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SUMMARY
Microglia, brain-resident macrophages, require instruction from the CNSmicroenvironment to maintain their
identity andmorphology and regulate inflammatory responses, although what mediates this is unclear. Here,
we show that neurons and astrocytes cooperate to promotemicroglial ramification, induce expression of mi-
croglial signature genes ordinarily lost in vitro and in age and disease in vivo, and repress infection- and
injury-associated gene sets. The influence of neurons and astrocytes separately on microglia is weak, indic-
ative of synergies between these cell types, which exert their effects via a mechanism involving transforming
growth factor b2 (TGF-b2) signaling. Neurons and astrocytes also combine to provide immunomodulatory
cues, repressing primed microglial responses to weak inflammatory stimuli (without affecting maximal re-
sponses) and consequently limiting the feedback effects of inflammation on the neurons and astrocytes
themselves. These findings explain why microglia isolated ex vivo undergo de-differentiation and inflamma-
tory deregulation and point to how disease- and age-associated changes may be counteracted.
INTRODUCTION

Arising from yolk sac erythromyeloid progenitors, microglia are

brain-resident macrophages that play critical roles in normal

brain development and maturity (Wu et al., 2015). Recent evi-

dence suggests that dysregulation of microglia function contrib-

utes to or drives the pathogenesis of certain neurodevelopmen-

tal and psychiatric diseases such as autism and schizophrenia,

as well as neurodegenerative diseases, including Alzheimer’s

disease (AD) (Perry and Holmes, 2014; Ransohoff, 2016; Salter

and Stevens, 2017). Thus, identifying the mechanisms that con-

trol microglia function, including the impact of genetic and envi-

ronmental influences, is important for understanding normal

brain function and designing therapeutic strategies for disease

intervention.

During development, microglia acquire a gene expression

signature that distinguishes them from other macrophage popu-

lations and adopt a ramified morphology important for their role

in immune surveillance (Butovsky et al., 2014; Matcovitch-Natan

et al., 2016; Nimmerjahn et al., 2005). However, maintenance of

these characteristics requires continued instruction from the

CNS microenvironment. When maintained in culture, microglia

generally assume a non-ramified, amoeboid morphology resem-

bling microglia in injured tissues (Stansley et al., 2012). More-
This is an open access article under the CC BY-N
over, mature microglia rapidly de-differentiate ex vivo, losing

their signature gene expression profile (Bohlen et al., 2017; Gos-

selin et al., 2017). This signature can be re-acquired by engraft-

ing the cells back into the brain (Bohlen et al., 2017), which is ev-

idence that microglial identity requires continuous instruction

from the CNS microenvironment. This environment contains

multiple cell types, including neurons, macroglia, and vascular

components, although which are important for defining micro-

glial identity is unclear. Related to the control and specification

of microglial homeostatic identity is their consequent response

to inflammatory challenges. Signals that can influence microglial

basal state are frequently implicated in immunomodulation. Sig-

nals derived fromneurons andmacroglia (particularly astrocytes)

implicated in modulating microglial inflammatory responses

include both secreted and cell surface ligands (Hoarau et al.,

2011; Perry and Holmes, 2014).

Here, we investigated whether specific CNS cell types are suf-

ficient to promote microglial identity. We hypothesized that neu-

rons and/or astrocytes may be able to provide a surrogate CNS

environment that promotes expression of mature microglial

signature genes ordinarily lost when microglia are maintained

in vitro, as well as physiologically relevant immunomodulatory

cues. We initially used a recently described approach of

mixed-species RNA sequencing (RNA-seq), a tool for elucidating
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non-cell-autonomous control of gene transcription (Qiu et al.,

2018). Following the co-culture of purified neurons, astrocytes,

and microglia from different species (mouse, human, and rat,

respectively), individual cell-type transcriptomes can be profiled

through the species-specific sorting of bulk RNA-seq data using

the Python tool Sargasso (Qiu et al., 2018), avoiding gene

expression artifacts and imperfections associated with physical

sorting (Okaty et al., 2011a, 2011b; van den Brink et al., 2017;

Wylot et al., 2015). We find that neurons and astrocytes can be

employed in combination to secrete factors, including trans-

forming growth factor b2 (TGF-b2), that uniformly promote mi-

croglial signature gene expression ordinarily lost upon isolation

ex vivo (confirmed by single-cell RNA-seq) and lost in dis-

ease—the so-called microglial neurodegenerative phenotype

(MGnD) (Krasemann et al., 2017). These signals also modulate

microglial responses to inflammatory stimuli and, consequently,

the impact of microglia on the neurons and astrocytes them-

selves. This platform, which maintains microglial identity and at

least partly recapitulates the immunomodulatory signals that it

receives in vivo from other CNS cell types, overcomes several

issues with studying microglia in vitro, namely their de-differenti-

ation and inflammatory deregulation, and enables the non-cell-

autonomous consequences of microglial activation to be

characterized.

RESULTS

Neurons and astrocytes combine to drive microglial
signature gene expression
We investigated, using our mixed-species RNA-seq approach

(Qiu et al., 2018), whether neurons and astrocytes can promote

expression of mature microglial signature genes ordinarily lost

when microglia are maintained in vitro (Bohlen et al., 2017; Gos-

selin et al., 2017; Stansley et al., 2012). We followed our pub-

lished protocol of co-culturing purified neurons and astrocytes

from different species (mouse and human respectively), followed

by seeding rat microglia either onto these co-cultures or on their

own to create microglial monocultures. Other than the presence

or absence of neurons and astrocytes, the microglia in co-

culture or monoculture were treated the same and plated into

the same defined, serum-free medium. Initial mixed-species

RNA-seq characterization of the neuron-astrocyte co-culture

confirmed that both cell types expressed the expected markers.

The astrocyte-specific genes GFAP, GJA1, CLU, and VIM were

all within the top 100 genes (by Fragments Per Kilobase of tran-

script per Million mapped reads [FPKM]) in the human astro-

cytes, and the neuron-specific genes Tubb3, Syp, Mapt, and

Vamp2 were within the top 100 expressed genes in the mouse

cortical neurons (Table S1, left and middle). Moreover, the astro-

cytes (but not neurons) were immuno-positive for GFAP (Fig-

ure S1A) and showed characteristic induction of a stellate

morphology and expression of AQP4, SLC1A2, and SLC1A3

by neurons (Hasel et al., 2017).

To further profile the human astrocytes in our study, we uti-

lized our genome-wide transcriptome data, comparing it to

published data relating to acutely purified human astrocytes,

neurons, microglia, and oligodendrocytes (Zhang et al.,

2016). We calculated the ratio of expression of genes in acutely
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purified astrocytes relative to acutely purified neurons, micro-

glia, and oligodendrocytes and plotted it against the ratio

of expression of genes in the astrocytes used in our study rela-

tive to the same acutely purified neurons, microglia, and

oligodendrocytes.

We observed a significant correlation in gene enrichment/de-

enrichment in our astrocytes versus acutely purified astrocytes

(relative to neurons, microglia, and oligodendrocytes; Figures

S2A–S2C). We also curated the set of 100 genes most highly

enriched in purified human astrocytes compared to neurons,

microglia, and oligodendrocytes (Zhang et al., 2016) and

observed that this gene set was also strongly expressed in

the astrocytes used in our study relative to neurons, microglia,

and oligodendrocytes (Figures S2D–S2F). Finally, we simply

plotted the expression of genes in our astrocytes against that

in acutely purified astrocytes and found a significant correlation

(Figure S2G). Collectively these analyses provide evidence in

favor of the astrocytic identity of the human astrocytes used

in our study, although some differences from astrocytes acutely

isolated from human brains cannot be ruled out.

Microglia were plated onto the neuron-astrocyte co-culture or

maintained as a monoculture (Figures S1A and 1A). Cellular

viability was measured by calculating (blind) levels of nuclear

pyknosis (from DAPI-stained cultures), as in previous studies

(Martel et al., 2012; Papadia et al., 2008), and viability 72 h after

microglial platedown was good (89.6% ± 0.7% in monoculture

[n = 3] and 86.7% ± 0.7% in co-culture [n = 3]). Moreover, in

the co-culture the microglia distributed evenly across the plate,

in proximity with neurons and astrocytes (Figure 1A). Mass spec-

trometry of extracellular medium in neuron-astrocyte co-cultures

revealed extracellular matrix proteins (Table S1, right), including

several collagens and matrix metalloproteinases and all mem-

bers of the chondroitin sulfate proteoglycan lectican family (bre-

vican, aggrecan, versican, and neurocan), which interact with

hyaluronic acid in peri-neuronal nets in a manner stabilized

by hyaluronan and proteoglycan link protein (also present). The

presence of chondroitin sulfate proteoglycan brevican (Fig-

ure S2H) and N-acetylgalactosamine-beta-1-modified glycopro-

teins (Figure S2I), which are found in peri-neural nets (Slaker

et al., 2016), was confirmed by immunohistochemistry. Thus,

microglia in co-culture are exposed to neurons, astrocytes,

and at least some elements of the brain’s extracellular matrix.

