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Abstract

Microglia transform from homeostatic to disease-associated-microglia (DAM) profiles in
neurodegeneration. Within DAM, we recently identified distinct pro-inflammatory and anti-
inflammatory sub-profiles although the transcriptional regulators of homeostatic and distinct DAM
gene profiles in microglia remain unclear. Informed by our previous studies, we nominated
CEBPa, IRF1 and LXRP as likely regulators of homeostatic, pro-inflammatory and anti-
inflammatory DAM states and performed /in-vitro sSiRNA studies in primary microglia to identify
the role of each TF in regulating microglial activation, using an integrated transcriptomics,
bioinformatics and experimental validation approach. Efficient (>70%) silencing of each TF in
primary microglia revealed reciprocal regulation between each TF specifically following pro-
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inflammatory activation. Neuroinflammatory transcriptomic profiling of microglia coupled with
gPCR validation revealed distinct gene clusters with unique patterns of regulation by each TF
which were independent of LPS stimulation. While all three TFs (especially IRF1 and LXRp)
positively regulated core DAM genes (Apoe, Axl, Clec7a, Tyrobp and Trem2) as well as
homeostatic and pro-inflammatory DAM genes, LPS and IFNy increased pro-inflammatory DAM
but suppressed homeostatic and anti-inflammatory DAM gene expression via an Erk1/2-dependent
signaling pathway. IRF1 and LXRp silencing suppressed microglial phagocytic activity for
macroparticles (polystyrene microspheres) as well as fAB42 while IRF1 silencing strongly
suppressed production of pro-inflammatory cytokines in response to LPS. Our studies reveal
complex transcriptional regulation of homeostatic microglia and DAM profiles whereby IRF1,
LXRpB and CEBPa positively regulate both pro- and anti-inflammatory DAM genes while
activating stimuli independently augment pro-inflammatory DAM responses and suppress
homeostatic and anti-inflammatory responses via Erk signaling. This framework can guide
development of therapeutic immuno-modulatory strategies for neurodegeneration.
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INTRODUCTION

Microglia are the resident innate immune cells of the central nervous system (CNS) that
constantly monitor their surrounding environment, prune neuronal synapses and are the
“first responders” to an acute neurologic insult (Schafer et al. 2013, Crotti et al. 2016).
Under activated conditions, microglia can perform pro-inflammatory roles as well as anti-
inflammatory and protective functions including phagocytic clearance (Kreutzberg 1996,
Saijo et al. 2013, Rangaraju et al. 2018). Transcriptomic profiling studies of the CNS from
disease models have greatly advanced our knowledge of cellular diversity of the brain,
especially heterogeneity within microglia (Gautier et al. 2012, Beutner et al. 2013, Hickman
et al. 2013, Kim et al. 2013, Shay et al. 2013). Based on single cell RNAseq data,
homeostatic microglia adopt distinct disease-associated-microglia (DAM) profiles in aging
and chronic neurodegenerative diseases (Orre et al. 2014, Wang et al. 2015, Keren-Shaul et
al. 2017). DAM also appears to be a heterogeneous group of cells and we recently identified
distinct pro-inflammatory DAM and anti-inflammatory DAM subsets within DAM (Sarlus et
al. 2017, Katkish et al. 2018). Flow cytometry studies confirmed that among CD11c* DAM,
distinct CD44" and CXCR4™ subsets exist, and pharmacologic studies demonstrated that
these sub-profiles can be selectively modulated /n-vivo (Katkish et al. 2018). Although
signature genes highly expressed by these microglial states and transcriptional regulators of
microglial development and survival (PU.1, MAFB, SALL1, IRF8) are now known
(Kierdorf et al. 2013, Koshida et al. 2015, Buttgereit et al. 2016, Koso et al. 2016), the key
upstream regulators of homeostatic, pro-inflammatory DAM and anti-inflammatory DAM
transcriptional programs have not been identified.
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In our recent network analysis of microglial transcriptomics data, we used pathway analyses
to identify several TFs that may regulate homeostatic and distinct DAM phenotypes in the
context of neurodegeneration (Katkish et al. 2018). However, confirmatory studies of
regulatory roles for these putative TFs have not been performed. To address this knowledge
gap, we first nominated the TFs with highest abundance in microglia and the most relevant
TFs for homeostatic, pro-inflammatory DAM and anti-inflammatory DAM states (hamely
CEBPa, IRF1, and LXRp). We performed /in-vitro experiments by silencing each TF in
primary mouse microglia under resting and activated states, followed by quantitative RT-
PCR studies, neuroinflammatory transcriptomics (Nanostring) and inflammatory cytokine
profiling. This approach allowed us to identify novel regulatory roles of TFs IRF1, LXRB
and CEBPa in regulating the expression of distinct clusters of genes as well as microglial
states. Our studies also identified previously unknown cross-talk between each
transcriptional pathway. Our results provide a transcriptional regulatory framework for
microglial TFs IRF1, LXRpB and CEBPa that can guide future /n-vivo studies and
therapeutic immunomodulatory strategies for neurodegeneration.

MATERIALS AND METHODS

Primary neonatal microglia isolation:

Primary mouse microglial cultures were established using established isolation and
enrichment protocols (Marek et al. 2008, Gordon et al. 2011). C57BL/6J mice (P0-3) were
euthanized and brains were dissected then digested with Trypsin for 15 min at 37°C. After
quenching the Trypsin with 20 ml DMEM (Dulbecco’s Modified Eagle Medium)/10% fetal
bovine serum (FBS) and 1% penicillin streptomycin glutamine, myelin debris were
removed. The remaining cell suspension was filtered through a 40um strainer and the cell
pellet was washed followed by CD11b* positive selection using mini-MACS (Miltenyi
Biotec Cat#130-042-201) column (Sarkar et al. 2017). CD11b* enrichment resulted in >90%
pure CD11b* microglia as previously validated by flow cytometry (Gordon et al. 2011).
Cells were then seeded in poly-L-lysine-coated wells and cultured in DMEM at 37°C
incubator/5°C CO,. After 24h, the medium was replaced with fresh medium, after which
cells were ready for experimentation.

Small interfering RNA (siRNA) transfection studies:

Each TF was silenced using specific sSiRNA pools (IRF1 siRNA: sc-35707; LXRp siRNA:
sc-45317; CEBPa siRNA: sc-37048) or equal amounts of nonspecific sham siRNA
(sc-37007) obtained from Santa Cruz biotechnology. Primary microglia were transfected
with 40nM (final concentration) of siRNA using Lipofectamine™ RNAIMAX (Invitrogen)
and Opti-MEM (Invitrogen, Cat #31985-062). Cells were cultured for 48h before to confirm
the efficiency of siRNA-mediated gene silencing by quantitative reverse-transcriptase
polymerase chain reaction (QRT-PCR). To activate microglia, lipopolysaccharide (LPS, final
concentration 2ng/ml, #L4391, E. coli 0111:B4, Sigma-Aldrich) or recombinant mouse
interferon y (IFN-y #485-MI R&D Systems, final concentration 1-100ng/mL) was added
after 24h of siRNA exposure and cells were collected after an additional 24h of activation
for gRT-PCR, Nanostring and phagocytosis studies while supernatants were collected for
cytokine assays.
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Quantitative Nanostring neuroinflammatory gene expression and data analyses:

