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Impaired aVB8 and TGFp signaling lead to microglial
dysmaturation and neuromotor dysfunction

Thomas D. Arold'®, Carlos O. Lizama?@®, Kelly M. Cautivo? Nicolas Santander'@®, Lucia Lint, Haiyan Qiu*®, Eric J. Huang*?, Chang Liu®,
Yoh-suke Mukouyama®, Louis F. Reichardt’@®, Ann C. Zovein*?, and Dean Sheppard>*®

Microglia play a pivotal role in the coordination of brain development and have emerged as a critical determinant in the
progression of neurodegenerative diseases; however, the role of microglia in the onset and progression of neurodevelopmental
disorders is less clear. Here we show that conditional deletion of aVP8 from the central nervous system (Itgb8ACNS mice)
blocks microglia in their normal stepwise development from immature precursors to mature microglia. These “dysmature”
microglia appear to result from reduced TGFp signaling during a critical perinatal window, are distinct from microglia with
induced reduction in TGFp signaling during adulthood, and directly cause a unique neurodevelopmental syndrome
characterized by oligodendrocyte maturational arrest, interneuron loss, and spastic neuromotor dysfunction. Consistent with
this, early (but not late) microglia depletion completely reverses this phenotype. Together, these data identify novel roles for

aVP8 and TGFP signaling in coordinating microgliogenesis with brain development and implicate abnormally programmed
microglia or their products in human neurodevelopmental disorders that share this neuropathology.

Introduction

Microglia derive from common yolk sac myeloid precursors,
then expand and differentiate in the central nervous system
(CNS) during the early postnatal period in mice (Ginhoux et al.,
2010; Gomez Perdiguero et al., 2015). Early microglial differen-
tiation occurs simultaneously with neuronal and macroglial
(astrocyte, oligodendrocyte) differentiation (Matcovitch-Natan
et al., 2016), and microglia-deficient mice have disrupted neu-
ral and glial development (Cunningham et al., 2013; Shigemoto-
Mogami et al., 2014; Squarzoni et al., 2014; Hagemeyer et al.,
2017; Wlodarczyk et al., 2017), suggesting tight developmental
coordination.

TGFp is a multifunctional cytokine important for develop-
ment and functioning of many cell types in different organs and
with broad activities including modulation of cell survival, dif-
ferentiation, apoptosis, and cellular activation. Due to its oth-
erwise promiscuous nature, TGFp signaling needs to be directed
with temporal and spatial precision. This is accomplished in
large part by integrin-mediated activation of TGFB, which is
normally sequestered in the extracellular matrix in a latent
form. For example, aVP6 and aVP8 on skin keratinocytes acti-
vate TGFp, which signals to Langerhans cells to maintain their

epithelial residence (Mohammed et al., 2016), and aVB8 on
dendritic cells activates TGFB, which induces Thl7 T cell dif-
ferentiation (Travis et al., 2007). In the CNS, aVB8 on neuro-
epithelial cells activates TGFB, which signals to wvascular
endothelium and is required for embryonic cerebrovascular
morphogenesis (Arnold et al., 2014). Despite the known roles for
TGFB in neural (Brionne et al., 2003; Yi et al., 2010; He et al.,
2014) and glial development (Palazuelos et al., 2014; Stipursky
et al,, 2014) and reports identifying potential roles for TGFp in
microglial differentiation and/or homeostasis (Brionne et al.,
2003; Butovsky et al., 2014; Bohlen et al., 2017), the mecha-
nisms controlling TGFp activation and signaling to microglia are
unknown.

Here, we present evidence that integrin aVB8 (expressed on
neuroepithelial lineage cells) regulates TGFp signaling to mi-
croglia. In the absence of this signaling, microglia are develop-
mentally arrested and persistently activated. The presence of
these “dysmature” microglia (and not just the absence of mature
microglia) during a critical postnatal window is necessary and
sufficient to disrupt oligodendrocyte development, cause inter-
neuron loss, and lead to severe neuromotor dysfunction. These
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data therefore identify an important mechanism by which the
CNS microenvironment coordinates microglial differentiation
with the development of neurons and other glial cells and detail
the downstream neurodevelopmental consequences that occur
when microglia are developmentally arrested and activated due
to reduced aVP8 signaling in the brain or reduced TGFp sig-
naling in microglia themselves.

Results

aVf8 and TGFP signaling to microglia

We previously documented a reduction in active TGFP in the
brains of Itgb8ACNS mice, a finding consistent with the known
role of aVPB8 in activation of latent TGFp1 (Arnold et al., 2014). In
theory, any or all CNS cell types, including neural and macroglial
lineages, vascular cells, and microglia, could be affected by re-
duced levels of activated TGFP in these mice. To directly assess
whether TGF signaling is affected in microglia from Itgb8ACNS
mice, we immunostained brain sections for phospho-SMAD3
(pPSMAD3; the major downstream transcription factor acti-
vated by TGFp signaling) and cell type-specific markers for
myeloid cells (F4/80), neurons (NEUN), astrocytes (SOX9), or
oligodendrocytes (OLIG2; Fig. 1 A and Fig. S1). Fluorescent in-
tensity mapping (Arnold et al., 2014) revealed high levels of
PSMAD3 in F4/80* microglia from control mice and reduced
PSMAD3 staining intensity in microglia from adult Itgb8ACNS
mice (Fig. 1 A). pSMAD3 staining intensity was also relatively
high in neurons, astrocytes, and oligodendrocytes, but not sig-
nificantly reduced in these cells in Itgh8ACNS mice (Fig. S1),
suggesting alternative or compensating mechanisms to maintain
canonical TGFp signaling in these cells. TGFp1 signaling influ-
ences the expression of several genes in microglia, including
P2ry12, Tmemll9, and ApoE (Butovsky et al., 2014). Differential
gene expression in adult microglia sorted from Itgb8ACNS mice
was nearly identical to that reported in Tgfbl knockout mice
(Butovsky et al., 2014; Fig. 1 B), consistent with reduced TGFB
signaling. This was confirmed at the protein level by im-
munostaining (Fig. 1 C): APOE (normally expressed on as-
trocytes) was highly up-regulated in microglia of ItghSACNS
mice compared with controls, while P2RY12 and TMEM119 were
both significantly down-regulated, and apparently absent, in
adult Itgb8ACNS mutant mice. To further characterize microglia
in Itgb8ACNS mice, we immunostained brain sections and per-
formed flow cytometry using markers of myeloid cell prolifer-
ation and activation. This revealed a profound increase in the
density and proliferative state of IBA1* PU.1* cells (Fig. 1 D) and
strong up-regulation of activation markers, MHCII, lysosomal-
associated protein, CD68, and F4/80 in Itgh8ACNS mutants
compared with age-matched controls (Fig. S2). Consistent with
an activated state, microglia in Itgb8ACNS mice took on a fu-
siform morphology with retracted dendrites (Fig. 1 D). Flow
cytometry showed that most brain myeloid cells expressed the
resident microglial marker, CD39, with minimal contribution
from LY6C*/CCR2* infiltrating monocytes (Fig. S2), indicating
that loss of aVP8 led to these cellular changes in endogenous
microglia. Consistent with this, bone marrow transplant
(BMT) experiments revealed negligible infiltration of bone
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marrow-derived GFP-labeled myeloid cells from the circulation
into the CNS of mutant mice (Fig. S3).