Consistent with previous studies, we observed that monocul-

tures of isolated microglia exhibited an amoeboid morphology

(Figure S1A). However, microglia maintained on the astrocyte/

neuron co-cultures acquired a more ramified morphology, sug-

gestive of a more mature in-vivo-like phenotype (Figure 1B,C).

We next analyzed the influence of neuron-astrocyte co-culture

on the microglial transcriptome, as well as well the influence of

microglia on the neurons and astrocytes. We performed RNA-

seq on (rat) microglia monoculture, (mouse) neuron/(human)

astrocyte co-culture, and (mouse) neuron/(human) astrocyte/

(rat) microglia triple co-culture. We performed bulk RNA-seq

on both co-cultures and monoculture, and all sets of reads

were subjected to the same Sargasso workflow (Qiu et al.,

2018) to identify unambiguously rat (microglial), mouse

(neuronal), and human (astrocytic) reads (Figure S3A). Only

�3% of reads are lost due to their sequences being 100%
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conserved between two or more species across the entire

paired-end read (Figure S3A). The influence of microglia on as-

trocytes and neurons was modest, significantly altering the

expression of 62 and 8 genes, respectively (Figures S3B and

S3C; Table S2), whereas the microglial transcriptome was pro-

foundly altered by the presence of neurons and astrocytes;

�3,900 genes changes were observed (Figures 1D and S3D;

Table S2). Of note, microglial homeostatic signature genes

such as Cx3cr1, Tmem119, Tgfbr1, and Sparc, that become

downregulated in isolated culture compared to in vivo (Bohlen

et al., 2017; Gosselin et al., 2017), are robustly upregulated in

the presence of neurons and astrocytes (Figure 1D), validated

in the case of Cx3cr1 and Tmem119 by qRT-PCR using spe-

cies-specific primers (Figure S3E).

We next systematically tested the hypothesis that astrocytes

and neurons provide an environment that rescues the loss of

microglial homeostatic signature gene (MHSG) expression. We

took the set of MHSGs defined by Butovsky et al. (2014) and

looked at the influence of neuron-astrocyte co-culture on those

MHSGs whose expression is >2-fold lower after maintenance

in culture for 7 days relative to immediately post-isolation from

the brain, as reported by Gosselin et al. (2017). These genes

were induced by neuron-astrocyte co-culture (Figure 1E), evi-

dence that they are sufficient to provide a surrogate CNS micro-

environment to maintain MHSG expression. We also tested a

panel of MHSGs in a single-species system, mouse microglia

in the presence or absence of mouse neuron/astrocyte co-cul-

ture (Figure S3F), and validated the upregulation of surface

expression of Cx3cr1 protein in the same system by flow cytom-

etry (Figure S3G). Thus, while themixed-species system enables

multiple cell types to be analyzed in parallel (see below), key

MHSG expression is also promoted by neuron/astrocyte co-cul-

ture in an all-mouse system.

We next sought to define whether the environment provided

by astrocyte/neuron co-culture with regard to MHSG induction

could be recapitulated by co-culture with astrocytes or neurons
Figure 1. Neurons and astrocytes combine to drive microglial homeos

(A) A triple stain of the astrocyte/neuron/microglia co-culture with the indicated a

(B) Example images of Iba1-stained microglia in mono- or co-cultures as indicat

(C) Surface area/perimeter ratio was calculated in mono- and co-culture. *p = 0.0

condition across n = 4 independent biological replicates).

(D) The influence of neuron-astrocyte co-culture on the microglial transcriptome.

and (rat) microglia co-cultured with (human) astrocytes and (mouse) neurons. B

unambiguously rat (microglial) reads and FPKM of all 13,406 genes shown that av

co-culture (y axis). Highlighted with red crosses are the 982 genes whose expre

culture; n = 4 co-culture). ‘‘N’’ refers here and throughout as independent biolo

Upregulated genes highlighted are example MHSGs (Butovsky et al., 2014); down

members (Friedman et al., 2018).

(E) Neurons and astrocytes combined boost microglial signature genes which bec

our data and within the group of microglia signature genes defined by Butovsky et

culture for 7 days compared to their expression immediately post-isolation from th

fold change (log2FC) inmicroglial gene expression is shown relative tomicroglial m

data were mined from the complete set shown in (D). *p = 1.3E-07, F (1,477) = 28

two-way ANOVA.

(F and G) RNA-seq was performed on RNA extracted from (rat) microglia monoc

neurons alone (G). log2FC in microglial gene expression is shown relative to mic

p = 0.080, F(1,424) = 3.09 (G), two-way ANOVA.

(H) Heatmap of the log2FC in microglial gene expression in the three different typ

0.05) are shown.
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alone. Interestingly, the effect of astrocytes alone was weak and

that of neurons nonsignificant (Figures 1F and 1G), both weaker

than their combined effects (Figures S3H and 1H). This suggests

that both neuron- and astrocyte-derived signals are simulta-

neously required to drive MHSG expression in microglia or that

neurons or astrocytes influence the other cell type to provide a

single signal.

Certain MHSGs are repressed following inflammatory insults

and are part of a wider gene cluster downregulated in models

of AD, amyotropic lateral sclerosis (ALS), and multiple sclerosis

(MS) as well as age—the so-called MGnD (Krasemann et al.,

2017). We observed that neuron/astrocyte co-culture signifi-

cantly induced expression of the group of genes repressed in

the MGnD profile (Figure S4A). As with the MHSG set, neither

neurons nor astrocytes alone boosted expression of the gene

set repressed in the MGnD profile (Figures S4B and S4C).

Thus, neurons and astrocytes boost expression of MHSGs

whose expression is repressed ex vivo and also boost expres-

sion of an overlapping set of genes whose expression is

repressed in age and disease in vivo.

Neurons and astrocytes combine to repress an
interferon-related gene cluster
Combined neuron-astrocyte co-cultures induced the downregu-

lation of significant numbers of genes in microglia compared to

microglial monocultures (Figure 1D). We therefore investigated

whether these changes represent the transformation of microglia

to a particular state or the reversal of a particular state ordinarily

induced by removal of microglia from their CNS environment.

We took advantage of a meta-analysis that identified seven co-

regulated gene sets in isolatedmicroglia across a variety of neuro-

degenerative, inflammatory, neoplastic, and infectious disease

models (Friedman et al., 2018). Cross-reference of these gene

sets to the data of Gosselin et al. revealed that one, the ‘‘inter-

feron-related’’ gene (IRG) set, became upregulated after mainte-

nance of microglia for 7 days in culture away from their normal
tatic signature gene expression

ntibodies. Scale bar, 50 mm.

ed. Scale bar, 20 mm.

07 (t = 6.662, degrees of freedom [df] = 3), paired t test (120 cells analyzed per

RNA-seq was performed on RNA extracted from (rat) microglia mono-cultures

oth sets of reads were subjected to the same Sargasso workflow to identify

erage >1 FPKM across the datasets is plotted for mono-culture (x axis) versus

ssion is significantly changed (DESeq2 P_adj < 0.05) by >2-fold (n = 7 mono-

gical replicates derived from different culture material on different occasions.

regulated genes highlighted are example interferon-related gene (IRG) cluster

ome suppressed in vitro. Genes considered are those expressed >0.5 FPKM in

al. (2014), which are downregulated >2-fold after microglia were maintained in

e intact brain, according to the data of Gosselin et al. (2017). For each gene, log2
ono-culture in (rat) microglia (mouse) neuron (human) astrocyte co-culture. The

.69 relates to main effect of co- versus monoculture condition on the gene set,

ultures and (rat) microglia co-cultured with (human) astrocytes (F) or (mouse)

roglial monoculture of the same genes as in (E). p = 0.036, F(1,424) = 4.45 (F),

es of co-culture. 1,550 genes significantly induced >1.5-fold (DESeq2 P_adj <
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CNS microenvironment (data not shown). The IRG set is upregu-

lated inmicroglia in vivomost strongly in response to viral infection

(Friedman et al., 2018). Analysis of our data revealed that mem-

bers of this IRG set that are ordinarily induced in culture (according

to the data of Gosselin et al., 2017) were repressed inmicroglia by

combined neuron-astrocyte co-culture (Figure 2A) and much

more modestly influenced by co-culture with neurons or astro-

cytes alone (Figures 2B, 2C, and S5A). To further define under

what circumstances these neuron/astrocyte-repressed IRGs are

expressed in vivo, we exploited a single-cell RNA-seq resource

that profiled mouse microglia across the lifespan as well as

following lysophosphatidylcholine (LPC)-induced white matter

injury (Hammond et al., 2019). Mapping these neuron/astrocyte-

repressed IRGs (Figure 2A) into this group of 76,000 microglia

revealed that they concentrated in a single cluster, cluster 9 (Fig-

ures S5B and S5C), noted in the original publication to be

‘‘. composed predominantly of microglia from the focal white

matter injury’’ (Hammond et al., 2019). Among the non-injured

populations, expression was highest in the microglia of aged

(postnatal day 540 [P540]) mice (Figures S5B and S5C). Collec-

tively, these data support a model whereby microglia maintained

in isolation away from the CNS microenvironment acquire a type

of age- and injury-associated profile, which is repressed by a

combination of neuron- and astrocyte-derived signals. A heatmap

showing all genes significantly repressed in microglia by co-cul-

ture further illustrates the difference between the effect of neurons

and astrocytes combined compared to either alone (Figure 2D).

