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The Qa-1 Dependent CD8" T Cell Mediated Regulatory Pathway

Hong Jiang"?

The immune system has evolved a variety of regulatory mechanisms to ensure the peripheral self-tolerance as well
as the optimal capacity to elicit effective anti-infection immunity. At present, there is no satisfactory conceptual
framework to explain how the peripheral immunity is regulated at a biological system level, which enables the
immune system to perform its essential functions to mount effective immunity to virtually any foreign antigens but
avoid harmful immune responses to self. In this regard, during the past few years, an “affinity/avidity model of
peripheral T cell regulation” has been proposed and tested, which opens up a new paradigm to understand how the
peripheral immunity, to both self and foreign antigens, is regulated. The paradigm is based on the discovery of a
subset CD8" T cells with TCRs which specifically recognize a unique set of self-peptides presented by the MHC
class Ib molecule Qa-1 differentially expressed on T cells as a function of the affinity/avidity of T cell activation.
These Qa-1 restricted CD8" T cells represent an example of how the immune system utilizes a unified mechanism
to regulate adaptive immunity to both self and foreign antigens. Thus, by selectively down-regulating T cells of
intermediate affinity/avidity, to any antigens, the immune system controls the adaptive immunity without the
necessity to distinguish self from non-self in the periphery at the level of T cell regulation. Cellular & Molecular

Immunology. 2005;2(3):161-167.
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Introduction

The immune system has evolved a variety of regulatory
mechanisms mediated by distinct T subsets of regulatory
cells to ensure that the immune system performs its essential
functions of maintaining self-tolerance while permitting
effective immunity to any foreign pathogens (1, 2). The
regulation mediated by these regulatory T cell subsets is
superimposed on intrinsic regulatory mechanisms including
antigen activation induced apoptosis, anergy as well as the
differentiation of naive T cells into Th subsets secreting
regulatory cytokines. Among the regulatory T cell subsets are
CD4" and CD8" T cells as well as NKT cells. The focus of
this article is to introduce and summarize the function of
Qa-1 dependent CD8" T cell mediated regulatory pathway in
control of peripheral immunity and the potential impact of
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this pathway on our current understanding of the peripheral T
cell regulation.

The Qa-1 dependent CD8" T cells

The Qa-1 dependent regulatory CD8" T cells were first
identified by studies seeking to define the mechanisms by
which CD8" T cells participate in the resistance induced by the
first episode of experimental allergic encephalomyelitis
(EAE). In the EAE model induced by 1-9Nac myelin basic
protein (MBP) in BIOPL mice, the first episode of EAE
renders the animals highly resistant to the re-initiation of EAE
by secondary immunization. This resistance is CD8" T cell
dependent because mice that recovered from EAE and then
were depleted of CD8" T cells developed EAE upon
re-immunization with 1-9Nac MBP (3). Furthermore, mice
depleted of CD8" T cells during the initial induction of EAE
and allowed to recover normal levels of CD8" T cells are not
resistant and develop EAE again upon re-challenge with
1-9Nac MBP. Thus, CD8" T cells require priming during the
first episode of EAE to regulate CD4" T cells triggered by the
secondary MBP stimulation in vivo. Moreover, when CD8”
(KO) mice are bred with the EAE susceptible PL/J strain, the
CD8”" mice develop more chronic EAE than the wild-type
PL/J mice, reflected by a higher frequency of relapses (4).
These experiments provide evidence that CD8" T cells play a
key role in both inducing resistance to autoimmune EAE and
abrogating recurrent relapsing episodes of auto-immunity in
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vivo.

