018) has demonstrated a causal link between the accumulation of tau-pathology-
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induced senescent cells and cognition-associated neuronal loss. Clearance of senescent

glial cells, including senescent microglia, prevents tau-dependent pathology and cognitive
decline. Our findings suggest that new therapeutic strategies targeting /FAVARs could prevent
human microglial senescence to potentially slow the progression of AD in DS.

Accumulation of AB in individuals with DS starts as early as childhood and lasts lifelong
(Lott and Head, 2005, 2019). Soluble AB proteins can induce microglia to prune synapses
in early AD (Hong et al., 2016). A recent study further reported that AR pathology induces
activation of type 1 IFN signaling in microglia, which drives microglia activation and
microglia-mediated synaptic loss at early stages of p-amyloidosis (Roy et al., 2022). In
our study, we find that DS microglia exhibit enhanced synaptic pruning functions in the
developing chimeric mouse brains, due to their overexpression of IFNARs and elevated IFN-
I signaling. Thus, the dysfunctional DS microglia in the developing brain likely contribute
to the progression of AD and dementia later in life in people with DS. In addition, our
microglial chimeras challenged by pathological tau are more of modeling AD at later
stages when p-tau proteins are produced or in brain regions where p-tau is preferentially
accumulated over AP (Braak and Del Tredici, 2015; Sanchez-Mejias et al., 2016). Recent
RNA-seq analysis of human AD microglia reports aging profiles of AD microglia, which
is not a direct response to amyloid pathology (Srinivasan et al., 2020). Here we find

that pathological tau can directly induce aging of human microglia /7 vivoin chimeric
mouse brains. Nevertheless, we support the notion that parenchymal deposition of Ap and
microglia activation is likely necessary for triggering and driving tau pathology (Edwards,
2019; Hopp et al., 2018; Ising et al., 2019; Long and Holtzman, 2019; Pascoal et al.,
2021). In parallel with Ap-pathology-induced microglial activation, microglia show rapid
and proliferative response (Condello et al., 2015), which may indirectly promote senescence
(Hu et al., 2021). Therefore, pathological Ap and tau likely collude to promote microglial
senescence. Importantly, in future studies, our human microglial chimeric mouse brain
model will provide new opportunities to investigate how pathological tau-induced human
microglial senescence further contributes to tau spread, neurodegeneration, and dementia.

Limitations of the Study

Some limitations of this study include: /) There is a lack of peripheral adaptive immune
system in the chimeric mice, due to the use of immunodeficient mice. We recently discussed
potential approaches to developing chimeric mice with a chimeric brain and humanized
peripheral adaptive immune system derived from the same human donor (Jiang et al., 2020).
/f) it is important to use behavioral tests to evaluate cognitive functions of the chimeric
mice. We examined the behavioral performance of chimeric mice, including open field,
novel object recognition, and elevated plus maze tests, but found no significant difference
among the tested groups (Fig. S7TB-S7D). As previously reported, Rag2 is necessary for
proper retinal development, and Rag2~/~ mice are blind (Alvarez-Lindo et al., 2019; Han
etal., 2013). Thus, these Rag2~"~ immunodeficient mice are likely not ideal for behavioral
tests that require visual input. This issue could be potentially circumvented by using vision
independent tests or using other immunodeficient mouse strains expressing human IL-34 or
CSF-1 that can support the survival of engrafted human microglia (Mathews et al., 2019;
Svoboda et al., 2019). Moreover, DS is associated with a significantly increased risk of
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autism spectrum disorder (ASD) (Moss et al., 2013; Warner et al., 2014). Accumulating
evidence has indicated that defects in synaptic pruning mediated by microglia are closely
linked to the development of ASD (Lukens and Eyo, 2022). Performing behavioral tests
concerning ASD-related social interactions may also help reveal differences in cognitive
functions between Cont and DS microglial chimeras.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Peng Jiang (peng.jiang@rutgers.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. The RNA-seq and scRNA-seq datasets generated in this study have been
deposited at NCBI GEO and are publicly available as of the date of publication.
Accession numbers 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 work is
available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal work was performed without gender bias with the approval of the
Rutgers University Institutional Animal Care and Use Committee. The Rag2/~hCSF1
immunodeficient mice (C;129S4-Rag2mLIFIV Csf1tm1(CSF)FIV 1[rgtmL1FIV/] The Jackson
Laboratory) were used in this study.

Human samples—The post-mortem hippocampal tissues were obtained from the NIH
NeuroBioBank. Soluble S1 fractions from human samples (provided by the University of
California Alzheimer’s Disease Research Center (UCI-ADRC) and the Institute for Memory
Impairments and Neurological Disorders). All experiments involving human samples were
conducted in accordance with regulations and guidelines by the ethics committee of the
Rutgers University.

Human iPSC lines—A total of six hiPSC lines were used in this study: three healthy
control (Cont) and DS iPSC cell lines (Table S1). The DS hiPSC lines include two DS
hiPSC lines (DS1, female; and DS2, male) and isogenic Di-DS3 and Tri-DS3 hiPSCs that
were generated from a single female patient.

METHOD DETAILS

Human iPSC lines generation, culture, and quality control—The hiPSC lines were
fully characterized and completely de-identified (Chen et al., 2014; Xu et al., 2019). All
hiPSCs were cultured on dishes coated with hESC-qualified Matrigel (Corning) in mTeSR
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plus media (STEMCELL Technologies) under a feeder-free condition. The hiPSCs were
passaged with ReLeSR media (STEMCELL Technologies) once per week.

Differentiation and culture of PMPs and pNPCs—PMPs were generated from the
three pairs of Cont and DS hiPSC cell lines using a previously established protocol
(Haenseler et al., 2017). The yolk sac embryoid bodies (YS-EBs) were generated by treating
the YS-EBs with mTeSR 1 media (STEMCELL Technologies) supplemented with bone
morphogenetic protein 4 (BMP4, 50 ng/ml), vascular endothelial growth factor (VEGF, 50
ng/ml), and stem cell factor (SCF, 20 ng/ml) for 6 days. To stimulate myeloid differentiation,
the YS-EBs were plated on dishes with X-VIVO 15 medium (Lonza) supplemented with
interleukin-3 (IL-3, 25 ng/ml) and macrophage colony-stimulating factor (M-CSF, 100 ng/
ml). At 4-6 weeks after plating, human PMPs emerged into the supernatant and were
continuously produced for more than 3 months. In this study, the fluorescence in situ
hybridization (FISH) analyses were performed with a chromosome 21-specific probe (Vysis
LSI 21 probe; Abbott Molecular) to examine the copy number of Hsa21 in the DS and
control hiPSC-derived PMPs (Chen et al., 2014).

