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Abstract Autoreactive CD8? regulatory T cells (Tregs)

play important roles as modulators of immune responses

against self, and numerical and functional defects in CD8?

Tregs have been linked to autoimmunity. Several subsets of

CD8? Tregs have been described. However, the origin of

these T cells and how they participate in the natural pro-

gression of autoimmunity remain poorly defined. We

discuss several lines of evidence suggesting that the auto-

immune process itself promotes the development of

autoregulatory CD8? T cells. We posit that chronic

autoantigenic exposure fosters the differentiation of

non-pathogenic autoreactive CD8? T cells into antigen-

experienced, memory-like autoregulatory T cells, to gen-

erate a ‘‘negative feedback’’ regulatory loop capable of

countering pathogenic autoreactive effectors. This

hypothesis predicts that approaches capable of boosting

autoregulatory T cell memory will be able to blunt auto-

immunity without compromising systemic immunity.

Keywords CD8? regulatory T cells � Immune response �
Autoimmunity � T cell memory � Memory-like phenotype

Introduction

As front-liners in the fight against foreign infectious

agents, T cells are equipped with a wide repertoire of T

cell receptors (TCRs) to ensure the recognition of

microbe-derived epitopes present on self major histo-

compatibility complex molecules (MHC). However, the

inherent danger of such a system lies in the possibility that

some T cells will have the ability to recognize self

peptide/MHC (pMHC) and mount an inappropriate auto-

immune response. The immune system limits such a

possibility through several mechanisms. First, it interferes

with the development of autoreactive T cells in a process

called negative selection whereby T cells bearing self-

reactive TCRs with an inappropriately high affinity for

self-pMHC complexes are deleted in the thymus through

apoptosis. If negative selection should fail, however, and

allow pathogenic, autoreactive T cells to exit into the

periphery, these T cells face additional layers of restraints,

including peripheral anergy induction and cellular sup-

pression through the workings of a class of T cells with

immune-regulatory properties—the regulatory T cells

(Tregs).

The concept of a T cell being capable of suppressing

immune responses was first noted in the 1970s, when

Gershon et al. [1–3] observed transferable immune sup-

pression mediated by lymphocytes from antigen-tolerized

mice in a series of bone marrow chimera reconstitution

experiments. Subsequent studies by Cantor et al. [4–6]

identified T cells with suppressive activity residing in the

CD8? compartment. However, due to technical limitations,

interests in studying Tregs waned and were only revived

two decades later, with Sakaguchi’s [7] landmark discov-

ery of the CD4? CD25? Tregs. Since then, researchers

have been exploring various aspects of Tregs, leading to
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significant advancements in our understanding of Treg

development and function, as well as of their relationship

to the body in the context of infectious diseases, autoim-

munity, transplantation, and cancer. One corollary of this

exploration has been the opening up of numerous oppor-

tunities for therapeutic intervention to induce or expand

Tregs to restore immune homeostasis.

Although research efforts in the past decade have

mainly focused on CD4? Tregs, it is now well established

that Tregs exist within both the CD4? and CD8? com-

partments and constitute a heterogeneous class of cells

with diverse mechanisms of action. Tregs that originate in

the thymus are often referred to as ‘‘natural Tregs’’, while

those that arise in the periphery in response to antigenic

stimulation are termed ‘‘adaptive/induced’’ Tregs [8]. The

signals that give rise to natural Treg differentiation in the

thymus remain largely uncharacterized, but studies using

TCR transgenic models suggest that thymocytes commit

to the Treg lineage after encountering self-antigen, pre-

sumably expressed on medullary thymic epithelial cells

(mTECs) and presented by thymic dendritic cells (DCs)

(reviewed in [12]) [9–11]. However, not all tissue-

restricted self-antigens are expressed on mTECs, and

Tregs with auto-specificities falling outside of the Aire-

driven antigen repertoire are thought to be generated in

the periphery, i.e., the so-called ‘‘adaptive/induced

Tregs’’.

With regards to CD4? Tregs, the CD4?CD25? FoxP3?

Treg subset is found in both the ‘‘natural’’ and ‘‘induced’’

compartments, whereas Tr1 cells and TH3 cells are con-

sidered to be ‘‘induced’’ Tregs that arise after chronic

antigenic stimulation or in response to oral tolerance,

respectively [13, 14]. A growing list of mechanisms is

attributed to the suppressive action of CD4?FoxP3? Tregs

[15], but the mechanisms of immune regulation elaborated

by the CD8? Treg subsets remain less clear. In this review,

we summarize current findings on Tregs in terms of their

induction and mode of action, with a special focus on

CD8? Tregs and their induction in the face of chronic

antigen exposure in the context of autoimmune diseases.

Although, in principle, functional and phenotypic parallels

could be drawn from subsets of CD4? and CD8? Tregs,

enabling their categorization according to shared pheno-

typic and/or functional characteristics (i.e., according to

similarities with CD4? Tregs), for many of the subsets

described herein there is no clear definition of mechanisms

of action or phenotypes that enable such categorization

without the danger of over-simplification. Accordingly, and

with the aim to better understand how CD8? Tregs arise

and function, we broadly categorize the subsets charac-

terized to date—without going into fine details regarding

differences in the surface markers expressed—to detect

important emerging trends.

CD81 Tregs in autoimmune diseases

CD8? T cells play dual roles in autoimmune diseases, both

as pathogenic effectors and negative modulators [16–18].

Defects in the function and/or numbers of CD8? Tregs

have been correlated with the increased incidence and

severity of autoimmune disorders [19–22], while the ther-

apeutic induction and adoptive transfer of CD8? Tregs

were able to afford disease protection and amelioration

[23–33].

Markers on CD81 Tregs

Multiple subsets of CD8? Tregs, both thymus derived and

peripherally induced, have been described in both humans

and mice. In both, no set of markers is present that unifies

or distinguishes between the different reported subsets, and

overlap between subsets described by different groups is

not unlikely. Expression of specific Treg markers may

differ based on the diverse origins from which these Tregs

may have arisen in vivo and on the process of manipulation

they have been subjected to prior to characterization.

