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Summary

While inflammation may not be the cause of disease, it is well known that it contributes to disease pathogenesis across a multitude of periph-
eral and central nervous system disorders. Chronic and overactive inflammation due to an effector T-cell-mediated aberrant immune response
ultimately leads to tissue damage and neuronal cell death. To counteract peripheral and neuroinflammatory responses, research is being focused
on regulatory T cell enhancement as a therapeutic target. Regulatory T cells are an immunosuppressive subpopulation of CD4+ T helper cells es-
sential for maintaining immune homeostasis. The cells play pivotal roles in suppressing immune responses to maintain immune tolerance. In so
doing, they control T cell proliferation and pro-inflammatory cytokine production curtailing autoimmunity and inflammation. For nervous system
pathologies, Treg are known to affect the onset and tempo of neural injuries. To this end, we review recent findings supporting Treg's role in
disease, as well as serving as a therapeutic agent in multiple sclerosis, myasthenia gravis, Guillain-Barre syndrome, Parkinson’s and Alzheimer'’s
diseases, and amyotrophic lateral sclerosis. An ever-broader role for Treg in the control of neurologic disease has been shown for traumatic brain
injury, stroke, neurotrophic pain, epilepsy, and psychiatric disorders. To such ends, this review serves to examine the role played by Tregs in ner
vous system diseases with a focus on harnessing their functional therapeutic role(s).
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Introduction immune response. A large portion of the cell-mediated adap-
tive immune response to inflammation and disease is car-
ried out by CD4+ T helper (Th) cells that are generated in
the thymus following positive and negative selection against
self-antigen. After migrating into the periphery, they are fur-
ther polarized into Th subsets through various cytokines and
transcriptional regulation to become either Th1, Th2, Th17,
or regulatory T cells (Treg) (Fig. 1). Th1 cells preferentially
produce interferon-gamma (IFN-y) as a response to viral in-
fection and tumors, whereas Th17 cells produce IL-17 and
IL-22 to defend against extracellular pathogens at the mucosal
and epithelial levels. However, both cell types have been linked
to aberrant activation leading to the pathogenesis of the auto-
immune and neurodegenerative disease [2]. Th2 cells produce
IL-4,1L-5, and IL-13 to assist with humoral responses.

While inflammation itself may not cause nervous system
disease, it likely contributes to disease pathogenesis once the
disease has been initiated. Emerging evidence suggests aber-
rant innate and adaptive immune responses in many periph-
eral nervous systems (PNS) and central nervous system (CNS)
pathologies [1]. Previously, the CNS was considered an im-
mune privileged site, but recent studies have indicated that
the CNS regularly undergoes immune maintenance and sur-
veillance. It is also understood that an overactive immune re-
sponse within the brain can lead to autoimmunity, tissue and
cellular injury, and degeneration of the nervous system at le-
sion sites. To overcome this overactive immune response, re-
searchers have turned their focus to modulating the immune
response into a protective phenotype by altering the adaptive
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Figure 1: CD4+ T helper cell differentiation. Naive CD4+ T helper (Th) cells and naive Regulatory T cells (nTreg) are generated in the thymus after

undergoing positive and negative selection against self-antigen. nTreg are naturally derived and express high levels of FoxP3 and Helios transcription
factors, along with the T cell receptor (TCR or CD3), CD4, low levels of CD127 and high levels of CD25 (I:2Ra), CTLA-4, GITR, CD39, CD73, and LAG3
to maintain their natural suppressive function. Other naive CD4+ T helper cells leave the thymus where they differentiate into Th1, Th2, Th17, or induced
Treg (iTreg) based on polarizing cytokines and transcription factor expression. Th1 cells are polarized in the presence of I1-12, IFN-y, and Tbet. They
primarily produce IFN-y and are considered to be pro-inflammatory effector populations. Th2 cells are polarized by Il-4 and generally express Gata3 and
produce L4, IL-5, and 11-12 to mediate allergy and humoral responses. Proinflammatory Th17 cells are generated in the presence of IL-16, [:23, 1L-6, and
TGF-p. They are defined by RORyt expression and production of IL-17 and I1-22. In addition, immunosuppressive Tregs can be induced in the periphery
from Foxp3-Th cells (iTreg) when -2 and TGF-f are present. These cells will begin to express the same immunosuppressive markers as nTreg, as well

as stable expression of the FoxP3 transcription factor. They produce anti-inflammatory cytokines, TGF-g, =10, and IL-35. iTreg can be further broken
down into TGF-B-producing Th3, IL-10-producing Tr1, and IL-:35-producing iTr35 depending on their predominant cytokine production.

Treg are an anti-inflammatory subset of CD4+ T lympho-
cytes responsible for suppressing pro-inflammatory immune
responses of other T helper subsets to maintain immune
homeostasis. In both rodents and humans, their cellular
phenotype is defined by high expression of IL-2 receptor
alpha (CD25) and the transcription factor Forkhead box
protein P3 (FOXP3), with low expression of the IL-7 re-
ceptor (CD127) [3]. Stable FOXP3 expression is crucial
for Treg development, function, and persistence. Mutation
in the transcription factor results in Immunodysregulation
polyendocrinopathy enteropathy X-linked (IPEX) syndrome
characterized by aberrant Treg function and the inability
to adequately control the immune response [4]. Treg sta-
bility and immunosuppressive function are defined by the
methylation status of the Treg-specific demethylated region
(TSDR), a non-coding region within the FOXP3 locus [5].
Supplementary markers of Treg phenotype, suppressive cap-
acity, migratory capacity, and function vary among subsets
but may include CTLA-4, CD39, CD73, GITR, LAG3,
Helios, Stat5, and various surface integrins [6]. Variation in
these markers likely depends on the microenvironment, acti-
vation state, cell:cell interactions, and level of inflammation.
Along with the aforementioned phenotypic markers, Tregs

