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Regulatory T cells (Treg) are known to be critical for the maintenance of immune

homeostasis by suppressing the activation of auto- or allo-reactive effector T

cells through a diverse repertoire of molecular mechanisms. Accordingly,

therapeutic strategies aimed at enhancing Treg numbers or potency in the

setting of autoimmunity and allogeneic transplants have been energetically

pursued and are beginning to yield some encouraging outcomes in early

phase clinical trials. Less well recognized from a translational perspective,

however, has been the mounting body of evidence that Treg directly modulate

most aspects of innate immune response under a range of different acute and

chronic disease conditions. Recognizing this aspect of Treg immune modulatory

function provides a bridge for the application of Treg-based therapies to

common medical conditions in which organ and tissue damage is mediated

primarily by inflammation involving myeloid cells (mononuclear phagocytes,

granulocytes) and innate lymphocytes (NK cells, NKT cells, gd T cells and ILCs).

In this review, we comprehensively summarize pre-clinical and human research

that has revealed diverse modulatory effects of Treg and specific Treg

subpopulations on the range of innate immune cell types. In each case, we

emphasize the key mechanistic insights and the evidence that Treg interactions

with innate immune effectors can have significant impacts on disease severity or

treatment. Finally, we discuss the opportunities and challenges that exist for the

application of Treg-based therapeutic interventions to three globally impactful,

inflammatory conditions: type 2 diabetes and its end-organ complications,

ischemia reperfusion injury and atherosclerosis.
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Introduction

Regulatory T cells (Treg), classically identified in humans and other

species as CD4+/Foxp3+ lymphocytes, comprise only 5-10% of total

CD4+ T cells, but are essential for balancing immune system activity

throughout life. The immunosuppressive and immune modulatory

functions of Treg have been unequivocally established in the context of

adaptive immunity and have become fundamental to our

understanding of autoimmunity, transplant rejection, tumor antigen-

specific immune responses and the distinction between harmful and

commensal microorganisms (1). Less well appreciated has been the

accumulating research evidence that Treg directly modulate activity of

the innate immune system through cross-talk with mononuclear

phagocytes (monocytes/macrophages), granulocytes (neutrophils),

dendritic cells (DC) and innate lymphocytes (NK cells, NKT cells, gd
T cells and other innate lymphocytic cells (ILC)) (2). The impacts of

innate immune cell interactions with Treg may include modifications

to cell survival, proliferation, cytokine production, phagocytosis,

cytotoxicity and other effector functions. Although Treg-mediated

suppressive effects on innate immune cells can be implicated in their

regulation of antigen-specific T- and B-cell responses, they may also be

more broadly relevant to immune-mediated inflammatory diseases

(IMID) and disorders of tissue homeostasis, such as diabetes,

atherosclerosis, Parkinson’s disease, wound healing and aging (3).

This suggests that a deeper understanding of the Treg phenotypic

and functional properties that underlie their modulation of innate

immune responses could open new translational pathways for the

burgeoning field of regulatory immune cell therapies (4).

In this review, we aim to summarize current knowledge of the

direct modulatory effects of Treg on diverse innate immune cells

types with an emphasis on mechanisms and clinically-meaningful

contexts in humans as well as experimental animals. We also

discuss the relevance of these insights to common human diseases

and health challenges for which non-autoimmune inflammation is

a key component and reflect on the prospects for Treg-based

therapies to be applied to their treatment.

Although the majority of the studies described here focus on the

canonical CD4+CD25+CD127- Foxp3+ Treg phenotype, it is

important to acknowledge that there is considerable heterogeneity

in regard to Treg subtypes and functionality. Most clearly, CD4+

Treg may be divided into “natural” or thymic-derived (tTreg),

peripherally-derived (pTreg) and in-vitro induced Treg (iTreg). In

addition, however, sub-populations defined on the basis of specific

surface markers, transcription factors, functional properties or

disease associations have been described, including type 1

regulatory T cells (Tr1), Th3 cells, FoxA1+ Treg (5), CD39+ Treg,

CD8+ Treg, Treg-of-B and others (6, 7). Where relevant, therefore,

we highlight Treg subpopulations that have been described to

regulate specific aspects of innate immune response.
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Regulatory T cell interactions
with mononuclear phagocytes
and granulocytes

Mononuclear phagocytes

Accumulating evidence supports the existence of a biologically

significant role for Treg in regulating monocyte- and macrophage-

mediated inflammation in diverse contexts. For example, the co-

occurrence of decreased Treg proportions and increased monocyte

inflammatory mRNA expression was identified in the blood of

adults with major depressive disorders (8). In contrast, in patients

with acute HIV-1 infection, increased proportions of

Foxp3+Helios+CD45RA+ Treg were reported along with decreased

frequencies of CD14++CD16+ (intermediate) monocytes and

increased proportions of PD-1+ cells among both CD14++CD16+

and CD14+CD16++ (non-classical) monocytes (9). In scurfy mice,

an animal model in which Foxp3 mutation results in profound Treg

deficiency, increased myelopoiesis and monocyte homing receptor

expression, phagocytic activity and cytokine production occurs

(10). Recently, Hand et al. reported that diurnal variations of

Treg numbers occur within joints of mice and that depletion of

Treg resulted in increased joint inflammation at night in association

with enhanced production of IL-1b by Ly6Chi monocytes (11).

These observations of inverse relationships between Treg and

monocyte activities indicate a potential role of Treg in directly

regulating the inflammatory profile of mononuclear phagocytes. In

both ex vivo human cell experiments and in vivo animal models,

Treg have been demonstrated to promote monocyte differentiation

toward alternatively activated/anti-inflammatory (M2) macrophage

phenotypes characterized by high phagocytic activity and

expression of related marker proteins (CD206, CD163, and heme

oxygenase-1); low antigen-presentation capacity (CD40, CD80/86,

and class II MHC); increased secretion of anti-inflammatory

cytokines (IL-10) and decreased production of pro-inflammatory

molecules (TNF, IL-6, nitric oxide (NO) and reactive oxidative

species (ROS)). Such influences of Treg on mononuclear phagocyte

differentiation have been reported to be both cell contact- (12, 13)

and cytokine-dependent. In the case of soluble mediators, Treg IL-

10 (14), IL-13 (15), TGF-b, IL-4 (16), arginase (17), and soluble

fibrinogen-like protein 2 (18) have all been shown to play a role in

various experimental settings. The transcription factor Krüppel-like

factor 10 (KLF10) (19) and the signaling pathway mediated by

mammalian target of rapamycin complex 1 (mTORC1) have also

been reported to be necessary for Treg suppression of macrophage-

mediated inflammation (20). Recently, exosome-based cross-talk

between Treg and macrophages has also been documented. In a

mouse model of acute myocardial infarction, Hu et al. reported that
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infusion of Treg-derived exosomes reduced infarct size and

