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Review

Generation and Regulation of CD8" Regulatory T Cells

1,2 1
*%3 and Harvey Cantor"?

Linrong Lu
Research into the suppressive activity of CD4 ' FoxP3" T regulatory cells (Treg) has defined a sublineage of CD4"
cells that contribute to self-tolerance and resistance to autoimmune disease. Much less attention has been given to
the potential contribution of regulatory sublineages of CD8" cells. Analysis of a small fraction of CD8" cells that
target autoreactive CD4" cells through recognition of the MHC class Ib molecule Qa-1 in mouse and HLA-E in
human has revitalized interest in CD8" Treg. Here we summarize recent progress and future directions of research
into the role of this CD8" sublineage in resistance to autoimmune disease. Cellular & Molecular Immunology. 2008;

5(6):401-406.
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Introduction

The adaptive immune response that defends the body against
invasion by pathogenic microorganisms, including bacteria,
viruses, fungi, parasites and cancer cells, is initiated by T
cells. Although T cell clones express receptors for foreign
antigen, positive selection of these clones by self-antigens
during development in the thymus means that each clone has
a measurable affinity for self-antigens. Although negative
selection deletes strongly self-reactive T cells (1), this
process is incomplete. T cells carrying receptors with
intermediate and low affinity for self-antigen are routinely
released into peripheral lymphoid tissues, where they may
become activated, expand and possibly initiate autoimmune
disease (2). This process is held in check by several cellular
mechanisms, including specialized regulatory T cells (Treg)
that suppress immune reactions to self. Treg belonging to the
CD4" T cell lineage have been extensively studied (3) and
drawn tremendous attention in the past few years. Although a
sublineage of CD8" Treg was initially noted to display
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immunoregulatory activity (4), early analysis was hindered
by limitations in technology. Recently, advanced molecular
approaches to this problem and increased understanding of
the immune system as a whole have allowed substantial
progress to be made in this area. Here we review research
into CD8" Treg and its contribution to self-tolerance.

CDS8" T cells as suppressor cells

CDS8" Treg were first observed by Gershon and colleagues in
the early 1970’s (4). The ability to characterize T cell subsets
using the CDS8 surface molecule (termed Lyt2t) suggested
that suppressive activity by a subpopulation of CD8" cells
specifically inhibited T helper responses by CD8CD5" T
cells (5). Subsequent studies determined that this inhibitory
interaction reflected CD8" Treg recognition of Qa-1 on target
CD4" cells (6).

Suppressive activity of CD8" T cells in autoimmune
disease was first demonstrated in a murine model of multiple
sclerosis (MS), experimental autoimmune encephalomyelitis
(EAE). Animals that were deficient in CD8" T cells
secondary to genetic mutation or antibody-dependent
depletion displayed a chronic and persistent form of EAE
that was characterized by a high frequency of disease relapse.
Early experiments in mice and humans also suggested that
CDS8" Treg lysed encephalitogenic CD4" T cells (7, 8). The
regulatory role of CD8" T cells was also observed in other
autoimmune disease models, including autoimmune Herpes
Stromal Keratitis and myocarditis. For example, CD8" T cell
deficient mice developed more severe autoimmune
myocarditis than heterozygous CD8"" mice or CD8 wild type
controls (9). CD8-deficient mice were also more susceptible
to relapse of autoimmune arthritis after immunization with
self antigens (10), suggesting that regulatory activity of CD8"
T cells might reside in the CD8" memory pool. CD8" Treg
have also been implicated in the regulation of human
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autoimmune diseases, including inflammatory bowl disease
and MS (11, 12).