Adaptive/induced Tregs may be generated de novo by

means of antigen-specific or polyclonal TCR stimulation,

both in vivo and in vitro, under specific experimental

conditions, or they may arise naturally but remain unde-

tectable unless expanded by therapeutic means.

The antigenic specificities of CD81 Tregs

Thymus- and peripherally derived CD8? Tregs are poly-

clonal in nature, with undefined antigen specificity. A few

laboratories use pMHC tetramer staining to identify dis-

ease-relevant Tregs, while others address the issue of

antigen specificity by testing for antigen-specific activation

and associated suppressive activity. Nonetheless, most

functional studies of CD8? or CD4? Tregs often treat the

population as a whole without filtering autoreactive Tregs

away from non-autoreactive ones. In such instances, it

becomes important to consider whether the suppressive

effects are disease specific, and how that can be reconciled

with the antigenic specificity or the polyclonality of the

Treg population.

If these considerations are neglected, the following two

questions cannot be addressed: does the transfer or

expansion of polyclonal Tregs cure an autoimmune disease

by inducing generalized immune suppression? And, if not,

how is disease specificity achieved? Several case scenarios

come to mind. First, a subset of Tregs may require antigen-

specific activation but mediate suppression in an antigen-

non-specific manner (e.g., through the secretion of soluble

3782 S. Tsai et al.

123



mediators). Second, in the opposite scenario, a polyclonal

population with broad antigenic specificity (assuming that

the majority is non-autoreactive) is able to mediate sup-

pression upon transfer into a diseased host, in a cell–cell

contact-dependent manner. In the first scenario, disease

specificity could be achieved by the local effects of the

secreted molecules on a third party population capable of

orchestrating the local autoimmune response (e.g., antigen-

presenting cells (APCs) in the draining lymph nodes or

local endothelial cells). In the latter case, disease/antigen

specificity could be achieved if few autoreactive Tregs

within the polyclonal population go through antigen-spe-

cific activation before mediating cell contact-dependent

suppression.

Subsets of CD81 Tregs

Qa-1-restricted CD8? T cells in mice, HLA-E-

restricted CD8? T cells in humans

The regulatory role of MHC class Ib molecule Qa-1 in

autoimmunity has been demonstrated in Qa-1-deficient

mice, which display increased susceptibility to experi-

mental autoimmune encephalomyelitis (EAE) induction

and develop exaggerated CD4? T cell responses upon viral

infection and immunization with self peptides [34]. Evi-

dence for the suppressive activity of Qa-1-restricted CD8?

T cells was first reported in a study that used TCR peptide

vaccination to induce CD8? T cell-dependent unrespon-

siveness [35]. It was later observed that Qa-1-restricted

CD8? Tregs can be induced by immunization with atten-

uated autoreactive CD4? T cells. T cell vaccination (TCV)

with myelin basic protein (MBP)-specific CD4? T cells

resulted in protection from the subsequent induction of

EAE and the induction/expansion of a population of Qa-1-

restricted CD8? T cells [26] and that functional activation

of this subset with anti-TCR monoclonal antibodies

achieved the same effects [30]. In addition to EAE, TCV-

induction of Qa-1-restricted CD8? Tregs was shown to

have beneficial effects in non-obese diabetic (NOD) mice

(a murine model of autoimmune diabetes) as well as in a

model of herpes simplex virus-1 (KOS strain)-induced

herpes stromal keratitis [36]. Qa-1-restricted CD8? Tregs

were found to induce apoptotic deletion of pathogenic,

activated CD4? T cells [37, 38] and disease protection [39]

in a Vb-specific manner, as vaccination with three different

Vb8? MBP-reactive CD4? T cell clones protected the

mice against disease induced by another MBP-reactive

Vb8? CD4? T cell clone, whereas vaccination with Vb6?

MBP-reactive CD4? T cell clones did not. It has recently

been shown that the protective effects of Qa-1-restricted

CD8? Tregs require perforin and the presence of interferon-

gamma (IFNc) [37]. Qa-1-restricted Tregs cloned from TCR

peptide-vaccinated mice have been further characterized

with respect to the markers expressed, revealing that these

cells are TCRab?, CD8aa? and that they express interleukin

(IL)-7R, CD25, CD122, CD28, and NKG2/CD94 [40]. Kim

et al. [41] recently showed that Qa-1-restricted CD8?

T-cells specifically suppress follicular T-helper cells (TFH

cells, expressing Qa-1) and that selective disruption of this

interaction promotes systemic lupus erythematosus (SLE)-

like disease in mice. In agreement with previous studies, the

Qa-1-restricted CD8? T-suppressor cells of Kim et al. [41]

have a memory-like (CD44? CD122?) phenotype, are IL-15

dependent, and suppress TFH cells via perforin. Chen et al.

[42, 43] further proposed the avidity model of Qa-1-

restricted CD8? T cell-mediated regulation, which argues

that Qa-1-restricted CD8? T cells selectively delete inter-

mediate-avidity autoreactive T cells by perceiving the

differences in the expression level of Qa-1 in complex with a

heat shock protein 60 signal peptide (hsp60sp)-derived

epitope. CD4? T cells with intermediate avidity express

higher levels of hsp60sp/Qa-1, thus flagging them for dele-

tion. This observation was recapitulated in human T1D

patients who demonstrated defects in CD8? T cell recog-

nition of HLA-E/Hsp60sp [44]. HLA-E-restricted CD8?

regulatory T cells were also found in patients with multiple

sclerosis (MS) treated with glatiramer acetate (GA; copax-

one), an approved therapy for MS [23, 31, 45]. CD8? T cell-

mediated immune suppression was found to be defective in

untreated MS patients as compared to healthy untreated

controls [45], and treatment with GA might induce HLA-E-

dependent, GA-specific cytotoxic responses with suppres-

sive properties.

