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SUMMARY
In response to corpus callosum (CC) demyelination, subventricular zone-derived neural progenitors (SVZdNPs) are mobilized and

generate new myelinating oligodendrocytes (OLG). Here, we examine the putative immunomodulatory properties of endogenous

SVZdNPs during demyelination in the cuprizonemodel. SVZdNP density was higher in the lateral and rostral CC regions, and demyelin-

ation was inversely correlated with activated microglial density and pro-inflammatory cytokine levels. Single-cell RNA sequencing

showed that CC areas with high levels of SVZdNP mobilization were enriched in a microglial cell subpopulation with an immunomod-

ulatory signature. We propose MFGE8 (milk fat globule-epidermal growth factor-8) and b3 integrin as a ligand/receptor pair involved in

dialogue between SVZdNPs andmicroglia. Immature SVZdNPsmobilized to the demyelinated CCwere foundhighly enriched inMFGE8,

which promoted the phagocytosis of myelin debris in vitro. Overall, these results demonstrate that, in addition to their cell replacement

capacity, endogenous progenitors have immunomodulatory properties, highlighting a new role for endogenous SVZdNPs in myelin

regeneration.
INTRODUCTION

Myelin regeneration has been observed in the brains of pa-

tients with multiple sclerosis, but it is highly variable and

not always effective (Albert et al., 2007; Patrikios et al.,

2006). In rodents, spontaneous remyelination after experi-

mentally induced demyelination is highly efficient and can

involve both parenchymal oligodendrocyte progenitor

cells (pOPC) (Franklin et al., 1997; Gensert and Goldman

1997; Zawadzka et al., 2010) and adult neural stem/progen-

itor cells derived from the subventricular zone (SVZdNPs)

(Aguirre et al., 2007; Menn et al., 2006; Nait-Oumesmar

et al., 1999; Picard-Riera et al., 2002). In physiological con-

ditions, neural stem cells (NSC) in the adult SVZ divide

slowly and asymmetrically to give rise to actively prolifer-

ating progenitors (C cells), which give rise mostly to neuro-

blasts, but also, at a much lower frequency, to oligodendro-

cyte progenitor cells (OPC) (Doetsch et al., 1999; Menn

et al., 2006). The induction of demyelination in the peri-

ventricular whitematter leads to a quadrupling ofOPC pro-

duction in the SVZ (Menn et al., 2006). SVZdNPs have long

been considered to make a much smaller contribution to

spontaneous remyelination than pOPC, but two indepen-

dent studies revealed an unexpectedly high and regional-

ized mobilization of these cells during cuprizone-induced

demyelination in mice (Brousse et al., 2015; Xing et al.,

2014).

Several studies of NSC grafts in injured rodent brain have

reported a bystander effect of NSC independent of cell

replacement, via the production of neurotrophic factors

(Goldberg et al., 2015; Zuo et al., 2015), and immunomo-
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dulation. NSC can dialogue with infiltrating T cells from

the bloodstream and microglial cells (Cusimano et al.,

2012; Martino et al., 2011; Pluchino et al. 2005, 2009;

Zhang et al., 2016).

Microglia play key roles in demyelination/remyelination

events (Chu et al., 2018). Activatedmicroglia can cause cell

damage by producing cytokines and nitric oxide. However,

they are also involved in phagocytosis and the removal of

myelin debris, a prerequisite for successful remyelination

(Kotter et al., 2006; Lampron et al., 2015; Poliani et al.,

2015). Microglial cells are activated following demyelin-

ation, and can adopt different phenotypes, from M1 (pro-

inflammatory) to M2 (immunomodulatory), with many

possible intermediate states (Lloyd et al., 2019; Miron

et al., 2013; Peferoen et al., 2015; Vogel et al., 2013). Several

studies have suggested that NSCs can promote the polariza-

tion of microglial cells toward the M2 phenotype. Howev-

er, these properties were demonstrated either after the

transplantation of hundreds of thousands (or even mil-

lions) of NSCs (Gao et al., 2016; Marteyn et al., 2016), or

in co-culture experiments performed in vitro (Liu et al.,

2013; Wu et al., 2014).