Human pNPCs were generated from Cont2 hiPSCs (Chen et al., 2016; Xu et al., 2019).

The pNPCs were cultured in a medium, which is composed of a 1:1 mixture of Neurobasal
(Thermo Fisher Scientific) and DMEM/F12 (Hyclone), supplemented with 1x N2, 1x B27-
RA (Thermo Fisher Scientific), FGF2 (20 ng/ml, Peprotech), CHIR99021 (3 mM, Biogems),
human leukemia inhibitory factor (hLIF, 10 ng/ml, Millipore), SB431542 (2 mM), and
ROCK inhibitor Y-27632 (10 mM, Tocris). The pNPCs were passaged with TrypLE Express
(Thermo Fisher Scientific) once per week. pNPCs within 6 passages were used for organoid
generation.

Brain organoid culture—Each brain organoid was generated from a total of 10,000 cells
(7,000 pNPCs and 3,000 PMPs), in each well of ultra-low-attachment 96-well plates in the
presence of ROCK inhibitor Y-27632 (10 mM) (Xu et al., 2021). The culture medium was
composed of a 1:1 mixture of PMP medium and NPC medium (1:1 mixture of Neurobasal
and DMEM/F12, supplemented with 1x N2, 1x B27-RA, and FGF2 (20 ng/ml, Peprotech)
for three days (day 3). Then, the organoids were transferred to ultra-low-attachment 6-well
plates and cultured with 1:1 mixture of PMP medium and NPC medium for another 11 days
(2 weeks). The medium was replenished every two days, and the cell culture plates were
kept on an orbital shaker at a speed of 80 rpm/min starting from day 8. To promote neural
and microglial differentiation, organoids were cultured in differentiation media, comprised
of a 1:1 mixture of Neurobasal and DMEM/F12, supplemented with 1x N2 (Thermo Fisher
Scientific), BDNF (20 ng/ml, Peprotech), GDNF (20 ng/ml, Peprotech), dibutyryl-cyclic
AMP (1mM, Sigma), ascorbic acid (200 nM, Sigma), IL-34 (100 ng/ml, Peprotech), and
Granulocyte-macrophage colony-stimulating factor (GM-CSF, 10 ng/ml, Peprotech) from
day 15 onwards. As shown in our recent study (Xu et al., 2021), cells are highly proliferative
in the early stages of organoid development. Ventricular zone-like structures containing
proliferative neural stem cells are seen in organoids even after long-term culture, whereas
PMPs differentiate into microglia that are not actively proliferating. Thus, the different
proliferation rates between pNPCs vs. PMPs as well as protracted proliferation of human
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neural stem cells likely lead to a lower ratio of microglia cells in organoids than the starting
7:3 ratio. The medium was replenished every other day. After 4 weeks, the organoids were
used for further experimentation.

In vitro differentiation of PMPs to microglia—PMPs were differentiated in the
medium composed of DMEM/ F12 supplemented with N2, 2 mM Glutamax, 100 U/mL
penicillin and 100 mg/mL streptomycin, 100 ng/mL M-CSF (Peprotech), 100 ng/mL IL-34
(Peprotech), and 10 ng/mL GM-CSF (Peprotech) for two weeks (Haenseler et al., 2017).
The medium was changed once a week. After two weeks, cells were collected for Western
blotting.

Cell transplantation—PMPs were collected from the supernatant and suspended at a
concentration of 100,000 cells/ul in PBS. Cells were then injected into the brains of PO
immunodeficient mice (C;129S4- Rag2™MLIFIv Csf1tm1(CSFIFIV 1)2rgfm1.1FIV/] The Jackson
Laboratory). The transplantation sites were bilateral from the midline = £1.0 mm, posterior
from bregma = —2.0 mm, and dorsoventral depths = -1.5 and —1.2 mm (Xu et al., 2020).

All pups were placed in ice for 4-5 mins to anesthetize. The pups were then injected with
0.5 ul of cells into each site (four sites total), using a digital stereotaxic device (David KOPF
Instruments) that was equipped with a neonatal mouse adapter (Stoelting). The pups were
weaned at three weeks and kept for further experimentation at different time points.

Preparation of soluble S1 fractions—Soluble S1 fractions from human samples
(provided by the University of California Alzheimer’s Disease Research Center (UCI-
ADRC) and the Institute for Memory Impairments and Neurological Disorders) were
prepared as described before (Sanchez-Mejias et al., 2016). The human tissues were
homogenized in TBS (20 mM Tris-HCI, 140 mM NacCl, pH 7.5) containing protease and
phosphatase inhibitors (Roche). Homogenates were ultracentrifuged (4 °C for 60 min) at
100,000% g (Optima MAX Preparative Ultracentrifuge, Beckman Coulter). Supernatants, S1
fractions, were aliquoted and stored at —80 °C.

Tau quantification by ELISA—The total amount of soluble tau in S1 fractions was
determined by using an ELISA kit (human Tau, Invitrogen), according to the manufacturer’s
protocol. The ELISA experiments were repeated in three independent experiments using
triplicate replicas. The results were summarized in Table S3.

Intracerebral adult brain injection—All adult brain injections were performed using a
Kopf stereotaxic apparatus (David Kopf, Tujunga, CA). Stereotaxic surgery was performed
on two months old transplanted immunodeficient mice. The mice were aseptically injected
with human brain extracts (Cont tau or DSAD tau) in the dorsal hippocampus and the
overlying cortex (bregma: —2.5 mm; lateral: +2 mm; depth: -2.4 mm and -1.8 mm from
the skull). A dose of tau at 3.2 ug, which was previously shown to be able to induce tau
pathology in tau transgenic mice (Boluda et al., 2015; Iba et al., 2013; Peeraer et al., 2015),
was injected into each human microglial chimeric mouse. Concentrations of tau per injection
site were 0.8 ug/ul each site for both DSAD tau and Cont tau. The mice were injected with
1 ul of Cont or DSAD tau into each site (four sites total). After the injection, the mice were
kept for further experiments.
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Flow cytometric analysis—Single-cell suspensions from the chimeric brains were
washed and suspended in PBS with 1% BSA and 1 mg/ml of anti-FcR to block FcR binding.
After 10 min of incubation on ice, the appropriate primary Abs, unconjugated or conjugated
to different fluorescent markers, were added to the cells at a concentration of 1-10 pg/ml
and incubated for 30 mins on ice. Then, the cells were washed twice in PBS+1% BSA

and fixed in PBS+1% paraformaldehyde. Flow cytometric analysis was performed on a
FACS Calibur or Cytek Aurora cytometer, and results were analyzed with FlowJo software
(TreeStar).

