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The advent of the major histocompatibility complex (MHC) 
multimer technology has led to a breakthrough in the 
quantification and analysis of antigen-specific T cells. In 
particular, this technology has dramatically advanced the 
measurement and analysis of CD8 T cells and is being applied 
more widely. In addition, the scope of application of MHC 
multimer technology is gradually expanding to other T 
cells such as CD4 T cells, natural killer T cells, and mucosal-
associated invariant T cells. MHC multimer technology acts 
by complementing the T-cell receptor-MHC/peptide complex 
affinity, which is relatively low compared to antigen-antibody 
affinity, through a multivalent interaction. The application 
of MHC multimer technology has expanded to include 
various functions such as quantification and analysis of 
antigen-specific T cells, cell sorting, depletion, stimulation to 
replace antigen-presenting cells, and single-cell classification 
through DNA barcodes. This review aims to provide the latest 
knowledge of MHC multimer technology, which is constantly 
evolving, broaden understanding of this technology, and 
promote its widespread use.
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INTRODUCTION

Recognition of peptide-major histocompatibility complex 

(pMHC) class I and II molecules by T cells plays a very import-

ant role in the control of intracellular pathogens and cancer 

cells through efficient T-cell stimulation. These interactions 

also play important roles in the development of autoimmune 

diseases. Almost all T cells express the T-cell receptor (TCR), 

a highly antigen-specific receptor unique to the cell surface. 

The TCR reacts by recognizing an antigenic peptide as a com-

plex bound to MHC. This special interaction between the TCR 

and the MHC/peptide complex initiates the generation of 

general adaptive immunity, including cell-mediated and hu-

moral immunity.

 The overall low avidity of the TCR to the pMHC complex 

and the fast off-rate of this interaction make it difficult to 

detect antigen-specific T cells using the soluble monomeric 

pMHC complex. To overcome these shortcomings, MHC 

multimers have been prepared using antibody dimerization 

or tetravalent binding of biotin-streptavidin, and these MHC 

dimers or tetramers show increased avidity for their cognate 

TCR (Altman et al., 1996). To date, MHC multimers have 

been successfully used to visualize antigen-specific CD8 

T cells ex vivo by flow cytometry. This technology enables 

precise detection and isolation of antigen-specific T cells, 

revealing a new dimension of T-cell study not only in animal 

model-based research but also in clinical settings.

 Basically, there are three classes of MHC multimers current-

ly used for detection of various T cells (Fig. 1). MHC multimer 

technologies have mainly been used for the detection and 

analysis of CD8 T-cell responses. This is because the compo-

sition of the class I molecule is simpler to that of the MHC 

class II molecule; therefore, protein expression and folding 

can occur more easily, and the increased binding affinity and 
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restricted length of the antigenic peptide allow the pMHC 

complex to form more efficiently and easily.

Classical MHC multimers
Most of the MHC multimers currently used are dominated 

by the MHC I complex for CD8 T cells. MHC I multimers are 

easier to manufacture and use than MHC II multimers for 

the following reasons. MHC I molecules consist of heavy and 

light chains, both of which can refolded more easily in the 

presence of a peptide (Garboczi et al., 1992). In contrast, 

MHC II molecules consist of two polymorphic chains, both of 

which are noncovalently linked and form a more widely open 

peptide-binding groove. These complexes are structurally 

homogenous and can easily refold because the peptides bind 

to MHC I molecules in a restricted conformation. The simple 

and relatively efficient procedure devised in the early stage 

of development and refolding of denatured heavy and light 

chains derived from Escherichia coli with the desired peptide 

is still widely used.

 On the other hand, efforts to develop soluble MHC II 

multimers for antigen-specific CD4 T-cell detection has only 

had limited success. Most MHC II complexes are produced 

by insect cell expression systems, while refolding from E. 

coli-expressing denatured proteins has resulted in very poor 

yields (Niemiec et al., 2006). The poor quality of MHC II mul-

timer staining is because the TCR affinities of CD4 T cells are 

generally lower than those of CD8 T cells and because CD4 

molecules stabilize MHC II binding to the TCR to a lesser de-

gree than CD8 molecules (Huppa et al., 2010). There are also 

structural differences among the various MHC II molecules 

that can affect the expression and folding efficiencies. To in-

crease the stability of the MHC II complex, the peptide could 

be covalently linked to the MHC molecule (Kozono et al., 

1994).

