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The structure recognized by regulatory T cells that enables them to
discriminate self from nonself in the periphery is one of the central
issues of regulatory T cell biology. A link between immunoregu-
lation and self–nonself discrimination has emerged from experi-
ments showing that Qa-1-restricted CD8� T cells selectively down-
regulate target T cells activated by the intermediate avidity of their
own T cell antigen receptor–ligand interactions. Because the pe-
ripheral self-reactive T cell repertoire is devoid of high-avidity T
cells compared with the foreign-reactive repertoire, as a result of
thymic negative selection, the selective down-regulation of inter-
mediate but not high-avidity T cells enables the immune system to
suppress autoimmunity without damaging the ongoing immune
response to foreign pathogens. However, the molecular mecha-
nism delineating how avidity of T cell activation is perceived by the
regulatory T cells has not been elucidated. Here we show that a
heat shock peptide (Hsp60sp), coupled with the MHC class Ib
molecule Qa-1, is a surrogate target structure that is preferentially
expressed at a higher level on the intermediate avidity T cells and
specifically recognized by the Qa-1-restricted CD8� T cells. The
biological significance of this observation was confirmed by the
ability of Hsp60sp-loaded relevant dendritic cells to induce a
Qa-1-restricted CD8� T cell-mediated protection from autoimmune
encephalopathy in the experimental allergic encephalomyelitis
model. Thus, perceiving the avidity of T cell activation can be
translated into peripheral T cell regulation to discriminate self from
nonself in the periphery to maintain self-tolerance.

autoimmune diseases � Qa-1/HLA-E-restricted regulatory CD8� T cells �
self–nonself discrimination

How the immune system achieves self–nonself discrimination
remains a central conundrum in the study of immunology.

Intrathymic deletion of high-avidity, self-reactive T cell clones
generates a truncated peripheral self-reactive repertoire composed
of mainly intermediate- and low- but devoid of high-avidity clones
compared with the foreign-reactive repertoire, which possesses T
cells with a full range of avidity. It is likely that potentially
pathogenic self-reactive T cells are included in the pool of the
‘‘intermediate-avidity’’ thymic escapees that could be activated in
the periphery to initiate autoimmune diseases (1–4). It is thus
inevitable that one of the major functions of peripheral regulatory
mechanisms is to selectively down-regulate immune response to
self-antigens without damaging the ongoing immune response to
foreign pathogens (5). The distinctive composition of peripheral T
cell repertoires to self vs. to foreign antigens provides a unique
opportunity for the immune system to discriminate self from
nonself in the periphery by a unified mechanism of selectively
down-regulating intermediate-avidity T cells to both self and for-
eign antigens. Selective down-regulation of intermediate-avidity T
cell populations containing the potentially pathogenic self-reactive
T cells enables the immune system to specifically control autoim-
mune diseases without damaging the ongoing antiinfection immu-
nity, which is largely mediated by high-avidity T cells specific to the
foreign pathogens (5–7).

The experimental evidence supporting this conceptual frame-
work of the ‘‘avidity model’’ comes from the observation that
Qa-1-restricted regulatory CD8� T cells inhibit the immune re-

sponse to a conventional antigen, hen egg lysozyme (HEL), when
it functions as a self-antigen in HEL transgenic mice but that
Qa-1-restricted regulatory CD8� T cells enhance the immune
response to the same antigen when it functions as a foreign antigen
in wild-type mice. This in vivo self–nonself discrimination is ac-
complished by CD8� T cells that selectively down-regulate target T
cells activated by the intermediate avidity of their own TCR-ligand
interactions (7). The Qa-1-restricted CD8� T cells had been
identified initially as a regulatory population that mediates the
resistance to autoimmune experimental allergic encephalomyelitis
(EAE) induced by the first episode of the disease (8, 9). More
severe symptoms of EAE develop in a much less controllable
fashion during the relapse in CD8 knockout mice (9) or the
reinduction of EAE in Qa-1 knockout mice (10), indicating that
Qa-1-restricted CD8� T cells play an important role in maintaining
peripheral self-tolerance.

However, the cognitive molecular and cellular mechanisms that
enable the Qa-1-restricted CD8� T cells to perceive avidity of T cell
activation to selectively down-regulate intermediate-avidity T cells
have not been elucidated. In the current studies, we provide
evidence that a signal peptide derived from the leader sequence of
heat shock protein 60 (Hsp60sp), coupled with the MHC class Ib
molecule Qa-1, is a surrogate target structure that is preferentially
expressed at a higher level on the intermediate-avidity T cells and
specifically recognized by the Qa-1-restricted CD8� T cells. More-
over, Qa-1-restricted CD8� T cells can be induced by vaccinating
animals with Hsp60sp-loaded dendritic cells (DCs) to protect
animals from the subsequently induced EAE. Thus, the cognitive
mechanism in which preferential expression of particular surrogate
target structures, such as Qa-1/Hsp60sp, recognized by the regu-
latory T cells on the surface of activated T cells of intermediate
avidity enables the immune system to discriminate self from nonself
in the periphery by perceiving the avidity of T cell activation.

