limit of 107! M for the free concentration
of copper in the cell (8). Assuming a cell
volume of 10714 liters, such a concentration
corresponds to 1072 mol or 10~° atoms,
leading to the conclusion that cellular pools
of free copper are virtually nonexistent.
There is considerable interest in factors
that control the concentrations of transi-
tion metal ions other than copper in the
cell. Proteins have been discovered that fa-
cilitate the transport of manganese, iron,
and zinc as well as copper across the yeast
plasma membrane (2), and a bacterial met-
allochaperone that delivers nickel to the
enzyme urease has been reported (/7). Re-
liable estimates of the free concentrations
of these other transition metal ions in cells
are not yet available. The acquisition of
such information would be greatly facili-
tated by the development of fluorescent in-
tracellular metal ion sensors, such as those
already available for calcium (/2). Even if
free pools of transition metal ions in cells
do not exist, the possibility that they might
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occur in diseased or otherwise altered
states of the cell could be determined if
such sensors were at hand. Dysregulated
transition metal ion concentrations in cells
have been associated with several human
diseases, including pediatric neurological
disorders (manganese), hereditary hemo-
chromatosis, Parkinson’s disease, Fried-
reich’s ataxia (iron), Menkes’ syndrome,
and Wilson’s disease (copper) (2).

" Although the new findings reveal that
yCCS loads SOD1 with copper, several
questions still need to be addressed. From
what source does this metallochaperone re-
ceive its copper? What is the structure of
yCCS and, in particular, what are the lig-
ands that bind the copper atom(s)? What
are the molecular hand-off mechanisms for
transferring copper to and from the pro-
tein? Are there common strategies evolved
by nature that might apply to other copper
trafficking proteins in yeast, such as Atx1
and Cox17 (9), and to chaperones for the
other transition metal ions? And, recalling

that SOD1 contains zinc as well as copper,
is there a metallochaperone that also deliv-
ers zinc to the enzyme? Designing experi-
ments to answer these questions will en-
sure that this discipline of bioinorganic
chemistry will remain a hotbed of research
activity for a long time to come.
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‘A New Look at MHC and
Autoimmune Disease

William M. Ridgway, Marcella Fasso, C. Garrison Fathman

strong genetic association exists be-
tween certain autoimmune diseases,
such as rtheumatoid arthritis, multiple
sclerosis, and insulin-dependent diabetes
mellitus (IDDM), and the expression of cer-
tain kinds (haplotypes) of major histocom-
patibility complexes
Enhanced online at (MHC:s) (genes en-
www.sciencemag.org/cgi/ coding cell-surface
content/ful/284/5415/749 molecules that dis-
play peptides for im-
mune recognition) (/). The current explana-
tion for this association proposes that dis-
ease-associated MHC molecules efficiently
bind autoantigens involved in the pathophys-
iology of the disease. This results in a periph-
eral T cell-mediated immune response to the
autoantigen and autoimmune sequelae.
Recent results in an animal model of
autoimmune diabetes, the nonobese diabet-
ic (NOD) mouse, however, suggest a new
hypothesis to explain the role of MHC in
autoimmunity. This hypothesis proposes
that the genetic association between MHC
and autoimmune disease results from “al-
tered” thymic selection in which high-
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affinity self-reactive (potentially autoreac-
tive) T cells escape selection in the thymus
as a result of the poor self peptide-binding
properties of the disease-associated MHC
class I molecules (2). This model offers an
explanation for the unusual requirement of
homozygous MHC class II expression in
human IDDM and IDDM in NOD mice.
MHC molecules bind peptides for pre-
sentation to antigen-specific T cell recep-
tors (TCRs) on T lymphocytes. The TCRs
recognize MHC-peptide complexes on the
surface of antigen-presenting cells
(APCs). There are two major roles for
MHC class II gene products: (i) selection
of the T cell repertoire in the thymus, and
(ii) presentation of foreign antigens in the
periphery. By processing and presenting
self peptides bound to MHC molecules to
developing thymocytes, thymic APCs first
select the potential peripheral T cell reper-
toire (positive selection) and then purge
this positively selected repertoire of T
cells that react too strongly to self pep-
tide-MHC complexes (negative selec-
tion). Less than 1% of precursor T cells
entering the thymus survive this selection
(3). Subsequently, by presenting foreign
peptides to the peripheral T cells that have
survived thymic selection, peripheral
APCs—expressing the same MHC

molecules as their thymic counterparts—
initiate protective immune responses. This
“dual role” of MHC class II molecules
has contributed to our difficulty in deci-
phering their role in autoimmune disease,
because the response (or lack of response)
of the peripheral T cell population to any
antigen is determined both by MHC-me-
diated thymic selection events and by the
capacity of the MHC molecules to bind
and present foreign antigen to peripheral
T cells. It is generally believed that some