Definition of CD8" Treg

Although regulatory activity of CD8" T cells has been
implicated in diverse settings, detailed studies of CDS8" Treg
have been hindered by the lack of a reliable surface marker to
distinguish CD8" Treg from conventional CD8" cells. Several
cell surface molecules have been associated with CD8" Treg
in different experimental systems. For example, CD8 CD28"
cells behave as regulatory T cells, since transfer of these cells
(but not CD28" cells) into CD8-deficient mice significantly
suppressed EAE (13). Moreover, CD8'CD28 but not
CD8'CD28" cells also inhibited IFN-y production of myelin
oligodendrocyte glycoprotein (MOG)-specific CD4" T cells
through an interaction that required cell-cell contact.
Similarly, CD8'CD45R" and CD8'CD122" T cells have been
implicated in regulatory activity (14, 15). CD8" Treg may
also be induced by plasmacytoid dendritic cells (pDC) from
tumor ascites. These cells have an IL-10" CCR7" CD45RO"
CDS8" phenotype and can suppress tumor antigen-specific T
cell effector function through IL-10 secretion (16). Similarly,
immature conventional DC can induce CD8" Treg (17) and
FoxP3" alloantigen-specific CD8'CD28 T suppressor cells
can also be generated in vitro by tolerized endothelial cells
(18). Primary suppressive CCR7'CD45RO'CD8" T cells
have been isolated from human tumors, suggesting that they
may contribute to the tumor-induced immunosuppressive
network (19).

Qa-1-restricted CD8" Treg

The subset of Qa-l-restricted CD8" Treg is perhaps the
best-defined of the candidate CDS8" regulatory cells. This
subpopulation of CD8" cells recognizes the MHC class Ib
product Qa-1 (HLA-E in human) and suppresses the
development and relapse of EAE, (20). Generation and
analysis of Qa-1-deficient mice several years ago has allowed
further definition of the role of Qa-1 in the generation and
mediation of suppressive activity by this CD8" Treg subset.
Mice lacking Qa-1-restricted CD8" Treg develop exaggerated
immune responses to self antigen (21). However, Qa-1-
deficient mice have not been sufficient to fully define the
contribution of Qa-1-restricted CD8" T cells to immunological
suppression, because of the bivalent interaction of Qa-1 with
its receptors.

Presentation of peptide by the Qa-1 protein on APC
activates antigen-specific CDS8 cells. In addition, Qa-1
complexed to the Qdm peptide engages the CD94/NKG2
receptor expressed by CDS cells and NK cells and attenuates
the activities of these cells (22-24). As a result, the immune
response phenotype of Qa-1-deficient mice reflects two
opposing effects. Enhanced CD4-dependent immunity
reflects loss of the Qa-1 target for CD8" Treg activity (21),
while reduced CD4-dependent immunity results from lysis of
activated CD4" cells by NK cells that are unencumbered by an
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inhibitory NKG2A-Qa-1/Qdm interaction (24).

To isolate and individually analyze these two Qa-1-
dependent regulatory pathways, we exploited the fact that
each Qa-1-dependent interaction utilizes distinct surface
Qa-1 contact residues. Generation of a Qa-1 amino acid
exchange mutation (Qa-1 D227K), which disrupts binding of
Qa-1 to the CD8 co-receptor, prevents effective peptide
presentation to CD8" cells (25). Cells expressing the Qa-1
D227K mutation fail to present peptides to CD8" cells, but
retain the ability to bind to NKG2A receptors on CD8" cells
and NK cells. After targeting this Qa-1 point mutation into
the Qa-1 locus and backcrossing to C57BL/6 mice, analysis
of CD8" Treg activity in this Qa-1 knock-in strain revealed
that Qa-1 D227K knock-in mice fail to develop CD8" Treg
activity and display enhanced EAE by both PLP and MOG
upon secondary immunization. This finding confirmed an
important role for Qa-1 in generating and mediating CD8"
Treg activity and also revealed the suppressive interaction on
a molecular level, indicating that an MHC-TCR interaction
depends on the CDS co-receptor.

A second Qa-1 amino acid mutant (Qa-1 R72A) knock-in
mouse strain was also developed that disrupts Qa-1 binding
to NKG2A expressed by NK cells and CD8" cells, rendering
CD4" cells vulnerable to NK and CDS8" cells lysis, but
sparing Qa-1-dependent peptide presentation to the TCR (24).
Interestingly, genetic interruption of this interaction in Qa-1
R72A knock-in mice allows development of robust CD8"
Treg activity and complete resistance to the development of
EAE.

