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Arnold H Bakker and Ton NM Schumacher
The detection of antigen-speciﬁc T cell responses by MHC
multimer staining is rapidly becoming one of the core
immunological techniques, and the technology to produce
MHC multimers has been optimized substantially in recent
years. Furthermore, recent work demonstrates the potential of
high-throughput detection of T cell responses and suggests
that manipulation of T cell responses through the use of
multimeric MHC reagents is also feasible.
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the major differences between MHC multimers are found
in just three parameters: the valency of the multimeric
complex, the expression system through which the molecules are produced, and the peptide-loading strategy used
to achieve occupancy of the peptide-binding groove with
the desired antigenic peptide.
Valency

TCRs have a low afﬁnity for their cognate pMHC counterparts, with an off-rate of only a few seconds [2].
Monomeric pMHC–TCR interactions are therefore too
unstable to be exploited as an effective labelling technique, but — as for any multivalent interaction — combining multiple MHC molecules into one complex greatly
increases binding stability [3,4]. In their landmark paper,
Davis and colleagues [1] approached this need for multivalency by designing tetrameric forms of MHC molecules. In this strategy, soluble MHC monomers are
biotinylated and converted to tetravalent structures by
binding to (ﬂuorochrome-conjugated) streptavidin or avidin, which both have four biotin binding sites. The
resulting MHC tetramers remain by far the most popular
reagents for the detection of antigen-speciﬁc CD4+ and
CD8+ T cells by ﬂow cytometry.
What’s in a name?

Introduction
T cell receptors (TCRs) are capable of singling out
speciﬁc peptide–MHC (pMHC) complexes on target
cells amidst a wide variety of other pMHC complexes.
By exploiting the speciﬁcity of this interaction, multimeric forms of MHC molecules (MHC multimers) have
been designed with the aim of detecting antigen-speciﬁc
T cells amidst a multitude of unrelated T cells. The ﬁrst
MHC multimer used for speciﬁc T cell analysis, a human
MHC class I tetramer, was described in 1996 by John
Altman [1]. Today, MHC multimers can range from
dimers to octamers, consisting of either MHC class I,
MHC class II or nonclassical MHC molecules, from
species including mouse, monkey and man.
In this review we discuss the value of currently available
MHC class I and class II multimer technologies in terms
of valency, expression system and peptide loading strategy. In addition, we provide a roadmap for the future
development of multimeric MHC technology, and highthroughput multimer systems in particular, as well as
potential clinical applications.

MHC multimer technologies
A great number of strategies has been developed for the
production of MHC multimers. As illustrated in Table 1,

In spite of their name, however, it is quite unclear
whether binding of MHC tetramers to T cells occurs
in a tetravalent fashion. First, due to the rigid tetrahedral
conﬁguration of these complexes only three out of the
four available MHC molecules are likely to bind simultaneously to the T cell surface [5]. Second, the conjugates
of (strept)avidin with the proteinaceous ﬂuorochromes
phycoerythrin (PE) and allophycocyanin (APC) that are
used for MHC tetramer production are prepared by
chemical crosslinking and therefore also contain multimers of (strept)avidin [6]. These higher order oligomers
appear to make an important contribution to T cell
binding, as evidenced by the fact that streptavidin–PE
‘tetramers’ show increased binding over Cy5-labeled
(true) tetramers, when tested for CD8-independent binding to human cytotoxic T lymphocytes (CTLs) [6]. These
data not only suggest that the valency of the standard PE
conjugates exceeds four, but also that — at least for
(strept)avidin-based multimers — a valency greater than
four might be preferred for optimal binding. Other and
arguably better deﬁned multimers with valencies greater
than four exist, such as the commercially available MHC
pentamers, where ﬁve pMHC complexes face the same
direction through the use of a ﬁve-stranded coiled coil as
oligomerization domain. On the other side of the spectrum, MHC multimers with a valency of two (i.e. MHC



 

Table 1
Distinct MHC multimer formats.
Peptide-binding strategy

Dimera
Euk.b

Exchange
Bound during refolding
Linked peptide

Tetramera
Bact.b

Euk.b

[8]