RNA isolation and quantitative reverse transcription PCR—Total RNA was
extracted using TRIzol reagent (Thermo Fisher Scientific, 15596026), and 600 ug RNA

was reverse transcribed into complementary DNA (cDNA) using TagMan™ Reverse
Transcription Reagents (Thermo Fisher Scientific; N8080234). Total DNA was prepared
with Superscript 111 First-Strand kit (Invitrogen). Real-time PCR was performed on the ABI
7500 Real-Time PCR System using the TagMan Fast Advanced Master Mix (Thermo Fisher
Scientific). All primers are listed in Table S12. The 2-2A¢ method was used to calculate
relative gene expression after normalization to the GAPDH internal control.

Bulk RNA-seq—PMPs generated from the three pairs of Cont and DS hiPSC lines were
used for RNA extraction and RNA sequencing sample preparation. Total RNA was prepared
with an RNAeasy kit (QIAGEN) (Chen et al., 2014) and libraries were constructed by

using 600 ng of total RNA from each sample and utilizing a TruSeqV2 kit from Illumina
(Illumina, San Diego, CA) following the manufacturer’s suggested protocol. The libraries
were subjected to 75 bp paired read sequencing using a NextSeg500 Illumina sequencer to
generate approximately 30 to 35 million paired-reads per sample. Fastq files were generated
using the Bcl2Fastq software, version 1.8.4. The genome sequence was then indexed using
the rsem-prepare-reference command. Each fastq file was trimmed using the fastp program
(v0.12.2) and then aligned to the human genome (GRCh38/hg38) using HISAT2 (v.2.2.0).
Gene counts were extracted from bam files using Rsubread/featureCounts in R with a UCSC
transcript map. To analyze the transcripts, CPM > 1 was set as a cutoff to filter transcripts.
Fold change > 2 was set as criteria to filter differential expressed genes (DEGS). The raw
gene counts were processed with R package edgeR for differential expression analysis, exact
Test hypothesis testing was used for each pairwise analysis. Differentially expressed genes
were defined with |log,FC| > 1 between control and DS groups, and p-value < 0.05. Gene
ontology enrichment analysis was performed with DAVID version 6.8, upregulated and
downregulated genes were enriched separately. Data shown in the paper were from terms
enriched in GOTERM _BP_DIRECT.

Tissue dissociation for scRNA-seq—After perfusion with cold PBS, whole brains
were dissected and stored briefly in 1x DPBS. The tissue dissociation was then performed
utilizing the Adult Brain Dissociation Kit (Miltenyi) according to the manufacturer’s
instructions. Following tissue dissociation, the tissue was dissected into 1xmm?3 pieces and
placed into the C-tubes equipped with enzymes. These samples were further dissociated in
gentleMACS OctoDissociator with heaters (Miltenyi) using the established preprogrammed
protocol. Following enzymatic digestion, samples were isolated using a 70 um cell strainer
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and pelleted by centrifugation. Myelin and debris byproducts were removed by debris
removal solution, overlaid with 6mL of 1X DPBS, and spun at 3000xg for 10 min at 4°C.
The supernatant was discarded, and the cell pellet was processed for Magnetic Isolation.

Magnetic Isolation of human microglia for scRNA-seq—Dissociated cell pellets
were resuspended in 160 pL FACS buffer (0.5% BSA in 1X DPBS) + 40uL Mouse cell
removal beads (Miltenyi) and incubated at 4°C for 15 min. The resulting samples were

then isolated using LS columns and the MidiMACs separator (Miltenyi), the human cells
were collected in the flow through. Using centrifugation (10 min, 400xg), the cells were
pelleted and resuspended to 1,000 cells per microliter in FACS buffer for scRNA-seq library
preparation, according to the previous study (Hasselmann et al., 2019).

ScRNA-seg—Following magnetic isolation, we used Chromium™ Single Cell 3" Library
and Gel Bead Kit v3.1, Chromium™ Single Cell Chip G Kit, and Chromium™ i7 Multiplex
Kit, 96 rxns for capture and library preparation. The libraries were analyzed on Agilent
4200 TapeStation System using High Sensitivity D1000 ScreenTape Assay and quantified
using KAPA gPCR. Libraries were then normalized to 10 nM before being pooled together.
Next, the pooled library was clustered and sequenced on Illumina NovaSeq 6000 S4 flowcell
for 150bp paired-end sequencing, Read 1 and Read 2 are sequenced from both ends of the
fragment. For each individual library, the sequencing data from four unique indexes were
combined before further analysis.

Raw data pre-processing—The sequencing data was aligned with the pooled mouse
(mm10, Ensembl 93) and human (hg19, Ensembl 87) reference genomes (10x Genomics
pre-built human and mouse reference genome v3.0.0) and interpreted via barcodes analyzed
with Cell Ranger software (10x Genomics, v.6.0.2). The resulting matrices of gene

count x barcodes were coded by individual sample identifiers and loaded into Seurat
(v.4.0.3) software in R/Bioconductor. An initial analysis revealed a distinct cluster of
human-expressing cells. Cells with gene number <200 or >10,000, and mitochondria gene
>10% were excluded. Leaving a total number of 47,826 cells from four samples. Cells were
summarized for all genes by species and those with >75% of reads aligning with hg19 were
selected as human. Raw hg19 counts from these cells were loaded into a new Seurat object,
normalized and clustered.

Data processing and quality control—The separated fastq files were re-aligned to the
human hg19 reference genome using the same version of Cell Ranger as described above.
Seurat R package v4.0.4 was used for quality control and dimensional reduction analysis.
Gene-barcode matrices were merged after inputting into R as Seurat objects. Cells with
gene number <200 or >4,000, and mitochondria gene >10% were excluded. Leaving a total
number of 7,790 cells.