improved cardiac function by promoting macrophage polarized

towards M2 phenotypes in myocardial tissue (21). In a reverse

interaction, Zhou et al. demonstrated that macrophage-derived

exosomes transferred miR-29a-3p and miR-21-5p into CD4+ T

cells to promote their differentiation into Treg, in a mouse tumor

microenvironment (22). Furthermore, Treg-supported M2

macrophages can induce CD4+CD25- T cell to acquire a

suppressive phenotype, forming a positive feedback loop in

immune regulation (23). Mechanistically, macrophage promotion

of Treg induction, proliferation and migration has been linked to an

IL-10 and TGF-b-secreting (M2c) phenotype, to the secretion of

resistin-like molecule (Relm)-a and to the induction of CD62L on

Treg (24–26). Figure 1 illustrates a range of reported interactions

between Treg and mononuclear phagocytes along with their key

mediators and outcomes.

From a therapeutic perspective, Romano et al. have reported

that ex vivo expanded human Treg may be more potent in

suppressing monocyte activation than freshly-isolated Treg. In

this study, the effects of ex vivo expanded Treg on activated

human monocytes were manifested as reduction of NF-kB
signaling, a higher proportion of CD14+CD206+CD163+CD86−
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(M2-like) cells and compromised potency to induce Th17 cell

responses (27). Using a CD28 super-antagonist, Cai et al. recently

showed that in vivo-expanded endogenous mouse Treg adoptively

transferred to diabetic animals undergoing ischemic stroke induced

an increase in CD206+ M2 microglia/macrophages in ischemia

tissue detected by real-time visualization using an optical imaging

probe (28).

In addition to the initiation and resolution of inflammation,

monocytes and tissue macrophages also play an important role in

the development of post-inflammatory fibrosis through direct

effects or via interactions with fibroblasts. In the short-term, the

pro-fibrotic effects of alternatively-activated macrophages are

beneficial to wound healing and tissue repair, whereas their

prolonged pro-fibrotic activity contributes to the pathogenesis of

a range of disease processes (29). For example, fibrosis of lung (30)

and liver (31) as well as chronic kidney disease (32) and systemic

sclerosis (33), have all been reported to be linked with macrophage-

induced fibrosis. Currently, the potential influence of Treg

interactions with mononuclear phagocytes on physiological and

pathological tissue fibrosis is not well understood. Of interest, Song

et al. recently reported that adoptively transferred Treg accelerated

tissue repair and kidney function recovery in mice following
FIGURE 1

Regulatory T cell interactions with mononuclear phagocytes. Regulatory T cells (Treg) interact with mononuclear phagocytes including monocytes and
macrophages, through a range of mechanisms leading to a diverse array of consequences. As shown in the upper part of the figure, Treg modulate
several aspects of monocyte behavior, including their survival (through death receptor and cytolytic pathways), migration/infiltration (through inhibition
of MCP-1) and differentiation into M2-type macrophages. Such functions may be dependent on specific Treg transcriptional (KLF-10) and signaling
(mTORC1) programs. As depicted in the lower part of the figure, Treg and macrophages may engage in complex cross-talk including release/expression
of signature modulatory cytokines (IL-10, IL-13, IL-4 and TFG-b), arginase, RELMa and sFGL2; and exchange of extracellular vesicles (EVs). Outcomes of
this cross-talk may include enhanced macrophage phagocytosis, release of pro-inflammatory mediators (TNF, IL-1b and nitric oxide) and modulation of
the communication between macrophages and fibroblasts, as well as increased Treg proliferation and expression of CD62L. EVs, extracellular vesicles;
RELMa, resistin-like molecule a; MCP-1, monocyte chemoattractant protein-1; KLF-10, Krüppel-like factor 10; mTORC1, mechanistic target of rapamycin
complex 1; sFGL2, soluble fibrinogen-like protein 2; HO-1, haemoxygenase 1.
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reversal of unilateral ureteral obstruction in association with higher

intra-renal proportions of M2 macrophages (34). Nonetheless, the

concept of Treg ameliorating fibrosis through M2-like polarization

of macrophages is not entirely in accordance with current

understanding of M1/M2 balance in disease-associated fibrosis.

For example, in animal models of diabetic kidney disease,

pharmacological interventions which alleviated renal fibrosis and

preserved kidney function have variously been reported to promote

M1 (35) or M2 (36) macrophage phenotypes. Furthermore, Kim

et al. demonstrated that M2c macrophages, induced with IL-10 and

TGF-b from mouse bone marrow-derived macrophages,

exacerbated renal fibrosis following acute kidney injury (32).

Bhandari et al. also reported that a subset of human macrophages

capable of activating fibroblasts and promoting fibrosis exhibited

both M1- and M2-associated surface marker expression and

cytokine production in the setting of systemic sclerosis (33), while

Tan-Garcia et al. observed enrichment of TNF-secreting, CD206+

macrophages in fibrotic liver of hepatocellular carcinoma (31). Such

results indicate that the classical dichotomy of macrophage M1/M2

polarization frequently fails to explain the various roles of

macrophages in fibro-inflammatory disease and, by extrapolation,

raise the possibility that Treg modulation of mononuclear

phagocyte activation and differentiation could also exacerbate

disease in some settings (37). In keeping with this, pro-fibrotic

Treg subtypes have been identified as participating in ventricular

remodeling after heart failure (38) and in lymphatic tissue fibrosis

after HIV infection (39). In addition, adoptively transferred Treg

have been reported to worsen the pro-fibrotic environment in

bleomycin-induced lung injury models (40). In non-fibrotic

diseases also, the effects of Treg on macrophage phenotype may

be more ambiguous than simply modulating from M1 to M2. For

example, Treg have been shown to decrease macrophage infiltration

in lesional skin, resulting in reduced disease progression in a model

of psoriasis (41). However, the macrophage phenotypes that

predominate in psoriasis progression may include CD68+iNOS+

(M1), CD206+ (M2), or phenotypes distinct from M1/M2 (42).

These studies highlight the complexity of predicting the outcome of

Treg/mononuclear phagocyte cross-talk in different contexts as well

as the need for carefully designed pre-clinical studies to guide the

development of Treg-based therapies for non-autoimmune acute

and chronic inflammatory diseases. Further investigation of the

phenotypes, origin, migration and pro/anti-inflammatory function

of monocytes and macrophages will help to develop a deeper

understanding of how Treg modulate their activity in specific

disease settings.

