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Summary

The actions of the immune system are finely tuned, involving complex communication and coordination between diverse immune and non-
immune cells across the tissues of the body. A healthy immune system requires a precise balance between immunity and tolerance. Regulatory
T cells (Tregs) have long been appreciated as one of the master regulators of this balance; their importance is underscored by the autoimmunity
that develops in mice and humans when Tregs are missing or dysfunctional. In addition to the immunoregulatory roles of Tregs in suppressing
autoimmunity and inflammation via control of adaptive and innate immune responses, several non-immune modulatory functions of Tregs have
been identified in recent years. In this review, we have highlighted the growing literature on the action of Tregs in metabolism, stem cell main-
tenance, tissue repair, and angiogenesis. Alongside Tregs’ immune suppressive role, these non-suppressive activities comprise a key function of
Tregs in regulating health and disease. As Tregs receive increasing attention as therapeutic targets, understanding their non-canonical functions
may become an important feature of Treg-directed interventions.
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Introduction polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome,
wherein patients suffer from a multitude of autoimmune dis-
orders, with most succumbing within the first few months of
life [1-3]. Most IPEX patients have a mutation in the gene
encoding forkhead box P3 (FOXP3), a transcription factor
that was found to be critical for CD4* regulatory T-cell (Treg)
fate in mice [4, 5]. While FOXP3 is the most frequent driver of
IPEX, mutations in other genes can cause IPEX-like disease.
Interestingly, while several of these genes (CTLA4, IL2RA,
STATSB) are also critical for Treg function, some of them,
such as DOCKS8 and STAT1, have wider roles in the immune
system and may allow other cells to override Treg suppres-
sion [6-8]. Overall, the devastating effects seen when vast
immune dysregulation prevents the appropriate maintenance
of tolerance underscores the important role Tregs play as the
preeminent regulators of the immune response.

There are multiple classes of Tregs, including con-
ventional (CD4*Foxp3*) [9], Type 1 regulatory T cells
(CD4*Foxp31L10*) [10], Th3 (CD4*Foxp3 TGFb*, variable
IL4/IL10) [11] and, more recently, CD8* regulatory T cells

To specialize in detecting dangerous pathogens, cells of the
immune system continually patrol the blood and tissues of
the body. While lymphoid organs such as the bone marrow,
spleen, and lymph nodes are critical for the development, or-
ganization, and efficient expansion of immune cells, barrier
tissues (including the skin, lung, and gut) are the predominant
sites of first contact with exogenous antigens in our environ-
ment. Immune cells in these tissues have evolved mechanisms
to reside there and continually sample antigens to decide if,
and when, to trigger an immune response.

While recognition and removal of pathogens is often con-
sidered the primary function of the immune system, it is equally
important that the immune system effectively decide when ot
to trigger an immune response. To accomplish this, the im-
mune system must efficiently identify ‘self” or non-pathogenic
‘non-self’ and ensure that the powerful defenses used against
pathogens do not cause irreversible tissue damage to the host.
Indeed, one of the most debilitating immune deficiencies
can be seen in people suffering from Immune dysregulation,
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(multiple populations defined, including CD8*CD28"";
CD8*CD122+Ly49*) [12-15]. High-resolution gene expres-
sion studies revealed that each of these broad classes are
heterogeneous and contain multiple subsets of distinct Treg
subpopulations. Conventional Tregs, broadly defined as
CD4*Foxp3*CD25* T cells in mouse and human, are found in
most tissues of the body and are the predominant regulatory
cell of the immune system. While it is unclear whether Tregs
become truly resident in organs throughout the body, many
do undergo phenotypic and transcriptional changes while lo-
calized in a particular tissue, which have been discussed else-
where recently [16-18].

