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 Microglia are the resident myeloid cells of the central nerv-
ous system (CNS) that control the patterning and wiring of 
the brain in early development and contribute to homeosta-
sis throughout life (1–3). In the embryo, starting at day 8.5 
post-conception (E8.5), erythromyeloid progenitors (EMPs) 
develop in the yolk sac: these cells are CD45+ cKit+ and 
have the capacity to colonize the fetal liver and differentiate 
into erythrocytes and various myeloid cells, including tissue-
resident macrophages (4). A subset of EMPs matures into 
CX3CR1+ cells in the yolk sac and become microglia progen-
itors (5, 6). These progenitors migrate to the brain starting 
at days E9.5-10.5 and may continue until the formation of 
the blood-brain barrier at day E13.5-14.5 (4, 7). The micro-
glia population proliferates locally within the brain, and 
distributes spatially in the central nervous system (8, 9). 
This original pool of cells is the only source of myeloid cells 
in the healthy brain (10, 11). Other myeloid cells, such as 
bone marrow-derived monocytes, only infiltrate the brain 
under pathological circumstances (6, 12–14). 

Myeloid cells, particularly macrophages, are endowed 
with a higher plasticity than was previously appreciated. 
They engage in a bi-directional dialogue with their microen-

vironment, which both shapes their fate and is influenced 
by their activity (15, 16). In the brain, exposure to TGFB1, 
which acts through the Smad and the Irf7 pathway, has 
been shown to shape the chromatin landscape and influence 
the response and phenotype of microglia (17–20). In combi-
nation with environmental signals, general lineage-specific 
factors, such as Pu.1 and Irf8, define the microglial regulato-
ry network and distinguish it from other macrophages (7, 15, 
16). The evolution of the microglia regulatory network may 
also be shaped by multiple tissue-specific signals, including 
protein aggregates, stress signals, nutrients, as well as the 
communities of commensal microorganisms colonizing the 
skin, respiratory, gastrointestinal, and urogenital tract – 
collectively termed the microbiota (21, 22) The collection of 
physiological and pathological cues sensed by microglia – 
originating from within the brain or externally (21), may 
fluctuate spatially across the different brain regions and 
temporally with development of the brain. Thus, microglial 
programming must be complex enough to process dynamic 
environmental signals and execute the necessary temporal 
function to accommodate the brain’s needs throughout de-
velopment and adulthood. 
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Microglia, the resident myeloid cells of the central nervous system, play important roles in life-long brain 
maintenance and in pathology. Despite their crucial role, their regulatory dynamics during brain 
development have not been fully elucidated. Genome-wide chromatin and expression profiling coupled 
with single-cell transcriptomic analysis throughout development reveal that microglia undergo three 
temporal developmental stages in synchrony with the brain: early, pre-, and adult microglia, which are 
under distinct regulatory circuits. Knockout of the adult microglia transcription factor MafB and 
environmental perturbations, such as those affecting the microbiome or prenatal immune activation, led 
to disruption of developmental genes and immune response pathways. Together, our work identifies a 
stepwise developmental program of microglia integrating immune response pathways that may be 
associated with several neurodevelopmental disorders. 
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It is still unknown how one cell type displays the neces-
sary functional diversity to meet both the needs of the de-
veloping brain, as well as life-long maintenance. We 
hypothesized that microglia acquire specialized functions 
tailored to changes in the developing brain by a combina-
tion of gene regulation and response to environmental sig-
nals. Importantly, although microglia share many circuits 
with monocytes, they must maintain tight control of in-
flammatory and antiviral pathways in order to prevent neu-
ronal damage, particularly under the various stress 
conditions that may influence the fetus during pregnancy 
(23). Presently, the expression programs and regulatory 
networks are only documented for early yolk sac progenitors 
and adult microglia (2, 7, 15, 16, 19, 24). Microglia modulate 
synaptic transmission, formation, and elimination, and 
shape embryonic and postnatal brain circuits (25–31). How-
ever, many of these processes, such as synaptic pruning and 
neuronal maturation, peak in mice during the first week 
after birth – a period that has not yet been profiled in mi-
croglia (27–31)– and may be important to understanding the 
circuits and etiology of many neurodevelopmental diseases. 

Perturbation of the microglia environment during devel-
opment may alter the strict timing of developmental pro-
grams and lead to misplaced expression of gene pathways, 
such as inflammation, that disrupt neuronal development 
and lead to brain disorders at later stages in life (30). For 
example, prenatal exposure to viral infection has been corre-
lated with an increased risk of schizophrenia and autism in 
mouse and human offspring (32, 33). The precise effects of 
perturbations on development are highly dependent on the 
timing of infection, suggesting interference with specific 
processes (34, 35). 
 
Results 
Temporal expression profiles during microglia devel-
opment 
 To study the dynamics of the gene programs involved in 
microglia development, we performed RNA-seq to measure 
the global gene expression of myeloid progenitors from the 
yolk sac (5) and microglia from embryonic, post-natal, and 
adult brain (36) for a total of nine time points throughout 
microglia development (Fig. 1A and fig. S1). Biological repli-
cates were highly correlated (r>0.98, Pearson’s correlation) 
and few transcriptional changes were noted across adjacent 
time points (fig. S2A). Surprisingly, we found a large num-
ber of genes that were differentially expressed across devel-
opmental time points (Fig. 1B). Early microglia were 
associated with genes involved in cell cycle and differentia-
tion, such as Mcm5 and Dab2 (37). In contrast, Csf1, Cxcr2, 
and other genes involved in neuronal development peaked 
in expression a few days before birth and decreased by 
adulthood. Canonical adult microglia genes, including Cd14 

and Pmepa1, were primarily expressed only in adult micro-
glia. 
 