Nonclassical MHC multimers
CD1d is a nonclassical MHC molecule that is restricted and 

recognized by natural killer T cells (NKT cells). CD1d binds to 

glycolipids of either microbial or self-origin and presents them 

to NKT cells. Recombinant CD1d molecules have been suc-

cessfully produced in various expression systems and used in 

multimer forms to detect NKT cells (Sidobre and Kronenberg, 

2002). Other nonclassical MHC molecules such as H2-T10, 

H2-T22, and MICA have also been explored for labeling spe-

cific γδ T cells (Crowley et al., 2000; Wu et al., 2002). Recent-

ly, mucosal-associated invariant T cells (MAIT cells), a special 

subset of T lymphocytes that recognize riboflavin (vitamin B2) 

metabolites as MHC class I-related protein-1 (MR1)-restricted 

antigens (Ags), have been identified and detected in a broad 

range of human and mouse tissues using MR1-ligand tetram-

ers (Rahimpour et al., 2015; Reantragoon et al., 2013).

EVOLUTION OF MHC MULTIMERS

Geometry and valency
Conventional MHC tetramers are constructed by tetramer-

ization of C-terminal biotinylated pMHC monomers with 

streptavidin molecules (Fig. 2A). MHC tetramers have been 

proven to be versatile and useful for detecting αβ T cells 

through flow cytometry and in situ staining. The well-estab-

lished characteristics of MHC tetramers and their public (US 

NIH Tetramer Core Facility; https://tetramer.yerkes.emory.

edu/) and commercial availability have led to their widespread 

usage in T-cell research. MHC tetramer-staining technology 

has been expanding to include new research areas such as 

enrichment of rare T cells, construction of large libraries and 

high-throughput epitope screening, cytometry by time-of-

flight mass spectrometry (CyTOF), and combinatorial staining 

for multiple detection (Davis et al., 2011).

 An pMHC dimer was produced in the form of a fusion pro-

tein made by fusing the pMHC monomer with an IgG back-

bone (Greten et al., 1998). To date, various pMHC class I and 

II dimers, including synthetic linkers with various lengths and 

flexibility, have been produced and used to study TCR interac-

Fig. 1. Classes of MHC multimers. Three classes of MHC 

multimers used in the detection of various T cells are 

schematically depicted. Classical MHC multimers include MHC 

class I for CD8 T cells and MHC class II for CD4 T cells. Non-

classical MHC multimers have been also developed and used for 

the detection of NKT cells, γδ T cells, and MAIT cells.
Fig. 2. Evolution of MHC multimers. A schematic illustration is 

shown for the evolution of MHC multimer technology. It includes 

a variety of multimers in different geometry and valency (A), 

multimers with flexible loading capability (B), and variants for 

reversible binding (C).
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tions and T-cell activation properties (Cebecauer et al., 2005; 

Schneck et al., 2001). The basic Ig structure of their flexible 

tether might allow pMHC dimers to have a high degree of 

accessibility to TCRs and high avidity binding.

 An MHC pentamer consisting of five pMHC complexes 

arranged in a planar configuration is commercially produced 

and has increased sensitivity for staining T cells with the 

low-affinity TCR because of its higher valency than that of di-

mers or tetramers. More recently, another commercially avail-

able pMHC complex linked to a dextran backbone, a pMHC 

dextramer, has also been found to be useful for the detection 

of T cells with low-affinity TCRs because of its increased va-

lency (Scholler et al., 2010).

 An MHC NTAmer built on reversible chelate complexes of 

Ni2+-nitrilotriacetic acid (NTA) with a His-tag, can be dissoci-

ated into monomeric complex in the presence of free imid-

azole, allowing accurate measurement of dissociation rates 

(Schmidt et al., 2011). This MHC NTAmer is also a flexible 

platform in which the number of Ni2+-NTA moiety and His-

tag sequences can be controlled for specific purposes to build 

higher-order multimers. This technique has been successfully 

applied for detection and sorting of antigen-specific T cells 

and measurement of dissociation kinetics of pMHC and TCR 

interactions.

