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Since 1996 there has been a revolution in the 
characterization of antigen-specific T cells [1]. The 
catalyst for this revolution was the development 
of reagents consisting of soluble MHC class I–
peptide complexes for the detection of CD8+ cells 
by flow cytometry. These tetramers provided an 
efficient way to directly visualize, quantify, pheno
type and sort antigen-specific cytotoxic T lym-
phocytes (CTLs) directly from a wide range of 
biological samples and have now become standard 
reagents in laboratories around the world.

The MHC class  I molecule is a membrane 
surface protein found on nearly all cell types. Its 
function is to bind antigenic peptides and pres-
ent them on the surface of virally infected or 
tumor cells. CTLs recognize antigenic peptides, 
expressed in the MHC class I molecules on the cell 
surface, via their T-cell receptor (TCR) and, upon 
recognition, lyse these target cells. Therefore, it 
is important to measure antigen-specific T cells.

Tetramers have emerged as a key tool for deter-
mining the frequency of antigen-specific T cells, 
particularly in viral infections and after vaccina-
tion. They can be combined with other staining 
techniques to derive detailed information about 
antigen-specific T cells, such as activation, effector 
function, proliferation and apoptosis. This has led 
to an explosion of information on antigen-specific 
CD8+ T cells and, to a lesser extent, CD4+ T cells.

Staining of T  cells relies on the multi
merization of the MHC–peptide complexes 
to overcome the problems raised by the weak 
monomeric MHC–TCR interactions. The TCR 
and MHC–peptide complex binding is char-
acterized by the low affinity and fast off rates 
(disassociation of the MHC complex from the 
TCR) [2]. This low affinity and fast off rate is 
required to enable serial contacts of each TCR 
molecule to bind to multiple MHC–peptide 
ligands; binding affinities are measured in the 
micromolar range and off rates are measured 
in seconds. For this reason, the use of mono
valent MHC class  I complexes used to stain 
T cells has generally been unsuccessful. The 
development of tetramers has allowed multiple 
MHC–peptide complexes to bind simultane-
ously to multiple TCRs on the cell surface; this 
resulted in an increase in the tetramer binding 
affinity and decreased the off rate, allowing the 
successful staining of antigen-specific T cells 
[3]. Indeed tetramers may be subsequently inter-
nalized within antigen-specific cells, leading to 
enhanced staining capacity [4].

Since the introduction of MHC class I tetra-
mers, the technology has been adapted to other 
complexes recognized by antigen-specific T cells, 
including MHC class II-restricted CD4+ T cells 
and glycolipid-specific natural killer (NK) T cells 
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restricted by CD1. These complexes have been used to characterize 
a range of immune responses in humans, mice, macaques, sooty 
macaques, chimpanzees, equines, chickens and swine (Box 1) [5–15] 
and are set to grow as the technology becomes widespread.

Until the recent development of tetramers, the main techniques 
for analyzing antigen-specific T-cells were CTL assay, limiting 
dilution assay, intracellular cytokine staining (ICS), enzyme-
linked immunospot assay (ELISpot) and surface cytokine capture 
assays, all of which have their drawbacks. Tetramers allow direct 
visualization of antigen-specific CTLs without in vitro manipula-
tion by flow cytometry and can be combined with the assays listed 
allowing functional analysis of T cells, which will be explained 
in more depth later. 

Tetramer construction
MHC class I tetramers
MHC class  I–peptide complexes consist of an invariant light 
chain (b

2
-microglobulin), a polymorphic heavy chain and an 

8–10 amino acid peptide. The peptide forms the essential subunit 
of the complex as MHC molecules that do not associate with a 
peptide are unstable and will dissociate. This association is based 
on specific complementary interactions between the amino acid 
side chains at the anchor positions of the peptide and the MHC 
allele-specific pockets.

