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Abstract

The low frequency of T cells specific for given antigens makes the study of antigen-specific T cell 

responses difficult. The development of MHC class I and II tetramer staining techniques allows 

precise quantification and tracking of antigen-specific CD8+ and CD4+ T cell responses. Here, we 

describe a protocol for MHC class I and II tetramer staining of mouse T cells isolated from various 

tissues of mice infected with lymphocytic choriomeningitis virus (LCMV) or with murine 

cytomegalovirus (MCMV).
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1. Introduction

For many years, analysis of antigen-specific T cell responses was hampered by their lack of 

identifying markers. Many of the methods used by immunologists to measure antigen-

specific responses have important limitations. Limiting dilution assays and cytotoxicity 

assays were some of the first tools used to measure bulk T cell responses (1–4). While 

limiting dilution assays are fairly quantitative, they depend largely on expansion, survival, 

and subsequent function of precursors under particular culture conditions. On the other 

hand, cytotoxicity assays measure function at a population level, and quantitation is difficult 

and often lacks precision. TCR transgenic (Tg) mice and adoptive transfer approaches were 

subsequently developed and can be helpful (5), but nonphysiologically high levels of TCR 

Tg cells can lead to phenotypic abnormalities in these cells (6). Another technique, 

intracellular cytokine staining, can identify antigen-specific responding T cells; however, 

this approach is limited by the cytokine-producing ability of the T cell. The development of 

MHC “tetramers”, recombinant, multimeric, MHC molecules with attached peptides, has 

revolutionized our ability to track and quantify antigen-specific T cell responses ex vivo (7). 

The quadrivalent nature of the MHC/peptide tetramers allows for sufficient avidity to 

interact and stably bind to T cell receptors to visualize specific T cells by flow cytometry. 

Indeed, this approach uncovered the vastly underestimated response reported by previous 

nonquantitative methods (8).
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To generate tetramers, MHC class I α-chains and β2-microglobulin are first produced as 

recombinant proteins in bacteria and then refolded in vitro in the presence of the peptide of 

interest into MHC/peptide monomers (7, 9). Engineering of a BirA recognition site into the 

class I α-chain allows for site-specific, single biotinylation by incubation of MHC/peptide 

monomers. Biotinylated monomers can be flash frozen indefinitely in aliquots that can be 

thawed and coupled to fluorochrome-labeled streptavidin to generate MHC tetrameric 

staining reagents.

Unlike MHC class I–peptide complexes that fold together in vitro, mouse MHC class II–

peptide complexes are generally assembled in insect cells as preassembled monomers (10, 

11). This is because mouse MHC class II molecules are difficult to fold in vitro and the 

covalent, genetic linkage of peptides to MHC class II β-chains allows for proper folding and 

assembly in insect cells (10, 11). Similar to class I MHC molecules, purified monomeric 

MHC class II–peptide complexes are singly biotinylated on a BirA recognition site in the 

MHC class II β-chain. Biotinylated monomers are assembled into tetramers by coupling 

with fluorochrome-linked streptavidin.

MHC class I and II tetramer staining can be used to quantify antigen-specific T cells in 

various mouse tissues such as spleen, lymph nodes (12), and peripheral tissues as livers, gut, 

kidney (13), and brain (14). After lymphocytic choriomeningitis virus (LCMV) infection of 

C57BL/6 mice, a major immunodominant epitope recognized by CD8+ T cells is derived 

from the glycoprotein (GP) peptide amino acids 33–41 presented by MHC class I H-2Db 

molecules, while a major CD4+ T cell response is directed against another GP epitope 

(amino acids 61–80) presented by I-Ab (15, 16). After murine cytomegalovirus (MCMV) 

infection of C57BL/6 mice, a major immunodominant epitope recognized by CD8+ T cells 

is the MCMV E protein M45 epitope (HGIRNASFI) presented by H-2Db; while another M 

protein epitope M25 (amino acids 409–423) is presented by I-Ab and recognized by CD4+ T 

cells (17, 18). In this chapter, we will describe a simple protocol for isolation of cells from 

tissues and their staining and analysis using MHC class I and II tetramers. Further, we will 

demonstrate the non-cross-reactivity of CD8+ and CD4+ T cells by staining cells from 

LCMV- versus MCMV-infected mice using LCMV- and MCMV-specific MHC tetramers.