Regulatory T cells also express multiple mediators of

programmed cell death and may suppress inflammation through

induction of apoptosis in mononuclear phagocytes (Figure 1).

While the killing of CD4+ T cells by Treg is thought to be based

on TRAIL/TRAILR and galectin pathways (43), the mechanisms

underlying monocyte killing by Treg is controversial. Venet et al.

reported that human Treg induced CD14 down-regulation – a

marker of apoptosis - in LPS-activated monocytes through a FasL/

Fas interaction (44). In contrast, however, Jagger et al. concluded

from co-culture experiments that FasL/Fas-mediated killing of

activated human monocytes is mediated by effector T cells (Teff)
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rather than Treg, and that the effects of Treg were predominantly

suppressive rather than pro-apoptotic (45). Nevertheless, Grossman

et al. have also reported Treg to be capable of inducing apoptosis via

perforin in multiple cell types, including CD14+ monocytes (46).

Thus, the significance of Treg-mediated killing in modulating

mononuclear phagocyte-associated inflammation requires

further investigations.

Effects of Treg on phagocytosis in the context of inflammatory

disease have also been reported (Figure 1). In atherosclerosis, for

instance, phagocytosis by macrophages contributes to the

resolution of arterial wall plaques and, in this context, Sharma

et al. have recently demonstrated, in mice, that Treg prime resident

macrophages to be phagocytic and pro-resolving. Mechanistically,

this effect was mediated by Treg-secreted IL-10 and macrophage-

derived IL-13 (47). Finally, there is evidence that resident Treg have

specialized functions for local regulation of mononuclear phagocyte

activity in inflammation-sensitive tissues. For example, Xie et al.,

reported that cerebral, but not splenic, Treg modulated the

phenotype (upregulated CD163, downregulated RTIB) and

cytokine production (downregulated TNF, IL-1b, and IL-6) of

resident macrophages (microglial cells) in an IL-10-dependent

manner, to maintain immune homeostasis in the central neuron

system (14).
Granulocytes

In comparison to mononuclear phagocytes, there has been

relatively limited investigation of Treg interactions with

granulocytes. Nonetheless, it has been proposed that Treg can

mediate anti-inflammatory and pro-tolerogenic effects through

their influences on neutrophils. As described by Lewkowicz et al.,

Treg activated by LPS or CD3/CD28 ligation induced expression of

a range immune suppressive pathways in neutrophils through

different mediators in addition to promoting their apoptosis (48).

In a subsequent study, these authors showed that human

neutrophils co-cultured with activated Treg, had increased

expression of anti-inflammatory molecules (IL-10, TGF-b1, IDO
and HO-1). Upregulation of IDO was dependent on Treg

expression of CTLA-4, although the corresponding target on

neutrophils was not clear (49). In a mouse model of sepsis

complemented by human co-culture experiments, Okeke et al.,

demonstrated that a PI3Ks-dependent Treg function limited severe

inflammation by promoting neutrophil apoptosis (50). Adoptively

transferred Treg have also been shown to improve intestinal barrier

function in association with decreased frequency of neutrophils in

the intestinal tissue in the setting of heatstroke (51). In a meticulous

study of mouse autoimmune hepatitis, Umeshappa et al. observed

that autoantigen-specific Tr1 cells together with B regulatory cells

(Breg), orchestrated neutrophil recruitment to the liver and

reprogrammed them to myeloid-derived suppressor cell (MDSC)

subtypes via GM-CSF, IL-10, and TGF-b. These regulatory

neutrophils subsequently protected liver tissue from autoimmune

injury via cathelin-related anti-microbial peptide (CRAMP) (52).

Of interest, human Treg have been shown to recruit neutrophils in

vitro by secretion of CXCL8 (53). Furthermore, neutrophils have
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been found to be spatially distributed closer to Foxp3+ Treg and to

potentially modulate CD4+ T cell differentiation via PD-L1/PD-1

interactions (54). Less well understood, however, is the relationship

of Treg with NETosis, a process by which neutrophil extracellular

traps (NETs) are extruded by neutrophils prior to cell death. A

positive correlation between Treg with high-risk NETosis score was

identified in ANCA glomerulonephritis (55). However, it has also

been reported that Treg tend to have no impact on NETosis of

polymorphonuclear neutrophils stimulated by either immune

complex or PMA (56). Inversely, in diverse animal model

settings, NETs have been shown to promote Treg differentiation

from naive CD4+ T cells and to be supportive of Treg suppression

potency (57). Nonetheless, NETs have also been reported to

promote differentiation of naïve CD4+ T cells towards Th17-like

phenotype either in vitro or in vivo (58).

As is clear from these studies, different Treg subtypes are

capable of complex cross-talk with neutrophils during acute and

chronic immune/inflammatory responses. How such interactions

influence disease outcomes or could be exploited in therapeutic

contexts remains unclear and it should be acknowledged that some

of the published work in this area indicates a potential for

detrimental effects. For example, Treg in skin expressing the

integrin aVb8 use latent-activated TGF-b in a cell contact-

dependent manner to induce CXCL5 expression by keratinocytes,

recruiting neutrophils and, as a result, contributing to a delayed

epithelial regeneration (59). Figure 2 summarizes reported Treg
Frontiers in Immunology 05
granulocyte interactions along with their key mediators and

functional outcomes.

Mast cells (MC), as a type of tissue-resident granulocytes, play a

pro-inflammatory role in parasite infection and anaphylaxis in

addition to mediating regulatory effects on innate and adaptive

immune responses under other conditions. In the past two decades,

it has become increasingly clear that Treg modulate MC activation

and migration in different clinical settings and by numerous

mechanisms. A prototypical mechanism is cell-cell contact based

on OX40 (on MC) and OX40L (on Treg) resulting in

downregulation of the Fyn/Gab2/PI3K pathway and suppressed

degranulation of MC, halting allergic inflammation (60). Treg-

derived TGF-b has been reported to prime MC IL-6 production,

which facilitates clearance of neutrophils in innate lung

inflammatory (61) – an effect that is dependent on membrane-

bond rather than soluble TGF-b (62). Treg-derived TGF-b is also

reported to function in counterpart with IL-4 to modulate MC

activation by reciprocal downregulation of their receptors (63).