In this study, we investigated whether and how endoge-

nous SVZdNPs spontaneously recruited to demyelinated le-

sions can also act through immunomodulation. An anal-

ysis of corpus callosum (CC) areas with high or low levels

of SVZdNP recruitment revealed that the presence of

SVZdNPs was associated with the degree of demyelination

and an inflammatory signature. Single-cell RNA

sequencing on microglial cells sorted from these different

CC areas revealed clusters of cells enriched in M1 or M2
uthors.
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Figure 1. Differential demyelination
within the corpus callosum following cu-
prizone treatment
(A and B) Illustration (A) and quantification
(B) of demyelination and remyelination in
plpGFP mice fed cuprizone (GFP fluo mean ±
SEM; n = 4 mice per time point).
(C) Representation of the areas analyzed in
the corpus callosum. Rostral (Bregma +0.5
to +1) and caudal (Bregma �0.3 to �0.8)
levels are illustrated, together with the
medial CC (between the ventricles) and
lateral CC (above the ventricles).
(D) Myelin labeling (plpGFP mice) in the
various CC areas after 5 weeks of cuprizone
treatment.
(E) Quantification of the GFP signal in plpGFP
mice, in the medial (M) relative to lateral (L)
CC (upper panel) and in the caudal (C) relative
to rostral (R) CC (lower panel), during cupri-
zone-induced demyelination and remyelina-
tion. A ratio of 1 means that myelin contents
are similar in the medial and lateral CC (upper
right panel) or in the rostral and caudal CC
(lower right panel). Red dashes indicate the
means; n = 3 to 4 mice per time point. Ratios
are expressed as mean ± SEM. For multiple
group comparisons (A) ANOVA by score per-
mutation was performed, followed by Kruskal-
Wallis tests; for comparisons between two
brain areas (paired samples, as in E), Wil-
coxon tests were performed. *p < 0.05; **p <
0.01. Scale bar: 100 mm.
genes, suggesting the existence of an immunomodulatory

phenotype in a population of microglial cells located in

areas in which SVZdNPs were abundant. Finally, we identi-

fied MFGE8 as a candidate factor secreted by SVZdNPs for

improving the phagocytotic properties of microglia.
RESULTS

Cuprizone-induced demyelination and SVZdNP

mobilization are regionalized within the corpus

callosum

Cuprizone is known to trigger diffuse demyelination

throughout the brain. As expected, 3 weeks after the initi-
ation of cuprizone treatment, CCmyelin content (assessed

by GFP signal in PLP-GFP mice) decreased, reaching a min-

imum after 5 weeks of treatment, and then gradually recov-

ering to normal levels after return to a normal diet (Figures

1A and 1B). We assessed the degree of demyelination along

the rostrocaudal and mediolateral axes of the CC (Figures

1C and 1D). Control mice not exposed to cuprizone had

a slightly higher myelin content medially (GFP ratio

medial/lateral = 1.13 ± 0.12) and rostrally (GFP ratio

caudal/rostral = 0.85 ± 0.04) (Figure 1E). During cuprizone

exposure, myelin loss was more pronounced in the medial

and caudal CC (Figures 1D and 1E). Indeed, atW3, the GFP

signal was weaker in the medial CC than in the lateral CC

in all mice, and the medial/lateral fluorescence ratio
Stem Cell Reports j Vol. 16 j 1792–1804 j July 13, 2021 1793



Figure 2. SVZdNP mobilization is regionalized within the CC
following cuprizone treatment
(A) Quantification of SVZdNP mobilization along the rostrocaudal
and mediolateral axes after 3 (W3) and 5 weeks (W5) of exposure to
cuprizone. The density of YFP+ cells within each mouse is compared
between the rostral (R) and caudal (C) CC (upper panels) and be-
tween the lateral (L) and medial (M) CC (lower panels). Red dashes
indicate the means, n = 4 mice per time point. Ratios are expressed
as mean ± SEM.
(B) Illustration of SVZdNP mobilization after 5 weeks of cuprizone
treatment in NestinCreERT2:YFP mice. The medial (left panel) and
lateral CC (right panel) are shown. Scale bar: 100 mm. For com-
parisons between two brain areas (paired samples), Wilcoxon’s tests
were used. *p < 0.05. See also Figure S1.
decreased to 0.82 ± 0.06 (p = 0.02). After 5 weeks of dietary

supplementation with cuprizone (W5), demyelination

became heterogeneous along the rostrocaudal axis, with

the caudal areas more strongly affected and a decrease in

caudal/rostral fluorescence ratio to 0.58 ± 0.05 (p = 0.03).

Thus, during cuprizone-induced demyelination, the rostral

and lateral CC lose less myelin than the caudal and medial

CC. After the cessation of cuprizone supplementation and
1794 Stem Cell Reports j Vol. 16 j 1792–1804 j July 13, 2021
remyelination, these regional differences in myelin con-

tent disappeared, with myelin levels returning to control

levels everywhere (Figure 1E).

Having previously shown that SVZdNPs preferentially

contribute to rostral CC remyelination (Brousse et al.,

2015), we traced SVZdNPs in NestinCreERT2:rosaYFP trans-

genic mice, examining their distribution along both the

rostrocaudal and mediolateral axes and calculating density

ratios for each animal during demyelination. In control

mice, SVZdNPs were almost entirely absent from the CC

(Brousse et al., 2015). As early as W3, SVZdNPs were prefer-

entially recruited to the rostral and lateral CC (Figure 2A,

p = 0.03). This differential recruitment was more pro-

nounced along the mediolateral axis, with far fewer

SVZdNPs present in the medial CC than in the lateral CC

(28.5 ± 7.0 vs. 84.6 ± 17.6 YFP + cells/mm2; medial/lateral

ratio = 0.31 ± 0.04; p = 0.03) (Figure 2A). This regionalized

distribution of SVZdNP was maintained, albeit to a lesser

extent, at W5 (234.5 ± 53.1 vs. 316.0 ± 73.9 YFP + cells/

mm2; medial/lateral ratio = 0.75 ± 0.03; p = 0.03) (Figures

2A and 2B).

