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Abstract: Neurodegenerative diseases are a heterogeneous group of disorders whose incidence is
likely to duplicate in the next 30 years along with the progressive aging of the western population.
Non-cell-specific therapeutics or therapeutics designed to tackle aberrant pathways within neurons
failed to slow down or halt neurodegeneration. Yet, in the last few years, our knowledge of the
importance of glial cells to maintain the central nervous system homeostasis in health conditions
has increased exponentially, along with our awareness of their fundamental and multifaced role in
pathological conditions. Among glial cells, astrocytes emerge as promising therapeutic targets in
various neurodegenerative disorders. In this review, we present the latest evidence showing the
astonishing level of specialization that astrocytes display to fulfill the demands of their neuronal
partners as well as their plasticity upon injury. Then, we discuss the controversies that fuel the current
debate on these cells. We tackle evidence of a potential beneficial effect of cell therapy, achieved
by transplanting astrocytes or their precursors. Afterwards, we introduce the different strategies
proposed to modulate astrocyte functions in neurodegeneration, ranging from lifestyle changes to
environmental cues. Finally, we discuss the challenges and the recent advancements to develop
astrocyte-specific delivery systems.
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1. Introduction

Neurodegenerative conditions are often fatal, untreatable neurological disorders
greatly impairing the quality of life of the affected patients and their caregivers. With
the aging of the western population, epidemiologists estimate that the cumulative preva-
lence of these diseases will triplicate by the year 2050 [1] (https://www.prb.org/global-
dementia/ https://www.prb.org/resources/dementia-cases-expected-to-triple-by-2050
-as-world-population-ages/, accessed on 5 August 2021). Establishing effective therapy
protocols to slow down or halt neurodegeneration is therefore a need that requires urgent
attention. In the past, the strategies exploited to achieve this goal were mainly based on the
administration of non-cell-specific drugs or drugs acting on pathogenic mechanisms taking
place within neurons. Neuron-centric approaches stem from an early vision according
to which insults underlying the neurodegenerative process occur only inside neurons,
causing their demise. In this paradigm, surrounding glial cells are merely adapting by
acquiring a reactive phenotype, a phenomenon commonly known as “reactive gliosis”.
Growing evidence emphasizes the limits of this concept and suggests a more active role of
glial cells in the central nervous system (CNS) functioning. Preliminarily, our increased
understanding of the CNS activity reveals the existence of a great variety of glial cells
and highlights the exquisite complexity of their interactions with neurons. Among glia,
astrocytes emerge as a critical and highly heterogeneous population that perform a wide
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array of functions, spanning from maintaining water and ion homeostasis to modulating
neuronal transmission (reviewed in [2,3]). In addition to these fundamental interactions
with neurons, they exchange signals also with other glial cell populations and they inti-
mately interact with the blood capillaries to maintain the blood-brain barrier (BBB, [4])
and the glymphatic system [5]. Considering the importance of astrocyte functions for CNS
performance, it is reasonable to postulate that astrocyte dysfunction can be a primary event
of a pathogenic cascade ultimately leading to neuronal loss. An example that corrobo-
rates this view is the case of Alexander’s disease [6], a lethal leukodystrophy caused by
mutations in the glial fibrillary acidic protein (GFAP) gene, which encodes an astrocytic
intermediate filament protein. In keeping with this, autoantibodies against the astrocytic
water channel protein Aquaporin-4 (AQP4) were shown to cause ~80% of occurrences of
neuromyelitis optica, an autoimmune condition with a neurodegenerative component [7].
Finally, recent findings suggest that neurotrophic viruses, such as Zika and West Nile
viruses, but also SARS-CoV-2, harm the CNS by interfering with astrocyte functions [8].
This amount of evidence provides a first argument challenging the neuron-centric dogma.
The second element of confutation of the neuron-centric hypothesis is represented by the
evidence that astrocyte dysfunction can also play a key role in the pathogenesis of sev-
eral chronic neurodegenerative conditions, including Alzheimer’s (AD, [9]), Parkinson’s
(PD, [10]), Huntington’s diseases (HD, [11]), and Amyotrophic Lateral Sclerosis (ALS, [12]).
A third indication supporting the importance of glial cells in the diseased CNS is based on
the growing awareness that “reactive gliosis” cannot be simply considered a stereotyped
passive “reaction” to an insult. Rather, it is a highly articulated process where microglia,
peripheral immune cells, and astrocytes sense neuronal distress and exchange signals to
mount a tailor-made inflammatory milieu in response to distinct forms of injuries. This
phenomenon gives rise to a neuroinflammatory reaction that can have either a neuropro-
tective or a detrimental impact on neurons, depending on the nature and the persistency of
the insult (reviewed in [13]).

This evidence suggests that glial cells must be included in any working model ex-
ploited to investigate pathological conditions of the CNS, and should guide the develop-
ment of innovative therapies to hinder neurodegeneration. Among glial cells, astrocytes
appear to be a particularly appealing target [14]. In this review, we first introduce the many
aspects of astrocyte biology providing a rationale to investigate their therapeutic potential.
Then, we discuss how targeting astrocytes proved successful in preclinical models of dif-
ferent neurodegenerative diseases. Since a weapon is only as good as its targeting system
is, we present the recent advancements to develop cell-specific delivery of therapeutics.
Finally, we introduce proof-of-principle trans-differentiation studies demonstrating that
astrocytes can become neurons and potentially restore lost functions.