Unlike TGF-b, Treg-secreted IL-9, in a soluble form, promotes MC

migration to skin allografts to promote immune tolerance (64), or

to draining lymph node to promote renal protection in the

nephrotoxic serum nephritis model (65). However, one study has

reported that Treg suppressed rather than enhanced IL-9

production, resulting in abrogation of IL-9-dependent MC

degranulation and aggravation of intestinal nematode burden in

S. ratti infected mice (66).
FIGURE 2

Interactions of various regulatory T cell subtypes with granulocytes. TGF-b1, transforming growth factor beta 1; IDO, indoleamine-2,3-dioxygenase;
HO-1, hemoxygenase 1; ICAM-1, intercellular adhesion molecule 1; LPS, lipopolysaccharide; GM-CSF, granulocyte macrophage colony stimulating
factor; aVb8, integrin alphaVbeta8.
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Mast cells, in turn, influence Treg phenotype and function in

similar fashion to Treg cross talk with monocytes and neutrophils.

For example, MC-derived IL-2 is indispensable for maintaining

resident Treg/Teff ratio for skin homeostasis in chronic allergic

dermatitis (67). Similar effects on Treg were also observed for MC-

secreted TGF-b (68). In contrast, MC-derived histamine muted

Treg suppressive potency on effector T cells by signaling through

the H1 receptor in vitro (69). Mast cells, in particular stimulated by

IL-33 (70), may also drive Treg into Th17-like phenotypes via

OX40/OX40L-mediated cell contact in presence of MC-derived IL-

6 (71). Overall, therefore, the interplay between Treg and MC is

clearly complex with diverse potential outcomes, necessitating

further, context-dependent research before it can be directly

exploited for therapeutic purposes. A recent comprehensive

review focused on therapeutic opportunities for cholangiopathies

provides a more detailed delineation of Treg/MC cross talk (72).
Regulatory T cell interactions with
dendritic cells

Dendritic cells represent a key interface between innate and

adaptive immunity, sensing microbial and other threats in tissues

through pattern recognition and responding by producing soluble

mediators of inflammation as well as by migrating to secondary

lymphoid organs while processing and presenting foreign peptides

to activate naïve antigen-specific CD4+ and CD8+ T cells (73). The

interplay between DC and Treg has been extensively studied and

Treg/DC cross-talk has been established to be an important

pathway by which Treg support immune tolerance to self- and

non-threatening foreign antigens (74). Although the focus of this

review is on Treg effects on innate immunity, the complex

mechanisms underlying Treg interactions with DC and their

downstream influences on both innate and adaptive aspects of

DC functions merit some description as they provide important

insights into the potential for Treg-based therapies to be applied to a

range IMID.

In this regard, both surface interactions and exchange of soluble

mediators between Treg and DC are of significant interest. As

potent antigen-presenting cells, activated DC abundantly express

the B7 family surface proteins CD80 and CD86 which mediate co-

stimulation for initialization of Teff activation by binding to the

CD28 receptor (75). In contrast, Treg inherently express higher

levels of CTLA-4 (CD152) which competes with CD28 for binding

to CD80/CD86 and, thereby, limits DC-stimulated Teff responses.

In addition to competing with CD28, however, Treg are also known

to directly downregulate DC expression of CD80/CD86 through

CTLA-4 (76). Of interest, one mechanism for this downregulation

has been directly visualized as a physical process by which CD80/

CD86 molecules are removed from the DC surface by Treg and

internalized (trans-endocytosis) (77) or incorporated into the Treg

surface membrane (trogocytosis) (78). Depletion of CD80 from the

DC surface may lead to an increase of free PD-L1 surface

expression, favoring co-inhibition of Teff activation (79). Thymic-

derived Treg have also been shown to induce endocytosis of CD70

from the surface of DC, thereby inhibiting the CD70/CD27 pathway
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which is required for DC-primed Th1 responses (80). It is also

noteworthy that the mechanisms and outcomes of these

interactions could vary between secondary lymphoid tissues and

inflamed organs such as autoimmune target organs or transplants.

For example, Dai et al. recently reported in an allogeneic islet

transplant model that, while Treg contacts with DCs and

suppression of DCs/T effector interactions within the inflamed

allograft were dependent on adenosine generated by the ecto-

nucleotidase CD73, contacts between Treg and DCs within the

spleen were independent of CD73 (81).

Soluble factors secreted by Treg, in particular IL-10 and TGF-b,
also suppress DC surface expression of key proteins including HLA-

DR, CD80/CD86 and CD40 as well as their production of pro-

inflammatory cytokines such as TNF and IL-12 (82, 83). Another

cytokine, IL-35, produced predominantly by thymic Treg, has been

reported, in mice, to induce tolerogenic DC characterized by

increased expression of CD11b and IL-10 and decreased MHC-II

(84). Zhang et al., have demonstrated the combined roles of human

Treg cell surface proteins (CTLA-4) and soluble factors (IL-10 and

TGF-b) in inducing a type of tolerogenic DC from primary

monocytes in the presence of T helper cells (85). Another

mechanism for non-contact-dependent modulation of DC by

Treg occurs through release and uptake of extracellular vesicles

(EVs). For example, Tung et al. reported that murine

CD4+Foxp3+Treg-derived EVs induced increased IL-10 and

decreased IL-6 production in LPS-activated DCs, and this

modulated cytokine production is in association with evidence of

EV-mediated trafficking of miR-150-5p and miR-142-3p (86).

The question of whether Treg modulation of DC functions is

dependent on recognition of DC-presented MHC II/peptide

complexes by the Treg remains under investigation and is of

particular importance to the clinical translation of Treg therapies

for immune-mediated diseases without a well characterized auto- or

allo-immune basis. In this regard, it is reasonable to hypothesize

that antigen-specific Treg mediate more potent modulation of

inflammatory processes than polyclonal Treg if DCs presenting

their cognate antigens are present. Indeed, in the setting of

experimental autoimmune (type 1) diabetes, antigen-specific Treg,

based on a unique TCR repertoire capable of recognizing specific

class II MHC-presented peptide antigens, have been clearly shown

to prevent disease more potently than polyclonal Treg (87, 88).

Furthermore, adoptively transferred or in vivo-induced antigen-

specific Treg are considered to have enhanced potency to contribute

to disease-specific immune regulation, consequently necessitating a

lower dose of infused Treg and reducing the potential for systemic

immunosuppression (89). In keeping with this, Akkaya et al.

observed, in co-cultures, that mouse antigen-specific iTreg formed

stable compact clusters around cognate antigen-pulsed DCs and

stripped off MHC-II peptide complexes from the DC surface to

compromise DC-induced activation of naïve antigen-specific Teff.