Results
To understand the molecular mechanisms of the cognitive recog-
nition involved in the specific T–T cell interaction between the
Qa-1-restricted CD8� T cells and the target T cells, it is crucial to
identify the Qa-1-binding peptide(s) that renders the activated T
cells susceptible to down-regulation by these CD8� T cells. In this
regard, it has been established that the predominant peptide bound
to the MHC class Ib molecule Qa-1 is Qdm, a hydrophobic peptide
derived from the leader sequence of MHC class Ia molecules (11,
12). This peptide binds with high affinity and accounts for the
majority of the peptides associated with Qa-1. Qa-1/Qdm interacts
with CD94/NKG2A on natural killer (NK) cells and inhibits NK
activity (13, 14). We have classified the Qdm or Qdm-like peptides
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as ‘‘type A’’ peptides. However, Qa-1 can also bind other self-
peptides, including those derived from heat shock proteins (15) and
preproinsulin leader sequences (16). In addition, human studies
have shown that a signal peptide derived from the leader sequence
of a stress protein Hsp60 (Hsp60sp) is capable of competing with
the B7sp peptide, the human counterpart of Qdm, for occupancy
of HLA-E, the human counterpart of Qa-1 (17). Interestingly, the
resultant HLA-E/Hsp60sp complex does not interact with CD94/
NKG2A and therefore does not inhibit the NK activity. We have
classified Qa-1-binding peptides that do not interact with CD94/
NKG2A when coupled with Qa-1 as ‘‘type B’’ peptides. We
hypothesized that some of the type B Qa-1-binding peptides that are
capable of competing with Qdm for binding to Qa-1, such as
Hsp60sp, may be preferentially expressed on the intermediate-
avidity T cells and serve as a specific target for the Qa-1-restricted
CD8� T cells.

Qa-1/Hsp60sp Is a Specific Target Recognized by the Qa-1-Restricted
CD8� T Cells. To test this hypothesis, we extended our experimental
system from Qa-1b strains into the EAE-susceptible Qa-1a strain
B10PL to better understand the biology of Qa-1-restricted CD8� T
cells at a molecular level in the context of an autoimmune disease
model. In this regard, it has been established that most of the
differences between Qa-1a and Qa-1b are located peripherally to
the peptide-binding cleft, so that these two molecules associate with
structurally similar peptides (18). We therefore were able to use the
Qdm peptide as a model type A peptide in the studies to evaluate
the relationship and function of a type B peptide, Hsp60sp, in the
Qa-1a strain B10PL mice. We established Qa-1a-expressing cells by
transfecting the human B cell line C1R with recombinant murine
Qa-1a cDNA. In this regard, C1R transfected with Qa-1 has been
widely used to identify Qa-1-binding peptide and to study the
biology of Qa-1, including its use as an artificial target for NK or T
cells (19, 20). One of the Qa-1a-positive transfectants detected by
RT-PCR, 3F4, was capable of expressing surface Qa-1a when the
cells were passively sensitized with exogenous Qa-1-binding pep-

tides at 26°C (Fig. 1a). 3F4 was thus chosen as a Qa-1-binding
peptide-presenting cell to test whether Hsp60sp served as specific
target for the Qa-1-restricted CD8� T cells. Evaluation was con-
ducted according to three in vitro criteria, one ex vivo criterion, and
one in vivo criterion, as described below.

The capacity of the peptides to bind to Qa-1 was first assessed by
their ability to stabilize Qa-1 surface expression on 3F4 cells (15, 17,
21). As shown in Fig. 1a, the binding of both the Qdm and Hsp60sp
at 26°C caused augmentation in the intensity of Qa-1a surface
staining analyzed by FACS. Interestingly, although the Qa-1 surface
expression level was relatively modest, which is consistent with
reported observations of HLA-E surface expression in human
studies (17, 22), it was sufficient to function as peptide-presenting
molecule to NK cells and to CD8� T cells (see below).

In human studies, it has been shown that the HLA-E/Hsp60sp
complex does not interact with the CD94/NKG2A receptor on NK
cells. It is important to determine whether Qa-1/Hsp60sp interacts
with CD94/NKG2A on relevant cells in mice. The ability of
Qa-1/Hsp60sp interacting with CD94/NKG2A was thus assessed in
a standard functional NK assay, in which 3F4 cells loaded with
Qdm, Hsp60sp, or nonbinding control peptide were tested for their
susceptibility to NK killing. As shown in Fig. 1b, 3F4 cells loaded
with control peptide were susceptible targets for NK killing. In
contrast, 3F4 cells loaded with Qdm, but not Hsp60sp, were
resistant to the NK killing, consistent with prior reports that
Qa-1/Qdm (13, 14), but not Qa-1/Hsp60sp (17), interacts with
CD94/NKG2A, leading to the inhibition of NK activity. This is also
compatible with the notion that two types of Qa-1/HLA-E-binding
peptides could be distinguished by their ability to interact with
CD94/NKG2A in both humans (17) and mice.