2. Many Astrocytes, Many Functions in Health

The first description of astrocytes dates back to the XIX century when neuropatholo-
gists reported their morphological heterogeneity in different CNS areas. However, it is only
in recent years that we started to understand the implications of these early observations.
Developmental studies clarified that astrocytes differentiate from radial glia in the ventricu-
lar zone, migrate radially, but not laterally, to colonize distinct domains in a process known
as “tiling”. At these sites, they integrate signals from the surrounding neurons to reach a
maturation status apt at supporting the specific type of neurons they interact with [15–21].
More recently, the implementation of transcriptome sequencing technologies at a single-
cell resolution (scRNAseq) and in situ hybridization provided indisputable evidence that
astrocytes display distinct gene expression profiling not only in different CNS regions, but
even within the same area [22–28]. This diversification may depend also on the gender
of the animals taken under consideration [29,30]. In keeping with this, functional studies
demonstrated that astrocytes display distinct area- and gender-dependent functional per-
formances [27,31–35]. In humans, astrocyte variety can be even more pronounced than in
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rodents, considering that their morphology [36] and transcriptional signatures [37–39] are
remarkably more complex.

Taken together, this amount of evidence is full of implications. Firstly, it suggests that
we should refine the definition of “astrocytic marker” by critically assessing whether the
alleged marker would indeed label all astrocytes or one or more subpopulations. This
implies that pathologists and molecular biologists should reach a consensus to identify
markers of astrocyte-subpopulations, which would help to attribute individual functions
to each type. In fact, we cannot, a priori, assume that every astrocyte would perform all
the “astrocytic” functions. Secondly, astrocyte identity is species-specific and determined
not only by the unfolding of an intrinsic developmental program but also by distinct cues
they receive from the surrounding cells. This implicates that we need to proceed with
caution when evaluating the phenotype of astrocytes in monoculture. Furthermore, it
supports the requirement to validate in human material any finding obtained in animal
models. Related to this latter point, it is important to mention that the use of astrocytes
differentiated from human inducible pluripotent stem cells (hiPSCs) is a rapidly expanding
approach that has come in handy to investigate their role in physiological and pathological
contexts (reviewed in [40]). Remarkably, astrocytes differentiated from hiPSCs by different
protocols display regional-specific differential gene expression [41] and retain the aging
features of the original host [42]. Furthermore, hiPSCs can generate 3D cultures, known as
organoids, mimicking the development of different brain areas and allowing the study of
cell-cell interactions (reviewed in [43]). Intriguingly, a recent scRNAseq study analyzing
~20.000 cells from cerebral organoids identified 4 distinct astrocyte subpopulations [44].
Yet, several aspects of the astrocyte biology in the context of organoid maturation still
deserve in-depth investigations. For instance, issues that remain to be clarified include: (i)
how organoid-astrocytes are molecularly and functionally close to CNS-astrocytes and (ii)
whether astrocytes isolated from specific organoids mimic those from the corresponding
brain regions.

3. Many Astrocytes, Many Functions in Disease

Upon injury and disease of the CNS, astrocytes, and microglia become “reactive”, i.e.,
they undergo several morphological, transcriptional, biochemical, metabolic, and func-
tional changes. This response, commonly referred to as “reactive gliosis”, is characterized
by the generation of an inflammatory environment into the nervous tissue. The nature and
the role of such neuroinflammatory reaction is a timely and highly debated issue, which
has been discussed to great extent elsewhere (reviews [13,45–48]). Here, we will specifically
focus on the features and roles of reactive astrocytosis in order to unveil whether and how
modulating this process can be beneficial in various pathological conditions. There are a
few key concepts that should be carefully considered when studying this phenomenon.
Firstly, reactive astrocytosis is a highly specialized response driven by the type, the persis-
tency, and the context of the insult. Secondly, it can be modulated by many environmental
cues coming from within and outside the CNS.