This interaction was not present in co-cultures of polyclonal Treg

with DC. The findings were replicated in in vivo experiments,

further supporting the conclusion that Treg capture of MHC/

peptide complexes from DC was antigen-specific (90). In a study

by Liang et al., Treg expanded by culture with antigenic peptide-

bearing DCs, subsequently suppressed DCmaturation through Lag-
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3:MHC-II-based cell contact only in the presence of peptide (91). Of

note, however, polyclonally expanded Treg were not used as

controls in these studies. Furthermore, others, have provided

evidence that Treg suppress DC antigen presenting potency in an

MHC-independent manner. For example, Chen et al. and Yan et al,

reported that polyclonal Treg suppress DC interaction with

conventional T cells, by inducing changes in cytoskeletal

polarization through stable integrin-mediated contact

independent of antigen and MHC-II (92, 93). In the study of Yan

et al., IL-2 conditional polyclonal Treg were shown to build stable

connections with MHC-II-deficient DCs and such conditioned DCs

were incapable of activating CD8+ T cells (93). Specific molecular

interactions reported to be involved in the strong adhesion between

Treg and DC include LFA-1/ICAM-1 (92, 94); integrin a4b1 (95)

and Nrp1 (96), regardless of MHC restriction. Overall, more

investigation is needed to characterize and validate the

mechanisms underlying Treg/DC physical interactions and to

exploit non-antigen-specific Treg modulation of DC in

inflammatory diseases that lack an auto- or allo-immune

component. More broadly, whether TCR/MHC peptide

engagement is necessary for or enhances Treg suppression of the

pro-inflammatory functions of other MHC II-expressing innate

immune effectors such as monocytes/macrophages and

granulocytes merits additional study.

Besides canonical CD4+Foxp3+ Treg, regulation of DC by other

types of Treg has also been documented. In a study involving mouse

and human experiments, Liu et al. reported that FoxA1+ Treg with a

deficiency in Foxp3 expression yet a higher expression of PD-L1,

reduce IL-12 and IL-17 production by LPS-activated HLA-DR+

antigen presenting cells (APC) (5). Other studies have investigated

the cross-talk between IL-10-secreting DC (DC-10) and Tr1 cells

(97), demonstrating that co-culture of human DC-10 with CD4+ T

cells results in the induction of antigen-specific Tr1 in the setting of

autoimmune disease (98) and organ transplantation (99). Initially
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identified and purified as CD14+CD11c+CD83+ cells (100), DC-10

could also be generated from bead-selected CD14+ monocytes by

culture in presence of GM-CSF and IL-4 (99). Recently, a better-

defined DC-10 population (CD14+CD16+CD141+CD163+) has

been purified from blood and shown to exhibit similar IL-10

production and Tr1 induction potency (101). Importantly, ex vivo

generated Tr1 have been recognized as a promising anti-

inflammatory cell therapy and may modulate DC to more

tolerogenic phenotypes characterized by higher expression of ILT-

3, ILT-4 and HLA-G. Induced Tr1 can also release granzyme B and

perforin through CD2/CD58- and CD226/CD155-based cell

contact, to induce cell death in myeloid cell-derived APC. Despite

lack of Foxp3 expression, Tr1 express key Treg-associated receptors

(e.g. CTLA-4, PD-1 and ICOS) and are capable of similar

suppressive regulation of DC through cell-cell contact (102). A

range of the reported mechanisms of Treg modulation of DC

phenotype and function are summarized in Figure 3.
Regulatory T cell interactions with
innate or innate-like lymphocytes

Natural killer cells

Natural killer cells, a subset of innate immune cells derived from

lymphoid progenitors, play important roles in the control of viral

infection and tumorigenesis in an MHC-independent manner. The

effector functions of NK cells include cytolysis and induction of

programmed cell death in target cells as well as production of pro-

inflammatory cytokines. Numerous studies have provided evidence

that Treg counteract NK cell effector functions by decreasing

cytolytic activity and proliferation, downregulating activation

receptors (NKG2D and NKp44), upregulating inhibitory receptors

(CD158a, CD158b, and NKG2A) (103), and suppressing
FIGURE 3

Regulatory T cell interactions with dendritic cells. EVs, extracellular vesicles; CTLA-4, cytotoxic T lymphocyte antigen 4; TCR, T cell receptor; MHC II,
major histocompatibility complex II; ICAM-1, intercellular adhesion molecule 1; LFA-1, lymphocyte function-associated antigen 1; DC, dendritic cells;
TGF-b1, transforming growth factor beta 1; TNF, tumor necrosis factor.
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production of IL-12 and IFN-g (104). Mechanistically, membrane-

bound TGF-b on Treg has been shown to be an important mediator

of Treg suppression of NK cells response in the setting of cancer

(104). In a mouse model of hepatitis B, Treg-mediated inhibition of

NK cell cytotoxicity was attenuated by blockade of OX-40L,

identifying a role for the OX-40/OX-40L pathway in protecting

against NK cell-mediated chronic liver injury in this infection (105).

Intrahepatic Treg also suppressed NK cell degranulation and

NKG2D expression in a CTLA-dependent manner, contributing

to decreased liver fibrosis by regulating NK cell interactions with

hepatic stellate cells (106). Secretion of IL-37 by Treg is reported to

suppress NK cell proliferation, cytotoxicity and IFN-g production
through its receptor IL-1R8 in association with NK cell

downregulation of TIM-3 and upregulation of PD-1 (107). In a

mouse model of autoimmune diabetes, an indirect mechanism of

suppression of NK cells by Treg has been described by which Treg

consumed IL-2 produced by islet-infiltrating CD4+ cells, thereby

curbing the localized expansion of NK cells (108). A recent study

also suggested that IL-10+ Treg suppress cytolytic activity of NK

cells in acute retroviral infection. In this study, Littwitz-Salomon

et al. showed that Treg were activated with increased expression of

ICOS, IL-10 and TGF-b during the early, acute phase of Friend

Retrovirus (FV) infection in mice. Depletion of Treg or

neutralization of IL-10 (but not TGF-b) resulted in increased NK

cell anti-viral activity (109). Figure 4A illustrates various reported

mechanisms of Treg modulation of NK cell cytolytic and pro-

inflammatory functions.

Modulation of NK cells by Treg has also been reported to

contribute to the maintenance of immune tolerance in models of

allo-transplantation and autoimmune disease. For example, in

mouse cardiac allografts, depletion of Treg resulted in increased

graft infiltration by both NK cells and CD4+ T cells in association

with more severe transplant vasculopathy. Of interest, the

exacerbation of vasculopathy following Treg depletion was

ameliorated by depletion of NK cells, implying an important role
Frontiers in Immunology 08
for Treg suppression on NK cells in allograft survival (110). A

similar protective role for Treg-mediated NK cells suppression has

been reported in bone marrow transplantation (111) and

autoimmune hepatitis (112).

