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Abstract

Stable major histocompatibility complex (MHC) class I molecules at the cell surface consist of three separate,
noncovalently associated components: the class I heavy chain, the b2-microglobulin light chain, and a presented
peptide. These three components are assembled inside cells via complex pathways involving many other pro-
teins that have been studied extensively. Correct formation of disulfide bonds in the endoplasmic reticulum is
central to this process of MHC class I assembly. For a single specific peptide to be presented at the cell surface for
possible immune recognition, between hundreds and thousands of peptide-containing precursor polypeptides
are required, so the overall process is relatively inefficient. To increase the efficiency of antigen presentation by
MHC class I molecules, and for possible therapeutic purposes, single-chain molecules have been developed in
which the three, normally separate components have been joined together via flexible linker sequences in a single
polypeptide chain. Remarkably, these single-chain MHC class I molecules fold up correctly, as judged by
functional recognition by cells of the immune system, and more recently by X-ray crystallographic structural
data. This review focuses on the interesting properties and potential of this new type of engineered MHC class I
molecule. Antioxid. Redox Signal. 15, 645–655.

Introduction

Major histocompatibility complex (MHC) class I
molecules play a key role in controlling the biological

activity of various different cell types of the immune system.
By displaying a processed sample of the intracellular contents
of a cell at its surface, they allow detection of infection and
cellular transformation, and subsequent appropriate effector
responses. Even in the absence of any abnormality, the ab-
solute level of expression of MHC class I at the cell surface
helps to control the activation threshold of many cell types of
the immune system. MHC class I molecules also select the
CD8 + T cell repertoire during T cell development in the thy-
mus. Probably the best characterized role for MHC class I
molecules is in the generation of CD8 + T cell responses, but
MHC class I molecules also play important roles in delivering
signals to natural killer (NK) cells, neutrophils, and other
myeloid cell types: depending on the context, they can acti-
vate or inhibit immune responses. More recently, it has be-
come clear that MHC class I molecules also play a role in
shaping the nervous system, at least in mice (10, 19).

The biochemistry and cell biology of MHC class I molecules
have been studied extensively for the past 30 years, and we
now have a detailed picture of how these molecules fold and

are assembled in the endoplasmic reticulum (ER) from their
three distinct components: the class I heavy (H) chain, the b2-
microglobulin (b2m) light chain, and a presented peptide,
usually 8–10 amino acid residues in length (see other reviews
in this issue). Nevertheless, there are still aspects of the MHC
class I antigen presentation pathway that are not fully un-
derstood. MHC class I genes are highly polymorphic, and
individuals express multiple alleles. These different MHC
class I molecules may have different properties, in terms of
their efficiency of assembly, dependence on chaperones, and
rate of intracellular transport, and may also influence each
others function in specific combinations. Competition be-
tween MHC class I molecules has been described (53, 54), but
very little is known about this aspect of the class I pathway.
The mechanisms involved in the presentation of peptides
from internalized antigen by MHC class I molecules, a process
known as cross presentation, are also incompletely under-
stood, and form an area of very active investigation (25). In
addition, there is continued interest in improving the methods
available for generating CD8 + T cell responses in vivo and for
expanding CD8 + T cell populations in vitro for possible
therapeutic purposes. Enhanced CD8 + T cell responses may
be beneficial in a variety of infectious diseases, and also for
immunotherapy of tumors.
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A logical and attractive option for improving the efficiency
of assembly of MHC class I molecules, and hence improve
their ability to stimulate immune responses, is to covalently
link together their normally separate components, and vari-
ous strategies have been used to do this, since 1991 (38). This
approach has the potential to bypass any antigen processing
requirements, and may generate MHC class I molecules of
increased stability. It may also make class I molecules less
dependent on chaperone assistance, and more resistant to
downregulation by viruses and in tumors. Figure 1 illustrates
schematically the different approaches tested by various
groups. Fusions including the class I H chain at the C-terminal
end have been generated both with and without a trans-
membrane anchor, allowing the production of soluble pro-
tein. Fusions containing b2m at the C-terminal end necessarily
produce soluble protein. For expression in mammalian cells,
an N-terminal signal sequence for entry into the ER is re-
quired, and that of b2m is normally used. Although initially
fusions via a glycine/serine-containing flexible linker se-
quence were made between two components, either b2m with
class I H chain (7, 13, 26, 27, 33, 38, 40, 52, 68), peptide with
b2m (51, 57, 58, 61), or peptide with class I H chain (11, 39),
more recently it has become clear that fusions between all

three components, in the order peptide, linker 1, b2m, linker 2,
and class I H chain are optimal (14, 59, 65). This overall or-
ganization has proved to be applicable to many different
MHC class I allele–peptide combinations from several dif-
ferent species, and this type of construct has become known as
a class I single-chain trimer (SCT), as pioneered by Hansen
and his colleagues (47, 65). Fusions containing the three
components in other orders do not work so well (50). This
review will focus on the properties of MHC class I SCTs, their
applications so far, and their exciting potential uses.

