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Neuro-Immune Interactions Focus

Functional immune cell–astrocyte interactions
Liliana M. Sanmarco1*, Carolina M. Polonio1,2*, Michael A. Wheeler1,3*, and Francisco J. Quintana1,3

Astrocytes are abundant glial cells in the central nervous system (CNS) that control multiple aspects of health and disease.
Through their interactions with components of the blood–brain barrier (BBB), astrocytes not only regulate BBB function, they
also sense molecules produced by peripheral immune cells, including cytokines. Here, we review the interactions between
immune cells and astrocytes and their roles in health and neurological diseases, with a special focus onmultiple sclerosis (MS).
We highlight known pathways that participate in astrocyte crosstalk with microglia, NK cells, T cells, and other cell types; their
contribution to the pathogenesis of neurological diseases; and their potential value as therapeutic targets.

Introduction
Complex biological responses involving the coordinated activi-
ties of multiple cell types in the central nervous system (CNS)
control neurological function and dysfunction. A growing body
of evidence points to the importance for CNS physiology of the
reciprocal communication between CNS-resident cells and the
immune system. Indeed, one area of particular interest is the role
of neuroimmune interactions between astrocytes and immune
cells in health and disease.

Astrocytes are abundant CNS glial cells that participate in
diverse processes ranging from synaptogenesis to neuron met-
abolic support, the regulation of blood–brain barrier (BBB)
function, and behavior (Allen and Lyons, 2018; Ben Haim and
Rowitch, 2017; Khakh and Deneen, 2019; Linnerbauer et al.,
2020). In addition to the control of these and other functions
in the healthy CNS, diverse astrocyte subsets play key roles in
multiple neurological diseases, including multiple sclerosis (MS;
Kim et al., 2014; Mayo et al., 2014; Rothhammer et al., 2016, 2018;
Itoh et al., 2018; Wheeler et al., 2019, 2020; Linnerbauer et al.,
2020; Sanmarco et al., 2021), Alzheimer’s disease (AD; Habib
et al., 2020; Mathys et al., 2019; Zhou et al., 2020), Hunting-
ton’s disease (Diaz-Castro et al., 2019; Jiang et al., 2016; Khakh
et al., 2017; Tong et al., 2014; Yu et al., 2018), and acute CNS
injury (Anderson et al., 2016; Anderson et al., 2018). Although
reactive astrocytes were originally identified over 100 yr ago
(Andriezen, 1893), the advent of new technologies to dissect
astrocyte molecular and phenotypic heterogeneity in depth has
led to a rapid growth in our understanding of astrocyte heter-
ogeneity and its regulation. Consequently, the diverse functions

of astrocytes in health and disease are now appreciated to en-
compass a continuum of cellular states with the potential for
plasticity and reprogramming (Anderson et al., 2014; Ben Haim
and Rowitch, 2017; Escartin et al., 2021; Khakh and Deneen,
2019; Linnerbauer et al., 2020).

Astrocyte heterogeneity in health and disease
The heterogeneity of astrocytes is best exemplified by their
complex morphology. Astrocytes exhibit highly ramified processes;
each astrocyte contacts ∼100,000 synapses in mice (Houades et al.,
2008) and up to 2,000,000 in humans (Oberheim et al., 2009).
Indeed, astrocytes are key components of the tripartite syn-
apse, which encompasses pre- and postsynaptic neuron mem-
branes and surrounding astrocytes (Allen and Eroglu, 2017),
buffering neurotransmitter release, controlling neuronal ex-
citability, and modulating synaptic plasticity. Recent reports
have linked astrocyte electrical activity via Ca2+ waves to mul-
tiple behaviors, including memory, repetitive behavior, and fear
(Adamsky et al., 2018; Boisvert et al., 2018; Martin-Fernandez
et al., 2017; Nagai et al., 2019; Nagai et al., 2021; Yu et al., 2018),
highlighting the physiological roles of these astrocyte–neuron
interactions.