CD8? CD122? Tregs in mice

CD8?CD122? Tregs are found in the periphery of naı̈ve,

unmanipulated mice. Although they constitute a naturally

existing subset, the thymic origin of these cells has never

been proven. Some reports suggest that CD8?CD122? T

cells may develop in the periphery [46, 47] in response to

autoantigenic stimulation. Suzuki and co-workers [48]

reported that IL-2/IL-15 receptor b-chain (CD122)-defi-

cient mice demonstrate heightened immunopathology

characterized by the spontaneous accumulation of acti-

vated T cells and the abnormal differentiation of B cells

into antibody-secreting plasma cells. This phenotype of

abnormal T and B cell activation could be corrected by

adoptive transfer of bulk purified CD8?CD122? T cells

or by higher numbers of CD4?CD25? T cells [49].

Mechanistically, CD8?CD122? T cells down-regulate

CD8?CD122- T cell-mediated responses in an APC-

independent manner by secreting IL-10 [49, 50].

CD8?CD122? T cell-mediated suppression in vitro can
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be blocked by neutralizing antibodies against CD28,

CD80/86, but not by neutralizing antibodies against

ICOS, CTLA-4, or PD-1, and CD8?CD122? T cells

isolated from CD28-deficient mice do not possess

suppressive activity, suggesting the requirement of

CD28:CD80/86 interaction for their functional activation

[51]. In contrast, a later study showed that CD28 and PD-

1 triggering promotes IL-10 secretion, suggesting that the

suppressive activity of this Treg subset resides within its

PD-1? fraction. In fact, PD-1 blockade inhibits the sup-

pressive function of CD8?CD122?PD-1? T cells [52].

Accordingly, the role of PD-1 in CD8?CD122? T cell-

mediated suppression remains unclear. The protective role

of CD8?CD122? T cells has been documented in a

number of allo- and autoimmune scenarios, including a

murine model of Graves’ disease [53], EAE, a murine

model of MS [54]), CD4? T cell-induced colitis [55], and

in skin allograft rejection [52]. In all of these cases, IL-10

neutralization largely reversed disease protection. With

regards to the existence of a human counterpart, Suzuki’s

group proposes that human CD8?CXCR3? T cells are the

functional equivalents of the murine CD8?CD122? T

cells [56] as they demonstrate suppressive activity in vitro

in a similar fashion.

CD8?CD28-FoxP3? T cells in mice and humans

(antigen-/allospecific)

Allospecific CD8?CD28- T cells, which arise in mixed

lymphocyte cultures of human peripheral blood mononu-

clear cells (PBMCs) in vitro, are able to suppress antigen-

specific CD4? T cell responses [57]. In addition,

CD8?CD28- T cell lines cloned from humans can suppress

autologous antigen-specific or xenoreactive CD4? T cell

responses in vitro [58–60]. In the literature, this

CD8?CD28- T cell subset is often referred to as T sup-

pressor (Ts); these cells express similar markers as

CD4?CD25? Tregs, including FoxP3, GITR, CTLA-4,

CD25, CD103, CD62L, and 4-1BB [61]. Mechanistically,

they are MHC class I-restricted and require direct contact

with APCs to mediate their suppressive effects. Liu et al.

showed that CD8?CD28- Tregs act by down-regulating

co-stimulatory molecules on APCs, while in another study,

in vitro alloantigen-primed CD8?CD28- Tregs were shown

to up-regulate expression of the inhibitory receptors

immunoglobulin-like transcript 3 (ILT3) and ILT4 on APCs

[62] and endothelial cells [63], thereby rendering these

APCs tolerogenic. Following this study, Kim-Schulze et al.

[64] further showed that recombinant ILT3 could be used to

generate allospecific CD8? FoxP3? Tregs from human

mixed lymphocyte cultures.

A similar subset of CD8?CD28- T cells has been

identified in mice. Najafian et al. [65] showed that

depletion of CD8? T cells prior to EAE induction with

myelin oligodendrocyte glycoprotein (MOG) led to

heightened disease progression, while adoptive transfer of

in vitro-activated CD8?CD28- T cells prevented this

phenotype. CD8?CD28- T cells were shown to suppress

the proliferation of MOG-specific CD4? T cells both in

vitro and in vivo through a MHC class I-restricted, contact-

dependent mechanism that required the presence of APCs.

The CD8?CD28- T cell/APC interaction led to down-

regulation of several co-stimulatory molecules on APCs,

including CD80, CD86, and CD40. In another study,

CD8?CD28- T cells were shown to exert regulatory

activity in an animal model of myasthenia gravis (MG), an

autoimmune disease characterized by antibody-mediated

blockade of acetylcholine receptors (AchR) at neuromus-

cular junctions. Ben-David and coworkers [66] showed that

altered peptide ligand therapy consisting of two tandemly

fused myasthenogenic peptide analogs suppressed MG-

associated autoimmunity through the induction of a group

of CD8?CD28- cells that also expressed FoxP3. These

CD8?CD28-FoxP3? T cells were shown to produce

immunosuppressive cytokines such as IL-10 and trans-

forming growth factor-beta (TGF-b) and could transfer

protection into MG-prone animals [66, 67].

Other classes of CD8?CD28- Tregs in humans

Other subsets of CD8?CD28- Tregs that lack FoxP3

expression have been identified. In the autoimmune setting,

CD8?CD28-CD56? T cell clones derived from synovial

tissues of rheumatoid arthritis (RA) patients can blunt

synovitis in severe combined immunodeficient (SCID)

mice grafted with human synovial tissues [68], and

CD8?CD28- T cells isolated from the peripheral blood or

thyroid tissues of patients with Hashimoto thyroiditis and

Grave’s disease, but not healthy individuals, demonstrated

suppressive activity in vitro [69]. A decrease in the fre-

quency of CD8?CD28- Tregs has been correlated to

diseased states in T1D and relapsing–remitting MS patients

[21, 70]. Work by Filaci et al. [71] showed that freshly

isolated CD8?CD28- T cells from human PBMCs cannot

suppress anti-CD3-driven T cell responses unless previ-

ously cultured/activated with autologous monocytes in the

presence of IL-2 and granulocyte/macrophage colony

stimulating factor (GM-CSF), suggesting that the

CD8?CD28- T cells could be a precursor subset giving

rise to Tregs upon activation. Defective function of the

CD8?CD28--derived Treg subset has also been correlated

with diseased states, such as in patients with active SLE as

compared to patients in remission or healthy controls [20]

and in patients with chronic progressive MS as compared

to remitting–relapsing MS and healthy controls [19]. In

these settings, the in vitro-activated CD8?CD28- Tregs
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were found to suppress the disease state through an IL-6-

(in the case of [20]) and IFNc- [19, 20] dependent

mechanism(s).