The above results suggest that reduced TGFB-SMAD3 sig-
naling in microglia from Itgh8ACNS mutant mice causes the
observed microglial phenotype: activation, reduced expression
of canonical microglia markers, and increased expression of
APOE. However, because Itgh8ACNS mice develop severe peri-
natal brain hemorrhage, a consequence of reduced TGEP sig-
naling to endothelial cells (Fig. 1 E; Arnold et al., 2014), we
thought it possible that the microglial phenotype could be sec-
ondary to hemorrhage and downstream inflammation. To di-
rectly evaluate the autonomous effects of reduced TGF(
signaling in microglia, we generated mice with myeloid-specific
conditional deletion of the primary TGFp receptor, Tgfbr2, using
Cx3crl (Cx3c chemokine receptor 1) Cre mice, hereafter termed
Tgfbr2AMG mice (see Materials and methods). We found that
microglia from Tgfbr2AMG are nearly identical in morphology
and gene expression compared with microglia in Tgfbl (Butovsky
etal,, 2014) and Itgh8ACNS mutant mice (Fig. 1, B-D; and Fig. S2).
Recombination analysis demonstrated efficient and specific re-
combination of microglia in Tgfbr2AMG mutants and Cre-
positive controls (not shown). Importantly, these microglial
changes occurred in the absence of the developmental vascu-
lopathy and brain hemorrhage observed in Itgb8ACNS and Tgfbl
mutants (Fig. 1 E; Arnold et al., 2014). Together, these data
suggest that integrin aVB8 directly or indirectly influences
TGFB-SMAD3 signaling to microglia, which is, in turn, required
by these cells to suppress activation and promote or maintain
the expression of canonical microglial markers. The lack of brain
hemorrhage in Tgfbr2AMG mutants compared with Itgb8ACNS
and Tgfbl mutant mice further suggests that the microglial
phenotype observed in these mice is due to reduced TGFp sig-
naling in microglia and is not secondary to hemorrhage.

Brain abnormalities underlie spastic motor deficits in mice
with deficient aVB8 or TGFp signaling to microglia
We and others previously reported that Itgh8ACNS mice develop
a severe neuromotor syndrome characterized by spasticity,
motor deficits, gait disturbance, and seizure-like activity, ulti-
mately resulting in premature death (Fig. 2 A and Videos 1, 2,
and 3; Proctor et al., 2005; Mobley et al., 2009). Because these
mice develop severe perinatal brain hemorrhage (Fig. 1 E;
Arnold et al.,, 2014), we thought these neurological symptoms
could either be secondary to hemorrhage and associated tissue
damage and inflammation or directly due to microglial abnor-
malities. To address this, we compared the neurobehavioral
phenotypes in Itgb8ACNS mice (with brain hemorrhage) with
Tgfbr2AMG mice (no brain hemorrhage). Both mutant mice de-
veloped spasticity and gate disturbance at postnatal day (P) 30
and pronounced upper motor neuron abnormalities by P60
(Fig. 2 A). Therefore, Tgfbr2AMG mutant mice virtually phe-
nocopied Itgh8ACNS mice, despite having no evidence of hem-
orrhage, suggesting that spastic motor deficits in these mice can
entirely be explained by reduced TGFp signaling in microglia.
We next evaluated a time course of pathological changes in
the brain associated with these neurological impairments in
both Itgb8ACNS and Tgfbr2AMG mice. We first assessed the

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181290

220z Areniged 9z uo 1senb Aq 4pd 06z 18102 Wel/g8912. L L/006/+/91Z/Hpd-ajone/wal/Bio sseidny//:dpy woly pepeojumoq

901


https://doi.org/10.1084/jem.20181290

B 2000 — Econtrol

[s) 300 ks 1500 |  MIigh8ACNS
T = 4] ) 1000 | E TgfbreAMG
5 5 3 o0 |
. D 3 S 2.0-
Q 2, = 1004 e 4
Q=< S5 3 15
50 Qo 1.0
=~ < S 0 - Cd 0.5
0.0-

control

Tgfbr2AMG  Iltgb8ACNS

O
m

control
control

total cells / mm2

% of Iba1* cells

Tgfbr2ZAMG ltgb8ACNS

NE
2
G
S
Q
9
©
§
N
SE
I~

Figure 1. aVP8 and TGFP signaling to microglia. (A) Immunostaining for pSMAD3 (red) in microglia (F4/80, green) reveals reduced pSMAD3 staining
intensity (yellow arrows) in most microglia from Itgh8ACNS mice compared with intense staining (red arrows) in controls; quantified on right: pPSMAD3 staining
intensity within individual microglia (arbitrary units) documents reduced microglia-specific pPSMAD3. See Fig. S1 for pSMAD staining intensity in other CNS cell
types. (B) Transcriptional profiling (quantitative PCR) of sorted microglia documents alterations in several TGFB-dependent genes, confirmed by im-
munostaining (C). See Fig. S2 for sorting strategy. Note expression of APOE in IBAl-negative astrocytes. (D) Increased number and proliferation (KI67+) and
activated morphology in IBA1*PU.1* microglia from Itgh8ACNS and Tgfbr2AMG mice; quantified on right (we did not observe KI67*IBA1* cells in the cortex of
control animals at this time point). (E) Developmental brain hemorrhage in Itgh8ACNS but not Tgfbr2AMG mice, as evidenced by gross examination and im-
munostaining for red blood cells (TER119, red) outside of blood vessels (CD31, blue). Bars, 50 um (A); 100 um (C~E). Error bars indicate SE. **P < 0.005; ***P <
0.0005. Student’s t test (A) or ANOVA with Tukey’s post hoc test (B and D). n = 4 animals (P60) for all groups.
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Figure 2. Motor deficits and glial abnormalities in mice with deficient aVB8 or TGFp signaling to microglia. (A) Identical neuromotor symptoms in adult
(P30-60) Itgh8ACNS and Tgfbr2AMG mice including waddling unstable gait with shortened stride length, reduced time on rotarod, unkempt appearance, and
tremors. See also Videos 1 and 2. (B) Persistent expression of APOE and K167 and reduced expression of P2RY12 and TMEM119 over time in microglia from
Itgh8ACNS and Tgfbr2AMG mice. See accompanying Fig. S4. (C) Overlapping astrogliosis, microgliosis, and reduced MBP staining in P30 Itgh8ACNS and
Tgfbr2AMG mice compared with controls. (D) Increased percentage of GFAP*SOX9* astrocytes in Itgh8ACNS and Tgfbr2AMG mice over time; quantified on right.
See accompanying Fig. S4. (E) Increased percentage of OLIG2*NG2-DSR* OPC, and reduced mature OLIG2*CC1* oligodendrocytes over time (quantified on
right) and reduced staining for mature myelin marker TMEM10 in Itgh8ACNS and Tgfbr2AMG mice compared with controls. See accompanying Fig. S4. Bars,
100 pm. Error bars indicate SE. *P < 0.05; **P < 0.005; ***P < 0.0005; ****P < 0.0001. Student’s t test. n = 4 animals for all groups. Behavioral analysis:
ANOVA with Tukey’s post hoc test; n = 6 animals for all groups. a.u., arbitrary units.
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expression of microglia markers that were dysregulated in adult
Tgfbr2AMG mice, assuming that major changes would be evident
in the cells from which we deleted Tgfbr2. Indeed, microglia in
both Itgb8ACNS and Tgfbr2AMG mice were significantly affected
early in postnatal development, with down-regulation of P2RY12
and TMEMI119 by P7 and up-regulation of APOE and KI67 by P15
(Figs. 2 B and Fig. S4). Subsequently, we observed signs of as-
trocyte activation (increased expression of glial fibrillary acidic
protein [GFAP] in SOX9 [SRY-box 9]* astrocytes) and reduced
myelin basic protein (MBP) staining (a marker of myelinating
oligodendrocytes), overlapping areas with abnormal (fusiform)
microglia (Fig. 2, C and D; and Fig. S4). These data suggest that
reduced aVP8 or TGFP signaling to microglia leads to abnor-
malities in these cells, followed by downstream activation of
astrocytes and impairments in MBP expression.