can be divided into two major subsets, including natural
Tregs (nTregs) and induced Tregs and/or peripherally-derived
Treg (iTregs). nTregs are generated in the thymus, arise from
CD4+ T lymphocytes in the presence of transforming growth
factor beta (TGF-f3) and IL-2, and display the classical pheno-
type of CD3+CD4+CD25+CD1271owFOXP3+ with the pres-
ence of the transcription factor Helios [7]. iTregs are induced
in the periphery due to their plastic nature and can be cat-
egorized into multiple subsets based on modulations in cell
surface marker expression, intracellular markers, and cyto-
kine production. These subsets include IL-10-producing Tregs
(Tr1), TGF-B-producing Tregs (Th3), and IL-35-producing
Treg (iTr35) (Fig. 1). Therefore, their phenotypic plasticity
makes them an appealing target for the therapeutic modu-
lation of proinflammatory and overactive adaptive immune
responses. The varying cellular phenotypes can be sorted util-
izing extracellular markers and phenotyped by their expres-
sion of intracellular markers including the presence of various
cytokines and transcription factors. Following isolation, cells
can be cultured and evaluated for suppressive function util-
izing cell proliferation assays. In addition, there are reports of
brain-resident Treg that have an activated memory phenotype
[8]. These cells likely arise from Treg within the blood that
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Figure 2: Adaptive immune system imbalance in nervous system pathologies. In normal, healthy environments, Treg and Th1/Th17 Teff exist in a
homeostatic state. Following genetic mutation, environmental factors, developmental disorders, and/or tissue injury resulting in disease, a Treg:Teff
imbalance occurs in response to a chronic and overactive pro-inflammatory immune response both the in the brain and the periphery. The immune
imbalance is likely due to hypofunctional Treg that are unable to effectively migrate to and suppress the overactive immune response, a reduction in
functional circulating Treg, increased levels of peripheral and neuroinflammation, and ultimately, increased proinflammatory Teff populations leading

to accelerated disease progression. Nervous system pathologies affected by this imbalance include those in the central nervous system (CNS) such

as multiple sclerosis (MS), myasthenia gravis (MG), Parkinson’s disease (PD), Alzheimer's disease (AD), amyotrophic lateral sclerosis (ALS), tramautic
brain injury (TBI), stroke, epilepsy, post-tramautic stress disorder (PTSD), depression, anxiety, and psychosis. Peripheral nervous system (PNS) diseases
include Guillian—-Barre syndrome (GBS), chronic inflammatory demyelinating polyradiculoneuropathy (CIDP), ALS, and neuropathic pain.

enters through the choroid plexus, through the glia limitans,
or through extravasation across the blood-brain barrier due
to increased expression of adhesion molecules and chemokine
receptors during activation. These Tregs can stay in the brain
for an extended period resulting in an established resident
Treg population. During this time, brain-resident Tregs are
engaged with self-antigens and are primed for the expression
of anti-inflammatory mediators such as amphiregulin and
IL10. However, the exact nature and identification of the self-
antigens by brain-resident Tregs still remain unresolved.

To carry out their role, Tregs maintain immunosup-
pression via both direct and indirect mechanisms [3, 6,
7]. Direct mechanisms include inhibition of antigen pres-
entation via cytotoxic T-lymphocyte associated protein 4
(CTLA-4) and lymphocyte activation protein 3 (LAG3)
and cytolysis of effector cells through the secretion of
perforins and granzymes. Indirect mechanisms include se-
cretion of anti-inflammatory cytokines, IL-10, IL-35, and
TGEF-f, presence of CD39, an ATPase, located on the cell
surface along with the co-receptor CD73, and the ability
to sequester IL-2 required for effector cell proliferation in
the surrounding environment. These immunosuppressive

mechanisms allow the immune system to function ap-
propriately by mounting an immune response to foreign
antigens without leading to tissue damage or cellular
death. Therefore, due to their vital immunosuppressive
function, dysfunction in Treg populations may lead to
autoimmune disease and the progression of other inflam-
matory or neuroinflammatory conditions (Fig. 2). Thus,
they are becoming increasingly more popular as potential
disease targets, especially in nervous system pathologies
in which low Treg numbers and/or decreased function are
linked to disease pathogenesis or severity. Here, we discuss
recent findings investigating the contribution of Treg in
nervous system pathologies involving autoimmune diseases
including multiple sclerosis (MS), myasthenia gravis (MG),
Guillain-Barre Syndrome (GBS), and chronic inflammatory
demyelinating polyradiculoneuropathy (CIDP). We also as-
sess Treg-associated effects in neurodegenerative diseases
including Parkinson’s disease (PD), Alzheimer’s disease
(AD), and amyotrophic lateral sclerosis (ALS), traumatic
brain injury (TBI) and stroke, neuropathic pain, epilepsy,
and mental health disorders including post-traumatic stress
disorder (PTSD), psychosis, and anxiety/depression.
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Treg dysfunction and nervous system
pathologies

Autoimmune diseases of the central and peripheral
nervous system

Multiple sclerosis (MS)