These findings provide insight into the molecular
constraints that dampen CD8" Treg activity. Qa-1/Qdm
engagement of CD94/NKG2A on CD8" Treg transmits an
inhibitory signal that attenuates CD8" Treg suppressive
activity. The CD94/NKG2A/C/E receptors belong to the
inhibitory NK receptor family (iNKRs) and express two
immunoreceptor tyrosine-based inhibition motifs (ITIMs)
that recruit SHP-1, which dephosphorylates signaling
molecules and inhibits cellular activation. Although the
CD94 chain can pair with other members of the NKG2
family, including NKG2C or NKG2E [reviewed in (26)],
relatively high levels of expression and stronger binding
affinity of CD94/NKG2A for the Qal-Qdm result in its
dominance. As a result, Qa-1-dependent engagement of
CD94/NKG2A receptors expressed by activated CD8" cells
during viral infection downregulates cytotoxicity and
production of pro-inflammatory cytokines. Interestingly,
although only a small proportion of CD8" cells express
NKG2A, according to immunofluorescence with available
antibodies, the majority of CD8" cells specifically bind
Qa-1-Qdm tetramers, perhaps allowing a more substantial
impact of NKG2A ligation (27).

These data also suggest that the relative ratio of the two
classes of Qa-1 peptide ligand — Qdm vs. non-Qdm (e.g.
HSP60) peptide — on the surface of activated CD4" cells may
determine susceptibility of these CD4" T cells to suppression
by CD8" Treg. According to this view, engagement of
NKG2A on CD8" Treg by the Qa-1-Qdm ligand on target
CD4" cells inhibits Treg activity, while engagement of the
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TCR expressed by CD8" Treg by Qa-1-non-Qdm peptide
ligands, such as Hsp60 peptide, activates suppressive activity
(28). Since the majority of murine CD8" T cells, including
CDS8" Treg, bind to Qa-1-Qdm tetramer and can express
functional receptors for both ligands, differential expression
of Qa-1-Qdm and Qa-1-non-Qdm peptide ligands on
activated Qa-1 CD4" target cells may decide the cell’s fate.

The tight regulatory control of CD8" Treg may be
explained in part by their autoreactive recognition of Qa-1-
restricted self antigens. Indeed, expansion of MHC class
Ib-restricted CDS cells in triple knock-out mice lacking Qdm
(K”"D""CIITA™) induces autoimmune disease (29). Thus,
regulation of Qa-1-restricted autoreactive cells through Qa-1-
Qdm and CD94/NKG2A interaction may be essential to
prevent CD8" autoimmunity.

Since autoreactive CD4" cells expressing the Qa-1 R72A
point mutation fail to transmit an inhibitory signal via
NKG2A to CD8" Treg, they were fully susceptible to
inhibition and failed to induce EAE despite expression of the
pathogenic 2D2" TCR transgene. These findings suggest that
releasing the brakes on CD8" Treg activity by blockade of
Qa-1-NKG2A interaction may facilitate new approaches to
mobilizing CD8" Treg in the context of autoimmune disease.
Indeed, antibody-dependent blockade of this interaction
during ongoing EAE unleashed robust CD8-dependent Treg
activity that attenuated disease progression and induced
complete remission of this murine model of MS.

HLA-E-restricted CD8" Treg in human and
regulation by CD94/NKG2A

Recent reports have also demonstrated the participation of
CD8" regulatory cells in controlling human MS (multiple
sclerosis). Analysis of T cells from MS patients has shown
that HLA-E restricted CDS8" Treg can be cloned from both
MS patients and healthy individuals. CD8" Treg isolated
from MS patients lyse myelin-reactive CD4" T cells by a
cytolytic process that is restricted by the non-classical MHC
class Ib molecule HLA-E, the human homolog of Qa-1 in
mouse (30).

