
REVIEW
published: 25 April 2022

doi: 10.3389/fnagi.2022.872134

Frontiers in Aging Neuroscience | www.frontiersin.org 1 April 2022 | Volume 14 | Article 872134

Edited by:

Chao Wang,

Chongqing Medical University, China

Reviewed by:

Wei Sun,

National Institute of Mental Health

(NIH), United States

Jun Cai,

University of Louisville, United States

Ádám Nyúl-Tóth,

University of Oklahoma Health

Sciences Center, United States

*Correspondence:

Yongzhen Zhai

zyz200084@sina.com

†These authors have contributed

equally this work

Specialty section:

This article was submitted to

Neuroinflammation and Neuropathy,

a section of the journal

Frontiers in Aging Neuroscience

Received: 09 February 2022

Accepted: 25 March 2022

Published: 25 April 2022

Citation:

Zang X, Chen S, Zhu J, Ma J and

Zhai Y (2022) The Emerging Role of

Central and Peripheral Immune

Systems in Neurodegenerative

Diseases.

Front. Aging Neurosci. 14:872134.

doi: 10.3389/fnagi.2022.872134

The Emerging Role of Central and
Peripheral Immune Systems in
Neurodegenerative Diseases

Xin Zang 1†, Si Chen 2†, JunYao Zhu 1, Junwen Ma 1 and Yongzhen Zhai 1*

1Department of Infectious Disease, Shengjing Hospital of China Medical University, Shenyang, China, 2Department of

Neurology, the Fourth Affiliated Hospital of China Medical University, Shenyang, China

For decades, it has been widely believed that the blood–brain barrier (BBB) provides

an immune privileged environment in the central nervous system (CNS) by blocking

peripheral immune cells and humoral immune factors. This view has been revised in

recent years, with increasing evidence revealing that the peripheral immune system plays

a critical role in regulating CNS homeostasis and disease. Neurodegenerative diseases

are characterized by progressive dysfunction and the loss of neurons in the CNS. An

increasing number of studies have focused on the role of the connection between the

peripheral immune system and the CNS in neurodegenerative diseases. On the one

hand, peripherally released cytokines can cross the BBB, cause direct neurotoxicity

and contribute to the activation of microglia and astrocytes. On the other hand,

peripheral immune cells can also infiltrate the brain and participate in the progression of

neuroinflammatory and neurodegenerative diseases. Neurodegenerative diseases have

a high morbidity and disability rate, yet there are no effective therapies to stop or reverse

their progression. In recent years, neuroinflammation has received much attention as

a therapeutic target for many neurodegenerative diseases. In this review, we highlight

the emerging role of the peripheral and central immune systems in neurodegenerative

diseases, as well as their interactions. A better understanding of the emerging role of the

immune systems may improve therapeutic strategies for neurodegenerative diseases.

Keywords: peripheral immune system, central nervous system, neurodegenerative diseases, Amyotrophic lateral

sclerosis, Alzheimer’s disease, Parkinson’s disease

INTRODUCTION

Neurodegenerative diseases are characterized by progressive dysfunction and the loss of neurons
in the CNS. In recent years, the incidence of neurodegenerative diseases associated with aging,
especially Alzheimer’s disease (AD), has increased exponentially with the aging of the global
population (Schwartz and Deczkowska, 2016). However, there are no effective therapies to stop
or reverse the progression of neurodegenerative diseases. Studies have shown that the aggregation
and deposition of misfolded proteins play key roles in neurodegenerative diseases (Hartl, 2017;
Abdel-Nour et al., 2019). In the last decade, research on the role of the immune system in
neurodegenerative diseases has progressed. Both the innate and adaptive immune systems have
been shown to be involved in the inflammatory mechanisms associated with the accumulation of
misfolded proteins in the brain (Ciccocioppo et al., 2020).
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The central immune system is composed of neurons, glial
cells as well as other immune cells. Traditionally, studies have
considered the peripheral and central immune systems to be
separate processes because the BBB blocks peripheral immune
cells and humoral immune factors (Jeon et al., 2021). However,
there is increasing evidence that peripheral immune system plays
an important role in neuropathology. Peripheral immune cells
can participate in the progression of neuroinflammatory and
neurodegenerative diseases by infiltrating the brain (Greenhalgh
et al., 2020). In addition, peripherally released cytokines can
cross the BBB to cause direct neurotoxicity and contribute to
the activation of glial cells (Fani Maleki and Rivest, 2019).
Activated glial cells lead to further secretion of pro-inflammatory
chemokines and cytokines, thereby recruitingmore immune cells
to the CNS (Prinz and Priller, 2017; Vainchtein and Molofsky,
2020). Although neurodegenerative diseases have different
etiologies and pathogeneses, they all share the characteristic
of neuroinflammation. In recent years, neuroinflammation has
received significant interest as a potential therapeutic target for
many neurodegenerative diseases. In this review, we summarize
the emerging role of the peripheral and central immune systems
in neurodegenerative diseases, as well as their interactions,
which may have important implications for understanding
the pathogenesis and progression and provide new ideas for
therapeutic strategies to treat neurodegenerative diseases.

THE CENTRAL NERVOUS SYSTEM

Microglia
Microglia are long-lived resident macrophages in the CNS. As
part of CNS homeostasis, microglia remain quiescent under
physiological conditions and perform extremely strong immune
surveillance through highly mobile processes (Nimmerjahn et al.,
2005). This continuous state of movement enables microglia to
respond rapidly to neuropathological changes. On the one hand,
these cells play a phagocytic role, engulfing pathogens and cell
debris that invade the brain. On the other hand, microglia are
also able to transform into an activated phenotype under certain
stimuli, accompanied by transcriptional changes to perform
inflammatory functions (Amor et al., 2022).

Abbreviations: AD, Alzheimer’s disease; AB, Achyranthes bidentata Blume;
ALS, Amyotrophic lateral sclerosis; APCs, antigen-presenting cells; AST-IV,
Astragaloside IV; Aβ, β-amyloid; BBB, blood–brain barrier; CNS, central nervous
system; CTLs, cytotoxic T lymphocytes; CX3CL1, CX3C chemokine ligand 1;
DN, dopaminergic neuron; DAMPs, danger-associated molecular patterns; DCs,
dendritic cells; eQTL, expressed quantitative trait loci; HD, Huntington’s disease;
HFD, Hua-Feng-Dan; LRRK2, Leucine-rich repeat kinase 2; MDMs, monocyte-
derived macrophages; MHC-, major histocompatibility complex-; mHTT, mutant
HTT; MMPs, matrix metalloproteinases; MN, motor neuron; moDCs, monocyte-
derived dendritic cells; MS, multiple sclerosis; NETs, neutrophil extracellular traps;
NF- κ B, nuclear factor-kappa B; NFTs, neurofibrillary tangles; NLRP3, NOD-
like receptor thermal protein domain associated protein 3; NMJ, neuromuscular
junction; NO, nitric oxide; NVU, neurovascular unit; OLs, oligodendrocytes;
OPCs, Oligodendrocyte precursor cells; OPN, Osteopontin; PD, Parkinson’s
disease; ROS, reactive oxygen species; SC, spinal cord; SNpc, substantia nigra
pars compact; TCM, traditional Chinese herbal medicine; Teffs, effector T
cells; TGF-β1, transforming growth factor-β1; TLR, Toll-like receptors; Tregs,
regulatory T, lymphocytes; VEGFA, vascular endothelial growth factor A;
α-syn, alpha-synuclein.

In general, the activation of microglia can be simplified
into two states, which have been traditionally divided into M1
(classic activation) and M2 (alternative activation) (Figure 1).
Sustained activation of the M1 phenotype results in the
secretion of excessive amounts of pro-inflammatory cytokines
and neurotoxic molecules, which in turn damage the organism.
In contrast, M2microglia promote tissue repair and regeneration
through the production of anti-inflammatory cytokines and
neurotrophic factors to exert neuroprotective effects. In recent
years, however, it has been shown that activated microglia
express canonical gene products associated with the M1 and
M2 phenotypes (Rahimian et al., 2021). In neuropathological
conditions, microglial activation falls on a continuum, and these
cells exhibit amixed phenotypemediated by a complex cascade of
surrounding signals. Classifying microglia based on M1 and M2
polarization states is not sufficient to describe the multiple states
of microglial activation (Ransohoff, 2016).

Recent studies have shown that microglia can make direct
connections with different regions of neurons, which is a
more precise modulation that regulates neuronal responses
and cell fate (Cserép et al., 2020, 2021). Microglia can sense
ATP produced by neuronal activation and break ATP down
into adenosine, which inhibits adenosine receptors on the
surface of active neurons, thereby inhibiting excessive neuronal
activation and inducing negative feedback control of neuronal
activity (Badimon et al., 2020). In some neurodegenerative
conditions, however, microglia lose this ability to sense
ATP molecules and produce adenosine. Therefore, in-
depth research on the mechanism of microglia-neuronal
communication may provide new ideas for the treatment of
certain neurodegenerative diseases.