- autoimmune diseases are caused by

“pathologic” T cells, which “inappropriate-
ly” recognize and respond to self pep-
tide-MHC complexes, possibly after acti-
vation by foreign peptides that closely re-
semble self peptides (molecular mimics).
But it has been difficult to determine
whether the MHC association with autoim-
mune disease lies in the thymus or periph-
ery, or both. Another complexity is that au-
toimmune diseases are multigenic. Thus,
the MHC acts in conjunction with many
other genes, none of which are necessary
or sufficient, to produce autoimmunity.
Studies in the NOD model of autoim-
mune diabetes have begun to solve the puz-
zle. NOD mice spontaneously develop an
autoimmune syndrome in which autoreac-
tive CD4" T cells infiltrate multiple organs,
including the pancreas. Autoreactive T
cells ih NOD mice recognize multiple pan-
creatic and nonpancreatic self peptides and
can transfer at least three distinct autoim-
mune syndromes to naive recipients (4—7).
Self-tolerance of NOD mice can be “bro-
ken” by immunization with self peptides
(8). The immunized NOD mice develop
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autoreactive CD4" MHC class II restricted
T cells that recognize endogenously pro-
cessed and presented self peptides, identical
to the self peptides used for immunization.
However, NOD mice demonstrated normal
T cell responses after immunization with
foreign antigens. This suggests that there is
not a generalized hyperresponsive T cell
population in the mice; rather, NOD T cells
responded inappropriately to self antigens
in the periphery (8). The bias of the NOD
peripheral T cell repertoire toward autore-
activity after immunization with self pep-
tides, while maintaining normal responses
to foreign antigens, suggested that the
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efficient binder of antigens, 1-A87 was
found to be a poor peptide binder, and to
have structural instability (/3).

These studies suggest that, in an avidity
model of thymic selection—which hypothe-
sizes that the strength (avidity) of a signal
transmitted to pre-T cells is the summation
of multiple inputs (see the figure)
(14-16)—unstable I-A&’ could produce an
effectively decreased density of MHC-pep-
tide complexes on thymic APCs, which
would select a population of T cells with in-
creased TCR affinity to attain the avidity
threshold required in thymic positive selec-
tion (see the figure). These high-affinity

[MHC-feptide] [TCR avidity] + (x) = A o
: ‘ + ,‘
-2 4+ MHC stability TCR sequence Avidity (constant)
% MHC density (atfinity) Costimulatory/accessory molecules
a MHC-peptide  TCR density Cytokine/chemokine signals
o affinity
E' 3l Peptide length/sequence
[
o Positive Positive Negative Negative
- selection selection selection selection
E 1A AT J-A¥ 1A%
Cas
=
% Null (neglect)
2
b
£
O
5]
B
)
o
107 10°® 107

TCR affinity for self peptide—-MHC complexes

An avidity model for thymic selection. The components in color are operative in NOD mice. This
model assumes that the avidity necessary to attain positive and negative thymocyte selection
thresholds [A,,] is constant among mouse strains, reflecting intrinsic thymocyte signaling. Addi-
tive contributions to the avidity (x) might differ between NOD and other mouse strains, but are
not critical in NOD repertoire selection (see text). Given these constraints, a global decrease in [I-
A7 MHC-peptide] stability would necessitate a compensatory increase in the mean population TCR
affinity to attain the constant avidity thresholds of positive and negative selection. The result
would be a NOD peripheral T cell repertoire biased toward TCR sequences with greater intrinsic
affinity for self MHC—peptide. An MHC molecule without global biochemical defects could bind a
limited number of self peptides poorly, producing a limited set of higher affinity T cells (24).

MHC effect might occur by thymic selec-
tion of the T cell repertoire.

Diabetic mice and humans share ho-
mozygous expression of MHC class II B
chain molecules (9). The incidence of dia-
betes, is lower in heterozygotes (express-
ing only one copy of the disease associated
MHC gene) (/0-12). Although more than
80% of female NOD mice developed dia-
betes, only 1 to 3% of NOD F; mice de-
veloped disease (12). How could a two-
fold reduction in cell surface expression of
the class II protein result in a 30-fold (or
greater) decrease in disease incidence?
Unanue et al. approached this question by
investigating the biochemical characteris-
tics of the NOD class II molecule, I-A#".
This analysis demonstrated the exact op-
posite peptide-binding characteristics to
those predicted by the good peptide-bind-
ing model of MHC. Rather than being an

self-reactive T cells would enter the periph-
ery and, in collaboration with multiple oth-
er disease-related genes, mediate autoim-
munity once an inflammatory event broke
self-tolerance. Recent results from several
labs support this hypothesis. Kanagawa et
al. found that I-A®%” was associated with
quantitatively increased T cell autoreactivi-
ty in the peripheral T cell population (/7).
We demonstrated that I-A&7 allowed thymic
selection of autoreactive T cells, whereas
imposition of a single copy of a second,
conventional, MHC class II molecule, I-A¥
(with all other non-MHC NOD genes held
constant), eliminated these autoreactive T
cells from the periphery, thus explaining the
effect of MHC heterozygosity on decreased
frequency of IDDM as the result of T cell
thymic-selection events (2, 18, 19). These
results suggest that I-A#7acts in the thymus
of NOD mice to allow selection of a T cell

population with an increased mean affinity
for self peptide-MHC. The resulting in-
creased strength of signal generated by
these “high-affinity TCRs” after activation
by nonself and subsequent encounter with
self antigen, may explain the broad range of
T cell autoreactivity in these mice.

This model of defective thymic selection
by homozygous NOD I-A& mice is similar
to results obtained in recent knockout and
transgenic mouse models. Laufer et al. ex-
pressed MHC class II exclusively in the
thymic cortical epithelium of MHC class II
knockout mice, and demonstrated large
numbers (up to 5% of total lymphocytes) of
self-reactive T cells, representing unopposed
positive selection (20). Several groups made
mice deficient in H2-M, which loads a di-
verse peptide repertoire into MHC class 11
molecules. The T cells from these mice un-
derwent positive selection, but demonstrated
autoproliferative-like responses to wild-type
APCs, again suggesting defective negative
selection in the setting of efficient positive
selection (21-23).

Thus, the association of MHC with au-
toimmunity may be ascribed to thymic se-
lection of the peripheral TCR repertoire,
facilitating the study of other genes re-
quired in the pathologic processes of au-
toimmune inflammation.
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