Because both Qdm and Hsp60sp peptides, which are equally
capable of binding to Qa-1, can be generated in activated T cells, it
is crucial to evaluate whether Hsp60sp can compete with Qdm for
binding to Qa-1. The ability of the Hsp60sp to compete with Qdm
for binding to Qa-1 was further tested in a functional NK assay. As
shown in Fig. 1c, Hsp60sp peptide but not control peptide abro-

Fig. 1. Hsp60sp peptide is a spe-
cific target for Qa-1-restricted CD8�

T cells. (a) Hsp60sp peptide is capa-
ble of binding to Qa-1. 3F4 cells
were incubated with Hsp60sp,
Qdm, and control peptides at 26°C
and 37°C for 18 h, stained with anti-
Qa-1a serum, revealed by goat anti-
mouse–PE, and analyzed by FACS.
The shaded curves represent the
Qa-1 staining of samples loaded
with peptide at 37°C, and the light
curves represent the Qa-1 staining
of samples loaded with peptide at
26°C. (b) Hsp60sp peptide does not
inhibit NK killing when coupled
with Qa-1, indicating that Qa-1/
Hsp60sp does not interact with
CD94/NKG2A on the NK cells. 3F4
cells loaded with Hsp60sp, Qdm,
and control peptides were used as
peptide-presenting cells in a stan-
dard NK assay. The results are rep-
resentative of four separate exper-
iments. (c) Hsp60sp peptide is
capable of competing with Qdm for
binding to Qa-1. Hsp60sp and con-
trol peptide were loaded, together
with Qdm (20 �M), to the 3F4 cells
for 18 h at 26°C and tested in a
standard NK assay (E/T ratio 2:1). The results are representative of four separate experiments. (d) Hsp60sp peptide renders Qa-1-expressing cells susceptible to
the down-regulation by the Qa-1-restricted CD8� T cells. 3F4 cells loaded with Hsp60sp, Qdm, and control peptides were used as peptide-presenting cells in a
standard CD8� T cell inhibition assay. The results are representative of four separate experiments.

Chen et al. PNAS � December 18, 2007 � vol. 104 � no. 51 � 20473

IM
M

U
N

O
LO

G
Y



gated the protection of NK killing of 3F4 mediated by Qdm in a
dose-dependent manner. This result (i) provides evidence that
Hsp60sp is capable of competing with Qdm for binding to Qa-1; (ii)
is consistent with the observations shown in human studies that
Hsp60sp is capable of competing with the signal peptide of the HLA
class Ia leader sequence B7sp for binding to HLA-E (17); and (iii)
provides a biological basis for the possibility that, in certain
activated, T cells a higher level of Hsp60sp vs. Qdm can lead to
higher expression of Qa-1/Hsp60sp vs. Qa-1/Qdm.

We next tested directly whether Qa-1/Hsp60sp could serve as a
functionally relevant target for the regulatory CD8� T cells. In this
regard, we have demonstrated previously that the CD8� T cells
selectively down-regulate intermediate-avidity T cell clones (7) and
that, in a variety of experimental settings, the suppression mediated
by the CD8� T cells is Qa-1-restricted (2, 7, 10, 23, 24). In the
current studies, the Qa-1-expressing 3F4 cell was used as a Qa-1-
peptide-presenting cell to test whether Hsp60sp is preferentially
recognized by the regulatory CD8� T cells in a CD8� T cell
inhibition assay. The 1-9NacMBP (myelin basic protein)-specific,
pathogenic, intermediate-avidity CD4� T cell clone 1AE10, a
physiological target cell of the Qa-1-restricted CD8� T cells (2, 24),
served as a positive control, and a 1-9NacMBP-specific, nonen-
cephalitogenic, low-avidity clone 4D10 and 3F4 cells loaded with
control non-Qa-1-binding peptide or Qdm served as negative
controls. In this regard, it is known that 1AE10 not only is capable
of inducing EAE in vivo but also can be used as an effective vaccine
to prime Qa-1-restricted CD8� T cells, which protect animals from
subsequent induced EAE (2, 24). As shown in Fig. 1d, the 1AE10
clone but not 4D10 was efficiently down-regulated by the CD8� T
cells isolated from EAE-recovered mice. These mice are known to
be resistant to the reinduction of EAE and have been shown to
possess Qa-1-restricted regulatory CD8� T cells (2, 8). Interestingly,
only 3F4 cells loaded with Hsp60sp, but not Qdm or control
peptide, rendered the 3F4 cells susceptible to the down-regulation
by the CD8� T cells. CD8� T cells isolated from naı̈ve mice had no
effect. Thus, Hsp60sp is indeed a specific target recognized by the
regulatory CD8� T cells when presented by Qa-1.