The recruitment of SVZdNPs to the demyelinatedCC thus

followed a regionalized pattern, with these cells preferen-

tially recruited to the rostrolateral CC, just above the SVZ

niche. These areas correspond to those least affected by cu-

prizone-induced demyelination (Figures 1D and 1E), sug-

gesting that they may be either protected from demyelin-

ation or that remyelination may begin more rapidly in

these areas, even in the presence of cuprizone. At W3,

9.8% ± 1.2% of SVZdNPs already differentiated into mature

(CC1+) OLG (oligodendrocyte), and up to 30.2% ± 3.0% at

W5 (Figure 3A). Yet, the use of NestinCreERT2:mTmG mice

(membrane GFP allowing OLG shape and myelin segment

visualization) showed that these young OLGs do not yet

display the typical morphology of myelinating OLG (Fig-

ures S1A0–S1B00). By contrast, after cuprizone removal SVZ-

derived OLG exhibit MBP + myelin segments (Figures

S1C0–S1C00).
Thus, during cuprizone-induced demyelination,

SVZdNPs are recruited to the CC, where they rapidly adopt

an OLG identity. However, the efficient remyelination of

axons by these cells does not begin until cuprizone expo-

sure ceases. Early SVZdNP maturation into myelinating

OLG is not, therefore, sufficient to account for the differen-

tial myelin content of different parts of the CC at W3. We

therefore hypothesized that the rostral and lateral CCs

were protected against demyelination.

A significant proportion of SVZdNPs remain

undifferentiated in the demyelinated CC

SVZdNPs rapidly adopted an OLG fate following their

recruitment to the demyelinated CC, but a significant pro-

portion of YFP+ SVZdNPs nevertheless remained negative



Figure 3. A significant proportion of
SVZdNPs remain undifferentiated in the
demyelinating corpus callosum
(A) Phenotype of the SVZdNPs mobilized in
the CC during cuprizone-induced demyelin-
ation; n = 4 mice at each time point. Graph
shows means ± SEM.
(B) Relative densities of immature cells
(lineage-neg cells) in the medial and lateral
CC (M/L ratio) and in the caudal and rostral CC
(C/R ratio). Immature cells mobilized from
the SVZ are more numerous in to the lateral
than medial CC, as indicated by the mean
ratio <1; n = 4 mice. Ratios are expressed as
mean ± SEM.
(C and D) EGFR (C) and Nestin (D) im-
munolabeling in NestinCreERT2:YFP mice
exposed to cuprizone. Arrows indicate YFP+

EGFR+ cells (C) and YFP+ Nestin+ Olig2- cells
(D). The cells in the white squares are shown
at higher magnification.
(E) t-SNE and automated clustering after
single-cell RNA sequencing of SVZdNP sorted
from the CC of NestinCreERT2:YFP mice fed
cuprizone for 4 weeks (n = 5 mice; 1931 sor-
ted cells).
(F) Identification of the six clusters gener-
ated by automated clustering, with a list of
enriched genes for each cluster.
(G) Venn diagram illustrating the expression
of type C cell markers among lineage-nega-
tive cells. The numbers are the total numbers
of lineage-negative cells expressing Egfr,
Nestin, Ascl1, or any combination of these
three progenitor markers.
Scale bars: 20 mm, magnification: 5 mm. For
comparisons between two brain areas (paired
samples), Wilcoxon tests were performed.
*p < 0.05.
for OLG (CC1, Olig2), astrocytic (GFAP) or neuronal (DCX)

markers (40.1% ± 9.9% and 27.4% ± 3.7% at W3 and W5,

respectively, referred to hereafter as ‘‘lineage-neg cells’’)

(Figure 3A). During demyelination, the density of lineage-

neg cells was significantly higher in the lateral than in

the medial CC, with a ratio medial/lateral ratio of 0.2 ±

0.03 (p = 0.02) (Figure 3B). Some of these cells expressed

EGFR or Nestin, markers of C cells and neural progenitor

cells, respectively (Figures 3C and 3D). We characterized

the SVZdNPs mobilized in the demyelinated CC in more

detail, by single-cell RNA sequencing. The CC of Nestin-

CreERT2:YFP mice fed cuprizone for 4 weeks was dissected

and YFP+ cells (SVZdNP) were sorted by FACS. Following

t-distributed stochastic neighbor-embedding (t-SNE) pro-

jection and automated clustering, the 1931 SVZdNP were

ordered into six distinct clusters (Figure 3E). Enrichment
in the expression of typical markers made it possible to

identify each cluster (Figure 3F): (1) ependymal cells, (2)

neuroblasts, (3) proliferative neuroblasts, (4) OPC, (5) neu-

ral progenitors, and (6) astrocytes. We focused on lineage-

neg cells by excluding all cells expressing typical markers

of ependymal cells and of the three neural lineages, on

the basis of Plac9b (ependymal cells), Ldh1l1, S100B (astro-

cytes), DCX, Sp9 (neuroblasts), and Sox10 (OPC/OLG)

expression. We then determined the proportion of the re-

maining 750 cells (corresponding to 39% of the total cell

population) expressing typical markers of SVZ neural pro-

genitors (‘‘type C’’ cells): EGFR, Nestin, and/or Ascl1. The

lineage-neg SVZdNP recruited to the demyelinated CC

were found to have the phenotypic characteristics of

immature neural progenitor cells: 55% (410/750) of the

lineage-neg cells expressed at least one of the three markers
Stem Cell Reports j Vol. 16 j 1792–1804 j July 13, 2021 1795



