bioRxiv preprint doi: https://doi.org/10.1101/2025.01.30.635595; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Microglial plasticity governed by state-specific enhancer landscapes

Nicole Hamagami“*®°, Dvita Kapadia®, Nora Abduljawad>®*, Zuolin Cheng®, Liam

McLaughlin!, Darsh Singhania!, Kia M. Barclay™®, Jin Yang®, Zhixin Sun', Peter
Bayguinov', Guogiang Yu®’, Harrison W. Gabel*'%" Qingyun Li*3%*’

'Department of Neuroscience, Washington University in St. Louis School of Medicine,
St. Louis, MO 63110, USA

“Medical Scientist Training Program, Washington University School of Medicine, St.
Louis, MO 63110, USA

®Neuroscience Graduate Program, Washington University School of Medicine, St. Louis,
MO 63110, USA

“Department of Pathology and Immunology, Washington University in St. Louis School
of Medicine, St. Louis, MO 63110, USA

*Bradley Department of Electrical and Computer Engineering, Virginia Polytechnic
Institute and State University, Arlington, VA 22203, USA

®Department of Automation, Tsinghua University, Beijing 100084, China
'IDG/McGovern Institute for Brain Research, Tsinghua University, Beijing 100084,
China

8Department of Genetics, Washington University School of Medicine in St. Louis,
School of Medicine, St. Louis, MO 63110, USA

*These authors contributed equally

%These authors contributed equally

| ead contact

*Correspondence: gingyunli@wustl.edu (Q.L.), gabelh@wustl.edu (H.W.G.)


https://doi.org/10.1101/2025.01.30.635595
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.30.635595; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SUMMARY

Single-cell transcriptomic studies have identified distinct microglial subpopulations with
shared and divergent gene signatures across development, aging and disease.
Whether these microglial subsets represent ontogenically separate lineages of cells, or
they are manifestations of plastic changes of microglial states downstream of some
converging signals is unknown. Furthermore, despite the well-established role of
enhancer landscapes underlying the identity of microglia, to what extent histone
modifications and DNA methylation regulate microglial state switches at enhancers
have not been defined. Here, using genetic fate mapping, we demonstrate the common
embryonic origin of proliferative-region-associated microglia (PAM) enriched in
developing white matter, and track their dynamic transitions into disease-associated
microglia (DAM) and white matter-associated microglia (WAM) states in disease and
aging contexts, respectively. This study links spatiotemporally discrete microglial states
through their transcriptomic and epigenomic plasticity, while revealing state-specific
histone modification profiles that govern state switches in health and disease.
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INTRODUCTION

Microglia are the tissue-resident macrophages in the parenchyma of the central nervous
system (CNS), constantly surveying for and responding to a wide range of brain
perturbations.” In disease, microglia can present antigens, produce immunogenic
cytokines, and phagocytose injured cells or disease-specific debris.*> Recently, it has
been increasingly appreciated that microglia are also particularly active during
development, engaging in synaptic pruning and myelinogensis.*® Modern advances in
genetic labelling and single-cell RNA sequencing (scRNA-seq) technologies have
allowed for the identification of distinct microglial subpopulations across these different
brain contexts, including proliferative-region-associated microglia (PAM) in the
developing white matter of the early postnatal brain, disease-associated microglia (DAM)
in neurodegenerative disease, and white matter-associated microglia (WAM) in aging,
which, together with other microglial states, contribute to the multifaceted roles of
microglia in health and disease.'®*® While these microglial states display context-
dependent gene expression patterns, they also share a core gene signature, including
the upregulation of neurodegenerative disease risk genes, Trem2 and Apoe, and an
immune receptor gene, Clec7a, among others.”**"° |t is unknown whether these
microglial subpopulations represent ontogenically distinct lineages of microglia, or they
are manifestations of plastic changes of microglial states downstream of some
converging signals. Furthermore, the molecular mechanisms regulating microglial state
switches remain elusive.

The enhancer repertoire underlies the transcriptional regulatory framework that governs
complex gene expression programs. Enhancers are short cis-regulatory regions of DNA
that can recruit transcription factors and interact with promoters to drive
transcription.”>?*  Enhancer activity is measured by the presence or absence of
epigenetic marks including histone post-translational modifications (PTMs) and DNA
methylation.?>?* It is well established that enhancer landscapes play a crucial role in
shaping the cellular identities of tissue macrophages.”? However, how dynamic
enhancer activity directs the formation of distinct microglial states in response to various
microenvironmental cues is not known.

Previously, we have developed an inducible driver line, Clec7a-CreER'™, which allows
specific labeling and tracking of Clec7a+ microglial subsets such as PAM and DAM in
different mouse models.}” Using cuprizone-induced demyelination, we have
demonstrated the plastic changes of DAM, which are associated with white matter injury
and return to homeostasis during recovery. The in vivo plasticity of microglial states
across different contexts and over longer timescales has not been defined. Here, we
systematically dissect the lineage relationships between specific states of microglia in
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development, aging and disease to uncover the plastic nature of microglia. In addition,
we use highly sensitive epigenetic profiling approaches, CUT&Tag? and whole genome
bisulfite sequencing (WGBS), to characterize the dynamic changes of state-specific
enhancers and predict their potential binding transcription factors that govern microglial
state switches. These findings provide key insights into the molecular mechanisms
underlying transcriptomic and functional heterogeneity of microglia across dynamic
brain contexts.

RESULTS
Origin and dynamic changes of PAM during development

Previously, through single-cell RNA sequencing (scRNA-seq), we have identified
proliferative-region-associated microglia (PAM) that are enriched in the corpus callosum
and cerebellar white matter regions during the early postnatal development.’® PAM
upregulate a cassette of genes, including Clec7a, Itgax, Sppl, Gpnmb, Cd68, compared
to homeostatic microglia, and they display amoeboid morphology and are highly
phagocytic. Notably, some of these marker genes and functional properties are
reminiscent of peripheral myeloid cells, raising the question of whether PAM are derived
from the yolk sac precursors of microglia or perinatal infiltration of peripheral immune
cells.®32 To determine the exact origin of PAM, we employed the Runx1-CreER' fate
mapping model, and pulsed tamoxifen at embryonic day 7 (E7), which has been shown
to capture the embryonic precursors leading to labeling of about 30% of total microglia
across the adult brain3** Using the same regimen, we performed
immunohistochemistry on mice at postnatal day 7 (P7), when PAM were most abundant.
We observed robust labeling of PAM in the developing white matter regions as well as
homeostatic microglia randomly distributed in other areas of the brain (Figure 1A,
Figure S1A-C). The labeling efficiencies for PAM and homeostatic microglia were
comparable (Figure 1B). We saw a similar labeling pattern with another fate mapping
line, Cdh5-CreER™,* which marks hemogenic endothelial cells in the early embryos
(Figure S1D). These data suggest that PAM share the same embryonic yolk sac origin
with other microglial populations, and they represent a distinct state associated with the
white matter and neurogenic niches.

To characterize the dynamic changes of PAM in the first two postnatal weeks, we
performed time course analyses on their density, morphology and marker gene
expression. Interestingly, within only three days following the peak appearance (from P7
to P10), PAM sharply downregulated the marker gene Clec7a, and they also became
more ramified, while their density remained largely unchanged (Figure 1C-E). By P14,
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81 PAM were almost undetectable based on marker gene expression in the corpus
82 callosum.* This disappearance of PAM may be due to cell death (e.g. apoptosis,
83 ferroptosis) or a state change with the downregulation of their signature genes."%** To
84  distinguish these two possibilities, we leveraged our recently published driver line,
85 Clec7a-CreER', which specifically labels PAM (and other Clec7a+ microglial states in
86 disease settings) in the developing white matter and thus allow us to follow the fate of
87 PAM into later timepoints.!’ By pulsing tamoxifen at P4, we observed CLEC7A+
88 microglia co-labeled with the tdTomato reporter in the corpus callosum and cerebellar
89 white matter at P7 as expected (Figure 1F and 1G). When examining the tissues at
90 P30, we found that numerous tdTomato+ microglia were still present in the PAM-
91 occupying regions, suggesting that the PAM lineage cells survived into adulthood.
92 Interestingly, these tdTomato+ microglia also appeared in other parts of the brain, such
93 as upper cortical layers and striatal regions (Figure 1F). In addition, the tdTomato+
94  microglia in P30 exhibited ramified morphology and were stained negative for CLEC7A
95 (Figure 1G, 1H). These data suggest that PAM lose marker gene expression and adopt
96 homeostatic features following the early postnatal development.

97

98 To examine the changes of PAM at the transcriptomic level, we performed scRNA-seq
99 on tdTomato+ and tdTomato- microglia isolated from P7 and P30 brains (Figure 11, 1J).
100 As expected, P7 tdTomato+ microglia, representing PAM, were separated from
101 tdTomato- cells, which mainly contained homeostatic microglia, on the UMAP (Figure
102  11). In contrast, these two groups of cells were no longer separable at P30, suggesting
103 global conversion of PAM into homeostatic microglia in the adult brain (Figure 1J). We
104  will refer to these PAM-derived homeostatic microglia as exPAM hereatfter.

105

106 We were curious about the regional distribution of exPAM, particularly those found in
107 the upper cortical layers (Figure 1F) and wanted to understand how they arrived there.
108 Although we could not monitor PAM in real time due to their deep anatomical location
109 and the long duration of potential changes, we reproducibly found incidences of exPAM
110 between the corpus callosum and superficial layers of the brain at intermediate
111 timepoints (e.g. P14), indicating cell migration (Figure 1K). To assess the involvement
112  of microglial proliferation, we tracked cell divisions with EdU injections on top of PAM
113 lineage tracing (Figure 1L). Despite wide-spread EdU labeling across the entire brain,
114  especially along the rostral migratory stream, only less than 10% tdTomato+ cells were
115 co-labeled with EdU (Figure 1M, Figure S1E). These data suggest that a combination
116  of migration and limited proliferation contribute to exPAM outside the white matter
117 regions. Taken together, this series of fate mapping experiments illustrate PAM as a
118 dynamic microglial state that arises from yolk sac precursors and converts to
119 homeostatic microglia across multiple brain regions later in life.

120
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121  Plasticity of PAM during injury and aging

122

123 To obtain a more comprehensive view about the plasticity of PAM, we wanted to first
124  analyze the regional distribution of exPAM in a quantitative manner. We generated
125 Clec7a-CreER™; LSL-tdTomato; CX3CR1-GFP dual-color labeling mice and used the
126  fluorescence reporters to visualize PAM or exPAM (in tdTomato) and all microglia (in
127  GFP) following whole brain tissue clearing.*® Consistent with immunostaining on tissue
128 sections, PAM were mainly restricted to the corpus callosum, certain white matter tracks
129 (e.g. cingulum bundle, optic radiation), and deep cortical regions (e.g. primary motor
130 and somatosensory areas in layer 6) (Figure 2A-C, Figure S2A-B, Videos S1-S2,
131 Table S1). While exPAM in the P30 brain were still present in the white matter regions,
132 their density was markedly reduced (Figure 2C, Figure S2B). In addition, exPAM were
133 also specifically enriched in primary somatosensory layer 1 and certain layer 2/3 cortical
134  regions, as well as in amygdalar and thalamus-related nuclei (Figure 2B-C, Figure S2B,
135 Videos S3-S4, Table S1). The reproducibility of this labeling pattern suggests
136  controlled microglial migratory routes possibly due to functional recruitment of exPAM to
137 these brain regions and/or anatomical scaffolds facilitating cell movement.

138

139 Next, we wanted to understand whether exPAM can become reactivated upon a
140 stimulus later in life. We decided to focus on their response in white matter injuries. We
141 injected tamoxifen in the Clec7a-CreER'; LSL-tdTomato reporter mice at P4 and fed
142  the adult mice with either control or cuprizone diet to generate demyelination. Indeed,
143 about 80% of tdTomato+ microglia were stained positive for CLEC7A in the corpus
144  callosum of the cuprizone-treated mice, whereas similarly labeled cells in the control
145 condition remained negative for this reactive marker (Figure 2D and 2E). The
146 CLEC7A+ microglia also expressed CD11c and CD68, suggesting that they assumed
147 the disease-associated microglia (DAM) reactive phenotype (Figure S2C). Consistently,
148 these cells displayed less ramified morphology (Figure 2J and 2K). Interestingly, a
149 subset of tdTomato- microglia in the cuprizone-treated group also became reactive, and
150 there seemed to be no preference between the tdTomato+ (exPAM) and tdTomato-
151 cells in terms of the generation of DAM upon the white matter injury (Figure 2E). To
152 discern the extent by which exPAM, as opposed to their daughter cells from cell
153  proliferation, directly contributed to DAM, we provided BrdU drinking water to the
154  reporter mice throughout the cuprizone treatment (Figure 2F). We found that the vast
155 majority (about 90%) of tdTomato+CLEC7A+ microglia in the white matter were never
156 labeled by BrdU, suggesting minimal cell proliferation (Figure 2G). These data
157 underscore the plasticity of reactive microglia as they undergo state switches from PAM
158 to exPAM (homeostasis) and to DAM in a white matter disease later in life (Figure S2E).
159
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160 Can exPAM become reactivated during a natural process such as normal aging?
161 Previously, white matter-associated microglia (WAM), which share a similar gene
162  signature with PAM (and DAM), have been identified in the aging brain,** prompting us
163 to assess their lineage relationship. Surprisingly, by rearing the P4 injected reporter
164 mice for additional two years, we found that numerous tdTomato+ labeled microglia
165 remained in the white matter regions (Figure 2H). About 30% of these cells turned on
166 reactive markers and simultaneously exhibited reactive morphology, suggesting a state
167 switch to WAM (Figure 2H-K, Figure S2D). Although it is not feasible to track cell
168 proliferation over such a long period of time, given the slow turnover of microglia,®"° we
169 speculate that some exPAM may directly contribute to the pool of WAM in aging.