In contrast to the settings described above, the crosstalk

between Treg and NK cells within the uterus during pregnancy

appears to form a positive feedback loop in which depletion or

dysfunction of either cell type can result in miscarriage (113). The

canonical pro-inflammatory role of NK cells has also been

challenged in autoimmune disease. While NK cells can be

characterized as pathogenic through direct cytotoxicity and

production of inflammatory cytokines, they may regulate adverse

immune response by eliminating autoreactive immune cells and by

serving as a source of anti-inflammatory mediators such as IL-10,

TGF-b, and IL-4 (114). Thus, the combined immunological roles of

NK cells and Treg are likely to be complex and highly contextual,

necessitating more disease-specific research in human subjects to

better understand the likely effects of Treg-based therapies on NK

cell-mediated innate immune responses. This may be of particular

interest in auto-inflammatory diseases in which sterile

inflammation and dysfunctional innate immunity occur in the

absence of autoantibodies and autoreactive T cells (115, 116).
Natural killer T cells

Natural killer T (NKT) cells are a specialized type of innate-like

lymphocytes, yet have the property of both NK cells and T cells by

recognizing glycolipid ligands bound to the MHC class I-like

protein CD1d via a restricted T cell receptor (TCR) repertoire

and by widely participating in immune responses to infection,

cancer, transplantation and fetal-maternal immunity (117). It was

shown 20 years ago that human CD4+CD25+ Treg suppressed

Va24+NKT cell proliferation, cytotoxicity to tumor cells lines and

cytokine production (IFN-g, IL-4, IL-10, and IL-13) upon
B

C D

A

FIGURE 4

Regulatory T cell interactions with four main types of innate or innate-like lymphocytes: (A) Natural Killer (NK) cells, (B) Natural Killer T (NKT) cells,
(C) Gamma delta (gd) T cells (D) type 2 innate lymphoid cells (ILC-2). TGF-b – transforming growth factor beta 1; NKG2A, natural killer group 2A;
PD-1, programmed cell death 1; NKG2D, natural killer group 2D; TIM3, T cell immunoglobulin and mucin domain-containing protein 3; NKp44,
natural killer p44; IFNg, interferon gamma; ICAM – intercellular adhesion molecule; TCR, T cell receptor; TNF, tumor necrosis factor; ST-2,
suppression of tumorigenicity 2; IL-10R, interleukin 10 receptor; Ebi3, Epstein Barr virus-induced; ICOS, inducible T cell costimulatory; ICOSL,
inducible T cell costimulatory ligand; IL-4Ra, interleukin 4 receptor alpha.
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stimulation by a-galactosylceramide (aGalCer)-pulsed Mo-DCs.

This suppression was dependent on direct contact between Treg

and NKT cells and could be neutralized by antibody against ICAM

but not IL-10 or TGF-b (118). Subsequently, Venken et al. reported

that Treg suppressed proliferation and modulated cytokine

production of human invariant (i)NKT cells in response to

glycolipid or to innate stimuli. Conversely, Treg were induced to

produce high amounts of IL-10 following contact with stimulated

iNKT cells, indicating cross-talk between the two cell types (119).

Evidence for direct Treg/NKT cell cross-talk in vivo has been

reported by Hua et al., who demonstrated that CD1d deficient

mice had reduced Treg number and function in the liver and that

adoptively transferred Treg ameliorated NKT cell-mediated liver

injury in a CD1d-dependent manner (120). In co-cultures of blood-

derived human cells, induced Treg were shown to increase the

proportion of CD4+ NKT cells with lower cytotoxicity and pro-

inflammatory cytokine production than their CD4- counterparts.

Of interest, aGalCer-stimulated PBMC cultures from cancer

patients contained higher proportions of both CD4+ NKT cells

and effector Treg than those of patients with benign tumors (121).

In addition to the findings from studies such as these that Treg

suppress NKT cell activation and function, predominantly through

contact-dependent interactions, there is also experimental evidence

that activated NKT cells delete or suppress the counter-regulatory

functions of Treg in settings such as allergic asthma and pregnancy

loss (122, 123). Of interest, NKT cells were also reported to promote

Treg expression of negative costimulatory receptors PD-1 and IL-10

production through secreting IL-4 (124), and NKT cell-secreted IL-

2 helped sustain Treg survival (125). Type 2 NKT cells, a subset with

a more diverse TCR repertoire, have been documented to have

immunomodulatory potential and to protect from autoimmune

disease (126). Figure 4B summarizes aspects of Treg/NKT cell

cross-talk described above. Overall, there is compelling evidence

for direct, clinically-relevant interactions between Treg and NKT

cells that merit further investigation – particularly in relation to

diseases and treatment strategies in which NKT cells participate in

dictating the nature of tissue inflammation.
Gamma Delta T cells

gd T cells represent a T cell subset which express TCRs

consisting of g and d chains rather than the canonical TCR

composed of a and b chains. They are typically categorized as

innate immune cells because their activation via the TCR is MHC-

independent and because they also express a range of surface NK

receptors which modulate their responses to stress-associated

antigens (127). The effector functions of gd T cells include target

cell cytolysis and production of inflammatory cytokines including

IFNg, TNF, IL-17A and IL-6. Accumulating evidence indicates that

Treg exert regulatory effects on gd T cells. For example, in a mouse

model of ischemic stroke, the beneficial effect of intracerebral

administration of IL-10 was shown, in part, to be mediated by

induction of FoxP3+ Treg to suppress IL-17A production by gd T

cells (128). Similarly, IL-10-dependent Treg effects have been shown

to reduce gd T cell proliferation in a model of spontaneous colitis
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(129), and to inhibit human gd T cell IFNg secretion in response to

the Mycobacterium tuberculosis antigen ESAT-6 (130). Direct Treg

suppression of proliferation and production of IL-17A and IFNg by
gd T cells was also observed in a mouse model of mucosal

inflammation, although the mechanism was not elucidated (131).

Along with IL-10, TGF-b has also been reported to participate in

Treg suppression gd T cell responses. In patients with hepatocellular

carcinoma (HCC), compromised anti-tumor potency of gd T cells

was observed and Treg isolated from HCC tissue were suppressive

of IFNg production and tumor cell cytotoxicity by gd T cells.

Importantly, these effects were abrogated by anti-IL-10 or anti-

TGF-b1 antibodies (132).