CD8?CD103? Tregs in mice and humans

(antigen-/allospecific)

CD103 (aEb7 intergrin) is a receptor for E-cadherin on

epithelial cells. In humans, CD103 expression is confined to

\1% of the circulating memory T cells [72], while in mice

CD103 is expressed at low levels on 40–60% of peripheral

CD8? T cells [73], mainly on those displaying a naı̈ve

phenotype [74]. However, CD103 expression is dramati-

cally up-regulated on alloreactive CD8? T cells upon entry

into a renal graft site or on CD8? T cells within the gut

epithelium [75], in a TGFb-dependent manner. CD103 thus

represents a marker that characterizes CD8? effector T

cells in settings of renal transplant rejection and intestinal

graft-versus-host disease [74–76]. Although alloantigen-

induced CD8?CD103? T cells were initially identified as

an effector subset, Uss et al. [77] recently showed that

these cells possess regulatory activity. The alloreactive

CD8?CD103? T cells in these studies arose by alloanti-

genic stimulation ex vivo and could not be induced by anti-

CD3/CD28. CD8?CD103? Tregs are mostly CD28? and

lack CD25, FoxP3, CTLA-4, LAG-3, and GITR, and their

CD103 expression is augmented by the presence of TGFb
[73]. Although CD8?CD103? T cells secrete IL-10 and

TGFb, these two cytokines do not seem to play a role in

their suppressive activity. Instead, they suppress T-cell

proliferation in mixed lymphocyte cultures in a manner that

is dependent on cell–cell contact [78]. A different group

identified CD8?CD103? T cells as a regulatory subset after

peptide vaccination in the presence of adjuvants and anti-4-

1BB antibodies [79]. In this study, the autocrine action of

IFNc on the Tregs was shown to be necessary for poten-

tiating their TGFb-based suppressive activity [79].

CD8?CD103?, TGFb-secreting T cells have also been

shown to be protective in a model of TNF-driven chronic

ileitis [80] and in a liver allograft setting [81]. The exact

mechanism(s) of action of the CD8?CD103? Tregs

remain(s) to be determined.

HLA-G? Tregs in humans

HLA-G is a non-classical HLA class Ib molecule with

immunosuppressive function, as shown in its ability to

suppress allospecific T cell proliferation and NK cell and

cytolytic T lymphocyte (CTL)-mediated antigen-specific

cytolysis [82–84]. HLA-G has recently been found to

define a novel subset of Tregs in peripheral blood in

healthy individuals, as well as at sites of inflammation.

Feger et al. [85] noted HLA-G? FoxP3- CD8? or CD4? T

cells that are detectable in the human thymus and constitute

on average 1.6 and 3.3% of the total CD4? and CD8? T

cell population within human PBMCs, respectively. This

HLA-G? subset presents with an anergic phenotype in

response to allogeneic and polyclonal stimuli and could

suppress CD8 and CD4 proliferation in vitro in the absence

of APCs by secreting HLA-G and TGFb [85]. Comparison

of cerebrospinal fluid (CSF) samples from MS patients

versus healthy controls showed that the number of HLA-

G? CD4? Tregs is elevated in MS patients, with notably

higher numbers in MS patients in the acute phase of the

disease compared to those in the stable phase. Similarly,

HLA-G? CD8? T cells are elevated in muscle biopsies

from patients with inflammatory myopathies, and the fre-

quencies of this population correlate with the degree of

cellular infiltrate in the muscle [85]. HLA-G? T cells

within the CSF of MS patients display a central memory

phenotype (CD4?CD45RA-CD27?) with an up-regulation

in the expression of ICOS. In addition, the preferential

expression of CCR5 by these cells allows them to traffic

across the blood–brain barrier and mediate suppression

directly in the target tissue [86]. Taken together, these

observations suggest that the HLA-G? Treg population

may expand on demand to modulate tissue inflammation.

However, it remains to be determined whether this process

is antigen driven or is elicited in response to non-antigen-

specific inflammatory cues associated with disease.

CD8?CD25? Tregs in mice and humans (antigen-/

allospecific)

A subset of CD8?CD25? T cells has been identified in the

human thymus that suppresses allospecific T cell responses

in a cell contact-dependent manner. These cells constitu-

tively express surface TNFR2, CCR8, and intracellular

CTLA-4 and, when activated with long-term anti-CD3/

CD28 treatment in vitro, up-regulate surface expression of

CTLA-4 and TGF-b1 [87]. These cells also carry FoxP3

transcripts, but only a few express FoxP3 protein.

Several other reports document the in vitro generation of

CD8?CD25? Treg clones. CD8?CD25? Tregs have been

generated by culturing human CD25- PBMCs with fibro-

blast-like bone marrow stromal cells [88], or with

continuous antigen or mitogen stimulation [89, 90]. Mahic

et al. [90] generated CD8?CD25? FoxP3? Tregs from

CD8?CD25- precursors isolated from human peripheral

blood. The CD25- precursor cells up-regulated CD25,

FoxP3, GITR, CD28, and CTLA-4 after continuous stim-

ulation with Staphylococcus enterotoxin B (SEB) or with

anti-CD3/CD28-coated beads and, in parallel, acquired the

expression of cytolytic molecules granzyme A, B and

perforin. The CD8?CD25? T cells generated in this

manner suppressed SEB-stimulated CD25- PBMCs in a
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cell contact-dependent but CTLA-4-, IL-10- and TGF-b-

independent manner [90]. Using a similar set-up, Joosten

et al. showed that continuous in vitro antigenic stimulation

of in vivo pre-primed human PBMCs led to the generation

CD8?CD25?FoxP3?LAG-3? Tregs that suppressed both

antigen- and mitogen-driven T cell responses through a

mechanism partially dependent on the secretion of CCL4.