170

171  Up until this point, our analyses have been focusing on the white matter where these
172 reactive microglia populations reside. We wondered to what extent exPAM can
173 generate DAM in a disease with primary pathology outside the white matter. To address
174  this question, we crossed the Clec7a-CreER'?; LSL-tdTomato reporter mice to 5xFAD,
175 an amyloidosis model of Alzheimer's disease (AD).*’ In 6-month-old 5xFAD mice,
176  amyloid plaques were primarily built up in the cortex, hippocampus and striatum, with
177 little accumulation in the white matter (Figure 2L). Interestingly, despite the presence of
178 plaques in the areas adjacent to the corpus callosum, the regional distribution of exPAM
179 largely remained the same as seen in the healthy adult brain (Figure 1F, 2L). As such,
180 only 3.0+0.7% of exPAM that directly surrounded plaques became reactive in response
181 to AD pathology (Figure 2L and 2M), which is consistent with the notion that microglial
182  cell bodies are mostly stationary in the adult brain.>®> Nonetheless, this observation
183 highlights that exPAM are fully capable of responding to amyloid deposition and
184  switching to the DAM state when they physically interact with plagues in AD.

185

186 Together, these results demonstrate the extraordinary plasticity of exPAM, which
187 undergo state switches to DAM or WAM in response to disease or during normal aging.

188

189 Epigenomic profiling of PAM and identification of state-specific gene regulatory
190 elements

191

192 Given the plasticity of PAM, we wanted to understand the molecular mechanisms that
193 regulate microglial state switches. It has been shown that enhancer landscapes play a
194  critical role in regulating the identities of tissue macrophages including microglia.?>?’
195 However, epigenomic features, such as histone modifications and DNA methylomes,
196 underlying specific microglial states have not been defined. Due to the rarity of these
197 reactive microglial subpopulations in their respective brain contexts, we reasoned that
198 conventional chromatin profiling methods would be insufficient to capture the dynamic
199 signals of chromatin factors to readily identify de novo gene regulatory elements active


https://doi.org/10.1101/2025.01.30.635595
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.30.635595; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

200 in PAM and DAM. We therefore performed Cleavage Under Targets and Tagmentation
201 (CUT&Tag) for H3 lysine 27 acetylation (H3K27ac) and H3 lysine 4 monomethylation
202 (H3K4mel), canonical histone marks associated with active gene regulatory elements
203 (Figure 3A).**' As a proof of concept, we assessed differential H3K27ac and
204 H3K4mel signals at known microglial versus myeloid promoters and enhancers using
205 as few as 2,000 wildtype microglia. Indeed, aggregate analysis revealed robust
206 activation of the promoters and enhancers associated with microglia-specific genes but
207  not myeloid-specific genes®>*? as measured by these histone marks (Figure 3B). When
208 we examined H3K27ac and H3K4mel signals as a function of gene expression, we
209 observed strong concordance between the levels of these marks and gene expression
210 at promoters and enhancers. Therefore, CUT&Tag on small numbers of microglia can
211  specifically profile H3K27ac and H3K4mel signals as an accurate proxy of promoter
212  and enhancer activity that is tightly linked to gene expression.

213

214 Having validated our epigenomic profiling methods, we sought to identify gene
215 regulatory elements that control the PAM state. We collected CD45™CD11b*tdTomato*
216  (tdPos) and CD45™CD11b*tdTomato™ (tdNeg) cells, representing PAM and homeostatic
217  microglia, respectively, from P7 brains of the Clec7a-CreER™ reporter mice. Visual
218 inspection and aggregate analysis of promoters associated with previously identified
219 differentially upregulated genes®® in PAM showed higher H3K27ac signals in tdPos over
220 tdNeg microglia (Figure 3C, D). To identify PAM enhancers, we first classified
221 enhancers based on the presence of H3K4mel, and further performed edgeR
222  differential count analysis*® on H3K4mel and H3K27ac signals in tdPos microglia over
223 tdNeg microglia. We identified 385 de novo enhancers with significantly enriched
224  H3K4mel and H3K27ac signals in the tdPos population (Figure 3E and 4B, Table S2).
225 Interestingly, the increases of these histone modifications at the enhancers were more
226  pronounced compared to those at the promoters (Figure 3D and 4B), consistent with
227 the notion that enhancer activity tends to be more dynamic with gene expression
228 changes.?® Analysis of gene-enhancer linkage via GREAT** revealed that these
229 enhancers were significantly associated with PAM differentially expressed genes (DEGS)
230 (Figure 3F). Therefore, we have uncovered a set of enhancers that are likely to be
231 functionally relevant in PAM.

232

233 Dynamic changes of histone modifications at enhancers reflect microglial state
234  transitions

235

236  Given the transcriptomic plasticity of PAM during development (Figure 11 and 1J), we
237 next wanted to investigate whether PAM-specific enhancers are involved in regulating
238  the PAM-to-exPAM state transition. To this end, we isolated CD45™CD11b*tdTomato”
239 (tdPos) and CD45™CD11b*tdTomato™ (tdNeg) microglia, representing exPAM (PAM-
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240  derived homeostatic microglia) and non-PAM-derived homeostatic microglia, from P30
241  brains of the Clec7a-CreER'™ reporter mice. We performed CUT&Tag experiments and
242  compared the results with the P7 data. Visual inspection showed that the enhancers
243 around PAM upregulated genes (e.g. Gpx3) were more active in the tdPos population
244  and they were decreased in activity by adulthood (P30) (Figure 4A). To obtain a
245 comprehensive view of enhancer dynamics during this microglial state transition, we
246  quantified the aggregated H3K27ac and H3K4mel CUT&Tag signals at all de novo
247 called PAM enhancers between tdPos and tdNeg microglia from P7 and P30 brains.
248  Consistent with the observation for selected genes, we found a global reduction of PAM
249  enhancer activities, particularly in the tdPos population, down to near tdNeg levels by
250 P30 (Figure 4B and 4C). This data suggests that histone modifications at state-specific
251 enhancers are highly dynamic, reflecting the transition from the PAM state to a
252 homeostatic state.

253

254 In parallel with the identification of PAM enhancers, we were also curious about the
255 gene regulatory elements that promote microglial homeostasis. Therefore, we
256 performed edgeR analysis to identify enhancers with differentially enriched H3K4mel
257 and H3K27ac signals in tdNeg microglia compared to tdPos microglia at P7 (Table S2).
258  Visual inspection of microglial homeostasis-associated genes (e.g. Tgfbrl) confirmed
259 stronger signals of homeostatic enhancers in the tdNeg population (Figure 4D). We
260 also quantified the aggregated changes of all de novo called homeostatic enhancers
261 from P7 to P30. While these enhancers were less active in the tdPos population at P7
262 as expected, they robustly increased in activity by P30 becoming barely distinguishable
263 in H3K27ac and H3K4mel levels from the tdNeg population (Figure 4E and 4F). Taken
264  together, these results point to epigenetic plasticity of microglial states, highlighting that
265 the dynamical changes of histone modifications at state-specific enhancers underlie the
266  microglial state switch from developmental reactivity to homeostasis.

267

268 Identification of DAM-specific and shared enhancers with PAM state

269

270 Having established the enhancer landscapes of microglial states in physiological
271  settings, we wanted to extend our analysis to a disease context. We decided to focus on
272  DAM in AD, which is highly relevant to the disease progression and may have a broader
273 impact on other neurodegenerative conditions.* Despite the limited contribution of PAM
274  to this microglial subset (Figure 2L), PAM and DAM (AD) share notable transcriptional,
275 morphologic, and metabolic similarities in addition to the upregulation of certain distinct
276  genes in each state.’®'” These observations have led us to ask how enhancer activity
277 shapes the DAM state in relation to PAM.

278
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279 To address this question, we administered tamoxifen to the Clec7a-CreER™ reporter
280 mice in the background of 5XxFAD, which has been shown to robustly label DAM at the
281 peak of amyloidosis.'” This allowed us to isolate tdPos and tdNeg microglia for
282  epigenetic profiling of H3K27ac and H3K4mel by CUT&Tag as we did before. Visual
283 inspection and aggregate analysis at promoters of genes known to be upregulated in
284 DAM™!" indicated enriched H3K27ac signals in tdPos microglia compared to tdNeg
285 microglia (Figure 5A and 5B). Importantly, we identified 840 significantly active
286 enhancers in the tdPos population, which collectively showed a bigger impact on
287 separating DAM (tdPos) versus homeostatic (tdNeg) states compared to the chromatin
288 status at promoters (Figure 5B and 5C, Table S2). Again, GREAT analysis revealed
289 that these enhancers were significantly associated with DAM DEGs (Figure 5D). These
290 results suggest that we have identified a cohort of relevant enhancers for the activation
291 of DAMin AD.

292

293 Given that DAM and PAM share a core gene signature, we wanted to investigate
294  whether they also share an underlying epigenetic profile. Using Apoe as an example,
295 which is the biggest genetic risk gene for late-onset AD and one of the most
296 upregulated genes in PAM and DAM, we found specific enrichment of H3K27ac and
297 H3K4mel signals at a downstream distal enhancer in the tdPos populations of P7 and
298 5xFAD brains, suggesting a possible shared role of this regulatory element in these two
299 conditions (Figure 5E). Cross correlation analysis revealed that enhancers significantly
300 active in PAM tended to also be active in DAM, and vice versa (Figure 5F). Consistently,
301 there was a substantial overlap between de novo called PAM and DAM enhancers
302 (Figure 5F and 5G). Quantitative analysis demonstrated that the shared enhancers
303 were not only active at P7 and in the 5XxFAD model but were also deactivated at P30
304 during a predominantly microglial homeostatic context (Figure 5H). Together, these
305 results suggest that PAM and DAM have distinct and shared epigenetic properties that
306 may impact their respective contributions to development and disease.

307

308 Stable DNA hypomethylation is permissive for microglial activation

309

310 Histone modifications can emerge and disappear rapidly, within minutes to hours,
311  making them well-suited for regulating microglial activation over short timescales.*® On
312 the other hand, DNA methylation at CpG dinucleotides (mCG) is another type of
313 epigenetic regulation, which involves covalent modifications on DNA and has much
314 slower turnover rates (ranging from hours, days to years depending on the
315 contexts).*”*® We were curious whether such a relatively stable form of epigenetic
316 mechanisms plays a role in regulating microglial state switches. To address this
317 question, we first performed whole genome bisulfite sequencing (WGBS) to measure
318 mCG levels at base pair resolution from adult wildtype microglia. Aggregate analysis of
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319 mCG levels at microglia- and myeloid-specific gene regulatory elements revealed
320 greater depletion of mMCG at microglial promoters and enhancers, as expected (Figure
321  S3). Furthermore, we observed a robust correlation between mCG depletion and gene
322 expression at enhancers compared to promoters which exhibited a more binary
323 relationship between mCG loss and gene expression (Figure S3). These results
324  highlight that the degree of dynamic mCG patterning at enhancers is associated with
325 finetuning gene expression in microglia.

326

327 To examine the extent by which DNA methylomes underlie microglial reactivity, we
328 isolated tdPos and tdNeg microglia from P7, P30 and 5xFAD mice, followed by WGBS
329 (Figure 6A). Interestingly, regardless of the stages and conditions, both tdPos (PAM in
330 P7, exPAM in P30, or DAM in 5xFAD) and tdNeg (homeostatic microglia) populations
331 displayed similar levels of mCG depletion at the promoter and enhancer regions of
332 reactive marker genes (e.g. Clec7a, Trem2), as well as homeostatic genes (e.g. Tgfbrl)
333 (Figure 6B and 6E). Focusing on the physiological conditions (P7 and P30), we found
334 no difference in mCG demethylation around de novo called PAM enhancers or
335 homeostatic enhancers between tdPos vs. tdNeg microglia at P7 (Figure 6C and 6F,
336 Table S3). There was a subtle difference for PAM enhancers between tdPos vs. tdNeg
337 microglia at P30 (Figure 6C). However, the overall reduced fold-change of tdPos/tdNeg
338 mCG from P7 to P30 was in the opposite direction and thus inconsistent with a model in
339 which repression by DNA methylation regulates the microglial state switch from PAM to
340 exPAM (Figure 6C). This data suggests that the DNA hypomethylation around PAM
341 regulatory elements, presumably established during early development, may provide a
342 permissive environment to allow rapid microglial activation later in life.