The Expression Ratio of Qa-1/Hsp60sp Versus Qa-1/Qdm Is Significantly
Higher in the Intermediate-Avidity Clones Than in the High- and
Low-Avidity Clones. The observation that Qa-1/Hsp60sp is a specific
target structure recognized by the Qa-1-restricted CD8� T cells
allowed us to further explore whether preferential expression of
Qa-1/Hsp60sp on intermediate-avidity T cells is a function of T cell
activation that enables these T cells to be susceptible to the
down-regulation by the CD8� T cells. We compared the expression
of Qa-1 as well as the Hsp60 and MHC class Ia (H-2Dd) molecules
at both mRNA and protein levels in a panel of activated T cell
clones. In this regard, we took advantage of 28 HEL-specific T cell
clones established from the Qa-1b strain BALB/c mice and iden-
tified in our previous studies. These T cell clones represent a range
of avidity responding to HEL and have different susceptibility to the
down-regulation by the Qa-1-restricted CD8� T cells (7). The
representative results from seven clones are presented in Fig. 2,
supporting information (SI) Tables 3 and 4, and SI Fig. 3. The
experimental design was based on the fact that Hsp60 and MHC
class Ia (H-2Dd) proteins are able to generate the Qa-1-binding
peptides Hsp60sp (17) and Qdm (25) peptides, respectively, in
activated T cell clones. We measured the ratio of the expression of
Hsp60 vs. MHC class Ia in relation to the expression of Qa-1 as a
function of avidity of T cell activation and calculated the H/M/Qa-1
gene or protein indexes to reflect the relative expression of Qa-1/
Hsp60sp vs. Qa-1/Qdm in each T cell clone tested.

As shown in SI Table 3 and Fig. 2a, in a real-time PCR assay, the
H/M/Qa-1 gene index was significantly higher in the two interme-
diate-avidity clones, 10H9 and 13C7, compared with the two
high-avidity clones, 9E4 and 19F6 (P � 0.001), as well as the three
low-avidity clones, 12D7, 13F2, and 44H7 (P � 0.001). Similarly, at

the level of protein expression, the H/M/Qa-1 protein index was also
significantly higher in the intermediate-avidity clones than in the
high- and low-avidity clones according to a Western blot assay, as
shown in SI Table 4, Fig. 2b, and SI Fig. 3. The higher H/M/Qa-1
gene and protein indexes of intermediate-avidity T cell clones
reflect a higher expression ratio between Qa-1/Hsp60sp and Qa-
1/Qdm in these T cell clones. This higher expression ratio in
intermediate-avidity T cell clones is consistent with the particular
pattern of T cell regulation observed in our previous in vivo and in
vitro studies demonstrating that Qa-1-restricted CD8� T cells
selectively down-regulate T cells of intermediate but not high or low
avidity (7). To test whether the dose of antigen used to activate T
cell clones with known avidity, measured by ED50, could influence
this particular consequence of T cell activation, we activated the
panel of T cell clones with various doses of the antigen HEL,
ranging from 1 to 50 �M, under standard T cell culture conditions.
As shown by Fig. 2c, there were no significant differences among
H/M/Qa-1 protein indexes obtained when the same clones were
activated with different doses of antigen, ranging from 1 to 50 �M.
Taken together, the observations support the hypothesis that a
higher expression ratio between Qa-1/Hsp60sp and Qa-1/Qdm is a
function of the intermediate-avidity activation of T cells, which
determines their susceptibility to the down-regulation by the Qa-
1-restricted CD8� T cells.

Vaccination of Animals with Hsp60sp-Loaded Relevant DCs Induced a
Qa-1-Dependent CD8� T Cell-Mediated Significant Protection from
EAE. We further tested, in an EAE model, the biological significance
that selective down-regulation of intermediate-avidity T cells by the
Qa-1-restricted CD8� T cells, via specific recognition of Qa-1/
Hsp60sp, is an important mechanism that the immune system
employs to control pathogenic autoimmunity in vivo. In these
experiments, Hsp60sp was assessed for its potential use as a
‘‘vaccine’’ to activate the Qa-1-restricted CD8� T cells in vivo to
protect animals from EAE that is mediated by certain 1-9NacMBP-
reactive CD4� T cell clones (1, 2, 8, 9, 26). In this particular EAE
model, Anderton et al. have shown that the encephalitogenic T cell
clones that are responsible for clinical EAE are in the 1-9NacMBP
reactive repertoire of relatively ‘‘low avidity’’ (1). In the same
experimental setting, we have shown that the potentially pathogenic
clones are included in the T cell pool with higher growth potential
in response to 1-9NacMBP isolated from EAE mice compared with
nonpathogenic 1-9NacMBP-reactive T cell clones isolated from
EAE-resistant mice (2). These two sets of data are consistent with
the notion that encephalitogenic T cell clones with low avidity to
1-9Nac MBP (1), which mediate clinical EAE in this model, are the
same self-reactive T cell clones that we referred to in our studies as
intermediate avidity, which are presumably at the low end of the
intermediate-avidity range (2, 5–7). This notion provides the bio-
logical as well as the experimental basis to determine whether
protection from EAE in vivo is attributable to selective down-
regulation of intermediate-avidity self-reactive T cell population
containing the potentially encephalitogenic T cell clones. Naı̈ve
B10PL mice were thus injected with bone-marrow-derived den-
dritic cells (DCs) loaded with Hsp60sp or with control Qdm peptide
at least 1 week before the induction of EAE. The DCs used for
vaccination expressed Qa-1 on their surface but did not express
CD8. Vaccination with DCs loaded with Hsp60sp, but not Qdm,
significantly protected animals from EAE compared with the
control, unvaccinated group (Tables 1 and 2 and SI Table 5).
Importantly, the protection was CD8� T cell-dependent because
depletion of CD8� T cells in vivo abolished the protection. The fact
that the DCs used for vaccination in this experimental setting did
not express CD8 excludes the possibility that the protection itself
was mediated by the CD8� DCs. Thus, Qa-1-restricted CD8� T
cells, which are capable of down-regulating 1-9NacMBP-reactive
encephalitogenic CD4� T cells (2, 8, 9), can be specifically induced
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in vivo by DCs loaded with Hsp60sp, but not Qdm, to protect
animals from the disease.