Compared to the Tregs described by Mahic et al., this

subset is similar in terms of CD28, CTLA-4, and perforin

expression, but it does not express granzyme B [89].

CD8?CD25?T cell clones with regulatory activity could

also be generated by co-culturing human PBMCs with

autologous lipopolysaccharide-activated DCs [91]. Simi-

lar to the previously described CD25? subsets, these cells

express CTLA-4 and FoxP3 and suppress in vitro CD4

responses in a cell contact-dependent, CTLA-4:CD86-

dependent manner requiring the presence of APCs [91].

Of note, antigen-specific CD8?CD25? Tregs (CTLA-4?,

FoxP3?) with similar properties to those generated in

vitro (described above) have also been described in dia-

betic patients receiving anti-CD3 treatment [92], as well

as in MS patients (CTLA-4?, FoxP3?, CD122?,

CD62L?) [93].

It is unclear whether the CD8?CD25? T cells found in

the human thymus are qualitatively similar to the T cell

clones generated after continuous TCR stimulation,

although FoxP3 expression is different between the

thymus-derived T cells and the in vitro-generated clones.

In mice, a similar subset has been found in the thymus

and periphery of MHC class II-deficient animals, expressing

CD44, GITR, CD5, and LFA-1, and intracellular CTLA-4.

CD8?CD25? T cells from MHC class II-deficient mice

suppressed anti-CD3-stimulated CD25- T cell responses in

vitro in a contact-dependent, IL-10-independent manner.

However, one may argue against the physiological rele-

vance of this subset of cells as they may have arisen due to

homeostatic proliferation in a lymphopenic environment

(associated with the MHC class II deficiency) [94]. How-

ever, at least two other studies have documented the

generation of CD8?CD25?FoxP3? Tregs in mice. One

study showed that co-culturing of mouse CD8? T cells

with LPS-stimulated splenocytes retrovirally transduced

with a glutamate decarboxylase 65 (GAD)–immunoglob-

ulin G (IgG) fusion construct can induce GAD-specific

CD8?FoxP3? T cells with suppressive activity [33]. An

increase in CD8?FoxP3? Tregs was also observed in the

draining lymph nodes in a model of autoimmune intestinal

inflammation employing ectopic expression of HA driven

by the villin promoter and the HA-specific CL4 TCR

transgene [95]. In this model, the HA-specific CD8? T

cells isolated from the mesenteric lymph nodes up-regu-

lated the expression of CD103, LAG-3, CTLA-4, and

CCL4 and were able to suppress antigen/APC-stimulated

T cell responses in vitro through an undetermined mecha-

nism [96].

CD8?CD45RO? T cells in humans (allospecific)

A subset of CD8? T cells displaying memory and regula-

tory phenotypes (expressing CD28?CD45RO?CCR7- and

intracellular CTLA-4) has been identified in patients that

received HLA-matched, minor histocompatibility antigen

(HA-1)-mismatched renal transplants. In these patients, a

regulatory population exhibiting low binding to the HA-1

tetramer was found to coexist with another pathogenic

HA-1 tetramerhi effector population, both seemingly sus-

tained by chronic antigenic stimulation mediated by HA-1

microchimerism in the DC population. The HA-1 tetramerlo

subset suppresses both cognate delayed-type hypersensi-

tivity responses or responses towards a third party antigen

through IL-10, TGFb, and CTLA-4-dependent mechanisms

[97]. CD8?CD45RO?CCR7? Tregs have also been found

in patients with ovarian carcinoma and could be induced

with tumor ascites plasmacytoid DCs [98]. These cells

secrete IL-10 and are able to suppress tumor-antigen-

driven T cell responses in vitro [98]. Allogeneic CD40

ligand-activated plasmacytoid DCs are also able to prime

naı̈ve CD8? T cells into IL-10-producing CD8? Tregs,

although surface markers were not investigated in this

study. This population suppresses naı̈ve (but not effector)

allospecific T cell responses in vitro in an IL-10-indepen-

dent manner [99].

CD8?CD11c? Tregs in mice (antigen specific)

CD8?CD11c? Tregs represent yet another class of Tregs.

CD8? T cells have been shown to up-regulate CD11c as

they acquire effector function after TCR stimulation in

scenarios such as viral infections and graft-versus-host

disease [100–102]. In mice, CD8?CD11c? T cells can be

detected in the periphery and constitute \3% of the

peripheral T cell population, although they appear as naı̈ve

cells (based on their CD44 and CD62L profiles) and do not

present appreciable suppressive activity in vitro [103].

These cells, however, do express significantly elevated

levels of CD28 and CD103 relative to their CD11c-nega-

tive counterparts.

A study by Seo et al. [28], in which CD8?CD11c? T

cells were expanded following treatment with agonistic

anti-4-1BB antibodies in an animal model of collagen-

induced arthritis (CIA), showed that CD8?CD11c? T

cells require an additional activation signal to attain

suppressive activity. In this study, the CD8?CD11c? T

cells were expanded in an antigen (collagen II, CII)-

dependent manner and suppressed CII-specific CD4?

T cell responses and the development of CIA. The
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protective effect was linked to the production of IFNc and

the activity of indoleamine 2,3-deoxygenase; however,

whether this was a direct result of CD8?CD11c? Treg

expansion was not demonstrated. In another study by Choi

et al. [24], anti-4-1BB treatment resulted in the ameliora-

tion of interphotoreceptor retinoid binding protein-induced

experimental autoimmune uveoretinitis (EAU), a CD4? T

cell-mediated autoimmune disease. Here, Choi et al.

showed that anti-4-1BB expanded CD8?CD11c? T cells

that produced IFNc but not those producing IL-4 or IL-10.