Classical MHC class I tetramers consist of a complex of four 
MHC class I glycoproteins loaded with peptide and bound to a flu-
orescently labeled streptavidin molecule (Figure 1). There are many 
alternative methods in the construction of MHC class I tetramers 
but the most common method is by independently expressing the 
soluble heavy chain of the MHC class I and b

2
-microglobulin in 

Escherichia coli [16]. The class I MHC a-chain has the transmem-
brane region removed, only expressing the extracellular domain and 
is typically engineered to contain the biotin 15 amino acid recogni-
tion tag on the C-terminus. In such preparations, the subunits will 
be expressed as inclusion bodies within the bacteria.

The heavy chain and the light chain, along with the peptide 
of interest, are refolded, and the enzyme BirA is used to spe-
cifically biotinylate the lysine residue within the 15 amino acid 

recognition sequence. This reaction can be carried out in vitro or, 
more recently, has been performed by coexpressing the enzyme 
along with the MHC protein [17]; in the latter case, the proteins 
will be biotinylated in vivo and can be used directly. The biotinyl-
ated monomer is purified by size-exclusion chromatography (and 
charge in some settings) and tetramerization is carried out by the 
addition of streptavidin. A number of different multimerization 
techniques are now available and the consequent reagents are 
described as multimers, pentamers, dextramers, and so on [18,19]. 
In this article, we will use the term tetramer although most of the 
issues discussed are generic to all forms available.

One of the drawbacks of this technique is that individual tetra
mers have to be made for each peptide of interest, making it very 
labor-intensive [16]. A new approach using a peptide exchange 
method is now available, which allows large collections of tetra-
mers to different antigens to be produced from the one refold [20]. 
This high-throughput approach involves the production of a MHC 
class I molecule with a specific peptide that contains a photocleavable 
moiety; the refold is carried out as normal, producing a stable mono-
mer and, upon irradiation with UV light, the ligand is cleaved and 
dissociates from the HLA complex (Figure 2). The peptide of inter-
est, which you wish to insert into the MHC molecule, is added to 
the irradiated mixture replacing the cleaved ligand, thus producing 
the desired MHC class I molecule with the specific antigen. This 
method may be used for large-scale T-cell epitope discovery and for 
T-cell screening that is not feasible by traditional techniques, and 
can be used in the production of MHC microarrays [21].

MHC class II tetramers
Unlike the relative ease of producing MHC class I tetramers, 
class II tetramers have been more problematic. Early challenges 
in the application of tetramer staining CD4+ T cells included not 
only the difficulties in expression of the allelic variants but also the 
detection of low-frequency CD4+ T-cell populations and the com-
plications caused by the low T-cell receptor–MHC avidity [5,22]. 
There have been advances in the technology to overcome these 
problems, and MHC class II tetramers are in more widespread 
use and are even commercially available.

MHC class II tetramers can be produced broadly by two meth-
ods: the first method is analogous to MHC class I tetramers, by 
expression of the insoluble denatured subunits in E. coli inclusion 
bodies, followed by solubilization and in vitro folding in the pres-
ence of peptide, purification, biotinylation and tetramerization 
[5,23]. However, this approach has only been successful at producing 
a limited number of molecules.

Unlike class I alleles, which are refolded relatively simply in a 
mild denaturant, class II alleles are complex and may only refold 
under specific conditions. This complex refolding requires the 
conditions for each MHC class II protein to be optimized indi-
vidually for each species and allotype. This complexity may be due 
to the intrinsic structural instability of soluble class II molecules. 

Another method that has been used with more success in pro-
ducing the class II proteins, and is now probably the most com-
mon method, is to coexpress the a- and b-subunits, for example, 
in mammalian or insect cells [1,24,25]. In some cases, a fusion 

Box 1. Current species availability of MHC class I 
and II tetramers.
MHC class I

•	 Humans

•	 Mice

•	 Chimpanzees

•	 Chickens

•	 Macaques

•	 Sooty mangabeys

•	 Swine

MHC class II
•	 Humans

•	 Mice

•	 Chimpanzees

•	 Chickens
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protein is produced, consisting of peptide fused to the MHC 
class II b N-terminus via a linker region [22,24]. The covalently 
attached peptide has access to the peptide-binding site and is able 
to bind to the peptide-binding groove, stabilizing the construct. 