Astrocytes are in close contact with the CNS blood supply.
Through direct interactions with components of the BBB,
including endothelial cells and pericytes, astrocytes not only
regulate BBB function but also sense molecules produced by
circulating peripheral cells, including cytokines (Sanmarco
et al., 2021; Sofroniew, 2015). In fact, roughly 97% of astrocytes
are estimated to contact blood vessels (Foo et al., 2011), suggesting
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that astrocyte responses are continuously modulated by sig-
nals originating both within and outside the CNS. In this
sense, astrocytes can be considered communication conduits,
which in response to peripheral cues sensed via the CNS
vasculature adopt specialized cellular states that influence
the local microenvironment and consequently CNS physiology,
inflammation, and neurodegeneration. Indeed, high-dimensional
analyses of gene and protein expression suggest that astrocytes
exhibit significant heterogeneity as a function of their location,
cell–cell interactions, and peripheral factors provided by the vas-
culature (Clark et al., 2021; Escartin et al., 2021; Habib et al., 2020;
John Lin et al., 2017; Sanmarco et al., 2021; Saunders et al., 2018;
Wheeler et al., 2020; Zeisel et al., 2015).

Early descriptions of astrocyte heterogeneity focused on the
divergent morphology of white matter (fibrous) and cortical
(protoplasmic) astrocytes, which also differ in their expression
of canonical astrocyte marker genes such as GFAP (Eng et al.,
1971). Recent technologic advances have allowed the analysis
of these morphologically distinct populations in greater detail.
For example, an early single-cell RNA sequencing brain atlas
identified distinct subpial and subcortical astrocyte populations
based on the expression of previously underappreciated marker
genes (Zeisel et al., 2015). Additional studies identified multiple
transcriptionally distinct astrocyte subpopulations across dif-
ferent brain regions (Saunders et al., 2018; Zeisel et al., 2018).
Most recently, this molecular heterogeneity was analyzed using
multiplex in situ transcriptomic and proteomic approaches,
which detected significant astrocyte heterogeneity in cor-
tex layers (Bayraktar et al., 2020), suggesting that astrocyte
identity is shaped by interactions with neighboring cells in
the local microenvironment.

A pressing question is the role of functional astrocyte het-
erogeneity in homeostasis and disease (Escartin et al., 2021).
Using a combination of transgenic mouse lines, imaging, and
electrophysiology, novel astrocyte subsets have been recently
identified in the hippocampus and striatum, revealing region-
specific transcriptional and functional responses to stimulation
(Chai et al., 2017). This work is consistent with elegant reports
on the regulation by astrocytes of homotypic, but not hetero-
typic, medium spiny neuron synapses in the striatum (Mart́ın
et al., 2015). Moreover, these data are in agreement with reports
of the interaction of specific astrocyte subsets with defined cell
types in different brain regions (Molofsky et al., 2014). These
recent insights on the spatial heterogeneity of astrocytes high-
light the need to define the function and regulatory mechanisms
associated with specific astrocyte subsets.

Novel astrocyte subsets have been recently identified in the
context of CNS disorders. Pioneering studies reported that as-
trocytes isolated from a transgenic mouse model of amyotrophic
lateral sclerosis induce neuronal death (Di Giorgio et al., 2007).
More recently, Deneen and collaborators used transgenic re-
portermice in combinationwith flow cytometry–based antibody
screens to define astrocyte subsets based on the expression of
surface markers. They identified astrocyte subsets associated
with glioblastoma (marked by CD51 and/or CD71 expression) in
both preclinical animal models and humans (John Lin et al.,
2017). Using a similar approach in combination with in vivo

cell-specific CRISPR-driven genetic perturbation studies, we
recently identified an astrocyte subset characterized by the
expression of TNF-related apoptosis-inducing ligand (TRAIL),
which limits T cell–driven CNS inflammation (Sanmarco et al.,
2021). Conversely, Barres and coworkers described neurotoxic
astrocytes characterized by the expression of the complement
protein C3, which were detected in multiple neurological dis-
eases, including AD, Parkinson’s disease, and MS (Liddelow
et al., 2017). Similarly, astrocyte subsets characterized by the
activation of the unfolded protein response, GM-CSF signaling
and/or sphingolipid metabolism promote CNS pathology in MS
and prion disease (Chao et al., 2019; Smith et al., 2020; Wheeler
et al., 2020). Taken together, these findings identify astrocytes
as active players in CNS pathology rather than simply passive
or reactive observers (Escartin et al., 2021).