In humans and animal models, developmental brain injury/
inflammation is accompanied by astrocyte and microglial acti-
vation, and hypomyelination that is a consequence of oligo-
dendrocyte maturational arrest—an increase in the number of
oligodendrocyte progenitors (OPCs) that fail to terminally dif-
ferentiate into mature myelinating oligodendrocytes (Fancy
et al., 2011; Favrais et al., 2011; Buser et al., 2012; Scafidi et al.,
2014). Itgh8ACNS and Tgfbr2AMG mutants displayed more than a
twofold increase in the percentage of OLIG2 (oligodendrocyte
lineage transcription factor 2)* NG2 (neuron-glial antigen 2)*
OPCs in subcortical white matter (Fig. 2 E) and strong reductions
in markers of mature oligodendrocytes (OLIG2*CCl*cells) and
myelinating fibers (MBP, TMEMIO [transmembrane protein
10]), which appeared disorganized (Fig. 2 E). This delay in oli-
godendrocyte development was apparent by P15 and persisted
into adulthood (P60; Fig. 2 E and Fig. S4), coincident with as-
trocyte activation (Fig. 2 D and Fig. S4) and preceded by mi-
croglial changes (Fig. 2 B and Fig. S4).

Gray matter abnormalities, including loss of cortical GABA-
ergic interneurons, are observed in patients with white matter
injury, hypomyelination, and seizures (Robinson et al., 2006),
and a recent study in an animal model of white matter injury
(neonatal hypoxia) suggested that OPC maturational arrest may
be mediated in part by reduced GABAergic signaling secondary
to loss of interneurons (Zonouzi et al., 2015). Based on these
reports, we examined whether myeloid-specific deletion of
Tgfbr2 might affect cortical interneuron development. We found
that the densities of cortical SST (somatostatin)* and PV
(parvalbumin)* interneurons were significantly reduced in
adult (P60) Tgfbr2AMG mutants (Fig. 3). PV and SST expression
is activity and maturation dependent (Komitova et al., 2013).
Therefore, the observed reduction in PV and SST cells could
indicate loss of interneurons or a down-regulation of marker
expression. To distinguish between these possibilities, we used
an Lhx6 (LIM homeobox protein 6)-GFP reporter line that con-
stitutively marks most median ganglionic eminence-derived
GABAergic interneurons (Cobos et al., 2006). Comparing
Tgfbr2AMG mutants with controls, we found no appreciable
difference in the numbers or distribution of Lhx6-GFP* inter-
neurons in the cortex at embryonic day (E) 15.5, E18.5, P7, P15, or
P30 (Fig. 3 A), suggesting there are no major defects in the
production, tangential migration, or late gestational laminar
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positioning of these cells due to conditional deletion of Tgfbr2
in microglia. However, cortical Lhx6-GFP* interneurons in
Tgfbr2AMG mutants had reduced PV staining intensity at P15 and
P30, and there was a subsequent reduction in the number Lhx6-
GFP* cells by P60 (Fig. 3), possibly indicating a block in the
functional maturation of GABAergic interneurons before the
loss of these cells. Taken together, our results suggest that mi-
croglial abnormalities due to loss of TGFp signaling lead to early
postnatal astrocyte activation, oligodendrocyte maturational
arrest and delayed differentiation with subsequent loss of cor-
tical GABAergic interneurons. A similar cellular phenotype was
observed in Itgb8ACNS mice (Fig. S4). Notably, all observed
cellular changes occurred before or during the early progression
of the behavioral and motor symptoms, suggesting a causal
relationship.

Presence of TGFP signaling-deficient microglia (and not
absence of mature microglia) drives neuromotor phenotype
The developmental neurobehavioral phenotype in Itgh8ACNS
and Tgfbr2AMG mice is associated with both the absence of
mature homeostatic microglia and with the presence of abnor-
mal microglia, leading us to question which of these might cause
the observed neuropathological changes. We posited that post-
natal depletion of microglia in Itgb8ACNS mice could differen-
tiate these two possibilities: if lack of homeostatic microglia
during a critical window leads to the phenotype (loss of func-
tion), then depletion would have no effect on the phenotype,
whereas if the phenotype is due to the presence of abnormal
microglia (gain of function), then depletion of these cells would
be protective. To test this, whole litters of mice containing at
least one Itgh8ACNS mouse with brain hemorrhage (visualized
through the skin of newborn pups) were randomized to receive
either PLX5622 chow (a potent and selective CSFIR inhibitor
known to rapidly deplete microglia) or inactive control drug
(ICD) chow, upon weaning (P21; Fig. 4 A). As previously dem-
onstrated (Acharya et al., 2016), PLX5622 administration re-
duced microglia numbers, resulting in nearly complete
depletion by P45 (not shown) and beyond P60 (Fig. 4 B). Re-
markably, microglia depletion protected Itgb8ACNS mice from
developing the behavioral abnormalities seen in mice treated
with control chow (Fig. 4 A). Mice treated with PLX5622 also had
apparently normal oligodendrocyte development (MBP staining;
OPC and mature oligodendrocyte numbers) and interneuron
numbers (PV and SST staining) compared with untreated con-
trol and Itgh8ACNS mice (Fig. 4, B-D). Control (Itghsflox/+;
NestinCre) mice treated with PLX5622 had comparatively normal
oligodendrocyte development and interneuron numbers and
performed similarly in behavioral tests to mice given control
diet, suggesting that PLX5622 has no independent effects on
these glial or neuronal populations, as has been previously
shown (Elmore et al., 2014) and consistent with the absence of
major neuromotor disturbance in Csfir/~ (Erblich et al., 201;
Nandi et al., 2012) and Pu.I"/~ (Beers et al., 2006) mice, which
lack all CNS myeloid cells. Interestingly, astrocytosis (indicated
by increased percentage of GFAP* Sox9* astrocytes) in
Itgh8ACNS mice was persistent despite microglial depletion
(Fig. 4, B-D). Late treatment of Itgh8ACNS mice with PLX5622
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MFI, mean fluorescence intensity.

after P60 had no observable effect on the neuromotor symp-
toms (not shown). Together, these data indicate that (1) the
presence of abnormal microglial (and not the absence of mature
microglia) in Itgb8ACNS mice is necessary and sufficient to
drive oligodendrocyte abnormalities, interneuron loss, and
associated neuromotor abnormalities; (2) brain hemorrhage in
these mice has no obvious independent effects on the devel-
opment of these abnormalities; and (3) there is a critical time
window during which depletion of abnormal microglia can
protect from or reverse the neuromotor phenotype.