Several studies have been undertaken to standardize the classification of reactive
astrocytes. In one early investigation, Zamanian et al. analyzed the transcriptome of astro-
cytes subject either to a neuroinflammatory or to an ischemic insult, thereby identifying
two distinct molecular signatures providing a neurotoxic (A1) or a neuroprotective (A2)
phenotype, respectively [49]. Interestingly, activated microglia were reported to trigger
the A1 phenotype by releasing cytokines, such as IL-1α, TNFα, and C1q [32,50] and by
shedding mitochondrial fragments [51]. Furthermore, microglial expression of the mem-
brane molecules Semaphorin 4D and Ephrin-B3 was described to control the astrocyte
responses via the interaction with the respective Plexin B1/B2 and EphB3 receptors on
the astrocytes [52]. Microglia were also shown to regulate astrocytic phagocytosis of neu-
ronal debris [53]. Although A1 astrocytes were initially identified in aging and several
chronic neurodegenerative conditions [50,54–57]), other studies failed to corroborate these
findings [58–64]). These discrepancies led to the question of whether the A1 phenotype
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could be universally implemented to define the neurotoxic status of astrocytes [65]. Also,
the A1/A2 dichotomy was challenged, and it was proposed that this classification may
pinpoint the extreme ends of a continuous phenotypic spectrum [66,67]. In keeping with
this, astrocytes were reported to display a Gaussian distribution when classified on the
basis of their inflammatory status in a mouse model of experimental autoimmune en-
cephalomyelitis (EAE) [52]. This led to the formulation of an alternative conceptual frame
to guide the investigations on astrocyte reactivity [13]. Firstly, it was proposed that ex-
periments should be designed and interpreted taking many variables into consideration,
i.e., the intrinsic diversity of astrocyte subpopulations, their proliferation rate, the type,
and the persistence of the injury as well as coupling “omic” data with morphological
analysis. Secondly, astrocytosis was suggested to account for a collection of alternative
states transiently altering the transcriptome of the astrocyte subpopulations. Finally, any
correlative evidence was intended to require experimental validation [13]. Following this
path, Yu et al. undertook a systematic investigation of the transcriptional changes induced
in mouse striatal astrocytes by an array of 14 different insults, thereby demonstrating that
astrocytes mount tailor-made responses to each specific injury [64]. Besides, astrocytes
display sexual dimorphisms in their responses to pathological stimuli and neuroinflamma-
tion [34,68,69], thus likely contributing to sex-dependent differences in the penetrance and
progression of neurodegenerative conditions and aging [70]. Recent findings unveiled a
fascinating connection also between inflammation and regulation of circadian rhythms. In
particular, the transcription factor Bmal1 was identified as a crucial element in both the
maintenance of circadian rhythms and reactive astrocyte-driven inflammation [71]. It is
therefore unsurprising that pharmacological treatments with the steroid hormone dehy-
droepiandrosterone (DHEA), which acts on Bmal1, may play a strong anti-inflammatory
activity on astrocytes and microglia [72] as well as alter the circadian rhythms of these
cells [73]. Furthermore, Bmal1 depletion from astrocytes leads to motor and cognitive
alterations and shortens the lifespan in transgenic mice [74,75]. Considering that circadian
arrhythmias can contribute to the development of neurological conditions and recognize
symptoms of different neurodegenerative diseases [76], we speculate that astrocytes might
be the primary source of impairment. Further investigations are, however, required to
dissect the contribution of inflammation to circadian rhythm alteration and, therefore, to
develop a suitable therapeutic intervention.

Besides reactive astrocytosis, there are other aspects of astrocyte pathology that
deserve attentive consideration. It has been recently proposed that astrocyte loss-of-
function is the main feature of glial dysfunction in the aging brain (reviewed in [65]).
In addition, neuropathologists are identifying atrophic and even degenerating astro-
cytes in an ever-growing list of neurological conditions, including Aicardi-Goutieres syn-
drome [77], AD [78,79], PD [80], epilepsy [81], spinal cord injury [82], brain ischemia [83],
and ALS [84–86]. Importantly, pharmacological treatments preventing astrocyte degen-
eration were reported to successfully ameliorate the phenotype of a mouse model of
ALS [84,85], thus suggesting that the loss of astrocytes contributes to the pathogenesis of
this disease.

On the basis of all these studies, we can conclude that the astrocyte response to
neurodegeneration consists of both astrocyte loss- and gain-of-functions. Furthermore,
we can now speculate that such diverse reactions may represent the distinct alterations of
different astrocyte subpopulations.

4. Astrocyte Replacement Therapy

Several lines of evidence indicate that astrocytes display a powerful homeostatic
activity under physiological conditions, while they show several dysfunctions in pathology.
Thus, it was hypothesized that cell replacement therapy may act as a valuable therapeutic
approach to tackle neurodegenerative conditions (Figure 1). As prerequisites for a suc-
cessful clinical implementation of this strategy, preclinical studies were performed and
demonstrated that not only healthy astrocytes can be implanted into the diseased CNS,
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but they can resist the neuroinflammatory environment in which they become embedded.
Furthermore, different studies reported the beneficial impact on disease progression and
survival of transplanting either astrocytes in rodent models of AD [87] and PD [88–90], or
healthy glial cell precursors in models of ALS [91–93], dementia with Lewy bodies [94], and
subcortical white matter stroke [95]. These encouraging results prompted the registration of
a few phase I/IIa clinical trials to investigate the safety and efficacy of different transplanta-
tion strategies. In particular, ALS patients received an intrathecal administration of human
stem cell-derived astrocytes (NCT03482050), while patients affected by retinitis pigmentosa
were subject to a dose of glial cells committed to the astrocyte lineage (NCT04284293). An
additional trial was scheduled to begin in spring 2021 to investigate the safety of transplant-
ing glial cell precursors in patients with transverse myelitis, a neuroinflammatory disease
that can be caused by autoantibodies against the astrocytic protein AQP4 (NCT03887273).
No updates have yet been provided on this study. Esposito et al. also explored the possibil-
ity of transplanting astrocyte-like enteric glial cells in a rat model of Alzheimer’s disease,
thereby showing their capacity to rescue behavioral impairments [96].
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Figure 1. The many ways to reach the stars. Several possible strategies can be endorsed to boost
the protective activities of the astrocytes towards neurons. These include changing the lifestyle by
(1) including in the diet foods rich in antioxidants, such as broccoli and turmeric, (2) controlling the
gut microbiota, and (3) regularly performing physical exercise. In the case of neurodegenerative
conditions, i.e., when astrocytes themselves undergo degeneration, (4) transplantation of either
astrocytes or their precursors can provide therapeutic benefits. Alternatively, (5) aberrant pathways
can be precisely targeted by using advanced delivery systems, such as functionalized nanoparticles,
homing peptides, or viruses, to convey drugs or nucleic acids into the astrocytes in order to correct
the altered signaling cascades. (Created with BioRender.com).