Habib et al. recently identified an astrocyte subset associated
with AD and its mouse preclinical model, characterized by the
disruption of cholesterol and inflammatory pathways, and the
up-regulation of specific genes linked to amyloid plaque pa-
thology, including Serpina3n, Ctsb, Apoe, and Clu (Habib et al.,
2020). Similarly, Colonna and coworkers described disease-
specific transcriptional responses associated with astrocytes
in AD (Zhou et al., 2020), which included the down-regulation
of metabolism-associated genes linked to free fatty acid trans-
port and detoxification, concomitant with an up-regulation of
genes that promote glial scarring. Based on single-cell RNA
sequencing and functional analyses of experimental autoim-
mune encephalomyelitis (EAE) and human MS samples, we
recently identified a novel disease-promoting astrocyte subset
controlled by MAFG and MAT2A in response to the T cell–
derived cytokine GM-CSF (Wheeler et al., 2020). Collectively,
these studies suggest that multiple astrocyte subsets are as-
sociated with neurodegeneration and CNS pathology through
common and disease-specific mechanisms that include not
only the release of neurotoxicmolecules but also the activation of
neurotoxic programs in microglia/monocytes and/or the de-
creased production of neurotrophic factors and metabolites in-
volved in neuron support (Chao et al., 2019; Wheeler et al., 2020;
Wheeler et al., 2019).

Astrocyte–microglia interactions
The roles of astrocytes and microglia in CNS development and
function have been extensively studied (Allen and Lyons, 2018;
Alvarez et al., 2011; Chung et al., 2015; Chung et al., 2013; Fields
and Stevens-Graham, 2002; Goldmann et al., 2016; Keren-Shaul
et al., 2017; Molofsky et al., 2014; Tsai et al., 2012). Although our
mechanistic understanding of the complex interactions between
astrocytes and microglia is still limited, significant progress has
been made lately (Clark et al., 2021; Colombo and Farina, 2016;
Goldmann and Prinz, 2013; Liddelow et al., 2017; Rothhammer
et al., 2018; Rothhammer et al., 2016; Vainchtein et al., 2018;
Vainchtein and Molofsky, 2020).

Cytokines and chemokines are key participants in bidirec-
tional astrocyte–microglia communication. Microglia produce
diverse mediators to limit or promote astrocyte pathogenic ac-
tivities (Bezzi et al., 2001; Clark et al., 2021; Liddelow et al., 2017;
Rothhammer et al., 2018). For example, CXCL12, also known as
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SDF-1α, triggers glutamate production by CXCR4+ astrocytes in a
TNF-dependent manner. Indeed, activated microglia respond to
CXCL12/SDF-1α by producing TNF, which acts on astrocytes to
boost glutamate release and neurotoxicity (Bezzi et al., 2001),
important contributors to the pathogenesis of MS and other
neurological diseases. However, astrocyte–microglia interactions
can also limit CNS pathology. For example, microglial IL-10 trig-
gers TGF-β secretion in astrocytes, which then limits microglial
pro-inflammatory responses (Norden et al., 2014).

Additional astrocyte-derived factors also modulate microglial
responses (Chao et al., 2019; Mayo et al., 2014; Wheeler et al.,
2020). IL-33 is an alarmin originally associated with the regu-
lation of immunity in mucosal tissues (Martin and Martin, 2016).
Astrocyte-derived IL-33 contributes to homeostatic synaptic plas-
ticity by acting on neurons (Wang et al., 2021) and microglia
(Vainchtein et al., 2018). However, although its levels are increased
in serum and cerebrospinal fluid fromMS patients (Jafarzadeh et al.,
2016), the role of IL-33 in MS is still controversial (Bourgeois et al.,
2009; Jiang et al., 2012; Li et al., 2012; Milovanovic et al., 2012;
Pomeshchik et al., 2015). These studies highlight the role of cytokines
as mediators of astrocyte–microglia bidirectional communication
during CNS development and disease.