Our knowledge of the roles immune cells play in tissues be-
yond their canonical functions has expanded tremendously in
the last several years. It has been observed that immune cells can
affect non-immune cell function to maintain homeostasis under
steady state and expedite a return to it after the resolution of in-
jury or infection. While these tissue-supportive roles have been
appreciated for some time in specific contexts, such as the micro-
glia in the brain [19] or the intraepithelial lymphocytes in the
gut [20], the importance of Tregs in tissue regulation has only
recently been appreciated. As discussed previously, loss of Tregs
causes early onset lethal autoimmunity in mice and humans. Due
to this phenotype, it was initially difficult to directly study the
effect of Treg depletion or loss of function in adult animals or in
specific tissues without inducing severe autoimmunity. However,
the engineering of inducible genetic Foxp3 deletion models along
with transient antibody depletion have enabled investigation of
short-term tissue-specific effects. More recently, the description
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of tissue-specific Treg transcription factors, such as PPAR-y in
visceral adipose tissue (VAT) Tregs, has allowed for even more
targeted deletion of a subset of Tregs in specific tissues [21].
With these techniques, there is a growing body of research
indicating that Treg function extends to roles in homeostasis
in various tissues. Here, we will focus on the growing litera-
ture describing Treg functions in tissue homeostasis, from
basal metabolism and maintenance of stem cell niches, to
re-establishing homeostasis after tissue damage (Fig. 1).

Treg suppression

The canonical and well-characterized role of Tregs is in the
suppression of immune responses. For the purpose of this re-
view, we define suppression as those Treg functions that dir-
ectly control adaptive and innate immune responses through
regulation of immune cell activation or direct killing of patho-
logically activated immune cells. The primary mechanisms of
immune suppression by Tregs are as follows: sequestration of
interleukin (IL)-2 via expression of the high-affinity receptor
alpha chain CD25 (IL2RA); secretion of anti-inflammatory
cytokines such as TGF-f, IL-10, and IL-35; hydrolysis of
ATP to the immunosuppressive molecule adenosine via CD39
(ENTPD1) and CD73 (NTSE); blocking costimulatory CD80
and CD86 signals via robust expression of CTLA-4; and
through direct killing of inflammatory and autoreactive cells
using cytotoxic molecules including perforin and granzyme
[22] (Fig. 1). Together, these processes mediate Tregs’ core
function of suppressing pathological immune responses and
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Figure 1: Diverse functions of Tregs beyond immune suppression. As detailed in the canonical suppression box, Tregs use several mechanisms to
dampen proliferation and function of effector T cells and other immune cells. Tregs also have myriad effects on tissue repair, angiogenesis, basal
metabolism, and maintenance of the stem cell niche. Roles in tissue repair and mostly been documented in the muscle, lung, skin, and central nervous
system (CNS). Treg-secreted AREG, and KGF are critical for inducing proliferation of epithelial cells in the lung and skin and satellite cells in the muscle.
In the CNS, Tregs can support oligodendrocytes ability to re-myelinate neurons following injury. Tregs can be pro- or anti-angiogenic depending on the
tissue and model. Tregs have been the most well studied and have a clear role in supporting angiogenesis in tumors to enable growth. Their role in
ischemia is less clear: Tregs are required for re-vascularization in the lung following injury but appear to inhibit angiogenesis following cardiac ischemia.
Tregs also support vascular remodeling that occurs in the uterus during pregnancy. Fat Tregs, specifically those in the visceral adipose tissue (VAT), are
the best described tissue Tregs and have clear roles in regulating insulin sensitivity and supporting lipid metabolism. Finally, Tregs support the unique
stem cell niches in the skin, bone marrow, and the gut. Through diverse mechanisms, they can directly maintain stem cell quiescence and indirectly
affect these cells by restricting expansion of supportive mesenchymal stromal cells. Overall, while some of these findings have been validated in
humans, it is important to note that much of the data comes from studies in mice.
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controlling autoimmunity and inflammation. While these
immunosuppressive processes can play an important role in
tissue homeostasis and repair, we will be discussing roles that
extend beyond these canonical Treg functions.

Non-canonical Treg functions

Modulation of basal metabolism

The population of Tregs in VAT surrounding vital organs was
the first tissue-specific population to be deeply characterized
and is the most well understood at present. The Benoist—
Mathis lab pioneered much of the work on VAT Tregs [21,
23]. In addition to describing this population, they dem-
onstrated the functional importance of these cells utilizing
Foxp3 promoter-driven DTR-mediated depletion of Tregs.
This model showed enhanced depletion of VAT Tregs com-
pared with splenic Tregs and resulted in an increase in insulin
sensitivity at early time points [23]. Longer time points, which
would presumably allow for more profound metabolic alter-
ations, were not possible due to the development of global
autoimmunity in these mice. Subsequent work showed that
mice fed a high-fat diet (HFD) had a drastic reduction in VAT
Tregs that was correlated with dysregulation of insulin resist-
ance and glucose levels [21].