2. Materials

2.1. Infection of Mice

1. Armstrong-3 strain of LCMV: LCMV are grown in BHK-21 cells, and the number 

of plaque-forming units (pfu) is assayed on Vero cells (9).

2. Smith strain of MCMV: MCMV are prepared by in vivo propagation in Balb/C 

mice; salivary gland homogenates are prepared 14 days postinfection, and viral titer 

in plaque-forming units (pfu) is measured by plaque assays on mouse embryo 

fibroblasts (19, 20).

Kurtulus and Hildeman Page 2

Methods Mol Biol. Author manuscript; available in PMC 2014 December 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.2. Preparation of Cell Suspensions from Tissues

1. 20× Balanced salt solution (BSS): 5.6 mM glucose, 0.4 mM KH2PO4, 1.3 mM 

Na2HPO4, 1.3 mM CaCl2·2H2O, 5.4 mM KCl, 137 mM NaCl, 0.8 mM MgSO4, 1 

mM MgCl2·6H2O, and 0.001% phenol red. Mix and filter sterilize (see Note 1).

2. ACK lysis buffer: Prepare 155 mM NH4Cl buffer, adjust the pH to 7.5, and then 

add KHCO3 at a final concentration of 10 mM and phenol red 0.0005%. Filter 

sterilize.

3. CTM: Minimum essential medium (S-MEM) complemented with 2 mM L-

glutamine, 0.1 mM nonessential amino acids, 0.5× essential amino acid mixture, 1 

mM sodium pyruvate, 100 U/ml penicillin, 100 µg/ml streptomycin sulfate, 50 

µg/ml gentamicin, 50 µM β-mercaptoethanol, 3 mM dextrose, and 10% Fetal 

Bovine Serum (FBS) (see Note 2).

4. Click’s medium (EHAA) (available from multiple vendors).

5. 5.1 mg/ml Liberase +0.8 mg/ml DNAse I solution in EHAA medium.

6. 0.1 M EDTA.

7. 37.5% isotonic Percoll.

8. 70 µm mesh cell strainers, 50 ml tubes, 96-well plates.

9. Tabletop centrifuge.

2.3. Staining for Flow Cytometry

1. Flow buffer: BSS supplemented with 2% FBS and 0.1% w/v sodium azide (see 

Note 3).

2. Paraformaldehyde (PFA) solution (2% w/v) in Phosphate Buffered Saline (PBS) 

(see Note 4).

3. MHC class I tetramers: Db–gp33 or Db–M45 coupled with SA-PE (see Note 5).

4. MHC class II tetramer: I-Ab–gp61 or I-Ab–M25 coupled with SA-PE.

5. Antibodies against mouse CD4 and CD8 and/or other surface markers, coupled to 

desired fluorochromes other than PE (multiple vendors).

6. Flow tubes, flow cytometry analyzer.

1When preparing BSS, two separate solutions should be prepared to prevent precipitation. Glucose, KH2PO4, and Na2HPO4 should 
be dissolved together. CaCl2·2H2O, KCl, 137 mM NaCl, MgSO4, and MgCl2·6H2O should be prepared in a separate solution and 
should be mixed afterwards.
2Supplements for the CTM media except for FBS can be prepared as a 100× stock solution and stored at −20 °C.
3Sodium azide is very toxic if ingested or inhaled. Avoid contact with skin, eyes, or clothing.
4Prepare a stock 4% w/v PFA solution. First heat deionized distilled H2O (ddH2O) until bubbles form, and then decrease the heat to 
60 °C. Dissolve PFA in the water which takes around 10 min. If PFA does not dissolve, add 1–2 drops of NaOH into the mixture. 
After PFA dissolves, cool the solution down, and add 10× PBS to a final concentration of 1×. Adjust the pH to 7.6. Complete to the 
appropriate volume and store at −20 °C. If desired, a 10× stock PBS solution can be prepared (137 mM NaCl, 2.7 mM KCl, 100 mM 
Na2HPO4, and 2 mM KH2PO4), with pH adjusted to 7.2. Dilute 4% PFA to 2% PFA with ddH2O.
5Db–gp33 or Db–M45 monomers can be flash frozen in a dry ice/ethanol bath and stored at −80 °C, but once they are conjugated to 
fluorochromes, they are kept at +4 °C in the dark like other fluorochrome-conjugated antibodies.
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3. Methods

3.1. Infection with LCMV

Inject mice with 2 × 105 pfu of LCMV or with 1 × 105 pfu of MCMV intraperitoneally. 