In fact, it is widely believed that microglia are able to not
only interact with the immune components of the CNS but also
crosstalk with peripheral immune components that infiltrate the
CNS (Liu et al., 2020). Moreover, microglia have many important
but not yet fully understood roles in protecting the brain from
disease, and this offers the possibility of developing targeted
molecular therapies. However, under pathological conditions,
activated microglia can exert deleterious effects, and microglia
can mediate the onset and development of neuro-inflammatory
responses through a range of transcription factors and multiple
cellular signaling pathways (Cai et al., 2018). Therefore, targeting
themicroglial inflammatory signaling pathwaymay be a potential
approach to treat neurodegenerative diseases.

Astrocytes
Astrocytes provide nutritional support for neurons, regulate
the metabolic balance of the nervous system, and play an
important role in promoting the formation and function of
synapses and maintaining the structure of the brain and the
BBB (Alvarez et al., 2011; Jeon et al., 2021). In addition, an
increasing number of studies have proven that astrocytes are
a double-edged sword. Similar to the M1 and M2 polarization
states of macrophages, murine reactive astrocytes are defined
as A1 and A2 (Liddelow et al., 2017). The A1 astrocytes
are pro-inflammatory and neurotoxic and are associated with
the progression of neurodegenerative diseases. In contrast, A2

Frontiers in Aging Neuroscience | www.frontiersin.org 2 April 2022 | Volume 14 | Article 872134

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Zang et al. Peripheral Immunity in Neurodegenerative Diseases

FIGURE 1 | Microglia perform surveillance functions of the extracellular environment of the brain in the resting state. In the presence of stressors, microglia can be

activated into two states, which have been traditionally divided into M1 (classical activation) and M2 (alternative activation). Binding of receptors on microglia to Th1

cytokines drives microglia polarization to the M1 phenotype, leading to increased inflammation and oxidative stress as well as BBB dysfunction. In contrast, Th2

cytokines prompt microglia to polarize to the M2 phenotype. M2 phenotype microglia promote tissue repair and regeneration through the production of

anti-inflammatory cytokines and neurotrophic factors for to exert neuroprotective effects.

astrocytes have a neuroprotective function. In a mouse cell
model, microglia express interleukin (IL)-1α, tumor necrosis
factor (TNF), and complement component 1q (C1q) in response
to lipopolysaccharide (LPS) stimulation, and the combined
effects of these cytokines are critical for the activation of A1-
type astrocytes (Liddelow et al., 2017; Ridler, 2017). After
activation, A1 astrocytes are involved in neuroinflammation-
mediated neurotoxicity in various ways, inducing neuronal and
mature differentiated oligodendrocyte death and participating in
the progression of neurodegenerative diseases (Liddelow et al.,
2017) (Figure 2).

Furthermore, neurodegenerative diseases are distinguished
by idiopathic neuronal loss in different parts of the CNS,
and these damaged neurons are not compensated by tissue
regeneration. Instead, these cells are gradually replaced by
extracellular matrix components, which are mainly produced by
endothelial cells, activated fibroblasts and astrocytes (D’Ambrosi
and Apolloni, 2020). This fibroglial response has dual roles in
tissue protection and repair inhibition. Scar-forming astrocytes
are usually adjacent to the lesion and prevent the spread of
proinflammatory cytokines and cellular debris to some extent
(Becerra-Calixto and Cardona-Gómez, 2017). However, a recent
study demonstrated that this fibrotic response exacerbates
the progression of degenerative diseases. Therefore, it has
been suggested that converting the fibrosis-supporting matrix
deposition state of astrocytes and myofibroblasts to a fibrosis-
supporting regressive or reversible matrix degradation state and
reducing scar formation may help to improve the pathological
processes of amyotrophic lateral sclerosis (ALS) and AD
(D’Ambrosi and Apolloni, 2020).

Oligodendrocytes
Mature oligodendrocytes (OLs) are found throughout the gray
and white matter of the CNS (Boulanger and Messier, 2014).
OLs are myelin-forming cells in the CNS and provide metabolic
support to neurons by forming myelin sheaths around axons
(Saab et al., 2016). In recent years, studies have demonstrated
that oligodendrocyte loss and demyelination are characteristic

of neurodegenerative diseases. Oligodendrocyte precursor cells
(OPCs) are the progenitors of terminally differentiated OLs. As a
repair mechanism, when demyelination occurs, the proliferation
and differentiation rate of OPCs increases to generate new OLs
(Snaidero et al., 2020; Neely et al., 2022). This may be crucial
for the pathological recovery process in such diseases. Recent
studies have revealed that OLs may also have immune-related
functions, with a variety of immunomodulatory factors expressed
in OLs, such as cytokines/chemokines and their receptors (Zeis
et al., 2016; Raffaele et al., 2021). In multiple sclerosis, OLs and
OPCs are not passive targets, but modulators of active immunity
(Falcão et al., 2018).

Endothelial Cells
The neurovascular unit (NVU) establishes close structural
and functional connections between neurons, glial cells
(astrocytes, oligodendrocytes and microglia) and vascular cells
(endothelial cells and pericytes) (Castellani and Schwartz, 2020;
Mészáros et al., 2020). NVU contributes to the development and
maintenance of the BBB, ion balance, and nutrient transport
(Vedam-Mai, 2021). Endothelial cells are an important cellular
component of the NVU. Compared to non-neural tissue
endothelial cells, brain endothelial cells have high expression
of connexins at intercellular junctions, conferring barrier
restriction properties for paracellular permeability (Procter
et al., 2021). During the inflammatory process, peripheral
cytokine act on endothelial cells, leading to impaired barrier
function. Meanwhile, inflamed endothelial cells upregulate
the expression of adhesion molecules that facilitate the
recruitment of circulating peripheral immune cells and
antibodies across the barrier (Varatharaj and Galea, 2017;
Marogianni et al., 2020). A recent study identified a new
pathway for microvascular endothelial cells to degrade myelin
debris via the autophagy-lysosome system, which promotes
the progression of demyelinating diseases by promoting
inflammation, angiogenesis and fibrotic scar formation (Zhou
et al., 2019).
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FIGURE 2 | In pathological conditions, damaged neurons release autoantigens to activate resting microglia, which differentiate into the pro-inflammatory phenotype of

M1. The M1 phenotype microglia secrete pro-inflammatory factors(IL-6, TNF-α, IFN-γ) to activate astrocytes, which induce the activation of A1 phenotype astrocytes.

Reactive astrocytes contribute to the formation of glial scarring. It also leads to destruction of the BBB, which in turn leads to infiltration of CNS by peripheral immune

cells. Antigens may enter peripheral lymphoid tissue, where they are presented by antigen-presenting cells to naive T cells, which differentiate into antigen-specific T

effector cells (Th1, Th2, Th17 or Tregs). These cells then secrete anti-inflammatory or pro-inflammatory factors to regulate neuronal survival. Th1 and Th17 cells cross

the BBB, produce neurotoxic and pro-inflammatory factors that interact with glial cells, leading directly to neuroinflammation and damage to motor neurons. Th2 and

Tregs migrate from the periphery to the central nervous system and interact with glial cells to function as motor neuron protectors. In addition, antigens can directly

stimulate B cells, which are activated to produce pro-inflammatory factors that travel along blood vessels to the brain and participate in neurodegeneration. Activated

T cells secrete lymphokines to activate B cells, which proliferate and differentiate into plasma cells. Plasma cells can further produce cytokines and antibodies, such as

anti-Aβ or anti-α-synuclein antibodies, which cross the blood-brain barrier into the brain to alleviate neuronal degeneration.

Pericytes
Pericytes are microvascular wall cells that are embedded in
the basement membrane and surrounding microvasculature.
As mentioned previously, pericytes are important cellular
components of the neurovascular unit (Uemura et al., 2020).
Pericytes interact with endothelial cells, neuronal cells, glial cells
and perivascular macrophages, and this interaction is the basis
for performing these functions (Ding et al., 2018; Uemura et al.,
2020). In recent years, pericytes have been shown to be involved
in neuro-inflammatory as well as neurodegenerative diseases
(Nyúl-Tóth et al., 2017). Pericyte-derived pleiotrophin is thought
to be a neurotrophic factor required for neuronal survival. The
loss of pericytes leads to the breakdown of BBB, blood flow and
loss of neurons in the mouse brain (Nikolakopoulou et al., 2019).

THE PERIPHERAL IMMUNE SYSTEM

Neutrophils
During infection, neutrophils are recruited to the area
of infection to engulf invading microorganisms through
phagocytosis. Under physiological conditions, there are almost

no neutrophils present in the CNS due to the BBB (Guo et al.,
2021). However, under different pathological conditions, such
as infection, trauma or neurodegeneration, a large amount of
neutrophil infiltration occurs in the CNS.