Microglia development demonstrates discrete tran-
scriptional phases 
 In order to identify global patterns of gene expression, we 
performed K-means clustering (k=7) that divided the data 
into 4 main categories on the basis of the developmental 
location and timing in which the genes were expressed (Fig. 
1C; fig. S2, B and C; and table S1). We focused on 3059 of the 
most highly and differentially expressed genes throughout 
development (38). We defined these stages as early micro-
glia (1289 genes, clusters E1-2, day E10.5 to E14), pre-
microglia (589 genes, clusters P1-2, day E14 to P9), and adult 
microglia (808 genes, clusters A1-2, 4 weeks and onwards). 
Adult microglia exhibited only a small number of differen-
tially expressed genes, (76 genes, table S2; (38)), across dif-
ferent CNS regions; cortex, hippocampus, and spinal cord. 
In addition, there was also a group of genes that are most 
highly expressed in the yolk sac (373 genes, cluster YS). 
Comparison of gene ontologies (GO) indicated that yolk-sac-
specific genes were associated with defense response and 
multiple hematopoietic fates (e.g., Lyz2 (39) and Pf4 (40)), 
while shared clusters between yolk sac and early brain were 
enriched for genes associated with proliferation and cell 
cycle (fig. S2B). Notably, the yolk sac and early brain micro-
glia showed high correlation at the transcriptional level over 
time, despite differences in microenvironment (fig. S2A). 
This observation suggests that either microglia newly ar-
rived to the brain are not immediately adapting upon en-
countering the neural environment, or alternatively, that 
the first stage of microglia development commences in the 
yolk sac. 

Interestingly, we observed that the pre-microglia stage 
reflects a distinct phenotype of characteristic genes. Because 
previous studies have focused on cells from more mature 
developmental stages, many of these genes have not been 
annotated with microglia function. However, we found here 
that a subset of the genes that were expressed at this stage 
was related to the GO categories of neural migration, neu-
rogenesis, and cytokine secretion (fig. S2B). Based on the 
timing of the pre-microglia program, this phase probably 
represents when microglia adopt a role in synaptic pruning 
and neural maturation; later, when the brain matures, they 
enter a surveillance and homeostatic phase where they ac-
quire functions associated with tissue maintenance and sig-
naling (41) and express canonical microglia genes (fig. S2B). 
To confirm and strengthen the reproducibility of these mi-
croglia transcriptional stages, we applied dimension reduc-
tion analyses – nonnegative matrix factorization (NMF) (38, 
42) and principal component analysis (PCA) – to the RNA-
seq data. NMF, which deconstructs the data into a given 
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number of metagenes, robustly uncovered 3 discrete expres-
sion programs coinciding with the three microglia stages 
(Fig. 1D and fig. S2, D to F). Similar results were obtained 
with PCA (fig. S1G). This partitioning suggests that the tem-
poral expression profile of microglia development in the 
brain consists primarily of two major transition events: ear-
ly microglia to pre microglia around embryonic day 13.5-14.5 
and pre-microglia to adult microglia a few weeks after birth. 
 
Microglia developmental phases are linked with 
changes in the chromatin landscape 
 The changing chromatin landscape across developmental 
time points can inform on the regulatory mechanisms un-
derlying gene expression profiles. Accessible or ‘open’ chro-
matin regions contain regulatory elements that influence 
transcription in a cell-type-specific or condition-specific 
manner (43–45). We thus performed an assay for transposa-
se accessible chromatin (ATAC (46)), as well as using a re-
cently developed, highly sensitive method for chromatin 
immunoprecipitation followed by sequencing (iChIP, (47)), 
for each transcriptional stage: yolk sac, early microglia, pre-
microglia, and adult microglia. Unlike the RNA-seq data, the 
chromatin landscape of early microglia was more closely 
related to that of pre-microglia than to yolk sac (fig. S3A), 
suggesting that chromatin changes precede changes in RNA 
(47). ATAC-seq identifies accessible regions within promot-
ers (H3K4me3+ regions near the transcription start site of 
genes) and enhancers, distal regions associated with higher 
H3K4me1/2 (48, 49), as well as other regulatory elements, 
such as CTCF binding sites (46). As seen previously (16), the 
accessibility of promoter regions is largely conserved over 
time (fig. S2B). Thus, we focused on candidate enhancers 
marked by distal ATAC-seq regions with high levels of 
H3K4me2, as assayed by iChIP (47). These enhancer regions 
could be divided into the 4 major categories, similar to the 
gene expression profiles (Fig. 2, A and B; fig. S3, C and D; 
and table S3). The first category was composed of enhancers 
marked only in the yolk sac (e.g., F13a1) and may reflect re-
gions that are active in cells not migrating to the brain. An-
other category comprised enhancers accessible in both the 
early and pre-microglia, but not in adult microglia. The final 
categories consisted of enhancers that are most prominent 
in adult microglia and are distinguished by whether they 
are open (e.g., Sall1 and MafB) or closed (e.g., Irf8) earlier in 
development. Notably, no category was solely found in pre-
microglia. This suggests that that the pre-microglia phase 
does not undergo unique chromatin remodeling, but rather 
exhibits differential usage of the epigenomic landscape es-
tablished early in microglia development. 