Here, CD8?CD11c? T cells appear to contribute to disease

protection, as antibody depletion of CD8a? cells partially

neutralized the anti-4-1BB-mediated protective effects. In

addition, inhibition of the IDO enzyme activity completely

reversed anti-4-1BB-mediated disease protection, although

a link between this systemic effect and the expanded

CD8?CD11c? T cells was not established, and the possi-

bility of anti-4-1BB acting on other cell types was not

excluded. A subsequent study by Vinay et al. [103] showed

that CD8?CD11c? T cells activated in culture with anti-4-

1BB and antigen up-regulate the expression of markers

such as CD103, CD122, and effector molecules Fas, per-

forin, and granzyme B. In the same study, CD8?CD11c? T

cells were shown to suppress CD4? T cell responses in

4-1BB-/- hosts, and anti-4-1BB-expanded CD8?CD11c?

T cells isolated from mice with trinitrobenzene sulphonic

acid-induced colitis were able to transfer disease protection

to 4-1BB-/- animals [103]. Interestingly—and not incon-

sistent with the phenotype of up-regulated Fas, perforin,

and granzyme B— activated CD8?CD11c? T cells can

also have an effector function, as demonstrated in a viral

infection models [104, 105]. It would be of interest to

explore the cytolytic activity of this subset of cells as

another potential mechanism of immunoregulation.

Low-avidity, memory-like autoregulatory CD8? T cells

(antigen specific)

An imbalance between autoreactive pathogenic and regu-

latory forces underlies all autoimmune diseases. Autore-

active T cells, be they pathogenic or regulatory, recognize

multiple autoantigens, of which only a fraction have been

identified. To add to the complexity of such diseases, there

exists a non-homogeneous population of T cells within

each antigenic specificity that bind their cognate antigen/

MHC with a spectrum of avidities. We previously proposed

that, as spontaneous autoimmune diabetes progresses,

autoreactive T cells undergo a process of ‘avidity matura-

tion’, whereby the low-avidity, less pathogenic clonotypes

are gradually out-competed and replaced by their higher

avidity counterparts [106].

Using TCR-transgenic models, we found that, in the face

of chronic antigenic exposure, naive high avidity CD8? T

cells are activated to become effector cells and die after

fulfilling their cytotoxic function via activation-induced cell

death. Low-avidity CD8? T cells, on the other hand, are

skewed towards an anergic, memory-like phenotype and

accumulate in secondary lymphoid organs and the bone

marrow [32]. Interestingly, NOD mice carrying a high-

affinity autoreactive TCR transgene (17.4-NOD) develop

accelerated autoimmune diabetes, while NOD mice carry-

ing a low-affinity transgene of the same antigenic specificity

(17.6-NOD) are nearly completely resistant to diabetes

development [32, 107]. Upon further analysis of the low-

affinity TCR-transgenic 17.6-NOD strain, we found that its

diabetes resistance is mediated by the immunoregulatory

activity of a population of low-avidity, memory-like CD8?

T cells. These CD8? T cells are CD44hi, CD122?, express

perforin and granzyme B, and proliferate (ex vivo) in

response to the cytokines Il-2 and IL-15, even in the

absence of antigen. Upon antigenic stimulation, they rap-

idly produce IFNc but not IL-2 [32]. Importantly, antigen-

specific activation of this subset of low-avidity autoreactive

CD8? T cells leads to APC-dependent down-regulation of

other polyclonal, pancreatic beta cell-specific T cell

responses through mechanism(s) involving perforin-medi-

ated APC killing, IFNc secretion, and IDO [32].

These observations led us to propose the following

paradigm: that the autoimmune process seeks to limit itself

through the workings of a negative feedback loop elabo-

rated by low-avidity autoreactive T cells, which

preferentially accumulate as memory-like suppressor cells

in response to chronic autoantigenic stimulation and

modulate self-antigen presentation by autoantigen-loaded

APCs.

Building on this paradigm, we have recently discovered

a novel immunotherapeutic approach that allows us to

selectively expand these disease-generated, low-avidity,

memory-like autoregulatory CD8? T cells. We found that

treatment of NOD mice with nanoparticles coated with

disease-relevant pMHC complexes (pMHC–NP) effec-

tively expanded cognate low-avidity, memory-like CD8? T

cells and abrogated disease [32]. Several lines of evidence

further confirmed that the expanded CD8? T cells are true

memory cells: (1) treatment with nanoparticles coated with

disease-irrelevant pMHC complexes did not lead to cog-

nate T cell expansion, (2) treatment of diabetes-resistant

strains (where there is no disease-associated memory) with

disease-relevant pMHC-NP did not promote cognate T cell

expansion, and (3) similar treatment of a mutant NOD

strain lacking the endogenous T cell epitope (where there is

no epitope-specific memory) with pMHC-NP failed to

expand epitope-specific CD8? T cells or blunt autoimmune

diabetes [32].

Phenotypically similar to the TCR-transgenic low-

avidity autoreactive CD8? T cells, the expanded cells

CD8? Tregs in autoimmunity 3787

123



exhibit suppressive activity in vitro and in vivo through

mechanisms involving perforin, IFNc, and IDO. The low-

avidity, memory-like CD8? Tregs are FoxP3-,CD44hi,

CD62Llow, CCR7-, and CD122?; however, unlike the

CD8?CD122? natural Tregs described above, this subset

does not secrete IL-10 and it mediates suppression in an

antigen-dependent and APC-dependent manner [32].