343

344 In the context of AD, we observed only slightly but significantly lower mCG signals
345 around DAM enhancers in tdPos microglia compared to tdNeg cells (Figure 6D, Table
346 S3). Conversely, the tdNeg population showed slightly lower mCG signals around
347 homeostatic enhancers as microglia transited from being in a healthy condition (P30) to
348 disease (5xXFAD) (Figure 6F). These changes may be attributed to longer duration of
349 microglial activation in the AD model. However, the subtlety was in sharp contrast with
350 the more pronounced differences observed in histone modifications at the enhancers of
351 distinct microglial states as shown above (Figure 4 and Figure 5). These data suggest
352 that while the DNA methylation pattern at enhancers is generally stable and permissive
353 for rounds of microglial activation, it may still cooperate with histone modifications to
354 regulate microglial states over an extensive period of time, such as during aging and
355 progressive neurodegeneration.


https://doi.org/10.1101/2025.01.30.635595
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.30.635595; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

356

357 Unbiased enhancer clustering analysis reveals transcription factors that
358 modulate PAM, DAM, and homeostatic microglial states

359

360 To obtain further biological insights into our newly identified enhancers that are
361 associated with PAM and DAM states, we decided to systematically determine groups
362 of co-regulated enhancers across different brain contexts in an unbiased manner. We
363 performed a weighted gene correlation network analysis (WGCNA)* using H3K27ac
364 signal at enhancers called across all conditions (tdPos and tdNeg at P7, P30, and in
365 5xFAD model) (Figure 7A, Figure S4A). WGCNA identified 35 clusters of highly co-
366 regulated enhancers, with 21 clusters containing at least 1000 enhancers (Figure S4B,
367 Table S4). Comparison of the mean H3K27ac signal in each enhancer module across
368 conditions revealed clusters specific to different microglial states, as well as shared
369 enhancers (Figure 7A). A PAM-specific enhancer cluster ‘d’ showed the highest
370 H3K27ac signal in tdPos microglia at P7, while DAM-specific clusters ‘i’ and ‘J' had the
371 highest aggregate H3K27ac signal in the tdPos population in the 5xFAD mouse model
372 (Figure 7A and 7B). PAM and DAM shared enhancer clusters ‘f" and ‘g’ had high tdPos
373 H3K27ac signal at P7 and in the 5xFAD model compared to all other microglial
374  populations. Finally, a homeostatic cluster ‘k’ displayed enrichment of H3K27ac signal
375 in tdNeg microglia at P7 and in 5xFAD as well as in both P30 populations. Identification
376 of these clusters provides defined cis-regulatory modules that can be explored to
377 identify transcriptional mechanisms driving microglial states.

378

379 Transcription factors (TFs) are critical regulators of gene expression that bind enhancer
380 DNA elements to modulate dynamic microglial phenotypes. To infer TFs that may
381 regulate microglial states, we performed de novo motif enrichment analysis using
382 HOMER?® on the key enhancer clusters mentioned above. This led to the identification
383 of sets of candidate TFs responsible for generating PAM, DAM and homeostatic
384 microglial states (Figure 7C, Table S5). Notably, several top hits have been shown to
385 play a role in regulating microglial states. For example, the Irf8 motif was enriched in
386 PAM-specific enhancers, and this TF has been recently reported to direct microglial
387 transcriptional programs in the postnatal brain.>* Mitf required for DAM formation, and
388 its motif was identified in PAM and DAM shared enhancers.>® Canonical TGFB signal
389 transduction TFs, Smad2/3, which promote quiescent microglial phenotypes, were
390 predicted based on the homeostatic enhancers.’®** Beyond the identification of
391 previously implicated TFs in microglial biology that validates our approach, we also
392 observed enrichment of additional factors potentially driving PAM/DAM formation. This
393 includes a group of TFs related to the integrated stress response (ISR) pathway, such
394 as ATF family genes (e.g. Atf4), Ddit3 and Nfe2l2, which interact with one another to
395 regulate redox and metabolic processes (Table S5).°>°° Interestingly, ISR has been
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396 implicated in AD pathogenesis, and ATF4, among other ISR genes, are elevated in AD
397 samples.”” Furthermore, PU.1 (Sfpil), a genetic risk factor for AD,*®**° was also
398 predicted to bind and regulate PAM/DAM enhancers. ldentification of these candidate
399 drivers of reactive microglial states suggest the involvement of previously unexplored
400 gene modules and pathways in microglia during brain development and
401 neurodegeneration, which warrants future functional investigation.

402

403 To determine how these TFs may regulate downstream target genes, we utilized the
404 ChEAS3 (ChIP-X Enrichment Analysis Version 3) software, which is a TF enrichment
405 analysis tool incorporating ChiP-seq and gene co-expression datasets from multiple
406  sources, to link the candidate TFs to the DEGs from reactive microglia.®® We focused on
407 TFs predicted to interact with PAM and DAM shared enhancers. This analysis
408 demonstrated that Mitf, Cebpb, E2f1, Nfe2l2 were among the most active TFs, each of
409 which regulated over 70% of downstream target genes (Figure 7D). TF-target gene
410 regulatory network also placed these genes as potential master regulators (Figure 7E).
411 Taken together, these findings revealed potential cis- and trans- regulators underlying
412  microglial state transitions in development and disease.

413

414  DISCUSSION

415

416 Transcriptomic studies have led to the identification of numerous microglial
417  subpopulations in physiological and pathological conditions.***® These concerted efforts
418 leveraging unbiased in vivo characterization of microglial transcriptomes have refuted
419 the oversimplified M1/M2 dichotomy of microglial reactivity and at the same time caused
420 a nomenclature conundrum.®®* On one hand, single cell profiling data are inherently
421 noisy, making it difficult to interpret the functional implications of nuanced gene
422  expression differences. On the other hand, each study tends to focus on one specific
423  biological setting, leaving it open for two possibilities: (1) these different microglial states
424  represent discrete populations of microglia generated by distinct origins and
425 mechanisms; (2) at least some of them may be differential manifestations of reactivity
426 by the same group of cells in response to related cues at different timepoints in life. This
427 latter possibility insinuates in vivo plasticity of reactive microglial states, which has not
428 been systematically examined. Here, we use a series of genetic fate mapping models to
429 directly track the changes of an early postnatal microglial subpopulation, PAM, into
430 disease and aging conditions. We demonstrate that PAM transit to a homeostatic state
431 in adulthood, which then further convert to DAM in white matter injury and WAM in
432 aging. Therefore, these microglial states are connected along a continuous lineage,
433 underscoring their extraordinary plasticity.

434
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435 Most tissue macrophages including microglia are thought to be derived from yolk sac
436  precursors.®*®® Whether rare populations of microglia, such as PAM (less than 5% of
437 total microglia), share the same embryonic origin is unclear. The transient appearance
438 of PAM during the early postnatal window as well as their amoeboid morphology and
439 the distinct transcriptional signature seem to implicate the possibility of perinatal
440 immune infiltration.’®*® However, through Runxl lineage tracing experiment, we
441  definitively show that PAM, just as other homeostatic microglia, are generated by the
442  same pool of erythro-myeloid progenitors in the yolk sac. This result also indicates that
443 PAM represent a reactive state that is triggered by developmentally regulated signals.
444  Although we do not know the nature of these signals yet, they might be related to CNS
445 myelination and/or ventricles due to the overlapped timing and restricted regional
446  distribution.™ Future work should address this important question.

447

448 A fundamental key question in the microglial field has been to what extent reactive
449 microglial states are plastic and reversible.”® Previously, we have demonstrated that
450 DAM can fully return to homeostasis after an acute white matter injury.’’” In this study,
451 we focus on PAM from the developing brain to illustrate their plasticity over large
452 timescales and across multiple conditions. Although our Clec7a fate mapping model
453 would track the entire lineage of PAM cells, the BrdU/EdU co-labeling experiments
454  demonstrate that PAM-exPAM-DAM conversions largely occur to the exact same cells
455 rather than proliferated cells from the lineage. Interestingly, compared to non-PAM-
456 derived cells, the PAM-derived ones seem to have no preference in the generation of
457 DAM, suggesting a lack of immune priming in the paradigm tested. This is perhaps not
458  surprising given that the developing brain is remarkably malleable. As inflammatory
459  stimuli or vaccinations can produce immune memory to microglial cells in general,#54%°
460 future work should examine the plasticity of other reactive microglial states, for instance,
461 in a diseased brain with repetitive injuries or progressive pathologies.

462

463  An interesting observation we made about exPAM is their regional distribution. After the
464 early postnatal development, PAM cells return to homeostasis and some of them
465 appear to migrate out of the corpus callosum. These exPAM can be reproducibly found
466 in superficial layers of cortex and several subcortical regions. This is consistent with the
467  notion that perinatal white matter microglia serve as the “fountain of microglia”,®® except
468 that they only contribute to a small percentage of total microglia in selective brain
469 regions. It is unclear whether exPAM passively move along certain anatomical
470 structures to reach these regions or they are being actively recruited there to perform
471  some critical functions. This deserves future investigation.

472

473 In addition to characterize the plasticity of microglial states at the morphological and
474  transcriptomic levels, we also performed efficient epigenomic profiling via CUT&Tag and
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475 WGBS to identify the enhancer landscapes and transcription factors that regulate
476 convergent and distinct pathways across specific microglial states in development and
477  disease. This is achieved through the utilization of a recently developed inducible driver
478 for PAM and DAM, Clec7a-CreER'™, which allows acutely isolation of these rare
479  microglial populations.'” Coupling this epigenomic profiling with genetic fate mapping,
480 we find that PAM and DAM enhancers exhibit dynamic activity, reaching peak activation
481 at P7 and in the 5XFAD model, respectively, while decreasing in activity during periods
482  of microglial homeostasis. Interestingly, such dynamic changes of enhancer landscapes
483 are mainly manifested in histone modifications but less so in DNA methylation. For
484 example, all the state-associated enhancers tested are notably depleted for DNA
485 methylation, suggesting upstream regulatory mechanisms that license these enhancers
486 for activation later in life or in response to brain disruptions. Because histone
487  modifications occur in the timescale of minutes to hours, which is consistent with rapid
488 changes of microglial reactivity, whereas DNA methylation is much more stable and
489 alterations of it tend to require extensive periods of time,*”*®°" it will be interesting to
490 examine whether DNA methylation plays in role in regulating microglial states in the
491 context of aging.

492

493  Lastly, our study uncovers key enhancer regions with distinct and shared epigenomic
494  features that modulate PAM, DAM, and homeostatic states. This resource is particularly
495 informative for DAM enhancers in the AD model, as many disease risk genes have
496 been linked to microglia-specific gene and enhancer regions of the genome.®®®° It will
497 be important to functionally test these enhancers to conclusively determine their
498 contribution to AD pathogenesis. Our unbiased WGCNA supports the de novo
499 differential enhancer activity analysis described above, and meanwhile it provides
500 higher statistical power, with a majority of clusters harboring at least 1000 enhancer
501 regions. This allows us to conduct transcription factor motif enrichment analysis to
502 predict critical microglial state regulators. In addition to revealing the enrichment of
503 motifs for known transcription factors associated with microglial and immune activation
504 such as Mitf and NF-kappa-B complex components (e.g. Rela),**"® which demonstrates
505 the robustness of our analysis, we have also inferred previously unknown transcription
506 factors associated with PAM, DAM, and homeostatic microglia states. Future studies
507 should disrupt these regulators to assess their functional relevance on the induction and
508 maintenance of these microglial states.

509

510 Overall, we have elucidated the plasticity of microglial states at the transcriptomic,
511 morphological and epigenetic levels, across development, disease and aging conditions.
512 We have identified candidate gene regulatory elements that regulate PAM in early
513 postnatal development and DAM in neurodegenerative disease, opening up new
514  opportunities for future functional studies. Understanding the formation and regulation of
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515 specific microglial states will shed light on fundamental mechanisms of microglial cells
516 in shaping brain structures and modulating disease.