Microglial dysmaturation in the absence of TGF signaling

Microglia follow a stepwise developmental program demarcated
by groups of genes differentially expressed at sequential ages
(Bennett et al., 2016; Matcovitch-Natan et al., 2016). For
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instance, microglial markers Tmemll9, Itgb5, and P2ryl2 are most
highly expressed in adolescent and adult mice, while Ki67 and
ApoE are markers of immature microglia. In Itgh8ACNS and
Tgfbr2AMG mice, these markers are apparently reversed (Fig. 1
and Fig. S4) and activation markers are increased in these cells
(Fig. S2). To better understand microglia alterations over time in
Tgfbr2AMG mice, we performed expression profiling by RNA-
sequencing microglia purified from the brains of Tgfbr2AMG
mice versus controls at three time points: E16, P15, and P60
(Fig. 5 and Table S2). Consistent with other reports (Matcovitch-
Natan et al., 2016), we observed large numbers of genes differ-
entially expressed across embryonic and postnatal time points,
delineating distinct developmental phases (Fig. 5). Comparing
Tgfb2AMG mice with littermate controls, we observed a trend
toward progressively more differentially expressed genes over
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Figure 4. Presence of abnormal microglia (and not absence of mature microglia) drives neuromotor phenotype in Itgb8ACNS mice. (A-D) Itgb8ACNS
pups and controls were identified at birth, randomized to receive either ICD or PLX5622, then evaluated for neuromotor symptoms (A) and associated
neuropathology (B-D) 90 d later (P90). Compared with Itgh8ACNS mice treated with control drug and littermate control mice treated with either ICD or
PLX5622, Itgh8ACNS mice treated with PLX5622 had normalization of oligodendrocyte abnormalities (B, MBP staining; C, Olig2/NG2/CC2 staining) and in-
terneuron deficiencies (C, PV/SST staining), but persistence of reactive astrocytes (C, Sox9/GFAP staining). Note overlapping staining of GFAP and MBP in B,
which shows normalization of MBP staining despite persistent GFAP staining in Itgh8ACNS mice treated with PLX5622. (D) Quantification of cellular phe-
notypes in Itgb8ACNS and control mice treated with either ICD or PLX5622. Bars, 100 um. Error bars indicate SE. *P < 0.05; **P < 0.005; ***P < 0.0005.
Behavioral analysis and cell counting: ANOVA with Tukey’s post hoc test; n = 4 animals. a.u., arbitrary units; PLX, PLX5622.
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Figure 5. Microglial dysmaturation in the absence of TGFp signaling. (A) Volcano plots of differentially expressed genes (RNA sequencing) in microglia
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Heat map representation of differential expression Z statistics for indicated datasets. Genes are divided into immature, mature, and reactive groups based on

similarity to published data (see Table SI).

time (Fig. 5 A). Interestingly, the most highly differentially ex-
pressed genes (>1.5-fold difference) common to all three time
points were generally down-regulated, while most up-regulated
genes were common to P15 and P60 (and generally not differ-
entially expressed at E16; Fig. 5 B). Most down-regulated genes
are markers of mature microglia, while up-regulated genes are
normally expressed in either immature or reactive microglia.
Based on this, we annotated our gene profiles according to three
gene lists generated from previously published transcriptomic
data including developmental profiles of microglia (mature and
immature genes; Bennett et al., 2016; Matcovitch-Natan et al.,
2016) and microglia from adult and neonatal mice exposed to
LPS (reactive genes; Bennett et al., 2016; Hirbec et al., 2018;
Table S1). Organized this way, our analysis confirms an apparent
failure of microglia in Tgfbr2AMG mutants to express markers of
maturation, as was found in Tgfbl/~ mice (Butovsky et al., 2014).
Unique to our dataset, we also discovered many genes normally
expressed only in immature or reactive microglia that were
highly up-regulated in microglia from Tgfbr2AMG mice at P15
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and P60. Taken together, these data indicate that TGFp signaling
is required for the stepwise development of microglia and that
microglia deficient in TGFp signaling are highly activated and
overexpress markers of immature microglia. We have termed
these microglia “dysmature.”

To directly evaluate microglial dependence on TGFp signaling
during development, we generated mice capable of tamoxifen-
inducible Tgfbr2 gene deletion directed under the endogenous
Cx3crl promotor (Yona et al., 2013) and with a fluorescent
tdTomato Cre recombinase reporter (Tgfbr2AiMG mice) to follow
recombination events (Fig. 6 A). We administered tamoxifen to
target gene deletion during early microglial maturation (P1) or
after microglia are fully mature (P30), then examined Cre re-
porter (tdTomato) expression and the microglial phenotype 7,
30, and 120 d later (Fig. 6, B and C). Flow cytometry analysis at
these time points revealed nearly complete recombination of
CD45* F4/80* microglia in both mutants (Tgfbr2/f,Cx3criCrefR™/+;
R26LSLtdTom) and controls (Tgfbr2//*;Cx3cr1CreERT2/+;R26LSLtdTom)
7, 30, and 120 d after tamoxifen administration. We did observe a
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Figure 6. Microglial dysmaturation due to loss of TGFB signaling is critically time dependent. (A) Diagram of Tgfbr2 gene inactivation and mutant
analysis. Tamoxifen was injected at P1for early induction in B or at P30 for adult induction in C. Mice were sacrificed and analyzed at indicated time points after
tamoxifen injection. (B and C) Staining of cortical brain sections from Tgfbr2iAMG and Cre* control littermates 120 d after tamoxifen administration following
early (B) or adult (C) induction. Left panels: tdTomato recombination reporter (tdTom, red) marks all microglia and immature (APOE, green) and mature
(P2RY12, blue) microglia markers to identify type A (dysmature) or type B microglia, respectively. Right panels (insets from Fig. S5): pSMAD3 (green) coim-
munostaining reveals reduction in pSMAD3 staining intensity in type A (dysmature) microglia compared with type B microglia and controls. Percent (%)
recombination (upper right graphs in B and C) based on % F4/80*, CD45*, CD11b* cells that are also tdTomato positive (cells isolated and analyzed by flow
cytometry as in Fig. S3). Mean pSMAD3 per nucleus (lower right graphs in B and C) based on fluorescent intensity of individual recombined (tdTom*) microglia
coexpressing P2RY12 (blue, control and type B cells), or lacking P2RY12 expression (type A cells). Bars, 100 um or 25 pum (pSMAD?3, right panels). Error bars
indicate SE. *P < 0.05; ***P < 0.005; ****P < 0.0005. ANOVA with Tukey’s post hoc test (B); Student’s t test (C); n = 4 animals for each group.
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small percentage (~4%) of nonrecombined microglia in Tgfbr2AiMG
mutants induced on P1, 120 d after tamoxifen administration,
whereas ~100% of microglia were recombined in littermate con-
trols using an identical induction strategy, and ~100% of microglia
were recombined at all time points assessed in controls and mu-
tants induced on P30. Cx3criCreERT? recombines resident myeloid
cells, as well as circulating progenitors; however, recombined cir-
culating monocytes are only present for ~7 d, after which they die
and are replaced by nonrecombined bone marrow-derived cells
(Yona et al,, 2013). This suggests that circulating monocytes are a
potential source of these nonrecombined microglia in Tgfbr2AiMG
mutants induced on P1. The low percentage of these cells observed
in Tgfbr2AiMG mutants is consistent with the relatively low num-
ber of circulation-derived Ly6C*/CCR2* cells observed in
Itgh8ACNS and Tgfbr2AMG (constitutive Cx3crICre) mice (Fig. S2)
and the low CNS chimerism observed when Tgfbr2AMG mice
are transplanted with GFP-labeled WT bone marrow (Fig. S3).