CD8?LAP? Tregs in mice

It has been reported that LAP is expressed on approxi-

mately 3% of the splenic CD8? T cell population in

unmanipulated mice [108]. This subset is mostly FoxP3-,

CD25- and secretes more IL-2, IFNc, and TGFb than their

LAP- counterparts. Tested on a model of EAE induced

with PLP139–151, CD8?LAP? T cell transfer reduced

disease severity in the relapse phase, in an IFNc- and

TGFb-dependent manner [108]. The effect(s) of IFNc on

suppression might be mediated by a third party APC, as

IFNc receptor deficiency in neither the CD8?LAP? sup-

pressors nor the responder cells was found to affect

suppression in vitro [108].

pCons-induced CD8? Tregs in lupus (antigen specific)

The induction of regulatory CD8? T cells in lupus-prone

animals treated with a nucleosomal histone peptide has

been documented [27]. The induced CD8? T cell popula-

tion suppressed antigen-driven T cell responses in vitro and

autoantibody production and nephritis in vivo, in a TGFb-

dependent, contact-independent manner [27]. A similar

subset has been described in a model of murine systemic

lupus, where treatment with a tolerogenic anti-DNA IgG

VH region-derived peptide called pConsensus (pCons)

induced a population of CD8? Tregs that reside in both

CD28? and CD28- subsets [109]. This subset requires

antigen-specific activation in vitro and suppresses autoim-

mune antibody responses in a cell contact-independent,

FoxP3-- and TGFb-dependent manner. pCons-expanded

CD8? Tregs also display increased cytotoxic activity

against B cells from nephritic, anti-DNA-positive mice,

suggesting that this population acts by both suppressing

helper T cells and killing pathogenic B cells [110].

Tregs versus T memory cells

The Treg family is clearly heterogeneous and complex, as

Tregs adopt multiple mechanisms (Fig. 1) and reside

within multiple differentiation/maturation stages, ranging

from natural, naı̈ve-like, to antigen-experienced, central, or

effector/memory-like T cells. This is true for both CD4?

and CD8? Tregs, although in the CD4? compartment,

CD25 and FoxP3 are widely used markers that unify the

‘‘classical’’ CD4? Tregs, while IL-10 is a signature of the

CD25- Tr1 cells. For CD8? Tregs, it is currently not

possible to cluster all of the different subsets into a single

major subpopulation of lymphocytes in which phenotypic

and/or functional heterogeneity among cell types defined

by different groups in different models can be ascribed to

different stages of differentiation along a continuum. In

other words, it is unclear whether some of the subsets that

share phenotypic and functional markers belong to a single

lymphocyte subset captured at different stages of differ-

entiation. Nonetheless, and despite this heterogeneity, there

are several lines of evidence supporting the hypothesis that

many Treg subsets share a memory-like phenotype sug-

gestive of prior antigenic encounters.

First, CD4? and CD8? Tregs subsets often express

higher levels of activation markers, consistent with some

sort of past antigenic experience. For example, the

CD4?FoxP3? Treg subset as well as certain CD8? Treg

subsets express the IL-2 receptor alpha chain (CD25) [87,

89–91, 93] and, in some instances, the beta chain (CD122)

[32, 40, 49, 53, 103, 111]. CD44 expression is also up-

regulated on Tregs [32, 61, 94, 112–114], and its level

directly correlates with enhanced CD4? Treg function

[114]. In a recent discovery, we have conclusively dem-

onstrated the requirement of autoantigen experience in the

induction of the low-avidity autoreactive CD8? Treg sub-

set; expansion of cognate Tregs was only possible in

animals expressing the endogenous epitope and only when

there was an ongoing autoimmune response against that

epitope (i.e., autoimmune inflammation) [32].

Second, consistent with the phenotype of antigen

experience, several Treg subsets falling into both the

‘‘natural’’ and ‘‘induced’’ categories express markers that

are normally found on memory cells. The Qa-1 restricted

CD8aa? Tregs, and the low-avidity memory-like autoreg-

ulatory Tregs described by us, for example, express

receptors for IL-7 [32, 40], a key cytokine in memory T

cell survival. Suzuki et al. [115] once commented that the

CD8?CD122? Treg subset is both regulatory and central

memory-like (CD44hi, CD62L?), an observation that is

echoed in a number of studies, including our own [32].

However, since CD122 is a marker of CD8? T cell

memory and the CD8?CD122? subset was characterized as

one population with undefined antigenic specificity, the

CD122 marker alone can be considered to be insufficient to

ascribe regulatory activity to this T cell subset. A recent

report by Dai et al. [52] suggests that the expression of

PD-1 differentiates Tregs from conventional, non-regulatory

memory T cells within this subset. Similar to the

CD8?CD122? subset, the CD8?CD103? Tregs described

by Ho et al. [80] (CD44hiCD62L?) have features of central

memory cells. In humans, the CD8?CD28- subset
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(CD62L?CD45RO?CD27?) [61, 116], the HLA-G? CD4?

Tregs (CD45RA-, CD27?) [117], and the CD45RO?

CCR7? Tregs induced by tumor ascites plasmacytoid DCs

all exhibit a central memory-like phenotype [98]. It is also

noteworthy that several subsets of CD8? Tregs express

markers of effector function after activation in vitro and/or

in vivo, coinciding with the acquisition of suppressive

activity. For example, activation of CD8? Tregs is often

accompanied by the expression of cytolytic molecules,

such as granzyme and perforin [32, 37, 103], although it is

unclear whether the expressed effector molecules are

required for suppression.

These considerations are not unique to the CD8? Treg

compartment. In the CD4? compartment, the chemokine

receptor CCR6, which is expressed on memory subsets

[118] and on[30% of peripheral blood CD4?CD25? Tregs

in mice, differentiates naı̈ve CD4? Tregs from effector

memory CD4? Tregs (CD44hi, CD69hi, CD62L) [112]. This

subset was also identified in humans [119]. Other markers,

such as the aEb7 integrin (CD103) in mice [120] and CD39

(an ectonucleotidase involved in adenosine synthesis) in

humans [113, 121], have also been shown to delineate

inflamed tissue-seeking, memory-like CD4? Tregs. More-

over, human CD4?FoxP3? Tregs displaying a memory

phenotype (CD45RO?) rapidly self-renew and share the

same TCR usage as the CD4? memory pool, suggesting that

some Tregs may derive from conventional memory T cells

[122]. Functionally, the ability of memory T cells to rapidly

respond to antigen encounters, as compared to naive T cells,

is recapitulated in the IL-10-producing memory-like CD4?