Neurons and astrocytes limit microglial phagocytic
capacity
In MS patients, microglia near active lesions exhibit a loss of

MHSG expression with a concomitant upregulation of phago-

cytic markers (Zrzavy et al., 2017). In vitro, inflammatory stimulus

lipopolysaccharide (LPS) repressesMHSGexpression and upre-

gulates phagocytic gene expression and phagocytic activity

(Lively and Schlichter, 2018; Michaud et al., 2013; Pulido-Sal-

gado et al., 2018). This inverse correlation between MHSG

expression and phagocytic activity suggested that neurons

and astrocytes may dampen down microglial phagocytic activ-

ity, further suggested by ontological analysis of the set of micro-

glial genes repressed by neuron/astrocyte co-culture (Figure 2E).

We thus performed a phagocytosis assay on microglia from

monocultures and co-cultures using pHrodo Red E.coli Bio-

Particles, which showed that microglial phagocytic capacity

was significantly reduced in the presence of neurons and astro-

cytes (Figure 2F). Thus, in addition to influencing the microglial

transcriptome, neurons and astrocytes also influence their func-

tional properties.

Neurons and astrocytes move microglia to a distinct
state
Wenext investigated the heterogeneity of the response of micro-

glia to neuron/astrocyte co-culture. We fluorescence-activated

cell (FAC)-sorted microglia from either monocultures or

neuron/astrocyte co-cultures and performed single-cell RNA-

seq. An unbiased analysis of the 25,681microglia sequenced re-

vealed two distinct clusters (Figure 3A), both equally positive for

microglial marker Iba1 (Figure 3C). Strikingly, 96.7% of the mi-
croglia in cluster 1 were derived from the monoculture and

98.7% in cluster 2 from co-culture (Figure 3B). This indicates

that the effect of neuron/astrocyte co-culture is quite uniform,

driving nearly all microglia from one state to another. We also

mapped onto the clusters a selection of genes common to the

MHSG set and the set repressed in the MGnD profile (Figure 3D),

as well as genes specific to the MHSG set (Figure 3E) and

MGnD-profile-repressed set (Figure 3F), where enrichment in

the co-culture-dominated gene cluster 2 can be seen. In

contrast, mapping co-culture-repressed IRGs showed enrich-

ment in the monoculture-dominated cluster 1 (Figure 3G),

echoing our previous bulk RNA-seq data.

TGF-b2 signaling is required for astrocyte/neuron-
induction of MHSG expression
To investigate whether secreted factors released by neurons

and/or astrocytes can alter microglial morphology and MHSG

expression, microglia monocultures were exposed to medium

conditioned by astrocyte/neuron co-culture conditioned me-

dium (AN-CM). Exposure of microglia to AN-CM resulted in an

increase in ramification (Figures 4A and 4B) and significant upre-

gulation of a panel of MHSGs tested (Cx3cr1, Tmem119, Cd34,

Egr1, Tgfbr1, P2ry13, and Pmepa1; Figure S6A), suggesting that

neuron/astrocyte co-cultures are secreting important factors

that microglia are unable to make themselves.

To look for candidates, we performed mass spectrometry

analysis on the AN-CM (n = 4) as well as on medium conditioned

by monocultured microglia (M-CM) to look for factors present in

AN-CM but absent in M-CM. The five highest-expressed candi-

dates (based on label-free quantification intensity [LFQI]) were

Cx3cl1 (fractalkine), TGF-b2, Igfbp4, Igfbp5, and Pdgf-A (Table

S3). Since Igfbps primarily modulate the actions of Igfs, which

were not detected in either M-CM or AN-CM, we focused on

the other three candidate ligands. We tested antagonists of the

receptors of these ligands for the ability to inhibit the effects of

AN-CM in upregulating MHSGs Cx3cr1 and Tmem119 in micro-

glia monocultures. The platelet-derived growth factor receptor/

vascular entholelial growth factor receptor (PDGFR/VEGFR)

inhibitor nintedanib had no effect on induction of Cx3cr1 or

Tmem119, and the Cx3cl1 receptor (Cx3cr1) antagonist

AZD8797 reduced induction of Cx3cr1 itself, but not Tmem119

(Figures 4C and 4D). However, inhibition of TGF-bR1/2 signaling

with vactosertib (which also inhibits ALK4) or LY2109761 (a spe-

cific TGF-bR1/2 antagonist) inhibited the induction of both

Cx3cr1 and Tmem119 by AN-CM (Figures 4C and 4D). More-

over, exogenous TGF-b2 was sufficient to induce Cx3cr1 and

Tmem119 in microglial monocultures and occlude the effect of

AN-CM (Figure 4E). Collectively, these data suggest that TGF-

b2 signaling is part of the mechanism by which neurons and as-

trocytes promote MHSG expression.

We confirmed TGF-b2 presence in AN-CM by ELISA (Fig-

ure 4F), comparing to levels in medium conditioned by equal

numbers of neurons and astrocytes in separate monocultures

(N-CM and A-CM, respectively). The TGF-b2 concentration in

AN-CMwas higher than that in N-CM and A-CM added together,

indicating that neurons and astrocytes cooperate in someway to

enhance TGF-b2 production and/or secretion from one or both

cell types.
Cell Reports 34, 108882, March 23, 2021 5



Figure 2. Neurons and astrocytes combine to repress an IRG cluster

(A–C) Genes considered are those expressed >0.5 FPKM in our data and within the ‘‘interferon-related co-regulated genes’’ defined by Friedman et al. (2018) that

are upregulated >2-fold after microglia were maintained in culture for 7 days, compared to their expression immediately post-isolation, according to the data of

Gosselin et al. (2017). For each gene, log2FC inmicroglial gene expression is shown relative tomicroglial monoculture inmicroglia culturedwith human astrocytes

and mouse neurons (A), human astrocyte alone (B), and mouse neurons alone (C). p = 0.023 (A), p = 0.024 (B), p = 0.027 (C), effect of co- versus monoculture

conditions, two-way ANOVA.

(D) Heatmap of the log2FC in microglial gene expression in the three different types of co-culture. 602 genes significantly repressed >1.5-fold (DESeq2 P_adj <

0.05) are shown.

(E) The set of genes repressed inmicroglia by astrocyte/neuron co-culture were subject to ontological analysis and top-rankedGOBiological Processes (top) and

Cellular Components (bottom) shown.

(F) A phagocytosis assay was performed on mono- and co-cultured microglia and mean particle uptake calculated. *p = 0.007 (n = 5).
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Figure 3. Single-cell analysis reveals a strong and uniform influence of neurons and astrocytes on the microglial transcriptome

(A–C) Cluster analysis of 25,681 microglial single-cell transcriptomes from monocultures or neuron/astrocyte co-cultures from two independent biological

replicates (A) with culture condition (B) and microglial marker Iba1 (C) mapped onto these clusters.

(D–G) Genes mapped into the single-cell data, including a selection of genes common to the MHSG set and the set repressed in the MGnD profile (D), genes

specific to the MHSG set (E), and the MGnD-profile-repressed set (F). (G) Selection of IRGs.
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Neurons and astrocytes regulate the microglial
response to LPS
Having established that neuron-astrocyte co-culture influences

resting microglial profile, we wanted to establish its effect on re-

sponses to inflammatory cues. The bacterial endotoxin LPS ac-
tivates canonical TLR4 signaling in microglia in a dose-depen-

dent manner (Poltorak et al., 1998). We compared the

microglial response to two concentrations of LPSwhen in mono-

culture with the response when in neuron-astrocyte co-culture.

The higher concentration (500 ng/mL, ‘‘high LPS’’) was chosen
Cell Reports 34, 108882, March 23, 2021 7



Figure 4. The effects of neurons and astrocytes on microglia are mediated in part by TGF-b2 release

(A) Example images of Iba1-stainedmonocultures of microglia treated with astrocyte/neuron co-culture conditionedmedium (AN-CM) or unconditionedmedium.

Scale bar, 20 mm.

(B) Surface area/perimeter ratio was calculated inmicroglial monocultures treated as in (A). *p = 0.0094, paired t test (120 cells analyzed per condition across n = 4

biological replicates).

(C and D) Microglial monocultures were exposed ±AN-CM for 72 h, with the indicated drugs added 1 h earlier (nintedanib, 500 nM; AZD8797, 10 mM; vactosertib,

100 mM; LY2109761, 3 mM). RNA was extracted and Cx3cr1 (C) and Tmem119 (D) analyzed by qPCR, normalized to Rpl13a.