Dimensional reduction and differential expression analysis—Data were
normalized by RPM following log transformation and top 2,000 highly variable genes
were selected for scaling and principal component analysis (PCA). The top 15 principal
components were used for downstream uniform manifold approximation and projection
(UMAP) visualization and clustering. Louvain algorithm with resolution 0.2 was used to
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cluster cells, which resulted in 6 distinct cell clusters. Cluster 5 was removed due to the size
of the cluster (15 cells). Differential expression analysis was performed by using Wilcoxon
rank sum test embedded in FindMarkers function from Seurat. A gene was considered to

be differentially expressed if it was detected in at least 25% of one group and with at least
0.25 log fold change between two groups and the significant level of Benjamini—-Hochberg
(BH) adjusted p-value < 0.05. Of note, cluster 4 accounted for a very small proportion in
the DSAD tau group (0.64%), whereas in the Cont tau group, cluster 4 accounted for 6.66%
(Fig.S5F). Thus, a small number of downregulated DEGs in cluster 4 of DSAD tau group
were found, which were not enriched for any significant pathways in our GO analysis of
cluster 4 (Fig.S6C).

Gene ontology (GO) and gene set enrichment analysis (GSEA)—GO analysis
used the g:Profiler website (https://biit.cs.ut.ee/gprofiler/gost). All genes were calculated
between Control and DSAD group before logFC, and adjusted p-value filtration were ranked
by logFC value. Pre-defined gene sets were used to test their distribution on the ranked

gene list, GSEA analysis and visualization were performed by gseap/ot function from
clusterProfiler v4.0.5 R package.

Pseudotime trajectory inference analysis—Single cell pseudotime trajectory was
predicted by Monocle 3 v1.0.0. The gene-cell matrix was exported from Seurat object

as input into Monocle 3 to generate cds object, along with the metadata information
from Seurat. Cells were re-clustered by Monocle 3 using the default parameters. To learn
trajectory graph and order cells in pseudotime, clustering information from Seurat object
was projected into the cds object. Cells in the cluster with enriched homeostatic genes
expression scores were defined as root cells.

shRNA knockdown—/FNAR1 shRNA (sc-35637-V), IFNARZ shRNA (sc-40091-V),
and non-targeting control shRNA (sc-108080) lentiviral particles were purchased from
Santa Cruz Biotechnology. The /FNARI and /FNARZshRNA lentivirus particles carried
three different sShRNAs specifically targeted /FNAR1/IFNARZ gene expression. DS2 and
Tri-DS3 hiPSCs infected with lentivirus carrying the control sShRNA (DS2 or Tri-DS3+
ContshRNAY or IFNAR1/2 sShRNA (DS2 or Tri-DS3 + IFNAR1/25"RNA) were used in

this study. Lentivirus was mixed with polybrene (5 mg/ml) in mTeSR plus and applied

to undifferentiated hiPSCs overnight. The following day, the transduction medium was
removed and replaced with fresh media. After three days of culture, a puromycin (0.75
mg/ml) selection was used for two weeks to select for transducing hiPSCs. Stable hiPSCs
were then used for PMP differentiation. Knockdown efficiency was confirmed by examining
IFNAR1 and IFNAR?2 expression at both mRNA and protein levels.

Electrophysiology

Whole cell patch-clamp recording: Brain slice miniature excitatory postsynaptic current
(mEPSC) recordings was carried out following an established protocol (Liu et al., 2017).
Mice were anesthetized with Euthasol, and brains were quickly removed into ice cold (0
°C) oxygenated ACSF cutting solution (in mM): 50 sucrose, 2.5 KCI, 0.625 CaCl,, 1.2
MgCl,, 1.25 NaH,PQOy, 25 NaHCO3, and 2.5 glucose, pH to 7.3 with NaOH. 300 um
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sagittal section slices were cut using a vibratome (VT 1200S; Leica). After 1 hour of
recovery (30 °C) in artificial cerebrospinal fluid (ACSF) (in mM)125 NacCl, 2.5 KCI, 2.5
CaCly, 1.2 MgCl,, 1.25 NaH,PO,, 56 NaHCO3, and 10 glucose. For mEPSC recording, a
Cs2*-based solution was used, which consisted of (in mM): 40 CsCl, 3.5 KCI, 10 HEPES,
0.05 EGTA, 90 K-gluconate, 1.8 NaCl, 1.7 MgCl,, 2 ATP-magnesium, 0.4 GTP-sodium,
and 10 phosphocreatine. mEPSCs were recorded at a holding potential of =70 mV in

the presence of 50 uM PTX and 1 pM tetrodotoxin (TTX; VWR, Catalog#89160-628).
Electrophysiological data were analyzed using Clampfit 10.5 (Molecular Devices, USA).
Brain slices after recordings were used for post hoc immunostaining with hnTMEM119

to verify colocalization of xeno-grafted human microglia with Neurobiotin fluorescence-
positive neurons labeled via recording electrodes.

Extracellular hippocampal slice recording: The extracellular recording of hippocampal
slices was performed as described previously (Castillo et al., 2002). Mice brains were
quickly immersed in cold (4°C) oxygenated cutting solution containing (in mM): 206
Sucrose, 11 D-Glucose, 2.5 KCI, 1 NaH;PO4, 10 MgCl,, 2 CaCl, and 26 NaHCOs.
Transverse 400 um bilateral hippocampal sections were cut and transferred to an oxygenated
ACSF contained (in mM): 125 NaCl, 2.5 KCl, 2.5 CaCly, 1.2 MgCl,, 1.25 NaH2POy, 26
NaHCOg3, and 2.5 glucose. After at least half hour 34°C of recovery, slices were transferred
at room temperature and incubated for 1 hour. Field EPSPs were recorded with glass pipette
(2-3MQ). The stimulation electrode was placed in dorsal CA1b stratum radiatum equidistant
from the CA1 stratum pyramidale. Single-pulse baseline stimulation was applied at 0.05

Hz with baseline intensity set to 40-50% of the maximum population spike-free fEPSP
amplitude. LTP was induced by 4x100Hz stimulation with 200 ms interval between bursts.