Dietary components and the gut microbiome have been
shown to control CNS inflammation, as well as microglial and
astrocyte responses (Berer et al., 2011; Erny et al., 2015; Haghikia
et al., 2015; Kadowaki and Quintana, 2020; Ochoa-Repáraz
et al., 2009; Rothhammer et al., 2018; Rothhammer et al.,
2016; Sanmarco et al., 2021; Yokote et al., 2008). Interestingly,
diet–microbiome interactions also modulate microglia–astrocyte
communication. For example, we recently established a role for
the aryl hydrocarbon receptor (AHR) in the control of microglia
and astrocytes by the intestinal microbiome in EAE and, poten-
tially, MS (Rothhammer et al., 2018; Rothhammer and Quintana,
2019; Wheeler et al., 2017). AHR activation by microbial metab-
olites derived from dietary tryptophan controls the microglial
production of Tgfa and Vegfb. AHR activation boosts the pro-
duction of microglial TGF-α, which acts on astrocytes via its
receptor ErbB1 to reduce Ccl2, Il6, and Csf2 expression and con-
sequently limit CNS inflammation and EAE development. Con-
versely, AHR activation suppresses the microglial production of
vascular endothelial growth factor β (VEGFβ), which boosts
proinflammatory gene expression in astrocytes via the FLT1 re-
ceptor, promoting the recruitment of proinflammatory mono-
cytes, CNS inflammation, and neurodegeneration (Rothhammer
et al., 2018). In addition, microbial metabolites can also act di-
rectly on astrocytes to control their responses in the context of
inflammation (Rothhammer et al., 2016). Thus, diet–microbiome
interactions influence not only microglia and astrocyte intrinsic
responses but also microglia–astrocyte crosstalk and, conse-
quently, CNS pathology.

Communication between astrocytes and T cells
Meningeal T cells play important roles in CNS physiology (Alves
de Lima et al., 2020a; Filiano et al., 2016; Ribeiro et al., 2019), but
T cells are rarely detected in the healthy brain parenchyma
(Korin et al., 2017). However, T cells are detected in the CNS in
MS and other neurological diseases (Gate et al., 2020; Wheeler

et al., 2020). In this context, astrocyte–T cell interactions can
boost or limit CNS inflammation based on the specific T cell
subsets involved (Ito et al., 2019; Kang et al., 2010; Sanmarco
et al., 2021; Wheeler et al., 2020; Fig. 1).

GM-CSF–producing T helper type 17 cells (Th17 cells) con-
tribute to the pathogenesis of MS and EAE (Codarri et al., 2011;
El-Behi et al., 2011; Lee et al., 2012). Pathogenic Th17 cells,
characterized by the production of IL-17 and GM-CSF, modify
astrocyte responses via contact-independent mechanisms in-
volving secreted neurotrophic factors, pro-inflammatory cyto-
kines, and chemokines (Prajeeth et al., 2017; Wheeler et al., 2020).
Indeed, astrocytes express the receptors for IL-17 and GM-CSF. IL-17
produced by T cells activates JAK2–STAT1/3 signaling in astrocytes,
inducing astrogliosis and VEGF up-regulation (You et al., 2017).
Meanwhile, GM-CSF+ T cells activate MAFG/MAT2A-driven path-
ogenic activities on astrocytes, resulting in the increased expression
of Csf2, Il6, Ccl2, and Il1b, which are known to promote CNS pa-
thology (Wheeler et al., 2020).