Microglia were exposed to siRNAs against IRF1, LXRp and CEBPa for 24 h, followed by
sham or LPS treatment (2ng/ml) for an additional 24 h after which cells were lysed in
TRIzol (Invitrogen). RNA was then isolated using the nCounter low RNA input kit
(Nanostring LOW-RNA-48). Quality control checks were performed on all samples to
determine RNA concentration and integrity (RIN scores >7 for all samples). 100ng of RNA
per sample was used for Nanostring studies. The Nanostring Neuroinflammation panel (770
selected genes) (Butovsky et al. 2014) was used for our experiments and samples were run
in batches of 12 with appropriate randomization of all 24 samples to two batches. Gene
expression was measured (Nanostring nCounter technology) and genes with counts above
two-times the standard deviation of the negative control geomean were included in the final
analysis. Of 770 genes, 662 genes met this criterion. The counts per gene were then
normalized to the geometric mean of 8 housekeeping genes included in the panel. Principal
component analysis (PCA) of the expression dataset was first performed to determine
whether experimental conditions clustered together and to identify the most prominent
experimental perturbation in the dataset. K-means cluster analysis was performed using
Morpheus software (Broad Institute, https://software.broadinstitute.org/morpheus). T-
distributed stochastic neighbor embedding (tSNE) was also performed on the Nanostring
expression data as an orthogonal clustering approach (Broad Institute, https://
software.broadinstitute.org/morpheus) and the agreement between K-means and tSNE
clusters was determined by overlaying the two-dimensional tSNE scatter plot with K-means
cluster membership (SPSS Version 24). Group-wise analysis of variance (ANOVA) followed
by post-hoc Tukey’s test was performed for comparisons across groups. Within each cluster,
genes meeting group-wise ANOVA significance and post-hoc pairwise significance for the
most deterministic treatment effect, were identified. Gene ontology (GO) analysis was
performed to identify enriched GO terms, Wikipathways and KEGG pathways in within
each cluster using all 662 included genes as the reference list (GOElite, Version 1.2.5)
(Zambon et al. 2012).

Quantitative reverse transcriptase PCR (QRT-PCR)—RNA from microglia was
extracted as previously described (Rangaraju et al. 2017). RNA concentration was assessed
using Nanodrop and cDNA was synthesized using the high capacity cDNA reverse
transcription kit (Applied Biosystems). Quantitative real-time PCR was performed on 7500
Fast Real-time PCR System (Applied Biosystems) using cDNA, TagMan PCR Master Mix
(Applied Biosystems), and gene-specific TagMan probes (Applied Biosystems) against IRF1
(MmO01288580_m1), Nr1h2 (LXRB) (Mm00437265_g1), Cebpa (CEBPa)
(Mm00514283_s1), Spi (PU.1) (Mm00488140_m1), 11 (Mm00434228_m1), Ptgs2
(MmO00478374_m1), Kcna3 (MmO00434599 s1), Apoe (MmO01307193_g1), Kcnj2
(MmO00434616_m1), Ncehl (MmO00626772_m1), Timp2 (Mm00441825 m1), Tmem119
(MmO00525305_m1), P2ry12 (Mm01950543_s1), Tyrobp (Mm00449152_m1), Sppl
(Mm00436767_m1), Grn (Mm00433848_m1), C3arl (Mm02620006_s1), Lampl
(Mm00495262_m1), Tnf (Mm01210732_g1), IL6 (MmM00443258 m1) and Gapdh
(Mm99999915 g1). For each RNA sample, each primer set was run in duplicate. Relative
gene expression analysis was performed using the 2-AACt method with the housekeeping
gene GAPDH (Rangaraju et al. 2017). Primers for RT-qPCR were synthesized by Thermo-
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Fisher Scientific. We also selectively inhibited Erk1/2 (SCH772984, 2uM), Jnk (SP600125,
2uM) and IKKB/NFxB (IMD0354, 2uM) signaling pathways in microglia and determined
the effects of pathway inhibition on gene expression of select microglial genes by gRT-PCR
(Gafencu et al. 2007, Srinivasan et al. 2015).

Fluorescent Polystyrene Microsphere Phagocytosis Flow Cytometric Assay:

Phycoerythrin (PE)-conjugated polystyrene microspheres (Thermo-Fisher Fluorospheres,
Cat #F13083) were added to primary microglia (Rangaraju et al. 2018). Cells were exposed
to 5ul microspheres (microsphere to cell ratio approximately 200) for 1 hour followed by
Trypsin incubation for 15 min at 37°C to detach the cells, after which DMEM with 10%
fetal bovine serum was added and the cells were harvested by gentle pipetting on ice.
Phagocytic characteristics were assayed by flow cytometry as previously described
(Rangaraju et al. 2018). In this assay, distinct peaks of fluorescence are observed indicating
unitary uptake of 1um phycoerythrin polystyrene microspheres. All flow cytometric data
were analyzed using FlowJo version 10 and proportions of cells demonstrating phagocytic
uptake of >1 bead/cell were determined as an index of phagocytic activity.

Fluorescent Fibrillar AB42 Phagocytosis Assay:

Fibrillar fluorescent AB42 (conjugated to HiLyte Fluor 488) was prepared by mixing 100ug
of peptide in 20ul 1% NH4OH and immediately diluted with 1xPBS to 205.32ul to obtain
100uM final concentration. This was allowed to incubate at room temperature for 6 days and
then used for phagocytosis assays as we have described previously (Rangaraju et al. 2018).
After in-vitro exposure to siRNA and/or inflammatory stimuli, primary microglia were
rinsed in the culture plate and then fAB42-488 (2uM final concentration) was added for 1h
at 37°C. Cells were then harvested as discussed above and then the washed cells were
labeled with fluorophore-conjugated anti-CD45 mAb (CD45-PE-Cy7, BD Biosciences
#552848). Compensation experiments were performed using compensation beads.
Phagocytic uptake of fluorescent fAB42 within live CD45+ microglia was measured as a
proportion of fluorescent cells. We have already previously shown that this peak of
fluorescence is inhibited by cytochalasin D treatment, confirming that our assay measures
actin-dependent phagocytic processes (Rangaraju et al. 2018).

Multiplex immunoassays of cytokines and chemokines (Meso Scale Discovery platform V-

PLEX):

Culture supernatants were collected prior to collection of cells for transcriptomic studies.
Supernatants were centrifuged to remove debris and then 120ul was used for multiplex
immunoassays (V-PLEX Proinflammatory panel: IFN-y, 1L-10, IL-12p70, IL-1p, IL-2,
IL-4, IL-5, IL-6, KC/GRO, TNF-a), per manufacturer’s instructions. These experiments
were performed at the Emory Multiplexed Immunoassay Core (EMIC) and all samples were
run in duplicate. Standard curves were created for each cytokine. Cytokine data were
normalized to the overall mean and represented as a heat map (Morpheus software, Broad
Institute). Group-wise ANOVA and post-hoc pairwise statistical comparisons were
performed.
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Human AD genome wide association study data:

To identify human AD-relevant genes that are regulated by each TF, we identified known
human AD risk genes within each gene cluster that was identified in our Nanostring studies.
We used a published list of 1,234 AD risk genes that were previously identified by Multi-
marker Analysis of GenoMic Annotation (MAGMA\) analysis of GWAS data from subjects
with late-onset AD (Lambert et al. 2013, Seyfried et al. 2017, Rangaraju et al. 2018).

Statistical Analyses:

Graph-Pad version 7.0, Microsoft Excel version 2017, SPSS version 24 and R (version
3.5.1) were used for data analyses and data representation. Data from gRT-PCR studies of
microglia are shown as mean =+ standard error of mean (SEM). Student’s T Test (two tailed,
assuming equal variance) was used for pairwise comparisons, with statistical significance set
at p<0.05 unless otherwise specified. All other statistical considerations are discussed in
relevant sections above.