Characterization of MHC Class I SCT Molecules

Although fusions between antigenic peptide and b2m, and
between b2m and class I H chain were shown to be functional
and are useful reagents under some circumstances, it was only
with the development of the SCT format outlined above that it
became possible for all the MHC class I molecules expressed
in a cell to present the same peptide. Initial reports of SCTs
used three different class I H chains: mouse H-2Kk (59), H-2Kb

(65), and human leukocyte antigen (HLA)-A2 (14). Functional
single-chain MHC class II molecules had already been de-
scribed (21, 48), but it was perhaps surprising that the class I
SCT format appeared to work so well: the linker extending
from the C-terminal end of the presented peptide toward b2m
would have been expected to disrupt the usual anchoring of
the peptide in the H chain F pocket, where the peptide-
binding groove is normally closed (32). Nevertheless, the
first generation of SCTs was found to maintain their single-
chain covalent structure and to be functional, as judged by
both T cell and antibody recognition: in addition to class I
conformation-specific monoclonal antibodies (mAbs), anti-
bodies with T cell receptor (TCR)-like specificity for a com-
bination of class I complexed with a specific peptide also
recognized SCTs (59, 65). Glycine and serine-containing flex-
ible linkers of various lengths and sequences have been used
to generate class I SCTs, but Hansen and colleagues reported
that a first linker of 15 residues (G4S)3 and a second linker of
20 residues (G4S)4 were optimal (65), although not all possi-
ble combinations were tested. We developed class I SCTs in-
dependently, and routinely use the amino acid sequences
G6(SGG)3 as linker one and (G4S)3 as linker two in SCT con-
structs, linker sequences based on previously reported two
component fusions (33, 51).

The original SCT format (with wild-type class I H chains)
has been reported to work for mouse H-2Kb (6, 16–18, 24, 28,
43, 47, 60, 65), H-2Kk (59, and this article), H-2Db (5, 45), H-
2Dd (this article), H-2Ld (55), the nonclassical class Ib allele
Qa-1b (3, 30), rat RT1.Al (42), human HLA-A*0201 (4, 14, 20,
22, 23, 28, 41, 44, 56, 67), HLA-B*2705 (12, 56), and the non-
classical class I allele HLA-E (9, 29). Because class I SCTs are
loaded with covalently attached peptide, they are expressed
at the cell surface independently of the peptide transporter
associated with antigen processing (TAP), and a convenient
initial test for any new class I SCT construct is to express it in
TAP-deficient cells and to assay for cell surface expression
using a mAb that only recognizes correctly folded molecules.
Expression in normal, TAP-sufficient cells is not sufficient to
distinguish between assembly using the covalently linked
peptide, or assembly using endogenous cellular peptide. An
example of such an approach is shown in Figure 2. When
an HLA-A2 SCT encoding the HLA-B27-restricted influenza

FIG. 1. Outline structures of different fusions generated
between components of MHC class I molecules. P, peptide
epitope; L, flexible linker sequence composed of glycine and
serine residues; b2M, b2-microglobulin; H, MHC class I
heavy chain; MHC, major histocompatibility complex.
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virus epitope SRYWAIRTR was transfected into TAP-
deficient Chinese hamster ovary (CHO) cells, no cell sur-
face expression of correctly folded molecules was detected.
However, when the same construct but with the peptide al-
tered to the HLA-A2-restricted HIV epitope SLYNTVATL
was transfected into TAP-deficient CHO cells, there was good
expression of correctly folded molecules, as detected with the
mAbs W6/32 or BB7.2 (Fig. 2). Thus, it is not possible to co-
valently link any peptide sequence of appropriate length as
part of an SCT for it to assemble correctly: importantly, SCTs
retain the usual peptide-binding specificity of their constitu-
ent class I H chain. Another example is shown in Figure 3 for
the mouse class I allele H-2Kk. When a Kk SCT encoding the
Kb-restricted ovalbumin-derived epitope SIINFEKL was ex-
pressed in TAP-deficient CHO cells, there was no detectable
cell surface expression of correctly folded molecules, whereas
when the peptide sequence was changed to either one of two
Kk-restricted influenza virus-derived epitopes, there was
good cell surface expression of assembled molecules (Fig. 3A).

