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Regulatory T cells (Tregs) control inflammation and maintain immune homeostasis. The well-characterised
circulatory population of CD4"Foxp3™ Tregs is effective at preventing autoimmunity and constraining the im-
mune response, through direct and indirect restraint of conventional T cell activation. Recent advances in Treg
cell biology have identified tissue-resident Tregs, with tissue-specific functions that contribute to the mainte-
nance of tissue homeostasis and repair. A population of brain-resident Tregs, characterised as CD69", has
recently been identified in the healthy brain of mice and humans, with rapid population expansion observed
under a number of neuroinflammatory conditions. During neuroinflammation, brain-resident Tregs have been
proposed to control astrogliosis through the production of amphiregulin, polarize microglia into neuroprotective
states, and restrain inflammatory responses by releasing IL-10. While protective effects for Tregs have been
demonstrated in a number of neuroinflammatory pathologies, a clear demarcation between the role of circula-
tory and brain-resident Tregs has been difficult to achieve. Here we review the state-of-the-art for brain-resident
Treg population, and describe their potential utilization as a therapeutic target across different neuro-

inflammatory conditions.

1. Introduction

The maintenance of immune homeostasis is of vital importance in
the prevention of autoimmunity and the restraint of excessive effector
immune response and host tissue injury [1]. In organs where the loss of
cells can be irreversible, such as the central nervous system (CNS), the
need to prevent damaging immune responses is crucial. Among the
myriad of immunoregulatory mechanisms are regulatory T cells (Tregs).
Tregs are CD4" T cells characterised by the expression of the tran-
scription factor Foxp3, critical for coordination of the regulatory tran-
scriptional state, and the interleukin 2 (IL2) receptor a-chain (CD25),
required for survival and homeostasis [2].Tregs are crucial for the
development and maintenance of self-tolerance, capable of suppressing
the responses of most innate and adaptive leukocyte cell types. Deletion
of Treg cells in mice triggers severe inflammation and development of
autoimmune diseases [3] with similar pathology occurring in patients
with FOXP3 mutation [4]. While the CNS is generally thought to be
isolated from peripheral immunity, a reduction in the functionality or
number of Treg is observed across common neuroinflammatory diseases
[5], implicating Treg suppressive properties as inhibitory in the
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pathology of neuroinflammation.

1.1. Brain-resident Tregs

Most research on Tregs has focused on the population circulating
through the blood and peripheral lymphoid organs. Despite this, there is
growing evidence that key functions for Tregs take place in the tissues,
with sizeable numbers of Tregs found across nearly all tissues assessed.
These “tissue Tregs”, resident in non-lymphoid tissues are thought to
develop unique functions and phenotypes. Among the first examples of
distinct tissue Treg populations present in non-lymphoid tissues was the
discovery of visceral adipose tissue Tregs [6]. Following this, other tis-
sue Tregs with unique phenotype with characteristics specialized for
each tissue have been acknowledged, such as Tregs from skeletal muscle
[7] and cardiac muscle [8], lungs [9], gut [10], skin [11], liver [12], and
brain [13, 14]. While sharing Foxp3 expression and much of the core
Treg transcriptome, unique markers and features have been ascribed to
each of these populations (Table 1). After development and maturation
in the thymus, Tregs migrate to non-lymphoid tissues. Skin Tregs, for
example, accumulate during neonatal period and are is believed to be
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originated from thymus. Here we aim to provide an overview of the
function and phenotype of brain Tregs and assess the potential as a
therapeutic target in neuroinflammatory conditions.

For decades, the CNS has been considered an immune-privileged
tissue, because of its limited interactions with the systemic immune
system under homeostatic conditions. Although it was classically
thought that immune cells do not cross the healthy blood-brain barrier
(BBB), a growing body of work identifies T cells present in the meninges,
with effector cytokines influencing the development and function of the
brain[15, 16]. A small resident population of T cells is also found in the
parenchyma of healthy brain tissue in mice and humans [13, 17]
(Fig. 1). While sparsely distributed across the brain, the total number of
these parenchymal resident T cells is estimated to outnumber the
concentrated population present in the meninges [17]. Within the
brain-resident T cell population is a small fraction of Tregs, expressing
canonical Treg markers (Table 1). These Tregs stay in the brain for a long
time, establishing a resident Treg population[18], which express resi-
dency markers such as CD69. Analysis suggests the brain-resident Treg
population is dynamic across the murine life-course, with first detection
around the point of birth, and enrichment of the population occurring
with both age and environmental stimulation [13]. Unlike the resident
conventional T cell population, however, brain-resident Tregs are rela-
tively refractory to numerical or phenotypic modulation by microbiota
[13]. The kinetic of residency has been assessed through parabiotic
studies, demonstrating that most entry of Tregs to the brain occurs in an
activated state, with rapid conversion of a minority of infiltrating cells to
the CD69™ residential profile. While activated non-resident Tregs persist
in the brain for hours to days, these resident cells can dwell for several
weeks prior to apoptosis or de-differentiation and egress [13]. During
this infiltrating period, brain-resident Tregs appear to be engaged with
self-antigens within the brain and are primed for the expression of
anti-inflammatory mediators such as amphiregulin and IL10, and neu-
rotrophic factors, such as brain-derived neurotrophic factor (BDNF)
[13-20]. The nature and identification of the self-antigens recognised by
brain Tregs remain, however, unknown.Fig. 2.