Other modifications available to enhance assembly of the sub-
units have been developed; these include the use of leucine zip-
pers added to the C-termini of the subunits [26]. Acidic and basic 

leucine zippers are attached to the extra-
cellular domain of the b- and a-chains of 
the class  II molecules; a linker region is 
attached, which includes a thrombin cleav-
age site, and is inserted between the class II 
chain and leucine zipper and a biotinylation 
sequence attached to the C-termini of the 
acidic zipper. This and the use of chime-
ric IgG Fc domains promote assembly and 
stability of the heterodimer [25,27,28]. 

A drawback with the covalently linked 
peptide is that a new expression vector is 
required for each MHC–peptide com-
plex; however, by replacing this covalently 
linked peptide with the class II-associated 
invariant peptide (CLIP), this problem 
can be avoided. The CLIP peptide is 
released through cleavage of the linker 
region and is replaced with the antigenic 
peptides of interest in an in  vitro pep-
tide exchange reaction [29]. Additionally, 
HLA-DM, the catalytic peptide exchange 
factor required for exchange of CLIP 
in vivo, is used in vitro for antigenic pep-
tide loading of the complex under physi-
ological pH. Empty tetramers (e.g., tetra-
mers not loaded with peptide) have been 
used for the mapping of epitopes of given 
antigens and will be discussed later. With 
these methods, it is now theoretically pos-
sible for staining of antigen-specific CD4+ 
T cells with tetramers to become a more 
useful technique.

Nonclassical tetramers
Defining the function and specificity 
of antigen-specific T  cells is of obvious 
relevance to the analysis of vaccine-induced 
responses. While MHC class I tetramers 
are now in common use and class II tetra
mers are just starting to become wide-
spread, some groups have explored alter-
native MHC tetramers to analyze T-cell 
function and specificity. 

One such set of tetramers involves the 
CD1d protein. CD1 proteins constitute a 
distinct class of antigen-presenting mol-
ecules; they are distantly related to MHC 

molecules and are coded outside of the MHC locus. The non-
polymorphic CD1d glycoprotein associates with b

2
-microglobulin 

and binds glycolipids exemplified by a-GalCer [30]. NKT cells, 
which possess TCRs specific for such molecules, represent up to 
30% of the total lymphocyte population in the murine liver and 
are enriched to a lesser extent in the human liver [31]. With the 
use of these tetramers, it is now possible to identify and study 

Recombinant MHC class I
heavy chain

Peptide

Streptavidin, PE conjugated

Biotin

Tetramer

Anti-CD8 APC

T-cell receptor CD8

Human CD8+ T cell Expert Rev. Vaccines © Future Science Group (2010)

Figure 1. Tetramer construction and stain. (A) Soluble versions of the heavy-chain 
MHC class I molecules are synthesized in Escherichia coli. (B) The heavy chain is refolded 
with b

2
-microglobulin and the epitope of interest. This refolded MHC molecule is 

biotinylated with the enzyme BirA at the specific BirA-recognition sequence, at the 
carboxyl terminus of the MHC molecule. (C) A tetramer is constructed by the addition of 
four MHC–biotin complexes, binding to a single streptavidin molecule, using the biotin–
avidin interaction. This streptavidin molecule is conjugated to a fluorochrome to allow 
analysis by fluorescence-activated cell sorting. (D) Tetramers are mixed with the cell 
population that is to be analyzed. The tetramer will bind to CD8+ T cells that are 
expressing a T-cell receptor that is capable of recognizing the specific peptide and, with 
the addition monoclonal antibodies, cell populations can then be identified. 
APC: Allophycocyanin; PE: Phycoerythrin.

MHC–peptide tetramers for the analysis of antigen-specific T cells
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the distribution, frequency and modulation of NKT cells with 
standard tetramer techniques – this may be particularly relevant 
to innate responses induced by adjuvants [32]. 