To confirm that the observed chromatin changes were 
related to transitions in microglia development, we assessed 
whether different enhancer dynamics were associated with 

the global expression patterns (Figs. 1C and 2B). We linked 
enhancers to genes by their proximity to the transcription 
start site (Fig. 2C and table S4, (38)). Genomic regions close 
to genes expressed in the early stage tended to be in the first 
two enhancer categories (Fig. 1C, clusters YS, E1-2). Similar-
ly, the latter two categories were enriched for genes from 
the mature microglia transcriptional profile (Fig. 1C, clus-
ters A1-2). The dynamics of the microglia enhancer reper-
toire confirm that the microglia gene expression across 
developmental stages does reflect shifts in the underlying 
chromatin landscape. However, it is important to note that 
with bulk data, such as from the RNA expression and chro-
matin profiling above, it is unclear whether the transcrip-
tional signal represents the average profile of a 
heterogeneous mixture of cells from different phases or ho-
mogenous populations where each cell exhibits the relevant 
temporal profile. 
 
Single cell transcriptome analysis reveals coordinated 
shifts between phases 
 In order to assess the heterogeneity at each temporal phase 
in microglia development, we performed massively parallel 
single cell RNA-seq (MARS-seq; (50)) on a representative 
time point from each phase. Then, we combined the data for 
cells from all phases and clustered them on the basis of 
their gene expression profiles (51). In order to correct for 
batch effects, each sample was normalized separately prior 
to clustering across time points (38). Clustering analysis of 
2831 single cell profiles (696 from yolk sac, 734 from early, 
705 from pre-, and 696 from adult) created a detailed map 
of 2071 differentially expressed genes across 16 transcrip-
tionally homogeneous subpopulations (Fig. 3, A and B). The 
expression of key marker genes (Fig. 3B and fig. S4A) com-
bined with global correlation analysis (fig. S4B) were used 
to examine the inter-cluster relationships of transcriptional 
subpopulations. We determined that each cluster originated 
almost entirely from a specific stage, confirming that the 
temporal dynamics of microglia development are the most 
dominant discriminative feature even at the single cell level 
(Fig. 3C). The exceptions were two subpopulations to which 
both the yolk sac and early brain time points contributed 
(fig. S4C, VII-VIII). It is possible that these subpopulations 
were composed of cells that were on the verge of or had just 
completed migration to the brain. Moreover, there was ad-
ditional variation in the yolk-sac-specific subpopulation VI 
and, to a lesser degree, subpopulations II, III, and IV (Fig. 3, 
A and B, and fig. S4A), which displayed high expression of 
monocytic genes. When the single cell subpopulations were 
compared with the bulk RNA-seq time points (Fig. 1), we 
found that several of the yolk sac subpopulations (IV-VIII) 
were best matched to early microglia expression (fig. S4D). 
This suggests that the yolk sac population is heterogeneous 
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and may include both cells with other hematopoietic fates 
as well as cells with varying levels of commitment toward 
the microglia fate. Once in the brain, their further develop-
ment occurs in a discrete stepwise fashion that is temporally 
regulated by environmental cues. 

In general, the temporal gene markers we identified 
from the bulk RNA-seq analysis exhibited equivalent expres-
sion in the single cell data (Fig. 3B and fig. S4A). To confirm 
the stage-specific expression of marker genes (Fig. 3, D to F, 
upper left panel) in the intact brain, we imaged individual 
mRNA molecules using single-molecule fluorescent in situ 
hybridization (smFISH) in frozen brain sections from early, 
pre and adult stages (Fig. 3, D to F, and fig. S5A) (52–54). 
We found that Mcm5, Csf1, and MafB were each enriched in 
Cx3cr1+ microglia cells from the early, pre and adult brain, 
respectively. Using immunohistochemistry further con-
firmed that Dab2, a gene that had not been previously asso-
ciated with microglia, is specifically expressed in early 
microglia (E12.5), but not at later time points (fig. S5, B and 
C). Further, Csf1R and Selplg show adult microglia expres-
sion in the Allen Brain Atlas (55) (fig. S5D). Taken together, 
these results indicate that coordinated transcriptional 
events control the transitions through microglia develop-
ment and are likely due to changes in the microenviron-
ment of the CNS. 
 
Distinct transcription factors regulate microglia de-
velopmental phases 
 Transcription factors play important roles in regulating the 
chromatin state and gene expression of a cell (56, 57). To 
investigate regulatory factors defining the temporal stages 
of microglia development, we focused on the expression of 
genes known to have a DNA binding or chromatin remodel-
ing function and found candidate regulators for each stage 
(Fig. 4, A and B; fig. S6A; and table S5). In particular, cell 
cycle factors and chromatin remodelers were highly ex-
pressed in the early microglia stage. Canonical microglia 
transcription factors, such as Egr1 and Sall1, begin to be ex-
pressed in the pre-microglia stage and are further induced 
in adulthood. In contrast, we observe several regulators, 
including Jun, Fos, Mef2a, and MafB, that are specific to the 
adult stage and are therefore likely to be involved in estab-
lishing microglia homeostatic functions or in terminating 
developmental functions of pre-microglia (Fig. 4B and fig. 
S6A). 

Motif analysis of the promoters associated with genes 
from the expression clusters (Fig. 1C) highlighted the differ-
ential occurrence of motifs for multiple transcription factors 
across microglia development (Fig. 4C, fig. S6B, and table 
S6), which coincided with the clusters exhibiting the highest 
expression of the genes encoding these factors. For example, 
the Mef2a motif was found to be enriched only in the regu-

latory regions of adult microglia genes. Previous work focus-
ing on the mechanisms of tissue-resident macrophage speci-
fication also suggested the MEF2 family is important in 
microglia identity and may play a role in shaping the epige-
nomic landscape (16). Thus, changes in microglia function 
throughout development are likely linked to synchronized 
changes in the underlying regulatory networks. 
 
