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There is an active interest in tumor immuno-
therapy. Studies over 30 years ago involving 
tumor cell lysates with or without adjuvant have 
now re-emerged, and patients have been shown 
to generate immune responses to tumor antigens. 
Currently, great emphasis for tumor immuno-
therapy is based predominantly on genetic engi-
neering techniques, which have made difficult/
impossible techniques a reality and successful 
tumor immunotherapy a realistic goal. Many 
tumor-specific or -associated antigens have 
been identified (e.g., melanoma antigens, p53, 
MUC1, Her2/neu and carcinoembryonic anti-
gen), which can be produced in large amounts 
by recombinant techniques either as fusion pro-
teins in bacterial or other systems, or as soluble 
molecules in eukaryotic systems. Furthermore, 
synthetic peptides can be made to parts of the 
tumor antigen that are presented by either class I 
or class II MHC molecules. Cytokines have been 
described and, nowadays, there is much more 
knowledge of how the immune system functions, 
in particular how cellular immune responses are 
generated and how peptides can be presented by 
class I or class II MHC molecules. This knowl-
edge has led to the ‘peptide approach’ to tumor 
immunotherapy. Dendritic cells (DCs) have 
also emerged as playing a central role in gener-
ating immune responses in patients with cancer 
and other diseases. Various other methods have 
also been applied for the generation of optimal 
immune responses, such as DNA vaccines, com-
bination gene therapy, hybrid-cell vaccination, 
tumor-cell vaccination and cell-free vaccines. In 
addition, there are now multiple methods for 
measuring cellular immunity: cytotoxic T lym-
phocyte (CTL) activity assays, CTL precursor 

(CTLp) frequency assessment, T-cell prolifera-
tion, delayed-type hyper sensitivity, intracellular 
and extracellular cytokine production by cells in 
culture assessed by flow cytometry or in ELISpot 
assays, cytokine bioplex assays and the use of 
class I/II peptides bound into a tetrameric MHC 
complex that bind to T cells bearing the appro-
priate T-cell receptors. Thus, there is now an 
enormous volume of information and reagents 
available for successful vaccination procedures. 
As the major focus in immunotherapy is on the 
induction of CTL, here we will briefly assess 
methods, for measuring in vitro and in vivo CTL 
and CTLp. We also note that often immune 
assays of T-cell function do not correlate with 
each other.

Measurement of CTL function
Measurement of target cell lysis is the funda-
mental measure of CTL function. CTLs are usu-
ally CD8+ T cells. The gold standard for CTL 
lysis has been the 51Cr-release assay in which 51Cr 
is added to target cells and the amount of 51Cr 
released by lysed cells is measured. Detection of 
mouse or human CTL activity usually relies on 
cytotoxicity assays where the peripheral blood 
mononuclear cells (PBMCs) or spleen cells are 
stimulated with their cognate ligand (usually an 
MHC class I-restricted peptide) and expanded 
by addition of IL-2 over 1 week, and then 
tested for their ability to lyse 51Cr-loaded cells. 
Correlative studies between such bulk PBMC 
cultures tested in standard CTL assays and 
assays that measure the CTLp frequency, have 
shown that the latter have a sensitivity to detect 
greater than one in 80,000 initial CTLs able to 
be reactivated from peripheral blood, whereas 
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the former only detect CTLs reliably if they are in frequencies 
greater than one in 20,000 [1]. More recent studies have attempted 
to use a modification of the ELISpot method to detect low fre-
quencies of CTLs as they secrete cell-lysing molecules such as 
granzyme B and perforin [2]. It is, however, still unclear how 
strongly these ex vivo assays would correlate across vaccine and 
disease models with CTL and CTLp detection, given that the 
latter represent assays that require cells to be reactivated in the 
presence of peptide and IL-2. 

A CTL method has been developed that requires only 150 µl 
of blood from mice without sacrificing the animal. PBMCs are 
stimulated in vitro with a combination of recall peptide or protein, 
cytokines, costimulatory molecules and irradiated feeder cells for 
7 days plated under limiting dilution conditions [3]. This assay 
is very sensitive and antigen specific, and is more efficient than 
conventional CTL assays. The advantage of this assay is that blood 
samples can be isolated from individual mice at various time points 
throughout the course of an in vivo study and CTL responses can 
be monitored. Another approach for CTL measurement is the use 
of flow cytometric ana lysis, or the fluorescent-antigen-transfected 
target cell-CTL assay. These approaches do not require radioac-
tive isotopes to label CTL target cells as do conventional CTL 
assays. Instead, plasmid vectors encoding antigen–green fluores-
cent protein fusion proteins are used to nucleofect target cells. 
Elimination of antigen–green fluorescent protein-expressing cells 
by CTL, in vitro sensitized PBMCs or ex vivo PBMCs is quantified 
following a 4–18 h coculture period by flow cytometry [4]. 

During CTL activation, CTLs release cytoplasmic granules 
that contain serine esterases. The amounts of enzyme released 
during CTL activation could be quantitated by spectrophoto-
metric ana lysis of the colored product of the enzymatic degrada-
tion of a synthetic substrate [5–8]. Measurement of granzyme B 
and perforin has also been used as an alternative to 51Cr-release 
assays [9,10]. Furthermore, a flow cytometry-based assay for CTL 
lysis without the use of 51Cr, which is based on specific binding 
of antibody to activated caspase-3 in target cells, is commonly 
used [11]. This assay is convenient and has enhanced sensitivity 
compared with conventional 51Cr-release assays. Furthermore, 
lactate dehydrogenase (LDH) release is being used as an end point 
for cytotoxicity assays as an alternative to using 51Cr. LDH is 
used as a marker for necrotic cell death [12]. Most cells contain 
LDH and when cells are lysed, LDH could be measured in the 
culture media [13]. More recently, administration of 5-bromo-2-
deoxyuridine (BrdU), a thymidine analog, to activated T cells 
has been used to measure CTL activity. BrdU is taken up by cells 
during the S-phase of the cell cycle, which is then detected by 
an anti-BrdU-fluorochrome antibody by flow cytometry [14,15]. 