MS is a chronic inflammatory demyelinating disease with an
unknown etiology. It is characterized by cognitive impair-
ments, vision abnormalities, muscle weakness, pain, fatigue,
muscle spasms, coordination and balance issues, changes in
sensation, and paralysis in extreme cases, all likely the result
of demyelination [9]. The exact pathogenesis of the disease is
unknown, but it is widely accepted to be immune-mediated
and attributed to myelin-specific effector T cells that target
the myelin sheath leading to an autoimmune response within
the CNS. The most common animal model for studying the
disease process is experimental autoimmune encephalomy-
elitis (EAE) [10]. EAE shares some disease characteristics
such as demyelination, neuroinflammation, neuronal death/
damage, and autoreactive T cell infiltration, which can be
induced through immunization with self-antigens such as
myelin oligodendrocyte glycoprotein (MOG), myelin basic
protein (MBP), or proteolipoprotein (PLP). Due to the en-
gagement of the adaptive immune system in the disease
course and autoimmune dysfunction, the EAE model has
been largely utilized to investigate the role of autoreactive
T effector cells (Teff) and Treg in disease progression [11].
However, both human and animal models of MS have shown
discrepancies in the contribution of Treg to disease path-
ology. Evaluations into low Treg numbers and disease pro-
gression and susceptibility are being carried out to address
these discrepancies. It has been shown that TGF-f signaling
is dysfunctional in MS, which is likely linked to Treg dys-
function [12]. Additionally, studies reveal that MS subjects
have reduced IL-10-secreting Treg in the periphery and an in-
crease in IL-21-secreting cells, resulting in a proinflammatory
immune imbalance in diseased states [13]. Studies utilizing
Treg-deficient MS mice indicate that adoptive transfer of Treg
promotes regeneration and oligodendrocyte progenitor cell
proliferation, and an additional EAE study utilizing Treg ab-
lation displayed that Tregs are crucial for remyelination and
stunting the neuroinflammatory response in chronic stages of
the disease [14, 15]. However, other studies have reported a
detrimental role of immunosuppressive Treg in disease pro-
gression. Evaluation of immunosuppressive surface marker
expressions such as CD73 and CD103 correlates with disease
severity, and MS patients have been found with increased per-
ipheral activated Treg and decreased resting Treg when com-
pared to healthy controls [16, 17].

In addition, a phase I clinical assessment reported that
adoptive transfer of Treg into patients with relapsing-
remitting MS revealed no adverse events and was safe and
tolerable [18]. Additonally, ex vivo expanded Treg from MS
patients restored their dysfunction, decreased their methyla-
tion status, and enhanced their immunosuppressive capacity
[19]. In newly identified MS cases, peripheral Treg levels were
significantly lower than in treated subjects or healthy controls
[20]. However, following Interferon beta-1 alpha (INFB1a)
therapy, a drug shown to significantly slow disease progres-
sion, Treg populations were increased without modulating
other immune markers. Likewise, in secondary progressive
MS, there is a decrease in CD4+ and CD8+ T cells with enrich-
ment in Th2, Treg, and Teff populations following Siponimod

m

therapy [21]. The humoral response was also altered with this
therapy, shifting the response into a regulatory B cell signa-
ture. Studies utilizing silymarin have reported similar results
and Treg restoration [22]. Exploration of lymphoid aggre-
gates in the brains of MS subjects also reports a lack of Treg
in the CNS, indicating that they may not negatively partici-
pate in disease progression and their decreased presence may
in fact contribute to it [23].

Myasthenia gravis (MG)

MG primarily involves degeneration of the neuromuscular
junction by autoantibodies to the acetylcholine receptor or
muscle-specific tyrosine kinase resulting in muscle weakness
and fatigue [24]. It is well known that activated T cells and
plasma cells are involved in the production of pathogenic
autoantibodies and induction of the inflammatory cascade
at this junction. Many studies have focused on the role of
the adaptive immune response in disease progression, and
the disease is considered to be largely T-cell mediated [25,
26]. Studies indicate increased numbers of Thl and Th17
cells along with their cell-associated cytokines such as IL-1p,
IL-6,1L-17, IFN-vy, and tumor necrosis factor-alpha (TNF-a),
with an aberration in Treg subsets that is linked to the patho-
genesis of the disease [27, 28]. It has also been shown that
individuals with MG have decreased expression of CTLA-4,
FOXP3, and IL-10, indicating a possible dysfunction in Treg
subsets [29]. Additionally, evaluations of Treg function and
Th17 phenotypes in diseased states reveal significant defects
in suppressive capacity, as well as a Treg:Th17 imbalance that
may further disease progression [30, 31]. Findings suggest
that mitochondrial dysfunction within the Treg population
may be an additional culprit [32]. Therefore, recent studies
in humans and rat models of experimental autoimmune MG
(EAMG) are focusing on the use of Treg-inducing agents such
as melatonin or adoptive transfer of autologous Treg to fix
the immune imbalance observed in disease [33, 34].