We next immunostained brain sections from mice 120 d after
tamoxifen administration (given on P1 or P30) to examine the
phenotype in microglia with and without TGFBR2-mediated
signaling during or after the perinatal developmental window
(Fig. 6, B and C). This analysis revealed two general microglial
phenotypes in Tgfbr2AiMG mutants (Fig. 6 B): “type A” microglia
that were tdTomato* P2RY12°¢8 APOE* and had fusiform/acti-
vated microglial morphology identical to dysmature microglia
from Tgfbr2AMG mice with constitutive Cx3criCre activity and
“type B” microglia that were tdTomato* P2RY12* APOE"®¢ and
had a quiescent morphology. Brains from Tgfbr2AiMG mutants
induced on P1 and analyzed on P120 contained both microglial
phenotypes (A and B) with distinct patches of each type dis-
tributed randomly throughout the brain (Fig. 6 B and Fig. S5). (It
is interesting to note that there was little intermixing of mi-
croglia subtypes. See Discussion for further explanation.) In
contrast, deletion of Tgfbr2 from microglia in adult mice (in-
duced on P30, analyzed on P150) resulted in no obvious changes
to microglia compared with controls; all observed microglia in
mutants were type B (Fig. 2 C and Fig. S5). We reasoned that
type B microglia could represent cells that were recombined at
the R26LSLtdT locus, but not at the Tgfbr2 locus, and/or cells that
incurred deletion of Tgfbr2 after they had achieved maturation.
To distinguish these possibilities, we assessed pSMAD3 activity
on a single-cell basis within each microglia type (Fig. 6 B and Fig.
S5). This analysis revealed a significant reduction in pSMAD3 in
most recombined cells, compared with control cells, suggesting
that most type B microglia incurred Tgfbr2 gene deletion and had
down-regulation of TGFB-mediated signaling after they had al-
ready matured. Consistent with this, Tgfbr2 (exon 2) mRNA was
significantly reduced in both induction strategies based on
quantitative PCR. Of note, neither model in which Tgfbr2 was
deleted from microglia postnatally showed signs of neurological
deficits (gate abnormalities, spasticity, or seizure-like activity),
suggesting that either insufficient “dysmature” microglia were
present to cause these phenotypes or that a distinct phenotype
results in mice with reduced TGFP signaling in microglia during
embryonic time points. Future experiments should differentiate
these possibilities. Taken together, these data demonstrate that
TGF signaling is required for microglial maturation but that an
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induced reduction in TGFp signaling in microglia after they have
matured has little effect on their homeostatic phenotype or on
neuromotor functioning. It was recently suggested that TGFp is
constitutively required for microglial survival (Bohlen et al.,
2017). The persistence of recombined microglia with an imma-
ture phenotype and the low level of replacement by non-
recombined circulating myeloid cells suggest that this is not a
major feature of TGF signaling to microglia in vivo.

Discussion

In this paper, we demonstrate critical roles for integrin aVB8
and TGFp signaling to direct the maturation of microglia. In both
Itgb8ACNS and Tgfbr2AMG mice, microglia are developmentally
arrested and hyper-activated. We show that the presence of
these dysmature microglia (and not just the absence of mature
microglia) leads to the loss of GABAergic interneurons and ab-
normalities in oligodendrocyte development, pathology under-
lying disordered movement, and spasticity. This phenotype is
apparently due to loss of TGFP signaling in microglia because
microglia-specific deletion of Tgfbr2 (required for TGFB signal-
ing) completely recapitulates the Itgh8ACNS phenotype. This is a
distinctly developmental disorder because deletion of Tgfbr2
from immature microglia causes the phenotype, whereas dele-
tion of Tgfbr2 after they have matured does not, and because
early depletion of microglia in Itgb8ACNS mice is protective,
whereas late depletion is not.

Together with our previous work, the experiments reported
here reveal two essential roles for integrin avf8 and TGFp sig-
naling in CNS development: regulated brain vascular sprouting
and stabilization (Arnold et al., 2014) and the coordination of
microglial maturation with early brain development (this re-
port). Because these processes are spatially and temporally
overlapping, the major effects of Itgb8 or Tgfbl deletion are
tightly intertwined: both Itgb8ACNS and Tgfbl~/~ mice have de-
velopmental brain hemorrhage and postnatal microglial matu-
rational arrest and activation. Using mice with endothelial
cell-specific (Arnold et al., 2014) or microglial lineage-specific
conditional deletion of Tgfbr2, we have disentangled these phe-
notypes and demonstrate that the CNS microenvironment ap-
pears to use a common molecular mechanism (aVBS-TGFB
signaling) to drive the specification and maturation of both
blood vessels and microglia, but that the functional con-
sequences of loss of either outcome are distinct from one an-
other. The close similarities between Itgb8ACNS, Tgfbl~/~, and
Tgfbr2AMG mice, evidence of reduced pSMAD3 signaling in
microglia in Itgh8ACNS mice, and the observation that microglia
depletion abrogates the observed phenotype in these mice sup-
port a model by which aVB8 activates TGFP and signals directly
to microglia. This model is consistent with aVB8’s principal bi-
ological function—latent TGFp binding and activation. That said,
we did not directly prove this model here (e.g., rescue microglia
and neuromotor abnormalities in Itgb8ACNS by re-expression of
activated TGFB) and cannot fully rule out the possibility that
these phenotypes are merely coincidental.

TGF is a pleotropic cytokine important for development and
functioning of many cell types in different organs. In the brain,
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TGFp has been shown to have direct effects on neuronal and glial
populations (Brionne et al., 2003; Yi et al., 2010; He et al., 2014;
Palazuelos et al., 2014). We therefore originally assumed that the
CNS abnormalities and behavioral phenotype observed in Itgh8
and Tgfbl mutant mice (Brionne et al., 2003; Butovsky et al.,
2014) were a consequence of either reduced TGFp signaling to
individual neuro/glial populations or secondary to in utero brain
hemorrhage. In our studies, we found that TGFB signaling
(pPSMAD3) was active in both glia and neurons in control ani-
mals but, surprisingly, was reduced only in microglia in
Itgb8ACNS mice. Consistent with this finding, the entire neu-
romotor phenotype observed in Itgb8ACNS mice, absent vascular
dysplasia and hemorrhage, is recapitulated in mice with condi-
tional deletion of Tgfbr2 only in microglia, whereas conditional
deletion of Tgfbr2 in neuro-glia lineage cells (Tgfbr2/f;NestinCre
mice) causes no apparent neuromotor abnormalities (Nguyen
et al., 2011). These data suggest that presentation of activated
TGFP by aVP8 is specific to microglia, as opposed to more re-
gional presentation to a “field” of nearby cells. The downstream
temporal accumulation of cellular abnormalities in these mu-
tants suggests oligodendrocyte and interneuron abnormalities
are caused by dysmature microglia and/or reactive astrocytes.
Microglial depletion in Itgb8ACNS reversed or prevented these
cellular abnormalities despite continued increased expression of
the astrocyte activation marker (GFAP), suggesting that reactive
astrocytes might not directly contribute to the phenotype.
However, GFAP is only one marker of reactive astrocytes and its
expression is not necessarily correlated to astrocyte function
(Liddelow et al., 2017). Consistent with our work, others have
shown that microglial activation can directly or indirectly in-
fluence early GABAergic interneuron lamination, and abnormal
myelination has been attributed to reactive microglia (Miron
et al, 2013; Beckmann et al, 2018), reactive astrocytes
(Hammond et al., 2015), and reduced GABAergic input from
interneurons (Zonouzi et al., 2015). It was also recently shown
that reactive astrocytes (induced by activated microglia) can
directly kill neurons and mature oligodendrocytes (Liddelow
et al., 2017). Taken together, our data illustrate the concept
that early brain development requires the coordinated matura-
tion of microglia, neurons and macroglia and reveal that aV[38
and TGFP signaling to microglia is central to this process.
Butovsky et al. (2014) reported that mice lacking expression
of Tgfbl in the CNS also have marked changes in CNS myeloid
cells. In contrast to our findings, their mice had a more heter-
ogeneous CNS myeloid compartment with reduced numbers of
IBA1*, F4/80*, and CD39* cells and increased numbers of
CD39°LY6C* cells. They proposed that loss of Tgfbl expression in
the brain impaired survival of microglia and that these cells
were progressively replaced by infiltrating monocytes. This
model was supported by Bohlen et al. (2017), who showed that
microglia in culture depend on TGFB for survival. Using BMT
and lineage tracing methods, we confirmed the presence of a
minor population of circulation-derived microglia in our mod-
els. However, as these are a minor population of cells, our data
suggest that TGFp is not a critical in vivo survival cue for mi-
croglia in adult mice. Rather, we observed that cell-autonomous
reductions in TGFP signaling in microglia early in development
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produce populations of dysmaturemicroglia, which persist well
into adulthood. Interestingly, early postnatal deletion of Tgfbr2
resulted in mosaics of dysmature (type A) and mature (type B)
microglia (type A), with little spatial intermixing of subtypes.
What drives the dimensions (shape, size, and location) of these
populations is not immediately obvious (their boundaries do not
conform to neuroanatomical regions or other physical con-
straints) but could be due to clonal expansion (individual clones
generated at the time of Tgfbr2 gene deletion give rise to
“patches” of either type A or type B microglia) or regional pro-
graming (local environmental cues established within the CNS
parenchyma program microglia to conform to a particular sub-
type). We are currently exploring these alternative hypotheses.