Applications of tetramer staining
General staining 
A number of laboratories have developed standardized stain-
ing protocols for tetramers [33], and we provide an outline here. 
Staining is most often performed at 37����������������������°���������������������C or at room tempera-
ture as this enhances TCR–tetramer interactions compared with 
staining on ice [4]. Monoclonal antibodies may be used in concert 
for intracellular and surface staining, allowing abundant possi
bilities for analysis: typically tetramer staining is performed first 
to identify the population, especially before permeabilization and 
also before staining for CD8. Owing to the often low number 
and frequency of tetramer-positive cells, the use of positive, nega-
tive and isotope controls is advisable wherever possible. The use 
of whole blood should be considered as it often has an advan-
tage for both clarity of staining and interpretation of results and 
only small amounts of blood (50 µl) [34] are required. As the 
cells are untouched, there is low background and cleaner separa-
tion of the stained population of T cells for cell surface markers 

and tetramers. Such approaches also allow 
high-throughput analyses in a 96-well plate 
format [34].

Tracking antigen-specific  
T-cell populations
The most obvious use of MHC–peptide 
tetramers in vaccinology is simply to track 
frequencies of CD8+ or, more rarely, CD4+ 
T cells in the circulation over time. This is 
readily achieved using conventional flow 
cytometry as described earlier although 
standardization of such techniques between 
laboratories to obtain comparable results 
still requires some work (see later). Key 
issues to address in each study include opti-
mization and definition of background and 
cut-off, and definition of a positive response. 
The use of flow cytometers with multipara
meter detection has allowed gating strate-
gies, which improve some of these issues; 
this includes elimination of doublets, exclu-
sion of dead cells and gating out of cells with 
nonspecific binding capacity such as B cells 
and monocytes. 

However, flow cytometry still imposes a 
detection limit, typically in the region of 
0.02% CD8+ T cells for detection. This is 
hard to overcome by simply using a larger 
input of cell numbers, but may be improved 
substantially using magnetic bead-enrich-
ment protocols [29,35–38]. Typically, these 
involve careful positive selection of cells 

that stain positive with a phycoerythrin (PE)-labeled tetramer, 
using beads coated with antibodies specific to PE. If one knows 
the starting number of cells and the number of cells selected with 
the PE magnetic beads, it is possible to calculate the percentage of 
tetramer positive cell for very low cell frequencies. This may be of 
use in analysis of relatively low-frequency CD8+ T-cell responses 
but may be essential for ex vivo detection of CD4+ T-cell responses. 
The technique retains good quantitation of the T-cell frequency 
in the critical 0.001–0.01% range. 

Tetramer-guided epitope mapping
An advantage of the newly developed ‘empty’ tetramers is their 
use in identifying specific peptides from an antigen, a process 
described as tetramer-guided epitope mapping (TGEM) [39–41]; 
this method is typically used for MHC class II and not class I mol-
ecules. Empty MHC molecules are loaded with peptide mixtures 
rather than an individual peptide. These peptide mixtures are 
overlapping peptides from an antigen of interest and are divided 
up into different pools, with each pool containing five to ten pep-
tides. The pooled tetramers are used to analyze peripheral blood 
mononuclear cells that have been stimulated with the antigen 
of interest. Peptides from the positive pool are loaded onto the 

Peptide
UV 
light

Rescue peptide

Biotin

MHC monomer with 
photocleavable peptide

Stable MHC molecule 
with rescue peptide

Unstable MHC molecule

Expert Rev. Vaccines © Future Science Group (2010)

Figure 2. Photoliable peptide cleavage. The MHC complex containing the photoliable 
peptide is irradiated with UV light, cleaving the peptide and producing two fragments 
that dissociate from the MHC-binding groove. The resulting empty MHC complex is 
unstable; incubating this MHC with a peptide of interest creates a stable form that can 
then be used for analysis. 

Sims, Willberg & Klenerman
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MHC molecule as individual peptides and are then analyzed. The 
specific tetramer that gives a positive staining provides a popula-
tion of T cells of known MHC restriction and antigen specificity, 
and can be sorted by fluorescence-activated cell sorting (FACS), 
allowing phenotyping and genotyping of the cell.