Pathogenic Th1 cells express IFNγ and GM-CSF, but IFNγ is
also expressed by T cell subsets with anti-inflammatory roles in
mice and humans (Groux et al., 1997; Mascanfroni et al., 2015).
Indeed, the genetic inactivation of the receptor for IFNγ results
in the worsening of EAE (Ferber et al., 1996). Interestingly, the
expression of a dominant-negative IFNγ receptor boosts astrocyte
activation and worsens CNS inflammation, demyelination, and
axonal loss in EAE (Hindinger et al., 2012). A similar worsening of
EAE was observed following CRISPR-driven inactivation of both
IFNγR1 and IFNγR2 chains of the IFNγ receptor in astrocytes or
the inactivation of the transcription factor STAT1 involved in the
control of IFNγ-driven transcriptional responses (Sanmarco et al.,
2021). These findings suggest an anti-inflammatory role for IFNγ
signaling in astrocytes triggered by T cells and other IFNγ-
producing cells in the CNS.

Additional molecules can mediate anti-inflammatory inter-
actions between T cells and astrocytes. Regulatory T cells re-
cruited to the CNS in response to CCL1 and CCL20 have been
shown to suppress astrocyte neurotoxicity through a mecha-
nism mediated by amphiregulin, limiting CNS pathology asso-
ciated with stroke (Ito et al., 2019). Similarly, regulatory T cells
1 (Tr1 cells) suppress astrocyte pathogenic activities via the
production of IL-10, which reduces pro-inflammatory cytokine
and chemokine expression in astrocytes, as well as monocyte
recruitment and microglial activation in MS preclinical models
(Kenison et al., 2020; Mayo et al., 2016).

Conversely, astrocytes can also modulate T cell responses
(Rothhammer and Quintana, 2015; Sanmarco et al., 2021). In the
context of neuroinflammation, astrocytes produce pro- and anti-
inflammatory cytokines such as IL-1β, IL-6, TNF, IL-10, IL-27,
and TGF-β and chemokines involved in T cell recruitment (Dong
and Benveniste, 2001; Falsig et al., 2006; Fitzgerald et al., 2007).
In addition, the interaction of astrocytes with T cells in an
antigen-independent contact-dependent manner induces the
up-regulation of the CD39 and CD73 ectoenzymes on T cells,
important molecules involved in the regulation of innate and
adaptive immune responses (Filipello et al., 2016; Mascanfroni
et al., 2015; Mascanfroni et al., 2013; Takenaka et al., 2019;
Takenaka et al., 2016). Of note, although IFNγ produced by Th1
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Figure 1. Astrocyte–T cell bidirectional communication. (A) Regulatory T (Treg) cells limit astrogliosis via the production of amphiregulin and IL-10.
Astrocytes express CTLA-4, CD73, and CD39, leading to T cell suppression. LAMP1+TRAIL+ astrocytes induce apoptosis of DR5+ T cells. (B) Astrocyte–T cell
interactions via integrins can boost CNS inflammation. Astrocytes release pro-inflammatory cytokines to recruit and polarize pathogenic T cells. Th17 cells
induce astrogliosis and VEGF up-regulation, whereas Th1 cells increase MHC class II and costimulation. GM-CSF activates MAFG-driven pathogenic activities in
astrocytes.
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cells increases MHC class II expression in astrocytes (Fontana
et al., 1984; Gold et al., 1996; Soos et al., 1998), the role of antigen
presentation by astrocytes in MS and EAE pathology is still
unclear (Stüve et al., 2002).