Western Blotting: Western blotting was performed as described previously (Jin et al.,
2018). Lysates from cells, S1 fractions, and human brain tissues were prepared using a
RIPA buffer and the protein contents were measured using a Pierce™ BCA Protein Assay
Kit (Thermo Scientific). Proteins were separated on 12% SDS-PAGE gradient gel and
transferred onto a nitrocellulose membrane. The membrane was blocked with 5% non-fat
milk for one hour at room temperature. After blocking, the membrane was incubated

with primary antibody overnight at 4 °C overnight. Secondary antibodies conjugated to
HRP were used in addition to ECL reagents (Pierce ECL Plus Western Blotting Substrate,
Thermo scientific) for immunodetection. All the S1 fractions were derived from DSAD and
Cont human brain tissues (Table S4). For quantification of band intensity, blots from three
independent experiments for the molecule of interest were used. Signals were measured by
ImageJ software and represented as relative intensity versus control. GAPDH was used as an
internal control to normalize band intensity.

Tissue immunostaining, image acquisition, and analysis: Mouse brains and organoids
were fixed with 4% paraformaldehyde. The organoids were placed in 25% sucrose and
mouse brains were placed in 20% and later in 30% sucrose for dehydration. Following
dehydration, organoids and brain tissues were immersed in OCT and frozen for sectioning.
The frozen tissues were cryo-sectioned with 30-pum thickness for immunofluorescence
staining. The organoids and tissues were blocked with a blocking solution (5% goat
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or donkey serum in PBS with 0.2% or 0.8% Triton X-100) at room temperature (RT)

for 1 hour. The primary antibodies were diluted in the same blocking solution and
incubated with the organoids or tissues at 4 °C overnight (all the primary antibodies

are listed in Supplementary Table 12). The sections were washed with PBS and

incubated with secondary antibodies for 1 hour at RT. After washing with PBS, the

slides were mounted with antifade Fluoromount-G medium containing 1, 40,6-diamidino-2-
phenylindole dihydrochloride (DAPI) (Southern Biotechnology).

All images were captured with a Zeiss 800 confocal microscope. Large scale images in Fig.
3A, 3l, S4B, and S5B were obtained by confocal tile scan by the Zen software (Zeiss), these
images are composites of individual images that have been stitched together. To obtain a 3D
reconstruction, images were processed by the Zen software (Zeiss). To visualize synaptic
pruning and phagocytic function, super-resolution images in Fig. 2—7, Supplementary Fig.
1-3, and 5-6 were acquired by Zeiss Airyscan super-resolution microscope at 63X with
0.2mm z-steps. To generate 3D-surface rendered images, super-resolution images were
processed by Imaris software (Bitplane 9.5). To visualize the engulfment of PSD95%,
Synapsin I*, AT8* and PHF-1" p-tau within microglia, CD68* phagolysosome inside
microglia, fluorescence found outside of the microglia were subtracted from the image

via the mask function in Imaris software. For \TMEMZ119* human microglia and lba-1*/
hN-negative mouse microglia morphology analysis, the Filament function was used to
generate filaments for each cell in the images, and dendrites were automatically rendered
based on the hTMEM119 and Ibal signal. The number of positive cells from each section
was counted after a Z projection. The dystrophic (Iba-1*hN*) microglial morphological
changes after tau injection were assessed by calculating the soma size and process length
using the software Fiji with MorpholibJ plugin and integrated library as described before
(Flores-Aguilar et al., 2020; Legland et al., 2016). Soma size was measured with a

closing morphological filter connecting dark pixels and process length was analyzed with
Skeletonize function.

Behavioral tests: We examined three groups of mice: (1) Cont chimeric mice that
received transplantation of Cont 2 and Cont 3 cells; (2) DS + ContS"RNA chimeric mice
that received transplantation of DS2+ContS"RNA or Tri-DS3+ContShRNA cells; (3) DS +
IFNARL/2S"RNA chimeric mice that received transplantation of DS2+ IFNAR1/2ShRNA of
Tri-DS3+ IFNAR1/28NRNA cells: All behavior tests were performed in a randomized order
by two investigator double-blinded to treatment.

Open field test: Mice were placed into a clear chamber (40 long x 40 wide x 40 cm high)
under dim ambient light conditions. The activity was monitored by overhead video camera
and analyzed by Anymaze software (Stoelting Co., IL) for 5 min in a single trial. Four
squares were determined as the center and the other twelve squares along the center as

the periphery. The collected results included total distance traveled and the total number of
entries into the center of the field.

Elevated plus maze: The elevated plus maze was performed in a grey, non-reflective base
plate cross (arms 35 cm long x 5 cm wide) elevated 50 cm above the floor. Two opposite
arms were enclosed by the grey walls (35 cm long x 15 cm high), and the two other arms
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were open. A mouse was placed in the center of the apparatus facing an enclosed arm and
allowed to explore the apparatus for 5 min. The total traveling distance and the time spent on
the open arms were recorded.

Novel object recognition: As previously described (Xu et al., 2019), two sample objects

in one clear box were used to examine learning and memory with 24 hours delays. Before
testing, mice were habituated in a clear chamber (40 long x 40 wide x 40 cm high) for 10
minutes on 2 consecutive days under ambient light conditions. The activities were monitored
by an overhead video camera and analyzed by an Anymaze software (Stoelting Co., IL).
First, two identical objects, termed as “familiar’, were placed into the chamber, and the
mouse was placed at the mid-point of the wall opposite the objects. After 10 minutes to
explore the objects, the mouse was returned to the home cage. After 24 hours, one of the
“familiar’ objects used for the memory acquisition was replaced with a ‘new’ object similar
to the “familiar’ one. The mouse was again placed in the chamber for 3 minutes to explore
the objects; The total traveling distance and the time spent investigating the new objects was
assessed. The preference to the novel or old object was calculated as Time exploring new or
old object / (Time exploring new or old object + Time exploring familiar object). There were
no differences between the preference to novel and old objects, indicating that the mice may
have vision problems.