[18 c,24]

[16,44]

[17 c,42]

Pentamera
Bact.b

Euk.b

Octamera
Bact.b

Euk.b

Polymer/aAPCa
Bact.b

Euk.b

Bact.b

[10,11]
[1c,4d,21]

e

[6]

[9,43]
[12]

Only selected references are cited. MHC class I multimers are shown in bold; MHC class II multimers are shown in italics. aValency.
Expression system. cMost widely used formats. dMonomers and tetramers have been produced, but higher order oligomers are also
possible. eLimited peer-reviewed data available at present. Euk., Eukaryotic; Bact., bacterial.
b

dimers) were designed in the laboratory of Jonathan
Schneck [7]. In these molecules, the extracellular domain
of MHC molecules is expressed as a genetic fusion with
an immunoglobulin scaffold, resulting in an MHC–Ig
dimer [7,8]. Although these MHC dimers were originally
used for T cell activation, these dimeric MHC molecules
are now also used as staining reagents in ﬂow cytometry
[8]. Finally, several approaches have been developed for
the generation of MHC-coated artiﬁcial antigen-presenting cells (aAPCs). In these systems, multivalency is
achieved by coupling MHC monomers to magnetic beads
[9,10], or by incorporating MHC monomers into liposomal vesicles [11,12].
What’s your favourite number?

Faced with this multitude of multimers, which format
should one choose to detect antigen-speciﬁc T cells by
ﬂow cytometry? The available data suggest that a valency
of four or possibly even greater is optimal for the detection of high-avidity CD8+ T cells with (strept)avidinbased MHC multimers. It is noted, however, that the
scaffold used for multimerization is likely to inﬂuence the
valency that is required, by affecting the conformational
freedom of the attached MHC monomers. MHC dimers
are used infrequently in comparison to MHC tetramers,
although this could also be due to the more complicated
production process (see below). MHC pentamers have
the advantage of being more molecularly deﬁned. At
present, not many peer-reviewed data on these new
molecules are available, but it seems likely that their
binding strength will not differ substantially from the
standard MHC tetramers.
A higher valency of the complex may become more
important when aiming to detect antigen-speciﬁc CD4+
T cells, as standard MHC class II tetramers appear to miss
lower avidity cells present in the antigen-speciﬁc CD4+ T
cell repertoire [12,13]. Low-avidity CD8+ T cells, such as
T cells speciﬁc for self-antigens, can be detected by
conventional MHC class I tetramers in at least some
cases [14,15] (and one should therefore be aware that
the detection of antigen-speciﬁc CD8+ T cells by MHC
tetramer staining is not necessarily indicative of a highavidity interaction). It seems plausible, however, that the
detection of low-avidity self-speciﬁc CD8+ T cells will



also be facilitated by the use of higher order MHC
oligomers.
Expression system

Recombinant MHC molecules used for the production of
multimeric MHC reagents have been produced in either
bacterial cells or eukaryotic cells, such as insect cells and
mammalian cells. A clear advantage of the bacterial
expression systems is the ease with which large quantities
of proteins can be generated. MHC molecules that are
produced in Escherichia coli cells generally need to be
refolded in vitro. This process is straightforward for the
majority of MHC class I alleles and, with few exceptions
[8,10,16], bacterial expression has indeed been the preferred system for MHC class I multimer production. By
contrast, the efﬁciency with which MHC class II molecules can be refolded in vitro is notoriously low, and the
majority of MHC class II production systems are therefore based on eukaryotic expression, such as baculovirusinfected insect cells [17] or stable Drosophila cell
transfectants [18,19]. Although the yield of MHC class
II molecules obtained in such eukaryotic expression
systems can be optimized [20], the development of
E. coli expression strategies that provide higher yields
of refolded MHC class II molecules than the current
strategies [3,12,21] remains a laudable goal.
Peptide-loading strategy