More recently, PPAR-y was found to be the major tran-
scription factor controlling VAT Tregs [21, 24, 25]; and
this discovery ushered in a new wave of targeted studies.
Treatment of HFD mice with a PPAR-y agonist, pioglitazone
(Pio), increased VAT Treg numbers and normalized some of
these metabolic phenotypes in control mice, while mice with
PPAR-y deletion in Foxp3-expressing cells were not res-
cued [21]. Gain-of-function studies where VAT Tregs (and
lymphoid-tissue Tregs) were expanded with IL-2/anti-IL-2
complexes also improved insulin resistance and glucose levels
in HFD mice, providing further evidence that Tregs are in-
volved in metabolic control [23]. Together, these results show
a strong correlation between Treg numbers and diet-induced
metabolic dysfunction and demonstrate Tregs are one of the
key mediators of PPAR-y-driven rescue from metabolic dys-
function.

Further investigation into the mechanisms involved in VAT
Treg function found that PPAR-y* VAT Tregs express ST2
and rely on IL-33 to populate the VAT [26, 27]. Treatment of
obese mice, which have fewer fat Tregs, with IL-33 expands
Tregs to numbers comparable to healthy mice and restores in-
sulin sensitivity [26]. While IL-33 signaling also affects ILCs,
macrophages, and other cells, the importance of ST2 signaling
in the maintenance of VAT Tregs was demonstrated with a
Treg-specific KO of the receptor [24]. Signaling through the
alarmin IL-33 has emerged as an important pathway for Treg
function, promoting their expansion [28] as well as contrib-
uting to various canonical and non-canonical Treg functions,
some of which will be described later in this review, particu-
larly as it relates to the expression of Amphiregulin (AREG).

Support of the stem cell niche

Stem cell niches must support steady-state cell turnover,
while also responding to damage and enabling a return to
homeostasis. Proliferation and differentiation of cells within
these niches must be tightly regulated. Interestingly, several
instances of direct Treg interactions and regulation of stem
cells in the bone marrow (BM), skin, and intestine have been
documented and will be detailed below.

Astarita et al.

Tregs are present at a much higher frequency in the BM
compared with most other tissues (upward of 40% of CD4
T cells [29]). High-resolution images of the BM indicate that
Tregs reside in the otherwise immune-privileged hematopoi-
etic stem cell (HSC) niche and that the majority of HSCs in
the BM were localized near Tregs [30]. Taking advantage of
the need for CXCR4 expression for Treg homing to the BM
[29], a Foxp3<¢Cxcr4f</Mox mouse model was used to select-
ively reduce Tregs in the BM. This led to increased expansion
and colony-forming ability of HSCs, indicating HSC were
more prone to proliferate and differentiate to form multi-
lineage colonies in the absence of Tregs [31]. Importantly,
BM, but not lymph node, Tregs inhibited HSC colony for-
mation in vitro, indicating that these tissue Tregs can dir-
ectly affect the activation state of HSC. The Treg-mediated
inhibition of HSC expansion was reversed upon antioxidant
treatment, suggesting that Tregs maintained HSC quiescence
by protecting HSCs from oxidative stress [31]. It was further
demonstrated that this antioxidant activity was mediated by
Treg-generated adenosine, as Treg-specific deletion of Entpd1
(CD39), which catalyzes the hydrolysis of ATP to generate
immunosuppressive adenosine, or inhibition of the adenosine
receptor A2AR, produced the same effect [31]. Overall, these
data indicate that Tregs serve to protect the quiescence of BM
stem cells and inhibit them from aberrantly differentiating.

Studies examining HSC engraftment following transplant-
ation have also revealed roles for Tregs in the BM HSC niche.
Transfer of HSC niche Tregs (defined as CD150") into an
allogenic-HSC model led to improved HSC quiescence and
survival and promoted significantly better allogenic-HSC en-
graftment than transfer of CD150% Tregs [31]. This effect was
also dependent on adenosine, as CD39 deletion in the trans-
ferred Tregs reduced HSC engraftment [31]. A second recent
study found that Treg depletion prior to HSC transplant re-
sulted in significantly less engraftment [32]. However, instead
of the Tregs directly affecting HSCs, Treg-produced IL-10 led
to increased expansion of mesenchymal stromal cells (MSCs)
and HSCs in vivo, and a lack of MSC-mediated HSC sup-
port in vitro [32]. Interestingly, the depletion of BM Tregs in
this study did not cause overt inflammation or expansion of
other T cells in the BM, implying that Tregs and the IL-10 are
not acting broadly to suppress immunity in the BM. Together,
these studies provide support for a model in which Tregs
produce adenosine and directly protect HSCs from oxidative
stress to maintain their quiescence, and this promotes their
long-term maintenance. Further studies are needed to dissect
the direct and indirect effects of Tregs on HSCs themselves
and other immune cells in the niche.