MafB regulates adult microglia homeostasis 
 We further focused on the functional role of MafB, as one 
of the principal transcription factors to be highly elevated 
upon the shift from pre- to adult microglia (Figs. 1B, 3B, and 
3F). Using immunohistochemistry, we confirmed that MafB 
is induced in the transition from pre- to adult microglia 
(Fig. 5A and fig. S7, A and B). MafB, was previously shown 
to be critical for terminal differentiation of monocytes and 
tissue-resident macrophages and to restrict their self-
renewal capacity (58–60), In addition, the MAF motif was 
found to be enriched in macrophage-specific enhancers re-
gions, suggesting it has the capacity to alter the chromatin 
landscape in a lineage-specific manner (16). However, the 
role of MafB in microglia development and homeostasis is 
not yet established. 

To address the functional role of MafB in microglia de-
velopment, we generated MafBflox/floxCsf1RCre/+ transgenic 
mice that exhibit loss of MafB expression in the macrophage 
lineage (Fig. 5B and fig. S7, C to E), including microglia, but 
not in other cells in the CNS. We collected microglia from 
newborn (pre-microglia) and adult mice and compared their 
transcriptional profile to control mice (MafBflox/floxCsf1R+/+) 
of the same age. Successful knockout was confirmed by ana-
lyzing MafB expression levels (Fig. 5C). Consistent with the 
strong up-regulation of MafB in adult microglia, we observe 
a greater number of expression changes at the adult stage as 
opposed to the pre-microglia (Fig. 5, C to E; fig. S7F; and 
tables S7 and S10). Moreover, all categories of genes regulat-
ed by MafB were significantly enriched for genes expressed 
in late adult stage of microglia development, such as Ctsh 
and Pmepa1 (cluster A2; P<0.05, hypergeometric distribu-
tion; Fig. 5, C and D, and fig. S7, G and H). Remarkably, 
genes that are up-regulated in both pre- and adult microglia 
included genes in the interferon-stat pathway, such as Oas2, 
Mx1, Ifit3, Cxcl10 and Il1b (Fig. 5, C and D) and were associ-
ated with immune and viral Gene Ontology terms (fig. S7I). 
Together, these results reveal a role of MafB in suppressing 
antiviral response pathways and confirm its functional im-
portance in regulating adult microglia homeostasis. 
 
Germ-free mice contain microglia with an underdevel-
oped adult phenotype 
 To further substantiate the importance of microglia step-
wise development program, we assessed how environmental 
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perturbations in specific stages might differentially affect 
microglia development and the associated genes. To this 
end, we chose the models of germ free (GF) conditions and 
maternal immune activation (MIA). Studies have shown 
that changes in the microbiome affect the immune system 
as well as the brain (61, 62) and mice with dysbiosis have 
defects in their microglia population (21). To test whether 
the microbiome contributes to the environmental signals 
controlling microglia development, we sorted microglia 
from germ-free (GF) mice at the pre- (newborn) and adult 
stages and compared them to control mice of the same age 
housed in a conventional pathogen-free environment. We 
observed a greater number of genes that are down-regulated 
to a higher degree in adult microglia compared with new-
born (322 vs. 240; Fig. 6, A and B; fig. S8, A to C; and tables 
S8 and S10), which may be explained by the change in mi-
crobiome composition at weaning (63, 64). In line with pre-
vious reports (21), microglia from GF mice exhibited 
decreased expression of genes associated with inflammation 
and defense response (Fig. 6, B and C, and fig. S8, B and C). 
Importantly, genes associated with adult microglia (Fig. 6, A 
and B, and fig. S8C) were also perturbed in adult GF mice: 
of the down-regulated developmental genes, a significant 
fraction were part of our late adult microglia signature 
(cluster A2, 20 genes; P=1.1*10−2, hypergeometric distribu-
tion). These results link the microbiome to the transition of 
microglia from the pre- to adult phenotype and suggest that 
microglia development is sensitive to perturbations influ-
encing immune signals. 
 
Microglia development is perturbed by immune acti-
vation during pregnancy 
 MIA by viral infection has been shown to cause neurode-
velopmental defects in adult offspring, as well as behavioral 
deficits (32). Functional abnormalities in the brains of the 
progeny range from autism to schizophrenia, depending on 
the timing and conditions of the maternal infection (35). 
Transient exposure of pregnant mice to polyriboinosinic-
polyribocytidilic acid (poly I:C) serves as an animal model 
that reproduces the human disease. Viral infection or poly 
I:C injection at different stages of the pregnancy leads to 
distinct neurodevelopmental disease in adulthood, which 
implicates the specific brain developmental process being 
executed at the time of intervention (33–35, 65). In order to 
examine the effect of MIA on microglia development, we 
injected pregnant mice with poly I:C at day 14.5 post-
conception (initiation of pre-microglia stage) and collected 
independent samples of microglia from the newborn and 
adult offspring of at least two mothers for RNA-seq analysis 
(fig. S8D and table S9). 