Recognition of class I SCTs by conformation-dependent
mAbs is a useful and rapid assay, but the real test of authentic
assembly is functional recognition by lymphocytes. Early
studies showed that class I SCTs are recognized efficiently by
specific T cells generated in response to normal MHC class I
molecules and antigen (14, 53), and subsequently there has

been no indication that the presence of a linker sequence be-
tween the presented peptide and b2m leads to increased cross-
reactivity. Examples of specific T cell recognition of H-2Kk

and H-2Dd SCT constructs are shown in Figures 3B and 4B. As
expected, recognition of class I SCTs can lead to both target
cell lysis and/or cytokine production. NK cells also express
receptors that recognize MHC class I, and although in mice
they bind to different regions of the class I molecule as com-
pared with T cells, the evidence available suggests that mouse
NK cells also recognize class I SCTs (3, 24). Where reported,
class I SCTs display greatly enhanced stability on the cell
surface as compared with natural MHC class I molecules
consisting of noncovalently associated components (47, 65);
however, this type of experiment has only been reported for
H-2Kb SCTs presenting high-affinity immunodominant epi-
topes, and it would be useful to measure the relative stability
of other SCT molecules: an HLA-E SCT only had a half-life of
about 4 h at the cell surface (9).

Many viruses encode proteins that prevent normal MHC
class I assembly and expression at the cell surface as a means
of immune evasion. Because of their preassembled nature,
SCTs have the potential to overcome some of these evasion
strategies. For example, an H-2Kb SCT presenting SIINFEKL
was resistant to downregulation by the murine g-herpesvirus-
68 protein MK3 (47), an ER-resident protein that causes the

FIG. 2. Cell surface expression of
HLA-A2 SCT molecules presenting
different peptides in TAP-deficient
cells. TAP2-deficient CHO cells were
untransfected (UN), transfected with
HLA-A2 SCT encoding the epitope
SRYWAIRTR (HLA-B27 peptide), or
transfected with HLA-A2 SCT en-
coding the epitope SLYNTVATL
(HLA-A2 peptide). Cells were
stained with the conformation de-
pendent mAbs W6/32 (anti-HLA
class I) or BB7.2 (anti-HLA-A2).
Staining profiles of stable polyclonal
cell populations are shown. CHO,
Chinese hamster ovary; HLA, human
leukocyte antigen; SCT, single-chain
trimer; TAP, transporter associated
with antigen processing. mAb, mono-
clonal antibody.
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degradation of newly synthesized MHC class I H chains and
TAP (2). Similarly, because cell surface expression of SCTs is
independent of TAP, viral immune evasion proteins that
block TAP peptide transport, such as the herpes simplex virus
protein ICP47, should not be able to downregulate SCTs.

Development of the MHC Class I SCT Format

Although the original SCT format works well for a variety
of class I H chains presenting immunodominant (high binding

affinity) epitopes, one of the attractions of using single-chain
MHC class I molecules was to try and increase immune re-
sponses against weak, poorly immunogenic epitopes. When
this type of low binding affinity peptide epitope was encoded
in the SCT format, their assembly was often much less effi-
cient. This must relate to the linker sequence extending from
the C-terminal end of the peptide epitope. In natural MHC
class I molecules the peptide-binding groove is closed at both
ends, and the C-terminal end of the bound peptide interacts
with conserved residues on the class I H chain, contributing
significantly to peptide-binding affinity. These interactions do
not exist in class I SCTs because of the linker, therefore re-
ducing peptide-binding affinity. This may not be important
for high-affinity peptides, but may be critical for low-affinity
peptides. Efficient immune recognition of class I SCTs pre-
senting immunodominant peptide epitopes indicated that the
peptide must be orientated in a manner very similar to the
equivalent noncovalently attached peptide. Therefore, it
seemed that the linker must protrude out from the C-terminal
end of the peptide-binding groove, and this possibility was
consistent with a published structure of a decamer peptide
bound to HLA-A2 with its C-terminal residue outside the
peptide-binding groove (8).