Consistent with findings in the EAE model, HLA-E-
restricted CDS8" Treg cloned from patients during disease
exacerbation express higher levels of CD94/NKG2A at their
surface than CDS cells cloned from MS patients in remission
or CD8 cells from healthy controls, which correspond to their
less cytotoxic activity against myelin-reactive CD4" T cells,
indicating that CD94/NKG2A inhibitory receptors expressed
by CDS8" cells restrain their HLA-E-restricted suppressive
activity. Moreover, antibody-dependent blockade of the
HLA-E-CD94/NKG2A interaction enhanced lysis of auto-
reactive CD4" T cell clones by HLA-E-restricted CD8" cells
from MS patients (30). These findings also suggest that
combination therapy with cloned HLA-E-restricted CD8"
cells and anti-NKG2A antibody may result in long-term
improvement and disease remission.

Glatiramer Acetate (GA; Copaxane), a synthetic
copolymer of alanine, glutamic acid, lysine and tyrosine, was
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discovered during studies of EAE. Copaxane treatment can
reduce exacerbations and suppress disability in relapsing-
remitting MS (12). Although GA has received FDA approval
as a treatment for MS, the mechanism of action of GA is
unknown. Recent analyses have suggested that treatment of
MS patients with GA results in up-regulation of regulatory/
suppressive GA-reactive CD8" T cells. GA-induced CDS8"
Treg expressed high levels of perforin and directly lysed
CD4" T cells that presented GA by HLA-E (12). In contrast,
untreated patients showed an overall deficit in CD8" T
cell-mediated suppression, compared with healthy subjects.
Recent studies have begun to define the role of Qa-1-
restricted Treg in GA-dependent inhibition of murine EAE.

Perspectives

Phenotypic characterization of Qa-1-restricted CDS" Treg

A major obstacle in the study of regulatory CD8" T cells has
been the lack of a surface marker (like that for CD4" Treg) to
identify and isolate this population. The use of polyclonal
populations also hinders further study of the suppressive
mechanism in vitro, due to the low frequency of CD8" Treg
in this subpopulation.

Theoretically, the best potential marker for Qa-1-
restricted CD8" Treg is the Qa-1 tetramer. However, there are
obstacles to this approach that come from the peptide binding
properties of Qa-1. The association between Qa-1 and its
binding peptide is relatively weak, resulting in an unstable
Qa-1/peptide complex, even with its dominant peptide Qdm.
The dissociation rate of Qdm peptide from Qa-1 has a t' of
approximately 1.5 h at 37°C, compared with peptide
(SIINFEKL) binding to the MHC class Ia molecule, which
dissociates with a t's of 11-31 h (31). Peptides other than
Qdm bind with even lower affinity to Qa-1, further hindering
formation of a stable Qa-1 peptide complex, which is crucial
for tetramer production. The repertoire of peptides presented
by Qa-1 is substantially smaller than the repertoire of
classical MHC molecules. These include the dominant Qdm
peptide (31) as well as peptides derived from proteins,
including heat shock protein 60 (Hsp60), insulin, Salmonella,
GroEL, the TCR and the varicellovirus (UL49.5) (32-36).
Peptides derived from T-cell receptor have been shown to be
able to induce Qa-1-restricted CD8" Treg and inhibit the
development of autoimmune disease (35, 37). Moreover, a
signal peptide derived from the leader sequence of Hsp60sp
bound to Qa-1 targets Qa-1-restricted CD8" T cells (28).
Vaccination with Hsp60sp-loaded dendritic cells (DCs)
induces CD8" Treg that protect animals from subsequent
induction of EAE. Whether other Hsp60sp-derived peptides
function as targets for the Qa-1-restricted regulatory CD8" T
cells is not known. A combination of surface markers and
tetramer analysis may eventually allow full characterization
of Qa-1-restricted CD8" Treg.