1.2. Tregs in neuroinflammation

There is an extensive literature on proposed functions for Tregs in
neuroinflammation. We consider here three conditions: multiple scle-
rosis (MS), an autoimmune neuroinflammatory disease, stroke, a neu-
roinflammatory injury, and Alzheimer’s Disease, a neurodegenerative
disease with neuroinflammatory components.

The protective capacity of Tregs in MS is supported through both
patient data and mouse models. Environmental and genetic factors for
susceptibility or heterogeneity can pinpoint crucial molecules. The
critical role of Tregs in MS is additionally supported by the analysis of
the genetic variants associated with the disease, where genome-wide
association studies pinpointed associations with susceptibility of MS
for the IL2RA and IL7RA loci, with both genes strongly implicated in
function of Tregs [21]. Analysis of peripheral Tregs from MS patients
identifies defects in their suppressive role, with lower expressions of
FOXP3, CTLA4 and TGF [22, 23]. In MS therapy such as with Fingoli-
mod, Tregs frequency are increased among circulating CD4 T cells [24,
25]. In MS mouse model experimental autoimmune encephalomyelitis
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(EAE), there is strong evidence that the associations identified in pa-
tients are causative: for example, the systemic depletion of Tregs led to
worsening of clinical score [26]. In these models, Tregs are effective at
quenching the autoreactive response of conventional T cells, reducing
the strength of the autoreactive process [27-29]. Additional protective
effects are also apparent, with compromised remyelination in
Treg-deficient mice, and evidence that the adoptive transfer of Tregs
promotes oligodendrocyte precursor cell maturation and rescues
remyelination [30].

In the context of stroke, circulating Treg cell numbers and suppres-
sive function were reduced in patients with stroke compared with con-
trols [31, 32]. In the mouse model of stroke, it appears that the Treg
response limits the extent of pathology following stroke [33]. Tregs
accumulate in the brain at the chronic phase of ischemic brain injury,
with an oligoclonal TCR expansion suggestive of self-antigen recognition
within the brain [14]. Systemic depletion of Tregs in this model reduced
white matter repair and functional recovery after stroke [33, 34],
demonstrating the protective nature of this population. Brain Tregs from
the stroke mouse model expresses high levels of Amphiregulin (Areg)
and Osteopontin [14, 35]. Areg is proposed to suppress IL6 production
from microglia and astrocytes, limiting inflammation [14], while
Osteopontin enhances microglia-mediated repair. The transfer of Tregs
also suppressed astrocytes activation and STAT3 phosphorylation [35].
Together, these findings suggest that brain Tregs can play a protective
role during stroke, via multiple mediators.

Impairment of the suppressive function associated with Tregs has
been correlated with the severity of neurodegenerative diseases, such as
Alzheimer’s Disease [36]. The number of circulating Tregs in Alz-
heimer’s Disease patients declines compared to matched controls, sug-
gesting that their dysregulation in the periphery reduces their
suppressive capacity [37]. Moreover, the immunosuppressive functions
of Tregs in AD patients are reduced [38]. The role of Tregs in Alz-
heimer’s Disease is, however, controversial, with different studies sug-
gesting either a protective role of Tregs [39], or Tregs being deleterious
[40-42]. Low doses of systemic IL2 increased the number of Tregs in the
peripheral blood, leading to amelioration of cognitive ability of Alz-
heimer’s Disease mouse model [43]. Taken together, these results sug-
gest that Tregs play a role in neuroinflammation in AD, although most
studies using a methodology that does not allow for discrimination of
the peripheral and brain Tregs.

1.3. Unraveling the functions of circulating versus brain-resident Tregs

Despite the formal demonstration of a neuroprotective function for
Tregs during neuroinflammation, complete with attractive mechanistic
pathways, the role of circulating versus brain-resident Tregs remains
largely untested. Patient-based data on Tregs is almost entirely based on
samples from the peripheral blood, which are then extrapolated out to
the brain-resident population. A key limitation spanning most of the
mouse model work is that strategies for formal testing of Treg function
relies on a systemic approach, which impacts both the circulating and
brain-resident populations. For example, Treg depletion systems typi-
cally rely on anti-CD25 antibody injection or diphtheria toxin injection
into Foxp3P™ mice, where both the circulating and brain-resident
populations will be removed [14-44]. Thus, while the functional