A linker bulging out from one end of the MHC class I
peptide-binding groove might be expected to have some
detrimental effect on immune recognition. Indeed, the TCR-
like antibody 25-D1.16 (46) was found to recognize H-2Kb

SCT presenting the ovalbumin-derived peptide SIINFEKL
less efficiently than native Kb fully loaded with exogenous
SIINFEKL peptide (31). Therefore, Hansen and his colleagues
set out to improve the design of SCTs by engineering the class
I H chain component to better accommodate this linker. A
detailed comparison of the known structures of MHC class I
and class II molecules led them to conclude that the tyrosine
residue at position 84 (Y84) of the class I H chain plays an
important role in closing the peptide C-terminal end of the
binding groove (31). Y84 is an invariant residue in classical
MHC class I molecules, and makes an important contribution
to peptide-binding stability (34). Hansen et al. reasoned that
mutation of Y84 to alanine (Y84A) would partially open the
class I peptide-binding groove, thereby allowing better ac-
commodation of the linker, and they tested this experimen-
tally using the H-2Kb SCT presenting SIINFEKL (31). As
predicted, the Y84A mutation in native Kb class I chains re-

FIG. 3. Cell surface expression and T cell recognition of H-
2Kk SCT molecules presenting different peptides in TAP-
deficient cells. (A) TAP2-deficient CHO cells were transfected
with either the Kk class I heavy chain alone or Kk SCTs en-
coding the epitopes SIINFEKL (Kb-restricted from ovalbumin),
SDYEGRLI (Kk-restricted from influenza virus nucleoprotein),
or IEGGWTGMI (Kk-restricted from influenza virus hemag-
glutinin), as indicated. Cells were stained with the anti-Kk

conformation-dependent mAb 11-4.1. Staining profiles of sta-
ble polyclonal cell populations are shown. (B) Cells shown in
(A) were used as target cells in a standard 5 h chromium re-
lease cytotoxicity assay with T cell lines derived from influ-
enza virus infected H-2k mice as effector cells. Target cells
expressed SCTs presenting either the peptide IEGGWTGMI
(KkHASCT) or SDYEGRLI (KkNPSCT) as indicated, and were
incubated with T cells specific for nucleoprotein (NP T cells) or
hemagglutinin (HA T cells).
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sulted in poor SIINFEKL peptide binding, but in the SCT
format this mutation improved both peptide/MHC-specific
mAb and T cell recognition (31), indicating better tolerance of
the linker. In an ingenious extension to this approach, Hansen
and colleagues subsequently devised a method to anchor the
presented peptide in the binding groove by the introduction
of a new disulfide bond to generate a so-called disulfide trap
SCT (dtSCT) (37, 55, 56). They found that when residue 2 of
the linker between the peptide and b2m was mutated to a
cysteine (L2C) at the same time as Y84 in the class I H chain

was changed to cysteine (Y84C), when expressed in cells a
new disulfide bond formed between these two cysteine resi-
dues, covalently trapping the peptide in the binding groove.
Formation of the additional disulfide bond was indicated by
more rapid protein migration in nonreducing gels, and
functionally because dtSCTs displayed enhanced resistance to
peptide displacement by soluble high-affinity competitor
peptides (55, 56). Thus, dtSCTs oxidized properly in the ER,
transited to the cell surface, and were recognized efficiently by
specific T cells.

This elegant development of the class I SCT format was
put on a firm basis with the later determination of the three-
dimensional structures of the three different versions of a H-
2Kb SCT presenting the SIINFEKL peptide epitope: original
SCT containing unmodified class I H chain, Y84A SCT, and
dtSCT (37). Figure 5 illustrates the outline structures of these
SCTs compared with wild-type H-2Kb bound to the same
peptide, derived from the published coordinates. Although
interpretable electron density was observed for the entire

FIG. 4. Cell surface expression and T cell recognition of a
novel H-2Dd SCT construct. (A) CHO cells were either un-
transfected (UN) or transfected with a Dd SCT encoding the
HIV-derived epitope RGPGRAFVTI, as indicated. Cells were
stained with the anti-Dd conformation-dependent mAb 34-5-
8S. The staining profile of a stable polyclonal cell population
is shown. (B) Cells shown in (A) expressing the SCT were
used as APCs to stimulate the T cell hybridoma B4.2.3 spe-
cific for RGPGRAFVTI presented by Dd, and IL-2 production
was measured using standard enzyme-linked immunosor-
bent assay. CHO cells expressing the Dd class I heavy chain
alone were used as a control. A Dd SCT has not been
reported previously. APCs, antigen-presenting cells; IL-2,
interleukin-2.