(E) Microglial monocultures were treated ±AN-CM ±TGF-b2 (20 ng/mL) andCx3cr1 and Tmem119mRNA analyzed as in (C) and (D). *p < 0.0001 in all cases, two-

way ANOVA plus Dunnett’s post hoc test (n = 3–6). (E) *p = 0.010 (Cx3cr1), 0.0006 (Tmem119), two-way ANOVA plus Sidak’s post hoc test (n = 4).

(F) TGF-b2 was measured by ELISA in the indicated media, conditioned for 72 h. *p = 0.013, 0.031, 0.028, 0.046, one-way ANOVA plus Sidak’s post hoc (n = 5).
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to deliver a maximal response and the lower concentration

(25 ng/mL, ‘‘low LPS’’) an intermediate response. We first

defined the extent to which LPS-induced changes observed in

microglial co-culture resemble those in vivo using two published

datasets (Hirbec et al., 2018; Srinivasan et al., 2016). We interro-
8 Cell Reports 34, 108882, March 23, 2021
gated genes induced >4-fold by LPS injection in vivo in each

study and saw a robust induction of this group of genes by

high LPS in microglia co-cultured with neurons and astrocytes

(Figures S7A and S7B), confirming that changes observed in

the co-culture are relevant to the in vivo response.



Figure 5. Neurons and astrocytes regulate the microglial response to LPS

(A–D) LPS-inducedmicroglial gene expression in microglial monoculture (A and B) and co-culture (C and D) in response to 16-h LPS treatment at 25 ng/mL (A and

C) or 500 ng/mL (B and D). FPKM of all genes shown that average >1 FPKM across the datasets is plotted for control (x axis) versus LPS (y axis). Highlighted with

red crosses are the genes whose expression is significantly changed (DESeq2 P_adj < 0.05) by >2-fold (n = 4).

(legend continued on next page)
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We observed that low LPS induced a robust transcriptional

response in microglial monocultures (Figure 5A), with high LPS

triggering a slightly stronger response (Figure 5B). Strikingly,

however, microglia in neuron-astrocyte co-culture responded

weakly to low LPS compared to monoculture (Figure 5C). In

contrast, their response to high LPS was strong, not dissimilar

to themonocultures response to high LPS (Figure 5D). To assess

this quantitatively, we plotted the log2 fold change (log2FC) of

genes induced >4-fold (raw fold-change) by high LPS in micro-

glial monocultures, for all conditions (Figure 5E; Table S4). The

log2FC of these LPS-response genes by low LPS was lower

than high LPS for both co-culture and monoculture (Figure 5E).

However, the log2FC by low LPS in monoculture was far higher

than the log2FC by low LPS in co-cultured microglia (Figure 5E).

Also of note, the log2FC of these LPS-response genes by high

LPS showed no difference between monoculture and co-culture

(Figure 5E). We also calculated the difference (co-culture versus

monoculture) in absolute FPKM levels of LPS-response genes

under basal, low LPS and high-LPS conditions (Figure 5F). This

revealed an absence of any difference in basal or maximal

(high-LPS induced) expression levels, and a clear reduction in

expression levels (co-culture versus monoculture) after low-

LPS treatment (Figure 5F). Consistent with this, expression levels

after low-LPS treatment, compared to high-LPS treatment, were

far lower in co-culture, compared to monoculture (Figure 5G).

Collectively, this supports a model whereby neurons and astro-

cytes provide powerful modulatory cues that influence the dose-

response of microglia to TLR4 activation, without affecting basal

expression of LPS-response genes or the maximal response.

Our observations in Figures 1 and 2 suggest that the microglial

resting state is modified by a combination of neuron- and astro-

cyte-mediated effects more than either alone.We therefore asked

if this was also the case for their effects onmicroglial responses to

low LPS. Microglia were cultured in the presence or absence of

either astrocytes alone or neurons alone and treated with or

without low LPS. We plotted the log2FC of genes induced by low

LPS in microglial monoculture (x axis) against the corresponding

log2FC inmicroglia in co-culturewith astrocytes (FigureS7C), neu-

rons (Figure S7D), and neuron/astrocytes combined (Figure S7E).

Linear regression analysis revealed steeper slopes comparing mi-

croglial monoculture responses to co-culture with either astro-

cytes or neurons alone (0.63 and 0.70, respectively; Figures S7C

and S7D) than that comparing microglial monoculture responses

to co-culture with both neurons and astrocytes (0.4; Figure S7E),

consistent with the influence of neurons and astrocytes on micro-

glial LPS responses were stronger when both present.

As noted above, an advantage of the mixed-species co-culture

system is that the transcriptomes of all cell types can be analyzed
(E) Log2FC in microglial gene expression is shown in the indicated cultures and in

the 206 induced >4-fold by the high does (500 ng/mL) of LPS in microglial mono

microglia (mouse) neuron (human) astrocyte co-culture. *p values (left to right): <0.

hoc test (n = 206).

(F) For the same set of the LPS-responsive genes in (E), we calculated the Log2 fold

the three different experimental treatments (con, 25 ng/ml LPS, 500 ng/ml LPS). p

test on FPKM values in monoculture versus co-culture under each treatment con

(G) For the same set of the LPS-responsive genes in (E) and (F), the expression le

percentage of that gene’s expression level under 500-ng/mL LPS conditions. *p
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in parallel. While the influence of unchallenged microglia on the

transcriptomes of astrocytes and neurons is modest (Figures

S3B and S3C), activated microglia release cytokines that act on

both neurons and astrocytes.We compared neuron and astrocyte

transcriptomes in co-culture (LPS treated) versus astrocyte/

neuron/microglia co-culture (LPS treated) to identify the micro-

glia-dependent effects of LPS (distinguishing it from any direct ef-

fect of LPS on the neurons or astrocytes). This revealed large

numbers of genes both up- and downregulated in astrocytes

and neurons due to LPS-activated microglia (Figures 6A and 6B;

Table S5). Moreover, a comparison of the microglia-dependent

changes induced in astrocytes in the presence of LPS with those

induced in astrocytes in vivo after LPS injection (Srinivasan et al.,

2016) showed a good agreement between in vitro and in vivo data

(Figure S7F). A similar comparison (this time with the changes

induced in the neuron/astrocyte/microglia co-culture in the pres-

ence or absence of LPS) also showed a good agreement with

the in vivo data (Figure S7G). Of note, the astrocytic gene expres-

sion changes induced in vivo by LPS injection were not observed

in response to LPS treatment of microglia-lacking astrocyte/

neuron co-culture (Figure S7H), consistent with the role of micro-

glia in mediating the inflammatory response in astrocytes in vivo.

We next performed analyses of the gene sets up- and down-

regulated in astrocytes and neurons by LPS-activated microglia.

Enrichment in Encyclopedia of DNA Elements (ENCODE) and

ChIP Enrichment Analysis (ChEA) Consensus target genes

from ChIP-X on the Enrichr platform (Kuleshov et al., 2016) re-

vealed putative transcriptional mediators. The genes sets

induced in astrocytes and neurons were both enriched in targets

of several known mediators of inflammatory responses,

including IRF8, IRF1, RELA (NF-kB), STAT3, NFIC, and CEBPb

(Figure 6C). In contrast, there was little similarity in the putative

regulators of the downregulated genes (Figure 6D). Consistent

with this, there was less overlap in genes repressed by LPS-acti-

vated microglia in neurons and astrocytes (only 30) compared to

those induced (280; Figure 6E), though the majority remained

cell-type specific.

Genes induced in astrocytes and neurons by LPS-activated

microglia were enriched in GO Biological Process terms and

Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling

pathways associated with an inflammatory response (Figures

6F and 6G). GO Cellular Component enrichment analysis re-

vealed a more diverse array of terms, although both gene sets

were enriched for components in the phagocytic-endosomal-

lysosomal axis (Figures 6F and 6G). Within the set of genes

downregulated in astrocytes, changes in cytoskeletal compo-

nents and pathways were most obvious (Figure 6H), potentially

reflecting morphological changes that occur during reactive
response to the indicated concentrations of LPS. The set of genes analyzed is

cultures is shown for all conditions. Mono-, microglial monoculture; Co-, (rat)

0001, 0.0001, <0.0001; ns, >0.9999; two-way ANOVA followed by Tukey’s post

-change inmicroglial gene expression in co-culture versusmonoculture, under

values (left to right):0.478 (ns), 3.05E-8 (*), 0.141 (ns); 2-tailed paired Student’s t

dition.

vel (FPKM) of each gene under 25-ng/mL LPS conditions was calculated as a

= 3.01E-39, unpaired two-tailed Student’s t test (n = 206)



(legend on next page)
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astrogliosis (Schiweck et al., 2018). Also repressed was the Wnt

signaling pathway (including Wnt11, Wnt9a, and Wnt 5b), rele-

vant given its role in neurite outgrowth, synaptogenesis, and syn-

apse maintenance; all functions of astrocytes that are compro-

mised when exposed to LPS-treated microglia (Liddelow and

Barres, 2017). Within the group of genes repressed in neurons,

little of significance was found, potentially due to a lower number

of genes in this set (Figure S7I)

Neurons and astrocytes suppress the response of microglia to

a low dose of LPS (25 ng/mL), with little or no impact on the

maximal response of microglia (to 500 ng/mL; Figure 5). We

wanted to ascertain whether signaling from LPS-challenged mi-

croglia to neurons and astrocytes would show a similar LPS dose

dependency. We first plotted the log2FC of genes induced in mi-

croglia by LPS at a low (y axis) versus high dose (x axis) in mono-

culture (Figure 7A) and astrocyte/neuron co-culture (Figure 7B).