It was further demonstrated that T cell vaccination with
certain MBP reactive CD4" T cell clones induces both CD8" T
cell dependent protection from EAE and the emergence of
CDS8" T cells capable of recognizing MBP reactive CD4" T
cell clones in a Qa-1 restricted manner. The specific
recognition can be blocked by antibodies to Qa-1, CD8 and
the afTCR (5-7). These data suggest that the interaction
between the regulatory CD8" T cells and target CD4" T cells is
through the recognition of Qa-1/self-peptide complex expressed
on CD4" T cells by afTCR on regulatory CD8" T cells. In
addition, the Qa-1 restriction of regulatory CD8" T cells has
not only been observed in the down-regulation of Qa-1
expressing CD4" T cells in superantigen and self-antigen
induced T cell immune responses as described above (5) but
also shown by Cantor et al. in the regulation of antibody
synthesis in which Qa-1 expressing B cells were shown to
induce regulatory CD8" T cells (8).

It is known that a significant number of self-reactive T cell
clones escape thymic negative selection and are released into
the periphery where some are potentially pathogenic.
Employing the murine EAE model of auto-immunity it was
demonstrated that one mechanism for limiting the outgrowth
of potentially pathogenic self-reactive clones in the periphery
is the selective down-regulation of these clones by CD8" T
cells (9). It was shown that superimposed on other homeo-
stasis mechanisms, during the evolution of auto-immunity in
EAE, CD8" T cells are induced which fine tune the peripheral
self-reactive T cell receptor (TCR) repertoire. The MBP
reactive TCR repertoire was assayed in naive, EAE recovered
mice as well as EAE recovered mice depleted of CDS" T cells
by TCR VJ surface expression, CDR3 length distribution and
CDR3 sequencing analysis. In EAE recovered mice, certain
MBP autoreactive CD4'VB8.2" clones are significantly
decreased compared with naive mice and this decrease is not
observed if CD8" T cells were depleted from these mice. The
clones that persist in CD8" T cell intact mice are highly
diverse in contrast to the clones expanded in CD8" T cell
depleted mice, which are dominated by the significant
outgrowth of a few clones. Importantly, the T cell clones that
expand in the absence of CD8" T cell control are enriched in
potentially pathogenic self-reactive T cell clones capable of
inducing EAE in vivo. Thus, these in vivo and vitro studies
provide evidence that CD8" T cells only selectively
down-regulate certain but not all self-reactive T cells within
the TCR VP8.2 family. These regulatory CD8" T cells play a
key role in controlling self-reactive TCR repertoire by
selectively down-regulating the potentially pathogenic self-
reactive T cell clones which are included in the T cell
population with higher growth potential responding to self-
antigen MBP in the periphery (9).

The biological function of the Qa-1 dependent CD8" T
cell pathway has been further confirmed in recent studies of
Qa-1 “knockout” mice, which were used to directly study, in
vivo, the role of Qa-1 in the regulatory pathway mediated by
CD8" T cells in the control of auto-immunity (10). For
example, it was demonstrated that the Qa-1-deficient mice
develop severe EAE when exposed to the self PLP peptide
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Figure 1. Qa-1 dependent CD8" T cells selectively down-regulate
activated T cell clones based on their affinity/avidity.

and fail to develop resistance to EAE that normally develops
in wild-type mice after immunization with PLP peptide.
Furthermore, the failure of resistance to EAE is associated
with the escape of Qa-1-deficient CD4 cells from CD8" T
cell suppression. Moreover, these studies also show that the
effect of Qa-1 on the function of regulatory CD8" T cells in
the control of autoimmune disease in vivo is primarily
observed during the secondary, but not the primary immune
response.

An “affinity/avidity model of peripheral T cell
regulation”