Studies have shown that neutrophils disrupt the BBB
by releasing free radicals, proteolytic enzymes and matrix
metalloproteinases (MMPs) (Strecker et al., 2017; Manda-
Handzlik and Demkow, 2019). Neutrophil extracellular traps
(NETs) are reticulated ultrastructures that are released into the
extracellular space after neutrophil activation and damage the
BBB (Naegele et al., 2012). Zenaro et al. observed neutrophil-
microglia crosstalk in AD and the presence of NETs within
blood vessels and the brain parenchyma, suggesting that NETs
affect the BBB in Alzheimer’s disease and contribute to neuronal
damage (Zenaro et al., 2015). In addition, the authors showed
that the migration of neutrophils produces IL-17 in the cortex
and hippocampus, which not only has a direct toxic effect on
neurons and is involved in the disruption of the BBB but recruits
additional neutrophils (Kebir et al., 2007; Zenaro et al., 2015).
Disruption of the BBB has become one of the mechanisms
of peripheral-central nervous system crosstalk and is an early
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marker of neurodegenerative diseases (Giannoni et al., 2020; Ishii
and Iadecola, 2020).

Monocytes
Monocytes are the largest white blood cells in peripheral
blood and can differentiate into monocyte-derived macrophages
(MDMs) or monocyte-derived dendritic cells (moDCs). Similar
to neutrophils, monocytes are barely detectable in the CNS
under physiological conditions (Gomez Perdiguero et al., 2015;
Mrdjen et al., 2018; Croese et al., 2021). When brain homeostasis
is disrupted, MDMs can invade the brain through an intact
or compromised BBB (Engelhardt et al., 2017; Greenhalgh
et al., 2020). Infiltrating blood-derived monocytes play a
major role in controlling neuropathic events in the CNS,
including scar degradation, anti-inflammatory and neurotrophic
factor production (Shechter et al., 2013; Schwartz, 2017).
Greenhalgh et al. (2018) found evidence of direct communication
between MDMs and microglia and differential regulation of
each other’s functions. MDMs inhibit the critical functions
of microglia and counteract harmful acute and long-term
microglia-mediated inflammation.

NK Cells
NK cells are bone marrow (BM)-derived haematopoietic cells
that are widely distributed in peripheral lymphoid organs and
the circulatory system (Hazenberg and Spits, 2014). NK cells can
secrete cytokines and chemokines that affect the host immune
response or release cytoplasmic granules containing perforin and
granzyme to induce apoptosis in target cells (Voskoboinik et al.,
2015; Zhou et al., 2020). In addition, some NK cells can kill
target cells through the death receptor pathway via Fas ligand and
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
(Guillerey et al., 2016; Yang et al., 2018). Under pathological
conditions, NK cells are recruited to the CNS by chemokines.
For example, during neuroinflammation, neuronal production
of CX3C chemokine ligand 1 (CX3CL1) is necessary to direct
CX3CR1-expressing NK cells into the brain (Huang et al., 2006;
Hamann et al., 2011).

NK cells have different immunomodulatory functions in
different neurological diseases. For example, NK cells interact
with glial cells to regulate the neuroinflammatory response
in neurodegenerative diseases (Huang et al., 2006; Hertwig
et al., 2016). NK cells regulate Treg recruitment and microglial
phenotype by interacting with infiltrating Treg cells and resident
microglia. In addition, NK cells affect CNS physiology by killing
glial cells and secreting IFN-γ (Saikali et al., 2007; Moodley et al.,
2011).

Dendritic Cells (DCs)
Dendritic cells (DCs) are the predominant antigen-presenting
cells (APCs). In the steady state, DCs are present in the CNS,
expressing major histocompatibility complex class II (MHCII)
and the leukocyte integrin CD11c (Santos et al., 2020). The
expression of MHCII and CD11c is generally used to identify the
existence and position of DCs in the brain (Bulloch et al., 2008;
Colton, 2013). Through the identification of cell morphology
and surface markers, multiple studies have shown that under

physiological conditions, DCs are located in the meninges,
choroid plexus, cerebrospinal fluid, and perivascular spaces in
the CNS (McMenamin et al., 2003; Schain et al., 2018). These
sites are all highly vascularized regions, supporting the idea that
cerebral DCs are of vascular origin rather than from within
the brain. Anandasabapathy et al. (2011) demonstrated that
endogenous dendritic cells in the meninges and choroidal plexus
of the steady-state brain are most likely derived from local
precursor dendritic cells that entered the perivascular region of
the brain early in life, and this conclusion suggests that such
precursor dendritic cells are derived from bone marrow rather
than monocytes.

The release of chemokines and adhesion molecules allows
peripheral DCs to migrate to the meninges or choroid plexus,
recognize antigens and present antigens to T cells (Sabahi et al.,
2021). DCs can provide the co-stimulatory signals required for
T cell activation, promoting the activation and proliferation
of CD8+ cytotoxic T cells (CTLs) and CD4+ helper T cells
with diverse proinflammatory cytokine profiles (Colton, 2013).
These proinflammatory effects may cause tissue damage under
certain conditions. However, a recent study showed that the
bone marrow-derived dendritic cells induce neuroprotective
Tregs in a PD model, providing neuroprotective effects through
modulation of adaptive immunity (Schutt et al., 2018). In
conclusion, these studies demonstrate the role of DC in the
regulation of inflammatory and neurodegenerative diseases.

T Cells
T cells are key immune cells of the adaptive immune system.
Several studies have shown that the connection between the
innate and adaptive immune systems is also implicated in the
progression of neurodegenerative diseases. T cells within the
CNS are often considered pathogenic, especially in the context
of neuroinflammatory diseases, and excessive inflammatory
responses are thought to be modulators of the pathogenesis of
neurodegenerative diseases (Ellwardt et al., 2016). Abnormal T
cells promote neuroinflammation through direct crosstalk with
glial cells in the brain and the secretion of pro-inflammatory
mediators (Dai and Shen, 2021). However, recent studies have
shown that T cells play an active role in limiting inflammation
and CNS damage, infection and neurodegeneration (Ellwardt
et al., 2016). The balance between T cells, which can play
an injurious or protective role in CNS, remains to be further
investigated.

CD4+ T cells are the main regulators of the immune response
by secreting a variety of cytokines, recruiting immune cells to the
site of infection, and initiating the differentiation of CD4+ T cell
subsets with different effector functions (Morgan et al., 2021).
Naïve CD4+ T cells (Th0) differentiate into antigen-specific T
effector cells, including T helper 1 (Th1), T helper 2 (Th2), and T
helper 17 (Th17) cells and regulatory T cells (Tregs) (Figure 2).
CD8+ T cells mainly mediate cellular immune responses and are
known as cytotoxic T cells (CTLs).

Th1 and Th17 cells are generally regarded to be producers
of pro-inflammatory cytokines and directly promote
neuroinflammation by secreting inflammatory mediators
such as IL-1, IL-6, IL-17, TNF-α and IFN-γ (Dardalhon et al.,
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2008). Furthermore, these cells enhance microglia-mediated
neurotoxicity by upregulating the release of reactive oxygen
species (ROS) and nitric oxide (NO) (Liu et al., 2020). In
contrast, Th2 cells are thought to be anti-inflammatory and
produce anti-inflammatory cytokines (IL-4). Th2 cells and Tregs
enhance microglia-mediated neuroprotection (Gendelman and
Appel, 2011; Mayne et al., 2020). Th1 and Th2 cells are essential
for maintaining a healthy CNS environment, the ratio of Th1 to
Th2 cytokines (Th1/Th2) can be used to reflect the pattern of the
immune response, and alterations in this ratio are thought to be
a trigger for neurodegenerative diseases (Burgaletto et al., 2020).

The critical role of regulatory T lymphocytes (Tregs) in
immune tolerance and the control of inflammatory responses
makes them potential therapeutic targets for many diseases
(Sheean et al., 2018). Tregs exert neuroprotective effects by
regulating microglial activation. In the early stages of ALS, this
regulation manifests as the upregulation of Tregs and elevated
levels of M2-type neuroprotective microglia (Beers et al., 2011).
However, as the disease progresses, Treg levels decrease, pro-
inflammatory cytokine levels increase, and microglia shift to
a neurotoxic M1 phenotype (Chen et al., 2014; Sheean et al.,
2018). Studies have shown that the number of Tregs is negatively
correlated with the progression of ALS (Beers et al., 2011). In
SOD1-mutant mice, passive transfer of mSOD1 Tregs to ALS
mice lacking functional T lymphocytes induced M2 microglia
in the spinal cord and prolonged survival (Banerjee et al., 2008;
Beers et al., 2011).

In humans, gamma/delta (γδ) T cells are a relatively small
subset of T lymphocytes (Xu et al., 2020). γδ T cells function
as innate immune cells, and they have recently been shown to
share many key features of adaptive immunity (Davey et al.,
2017, 2018). Previous studies have demonstrated that γδ T cells
can regulate immune responses associated with inflammation
and have a pro-inflammatory role in the CNS. γδ T cells can
promote local amplification of the immune response in the CNS,
altering the interstitial microenvironment of the inflamed brain
and ultimately leading to BBB disorders (Schirmer et al., 2013;
Benakis et al., 2016; Wo et al., 2020). However, Ponomarev et al.
showed that γδ T cells could regulate CNS inflammation and
disease recovery through Fas/Fas ligand-induced brain-native
T cell apoptosis (Ponomarev and Dittel, 2005). The different
functions depend on the time and location of γδ T cells, as well as
on the different subtypes. However, more evidence on different
subtypes of γδ T cells is needed to determine their various roles
in CNS inflammation (Wo et al., 2020).