517

518 Limitations of the study

519

520 Our work of characterizing microglial plasticity primarily focuses on PAM, a
521 developmentally regulated microglial state, which may not represent other reactive
522 states from microenvironments less prone to recovery such as neurodegeneration.
523  Therefore, we would caution for simple generalization of our findings to other conditions.
524  Through regional distributions of PAM and exPAM, we infer potential migration of
525 exPAM after the early postnatal development. More direct imaging-based evidence will
526  be needed to substantiate this conclusion. In addition, despite that the Clec7a-CreER™
527  driver is rather specific to reactive microglial states in the brain parenchyma, its labeling
528 efficiency is certainly not 100%. This means that in our epigenomic profiling studies, the
529 tdTomato-negative populations may have included some Clec7a+ microglia that are not
530 labeled. However, given Clec7a+ microglia only contribute about 3-20% of total
531 microglia depending on the contexts, we estimate that at least 90% of tdTomato-
532 negative microglia are bona fide Clec7a- microglia. This caveat might explain the level
533 changes of histone modifications (rather than all or none) in PAM or DAM enhancers
534 even for some unigue marker genes. Related to this, for a given condition, we separate
535 microglial states into Clec7a+ (reactive) vs. Clec7a- (homeostatic) populations. This
536 oversimplification is justifiable due to the specificity of the Clec7a-CreER'™ driver and
537 the dominant presence of homeostatic microglia in a mouse brain. However, we
538 understand microglial reactivity is much more nuanced, and therefore, profiling of
539 histone modification and DNA methylation at the single cell resolution will be necessary
540 to dissect the regulatory elements underlying the full spectrum of microglial reactivity.
541
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FIGURE LEGENDS

Figure 1. Embryonic origin and dynamic changes of PAM during development.

(A) Representative immunostaining images showing tdTomato+ microglia (IBAL1")
overlap with CLEC7A+ signals in the corpus callosum of a P7 mouse brain in the
Runx1-CreER™; LSL-tdTomato lineage tracing model. TdTomato+ microglia
(IBA1") in the cortical regions do not express CLEC7A. Boxed inserts showing
zoomed-in images of microglia in numbered areas. Tamoxifen regimen is shown on
the right. CC, corpus callosum; CTX, cortex; SVZ, subventricular zone; HIP,
hippocampus. Scale bars, 100um for large images and 10um for inserts.

(B) Quantification of labeling efficiency (percentage of tdTomato+ microglia) for
microglia in cortical regions (Homeostatic) and the corpus callosum (PAM, i.e.
CLEC7A+) in the Runx1-CreER'%; LSL-tdTomato lineage tracing model. Student's t-
test. ns, not significant. n = 3 mice. Error bars represent mean = SEM.

(C) Representative images showing changes of CLEC7A expression and morphology
in PAM across developmental timepoints (P7 to P12). 3D reconstruction of
microglia at each postnatal age shown at the bottom. CC, corpus callosum. Scale
bars, 100um for the top panels and 5um for the bottom panels.

(D) Quantification of CLEC7A+ microglia density (the number of cellss/mm?) and
CLECTYA fluorescence intensity (AU) for P7, P10, P11, and P12 mice. n = 3
mice/per group. One-way ANOVA with Tukey's multiple comparisons test. *** p <
0.001, **** p <0.0001. Error bars represent mean + SEM.

(E) Quantification of microglia morphology using the numbers of primary branches (left)
and endpoints (right) for P7, P10, P11, and P12 mice. n = 10 cells/per animal, 3
animals/per group. One-way ANOVA with Tukey's multiple comparisons test. *** p <
0.001, **** p <0.0001. Error bars represent mean + SEM.

(F) Representative immunostaining images of tdTomato+ microglia in P7 (top left) and
P30 (bottom left) mouse brains of the Clec7a-CreER™; LSL-tdTomato mouse line
after tamoxifen injection at P4. Right panels showing higher magnification images in
CC, corpus callosum; CB, cerebellum; CTX, cortex; STR, striatum. Scale bars,
500um for left panels and 50um for right panels .

(G) Representative immunostaining images showing that amoeboid tdTomato+
microglia overlap with CLEC7A signals in the CC, corpus callosum, of a P7 mouse
brain after tamoxifen injection at P4. At P30, tdTomato+ microglia in the corpus
callosum do not express CLEC7A and they are ramified. Scale bars, 50um.

(H) Quantification of microglia morphology using the numbers of primary branches (left)
and endpoints (right) in CC, corpus callosum and CB, cerebellum for P7 and P30
mice and CTX, cortex for P30 mice. n = 10 cells/per animal, 3 animals/per group.
Student’s t-test. ** p < 0.01, **** p <0.0001. Error bars represent mean + SEM.
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() UMAP plot showing separation of tdTomato+ and tdTomato- microglia at P7,
following tamoxifen injection at P4. Box plots on the right showing the similarity
scores of each group compared to PAM (top) and homeostatic microglia (hmMg;
bottom). **** p < 0.0001.

(J) UMAP plot showing that tdTomato+ and tdTomato- microglia are intermingled at
P30, following tamoxifen injection at P4. Box plots on the right showing the
similarity scores of each group compared to PAM (top) and homeostatic microglia
(hmMg; bottom). ns, not significant.

(K) Representative immunostaining images showing tdTomato+ microglia in CC,
corpus callosum, and CTX, cortex of a P14 mouse brain, with tamoxifen pulsed at
P4, in the Clec7a-CreER'™; LSL-tdTomato; CX3CR1-GFP mouse line. Yellow
arrowheads point to tdTomato+ (CLEC7A-) microglia residing in intermediate
cortical regions. The yellow arrow points to a rare microglial cell that still expresses
CLECTA in the corpus callosum. HIP, hippocampus. Scale bars, 100um.

(L) Representative immunostaining images showing both tdTomato+EdU+
(arrowheads) and tdTomato+EdU- (arrows) microglia in the cortical region of a P30
brain in the Clec7a-CreER'; LSL-tdTomato mouse. Tamoxifen and EdU injection
regimens are shown below. Scale bars, 100um.

(M) Quantification of tdTomato+ microglial proliferation  (percentage  of
tdTomato+EdU+/tdTomato+) in CTX, cortex, CC, corpus callosum, and subcortical
regions from P14 to P30. n = 3 mice. One-way ANOVA with Tukey's multiple
comparisons test. ns, not significant. Error bars represent mean + SEM.

See also Figure S1.

Figure 2. Plasticity of PAM during injury and aging.

(A) Lateral view of a cleared whole brain of Clec7a-CreER'*; LSL-tdTomato; CX3CR1-
GFP mice at P7 (left) and P30 (right) after tamoxifen injection at P4. Only the
tdTomato signals are shown. Scale bars, 1000um.

(B) Coronal view of tdTomato+ microglia from cleared whole brains projected onto a
standard brain model. P7 microglia are shown in magenta and P30 microglia are
shown in cyan, with the overlay image shown on the left. The arrowhead points to
the corpus callosum region where both P7 and P30 tdTomato+ microglia are found.
Arrows highlight tdTomato+ microglia in the superficial cortical layers of a P30
brain. Scale bars, 1000um.

(C) Quantification of brain regions with greatest differences in cell clustering of
tdTomato+ microglia from P7 (magenta) and P30 (cyan) brains. The regions that
have higher enrichment for P7 microglia are shown on the top and the regions with
higher enrichment for P30 microglia are shown on the bottom. The bars are ordered
by fold differences for each time point. Error bars represent mean + SE.
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(D) Representative images showing tdTomato+ microglia co-stained with CLEC7A
antibodies in the CC, corpus callosum, of cuprizone-treated (top) and control
(bottom) Clec7a-CreER™; LSL-tdTomato mice after tamoxifen injection at P4.
Tamoxifen injection and cuprizone diet regimens are shown on the right.
TdTomato+ microglia that express CLEC7A are indicated by arrowheads. The
yellow arrow points to a microglial cell that expresses CLEC7A+ but is not labeled
by tdTomato. TdTomato+ from the control mice do not express CLEC7A. CTX,
cortex. Scale bars, 50um.

(E) Quantification of the percentage of CLEC7A+ microglia in tdTomato+ (percent
tdTomato+CLEC7A+/tdTomato+) and tdTomato- (percent tdTomato-CLEC7A+/
tdTomato-) microglia (all IBA1+) in cuprizone-treated mice, following tamoxifen
injection at P4. n = 3 mice. Student’s t-test. ns, not significant. Error bars represent
mean + SEM.

(F) Representative images showing overlaps between tdTomato+CD68+ microglia
(PAM-derived DAM) and BrdU signals in CC, corpus callosum, of Clec7a-CreER'%;
LSL-tdTomato mice after tamoxifen injection at P4 and 0.2% cuprizone treatment
for 5 weeks (P60 onwards). Arrowheads indicate tdTomato+CD68+BrdU+ microglia,
and arrows point to tdTomato-CD68+BrdU+ microglia (non-PAM-derived DAM).
Tamoxifen and cuprizone regimens are shown below. Scale bars, 50um.

(G) Quantification of percentage of BrdU+ microglia in tdTomato+ (PAM-derived) and
tdTomato- (non-PAM-derived) microglia that are also CD68+ (DAM). n = 3 mice. ns,
not significant. Error bars represent mean + SEM.

(H) Representative images showing tdTomato+CLEC7A+ microglia (arrowheads) in CC,
corpus callosum of 24-month-old Clec7a-CreER'%; LSL-tdTomato mice after
tamoxifen injection at P4 (regimen shown on the right). The yellow arrow points to a
tdTomato™ microglial cell that does not express CLEC7A. Scale bars, 50um.

() Quantification of the percentage of CLEC7A+ microglia in tdTomato+ (percent
tdTomato+CLEC7A+/tdTomato+) and tdTomato- (percent tdTomato-CLEC7A+/
tdTomato-) microglia (all IBA1+) in 24-month-old Clec7a-CreER™; LSL-tdTomato
mice after tamoxifen injection at P4 (regimen shown on the right). n = 3 mice.
Student’s t-test. ns, not significant. Error bars represent mean + SEM.

(J) Representative higher-magnification images of tdTomato+ microglia in control (left),
cuprizone-treated (middle), and 24-month-old mice (right) showing morphological
differences. Tamoxifen injection is done at P4 for all conditions. Scale bars, 50um.

(K) Quantification of tdTomato+ microglia morphology using the numbers of primary
branches (left) and endpoints (right) in control, cuprizone-treated, and 24-month-old
mice. Tamoxifen injection is done at P4 for all conditions. n = 10 cells/per animal, 3
animals/per group. One-way ANOVA with Tukey's multiple comparisons test. ns,
not significant. * p < 0.05, **** p < 0.0001. Error bars represent mean + SEM.
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(L) Representative images showing tdTomato+ microglia co-stained with CLEC7A and
amyloid plaques (Amylo-Glo) in 6-month-old Clec7a-CreER™; LSL-tdTomato;
5XFAD mice after tamoxifen injection at P4 (regimen shown on the right).
Numbered arrowheads indicate tdTomato+ microglia that express CLEC7A around
amyloid plaques. CC, corpus callosum; CTX, cortex; HIP, hippocampus. Scale bars,
500um.

(M) Higher-magnification images of the numbered areas in (L) showing
tdTomato+CLEC7A+ microglia around amyloid plagues in the 5xFAD model. Scale
bars, 10um.

See also Figure S2, Table S1, Videos S1-S4.

Figure 3. Identification of putative enhancers that regulate PAM state.

(A) Schematic depiction of experimental design for CUT&Tag experiments in P7 and
P30 brains. TAM, tamoxifen.

(B) Aggregate H3K27ac signals at microglial gene promoters versus myeloid gene
promoters (top left) and across quantiles of microglial gene expression (bottom left).
Aggregate H3K27ac and H3K4mel signals at microglial enhancers versus myeloid
enhancers, and across quantiles of microglial enhancer H3K27ac levels (right).
Microglia and myeloid gene expression and enhancer data were obtained from
published work.>*?

(C) Genome browser view of CUT&Tag data for tdPos and tdNeg microglia isolated
from P7 at two example gene loci, Clec7a and Hpse, both upregulated in PAM.
Promoter regions are highlighted in orange. Enhancer regions (marked by black
rectangular shapes) were defined by identifying H3K4mel peaks using the MACS2
peak calling algorithm and filtering out peaks overlapping with gene promoter
regions (1kb around annotated TSS).”

(D) Aggregate H3K27ac signals at gene promoter regions of PAM upregulated DEGs
(Log2 fold-change >1.0, FDR <0.05). PAM gene expression data were obtained
from published work.’® ** p < 0.01; paired t-test across mean normalized CPM
values between tdPos and tdNeg microglia bioreplicates (n = 4).

(E) Volcano plot of fold-changes in H3K4mel levels in tdPos versus tdNeg microglia at
P7. Enhancers were called as significantly more active in the tdPos versus tdNeg if
they had significant upregulation of H3K4mel signal (FDR <0.05) and had
concordant enrichment in H3K27ac signal (Log2 fold-change >0).

(F) Odds ratio of overlap of genes associated with PAM enhancers by GREAT analysis
and PAM DEGs compared to odds ratio of overlap of expression-matched
resampled genes (mean of 1000 resamples). * p <0.05; Fischer’'s exact test.