In pre-microglia, 174 and 68 developmental genes exhib-
ited at least 2-fold increased and decreased expression, re-

spectively, in poly I:C offspring compared to PBS-injected 
controls (Fig. 6, D and E; fig. S8, E and F; and table S10) 
(38). Within this set, there was significant overlap between 
genes with increased expression in newborn offspring of 
mothers injected with poly I:C, and those from clusters ex-
pressed primarily in adult microglia (Fig. 1C, clusters A1-2), 
while depleted genes overlapped with clusters associated 
with early microglia (Fig. 1C, clusters E1-2). Similar results 
were seen in the comparable experiment with poly I:C injec-
tion at E12.5 (fig. S8G). Interestingly, we observed far fewer 
examples of differential expression in developmental genes 
at adult stage compared to the pre-microglia stage (fig. S8, E 
and F), suggesting the overall expression program of poly 
I:C mice was realigned with the normal phenotype at adult-
hood. This may explain why previous studies of adult mi-
croglia in MIA did not uncover microglia perturbations (66), 
and emphasizes that a transient perturbation in microglia 
development might have far reaching implications on the 
brain in adulthood. Overall, microglia from mice subjected 
to MIA and analyzed at the pre-microglia stage were tran-
scriptionally shifted toward a more advanced developmental 
stage. We propose that such disruptions in the precise tim-
ing of microglia development may perturb their physiologi-
cal functions in the developing brain and may explain 
neurodevelopmental diseases in later stages of development, 
long after microglia phenotype was restored. 
 
Discussion 
 Tissue-resident cells of the immune system must exhibit 
plasticity in the face of a multitude of signals, while still 
maintaining tight regulation of tissue homeostatic func-
tions. Microglia, as resident myeloid cells in an immune-
privileged tissue, provide an ideal model for studying the 
crosstalk of immune cells with the surrounding environ-
ment during development. Once the blood-brain barrier is 
formed early in development, entry of other immune cells 
from the periphery is negligible, so the developmental ef-
fects on microglia can be solely attributed to the processes 
they undergo within the brain (9, 24). Microglia are not only 
pivotal during CNS development, but are also responsible 
for brain homeostasis throughout life without allowing for 
deviation, such as aggressive inflammation. Here, we identi-
fied three distinct phases of regulatory networks in micro-
glia and demonstrate how perturbation of this tight 
regulation leads to distinct functional effect. 

On the basis of the present findings, we propose that the 
expression program of each phase has evolved to support 
the parallel development of the brain, while keeping in 
check local innate immune functions that may cause collat-
eral damage. We might expect to see similar transitions in 
the resident myeloid cells of other tissues: for example, Kup-
ffer cells, the resident macrophages of the liver (24, 67). 
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Moreover, resident cells also receive changing signals from 
their environment as the tissue ages (e.g., increased apoptot-
ic cells); these signals must also be controlled to avoid 
threatening responses. Our research highlights the im-
portance of resident myeloid cell adaptation to the changing 
microenvironment throughout development and the poten-
tial for pathologies associated with perturbation of the regu-
latory circuitry through environmental signals, such as the 
microbiome or maternal immune activation. 

Each stage in microglia development was found to be as-
sociated with different signals and functions: thus, the tran-
sitions between stages may represent a source of fragility of 
the system. Perturbations that target these transitions are 
likely to disrupt different processes depending on the tim-
ing, and may have impact on the homeostasis of the adult 
brain, as indicated by the dysregulation of the developmen-
tal expression patterns of immune response genes. For ex-
ample, previous research has suggested that the immune 
system is adapted to natural changes in the microbiota 
composition due to weaning, which occurs in the first weeks 
after birth around the pre- to adult microglia shift (61, 63, 
64, 68). Our results suggest that in mice lacking these mi-
crobiome signals, microglia maturity is disrupted with 
down-regulation of genes associated with inflammation. 
These signals may reach the brain either directly through 
certain metabolites (21), or more likely, indirectly through 
the effect of systemic immunity on the barriers of the blood-
brain interface (69–71). On the other hand, a transient ma-
ternal immune activation at 14.5 embryonic stage has the 
greatest effect on the pre-microglia stage and is accompa-
nied by an up-regulation of inflammatory genes. Neverthe-
less, the resulting behavioral disorders are observed in the 
offspring at adulthood and may reflect the impact of the 
stage-specific microglia response on neurogenesis and syn-
aptic pruning. Such perturbations likely act through distinct 
regulatory factors in each developmental phase. 

MafB controls cell cycle arrest during terminal macro-
phage differentiation, whereas its absence is required for 
macrophage proliferation (58–60). Here, we identified the 
critical influence of MafB on the ability of microglia to ex-
press the adult gene program and its role in inflammatory 
regulation. Thus, MafB may represent an important “off” 
state factor for regulating the response of microglia under 
various stress conditions (1). In its absence, dozens of devel-
opmental genes are dysregulated and microglia adopt a 
dramatic antiviral response state. Interestingly, the role at-
tributed here to MafB in microglia homeostasis was only 
possible to reveal in the context of distinct stages of micro-
glia development. The relationship between MafB and the 
immune response has yet to be fully described, but previous 
work suggests that MafB may have an antagonistic relation-
ship with the interferon pathway (72). This suggests that 

microglia-specific MafB-knockout mice may have increased 
penetrance of neurodevelopmental disease and a premature 
aging phenotype (69). Further work on MafB and identifica-
tion of other signals and factors that contribute to microglia 
transitions and homeostasis will allow us to better under-
stand the crosstalk between microglia and the CNS in both 
normal development and pathology. 

In light of our results, as well as those emerging with re-
spect to inhibitory factors such as programmed cell death 
protein 1 (PD-1), it is becoming clear that the immune sys-
tem has developed at least as many inhibitory pathways for 
immune modulation as there are activating pathways (73). 
Further, these immune inhibitory pathways have likely 
evolved in a tissue-specific manner to curb immune activa-
tion and collateral damage in sensitive tissues such as the 
brain. These modulation pathways can be intrinsic (e.g., 
MafB) or extrinsic (PD-1) to the cell. A more thorough un-
derstanding of the crosstalk between microglia and other 
cells within the CNS, as well as the signals and pathways 
involved during development and aging, is essential to de-
veloping new approaches for intervention and improved 
diagnostics. 
 