CD8+ T cells have been shown to be involved in the
pathophysiology of diseases associated with neurodegeneration.
CD8+ T cells drive CNS axonal degeneration in normal
senescent mice in a T cell receptor- and granzyme B-dependent
manner, and this deleterious effect is further enhanced in the
presence of inflammation (Groh et al., 2021). In addition, Coque
et al. (2019) found that autoreactive CD8+ T cells directly
interacted with motor neurons and triggered death. Recently,
however, there has been an increase in interest in CD8+ T
cells, as CD8+ T cells have been shown to have other functions
than neurotoxicity. Studies have shown that peripheral infection
induces a type of CNS tissue-resident memory CD8+ T cells in

the brain. These memory CD8+ T cells contribute to the control
of CNS infection, showing rapid activation, enhanced cytokine
production andmediated protection after brain infection (Griffin
and Metcalf, 2011; Urban et al., 2020).

B Cells
B cells are important regulators of CNS homeostasis and disease
states and play an important role in the pathogenesis of various
CNS diseases by acting peripherally or compartmentalizing
within the CNS. In individuals with CNS inflammation, the
number of B cells in the cerebrospinal fluid increased several-
fold, and in the CNS parenchyma and perivascular space, these
cells increased at least several orders of magnitude (Machado-
Santos et al., 2018).

In some PD patients, decreased levels of B lymphocyte subsets
in the peripheral blood were detected, which may be related
to altered B cell-related gene expression (Kobo et al., 2016).
Although no B cells have been identified in the post-mortem
brain tissue of PD patients, studies have shown IgG deposition
on dopaminergic neurons in the substantia nigra and Lewy
bodies in the CNS (Orr et al., 2005). Another study showed
increased levels of alpha-synuclein-specific autoantibodies in the
blood and cerebrospinal fluid of PD patients (Shalash et al.,
2017). This finding reflects the role of B cell antibodies in PD.
Despite the mounting evidence of the involvement of B cells
in neurodegenerative diseases, whether the changes in adaptive
immune are causal or secondary to CNS injury still needs further
study (Sabatino et al., 2019).

REGULATION OF PERIPHERAL AND
CENTRAL IMMUNITY IN
NEURODEGENERATIVE DISEASES

Amyotrophic Lateral Sclerosis (ALS)
Amyotrophic lateral sclerosis (ALS) is a severe degenerative
disease of the CNS. ALS is characterized by the progressive
degeneration of upper motor neurons in the motor cortex and
lower motor neurons in the brainstem and spinal cord, resulting
in severely impaired motor function in patients (Brown and
Al-Chalabi, 2017). The main symptoms of ALS are related to
motor dysfunction, and patients experience progressive muscle
weakness. As the disease progresses, patients gradually lose all
muscle control, eventually leading to death, with an average
life expectancy of only 2-5 years after onset (Tunca et al.,
2018). An increasing number of studies have shown that
patients with ALS can develop non-motor symptoms, such as
cognitive and behavioral impairments during the course of the
disease in 50% of patients and concomitant behavioral variant
frontotemporal dementia (FTD) in 13% of patients (Elamin
et al., 2013; Hardiman et al., 2017). Most ALS cases are sporadic
(SALS) with no clear genetic origin. Only approximately 10%
of cases are familial ALS (FALS) caused by genetic mutations,
of which Cu2+/Zn2+ superoxide dismutase (SOD1) mutations
are considered to be the most prominent and earliest identified
genetic cause of ALS. Other disease-specific gene mutations
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include the C9orf72, TDP43, and FUS mutations (Sreedharan
et al., 2008; Vance et al., 2009; Renton et al., 2011).

Neuroinflammation is thought to be involved in the
heterogeneity of ALS. The crosstalk between activated microglia
and astrocytes and pro-inflammatory peripheral immune cells in
the CNS, together with the immune molecules these cells release,
is significantly associated with disease progression and survival in
ALS patients.We summarized the emerging role of the peripheral
and central immune responses in ALS with the aim of providing
clear insights into potential new treatments for ALS.

Microglia are known to play dual roles in the pathogenesis
of ALS. It has been shown that more than 90% of ALS patients
have accumulated cytoplasmic TDP-43 aggregates in the post-
mortem spinal cord (SC) (Spiller et al., 2016). TDP-43 increases
BBB permeability and impairs the release of neurovascular unit
components, leaving the brain vulnerable to systemic immune
responses during inflammation (Zamudio et al., 2020; de Boer
et al., 2021). The novel inducible mouse rNLS8 model of ALS
was used to show that activated microglia selectively cleared
neuronal hTDP-43, exerting an important neuroprotective effect
(Spiller et al., 2018). Furthermore, Liao et al. observed increased
mRNA levels of the M2 phenotype markers Ym1, CD163 and
BDNF in murine mSOD1 microglia during the early stages of
ALS, suggesting that microglia express theM2 anti-inflammatory
phenotype during the early stages of ALS (Liao et al., 2012).
However, during ALS disease progression, mSOD1-expressing
microglia have dual phenotype and functional profiles. As the
disease progresses, mSOD1 microglia in the spinal cords of ALS
mice have increased levels of the M1 marker NOX2 and secrete
reactive oxygen species (ROS) and pro-inflammatory cytokines
(Frakes et al., 2014; Zhao et al., 2015). Frakes et al. (2014)
demonstrated that NF-κB was activated in the G93A mouse
model as ALS progressed and regulated the conversion of ALS
microglia to a pro-inflammatory, neurotoxic state.

Studies of human cases and animal models of ALS have
shown that astrocytes are a key factor in the progression of
ALS. On the one hand, astrocytes play a role in the specific
degeneration of spinal cord motor neurons in ALS. On the
other hand, astrocytes can regulate BBB permeability and
can crosstalk with CNS immune components and infiltrating
peripheral immune components (Novellino et al., 2020). A
recent study showed that transforming growth factor-β1 (TGF-
β1) expression was upregulated in astrocytes in murine and
human ALS (Endo et al., 2015). TGF-β1 is thought to be a
negative regulator of the neuroprotective inflammatory response,
forming an IFN-γ-dominated environment in infiltrating T cells.
The overproduction of TGF-β1 hastens disease progression by
disrupting the protective effects of microglia and T cells (Endo
et al., 2015). In addition, previous studies have demonstrated
that astrocytes can amplify the dual effects of microglia
during the pre-symptomatic and symptomatic phases. In the
SOD1G93A ALS model, IKK2/NF-κB activation in astrocytes
drives Wnt-dependent microglial proliferation (Ouali Alami
et al., 2018). This response prolongs the pre-symptomatic
phase of ALS, delays muscle denervation, and reduces disease
burden. However, during the symptomatic phase, this response
enhances pro-inflammatory microglial activation, leading to

accelerated ALS progression and shortened survival (Ouali
Alami et al., 2018). Therefore, enhancing pre-symptomatic
immune responses may be a viable therapeutic option for pre-
symptomatic patients.

Mast cells are associated with myofibers and motor endplates
and form NETs by interacting with neutrophils (Trias et al.,
2018). Mast cells, phagocytic neutrophils, and NETs were
abundant around the neuromuscular junction (NMJ) and in
degenerating motor axons, which that suggested a role for
immune effector cell interactions in driving ALS progression
(Trias et al., 2017, 2018).

The topic of whether monocytes infiltrate the CNS and
their impact on ALS progression is currently controversial. A
parabiosis experiment found that CNS microglia are a closed
system with no evidence of recruitment from the circulation
(Ajami et al., 2007). However, another study showed that in
the glial cells of ALS patients, there is increased expression
of the chemokine MCP-1, which attracts monocytes and
myeloid dendritic cells, which in turn recruit monocytes and
moDCs (Henkel et al., 2004). Furthermore, Zondler et al.
(2016) demonstrated that in ALS, circulating monocytes are
dysregulated in terms of both subtype composition and function
and that peripheral monocytes invasion of the CNS is increased.
To some extent, peripheral monocytes have a protective role
during the early stages of ALS. In a recent study, Komiya
et al. assessed whether CCR2+ monocytes infiltrated the CNS
of ALS mice by examining the distribution of the CCR2
protein in a CCR2-reporter mouse model (Komiya et al., 2020).
This study demonstrated that during ALS disease progression,
CCR2 expression expanded from CNS-infiltrating monocytes to
centrally resident microglia and neurons, resulting in the toxic
transformation of microglia and neurons, leading to accelerated
ALS pathology.

As mentioned above, despite the controversy, a growing
number of studies have shown infiltration of peripheral
monocytes into the CNS. However, it is controversial whether
infiltrating monocytes have a beneficial or detrimental effect on
ALS progression. Therefore, future studies on monocytes are
needed to provide new insights into the pathogenesis of ALS.