The third — and rather important — parameter in the
generation of MHC multimers is the method by which the
MHC molecules are loaded with peptide. Three fundamentally different approaches have been used to date:
1. Antigenic peptides can be included during the in vivo
process, through genetic linkage to one of the MHC
chains.
2. Peptides can be included during the in vitro production process.
3. Peptides can be bound after MHC monomer, or even
MHC multimer, production.
Low-throughput strategies

From a structural point of view, genetic fusion of the
desired antigenic peptide with one of the MHC chains
makes sense for MHC class II molecules, but less so for

 

MHC class I molecules. In the case of MHC class I
molecules, the terminal NH3+ and COO– groups are
normally buried in the MHC structure and contribute
to peptide binding [22,23]; genetic fusion of MHC to one
of the peptide termini is therefore bound to result in a
local change in the structure of the pMHC complex.
Genetic peptide fusions to MHC molecules have been
used fairly extensively to produce human and murine
MHC class II multimers [17,19]. High throughput synthesis of multimeric MHC molecules by this strategy,
however, is precluded by the fact that a different construct and producer cell line is required for each peptide
antigen. Production of MHC multimers with several
different peptide antigens is more straightforward with
the commonly used strategy for MHC class I multimer
production, in which a synthetic peptide antigen is
included during the in vitro refolding process. Because
separate refolding and puriﬁcation is still required for
each single MHC class I multimer, the production of
large collections of pMHC reagents remains a challenging task.
High-throughput strategies

In cases in which a multitude of MHC multimers with
different antigens bound to the same MHC allele is
required, the preferred strategy is to bind peptide ligands
to preformed MHC monomers or multimers. For MHC
class II molecules, such ‘exchange’ strategies have been
developed, using either presumed peptide-free [18] or
class II-associated invariant chain peptide (CLIP)-bound
[24] MHC class II molecules as starting material.
Although the CLIP-based strategy is conceptually somewhat more appealing, as it mimics the in vivo binding of
ligands to MHC class II, no comparison between the two
strategies has been made.
Because of the greater number of identiﬁed MHC-class-Iassociated epitopes, a similar type of exchange strategy
would be of considerable use for the generation of MHC
class I multimers [8,10,25]. Because of the instability of
peptide-free MHC class I molecules [26,27], however,
the conditions that can be used to promote the release of
bound ligands, such as low pH, also affect the MHC
structure itself, and this type of exchange technology has
not gained widespread use for MHC class I. To circumvent this issue, we have recently developed so-called
‘conditional’ MHC class I ligands. These ligands can
be made to dissociate from MHC class I upon exposure
to deﬁned triggers, such as ultraviolet light, that do not by
themselves destabilize MHC class I molecules (M
Toebes et al., personal communication). Using such conditional ligands, a large array of MHC multimers can be
generated from preformed MHC complexes in one or two
hours, and the resulting complexes appear to bind to
antigen-speciﬁc T cells with comparable avidity and
speciﬁcity as conventional MHC class I tetramers. This
technique might prove to be of substantial use for the

generation of large collections of pMHC multimers, for
conventional MHC multimer ﬂow cytometry, and for
high-throughput systems for T cell analysis (see below).

Future strategies and challenges
High throughput analysis with MHC multimers

At present, the detection of antigen-speciﬁc T cells by
MHC tetramer staining is a technology with a highly
limited throughput, as only a single T cell speciﬁcity
is analyzed per sample. For the deﬁnition of novel
pathogen- or tumour-associated epitopes, or for the
comprehensive screening of T cell responses in blood
samples, the simultaneous monitoring of a large number
of T cell speciﬁcities in a single sample would be highly
desirable.
Multiparameter ﬂow cytometry