Guillain-Barre syndrome (GBS) and chronic inflammatory
demyelinating polyradiculoneuropathy (CIDP)

GBS is an immune-mediated acute inflammatory disorder
within the peripheral nervous system that is characterized by
infiltration of autoreactive inflammatory cells that cause de-
generation of myelin and axonal damage [35]. Disease patho-
genesis is thought to be mediated by Th1 effector cells and a
disturbance of the Th1/Th2 and Th17/Treg balances within
the system [36, 37]. Experimental autoimmune neuritis
(EAN) is generally utilized to model the disease in animals.
CIDP is an immune-mediated peripheral nervous system
disease with similar pathology to GBS [38]. The etiology of
CIDP remains largely unknown, but like GBS, T-cell activa-
tion and the presence of myelin protein antibodies are be-
lieved to play an important role in disease pathogenesis. In
addition, both diseases have been linked to peripheral Treg
dysfunction. Subjects in acute stage GBS exhibit significantly
reduced peripheral Treg numbers when compared to healthy
controls, but when suppressive function and FOXP3 levels
were compared, there were no differences, suggesting that a
short-term reduction of circulating functional Tregs is enough
to speed pathogenesis [39]. Treatment with immune modula-
tors such as immunoglobulins, Bifidobacterium, or decitabine
is linked to restoration in Treg numbers, reduction in Th2
and Th17 phenotypes, and enhancement of IL-10 and TGF-
B1 secretion [37, 39-42]. In addition, a rat model of EAN
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suggests that Treg has a therapeutic effect by significantly re-
ducing infiltration of inflammatory cells in the sciatic nerve
and rescuing myelin and axonal damage [43]. Studies in CIDP
show similar Treg phenotypes such as the decreased number
and defective suppressive function when compared to healthy
controls [44, 45]. Flow cytometric analysis revealed minimal
changes in other immune subsets, and peak Treg dysfunction
appeared during the progressive or relapsing phases of the
disease, indicating their potential protective role [45].

Neurodegenerative diseases

Parkinson’s Disease (PD)

Parkinson’s Disease is the most common neurodegenerative
movement disorder. It is characterized by the loss of dopamin-
ergic neurons along the nigrostriatal tract and the presence
of intraneuronal inclusions of modified or misfolded alpha-
synuclein (a-syn) called Lewy Bodies [46]. In addition, both
peripheral immune alterations and neuroinflammation have
been implicated in disease progression and neurodegeneration
[47]. PD brain analyses reveal increased microgliosis and
immune cell infiltration, along with the increased presence
of proinflammatory cytokines such as IL-6, TNF-a, IL1-8,
and IFN-y in both the CNS and periphery [48, 49]. Due to
these inflammatory associations, peripheral immune cell dys-
function has been studied in multiple models of the disease,
as well as in clinical studies. Peripheral blood analysis has
demonstrated alterations in CD4+ T helper cells and CD8+
cytotoxic T lymphocytes [50-52]. In addition, PD patients
display increased proinflammatory subsets with a coordin-
ated decrease in anti-inflammatory cells. Multiple studies also
suggest a T-cell-mediated response to aggregated forms of
alpha-synuclein, which has been supported by their presence
in all disease stages [53]. Some clinical evaluations confirm
that patients with PD have fewer Tregs with decreased cell
function when compared to healthy volunteers [51, 54-56]
These findings are also supported in both acute and chronic
animal models of PD [57-59]. PD animals exhibit fewer Treg
and more Th1 and Th17 cells during the disease course.

An additional clinical evaluation suggests an even greater
regulatory impairment in disease that corresponds to de-
creased levels of multiple suppressive cell subsets, including
suppressor Tregs, active Tregs, Type 1 Treg (Tr1) cells, IL-10-
producing CD4 and CDS8 cells, and tolerogenic dendritic
cells, suggesting a global defect in the ability to suppress an
overactive immune response [52]. Therefore, researchers are
focusing on mechanisms to fix the regulatory impairment
observed in the disease. Augmentation, induction, and/or
adoptive transfer of Treg results in neuronal survival and
attenuation of neuroinflammation in neurotoxin and a-syn
models of disease [55, 60-63]. In addition, both iz vivo and
ex vivo expansion of dysfunctional Treg isolated from PD
subjects restores their suppressive function [54, 55, 64].
However, some clinical studies report opposite findings and
suggest an increase in Treg as the disease progresses [65].
Additionally, a study evaluating disease progression and
peripheral blood T and B cell populations in a transgenic
A53T mouse model of PD suggests an increase in CD3+
and CD4+ T cell populations, with a decrease in CD19+
B cells in early stages, followed by movement impairments
and increased T helper cell subsets, including Tregs by 10
months of age [66].

Olson et al.

Alzheimer’s Disease (AD)

Alzheimer’s Disease is the most prevalent neurodegenerative
disorder. It is characterized by memory loss, deficits in cogni-
tion, language impairment, and behavior disturbances [67].
Clinical hallmarks include the presence of proteinaceous
inclusions containing amyloid beta (AP) and neurofibril-
lary tangles (NFT) containing tau. Both are thought to con-
tribute to neuronal damage and loss and likely play a role
in the neuroinflammatory cascade connected to the disease.
Additionally, like PD, T cells have been shown to be dysfunc-
tional in AD and are involved in disease pathogenesis by se-
creting proinflammatory mediators resulting in infiltration
into the brain and interaction with resident microglia [68,
69]. Studies report a Th17/Th1/Treg imbalance with increased
IL-17 and decreased IL-10 levels in serum and cerebral spinal
fluid (CSF), as well as higher proportions of effector memory
T cells and fewer Tregs and naive T cells when compared to
controls [68-71]. Also, early depletion of Tregs correlates
with the acceleration of cognitive impairment and restoration
of Tregs restores cognition [72]. Adoptive transfer of Tregs
in a 3xTg-AD mouse model also improved cognitive func-
tion, reduced deposition of A plaques, and ultimately ameli-
orated disease progression [73]. However, even with these
findings, some studies report the beneficial role of breaking
Treg-mediated immune tolerance to maintain the activation
of microglia for Ap plaque removal to enhance cognitive im-
pairment [74, 75]. It is argued that suppressing this benefi-
cial microglial immune response will lead to increased Af
burden and enhance cognitive decline. These findings suggest
a controversial role of the protective effects of Treg in AD.
Unfortunately, protective inhibition of Treg for the treatment
of AD and clearance of AP has not been replicated despite ef-
forts by multiple research groups.