Materials and Methods 
 Animals 
 CX3CR1GFP/+ (74) and wild-type C57/Bl6 mice were taken 
throughout development as indicated in the text with 2 rep-
licates at each time point (with the exception of Brain E14, 
which combines samples from E13.5 and E14.5). Timed 
pregnancy was performed to obtain the embryos at defined 
time points after conception. Pregnant females with vaginal 
plugs were determined as 0.5 dpc. Adult mice were taken at 
8 weeks. Animals were supplied by the Animal Breeding 
Center of the Weizmann Institute of Science. All animals 
were handled according to the regulations formulated by 
the Institutional Animal Care and Use Committee (IACUC). 
 
Isolation of hematopoietic cells from yolk sac 
 Yolk sacs were dissected from staged embryos. Single cell 
suspensions were achieved using software‐controlled sealed 
homogenization system (Dispomix; 
http://www.biocellisolation.com) in PBS. Cell suspensions 
were first blocked with Fc‐block CD16/32 (BD Biosciences, 
San Jose, CA), and then stained for CD45+ (1: 150, 30-F11, 
biolegend Inc. San Diego, CA), CD11b+ (1:150, M1/70, bio-
legend Inc. San Diego, CA), and gated for CX3CR1-GFP posi-
tive. Cell populations were sorted with a SORP Aria. 
 
Microglia harvesting 
 Naïve C57BL/6J female mice were bred overnight with 
CX3CR1GFP/GFP males (74). Vaginal plugs were checked the 
next morning, and were referred to as embryonic day 0.5 
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(E0.5). Mice were taken at different time-points as indicated 
in text, adult mice cortex, hippocampus, and spinal cords 
were taken at age of 8 weeks. Pre-natal brain were dissected 
and stripped of meninges. Adult and post-natal mice were 
perfused with PBS transcardially; brains were dissected and 
stripped of meninges and choroid plexus. Single-cell suspen-
sions were achieved using software‐controlled sealed ho-
mogenization system (Dispomix; 
http://www.biocellisolation.com) in PBS, followed by densi-
ty gradient separation; Pellet was mixed with 40% percoll 
and centrifuged in 800G for 20 min at room temperature. 
Supernatant was discarded and pellet taken further for an-
tibody staining. Samples were first blocked with Fc‐block 
CD16/32 (BD Biosciences, San Jose, CA) at gated for CD45int 
(1:150, 30-F11, biolegend Inc.), CD11bint (1:150, M1/70, bio-
legend Inc.), and CX3CR1-GFP+. Cell populations were sort-
ed with SORP-aria (BD Biosciences, San Jose, CA). 
 
Germ-free mice 

Wild-type C57/Bl6 mice were born and raised in sterile 
isolators in the absence of any microbial colonization as 
described previously (75). Sterility was routinely monitored 
by PCR- and culture-based methods. Brains from GF mice 
and SPF controls were taken at day 1 and week 4. Microglia 
from whole brains was harvested as described above and 
gated for CD45int and CD11bint, as we and others have care-
fully confirmed these cells to be similar to the populations 
collected from the CX3CR1-GFP+ microglia populations (see 
fig. S1C). Cell populations were sorted with SORP-aria (BD 
Biosciences, San Jose, CA). 
 
Maternal immune activation by poly I:C 
 Naïve female mice were bred overnight with C57BL/6J 
males. Vaginal plugs were checked the next morning, and 
were referred to as embryonic day 0.5 (E0.5). On E12.5 or 
E14.5, pregnant females were injected intravenously (i.v.) 
with a single dose of 5 mg/kg poly I:C (Sigma-Aldrich, Re-
hovot, Israel) dissolved in PBS, or an equivalent volume of 
PBS as a control. The dose of poly I:C was determined ac-
cording to Meyer et al. 2007 (76). The injection volume was 
5 ml/kg. Pups from injected animals were taken at post-
natal day one and at age of 4 weeks. Microglia was harvest-
ed from whole brains as described above, and gated by 
CD45int and CD11bint, as we and others have carefully con-
firmed these cells to be similar to the populations collected 
from the CX3CR1-GFP+ microglia populations (see fig. S1C). 
Cell populations were sorted with SORP-aria (BD Bioscienc-
es, San Jose, CA). 
 
MafB knockout mice 
 Female MafBfl/+Csf1R-Cre−/− or MafBfl/flCsf1R-Cre−/− were 
bred with male MafBfl/flCsf1R-Cre+/− (Refer to supplementary 

materials for description of knockout generation). Vaginal 
plugs were checked the next morning, and were referred to 
as embryonic day 0.5 (E0.5). Post-natal mice were taken at 
P2 and adults at age of 5 weeks, animals were perfused with 
PBS transcardially; brains were dissected and stripped of 
meninges and choroid plexus. Microglia was harvested from 
whole brains. Single cell suspension was achieved by me-
chanical dissociation, followed by density gradient separa-
tion; Pellet was mixed with 70% percoll and overlayed on 
37% percoll underlayed by 30% percoll, centrifuged in 800G 
for 30 min at 4°C. 37%/70% interface was collected for anti-
body staining. Samples were) pre-gated using Zombie Violet 
fixable viability kit (Biolegend, France) and Ly6C- (HK1.4, 
Biolegend, France) then gated for CD45.2int (104, BD biosci-
ences, France), CD11bint (1:150, M1/70, BD biosciences, 
Francebiolegend Inc.), Cell populations were sorted with 
SORP-ariaBD FACSAria III (BD Biosciences, San Jose, 
CAFrance). 
 