Treg regulation of stem cell niches is not limited to the hem-
atopoietic system. In the skin, hair follicles contain a stem cell
niche that is required for the cyclical renewal of hair [33] and
hair follicle stem cell (HFSC) function has been correlated
with Treg function in humans [34]. Tregs have been observed
localized around the HFSC niche, near the bulge of the hair
follicle [35-37].

Two-photon imaging on Foxp3-GFP mice further found
that Tregs in close proximity to HFSC were less spherical than
Tregs located farther away suggesting direct cell—cell contact
[38]. During the telogen phase of hair growth, the HFSC are
quiescent. Active hair growth occurs during the anagen phase,
which can be triggered by senescence of the hair or depil-
ation. Treg numbers fluctuate with these phases and are most
abundant in the late telogen phase [38]. Mice that lack all T
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cells (Rag2~-) have a delay in anagen induction in response
to depilation-induced hair regeneration, as well as during the
hair follicle cycle [38]. Specific depletion of Tregs after DTR
treatment in Foxp3-DTR mice results in the inability to grow
back hair after depilation, with the HFSC losing Ki67 expres-
sion in the telogen-to-anagen transition. This interaction was
found to be dependent on Notch signaling, as Treg-specific
depletion of the Notch ligand Jag-1 in Foxp3“<“Jag1™ mice
phenocopied the effects of systemic Treg depletion on hair
growth [38].

Recently, it was discovered that glucocorticoid receptor
(GR) signaling in skin Tregs was critical for HFSC prolifer-
ation and hair regrowth in both the depilation model and the
natural hair growth cycle [39]. Using a combination of genetic
mouse models and iz vitro systems, the authors demonstrated
that TGF-B3 production was induced in Tregs downstream of
GR signaling, which was then required to overcome inhibitory
BMP signals and activation HFSC proliferation. Importantly,
no changes in immune cell numbers or cytokine production
were observed in the skin, supporting the idea that Tregs con-
trol HFSCs separate from any immunosuppressive functions.

The intestinal stem cell (ISC) niche may be one of the best
described stem cell microenvironments; however, there is still
much unknown about the roles that lymphocytes, particularly
Tregs, play in this niche. A recent paper by Biton et al. queried
sc-RNAseq of WT and Lgr5~ intestinal epithelial cells (IECs)
to identify ISC-immune interactions and characterized the
interactions between MHCII* intestinal stem cells and T
helper subsets, including Tregs [40]. In an in vitro organoid
system, induced Tregs or IL-10 caused more self-renewal of
the stem cells compared with conventional T cells and their
associated Th cytokines [40]. Although IL-10 is considered a
major Treg effector cytokine, the in vitro Tregs did not make
substantial IL-10; therefore, further studies are needed to un-
cover the exact mechanisms by which Tregs are supporting
SC proliferation. Interestingly, these interactions were de-
pendent on MHCII expression in the stem cells, indicating
that they directly present antigen and interact with T cells.
Furthermore, depletion of Tregs using the Foxp3-DTR genetic
mouse model led to increased proliferation of intestinal stem
cells and aberrant differentiation into mature cell types [40].
Follow-up studies that conditionally delete IL-10 or other
Treg-derived factors will be critical to dissect how Tregs are
mediating these changes.

Based on the substantive data detailing the key role, Tregs
play in regulating and maintaining the stem cell niche in bone
marrow, skin, and gut, there is active research into Treg func-
tion in stem cell function in other tissues. Interestingly, Rag-
deficient mice do not show overt defects with self-renewal of
any of these tissues [41, 42]. This could be due to several fac-
tors including the lack of other immune cells or the presence
of redundant non-immune mechanisms to maintain the stem
cell niche.