Discussion
We have proposed in the avidity model that Qa-1-restricted CD8�

T cells perceive the avidity of T cell activation to guide their
regulatory functions in vivo (5–7). Here we provide a molecular and
cellular mechanism suggesting that selective down-regulation of
intermediate-avidity T cells can be accomplished via the specific
recognition of Qa-1/Hsp60sp on intermediate-avidity T cells by the
Qa-1-restricted CD8� T cells. Hsp60sp was not only capable of
competing with Qdm for binding to Qa-1 (Fig. 1 a–c) but was also
a specific target structure recognized by the Qa-1-restricted CD8�

T cell when coupled with Qa-1 (Fig. 1d). More importantly,
regulatory CD8� T cell could be directly induced by Qa-1-
expressing DCs loaded with Hsp60sp in vivo to protect animals from
the subsequently induced EAE (Tables 1 and 2 and SI Table 5). The
central issue of our current studies was to understand the biology
of why and how Qa-1/Hsp60sp expressed in intermediate- but not
high- and low-avidity T cells render the activated T cells susceptible
to the CD8� T cell regulation. In this regard, it already has been
established from previous elution and mass spectroscopic studies
that Qa-1-binding peptides from both Hsp60 and H-2D can be
eluted from cells and transfectants (19, 27). The key finding from
our current studies is the observation that ‘‘quantitative’’ but not
‘‘qualitative’’ differences between Qa-1/Hsp60sp vs. Qa-1/Qdm are
a function of avidity of T cell activation and to determine the
susceptibility of the target T cells to down-regulation by the CD8�

T cells. We showed that the intermediate-avidity T cells have a
significantly higher ratio of Qa-1/Hsp60sp vs. Qa-1/Qdm than the
ratio of high- and low-avidity T cells, a finding that is reflected by
the differential expression of Hsp60 protein and the Qdm-
containing MHC class Ia protein H-2Dd (Fig. 2). This led to more
Qa-1/Hsp60sp, a specific target for the regulatory CD8� T cells
(Fig. 1d) on the surface of intermediate-avidity T cells with or
without coexpression of Qa-1/Qdm. In this regard, we consistently
observed that among the three molecules, Hsp60 is the one that
shows the greatest variation in expression level, whereas the ex-
pression levels of both the Qa-1 and the H-2Dd are relatively
constant between intermediate- vs. high- and low-avidity clones.
Although Qdm could be generated by both H-2Dd and H-2Ld (28),

a

b

c

Fig. 2. The H/M/Qa-1 indexes are higher in intermediate avidity T cell clones.
(a) H/M/Qa-1 gene indexes are significantly higher in intermediate-avidity T
cell clones than in high- and low-avidity clones. The real-time PCR was per-
formed at 60 h after the T cell clones were activated by 10 �M HEL (7). The
results summarize three separate experiments. The H/M/Qa-1 gene index is
calculated as: [Hsp60 gene expression index/MHC class Ia (H-2Dd) gene expres-
sion index] � Qa-1 gene expression index, which represents the ratio of Hsp60
vs. MHC class Ia (H-2Dd) normalized to Qa-1 at the gene expression level. The
gene expression index is the ratio of gene expression between a given gene
and �-actin in the same cells. ED50 of the clones are as follows: 9E4 and 19F6,
�1 �M; 10H9, 3 �M; 13C7, 10 �M; 12D7, 13F2, and 44H7, �20 �M. (b) H/M/Qa-1
protein indexes are significantly higher in intermediate-avidity T cell clones
than in high- and low-avidity clones. The Western blotting assay was per-
formed at 72 h after the T cell clones were activated by 10 �M HEL (7). The data
summarize three separate experiments. The H/M/Qa-1 protein index is calcu-
lated as: [Hsp60 protein expression index/MHC class Ia (H-2Dd) protein expres-
sion index] � Qa-1 protein expression index, which represents the ratio of
Hsp60 vs. MHC class Ia (H-2Dd) normalized to Qa-1 at the protein expression
level. The protein expression index is the ratio of protein expression between
a given protein and �-actin in the same cells. (c) There were no significant
differences among the H/M/Qa-1 protein indexes of T cell clones with known
ED50 activated by different doses of antigen HEL ranging from 1 to 50 �M. The
results summarize three separate experiments. When H/M/Qa-1 protein
indexes were compared for each clone stimulated with three doses (1, 10, and
50 �M), there were no significant differences for each clone tested (P � 0.05),
whereas significant differences between intermediate vs. high- and low-