FIG. 5. Outline three-dimensional structures of three
different versions of an H-2Kb SCT presenting the peptide
SIINFEKL, compared with the natural structure. The
structures shown were generated using the program RasWin
and published coordinates in the Protein Data Bank files
1VAC (wild type), 2QRI (SCT), 2QRS (Y84A SCT), and 2QRT
(dtSCT) downloaded from www.pdb.org/. The ovalbumin-
derived peptide SIINFEKL is shown in black, the backbone of
the linker between SIINFEKL and b2m is shown in dark gray,
and the backbone structures of the Kb heavy chain and b2m
are shown as light gray ribbons. dtSCT, disulfide trap SCT.
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peptide-b2m linker (shown as dark gray), no density was
observed for the b2m-class I H chain linker (37). The SIIN-
FEKL peptide (shown in black) adopts a very similar con-
formation in all of the structures: this explains specific T cell
recognition of all of the constructs. As predicted, in the
original SCT format the linker extending from the C-terminal
end of the peptide bulges out from the peptide-binding
groove, forming a pronounced loop (Fig. 5). Nevertheless,
for the high binding affinity peptide SIINFEKL, this loop
does not destabilize peptide binding and still allows immune
recognition. As reasoned by Hansen and colleagues, the
Y84A mutation in the Kb H chain greatly improved accom-
modation of the linker within the MHC structure, removing
the prominent linker bulge seen with the original SCT (Fig.
5), resulting in a more authentic overall structure. Lastly,
crystallography showed directly the formation of the new
disulfide bond in a dtSCT, anchoring the presented peptide
in place at the same time as allowing improved accommo-
dation of the linker. Functional recognition of the different
versions of class I SCTs has been confirmed, but there is no
published information comparing TCR binding affinity for
the different constructs, for example, using surface plasmon
resonance (Biacore). It would be interesting to measure di-
rectly TCR binding affinity for an SCT and the equivalent
dtSCT, to quantify how much difference improving accom-
modation of the linker makes to TCR binding. This may vary
depending on the specific TCR used.

An example of the potential advantage of the dtSCT format
is illustrated in Figure 6. In H-2b mice there is a CD8 + T cell
response to the male-specific minor histocompatibility anti-
gen H-Y, and two Db-restricted epitopes have been identified,
amino acid sequences WMHHNMDLI and KCSRNRQYL.
The epitope WMHHNMDLI is immunodominant, whereas
the second epitope is more weakly immunogenic (36). When a
conventional class I SCT encoding the KCSRNRQYL was
generated (using our standard linker sequences, as described
above) and expressed in TAP-deficient cells, there was very
low cell surface expression of folded molecules (Fig. 6).
However, the disulfide trap version of the same SCT gave
very good cell surface expression, indicating that the normally
low-affinity peptide had been stably anchored in the peptide-
binding groove. The immunogenicity of this new construct is
currently being tested.

Further engineering of MHC class I SCTs may be envis-
aged: for example, mutations in the class I H chain component
that affect CD8 binding may be used to modulate SCT func-
tion. Mutations that either increase CD8 binding affinity (62,
64) or decrease CD8 binding affinity (63) have been reported,
and these specific mutations may be incorporated into SCTs
for various purposes. Increasing CD8 binding affinity to a
certain degree enhances the generation of specific CD8 + T cell
responses (28, 64), but the binding affinity must not be in-
creased too much or the specificity of the T cell response may
be lost (62). Conversely, abolishing CD8 binding may be
useful to generate reagents that will select for T cells with
high-affinity TCRs, not dependent on the CD8 coreceptor for
function (63).