Combined tetramer & functional assays
Proliferation
After infection or vaccination, there is an initial expansion of epi-
tope-specific T cells; measuring this expansion and lifespan may 
be important in understanding the dynamics of T-cell responses 
and disease progression. 

The proliferation of epitope-specific T cells can now be measured 
by combining standard techniques with tetramer staining. A wide-
spread method utilizes carboxyfluorescein diacetate succinimidyl 
ester (CFSE; a nonspecific amine-reactive fluorescein derivative, 
which permeates membranes). Proliferative history is measured by 
serial halving of the dye during cell division for up to eight cycles 
and detected by flow cytometry [42]. This technique in principle 
also allows the analysis of the precursor frequency from very rare 
cell populations (as in the enrichment techniques described previ-
ously) [42,43]. Other techniques enable assessment of proliferation 
ex vivo. These employ measurement of intracellular markers that 
correlate to proliferation, such as DNA content (PI) and proteins 
expressed differentially in cycling and noncycling cells (KI67) 
[44,45]. Typically, in these assays, cells will first be stained with tet-
ramer then permeabilized and stained for the proliferation marker 
and/or surface markers, followed by FACS analysis.

Antiviral functions
Recently, ICS after peptide stimulation has proven to be a robust 
and sensitive technique for the analysis of T cells responding 
to viruses and vaccines. As for direct tetramer staining, the 
main limitation of the analysis of cells by ICS is cell frequency. 
However, with substantial responses (typically greater than 0.1%) 
it is possible to reliably analyze cytokines both singly and in com-
bination. This technique can be combined with tetramer staining 
[46], although technically this has proven to be problematic for a 
variety of reasons. First, after stimulation, there may be down-
regulation of TCRs, limiting the capacity to bind to tetramer 
[47]. Second, if tetramer staining is performed before stimulation, 
there may be stimulation from the tetramer itself [48], including 
induction of apoptotic pathways. These may be avoided, and it 
appears this may be somewhat variable from tetramer to tetra-
mer, but it does impose limitations on the technique. In many 
cases, investigators perform in one analysis tetramer staining com-
bined with phenotyping (see later) on unstimulated cells ex vivo 
and, in parallel, an analysis of the cytokine secretion profile by 
ICS. Although this does not provide analysis of the function of 
tetramer-binding cells on a per-cell basis, it does provide pop-
ulation-level information. Similarly, while it is not possible to 
analyze the cytolytic capacity of tetramer-positive populations 
in the same assay as their detection, analysis of upregulation of 
CD107A (LAMP1) as a marker of degranulation has been used 
as a surrogate by many investigators [49].

A method used in analyzing T cells is the cytokine capture assay 
[50]; this can be combined with tetramers [51], allowing the recovery 
and purification of T cells based on their cytokine secretion and 
epitope specificity. To perform this assay, the cells are incubated 
with the tetramer of choice and then stimulated with the same epi-
tope that the tetramer is constructed with, after which the cells are 
labeled with the cytokine catch antibody [52]. This antibody con-
sists of two biotin-labeled antibodies linked by an avidin molecule. 
One antibody is directed to the T-cell surface molecule CD45 and 
coupled to an antibody against the cytokine of interest. The cells 
are then incubated to allow secretion and capture of the cytokine, 
after which they will be labeled with a fluorochrome conjugated 
antibody directed against the cytokine of interest, and analyzed by 
FACS or sorted depending on their secretion profile. This method 
may significantly facilitate phenotypic and functional studies.