Allow for expansion of T cells for at least 5–6 days (see Note 6). Specific T cells can be 

stained with MHC tetramers for the lifetime of the infected animal.

3.2. Preparation of Single Cell Suspensions from Mouse Spleen

1. Harvest the spleen of the infected mouse, and crush through a 70 µm mesh cell 

strainer into 50 ml tube to generate a single cell suspension.

2. Add 35 ml of BSS through the strainer to allow passage of the cells into the tube.

3. Spin the cells down at 300 × g for 5 min at 4 °C. Discard the supernatant.

4. To lyse red blood cells, add 1.5 ml of ACK lysis buffer, and incubate for 2.5 min at 

room temperature (RT).

5. Increase volume to 50 ml by adding BSS and centrifuge at 300 × g for 5 min, at 4 

°C.

6. Discard the supernatant.

7. Repeat steps 5 and 6 to wash one more time (see Note 7).

8. Resuspend the cells in 3 ml of CTM.

9. Count the cells and adjust concentration to add 2 × 106 cells per well of a 96-well 

plate.

3.3. Preparation of Single Cell Suspensions from Mouse Liver

1. Harvest liver tissue from the mouse into 5 ml of serum-free EHAA medium and 

mince into small pieces.

2. Add 50 µl of Liberase + DNAse I solution on the liver pieces in a 50 ml conical 

tube, and incubate at 37 °C for 30 min, swirling every 5 min.

3. Add 2 ml of 0.1 M EDTA to a final concentration of 0.03 M.

4. Filter liver tissue through cell strainers, and add BSS up to 35 ml (see Note 8).

5. Centrifuge cells at 300 × g for 5 min at 4 °C. Discard the supernatant.

6. Resuspend cells with 25 ml of 37.5% isotonic Percoll.

7. Centrifuge cells at 690 × g for 12 min. Pipet the supernatants off the cell pellet 

carefully.

6Typically, endogenous T cell responses to acute viral infections can be quantified as early as 5 days after infection. However, peak 
CD8+ T cell numbers occur between days 8 and 10 after infection. In the next 10–15 days after this point, most of the T cells undergo 
apoptotic cell death (12); however, sufficient numbers of detectable cells persist for the lifetime of the animal. Depending upon the 
markers to be interrogated on antigen-specific T cells, it might be useful to collect 1–2 million events on the flow cytometer. This may 
mean scaling up the staining of 4–6 million cells per sample.
7Do not skip the second wash as this could affect cell viability.
8We find it useful to crush the liver pieces over the cell strainer to get the cells through the strainer.
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8. Add 50 ml BSS and wash the cells by repeating step 5.

9. Lyse the red cells by following the steps 4–9 of Subheading 3.2.

3.4. MHC Class I Tetramer Staining

1. Add 100 µl of flow buffer onto 2 × 106 cells seeded in wells.

2. Centrifuge the cells down at 300 × g for 5 min at 4 °C. Discard the supernatant.

3. Add appropriate amount of Db–gp33 or Db–M45 coupled with SA-PE in 70 µl of 

flow buffer/well (see Note 9).

4. Incubate the cells with the tetramer for 45 min at 4 °C.

5. Prepare antibody mixtures against CD8, CD16/32, and other surface molecules of 

interest in 20 µl of BSS/well. Add on top of each well, without washing away the 

tetramer stain, and incubate for an additional 45 min at 4 °C (see Note 10).

6. Add 150 µl of flow buffer/well and centrifuge the cells down at 300 × g for 5 min 

at 4 °C. Discard the supernatant.

7. Add 200 µl of flow buffer/well and centrifuge the cells down at 300 × g for 5 min 

at 4 °C. Discard the supernatant.

8. Fix the cells by adding 100 µl of 2% PFA for 20 min at RT.

9. Add 150 µl of flow buffer/well and centrifuge the cells down at 300 × g for 5 min 

at 4 °C. Discard the supernatant.

10. Resuspend the cells with 200 µl of flow buffer/well, and analyze on a flow 

cytometer.