Golgi staining: The mice were anesthetized, and whole brains were collected for Golgi
staining using the FD Rapid Golgi Stain Kit (FD Neuro Technologies, Columbia, MD, USA,;
PK401), according to the manufacturer’s introduction. Z-stack images were acquired with

a widefield microscope (Olympus BX63), and spine density was quantified using Image J
software (NIH).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are represented as mean £ SEM. When only two independent groups were
compared, significance was determined by using two-tailed unpaired t test with Welch’s
correction. When three or more groups were compared, one-way ANOVA with Bonferroni
post-hoc test was used. A p-value of < 0.05 was considered significant. All the analyses
were done in GraphPad Prism v.9. All experiments were independently performed at least
three times with similar results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

DS microglia over-prune synapses in hiPSC-based organoid and chimeric
mouse models

DS microglia show dystrophic and senescent phenotypes in response to
pathological tau

Type | IFN signaling is upregulated in DS microglia under pathophysiological
conditions

Reducing IFNARs expression improves DS microglial functions and prevents
senescence
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Fig 1. Characterization of DS hiPSC-derived PMPs.
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(A) Schematic representation of the generation and characterization of PMPs. This drawing

was created using BioRender.com.

(B) Representative images of CD235%, CD43*, Ki67* cells, and FISH analysis in PMPs.

Scale bars: 20 um,10 um, and 5 um.

(C) Quantification of CD235%, CD43", CD235*/CD43*, and Ki67* PMPs derived from the

three pairs of Cont and DS hiPSC lines (n=3).

(D) The heatmap showing all DEGs between Cont and DS PMPs.
(E-F) GO analyses of the upregulated and downregulated DEGs in the PMPs.
(G) A volcano plot illustrating downregulated (blue) and upregulated (red) DEGs in PMPs.
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Fig 2. Abnormal development and function of DS microglia in cerebral organoids and human
brain tissues.
(A) A schematic representation of developing microglia-containing cerebral organoids. This

drawing was created using BioRender.com. Scale bar: 100 pum.

(B) Representative images of hCD45* microglia in Cont and DS organoids.

(C) Quantification of the percentage of hCD45" cells in total DAPI* cells in organoids at
week 8 (n=10, the data were pooled from the three pairs of organoids).

(D) Representative raw fluorescent super-resolution and 3D surface rendered images
showing colocalization of " TMEM119* and PSD95* staining in week 8 organoids. Scale
bars: 5 pmand 1 um.

(E) Quantification of PSD95* puncta inside hTMEM119" microglia and microglial volume
at week 8 (n=3, the experiments were repeated 3 times, each dot represents one microglia).
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(F) Representative images of hTMEM119 and PSD95 staining in hippocampal slices from a
Cont and a DS individual. Arrows indicate PSD95* puncta. Scale bar: 50 pm, 5 pm and 1
pm.

(G, H) Quantification of PSD95* puncta inside microglia, microglial volume, process
length, branch numbers, and endpoints (n=30 microglia/group).

Student’s t test, **P < 0.01 and ***P < 0.001. Data are presented as mean + SEM.
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Fig 3. Modeling DS microglial phenotypes in human-mouse microglial chimeras.
(A) Representative images from sagittal brain sections showing the distribution of

transplanted DS hiPSC-derived microglia at week 8 and 3 to 4 months. Scale bar: 1 mm

and 500 um.

(B) Representative images showing colocalization of nTMEM119* and PSD95™ staining at
4, 8 weeks, and 3 months post-transplantation. Arrows indicate PSD95* puncta. Scale bar: 5
um and 1pm.

(C, D) Quantification of microglial volume, process length, endpoints, and PSD95* puncta
inside microglia (n=120-160 microglia from 3-5 mice/group).

(E) Representative images showing colocalization of "\TMEM119*CD68* PSD95™ staining
of week 8 chimeras. Arrows indicate PSD95" puncta in the CD68" phagolysosome. Scale
bar: 5 pmand 1 um.
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(F) Quantification of CD68* phagolysosome volume and PSD95* puncta inside CD68*
phagolysosomes (n=120 microglia from 4 mice/group).

(G) Representative images of hCD45 and synapsin | staining in week 8 of chimeras. Arrows
indicate synapsin I puncta. Scale bar: 5 um and 1 pm.

(H) Quantification of synapsin I* puncta in hCD45* microglia (n=120 microglia from 4
mice/group).

(1) A representative image of hnTMEM119* microglia and Neurobiotin* recorded neurons in
the hippocampus of DS microglia chimera. Arrows indicate Neurobiotin™ recorded neurons.
Scale bar: 500 pm.

(J) Representative traces of mMEPSCs in CA1 hippocampal pyramidal neurons.

(K) Quantification of the frequency and amplitude of mMEPSCs (n=14-15 neurons from 4-5
mice/group).

Student’s t test, *£< 0.05 and **P < 0.01. Data are presented as mean + SEM.
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(A) A schematic diagram showing the experimental design. This drawing created using

BioRender.com.

(B) gPCR analysis of /FNARI and /FNARZ mRNA expression in chimeras at week 8 and

month 4 (n=4-5 mice/group).

(C, D) Flow cytometry analysis and quantification of IFNAR1 and IFNAR2 expression in 4

months old chimeras (n=4).

(E-F) Representative images of hTMEM1197PSD95* and hTMEM119*CD68* PSD95*

staining in 8week-old chimeras (n=113-136 microglia from 3—4 mice/group). Arrows

indicate PSD95* puncta and PSD95" puncta inside CD68* phagolysosome. Scale bars: 5

pm and 1 pm.

(G) Quantification of microglial volume, process length, branch numbers, and endpoints
(n=115-136 from 3—-4 mice/group).
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(H) Quantification of PSD95* puncta in hTMEM119*microglia (n=115-133 microglia from
3-4 mice/group).

(1, J). Quantification of CD68* phagolysosomes and PSD95* puncta in CD68*
phagolysosomes (n=113-136 microglia from 3—4 mice/group).

(K) Representative traces of mEPSCs in CAL hippocampal pyramidal neurons.
Quantification of the frequency and amplitude of mMEPSCs (n=15-18 neurons from 3 mice/
group).

(L) Representative traces and quantification of PPR of EPSPs in 3—-4 months old chimeras
(n=9-12 slices from 3-4 mice/group). Asterisk represents Cont versus DS+ ContS"RNA and
pound sign indicates DS+ContS"RNA yersus DS+IFNAR1/2SNRNA,

(M) Representative traces of baseline (1) and last 10 min (2) fEPSP after 4x100 Hz LTP
induction. Quantification of LTP after LTP induction in 3—-4 months old chimeras (n=7-10
slices from 3—4 mice/group).

(N) Quantification of the last 10 min of fEPSP slope after LTP induction (n=7-10 slices
from 3—-4 mice/group).