Recent studies have isolated a CD8" Treg clone derived
from immunization of PLJ mice with a peptide derived from
the T-cell receptor. This CD8" clone inhibits activation of
VPB8.2°CD4" T cells in the context of EAE (37). The clone,
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which expresses the CD8ao homodimer, recognizes a
peptide derived from a conserved region of the TCR V[38.2
chain bound to Qa-la. Since a single clone was analyzed in
this study, whether all Qa-1-restricted CD8 Treg express
CD8aa is unclear. Most CD8aot' TCRaf" T cells reside in
IELs (CD8aa IELs) and are present in mice genetically
deficient in MHC class Ia molecules (38, 39), consistent with
restriction by MHC class Ib (40). Further studies are
warranted to determine whether Qa-1-restricted Treg express
CD8ac” and, if so, whether they represent circulating
CD8aa IELs or a separate lineage.

Induction (priming) of CD8" Treg

Unlike CD4 FoxP3" Treg which arise naturally in the thymus,
CD8 Treg activity must be induced by a primary antigen
stimulation (although this type of induction is inefficient,
since CD8" Treg activity is not developed in any given
antigen response). The most efficient system for generating
CDS8" Treg occurs during the induction of EAE, at which
CDS8 suppressive activity develops during the primary
immunization and can prevent subsequent induction of
disease in the same host (21). Other approaches include
T-cell vaccination (TCV), immunization with Qa-1-restricted
peptide or DC loaded with such peptides (28, 35). CDS" Treg
can also be induced by introducing antigens into immune
privileged sites like the anterior chamber (AC) (41). However,
Qa-1 restriction of the CD8" Treg has not been confirmed,
although they share many features with Qa-1-restricted CD8"
Treg.

The process and mechanisms by which CD8" Treg are
induced is poorly understood. It is likely that costimulation is
critical for their development. For example, the co-
stimulatory molecule CD137 (4-1BB), which is expressed on
activated CD8" T cells and can interact with its ligand
4-1BBL on dendritic cells and tumor cells, is important for
immunity against tumors and viruses as well as the
generation of CD8" memory cells. More importantly, several
reports have shown that immunization in combination with
anti-4-1BB induced generation of CD8" Treg that profoundly
inhibited CD4" T cell responses (42, 43). We have recently
observed that administration of anti-4-1BB during both the
induction and effector phase of CD8" Treg increased CD8
suppressive activity (Kim et al., unpublished data).

Cytokines have also been implicated in the generation of
CDS8" Treg. CD8" Treg activity cannot be induced in
IFN-yR™" mice, indicating the essential role of IFN-y in either
generation or expression of CD8" Treg activity. On the other
hand, CD8" Treg generated after immunization of IFN-y”
mice are fully capable of suppressing CD4" T cell responses,
suggesting that IFN-y secretion of CD8" Treg does not
contribute to suppressive activity (Lu et al., unpublished
data).

Signal transducers and activators of transcription (STAT)
proteins are latent cytoplasmic transcription factors that are
phosphorylated by Janus kinases in response to interferon.
Phosphorylated STAT proteins translocate to the nucleus,
where they transiently turn on specific sets of genes. STAT1
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proteins can be activated by IFNy treatment of CD8 T cells.
Recent studies have shown that STATI1 signaling in CD8 T
cells is required for their efficient expansion by promoting
the survival of activated CD8" T cells upon vaccinia viral
infection in vivo, suggesting that the direct effect of IFN-y on
CDS8" T cells is mediated by STATI. Since the IFNR
expression on CD8" T cells is essential for the development
of CDS8 suppressive activity, the role of STAT1 in the
generation of Qa-1-restricted CD8" suppressor cells will also
be addressed.

Cytokines that stimulate CD8" T cells might also be
important for the development of Qa-1-restricted CD8" Treg.
One such example is IL-15. Qa-1-restricted CD8 as well as
CDS8" T cells restricted by other MHC class Ib molecules
belong to a unique subpopulation of CD8" cells termed
innate-CD8 with unique properties that include selection on
hematopoietic cells, expression of memory markers, rapid
production of cytokines, and dependence on IL-15 (44). The
potential role of IL-15 in the development of Qa-1-restricted
Treg requires further clarification.