RESULTS

Selection of upstream transcriptional regulators of homeostatic and disease-associated-
microglial (DAM) states

In a recent network-based analysis of microglial transcriptomic data, we identified gene co-
expression modules that recapitulated homeostatic (annotated as Blue) and DAM profiles
(Rangaraju et al. 2018) in agreement with single-cell RNAseq findings (Keren-Shaul et al.
2017); and identified distinct pro- and anti-inflammatory sub-profiles within DAM
(annotated as Magenta and Yellow modules respectively; see Figure 1a) (Keren-Shaul et al.
2017, Katkish et al. 2018), each with distinct potential TF regulators (Supplemental Table
S1, Figure 1b) (Katkish et al. 2018). To prioritize these potential TFs for experimental
validation, we cross-referenced this list of TFs (Supplemental Table S1) with existing mouse
microglial transcriptomic data (Zhang et al. 2014) to identify TFs for each microglial state
with (a) highest probability of upstream regulation (enrichment Z-score), (b) high transcript
abundance in microglia (abundance in microglia >50™ percentile rank), and (c) microglial
specificity (higher fold expression in microglia compared to other glial cells). Using this
approach, we nominated one TF for each microglial state (Figure 1b): CEBPa for
homeostatic microglia (enrichment Z score 4.6, 99™" percentile abundance in microglia),
IRF1 for pro-inflammatory DAM (Z score 11, 96! percentile abundance in microglia) and
LXRP for anti-inflammatory DAM (Z score 9.5, 96! percentile abundance in microglia)
(Figure 1b). These TFs were then used for /n-vitro experimental validation studies. In the
case of TFs with closely related biology, such as IRF1 and IRF8 for pro-inflammatory
DAM, and LXRa/LXRB/RXR for anti-inflammatory DAM, we picked the TF that either lies
upstream (IRF1 is upstream of IRF8) or the TF that was more abundantly expressed in
microglia (LXRp is more abundant in microglia compared to RXR and LXRa.).
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Silencing RNA-mediated suppression of IRF1, LXRp and CEBPa in primary mouse

microglia

To investigate the roles of TFs IRF1, LXRP and CEBPa in regulating transcriptional states
of microglia, we exposed primary mouse microglia to sSiRNAs against each TF in untreated
microglia for 48h (Figure 1c). After 48h, we confirmed robust suppression of all three TFs
by their respective siRNAs (Figure 2a), without any effects on microglial survival. After
exposure to siRNAs for 24h, microglia were also stimulated with LPS (2ng/mL) for another
24h after which mRNA levels of each TF were measured. Again, we observed significant
suppression of each target TF by the respective siRNA (Figure 2b). Under resting
conditions, siRNA against either IRF1, LXRP or CEBPa had no effect on the other TFs,
suggesting their transcriptional independence from one another (Figure 2a). However, in
LPS-stimulated microglia, we observed a significant divergence from this model. LPS
upregulated IRF1 expression without affecting LXRpP and CEBPa expression. LXRp siRNA
reduced LPS-mediated IRF1 upregulation without affecting CEBPa.. IRF1 siRNA
suppressed both LXRB and CEBPa expression. CEBPa siRNA suppressed LPS-mediated
IRF1 upregulation and suppressed LXRp expression. To summarize these findings, IRF1,
LXRp and CEBPa appear to be transcriptionally independent of each other in resting
microglia (Figure 2c¢) but demonstrate bi-directional regulation of each other under pro-
inflammatory activated states (Figure 2d), indicating cross-talk across distinct transcriptional
pathways. Therefore, the effects of sSiRNA-mediated suppression of each of these TFs on
microglial profiles needs to be considered both under resting as well as activated conditions.

Neuroinflammatory transcriptomic profiling of microglia identified distinct groups of genes
regulated by IRF1, LXRB and CEBPa

To comprehensively characterize regulation of microglial gene expression by IRF1, LXRB
and CEBPa., we performed Nanostring neuroinflammatory transcriptomic profiling (770
gene panel) of primary mouse microglia in response to siRNA against each TF in the
presence or absence of LPS (Figure 3). Of 770 genes in the panel, 662 genes were expressed
above noise in the 24-sample dataset (Supplemental Table S2). Principal component analysis
(PCA) of the expression data revealed that regulation by IRF1 represented the most robust
effect across the entire transcript panel (Figure 3a). We performed K-means clustering to
identify groups of genes with similar co-expression patterns and identified 6 gene clusters of
which clusters 1 to 5 demonstrated distinct patterns of gene expression (Figure 3b,
Supplemental Table S2). Cluster 1 contained genes most strongly upregulated by LPS and
positively regulated by IRF1 such as Ccl5, Cd69, Marco and Tnf. This cluster was enriched
for gene ontology (GO) terms pertaining to biotic stimulus, immune activation and NFxB
signaling as would be expected in response to LPS (Figure 4a, Supplemental Table S3).
Cluster 2 contained genes (Tetl, Kif2x, Bok, Gjal) that were negatively regulated by IRF1
without alteration by LPS, and was enriched for GO terms related to nuclear localization,
DNA metabolic process and chromosomal organization (Figure 4b). Cluster 3 represented a
group of genes (Fcgrl, Gpr34, Cx3crl, Fcrls, Apoe, Tyrobp, Csflr) involved in
phagocytosis, lysosomal biology, integrin response, TGFp signaling and the Tyrobp causal
network, that were down-regulated by LPS but positively regulated by IRF1 (Figure 4c).
Cluster 4 was negatively regulated by all three TFs and contained genes related to neuronal
dendrite biology, synaptic glutamatergic transmission and axonal projection, suggesting that
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these microglial genes may be involved in synaptic pruning and microglia-neuronal
interactions (Figure 4d). Cluster 5 represented a relatively small cluster of genes (Tbrl,
Kcnj10, Ngo1l, Csfl) which were negatively regulated by both LXRp and IRF1, and
enriched for Notch and mTOR signaling and the histone acetyltransferase complex (Figure
4e). A summary of regulation of each of the five gene clusters by IRF1, LXRp and CEBPa
is shown in Figure 4f (also see Supplemental Figure S1). We also validated IRF1-dependent
positive regulation of several Cluster 3 and 1 genes which were picked based on high
transcript abundance in microglia, neurodegenerative disease relevance and magnitude of
effect observed in Nanostring studies (Tyrobp, Sppl, Grn, C3arl and Lampl). Consistent
with our Nanostring findings, we observed that IRF-1 positively-regulated these 5 genes
under both resting and stimulated conditions, validating our Nanostring findings (Figure 3c).

Regulation of pro-inflammatory cytokine production and phagocytosis by IRF1, LXRp and

CEBPa

We next examined the effect of sSiRNAs against each of the TFs on inflammatory cytokine
production in supernatants derived from the same experiments used for Nanostring studies
(Figure 5a-b). Of 10 cytokines/chemokines in the MSD V-plex immunoassay, 7 factors were
included in the final analysis while 3 factors were excluded due to values below the lowest
detection thresholds. In unstimulated microglia, sSiRNAs against each TF did not alter
cytokine production. Under LPS-activated conditions, IRF1 silencing strongly suppressed
production of Tnf, IL12p70, KC/GRO, IL6, IL1b, IL5 and IL10. While siRNAs against
LXRB and CEBPa were partly effective in reducing LPS-induced cytokine production,
SiRNA against CEBPa more strongly suppressed production of IL6, IL1b and IL5.
Interestingly, 1L10 production induced by LPS was inhibited by siRNA against IRF1 and
LXRp but not CEBPa. Consistent with protein level changes, gRT-PCR studies also
confirmed that Tnf and IL6 gene expression were also positively regulated by IRF-1 (Figure
5c¢). Overall, these multiplex immunoassays confirm that IRF1 had the strongest regulatory
effect on pro-inflammatory cytokine production, followed by LXRp and CEBPa in
positively regulating pro-inflammatory cytokine production by microglia. These
observations agree with our Nanostring results, where IRF1 suppression was observed to
explain the largest proportion of variance in the dataset (Figure 3a). Since we also observed
that the IRF1-dependent Cluster 3 contained AD-associated genes including Apoe, Tyrobp
and others involved in phagocytic/endocytic processes, we determined whether silencing
IRF1, LXRpB or CEBPa impacted the ability of microglia to phagocytose Ap42 fibrils and
polystyrene microspheres using a previously validated flow-cytometric assay (Rangaraju et
al. 2018). In the fAB42 phagocytosis assay, we observed increased phagocytic capacity in
LPS-activated microglia and silencing each of the TFs inhibited the LPS-induced
augmentation. However, all three TFs had no significant impact on the fAB42 uptake under
resting conditions (Figure 5e). In the PE-microsphere phagocytosis assay, we observed that
IRF1 and LXRp silencing inhibited phagocytic uptake (Figure 5e).