See also Table S2.
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Figure 4. State-specific enhancers exhibit dynamic activity that reflect PAM

transition to a homeostatic state in adult mouse brain.

(A) Genome browser view of CUT&Tag data for tdPos and tdNeg microglia isolated
from P7 and P30 at a PAM-specific DEG, Gpx3. Promoter is highlighted in orange.
Enhancer regions are marked by black rectangular shapes. Overlap of nearby
enhancers with enriched H3K27ac and H3K4mel signals in the tdPos over the
tdNeg population at P7 that subsequently decrease in signal at P30 illustrates PAM-
associated enhancer dynamics.

(B) Aggregate H3K27ac and H3K4mel signals in tdPos versus tdNeg microglia at PAM
enhancers at P7 and P30 timepoints. * p < 0.05; ** p < 0.01; *** p < 0.001; paired t-
test across mean normalized CPM values between tdPos and tdNeg microglia
bioreplicates (P7, n = 4; P30, n =7).

(C) Fold-changes of H3K27ac and H3K4mel signals in tdPos versus tdNeg microglia at
PAM enhancers at P7 compared to P30. # p < 1e-10; * p < 1e-15; ; Wilcoxon test.

(D) Genome browser view of CUT&Tag data for tdPos and tdNeg microglia isolated
from P7 and P30 at a homeostatic microglial gene, Tgfbrl. Promoter is highlighted
in orange. Enhancer regions are marked by black rectangular shapes. Overlap of
nearby enhancers with similar H3K27ac and H3K4mel signals in the tdPos and the
tdNeg population at P7 that subsequently increase in signal at P30 illustrates
homeostatic microglia-associated enhancers are upregulated during PAM transition
to homeostasis in adulthood.

(E) Aggregate H3K27ac and H3K4mel signals in tdPos versus tdNeg microglia at
homeostatic enhancers at P7 and P30 timepoints. * p < 0.05; ** p < 0.01; ns, not
significant; paired t-test across mean normalized CPM values between tdPos and
tdNeg microglia bioreplicates (P7, n = 4; P30, n =7).

(F) Fold-changes of H3K27ac and H3K4me1l signals in tdPos versus tdNeg microglia at
homeostatic enhancers at P7 compared to P30. + p < 1le-5; # p < 1e-10; Wilcoxon
test.

See also Table S2.

Figure 5. DAM show state-specific and shared enhancer activities with PAM.

(A) Genome browser view of CUT&Tag data for tdPos and tdNeg microglia isolated
from the Clec7a-CreER'%LSL-tdTomato;5xFAD mouse model at two DAM DEG loci,
Clec7a and Ccl3. Promoter is highlighted in orange. Enhancer regions are marked
by black rectangular shapes.

(B) Aggregate H3K27ac signals at gene promoter regions of DAM upregulated DEGs
(Log2 fold-change >1.0, FDR <0.05) (left). DAM gene expression data were
obtained from published work.!” Aggregate H3K27ac signals in tdPos versus tdNeg
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microglia at de novo called DAM enhancers in the 5XxFAD model (right). * p < 0.05;
** p < 0.01; paired t-test across mean normalized CPM values between tdPos and
tdNeg microglia bioreplicates (n = 5).

(C) Volcano plot of fold-changes in H3K4mel levels in tdPos versus tdNeg microglia in
the 5XxFAD model. Enhancers were called as significantly more active in the tdPos
versus tdNeg if they had significant upregulation of H3K4me1l signal (FDR <0.05)
and had concordant enrichment in H3K27ac signal (Log2 fold-change >0).

(D) Odds ratio of overlap of genes associated with DAM enhancers by GREAT analysis
and DAM DEGs compared to odds ratio of overlap of expression-matched
resampled genes (mean of 1000 resamples). * p <0.05; Fischer’s exact test.

(E) Genome browser view of CUT&Tag data for tdPos and tdNeg microglia isolated
from P7 and P30 timepoints, as well as the Clec7a-CreERT2; LSL-tdTomato;
5xFAD mouse model at a shared PAM and DAM upregulated DEG, Apoe.
Promoters are highlighted in orange. Enhancer regions are marked by black
rectangular shapes. The leftmost enhancer shows elevated signals for H3K27ac
and H3K4mel in tdPos microglia from P7 and 5xFAD conditions, but the signals
are diminished at P30.

(F) Comparison of changes in H3K4me1l at enhancers in tdPos versus tdNeg microglia
from P7 with H3K4mel changes at the same enhancers in tdPos versus tdNeg
microglia isolated from the 5xFAD model. PAM-specific, DAM-specific, and shared
PAM and DAM enhancers (edgeR, FDR <0.05) are annotated.

(G) Venn diagram showing the numbers of specific and overlapping active enhancers in
PAM and DAM (tdPos) relative to condition-specific homeostatic cells (tdNeg).

(H) Fold-changes of H3K27ac and H3K4me1l signals in tdPos versus tdNeg microglia at
DAM-specific and PAM/DAM shared enhancers across a series of conditions (P7,
P30, and 5xFAD model). ** p < 0.01; + p < 1le-5; # p < 1e-10; " p < 1e-15; ns, not
significant; Wilcoxon test.

See also Table S2.

Figure 6. Stable DNA hypomethylation is permissive for microglial activation.

(A) Schematic depiction of experimental design for whole genome bisulfite sequencing
in P7, P30 and 5xFAD brains. TAM, tamoxifen.

(B) Genome browser view of WGBS data for tdPos and tdNeg microglia isolated from
P7 and P30 timepoints, as well as the Clec7a-CreERT2; LSL-tdTomato; 5xFAD
mouse model at shared PAM and DAM upregulated DEGs, Clec7a and Trem2.
Promoters are highlighted in orange. Enhancer regions are marked by black
rectangular shapes. Note the hypomethylation at the promoter and enhancer
regions of these genes in both tdPos and tdNeg populations from all three
conditions.
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(C) Aggregate mCG levels at PAM enhancers from tdPos vs. tdNeg microglia at P7 and
P30 timepoints. ** p < 0.01; ns, not significant; paired t-test across mean
normalized CPM values between tdPos and tdNeg microglia bioreplicates (P7, n =
5; P30, n = 5). Fold-changes in mCG signals in tdPos vs. tdNeg microglia are
shown on the right. ** p < 0.01; Wilcoxon test.

(D) Aggregate mCG levels at DAM enhancers from tdPos vs. tdNeg microglia at P30
and in the 5xFAD model. * p < 0.05; ns, not significant; paired t-test across mean
normalized CPM values between tdPos and tdNeg microglia bioreplicates (P30, n =
5; 5XxFAD, n = 3). Fold-changes in mCG signals in tdPos vs. tdNeg microglia are
shown on the right. * p < 0.05; Wilcoxon test.

(E) Genome browser view of WGBS data for tdPos and tdNeg microglia isolated from
P7 and P30 timepoints, as well as the Clec7a-CreERT2; LSL-tdTomato; 5xFAD
mouse model at a homeostatic microglial gene, Tgfbrl. Promoters are highlighted
in orange. Enhancer regions are marked by black rectangular shapes. Note similar
hypomethylation patterns at the promoter and enhancer regions of this gene in both
tdPos and tdNeg populations from all three conditions.

(F) Aggregate mCG levels at homeostatic enhancers from tdPos vs. tdNeg microglia at
P7, P30 and in the 5XFAD model. * p < 0.05; ns, not significant; paired t-test across
mean normalized CPM values between tdPos and tdNeg microglia bioreplicates
(P7, n =5; P30, n = 5; 5xFAD, n = 3). Fold-changes in mCG signals in tdPos vs.
tdNeg microglia are shown on the right. ** p < 0.01; ns, not significant; Wilcoxon
test.

See also Figure S3, Table S3.

Figure 7. Unbiased enhancer clustering analysis leads to prediction of

transcription factors regulating distinct microglial states.

(A) Heatmap of normalized H3K27ac signals for enhancer modules identified by
WGCNA across a series of conditions.

(B) Aggregate H3K27ac levels in tdPos versus tdNeg microglia at P7, P30, and in the
5xFAD model for WGCNA enhancer clusters ‘d’ (PAM-specific), ‘i’ and ‘j° (DAM-
specific), ‘f’ and ‘g’ (shared), and ‘k’ (homeostatic).

(C) Prediction of top 10 TFs based on enhancer-associated motifs most highly enriched
in PAM, DAM, shared, or homeostatic enhancer groups by HOMER.

(D) Prediction of interactions between TFs (based on motifs enriched in PAM and DAM
shared enhancers) and PAM/DAM shared downstream DEGs by ChEA3. The
numbers indicate percentage of downstream genes predicted to be regulated by a
given TF candidate.
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(E) TF-target gene regulatory network highlighting potential master TF regulators of the
PAM/DAM shared core gene signature. The sizes of the TFs (red) correlate with the
numbers of downstream targets they regulate.

See also Figure S4, Table S4 and S5.
STAR METHODS

Key Resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Goat anti Ibal Abcam RRID:AB_2224402
Rabbit anti Ibal FUJIFILM Cellular Dynamics | RRID:AB_839504
Rat anti Clec7a Invivogen RRID:AB_2753143
Rabbit anti CD68 Abcam RRID:AB_2922954
Hamster anti CD11c Bio-Rad RRID:AB_324490
Rat anti BrdU Abcam RRID:AB_305426
Goat anti tdTomato MyBioSource RRID:AB_2827808

Dk anti Rat 647

Jackson ImmunoResearch

RRID:AB_2340694

Gt anti Rabbit 647

Thermo Fisher Scientific

RRID:AB_141775

Dk anti Rabbit 647

Thermo Fisher Scientific

RRID:AB_2536183

Dk anti Goat 594

Thermo Fisher Scientific

RRID:AB_2534105

Dk anti Rat 488

Jackson ImmunoResearch

RRID:AB_2340683

Gt anti Hamster 488

Jackson ImmunoResearch

RRID:AB_2338997

Dk anti Goat 488

Invitrogen

RRID:AB_2534102

Dk anti Rabbit 488

Thermo Fisher Scientific

RRID:AB_2535792

Rabbit polyclonal anti-Histone H3 (acetyl K27) Abcam Cat#ab4729;
RRID:AB_2118291
Anti-Histone H3 (mono methyl K4) antibody - ChIP Grade Abcam Cat#ab8895;

RRID:AB_306847

Guinea Pig anti-Rabbit IgG (Heavy & Light Chain) Antibody
- Preadsorbed

Antibodies Online

Cat#ABIN101961
RRID:AB_10775589

CD45-PE/Cy7

Thermo Fisher Scientific

Cat#25-0451-82;
RRID:AB_469625

CD11b-Bv421 BioLegend RRID:AB_10897942
Mouse Fc block BD PharMingen Cat# 553142
Vectashield Mounting Media with DAPI Vectashield RRID:AB_2336790
Sulfo-Cy3 (or Cy5) Azide Lumiprobe Cat#D1330
Live/Dead Cell Viability Stain - Green Life Technologies Cat#L34970
Amylo-Glo Biosensis Cat#TR-300
[CREMEE s Qi S eS|
Tamoxifen Sigma Cat#T5648
Cuprizone diet Envigo Cat#TD.210825
EdU Biosynth Carbosynth Cat#NE08701
BrdU Thermo Fisher Scientific Cat#B23151
Recombinant RNase Inhibitor Takara Cat#2313B
Triton X-100 Sigma Cat#93443
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DNase-I Worthington Cat#L.S002007
Myelin Removal Beads Miltenyi Biotec Cat#130-096-733
Fetal Bovine Serum Millpore Sigma Cat#F2442
UltraPure™ 0.5M EDTA, pH 8.0 Thermo Fisher Scientific Cat#15575020
Bovine Serum Albumin Millpore Sigma Cat#A8806
HEPES Thermo Fisher Scientific Cat#15630106
SMARTScribeTM Reverse Transcriptase Clontech Cat#639538
DTT, Molecular Grade Promega Cat#P1171

1M Betaine Sigma-Aldrich Cat#B0300-5VL
Lambda Exonuclease New England BioLabs Cat#M0262S
10mM dNTP mix Thermo Fisher Scientific Cat#R0192

10x Hanks’ Balanced Salt Solution

Thermo Fisher Scientific

Cat#14185-052

Netera XT DNA Sample Prep Kit lllumina Cat#FC-131-1096
KAPA HIFI Hotstart Master Mix Kapa Biosciences Cat#KK2602
PCRClean DX beads Aline Biosciences Cat# C-1003-50
Allprep DNA/RNA Mini Kit Qiagen Cat#80204
BioMag®Plus Concanavalin A Beads Bang Laboratories Cat#BP531
CUTANA™ pAG-Tn5 for CUT&Tag Epicypher Cat#15-1017

EZ DNA Methylation-Direct Kit Zymo Research Corporation | Cat#D5020

xGen Methyl-Seq DNA Library Prep Kit IDT Cat#10009860
xGen CDI Primers IDT Cat#10009815
NEBNext High-Fidelity 2X PCR Master Mix NEB Cat#M0541S

scRNA-sequencing data This paper GEO: NA
CUT&Tag sequencing data This paper GEO: NA
Bisulfite sequencing data This paper GEO: NA

Microglia and BMDM ChlP-sequencing data (H3K27ac)

Gosselin et al.®

GEO: GSE62826

Microglia and myeloid bulk RNA sequencing data

Bennett et al.*

NCBI BioProject
Accession:
PRJINA307271

Mus musculus mm39 genome assembly

uUcCsC

https://hgdownload.soe
.ucsc.edu/goldenPath/
mm39/bigZips/

Ensembl gene models

UCsC

https://genome.ucsc.ed
u/cgi-bin/hgTables

Clec7a-CreERT? Barclay et al."’ N/A

tdTomato The Jackson Laboratory RRID:
IMSR_JAX:007909

5xFAD The Jackson Laboratory RRID:
MMRRC_034848-JAX

Cx3cr1®™ The Jackson Laboratory RRID:

IMSR_JAX:005582

Runxl1-CreER'*

Samokhvalov * et al.