If MHC multimers with multiple speciﬁcities are to be
used in a single ﬂow cytometric analysis, this requires that
MHC multimers of each separate speciﬁcity carry an
individual label [28]. The low diversity of ﬂuorochromes
routinely used in conjunction with MHC multimers (i.e.
PE and APC) has severely limited the potential for multiparameter screening. Although the non-proteinaceous
ﬂuorochromes have not worked well with the classical
MHC tetramer format, this problem can be overcome by
the use of octameric MHC reagents [6]. Perhaps more
important for the long-term development of multiparameter MHC multimer analysis is the recent interest in
ﬂuorescent nanocrystals called quantum dots (qdots)
[29]. Qdots are more stable than organic ﬂuorochromes,
and — importantly for their potential use with MHC
multimers — quantum dots are available in a wide
ﬂuorescent spectrum and exhibit very narrow emission
spectra. On the basis of these properties, we consider it
plausible that MHC multimers, built on qdot-coupled
streptavidin, for example [30], will enable the simultaneous measurement of 10 or more T cell responses in a
single sample in the not-too-distant future. Furthermore,
if qdot-coupled MHC multimers can be made to contain
deﬁned combinations of qdots, the combinatorial power
of the method could increase even further [31].
MHC-microarrays

As an alternative to ﬂow cytometric analysis of multiple T
cell responses by MHC multimers, Soen and colleagues
[32] have developed an MHC-microarray-based approach
for T cell detection. In these arrays, each array spot
contains MHC molecules complexed with a speciﬁc
peptide, and T cell responses are measured by quantifying either T cell binding or T cell activity in distinct spots.
Although only a modest number of pMHC speciﬁcities
were spotted in the ﬁrst arrays, the use of peptideexchange systems for MHC class II [18,24] and MHC
class I molecules (M Toebes et al., personal communication), in which exchange reactions are performed on the
slide, has the promise to produce microarrays with a
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Figure 1

Situation

Use of multimer

(a)
Tumour or
viral infection

(b)
Transplantation

(c)
Autoimmunity

In vitro
selection/expansion
of desired T cells

In vitro depletion
of undesired T cells

In vivo depletion of
undesired T cells

Outcome

Increased immunity

Reduction of GvHD

Prevention/treatment
of autoimmune disease

Current Opinion in Immunology

Potential clinical applications for MHC multimers. (a) MHC multimers can be used for the ex vivo selection and expansion of desired antigen-specific
T cells. These T cells can then be (re-)infused to enhance reactivity against defined tumour- or virus-associated antigens. (b) MHC multimers
can be used for the ex vivo depletion of undesired (e.g. graft-versus-host disease [GvHD]-associated) T cells from transplant material before
transfer to the recipient. (c) MHC multimers can be used for the in vivo inactivation of undesired (e.g. autoimmune-associated) T cells for the
prevention/treatment of autoimmune disease.

substantially larger number of speciﬁcities. In comparison
to multiparameter analysis of T cell responses by MHC
multimer ﬂow cytometry, MHC microarrays are likely to
have a somewhat lower sensitivity, but such arrays should
be capable of visualizing T cell populations speciﬁc for a
vast number of (possible) antigens.

Manipulating T cell responses with MHC multimers

A series of studies has provided proof-of-principle for the
use of MHC multimers as reagents to boost desirable or
suppress unwanted T cell responses (Figure 1). MHC
multimers have been used for rapid and efﬁcient ex vivo
isolation and expansion of speciﬁc T cells [11,33,34],
which should be of use for adoptive therapy following
allogeneic stem cell transplantation, for example [35].
MHC multimer–TCR interactions during such enrichments could affect T cell viability, so to reduce the effects
of these interactions, Knabel and colleagues [36] have
devised a strategy for reversible multimer staining. This
technique forms an elegant addition to the standard MHC
multimer approach, but whether such reversible binding
improves the in vivo activity of adoptively transferred T
cells in human trials remains to be determined.
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MHC multimers could also conceivably be used for the ex
vivo removal of unwanted T cells, such as alloreactive T
cells contained in peripheral stem cell transplants.
Furthermore, several studies provide support for the
use of MHC dimers for the in vivo inactivation of autoreactive T cells, thereby preventing type I diabetes and
arthritis [37–39]. In addition to these non-conjugated
MHC multimers that rely on TCR signalling for their
biological effects, isotope-coupled MHC multimers have
been generated [40]. These 225Ac-labeled MHC tetramers are promising reagents to induce killing of speciﬁc T
cell populations. Although the in vivo activity of this type
of ‘suicide tetramer’ remains to be established, the isotope does not seem to be overly toxic in vivo [41].
Because the quantity of MHC multimers required for in
vitro enrichment or depletion is likely to be lower than the
amount required for in vivo use, these in vitro technologies
could perhaps be implemented more readily. Before MHC
multimers can be used in any of these ex vivo or in vivo
clinical settings, however, it will obviously be essential to
develop procedures for the Good Manufacturing Practice
production of these reagents, which will prove a challenge
for translational researchers in the coming years.