Figure 4. The inflammatory signature varies along the lateromedial axis in the demyelinated corpus callosum
(A) Illustration of activated (CD68+) microglia in the CC of mice fed with cuprizone for 3 weeks. The white boxes in the medial (A0) and
lateral CC (A00) are shown at higher magnification.
(B) Quantification of CD68+ microglia density in the medial (M) relative to lateral (L) CC (left panels) and in the caudal (C) relative to rostral
(R) CC (right panels). Red dashes indicate the means, n = 7 mice at W3 and 5 mice at W5. Ratios are expressed as mean ± SEM.
(C) Inverse correlation between activated microglia and SVZdNP density in the CC of NestinCreERT2:YFP mice fed cuprizone for 3 weeks (n = 4
mice).

(legend continued on next page)
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(EGFR, Ascl1, or Nestin), and 9% of these cells (38/410) ex-

pressed all three simultaneously (Figure 3G). Thus, after cu-

prizone treatment, the CC contained a significant propor-

tion of SVZdNPs that retained the characteristics of

immature progenitors.

The density of activated microglial cells in the

demyelinated CC is inversely proportional to SVZdNP

mobilization

NSCs grafted into injured brain have been shown to have

immunomodulatory properties (Kokaia et al., 2012). We

therefore hypothesized that the SVZdNPs that remained

immature in the demyelinated CC might provide protec-

tion against demyelination by modulating the inflamma-

tory microenvironment. We first investigated the distribu-

tion of microglial cells. In control conditions, microglial

cells were homogeneously distributed along the CC (Fig-

ures S2A and S2B) and CD68 expression was almost unde-

tectable (Figure S2C). After 3 weeks of cuprizone exposure,

the numbers of total (CX3CR1+; Figures S2C and S2D) and

activated (CD68+)microglial cells were significantly higher

in the medial than in the lateral CC (563.6 ± 56.9 vs.

329.0 ± 26.7 CD68+ cells/mm2; medial/lateral ratio = 1.81

± 0.27, p = 0.012; Figures 4A and 4B). The increase inmicro-

glial density in the medial CC was associated with a 2.3-

fold increase in the level of proliferating CD68 cells relative

to the lateral CC (Figures S2D–S2G; p = 0.03). Similarly,

activated microglial cells were more numerous in the

caudal than the rostral CC (514.9 ± 54.3 vs. 433.4 ± 70.2

CD68+ cells/mm2; caudal/rostral ratio = 1.32 ± 0.14, p =

0.025) (Figure 4B). This regionalization was no longer sig-

nificant at W5 (caudal/rostral ratio: 1.37 ± 0.37 p = 0.23;

medial/lateral ratio: 1.97 ± 0.82 p = 0.36; Figure 4B). Inter-

estingly, areas enriched in SVZdNPs had smaller numbers

of activated microglial cells. Moreover, the animals with

the highest levels of SVZdNP mobilization in the CC had

the lowest density of activated microglia, highlighting a

strong inverse correlation (R2 = 0.978) (Figure 4C). Thus,

the areas of theCC resistant to demyelination during cupri-

zone are rich in SVZdNPs and contain few activated

microglia.
(D) RT-qPCR analysis of cytokine expression in the medial and latera
modulatory cytokines, respectively (n = 5 mice). Graph shows mean ±
(E) t-SNE representation after single-cell RNA sequencing of microglia
(2,304 cells, in blue) after 4 weeks of cuprizone treatment (n = 4 mi
(F) Unbiased automated clustering segregating microglial cells into n
(G) Distribution of microglia from the medial and lateral CC in each of
whereas clusters 3 and 4 are enriched in cells from the lateral CC.
(H) Comparison of gene expression profiles between cluster 2 and clust
upregulated in cluster 2 corresponding to M1 markers; in green, gene
markers. Scale bars: 50 mm. For comparisons between two brain areas (
0.05. See also Figures S2 and S3.
The inflammatory signature varies along the

lateromedial axis in the demyelinated CC

We investigated the ability of SVZdNPs to modulate micro-

glial cell activation, thereby exerting protective functions,

by first determining whether the different areas of the CC

were associated with a particular inflammatory signature.

We performed qPCR analyses on animals fed cuprizone

for 3 weeks. The findings confirmed CD68 enrichment

and showed that the level of expression of two pro-inflam-

matory cytokines, CCL3 and tumor necrosis factor-a, was

significantly higher in the medial than the lateral CC (p =

0.04 and 0.02, respectively; Figure 4D).

We found that the level of expression of the anti-inflam-

matory cytokine IL10 was significantly lower in the medial

CC (medial vs. lateral ratio: 0.63± 0.09, p = 0.02; Figure 4D).

By contrast, the medial CC was found to be enriched in in-

sulin growth factor 1 and transforming growth factor-b1,

two well-known immunomodulatory factors. Thus, during

demyelination, CC areas with low levels of SVZdNP mobi-

lization seem to have a more inflammatory profile than

areas with high levels of SVZdNP recruitment.