avidity groups at all three doses were shown (P � 0.001). The triangle, circle,
and diamond symbols represent H/M/Qa-1 protein indexes of T cell clones
from three separate experiments. The orange, green, and purple colors rep-
resent H/M/Qa-1 protein indexes of T cell clones stimulated with different
doses of HEL (1, 10, and 50 �M) in each experiment.

Table 1. Mice vaccinated with DCs loaded with Hsp60sp but not
Qdm are significantly protected from the subsequent induction
of EAE

Group
Incidence,

n (%) Severity

Mean days

Onset
Maximum
duration

Control 15/16 (94) 2.6 � 0.63 25 � 3.6 21 � 3.2
DC w/Hsp60sp 4/18 (22) 0.6 � 0.66 53 � 7.9 3 � 2.9
DC w/Qdm 13/16 (81) 2.3 � 0.87 32 � 8.8 17 � 4.4
CD8�/DC w/Hsp60sp 10/16 (63) 2.1 � 0.59 32 � 2.6 16 � 1.6

Unless indicated otherwise, values are means � SD. Control, mice induced
to develop EAE without vaccination; DC w/Hsp60sp, mice injected with DCs
loaded with Hsp60sp peptide before EAE induction; DC w/Qdm, mice injected
with DCs loaded with Qdm peptide before EAE induction; CD8�/DC
w/Hsp60sp, mice depleted of CD8� T cells by injection of anti-CD8 mAb
53-6.72, 1 week after DC vaccination and 3 days before EAE induction. The
data in Table 1 summarize four separate experiments shown in SI Table 5.
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data obtained from H-2Dd should be sufficient to represent the
relative level between Hsp60sp and Qdm between intermediate vs.
high and low clones because of the likely relatively constant
expression of total H-2d among intermediate-, high-, and low-
avidity T cell clones.

Moreover, a higher Qa-1/Hsp60sp vs. Qa-1/Qdm ratio in inter-
mediate-avidity T cells may decrease the level of Qa-1/Qdm on the
cell surface, which might increase their susceptibility to the NK
killing (13, 14). This may lead to another possible mechanism
guided by the conceptual framework of the avidity model to
discriminate self from nonself, linking the regulation of adaptive
immunity to innate immunity, which should be further explored.

It is known that in addition to Hsp60sp, three potential Qa-1/
HLA-E-binding peptides could be generated from the Hsp60
protein (17, 27). It is also known that these three peptides either do
not efficiently bind to Qa-1/HLA-E (Hsp60.2 and 3 peptides) (17)
or are unable to compete with Qdm for occupancy of Qa-1
(Hsp60.4 peptide) (20). It is thus unlikely that these peptides would
interfere with the overall biological outcome of the predominant
expression of Qa-1/Hsp60sp on activated intermediate-avidity T
cells. In this regard, Hsp60sp peptide may represent one example
of a type B Qa-1-binding peptide capable of competing with Qdm
or Qdm-like type A peptide(s) for occupancy of Qa-1 and serving
as a specific target structure. Our studies did not exclude the
possibility that other Hsp60sp-like type B peptide(s) may exist that
function as targets for the Qa-1-restricted regulatory CD8� T cells.

Besides its role in providing the Hsp60sp peptide involved in
immune regulation mediated by the Qa-1-restricted CD8� T cells,
the Hsp60 protein itself has multiple other effects on T cell
functions, including enhancement of CD4� regulatory T cells
function through innate signaling via TLR2 (29). Moreover, Hsp60,
like CD25, is also expressed as a target for ergotypic regulation,
which is not directly involved self–nonself discrimination (30).

We also observed that there were no significant differences
among the ratio of Hsp60 vs. MHC class Ia (H/M/Qa-1 protein
indexes) obtained when the same clones were activated with varying
doses of the antigen HEL ranging from 1 to 50 �M under standard
T cell culture conditions (Fig. 2c). This observation further indicates
that one of the biological consequences of T cell activation, the
differential expression of Qa-1/Hsp60sp vs. Qa-1/Qdm, is predom-
inantly dependent on the avidity of TCR on T cells within a wide
range of antigen doses used to activate T cells in an environment
providing relatively constant costimulation. This observation sug-
gested that variation of this particular consequence of peripheral T
cell activation determined by the avidity of TCR on activated T cells
is quite limited, in vivo, within a biological range of antigen
presented because somatic hypermutation is rare in TCR after
thymic selection in the periphery (31). This is important because the
observation suggested a necessary functional stability of the path-
way to selectively down-regulate intermediate-avidity self-reactive
T cells in vivo, which could be activated under various conditions
and become potentially pathogenic. However, to what extent the
extremely high and low doses of antigens, the drastic change of
intensity and duration of costimulation as well as the possible
altered peptide–ligand interactions may influence this particular
biological outcome of activation of T cells with fixed TCR avidity

(affinity and density of TCR expressed on each T cell) is unknown
and requires further investigation.