Lund et al. (2018) recently described a demyelinating disor-
der in adult mice in which the spinal cord microglial compart-
ment was replaced with peripherally derived monocyte-lineage
cells with conditional deletion of Tgfbr2. Their report raises the
possibility that the neurological phenotypes observed in
Itgb8ACNS and Tgfbr2AMG mice are due to direct effects from
CNS-infiltrating myeloid cells or indirect effects (e.g., secreted
cytokines) from myeloid cells in the peripheral immune system,
as opposed to developmental arrest of resident microglia. In
support of our model, we found limited evidence for significant
extraneural myeloid/monocyte CNS infiltration in these mice.
The transcriptional profile of mutant myeloid cells in the paper
by Lund et al. (2018) is distinct from that of our cells, and the
associated neurological symptoms are quite different (they re-
port stereotyped lower motor neuron symptoms, such as flaccid
paralysis, whereas our models have upper motor neuron dys-
function [spasticity] and seizure-like activity). We also note that
Itgb8ACNS mice delete Itgh8 only in the CNS compartment and
therefore should not directly affect the peripheral immune
system (including both circulating monocytes and CNS bound-
ary macrophages). Consistent with this, deletion of Tgfbr2 from
the peripheral myeloid compartment using LysMCre does not
cause similar microglia changes or obvious downstream neu-
robehavioral abnormalities (Lund et al., 2018). Taken together,
these findings, in our view, best support a model in which
resident microglia lacking TGFP signaling early in development
lead to the observed microglia phenotype and downstream
neurological consequences. Our results therefore highlight
essential developmental aspects of TGFf signaling in brain
microglia.

TGFp drives microglial ontogeny through the selection of
brain-specific Smad3-Pu.l enhancer elements (Gosselin et al.,
2014), and PU.1 binds gene regions that regulate the expres-
sion of several aVB8-TGFB-dependent microglia-specific genes
including P2ry12, Slc2a5 (maturation markers), Igfl, Cybb (early
development markers), CD68, and Vcaml (reactive markers;
Satoh et al., 2014). Consistent with this, we found reduced
phosphorylation of SMAD3 in microglia from Itgh8ACNS and
Tgfbr2AiMG mice and associated dysregulation of these genes.
The transcriptomes of microglia from mice with myeloid-
specific conditional deletion of Mafb (Mafb"/f;CsfirCre;
Matcovitch-Natan et al., 2016) or Salll (Sallif;SaliCrefRT2;
Buttgereit et al., 2016; two important transcription factor genes
down-regulated in microglia from Itgb8 and Tgfbr2 mutant mice)
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were remarkably similar to that from Tgfbr2AMG mice, sug-
gesting common gene regulator networks. However, neither of
these mouse mutants were reported to have neurological se-
quelae similar to those observed in Itgb8, Tgfbl, or Tgfbr2 mutant
mice. It will be important to determine if the lack of neurological
symptoms in these mice is due to late/adult deletion (as in Salll
mutants) or due to compensation from other transcription fac-
tors (e.g., cMAF is known to compensate for MAFB; SALL3 can
compensate for SALLI).

Clinical implications of aVB8 and TGF signaling and
microglial maturation

As in mice, aVB8 is widely expressed in the developing and
mature CNS in humans (Zhang et al., 2016). The striking simi-
larities between the phenotype and neuropathology we describe
in Itgb8ACNS and Tgfbr2AMG mice and those seen in humans
with developmental brain injury resulting in disordered move-
ment, developmental disabilities, and seizures (disorders collo-
quially characterized as cerebral palsy) suggest that dysmature
and persistently activated myeloid cells might drive the pro-
gression of motor symptoms after birth in these disorders.
Therefore, it is possible that neuropathology and motor abnor-
malities in some developmental brain disorders might not sim-
ply be inevitable consequences of a pre- or perinatal insult, as
has been widely assumed, but could be treatable by therapies
that reverse or ameliorate the consequences of microglial acti-
vation or dysmaturation in the CNS. The protective effects of
postnatal pharmacologic microglial depletion strongly support
this concept. In future studies, it will be critical to determine
what products or activities of dysmature microglia are respon-
sible for the phenotypes we observed. Interestingly, many of the
genes up-regulated in dysmature microglia from Tgfbr2AMG
mice (e.g., Sppl, Igfl, GPR65, Gpx3, Msrl, and CD44) are differen-
tially expressed in “myelinogenic” microglia during brain de-
velopment and in demyelinating disease (experimental
autoimmune encephalomyelitis; Krasemann et al., 2017;
Wilodarczyk et al., 2017). The hyaluronan receptor CD44 seems a
particularly relevant target: CD44 is up-regulated in gliotic le-
sions from humans with white matter injury and hypomyeli-
nation (Buser et al., 2012), and transgenic overexpression of
CD44 leads to oligodendrocyte maturational arrest in mice (Back
et al., 2005).

During the preparation of this manuscript, Kotlarz et al.
(2018) described the phenotypes resulting from three in-
dividuals with biallelic loss-of-function mutations in the TGFBI
gene leading to reduced TGFBI1 bioavailability and reduced
downstream SMAD2/3 signaling in immune system cells. The
neurological phenotype in these patients is highly similar to that
observed in Itgh8 and Tgfbr2 mutant mice reported here: early-
onset global developmental delay or regression with spasticity,
hyper-reflexia, abnormal tone, epilepsy, and magnetic reso-
nance imaging showing cortical atrophy, periventricular leu-
komalacia, and delayed or reduced myelination. Interestingly,
increased levels of IL-1b (a reactive microglia marker highly up-
regulated in dysmature microglia from TgfbrAMG mice) were
present in the cerebrospinal fluid from patient 1 in their report.
It is tempting to speculate that the white matter disease and
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development of neurological symptoms observed in these pa-
tients is due to the presence of TGFp signaling-deficient dys-
mature microglia.