For comparison of the molecular signatures of microglia

in the medial and lateral CC during demyelination, micro-

glia from CX3CR1GFP mice fed cuprizone for 4 weeks

were sorted by FACS and subjected to single-cell RNA

sequencing. The medial and lateral microglial samples did

not segregate clearly on the t-SNE projection (Figure 4E).

However, the clustering ordered the microglial into nine

clusters (Figure 4F) with a differential distribution ofmicro-

glia from the medial and lateral CC for clusters 2, 3, and 4,

but not for the other clusters (Figure 4G). We characterized

these specific clusters (corresponding to 40.8% of all micro-

glial cells analyzed) further, by comparing the cluster en-

riched in medial microglia (Cluster 2) with the two clusters

enriched in lateral microglia (Clusters 3 and 4) and identi-

fying the genes displaying differential expression, with a

2-fold change cutoff. In total, 13 geneswere downregulated

and 40 genes were upregulated in cluster 2 relative to clus-

ters 3 and 4.

Almost all the enriched genes in cluster 2 (in which mi-

croglial cells from the medial CC predominate) encode
l CC. Black and gray columns represent inflammatory and immuno-
SEM.

l cells sorted from the medial (2,133 cells, in orange) and lateral CC
ce).
ine clusters, represented by different colors.
these nine clusters. Cluster 2 is enriched in cells from the medial CC,

ers 3 and 4, represented as a volcano plot. In red, genes significantly
s significantly upregulated in clusters 3 and 4 corresponding to M2
paired samples, as in B and D), Wilcoxon tests were performed. *p <
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pro-inflammatory cytokines (CCL3, CCL4, CCL5) or pro-

teins involved in antigen presentation (H2-aa, H2Ab1,

H2-Eb1, CD74) characteristic of the M1 phenotype (Fig-

ure 4H). Conversely, the enriched genes in clusters 3 and

4 (in which microglial cells from the lateral CC predomi-

nate) are immunomodulatory genes characterizing the

M2 phenotype (Gas6, Dab2, Lgals1, Anxa2) (Figure 4H).

Pathway analysis with EnrichR confirmed that the genes

displaying enrichment in cluster 2 were indeed linked to

the inflammatory response, and cytokine/chemokine ac-

tivity (Figure S3).

Thus, a large population of microglia in the medial CC

adopts a pro-inflammatory phenotype with deleterious ef-

fects on myelin integrity and repair, whereas a subpopula-

tion of microglia in the lateral CC displays an immuno-

modulatory phenotype associated with neuroprotection

and regeneration.

Identification of ligand-receptor pairs involved in the

dialogue between SVZdNP and microglia

We used our single-cell RNA sequencing data, focusing on

secreted extracellular molecules or membrane receptors re-

ported to have immunomodulatory properties in the Gene

Ontology database, to identify candidate ligand-receptor

pairs for involvement in SVZdNP/microglia dialogue.

According to the literature (De Feo et al., 2012; De Gioia

et al., 2020), immature neural progenitors (cluster 5 in Fig-

ures 3E and 3F) are the SVZdNP population most likely to

display immunomodulatory properties. The three genes

displaying themost significant enrichment in cluster 5 (Fig-

ure 3F)wereEgfr (2.7-fold; p=1.41310�16),Mfge8 (2.7-fold;

p = 5.87 3 10�13), and Ascl1 (2.1-fold; p = 2.80 3 10�1).

MFGE8 (milk fat globule-epidermal growth factor-8) and

its receptor, b3 integrin (ITGB3), are known to induce the

phagocytosis of apoptotic cells and to act as ‘‘endogenous

protective factors’’ for various brain lesions (Deroide et al.,

2013; Liu et al., 2015; Xiao et al., 2018). Mfge8 expression

was very strong in immature neural progenitors (Figure 5A),

and Itgb3 was expressed in most of the microglial cells pre-

sent in the demyelinated CC, regardless of localization

(medial vs. lateral CC) or t-SNE cluster (Figure 5B).

MFGE8 was detected by immunolabeling in cuprizone-

treated mice. MFGE8 is a secreted protein, so the resulting

staining was rather diffuse and punctiform, making it diffi-

cult to count MFGE8-expressing cells reliably. Neverthe-

less, MFGE8 was detected in GFP+ SVZdNP and in micro-

glial cells (Figure 5C). Single-cell analysis on microglial

cells showedMfge8 levels to be low, with no significant dif-

ference between the medial and lateral CC (log2 fold-

change = 0.1274; p-adj = 0.978). Mean fluorescence inten-

sity analyses on the medial and lateral CC showed stronger

MFGE8 expression in the lateral than the medial CC

(Figure 5D).
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Given the mode of action of MFGE8/Itgb3, we hypothe-

sized that the MFGE8 secreted by SVZdNP might promote

the endocytosis of myelin debris by microglial cells, which

is crucial for the resolution of inflammation. Indeed, the

proportion of BV2 microglial cells engulfing CFSE-labeled

myelin debris in vitro increased by 39% (p = 0.03) after

the addition of MFGE8 to the culture medium (Figure 5E).