In parallel, strategies were pursued to strengthen the supportive properties of the astrocytes.
For instance, astrocytes modified to secrete high amounts of L-3,4-dihydroxyphenylalanine
(DOPA) were shown to ameliorate the phenotype of a rat model of PD [97]. Further-
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more, several papers described the in vivo transplantation of precursors engineered to
overexpress the glial cell line-derived neurotrophic factor (GDNF) and their efficacy in ame-
liorating the pathological phenotype of rodent models of ALS [98–100] and PD [101,102].
Based on this, a phase I/IIa clinical trial assessing the safety of GDNF-overexpressing
human stem cells committed to astrocyte transplantation in the lumbar spinal cord of ALS
patients was later activated (NCT02943850). However, the results have not been released
yet. The transplantation of astrocytes genetically modified to overexpress trophic and
transcription factors along with neural progenitor cells (NPCs) was tested in a rat model
of Parkinson’s disease, where it ameliorated the phenotype by promoting differentiation
and survival of NPCs into dopaminergic neurons [88,103]. Related to these approaches,
it should be mentioned that they may profit soon from the technological advancements
provided by research in biomaterials aiming at boosting the astrocytes neuroprotective
properties [104] as well as shielding the implanted cells from the immune system, thereby
enhancing their survival [105].

5. Modulating Astrocyte Function by Tuning the Incoming Signaling

By virtue of their strategic position within the CNS, astrocytes are particularly prone
to integrate signals arising from different neural cell types as well as from the blood vessels.
Because microglia-derived cytokines were reported to drive astrocyte conversion into
the neurotoxic A1 phenotype, it was initially hypothesized that blocking this process
could be a beneficial therapeutic approach to halt neurodegeneration. In keeping with
this, the administration of compounds blocking microglia’s ability to elicit A1 astrocytes
ameliorated the phenotype, prevented neuron loss, and prolonged survival in mouse
models of PD [106] and AD [107]. Furthermore, the concomitant genetic ablation of IL-
1α, TNFα, and C1q prevented the emergence of A1 astrocytes and extended survival
in a mouse model of ALS [108]. However, in sharp contrast with these data, the same
triple knock-out strategy led to the exacerbation of the phenotype in a mouse model of
prion diseases [56]. At least two hypotheses were proposed to explain these discrepant
results. On the one hand, one might argue that A1 astrocytes are not the one and only
subpopulation boosting neurotoxicity in every neurodegenerative condition. On the other
hand, it is reasonable to postulate that the constitutive ablation of the three cytokines is
an unspecific approach that alters neuroprotective pathways, in addition to blocking the
conversion of astrocytes to the A1 status. Globally, this may ultimately lead to a detrimental
outcome, while a specific target selection would likely provide more predictable results.
In particular, several strategies aiming at stopping pro-inflammatory signaling pathways
driving the interactions between microglia and astrocytes improved the phenotypic score
in a mouse model of EAE [52]. Although the relevance of these pathways is yet to be
confirmed in other neurological conditions, they hold the potential to offer a clean shot to
disrupt the building up of a harmful neuroinflammatory milieu.

Astrocytes modulate their functions not only by interacting with microglia-derived
factors but also in response to signals arising from endothelial cells, which are major
constituents of the BBB. For example, endothelial cells were reported to induce Notch
signaling in astrocytes, thereby boosting the expression of the astrocyte-specific glutamate
transporter EAAT2 (GLT1 in rodents) [109], a protein involved in the maintenance of
extracellular glutamate concentrations below excitotoxic levels and a therapeutic target of
outstanding relevance for many neurological conditions.

During neuropathology, the BBB can become impaired and lead to soluble factors
and inflammatory cell infiltration into the perivascular space. Interestingly, in EAE, the
cross-talk between endothelial cells and astrocytes was shown to unleash the expression
of tight junction molecules in astrocytes, thus restricting the access to the parenchyma of
plasmatic proteins and inflammatory cells, as well as limiting the detrimental phenotype in
mice [110,111]. Likewise, BBB dysfunction can be also caused by aging, but, in this context,
astrocytes respond by hyperactivating the transforming growth factor β (TGFβ) signaling
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pathway in both rodents and humans. Blocking this signaling cascade in the astrocytes
ameliorated cognitive decline and reduced neuronal hyperexcitability in old mice [112].

Ground-breaking studies published in the last few years demonstrated that astrocytes
are sensitive to factors of various nature, originating also outside the CNS. In particular, cir-
culating levels of the insulin-like growth factor-1 (IGF-1) were reported to regulate the astro-
cyte expression of several glutamatergic receptors and the production of eicosanoids, which
ensure the optimal neurovascular coupling necessary for intense neuronal activity [113].
Furthermore, the gut microbiota, which can influence many neurological conditions (re-
viewed in [114]), was shown to release metabolites that tune astrocyte function directly, or
through the perturbation of either microglia or meningeal natural killer cells [115–119]. For
example, Rothhammer et al. identified an anti-inflammatory effect of tryptophan metabo-
lites, produced by Lactobacillus Reuteri and other ampicillin-sensitive gut bacteria [115],
even though many aspects of this observation still need to be unraveled. In particular, some
of the questions that remain to be addressed are: (i) what is the most favorable probiotic
combination to tackle neurodegeneration? (ii) what are the metabolites? (iii) on which
cell types do they exert their protective effect? For instance, in a mouse model of ALS,
Akkermansia muciniphila reduced motor neuron loss and prolonged survival by increasing
nicotinamide (vitamin B3) levels, but the mechanisms mediating such positive effects have
not yet been resolved at the cellular level [120].