Regulation of homeostatic, pro-inflammatory DAM and anti-inflammatory DAM signature
genes by IRF1, LXRB and CEBPa

Next, we determined whether homeostatic and canonical DAM genes previously identified
by single-cell RNAseq studies overlapped with clusters of genes regulated by IRF1, LXRB
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and CEBPa. (Keren-Shaul et al. 2017). T-SNE was used to display transcriptomic data as
distinct clusters in 2 dimensions and this approach showed excellent agreement with results
from K-means clustering (Figure 6a). 73 homeostatic and 34 DAM genes were identified in
our dataset (Supplemental Table S2). Among all clusters, cluster 3 was significantly
enriched for both DAM and Homeostatic genes (Figure 6b, Chi Square statistic 52.2,
p<0.00001) (Supplemental Figure S2) although no clear discernable pattern could be
observed that distinguished DAM from homeostatic genes within the observed clusters. We
also observed that core DAM genes (including Apoe, Clec7a, Tyrobp, Axl and Trem2) were
all members of Cluster 3 (Supplemental Figure S3) (Keren-Shaul et al. 2017, Krasemann et
al. 2017).

We also integrated our recent findings of distinct microglial co-expression modules
(Rangaraju et al. 2018) with our transcriptomic results (Figure 6c). In this recent network
meta-analysis of microglial transcriptomic data, we identified 20 co-expression modules
including two homeostatic co-expression modules (Blue and Purple) and two DAM modules
(Magenta: pro-inflammatory DAM, and Yellow: anti-inflammatory DAM) (Katkish et al.
2018). From the overall distribution of these microglial co-expression modules in our
Nanostring expression data, (Figure 6¢) we conclude that the Magenta pro-inflammatory
DAM module is enriched in the LPS-upregulated and IRF1-dependent Cluster 1 while the
anti-inflammatory DAM and homeostatic Blue modules were represented in clusters 2, 3
and 4. This suggests that partial segregation of pro- and anti-inflammatory DAM genes
occurs with regards to upstream regulation by IRF1, LXRp and CEBPa..

We also calculated a synthetic eigengene to represent the average expression of each
previously identified microglial co-expression module defined as any of the top 20 % of gene
transcripts of each module (ranked by module membership or KMe) that were also identified
in this study’s Nanostring transcript dataset and determined the effects of siRNA against
each TF and LPS on these synthetic eigengenes. Six microglial co-expression gene modules
were well represented in our dataset (at least 10 genes per module) (Figure 6d). Overall, we
observed that IRF1 positively regulated all six microglial co-expression modules. LXRp
appeared to most strongly regulate the Magenta (pro-inflammatory DAM) and Blue
(homeostatic) module while CEBPa had the strongest regulatory effect on Yellow (anti-
inflammatory DAM), Magenta and Blue modules.

Regulation of human AD-risk genes by CEBPa, IRF1 and LXRf

GWAS of late-onset AD has identified several gene polymorphisms associated with AD risk
(Lambert et al. 2013, Seyfried et al. 2017). Of 1,234 known AD risk genes identified by
MAGMA (Seyfried et al. 2017), 42 genes were present in our 662-gene expression dataset.
Although the distribution of these AD-risk genes did not reveal any cluster-specific
enrichment pattern, (Figure 7a), AD risk genes with the strongest MAGMA significance
were identified in Cluster 3 (Apoe, Binl, Msdada, Mef2c, Cd33) (Figure 7b). As shown in
Figure 4f, Cluster 3 is also positively regulated by IRF1, LXRp and CEBPa and negatively
regulated by LPS/IFN-y. Therefore, this analysis indicates that regulation of Cluster 3 genes
by all three TFs may be relevant to immune mechanisms of AD pathology.
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Validation studies of homeostatic and DAM gene regulation by CEBPa, IRF1 and LXR

Guided by findings from our transcriptomic studies described above, we performed
validation studies in primary mouse microglia (Figure 8). QRT-PCR studies were performed
to examine the effects of sSiRNA against TFs IRF1, LXRB and CEBPa on expression of
signature genes of each microglial transcriptional state (Homeostatic: Tmem119, Pro-
inflammatory DAM: IL1pB, Kcna3/Kv1.3, Ptgs2; anti-inflammatory DAM: Apoe, Kcnj2/
Kir2.1, Ncehl, Timp2) in unstimulated microglia. In unstimulated microglia (Figure 7a-b),
CEBPa suppression did not affect Tmem119 expression although we observed a robust
upregulation of IL1p and down-regulation of Apoe and Kcnj2. IRF1 suppression down-
regulated the expression of IL1p, Apoe, Kcnj2, Ncehl as well as Tmem119. LXRp
suppression down-regulated IL1B, Apoe, Kcnj2 and Tmem119 and upregulated Ptgs2
expression. This observed pattern of microglial gene regulation by TFs (Figure 8b), like our
transcriptomic data, did not entirely conform to the predicted model of a single TF for each
of the three microglial transcriptomic states. Instead, it appears that IRF1 positively
regulates all three module genes while CEBPa and LXR positively regulate homeostatic
and anti-inflammatory DAM genes.

We next assessed effects of TF silencing on module-specific genes under LPS-stimulated
conditions (Figure 8c—d). As expected, LPS induced pro-inflammatory IL1p and Ptgs2
expression and suppressed anti-inflammatory DAM genes Apoe, Kcnj2 and Ncehl without
impacting homeostatic Tmem119. IRF1 suppression nearly completely inhibited LPS-
mediated upregulation of IL1f and Ptgs2, confirming a critical role of IRF1 in regulating
pro-inflammatory microglial activation. LPS-mediated suppression of anti-inflammatory
DAM genes Apoe, Kcnj2 and Ncehl was further augmented by IRF1 suppression. This
finding suggests that LPS stimulation of microglia activates a pathway that strongly inhibits
anti-inflammatory DAM genes (master suppressor) which is independent of IRF1. Also, our
results suggest that IRF1 may be a positive regulator of both pro-inflammatory DAM and
anti-inflammatory DAM transcriptional genes. CEBPa suppression partially inhibited LPS-
induced upregulation of IL1p and Ptgs2. LPS-mediated suppression of Apoe was also partly
augmented although no effects of CEBPa suppression on other anti-inflammatory DAM or
homeostatic genes were observed. LXRp suppression also partially inhibited LPS-induced
IL1B expression without significantly altering Ptgs2 expression while LPS-induced
suppression of Apoe, Timp2 and Nceh1 were augmented (Figure 8c).