Single-molecule fluorescent in situ hybridization 
(smFISH) 
 CX3CR1GFP/+ were perfused, Brain tissues harvested and 
fixed in 4% paraformaldehyde for 3 hours; incubated over-
night with 30% sucrose in 4% paraformaldehyde and then 
embedded in OCT. 7 μm cryosections were used for hybridi-
zation. Probe libraries were designed and constructed as 
previously described (53). Single molecule FISH probe li-
braries consisted of 48 probes of length 20 bps, and were 
coupled to cy5 or alexa594. Hybridizations were performed 
overnight in 30°C. DAPI dye for nuclear staining was added 
during the washes. To detect microglia, CX3CR1GFP/+ mice 
were used and cells were detected by their GFP fluorescent 
signal. Images were taken with a Nikon Ti-E inverted fluo-
rescence microscope equipped with a ×100 oil-immersion 
objective and a Photometrics Pixis 1024 CCD camera using 
MetaMorph software (Molecular Devices, Downington, PA). 
The image-plane pixel dimension was 0.13 μm. P-values were 
calculated by Fisher exact test. (77) 
 
RNA sequencing 
 Cells were harvested at different time points into Ly-
sis/Binding buffer (Invitrogen). mRNA was captured with 12 
μl of Dynabeads oli-go(dT) (Life Technologies), washed, and 
eluted at 70°C with 10 μl of 10 mM Tris-Cl (pH 7.5). RNA-seq 
was performed using as previously described (50) and DNA 
libraries were sequenced on an Illumina NextSEq. 500 or 
HiSeq with an average of 4 million aligned reads per sam-
ple. 
 
RNA processing and analysis 
 We aligned the RNA-seq reads to the mouse reference ge-
nome (NCBI 37, mm9) using TopHat v2.0.13 with default 
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parameters (78). Duplicate reads were filtered if they 
aligned to the same base and had identical UMIs. Expres-
sion levels were calculated and normalized for each sample 
to the total number of reads using HOMER software 
(http://homer.salk.edu) with the command “analyzeRe-
peats.pl rna mm9 -d [sample files] -count 3utr -
condenseGenes” (79). For the RNA-seq analysis in Fig. 1, we 
focused on highly expressed genes with 2-fold differential 
over the noise (set at 100) between the means of at least two 
time points (3059 genes). The value of k for the K-means 
clustering (matlab function kmeans) was chosen by as-
sessing the average silhouette (matlab function evalclusters; 
higher score means more cohesive clusters) for a range of 
possible values with correlation as the distance metric (fig. 
S1C). GO associations for each cluster were determined us-
ing GOrilla http://cbl-gorilla.cs.technion.ac.il/ (80, 81). The 
overlap with microglia-specific genes was determined by 
comparison with genes from the brain-specific macrophage 
expression cluster in (16) and the significance of enrichment 
was calculated using a Hypergeometric distribution. The 
subset of genes that were differential across CNS regions 
was determined based on a greater than 2-fold differential 
between any two of the three regions (cortex, hippocampus, 
and spinal cord) and the highest expression of the three fall-
ing within 2-fold of the maximum expression across micro-
glia development. NMF and PCA were performed using 
built-in matlab function nnmf and pca, respectively. The 
value of k for the NMF was chosen by assessing the plot of 
root mean square residuals for a range of values (fig. S1F). 
 
iChIP 
 Naïve C57BL/6J female mice were bred overnight with 
CX3CR1GFP/GFP males (74). Vaginal plugs were checked the 
next morning, and were referred to as embryonic day 0.5 
(E0.5). Mice were taken at E12.5, day 1, and 8 weeks. Micro-
glia was harvested from whole brains and sorted as indicat-
ed above. iChIP was prepared as previously described (47). 
 
ATAC-seq 
 Naïve C57BL/6J female mice were bred overnight with 
CX3CR1GFP/GFP males (74). Vaginal plugs were checked the 
next morning, and were referred to as embryonic day 0.5 
(E0.5). Mice were taken at E12.5, day 3, and 8 weeks. Micro-
glia was harvested from whole brains and sorted as indicat-
ed above. To profile for open chromatin, we used an 
adaptation of Assay for Transposase Accessible Chromatin 
(ATAC-seq) protocol (46, 82) as previously described (16). 
 
Processing of ChIP-seq and ATAC-seq 
 Reads were aligned to the mouse reference genome (mm9, 
NCBI 37) using Bowtie2 aligner version 2.2.5 (83) with de-
fault parameters. The Picard tool MarkDuplicates from the 

Broad Institute (http://broadinstitute.github.io/picard/) was 
used to remove PCR duplicates. To identify regions of en-
richment (peaks) from ChIP-seq reads of H3K4me2 and 
ATAC-seq, we used the HOMER package makeTagDirectory 
followed by findPeaks command with the histone parameter 
or 500bp centered regions, respectively (79). Union peaks 
file were generated for ATAC by combining and merging 
overlapping peaks in all samples. 
 
Chromatin analysis 
 The read density (number of reads in 10 million total reads 
per 1000 bp) for H3K4me2 and ATAC was calculated in each 
region from the union ATAC peaks files. We consider pro-
moters to be within +/− 2000bp of a TSS (n=12930). We 
defined 11252 high confidence distal enhancers based on 
their presence in at least two replicates of the same ATAC-
seq population, the distal location of the regions (i.e., ex-
cluding promoters), and the average K4me2 read density. 
The region intensity was given in log-base2 of the normal-
ized density (log2(x+1)). The value of k for the K-means clus-
tering (matlab function kmeans) was chosen by assessing 
the average silhouette (matlab function evalclusters) for a 
range of possible values with correlation as the distance 
metric (fig. S3D). The significance of the overlap between 
chromatin categories and expression clusters was deter-
mined using the hypergeometric distribution (p<0.05; table 
S4). 
 