Table 1
Molecular signature of brain-resident Tregs compared to key peripheral tissue counterparts.
Transcription factors Chemokines & receptors Cytokines & receptors Characteristic markers
Visceral adipose Foxp3, Pparg, Rora, Gata3 Cxcl2, Cxcer6, Cerl, Cer2 IL10, IL5, IL1rl1, ILOr PD1, CTLA4, CD80, lipid metabolism molecules (Dgat1,
tissue Gdat2, CD36)
Skeletal muscle Foxp3, Rora Ccerl,Cer2 1L10, AREG, ST2 CTLA4, CD103, KLRG1, Tim3, PDGF, Neb, Nebl
Skin Foxp3, Batf, Irf4, Gata3, Maf, Ccr2, Cer6, Cer8, Cerl0, Cxcr4, IL10, ST2, AREG, KLRG1, CTLA4, CD127, Jaggedl, PENK
Blimp1, Rora Cxcr6 Granzyme B
Brain Foxp3, Blimp1 Ccr6, Ccr8 AREG, ST2, IL10 CD69, PD1, KLRG1, 5-HT7, CD103, Neuropeptide Y,
Osteopontin
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Fig. 1. Confocal imaging of brain Tregs. Healthy perfused mouse brains from wildtype mice were imaged for brain-resident Tregs by immunofluorescent confocal
imaging. CD4 (green), Foxp3 (red), GFAP (astrocytes, cyan) and DAPI (blue). Single and combined channel representative image of a Treg in the parenchyma of the
mid-brain. Scale bar, 50 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Proposed functions for brain Tregs during neuroinflammation. Left, Key phenotypic markers and proposed regulatory mediators for brain-resident Tregs.
Right, proposed mechanistic pathways initiated by neuroinflammation, including inhibition of astrogliosis and microgliosis, with potential mediators.

effects observed may be attributed to brain-resident Tregs, they can receptor 7, and IL33, through ST2 [14, 49], with effects on Treg pro-

equally be driven by the well-characterised role of the peripheral Treg liferation. A key limitation of the population size, however, appears to
compartment in controlling systemic inflammation. With known links be the very low levels of IL2 present in the brain [50]. IL2 is a key driver
between systemic inflammation and the outcomes of neuroinflammation in Treg homeostasis and function [51, 52]. While abundantly expressing
[45-48], a peripheral-based effect of Tregs is highly plausible. the interleukin 2 receptor a-chain (IL-2Ra; CD25), Tregs are poor pro-

One strategy for distinguishing between the peripheral and CNS- ducers of the cytokine, making them reliant on external sources [53].
based functions of Tregs during neuroinflammation is through selec- Provision of exogenous IL2 is a well-validated approach to in vivo
tive expansion of the brain-resident population. Brain-resident Tregs functional testing of Treg capacity, and has been used in neuro-
have been shown to be responsive to serotonin, through serotonin inflammatory settings such as stroke [35], EAE [54] and Alzheimer’s
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Disease [39]. While these approaches expand both the peripheral and
brain-resident population, we recently developed a gene-delivery sys-
tem allowing supplemental IL2 production to be limited to the CNS [50].
This system drives the brain-restricted expansion of Treg number,
without impacting the peripheral circulating population, thereby
allowing discrimination of effects mediated by the two populations.
Expanded brain-resident Tregs maintained high expression of Areg and
were associated with a regulatory polarization of microglia, including
upregulation of Osteopontin [55]. Mice with expanded brain-resident
Tregs were protected against models of MS, stroke and traumatic
brain injury [50]. In neurodegenerative models, by contrast, effects are
more limited, with a moderate protective effect in Amyotrophic lateral
sclerosis [56] and no effect in Alzheimer’s Disease [57]. Surprisingly,
improvement was even observed following treatment of aged mice in
normal age-related cognitive decline [58]. These results validate the
brain-resident Treg population as neuroprotective across a range of
neuroinflammatory pathologies.

1.4. Future perspectives

Brain-resident Tregs constitute a high potential target for neuro-
inflammatory pathologies. Despite the paucity of studies distinguishing
between the effects of brain-resident and peripheral Tregs, there is
promising data suggesting that the brain-resident population may be
effective at preventing and reversing the pathological consequences of
neuroinflammation. Strategies to enrich this population, either directly
through cell therapy or indirectly through biologics or gene therapy,
have the potential to mitigate CNS inflammation while preserving the
capacity of the peripheral immune system to combat infections. AAV-
based systems with safe profiles are being approved (i.e. Zongensma-
Zolgensma), and gene delivery systems, such as the ones using a Tet-On
system to deliver IL2 in the brain [50] have high translational potential.

Due to the frequently immunocompromised state of neuro-
inflammatory patients, brain-resident Tregs have a higher potential
safety profile since the expansion of Tregs will be restricted to the brain
not affecting the peripheral immune system, as IL2 and Treg therapies
move towards clinical trials in the neuroinflammatory space.
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