 

Conclusions
The dissection of T cell responses by MHC multimer
staining has become an established technique in preclinical research, and is becoming increasingly important for
clinical trial monitoring. The parallel development of a
variety of multimeric MHC strategies in the past decade
has been important to discovering which formats work
best and we expect that in the coming decade a small
number of these formats will become standard for MHC
multimer ﬂow cytometry. More importantly, we speculate
that the near future will bring the arrival of technologies
that will enable high-throughput analysis of T cell
responses, either by ﬂow cytometry or on solid surfaces.
In addition, MHC multimers might ﬁnd increasing use as
therapeutic agents, be it either for the enrichment of
desired T cells, or the removal of rogue T cell populations.

Update
Elegant work has recently been published by the Stern
laboratory on the generation of MHC microarrays [45].
In this study, T cell responses against a number of pMHC
complexes are analyzed in parallel by cytokine capture.


Cebecauer and colleagues [46 ] have recently demonstrated that the distance between individual pMHC
molecules of an MHC multimer affects the cytotoxic
effect of such multimers on antigen-speciﬁc T cells:
MHC molecules connected by short linkers induce rapid
cell death, whereas MHC molecules connected by long
linkers do not. This is valuable information for the
development of MHC multimers for clinical use.
Finally, the ﬁrst papers have been published that make
use of the MHC class I pentamer technology to detect
antigen-speciﬁc T cells by ﬂow cytometry [47,48].

Acknowledgements
We wish to apologize to those colleagues whose work could not be discussed
owing to space limitations. We would like to thank our colleagues at the
Division of Immunology, and in particular Moniek de Witte, Koen Schepers
and John Haanen for critical reading and helpful suggestions.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:
 of special interest
 of outstanding interest

4.

Cochran JR, Cameron TO, Stern LJ: The relationship of MHCpeptide binding and T cell activation probed using chemically
deﬁned MHC class II oligomers. Immunity 2000, 12:241-250.

5.

McMichael AJ, O’Callaghan CA: A new look at T cells. J Exp Med
1998, 187:1367-1371.

6.

Guillaume P, Legler DF, Boucheron N, Doucey MA, Cerottini JC,
Luescher IF: Soluble major histocompatibility complex-peptide
octamers with impaired CD8 binding selectively induce Fasdependent apoptosis. J Biol Chem 2003, 278:4500-4509.

7.

Dal Porto J, Johansen TE, Catipovic B, Parﬁit DJ, Tuveson D,
Gether U, Kozlowski S, Fearon DT, Schneck JP: A soluble
divalent class I major histocompatibility complex molecule
inhibits alloreactive T cells at nanomolar concentrations. Proc
Natl Acad Sci USA 1993, 90:6671-6675.

8.

Greten TF, Slansky JE, Kubota R, Soldan SS, Jaffee EM, Leist TP,
Pardoll DM, Jacobson S, Schneck JP: Direct visualization of
antigen-speciﬁc T cells: HTLV-1 Tax11-19- speciﬁc CD8(+) T
cells are activated in peripheral blood and accumulate in
cerebrospinal ﬂuid from HAM/TSP patients. Proc Natl Acad Sci
USA 1998, 95:7568-7573.

9.

Ogg GS, King AS, Dunbar PR, McMichael AJ: Isolation of HIV-1speciﬁc cytotoxic T lymphocytes using human leukocyte
antigen-coated beads. AIDS 1999, 13:1991-1993.