Astrocytes show diverse effects on T cell polarization.
Astrocytes are reported to favor Th1 and Th17 polarization,
probably as a result of their expression of IL-12 and IL-23
(Constantinescu et al., 2005). Moreover, the up-regulation of
miR-409-3p and miR-1896 microRNA in activated astrocytes
induces STAT3 phosphorylation and IL-1β, IL-6, IP-10, MCP-1,
and CXCL1 production, which promote Th17 differentiation,
enhance Th17 chemotaxis, and worsen EAE (Liu et al., 2019).
Conversely, astrocytes also produce IL-27, which can act on
Th17 cells and dendritic cells to suppress encephalitogenic T cell
responses (Fitzgerald et al., 2007; Mascanfroni et al., 2013;
Yang et al., 2012). Of note, although IL-27 drives the differen-
tiation of IL-10–producing anti-inflammatory Tr1 cells, the local
hypoxia and increased levels of extracellular ATP that characterize
the inflamed CNS microenvironment in EAE and MS interfere
with Tr1 cell differentiation (Mascanfroni et al., 2015). However,
the expression of CTLA-4, CD39, and CD73 in astrocytes can limit
T cell activation (Filipello et al., 2016; Gimsa et al., 2004; Takenaka
et al., 2019; Takenaka et al., 2016). Indeed, the deletion in as-
trocytes of ShcC/Rai augments CD39 and CTLA-4 expression,
suppressing T cell responses and demyelination in EAE (Ulivieri
et al., 2019; Ulivieri et al., 2016). Finally, as we already mentioned,
IFNγ signaling induces TRAIL expression in astrocytes, which
limits inflammation by inducing apoptosis of T cells expressing
the TRAIL receptor death receptor 5 (DR5)+ (Sanmarco et al.,
2021). Taken together, these findings highlight the importance
of T cell–astrocyte communication in CNS pathophysiology.

Astrocyte interactions with NK cells
The meninges is a complex tissue made up of three membranes
that line and protect the CNS from harmful peripheral agents
such as toxins while also participating in the functional modu-
lation of CNS-resident cells (Iliff et al., 2012; Sofroniew, 2015;
Rua and McGavern, 2018; Alves de Lima et al., 2020b; Ramaglia
et al., 2021). In the steady state, multiple peripheral immune
cells reach the meninges, including dendritic cells, neutrophils,
monocytes, macrophages, mast cells, CD4+ and CD8+ T cells,
B cells, innate lymphoid cells, and natural killer (NK) cells (Coles
et al., 2017; Korin et al., 2017; Mrdjen et al., 2018; Alves de Lima
et al., 2020b; Rustenhoven et al., 2021). These meningeal im-
mune cells can have a profound impact on astrocyte responses.

Meningeal NK cells have been recently linked to the regula-
tion of astrocyte function (Sanmarco et al., 2021). In the intes-
tine, the gut microbiota license IFN-γ production by NK cells
(Ganal et al., 2012; Thiemann et al., 2017). NK cells enter the
circulation and reach multiple tissues, including the meninges
(Korin et al., 2017; Sanmarco et al., 2021; Fig. 2). Once at the
meninges, NK cells producing IFNγ induce the expression of the
pro-apoptotic molecule TRAIL on astrocytes located close to
the meningeal border, which promote T cell apoptosis to limit
pathogenic autoimmune responses in the CNS. Interestingly, TRAIL
expression in astrocytes is down-regulated by pro-inflammatory
mediators secreted by T cells (e.g., GM-CSF) and microglia (e.g.,

IL-1, TNF, and C1q; Sanmarco et al., 2021), highlighting the plas-
ticity of astrocyte activation states.

Conversely, astrocytes can also shape NK cell responses.
Under inflammatory conditions, astrocytes produce diverse solu-
ble mediators that, depending on their nature and location,
stimulate or suppress NK cell activity (Shi et al., 2011). For ex-
ample, during ischemia, astrocytes are the main CNS source of
the pro-inflammatory cytokine IL-15 (Gómez-Nicola et al., 2008;
Li et al., 2017; McInnes and Gracie, 2004), which activates NK
cells (Li et al., 2017). Collectively, these findings highlight the
bidirectional nature of astrocyte–NK cell crosstalk and its im-
portance for CNS physiology in homeostasis and pathology.