To further examine whether IRF1 and LXRp positively regulate homeostatic and anti-
inflammatory DAM genes, we performed experiments in primary microglia using a general
activator of IRF1-mediated signaling (IFNy) and an agonist of LXR/RXR activity
(T0901317) (Figure 9a). IFN-y, across a wide dose range, strongly upregulated IL1p and
suppressed Tmem119 and Apoe, resembling the effects of LPS in primary microglia,
confirming its positive regulation of pro-inflammatory DAM genes. T0901317 significantly
upregulated expression of Apoe without any effects on IL1B or Tmem119 at low or high
concentrations, confirming LXRp’s role in regulating anti-inflammatory DAM gene
expression. However, lack of effect on Tmem119 or IL1p implies that other LXRs (such as
LXRa) may have opposing effects on pro-inflammatory DAM genes, although we did not
further explore this possibility. Since we observed that IRF1 positively regulates LXRB
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expression in activated but not resting states, it is possible that pathways down-stream of
IRF1 may promote anti-inflammatory DAM gene expression, although this pathway may be
relatively less active compared to pathways that suppress anti-inflammatory DAM gene
expression. Since IFNvy is not a selective agonist of IRF1, it is also possible that mechanisms
independent of IRF1 are activated via IFNy (and LPS).

Identification of signaling pathways implicated in LPS and IFNy-mediated suppression of
homeostatic and anti-inflammatory DAM genes

Our results suggest that pro-inflammatory activation of microglia by LPS or IFNy increases
IRF1 and upregulates pro-inflammatory DAM genes while strongly suppressing homeostatic
and anti-inflammatory DAM genes. However, IRF1 (along with LXR and CEBPa) appears
to positively regulate homeostatic and anti-inflammatory DAM genes as well. We also
showed that IRF1 is required for LPS-mediated augmentation of pro-inflammatory DAM
genes but does not appear to be required for the suppressive effect of LPS on homeostatic
and anti-inflammatory DAM genes. Since LPS and IFN+y also engage distinct signaling
pathways, we also found that silencing IRF-1 inhibited the IFN-y-induced pro-inflammatory
DAM gene augmentation without impacting the suppressive effect of IFN-y on homeostatic
and anti-inflammatory DAM genes suppression (Figure S4). These confirm that both LPS
and IFN-y-mediated suppression of homeostatic and anti-inflammatory DAM genes may
occur via IRF1-independent pathways. To confirm this, we silenced IRF1 and stimulated
microglia with IFN Previous studies investigating Apoe downregulation by LPS suggested
that ERK and JNK signaling converge on a TF called AP1 which suppresses Apoe gene
expression (Gafencu et al. 2007), while NFxB signaling is involved in pro-inflammatory
gene upregulation by activating stimuli such as IFN-y (Qi et al. 2013, Srinivasan et al. 2015).
Therefore, we selectively inhibited Erk1/2 signaling (SCH772984), Jnk signaling
(SP600125) and Nfxb signaling (IMD0354) in primary microglia under resting and activated
conditions (IFNvy) and measured homeostatic (Tmem119 and P2ry12), anti-inflammatory
DAM (Apoe and Timp2) and pro-inflammatory DAM (IL1b and Ptgs2) genes by qRT-PCR.
Under resting conditions (Figure 9b), we found that Erk1/2 inhibition downregulated
Tmem119 but upregulated P2ry12, upregulated Timp2 and downregulated Ptgs2 while Jnk
and Nfxb inhibitors had no significant effects. Following activation by IFN+y (Figure 9c), we
found that Erk1/2 inhibition decreased both pro-inflammatory gene expression, and partly
reversed IFNy suppression of anti-inflammatory DAM genes, although the effects on
Tmem119 and P2ry12 homeostatic genes were discordant. Again, Jnk and Nfxb inhibitors
had minimal effects on gene expression.

Reciprocal regulation between IRF1, LXRp and CEBPa with the microglial master regulator

PU.1

The microglial master regulator PU.1 (Spil) is critical for microglial survival and has been
recently identified as a potential regulator of DAM genes (Kierdorf et al. 2013, Smith et al.
2013). To explore regulatory relationships between IRF1, LXRp and CEBPa with PU.1
(Figure 10a), we first examined whether silencing IRF1, LXRp and CEBPa affects PU.1
expression. Under resting conditions, IRF1 siRNA significantly suppressed PU.1 expression
while LXRp and CEBPa siRNAs had minimal effects. Under LPS-stimulated conditions,
we again observed suppression of PU.1 expression by IRF1 siRNA, and LXRB siRNA also
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moderately suppressed PU.1 gene expression. These indicate that IRF1, and to some extent
LXRB, positively regulate or maintain PU.1 expression. We next silenced PU.1 in primary
microglia (Figure 10b) using siRNA and found that under homeostatic conditions, PU.1
silencing decreased IRF1 expression without affecting LXRp and CEBPa expression. PU.1
suppression also downregulated expression of IL1p, in agreement with a previous study
(Marecki et al. 2001). Interestingly, under activated conditions, PU.1 silencing did not alter
homeostatic or DAM gene expression significantly. In summary, these results suggest that
PU.1 is a positive regulator of IRF1 and IRF1 also positively regulates PU.1 expression.

A cohesive model of regulation of homeostatic and DAM genes by transcriptional factors
IRF1, LXRB and CEBPa and Erk1/2 signaling pathway

Based on our results derived by transcriptomic and functional profiling as well as targeted
validation studies, we propose a model (Figure 11) in which TFs IRF1, LXRp and CEBPa
perform complex and overlapping upstream regulation of homeostatic, pro-inflammatory
DAM and anti-inflammatory DAM genes, rather than a simplistic model where one TF
represents the master regulator of the entire transcriptional program. According to this
model, IRF1, LXRp and CEBPa have shared gene targets with significant cross-regulation
across each transcriptional pathway. Of these three TFs, IRF1 plays a critical role in
regulating pro-inflammatory microglial activation including IL1p expression but also
positively regulates anti-inflammatory DAM genes such as Apoe and the homeostatic gene
Tmem119. Classical activating stimuli (LPS or IFNvy) strongly suppress homeostatic and
anti-inflammatory DAM genes and this suppression appears to be mediated by Erk1/2
signaling and is independent of IRF1, LXRP and CEBPa. Like IRF1, LXRp also appears to
positively regulate homeostatic, pro-inflammatory and anti-inflammatory DAM genes.
CEBPa also appears to positively regulate pro-inflammatory and anti-inflammatory DAM
genes under resting conditions although its effect on IL1p expression under LPS-activation
is opposite to that of resting microglia, suggesting additional intermediary or co-regulatory
pathways. In this model, the master myeloid TF PU.1 and IRF1 reciprocally and positively
regulate each other.

DISCUSSION

Neuroinflammation, primarily mediated by microglia, is accepted to play causal roles, rather
than simply bystander roles, in AD and other neurodegenerative disorders (Leyns et al.
2017, Liberman et al. 2018). Highly-consistent findings from bulk and single-cell
transcriptomic studies of microglia have found that homeostatic microglia gradually adopt
unique transcriptomic states reflecting distinct phenotypes referred to as neurodegeneration-
associated or disease-associated-microglia (DAM) profiles (Keren-Shaul et al. 2017,
Deczkowska et al. 2018, Katkish et al. 2018). The DAM profile represents a highly
heterogeneous pool of microglia although they can be easily distinguished from homeostatic
microglia by down-regulation of homeostatic genes (such as Tmem119) and upregulation of
core DAM genes including Apoe, Trem2, Cst7 and Itgax (Cd11c) (Keren-Shaul et al. 2017,
Krasemann et al. 2017, Deczkowska et al. 2018). A Trem2-Apoe-dependent immune
checkpoint has also been identified to regulate the transition from homeostatic microglia to
DAM (Krasemann et al. 2017). Based on gene expression patterns and accumulation of
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DAM around AP plaques in AD mouse models, it has been proposed that DAM are
generally pro-phagocytic and protective (Keren-Shaul et al. 2017), although our recent
studies suggest that additional molecular and functional heterogeneity exists within DAM in
the form of distinct pro-inflammatory and anti-inflammatory DAM sub-profiles (Katkish et
al. 2018). While pro-inflammatory DAM highly express immune response genes such as
IRF1, IL1b, Hifla and Ptgs2 (Cox2), anti-inflammatory DAM highly express
immunosuppressive, lipid-metabolism-related and phagocytic genes such as Apoe, 1gfl,
Itgax, Tyrobp, Clec7a, Lpl and Cst7 (Terwel et al. 2011, Orre et al. 2014, Krasemann et al.
2017, Katkish et al. 2018). Identifying the key upstream regulators of these distinct
microglial states is important as it can guide target selection and therapeutic development for
neurodegenerative disorders (Katkish et al. 2018, Rustenhoven et al. 2018).