Biochemical Properties of MHC Class I SCTs

Although many different MHC class I SCTs have been re-
ported, little biochemical information is available for most of

them. The most detailed biochemical studies have used H-2Kb

SCTs encoding high-affinity peptide epitopes, such as SIIN-
FEKL. Initial biochemical experiments used immunoprecipi-
tation and western blotting to demonstrate that SCT
constructs remain covalently intact within cells, and their
covalently attached peptide is not cleaved before simply re-
binding (65). SCTs may be detected on western blots by using
epitope tags introduced within the class I H chain or at the C-
terminal cytoplasmic end, or by using anti-b2m antibodies. By
using mAbs that recognize either only open class I H chains or
only correctly folded Kb molecules, Hansen and colleagues
showed that at the steady state the SCT, unlike Kb H chain
alone, has a very low proportion of unfolded molecules in
cells, and also migrates at the higher, expected molecular
weight during sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) (65). To show that the SIINFEKL
peptide was not being cleaved from the SCT and re-binding as
free peptide, immunoprecipitation was performed using the
TCR-like mAb 25-D1.16. SCT molecules precipitated from
cells migrated at a slightly higher molecular weight during
SDS-PAGE than b2m-Kb fusion molecules loaded with exog-
enous peptide, demonstrating that the SCT molecules retain
covalently (linker) attached peptide (31). The low level of
unassembled SCT molecules within cells suggested that class I
SCTs assemble and leave the ER very rapidly, and this is
supported by the one pulse chase experiment that has been
reported (47). Whether other class I SCTs fold as rapidly as the
Kb SCT, or whether the rate of folding and trafficking is still

FIG. 6. Cell surface expression of different versions of an
H-2Db SCT presenting a weakly immunogenic epitope in
TAP-deficient cells. TAP2-deficient CHO cells were un-
transfected (UN), transfected with a conventional Db SCT
encoding the H-Y epitope KCSRNRQYL (SCT), or trans-
fected with a disulfide trap version of the same SCT (dtSCT),
as indicated. Cells were stained with the anti-Db conforma-
tion-dependent mAb CTDb. Staining profiles of stable
polyclonal cell populations are shown.
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dependent on the class I H chain component remains to be
determined. It would be interesting to know whether a class I
H chain that normally folds slowly in the ER (e.g., HLA-B27)
folds rapidly when expressed in the SCT format, and whether
the introduction of a new disulfide bond as in dtSCTs affects
the rate of folding. Similarly, there is little published experi-
mental data concerning the ER chaperone dependence of class
I SCT folding. It is clear that class I SCTs are expressed effi-
ciently at the cell surface in TAP-deficient (e.g., see Figs. 2 and
3) and b2m-deficient cells (45), and therefore are predicted to
be independent of tapasin and the peptide loading complex.
In agreement with this, a Kb SCT displayed no detectable
steady-state association with tapasin or TAP (47). Studies in-
vestigating the possible roles of other accessory proteins im-
plicated in normal MHC class I assembly, that is, calnexin,
calreticulin, and protein disulfide isomerases, have not been
reported for class I SCT folding. One study showed that an
HLA-B27 SCT was more resistant to reduction by dithio-
threitol than the equivalent b2m-H chain fusion (12), indicat-
ing efficient folding.

With the development and improvement of the class I SCT
format, as described above, biochemical characterization of
Y84A and dtSCTs has also been reported. In the H-2Kb

SIINFEKL SCT system, introduction of the Y84A mutation
improved recognition both by the mAb 25-D1.16 and by
specific T cells (31), consistent with the structural data
showing improved accommodation of the linker (Fig. 5). The
Y84A mutation did not affect the SCT stability at the cell
surface, but did improve exclusion of competitor peptides
from the binding groove of the SCT approximately fivefold
(31). Interestingly, both these forms of SCT did not exclude
competitor peptide anywhere near as efficiently as native Kb

molecules loaded with SIINFEKL peptide, even though they
were much more stable at the cell surface than native Kb

molecules (31). Therefore, it seems that the remarkable sta-
bility of these class I SCTs is due to their ability to efficiently
rebind the covalently attached peptide when it does be-
come dissociated, rather than an ability to prevent peptide
dissociation.

dtSCTs have been reported for the H-2Kb (37, 55), H-2Ld

(55), and HLA-A2 (56) MHC class I alleles. As shown in
Figure 6, we have also generated an H-2Db dtSCT. For H-
2Kb the formation of the new disulfide bond has been ver-
ified by structural studies, and for the other alleles it may be
inferred from more rapid migration on nonreducing SDS-
PAGE (55). Although introducing the requirement for for-
mation of an additional intramolecular disulfide bond in
the ER, which could theoretically slow down protein fold-
ing and increase ER retention, the evidence available ac-
tually suggests more rapid assembly and egress from the
ER, at least for Ld SCTs (55). H-2Ld is an unusual class I
allele because of its relatively weak association with pep-
tide and b2m (1), and it would be interesting to test the rate
of assembly of dtSCTs containing other class I H chains,
preferably directly in pulse chase experiments. The out-
standing characteristic of dtSCTs is their enhanced ability
to exclude competitor peptides; a disulfide trap made the
Kb SIINFEKL SCT at least 100-fold more refractory than the
other forms of SCT to exogenous peptide binding (37). This
is also reflected in their increased thermostability (37). Most
importantly, for the first time dtSCTs should allow the
generation of stable MHC class I molecules presenting low-

affinity peptide epitopes, thereby offering more possibili-
ties for vaccine development.