Also, calorie restriction was proposed to ameliorate the homeostatic functions of the
astrocytes and to improve neuronal plasticity in the mouse hippocampus [121]. By contrast,
a high fat, high sugar diet caused astrocytosis and enhanced neurotoxicity in a mouse
model of spinal cord injury [119,122]. Finally, physical exercise [123–125] and environmen-
tal enrichment [123,126,127] importantly contributed to reduce reactive astrocytosis and
alleviate the neuroinflammatory response in various animal models of injury and disease.
Mechanistically, exercise and dietary restriction are acknowledged means to extend lifespan
by triggering several protective pathways in different cells and organs throughout the body.
Among others, activation of autophagy emerges as a shared mechanism of action of several
life-extending interventions [128], and we can speculate that this occurs also within the
CNS. Given the importance of autophagy in neurons [129] as well in astrocytes [130] to
protect from neurodegeneration, it would be of outstanding importance to pinpoint the
individual contribution of each cell type to refine the most adequate lifestyle intervention.
Nevertheless, this evidence supports the view that rehabilitative training could be used to
favor morphological remodeling and to improve the functional performance of astrocytes
(Figure 1).

Finally, astrocytes have been reported to respond to pesticides and toxins. For example,
the herbicide Linuron was shown to target the unfolded protein response in the astrocytes,
thereby boosting their neurotoxic role in a mouse model of multiple sclerosis [131]. Fur-
thermore, rats receiving toxin 3-Nitropropionic acid develop A1-type astrocytosis prior to
showing neurodegeneration, thereby suggesting that glial cells are the primary targets of
this compound [132].

From a therapeutic standpoint, these findings implicate that promoting a healthy
lifestyle can positively affect the astrocytes, which, in turn, would perform at their best to
ensure optimal CNS function.

6. Shared Pathways of Astrocyte Dysfunction in Neurodegenerative Diseases

Several molecular mechanisms shape the response of the astrocytes to distinct neu-
rodegenerative disorders, such as for example AD [133], ALS [12], HD [134], and PD [135].
Here, we specifically focus on those astrocytic pathways that become dysregulated in
multiple conditions. The identification of common pathogenetic signaling cascades is full
of implications, as it suggests that therapeutic agents designed to target astrocytes might
have a broad spectrum of applications and be an effective add-on therapy. One of the
recurring features in multiple pathologies is the loss of the astrocyte-specific glutamate
transporter EAAT2, an event that might lead to neurotoxic accumulation of extracellu-
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lar glutamate (reviewed in [136]). Surprisingly, the antibiotic ceftriaxone was shown to
enhance EAAT2 expression [137] and to successfully ameliorate the phenotype of rodent
models of different neurodegenerative conditions [138–143]. These promising findings
led to the prompt activation of clinical trials to evaluate its therapeutic value in ALS
(NCT00349622; NCT00718393) and PD dementia (NCT03413384). Regrettably, a Phase
III clinical trial failed at demonstrating the efficacy of ceftriaxone in both slowing down
disease progression and prolonging survival of ALS patients [144], while the outcome of
the PD dementia trial remains to be determined because patients are still being recruited.
Another small molecule apt at enhancing EAAT2 expression is LDN/OSU0212320 [145].
Interestingly, the administration of this compound successfully ameliorated the phenotype
of rodent models of ALS [145], AD [146], pain [147], migraine [148], and, very recently,
stroke, where the beneficial effect was observed in male, but not in female animals [149].
This last observation remarks that not only the development of neurological conditions,
but also the response to treatment can be gender-dependent and calls for the design of
preclinical and clinical studies taking this option into consideration.

Deregulation of the activity of two transcription factors, namely the nuclear factor
erythroid 2-related factor 2 (Nrf2) and the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), is another finding recurring in many neurodegenerative condi-
tions. Although the first controls the expression of antioxidant genes and the second is
considered a master regulator of the immune response, their signaling pathways display
significant interplays (reviewed in [150]). Intriguingly, Nrf2 is expressed in a wide array
of peripheral tissues as well as in the CNS, where its levels are particularly high in the
astrocytes. From a functional standpoint, activation of Nrf2 in the astrocytes was reported
to powerfully boost their neuroprotective abilities in co-culture systems [151,152]. This
evidence prompted a wide array of cellular studies aiming at evaluating the capacity of
different chemicals to induce Nrf2 activity in the context of different neurodegenerative
disorders, including ALS [152–156], AD [157,158], and PD [159,160].