In this study, we nominated CEBPa, LXRB and IRF1 as predicted and microglia-abundant
transcriptional regulators of homeostatic, pro-inflammatory DAM and anti-inflammatory
DAM states. Up-regulation of IRF1 expression is associated with pro-inflammatory
microglia activation (Das et al. 2015) and is critical for the expression of pro-inflammatory
mediators including IL1b in reactive microglia (Masuda et al. 2015). CEBPa participates in
the modulation of microglial anti-inflammatory state polarization (Yu et al. 2017). LXRp
has been reported to regulate immune responses in myeloid cells, and LXR activation can
mitigate neuroinflammation and neurodegenerative pathology (Secor McVoy et al. 2015,
Katkish et al. 2018). Notably, increasing LXRp reduces Ap burden in AD mouse models
(Hu et al. 2013). Using a broad and relatively unbiased approach of transcriptomic profiling
of microglia following selective genetic silencing of each TF under resting and activated
conditions, we found that these three TFs positively regulate homeostatic as well as both
DAM states, of which IRF1 appeared to have the strongest regulatory role. All three TFs
(particularly IRF1 and LXR) in our study strongly positively regulated core DAM genes
including Apoe, AxI, Clec7a, Tyrobp and Trem2, suggesting that the transition from
homeostatic to DAM genes is likely to be collectively regulated by these TFs rather than a
single master regulator (Keren-Shaul et al. 2017, Krasemann et al. 2017). This seems logical
from a teleological sense because the homeostatic to DAM transition appears to be a
universal theme across various chronic neuroinflammatory and neurodegenerative disease
models as well as advanced aging (Chiu et al. 2013, Keren-Shaul et al. 2017, Mathys et al.
2017, Friedman et al. 2018), and such an important pathway is likely to have some
redundancy in its regulation.

The observed overlap and redundancy in transcriptional regulation of homeostatic and DAM
genes by the TFs in our studies aligns with recent studies that identified PU.1, a master
regulator of myeloid cell and microglial development, as a regulator of DAM gene
expression (Rustenhoven et al. 2018). It is also possible that PU.1 lies upstream of IRF1,
LXRp and CEBPa. Supporting this notion, Rustenhoven et. al. showed that PU.1 silencing
by siRNA in microglia indeed resulted in reduction in CEBPp (Rustenhoven et al. 2018) and
PU.1 activation has been shown to relieve GATA-1-mediated suppression of CEBPa and
CEBPg (Burda et al. 2009). In our siRNA studies to examine the cross-talk between PU.1
and these three TFs, we found that PU.1 and IRF1 positively regulated each other and PU.1
positively regulates IL1b expression without altering anti-inflammatory DAM or
homeostatic DAM gene expression. Therefore, our findings are consistent with previous
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reports that suggest that PU.1 is an upstream master regulator that synergizes and augments
IRF1 and CEBPa-mediated gene regulation (Marecki et al. 2001). We also observed that
PU.1 expression was significantly impacted by IRF1 silencing, suggesting that IRF1, like
PU.1, may also play critical transcriptional regulatory roles in the homeostatic to DAM
transition, and may do so in part by impacting PU.1 expression.

Activating stimuli such as LPS and IFN-y in our studies upregulated pro-inflammatory DAM
and suppressed homeostatic and anti-inflammatory DAM genes, consistent with prior results
from co-expression analysis of microglial transcriptomics data (Katkish et al. 2018). While
LPS increased IRF1 expression, we found that, surprisingly, IRF1 (as well as LXRp and
CEBPa) positively regulated anti-inflammatory DAM and homeostatic genes. This suggests
that LPS-mediated suppression of homeostatic and anti-inflammatory DAM genes must be
mediated via alternate pathways that are independent of IRF1, LXRp and CEBPa.. Based on
our results, we suggest that LPS-induced Erk1/2 signaling may be involved in this
suppressive effect of LPS on homeostatic and anti-inflammatory DAM genes. Under LPS-
treated conditions, this Erk1/2-dependent pathway is likely to overcome positive regulation
of homeostatic and anti-inflammatory DAM genes by IRF1, LXRP and CEBPa, resulting in
a net suppressive effect on homeostatic and anti-inflammatory DAM genes. Since LPS/IFNy
induced pro-inflammatory DAM genes and this upregulation was significantly inhibited by
Erk1/2 inhibition, it is likely that activation of the Erk1/2 pathway by LPS or IFNy
represents a key mechanism by which pro-inflammatory stimuli upregulate pro-
inflammatory DAM genes and suppress homeostatic and anti-inflammatory DAM genes,
independent of IRF1, LXRp and CEBPa.. In the context of neurodegeneration, where
upregulation of anti-inflammatory DAM and suppression of homeostatic genes are
consistently observed, our findings support the model that activating stimuli unique to
neurodegeneration can induce DAM by collectively activating IRF1, LXRp and CEBPa
pathways without activation of the Erk1/2 pathway.

Our finding regarding the role of the Erk1/2 pathway in independently promoting pro-
inflammatory DAM while suppressing homeostatic and anti-inflammatory DAM in AD is
congruent with existing findings regarding the detrimental effects of increased Erk1/2
activation in AD models as well as the observed increased Erk1/2 activation in human AD
brain (Pei et al. 2002, Zhu et al. 2002, Liu et al. 2003). Furthermore, activation of the Erk
pathway has been proposed as a detrimental neurodegenerative disease mechanism that is
independent of AP pathology (Pei et al. 2002). Since the desired therapeutic response of
ideal neuro-immunomodulatory therapies for neurodegeneration should include inhibition of
pro-inflammatory DAM responses while sparing or augmenting anti-inflammatory DAM
responses, our findings strongly support the rationale for inhibiting Erk1/2 activation as a
therapeutic strategy to mitigate detrimental neuroinflammatory responses in AD. Since
Erk1/2 is also involved in tau phosphorylation and non-microglial disease mechanisms (Pei
et al. 2002, Zhao et al. 2002), inhibition of Erk can also have beneficial effects via non-
immune pathways. Future /n-vivo studies using selective Erk inhibitors with CNS
bioavailability will address the translational potential of this strategy.