Applications of MHC Class I SCTs

There are three main areas where the unique properties of
MHC class I SCTs have been exploited: generation of CD8 + T
cell responses, generation of reagents for the detection of
specific CD8 + T cell responses, and as powerful tools for
addressing fundamental questions in immunology. In ad-
dition, SCTs have been used for re-targeting CD8 + T cell
responses, and as reagents for generating antibodies with
TCR-like specificity. This diversity of applications emphasizes
the utility of the MHC class I SCT format.

Because of their unusual properties, MHC class I SCTs have
important potential advantages for generating CD8 + T cell
responses, both in vivo and in vitro. Their greatly increased cell
surface stability is predicted to increase their ability to stim-
ulate T cells (49, 66), and indeed when cells with identical
levels of SCT or peptide-loaded native class I were compared
for their ability to stimulate a T cell hybridoma in vitro, the
class I SCT gave significantly greater responses (6). An H-2Db

class I SCT also showed enhanced immunogenicity for gen-
erating CD8 + T cell responses in vivo, even when compared
with a preprocessed epitope mini-gene targeted to the ER (45).
An attractive option is to use class I SCTs in the form of DNA
vaccines (15). DNA vaccines are relatively safe, cheap, and
easy to administer, and they also avoid problems with anti-
vector immune responses. Various studies have used class I
SCTs as DNA vaccines, and found them to be effective (4, 16,
17, 20, 22, 23, 28, 43, 67). Obviously, it is essential to know the
amino acid sequence of an important CD8 + epitope before a
class I SCT can be used as a DNA vaccine, and if a pathogen
can evade immune recognition by sequence variation of this
epitope, it is less likely to make an effective vaccine. For this
reason, class I SCTs may be most useful in vaccines designed
to combat cancer. It may also be possible to use a vaccine
containing a combination of different SCTs presenting dif-
ferent epitopes. Another concern about the use of class I
SCTs as DNA vaccines is provision of the CD4 + T cell help
required for optimal CD8 + T cell responses. However, in-
clusion of a universal helper epitope within the same DNA
vaccine as the class I SCT is able to enhance CD8 + T cell
responses, and improve immune protection (23, 28). It is also
possible to enhance responses to class I SCT DNA vaccines
by mutating the class I H chain component to enhance CD8
binding (28), or by prolonging the survival of DNA trans-
duced dendritic cells by coexpression of antiapoptotic pro-
teins in the DNA vaccine (16). As an alternative to
vaccination, adoptive T cell therapy is a promising option for
the treatment of some cancers, in which high numbers of
antigen-specific T cells are expanded in vitro before transfer
into patients. Artificial antigen-presenting cells expressing
class I SCTs on their surface are an efficient tool for the
expansion of human T cells (41).

Multimers of soluble MHC class I presenting defined
peptides have become essential tools for quantifying specific
CD8 + T cell responses in patients and in vaccine trials, as well
as being important research reagents (63). Generally, recom-
binant MHC class I H chain lacking the transmembrane re-
gion and cytoplasmic tail is expressed in bacteria together
with b2m, denatured, and then refolded in vitro in the
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presence of synthetic peptide epitope. A biotinylation site is
included at the C-terminal end of the class I H chain to allow
multimer formation via streptavidin, conjugated to a fluo-
rescent dye for observation. Such reagents frequently work
well, but certain class I allele/epitope combinations can have
problems related to peptide dissociation, and there is anec-
dotal evidence that it is not possible to generate multimeric
staining reagents using traditional methods for some peptide
epitopes. The class I SCT format has the ability to stabilize
peptides with low binding affinities, thereby allowing the
generation of a greater diversity of T cell staining reagents.
Conventional class I SCTs have been shown to stain T cells in
an MHC/peptide specific manner (14, 31, 37, 42), but the best
strategy for preventing peptide dissociation in T cell staining
reagents comes from development of the dtSCT format by
Hansen and colleagues (37). Using a disulfide bond to cova-
lently trap peptide in the binding groove of class I molecules
should in principle allow the generation of staining reagents
for any CD8 + T cell specificity. The only complication may
come with peptide epitopes that themselves contain a cysteine
residue.