In summary, perceiving the avidity of T cell activation can be
translated into peripheral T cell regulation to discriminate self from
nonself is the essence of the conceptual framework of the avidity
model and allows an alternative intellectual theme to understand
the development and control of immunologically relevant clinical
problems. Manipulation of the common target structures recog-
nized by Qa-1-restricted CD8� T cells is the basis for potential
therapeutic interventions to specifically enhance or block this
regulatory pathway in vivo. In this regard, the potential application
of such interventions in humans is based on the evidence that the
human homolog of Qa-1, HLA-E, can function as a restricting
element for human regulatory CD8� T cells (22, 32).

Materials and Methods
Animals. WT Balb/C and B10PL mice (The Jackson Laboratory) were housed in the
pathogen-free animal facility associated with the Columbia University Depart-
ment of Comparative Medicine. The Institutional Animal Care and Use Commit-
tee at Columbia University provided approval for all animal studies.

Reagents. See the SI Text for details.

Real-Time PCR. RNA was isolated by using the RNEasy system (Promega). Reverse
transcription and real-time PCR were performed by using the avian myeloblas-
tosis virus reverse transcriptase (Promega) and LightCycler Faststar DNA Master
SYBR Green I Systems on a Roche LightCycler (Roche). The cycling parameters
were 40 cycles of the following: 95°C, 10 min; 95°C, 10 s; 55–61°C (55°C, H-2Dd;
59°C, Qa-1b; 61°C, Hsp60), 8 s; 72°C, 13–20 s (13 s, Hsp60; 13 s, Qa-1b; 20 s, H-2Dd).
Sequences of primers are shown in the SI Text. All cDNA samples were amplified
in triplicate wells in each PCR assay. The PCR products for Qa-1b, mHsp60,
and H-2Dd were each subcloned into the plasmid pCR2.1 (Invitrogen Life Tech-
nologies) and used to create standard curves, allowing calculation of the copy
number.

SDS/PAGE and Western Blot Analysis. SDS/PAGE and Western blotting were
conducted according to standard procedures. HEL-specific CD4� clones with
different avidity to HEL were stimulated with irradiated splenic cells (antigen-
presenting cells) and HEL (1–50 �M) for 72 h. The Abs used were as follows:
anti-actin, anti-Hsp60, anti-MHC class Ia pan mAb M1/42 or H-2d-specific mAb
34–2-12 (33), and anti-Qa-1b 6A8.6F10.1A6, followed by incubation with the
secondary Ab rabbit anti-mouse HRP or rabbit anti-Rat HRP. Target proteins were
detected by using the ECL detection kit (Amersham Biosciences). All blots were
densitometrically quantitated by using ChemiDoc XRS Imager Quantity One 4.5.0
software (Bio-Rad).

Qa-1a Transfectants and T Cell Clones. The cDNA encoding full-length Qa-1a was
isolated from the T cells from B10PL mice by RT-PCR by using the following
primers: forward, CATGGTGAGGATGTTGCTTTTTGCCCACTTGCTCCAGCTGCTGG-
TCAGCG; and reverse, AGAACATGAGCATAGCATCCTTT. The Qa-1a cDNA was
subcloned into the mammalian expression vector pCDNA3.1 (Invitrogen) and
transfected by electroporation (Gene-Pulser, Bio-Rad) into the human B cell line
C1R, following which stably transfected clones were isolated by limiting dilution
under G418 selection (Invitrogen Life Technologies).

Qa-1-Binding Assay. Selected Qa-1a-PcDNA3.1-positive transfectants detected by
RT-PCR were assayed for their Qa-1 surface expression after loading with known
Qa-1-binding peptides. In brief, Qa-1a transfectants were incubated at 26°C for
�18hwithHsp60sporQdmpeptidesandcontrolpeptide1-9NacMBP(12,15,21).
The surface expression of Qa-1a was assessed by staining with anti-Qa-1a sera
followed by PE–goat anti-mouse Ig and analyzed on a FACScan flow cytometer
and CellQuest software (Becton Dickinson) (7). One of the transfectants, 3F4,
which expresses Qa-1a on the surface when exogenously loaded with Hsp60sp
and Qdm at 26°C, was chosen to further perform the subsequent functional
assays. All peptides were used at 50 �M unless specifically indicated.