Astrocyte interactions with other peripheral immune cells
Astrocytes secrete a plethora of chemokines that remodel the
CNS microenvironment during the course of MS, including
CCL2, CXCL1, CCL5, CXCL10, and CXCL12 (Ambrosini and Aloisi,
2004; Ambrosini et al., 2005; Babcock et al., 2003; Cardona et al.,
2006; Imitola et al., 2004; Krumbholz et al., 2006; Omari
et al., 2006; Ponath et al., 2018; Prins et al., 2014; Sofroniew,
2020). In MS and its preclinical model, EAE, astrocyte-derived
CCL2 has been linked to the recruitment of pro-inflammatory
monocytes, macrophages, and T cells, as well as microglial acti-
vation, axonal loss, and demyelination (Huang et al., 2001; Kim
et al., 2014; Moreno et al., 2014; Paul et al., 2014; Ponath et al.,
2018; Prins et al., 2014). Astrocyte-derived CXCL12 is linked to the
recruitment of dendritic cells to active subcortical lesions in MS
patients (Ambrosini et al., 2005). However, CCL2 and CXCL12 are
not only associated with immune cell recruitment (Ubogu et al.,
2006), but also to the migration of neural progenitor cells during
brain development (Tran and Miller, 2003) and CNS inflamma-
tion (Belmadani et al., 2006; Imitola et al., 2004). Additional
astrocyte-produced chemokines also contribute to CNS repair in
MS, as illustrated by the CXCL1-driven recruitment of CXCR2+

oligodendrocytes (Omari et al., 2006). Hence, astrocyte-produced
chemokines control CNS pathology and repair.

B cells are now recognized as important participants in
CNS pathology (Comi et al., 2021; Zamvil and Hauser, 2021).
Astrocyte-produced CXCL12 promotes the recruitment of path-
ogenic B cells to the CNS (Krumbholz et al., 2006). Moreover,
astrocytes produce the B cell–activating factor of the TNF family,
which is involved in B cell development, survival, and function
(Krumbholz et al., 2005). Indeed, astrocyte conditioned media
enhances the survival and activation of B cells isolated from
untreated patients with secondary progressive MS (Touil et al.,
2018). Conversely, IL-10–producing B cells have been recently
reported to migrate from the gut to the CNS to limit inflam-
mation (Pröbstel et al., 2020; Rojas et al., 2019), and IL-10
signaling has been shown to suppress astrocyte pathogenic ac-
tivities in the context of EAE and, potentially, MS (Kenison et al.,
2020; Mayo et al., 2016). Collectively, these findings suggest an
important contribution for astrocyte–B cell communication in
CNS pathology, but the specific molecular mechanisms involved
and the role of these interactions in health and disease are
still mostly unknown. The study of the functional interactions
among astrocytes, B cells, and other peripheral immune cells
will likely identify regulatory mechanisms involved in CNS
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physiology while guiding novel therapeutic approaches for MS
and other neurological diseases.

Future perspectives on the study of astrocyte–cell
interactions
Our understanding of astrocyte heterogeneity and regulatory
cell interactions has recently benefited from the development of
new technologies for their investigation. We recently developed
rabies barcode interaction detection followed by sequencing
(RABID-seq), a new technique that uses a library of pseudotyped
rabies viruses harboring genetically encoded barcodes to trace
astrocyte–cell interactions in vivo (Clark et al., 2021; Fig. 3).
RABID-seq enables the detection of cell–cell interactions, the
mechanisms that mediate them, and the functional effects of
these interactions on the cells involved. When applied to the
study of MS and its experimental model, EAE, these studies
identified Sema4D–PlexinB2 and EphrinB3–EphB3 signaling as
novel mediators of microglial–astrocyte communication, defin-
ing novel roles for axon guidance molecules in CNS pathology.
Moreover, RABID-seq guided the development of novel CNS-
penetrant small molecules for the therapeutic modulation of
these microglia–astrocyte pathogenic interactions (Clark et al.,

2021). The combination of RABID-seq with in situ transcriptomics
methods, and the establishment of additional approaches for the
study of CNS cell interactions in vivo, will shed light on the
regulation of astrocyte heterogeneity and functionwhile opening
novel avenues for the treatment of neurological diseases.