Notably, selective Nrf2 activation in the astrocytes ameliorated the pathological phe-
notype in animal models of both ALS [161] and PD [162,163], while its genetic ablation
worsened the development of EAE in mice [164]. Furthermore, the neuroprotective effect
of transplanted astrocytes in a mouse model of PD was reported to rely on their ability to
mount an Nrf2-mediated anti-oxidative and pro-survival environment [90]. At variance
with this, ALS mice crossed with animals overexpressing Nrf2 in neurons [165] or subjected
to neuronal-targeted viral-mediated gene therapy [166] did not exhibit an extended lifespan.
Finally, systemic administration of many promising compounds, according to the in vitro
studies, had moderate beneficial effects on animal models of ALS [167–169], PD [160,170],
and AD [158]. Taken together, these discoveries support the view that Nrf2-activating com-
pounds are indeed promising candidates to control several neurodegenerative conditions
as long as the therapy is precisely targeted to the astrocytes. Furthermore, a recent study
aiming at exploring astrocyte diversity in EAE unveiled that (i) only a subpopulation of as-
trocytes experiences loss of Nrf2 function with subsequent hyperactivation of the repressor
Musculoapoeneuorotic Factor G (MAFG); (ii) this subpopulation is driving the severity
of the phenotype; and (iii) genetic ablation of MAFG by viral-mediated gene therapy
limits neuroinflammation [164]. In spite of the requirement to specifically target astrocytes,
clinical trials have been registered to explore the impact of Nrf2-activating nutritional com-
pounds on the progression of various diseases. In particular, dietary supplementation with
sulforaphane, an isothiocyanate found in plants of the Brassicaceae family (i.e., cabbage),
is under investigation in AD (NCT04213391) and frontal brain damage (NCT04252261)
patients. Furthermore, various formulations of curcumin (one of the active compounds of
turmeric) are being tested in ALS (NCT04499963; NCT04654689), MS (NCT03150966), cog-
nitive impairment (NCT01383161; NCT01811381) and AD (NCT01001637; NCT00164749;
NCT00099710; NCT01811381; NCT01716637; NCT04606420) (Figure 1).

NF-kB is a ubiquitously expressed transcription factor complex that plays a crucial
role in the expression of various inflammatory genes. It is widely acknowledged that
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NF-kB is activated in the astrocytes in the context of several neurodegenerative disorders.
However, a point that remains little understood is whether its activation in the astrocytes
triggers a neuroprotective or a neurotoxic response. In particular, astrocyte-specific ablation
of NF-kB activity was shown to be beneficial in a mouse model of PD [171], as well as in
Drosophila models of Spinocerebellar ataxia 3 and AD [172]. Conversely, this approach
led to conflicting results in the context of ALS. In murine models of ALS, it was initially
noted that preventing NF-kB activation in astrocytes did not ameliorate the pathological
phenotype [173,174] or it was even detrimental [175]. In line with these observations, we
demonstrated that activating NF-kB in astrocytes can lead to the production of growth
factors that are known to support neuronal survival, namely brain-derived neurotrophic
factor (BDNF) and GDNF [176]. However, pharmacological treatment with the NF-kB
inhibitor Withaferin A ameliorated the phenotype of several models of ALS [177–179].
Notably, in astrocyte cultures, Withaferin A prevents the NF-kB-dependent induction of
TNFα, a cytokine that strongly activates the transcription factor itself, thereby breaking a
self-amplifying vicious cycle [180]. A likely explanation for these apparently discrepant
results came from the analysis of the phenotype of ALS mice genetically modified to
achieve conditional NF-kB activation in astrocytes upon doxycycline withdrawal. In
this model, prolonged NF-kB activation delayed the onset of symptoms, but drove a
much faster disease progression and did not impact on survival. On the contrary, a
temporary hyperactivation of NF-kB in young mice delayed symptom onset and led to
extended lifespan [181]. Taken together, these results suggest that NF-kB activity can
produce different outcomes depending on both the cell type and disease stage in which it is
modulated. Intriguingly, Kim et al. drew the same conclusions by observing that inhibition
of NF-kB signaling in astrocytes prior to the onset of symptoms is detrimental, while at
later stages it is beneficial in a mouse model of spinocerebellar ataxia 1 [182].

Finally, it was very recently demonstrated that drugs exhibiting a dual-action, i.e., Nrf2
activation and NF-kB inhibition, display neuroprotective properties in models of AD [158],
PD [183,184], and MS [185], thus strengthening the idea that targeting multiple pathways
in the astrocytes could correct the aberrant activities of these cells and, consequently, halt
neurodegeneration.

7. Strategies to Target Astrocytes

The evidence discussed in the previous sections convincingly argues that targeting
astrocytes might efficiently counteract the pathogenesis of various neurodegenerative
diseases. It also strongly calls for the development of novel delivery tools to convey ther-
apeutic agents of different nature, including nucleic acids, peptides, or small molecules,
to the astrocytes. The optimal formulation of these drugs should allow for non-invasive
routes of administration and should not show any toxicity. Besides, the therapeutic agent
should be able to cross the BBB in order to access the CNS parenchyma to reach an extracel-
lular target or to be selectively internalized by the astrocytes for an intracellular pathway.
To achieve these goals, several innovative strategies are currently under development
(Figure 1).