10. Luxembourg AT, Borrow P, Teyton L, Brunmark AB, Peterson PA,
Jackson MR: Biomagnetic isolation of antigen-speciﬁc CD8+ T
cells usable in immunotherapy. Nat Biotechnol 1998,
16:281-285.
11. Prakken B, Wauben M, Genini D, Samodal R, Barnett J, Mendivil A,
Leoni L, Albani S: Artiﬁcial antigen-presenting cells as a tool to
exploit the immune ‘synapse’. Nat Med 2000, 6:1406-1410.12.
12. Mallet-Designe VI, Stratmann T, Homann D, Carbone F,
Oldstone MB, Teyton L: Detection of low-avidity CD4+ T cells
using recombinant artiﬁcial APC: following the antiovalbumin
immune response. J Immunol 2003, 170:123-131.
13. Rees W, Bender J, Teague TK, Kedl RM, Crawford F, Marrack P,
Kappler J: An inverse relationship between T cell receptor
afﬁnity and antigen dose during CD4(+) T cell responses in vivo
and in vitro. Proc Natl Acad Sci USA 1999, 96:9781-9786.
14. de Visser KE, Cordaro TA, Kioussis D, Haanen JB,
Schumacher TN, Kruisbeek AM: Tracing and characterization
of the low-avidity self-speciﬁc T cell repertoire. Eur J Immunol
2000, 30:1458-1468.
15. Romero P, Dunbar PR, Valmori D, Pittet M, Ogg GS, Rimoldi D,
Chen JL, Lienard D, Cerottini JC, Cerundolo V: Ex vivo staining of
metastatic lymph nodes by class I major histocompatibility
complex tetramers reveals high numbers of antigenexperienced tumor-speciﬁc cytolytic T lymphocytes. J Exp
Med 1998, 188:1641-1650.
16. Greten TF, Korangy F, Neumann G, Wedemeyer H, Schlote K,
Heller A, Scheffer S, Pardoll DM, Garbe AI, Schneck JP et al.:
Peptide-beta2-microglobulin-MHC fusion molecules bind
antigen-speciﬁc T cells and can be used for multivalent MHCIg complexes. J Immunol Methods 2002, 271:125-135.
17. Crawford F, Kozono H, White J, Marrack P, Kappler J: Detection
of antigen-speciﬁc T cells with multivalent soluble class II
MHC covalent peptide complexes. Immunity 1998, 8:675-682.
18. Novak EJ, Liu AW, Nepom GT, Kwok WW: MHC class II tetramers
identify peptide-speciﬁc human CD4(+) T cells proliferating
in response to inﬂuenza A antigen. J Clin Invest 1999,
104:R63-R67.

1.

Altman JD, Moss PA, Goulder PJ, Barouch DH, McHeyzerWilliams MG, Bell JI, McMichael AJ, Davis MM: Phenotypic
analysis of antigen-speciﬁc T lymphocytes. Science 1996,
274:94-96.

2.

Davis MM, Boniface JJ, Reich Z, Lyons D, Hampl J, Arden B,
Chien Y: Ligand recognition by alpha beta T cell receptors.
Annu Rev Immunol 1998, 16:523-544.

19. Schepers K, Toebes M, Sotthewes G, Vyth-Dreese FA,
Dellemijn TA, Melief CJ, Ossendorp F, Schumacher TN:
Differential kinetics of antigen-speciﬁc CD4+ and CD8+ T
cell responses in the regression of retrovirus-induced
sarcomas. J Immunol 2002, 169:3191-3199.

3.

Boniface JJ, Rabinowitz JD, Wulﬁng C, Hampl J, Reich Z,
Altman JD, Kantor RM, Beeson C, McConnell HM, Davis MM:
Initiation of signal transduction through the T cell receptor
requires the multivalent engagement of peptide/MHC ligands.
[corrected]. Immunity 1998, 9:459-466.