Concluding remarks
Multiple cell interactions involving CNS-resident and recruited
peripheral cells shape astrocyte responses in health and disease.
In the context of MS and its preclinical model, EAE, molecules
produced by microglia and effector T cells promote astrocyte
activation states that boost CNS pathology by multiple mecha-
nisms, including the recruitment of pro-inflammatory mono-
cytes, microglial activation, the production of neurotoxic and
inflammatory factors and the decreased production of neuro-
trophic factors and metabolites involved in neuron support.
Conversely, NK cell– and regulatory T cell–derived cytokines
boost astrocyte anti-inflammatory programs. However, our
knowledge in this area is still limited, and important questions
remain to be answered: (1) How can we study the repertoire of
astrocyte–immune cell interactions in vivo in an unbiased
manner? (2) How stable are astrocyte subsets, and what are the

Figure 2. Astrocyte–immune cell interactions. Microbiota-licensed IFNγ+ NK cells circulate to the meninges. Astrocytes up-regulate TRAIL expression in
response to NK cell–produced IFNγ, inducing T cell apoptosis via DR5. Astrocyte-derived cytokines such as CCL2 recruit macrophages, neutrophils, CD4+

T cells, and mast cells to the CNS, whereas CXCL12 attracts dendritic cells and B cells. CD8+ T cells and NK cells are recruited by IL-15. In addition, perivascular
astrocytes produce B cell–activating factor of the TNF family (BAFF), which promotes B cell survival and activation.
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mechanisms that control their plasticity in health and disease?
(3) Are disease-promoting astrocyte subsets and/or mecha-
nisms of disease pathogenesis shared by multiple neurological
diseases, and how can we target them therapeutically? (4) Finally,
neurological disorders are also associated with impaired astrocyte
homeostatic functions, how can we reestablish them? Under-
standing the complex cell–cell interactions that control astro-
cyte phenotype and function may identify novel mechanisms of
pathogenesis relevant for MS and other neurological diseases,
as well as candidate targets for therapeutic intervention.
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Ochoa-Repáraz, J., D.W.Mielcarz, L.E. Ditrio, A.R. Burroughs, D.M. Foureau, S.
Haque-Begum, and L.H. Kasper. 2009. Role of gut commensalmicroflora
in the development of experimental autoimmune encephalomyelitis.
J. Immunol. 183:6041–6050. https://doi.org/10.4049/jimmunol.0900747

Omari, K.M., G. John, R. Lango, and C.S. Raine. 2006. Role for CXCR2 and
CXCL1 on glia in multiple sclerosis. Glia. 53:24–31. https://doi.org/10
.1002/glia.20246

Paul, D., S. Ge, Y. Lemire, E.R. Jellison, D.R. Serwanski, N.H. Ruddle, and J.S.
Pachter. 2014. Cell-selective knockout and 3D confocal image analysis
reveals separate roles for astrocyte-and endothelial-derived CCL2
in neuroinflammation. J. Neuroinflammation. 11:10. https://doi.org/10
.1186/1742-2094-11-10

Pomeshchik, Y., I. Kidin, P. Korhonen, E. Savchenko,M. Jaronen, S. Lehtonen,
S. Wojciechowski, K. Kanninen, J. Koistinaho, and T. Malm. 2015.
Interleukin-33 treatment reduces secondary injury and improves func-
tional recovery after contusion spinal cord injury. Brain Behav. Immun. 44:
68–81. https://doi.org/10.1016/j.bbi.2014.08.002

Ponath, G., M.R. Lincoln, M. Levine-Ritterman, C. Park, S. Dahlawi, M.
Mubarak, T. Sumida, L. Airas, S. Zhang, C. Isitan, et al. 2018. Enhanced
astrocyte responses are driven by a genetic risk allele associated with
multiple sclerosis. Nat. Commun. 9:5337. https://doi.org/10.1038/s41467
-018-07785-8

Prajeeth, C.K., J. Kronisch, R. Khorooshi, B. Knier, H. Toft-Hansen, V. Gudi, S.
Floess, J. Huehn, T. Owens, T. Korn, and M. Stangel. 2017. Effectors of
Th1 and Th17 cells act on astrocytes and augment their neuro-
inflammatory properties. J. Neuroinflammation. 14:204. https://doi.org/
10.1186/s12974-017-0978-3

Prins, M., R. Dutta, B. Baselmans, J.J. Brevé, J.G. Bol, S.A. Deckard, P. van der
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