Gene tracks and normalization 
 All gene tracks were visualized as bigWig files of the com-
bined replicates normalized to 10,000,000 reads and created 
by the HOMER algorithm makeUCSCfile (79). For visualiza-
tion, the tracks were smoothed by averaging over a sliding 
window of 500 bases and all tracks for a given region were 
scaled to the highest overall peak. 
 
Single cell sorting 
 Naïve C57BL/6J female mice were bred overnight with 
CX3CR1GFP/GFP males (74). Vaginal plugs were checked the 
next morning, and were referred to as embryonic day 0.5 
(E0.5). Mice were taken at E12.5, E18.5, and 8 weeks. Micro-
glia was harvested and sorted from whole brains as indicat-
ed above.into 384-well cell capture plates containing 2 μl of 
lysis solution and barcoded poly(T) reverse-transcription 
(RT) primers for single-cell RNA-seq (50). Barcoded single 
cell capture plates were prepared with a Bravo automated 
liquid handling platform (Agilent) as described previously 
(50). Four empty wells were kept in each 384-well plate as a 
no-cell control during data analysis. Immediately after sort-
ing, each plate was spun down to ensure cell immersion into 
the lysis solution, snap frozen on dry ice and stored at -80°C 
until processed. 
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Single cell libraries and analysis 
 Single cell libraries were prepared using the MARS-seq pro-
tocol and processed as described previously (50). In order to 
assess the heterogeneity of the previously-defined phases in 
microglia development, we used a recently published batch-
aware multinomial mixture-model clustering algorithm (51). 
Since samples derive from different spatial and temporal 
points, we devised an approach that would reduce batch 
effect within each sample but preserve genuine gene expres-
sion differences between samples. Each sample, consisting 
of four batches, was clustered separately. This preliminary 
clustering was used to infer optimum batch correction coef-
ficients for each gene. A new debatched UMI dataset was 
created, implementing the inferred corrections on the UMI 
count. The debatched dataset was then used to jointly clus-
ter all samples using the same algorithm with no debatch-
ing (all batch correction coefficients were set to 1). 

This two-steps clustering approach proved to increase 
likelihood score and significantly reduce intra-cluster gene 
variance when compared to clustering each sample sepa-
rately, allowing debatching between samples or disallowing 
debatching completely. 
 
Immunohistochemistry 
 Mice were transcardially perfused with PBS prior to brain 
tissue fixation. The following primary antibodies were used: 
mouse anti-Dab2 (1:100; BD bioscience, San Jose, CA), Rab-
bit anti-GFP (1:100, MBL, Woburn, MA), Goat anti-GFP 
(1:100; abcam, Cambridge, MA), Goat anti-IBA1 (1:100, 
abcam, Cambridge, MA), Rabbit anti-MafB (1:100, Bethyl 
Laboratories, Inc., Montgomery, TX). Secondary antibodies 
were Cy3/Cy2 conjugated donkey anti-mouse/goat antibod-
ies (1:200; Jackson ImmunoResearch, West Grove, PA). The 
slides were exposed to Hoechst nuclear staining (1:4000; 
Invitrogen Probes, Carlsbad, CA) for 1 min, prior to their 
sealing. Two negative controls were used in immunostain-
ing procedures: staining with isotype control antibody fol-
lowed by secondary antibody, or staining with secondary 
antibody alone. 

For Dab2 staining, microglia from CX3CR1GFP/+ mice un-
derwent tissue processing and immunohistochemistry on 
paraffin embedded sectioned (6 μm thick). Microscopic 
analysis was performed using a fluorescence microscope 
(E800; Nikon). 

For MafB staining, microglia from wild-type mice un-
derwent tissue processing and immunohistochemistry on 
floating sections (30 μm thick). Microscopic analysis was 
performed using confocal microscopy (Zeiss, LSM880). 
 
Motif analysis 
 For motif finding, we used the sets of genes from each ex-

pression cluster (Fig. 1C) individually as input for HOMER 
package motif finder algorithm findMotifGenome.pl (79). By 
parsing the known motif list, we compiled the occurrences 
of the sequence motifs for the transcription factors of inter-
est within the promoters of each expression cluster. A hy-
pergeometric distribution was used to calculate the 
significance of the overlap between motif occurrences in our 
set and the expression clusters from Fig. 1C. 
 
Statistical methods 
 In general, two replicates (in some cases, averaged over 
offspring from same mother) per sample from independent 
mice were used for the analyses, so that comparisons be-
tween time points would be comparable. In the poly I:C ex-
periment, replicates originated from different mothers. The 
MafB knockout experiment used 3 replicates from inde-
pendent mice for both newborn and adult. Genes were con-
sidered to have increased or decreased in expression if the 
log fold change was greater than 1 between the mean of rep-
licates. Genes with normalized log expression value less 
than 6 were not used for this comparison because of the 
noise at these low expression levels. P values for expression 
changes used in the volcano plots were calculated using 
two-tailed t test on the log expression values. A hypergeo-
metric distribution was used to calculate the significance of 
the overlap between differentially expressed genes, motifs, 
chromatin clusters, and the expression clusters from Fig. 1C. 
GO associations and related P-values were determined using 
GOrilla http://cbl-gorilla.cs.technion.ac.il/ (80, 81). Pairwise 
similarity between replicates or samples was given as the 
Pearson’s correlation. 

For further details, please refer to the supplementary 
materials. 
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