We then cultured SVZ cells as neurospheres from wild-

type (WT) and MFGE8�/� mice and collected the condi-

tioned medium, to demonstrate that SVZ progenitors

secrete MFGE8 and promote the phagocytosis of myelin

debris by microglial cells. SVZ cells fromWTmice cultured

as neurospheres secreted MFGE8 (Figure S4), and their

conditioned medium significantly enhanced the phagocy-

tosis of myelin debris (p = 0.01; Figures 5E and 5F). By

contrast, conditioned medium from neurospheres derived

from mutant mice lacked MFGE8 (Figure S4) and did not

promote the phagocytosis of myelin debris (Figure 5F).

The addition of MFGE8 to conditioned medium from neu-

rospheres derived from MFGE8�/� mice rescued phagocy-

tosis (Figure 5F).

Together, these results point on remarkable correlations

among SVZdNP mobilization, demyelination levels, and

microglia phenotype, supporting the hypothesis that

SVZdNP mobilized by cuprizone treatment protect against

CC demyelination by reducing inflammation and promot-

ing the phagocytosis of myelin debris.
DISCUSSION

The migration of SVZdNPs toward the lesion on demyelin-

ation is now well documented. Several studies have re-

ported a contribution of these cells to myelin repair

(Brousse et al., 2015; El Waly et al., 2018; Jablonska et al.,

2010; Menn et al., 2006; Xing et al., 2014), but others

have suggested that they do not produce myelin (Kazanis

et al., 2017; Serwanski et al., 2018). It has also been sug-

gested that SVZdNPs are dispensable for myelin repair but

protect neurons against degeneration (Butti et al., 2019).

We show here than in addition to replacing OLG, SVZdNPs

help to limit demyelination by modulating microglial ac-

tivity and promoting the phagocytosis of myelin debris.

Consistent with the findings of previous studies (Chrza-

nowski et al., 2019; Steelman et al., 2012; Zhang et al.,

2019), we observed regionalized sensitivity to cuprizone-

induced demyelination, with lower levels of myelin loss

in the rostral and lateral CC. This may indicate protection

against demyelination or early remyelination. Our experi-

ments do not support the ‘‘remyelination hypothesis’’:

indeed, myelin segments produced by SVZdNP (visualized

with themTmG reporter) are rare at early time points in the

CC. Furthermore, the higher myelin content of rostral and



Figure 5. Identification of MFGE8 as a
candidate modulator of microglial cells
(A) Mfge8 expression in SVZdNP, showing an
enrichment in neural progenitors (cluster 5,
surrounded by a purple dotted line) (n = 5
mice pooled).
(B) Expression of Itgb3, encoding the MFGE8
receptor, in microglial cells during cuprizone-
induced demyelination (n = 4 mice pooled).
(C) Illustration of MFGE8 expression in the CC
of cuprizone-fed mice. Both SVZdNP (arrow)
and microglial cells (arrowheads) express
MFGE8. Scale bar: 20 mm.
(D) Quantification of the MFGE8 signal (mean
fluorescence intensity) in the medial and
lateral CC of cuprizone-fed mice (n+ 3 mice).
Mean (in red) ± SEM are shown.
(E) Illustration of BV2 microglial cells stably
expressing dsRed, cultured in the presence of
CFSE-labeled myelin debris, with and without
neurosphere (NS)-conditioned medium (CM).
Myelin debris taken up by phagocytosis ap-
pears as yellow dots in microglial cells (ar-
rowheads). Scale bars: 20 mm.
(F) Quantification of the phagocytosis of
myelin debris by microglial cells in vitro in
control conditions and after the addition of
rmMFGE8 or of neurosphere-conditioned me-
dium from WT or MFGE8�/� mice (KO) with or
without the addition of rmMFGE8; n = 3 in-
dependent cultures, four dishes analyzed per
culture. For multiple group comparisons (D)
ANOVA by score permutation was performed,
followed by Kruskal-Wallis tests. *p < 0.05.
See also Figure S4.
lateral areas cannot be attributed to pOPC, which preferen-

tially contribute to remyelination in the caudal andmedial

CC (Brousse et al., 2015; Xing et al., 2014).

Many studies have shown that NSCs bear cytokine recep-

tors and display homing to inflamed sites (Boockvar et al.,

2005;Carbajal et al., 2010). SVZdNPsare, therefore, probably

attracted to the demyelinating CC by secreted cytokines.

Grafted NSCs contribute to regeneration via bystander ef-

fects independent of cell replacement (for review, see Kokaia

et al., 2012). They create niches of neural progenitors that

trigger the apoptosis of infiltrating T cells (Pluchino et al.,

2005) andmodulate inflammatory transcript levels inmicro-

glia (Cusimano et al., 2012). The immunomodulatory and

trophic properties of graftedNSCs are nowwell documented

(for review see Ottoboni et al., 2015), but the possibility of

endogenous SVZdNPs having such functions has never
been investigated in the injured brain. Our work provides

the first evidence for immunomodulatory functions of

endogenous SVZdNPs in the demyelination context. We

show that CC areas enriched in SVZdNPs have lower den-

sities of activated microglial cells, and contain subpopula-

tions ofmicroglial cells with an immunomodulatory profile.

Nevertheless, we do not rule out the possibility of SVZdNPs

acting both locally after mobilization to the lesioned site,

and remotely, from their niche.