As expected, slope of the graphwas far lower (0.45) in co-culture

than inmonoculture (0.78), since co-culture represses themicro-

glial response at low LPS relative to high LPS, further illustrated

by heatmap (Figure 7C). We then performed the same analysis

on microglia-dependent changes to astrocytes and neurons in

the presence of low versus high LPS. The slopes, 0.34 for astro-

cytes (Figure 7D) and 0.20 for neurons (Figure 7E), were also low,

meaning that in co-culture, microglia challenged with 25 ng/mL

LPS induce very modest changes in astrocytes and neurons

compared to 500 ng/mL LPS. This is consistent with the effect

that astrocytes and neurons themselves have on the microglial

response to 25 ng/mL LPS and emphasizes the reciprocal influ-

ence that these cell types have on each other.

DISCUSSION

We provide evidence here that neurons and astrocytes combine

to specify microglial identity. In doing so, we have described an

approach enabling the maintenance of a more mature in-vivo-

likemicroglial profile in culture conditions and the study of immu-

nomodulation due to signaling from other CNS cell types. In con-

ditions devoid of serum at the point of the cells being combined,

primary neurons and astrocytes reverse two major shifts in mi-

croglial transcriptional profile that ordinarily take place when mi-

croglia are kept away from their CNS microenvironment. They

signal in a combined manner first to reverse the loss of mature

MHSG expression and second to reverse the increase of an

infection- and injury-associated IRG set. These shifts are also

associated with a return of microglia to their characteristic rami-

fied morphology. The mixed-species approach was central to

being able to pick out the changes to microglia and their re-

sponses to LPS, within a complex multi-cell-type mixture, with
Figure 6. LPS-activated microglia trigger strong responses in astrocyt

(A and B) Volcano plots of the changes in gene expression in astrocytes (A) and ne

by applying the Sargasso workflow and sorting the human (astrocyte) reads and

(C and D) Genes induced (C) or repressed (D) in astrocytes (left) and neurons (righ

Consensus target genes from ChIP-X on the Enrichr platform (Kuleshov et al.,

enrichment, and the top 10 are shown.

(E) Venn diagram showing the overlap in genes significantly changed in neurons

(F–H) Genes induced in astrocytes (F) or neurons (G) and repressed in astrocytes (

(left), GO Cellular Component (middle), and KEGG pathways (right). Enriched ter
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no evidence of innate immune response to the cells due to their

distinct species origin.

Surrogate provision of CNS-specific cues
Several studies have reported the rapid (1–2 h) de-differentiation

and loss of MHSG expression of microglia in culture (Bohlen

et al., 2017; Gosselin et al., 2017). As noted (Bohlen et al.,

2017), this means that even acutely isolated microglia poorly

resemble the in vivo state, especially as loss of maturity markers

will be combined with activated responses associated with the

cells’ physical isolation. The loss of microglial signature gene

expression can be reversed if microglia are transplanted back

into an intact brain (Bohlen et al., 2017), proof that there is no per-

manent loss of potential of cultured microglia to regain their

in vivo profile, given the right cues. Our study shows that neurons

and astrocytes combine to provide such cues.

Astrocytes have been shown before to promote a more rami-

fied morphology in cultured microglia (Sievers et al., 1994; Ta-

naka and Maeda, 1996), and astrocyte-secreted molecules,

including TGF-b2, CSF-1, and cholesterol, have been shown to

help promote microglial survival in vitro (Bohlen et al., 2017; Bu-

tovsky et al., 2014; Gosselin et al., 2017). However, astrocytes

are by no means the only CNS cell type involved in microglial

regulation; neurons express another CSF1 receptor ligand, inter-

leukin-34 (IL-34), and a plethora of immunomodulatory cell sur-

face proteins, including Cx3cl1, Cd200, Cd47, and Cd22, which

bind themicroglial receptors Cx3cr1, Cd200r, Cd172, and Cd45,

respectively (Hoarau et al., 2011; Perry andHolmes, 2014). Given

the variety of secreted and cell surface ligands acting on micro-

glia in vivo, it is perhaps unsurprising that no defined medium is

currently able to convincingly promote an in-vivo-like profile in

cultured microglia. In this study, we identified TGF-b2 as a

secreted factor mediating microglial signature gene induction

by astrocyte/neuron co-culture, although it is likely that other

factors contribute as well and await discovery. Of note, we did

not detect TGF-b1 in AN-CM, but mass spectrometry does not

always detect all proteins present.

Our observation that both neurons and astrocytes combined

have a more potent influence on microglial gene expression

thaneither cell typealone is consistentwith the fact that theafore-

mentioned ligands have different expression profiles in these

cells and that cooperation between both cell types may best

mimic the CNS microenvironment. This is illustrated by the fact

that neuron and astrocyte co-culture augments secreted TGF-

b2 production (Figure 4D). Moreover, the combined influence of

neurons and astrocytes on microglial LPS responses were also

striking, strongly repressing the responseofmicroglia to lowcon-

centrations of LPS, without influencing either basal expression of
es and neurons

urons (B) due to microglia when in the presence of LPS (500 ng/mL), identified

mouse (neuron) reads.

t) by activated microglia were analyzed for enrichment in ENCODE and ChEA

2016). Significantly enriched transcription factor motifs were ranked by fold-

and astrocytes by LPS-activated microglia.

H) were subject to ontological analysis for enrichment in GOBiological Process

ms were ranked by fold enrichment, and the top 10 are shown.



Figure 7. The influence of LPS-activated microglia on co-cultured neurons and astrocytes shows a strong LPS dose dependency

(A and B) A comparison of the transcriptional response of microglia to low (25 ng/mL) versus high (500 ng/mL) LPS in monoculture (A) and astrocyte/neuron co-

culture (B), focusing solely on significantly changed genes. In addition to the linear regression slope, the correlation coefficient (r) is shown, illustrating the degree

of linearity of the relationship between responses to low versus high LPS.

(C) Heatmap of the log2FC in microglial gene expression in monoculture (A) and astrocyte/neuron co-culture at low and high doses of LPS. Genes significantly

changed >1.5-fold (DESeq2 P_adj < 0.05) by 500 ng/mL LPS are shown.

(D and E) A comparison of the transcriptional response of astrocytes (D) and neurons (E) to microglia activated by low (25 ng/mL) versus high (500 ng/mL),

focusing solely on significantly changed genes. The shallow slopes indicates that the response of astrocytes and neurons to microglia activated by low LPS is

smaller than by high LPS, consistent with the dose dependency of the microglia response in co-culture (B).
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LPS-response genes or maximal LPS-induced levels of these

genes. This suggests that rather than exhibiting chronic inflam-

matory deregulation, isolated microglia are in a primed state,

ready to deliver exaggerated responses to relatively mild stimuli.
Compared tomicroglia co-culturedwith neurons and astrocytes,

microglial monocultures express significantly higher levels of

components of inflammatory cascades (including Irak3 and

Myd88) and lower levels immunomodulatory receptor Cx3cr1
Cell Reports 34, 108882, March 23, 2021 13
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and Socs6 and Socs2, negative regulators of microglial inflam-

matory responses (Basrai et al., 2016). Collectively, these and

other genes may contribute to this priming effect and suggest

that in vivo, neuron- and astrocyte-derived signals may combine

to repress this primed state. Of note,microglial priming is thought

tobeacontributor topathoprogression in neurodegenerative dis-

ease induced by a combination of lowered inhibitory neuronal or

glial ligands and misfolded protein aggregate accumulation

(Perry and Holmes, 2014). Understanding the mechanisms un-

derlying priming and its suppression may lead to strategies that

influence the neuroinflammatory environment, without affecting

the maximal range of microglial responses.

A platform for probing inter-cell-type signaling that
controls microglial properties
The fact that microglial properties are a function of their sur-

roundingsmakes this system useful for understanding how other

cell-type properties affect microglial function. For example, mi-

croglia in vivo have transcriptional profiles that reflect a signifi-

cant degree of regional heterogeneity, which may be due in

part to the differential expression ofmicroglia-influencing ligands

in neurons and macroglia in different brain regions. The platform

we describe here may be useful in helping to answer questions

around the cell-autonomous versus non-cell-autonomous basis

for regional microglial heterogeneity. Moreover, given that syn-

aptic activity drives programs of gene expression in neurons

themselves and also nearby astrocytes (Bell and Hardingham,

2011; Hasel et al., 2017), the impact of synaptic activity onmicro-

glial properties could be explored using this platform. Another

advantage of our system is that the genotype of individual cell

types can be manipulated or changed independently. For

example, mouse knockin and induced pluripotent stem cell

(iPSC) studies have shown that the haplotype of the AD risk

gene APOE can strongly influence neuroinflammation and mi-

croglial properties (Lin et al., 2018; Shi et al., 2017; Tzioras

et al., 2018). While some of these may be due to cell-autono-

mous effects of APOE-expressing microglia, astrocytes are the

major APOE-expressing cell in the CNS. One could envisage

an experiment whereby the APOE haplotype of iPSC-derived as-

trocytes is altered and the influence on microglia, both basally

and in response to inflammatory insults, is assessed.