3.5. MHC Class II Tetramer Staining

1. Add 100 µl of CTM onto 2 × 106 cells seeded in wells.

2. Centrifuge the cells at 300 × g for 5 min at 4 °C. Discard the supernatant.

3. Add appropriate amount of I-Ab–gp61 coupled with SA-PE in 70 µl of CTM/well.

4. Incubate the cells with the tetramer for 75 min at 37 °C.

5. Prepare antibody mixtures against CD4, CD16/32, and other surface molecules of 

interest in 20 µl of CTM/well. Add on top of each well, without washing away the 

tetramer stain, and incubate for an additional 45 min at 37 °C (see Note 11).

6. Add 150 µl of CTM/well and centrifuge the cells at 300 × g for 5 min at 4 °C. 

Discard the supernatant.

9The appropriate amount of the tetramer is determined by comparing several dilutions of the tetramer staining in infected cells to 
uninfected cells or to a stain with an irrelevant tetramer. The dilutions that have substantial staining on infected cells but having the 
lowest background in uninfected cells are chosen (Fig. 1). As an independent test to determine whether or not MHC tetramers stain 
activated cells, we infected mice with either MCMV or LCMV and assessed staining of splenocytes from each mouse with both 
MCMV and LCMV tetramers. Results show fine specificity of both class I and class II MHC tetramers (Fig. 2).
10CD16/32 refers to the murine Fcγ receptors. In flow staining, these receptors are generally blocked with antibodies to avoid 
nonspecific staining. Anti-CD16/32 antibody is produced by the 2.4G2 hybridoma (available from ATCC) and can be purified from 
2.4G2 cell culture supernatant using a protein G column.
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7. Fix the cells by adding 100 µl of 2% PFA for 20 min at RT.

8. Add 150 µl of flow buffer/well and centrifuge the cells at 300 × g for 5 min at 4 °C. 

Discard the supernatant.

9. Resuspend the cells with 200 µl of flow buffer/well, and analyze on a flow 

cytometer.
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Fig. 1. 
Determination of appropriate MHC tetramer concentration to use for staining. 

Representative dot plots show staining with various dilutions of Db–M45 tetramer and 

antibody against CD44 after gating on CD8+ T cells. Splenocytes from uninfected naïve 

C57/BL6 mice and mice infected with LCMV or with MCMV are stained with Db–M45 

tetramer at the dilutions indicated. Specific Db–M45+ CD8+ CD44+ T cells are only detected 

in MCMV-infected mice, and their percentages within total CD8+ T cells are indicated on 

plots. The appropriate dilution to use the tetramer is 1:400 dilution because the percentage of 

Db–M45+ CD44+ cells within CD8+ T cells is high, the mean fluorescence intensity (MFI) 

of the Db–M45 stain within the tetramer + population remains high, and the nonspecific 

staining in naïve and LCMV-infected mice are low at this concentration.
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Fig. 2. 
Specificity of MHC class I and class II tetramers. Single cell suspensions from spleens of 

C57BL/6 mice uninfected or infected with either LCMV or MCMV were stained with 

antibodies against CD8 and CD44 and with Db–GP33 (a) or Db–M45 (b) tetramers. (a, b) 

Representative dot plots show splenocytes stained with antibody against CD44 and with Db–

GP33 (a) or Db–M45 (b) tetramer after gating on CD8+ T cells in naïve, LCMV- or 

MCMV-infected mice. (c, d) Splenocytes from each mouse are stained with antibodies 

against CD4 and CD16/32 and with I-Ab–GP61 (c) or I-Ab–M25 class II tetramers. Dot 

plots show CD4 and tetramer staining after gating on CD4+ CD16/32− cells.
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Fig. 3. 
Gating strategy for MHC class II tetramer staining. Representative dot plots showing the 

flow cytometry analysis of staining of splenocytes from LCMV-infected mice with I-Ab–

GP61 tetramer and antibodies against CD4 and CD16/32. (a) Dot plot showing Forward 

Scatter (FSC) and Side Scatter (SSC) of stained cells. Plot area shown in black indicates the 

live gate. (b) Dot plot shows CD4 by CD16/32 staining on gated live cells. (c) Dot plot 

shows CD4 staining by I-Ab–GP61 tetramer staining on CD4+ CD16/32-gated events in (b).
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