Microglia are key players in the demyelination/remyeli-

nation process, with both deleterious and beneficial prop-

erties. In the cuprizone model of demyelination, micro-

glial cells are the first to be activated (Hiremath et al.,

1998), and they contribute to OLG death via inflamma-

tory cytokine secretion (Liddelow et al., 2017). However

microglia are also required to remove myelin debris,
Stem Cell Reports j Vol. 16 j 1792–1804 j July 13, 2021 1799



which would otherwise inhibit remyelination (Napoli

and Neumann, 2010; Voß et al., 2012), a prerequisite

for the resolution of inflammation and remyelination

(Kotter et al., 2006; Lampron et al., 2015). Recent sin-

gle-cell RNA-sequencing studies have revealed multiple

microglial phenotypes, complicating the simplistic

dichotomous view of M1 versus M2 phenotypes (Keren-

Shaul et al., 2017). Efficient remyelination requires the

death of pro-inflammatory microglia and repopulation

with pro-regenerative microglia (Lloyd et al., 2019; Miron

et al., 2013). In a model of inflammatory demyelinating

disease, microglial phagocytic activity is correlated with

functional recovery (Yamasaki et al., 2014). We demon-

strate here that SVZdNPs are mobilized to the lesion

site, where they induce a switch to the immunomodula-

tory phenotype in microglial cells, thereby promoting

the phagocytosis of myelin debris and limiting secondary

inflammation-induced demyelination.

We suggest a role for the MFGE8/ITGB3 ligand/receptor

pair in the immunomodulatory effects of endogenous

SVZdNP. Mfge8 levels were found to be high in neural pro-

genitors and Itgb3was weakly expressed in most microglial

cells. Immunolabeling confirmed that the MFGE8 protein

was produced and showed its levels to be higher in the

lateral than themedial CC.Nevertheless, we cannot strictly

impute this to SVZdNPs, because the microglial cells also

produced MFGE8. MFGE8 has been shown to recognize

phosphatidyl serine ‘‘eat me’’ signal and to bind to the

ITGB3 on macrophages mediating the phagocytic clear-

ance of apoptotic cells (Fadok et al., 2000; Hanayama

et al., 2002). It has been suggested thatMFGE8 acts as a pro-

tective factor endowed with immunomodulatory proper-

ties (Tan et al., 2015; Xiao et al., 2018), by inhibiting M1

microglia polarization (Shi et al., 2017; Li et al., 2019).

We show here that MFGE8 or SVZdNP-conditioned me-

dium enhances the phagocytosis of myelin debris by mi-

croglia in vitro, this effect of conditioned medium being

lost if the SVZdNP are derived from MFGE8�/� mice.

Although this work does not formally demonstrate the

role of MFGE8 secreted by SVZdNP in vivo in the context

of cuprizone-induce demyelination, it provides indirect ev-

idence that endogenous SVZdNP activated by demyelin-

ation may help to reduce inflammation and promote the

phagocytosis of myelin debris, for instance via MGFE8

secretion. Mobilized SVZdNP could thus provide protec-

tion against extensive demyelination and create a local

environment more favorable for regeneration.
EXPERIMENTAL PROCEDURES

All experimental and surgical protocols were approved by the

ethics committee for animal experimentation (reference

2016071112151400).
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Methodological description of immunofluorescence, image

analysis and quantification, western blots, and qPCR are provided

in supplemental experimental procedures.

Animals
Adult neural progenitors in the SVZ express Nestin, a marker of

multipotency. We thus used NestinCreERT2 (Lagace et al., 2007)

transgenic mice to trace SVZdNP. Heterozygous Cre mice were

crossed with homozygous or heterozygous R26R-YFP (Srinivas

et al., 2001) or mTmG (Muzumdar et al., 2007) reporter mice, to

generate double-heterozygous offspring for cell lineage analysis.

R26R-YFP reporter mice provide cytoplasmic labeling, which is

convenient for cell quantification and phenotyping; mTmG re-

porter mice provide membrane labeling, which is not ideal for

cell counting, but very useful for cell morphology analysis, partic-

ularly for cells with a complex typical morphology (myelin seg-

ments), such as OLG. CX3CR1GFP (Jung et al., 2000) heterozygous

transgenicmicewere used for the labeling and sorting ofmicroglial

cells. CX3CR1 is expressed in both resting and activatedmicroglia.

PlpGFP (Le Bras et al., 2005) transgenic mice were used for myelin

imaging and quantification in the CC. PLP (proteolipid protein) is

a major component of myelin. C57BL/6 (Janvier Laboratories)

were used for western blotting.

Tamoxifen injection and demyelination
Tamoxifen (Sigma #T5648; 180 mg/kg) was injected into 6-week-

old NestinCreERT2:R26R-YFP or NestinCreERT2:mTmG mice every

day for 5 consecutive days, to induce recombination and cell label-

ing. Demyelination was induced by cuprizone (Sigma #C9012)

treatment (0.2% in food), for 5 weeks, beginning 2 weeks after

the end of the tamoxifen injections. Mice were killed after 3

(W3), 4 (W4), or 5 (W5) weeks of cuprizone treatment or 2

(W5+2) or 4 (W5+4) weeks after the end of cuprizone treatment.

