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Abstract

We describe a highly sensitive flow cytometry-based CTL assay using the cleavage of caspase 3 in target cells as a readout.

The assay involved labeling of cells with a cell tracker dye and staining permeabilized cells with an antibody recognizing

cleaved caspase 3. The assay proved to be robust and reliable in measuring antigen-specific CTL activity in a number of human

and murine systems, including MLR, human peptide-specific T-cell responses induced in vitro, and CTL responses following

immunization of mice with viral and peptide vaccines. The assay was found to yield comparable results as 51Cr-release, but with

markedly higher sensitivity. When compared to detection of antigen-specific T cells via HLA tetramer/pentamer-based methods

of T-cell staining in HIV gag peptide-specific human T cell lines the caspase 3 cleavage readout assay exhibited a comparable

level of sensitivity with detection of CTL function at antigen-specific T-cell frequencies of 1:15,000 or lower. A similar level of

sensitivity was obtained when murine CTL assays were performed with MLR in which effector cells were highly diluted with

naı̈ve syngeneic spleen cells. Our results indicate that the caspase 3 cleavage assay may be a powerful tool to measure antigen-

specific CTL responses in human vaccine trials and in pre-clinical animal models of CTL function at both high and low effector

cell frequencies.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Cytotoxicity assay; CTL; Caspase 3; Granzyme B; Apoptosis; Immune monitoring

0022-1759/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.jim.2005.06.005

Abbreviations: CTL, cytotoxic T-lymphocyte; CMA, Concanamycin A; DDAO-SE, CellTracek Far Red DDAO-succinimidyl ester;

ELISPOT, enzyme-linked immunospot; FACS, fluorescence-activated cell sorting; MLR, mixed lymphocyte response; 7-AAD, 7-aminoacti-

nomycin D.

* Corresponding author. Department of Melanoma Medical Oncology, University of Texas, MD Anderson Cancer Center, South Campus

Research Building, 7455 Fannin, Houston, TX 77030, United States. Tel.: +1 713 563 9489; fax: +1 713 563 3424.

E-mail address: lradvanyi@mdanderson.org (L. Radvanyi).

Journal of Immunological Methods 304 (2005) 43–59

www.elsevier.com/locate/jim



1. Introduction

The measurement of 51Cr-release from lysed target

cells has been the gold standard to measure the cyto-

toxic function of activated CD8+ T cells and NK cells

for over 3 decades (Boyle, 1968; Thorn et al., 1974).

However, overall the 51Cr-release assay is rather in-

sensitive and is also plagued with a number of safety

and environmental limitations. In addition, the mem-

brane leakage events measured by 51Cr-release and

other breleaseQ methods may only reflect the action of

perforin, especially at high effector to target ratios and

not the true apoptotic nature of target cell death in

vivo involving granzymes (Bashford et al., 1988;

Shiver and Henkart, 1991). Newer methods at enu-

merating antigen-specific CD8+ T-cells, such as intra-

cellular cytokine staining, the ELISPOT assay, and

staining for T-cells using HLA/MHC class I tetramers

have been introduced as substitutes, but none of these

approaches measures the ultimate cytolytic function of

CTL and NK cells as 51chromium-release. Another

approach for the measurement of CTL activity is

using flow cytometry (FACS). A number of FACS-

based and fluorimeter-based assays have been devel-

oped that mostly involve the detection of target cell

lysis using the release of pre-loaded dyes or uptake of

external dyes much like 51Cr-release (Mattis et al.,

1997; Roden et al., 1999; Sheehy et al., 2001; Fischer

et al., 2002; Kienzle et al., 2002; Betts et al., 2003;

Hermans et al., 2004). Recently, the application of

FACS to monitor products of apoptosis generated in

CTL target cells, such as monitoring of Annexin V

binding and the detection of caspase activity and

caspase cleavage, have been introduced as an alterna-

tive to the membranolytic-based detection methods

(Fischer et al., 2002; Jerome et al., 2003a,b).

The induction of apoptosis before the onset of

membrane leakage is one of the hallmarks of the

target cell killing. The role of Granzyme B, and

more recently Granzyme A, in cleaving a number of

proteins such as caspases and other downstream med-

iators of apoptosis in target cells has been well estab-

lished (Pham and Ley, 1997; Lieberman, 2003;

Trapani and Sutton, 2003). Caspases are key enzymes

regulating the apoptotic program leading to DNA

fragmentation in all mammalian cells. Although

experiments using caspase inhibitors and cytoplasts

have shown that caspase 3 and other caspases are not

always needed for target cell death (Henkart et al.,

1997; Lieberman, 2003), the cleavage of caspase 3 as

a direct consequence of the insertion of perforin and

granzymes into CTL target cells can nevertheless be

used as a marker for antigen-specific CTL activity.

Thus, the detection of caspase 3 cleavage and other

early products of apoptosis (e.g., phosphorylated his-

tones) in target cells using FACS may serve as useful

alternative assay to 51Chromium (Cr)-release and

methods measuring target cell membrane lysis. The

caspase 3 cleavage assay has been proposed as an

alternative CTL assay system recently (Jerome et al.,

2003a,b). However, a comprehensive study on the

versatility of the assay in different CTL/target cell

combinations, its applicability to different human

and murine systems, the sensitivity of the assay, and

how it performs relative to other cell-mediated im-

mune response assays such as IFN-g ELISPOT, HLA/

MHC tetramer/pentamer staining, and other FACS-

based methods has not been done.

In the work presented here we optimized a FACS-

based CTL assay using caspase 3 cleavage as a read-

out and tested its applicability to a wide variety of

both human and murine systems immune responses.

We also determined its performance in monitoring

CD8+ T cell responses in comparison to 51Cr-release,

IFN-g ELISPOT, and HLA tetramer/pentamer stain-

ing in human and murine systems. In addition, we

studied the sensitivity limits of the assay in monitor-

ing rare antigen-specific CD8+ effector cells in highly

diluted T-cell populations. Overall, the assay proved

to be highly sensitive, reproducible, and applicable to

a variety of CTL effector cell situations with a variety

of different target cell types. The assay showed the

same degree of specificity and precision as ELISPOT

and 51Cr-release. Moreover, its sensitivity to enumer-

ate antigen-specific T-cell activity in highly diluted

samples of effector cells was comparable to HLA

tetramer/pentamer-based methods.

2. Materials and methods

2.1. Reagents and cell culture media

Anti-cleaved caspase 3 (reactive against both human

and mouse forms) was phycoerythrin (PE)-labeled and

purchased from BD Biosciences (Mississauga, ON).
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