Student’s t test or One-way ANOVA test, *P< 0.05, **P< 0.01 and ***P < 0.001. Data are
presented as mean + SEM.
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Fig 5. scRNA-seq analysis of DS microglial chimeras receiving injection of Cont or pathological

DSAD tau.

(A) Representative images of \TMEM119, AT8, and PHF-1 staining in 4 to 5-month-old
chimeras receiving injection of Cont or DSAD tau at 8 weeks. Arrows indicate AT8* or

PHF-1* p-tau. Scale bars: 7 pm and 3 pm.

(B) Quantification of AT8" and PHF-1* p-tau in microglia (n=110-127 from 3—4 mice/

group).

(C) A schematic diagram showing the design of the sSCRNA-seq experiment. This drawing

was created using BioRender.com.

(D) A UMAP plot showing independent subclusters (clusters 0—4) from Cont and DSAD tau

groups.

(E) A dot plot showing the representative conserved markers from each subcluster.
(F) UMAP plots with dots (representing cells) colored by the expression levels of human

microglial genes.
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(G) A volcano plot illustrating downregulated (blue) and upregulated (red) DEGs.
(H, I) GO enrichment analyses of the upregulated and downregulated DEGs.
Student’s t test, ***P < 0.001. Data are presented as mean + SEM.
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Fig 6. Pathological tau induces DAM, senescence, and 1SG signatures in DS microglia.
(A) A Venn diagram showing the overlap between DAM genes and the gene markers defined

from each cluster.
(B) A dot plot representin
DSAD tau groups.

g the expression of DAM DEGs in each cluster from the Cont and

(C) A Venn diagram showing the overlap between senescence genes and gene markers

defined from each cluster.
(D) Dot plot showing the

DEGs expression of the senescence genes signature in every

subcluster from DSAD tau and Cont tau groups.

(E) Feature plots showing

the scoring of homeostatic, DAM, and senescence signatures.

(F) Bar plots of the percentage of cells with a negative (<0), low (0-0.5), medium (0.5-1), or

high (>1) senescence score in the custom senescence signature in each cluster.
(G) A ridge plot showing the senescence score in DSAD and Cont tau groups.
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(H) UMAP representation of the trajectory of DS microglia in response to DSAD tau. Cells
are colored by pseudotime.

() Cell ratios of cluster 0 in the Cont and DSAD tau groups.

(J) A Volcano plot illustrating the downregulated (blue) and upregulated (red) DEGs in
cluster 1.

(K) A Venn diagram showing the overlap between ISGs and the gene markers defined from
each cluster.

(L) A Dot plot displaying the ISG DEGs in each cluster from the Cont and DSAD tau
groups.

(M) GSEA plots showing enrichment of ISGs and IFNa/p responsive genes in DSAD and
Cont tau groups (NES: normalized enrichment score, FDR: false discovery rate).

(N) A Volcano plot showing the downregulated (blue) and upregulated (red) DEGs in cluster
0.
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Fig 7. Knockdown of IFNARSs rescues pathological tau-induced senescence in DS microglia.
(A) Representative images of Iba*/hN* human microglia in Cont and DSAD tau groups.

Arrows indicate Iba*/hN* human microglia. Asterisks indicate fragmented processes. Scale
bars: 50 um and 10 um.

(B) Representative images showing colocalization of hCD45* and Ferritin* staining in Cont
and DSAD tau groups. Arrows indicate Ferritin* and/or hCD45* staining. Scale bar: 50 pm.
(C) Quantification of the percentage of hN* in Iba-1* cells (n=7 mice/group).

(D) Quantification of the process length, soma size, and soma size/process length cells (n=7
mice/group).

(E) Quantification of the percentage of Ferritin in hCD45%cells (n=6-7 mice/group).

(F) A Dot plot representing the expression of the inflammation-related genes /L 1B, CCL2,
CCL4, CHI3L1, KLFZ, NFKBIA identified from scRNA-seq.

(G) gPCR analysis of /L-1B and TNFA mRNA expression (n=4 mice/group).
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(H) qPCR analysis of /FNAZ and /FNBI mRNA expression (n=4 mice/group).

(1) Flow cytometry analysis showing the expression of IFNAR1 and IFNAR2 in Cont tau
and DSAD tau group (n=2 mice/group).

(9) Representative images of human microglia (Iba*thN*) in chimeras. Arrows indicate
Iba*/nN* human microglia. Asterisks indicate fragmented processes. Scale bar: 50 pm and
10 pm.

(K) Representative image showing colocalization of hCD45* and Ferritin* staining in
chimeras. Arrows indicate Ferritin* and/or hCD45" staining. Scale bar: 50 um.

(L) Quantification of the process length, soma size, and soma size/process length (n=4 mice/
group).

(M) Quantification of the percentage of Ferritin* in hCD45* cells (n=5 mice/group).
Student’s t test or One-way ANOVA test, *P< 0.05, **P< 0.01 and ***P < 0.001. Data are
presented as mean + SEM.
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Reagent or resource Source Identifier
Antibodies

Mouse anti-B-amyloid Biolegend RRID:AB_2715854
Goat anti-PSD95 Abcam RRID:AB_298846
AF700 anti-human IFNAR1 R&D Systems RRID:AB_2920857
FITC anti-human CD45 BioLegend RRID:AB_2566368

PE anti-human IFNAR2

Miltenyi Biotec

RRID:AB_2652221

Mouse anti-AT8 Invitrogen RRID:AB_223647
Mouse anti-CD43 Invitrogen RRID:AB_763493
Mouse anti-CD45 Invitrogen RRID:AB_11063696
Mouse anti-CD68 Invitrogen RRID:AB_10987212