The role of specific Treg subpopulations in suppressing gd T

cells has been investigated in some disease settings. In a mouse

model of myocardial infarction (MI), Blanco-Domıńguez et al. used

depletion and adoptive transfer of Treg to demonstrate that CD69+

Treg, through CD39 ectonucleotidase activity, protected against

myocardial inflammation by suppressive effects on gd T cells

including induction of apoptosis, inhibition of IL-17A production

and reduced migration to infarcted myocardium. In human

subjects, higher proportions of circulating CD69+ Treg were

shown to be associated with reduced risk of re-hospitalization for

heart failure following acute MI (133). In a model of respiratory

mucosal injury, Faustino et al. observed that depletion of GATA3+

Treg expressing the IL-33 receptor, ST2, resulted in increased IL-

17-secreting gd T cells and exacerbation of allergic lung

inflammation. Mechanistically, the suppressive effect of ST2-

expressing Treg on pulmonary gd T cells was dependent on Treg

exposure to allergen peptide and IL-33 resulting in Treg-secretion

of Ebi3 (a component of IL-35). The inhibition of gd T cells was

associated with decreased eosinophil recruitment to the lungs (134).

Figure 4C provides a summary of Treg markers, pathways and

mediators shown to be relevant their modulatory interactions with

gd T cells.

As for other innate immune effectors, gd T cells may also

compete with and inhibit Treg functions. For example, IL-23

secretion by gd T cells was shown to reduce Treg numbers and

suppression of CD4+ abT cells during mouse autoimmune

encephalomyelitis (135). Similarly, secretion of IFNg by gd T cells

may suppress the induction of Treg differentiation from CD4+ T

cells as well as Treg expansion and suppression of effector T cells in

vitro and in vivo (136–138). Importantly, in some settings, gd T cells

may also mediate regulatory effects on immune responses (139).

Nonetheless, the weight of experimental evidence to date indicates

that Treg can serve an important role in regulating the potent pro-

inflammatory effects of gd T cells in a range of diseases and that

development of Treg-based therapies that replicate this function

may be a promising translational goal.
Innate lymphoid cells

Although NK cells have been characterized as innate lymphoid

cells for several decades, additional subtypes of bone marrow-

derived cell types with lymphoid morphology and non-antigen

specific immunological functions have been described more
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recently and termed ILC1, 2 and 3. These cells are present in

lymphoid organs and blood but occur at higher concentrations at

epithelial barriers and other tissue sites and play important roles in

regulating the responses to infection or injury and in maintaining

tissue homeostasis. They serve as a potent source of cytokines and

can be viewed as serving as “helper cells” during evolving immune/

inflammatory responses. The analogy to helper cells is strengthened

by the associations of ILC1, 2 and 3 with production of signature

cytokines that match those of CD4+ Th1, Th2 and Th17 cells

respectively (140, 141).

Investigation of the interactions between Treg and ILC is in its

infancy and we focus here on recent studies related to ILC2 which

represent the most numerous ILC and serve to control extracellular

parasitic infection and widely participate in mucosal immunity, by

secreting type 2 cytokines including IL-4, IL-5, IL-9, IL-13. Rigas

et al. have shown that human TGF-b-induced Treg suppressed IL-5

and IL-13 secretion by ILC2 through contact-dependent (ICOS/

ICOS-L) and soluble (TGF-b and IL-10) mediators to control

airway inflammation in a humanized model of ILC-2-dependent

asthma. Interestingly, this effect was absent in naïve Treg (142).

Similarly, in a mouse model of allergic asthma, Khumalo et al.

demonstrated that Treg expression of the IL-4 receptor alpha was

necessary for Treg-mediated suppression of ILC2 proliferation and

secretion of IL-5 and IL-13 (143). In co-culture experiments

informed by a mouse model of asthma, Krishnamoorthy et al.

observed dose-dependent Treg suppression of IL-13 secretion by

ILC-2, which was enhanced by Treg priming with the fatty acid

derivative maresin 1 (144). Lui et al. observed increased proportions

of ILC2 and related type 2 cytokines in PBMC from patients with

allergic rhinitis which was accompanied by reductions in IL-35-

producing Treg. Subsequently, IL-35 and induced IL-35-producing

Treg were shown to suppress ILC2 in activation cultures. A role for

ICOS/ICOSL in Treg suppression of ILC2 was also shown in this

study (145). In another recent study of PBMC from allergic rhinitis

patients, Treg-secreted IL-10, induced by co-culture with induced

pluripotent stem cell-derived mesenchymal stem cells (iPSC-MSC),

was shown to suppress ILC-2-secretion of IL-13, IL-9, and IL-5 in

an ICOS/ICOSL-dependent manner (146). The key mediators of

Treg/ILC2 interactions that have been described to date are

summarized in Figure 4D.

The impact of Treg on ILC2 has been investigated in non-

allergic pathological contexts as well. For example, in a mouse

model of chronic pancreatitis, Treg depletion resulted in increased

proportion of ILC2 cells, but not ILC1, in spleen and pancreatic

tissue and concomitantly aggravated pancreatic fibrosis (147).

Finally, in contrast to other studies described here, Treg and ILC2

were shown by Gao et al. to play complementary roles in reducing

the severity of atherosclerosis in a mouse model. In this study, Treg

tended to promote rather than suppress ILC2 and ILC2-derived IL-

13 in a cell-contact and cytokine-based (IL-10 and TGF-b) manner

(148). Notably, ILC2, much like Treg cells, express CD25 and are

consumers of IL-2. A consequence of this is that ILC2 may be

inadvertently expanded by administration of low-dose IL-2

intended to enhance Treg numbers in vivo (149). Whether there

is natural antagonism between Treg and ILC2 during immune

responses through competition for IL-2 remains to be directly
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investigated. Interestingly, it has been reported that IL-2

produced by ILC3 aids in supporting regulatory functions of Treg

cells to maintain gut tissue homeostasis (150), while also serving as

a cofactor to ILC2 survival/proliferation in lung inflammation

(151). Thus, in common with other innate immune cell types

reviewed here, the interactions described to date between ILC and

Treg reflect a range of mechanisms and outcomes. Nonetheless,

consistent striking observations of direct Treg-mediated

suppression of maladaptive ILC2 activity in asthma and allergy

speak to a distinct area of clinical potential.
Relevance to human diseases and
translational opportunities

In contrast to the growing number of clinical trials of Treg-

based therapies in patients with autoimmune diseases and organ

transplants, little clinical translation has occurred to date of the

capacity of Treg to modulate innate immune responses.

Nonetheless, as we have reviewed in the preceding sections, there

is a wealth of basic and pre-clinical evidence that specific Treg

functional characteristics could be exploited as novel treatment

strategy for innate immune-mediated inflammatory diseases (152).