To further understand the mechanisms employed by the
CDS8" T cells to selectively down-regulate certain but not all
activated T cells, the studies were extended to a conventional
antigen Hen Egg Lysozyme (HEL) system (2). Because HEL
represents a foreign antigen in wild type (WT) mice but a
self-antigen in HEL transgenic (TG) mice, this system
permits direct studies of the cellular and molecular
mechanisms by which the CD8" T cells control the peripheral
TCR repertoire to both self and foreign antigens. It was
shown that Qa-1 dependent CD8" T cells are biologically
involved in both the development of the peripheral tolerance
to the self-antigen HEL in HEL TG mice as well as the
affinity maturation of T cells to foreign antigen HEL in WT
mice. The regulatory CD8" T cells were observed to inhibit
the immune response to HEL when it functions as a
self-antigen in HEL TG mice but enhance the immune
response to the same antigen when it functions as a foreign
antigen in WT mice. The studies showed that the in vivo
unresponsiveness, or tolerance, to HEL, measured by T cell
proliferation, in HEL TG mice is broken by in vivo treatment
with mAbs to CDS8 or Qa-1. Furthermore, CD8" T cells from
HEL TG mice suppress the HEL response when adoptively
transferred in vivo or mixed with HEL reactive T cells in
vitro.
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Figure 2. The affinity/avidity model of peripheral T cell regulation
by the Qa-1 dependent CD8" T cells.

In addition, a panel of HEL reactive CD4" T cell clones
of different affinity/avidity was assayed for their
susceptibility to the down-regulation by the CDS8" T cells in a
T cell inhibition assay. The results showed that the CD8" T
cells preferentially down-regulate T cell clones of
intermediate, but not high or low, affinity/avidity to HEL.
Figure 1 depicts the functional relationship between the
affinity/avidity of 28 T cell clones measured by EDs, and
their susceptibility to down-regulation by the CD8" T cells
measured by Elso. In these assays, the EDs, is the antigen
dose needed to reach the half maximum proliferation in a
standard T cell proliferation assay and the Elsyis the effector
to target ratio needed for half maximum inhibition in a CD8"
T cell inhibition assay. Importantly, the specific down-
regulation was blocked by the mAbs to Qa-1, TCR and CDS§
molecules. We thus concluded that CDS" T cells play a
crucial role in the establishment and maintenance of the
peripheral self-tolerance to HEL in HEL TG mice by
selectively down-regulating T cell clones of intermediate
affinity/avidity to self-antigen HEL.

The role of CD8" T cells in regulating HEL response in
WT mice was further studied where HEL functions as a
foreign antigen and elicits a vigorous secondary response to
HEL characterized by increased overall affinity/avidity during
T cell affinity maturation. The studies showed that treatment
with mAbs to CDS8 or Qa-1 abrogates the affinity maturation
in vivo. Employing TCR CDR3 sequence analysis, we
observed a strong correlation between the changes of overall
affinity/avidity induced by in vivo treatment with mAbs to
CD8 and Qa-1 and the frequencies of certain canonical CDR3
motifs found in the HEL repertoire. These unique motifs were
identified in a panel of HEL specific T cell clones with known
affinity (EDsy) and known susceptibility to CD8" T cell
mediated down-regulation (Elsp). The studies provide
experimental evidence that CD8" T cells facilitate T cell
affinity maturation by selectively down-regulating T cells of
intermediate, but not high or low, affinity/avidity to HEL.
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Figure 3. Tri-molecular interaction between Qa-1 dependent CDS"
T cell and target T cell.

Thus, CD8" T cells facilitate T cell affinity maturation to
foreign antigen HEL in WT mice employing the same
mechanism used to ensure self-tolerance to HEL, which
functions as a self-antigen in TG mice.