In ALS, NK cells determine the onset and progression of
motor neuron degeneration. Garofalo et al. (2020) found that in
hSOD1G93A mice, NK cells can directly kill spinal cord motor
neurons. In addition, NK cells can also interact with resident
microglia and infiltrating Treg cells, contributing to the motor
impairment. A recent study demonstrated that NK cells promote
ALS progression in a gender- and age-specific manner, which
suggests that we should consider gender and age variables when
designing immunotherapy for ALS (Murdock et al., 2021).

In addition to the innate immune response, the adaptive
immune system is involved in the pathological process of ALS.
In mSOD1 transgenic mice, CD4+ T cells provided supportive
neuroprotection bymodulating the trophic and cytotoxic balance
of glial cells (Beers et al., 2008). Among them, Tregs act
as suppressors of the excessive immune responses. In mice
with a mutant form of SOD1, secondary transfer of Tregs
induced the M2 phenotype in microglia in the spinal cord
and delayed the onset of clinical symptoms, demonstrating the
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neuroprotective effect of Tregs by modulating the activation of
microglia (Banerjee et al., 2008; Sheean et al., 2018). Tregs tend
to increase in the early stages of ALS, suppressing microglial
activation by secreting IL-4 (Beers et al., 2017). As the disease
progresses, the increased levels of proinflammatory cytokines
lead to the transformation of microglia into a neurotoxic M1
phenotype, which may be associated with a decreasing tendency
of Tregs due to the absence of FoxP3 expression (Beers et al.,
2017). During the rapid developmental stage of ALS, not only
do Tregs levels decrease, but patients show an increase in Th1
and Th17 proinflammatory T cell subsets and a decrease in Th2
cells in peripheral blood, and the immune phenotype is skewed
toward a Th1/Th17 cell-mediated proinflammatory phenotype
that correlates with the severity and progression of the disease
(Jin et al., 2020).

In contrast, CTL infiltration in the CNS of ALS patients
and mSOD1 mice is usually considered detrimental to motor
neurons. MHCI is a key molecule associated with the interaction
of monocytes with CD8+ T lymphocytes. Coque et al. showed
that SOD1G93A-expressing CD8+ T cells selectively triggered
motor neuron death in an MHCI-dependent manner via the
granzyme and Fas death pathways (Coque et al., 2019). In
addition, Nardo et al. showed that CD8+ T cells interacted with
microglia expressing MHCI, accelerated motor neuron death
and reduced survival in SOD1G93A mice (Nardo et al., 2018).
However, CD8+ T cells were shown to be more than just
neurotoxic. Sustained expression of MHCI in motor neurons
protected mSOD1 mice from ALS astrocyte-induced toxic effects
(Song et al., 2016). Nardo et al. (2018) showed that the activation
of MHCI in the peripheral nervous system of ALS mice was
considered an early protective response. In addition, damaged
MNs in SOD1-associated ALS actively recruit immune cells.
Infiltration of CD8+ T cells and macrophages promotes myelin
regeneration, delays muscle denervation and prolongs survival
time (Nardo et al., 2016).

In summary, the role of the immune system is often complex
and multifaceted. The same cell groups will have a positive or
negative effect at different stages of the disease or with different
stimuli. Future studies could focus on these different stages and
the modulation of stimuli to promote more neuroprotective
effects of immune cells.

Alzheimer’s Disease (AD)
Alzheimer’s disease (AD) is themost common neurodegenerative
disease and the most common cause of cognitive decline in the
elderly population. Characteristic pathological changes in AD
include the deposition of β-amyloid (Aβ) in the brain to form
senile plaques and the hyper-phosphorylation of tau protein to
cause neurofibrillary tangles (NFTs) (Chen and Mobley, 2019).
Despite tremendous efforts to determine the etiology of AD,
the exact pathogenesis of AD is not fully understood, and
there are no effective drugs or therapies to stop or reverse the
progression of AD. Numerous studies have demonstrated that
neuroinflammation plays a key role in the pathogenesis of AD
and that crosstalk between peripheral immune cells and the CNS
is involved in the onset and progression of AD. To date, the
role of peripheral immunity in AD is still not well understood,

although a large number of studies have demonstrated its
involvement in all phases of AD.

Microglia may have dual roles in the pathogenesis of AD
(Li et al., 2020). Activated microglia have the capacity to
remove excess Aβ plaques and cellular debris (Ries and Sastre,
2016). Loss-of-function mutations in genes associated with
microglial transmembrane proteins, such as TREM2 and CD33,
are associated with reduced microglial phagocytosis and are
considered genetic risk factors for AD (Hansen et al., 2018;
Cao et al., 2021). As the disease progresses, the function of
microglia changes. On the one hand, continuous stimulation
with high cytokine concentrations leads to the transformation of
microglia into a dysfunctional senescent state, with diminished
phagocytosis leading to Aβ accumulation and the loss of
neural support functions (Hickman et al., 2008; Salani et al.,
2019). One the other hand, the danger-associated molecular
patterns (DAMPs), including Aβ and phosphorylated tau, are
the activators of microglia. These persistent stimuli drive chronic
microglial activation, making them neurotoxic (Thadathil et al.,
2021). Astrocytes can take up and internalize Aβ from the
extracellular environment and participate in its degradation. A
recent study demonstrated that IL-3 derived from astrocytes
in the mouse brain was protective in a mouse model of
AD and served as a key mediator of astrocyte-microglia
crosstalk, which may be a strategy for therapeutic intervention
in AD (McAlpine et al., 2021). However, the pathological role
of reactive astrocytes in AD has been demonstrated. Chun
et al. (2020) found that heavily reactive astrocytes could cause
neurodegeneration in AD and act as a new hallmark of AD. This
damage may be due to hydrogen peroxide production by heavily
reactive astrocytes leading to neuronal death, brain atrophy,
and cognitive impairment. Aβ plaques and tau aggregates
can stimulate NLRP3 inflammasome within astrocytes and
microglia cells, thereby causing activation of caspase-1 and the
release of inflammatory cytokines that trigger pathophysiological
changes in AD (Haseeb et al., 2022). The inhibition of
NLRP3 inflammasome reduces pathological features such as Aβ

deposition and Tau phosphorylation.
In addition, pericytes of the CNS are involved in AD

pathology. In a mouse model of AD, pericytes are involved in Aβ-
induced capillary constriction in the brain (Nortley et al., 2019).
The loss of pericytes accelerates amyloid angiopathy and brain
amyloidosis by reducing the clearance of Aβ from the interstitial
fluid of the brain (Sagare et al., 2013).

Monocytes appear to have dual roles in AD pathophysiology.
Murine monocytes were reorganized into two major
subpopulations based on their chemokine receptor and
Ly6C expression levels: a pro-inflammatory subset and an anti-
inflammatory subset. On the one hand, the Ly6Clow monocyte
subpopulation patrolled the vascular lumen and enhanced
tissue repair, phagocytosed toxic elements, including Aβ, and
alleviated neurodegenerative processes (Naert and Rivest, 2013).
On the other hand, Ly6Chigh monocytes could infiltrate the
brain parenchyma and produce pro-inflammatory cytokines that
promoted microglial activation (Fani Maleki and Rivest, 2019).

A recent study demonstrated that the inflammatory properties
of circulating neutrophils change with increasing age and that
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neutrophil phenotype may correlate with the rate of cognitive
decline in AD patients. Thus, an altered neutrophil phenotype
may serve as a prognostic blood biomarker for AD disease
progression (Dong et al., 2018). In addition, the results of animal
studies of AD suggest that neutrophils may be associated with
the destruction of the BBB (Baik et al., 2014). Zenaro et al.
(2015) observed in transgenic model mice with AD that the
integrin LFA-1 controls neutrophil extravasation into the CNS
and parenchyma and is present in areas with Aβ deposits.
Neutrophils in these areas are directly toxic to neurons and
the BBB by releasing NETs and IL-17 and may recruit more
neutrophils into the CNS (Kolaczkowska and Kubes, 2013).
Neutrophil depletion or integrin LFA-1 blockade reduced AD
severity in animal models, suggesting that neutrophil-directed
therapy may benefit AD patients (Zenaro et al., 2015).

Infiltration of the brain by peripheral NK cells and the
resulting neuroinflammatory changes have been observed in
human AD and 3xTg-AD mice (Zhang et al., 2020; Lu et al.,
2021). It has been suggested that NK cells are biomarkers
of the early stages of AD (Le Page et al., 2015, 2018). A
study showed that the accumulation of NK cells in the aging
brain impairs neurogenesis, and NK cell depletion reduces
neurogenesis and neuroinflammation in the aging brain and
AD patients (Jin et al., 2021). Another study demonstrated the
critical role of NK cells in promoting neuroinflammation and
AD-related cognitive decline. Depletion of NK cells with an
anti-NK1.1 antibody significantly improved cognitive function
in 3xTg-AD mice, and microglia from NK cell-depleted 3xTg-
AD mice exhibited homeostatic-like morphology and decreased
expression of pro-inflammatory cytokines (Zhang et al., 2020).
In summary, targeting NK cells and neuroinflammation may
provide new pathways for the treatment of AD. NK cell killing
and degranulation remain unchanged during healthy aging and
AD development, although numerous changes in NK phenotype
and function occur (Le Page et al., 2015). Further studies on the
altered phenotype and function of NK cells may help to provide
insight into the relationship between NK cells and aging or with
neurodegenerative diseases.