More generally, the principles described in this study could be

adapted to investigate the regulation of identity of other tissue-

residentmacrophage populations, which, likemicroglia, possess

unique transcriptional signatures (Gordonet al., 2014; Lavin et al.,

2014). These transcriptional signatures are substantially dictated

by continued signals from the local tissue microenvironment.

Indeed, transplantation studies of peritoneal macrophages into

the lung alveolar cavity saw themadopt a profile akin to lung-resi-

dent macrophages, indicative of their continued plasticity in

terms of their specialism (Lavin et al., 2014). A mixed-species

co-culture approach may aid in identifying key determinants of

other types of tissue-resident macrophage specialization.
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Antibodies

mouse anti-GFAP Sigma Cat# C9205

rabbit anti-Iba1 Wako Fujifilm Cat# 019-19741

Cy3-conjugated NeuroChrom Merck Millipore Cat#ABN2300C3

mouse anti-Brevican Sigma Cat#SAB5200870

Alexa Fluor 647 conjugated anti- CD11b Biolegend Cat#101220

PE conjugated anti-mouse CX3CR1 Biolegend Cat#149005

Wisteria Floribunda agglutinin Vector Labs Cat# B-1355-2

Chemicals, peptides, and recombinant proteins

Nintedanib Selleckchem Cat# S1010

AZD8797 MedChemExpress Cat# HY-13848

LY2109761 Selleckchem Cat# S2704

TGF-b2 R&D Systems Cat# 7346-B2-005

pHrodoTM Red E. Coli BioParticlesTM ThermoFisher Cat# P35361

Critical Commercial Assays

High Pure RNA Isolation Kit Roche Cat# 11828665001

Transcriptor First Strand cDNA Synthesis

Kit

Roche Cat#04379012001

SYBR Green MasterRox Roche Cat# 4913850001

TGF beta-2 Human ELISA Kit Invitrogen Cat# BMS254

TruSeq stranded mRNA-seq kit Illumina Cat# 20020594

Deposited data

RNA-seq Data European Nucleotide Archive E-MTAB-5987

E-MTAB-7776

E-MTAB-10030

Experimental models: organisms/strains

Primary Human astrocytes Caltag Medsystems Cat#SC-1800

WT CD1 Mice In-house breeding N/A

Wt Sprague-Dawley Rats In-house breeding N/A

Oligonucleotides

qPCR primers Sigma See Table in Methods

Software and algorithms

Seurat PMID:22434839 SCR_007322

Sargasso PMID:30250293 http://statbio.github.io/Sargasso/

MaxQuant PMID:22434839 SCR_014485

featureCounts PMID:22434839 SCR_012919

STAR PMID:22434839 SCR_015899

DESeq2 PMID:22434839 SCR_015687

Cell Ranger PMID:22434839 SCR_017344
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Giles Har-

dingham (Giles.Hardingham@ed.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All RNA-seq data that support the findings of this study is available at the European Bioinformatics Institute (ArrayExpress:

E-MTAB-5987, ArrayExpress: E-MTAB-7776, and ArrayExpress: E-MTAB-10030). All other data are available from the lead contact

upon reasonable request.’’

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generating microglia-neuron-astrocyte co-cultures
For (rat) microglia- (mouse) neuron- (human) astrocyte co-cultures, primarymicroglia were generated from postnatal rat pups (P0-P2)

as described in a recent detailed, open-access protocol (Qiu et al., 2018). Briefly, neocorticeswere dissected, enzymatically digested,

homogenized to single cell suspension and plated down onto poly-D-Lysine-coated flasks. Cultures were maintained for 12 days in

DMEM+10%FBS,withmedium replacements every 3-4 days. After this period of time, the culture contains predominantly astrocytes

and microglia, since the neurons have largely died off under the sub-optimal (for them) culture conditions. To detach the weakly

adherentmicroglia, flaskswere placed on an orbital shaker at 250 rpm for 1 h at 37�C, centrifuged to obtain a pellet, then resuspended

in Neurobasal A medium (without serum) and counted using a hemocytometer, adjusting the concentration to 2 X 105 cells/ml, ready

for seeding onto neuron-astrocyte co-cultures (see below) or onto poly-D-Lysine-coated 24well plates for generatingmono-cultures.

Human astrocytes (Caltag Medsystems cat. no. SC-1800) were maintained on poly-D-lysine-coated tissue culture flasks in Astro-

cyte Medium (Caltag Medsystems cat. no. SC-1801), and passaged according manufacturer’s instructions. Astrocytes were always

used at 7 passages or less and seeded at 3-5 X 105 cells per well of a 24-well plate (poly-D-Lysine-coated). The cells were left until

80%–90% confluent, which typically took 3 days. At this point, primary mouse neocortical neurons were prepared as described (Qiu

et al., 2018) from E17.5 CD1 mice and seeded at 1 X 105 cells per well onto the astrocyte monolayer. These co-cultures were main-

tained for 7 days in Neurobasal A medium, plus 1% rat serum, in the presence of AraC to prevent any mouse astrocyte proliferation,

and any further human astrocyte proliferation. At this point, microglia were seeded onto the co-culture at 2 X 105 cells per well and

maintained for 3 further days in Neurobasal A medium. 3 days after microglial seeding, microglia mono-cultures or microglia-neuron-

astrocyte co-cultures were transferred to basal TMo medium (Qiu et al., 2018) overnight, prior to treatment with LPS for 16 hours. At

this point, RNA was extracted and RNA integrity checked using an Agilent 2100 Bioanalyzer.

For (mouse) microglia-(rat) neuron- (human) astrocyte co-culture, the same workflow as (rat) microglia-(mouse) neuron- (human)

astrocyte co-culture was applied, apart from primary microglia were generated from postnatal mouse pups (P0-P2) and primary neu-

rons from E20.5 Sprague Dawley rat embryos. For single-species mouse or rat microglia-neuron-astrocyte co-cultures, the same

workflow as above was also applied, except that the astrocytes were cultured from either E17.5 CD1mouse or E20.5 Sprague Daw-

ley rat embryos respectively, as previously described (Baxter et al., 2011).

METHOD DETAILS

Phagocytosis assay
The (rat) microglial mono-cultures and (rat) microglia- (mouse) neuron- (human) astrocyte co-cultures were generated in the same

manner as described above. 3 days after microglial seeding, the media was replaced with pHrodoTM Red E. Coli BioParticlesTM con-

jugate suspension (1:10 dilution in PBS) prepared following manufacturer’s instructions (ThermoFisher) and then incubated in a CO2-

free incubator at 37�C for 1 h. The cells were then physically dissociated from the culture dishes, stained with Alexa Flour conjugated

647 anti-rat CD11b antibody (Biolegend) and analyzed on a BD AccuriTM C6 flow cytometer (BD biosciences).

ELISA
Mouse neurons, astrocytes, or co-cultures were prepared as described with fresh Neurobasal A media applied at DIV 4 and har-

vested 3 days later. TGF-b2 levels in culture medium were assayed using the TGF beta-2 Human ELISA Kit (Invitrogen) as per man-

ufacturer’s instructions.

Cx3cr1 flow cytometry assay
The (mouse) microglial mono-cultures and (mouse) microglia- (mouse) neuron- (mouse) astrocyte co-cultures was generated in the

same manner as described above. 3 days after microglial seeding, the cells were then physically dissociated from the culture dishes
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and stained with Alexa Fluor 647 conjugated anti-mouse CD11b (Biolegend) and PE conjugated anti-mouse CX3CR1 (Biolegend)

before analysis on a BD AccuriTM C6 flow cytometer (BD biosciences).

Conditioning the medium
To prepare conditioned medium (human) astrocyte and (mouse) neuron co-cultures were generated as previously described,

except that at DiV 4, cells were washed once and media replaced with Neurobasal-A medium in the absence of serum. At DiV

7, media was harvested and co-cultures discarded. Flasks of (rat) microglia, prepared as described above, were detached, centri-

fuged and pellets were resuspended in either naive Neurobasal-A medium, or conditioned medium, with cells diluted to 2 X 105

cells/ml, and plated in 24 well plates. The following drug treatments were added at plate-down: Nintedanib (500 nM, Selleckchem),

AZD8797 (10 mM, Selleckchem), Vactosertib (100 mM, Selleckchem), LY2109761 (3 mM, Selleckchem) mouse TGF-b2 (20 ng/ml,

R&D Systems). Microglia were incubated for 72 h, after which they were processed for either immunohistochemistry or RNA isola-

tion and qPCR.