Amyotrophic lateral sclerosis (ALS)

ALS, also known as Lou Gehrig’s and motor neuron disease
(MND), is a fatal neurodegenerative disorder characterized
by rapid neuronal degeneration and inflammation in upper
and lower motor neurons [76]. The cause of the disease is
unknown, but several factors have been linked to its patho-
genesis including the presence of misfolded proteins, oxida-
tive stress, glial activation, mitochondrial dysfunction, and
neuronal inflammation. Like most other neurodegenerative
diseases, the immune system has been implicated in disease
pathogenesis, and altering the neuroinflammatory response
would likely be beneficial for slowing disease progression.
Clinical evidence demonstrates that ALS patients have a dra-
matic reduction in Treg numbers that are not effective in sup-
pressing immune responses [77, 78]. Epigenetic evaluations
also show higher methylation of the TSDR in ALS patient
Tregs [77]. In addition, decreased Treg levels are correlated
with increased rates of disease progression and death [79,
80] Rapidly progressing patients display reduced mRNA
levels of FOXP3, TGF-, 1L4, and GATA3 indicating de-
creased Th2 populations as well [81]. For this reason, Tregs
and Th2 cells are now being considered as promising targets
for neuroprotection in ALS. In support of this, evaluations in
the SOD1G93A mouse model indicate that Treg expansion
preserves motor neuron soma size and suppresses microglial
and astrocytic immunoreactivity in the spinal cord along with
increased neurotrophic factor production within the spinal
cord and peripheral nerves [80]. Although, clinical evaluation
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using dimethyl fumarate to positively affect Treg numbers
has indicated that there was a lack of efficacy in primary and
secondary endpoints for slowing disease progression [82].
However, direct infusions of autologous Tregs have been safe
and well-tolerated in ALS patients [83]. Treg number and im-
munosuppressive function were increased following infusion
and were correlated with slowing disease progression.

Traumatic injury within the CNS

Traumatic brain injury (TBI) and stroke

TBI is a complex two-step brain injury in which there is a pri-
mary lesion along with secondary brain injury [84]. Initially,
there is mechanical stress followed by several cellular and
biochemical events such as oxidative stress, mitochondrial
dysfunction, inflammation, and ultimately, cell death. In add-
ition, it has been shown that there is massive infiltration of
circulating immune cells into the CNS in both TBI patients
and animal models of cortical injury [85]. This inflammatory
response has dual beneficial and detrimental roles in the brain
depending on time, nature of the response, and phenotype of
cells entering the site of inflammation. Studies evaluating the
role of Treg in the inflammatory cascade and tissue clean-up
phase following TBI are limited, but some results show that
the depletion of Tregs results in proinflammatory effector T
cell infiltration into the brain, increased reactive microgliosis,
and elevated IFN-y expression, leading to increased motor
deficits and tissue damage [86]. Evaluation of peripheral
Treg phenotypes and frequency in TBI patients compared to
normal controls revealed no difference among groups; how-
ever, the time-course of peripheral Treg frequencies changes
post injury [87]. Circulating Treg number positively corres-
ponded to survival and post-injury recovery, with their peak
levels at day 14, indicating that Tregs likely play an active role
in tissue recovery following damage. Their efficacy has been
linked to maintaining the Treg/Th17 balance via increased
TGF-p and decreased nuclear factor-kB (NFkB) signaling to
reduce neurological impairment normally associated with the
neuroinflammatory cascade following injury [88].

Stroke occurs when a blood clot blocks and/or narrows an
artery leading to the brain. This blockage results in hypoxia
and neuroinflammation [89]. Following stroke initiation, an
inflammatory process is activated resulting in neuronal death,
microglial activation, disruption of the blood-brain barrier,
lymphocyte infiltration, and proinflammatory cytokines and
reactive oxygen species release into the surrounding envir-
onment. Therefore, the immune system plays a pivotal role
in the pathophysiology of stroke. Like TBI, Treg evaluation
in stroke is limited, but it is suggested that Tregs play a
role in immune regulation and self-tolerance following is-
chemic stroke, ultimately contributing the survival outcome
[90]. It is hypothesized that Tregs decrease over activation
of the immune response and may have a beneficial role.
However, there are still some controversies about how Tregs
contribute to neuroprotection following stroke. The discrep-
ancy likely arises from varying Treg number and function
depending on the site of action and the surrounding inflam-
matory microenvironment [91]. Animal models of ischemic
stroke show a large infiltration of Tregs into the brain in the
chronic phase of the disease due to increased IL-2, IL-33,
serotonin, CCL1, and CCL20 [92, 93]. These infiltrating Treg
suppressed astrogliosis through the induction of amphiregulin
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and are also shown to decrease MMP9 and CCL2 levels
[94]. It is also suggested that the infiltrating Treg promote
a pro-regenerative environment during all stages of recovery
[95]. Immediately following ischemic stroke, subjects have
significantly elevated circulating Treg that peaks two days
post-injury [96]. Correlation analyses indicate that subjects
with lower numbers of circulating Treg have a higher risk of
early neurological deterioration and infection than those with
higher numbers of circulating Treg. Taken together, these find-
ings suggest that Treg may participate in the recovery of both
TBI and ischemic stroke patients, making them in a potential
therapeutic target for both injuries.