7.1. Nanoparticles

A particularly flexible formulation to achieve delivery to the CNS is the synthesis and
the assembly of nanoparticles (NPs) apt at delivering nucleic acids, proteins, and small
molecules [186]. NP is an umbrella term that generically defines artificially assembled
structures with a size in the range of 2–500 nm and composed of different types of chemi-
cals. In the context of CNS disorders, the most advanced application of NP technology is
in the treatment of brain tumors. For instance, the successful regression of a brain tumor
in xenografted mice administered with gold NPs loaded with siRNAs [187] prompted the
activation of a clinical trial (NCT03020017) aiming at assessing the safety of this formulation
in patients affected by glioblastoma or glioma. Notably, gold accumulation was detected in
tumor resected from all treated patients in the absence of overt toxicity, although 25% of
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patients displayed severe side effects possibly related to the administration of the medica-
ment [188]. Further preclinical development of NPs is ongoing and aims at increasing the
available options to deliver cytotoxic chemicals and nucleic acid to tumors, thereby sparing
the surrounding homeostatic astrocytes [21,189].

However, innovative strategies are necessary to obtain delivery of chemicals specifi-
cally to astrocytes in the context of neuroinflammatory and neurodegenerative disorders,
ideally upon systemic administration. To achieve these goals, research is expanding in
parallel in two directions. On the one hand, NPs can be decorated with different types
of peptidic moieties to achieve both the transport across the BBB and the uptake by the
astrocytes. For instance, chitosan NPs were functionalized with transferrin and bradykinin
B2 receptors to exploit the transcytosis pathway across the BBB and to transduce astrocytes,
where they released their siRNA content with the aim of blocking HIV replication [190].
Furthermore, Tanaka et al. developed lipid NPs decorated with ApoE to deliver mRNA
and to obtain protein overexpression in both astrocytes and neurons, upon intracere-
broventricular administration [191]. Finally, gh6225, a peptide derived from the Herpes
Simplex Virus 1, is also valuable as a targeting system across the BBB, alone and upon
conjugation with different types of NPs [192–195]. Notably, the peptide provides good
transduction efficiency to both neurons and astrocytes in vitro, while neuronal uptake
is predominant in vivo [193]. On the other hand, different types of chemistry allowed
obtaining NPs apt at selectively targeting astrocytes and delivering nucleic acids [196–198]
or small molecules [199]. Surnar et al. developed an even more sophisticated, but promis-
ing, strategy by generating NPs with a double targeting system to allow both crossing
the BBB upon intravenous administration and delivering their payload to mitochondria.
Remarkably, they tested their delivery system in a rat model of ALS, thus demonstrating
that NPs targeted to astrocytes reduced the level of reactive oxygen species (ROS) and
boosted ATP production in both astrocytes and the neighboring neurons [200]. Finally,
dendrimers conjugated with a fluorescent dye displayed increased, but variable, uptake
by activated astrocytes in a rat model of cerebral ischemia, thus suggesting that astrocyte
diversity can lead to a different endocytosis activity [201]. This finding also implies that,
with an accurate choice of different types of chemistry, it will be soon possible to design
NPs to selectively target distinct astrocyte subpopulations.

7.2. Peptide-Based Delivery

Cell-permeable peptides are short amino acid sequences, which can cross biological
membranes even when coupled with a wide array of therapeutic agents, thereby allowing
their intracellular delivery [202]. Interestingly, we showed that a peptide, composed of
the BH4 domain of the anti-apoptotic Bcl-xL protein fused to the protein transduction
domain of the HIV-1 TAT protein, was able to cross the BBB and protect astrocytes in vivo
in a mouse model of ALS, after systemic administration [85]. Although lacking speci-
ficity towards astrocytes, this approach resulted promising and highlighted features of the
delivery system that are shared by other peptides derived from different viral glycopro-
teins [193,203,204]. More recently, a homing peptide, named AS1 and showing high affinity
and specificity for the astrocytes, was discovered during a phage display study [205].
Furthermore, a cell-penetrating peptide assembled from the phospholipid binding domain
of the myristoylated alanine-rich C-kinase substrate and the HIV-1-derived TAT sequence
demonstrated intrinsic therapeutic value specifically targeting malignant cells in a mouse
model of a brain tumor [206].

7.3. Viral Delivery

Viruses have co-evolved to selectively invade host cells and take control of their ma-
chinery and metabolism to replicate, thus implying that they are natural gene delivery
vectors. Consequently, many classes of viruses have been taken into consideration to de-
velop gene therapy paradigms to treat human diseases (http://www.abedia.com/wiley/,
accessed on 5 August 2021). However, gene therapy for CNS disorders has long suffered

http://www.abedia.com/wiley/
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from the lack of a suitable vector apt at crossing the BBB upon systemic administration. This
major pitfall was overcome in 2009 when Foust et al. discovered that the adeno-associated
virus serotype 9 (AAV9) mainly transduces neurons when administered to neonate mice,
while it infects also astrocytes in adult animals [207] and in non-human primates [208].
This promising result prompted additional investigations aiming at increasing the speci-
ficity of gene transfer to the astrocytes by either modifying the genome vector and/or by
developing engineered capsids to increase the tropism towards astrocytes. In particular,
cell-specific gene expression was achieved using astrocyte-specific promoters [209–219].
In parallel, screening strategies led to the identification of cell-type-specific capsids able
to enhance the transduction efficiency of the astrocytes by recombinant vectors, namely
AAV Anc80L65 [220] and AAV-PHP.B [221–223], when compared to AAV9. From a thera-
peutic standpoint, it is actually debated whether AAV-PHP.B displays analogous tropism
in non-human primates [224–226]. A complementary approach to modulate AAV tropism
to astrocytes consists in producing chimeric AAV capsids that display synthetic peptides
on the surface of wild-type capsids. These are, for example, the cases of AAV9P1 [227] and
MNM017, which, at least in vitro, efficiently infect human astrocytes [228].