Facilitation of tissue repair

Tregs have long been known to play a role in resolution
following an immune challenge or barrier breach, but the
major role described has been the direct suppression of im-
mune cell function, infiltration, and inflammation. More re-
cently, identification of the molecular mechanisms involved
have revealed that Tregs can also have direct effects on non-
immune cells to promote healing of an injured tissue. Tregs
can produce various growth factors in a tissue-specific matter
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to promote repair in different tissues such as keratin growth
factor (KGF) in the lung, basic fibroblast growth factor 2 in
the gut, neurotrophin factor in the spinal cord, neuroregulin-1
in heart, and insulin growth factor 1 in the retina [43-45]. In
addition to these, AREG is used by Tregs to facilitate repair
across multiple tissues. AREG is an epidermal growth factor
(EGF) family protein that is produced by numerous cell types
[46]. Early mouse knockout studies indicated that AREG had
minimal effects under homeostatic conditions [47], but more
recent studies found that AREG expression was important
for some immune functions [48, 49]. Still, the specific role of
Treg-produced AREG has not been appreciated until recently.

There have been several studies exploring the role that Tregs
have in muscle repair following injury. Burzyn et al. showed
for the first time that Tregs accumulated at sites of muscle
injury [50], and IL-33 was later identified as a key factor
driving their recruitment [51]. Depletion of Tregs, whether
by genetic mouse models or a Treg-specific deletion of 1L-33
receptor, significantly decreases satellite cell proliferation and
muscle repair following cardiotoxin-induced injury. Muscle
Tregs exhibited robust expression of Areg, and administra-
tion of AREG itself or delivery of IL-33 to increase Treg ac-
cumulation rescued repair defects in old mice. At least some
of the effects of Tregs on muscle repair also involved their im-
munosuppressive functions. Specifically, Tregs act to restrain
IFN-y production by NK and effector T cells, macrophage
activation, and inflammation in injured muscle [52, 53].

Still, there is clear evidence that Tregs can directly affect
muscle cells, separate from their ability to broadly dampen
inflammation. The main cellular target of AREG was sat-
ellite cells, which proliferate, differentiate, and eventually
form new myofibers in response to muscle injury. Iz vivo, the
muscle Tregs were closely associated with the satellite cells
[50]. In vitro studies have demonstrated that Tregs can dir-
ectly affect the proliferation and colony forming capacity of
satellite cells [50, 54]. Additionally, colony formation could
be enhanced ex vivo by treatment with AREG. Together, these
results underscore the key role that Tregs and AREG play in
muscle repair.

Tregs have been shown to play a central role in tissue re-
pair in the lung as well. Transfer of Tregs into lymphocyte-
deficient Rag~ mice in a model of acute lung injury showed
enhanced resolution of the injury, while depletion of Tregs in
WT mice aggravated the tissue damage [55].

At least some of these effects were mediated by CD103*
Tregs migrating to the lung and producing KGF to sup-
port epithelial cell proliferation following acute respiratory
distress syndrome [43, 56]. Similar to muscle, Treg-derived
AREG has been demonstrated to play a role in lung injury re-
pair. Specifically, Arpaia et al. utilized T cell- and Treg-specific
Areg KO mice to demonstrate that Treg-derived AREG was
critical for lung repair and control of tissue damage following
viral challenge [57]. AREG production was induced by Treg
detection of the alarmins IL-18 and IL-33 and did not require
TCR activation. A lack of AREG production in T cells or
Tregs did not affect anti-viral immune responses or suppres-
sion. Sequencing of lung Tregs following infection indicated
that IL-10+IL-18R- Tregs expressed genes encoding suppres-
sive effector molecules (i.e., CD25, CD39), while the IL-10-
IL-18R+ Tregs expressed genes involved in ECM generation
and tissue repair [57]. Harb et al. recently expanded upon this
model by demonstrating that in COVID patients and mouse
viral infection models, upregulation of Notch4 in Tregs was
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critical for IL-18R expression and subsequent AREG pro-
duction [58]. Altogether, these studies reveal critical roles for
Tregs in protecting lung tissue from damage following in-
fection. Further studies are needed to investigate the which
specific Treg-secreted proteins are mediating this protection
beyond AREG.