Additional nervous system pathologies

Neuropathic pain, epilepsy, and mental health
disorders

Neuropathic pain is a chronic disease that is generally caused
by progressive nerve damage that can occur as the result of
comorbid disease, injury, or infection [97]. It is a lesion of the
somatosensory system including damage to peripheral fibers
and central neurons in which there are imbalances between
the excitatory and inhibitory signaling systems. In addition,
there is increasing evidence of the role of inflammation in
neuropathic pain. Neuropathic pain is thought to be medi-
ated by IFN-y-producing Th1 cells [98]. When FOXP3+ Treg
are depleted in animals with a chronic-constriction injury of
the sciatic nerve, inhibition of pain is eliminated, and there
is a dramatic Th1 cell infiltration into the spinal cord [99].
In a partial sciatic nerve ligation mouse model, it is shown
that Tregs also infiltrate and proliferate at the site of in-
jury [100]. These cells suppressed the development of pain
through inhibition of the Th1 inflammatory response, and
they reduced neuronal damage and neuroinflammation in
the sensory ganglia through IL-10 signaling. In a model of
traumatic painful neuroma following a neurotomy, Tregs re-
duced the ratio of M1/M2 macrophages, ultimately reducing
inflammation-induced pain [101]. A recent study in patients
with neuropathic pain displayed a Th17/Treg imbalance in
which circulating Tregs were increased and Th17 were de-
creased [102]. This was confirmed through evaluation of
mRNA levels of FOXP3, TGF-3, and RORyt. The increased
levels of Treg along with the presence of neuropathic pain
are likely due to ongoing stress and an attempt to alleviate
pain. However, it remains to be elucidated whether these al-
terations contribute to pathogenesis in any detrimental way.
Epilepsy is a neurological disease characterized by the pres-
ence of recurrent seizures that is associated with lesions in
the CNS [103]. Impairments in the activation state and reso-
lution of inflammation following lesion formation have been
associated with the development of epilepsy. Inflammatory
events are noted within the neuronal tissue, at the BBB, and
in the periphery. Proinflammatory IL-17 and granulocyte-
macrophage colony-stimulating factor (GM-CSF)-producing
T cells are concentrated in epileptic sites, where increased
presence of effector T cells correlates directly with disease se-
verity, and Treg depletion with elevated seizure severity [104].
In childhood epilepsy patients, the proportion of Th17 cells
and expression of IL17A and RORyt is significantly higher
than healthy controls [105]. Subjects also have significantly
lower levels of circulating Treg and expression of FOXP3,
GITR, and CTLA-4. Childhood epilepsy T cell signature
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shows a shift toward proinflammatory IL17 production, al-
tered natural killer (NK) cell subsets, and unchanged CD4+
and CD8+ levels [106]. Evaluation of intercellular signaling
revealed the loss of inhibitor/regulatory networks leading
to pathogenic responses in the neuroinflammatory immune
cell cascade. However, in studies of temporal lobe epilepsy,
subjects had higher levels of IL-10-producing Treg when
compared to age-matched controls [107]. Subjects also dis-
play elevations in many additional immune markers such as
HLA-DR, CD69, CTLA-4, IL-23R, IFN-y, TNF-a, and IL-17.
Correlation analyses revealed that the frequency of Treg cor-
related with the age of seizure onset. However, whether Treg
increases are linked to seizure activity or due to the perturbed
inflammatory response that is present is yet to be revealed.

Apart from diseases attributable to detectable lesion forma-
tion and nerve cell damage in the CNS and PNS, the immune
system and inflammation have also been linked to many
mental health disorders including psychosis, PTSD, anxiety,
and depression. Many of these psychiatric disorders and
symptoms have been linked to autoimmunity and are gener-
ally associated with stressed dysregulation of glutamatergic
and monoaminergic systems leading to neurotransmitter
release and uptake abnormalities [108]. The exact mechan-
isms remain elusive, but neuroinflammation appears to be
linked to this dysfunction. Additional clinical and animal
model evaluations propose that Tregs are hypofunctional in
these disease states and may contribute to their presence and/
or worsening of disease [109-111]. Studies show that im-
paired Treg leads to astrocytic and microglial overactivation
in schizophrenia, along with decreased levels of HLA-DR+
memory Treg and dendritic cells [109, 112]. These alterations
were linked to more severe cognitive deficits and negative
symptoms associated with disease [112]. Although, in another
study evaluating Th17/Treg balance and NK shifts in relation
to psychosis and social stress, it was observed that there were
no significant differences in Th1, Th2, Treg, or NK numbers
between groups [113]. However, high psychosis liability was
linked to increased Treg, decreased NK, and increased Th17
number, potentially due to the high levels of stress associated
with disease. Likewise, altered Teff and Treg ratios are ob-
served in bipolar disorder; however, there is some indication
that although considered detrimental in autoimmunity, Th17
cells may play a role in functional and structural integrity of
the brain with Tregs suppressing this potentially protective
response [114, 115].