NK Assay. NK cell lines are routinely established from B10PL mice (34). Unlabeled
3F4 cells were loaded with test peptides at 26°C overnight and mixed with an
equal number of 5(6)-carboxyfluorescein diacetate, succinimidyl-ester (CFSE)-
labeled human EBV-transformed lymphoblastoid cell line (LCL) cells, which are
not susceptible to the killing by mouse NK cells. Graded numbers of mouse NK
cells were added to the mixture of 3F4 and LCL cells and further incubated at 37°C
for2h.3F4cells,whichwerenot loadedwithpeptidesor loadedwith1-9NacMBP,
servedascontrols. Thecellmixtureswerethenstainedwithanti-mouseH-2U mAb

Table 2. Comparison of mouse vaccination groups

Group comparison
Incidence,

P
Severity,

P

Mean days, P

Onset
Maximum
duration

DC w/Hsp60sp vs. control �0.003 �0.001 �0.001 �0.001
DC w/Hsp60sp vs. DC w/Qdm �0.01 �0.01 �0.01 �0.002
DC w/Hsp60sp vs.

CD8�/DCw/Hsp60sp
�0.02 �0.01 �0.002 �0.002
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3-8-3P-PE to distinguish NK cells from target cells. The change in the ratio of 3F4
to LCL cells in the presence or absence of NK cells in each group detected by FACS
(7) reflects the specific NK killing: percentage of specific killing � {[killing ratio in
control wells (without NK) � the killing ratio in experimental wells (with NK)]/the
killing ratio of control wells} � 100%.

Peptide Competition Assay. Peptide-unloaded 3F4 cells showed high suscepti-
bility to NK killing [effector-to-target cell ratio (E/T), 2:1] and served as a positive
control in this assay. 3F4 cells loaded with Qdm (20 �M), which were resistant to
theNKkilling, servedas targets for competition.Competingpeptides (Hsp60spor
control non-Qa-1-binding peptide) at 50, 100, and 200 �M were added to the 3F4
cells, together with 20 �M Qdm for 18 h at 26°C (17). Equal numbers of CFSE-
labeled LCL cells were mixed with 3F4 cells, and NK cells were then added into the
mixture of peptide-loaded 3F4 cells and LCL cells. The percentage of NK killing of
3F4 cells was evaluated. In the presence of the peptides that are capable of
effectively competing with Qdm for occupancy for Qa-1, but do not interact with
CD94/NKG2A, theabrogationof inhibitionof3F4target cell lysisbyNKcells in the
presence of Qdm serves as a functional parameter of effective competition.

CD8� T Cell Inhibition Assay. CD8� T cells were purified with CD8 MACS magnetic
beads (Miltenyibiotec, Inc.) (7). 3F4 cells were passively loaded with peptides
overnight at 26°C. An equal number of unlabeled 3F4 cells loaded with peptides
and CFSE-labeled 3F4 cells that were not loaded with peptide were mixed, and a
graded number of CD8� T cells were added to the targets. CD8� T cells from naı̈ve
mice served as a control, and we established that these CD8� T cells have no effect
ontheactivatedtargetTcells. The1-9NacMBP-specific intermediate-avidityTcell
clone 1AE10 and a low-avidity clone 4D10 served as positive and negative con-
trols, respectively, and were built in all of the functional assays in B10PL mice. In
addition, in all assays, the CD8� T cells tested had no effect on C1R cells pulsed
with Hsp60sp or Qdm. Four days later, the cell mixtures were stained with

anti-mouse CD8–PE mAb to distinguish CD8� T cells from target cells, and the
CD8� Tcellsweregatedoutduringtheanalysiswhentheratiobetweentwotypes
of targets were calculated. The ratio between the peptide-loaded (non-CFSE-
labeled) 3F4 cells and unloaded (CFSE-labeled) 3F4 cells in the presence of CD8�

T cells was determined as percentage of specific inhibition (7): {[the ratio of
loaded vs. unloaded 3F4 cells in control cultures (without CD8� T cells) � the ratio
inexperimental cultures (withCD8� Tcells)]/the ratio incontrol cultures}�100%.
Because the time course of this assay was at least 4 days, we titrated the CFSE
carefully and used a relatively high dose to label the target cells to ensure that by
day 4 of the culture, the labeled target cells did not move into the unlabeled
target cells. SI Fig. 4 illustrates a set of representative FACS plots showing that the
CD8� T cells inhibited the 3F4 cells loaded with Hsp60sp but not Qdm on day 4 of
the culture.

Vaccination of Animals with DCs Loaded with Qa-1-Binding Peptides in the EAE
Model. Bone-marrow-derived DCs were generated from the femurs of B10PL
mice as described (35). Briefly, the bone marrow was flushed out, erythrocytes
were lysed, and hematopoietic precursors were cultured in complete RPMI me-
dium 1640 containing 2.5% J558 cell supernatant as the source of GM-CSF for 6
days. On day 3, fresh culture media were added to the plate. On day 6, assessed
by cell surface staining, these DCs routinely expressed Qa-1 on their surface but
were CD8�. Day 6 DCs were loaded with either Hsp60sp or Qdm at 50 �M for 2 h
at 37°C. Cells were then washed once with 50 ml of PBS and injected into naı̈ve
B10PL mice intravenously at 1 � 106 cells per mouse at least 1 week before EAE
induction. EAE was induced in B10PL mice as described previously (8).
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