Phenotypic analyses
A wealth of data has been generated on the surface and intracellular 
expression of a range of molecular markers on antigen-specific 
T cells using tetramers, much of which is beyond the scope of this 
article. A fundamental issue in the development of effective vac-
cines is the quality of the T-cell response. There is no single specific 
molecular signature that predicts this, but combinations of markers 
may give a clue as to the overall nature of the response in terms of 
its recent proliferative history, its capacity for tissue homing and its 
state of activation. One widely used scheme is to divide tetramer-
positive cells into three categories of central memory (Tcm), effector 
memory (Tem) and effector memory cells with re-expression of 
the RA isoform of CD45 (Temra) [34,45,53,54]. These phenotypic 
markers overlay roughly with different functional and proliferative 
capacities, and have been correlated with different outcomes in dif-
ferent infections. However, none are currently a surrogate marker 
for a protective response in vaccine studies. Similarly, new data 
from the lymphocytic choriomeningitis model and translated into 
human chronic viral infection have illustrated some of the molecu-
lar pathways associated with downregulation of the T-cell responses 
and the induction of exhaustion [55]. This includes the expression 
of PD-1 [56], as well as other inhibitory molecules such as cytotoxic 
T-lymphocyte antigen 4 [57]. However, since many of these pathways 
are also upregulated on activated cells, it is not possible to accurately 
define the function of the cell or its in vivo protective capacity from 
such phenotyping. Phenotypic analyses therefore remain an impor-
tant research tool and currently provide important correlative data 
in new vaccine studies, rather than providing an end point.

In situ tetramer staining 
Until recently, tetramers have been limited to ex vivo studies but 
they can be used to visualize antigen-specific CD8+ T cells in 
tissue with their spatial relationship to other intact cells in so-
called in situ tetramer (IST) staining [58–60]. Fresh unfixed tissue 
is ideally used to allow for flexibility in the TCR for binding to the 
tetramer. A vibratome (TPI) may be used to generate 20-µm thick 
fresh tissue sections, which are then stained with tetramer and cell 
surface markers overnight. Both direct and indirect IST staining 
have been used in staining these sections that are then fixed. This 

MHC–peptide tetramers for the analysis of antigen-specific T cells
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method has only been used successfully by a few groups, and this 
has mainly been in murine models [58], although some human 
studies have been performed [60].

Adoptive T-cell transfer 
Tetramers may be used for the selective isolation of functionally 
active antigen-specific T cells – this could be regarded therefore as 
tetramer-guided ‘passive’ immunization. A specific cell population 
can be identified using tetramers and then enriched, expanded 
in culture and transferred at high frequency. To date, there is 
some experience of such techniques in man in the treatment of 
cytomegalovirus infections and HIV, and it has been used with or 
without expansion of the tetramer-positive cells [61–63], However, 
in the future, such programs demand the development of Good 
Manufacturing Practice-quality tetramers. 

Sorting antigen-specific T cells
A method increasingly utilized is tetramers in combination with 
cell-sorting techniques for clonotypic expression. Stained cells can 
be sorted by FACS or by the use of magnetic anti-fluorochrome 
microbeads, producing pure populations of epitope-specific 
T cells of high purity (Figure 3) [64]. The live unfixed cells can 
then be analyzed functionally or their RNA can be extracted for 
expression analysis. More detailed analysis of the cellular RNA 
content will, in the future, provide an unprecedented wealth of 
information on the phenotype and function of epitope-specific 
T cells at the single cell level [64–66].

Modified tetramers
Recently, mutant tetramers have been constructed that possess 
modified MHC class I backbones. These mutations either dimin-
ish or increase CD8/MHC binding interactions, and thus provide 
a way of sampling different repertoires of T cells with respectively 
higher or lower TCR avidities [67,68]. The use of such techniques 

has recently been reviewed elsewhere, and they may be of value in 
the future in defining responses of sufficient avidity (as indicated by 
CD8 independence) to provide information about efficacy. 

Combinatorial tetramer staining
This very new technique may be of real value in simultaneous 
monitoring of diverse responses in a single sample. The ability to 
analyze only single specificities has long been a major limitation of 
tetramer-based approaches. Davis’s group, who generated the first 
tetramers [1], have published a method whereby different tetramers 
can be mixed using distinct fluorochromes, such that each tetra-
mer is represented by some but not all fluorochromes [69]. Thus, 
using a limited number of colors (e.g., four), 15 different speci-
ficities might be detected simultaneously in the sample (Figure 4). 
This increases exponentially with color, so that with five colors 
this theoretically rises to 31 and with six to 63. In combination 
with the recent advances in multiplexing tetramer construction 
outlined earlier, this approach could greatly enhance the use of 
tetramers to track broader specificities of induced T-cell responses.