In contrast, the role of adaptive immunity in AD has not
been adequately explored. Increased Aβ-specific CD4+ T cell
and B cell responses were found in the blood samples of AD
patients, suggesting that Aβ can antigenically induce adaptive
immune responses (Monsonego et al., 2003). In a Rag-5×fAD
mouse model of T-, B- and NK cell-deficient mice, the Aβ

plaque load was significantly increased, the neuroinflammatory
phenotype of microglia was exacerbated, and phagocytosis was
reduced (Marsh et al., 2016). This finding suggests that the
adaptive immune system plays an important role in limiting AD
amyloid pathology. However, Kim et al. observed the progression
of AD required B cells (Kim et al., 2021). At the onset of the
disease, therapeutic depletion of B cells significantly delayed
the progression of AD in mice. Meanwhile, in another study,
decreased brain Aβ levels and increased microglial proliferation
were observed in an aged PSAPP mouse model of functional T
and B cell ablation (Späni et al., 2015). These conflicting findings
suggest that the role of the adaptive immune system in the
development of AD remains controversial.

The role of Tregs in AD pathophysiology has been
controversial in recent years. The transplantation of Treg cells
into 3xTg-AD transgenicmice led to the observation of improved
AD pathology in mice, as well as the observation of reduced
brain Aβ load and reduced production of inflammatory cytokines
(Baek et al., 2016). However another study found that a transient
depletion of Foxp3(+) Tregs may contribute to AD disease
remission (Baruch et al., 2015). Such conflicting results imply
a complex role for Tregs in AD pathology. It is worth noting
that these two conflicting results may be due to the different
disease stages. In the early stages of the disease, Tregs may
promote beneficial activation of microglia and inhibit deleterious
pro-inflammatory glial proliferation (Dansokho et al., 2016).
However, in later stages of the disease, systemic Foxp3+ Treg
plays a negative role in the pathology of AD by altering the
function of the choroid plexus and thereby reducing leukocyte
recruitment to the CNS (Baruch et al., 2015). Future studies
are needed to evaluate the therapeutic potential of Treg-based
immunomodulatory approaches in AD.

Due to the altered permeability of the BBB in AD patients,
immune cells can travel to and from the brain. Recent studies
have shown that crosstalk between microglia and astrocytes is
critical for T cell recruitment to the CNS (Burgaletto et al., 2020).
Previous studies have demonstrated an increased percentage of
lymphocytes in the brain parenchyma of AD patients. A recent
study demonstrated the presence of clonally expanded CD8+
TEMRA cells in the cerebrospinal fluid of AD patients and
that clonally expanded CD8+ T cells patrolled the cerebrospinal
fluid during age-related neurodegeneration (Gate et al., 2020).
Laurent et al. demonstrated the activation of microglia and
astrocytes in a THY-Tau22 mouse model of tau pathology and
cognitive dysfunction (Laurent et al., 2017). Furthermore, the
infiltration of CD8+ T cells associated with early chemokine
responses, particularly those involving CCL3, was observed in the
hippocampus in mice. This finding demonstrates the important
role of adaptive immunity in AD pathophysiology.

Parkinson’s Disease (PD)
Parkinson’s disease (PD), which is also known as tremor
palsy, is the second most common neurodegenerative disease
after AD. PD is characterized by a prominent loss of
dopaminergic neurons in the substantia nigra (SN) and
pathological intraneuronal aggregation of alpha-synuclein (α-
syn) in Lewy vesicles (Shahnawaz et al., 2020). PD pathogenesis
is still unclear, and the increased incidence is related not only
to aging but to environmental factors and genetic defects that
can lead to the degeneration of dopaminergic (DA) neurons in
the brain. Leucine-rich repeat kinase 2 (LRRK2) is the most
commonly mutated gene in familial PD (Deniston et al., 2020).
Over the past decade, an increasing number of studies have
focused on the role of the immune system in AD, and pro-
inflammatory immune-mediated mechanisms are believed to
play important roles in disease progression. However, the extent
to which changes in peripheral immunity affect the CNS remains
a matter of debate.

Since the discovery of activated microglia in the substantia
nigra pars compact (SNpc) of the midbrain in PD patients

Frontiers in Aging Neuroscience | www.frontiersin.org 9 April 2022 | Volume 14 | Article 872134

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Zang et al. Peripheral Immunity in Neurodegenerative Diseases

by McGeer et al. (1988), microglial activation and subsequent
neuroinflammation have been shown to play multiple roles in the
degeneration of dopaminergic neurons in AD patients. Microglia
contribute to the clearance of misfolded α-syn aggregates in
PD (Brück et al., 2016). However, α-syn can in turn activate
NLRP3 inflammasome in microglia through interaction with
Toll-like receptors (TLR). This leads to translocation of NF-
κB, which induces increased expression of pro-inflammatory
cytokines as well as impaired mitochondria, thereby damaging
dopaminergic neurons (Gustot et al., 2015). Targeting the α-
syn/TLRs/NF-κB/NLRP3 inflammasome axis may have some
potential application in the treatment of PD (Li et al., 2021).
However, at present, modulators of inflammasome are limited by
clinical effectiveness as well as safety factors, making it difficult to
achieve translation to the clinic.

In addition, LRRK2 mutations associated with PD can
drive microglial activation, leading to increased microglial
phagocytosis and increased production of inflammatory factors,
as well as reactive oxygen species (ROS) (Subramaniam and
Federoff, 2017; Kim et al., 2018). Microglia, which were originally
neuroprotective, become toxic to dopaminergic neurons due to
the overproduction of cytokines and ROS. In addition to their
recognized role in neuroinflammation, glial cells are involved in
the intercellular transmission of α-syn through exosome release.
Guo et al. (2020) observed that exosomes released frommicroglia
could induce nigrostriatal degeneration and play a key role in the
pathogenesis of PD.

Immunoreactive astrocytes with elevated density and
phenotypic changes have been identified in post-mortem PD
brains; however, the specific function of astrocytes in PD
pathology remains unclear (Braak et al., 2007). On the one
hand, astrocytes can play a protective role in disease progression
by effectively isolating and degrading pro-inflammatory
extracellular α-syn. On the other hand, high concentrations of
extracellular α-syn induce astrocyte inflammatory responses
in a TLR4-dependent manner, which may exacerbate stressful
conditions in brains with synucleinopathy (Rannikko et al.,
2015). A recent study by Sonninen et al. (2020) suggested
that LRRK2- and GBA-mutant astrocytes contributed to the
development of PD. In addition, the activation of microglia
by classic inflammatory mediators converts astrocytes to the
neurotoxic A1 phenotype. Yun et al. (2018) found that NLY01
was a potent GLP1R agonist with good neuroprotective effects
by directly blocking the microglia-mediated conversion of
astrocytes to the A1 neurotoxic phenotype. Astrocytes are
involved in the disruption of the BBB in PD patients. Lan
et al. (2022) found that α-syn oligomers lead to the activation
of astrocytes, which increased the production and release of
vascular endothelial growth factor A (VEGFA) and nitric oxide
(NO), both of which can lead to the degradation of BBB integrity.
It is worth noting that recent studies have demonstrated that
PD is also associated with OLs (Bryois et al., 2020). Agarwal
et al. (2020) described the human single-nuclei transcriptomic
atlas for the SN and found a significant association between
the risk of PD and oligodendrocyte-specific gene expression,
which also reveals a possible role of OLs in the etiology
of PD.

Monocytes may be an essential element in the pathogenesis
of PD, and the overexpression of expressed quantitative trait loci
(eQTL), which is specific to monocytes, has been shown to be
associated with PD (Raj et al., 2014). The disease-specific gene
expression profile of peripheral blood mononuclear cells in early
AD correlates with the severity of the disease (Schlachetzki et al.,
2018). Grozdanov et al. (2014) demonstrated the dysregulation of
peripheral bloodmonocytes in PD patients, in which an increased
proportion of pro-inflammatory monocytes was accompanied
by activation of the CCR2-CCL2 axis in PD. The authors
suggest that this increase in classic monocytes and elevated CCL2
serum levels may be related to the secretion of inflammatory
mediators by microglia. The FAS/FASLG system, which regulates
monocyte subpopulations, may be a potential target for PD
therapy. A recent study showed that pathological α-syn activates
LRRK2 expression and kinase activity in monocytes, promoting
the recruitment of pro-inflammatory monocytes to the brain,
which in turn drives the neuroinflammatory response in PD.
Thus, LRRK2 kinase inhibitors may attenuate pro-inflammatory
monocyte responses in the brain (Xu et al., 2022).