These in vitro and in vivo studies have thus led to the
formulation of an “affinity/avidity model of peripheral T cell
regulation” in which the susceptibility of activated T cells to
the down-regulation by the CD8" T cells is determined by the
affinity/avidity of the initial T cell activation (2). This
regulatory pathway is composed of a series of sequential
cellular events. As illustrated in Figure 2, it is initiated by the
activation of naive T cells during the primary immune
response in which the TCR on T cells interacts with MHC/
antigen peptide complexes presented by conventional APCs.
One of the consequences of the initial T cell activation is the
differential expression of a specific “target antigen”, which, at
least, includes the “Qa-1/self-peptide complex”, on the
surface of target T cells. Importantly, the expression of the
“target antigen”, which is recognized by the TCR on
regulatory CD8" T cells, is determined by the affinity/avidity
during T cell activation, regardless of which antigen the target
T cells are triggered by. In this regard, since T cells are not
professional APCs, the professional APCs, such as dendritic
cells may be recruited and function to provide co-stimulatory
molecules during the induction phase of the regulatory CD8"
T cells. The “target antigen” expressed on certain activated T
cells triggers the regulatory CD8" T cells to differentiate into
effector cells, which in turn down-regulate any activated T
cells expressing the same target antigen. A characteristic
feature of the Qa-1 dependent CD8" T cells is that they require
priming by the activated T cells during the primary immune
response in order to regulate the secondary immune response.
This distinguishes the CD8" pathway from other cellular
regulatory pathways, including the NKT and the CD4'CD25"
regulatory T cells, which exist as naturally occurring
suppressor cells (1-3, 7, 9). In addition, since the only
distinguishable phenotype between the Qa-1 dependent CD8"
T cells and the conventional CDS8" T cells is the usage of a
distinct set of afTCRs which specifically recognize Qa-1/

Volume 2 Number 3  June 2005



164

self-peptide complex differentially expressed on susceptible
target T cells, it is unlikely that Qa-1 dependent CD8" T cells
represent a lineage specific CD8" T cell population.

The molecular interaction between the CD8" T cells and
the target T cells is through the recognition of self-peptide/s
presented by a MHC class Ib molecule Qa-1 on target T cells
and TCR on the CD8" T cells (Figure 3). In this regard, a
number of biologic features of the Qa-1 molecule make it
particularly interesting to its role as a restricting element in
immunoregulation. First, Qa-1 is preferentially expressed on
activated, but not resting, T cells (11). Moreover, because
Qa-1 expression on activated T cells is short lived this
excludes resting T cells from down-regulation by
Qa-1-dependent CD8" T cells. Second, Qa-1 is of limited
polymorphism with the potential to present self and foreign
peptides to CD8" T cells. The predominant self-peptide
presented by Qa-1 is Qdm, a hydrophobic peptide derived
from deader sequence of MHC class Ia molecules (12-15).
This peptide (AMAPRTLLL) binds with high affinity and
accounts for the majority of the peptides associated with Qa-1
which complex bind to NKG2A on NK cells and inhibit NK
activity (15, 16). We call Qdm or Qdm like peptides type A
peptides. However, Qa-1 can also bind other self-peptides
including those derived from heat shock proteins (17) and
pre-proinsulin leader sequences (18), which do not bind to
NKG2A, and are called type B peptides. We hypothesize that
some of the type B peptides may be the targets for the CD8" T
cells. Since the clones of high and low affinity/avidity are not
subject to the CD8" T cell regulation, the most straight
forward explanation of why only intermediate affinity/avidity
T cells are susceptible to the CD8" T cell down-regulation is
due to the differential expression of certain Qa-1/type B
self-peptide complexes as a function of affinity/avidity. It is
possible that in the intermediate affinity/avidity clones T cell
activation results in the expression of certain type B Qa-1
binding peptides, which compete with Qdm or Qdm like
peptides, for binding to Qa-1 and interact with the TCR on the
CDS8" T cells. Thus the differential expression of Qa-1/B
peptide versus Qa-l/type A peptide, which can not be
distinguished by staining with the antibody to Qa-1, may play
a crucial role in determining the susceptibility of the activated
T cells to the down-regulation by the CD8" T cells (2).

The impact of the “affinity/avidity model” on
our current understanding of the regulation of
the peripheral immunity

The pioneering work of Burnet and Medawar demonstrated
that introducing a foreign antigen to animals during the
neonatal period induces immunological tolerance to that
foreign antigen and the animal will not make immune
response to reject the same antigen during adulthood (19, 20).
Thus, exposure of the immune system to foreign antigens
during the embryonic development leads to a state of tolerance
to that antigen. These studies suggested that the definition of
self versus non-self is arbitrary to the immune system because
foreign antigens presented during fetal life are thereafter
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considered self. Since biologically, only self-antigens are
“seen” by the immune system during embryonic stage,
developing lymphocytes that are potentially self-reactive, by
interacting with self-antigens during embryonic development
become tolerant to self. Since then a tremendous amount of
work has been done to understand the mechanisms of
self-tolerance. For example, direct evidence has emerged that
thymocytes expressing TCR of high affinity/avidity for
MHC/self-peptide complexes undergo apoptosis and are
deleted centrally in the thymus (21, 22).