Flexible loading system
MHC molecules are structurally very unstable when the 

peptide binding cleft is empty. For this reason, only when 

the antigenic peptide binding to a specific MHC allele is first 

determined can an MHC multimer with the peptide be pro-

duced. In addition, even if the MHC alleles are the same, indi-

vidual folding and purification must be performed separately 

for different antigenic peptides. This disadvantage makes 

high-throughput T-cell screening difficult using large libraries 

of pMHC complexes.

 Several methods have been devised to solve this problem. 

The first is a method of exchanging any peptide ligand of in-

terest as a rescue peptide using a conditional pMHC complex 

loaded with a peptide that is degraded by a specific stimulus 

such as UV light (Fig. 2B) (Rodenko et al., 2006; Toebes et 

al., 2006). Through this UV-cleavable ligand strategy, libraries 

with many different types of pMHC complexes that can be 

used in high-throughput manner can be produced (Frosig et 

al., 2015). The second strategy employs preferential folding 

of oxidized and pre-biotinylated MHC class I heavy chain 

molecules, allowing efficient folding of complexes in a short-

er time; this strategy be used to generate large libraries of 

pMHC complexes (Leisner et al., 2008). Recently, tempera-

ture-induced exchange technology has been developed; with 

this technology, MHC I-peptide complexes are formed at low 

temperatures with conditional peptides and are loaded with 

the peptides of choice at a defined elevated temperature 

(Luimstra et al., 2018). However, these exchange technolo-

gies still have disadvantages related to the inefficiency and 

time constraints of exchange process and the prerequisite for 

MHC allele-specific design and optimization.

 More recently, disulfide-stabilized variants of murine and 

human MHC I molecules with an empty pocket have been 

used to make peptide-loadable MHC I tetramers (Saini et al., 

2019), and the specificities of these peptide-receptive empty 

MHC I molecules can be determined by direct incubation 

with the peptide of interest. This technology might be advan-

tageous for generating flexible and do-it-yourself reagents 

for T-cell analysis.

Reversible MHC multimers
The multivalent binding of an MHC multimer and the TCR is 

relatively stabilized, the original function of the T cell to which 

the MHC multimer is bound seems to be degraded (Maile et 

al., 2001; O'Herrin et al., 2001). However, since a monova-

lent interaction has a fast off-rate, isolating the untouched T 

cells by reversing the combined MHC multimer into a mono-

mer may be possible. The method called “streptamer” makes 

use of tandem Strep-tags, which are linear peptide sequenc-

es that mimic biotins, and Strep-Tactin, which is a streptavidin 

mutant that has higher avidity for Strep-tag than streptavidin 

(Fig. 2C) (Knabel et al., 2002). The other type of reversible 

multimer employs desthiobiotin, a biotin derivative with a 

much lower binding affinity for streptavidin (Hirsch et al., 

2002). These reversible tetramers can be readily dissociated in 

the presence of high concentrations of free biotin. Recently, 

a third type of reversible multimer, NTAmer that makes use 

of Ni2+-NTA and His-tag chelation and dissociation with free 

imidazole, has been reported (Schmidt et al., 2011). Sorting 

of antigen-specific CD8 cytotoxic T lymphocytes (CTLs) us-

ing streptamers or NTAmers produces fully functional CTLs, 

whereas using conventional tetramers impairs cytotoxicity 

and proliferation functions (Neudorfer et al., 2007; Schmitt 

et al., 2011).

Choice of fluorophore
The quality of streptavidin-fluorophore conjugates seems to 

affect the efficiency of MHC multimer staining. Commercially 

available streptavidin reagents are generally conjugated to 

PE and APC using hetero-bifunctional cross-linking reagents. 

This process may result in the different ratios of fluorophores 

to streptavidin, and consequently, variable staining intensity 

of MHC multimers depending on the source of streptavidin 

dye reagents. If the heterogeneous mixtures of streptavi-

din-fluorophore conjugates are fractionated with size exclu-

sion chromatography, the higher-order conjugates, which 

may be brighter than lower-order ones, yields enhanced 

staining efficiency (Altman and Davis, 2003). Variable attach-

ment points on streptavidin during cross-linking may have 

an influence on biotin-binding function depending on the 

location of the points. Therefore, careful selection of strepta-

vidin-fluorophore reagents and titration procedures is import-

ant for achieving optimal performance of MHC multimers.