N/A

Cdh5-CreER'*

UKRI - MRC Harwell Archive
(Wang et al.*)

RRID: IMSR_EM:
14891
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Oligo dT IDT: Oligo-dT30VN primer: 5-AAGCAGTGGTATCAA
CGCAGAGTACT30VN-3'
ISPCR 5'-AAGCAGTGGTATC AACGCAGAGT-3' ‘

TSO 5-AAGCAGTGGTATCAACGCAGAGTACATIGrGrG-3' ‘

Clec7a-CreER'* Clec7aCreER-WT-F:
TGAATGTGACTAATTGGCATGGCT
Clec7aCreER-WT-R:
TCTCAGCTTCTTCATCCAAGTTCTCA
Clec7aCreER-Mut-R:
TGGTGCACAGTCAGCAGGTTG

tdTomato-WT-F: AAGGGAGCTGCAGTGGAGTA
tdTomato-WT-R: CCGAAAATCTGTGGGAAG TC
tdTomato-Mut-F: CTGTTCCTGTACGGCATGG
tdTomato-Mut-R: GGCATTAAAGCAGCGTATCC
5XFAD-Mut-R: CGGGCCTCTTCGCTATTAC
5XFAD-WT-R: TATACAACCTTGGGGGATGG
5XFAD-Common-F;: ACCCCCATGTCAGAGTTCCT
Cx3cr1®"PWT-F: GTC TTC ACG TTC GGT CTG GT
Cx3cr1®PR: CCC AGACAC TCG TTG TCC TT
Cx3cr1® MUT-F: CTC CCC CTG AAC CTG AAA C
Runxl_CreER_thd2: CATCTGGTCAGCTGTCAAGG
Runxl_CreER_ex031: CAACTTCTAGGCTGTGAAC
Runx1_CreER_ex032: GGCACCGTAGACCAGTAGG

tdTomato

5xFAD

Cx3cr1®

Runx1-CreER"

Cdh5-CreER™

CREL: GCCTGCATTACCGGTCGATGCAACGA
CRE2: GTGGCAGATGGCGCGGCAACACCATT

Software and algorithms

GraphPad Prism

GraphPad Software, Inc

RRID:SCR_002798

IMARIS Bitplane RRID:SCR_007370
FlowJO Treestar RRID:SCR_008520
Fiji ImageJ Schindelin et al.” RRID:SCR_002285
Adobe lllustrator Adobe RRID:SCR_010279
Seurat Satija et al.”® RRID:SCR_016341
R Studio Posit RRID:SCR_001905

MACS2 (v2.1.0)

Zhang et al.”"

https://github.com/taoli
u/MACS

FastQC Andrews.” https://www.bioinformat
ics.babraham.ac.uk/pro
jects/fastqc/

FASTX-Toolkit Hannon Lab http://hannonlab.cshl.e

du/fastx_toolkit

SAMtools (v1.3)

Li and Durhin.”™

https://sourceforge.net/
projects/samtools/files/

BEDtools2 (v2.25.0)

Quinlan and Hall.”

https://github.com/arq5
x/bedtools2

Bowtie2 (v2.2.5)

Langmead and Salzberg.’

7

http://bowtie-
bio.sourceforge.net/bo
wtie2/index.shtml

edgeR (v3.16.5)

Robinson et al.”

https://bioconductor.or
g/packages/release/bio
c/html/edgeR.html

GREAT

McLean et al.*

https://great.stanford.e
du/great/public/html/
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Trim galore Babraham Bioinformatics https://www.bioinformat
ics.babraham.ac.uk/pro
jects/trim_galore/

BS-seeker2 Guoetal.” https://github.com/BSS
eeker/BSseeker2

WGCNA Langfelder and Horvath.* https://cran.r-
project.org/web/packag
es/WGCNA/index.html

HOMER Heinz et al.* http://homer.ucsd.edu/
homer/

Other

Mosquito HTS robot TTP Labtech https://www.ttplabtech.
com/products/ liquid-
handling/mosquito-hts/

LD Column Miltenyi Biotec Cat#130-042-901

Cell Strainer Corning Falcon Cat#352350

Resource availability

Lead Contact

Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contact, Qingyun Li (gingyunli@wustl.edu).

Materials Availability

The Clec7a-P2A-iCreER™ mouse is available under a material transfer agreement.

Data and code availability

e Single-cell RNA-seq data from P7 and P30 brains will be deposited at GEO.

H3K27ac, H3K4mel, and bisulfite data for P7, P30 and 5xFAD mice will also be
deposited at GEO. They will be publicly available from the date of publication.
Accession numbers will be listed in the key resources table.

e This paper does not report original code.

e 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

Mice


https://doi.org/10.1101/2025.01.30.635595
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.30.635595; this version posted January 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mouse lines

C57BL/6J were used as wildtype mice. Cx3cr1®" (stock #005582-JAX) and Rosa-LSL-
tdTomato (Ail4) (stock #007914-JAX) mice were purchased from Jackson Laboratories.
B6.Cg-Tg(APPSwFILon,PSEN1*M146L*L286V)6799Vas/Mmjax was obtained from the
Mutant Mouse Resource and Research Center (MMRRC) at The Jackson Laboratory,
an NIH-funded strain repository, and was donated to the MMRRC by Robert Vassar,
Ph.D., Northwestern University (RRID:MMRRC_034848-JAX).*> Runx1-CreER™ mice
were obtained from Dr. Hiroshi Kiyonari at RIKEN Center for Biosystems Dynamics
Research and Dr. Igor M. Samokhvalov as the originator (Accession No. CDB0524K).*
Cdh5-CreER™ mice were obtained from UKRI - MRC Harwell Archive (RRID: IMSR_EM:
14891).%* Clec7a-CreER™ mice were generated in-house using CRISPR-Cas9 knock-
in.” All experiments were performed under the approval of the Institutional Animal Care
and Use Committee at Washington University in St. Louis. Mice were housed under
specific pathogen-free conditions, with controlled temperature and humidity, a 12-hour
light/dark cycle, and no more than five mice per cage. Rodent chow and water were
provided ad libitum. Cages and bedding were changed weekly.

Method details

Tamoxifen delivery

For Runx1-CreER™ and Cdh5-CreER' lineage tracing experiments, a mixture of 1.5mg
(2)-4-Hydroxytamoxifen (Sigma H7904-25MG) and 0.75mg progesterone (to counteract
estrogen agonist effects of tamoxifen) prepared in 500uL corn oil was intraperitoneally
administered to a pregnant mouse carrying E7.0 or E6.5 embryos respectively. For
PAM labeling, a single 10uL dose of 10mg/mL tamoxifen solution prepared in corn oil
was subcutaneously injected into each P4 pup. For DAM (5xFAD) labeling in 6-month-
old adult mice, 200uL of 20mg/mL tamoxifen solution in corn oil was intraperitoneally
injected every other day for 3 days, followed by 3 daily injections and sacrifice.

Cuprizone model

Clec7a-CreER'™; LSL-tdTomato mice were injected with tamoxifen at P4 as mentioned
above and aged to 2-3 months. They were then fed with 0.2% cuprizone diet (Envig
TD.210825) for 5 weeks to induce demyelination, followed by 2 weeks of control diet for
spontaneous remyelination. Cuprizone diet was changed every week.

Immunohistochemistry
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Mice were euthanized with a ketamine and xylazine cocktail prepared in saline, and
then transcardially perfused using PBS, followed by 4% PFA. Extracted brains were
fixed in 4% PFA overnight at 4°C and cryopreserved in 30% sucrose for 48 hours at
4°C. Brains, embedded in optimal cutting temperature medium (Tissue-Tek) were
manually sectioned (50um) on a Leica cryostat.

Free-floating sagittal and coronal sections were stored in 6-well plates, blocked, and
permeabilized in PBS with 10% serum and 0.2% Triton X-100 for 15 minutes at room
temperature. Sections were incubated in primary antibodies diluted in PBS with 1%
serum and 0.2% Triton X-100 overnight at 4°C. After three washes, sections were
incubated on a shaker in secondary antibodies diluted in PBS with 1% serum and 0.2%
Triton X-100 for 2 hours. Sections were washed three times, transferred onto glass
slides, and mounted in Vectashield with DAPI (Vector Laboratories H-1200). For
sections stained with Amylo-Glo, tissue was incubated in a 1:500 solution of Amylo-Glo
diluted in PBS for 20 minutes, washed three times, transferred onto glass slides, and
mounted with Vectashield (Vector Laboratories H-1000). Images were acquired using a
Nikon A1R confocal microscope and quantified using Fiji software.

The following primary antibodies were used: Goat polyclonal anti-IBA1 (Abcam ab5076,
1:500); 1:1000); Goat polyclonal anti-IBA1 (FUJIFILM 019-19741, 1:500); Goat
polyclonal anti-TdTomato (MyBioSource MBS448092, 1:500); Rat neutralizing
monoclonal anti-mDECTIN-1-lgG (clone R1-4E4) (Invivogen mabg-mdect, 1:30);
Hamster monoclonal anti-Mouse-CD11c-IgG (close N418) (Bio-Rad MCA1369, 1:40);
Rabbit polyclonal anti-CD68-IgG (Abcam ab125212, 1:100); Rat monoclonal anti-BrdU
(Abcam ab6326, 1:1000).

The following secondary antibodies were used: Donkey anti-goat IgG (H+L) cross-
adsorbed, Alexa Fluor 488 (ThermoFisher Scientific 11055, 1:1000); Donkey anti-rabbit
IgG (H+L) highly cross-adsorbed, Alexa Fluor 488 (ThermoFisher Scientific A-21206,
1:1000); Goat Anti-Armenian Hamster 1gG (H+L), AffiniPure, Alexa Fluor 488 (Jackson
ImmunoResearch Laboratories, 1:1000); Donkey Anti-Goat 1gG (H+L) cross-adsorbed,
Alexa Fluor 594 (ThermoFisher Scientific, 1:200); Donkey anti-rabbit IgG (H+L) highly
cross-adsorbed, Alexa Fluor 647 (ThermoFisher Scientific 31573, 1:200); Goat anti-
Rabbit IgG (H+L) highly cross-adsorbed, Alexa Fluor 647 (ThermoFisher Scientific
21245, 1:200); Donkey anti-rat IgG (H+L) AffiniPure, Alexa Fluor 647 (Jackson Immuno
Research Laboratories 712-605-153, 1:200).

EdU (5-ethynyl-2’-deoxyuridine) labeling
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EdU powder, dissolved in 100uL of 1xPBS by agitating and heating at 37°C for 30
minutes, was intraperitoneally administered at a 50mg/kg dose every three days from
postnatal day 14 to day 30. Standard immunohistochemistry procedure was performed
before EdU staining. Sections were then permeabilized in 0.5% PBST for 30 mins, and
then incubated in an EdU development cocktail for 30 minutes at room temperature.
After washing three times in 0.2% PBST, sections were incubated in 0.05% DAPI
diluted in 1xPBS for 5 mins. EdU development cocktail was prepared according to the
following concentrations and order listed, no more than 15 minutes before incubation:
75.75% 1XTBS (pH=7.6), 4% 100mM copper sulfate in water, 0.25% 2mM sulfo-Cy5
azide in DMSO, and 20% 500mM sodium ascorbate in water.

BrdU (5-bromo-2-deoxyuridine) labeling

BrdU powder (ThermoFischer Scientific, B23151), dissolved in drinking water at
0.8mg/mL was provided to Clec7a-CreER'%; LSL-tdTomato mice (tamoxifen injected at
P4) with a concurrent 0.2% cuprizone diet for 5 weeks. Drinking water was changed
every three days. Heat-mediated antigen retrieval was performed on slide-mounted
samples, with 10% citrate buffer in double distilled water for 20 minutes at boiling.
Slides cooled for 20 minutes before standard immunohistochemistry procedures were
performed using Rat monoclonal anti-BrdU (Abcam ab6326, 1:1000).