In the skin, the predominant cell type mediating repair is
the keratinocyte, which migrate to the wound site, proliferate,
and differentiate to restore the tissue [59]. AREG has been
shown to directly drive keratinocyte proliferation [46], and
skin Tregs express both AREG [60] and its receptor EGFR
[61]. EGFR deletion in Tregs resulted in reduced infiltration
of Tregs at the wound site and delayed wound closure [38].
Dissecting the exact relationships at play is complicated in
this context, as several phases of the wound response overlap
and resolution includes suppression of inflammation; how-
ever, several lines of study suggest Tregs can directly affect
keratinocytes and promote re-epithelialization. For example,
Tregs have been shown to make KGF and IGF-1, which pro-
mote epidermal regeneration [43, 45, 62]. While Tregs are
not the exclusive producers of these factors, in vitro studies
have demonstrated that Tregs can directly support epithelial
cell proliferation through producing KGF [33]. Additionally,
Tregs isolated from UVB-irradiated skin were able to induce
keratinocyte outgrowth in an AREG and proenkephalin
(PENK)-dependent manner [63]. Still, more targeted genetic
and in vitro studies are required to determine whether Treg
deletion or modulation are truly critical for keratinocyte re-
sponses during wound healing.

As in muscle, lung, and skin, Tregs found in the brain also
express high levels of the IL-33 receptor ST2 and AREG [27].
A direct role for this pathway has not yet been described, but
there is evidence that Tregs themselves also play an important
role in central nervous system (CNS) tissue repair. Though
the CNS is often considered to be an immune-privileged en-
vironment due to the blood-brain barrier, peripheral immune
cells do coordinate with CNS-resident immune cells to aid in
recovery following acute CNS trauma [64]. Tregs are an im-
portant component of this immune response, despite making
up a relatively small proportion of these infiltrating immune
cells [65]. For example, Tregs can promote myelin regener-
ation after acute CNS injury by promoting oligodendrocyte
differentiation [65]. Though Tregs are not strictly required for
the remyelination process per se, Foxp3-DTR transgenic mice
depleted of Tregs exhibited significantly fewer differentiated
oligodendrocytes post-injury, resulting in significantly fewer
remyelinated neurons [65]. This pro-regenerative property of
Tregs seems to be driven in part by soluble factors, as media
collected from Treg cultures was able to drive regeneration.
Importantly, increasing the Treg residence in the CNS by ec-
topic expression of IL-2 led to reduced neuroinflammation
and prevented neurological damage during recovery in a
model of traumatic brain injury [66]. It remains to be seen
whether AREG drives Treg-driven CNS repair or if a novel
pathway is utilized by neural Tregs.

Overall, while the precise mechanisms remain unknown,
the studies reviewed here illustrate the diverse roles Tregs
play in repair and the control of tissue damage in various
context. As our understanding of the exact pathways in-
volved grows, we can begin to exploit these pathways to
develop new therapies to promote tissue healing following
injury or infection.

Astarita et al.

Regulation of angiogenesis

Angiogenesis is the process of forming new blood vessels
from existing vasculature. The production of these new blood
vessels can play an important role in tissue repair, fetal de-
velopment, the female reproductive system, and cancer. The
literature surrounding the influence of Tregs in angiogenesis
is still growing, but there is ample evidence that Tregs can be
important regulators of this process [67].

One of the best characterized examples of Tregs modu-
lating angiogenesis comes from tumor model systems,
where there is mounting evidence that Tregs are robustly
pro-angiogenic in the tumor microenvironment. Initial data
pointed only to correlations between increased Treg numbers,
vascular endothelial growth factor (VEGF) expression, and
angiogenesis in tumors [68], but follow-up work has iden-
tified Tregs as a direct producer of VEGF and modulator of
angiogenesis [69]. Facciabene et al. showed that tumor cells
under hypoxic conditions secreted CCL28, which led to the
recruitment of CCR10-expressing Tregs and increased angio-
genesis. Additionally, Tregs were found to produce substan-
tially higher amounts of VEGF than conventional T cells, and
VEGF was further induced under hypoxic conditions. Finally,
depletion of Tregs using an anti-CD235 antibody led to re-
duced VEGF-A and microvascular density, and reduced tumor
volumes [69]. Additional studies have shown that circulating
Treg proportions are a biomarker for VEGFR inhibitor re-
sponsiveness [70], and that Treg proliferation can be directly
regulated by VEGF-VEGFR blockade [71]. The latter obser-
vation is particularly interesting in that it shows that Tregs
can act not only as a source of VEGF but can also respond to
this angiogenic growth factor. Together, these studies provide
strong evidence for a non-immunosuppressive role of Tregs in
supporting tumor growth via induction of angiogenesis.