Choice of anti-CD8 antibody
The CD8 and CD4 coreceptors bind to the invariable regions 

of MHC I and MHC II molecules, respectively, and facilitate 

antigen recognition by T cells. CD8 stabilizes pMHC-TCR in-

teractions through its binding to the MHC I molecule. Thus, 

anti-CD8 antibodies with different specificities likely affect the 

binding of MHC I molecules depending on their binding sites. 

Some anti-CD8 antibody clones have been shown to enhance 

pMHC-TCR on-rates and improve MHC I tetramer staining, 
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while some other clones can disrupt staining (Clement et al., 

2011; Wooldridge et al., 2006). The mechanism by which 

anti-CD8 antibodies exert enhancing or inhibitory effects on 

MHC I multimer binding remains unclear, but it is likely that 

anti-CD8 engages directly in MHC I multimer binding and/or 

local rearrangement of CD8 relative to TCR by anti-CD8 anti-

bodies enhance or inhibit pMHC-TCR interactions (Dolton et 

al., 2015). Therefore, the choice of anti-CD8 antibody clones 

and the order of staining (e.g., staining with an MHC multim-

er before staining with an anti-CD8 antibody) is also import-

ant in achieving optimal performance of MHC I multimers.

Reducing the pMHC off-rate and TCR internalization
As mentioned above, low avidity between MHC and the TCR 

can be overcome by using MHC multimerization. In addition, 

several new techniques are being applied to further improve 

MHC multimer staining. For example, the pMHC off-rate 

can be reduced by adding an anti-fluorophore antibody and/

or more secondary antibodies after MHC multimer staining, 

and MHC multimers on the cell surface can be stabilized fur-

ther to increase the staining intensity (Tungatt et al., 2015). 

Another technique employs protein kinase inhibitors to re-

duce the internalization of pMHC-bound TCR, and the MHC 

tetramer staining intensity was reported to be significantly 

increased upon treatment with a protein kinase inhibitor, 

which is particularly effective in lower affinity T cells such as 

anticancer or autoimmune T cells (Lissina et al., 2009).

APPLICATION

Cell enrichment using MHC multimers and detection of 
rare antigen-specific T cells
The number of antigen-specific T cells present in vivo is 

generally very low. As the immune response progresses, the 

number of antigen-specific T cells increases and become 

much greater than that of naïve T cells but is still far below 

1 in 104 among all T cells. Therefore, in the past, a special 

system using TCR-transgenic T cells and clonotype antibodies 

was used for antigen-specific T-cell detection, but the advent 

of MHC multimer technology has made it generally possi-

ble to detect and analyze low-frequency antigen-specific T 

cells. Recently, a method that improves detection by more 

than 100 times by combining MHC multimer staining and 

magnetic enrichment has been reported (Fig. 3A) (Day et al., 

2003). Even by detecting rare naïve CD4 T cells through this 

enrichment method, a new prospective approach to assess-

ing naive T-cell repertoires, which have been very difficult to 

analyze, has become possible (Moon et al., 2007).

Multiplex MHC multimer strategies for detection of anti-
gen-specific T cells
In general, researchers have used one color for each specific 

TCR in T cell detection using MHC multimers. However, if a 

mixture of the same MHC multimer bound to different fluo-

rochromes is used, each specific T-cell can be distinguished 

according to the combination of fluorochromes (Fig. 3B) 

(Newell et al., 2009). Indeed, 25 different specific T-cells 

have been detected in a single sample through combinato-

rial staining with quantum dot-conjugated MHC I tetramers 

(Hadrup et al., 2009).

 One of the disadvantages of multicolor-based flow cytom-

etry is the need for compensation of the overlapping spectra 

of different fluorochromes. CyTOF eliminates the compensa-

tion problem of flow cytometry by using unique heavy metal 

ions to label cells (Fig. 3D) (Bandura et al., 2009; Bendall et 

al., 2011). This also dramatically increases the sensitivity of 

detection because the background noise and the interfer-

ence between the metal ions is low. In addition, CyTOF with 

heavy metal labels is better suited for combinatorial staining 

because it is relatively free of spillover between labels. For 

example, 109 different MHC tetramers and additional 23 cel-

lular markers have been used to characterize a single human 

blood sample (Newell et al., 2013). This technology might be 

a useful tool for identifying hard-to-find epitopes from neo-

antigens in a high-throughput manner (Fehlings et al., 2017).