Microglial abnormalities similar to those found in Tgfbr2AMG
mice have been reported in a number of other neuro-
developmental disorders (Derecki et al., 2012; Rademakers et al.,
2012; Gupta et al., 2014) and recently in neurodegenerative
conditions including Alzheimer’s disease (Griciuc et al., 2013;
Hong et al., 2016; Wang et al., 2016), amyotrophic lateral scle-
rosis (Butovsky et al., 2012; Krasemann et al., 2017), fronto-
temporal dementia (Lui et al., 2016), and neurodegenerative
Langerhans cell histiocytosis (Mass et al., 2017). Our work
should therefore stimulate investigation of possible roles for
perturbed TGFP signaling within microglia in a variety of cur-
rently untreatable or poorly treatable diseases of the CNS.

Materials and methods

Experimental model and subject details

Mice

All mice were maintained in mixed (C57/Bl6; FVB) background.
There were no observable differences found between male or
female mice in any of our outcomes studied. All mouse strains
have been previously reported other than Cx3criCre. Animal
husbandry and procedures were performed according to Uni-
versity of California, San Francisco (UCSF), guidelines under
Institutional Animal Care and Use Committee (IACUC)-
approved protocols.

Itgb8ACNS (Itgb8flox/flox;nestinCre). These mice have condi-
tional deletion of Itgh8 (targeting exon 4; Proctor et al., 2005)
from all neuroepithelial lineage cells using nestinCre (Tronche
et al., 1999). Littermate Itgb8fl°/*;nestinCre mice were used for
controls. These mice have been previously described (Proctor
et al., 2005). Note that Itgh8 is highly expressed in neurons
and macroglia (astrocytes and oligodendrocytes) but not mi-
croglia or endothelial cells in the CNS (Zhang et al., 2016). Im-
portantly, the nestinCre line we used in this and previous
studies recombines nearly 100% of neural and macroglia (as-
troglial and oligodendroglial) progenitors embryonically/peri-
natally and does not recombine vascular cells (endothelium,
vascular smooth muscle cells, and pericytes) or microglia.

Tgfbr2AMG  (Tgfbr2flex/flox,Cx3crlCre). These mice have
conditional deletion of Tgfbr2 (targeting exon 2; Chytil et al., 2002)
from microglial cells using Cx3criCre (036395-UCD; Mutant Mouse
Resource and Research Centers). Cx3criCre mice were created in
the GENSAT project in collaboration with the Intramural Program
of the National Institute of Mental Health. The transgenic mice
express Cre recombinase under the RP24-285B17 mouse genomic
bacterial artificial chromosome (BAC) at the ATG transcription
initiation codon of Cx3crl gene so that expression is driven by the
regulatory sequences of the mouse gene. Littermate Tgfbr2flox/+;
Cx3criCre mice were used for controls.

NG2-DSR. The NG2-DSR reporter mouse was purchased
from The Jackson Laboratory (Tg(Cspf4-DsRed.T1)1Akik/]).
These transgenic mice express an optimized RFP variant (DsRed.
T1) under the control of the mouse NG2 (Cspg4) promoter/
enhancer, labeling NG2 OPCs in the CNS.
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Lhx6-BAC-GFP (GENSAT). The Lhx6-GFP reporter mouse was
a generous gift from the laboratory of John Rubenstein (UCSF,
San Francisco, CA), created in the GENSAT project. The trans-
genic mice express enhanced GFP (EGFP) under the RP23-2D16
mouse genomic BAC at the ATG transcription initiation codon of
the Lhx6 gene so that expression of the reporter gene is driven
by the regulatory sequences of the mouse gene.

Ai14(RCL-tdT)-D. The Ail4 Cre reporter mouse was purchased
from The Jackson Laboratory (B6.Cg-Gt(ROSA)26Sortm14(CAG-
tdTomato)Hze/J). These mice harbor a targeted mutation of the
Gt(ROSA)26Sor locus with a loxP-flanked STOP cassette pre-
venting transcription of a CAG promoter-driven RFP variant
(tdTomato). TdTomato is expressed following Cre-mediated re-
combination (Madisen et al., 2010).

CCR2-RFP. CCR2-RFP reporter mice were purchased from
The Jackson Laboratory (B6.129(Cg)-Ccr2t™2f¢/]), These mice
have a monomeric RFP sequence replacing the coding sequence
of the chemokine (C-C motif) receptor 2 (Ccr2) gene and is useful
to track CCR2* monocyte recruitment to sites of inflammation.

UBC-GFP. UBC-GFP reporter mice were purchased from The
Jackson Laboratory (C57BL/6-Tg(UBC-GFP)30Scha/]). These
transgenic mice express EGFP under the direction of the ubig-
uitin C promoter in all tissues/cells and are useful to track, in
irradiated hosts, cells derived from transplanted bone marrow.

Tgfbr2iAMG (Tgfbr2o%;Cx3cr1CrefRT2/+;R26LSLtdTom). These
mice have tamoxifen-inducible conditional deletion of Tgfbr2
(targeting exon 2; Chytil et al., 2002) from microglial cells using
Cx3crlCrefRT2, which was purchased from The Jackson Labora-
tory (B6.129P2(C)-Cx3cr1tm2(cre/ERT2)jung /1) These mice express a
Cre-ER fusion protein from endogenous Cx3crl promoter/
enhancer elements. The Ail4 Cre reporter mouse line
(R26LSLtdTom allele) was crossed into these mice to monitor gene
recombination and facilitate lineage tracing.

Inducible genetic experiments. For myeloid-specific loss-of-
function and lineage tracing experiments, Tgfbr2Vf;,Cx3crICreFRT/+;
R26LSLtdTom and littermate Tgfbr2/*;Cx3crICreERT/+,R26LSLtdTom
controls were used. For P1, Tgfbr2 gene inactivation pups were
injected transcutaneously into the gastrum (visualized by “milk
bubble”) with 50 pl of tamoxifen solution (Sigma; T5648-1G, 1 mg/
ml, generated by diluting a 10-mg/ml tamoxifen stock solution in
1:4 ethanol:corn oil with corn oil) once daily on P1, P2, and P3 using
a hypodermic 27-G needle. For P30 induction, 50 pl of 20 mg/ml
tamoxifen solution was administered by gavage for three doses
every other day. Inducible genetic experiments were performed
under UCSF IACUC-approved guidelines.

PLX5622 treatment
PLX5622 and ICDs were provided by Plexxikon and adminis-
tered via food ad libitum (1,200 mg/kg).

BMT

Eight 12-wk-old UBC-GFP mice were used as bone marrow
donors. 4-wk-old Itgh8DCNS mice (Itgb8flox/flox;NestinCre and
Itgb8flox/+;NestinCre littermate controls) and Tgfbr2AMG mice
(Tgfbr2flox/flox,Cx3criCre and Tgfbr2flox/+;Cx3criCre littermate con-
trols) were used as recipients for cell transplantation. Recipient
mice were irradiated with 900 rads, split dose, 3 h apart using a
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cesium source. Purified donor cells (4 x 106) from bone marrow
were injected intravenously with 200,000 spleen helper cells,
and hematopoietic reconstitution was monitored in the pe-
ripheral blood based on GFP expression. Recipients with =1%
donor chimerism were considered reconstituted. Transplanted
mice were kept on antibiotic-containing food for 2 wk. All mice
were maintained at UCSF in accordance with IACUC-approved
protocols.