How do CD8" Treg inhibit immune responses?

Several mechanisms have been implicated in the suppressive
activity of CD8" Treg, including direct lysis of target cells
and secretion of immunosuppressive cytokines. Possibly,
different subsets of CD8" Treg utilize different inhibitory
mechanisms, depending on the context of the immune
reaction. Several early studies have described lysis of target
cells by CDS8" Treg. Further examination of the key
molecules involved in CD8" Treg-mediated killing suggested
that perforin-mediated cytolytic activity is necessary for
suppression by CD8" Treg both in vivo and in vitro (45).
Similar results obtained in studies of CD8" Treg isolated
from human MS patients showed that perforin-mediated
cytotoxicity is tightly constrained by the Qal/NKG2A
interaction (30).

Perforin-dependent lysis may not be the only mechanism
utilized by Qa-1-restricted CD8" Treg. CD8'CD122" Treg
can secrete IL-10 to exert inhibitory activity (46). Although
IFN-y can inhibit immune responses, as discussed above,
IFN-y is more likely to play a role in priming Qa-1-restricted
Treg rather than mediating suppressive function (Lu et al.,
unpublished data).

Acknowledgements

This work was supported in part by research grants from the
NIH (AI037562) and National Multiple Sclerosis Society and
a gift from the Schecter Family Research Foundation to HC;
LL is a Claudia Adams Barr Investigator and NIH NRSA
Fellow (T32 AI07386). We thank Alison Angel for
manuscript preparation.

References

1. Hengartner H, Odermatt B, Schneider R, et al. Deletion of
self-reactive T cells before entry into the thymus medulla.

Volume 5 Number 6 December 2008



Cellular & Molecular Immunology

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Nature. 1988;336:388-390.

. Bouneaud C, Kourilsky P, Bousso P. Impact of negative

selection on the T cell repertoire reactive to a self-peptide: a
large fraction of T cell clones escapes clonal deletion. Immunity.
2000;13:829-840.

. Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T

cells and immune tolerance. Cell. 2008;133:775-787.

. Gershon RK, Kondo K. Cell interactions in the induction of

tolerance: the role of thymic lymphocytes. Immunology. 1970;
18:723-737.

. Cantor H, Shen FW, Boyse EA. Separation of helper T cells

from suppressor T cells expressing different Ly components. 1.
Activation by antigen: after immunization, antigen-specific
suppressor and helper activities are mediated by distinct T-cell
subclasses. J Exp Med. 1976;143:1391-1340.

. Noble A, Zhao ZS, Cantor H. Suppression of immune responses

by CD8 cells: II. Qa-1 on activated B-cells stimulates CD8 cell
suppression of Th2-dependent antibody responses. J Immunol.
1998;160:566-571.

. Jiang H, Zhang SL, Pernis B. Role of CD8" T cells in murine

experimental allergic encephalomyelitis. Science. 1992;256:
1213-1215.

. Koh DR, Fung-Leung WP, Ho A, Gray D, Acha-Orbea H, Mak

TW. Less mortality but more relapses in experimental allergic
encephalomyelitis in CD8”" mice. Science. 1992;256:1210-
1213.

. Penninger JM, Neu N, Timms E, et al. The induction of

experimental autoimmune myocarditis in mice lacking CD4 or
CDS8 molecules. J Exp Med. 1993;178:1837-1842.

Tada Y, Ho A, Koh DR, Mak TW. Collagen-induced arthritis in
CD4- or CDS8-deficient mice: CD8" T cells play a role in
initiation and regulate recovery phase of collagen-induced
arthritis. J] Immunol. 1996;156:4520-4526.

Brimnes J, Allez M, Dotan I, Shao L, Nakazawa A, Mayer L.
Defects in CD8" regulatory T cells in the lamina propria of

patients with inflammatory bowel disease. J Immunol. 2005;174:

5814-5822.