Generation of single-cell suspensions from the CC
For single-cell RNA-sequencing experiments, SVZdNP and micro-

glial cells were isolated from demyelinated CC from Nestin-

CreERT2:R26R-YFP and CX3CR1GFP mice, respectively. Mice were

fed cuprizone for 4 weeks. This time point (between W3 and W5)

was chosen as a compromise between the number of cells collected

and their differentiation state. Indeed, SVZdNP recruitment re-

mained poor at W3, which would have resulted in the collection

of few cells after dissection and FACS. By contrast, SVZdNP were

abundant in theCCatW5, butmanyof these cells alreadyexpressed

lineage cellmarkers and could no longer be considered progenitors.

Brains from four to five mice were extracted immediately after

perfusion in cold phosphate-buffered saline (PBS) and placed in

Hank’s balanced salt solution without Ca2+ or Mg2+ (Invitrogen

#14170088). Brains were cut into 500-mm slices with a vibratome

(Microm). For SVZdNP single-cell RNA sequencing, the CCwasmi-

crodissected and cut into three to four pieces to facilitate dissocia-

tion. For microglial single-cell RNA sequencing, the medial and

lateral CC of each mouse were microdissected separately. The cor-

tex of P1 to P7WT neonates was used as ballast, to prevent cell loss

during successive centrifugation. Cells were dissociated with the

Neural Tissue Dissociation Kit (P) (Miltenyi #130-092-628) and

automated gentle MACS (37C-NTDK-1 program), in accordance



with the manufacturer’s instructions. For the removal of myelin

debris, we used Miltenyi magnetic beads (#130-096-733). The cells

were resuspended in 500 mL of 0.5% BSA (Sigma #A9418) in PBS.

Single-cell library generation and sequencing
Single-cell library generation (Chromium Single-cell controller;

10X Genomics) and sequencing (NextSeq 500; Illumina) were per-

formed by the HalioDX Company (Luminy, Marseille). The cDNA,

library preparation and sequencing all passed quality control tests.

NextSeqdataweredemultiplexedwith the10XGenomics suiteCell

Ranger 1.2, and the mkfastq function. This first level of analysis

generated quality metrics (e.g., Q30, number of reads per sample)

and FASTQ files. Cell Ranger 1.2 count was then performed on

each library (sample) demultiplexed with Cell Ranger 1.2 mkfastq.

Finally, Cell Ranger 1.2 count was performed on a mouse reference

genome, determining the number of cells and the number of genes

per cell, quantifying gene expression (count tables) andperforming

t-SNE analysis.

We focused on undifferentiated progenitors, by excluding cells

expressing lineage-specific genes: Plac9b (ependymal cells),

Aldh1l1 and S100b (astrocytes), Sox10 (OLG) and Sp9 (neuroblasts),

by applying a threshold of 2 (normalized uniquemolecular identi-

fier (UMI)).

Phagocytosis of myelin debris by microglia
Fluorescently labeled myelin debris was prepared as previously

described (Rolfe et al., 2017). Briefly, brains from 10 adult mice

were sliced into small pieces, homogenized in 0.32 M sucrose and

centrifuged through 0.83 M sucrose (100,000 x g 45 min at 4�C).
Myelin debris was collected at the interface between the two su-

crose concentrations. After two successive Tris buffer rinse/centri-

fugation steps, the myelin debris pellets were resuspended in PBS

(100 mg/mL) and stored at �80�C. The myelin debris was fluores-

cently labeled by incubation in 50 mM carboxyfluorescein succini-

midyl ester (CFSE; Invitrogen#C34570) for 30minat roomtemper-

ature,washed (100mMglycine inPBS) three times, andcentrifuged

(14,8003 g, 10 min 4�C); the fluorescent myelin debris was finally

suspended in sterile PBS (100 mg/mL).

We developed a BV2 cell line (mouse brain microglial cells)

stably expressing dsRed (‘‘BV2-DsRed’’) to facilitate the visualiza-

tion of myelin debris phagocytosis. BV2 or BV2-DsRed cells

were used to seed 4-well Lab-Tek (Sigma #C6932) plates at a

density of 200,000 cells/mL. After 24 h, we added 5 mL rmMFGE8

(500 ng/mL; R&D #2805-MF-050) to the culture medium (or PBS

for control). Then, 1 h after MFGE8 addition, CFSE-labeled myelin

debris (1 mg/mL) was added to the culture, which was incubated

for a further 3 hours. The cells were fixed by incubation in 4%para-

formaldehyde for 30 min, rinsed, and their nuclei were labeled by

incubation for 5min inHoechst stain.We took 10 photographs per

well at 320 magnification, and the proportion of microglia

engaged in phagocytosis was quantified.

The same experiment was also performed with neurosphere-

conditioned medium in place of MFGE8 treatment.

Statistical analyses
Nonparametric Mann-Whitney and Wilcoxon tests were used for

two-group comparisons (unpaired and paired samples, respec-
tively). For the comparison of multiple groups, ANOVA by score

permutation was performed, followed by Kruskal-Wallis tests

with StatXact software (Cytel Studio). Differences were considered

significant if p < 0.05 (*), and highly significant if p < 0.01 (**).
Data and code availability

The processed data of single-cell RNA sequencing are

deposited in the NCBI Gene Expression Omnibus (GEO:

GSE144201 and GEO: GSE144202, for SVZdNP and micro-

glia, respectively).
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