Immunocytochemistry and morphometric quantification
For cell culture immunohistochemistry, established protocols were employed (Baxter et al., 2011; Puddifoot et al., 2012). Briefly, cells

were fixed in 4% formaldehyde for 20 min at room temperature, washed with PBS and permeabilized with the detergent NP40 (Life

Technologies). Cells were subsequently incubated in primary antibody over night at 4�C. The next day, cells were washed with PBS

and incubated with the appropriate Alexa Fluor-conjugated secondary antibody (1:250, ThermoFisher) at room temperature for 1h.

Cells were then mounted using the mounting medium Vectashield (Vector Labs). Primary antibodies used include: mouse anti-GFAP

(1:400, Sigma), mouse anti-Iba1 (1:750, Abcam), rabbit anti-Iba1 (1:1000,Wako Fujifilm), Cy3-conjugated NeuroChrom (1:500,Merck

Millipore), mouse anti-Brevican (1:500, Sigma), biotinylated Wisteria Floribunda agglutinin (1:400, Vector Labs). Images were pre-

pared on a Leica AF6000 using a DFC30X digital camera. For morphometric quantification of microglia, cultures were fixed as above

and probed for Iba1. Imageswere taken using a Nikon A1R confocal microscope. Cell outlines were traced and perimeter/area calcu-

lated using ImageJ, with 120 cells measured per condition.

Mass spectrometry
The (rat) microglial mono-cultures and (rat) microglia- (rat) neuron- (rat) astrocyte co-cultures were generated with the sameworkflow

as described above, apart from that microglial mono-cultures and microglia-neuron-astrocyte cocultures were grown in T75 flasks.

3 days after microglial seeding, the flasks were washed with phenol red free TMO and medium was collected 24 h later (n = 4 inde-

pendent biological replicates). A proteinase inhibitor cocktail (Roche, 11836153001) was dissolved directly into the media before

centrifugation at 3000 g for 20 minutes, following which the supernatant was passed through a 0.22 mm filter and then concentrated

with Amicon Ultra filters with a 10kDa NMWL (Merk, UFC901024, UFC501096) according to the manufacturer instructions. The sam-

ples were denatured with 6M guanidine hydrochloride and then treated with 5mM tris (2-carboxyethyl) phosphine (TCEP) and 10mM

chloroacetaldehyde (CAA) for reduction and alkylation respectively, before heating at 95�C for 5 minutes. After cooling to room tem-

perature, the samples were digested first with 0.2 mg endoproteinase LysC in 3M guanidine at 37�C overnight and then with 0.3 mg

trypsin in 1M guanidine at 37�C for 4 hours. The resulting peptides were cleaned up using C18 Stage Tips (Rappsilber et al., 2003),

separated with an Ultimate 3000-series RSLC Nano System (Thermo Fisher), ionised with an IonOpticks Aurora C18 nano packed

emitter in a Proxeon nano source (Thermo Fisher), analyzed on a Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher),

and identified and counted using MaxQuant platform (version 1.6.7.0) and Uniprot proteomics database (Cox and Mann, 2008; Uni-

Prot Consortium, 2019).

RNA-seq and species-specific sorting of mixed species reads
To generate RNA-seq data, barcoded RNA-seq libraries were prepared by Edinburgh Genomics using the Illumina TruSeq stranded

mRNA-seq kit, according to the manufacturer’s protocol (Illumina). The libraries were pooled and sequenced to 75 base paired-end

on an Illumina NovaSeqTM 6000. For single-species RNA-seq experiments sequencing was performed to a depth of approximately

50 million paired-end reads per sample, whereas for mixed species RNA-seq a greater depth of approximately 100 million (for two

species), and 150 million (for three species) paired-end reads per sample was done. Species-specific separation of RNA-seq reads

was performed using version 1.2 of Sargasso (Qiu et al., 2018) (during which reads were mapped to the mouse, rat and human ge-

nomes using version 2.5.3a of STAR (Dobin et al., 2013)). The protocol is described in detail elsewhere (Qiu et al., 2018). Subse-

quently, per-gene read counts were summarized using featureCounts version 1.5.2. For readmapping and feature counting, genome

sequences and gene annotations were downloaded from Ensembl version 94. Differential expression (DGE) analysis on datasets was

performed using DESeq2 (Love et al., 2014) (R package version 1.18.1) using a significance threshold set at a Benjamini-Hochberg-

adjusted p value of 0.05. Before arriving at a final DGE dataset for the microglia, we carried out an additional control (as recommen-

ded in our published protocol (Qiu et al., 2018)) by performing RNA-seq on a two-species co-culture of mouse neurons and human

astrocytes, and determiningwhether the Sargassoworkflow resulted in any human ormouse reads being incorrectly called as rat.We

took a conservative approach and discarded any genes for which we estimated > 10% of rat reads within the mixed species co-cul-

ture could be due to incorrectly called human or mouse reads.
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Single-cell RNA-seq
The (rat) microglial mono-cultures and (rat) microglia- (mouse) neuron- (human) astrocyte co-cultures were generated in the same

manner as described above. 3 days after microglial seeding to T-25 flasks, the cells were then physically dissociated from the culture

dishes in ice-cold dPBS with sodium pyruvate (ThermoFisher) + 0.4% BSA and stained with PE conjugated anti-mouse CD11b (Bio-

legend). A pure single-cell suspension of microglia was sorted using a BD Aria FACS system. Suspension sufficient to generate 5000

single cell GEMs (gel beads in emulsion) per sample was loaded into a Chromium controller (10X Genomics) in a Single Cell 30 Chip.
Libraries were prepared using the Chromium Single Cell 30 GEM, Library and Gel Bead Kit v3 (10X Genomics) as per manufacturer’s

instructions, with libraries quantified using a DNA 1000 chip (Agilent Technologies). Samples were loaded onto the Illumina NextSeq,

with an average of 100million 75 base-pair reads per sample obtained. Cell Ranger (version 3.1.0), a set of 10XGenomics pipelines to

process Chromium single cell data, was used to demultiplex raw base call files to generate forward, reverse and index FASTQ files,

and align reads against the mouse reference genome (mm10) to produce count matrices. Following alignment, count matrices per

library were aggregated to generate a single counts matrix for downstream analysis. Further analysis was performed using Seurat

version 3.1.1 (Stuart et al., 2019). The aggregated counts matrix produced by Cell Ranger was imported into Seurat and pre-pro-

cessed, removing cells with fewer than 1000 features, and retaining only features which were detected in at least 5 cells. Count

data was normalized by Log1p transforming counts which have been multiplied by a scaling factor and scaled to the cell count total.

Variance stabilizing transformation was used to identify the top 2000 most variable features. The effect of number of UMIs and

percent mitochondrial RNA per cell was regressed out from the counts of the most variable features computed in the previous

step, before scaling and centering the data. Clusters were identified by constructing a shared nearest neighbor graph (SNN) from

the top 10 principal components computed from the scaled data. In order to test whether microglia in monoculture and coculture

clustered along treatment lines and showed a consistently divergent expression profile, the resolution value used when identifying

clusters within the SNN was lowered until cells formed two clusters, using a resolution value of 0.02. TSNE dimensionality reduction

was used to compare the profile and distribution of the two clusters to that of mono-culture and co-culture libraries respectively to

confirm whether they occupied similar cluster space.

RNA extraction, RT-PCR and qPCR
Total RNA extraction from cultures was performed using the High Pure RNA Isolation Kit (Roche) and cDNA was subsequently

created using the Transcriptor First Strand cDNA Synthesis Kit (Roche) using the following program: 10 min at 25 �C, 30 min at

55 �C and 5 min at 85 �C. qPCRs were run on a Stratagene Mx3000P QPCR System (Agilent Technologies) using SYBR Green Mas-

terRox (Roche) with 6 ng of cDNA per well of a 96-well plate, using the following program: 10 min at 95 �C, 40 cycles of 30 s at 95 �C,
40 s at 60 �Cand 30 s at 72 �C,with a subsequent cycle of 1 min at 95 �Cand 30 s at 55 �C ramping up to 95 �Cover 30 s (tomeasure

the dissociation curve). Primers were designed to only amplify targets from a single species, andwere validated by qPCRswith cDNA

generated from pure mouse, rat or human cultures. The following primers were used:
Species Gene Forward primer Reverse primer