Tennakoon DK, Mehta RS, Ortega SB, Bhoj V, Racke MK,
Karandikar NJ. Therapeutic induction of regulatory, cytotoxic
CD8" T cells in multiple sclerosis. J Immunol. 2006;176:7119-
7129.

Najafian N, Chitnis T, Salama AD, et al. Regulatory functions of
CDS8'CD28 T cells in an autoimmune disease model. J Clin
Invest. 2003;112:1037-1048.

Xystrakis E, Dejean AS, Bernard I, et al. Identification of a
novel natural regulatory CD8 T-cell subset and analysis of its
mechanism of regulation. Blood. 2004;104:3294-3301.

Rifa'i M, Kawamoto Y, Nakashima I, Suzuki H. Essential roles
of CD8'CD122" regulatory T cells in the maintenance of T cell
homeostasis. J Exp Med. 2004;200:1123-1134.

Haeryfar SM. The importance of being a pDC in antiviral
immunity: the IFN mission versus Ag presentation? Trends
Immunol. 2005;26:311-317.

Dhodapkar MV, Steinman RM. Antigen-bearing immature
dendritic cells induce peptide-specific CD8" regulatory T cells
in vivo in humans. Blood. 2002;100:174-177.

Manavalan JS, Kim-Schulze S, Scotto L, et al. Alloantigen
specific CD8'CD28FoxP3" T suppressor cells induce ILT3"
ILT4" tolerogenic endothelial cells, inhibiting alloreactivity. Int
Immunol. 2004;16:1055-1068.

Wei S, Kryczek I, Zou L, et al. Plasmacytoid dendritic cells
induce CD8" regulatory T cells in human ovarian carcinoma.
Cancer Res. 2005;65:5020-5026.

Jiang H, Ware R, Stall A, Flaherty L, Chess L, Pernis B. Murine

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

405

CD8" T cells that specifically delete autologous CD4" T cells
expressing VB8 TCR: role of the Qa-1 molecule. Immunity.
1995;2:185-194.

Hu D, Ikizawa K, Lu L, Sanchirico ME, Shinohara ML, Cantor
H. Analysis of regulatory CD8 T cells in Qa-1-deficient mice.
Nat Immunol. 2004;5:516-523.

Vance RE, Kraft JR, Altman JD, Jensen PE, Raulet DH. Mouse
CD94/NKG2A is a natural killer cell receptor for the
nonclassical major histocompatibility complex (MHC) class I
molecule Qa-1(b). J Exp Med. 1998;188:1841-1848.

Moser JM, Gibbs J, Jensen PE, Lukacher AE. CD94-NKG2A
receptors regulate antiviral CD8" T cell responses. Nat Immunol.
2002;3:189-195.

Lu L, Ikizawa K, Hu D, Werneck MBF, Wucherpfennig KW,
Cantor H. Regulation of activated CD4" T cells by NK cells via
the Qa-1-NKG2A pathway. Immunity. 2007;26:593-604.
Luescher IF, Vivier E, Layer A, et al. CD8 modulation of T-cell
antigen receptor-ligand interactions on living cytotoxic T
lymphocytes. Nature. 1995;373:353-356.

Vivier E, Anfossi N. Inhibitory NK-cell receptors on T cells:
witness of the past, actors of the future. Nat Rev Immunol.
2004;4:190-198.

Wang R, Ramaswamy S, Hu D, Cantor H. Definition of a novel
binding site on CD8 cells for a conserved region of the MHC
class Ib molecule Qa-1 that regulates IFN-y expression. Eur J
Immunol. 2001;31:87-93.

Chen W, Zhang L, Liang B, et al. Perceiving the avidity of T
cell activation can be translated into peripheral T cell regulation.
Proc Natl Acad Sci U S A. 2007;104:20472-20477.

Das G, Das J, Eynott P, et al. Pivotal roles of CD8" T cells
restricted by MHC class I-like molecules in autoimmune
diseases. J Exp Med. 2006;203:2603-2611.