In addition to developing a model for the regulation of homeostatic and DAM genes, we also
identified novel clusters of genes that are regulated by IRF1, LXRP and CEBPa. We
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identified a pro-inflammatory cluster, cluster 1, that contained genes that were LPS-
upregulated and positively regulated by IRF1 while cluster 3 represented a large group of
genes downregulated by LPS but also positively regulated by IRF1. The positive regulation
of both LPS-upregulated and LPS-downregulated genes by IRF1 supports dual roles for
IRF1 in regulating pro- as well as anti-inflammatory microglial responses. Two other gene
clusters (clusters 3 and 4) also showed interesting gene ontologies. Cluster 4 was negatively
regulated by all three TFs and was characterized by genes involved in synaptic transmission
and neuronal synapto-dendritic function. Given the emerging role for microglia in pruning of
neuronal synapses during development and in homeostatic states (Paolicelli et al. 2011,
Schafer et al. 2013, Um 2017, Sominsky et al. 2018), and their detrimental effects by
phagocytosing live neurons (phagoptosis) in disease conditions (Sierra et al. 2013, Brown et
al. 2014), it is possible that this cluster reflects microglia-mediated synaptic pruning that is
down-regulated by IRF1, LXRp and CEBPa.. Another gene cluster, cluster 3, contained
several core DAM genes (Apoe, Clec7a, Trem2, AxI, Tyrobp), genes involved in the Tyrobp
causal pathway of AD and involved in phagocytosis/endocytosis (Keren-Shaul et al. 2017,
Krasemann et al. 2017). Silencing IRF1 and LXRp resulted in suppression of phagocytic
uptake of fABR42 as well as macroparticles in microglia in our studies. Therefore, it is
possible that TFs IRF1 and LXRp (and CEBPa to a lesser extent) shift microglial functional
states from homeostatic synaptic pruning to a state of increased phagocytic capacity and
phagocytic clearance in AD, both of which are expected features of anti-inflammatory
DAM.

A limitation of our studies is the /n-vitro nature of our experiments, use of post-natal
microglia in our studies. It has been well established that transcriptomic profiles of microglia
change rapidly during isolation and /n-vitro culture conditions. Several homeostatic genes
that are highly expressed by microglia in the brain (such as P2ry12) are detected at very low
levels in culture conditions(Hammond 2018), explaining our discordant findings between
Tmem119 and P2ry12 gene expression. Pure microglial cultures remove microglia from the
CNS environment, depriving them of several glial and neuronal-derived trophic factors that
may be necessary for their maintenance in the brain. Unfortunately, an /n-vitro microglial
model system that is truly representative of microglia in the brain, is currently lacking
although this could be partly overcome by organotypic slice cultures and organoid culture
systems that incorporate microglia-like iPSC-derived cells (Abud et al. 2017, Pocock et al.
2018). As a result, our findings using mouse microglia in /in-vitro settings need to be further
evaluated using microglia derived from human iPSCs as well as assessed /in-vivo using
targeted conditional and inducible genetic strategies to suppress or over-express potential
TFs specifically in microglia. Our studies focused on modulating TF gene expression rather
than directly altering TF functional activity. Therefore, our studies do not address trans-
repression of TFs, where protein-protein interactions between TFs that bind to similar
regions in regulatory elements of genes can directly influence the function of the adjacent
TF, leading to complex co-regulatory effects on gene programs (Ghisletti et al. 2007,
Ghisletti et al. 2009). Whether such mechanisms are involved in fine tuning the
immunological balance between pro-inflammatory and anti-inflammatory DAM gene
expression in AD and neurodegeneration, remains to be explored.
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CONCLUSIONS

In summary, we have identified IRF1, LXRP and CEBPa. as transcriptional factors that
positively regulate DAM gene signatures independent of pro-inflammatory activating stimuli
such as LPS or IFN-y. We also provide evidence for Erk1/2 as a key signaling pathway and
potential disease mechanism that suppresses homeostatic and anti-inflammatory responses
while increasing pro-inflammatory responses independent of IRF1, LXRp and CEBPa. This
complex transcriptional regulatory framework of homeostatic and DAM responses that may
guide development of therapeutic immunomodulatory strategies for neurodegeneration.
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LIST OF ABBREVIATIONS

AD Alzheimer’s disease

LPS Lipopolysaccharide

DAM Disease-associated-microglia

IRF1 Interferon response factor 1

CEBPa CCAAT/enhancer-binding protein alpha

LXRP Liver X Receptor beta

NFxB nuclear factor kappa-light-chain-enhancer of activated B cells

Jnk c-Jun N-terminal kinase

Erk 1/2 Extracellularly regulated kinases 1 and 2
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MAIN POINTS

We identify a framework for homeostatic and disease-associated microglia (DAM) gene
regulation. IRF1, LXRP and CEBPa increase pro- and anti-inflammatory DAM genes
while Erk1/2 signaling suppresses homeostatic and anti-inflammatory DAM while
increasing pro-inflammatory DAM.
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Figure 1. Nomination of TFs as regulators of homeostatic, pro-inflammatory DAM and anti-
inflammatory DAM genes in microglia.

(a) A transcriptomic framework of microglial activation in AD that was identified by co-
expression network analysis of microglial transcriptomes (Rangaraju et al. 2018). Each dot
represents a single gene. Clusters of genes (co-expression modules) are color coded. Blue:
Homeostatic gene cluster; Magenta: Pro-inflammatory DAM cluster; Yellow: Anti-
inflammatory DAM cluster. Key genes within each cluster are shown.

(b) Heat map representation of enrichment Z-score for each predicted TF (grey scale),
microglia abundance (based on RNAseq expression data from purified mouse microglia) and
microglial specificity (Fold-enrichment in microglia as compared to other non-microglial
cell types). Asterisks indicate the TFs selected for each microglial state using this approach.
(c) Experimental work flow for siRNA studies using primary p0—3 mouse microglia: Brains
were digested by Trypsin followed by CD11b* column enrichment. Cultured microglia were
treated with siRNAs for 24h followed by LPS (2ng/mL) or other activators for an additional
24h. Microglia and supernatants were then collected for Nanostring or gqRT-PCR and for
multiplex cytokine/chemokine immunoassays respectively.
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Figure 2. Silencing RNA-mediated suppression of TFs in primary microglia reveals activation
state-dependent reciprocal cross talk.

(a) Results from qRT-PCR experiments demonstrating efficiency of TF silencing by each
SiRNA as compared to control siRNA. Y-axis represents relative mRNA expression (2-AACt
method) normalized to Gapdh as housekeeping gene (3 independent biological replicate
experiments were performed per condition, *P<0.05, **P<0.01, ***P<0.005).

(b) Results from gRT-PCR experiments confirming siRNA efficiency under LPS-activated
conditions. Error bars represent standard error of mean. (3 independent biological replicate
experiments were performed per condition; *P<0.05, **P<0.01, ***P<0.005).

(c, d) Summary of gRT-PCR studies highlighting relationships between the three TFs under
resting (c) and LPS-activated (d) conditions. Red arrows indicate positive regulation while
Blue arrows indicate negative regulation.
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Figure 3. Transcriptomic profiling reveals distinct clusters of genes regulated by IRF1, LXRB
and CEBPa.

(a) Principal component analysis of Nanostring expression data (662 genes) demonstrating
separation between each experimental condition. PC1 explained 34% while PC2 explained
14% of variance in the dataset. PC1 represents genes most strongly regulated by IRF1 while
PC2 is representative of the LPS effect.

(b) Heat map representing results from K-means clustering analysis of Nanostring gene
expression data. Cluster 1 genes: upregulated by LPS and positively regulated by IRF1;
Cluster 2 genes: negatively regulated by IRF1 under resting and activated conditions; Cluster
3 genes: down-regulated by LPS, positively regulated by IRF1; Cluster 4 genes: negatively
regulated by all three TFs; Cluster 5 genes: down-regulated by IRF1 and LXRp.

(c) gRT-PCR validation of selected genes (Tyrobp, Spp1, Grn, C3arl and Lamp1) in IRF-1
SiRNA treated microglia under resting and LPS-activated conditions (n=3 independent

Glia. Author manuscript; available in PMC 2020 April 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Gao etal.

biological replicates, error bars represent standard error of mean, *P<0.05, **P<0.01,
***P<(.005).
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Figure 4. Gene ontology (GO) enrichment analysis of gene clusters and their regulation by IRF1,
LXRp and CEBPa..