In spite of their excellent safety profile, the reduced cloning allowance (~4.7 kb for
conventional viruses and only ~2.3 kb for self-complementary viruses) greatly limits the
application of AAV to gene therapy. To overcome this issue, the portfolio of viral vectors
includes also lentiviruses, which are specialized retroviruses with a ~10 kb cloning capacity.
Lentiviruses can be assembled using different envelope glycoproteins, a technique known
as “pseudotyping”, which represents a very effective way to modulate their tropism. No-
tably, lentiviruses pseudotyped with glycoproteins from the lymphocytic choriomeningitis
virus, the Moloney murine leukemia virus [229], the Mokola virus [230,231], or the chikun-
gunya virus [232] were reported to acquire tropism towards astrocytes. As discussed in
the context of AAV development, the use of an astrocyte-specific promoter is also valuable
to achieve cell-specific gene transfer, mainly with the addition of a miRNA de-targeting
strategy to abolish residual transgene expression in neuronal cells [230,233,234].

8. Astrocyte Role in Adult Neurogenesis and as Neuronal Precursors

Adult neurogenesis is a process occurring in specialized compartments of the sub-
ventricular zone and the subgranular zone of the hippocampal dentate gyrus, known
as neurogenic niches, and contributes to important physiological CNS functions, such as
learning and memory [235]. Notably, astrocytes as well as other glial cell types contribute to
the maintenance of a permissive microenvironment for neurogenesis within the niche [236].
During aging and neurodegenerative conditions, such as PD [237] and AD [238], adult
neurogenesis is impaired and contributes to the pathogenesis of the disease. A possible
explanation for this dysfunction is that the astrocytes lose their ability to sustain neuro-
genesis. In keeping with this, in a mouse model of AD, aberrant accumulation of a tau
isoform in dentate gyrus astrocytes was reported to hamper adult neurogenesis and spatial
memory [239], thus suggesting that selectively targeting astrocytes within the niche may
restore neurogenesis and, possibly, tackle disease progression.

A complementary intriguing option that is recently coming to the spotlight is to re-
store lost functions by exploiting the potential of the astrocytes to trans-differentiate into
neurons. In particular, it has been shown that forced expression of selected transcription
factors can transform astrocytes into glutamatergic [240–244], GABAergic [243,245,246],
dopaminergic [247], retinal [248,249], and motor neurons [250] in mice. Intriguingly, as-
trocyte trans-differentiation into neurons can be achieved also by downregulating the
expression of the polypyrimidine tract binding protein 1 gene (Ptbp1) by either a short
hairpin RNA [251] or by expression of an ortholog of CRISPR-Cas13d (CasRx) and two
suitable guide RNAs [252]. Both approaches were reported to reverse the phenotype of a
mouse model of PD. These trans-differentiation studies also unveiled another interesting
property of the astrocytes, i.e., the capacity of replacing neurons they were interacting with.
More specifically, in a mouse model of cortical stab wound injury, the overexpression of two
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transcription factors, namely nuclear receptor-related 1 protein (Nurr1) and Neurogenin
2 (Ngn2), in astrocytes from different cortical layers prompted their conversion into neu-
rons that expressed markers that were consistent with their laminar localization [241]. In
keeping with this, viral delivery of CasRx to ablate the expression of Ptbp1 in the retina con-
verted Müller glial cells into retinal neurons, while in the striatum it led to the generation of
dopaminergic neurons [252]. It is important to mention that, although these results have not
yet been replicated in non-human primates, they provide promising perspectives in terms
of reverting brain and spinal cord functions that are lost in neurodegenerative disorders.

9. Conclusions

In the past years, our knowledge of the biology of astrocytes as well as of their con-
tribution to the pathogenesis of many neurological disorders has increased exponentially.
Furthermore, the blossoming of sequencing techniques has provided molecular evidence
of the extreme heterogeneity of the astrocytes, an aspect that was previously acknowl-
edged only through early morphological descriptions. The increased comprehension of the
features and properties of these cells offers unprecedented therapeutic opportunities: it
is becoming more and more evident that to achieve control over neurodegeneration, it is
essential to modulate the activities of distinct astrocyte subpopulations at different stages of
the disease. Additional in-depth investigations are certainly necessary in order to achieve
this goal. The rapidly growing development of bioinformatic skills, including artificial in-
telligence, will likely enable a truly unbiased interpretation of the large datasets generated
by sequencing experiments, thereby uncovering the most relevant astrocytic de-regulated
pathways (reviewed in [32]). Moreover, because we are still unable to specifically deliver
drugs to distinct astrocyte subpopulations, major research investments are necessary to
enable the development of innovative tools to improve the discharge of chemicals and
nucleic acids precisely to astrocytes over neurons or other glial cell types. Additionally, the
actual protocols aiming at replacing astrocytes cannot control which specific subpopulation
is re-installed and should be, therefore, refined to allow the generation of specific astrocytic
phenotypes. Finally, it is highly likely that pharmacological, genetic, or cell therapies
should be complemented by lifestyle interventions, including the intake of diets rich in
BBB-permeable antioxidant nutrients, the control of the gut flora, and the execution of
physical exercise, to improve the astrocyte performance and, consequently, to slow down
the neurodegenerative process.
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