The role of NK cells in PD pathogenesis is still unclear.
However, a recent study showed that NK cells have a protective
effect on Lewy body (LB)-related neurodegenerative diseases.
On the one hand, human NK cells can efficiently internalize
and degrade α-syn aggregates via the endosomal/lysosomal
pathway. On the other hand, NK cells are involved in resolving
extracellular α-syn load by producing IFN-γ and activating or
differentiating antigen-presenting cells, including microglia. In
a preclinical mouse model of PD, systemic depletion of NK
cells led to worsened motor symptoms and nuclear protein
pathology (Earls et al., 2020). Recent evidence indicated that the
misfolded a-synmay be retrogradely transported from the enteric
nervous system to the CNS along the vagus nerve (Hill et al.,
2021). Therefore, whether immune cells affect α-syn pathology
in the periphery, especially in the intestine, may be an important
research direction for future studies.

There is increasing consensus that the adaptive immune
system is also involved in the pathogenesis of PD (Tansey
and Romero-Ramos, 2019). CD4+ T cells and CD8+ T cells
have been found in the SN region in postmortem specimens
from PD patients and MPTP-induced mice, and this immune
response promotes dopaminergic neuron (DN) degeneration
through the Fas/FasL cytotoxic pathway (Brochard et al., 2009).
Sommer et al. found that a large amount of Th17 is present
in the substantia nigra of PD patients and that IL-17 secreted
by T lymphocytes is essential for neuronal death (Sommer
et al., 2018). Additionally, in an in vitro model constructed
using patient-induced multifunctional stem cells, antagonism
of both IL-17 and its receptor was able to prevent neuronal
death. In addition, the adaptive immune system interacts with
immune cells in the CNS. It is suggested that glial cells
may be involved in the Th17-mediated cell death of PD
neurons described above (Muffat et al., 2016; Sommer et al.,
2018). Activated microglia secrete inflammatory mediators that
mediate antigen presentation to CD4+ T cells via the MHC-II
pathway, resulting in cell proliferation, slow degeneration and
dopaminergic neuronal death (Marogianni et al., 2020).
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However, Tregs are a subtype of CD4+ T cells. Tregs
exert neuroprotective effects on animal models of PD by
inhibiting immune activation and microglial attack of α-syn and
preventing the loss of dopaminergic neurons in the substantia
nigra (Reynolds et al., 2007). Recent studies have shown that
the pathogenesis of PD involves two stages of CTL-mediated
immune responses. The first stage is early robust CTL infiltration,
which causes slight neuronal loss and α-syn aggregation, but
no dopaminergic neuronal death was found at this stage. More
modest CD8+ T cell infiltration was observed in the next stage,
amplifying α-synuclein pathology and neurodegeneration. The
authors suggested that CD8+ T cells promote substantia nigra
dopaminergic neuron dysfunction and death in PD prior to
the appearance of overt Lewy bodies (Galiano-Landeira et al.,
2020). This pathogenicity of CD8+ T cells should be confirmed
by appropriate models. Further studies on the number and
phenotype of infiltrating CTL at different stages of the disease
could help in the development of immunotherapies targeting
these T cells.

In summary, we have presented the emerging role of the
central and peripheral nervous systems in ALS, AD and PD.
Meanwhile, the immune system also plays a crucial role in
other neurodegenerative diseases, such as multiple sclerosis or
Huntington’s disease.

Multiple sclerosis (MS) is traditionally defined as a chronic
immune-mediated demyelinating disease of the CNS. The
activation of glial cells plays a key role in the process of
demyelination, neuronal and axonal damage (Baaklini et al.,
2019). Similar to the pathogenesis of AD, neuroinflammation
in MS is also characterized by the activation of microglia
and astrocytes in the CNS. This leads to the secretion of
additional pro-inflammatory cytokines and chemokines that
further exacerbate neuroinflammation and BBB destruction,
thereby recruiting more peripheral immune cells (Linnerbauer
et al., 2020; Vainchtein and Molofsky, 2020). In addition, such
interactions between glial cells have an effect on OPC/OLs, thus
affecting the demyelination remyelination process (Chu et al.,
2021).

Approximately 85% of patients present with a relapsing-
remitting phenotype, which is dominated by peripheral
immune responses. Peripheral immune cells disrupt BBB
infiltration into the brain parenchyma, producing focal areas
of primary demyelination (Lassmann, 2018). In contrast,
the primary and secondary progressive forms of MS are
dominated by neurodegeneration and enhanced innate immune
responses, resulting in severe axonal damage, neuronal death
and synaptic loss (Faissner et al., 2019). In contrast to other
neurodegenerative diseases, immunotherapies have had great
success in targeting relapsing-remitting MS. These therapies
primarily target the peripheral immune system and therefore
have limited effectiveness in the treatment of progressive
MS (Healy et al., 2022). Further studies on the activation
state, pathogenic role and interaction of glial cells with
peripheral immune cells may help to identify the new potential
therapeutic opportunities.

Huntington’s disease (HD) is a rare genetic neurodegenerative
disorder caused by the amplification of CAG repeats in the

Huntington (HTT) gene and the accumulation of mutant
proteins (mHTT) (Bates et al., 2015). The pathophysiology of HD
remains unclear, but previous studies have highlighted the role
of the immune system and neuroinflammation in HD pathology.
mHTT is highly expressed in microglia and peripheral immune
cells. As an inflammatory stimulus for these cells, mHTT
may promote inflammatory responses through direct toxic
effects, impaired glutamatergic homeostasis, or mitochondrial
dysfunction (Taherzadeh-Fard et al., 2011; Weiss et al., 2012).
Previous studies have demonstrated that increased microglia
activation and dysregulation of astrocytic neuroinflammatory
signaling pathways are associated with the progression of HD
(Hsiao et al., 2013). However, peripheral adaptive immune cells
rarely infiltrate into the CNS. At present, HD remains incurable,
and immunotherapy and anti-inflammatory drug treatments are
not effective. Many molecular targets as well as gene therapies
are currently under clinical investigation (Devadiga and Bharate,
2022).

THERAPEUTIC STRATEGIES FOR
NEURODEGENERATIVE DISEASES

Previous studies have demonstrated the effectiveness of strategies
harnessing peripheral blood innate immune cells in clearing
Aβ from brain parenchyma and blood vessels, thereby slowing
the progression of AD in mouse models (Koronyo et al.,
2015; Rentsendorj et al., 2018; Koronyo-Hamaoui et al., 2020).
Koronyo et al. (2015) indicated that the cerebral infiltration
of monocytes was beneficial to disease outcome, due to
the effects on restriction of astrogliosis, cellular uptake and
enzymatic degradation of Aβ. Rentsendorj et al. shown that
Osteopontin (OPN), which is highly expressed in bone marrow
monocytes, is an important regulator of macrophage polarization
toward an anti-inflammatory immunophenotype and clearance
of pathogenic Aβ (Rentsendorj et al., 2018). However there
is still controversy as to whether peripheral monocytes can
enter the AD brain and whether they can be used as a
treatment for neurodegenerative diseases (Reed-Geaghan et al.,
2020).

Adaptive immunity is also essential in the pathogenesis
of neurodegenerative diseases, and the understanding of the
adaptive system has a positive effect on facilitating immune-
mediated treatment of neurodegenerative diseases. For example,
Tregs exert neuroprotective effects by regulating microglia,
effector T cells (Teffs), motor neurons (MN). Although the
passive transfer of mSOD1 Tregs to ALS mice lacking functional
T lymphocytes has made great progress in prolonging survival,
there is still a long way to go to achieve successful clinical
translation (Banerjee et al., 2008; Beers et al., 2011). A first-
in-human phase 1 trial has shown that autologous Tregs
infusion can slow disease progression in ALS patients. However,
autologous Tregs are inefficient in targeting the CNS and
require frequent and large infusions to induce therapeutic effects
(Thonhoff et al., 2018).

As shown above, the pathological amyloid aggregation
of α-Syn protein is the main pathological hallmark of PD,
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TABLE 1 | The role of central and peripheral immune cells on the pathogenesis of neurodegenerative diseases.

Amyotrophic lateral sclerosis

(ALS)

Alzheimer’s disease (AD) Parkinson’s disease (PD) References

Microglia • Exerted an neuroprotective

effect in the early stages of

ALS.

• Converted to a

proinflammatory, neurotoxic

state as ALS progressed.

• Activated microglia have been

shown to clear excess Aβ

plaques and cellular debris.

• Neurotoxic and diminished

phagocytosis and as

AD progresses.

• Microglia contribute to the

clearance of misfolded α-syn

aggregates in PD.

• Involved in the degeneration of

dopaminergic neurons.

(Liao et al., 2012;

Frakes et al., 2014;

Zhao et al., 2015;

Brück et al., 2016; Ries

and Sastre, 2016;

Hansen et al., 2018;

Kim et al., 2018; Spiller

et al., 2018)

Astrocytes • Astrocytes are active

participants in neuronal

damage in ALS by producing

neurotoxicmediators.