Confocal image analysis

To quantify labeling efficiency in Cre reporter lines, manual counting of CLEC7A+ (or
IBA1+) and tdTomato+ cells and quantification of double-positive cells were performed.
To quantify labeling efficiency for EAU and BrdU samples, manual counting of
CLEC7A+ and CD68+ (respectively) and tdTomato+ cells overlapping with EdU+ or
BrdU+ cells and quantifying triple-positive cells were performed. Microglia morphology
was quantified via manual counting of primary branches and terminal branch points.
Data represents data from at least three mice. All quantifications were performed in Fiji,
using the Cell Counter plugin. 3D reconstructions of microglia were generated with the
Imaris software.

Whole-brain tissue clearing

Following perfusion, whole brains were post-fixed in 4% PFA at 4C° overnight and were
washed in 1xPBS (15 mins, three times). Samples were then infiltrated with SHIELD
polyepoxy®® for 6 days with constant agitation at 4C°. They were then polymerized at
37C° for 24 hours and were delipidated using a SmartBatch+ ETC active tissue clearing
platform (LifeCanvasTechnologies, Cambridge, MA). Samples were washed in 1xPBS
for 24 hours, and were refractive index matched to 1.52 using Easylndex Rl matching
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media (LifeCanvasTechnologies). Whole sample images were acquired on a Miltenyi
Ultra Microscope Blaze gaussian lightsheet platform using a 4x/0.35 MI PLAN objective.
Datasets were stitched together using Stitchy (Translucence Biosystems, Irvine, CA)
and were visualized using Bitplane Imaris 10.1.1 (Oxford Instruments, Abingdon,
Oxfordshire).

Coregistration and quantification for cleared whole brains

3D Brain coregistration onto the Allen Mouse Brain Atlas V3 was performed with the
assistance of the free coregistration platform  ABBA  [https://abba-
documentation.readthedocs.io/en/latest/].2 A full, detailed in-depth protocol for 3D
coregistration and analysis can be found at this protocol.?" Briefly, 3D lightsheet brain
images were first downsampled by 4x in their X and Y dimensions to enable faster
processing. The brain images were then resliced perpendicularly in Fiji so that the
coronal axis was now positioned along the Z-axis. The resulting coronal axis was further
resampled by 10 in Python, by sampling every tenth optical slice (as opposed to
interpolating), resulting in an image with 200-300 slices in the coronal axis. Both the
resampled tdTomato and GFP channels were imported into ABBA, where they were first
coregistered coronally in the Z-axis by matching fiducial structures, such as the
hippocampus, between the lightsheet brain and the Allen Brain Atlas. Slices containing
such fiducial structure were paired between image and atlas as Z-axis-immutable
keyframes, matching several throughout the entire brain from the olfactory bulb through
the cerebellum. A registration in Z was interpolated between these keyframes, before
further coregistering each slice in the X/Y dimensions via a user-guided affine
transformation® that rotated, translated, and stretched the slice overtop the atlas until
an accurate coregistration was obtained.

The resulting coregistered brain was exported with a region-matched atlas overlay into
Fiji, during which the signal was resampled to have a pixel size of 0.02 mm per pixel in
the X/Y plane, and saved as a two-channel, coregistered volume. The tdTomato
channel of this export was segmented for positive-cell signal using the machine-learning
aided segmentation Fiji plugin labkit.?* The coregistered atlas overlay was then imported
atop the binarized, cell-segmented volume, where a Fiji macro was used to extract an
estimate of cell-count per region, total cell-size per region, using the Fiji's default
‘analyze particles’ function, in addition to recording region sizes. Through a Python
script, this information was further used to obtain cell density per region and a clustering
factor. This clustering factor represented the cellular density of any particular region
divided by the cellular density of the entire brain. For example, if cells in the
hippocampus were found to be five times as dense as cells throughout the entire brain,
the hippocampus would have a clustering factor of 5, which in turn would denote a
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larger than expected proportion of cells in the hippocampus. This factor can be used to
easily evaluate relative locations of cells in the brain and how they change with respect
to some variable, such as developmental stage, while being robust to differing
resolutions, signal intensities, and segmentation quality between samples, since the
global clustering factor for a brain is normalized to a value of 1.0 between all samples.

Overall, five P7 and three P30 samples were coregistered and had clustering factors
obtained for their tdTomato channels, in which PAM (or PAM-derived) cells were
labelled. The clustering factors across all given regions were then individually evaluated
for significant differences between the P7 and P30 cohorts, using a Wilcoxon rank-sums
test, a statistical test offering high-power compared to t-test when sample sizes are low
and resultingly the assumptions of the t-test cannot be met. This was performed in
Python with the stats module. Before any sets of regions were compared, the clustering
factors were first converted to their respective logarithms, due to the fact that the
clustering factor is a multiplicative distribution but statistical testing presumes an
additive distribution. Since many values had a clustering factor of O due to not
containing segmented signal, all regions also had the value of 0.1 added to them during
significance testing prior to taking their logarithm. After obtaining a final list of P7 and
P30 significantly greater regions, the regions were sorted by their absolute differences
in magnitudes between the average clustering factors of the P7 and P30 datapoints
included for final significance testing, with the top ten for each being displayed in Figure
2B. Renders were generated in Imaris 10.1 by first creating a smoothed surface overtop
a binarized Allen Mouse Brain Atlas Version 3, before importing representative
segmented P7 and P30 datasets overtop the atlas render.

Microgliaisolation for FACS from brain tissue

Microglia cells were isolated using a previously published protocol.?* Briefly, mice were
euthanized with ketamine and transcradially perfused with 20mL of 1XPBS. Choroid
plexus and meninges were removed. Remaining brain tissue was finely chopped using
a blade and further homogenized using a douncer and piston. Homogenized tissue
solution was filtered using a 70um cell strainer, centrifuged (500g for 5 minutes at 4C°),
and resuspended in MACS buffer (0.5% BSA, 2 mM EDTA in 1xPBS). Tissue solution
was incubated in myelin removal beads (Miltenyi Biotec,130-096-733) and filtered
through columns (LD columns for P30 and 5xFAD - Miltenyi Biotec, 130-042-901 and
LS columns for P7 mice - Miltenyi Biotec, 130-042-401). The single cell suspension was
centrifuged and resuspended in 1xPBS for LIVE/DEAD staining for 10 minutes (1:1000,
Life Technologies, L34970). Cells were then resuspended in FACS buffer, incubated in
Fc block for 5 minutes (1:60, BD Pharmingen, 553142), and primary antibodies for 10
minutes. Antibodies were washed, cells were resuspended in FACS buffer, and kept on
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ice for sorting. Sorting was performed using the SONY sorter (SH800) (for scRNA-seq)
and Beckman CytoFLEX SRT Cell Sorter (for epigenomic profiling). Microglia were
classified as CD45™CD11b" cells, gated on live singlets. Single tdTomato+ or
tdTomato- cells were sorted into 384-well plates (each well containing 0.5uL lysis
buffer). Bulk tdTomato+ or tdTomato- cells were sorted into FACS tubes with FACS
buffer (for CUT&Tag) or into 1mL Eppendorf tubes with RLT buffer (for bisulfite
sequencing).

ScRNA-seq library preparation

Sorted microglia plates were prepared for SCRNA-seq following the previously published
Smart-seq2 protocol.?* Briefly, plates were thawed and primer annealing was performed
at 72°C for 3 minutes. Reverse transcription was performed by adding 0.6uL of reverse
transcription mixture (9.5U SMARTScribe Reverse Transcriptase (100U/uL, Clontech
639538), 1U RNase inhibitor (40U/uL), 1XFirst-Strand buffer, 5mM DTT, 1M Betaine,
6mM MgCI2, 1uM TSO (Rnase free HPLC purified) to each well (PCR protocol - at 42°C
for 90 min, followed by 70°C, 5 min). DNA preamplification was done by adding 1.5 uL
of PCR amplification mix (1XKAPA HIFI Hotstart Master Mix (Kapa Biosciences
KK2602), 0.1uM ISPCR Oligo (AAGCAGTGGTATCAACGCAGAGT), 0.056U
Lambda Exonuclease (5U/uL, New England BioLabs M0262S) to each well (PCR
protocol - (1) 37°C 30 min; (2)95°C 3 min; (3) 23 cycles of 98°C 20 s, 67°C 15 s, 72°C
4 min; (4) 72°C 5 min). cDNA was diluted 1:10, and 0.4uL from each well was used for
tagmentation.

Nextera XT DNA Sample Prep Kit (lllumina FC-131-1096) was used at 1/10 of
recommendation volume, with the help of a Mosquito HTS robot for liquid transfer.
Specifically, tagmentation was done in 1.6uL (1.2uL Tagment enzyme mix, 0.4uL cDNA)
at 55°C, 10 min. To stop the reaction, neutralization buffer was added 0.4uL per well
and incubated at room temperature for 5 min. Then 0.8uL lllumina 10-bp dual indexes
(0.4uL each, 5uM) and 1.2uL PCR master mix were added to amplify
whole transcriptomes using the following program: (1) 72°C 3 min; (2) 95°C 30 s; (3) 10
cycles of 95°C 10 s, 55°C 30 s, 72°C 1 min; (4) 72°C 5 min. Libraries from a single 384
plate were pooled together in an Eppendorf tube and purified twice with PCRClean DX
beads. The quality and concentrations of the final mixed libraries were measured with
Bioanalyzer and Qubit, respectively, before Illumina Nova sequencing.

ScRNA-seq data processing and clustering

The alignment of scRNA-seq raw data was conducted using the same pipeline as
previously described.’® Specifically, Prinseq®® was utilized to filter sequencing reads
shorter than 30 bp (-min_len 30), trim the first 10 bp at the 5’ end (-trim_left 10) of the
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reads, trim reads with low quality from the 3' end (-trim_qual_right 25), and remove
low complexity reads (-lc_method entropy, -Ic_threshold 65). Afterward, Trim Galore
was deployed to remove the Nextera adapters (—stringency 1), followed by STAR®® to
align the remaining reads to the mm10 genome using the settings: -
outFilterType BySJout,—outFilterMultimapNmax 20,—alignSJoverhangMin 8,—
alignSJDBoverhangMin 1,—outFilterMismatchNmax 999,—outFilterMismatchNoverLmax
0.04,—alignintronMin  20,—alignintronMax 1000000,-alignMatesGapMax 1000000,—
outSAMstrandField intronMotif. Then Picard was employed to remove the duplicate
reads (VALIDATION_STRINGENCY = LENIENT, REMOVE_DUPLICATES = true). the
aligned reads were converted into counts for each gene by using HTSeq (-m
intersection-nonempty, -s no).%’

The Seurat package was utilized to perform unsupervised clustering analysis on
scRNA-seq data.” Briefly, gene counts for cells that passed QC thresholds
(percent.ribo < 0.1, percent.mt < 5, total _counts > 200,000, total _counts < le+7 and
number_of expressed genes > 500, number_of expressed genes < 7500) were
normalized to the total expression and log-transformed, and highly variable genes were
detected. With the top 2000 highly variable genes as input, principal component
analysis (PCA) was conducted on the scaled data, and the top components were
utilized to compute the distance metric. This distance metric then underwent
unsupervised cell-clustering analysis. The results were visualized in a low-dimension
projection using Uniform Manifold Approximation and Projection (UMAP).%

Similarity score calculation

Similarity score for scRNA-seq data was calculated as previously described.'’
TySim®%° was utilized to quantify to what extent each individual cell is similar to a
specific target cell type (e.g., PAM or homeostatic microglia). Briefly, sScRNA-seq data
was separated by TySim into binary part and non-zero part, which were handled
separately so as to mitigate the impact of drop-out effects in sScRNA-seq datasets. In
each part of data, artifact factors were taken into account by TySim. These factors could
jointly influence observed expression values in scRNA-seq data, such as variations in
sequencing depth across cells and heterogeneous preferences for different genes
during sequencing. The background expression attributable to these artifacts for each
gene within each cell was also considered. These background expression levels were
precisely estimated by systematically modeling both cell and gene factors embedded
within the input scRNA-seq data, a process achieved by employing the Conditional
Multifactorial Contingency (CMC) model. In this study, the signatures of PAM and
homeostatic microglia were obtained from previously published papers.!” The code of
TySim can be obtained from https://github.com/yu-lab-vt/CMC/tree/CMC-TySim.
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Cleavage under targets and tagmentation (CUT&Tag) from sorted microglia