Nevertheless, increasing evidence indicates that both
central thymic and peripheral extra-thymic mechanisms are
important. For example, studies have shown that some
self-reactive T cells with lower or intermediate affinity/avidity
to self-antigen escape thymic negative selection and are
released into the periphery (9, 23, 24). Although these
self-reactive T cell clones display lower affinity/avidity to
MHC/self-peptide complexes, compared with truly high
affinity/avidity self-reactive T cell clones, they are capable of
self-peptide driven proliferation and some may differentiate
into potentially pathogenic effector cells (2, 9, 25). To avoid
pathogenic auto-immunity various peripheral regulatory
mechanisms have evolved to fine tune the self-reactive TCR
repertoire and suppress the clonal expansion of those
self-reactive clones with TCRs of affinity/avidity that are not
sufficiently high to be eliminated intrathymically, but high
enough to induce pathogenic auto-immunity. Thus, under
normal circumstances, despite the abundance of self-reactive
clones in the periphery, clinical auto-immunity is usually well
controlled.

The peripheral regulatory mechanisms involve mechanisms
intrinsic to the antigen activation and differentiation of T cells
as well as exogenous mechanisms mediated by regulatory
“suppressor” T cells. The intrinsic mechanisms include
antigen activation induced cell death (26) and antigen induced
expression of co-stimulatory molecules including CD40L,
CD80, CD86 and CTLA-4, which dictate whether immunity
or anergy ensues (27-30). A third general set of regulatory
mechanisms, is the functional activation and differentiation of
the CD4" T cells into the distinct Th1 and Th2 subsets (31-33)
or Trl and Tr3 subsets (34-36) phenotypically distinguished,
in part, by the elaboration of distinct sets of cytokines. These
intrinsic mechanisms have evolved to dictate not only the
magnitude but also the class of immune response generated
(33, 37-43). Superimposed on these intrinsic mechanisms of
homeostatic regulation are the exogenous regulatory
mechanisms mediated by distinct T subsets of regulatory NKT,
CD4" and CDS8" T cells, which dominantly suppress the
outgrowth of potentially pathogenic self-reactive T cells in the
periphery (44).

There remains a fundamental conceptual and practical
problem that needs to be dealt with by all regulatory
mechanisms, which normally operate in the periphery. If the
immune system controls potential pathogenic auto-immunity
by suppression, does it also suppress the normal immune
responses to foreign antigens, which are essential for
effective immunity to infectious pathogens? If it does, what
would be the biological consequences of such suppression?
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Figure 4. Selective down-regulation of intermediate affinity/avidity
T cells by the CD8" T cells shapes the peripheral T cell repertoire to
both self and foreign antigens during the evolution of immune
response.