Tregs [112, 123] and in the low-avidity memory-like aut-

oregulatory CD8? Tregs that promptly produce IFNc upon

antigen-specific stimulation and at a significantly faster

tempo than their naı̈ve high-avidity counterparts [32]. In

light of these findings, it is tempting to speculate that Tregs

with the memory phenotype are endowed with a superior

ability to modulate autoimmune responses compared to

their naı̈ve-like Treg equivalents.

Third, subsets of CD4? and CD8? Tregs demonstrate a

fitness which is superior to that of recently activated

effector T cells in terms of their ability to withstand

repeated encounters with their cognate antigens without

undergoing activation-induced cell death; this is also a

hallmark of conventional memory T cells. In some subsets,

this may be achieved through the up-regulation of anti-

apoptotic genes, such as Bcl2 and Bcl6 [25, 124, 125].

And fourth, in at least some autoimmune disease states,

disease-specific Tregs seem to expand and accumulate in

CD8+ Treg
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Fig. 1 CD8? T regulatory cells

(Tregs) mediate immune

suppression through various cell

contact-dependent and

independent mechanisms.

a CD8? Treg interacts with an

autoantigen-loaded antigen-

presenting cell (APC), leading

to down-regulation of APC

function, b CD8? Treg secretes

inhibitory cytokines and

chemokines, and/or immuno-

modulatory molecules, such as

HLA-G, following antigen-

specific activation, to down-

regulate target effector cells in a

cell contact-independent

manner, c CD8? Tregs kill

antigen-loaded APCs as a

means to down-regulate an

autoimmune response; d CD8aa
Tregs kill activated target CD4?

effector cells by sensing the

hsp60sp presented on Qa-1
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situ upon disease onset [86, 111, 126–129]. In a study by

Godebu et al. [123], in vitro-generated Tregs demonstrated

self-antigen-driven propagation similar to that of memory-

like Tregs when injected into NOD mice, in which a

constant pressure exerted by the diabetes-associated auto-

antigens resulted in the selective expansion of certain

clonotypes of Tregs with a skewing of Vb TCR usage. We

have shown, using the NOD mouse model, that antigen-

specific expansion of low-avidity memory-like autoregu-

latory CD8? Tregs with pMHC-coated nanoparticles is

most efficient when given to animals at the onset of dia-

betes relative to young, non-diabetic animals [32],

suggesting that the diabetogenic process fosters the gen-

eration of these memory-like Tregs. Interestingly,

treatment of mice with the non-FcR-binding anti-CD3

monoclonal antibody blunts disease progression only when

given post-diabetes onset, being largely ineffective when

given to pre-diabetic animals [130]. A recent report

describes an increase in autoreactive CD8? T cells with an

effector memory-like phenotype following anti-CD3

administration, although the suppressive activity of these

cells was not assessed [131]. Chatenoud et al.’s [130]

puzzling observation back in 1997 that anti-CD3 mono-

clonal antibody therapy only had anti-diabetogenic effects

in newly diagnosed diabetic mice could thus be explained

if we assume that anti-CD3 monoclonal antibody acts by

expanding disease-generated memory Tregs, which may

only reach the threshold required for effective therapeutic

expansion as overt clinical disease approaches.

Concluding remarks

In summary, we observe that autoimmune disease-induced

Tregs, be they CD4? or CD8?, present a memory-like

phenotype (in terms of the markers that are expressed, the

dynamics of their activation, and their survival properties)

that strongly suggests a history of antigenic experience. It

is clear that disease-induced Tregs participate in a ‘‘nega-

tive feedback’’ regulatory loop that aims to hamper

ongoing autoimmunity (see Fig. 2). We note that there is

evidence for the existence of similar negative feedback

processes in models of chronic infections and even cancer,

presumably as an evolutionarily conserved mechanism to

limit collateral damage resulting from chronic immune

responses against persistent pathogen-derived antigens. In

fact, a number of pathogens have evolved mechanisms to

exploit these negative feedback mechanisms to evade host

defence, and certain chronic, non-resolving infections have

been associated with increased numbers of Tregs [132–

135]. In autoimmunity and transplantation, on the other

hand, the concept of disease- or allograft-driven negative

High-avidity

Low-avidity

Natural Treg

AICD

T regulatory memory

Pathogenic

DC

Pathogenic

Fig. 2 Autoreactive T

regulatory cells (Tregs)

participate in a negative

feedback loop to dampen the

autoimmune disease process. T

regulatory memory arises in

response to chronic antigenic

stimulation [designated here as

encounters with dendritic cells

(DC), or other antigen-

presenting cells presenting self-

antigens] and exerts suppressive

effects on the activation of

pathogenic autoreactive T cells.

AICD Activation-induced cell

death
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feedback Treg loops is less acknowledged. In this review,

based on available evidence, we propose that the autoim-

mune process auto-regulates itself through a process of

feedback inhibition. In parallel to the autoantigen-driven

activation and clonal expansion of pathogenic, autoreactive

T cells, the autoimmune process would foster the genera-

tion of antigen-experienced, memory-like autoregulatory

Tregs to limit the progression of autoimmunity. A sche-

matic diagram of this feedback loop in relation to the

autoantigen load and generation of autoreactive T effector

cells is shown in Fig. 3. This class of Tregs would acquire

a memory-like phenotype after continuous antigen expo-

sure, much like non-autoimmune states of chronic antigen

exposure (chronic infections and cancer) might generate

pathogen- or tumor-specific Tregs that promote the chro-

nicity of infection or the progression of cancer. It would

therefore be reasonable to suspect that this type of mem-

ory-like autoregulatory T cells has evolved to abort

bystander autoimmune processes arising in response to

infection.
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