Studies in PTSD, depression, and anxiety have also re-
ported similar findings to psychosis. Evaluation of PTSD
and non-PTSD individuals reveal a substantial reduction in
both number and function of naive T cells and Treg fol-
lowing traumatic stress [110, 116, 117]. This altered per-
ipheral immune response may explain why subjects have
increased susceptibility to infection, autoimmunity, and in-
flammation. Patients with major depressive disorder also
show a reduced percentage of Treg compared to controls
[118]. Additionally, it is reported that after anti-depressant
therapy, Treg populations are restored to normal levels,
making them an appealing therapeutic target [119]. Given
the findings in animal models and some clinical studies,
boosting Treg cell function and/or activity may be a poten-
tial interventional approach for reducing neuropathic pain
development, altering epilepsy, and assisting with psychi-
atric disorder treatments.
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Regulatory T-cell-enhancing therapies

Currently, there are multiple approaches to generate and/or
expand Tregs both in vitro and in vivo. These methods are
targeted at enhancing native Treg stability, durability, and/
or trafficking capabilities, engineering antigen-specific Treg,
and inducing Treg number and function through the use of
immunomodulators or adoptive transfer (Fig. 3). Each of these
strategies has its own benefits for generating an anti-inflam-
matory response and potential for disease specificity.

First, Tregs display phenotypic plasticity through cytokine
signaling and input from the surrounding microenvironment.
For instance, Tregs have the ability to express different master
regulatory transcription factors to generate functionally dis-
tinct subsets with increased trafficking to sites of inflam-
mation, enhanced suppressive function, and/or tissue repair
processes. Several animal studies have shown that a small
subset of Treg cells can lose FOXP3 expression when there
is an IL-2 deficiency or an abundance of proinflammatory
cytokines, shifting them into an effector phenotype [120].
On the other hand, increased expression of intracellular
markers and transcriptional factors such as Helios and Ikaros
zinc finger (IkZF) leads to a stable and highly immunosup-
pressive phenotype [121]. In addition, the ability to modu-
late methylation status of the TSDR on the FOXP3 intron
will shift stability and suppressive function as well. In this
case, epigenetic modifiers, such as DNA methyltransferase,
histone demethylase, and/or methyltransferase, can help to
stabilize Treg [122]. Lastly, with the invention and feasibility
of clustered regularly interspaced short palindromic repeats
(CRISPR) gene editing systems, some research has been fo-
cused on manipulating Treg stability and trafficking capacity
through selective gene knockout or knockin [123-126]. For
instance, in a mouse study, the CRISPR/Cas9 system was
utilized to stabilize FOXP3 expression by introducing either
dCas9-TET1CD of methylcytosine dioxygenase or dCas9-
p300CD of histone aceltytransferase with guide RNAs tar-
geted to the foxp3 gene locus. Addition of dCas9-p300CD
promoted expression of Treg phenotypic genes and enhanced
suppression activity [125]. However, only a few studies have
done so in primary immune cells, specifically Treg, and little
is known about the relationship between artificial genome
editing and its effect on epigenetic regulation endogenously.

Next, there are several approaches to generate antigen-
specific Treg to enhance their specificity over polyclonal Treg.
However, their expansion is difficult due to their low frequency
in the body. Therefore, researchers are focusing on modifying
polyclonal Tregs by introducing synthetic receptors in the
form of a chimeric antigen receptor (CAR) or an engineered
T cell receptor (TCR) to directly recognize antigen itself or in
an MHC-antigen configuration. Preclinical models of ulcera-
tive colitis, rheumatoid arthritis (RA), Type-1 Diabetes (T1D),
MS, graft-versus-host disease (GVHD), and transplantation
have displayed that engineering antigen-specific Treg has in-
creased immunosuppressive efficiency when compared to
polyclonal populations due to their ability to migrate and ac-
cumulate in sites of injury or inflammation [127-129]. Their
antigen specificity also allows both targeted suppression and
non-specific suppression due to their natural suppressive abil-
ities. For example, Treg expressing a transgenic TCR specific
for MBP or PLP suppressed both antigen-specific T cells and
polyclonal Teff in close proximity [129]. However, in human
studies, TCR specificity would require MHC compatibility,
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Figure 3: Mechanisms of enhancing natural Treg (nTreg) and induced Treg (iTreg) for the treatment of nervous system pathologies. Currently, there

are three main areas of research dedicated to Treg-enhancing therapies: Stabilization of nTreg survival and function, engineering antigen-specific Treg
responses, and utilization of immune-modulatory agents to induce peripheral populations. To stabilize nTreg populations, immunosuppressive markers
and transcription factors can be maintained through polarizing cytokines and cell activation, demethylation of the Treg-specific demethylated region
(TSDR) using methyltransferases, and CRISPR/Cas9 gene editing to generate stable expression of FoxP3. To engineer antigen specificity, researchers
are focusing on antigen-specific T cell receptor (TCR) expression, chimeric antigen receptor (CAR) expression, and transformation of antigen-specific
Teff into Treg through lentiviral transduction of FoxP3. To generate iTreg populations, direct administration of Treg-inducing agents such as low-dose
Il:2, GM-CSF, bee venom, or CD3 mADb are being utilized. Additionally, ex vivo expansion of dysfunctional Treg using these immune agents followed by

autologous adoptive transfer is being explored.

which varies among subjects, ultimately limiting their clinical
utility. Therefore, researchers have begun focusing on CAR
Treg to overcome this potential problem.