Correale J, Villa A. Isolation and characterization of CD8"
regulatory T cells in multiple sclerosis. J Neuroimmunol.
2008;195:121-134.

Kambayashi T, Kraft-Leavy JR, Dauner JG, Sullivan BA, Laur
O, Jensen PE. The nonclassical MHC class 1 molecule Qa-1
forms unstable peptide complexes. J Immunol. 2004;172:1661-
1669.

Jiang H, Kashleva H, Xu LX, et al. T cell vaccination induces
TCR VP specific, Qa-1 restricted regulatory CD8" T cells. Proc
Natl Acad Sci U S A. 1998;95:4533-4537.

Lo WF, Woods AS, DeCloux A, Cotter RJ, Metcalf ES, Soloski
MIJ. Molecular mimicry mediated by MHC class Ib molecules
after infection with gram-negative pathogens. Nat Med. 2000;6:
215-218.

Davies A, Kalb S, Liang B, et al. A peptide from heat shock
protein 60 is the dominant peptide bound to Qa-1 in the absence
of the MHC class la leader sequence peptide Qdm. J Immunol.
2003;170:5027-5033.

Panoutsakopoulou V, Huster KM, McCarty N, et al. Suppression
of autoimmune disease after vaccination with autoreactive T
cells that express Qa-1 peptide complexes. J Clin Invest. 2004;
113:1218-1224.

van Hall T, Laban S, Koppers-Lalic D, et al. The varicellovirus-
encoded TAP inhibitor UL49.5 regulates the presentation of
CTL epitopes by Qa-1b1. J Immunol. 2007;178:657-662.

Tang X, Maricic I, Purohit N, et al. Regulation of immunity by a
novel population of Qa-1-restricted CD8ctat ' TCRalf" T cells. J
Immunol. 2006;177:7645-7655.

Gapin L, Cheroutre H, Kronenberg M. Cutting edge: TCRap"
CD8aa” T cells are found in intestinal intraepithelial lympho-
cytes of mice that lack classical MHC class 1 molecules. J
Immunol. 1999;163:4100-4104.

Volume 5 Number 6 December 2008



406

39. Kurepa Z, Su J, Forman J. Memory phenotype of CDS8" T cells
in MHC class Ia-deficient mice. J Immunol. 2003;170:5414-
5420.

40. Cheroutre H. Starting at the beginning: new perspectives on the
biology of mucosal T cells. Annu Rev Immunol. 2004;22:217-
246.

41. Cone RE, Li X, Sharafich R, O'Rourke J, Vella AT. The
suppression of delayed-type hypersensitivity by CD8" regulatory
T cells requires interferon-y. Immunology. 2007;120:112-119.

42. Seo SK, Choi JH, Kim YH, et al. 4-1BB-mediated immuno-
therapy of rheumatoid arthritis. Nat Med. 2004;10:1088-1094.

43. Myers L, Croft M, Kwon BS, Mittler RS, Vella AT. Peptide-
specific CD8 T regulatory cells use IFN-y to elaborate TGF-f3-

44,

45.

46.

Generation and Regulation of CD8" Regulatory T Cells

based suppression. J Immunol. 2005;174:7625-7632.

Horai R, Mueller KL, Handon RA, et al. Requirements for
selection of conventional and innate T lymphocyte lineages.
Immunity. 2007;27:775-785.

Lu L, Kim HJ, Werneck MB, Cantor H. Regulation of CD§"
regulatory T cells: Interruption of the NKG2A-Qa-1 interaction
allows robust suppressive activity and resolution of autoimmune
disease. Proc Natl Acad Sci U S A. 2008;105:19420-19425.
Endharti AT, Rifa'i M, Shi Z, et al. Cutting edge: CD8'CD122"
regulatory T cells produce IL-10 to suppress IFN-y production
and proliferation of CD8" T cells. J Immunol. 2005;175:7093-
7097.

Volume 5 Number 6 December 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