In addition to the more applied applications outlined
above, MHC class I SCTs have also been used to address
important fundamental questions in immunology. Because
they fold up independently of the usual class I assembly
pathway, it is possible to alter the dimensions of a class I SCT
by inserting additional immunoglobulin-like domains be-
tween the class I transmembrane region and a3 domain, and
the molecule will still fold up correctly for TCR and NK re-
ceptor recognition. This allowed a rigorous test of the role of
ligand dimensions in triggering receptors on CD8 + T cells (5,
6), and on NK cells (3). These studies have provided strong
evidence that size-based segregation of molecules at cell–cell
contact interfaces is important in delivering signals to lym-
phocytes. Transgenic mice expressing an MHC class I SCT as
their only MHC class I molecule have been used in elegant
studies investigating NK cell licensing and education (24),
and development of the CD8 + T cell repertoire (60). An SCT
transgenic mouse was used to demonstrate that NK cells are
licensed by inhibitory receptors that engage self MHC class I
molecules during development (24). SCT transgenic mice
provided direct in vivo evidence that both the MHC and
peptide specificity of the CD8 + T cell repertoire is imparted by
positive selection in the thymus (60). Hudrisier et al. used an
SCT approach to investigate the significance of trogocytosis
(18), the process in which lymphocytes actively capture small
fragments of plasma membrane from cells with which they
form an immune synapse. In vitro, different states of CD8 + T
cell activation were found to correlate with different levels of
peptide-MHC trogocytosis (18). The preassembled nature of a
class I SCT makes it an ideal tool for investigating peptide-
MHC transfer between cells.

There is currently a lot of interest in being able to re-target
pre-existing antiviral CD8 + T cell immunity against tumors in
patients. Most individuals have memory CD8 + T cells against
common viruses such as influenza virus, and these could
easily be boosted to expand effector cell populations within
the individual concerned. If tumor cells could be made targets
for these virus-specific effector lymphocytes, the tumor may
be eliminated or at least controlled. Antibody mediated tar-
geting of soluble MHC class I SCT molecules may be the best
method for adopting this strategy (40, 44), but is dependent on

the availability of suitable antibody specificities. Here again,
class I SCTs may be able to help. Class I SCTs have been
reported as effective reagents for generating mAbs with TCR-
like specificities, only recognizing MHC class I molecules
when they are loaded with a particular peptide (47, 65). Such
peptide-MHC-specific mAbs have generally been isolated
from antibody libraries using phage display, but in principle
immunization with class I SCTs should also be able to gen-
erate such mAbs. Antibodies with specificities for tumor
epitopes complexed with MHC class I have been reported
(35), and coupling such specificities to class I SCTs presenting
viral epitopes is a promising approach for immunotherapy of
cancer.

Future Prospects

Although MHC class I SCTs have now been used in a sig-
nificant number of publications, their full potential has un-
doubtedly not yet been realized, and their true value has
perhaps not yet been widely appreciated. The flexibility of the
SCT format should allow an increasing diversity of future
applications. In addition to their more translational uses in
vaccine studies, immunotherapy, and quantifying specific T
cell responses, MHC class I SCTs will allow important ques-
tions in CD8 + T cell and NK cell biology to be addressed: how
do self-peptide MHC class I complexes contribute to T cell
activation and deliver homeostatic signals to mature T cells?
How do peptide epitope agonists compare with peptide an-
tagonists in vivo? What is the peptide specificity of MHC class
I binding receptors on NK cells, both mouse and human?
How do MHC class I molecules influence development of the
nervous system? These and many other questions are ame-
nable to investigation using MHC class I SCTs presenting
single, defined peptides.
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APCs¼ antigen-presenting cells
b2m¼ b2-microglobulin

CHO¼Chinese hamster ovary
dtSCT¼disulfide trap single-chain trimer

ER¼ endoplasmic reticulum
H chain¼heavy chain

HLA¼human leukocyte antigen
IL-2¼ interleukin-2

mAb¼monoclonal antibody
MHC¼major histocompatibility complex

NK¼natural killer
SCT¼ single-chain trimer

SDS-PAGE¼ sodium dodecyl sulfate–polyacrylamide
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TAP¼ transporter associated with antigen
processing

TCR¼T cell receptor
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