While available evidence indicates a clear pro-angiogenic
role for Tregs in the tumor microenvironment, Tregs have
been shown to both induce and inhibit angiogenesis in other
tissues and disease settings. The role of Tregs in ischemia has
been studied in multiple organ systems. As described below,
the results indicate that Tregs play a primarily pro-angiogenic
role, but activity varies by tissue site. In the lung, genetic Treg
deficiency led to reduced angiogenesis in a left pulmonary
artery ligation model of ischemia [72]. This effect was re-
versed by transplant of CD4*CD25" Tregs and was pro-
posed to be dependent on the macrophage chemoattractant
lipopolysaccharide-induced CXC chemokine (Cxcl5; LIX)
[72]. Conversely, in cardiac ischemia injury models, Tregs
have been shown to be anti-angiogenic due to their ability to
induce endothelial cell apoptosis via DLL4/Notch signaling
[73]. Furthermore, in chronic cardiac ischemia models, Tregs
expanded but became pathogenic resulting in reduced im-
munosuppression and increased anti-angiogenic properties
[74]. Tregs were able to support tube formation in vitro as
well, providing evidence that they directly affect the endothe-
lial cells of the heart. In this study, TNFR1 expression on the
Tregs, which was induced following chronic ischemia, was
required for the inhibition of angiogenesis [74].

Tregs also play an important role in regulating angiogenesis
in the female reproductive system, particularly with respect
to embryo implantation and pregnancy. Using a spontan-
eous abortion-prone mouse strain, Woidacki et al. found that
transfer of Tregs improved vascular remodeling, placental
development, and resulted in reduced fetal death [75]. This
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effect was IL-10 dependent and was associated with increased
recruitment of uterine mast cells.

Together, this growing body of literature suggests that
Tregs can positively or negatively regulate angiogenesis de-
pending on tissue and disease context. The mechanisms used
to modulate angiogenesis include classical pathways such as
regulation of VEGF signaling, and novel indirect mechanisms
such as modulation of endothelial cells by DLL4/Notch or
TNFR1 signaling. As angiogenesis is an important facet of
normal homeostatic processes and a key driver of disease, this
additional role of Tregs must be considered alongside their
immunosuppressive functions.

Closing statement

We are only beginning to understand the full versatility of
Tregs in regulatory functions beyond suppression. These
non-suppressive activities largely occur in non-lymphoid
tissues, and to date, several key molecules have been iden-
tified as critical for these activities, most notably AREG to
mediate repair, IL-33 to attract Tregs, and VEGF/VEGEFR to
modulate angiogenesis. However, the field is just scratching
the surface of the complex molecular mechanisms that likely
underly Tregs’ interactions within tissues. Furthermore,
while there is some evidence that Tregs can directly affect
stem cells and epithelial cells, there is still much unknown
about which cells Tregs physically interact with and which
cells are affected more broadly by secreted factors. Highly
multiplexed imaging and spatial transcriptomic studies are
needed to better understand these questions and to describe
which cellular neighborhoods Tregs reside in. Together with
more sophisticated in vitro co-culture systems, these studies
will enable the field to gain a better understanding of how
Tregs affect the myriad of other immune and non-immune
tissue cells.

The centrality of Tregs in coordinating the immune re-
sponse and tissue regulation have led to increasing interest
in Tregs as a therapeutic target for pharmacological modu-
lation and cell therapy [76, 77]. In particular, understanding
how these myriad Treg activities are altered in autoimmune
and inflammatory pathologies is an area of growing interest.
With the rapidly increasing number of functions attributable
to Tregs, it is critical to consider the effects of any therapeutic
manipulation of these cells on both the immune system and
the tissue cells. A better understanding of these functions and
the exact signaling pathways controlling them will enable
us to better predict net outcomes in each disease and tissue.
Similarly, an increasingly granular understanding of Treg cell
heterogeneity and functions within specific tissues will inform
therapies that allow us to control Treg activities in a modular
fashion to best reverse pathologies. Given the auto-reactive
nature of Tregs and their plasticity to be polarized towards
T effector phenotypes, analysis of genes and pathways that
control these processes in Tregs is critical to gaining a better
understanding of how we may control these functions by
modulating novel targets.

Together with mouse genetic and especially human studies
on the non-immune function of Tregs, these approaches are
likely to help us to understand which Treg subsets or path-
ways should be modulated to optimally enhance immune-
regulation, while balancing effects on tissue homeostasis and
repair.
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