FACS purified tdNeg or tdPos microglia were centrifuged for 5 min at 600xg at 4°C.
Cells were resuspended in 100uL/sample cold Nuclear Extraction (NE) Buffer (20mM
HEPES-KOH, pH 7.9; 10mM KCI; 0.5mM Spermidine; 0.1% Triton-X 100 20% Glycerol;
1x protease inhibitor cocktail) and incubated on ice for 10 min. BioMagPlus
Concanavalin A coated beads (Bangs Laboratories BP531) were prepared by washing
SuL/sample beads with Bead Activation Buffer (20mM HEPES, pH 7.9; 10mM KCI; 1mM
CaCl2; 1ImM MnCI2) twice, and subsequently resuspending in 5ul/sample Bead
Activation Buffer and incubated at RT for 15 min. 100uL of nuclei/sample were pipetted
into PCR-strip tube containing 5uL activated beads and incubated at RT for 10 min.
Unbound supernatant was removed, and bead-bound nuclei were resuspended in 50uL
Antibody Buffer (Wash150 Buffer (20mM HEPES, pH 7.5; 150mM NaCl; 0.5mM
Spermidine; 1x protease inhibitor cocktail); 2mM EDTA) with 0.01ug of appropriate
primary antibody (H3K27ac ab4729, H3K4mel ab8895) and incubated on a nutator
overnight at 4°C. Supernatant was removed, and bead-bound nuclei resuspended in
50uL cold DIG150 Buffer (Washl150 Buffer; 0.01% Digitonin) with 0.5ug secondary
antibody (Guinea Pig anti-Rabbit IgG ABIN101961) and incubate at RT for 30 min on
nutator. Supernatant was removed, and bead-bound nuclei washed once with cold
200uL DIG150 Buffer. Bead-bound nuclei was resuspended in 50uL cold DIG300 Buffer
(Wash300 Buffer (20mM HEPES, pH 7.5; 300mM NaCl; 0.5mM Spermidine; 1x
protease inhibitor cocktail); 0.01% Digitonin) with 0.5ug CUTANA pAg-Tn5 enzyme and
incubated at RT for 1 hr on nutator. Supernatant was removed, and bead-bound nuclei
was washed once with 200uL cold DIG300 Buffer. Supernatant was removed, and
bead-bound nuclei was resuspended in 50uL Tagmentation Buffer (Wash300 Buffer;
10mM MgCI2) and incubated at 37°C for 1 hr. Supernatant was removed, and bead-
bound nuclei resuspended in 50uL TAPS Buffer (10mM TAPS, pH 8.5; 0.2mM EDTA).
Supernatant was removed, and 5uL of RT SDS Release Buffer (10mM TAPS, pH 8.5;
0.1% SDS) was added to bead-bound nuclei. Samples were vortexed for 7-10sec and
incubated for 1 hr at 58°C. 15uL RT SDS Quench Buffer (0.67% Triton-X 100 in
molecular grade H,O) was added to each sample. 2uL of appropriate indexing primers
added to each sample. 25uL NEBNext High-Fidelity 2X PCR Master Mix (cat#M0541S)
was added to each sample. CUT&Tag libraries were amplified under the following PCR
cycling parameters: 58°C, 5 min; 72°C, 5 min; 98°C, 45 sec; 98°C, 15 sec; 60°C, 10 sec;
72°C, 1 min; 4°C hold. Libraries were PCR-amplified for 18-23 cycles depending on
starting microglia cell input. Libraries were purified using 1.3 volumes of AmpureXP
Beads. Libraries were then pooled to a final concentration of 5nM and sequenced using
the lllumina Novaseq 6000 with the Genome Technology Access Center at Washington
University in St. Louis, targeting 5-10 million paired-end reads per sample.
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Whole genome bisulfite sequencing (WGBS)

DNA was isolated from 10,000 FACS purified tdNeg or tdPos microglia per condition
using the Allprep DNA/RNA Mini Kit (QIAGEN). Libraries were prepared for sequencing
using the IDT xGen Methyl-Seq DNA Library Prep Kit (cat# 10009860) and the EZ DNA
Methylation-Direct Kit (Zymo, D5020) was used for bisulfite conversion. 4-10 ng of DNA
was fragmented for 45 sec with the Covaris S220 sonicator (10% Duty Factory, 175
Peak Incidence Power, 200 cycles per burst, microTUBE 200uL AFA Fiber). DNA was
then purified using 0.7 volumes of SPRISelect Beads (Beckman Coulter Life Sciences)
to select for long DNA inserts for sequencing. Samples underwent bisulfite conversion
under the following cycling conditions: 98°C, 8 min; 64°C, 4.25 h; 4°C hold. Libraries
were PCR-amplified for 15 cycles. Libraries were then pooled to a final concentration of
5nM and sequenced using the lllumina Novaseq 6000 with the Genome Technology
Access Center at Washington University in St. Louis, targeting 100 million paired-end
reads per sample.

Identification of enhancers

Enhancers in this study were defined by the presence of H3K4mel peaks that occur
outside of a known promoter region. Promoter regions were defined as a 1kb region
surrounding the TSS (+/-500bp). This led to the inclusion of some subthreshold regions
of H3K27ac enrichment that may not represent true active regulatory elements, but
ensured that we analyzed enhancers across all regulatory states (inactive, primed,
active) in our studies. For this analysis, bed files of H3K4mel CUT&Tag were pooled by
replicate and across all conditions/timepoints (P7, P30, 5xFAD) for tdNeg and tdPos
microglia separately. Peaks of H3K4mel CUT&Tag were identified using the MACS2
peak calling algorithm on the pooled bed files using macs2 callpeak --keep-dup all -q
0.05. tdNeg and tdPos peak files were then combined and overlapping peaks were
merged into single peaks using bedtools merge. Bedtools intersect was used to identify
H3K4mel peaks that did not overlap with gene promoter regions (1kb around annotated
TSS). H3K4mel peaks that remained were defined as enhancers.

CUT&Tag analysis

Sequenced reads were trimmed with fastx_trimmer -1 75 and mapped to mm39 using
bowtie2 alignment parameters --local --very-sensitive-local --no-unal --no-mixed --no-
discordant --phred33 -1 10 -X 700. Reads were deduplicated and extended to 250bp
size based on average library read length sizes. For paired-end sequenced libraries,
BED files for reads 1 and 2 were concatenated prior to CUT&Tag signal quantification.
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Bedtools coverage —counts was used to quantify CUT&Tag signal at genomic regions.
edgeR on H3K4mel (Log2FC >0, FDR <0.05) and H3K27ac (Log2FC >0) CUT&Tag
signals was used to determine differentially active enhancer signals between tdNeg and
tdPos groups across conditions/timepoints.

WGBS analysis

For bisulfite sequencing analysis, data were adaptor-trimmed using Trim Galore, and
subsequently aligned to mm39, deduplicated, and called for methylation using BS-
seeker2 (with bowtie2). Methylation levels across regions were assessed using bedtools
map -0 sum, summing the number of reads mapping to Cs (supporting methylated C,
mC) and the number of reads mapping to Cs + Ts (supporting unmethylated C, C) in the
region, then dividing those two numbers to calculate the absolute level or percent
methylation (mC/C) in each region. Regions were adjusted for methylation
nonconversion rates as measured by % methylation in Lambda spike-ins per-sample,
as previously described.’® Following %mC calculation, the lambda % methylation value
was subtracted from the calculated %mC value. If the corrected value was below 0,
the %mC value was set to 0.

Enhancer-gene linkage using GREAT

To calculate the significance and magnitude of the linkage between differentially
expressed genes and differentially active enhancers, differentially expressed genes
were resampled based on their expression levels, and a Fisher's exact test was
performed comparing the association of enhancers with the observed differentially
expressed gene set and the resampled, expression-matched gene set. This process
was repeated 1000 times, and the observed odds ratio (OR) versus the mean OR
across 1000 resamplings was plotted.

Weight gene correlation network analysis (WGCNA)

WGCNA was performed using CPM normalized H3K27ac CUT&Tag signal in tdNeg
and tdPos microglial populations across all timepoints and conditions (P7, P30, 5xFAD).
blockwiseModules() was ran with the following adjusted parameters: power = 10,
minModuleSize = 20, maxBlockSize = 30000, #should max out for your ram (30,000),
mergeCutHeight = 0.225.

Transcription factor (TF) motif enrichment analysis using HOMER
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De novo TF motif analysis was performed using findMotifsGenome.pl -noweight -nlen 0
-size 200 -len 8 with resampled enhancer regions based on acetylation levels as
background (-bg). Motif enrichments were scored using HOMER'’s default binomial
distribution framework.

TF Downstream targets prediction

To predict the downstream targets of the candidate TFs (based on PAM and DAM
shared enhancers), TF-target associations were retrieved from the ChEA3 database,
which integrates data from multiple sources, including TF—gene co-expression, ChlP-
seq experiments, and TF—gene co-occurrence.®® Corresponding target genes for the
driving TFs were extracted from these associations.

Recognizing that TF—target interactions are cell-type specific, the target gene list was
refined to those highly expressed in both PAM and DAM cells. To identify these highly
expressed genes, differential gene expression analysis was performed using scRNA-
seq data and cluster labels from the previously published dataset.” Specifically,
clusters "DAM 1" and "DAM 2" were compared to "Adult Brain Homeostatic Microglia” to
identified DEGs in DAM cells, and the "PAM" cluster was compared to "Early Postnatal
Homeostatic Microglia” to obtain DEGs for PAM cells. In the analysis, the FindMarkers
function in the Seurat R package was used with thresholds (p_adj < 0.05 |,
logfc.threshold = 0.25, and min.pct = 0.1). The intersection of DEGs from both analyses
yielded genes highly expressed in both cell states.

The refined TF—target associations were visualized using a heatmap that displayed
relationships between the driving TFs and their target genes. In the heatmap, TFs and
genes were ordered based on the number of their association.

TF-Target genes regulatory network

To better visualize the regulatory patterns, a TF—target gene regulatory network was
constructed based on the refined TF-target associations mentioned above. In this
network, each node represents a TF or a gene, and nodes are connected by edges if
there is an association between them. To avoid an overly complex visualization, only
the top 10 TFs with the most associations were included. The node size for each TF
was set proportional to the number of their associated genes to highlight potential key
regulators.

Quantification and Statistical Analysis
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To quantify the fluorescence intensity of CLEC7A expression in P7, P10, P11, and P12
wild-type pups (at least 3 animals per condition), tissue sections were imaged by
confocal microscopy. Fluorescence intensity from the relevant channel was measured
with Fiji by subtracting background signals from area integrated intensity. To quantify
microglial density, the number of cells was manually counted in Fiji, divided by areas in
mm?Z. Summary statistics was calculated (p<0.05 cutoff) for fluorescence and density at
each developmental age, one-way ANOVA followed by Tukey’'s multiple comparison
post hoc test was performed on GraphPad prism. Data were represented by mean +/-
SEM. To calculate mean labeling efficiency and morphology, 3 IHC sections (50um)
from 3 animals (10 microglial cells per animal for morphology quantifications) were
analyzed using Fiji and GraphPad Prism. Statistical significance (p < 0.05) for each
measurement was calculated by either one-way ANOVA followed by Tukey’s multiple
comparison post hoc test or Student’s t-test. Summarized data were represented by
mean +/- SEM. To calculate statistical significance levels for similarity score calculation
from scRNA-seq data, we first computed similarity scores for each individual cell relative
to the target cell type, and then performed t-test on these scores to assess statistical
significance. Statistical analyses related to the epigenomic data were described in
relevant figure legends.

Supplemental Information

Document S1. Figures S1-S4.

Table S1. Quantification showing brain regions with the greatest differences in
clustering of tdTomato+ microglia in P7 and P30, related to Figure 2.

Table S2. TdPos and tdNeg microglia edgeR CUT&Tag signal outputs at de novo
enhancers across P7, P30, and 5xFAD conditions, related to Figures 3-5.

Table S3. TdPos and tdNeg microglia CG DNA methylation levels at de novo
enhancers across P7, P30, and 5xFAD conditions, related to Figure 6

Table S4. Table of WGCNA cluster outputs at de novo enhancers, related to Figure 7.

Table S5. TF predictions based on HOMER motif analysis (most significantly enriched
TFs in a given enhancer set are highlighted in red), related to Figure 7.

Video S1. Light sheet microscopy images for P7 whole brain (Clec7a-CreER'
tdTomato in red, CX3CR1-GFP in green), spinning movie, related to Figure 2.
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Video S2. Light sheet microscopy images for P7 whole brain (Clec7a-CreER';
tdTomato in red, CX3CR1-GFP in green), sagittal optical sections, related to Figure 2.

Video S3. Light sheet microscopy images for P30 whole brain (Clec7a-CreER'%
tdTomato in red; CX3CR1-GFP in green), spinning movie, related to Figure 2.

Video S4. Light sheet microscopy images for P30 whole brain (Clec7a-CreER'%
tdTomato in red; CX3CR1-GFP in green), sagittal optical sections, related to Figure 2.
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