Immunofluorescence and confocal microscopy

Postnatal mice were perfusion fixed in 4% paraformaldehyde
(PFA) in PBS, then post-fixed in 4% PFA at 4°C overnight and
stored at 4°C in PBS. Embryos at indicated time points were
rinsed in PBS, fixed in 4% PFA at 4°C overnight, and stored at 4°C
in PBS. For thin sectioning, fixed brains/embryos were trans-
ferred to 30% sucrose in PBS overnight, embedded in optimal
cutting temperature compound (Sakura Finetek; 4583), and then
cryosectioned at 25 pm onto slides or 60 um for free-floating
sections. Cryosections were permeabilized and blocked with
0.3% Triton X-100, 1% BSA, and 5% donkey serum in PBS. Sec-
tions were incubated with primary antibodies overnight at 4°C,
then with fluorophore-conjugated secondary antibodies (Ab-
cam) and mounted with Prolong Gold (Invitrogen). Microscopic
images were captured on a Zeiss LSM5 Pascal microscope and
compiled using Image]. We used the primary and secondary
antibodies listed in Table S3. Unless noted in the text, images
and quantification are from layers 1-3 in the motor or somato-
sensory cortex.

Cell counting

Four to five animals per genotype were used to examine the
cellular marker expression for each time point. Sectionsused for
all cell-counting experiments were coronal and 25-um thick,
taken between approximately the bregma area +0.5 to -0.1. 10x
images (for interneuron counting) or 20x images (for all other
cells) were taken from the area between and including the so-
matosensory cortex (SIHL) and the cingulate cortex (Cgl; sub-
cortical white matter), including both motor areas M1 and M2.
Four to five nonadjacent sections were counted per animal.
Quantification of pSMAD3 immunofluorescent staining was
determined using stained cryosections from four mutants and
four controls at P60. Four randomly chosen confocal images
from each sample were taken using the same confocal settings.
Image] software was used to quantify the number of microglia
cell nuclei (DAPI-positive, F4/80-positive), and the intensity of
PSMAD3 staining in each microglia cell nuclei, per image.

Microglia/myeloid cell isolation and analysis

Mice were transcardially perfused with ice-cold PBS and brains
were dissected. Single-cell suspensions were prepared and
centrifuged over a 30%/70% discontinuous Percoll gradient (GE
Healthcare), mononuclear cells were isolated from the interface,
and total cell count determined. Isolated cells were labeled with
fluorophore-conjugated monoclonal antibodies and sorted in a
BD FACS Aria III. Flow cytometric analyses were performed on a
FACS Verse or FACS Aria III using the FACSDiva 8.0 software
(BD Biosciences) and data analyzed using the FlowJo v10.0.7
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(Tree Star). Appropriate antibody IgG isotype controls (BD Bi-
osciences) were used for all staining. Macrophages from the
spleen were sorted after nonenzymatic disaggregation and were
identified as LY6C* F4/80™M cells for comparison.

Real-time RT-PCR expression analysis

For in vivo transcriptional characterization of isolated microglia,
CD11b*F4/80*CD45* (tdTomato* in Cx3criCre mice with Ail4
reporter) DAPI-excluded cells were sorted into MCDB-131 com-
plete medium and RNA was immediately extracted using
RNeasy Plus Micro Kit (Qiagen; 74034). RNA (50-300 ng) was
reverse transcribed using Superscript III Reverse transcription
(Life Technologies; 18080044) according to the manufacturer’s
instructions and cDNA was quantified with Fast SYBR Green
Master Mix (Life Technologies; 4385612) in a CFX384 Touch
Real-Time PCR Detection System (Bio-Rad). Fluorescence was
interpreted relative to Gapdh housekeeping gene expression and
quantified using the ACt method to obtain relative expression or
the AACt method for fold-change values, as indicated. A full list
of oligonucleotide sequences is listed in Table S3.

RNA isolation and sequencing

Microglia were isolated from Tgfbr2AMG mice (Tgfbr2flox/flox;
Cx3criCre and Tgfbr2flox/+;Cx3criCre littermate controls) at E16,
P15, and P60. Total RNA was isolated and purified from sorted
cells using the RNeasy Plus Micro Kit (Qiagen; 74034) following
the manufacturer's instructions. RNA integrity was determined
using a Bioanalyzer. Samples were poly-A primed and amplified
with the Clontech SMART-Seq ultra low input kit. Single-end x
SR50 sequencing was performed using the Illumina HiSeq4000
system. RNA sequencing analysis was done using R-Studio, and
Clustvis was using to perform with a false discovery rate of 0.05.
Raw sequencing data are deposited in the Gene Expression
Omnibus (GEO) under accession no. GSE124868.

Measurements of locomotor activity

Hind limb stride length was measured by the method adapted by
Zhang et al. (2007). Hind paws of control, Itgb8ACNS, and
Tgfbr2AMG mice were wetted with ink. Animals were then
placed on a strip of 3MM filter paper (4.5 cm wide, 40 cm long).
Stride lengths were measured as the distance between two hind
paw prints. Mice were placed on a 6-cm diameter rod A Rotarod
device (Ugo Basile) accelerated from O to 40 rpm over 5 min.
Mice received three 5-min trials with a 2-h intertrial interval.
The amount of time spent on the rod before falling off was
measured.

Observational outcome measures
The following scoring system was adapted from Wang et al.
(2015).

“Gait”: A score for walking gait was given using a three-point
observational scoring system. “2” indicated normal gait; “1” in-
dicated broad-based hind limbs and waddling while walking; “0”
indicated severe abnormalities with inability to ambulate,
dragging limbs, severe tremor.

“Appearance”: A score for appearance of general condition
was given using a three-point observational scoring system to
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assess coat condition, appearance of eyes, and body stance. “2”
indicated clean shiny coat, clear eyes, and normal stance; “1”
indicated dull coat, ungroomed appearance, dull eyes, and
hunched stance; “0” indicated piloerection, crusted eyes, and
kyphosis.

“Tremor”: A score was given for tremor or spastic move-
ments using a three-point observational scoring system. “0”
indicated no tremor; “1” indicated mild intermittent tremor,
made worse when feet were lifted; “2” indicated constant tremor
and uncontrollable spastic movements.

Quantification and statistical analysis

For statistical analyses, data distribution was assumed to be
normal. Data are presented as mean * SE (SEM). P values
were defined using Student’s t test for paired comparisons and
ANOVA for group-wise comparisons, with Tukey’s post hoc test
analysis to compare individual groups. Statistics were generated
using GraphPad Prism 6 software. Four or more animals/sam-
ples were used for all experiments (n > 4). Controls for experi-
ments with control, Itgb8ACNS, and Tgfbr2AMG mice were not
significantly different in any parameter measured and were
therefore grouped together and used as a collective “control.”
Data collection and analysis were performed blind to the con-
ditions of the experiments. Also, data for each experiment were
collected and processed randomly, and animals were assigned to
various experimental groups randomly as well. All n and P
values and statistical tests are indicated in figure legends.

Online supplemental material

Fig. S1 shows pSMAD3 expression in the brains of control and
Itgb8ACNS mice. Fig. S2 shows expression of activation and
circulatory monocyte markers in Itgh8ACNS and Tgfbr2AMG
microglia. Fig. S3 assesses origin of microglia in Itgh8ACNS and
Tgfbr2AMG mice. Fig. S4 shows expression time course of glial
and interneuron markers in Itgh8ACNS and Tgfbr2AMG mice.
Fig. S5 assesses expression of pPSMAD3 and microglia markers in
Tgfbr2iAMG mice. Table S1 is a curated list of mature, immature,
and reactive microglia genes. Table S2 lists differentially ex-
pressed genes from Tqgfbr2AMG microglia. Table S3 lists the re-
agents used in our study. Videos Sl, S2, and S3 document
neurological deficits in Tgfbr2AMG mice.
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