Mouse anti-GAPDH

Santa Cruz Biotechnologies

RRID:AB_627679

Mouse anti-human nuclei

Millipore

RRID:AB_827439

Mouse anti-Ki67

Thermo Fisher Scientific

RRID:AB_2341197

Mouse anti-MAP2

Santa Cruz Biotechnologies

RRID:AB_1126219

Mouse anti-PHF1

Dr. Peter Davies, Albert Einstein
College of Medicine

N/A

Rabbit anti-Synapsin 1 Millipore RRID:AB_90757
Rabbit anti-CD235 Invitrogen RRID: AB_2544630
Rabbit anti-Ferritin Sigma-Aldrich RRID:AB_259684
Rabbit anti-Ibal Wako RRID:AB_839504
Rabbit anti-IFNAR2 Invitrogen RRID:AB_2545779
Rabbit anti-Ki67 Cell signaling RRID:AB_2687446
Rabbit anti-TMEM119 Invitrogen RRID:AB_2648507
Donkey anti-goat 488 Invitrogen RRID:AB_2534102
Donkey anti-goat 594 Invitrogen RRID:AB_142540
Donkey anti-goat 647 Invitrogen RRID:AB_2535864
Goat anti-mouse 488 Invitrogen RRID:AB_2534088
Goat anti-mouse 594 Invitrogen RRID:AB_2534091
Goat anti-mouse 647 Invitrogen RRID:AB_2535804
Goat anti-rabbit 488 Invitrogen RRID:AB_2536097
Goat anti-rabbit 594 Invitrogen RRID:AB_2534095
Goat anti-rabbit 647 Invitrogen RRID:AB_2535813
Bacterial and Virus Strains

IFNAR1 shRNA Santa Cruz sc-35637-V
IFNAR2 shRNA Santa Cruz sc-40091-V

Control shRNA Santa Cruz sc-108080

Biological samples

Human brain tissue samples

NIH NeuroBioBank

See Table S3 for detailed information
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Reagent or resource Source Identifier

Human brain tissue samples UCI-ADRC See Table S4 for detailed information
Chemicals, peptides, and recombinant proteins

2-Mercaptoethanol Gibco Catalog# 21985-023

4% paraformaldehyde

Thermo Fisher Scientific

Catalog# J19943-K2

Adult brain dissociation kit

Miltenyi Biotec

Catalog# 130-107-677

Ascorbic acid Sigma Catalog# A4403
B27-RA Thermo Fisher Scientific Catalog# 12587010
BDNF Peprotech Catalog# 450-02
BMP4 Peprotech Catalog# 120-05ET
CHIR99021 Biogems Catalog# 2520691

Compensation beads

Miltenyi Biotec

Catalog# 01-2222-41

Dibutyryl cAMP Sigma Catalog# D0260
DMEMI/F12 HyClone Catalog# SH3002201
D-Sucrose Fisher Bioreagents Catalog# BP220-212
FGF-2 Peprotech Catalog# 100-18B
GDNF Peprotech Catalog# 450-10
GlutaMAX Gibco Catalog# 35050-061
GM-CSF Peprotech Catalog# 300-03
Growth factor reduced matrigel Corning Catalog# 354230
hLIF Millipore Catalog# LIF1005
IL-3 Peprotech Catalog# 200-03
1L-34 Peprotech Catalog# 200-34
Matrigel Corning Catalog# 354277
M-CSF Invitrogen Catalog# PHC9501
Mini-PROTEAN TGX Gels Bio-rad Catalog# 4561043

Mouse cell depletion cocktail

Miltenyi Biotec

Catalog# 130-104-694

M-PER Mammalian protein extraction reagent Thermo Fisher Scientific Catalog# 78501
mTeSR 1 Stemcell Technologies Catalog# 85850
mTeSR plus Stemcell Technologies Catalog# 100-0276
N2 Thermo Fisher Scientific Catalog# 17502048
Neurobasal Thermo Fisher Scientific Catalog# 21103-049
Pierce BCA Protein assay kit Thermo Fisher Scientific Catalog# 23225
Pierce ECL Western blotting substrate Thermo Fisher Scientific Catalog# 32106

ReLeSR Stemcell Technologies Catalog# 100-0484
RNeasy Kit Qiagen Catalog# 74004
SB431542 Stemgent Catalog# 04-0010-05
SCF Peprotech Catalog# 300-07
Tagman Gene expression Master Mix Applied Biosystem Catalog# 4369016
Tau (total) human ELISA kit Invitrogen Catalog# KHB0041
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Reagent or resource Source Identifier

Triton X-100 Sigma Catalog# T9284
TRIzol Thermo Fisher Scientific Catalog# 15596026
TrypLE Express Thermo Fisher Scientific Catalog# 12605028

Tween 20 Fisher Bioreagents Catalog# BP337-100
VEGF Peprotech Catalog# 100-20
X-Vivo 15 Lonza Catalog# 04-418Q
Y-27632 Tocris Catalog# 1254
Critical commercial assays

Chromium Next GEM Single Cell 3' GEM, Library & 10x Genomics Catalog# 1000128
Gel Bead Kit v3.1

Chromium Next GEM Chip G Single Cell Kit 10x Genomics Catalog#1000127

Deposited data

RNA-seq data

This paper

NCBI GEO: GSE189227

scRNA-seq data

This paper

NCBI GEO: GSE189227

Single Index Kit T Set A

10x Genomics

Catalog#1000213

Experimental Model

Cell lines

Coriell Institute for Medical
Research

See Table S1 for detailed information

Mice: Rag2-/-hCSF1

The Jackson Laboratory

Stock no:017708

Oligonucleotides

gPCR primers

Thermo Fisher Scientific

See Table S11 for detailed information

Software and algorithms

Adobe Illustrator Adobe https://www.adobe.com/products/
illustrator.html
Adobe Photoshop Adobe https://www.adobe.com/products/

photoshop.html

BioRender

BioRender.Inc

https://biorender.com/

Cell Ranger v6.1.1

10x Genomics

https://github.com/10XGenomics/cellranger

Cluster Profiler 4.0.5

https://guangchuangyu.github.io/software/
clusterProfiler/

Clampfit 10.5 Molecular Devices https://support.moleculardevices.com/s/

FlowJo_V10 TreeStar https://www.flowjo.com/solutions/flowjo/

g:Profiler e104_eg51_p15_3922dba https://biit.cs.ut.ee/gprofiler/gost

GraphPad Prism 9.2.0 GraphPad https://www.graphpad.com/scientific-
software/prism/

ImageJ NIH https://imagej.net/software/fiji/

Imaris 9.5.1 Bitplane https://imaris.oxinst.com

Monocle v 1.0.0 https://cole-trapnell-lab.github.io/monocle3/

R4.1.0 https://www.r-project.org

RStudio RStudio https://www.rstudio.com/products/rstudio/
download/

Seurat v4.0.4 https://satijalab.org/seurat/

Zen2.3 Carl Zeiss N/A
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