20. Fourneau JM, Cohen H, van Endert PM: A chaperone-assisted
 high yield system for the production of HLA-DR4 tetramers in
insect cells. J Immunol Methods 2004, 285:253-264.
One of the limitations of insect cell-based expression systems for MHC
multimer production is formed by the relatively low yield. This paper

57

 

describes strategies that can be used to enhance MHC class II yield
substantially.

staining for functional isolation of T-cell populations and
effective adoptive transfer. Nat Med 2002, 8:631-637.

21. Gutgemann I, Fahrer AM, Altman JD, Davis MM, Chien YH:
Induction of rapid T cell activation and tolerance by systemic
presentation of an orally administered antigen. Immunity 1998,
8:667-673.

37. Zuo L, Cullen CM, DeLay ML, Thornton S, Myers LK, Rosloniec EF,
Boivin GP, Hirsch R: A single-chain class II MHC-IgG3 fusion
protein inhibits autoimmune arthritis by induction of antigenspeciﬁc hyporesponsiveness. J Immunol 2002, 168:2554-2559.

22. Schumacher TN, De Bruijn ML, Vernie LN, Kast WM, Melief CJ,
Neefjes JJ, Ploegh HL: Peptide selection by MHC class I
molecules. Nature 1991, 350:703-706.

38. Casares S, Hurtado A, McEvoy RC, Sarukhan A, von Boehmer H,
Brumeanu TD: Down-regulation of diabetogenic CD4+ T cells
by a soluble dimeric peptide-MHC class II chimera. Nat
Immunol 2002, 3:383-391.

23. Bouvier M, Wiley DC: Importance of peptide amino and
carboxyl termini to the stability of MHC class I molecules.
Science 1994, 265:398-402.
24. Day CL, Seth NP, Lucas M, Appel H, Gauthier L, Lauer GM,
Robbins GK, Szczepiorkowski ZM, Casson DR, Chung RT et al.:
Ex vivo analysis of human memory CD4 T cells speciﬁc for
hepatitis C virus using MHC class II tetramers. J Clin Invest
2003, 112:831-842.

39. Masteller EL, Warner MR, Ferlin W, Judkowski V, Wilson D,
Glaichenhaus N, Bluestone JA: Peptide-MHC class II dimers as
therapeutics to modulate antigen-speciﬁc T cell responses in
autoimmune diabetes. J Immunol 2003, 171:5587-5595.

25. Wang YD, Chen WF: Detecting speciﬁc cytotoxic T
lymphocytes against SARS-coronavirus with DimerX
HLA-A2:Ig fusion protein. Clin Immunol 2004, 113:151-154.

40. Yuan RR, Wong P, McDevitt MR, Doubrovina E, Leiner I,

Bornmann W, O’Reilly R, Pamer EG, Scheinberg DA: Targeted
deletion of T-cell clones using alpha-emitting suicide MHC
tetramers. Blood 2004, 104:2397-2402.
This paper describes the use of isotope-coupled MHC multimers to
selectively kill antigen-speciﬁc T cells.

26. Ljunggren HG, Stam NJ, Ohlen C, Neefjes JJ, Hoglund P,
Heemels MT, Bastin J, Schumacher TN, Townsend A, Karre K
et al.: Empty MHC class I molecules come out in the cold.
Nature 1990, 346:476-480.

41. McDevitt MR, Ma D, Lai LT, Simon J, Borchardt P, Frank RK, Wu K,
Pellegrini V, Curcio MJ, Miederer M et al.: Tumor therapy with
targeted atomic nanogenerators. Science 2001, 294:15371540.

27. Schumacher TN, Heemels MT, Neefjes JJ, Kast WM, Melief CJ,
Ploegh HL: Direct binding of peptide to empty MHC class I
molecules on intact cells and in vitro. Cell 1990, 62:563-567.

42. Malherbe L, Filippi C, Julia V, Foucras G, Moro M, Appel H,
Wucherpfennig K, Guery JC, Glaichenhaus N: Selective
activation and expansion of high-afﬁnity CD4+ T cells in
resistant mice upon infection with Leishmania major.
Immunity 2000, 13:771-782.