(a-e) Top 10 GO terms enriched within each gene cluster (GO-Elite). Each cluster is color
coded based on color schema used in Figure 3 (also see Supplemental Table S3 for complete
lists of GO, KEGG and Wiki-pathway terms enriched in each gene cluster.) For GO
analyses, input lists from each cluster were referenced to 662 genes included in the analysis.
(f) Summary of regulation of each gene cluster by LPS, IRF1, LXRp and CEBPa based on
Nanostring analysis. Arrow color indicates direction of effect (Red: positive regulation,
Blue: negative regulation). Arrow thickness indicates strength of association.
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Figure 5. Regulation of pro-inflammatory cytokine production and phagocytosis by IRF1, LXRB

and CEBPa.

(a) Hierarchical clustering analysis of pro-inflammatory cytokine data (MSD V-plex
immunoassay) obtained from microglial culture supernatants after SiRNA treatment and LPS
(or sham) exposure.
(b) Fold change of pro-inflammatory cytokines (individual datapoints and mean shown) in
SiRNA + LPS treated microglia relative to sham siRNA + LPS treated microglia.
(c) gRT-PCR analyses of primary mouse microglia for Tnf and IL6 gene expression after
SiRNA exposure under resting and LPS-activated conditions. *p<0.05, ***p<0.005,
###P<0.005 compared to control siRNA.
(d-e) Comparison of /n-vitro phagocytic capacity of primary microglia for fAp42 Hiltyte488
(d) and polystyrene microspheres (e) following exposure to siRNAs against IRF1, LXRpB

and CEBPa. under resting and LPS-stimulated conditions (*p<0.05, **p<0.01, ***p<0.005,
n=3 independently performed biological replicate experiments). Phagocytosis of fAp42 was
measured as proportion of fluorescent microglia using untreated microglia as negative
controls. Phagocytic capacity for microspheres was measured as proportion of cells that take
up >1 bead. For each sample, at least 2,000 live CD45* microglial events were captured.
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Figure 6. Regulation of homeostatic, pro-inflammatory DAM and anti-inflammatory DAM genes
by IRF1, LXRB and CEBPa

(a) 2D tSNE representation of Nanostring expression data identifies distinct clusters of co-
expressed genes that agree with K-means clustering (color schema consistent with that used
in Figure 3). Each dot in the tSNE plot represents a single gene.

(b) Enrichment of DAM and Homeostatic signature genes in Clusters 1 and 3. Grey dots
represent genes not classified as DAM or Homeostatic. DAM and Homeostatic genes lists
were obtained from a previously published single-cell RNAseq study of microglia (Keren-
Shaul et al. 2017).

(c) Overlap between previously identified microglial co-expression modules identified by
WGCNA (Rangaraju et al. 2018) with tSNE analysis of Nanostring expression data. Colors
indicate microglial co-expression modules identified by WGCNA.
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(d) Comparison of microglial co-expression module synthetic eigengene expression across
various SiRNA treatment conditions under resting and LPS-activated states. Six modules
with >10 genes per module were identified (Homeostatic: Blue, Purple; LPS-upregulated but
unrelated to AD: Red, Black; Pro-inflammatory DAM: Magenta; Anti-inflammatory DAM:
Yellow). Hub genes (defined as top 20t percentile of module membership or KMe) from a
particular co-expression module that were present in the Nanostring gene set, were used for
calculation of an aggregate “eigengene” to represent overall expression of the module across
each experimental condition.
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Figure 7. Regulation of AD-risk genes by IRF1, LXRp and CEBPa
(a) Distribution of 42 AD risk genes (identified by MAGMA of late-onset AD GWAS
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studies) across tSNE/K-means gene clusters. Of 1,234 AD risk genes identified by
MAGMA, 42 AD risk genes were identified within 662 genes analyzed in the Nanostring
panel. AD risk genes were not over-represented in any specific cluster of genes.
(b) Comparison of strength of genetic risk association (-log10 MAGMA p-value) of AD risk
genes within in each cluster.
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Figure 8. Validation of homeostatic and DAM gene regulation by IRF1, LXRp and CEBPa.
(a) Results from gRT-PCR data comparing relative gene expression (log2 transformed

relative expression) following siRNA exposure under resting conditions (n=3 independent
biological replicates per condition. *p<0.05, **p<0.01, ***p<0.005). Error bars represent
standard error of mean. X-axis: Magenta: Pro-inflammatory DAM genes; Yellow: Anti-
inflammatory DAM genes; Blue: Homeostatic genes.

(b) Summary of regulation of homeostatic, pro- and anti-inflammatory DAM genes by TFs
under resting conditions. Red arrow: positive regulation; Blue arrow: negative regulation;
Arrow thickness indicates strength of association based on gRT-PCR studies.

(c) Results from gRT-PCR data comparing relative gene expression (log2 transformed
relative expression) following siRNA exposure under LPS-activated conditions (n=3
independent biological replicates per condition. *p<0.05, **p<0.01, ***p<0.005).

(d) Summary of regulation of homeostatic, pro- and anti-inflammatory DAM genes by TFs
under LPS-activated conditions. Red arrow: positive regulation; Blue arrow: negative
regulation; Arrow thickness indicates strength of association based on qRT-PCR studies.
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Figure 9. Regulation of homeostatic and DAM genes by IRF1 and LXRp agonists and inhibitors
of Erk, NFxB and Jnk signaling pathways

(a) Results from qRT-PCR studies comparing expression of Tmem119 (homeostatic), Apoe
(DAM) and IL1b (pro-inflammatory DAM) genes following treatment of primary mouse
microglia with IRF1 agonist IFNy (1-100 mg/mL) and LXRp agonist (T091317).

(b, ¢) Results from gRT-PCR studies comparing expression of homeostatic (Tmem119,
P2ry12), anti-inflammatory DAM (Apoe and Timp2) and pro-inflammatory DAM (IL1b and
Ptgs2) genes following treatment of primary mouse microglia with inhibitors of Erk1/2
signaling (SCH772984), Jnk signaling (SP600125) and NF«xB signaling (IMD0354) under
resting (b) and IFN-y-activated (1ng/mL) conditions (b). For all panels: All experiments were
performed in independent biological triplicates; Error bars represent standard error of mean;
*p<0.05, **p<0.01, ***p<0.005.
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Fi_gure I1_0. Reciprocal regulation between IRF1, LXRp and PU.1 transcriptional factors in
microglia.

@ QIgT-PCR experimental data comparing PU.1 mRNA expression (log2 transformed
relative expression) after treatment of primary mouse microglia with siRNAs to silence
IRF1, LXRpB and CEBPa in resting and LPS-activated conditions. (n=3 independent
biological replicate experiments, error bars represent standard error of mean, *P<0.05,
***P<(.005, ## P < 0.01, ###P<0.001 compared to LPS-treated group).

(b) QRT-PCR experimental data comparing gene expression of TFs (PU.1, IRF1, LXRp and
CEBPa) as well as homeostatic (Tmem119, P2ry12), pro-inflammatory DAM (IL1b, Ptgs2)
and anti-inflammatory DAM (Apoe, Timp2) genes after treatment of primary mouse
microglia with PU.1 siRNA under resting and LPS-activated (2ng/mL) conditions. (Error
bars represent standard error of mean, *P<0.05, **P < 0.01, ***P<0.005, ## P < 0.01
compared to LPS-treated group).
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Figure 11. Transcriptional framework of homeostatic and DAM gene regulation in microglia.
A cohesive model of regulation of homeostatic and pro- and anti-inflammatory genes by TFs

IRF1, LXRB and CEBPa as well as by Erk1/2 pathways in microglia. Colors of arrows
represent direction of regulation (Red: positive control; Blue: negative control). Thickness of
the lines indicates strength of regulation.
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