CARs are engineered receptors that provide the T cell with
an ability to target a specific protein as well as activate the cell
simultaneously. They are comprised of an antigen-binding do-
main, a transmembrane domain, and an intracellular domain
that leads to cell function and activation signaling cascades
[130]. Previously, CAR T cells have shown efficacy in blood
cancer, models of colitis, and transplantation [131-133]. Their
advantage lies in their ability to recognize aberrant proteins in
target tissues and their lack of MHC restriction, making them
applicable to a larger number of subjects. Work performed
using models for colitis, GVHD, and skin transplantations
have shown that the use of CAR-engineered Treg enhances
cell migration to sites of inflammation or injury, better sup-
pression of Teff responses and proliferation, and reduces
tissue and cellular injury [129]. However, some studies report
that CAR Treg may have cytotoxic effects leading to perforin
and granzyme-mediated cytolysis resulting in potential tissue

damage and cellular death. Additionally, CAR T cells in cancer
studies have also been linked to development of a cytokine
“storm” and potential neuronal cytotoxicity; however, it is
unknown if CAR Treg may have this unwanted affect as well.
A final approach is to convert antigen-specific Teff into Treg
by overexpression of FOXP3. Conversion of antigen-specific
Teff using lentiviral transduction of FOXP3 successfully shifts
cells into a stable and activated Treg phenotype in cellular,
preclinical, and clinical settings [134]. However, there is evi-
dence suggesting that these induced cells differ in function
and persistence when compared to naive Treg, likely due to
their lack of endogenous Treg suppressive markers and mech-
anisms such as surface expression of CD39/CD73, CTLA-
4, and programmed cell death protein 1 (PD1). Therefore,
modulating antigen-specific Teff into Treg may not result in a
suitably suppressive cell type when utilized in iz vivo inflam-
matory models of disease.

Lastly, the use of immune modulators, such as cytokines
or peptides, or adoptive transfer of autologous Treg to in-
crease cell number or function in diseased states is under



116

active investigation in multiple nervous system pathologies
[58, 59, 135]. It is well known that the growth factor, IL-2,
is essential for Treg generation, induction, and stabilization
[136]. Selective Treg induction can be achieved through low-
dose IL-2 therapy due to their increased affinity to the ligand.
Therefore, signaling via the IL-2R using low doses of IL-2
promotes Treg cell persistence and survival while limiting the
effect on other T cell subsets. Therapeutic efficacy has been
shown in animal models of disease and in clinical trials for
GVHD, T1D, ulcerative colitis, EAE/MS, and ALS [137-
141]. Likewise, a study utilizing astrocyte-targeted gene de-
livery of IL-2 increased brain-resident Treg and resulted in
a neuroprotective and anti-inflammatory profile in models
of TBI, ischemic stroke, and MS without altering peripheral
immune responses [83]. This suggests that brain-specific IL-2
administration is a promising delivery platform with thera-
peutic potential for many neuroinflammatory pathologies.
To increase sensitivity and Treg selectivity, modified forms of
IL-2 such as monoclonal antibodies (mAbs) and PEGylated
versions are also being evaluated for their efficacy [142, 143].
While individuals are not currently utilizing these modifica-
tions in nervous system pathologies, it is a likely future av-
enue, given the increased focus on Treg in these diseases.

Additional agents under investigation include CD3
mADb, bee venom, GM-CSE, rapamycin, and other immune-
modulatory drugs or peptides [58, 59, 135, 144-146]. Work
from our own laboratory has supported the immune trans-
formative effects of GM-CSF in both murine models and clin-
ical assessments of PD [54, 55, 62, 63, 147]. Treatment results
in a dose-dependent increase in Treg populations, increased
immunosuppressive markers, alterations in anti-inflamma-
tory CD4+ T cell gene expression, decreased proinflammatory
cytokine levels, decreased neuroinflammation, and enhanced
neuronal survival in both acute and chronic models of PD and
AD [54, 55, 59, 62, 63, 147]. In PD patients, GM-CSF treat-
ment slowed disease progression and resulted in significant
improvement in motor output that correlated with increased
Treg number and function [54, 55]. Finally, some studies
suggest that increasing Treg number and function using ex
vivo stimulation followed by adoptive transfer of autolo-
gous Treg would be beneficial [64, 148]. Studies show that
re-introduction of functional Treg in patients with remitting-
relapsing MS or ALS may result in positive disease outcomes
by slowing disease progression [18, 19, 149].

Conclusion

Evaluation of the innate and adaptive immune responses in
nervous system pathologies has revealed that the immune
system plays a critical role in disease pathogenesis or pro-
tection depending on the type of response generated. The
neuroinflammatory cascade and microenvironment pre-
sent in the disease states discussed here are generally Teff-
mediated, and Treg have the capacity to positively influence
the inflammatory response in most cases. However, their
limited number and function in many nervous system path-
ologies lead to disease progression and increased disease
severity. Tregs have the ability to maintain self-tolerance,
inhibit detrimental and neurotoxic immune responses,
suppress Teff-mediated neurodegeneration, and suppress
peripheral inflammation associated with disease outcomes
as well. Therefore, efforts to enhance or induce Tregs is
under active investigation. Because Treg cells are highly
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specific and immunosuppressive, they should be considered
as potent therapeutic agents for the treatment of nervous
system pathologies that are linked to neuroinflammation.
Enhancing their number or function can be achieved in
many ways, such as enhancing stability, durability, and
trafficking, artificially engineering their antigen specificity,
or using immunomodulators to induce peripheral popu-
lations. However, due to the relatively new investigations
into this cell population for these indications, clinical
translation of Treg-based therapies may still require add-
itional investigation into quantity or dose of Treg required,
Treg-mediated mechanisms of suppression, timing of ma-
nipulation and/or adoptive transfer, and antigen specificity
in each disorder.
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