We conclude this review with short appraisals of evidence in favor

of the development of Treg-based therapies for three common

inflammatory conditions in which innate immune responses play a

key role: type 2 diabetics (T2DM), ischemia reperfusion injury (IRI)

and atherosclerosis.

Firstly, in the case of T2DM and its major complications, some

human studies have observed numerical defects in circulating Treg

in association with the presence or progression of diabetic

nephropathy, retinopathy (153) and diabetic foot ulcer (154). In

addition, animal studies have demonstrated that adoptive transfer

or in vivo expansion of Treg ameliorate the severity of T2DM and

its macro- and micro-vascular complications. For example, in

diabetic pigs, intravenously injected Treg were shown by Guo

et al. to protect tissue-engineered blood vessels from intimal

hyperplasia by inhibiting inflammation and cell apoptosis and

promoting endothelial progenitor cell mobilization (155). Other

studies in rodent models of diabetes have demonstrated that

adoptively transferred Treg migrate to retina and reduce

neovascular retinopathy (156) or suppress obesity-linked insulin

resistance and preserve kidney function (157). In a model of stroke

in T2DM, endogenous expansion of Treg by a CD28 superagonist

was found to increase M2-type macrophages and to alleviate

ischemic brain injury (28). Similarly, in vivo expansion of Treg in

mice with T2DM by injection of a novel hybrid cytokine bearing

IL-2 and IL-33 activities, reduced diabetic kidney damage (158).

Importantly, functional as well as numerical Treg deficits may also

occur in T2DM. For example, Zhu et al. observed increased

proportions of IL-17-producing Foxp3+Treg in T2DM patients

compared to healthy patients which associated with higher body

mass index (BMI) and the HbA1c levels (159). Similarly, Sheikh

et al. reported that CD4+CD25+CD45RA+ Treg have comparable

frequency but reduced suppressive potency in T2DM compared to

non-diabetic controls (160). Overall, these and other studies
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provide evidence that augmentation of the autologous Treg

repertoire in T2DM, either through ex vivo or endogenous

expansion, has potential to prevent or reverse multiple severe

diabetic complications.

Ischemia reperfusion injury refers to an acute compromise to

the blood supply of an organ or tissue resulting in cellular damage

or necrosis followed by a restoration of blood flow which further

aggravates tissue injury by activating inflammatory processes. A

significant role for Treg in alleviating inflammation has been

demonstrated through Treg depletion and adoptive transfer in

animal models of intestinal and renal IRI and of ischemic stroke

(161, 162). In keeping with modulatory effects on mononuclear

phagocytes summarized in an earlier section, ex vivo expanded Treg

have also been shown to modulate the production of TNF and IL-1b
by Kuffer cells and, thereby, protect against acute liver injury due to

IRI (163). More widely studied has been the impact of Treg on

myocardial IRI. A recent detailed review of this topic highlights that

Treg, migrating to myocardial tissue after infarction through CCR5,

the CXCR4-CXCL12 axis, and the Hippo pathway, may promote

myocardial tissue repair through multiple mechanisms including

modulation of macrophage phenotypes, direct interactions with

cardiomyocytes and increasing collagen content and maturation in

the infarct zone (164). A distinct heart-resident HelioshighNrp-1high

Treg population, which expresses Sparc and is sustained and

expanded by IL-33/ST-2 interaction was also identified and

proved to be the primary mediator of Treg-mediated repair

following myocardial infarction (165). In acute kidney injury, a

CXCR3+ Treg subpopulation was found to be recruited to kidney

tissue following reperfusion and to correlate with lower renal tissue

injury and better kidney function (166). As evidenced by this

predominantly pre-clinical literature, therapeutic strategies aimed

at expanding or delivering pro-repair Treg to the site of IRI-related

tissue injury have promise for limiting the consequences to brain

(162), heart, kidney, liver, intestine and other organs in clinical

settings. However, successful translational strategies in this area will

likely require highly stable Treg-based therapies with distinct

migratory and effector functions.

Atherosclerosis refers to the formation of cholesterol-containing

plaques in arterial blood vessels, which may result in severe acute or

chronic cardiovascular conditions due to reduced blood flow to tissue

or rupture leading to thrombosis. Following initial changes to

endothelial cells, increasing evidence indicates that progression of

atherosclerotic plaques is driven by inflammatory responses. Indeed,

three recent clinical trials of anti-inflammatory agents have proven

beneficial effects in patients with atherosclerosis, including reductions

in cardiovascular events and mortality (167–169). A number of studies

have provided evidence for anti-inflammatory and athero-protective

roles for Treg in atherosclerosis, including correlations between disease

progression and defects of Treg numbers (170) or function (171). In

animal models, Sharma et al, provided more direct evidence that Treg

protect from rupture and promote regression of atherosclerotic plaques

through modulatory effects on macrophages (47). Adoptively

transferred Treg have also been found to contribute to reduced size

and contraction of atherosclerotic plaques in hypercholesterolemic
Frontiers in Immunology 11
mice (172, 173). Studies such as these provide convincing evidence

that Treg-enhancing approaches could be of value as a therapeutic

strategy for reversing atherosclerosis. It is worth noting, however, that

challenges will arise in maintaining the stability and adaptability of

Treg in the pro-inflammatory setting of atherosclerosis (174, 175). In

this regard, Treg within atherosclerotic aortas have been reported to

have a high expression of Foxp3 but also low CD25 levels, expression of

Th1-associated factors IFN-g and T-bet and compromised suppressive

potency (176). Understanding Treg metabolism under hypoxic

conditions may help to address this issue.
Conclusion

As we have described here, the capacity for Treg to suppress

innate immune responses and to ameliorate acute and chronic

diseases involving non antigen-specific inflammation is well

established. Furthermore, many mechanistic details of the specific

modulatory effects of Treg and Treg subpopulations on individual

innate immune effectors have been identified in experimental

animals as well as human cells. That this body of knowledge

could be exploited to develop Treg-enhancing strategies for a

much broader range of conditions than that which they have, to

date, been applied seems self-evident. Importantly, Treg cell

therapies have proven to be safe in early phase clinical trials and

are now in the process of overcoming several important obstacles to

their more effective use in autoimmune diseases and organ

transplants. While this progress should provide a valuable

platform for extending Treg therapies to diseases driven primarily

by innate immune responses, additional challenges related to tissue

targeting, in vivo stability and selection for the required effector

mechanisms will almost certainly require an extensive amount of

focused research and innovation. Nonetheless, we propose that the

existing evidence is sufficient to support a greater investment of

time and resources in the development of interventions to augment

Treg modulation of innate immunity.
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