 Another approach for multi-parametric detection of anti-

gen-specific T cells is to use unique DNA barcodes that form 

considerable diversity of specific tags for the given epitopes 

(Fig. 3D). In this method, antigen-responsive T cells are de-

tected with a retrospective analysis of amplified sequence 

reads after staining of DNA barcode-labeled MHC multimers 

and sorting of binding T cells (Bentzen et al., 2016). The most 

obvious advantage of DNA barcode-based MHC multimer 

technology is the possibility of screening for T-cell specificity 

using large libraries of epitopes with a single sample. The 

DNA barcode-based approach is also advantageous for de-

tecting low avidity T cells because it provides enough signals 

with lower levels of MHC multimer interactions than fluoro-

chromes-based approaches.

Therapeutic use of MHC multimers
MHC multimer technology has been also used for therapeu-

tic purposes. For example, MHC I tetramers have been used 

to enrich cytomegalovirus-specific CD8 T cells in adoptive 

Fig. 3. Application of MHC multimers. A schematic illustration 

is shown for the application of MHC multimer technology, 

including cell enrichment or depletion (A), combinatorial 

detection in a single sample (B), antigen-specific T-cell stimulation 

and amplification using artificial antigen-presenting complex 

(C), and multi-parametric detection of rare T cells using mass 

cytometry with isotope-labeled MHC multimers or DNA barcoded 

MHC multimers (D).
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cell transfer therapy for patients undergoing stem cell trans-

plantation (Cobbold et al., 2005). The use of reversible MHC 

multimers might further improve the efficiency of clinical 

application by preserving the functional status of T lympho-

cytes (Knabel et al., 2002). In other studies, tetramer variants 

conjugated either to a radioisotope or toxin have been de-

veloped, and specific T-cell populations have been shown to 

be modulated or depleted by direct in vivo administration of 

these variants (Hess et al., 2007; Yuan et al., 2004).

 Specific T-cell monitoring is important for vaccines for 

cancers and infectious diseases and for immunotherapy that 

induces T-cell responses. From this point of view, T-cell moni-

toring using MHC multimers is useful because in many cases, 

the degree of T-cell response and clinical outcomes are cor-

related. If MHC multimer technology is used to more closely 

examine the characteristics and phenotypic markers of anti-

gen-specific T cells, our capacity to identify relevant immune 

correlates will be increased for the success of the treatment.

 With the advent of technologies such as adaptive cell 

transfer and checkpoint blockade, interest in immunother-

apy using T lymphocytes continues to increase. Usually, the 

process for immunotherapy is patient-specific, and it is es-

sential to secure a large number of antigen-specific T cells 

that maintain their functionality and activity. However, APCs 

extracted from a patient's own body are limited in number 

and are often deteriorated functionally, which is disadvanta-

geous for use in in vitro amplification of autologous T cells. 

Soluble forms of pMHC molecules can be used as artificial 

APCs when immobilized on solid supports (Curtsinger et al., 

1997; Oelke et al., 2003) and have the potential to overcome 

the limitations associated with autologous dendritic cell-

based stimulation (Fig. 3C). Artificial APC systems using solu-

ble pMHC complexes have several advantages in expanding 

antigen-specific T cells for adoptive transfer immunotherapy, 

such as ease of optimization, prepared development under 

good manufacturing practice conditions, and provision of 

off-the-shelf reagents for clinical use.

CONCLUSION

Since its introduction, MHC multimer technology has been 

very useful in many areas of immunological research. Over 

the past few years, its scope, availability, and usage have con-

tinuously increased, and further improvements will continue 

to be made in the future. Remarkably, the development of 

high-throughput production techniques of MHC multimers 

and the combination of multi-parameter analysis are making 

MHC multimer technology more and more applicable to 

suitable fields. Growing epitope databases will also allow re-

searchers to efficiently apply MHC multimer technology more 

widely. Therefore, users and potential users of MHC multi-

mers will be able to greatly contribute to the advancement 

of immunology by studying how the advantages of these 

reagents can be used in their own research and to the devel-

opment of new vaccines and therapeutics.
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