Conclusion & future directions
MHC tetramers can only detect a subset of the total pool of anti-
gen-specific T cells directed against specific infectious agents. The 
main limitations of this technology lie in the fact that it requires 
cloned and characterized MHC molecules, MHC-matched tissue 
and knowledge of the specific peptide sequence. Through enor-
mous effort from the immunologic community, such reagents and 
information are in fact available for a large number of major vac-
cine targets, and continue to expand over time. However, detailed 
tetramer-based analysis still typically provides only a snapshot 
of the target cell population and other methods using pooled 
peptides and/or recombinant antigens and vectors are necessary 
to provide more complete analyses of breadth in most cases. The 
ability to provide multiplexed sets of peptide-loaded tetramers 

and to analyze them simultaneously should 
provide an important improvement in the 
technology to circumvent some aspects of 
this problem. However, tetramer analysis 
will always need to be combined with func-
tional analyses and also with techniques 
that screen broadly for responses indepen-
dent of MHC type, especially in complex 
or variable viruses.

For vaccinologists, the advantages of 
using tetramers are their specificity and sen-
sitivity and the capacity for this technology 
to be carried out in conjunction with other 
assays. Surface and intracellular staining 
can be carried out, allowing phenotyping of 
epitope-specific cells, and recent advances 
have led to functional assays being com-
bined with tetramer staining and tetramer-
positive cells being sorted and genotyped 
or cloned. For a given vaccine study, the 
advantages of tetramers may be limited by 
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the disadvantage that only a small fraction of the response can be 
measured. This may be partially overcome in the future using a 
multiplexed approach, but will remain a limitation 

The future of such assays demands some further standardiza-
tion between laboratories. This is an issue that affects most assays 
involving T-cell immunology and is not restricted to tetramers. 
Indeed, tetramer staining circumvents some of the issues involved 
in many such assays since they do not rely on functional readouts. 
However, it is important as the field evolves to develop systems to 
allow better comparisons between trials and experiments. Such a 
proposal has been recently put forward by Janetzki and colleagues 
[70] and is described as minimal information about T cell assays 
(MIATA; details available at [101]). Some investigators [33] ���������have pro-
posed the development of core facilities to drive such improvements 
in human immunomonitoring, some of which are emerging (e.g., 
[102–104]). The use of web-based protocols and the development of 
such centers should serve to accelerate this movement.

In conclusion, MHC–peptide tetramers have just passed their 
13th birthday and there are many reasons to celebrate. As the 
technology matures and develops, new opportunities will arise to 

use the technology in different settings and 
in combination with different assays. At 
the same time, as the field matures and tet-
ramers move from research tools towards 
clinical use, some consensus needs to be 
reached to allow the very best aspects to 
be utilized and the obvious limitations to 
be avoided. Thus, many future improve-
ments in the clinical setting may result 
not so much from further new technology 
itself, but rather from more strategic and 
harmonized use of the technology avail-
able. The field of vaccinology has benefited 
hugely from these reagents and, driven by 
the demand for new T-cell based vaccines 
and immunotherapy, it will continue to 
do so.

Expert commentary
MHC–peptide tetramers are now robust 
tools for immunomonitoring. They can 
provide accurate quantification of antigen-
specific T cells after vaccination, although 
they should be combined with methods to 
assess the breadth of immune responses 
as well as their functionality in order to 
obtain a full picture. Laboratories using 
these tools should try to develop or join con-
sortia in order to maintain standardization 
across sites.

Five-year view
Tetramers will continue to be developed to 
provide a wider base of HLA molecules and 
enable them to be combined better with 

functional assays. The use of combinational approaches both for 
production of tetramers and for flow cytometric analysis should 
allow in-depth characterization of novel vaccines as well as providing 
breadth and functional data. 

Tetramers are widely used and will become a standard labora-
tory technique with the current improvements in combinational 
approaches and an increase in the number of HLA molecules 
available. They currently provide an in-depth analysis of specific 
T cells and, with these new methods, should provide a wealth of 
unprecedented information on specific T cells. 
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