At present there is no satisfactory conceptual framework to
explain how the peripheral immunity is regulated at a
biological system level, which enables the immune system to
perform its essential functions. In this regard, the “affinity/
avidity model of peripheral T cell regulation”, we have
proposed and tested during the past few years, opens up a
new paradigm to understand how peripheral immunity, to
both self and foreign antigens, is regulated during the
adaptive immunity. The paradigm is based on the discovery
of a subset CD8" T cells with TCRs which specifically
recognize a unique set of self-peptides presented by the MHC
class Ib molecule Qa-1 differentially expressed on T cells as
a function of the affinity/avidity of T cell activation. These
Qa-1 restricted CD8" T cells represent an example of how the
immune system utilizes a unified mechanism to regulate
adaptive immunity to both self and foreign antigens (2). In
this regard, it is known that the affinity/avidity of TCR to
self-antigen is the basis of the central thymic negative
selection and thus profoundly influences the formation of the
naive peripheral TCR repertoire to both self and foreign
antigens. During the negative selection high affinity/avidity
self-reactive T cells are deleted in the thymus (21, 22).
Clearly, a biological function of this central negative selection
of high affinity/avidity self-reactive clones is to eliminate the
“immediate danger” of pathogenic auto-immunity in the
periphery. However, to provide sufficiently large size of
mature T cell pool to ensure the maximum flexibility of the
peripheral repertoire to foreign antigens, in addition to the
low affinity/avidity self-reactive T cells, thymic negative
selection allows certain intermediate affinity/avidity self-
reactive T cells to be released into the periphery (9, 23, 24).
As a consequence, the peripheral self-reactive repertoire is
truncated and primarily composed of intermediate and low
affinity/avidity self-reactive clones. On the other hand, the
TCR repertoire to foreign antigens is composed of clones
covering the entire spectrum of high, intermediate and low
affinity/avidity. Because the compositions of the naive
peripheral TCR repertoires to self and foreign antigens are
different due to thymic negative selection, the biological
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consequences of the selective down-regulation of the
intermediate affinity/avidity T cells to self and foreign
antigens are also different (see Figure 4). Preferential down-
regulation of the intermediate/avidity clones provides a
mechanism to control the “potential danger” of pathogenic
auto-immunity mediated by the T cell clones enriched in the
pool of intermediate affinity/avidity self-reactive T cells in
the periphery (9). The same mechanism is also used to
preserve and select for clones with high affinity/avidity to
foreign antigens, which are essential for effective immunity
to infectious pathogens (2).

Taken together, the conceptual framework of the
“affinity/avidity model” offers a few unique insights, which
challenge our conventional ways of thinking and might
change the current paradigms relating to how the peripheral
immunity is regulated.

1. The “affinity/avidity model” proposes that the specificity
of the regulation is not at the level of antigens which activate
the target T cells. The specificity is at the level of recognizing
or sensing the consequence of activation of T cells
determined by the affinity/avidity during the initial T cell
activation, regardless of which antigens the target T cells are
triggered by. Because this recognition is blocked by mAbs to
Qa-1, it suggests that the actual target structure that is
recognized by the CD8" T cells is likely to be certain
self-peptides, presented by Qa-1, differentially expressed on
target T cells as a function of affinity/avidity. Since the
diversity of self-peptides binding to Qa-1, which are
responsible for rendering T cells susceptible to the
down-regulation by CD8" T cells, is limited, this model
enables the immune system to efficiently regulate immune
response to countless self and foreign antigens in a powerful
but simple way.

2. The model demonstrates that the immune system employs
a unified mechanism of suppression to regulate peripheral
immunity to both self and foreign antigens, which appears to
have opposing effects: preserving tolerance to “self” while
facilitating T cell affinity maturation to “foreign”. Because the
compositions of the naive peripheral TCR repertoires to self
and foreign antigens are different due to thymic negative
selection, the biological consequences of selective down-
regulation of the intermediate affinity/avidity T cells to self
and foreign antigens are also different (2). This forms the
conceptual framework for a new paradigm to explain, at a
biological system level, how the immune system regulate
peripheral immunity to both self and foreign antigens without
the necessity to distinguish self from non-self in the periphery
at the level of T cell regulation (2).

3. The conceptual framework of “affinity/avidity model”
may also well be suited for other peripheral regulatory
pathways, for example, CD4'CD25" regulatory T cells,
which currently dominate the field of immune regulation, but
the specificity of the regulation by the CD4 ' CD25" T cells is
unclear (42, 45-47). It is conceivable that the CD4" Tregs
may, like the Qa-1 restricted CDS8" regulatory cells,
preferentially down-regulate activated T cells on the basis of
the affinity/avidity but employ different recognition and
effector mechanisms.
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