28. Haanen JB, Wolkers MC, Kruisbeek AM, Schumacher TN:
Selective expansion of cross-reactive CD8(+) memory T cells
by viral variants. J Exp Med 1999, 190:1319-1328.
29. Michalet X, Pinaud FF, Bentolila LA, Tsay JM, Doose S, Li JJ,
 Sundaresan G, Wu AM, Gambhir SS, Weiss S: Quantum dots for
live cells, in vivo imaging, and diagnostics. Science 2005,
307:538-544.
A comprehensive review on the use of qdots in biomedical research.
30. Jaiswal JK, Mattoussi H, Mauro JM, Simon SM: Long-term
multiple color imaging of live cells using quantum dot
bioconjugates. Nat Biotechnol 2003, 21:47-51.
31. Xu H, Sha MY, Wong EY, Uphoff J, Xu Y, Treadway JA, Truong A,
O’Brien E, Asquith S, Stubbins M et al.: Multiplexed SNP
genotyping using the Qbead system: a quantum dot-encoded
microsphere-based assay. Nucleic Acids Res 2003, 31:e43.
32. Soen Y, Chen DS, Kraft DL, Davis MM, Brown PO: Detection and
characterization of cellular immune responses using peptideMHC microarrays. PLoS Biol 2003, 1:E65.
33. Barnes E, Ward SM, Kasprowicz VO, Dusheiko G, Klenerman P,
Lucas M: Ultra-sensitive class I tetramer analysis reveals
previously undetectable populations of antiviral CD8+ T cells.
Eur J Immunol 2004, 34:1570-1577.
34. Oelke M, Maus MV, Didiano D, June CH, Mackensen A,
Schneck JP: Ex vivo induction and expansion of antigenspeciﬁc cytotoxic T cells by HLA-Ig-coated artiﬁcial
antigen-presenting cells. Nat Med 2003, 9:619-624.
35. Moss P, Rickinson A: Cellular immunotherapy for viral infection
after HSC transplantation. Nat Rev Immunol 2005, 5:9-20.
36. Knabel M, Franz TJ, Schiemann M, Wulf A, Villmow B, Schmidt B,
Bernhard H, Wagner H, Busch DH: Reversible MHC multimer

58

43. Andersen MH, Pedersen LO, Capeller B, Brocker EB, Becker JC:
thor Straten P: Spontaneous cytotoxic T-cell responses
against survivin-derived MHC class I-restricted T-cell
epitopes in situ as well as ex vivo in cancer patients. Cancer
Res 2001, 61:5964-5968.
44. Cauley LS, Cookenham T, Miller TB, Adams PS, Vignali KM,
Vignali DA, Woodland DL: Cutting edge: virus-speciﬁc CD4+
memory T cells in nonlymphoid tissues express a highly
activated phenotype. J Immunol 2002, 169:6655-6658.
45. Stone JD, Demkowicz WE, Stern LJ: HLA-restricted epitope
 identiﬁcation and detection of functional T cell responses
by using MHC-peptide and costimulatory microarrays.
Proc Natl Acad Sci USA 2005, 102:3744-3791.
This paper elegantly describes the development of cytokine capture
pMHC microarrays for high-throughput screening of T cell responses.
46. Cebecauer M, Guillaume P, Hozák P, Mark S, Everett H,

Schneider P, Luescher IF: Soluble MHC-peptide complexes
induce rapid death of CD8+ CTL. J Immunol 2005,
174:6809-6819.
This paper demonstrates the importance of the distance between pMHC
molecules of a multimer. Closely packed pMHC multimers induce T cell
death, whereas pMHC multimers with a larger spacing between the
individual MHC molecules do not.
47. Svensson A, Nordström I, Sun JB, Eriksson K: Protective
immunity to genital herpes simpex virus type 2 infection is
mediated by T-bet. J Immunol 2005, 174:6266-6273.
48. Binder RJ, Srivastava PK: Peptides chaperoned by heat-shock
proteins are a necessary and sufﬁcient source of antigen
in the cross-priming of CD8+ T cells. Nat Immunol 2005,
6:593-599.