Mouse Cx3cr1 CCTGGTGGTCTTTGCC GCACTTCCTATACAGGTGTCC

Tmem119 CCCACACCGGAGAGAC CAGGGAACGAGGATGG

Cd34 CTTCCCCAACTGGCATAC ATACCCTGGGCCAACC

Tgfbr1 CATAGTGATACCAATCCCCAG TGGTGTTTCTGACGTATGAAAC

Pmepa1 ATGGTGATGGTGGTTATGATTAC CCTGACACCGTACTCTCTGAG

P2yr13 CGTCTACCTCAAGAACACTCTG ATGATGATCTTGAGGAACCTG

Egr1 CTGCCTCTTCACTCTCTTCTTAC TGGAACGGAGGCAAAG

Rpl13a GATGAATACCAACCCCTCC CGAACAACCTTGAGAGCAG

Rat Cx3cr1 AACGAATGTTTGGGTGATTAC AAGAAGACAACAACCACCAAG

Tmem119 TTCAGTCCCACACCAGG GAGGACGGGTAGTAGGCTG

Cd34 ATTCACCTAATAATGTCAGCTCTG ACACTAGTACCAGCGTCGG

Tgfbr1 TGAGCGCTGTTAACATCTTATC GATGACAGCACAAGAGCG

Pmepa1 CTGGAGCTGAACCGAGAG CTCACTGTAGGTGGGAGGAG

P2yr13 CAAGATCGTCGTACCGTTTAG ACTACTTGATGCCACAGCAG

Egr1 GTCGTGGCCTCCTCAG CTATGCCTCCGTCCCA

Rpl13a CGCACAAGACCAAAAGAG GTTTCCTTAGCCTCAAGAGC
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical testing of the RNA-seq data is described in that section. Other testing was performed in Prism or Excel and involved a

2-tailed paired Student’s t test, or a one- or two-way ANOVA followed by Sidak’s post hoc test, as indicated in the legends. For

t tests, variance was generally found to be similar, abrogating the need for Welsh’s Correction. Error bars indicate the SEM

throughout. Throughout the manuscript, independent biological replicates are defined as independently performed experiments

on material derived from different animals.
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Supplemental Figures 

 
Supplemental Figure S1. Related to Figure 1. A) Immunofluorescence staining of the indicated cell types, alone or in 
combination, in mono- or three-way co-culture, as indicated. In all cases DAPI-stained nuclei are blue, and the neuronal 
(Neuro-Chrom), astrocytic (Gfap) and microglial (Iba1) markers in green. Scale bar: 50 µm. 
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Supplemental Figure S2. Related to Figure 1. A-C) For acutely sorted human astrocytes (Zhang et al., 2016); y-axis, 
and astrocytes used in our study; x-axis, the ratio of gene expression was calculated compared to acutely sorted neurons 
(A), microglia (B) or oligodendrocytes (C), using data from Zhang et al, and the correlation calculated. A significant 
positive correlation is observed in all cases showing that genes enriched or de-enriched in astrocytes compared to other 
brain cell types show similarity between acutely sorted human astrocytes, and the human astrocytes used in this study. D-
F) Genes expressed >1 FPKM were taken and genes ranked by their enrichment in astrocytes relative to human neurons, 
microglia and oligodendrocytes (the minimum enrichment of the 3 was taken to ensure stringency). The top 100 genes 
were taken and the level of expression of the astrocytes used in our study calculated relative to neurons (D), microglia 
(E) and oligodendrocytes (F). The p-value is the product of a paired t-test between FPKM in the astrocytes used in our 
study relative to neurons (D), microglia (E) and oligodendrocytes (F). G) A comparison of gene expression in acutely 
sorted human astrocytes (Zhang et al., 2016) vs. that in the astrocytes used in our study. H,I) Immunohistochemistry of 
astrocyte/neuron co-cultures using an antibody against extracellular chondroitin sulfate proteoglycan brevican (H) and 
labelling of N-acetylgalactosamines beta 1-modified glycoproteins using fluorescently labelled Wisteria floribunda 
agglutinin (WFA), (I). Scale bar: 50 µm. 
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Supplemental Figure S3. Related to Figure 1. A) For the indicated co-cultures and mono-cultures on which RNA-seq 
was performed, the % of reads mapped to each species is shown, as well as the percentage of reads discarded due to 
100% conservation of the paired-end read to two or more species. B,C) A volcano plot showing the effect of the presence 
of microglia on astrocytes (B) and neurons (C) within an astrocyte/neuron co-culture. RNA-seq was performed on the 
indicated co-cultures and astrocyte (human) and neuron (mouse) reads sorted by species prior to differential gene 
expression analysis. D) A volcano plot showing the effect of astrocyte/neuron co-culture on the microglial transcriptome, 
compared to microglial mono-cultures RNA-seq was performed on the indicated cultures and microglial reads sorted by 
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species (rat). E) Confirmation of the induction of the indicated genes by co-culture by qPCR, using species (rat)-specific 
primers. F) Mouse microglia were cultured in the presence or absence of mouse neurons and astrocytes for 72h, after 
which they were sorted by MACS and the indicated genes analysed by qPCR *p<0.0001 in all cases (2-way ANOVA 
plus Sidak’s post-hoc test, n=3). G) Cx3cr1 surface expression measured by flow cytometry in Cd11b-positive microglia 
from mono- vs co-culture. *p=0.007, two-tailed t-test on the mean normalized Cx3cr1 expression in n=6 biological 
replicates. H) The data in Figs 2B-D are interleaved for comparison and a repeated measures 1-way ANOVA performed 
with Tukey’s post-hoc test performed on the Log2-fold change of the indicated genes by astrocyte/neuron co-culture, 
astrocyte co-culture and neuron co-culture, relative to microglial mono-culture. *p<0.0001 both when comparing the 
effect of astrocyte/neuron co-culture with astrocyte-only co-culture, and with neuron-only co-culture. There was no 
significant difference between the effect of astrocyte-only co-culture, and neuron-only co-culture (p=0.78). 
 
 
 

 
Supplemental Figure S4. Related to Figure 1. A-C) Analysis was performed exactly as in Fig. 2B-D except that the 
gene set interrogated was the set of genes repressed in the microglial neurodegenerative phenotype (MGnD) (Krasemann 
et al., 2017). P values are calculated using a 2-way ANOVA. 
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Supplemental Figure S5. Related to Figure 2. A) The data in Figs 3A-C are interleaved for comparison and a repeated 
measures 1-way ANOVA performed with Tukey’s post-hoc test performed on the Log2-fold change of the indicated 
genes by astrocyte/neuron co-culture, astrocyte co-culture and neuron co-culture, relative to microglial mono-culture. 
*p<0.0001 both when comparing the effect of astrocyte/neuron co-culture with astrocyte-only co-culture, and with 
neuron-only co-culture. There was also a significant difference between the effect of astrocyte-only co-culture, and 
neuron-only co-culture (*p=0.001). B,C) All interferon-related genes analysed in Fig. 3a-c (with a threshold of 100 UMI 
counts per sample in at least one sample) were mapped onto a published data set of single cell RNA-seq of microglia 
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across the lifespan as well as following LPC-induced white matter injury (Hammond et al., 2019), analysed on their 
website http://www.microgliasinglecell.com. The top right scatter plot (B) shows the different clusters of microglia 
identified (Hammond et al., 2019). For each gene the upper scatters show the expression level of the indicated genes 
superimposed onto the clusters, with particular enrichment in Cluster 9. The lower graphs show, for each gene, the mean 
expression level on the different microglial populations that contribute to the single cell data. Note the very high 
expression in the LPC white matter (WM) injury for all interferon-related genes analysed. 
 

 

 

 
Supplemental Figure S6. Related to Figure 4. A) Mono-cultures of rat microglia treated with astrocyte/neuron co-
culture conditioned medium or unconditioned medium, RNA extracted, and the indicated genes analysed by qPCR, 
normalized to Rpl13a. *p<0.0001, <0.0001, 0.0002, <0.0001, 0.0001, <0.0001, <0.0001, 2-way ANOVA plus Sidak’s 
post-hoc (n=5-7). 
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Supplemental Figure S7. Related to Figure 5. And Figure 6 A,B) For genes reported to be induced >4-fold in vivo by 
LPS injection in microglia in two separate studies (Hirbec et al., 2018; Srinivasan et al., 2016), the Log2 fold-change in 
microglial gene expression induced by 500 ng/ml LPS in microglia co-cultured with (human) astrocytes and (mouse) 
neurons is shown. For both gene sets, there is a significant induction by LPS in the microglia: p=1.81E-05 (A), 1.8E-23 
(B), 2-way ANOVA (effect of LPS vs. control). C-E) Log2 fold change of genes induced by low-LPS in microglial 
monoculture plotted against the corresponding Log2 fold-change in microglia in the astrocyte/microglial co-culture (C), 
neuron/microglia co-culture (D) and the astrocyte/neuron/microglia co-culture for comparison (E). Linear regression 
analysis revealed the slopes indicated, and the extent of their deviation from 1 gives a measure of the effect of co-culture 
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in repressing the microglial response to low-dose LPS. F-H) For genes reported to be induced >4-fold in vivo by LPS 
injection in astrocytes (Srinivasan et al., 2016), the Log2 fold-change in astrocyte gene expression in neuron/astrocyte co-
cultures in vitro in the presence of LPS (500 ng/ml) ± microglia (F), in the presence of microglia ± LPS (500 ng/ml) (G), 
and in the absence of microglia ± LPS (500 ng/ml) (H) is shown. Statistical test: 2-way ANOVA measuring main effect of 
the comparison stated on the y-axis. P=5.8E-26 (F), 4.2E-28 (G). H) The only 4 GO cellular Component terms enriched in 
genes repressed in neurons by activated microglia. 
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