• Regulated BBB permeability

and can crosstalk with CNS

immune components and

infiltrating peripheral

immune components.

• Reactive astrocytes are

involved in AD pathology.

• Astrocytes can also take up

and internalize Aβ from the

extracellular environment and

participate in its degradation.

• Played a protective role in PD

progression by isolating and

degrading proinflammatory

extracellular α-syn.

• LRRK2- and GBA-mutant

astrocytes contribute to the

development of PD.

• Involved in the disruption of

the BBB.

(Rannikko et al., 2015;

De Biase et al., 2017;

Chun et al., 2020;

Linnerbauer et al.,

2020; Novellino et al.,

2020; Sonninen et al.,

2020; Lan et al., 2022)

Monocyte • Exerted protective effects in

the early stages of ALS.

• Accelerated the progression of

ALS during

disease progression.

• Monocytes appear to have

dual roles in

AD pathophysiology.

• Peripheral blood mononuclear

cells are dysregulated, with an

increased proportion of

proinflammatory monocytes.

• Pathological α-syn promotes

recruitment of proinflammatory

monocytes to the brain.

(Naert and Rivest,

2013; Grozdanov et al.,

2014; Zondler et al.,

2016; Fani Maleki and

Rivest, 2019; Komiya

et al., 2020; Xu et al.,

2022)

NK cells • NK cells promote ALS

progression in a gender- and

age-specific manner.

• Infiltration of the brain by

peripheral NK cells and the

resulting neuroinflammatory

changes have been observed

in human AD and

animol model.

• Internalize and degrade α-syn

aggregates through the

endosome/lysosome pathway.

• Produce cytotoxicity against

hyperactive microglia.

(Earls and Lee, 2020;

Earls et al., 2020; Jin

et al., 2021; Lu et al.,

2021; Murdock et al.,

2021)

Dendritic cells • The role of DCs in ALS

pathogenesis is still unclear.

• Dendritic cell-based

immunotherapy against AD

can be used as potential

therapeutic approach.

• Tolerogenic bone

marrow-derived DCs (BMDCs)

induced Tregs.

(Brezovakova et al.,

2018; Schutt et al.,

2018)

T cells • The circulating CD4+ T cells

are involved in ALS

progression through multiple

mechanisms. In animal model,

CD4+ T cells provided

supportive neuroprotection.

• The role of the T cells in the

development of AD

remains controversial.

• Tregs exert neuroprotective

effects through the interaction

of the peripheral and central

immune systems.

(Reynolds et al., 2007;

Beers et al., 2008)

B cells • The role of B cells in ALS

pathogenesis is still unclear.

• Played an essential role on

cerebral Aβ pathology.

• The role of the B cells in the

development of AD

remains controversial.

• No B cells were identified in

the post-mortem brain tissue

of PD patients.

• IgG deposition was found on

dopaminergic neurons in the

substantia nigra and

Lewy bodies.

(Orr et al., 2005; Späni

et al., 2015; Kim et al.,

2021)

and neuroinflammation also plays an important role in the
progression of PD. Modulating the activation state of glial
cells by directly targeting cellular neuroinflammation, inhibiting
harmful pro-inflammatory neurotoxicity, and enhancing their
anti-inflammatory protective function is also a new approach to
PD treatment (Subramaniam and Federoff, 2017). For example,
NK cells can internalize and degrade α-syn aggregates through
the endosome/lysosome pathway (Earls et al., 2020). NK cells
can also interact with microglia, thereby producing cytotoxicity
against hyperactive microglia (Earls and Lee, 2020). In addition,

immunotherapy is also a very promising protocol for the
treatment of PD, and the research on active and passive
immunity against α-syn has been a novel starting point for the
therapy of PD. Immunotherapy improves disease progression
in patients with early-stage PD by reducing extracellular α-
Syn load (Mandler et al., 2015). In clinical trials, active
immunization mainly includes two humanized immunogens,
PD01A and PD03A. PD passive immunization mainly includes
PRX002, BIIB054 humanized antibodies, and two other anti-
α-syn monoclonal antibodies MEDI1341 and BAN0805 are
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in the early stages of development. The active and passive
immunity of α-syn has been described in detail in other literature
(Zella M. A. S. et al., 2019; Zella S. M. A. et al., 2019).
Recent studies demonstrated that vaccination based on DCs
can provide a bridge between innate and adaptive immune
responses (Brezovakova et al., 2018). By using dendritic cells
as natural adjuvants, the host immune system is enhanced
and the production of specific antibodies helps to clear
pathological aggregation of intracellular proteins (Brezovakova
et al., 2018; Sabahi et al., 2021). The vaccination based on DCs
maintains the balance of the immune response and may have
advantages over traditional protein-based vaccination (Sabahi
et al., 2021). Since the first attempts at immunotherapy for
neurodegenerative diseases, promising advances have beenmade,
however, further studies are required to confirm its efficacy in
neurodegenerative diseases.

Traditional Chinese herbal medicine (TCM) has been
used for thousands of years as one of the therapies for
neurodegenerative diseases, including dementia. In recent years,
with the development of modern pharmacological research
techniques, bioactive components isolated from TCM beneficial
to patients with neurodegenerative diseases have been identified
and purified, and their mechanisms of action have been
extensively studied.

Previous studies have demonstrated that herbal monomers
and extracts modulate AD by reducing β-amyloid production
and regulating autophagy, oxidative stress, microglia
polarization, and mitochondrial function (Chen S. Y. et al.,
2020). For example, Achyranthes bidentata Blume (AB), a
traditional Chinese medicine, is widely used in the treatment
of dementia. ABS inhibits amyloid deposition and reduces
the activation of microglia and astrocytes. It also modulates
ERK and NF-κB pathways, decreases levels of proinflammatory
cytokines in the brain and reduces neuroinflammation (Lin et al.,
2019). Astragaloside IV (AST-IV) can exert anti-inflammatory
effects on microglia by inhibiting the TLR4/NF-κB signaling
pathway and promote the transformation of microglia to a
neuroprotective M2 phenotype (Yu et al., 2019). In addition,
QMAD, a dichloromethane soluble fraction of the Chinese herb
QuMai, induces Tregs by altering intracellular signaling that
restricts AKT phosphorylation (Reid-Adam et al., 2013), which
may be a new strategy for the treatment of ALS.

A growing number of studies have demonstrated the
crosstalk between the gut microbiota, the peripheral immune
system and the CNS. Meanwhile, the dysregulation of the
gut microbiota was shown to be necessary for the infiltration
of peripheral immune cells into the brain. Also, studies on
microglia-gut connections have suggested the important role
of brain-gut microbiota in neurodegenerative diseases (Perez-
Pardo et al., 2018; Wang et al., 2018). This also provides
new ideas on the possible mechanisms of TCM for the
treatment of neurodegenerative diseases. For example, Hua-
Feng-Dan (HFD) is used to treat neurological dysfunction such

as PD. The cinnabar and realgar in HFD were effective in
restoring LPS and rotenone induced alterations in intestinal
flora. This effect on intestinal microbes has also been shown
to be associated with neuroprotective effects. HFD produces
a protective effect against LPS and rotenone-induced DA
neurotoxicity by delaying DA neuron loss, increasing TH
protein expression, and reducing microglia activation (Chen
C. et al., 2020). GV-971, prepared from marine brown algae
extract, could remodel the composition of intestinal flora in
AD mice, thereby inhibiting Th1 cell differentiation and M1-
type microglia activation (Wang et al., 2019). These studies
demonstrate that herbal monomers and compound herbs may
suppress inflammatory responses in neurodegenerative diseases
by regulating intestinal flora.

CONCLUSION

In this review, we highlight the emerging role of the peripheral
and central immune systems in neurodegenerative diseases,
as well as their interactions (Table 1). In recent years, the
prevalence of neurodegenerative diseases has been gradually
increasing, imposing a huge economic and emotional burden
on society and patients. However, there are no effective
therapies to stop or reverse the progression of neurodegenerative
diseases. Despite the recent progress, clinical trials so far
have been disappointing. We propose in this review that
for immunotherapy of neurodegenerative diseases, it is
important to focus on not only CNS immunity or peripheral
immunity but also their interactions. And the limitations
of the current understanding of interactions between CNS
and peripheral immunity are challenges that need to be
urgently overcome. A detailed understanding of the key
steps in the process of immune cell infiltration from the
peripheral circulation to the CNS and aggressive interventions
in these steps may lead to the development of more effective
therapies to manage these intractable neurodegenerative
diseases. In addition, the natural active ingredients in TCM
have multifaceted pharmacological effects, which provide new
ideas for the multi-targeted treatment of neurodegenerative
diseases. It has been reported that TCM is involved in the
pathogenesis of neurodegenerative diseases through multiple
pathways, and future studies will be based more on the
mechanism of action of TCM on the peripheral and central
immune systems. A portion of TCM drugs have been applied
in clinical trials, providing novel treatment strategies for
neurodegenerative diseases.
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