Measurement of CTL precursor
Cytotoxic T lymphocyte precursor assays determine the frequency 
of effector CD8+ T cells in a population. An inverse correlation 
has been shown between CTLp and tumor protection in mice [16]. 
CTLp assays are dose–response assays that allow for detection of 
all positive or negative CD8+ T-cell responses in each individual 
culture within replicates that vary in the number of responder cells 

tested. The frequency of positive cultures cannot be demonstrated 
as it is not clear if one or more precursors in the culture well 
are generating the positive response (i.e., lysis of the target cells). 
However, the negative response indicates that there are no precur-
sors of a given specificity. Thus, the measurement of the CTLp 
in the original population is possible by determining the number 
of wells that are negative in the experiment. Multiple cultures are 
set up at different cell concentrations, usually replicates of 32 of at 
least six effector cell doses (ranging from 1 × 103 to 5 × 105 cells per 
well) are used. If the percentage of negative cultures is converted 
to its negative logarithm, the results can be plotted graphically. A 
linear relationship should exist between the dose of effector cells, 
represented on a linear scale, and the frequency of negative wells 
on a logarithmic scale. CTLp frequencies are determined as the 
inverse of effector cell dose required to generate 37% negative wells 
(Figure 1A). In general, a CTLp of one in 10,000 is very high, one 
in 20,000 is high, one in 50,000 is moderate, one in 100,000 is 
weak and less than one in 200,000 is negative.

OT T-cell method for assessing CD4 or CD8 responses
The OT T-cell system is widely used to evaluate ovalbumin 
(OVA)-specific T-cell responses. It encompasses OVA-epitope-
specific CD8+ and CD4+ T cells derived from OTI and OTII 
transgenic mice of the C57BL/6 background, respectively. The 
OT T-cell proliferation assay represents a powerful tool to evalu-
ate the efficacy of vaccines in which OVA is used as the model 
antigen [17]. The method for in vitro OTI and OTII T-cell prolif-
eration uses OTI and OTII T cells that are seeded with varying 
concentrations of purified DCs, which have been preloaded with 
peptide (CD4 and CD8), protein OVA control or the titrated 
OVA-containing vaccine. Proliferation of T cells is monitored 
by addition of [3H]-thymidine. The efficacy of the vaccine is, 
therefore, represented by labeled T-cell proliferation. An example 
of an expected result is shown by our previous studies, in which 
a novel OVA vaccine is evaluated (Figure 1B & 1C) [18]. 

The incorporation of 5-(and 6-) carboxyfluorescein diacetate 
succinimidyl ester (CFSE) into cells has recently become a popular 
method to monitor cell division and differentiation, and cell pro-
liferation versus apoptosis both in vivo and in vitro. The incorpora-
tion of CFSE into cells has also been used to analyze responses of 
lymphocytes (T cells) in vivo [19]. Purified OTI and OTII T cells 
are labeled with CFSE and become responsive ‘reporter cells’ to 
achieve evaluation of vaccine immuno genicity elicited after immu-
nization [20]. Specifically, CFSE-labeled OT cells are introduced 
into C57BL/6 mice preimmunized with the OVA vaccine. The 
extent of splenic OT T-cell proliferation should correlate with the 
efficacy of OVA presentation by DCs. The level of T-cell prolif-
eration is visualized by the descending CFSE fluorescence. An 
example from our previous study of OTI T-cell proliferation by 
OVA plus CpG immunization is shown (Figure 1D).

Parameters for effective CD4 & CD8 T-cell induction
The route of immunization is an important factor for efficient 
CTL generation. Intraperitoneal, intradermal, intravenous and 
intramuscular routes are commonly used in mice. Subcutaneous 
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injections of antigen usually give low 
CTLp frequencies in mice [16,21,22]. The 
dose of antigen used to inject is also impor-
tant; lower doses usually stimulate cellular 
(CD8) immunity whereas higher anti-
gen doses stimulate humoral (antibody) 
immunity [16,23]. Increases in immuno-
genicity can be achieved by formulating 
antigen with adjuvants (e.g., glutaminyl 
muramyl dipeptide, muramyl dipep-
tide, incomplete Freund’s adjuvant and 
AdjuPrime™ [Pierce, IL, USA]) [16], 
making it into a particle [24–26] or by the 
addition of cytokines (e.g., IL-4, IFN-g, 
IL-12 and GM-CSF) [27–33].

IL-2 is strictly required in the process 
of cytotoxic CD8+ T-memory induction 
and survival. Less is known regarding its 
role in memory CD4+ T-cell generation. 
This is important not just in the context 
of the CD4+ T cells themselves, but also 
because their activity is, in turn, necessary 
to support effective recall cytotoxic CD8+ 
T-cell and antibody responses. Adoptive 
transfer studies of in vitro-primed T cells 
into IL-2-knockout mice suggest that 
IL-2 is necessary for CD4+ T-cell prim-
ing to enable long-term survival of CD4+ 
memory T cells in vivo [34]. In addition to 
promoting both CD8+ and CD4+ T-cell 
division, IL-2 keeps T cells alive through 
induction of the anti-apoptotic molecule 
Bcl-2 [34]. It has also been proposed that 
CD4+ T cells that secrete IL-2 during a pri-
mary response subsequently preferentially 
differentiate into effector and memory 
cells [35]. Indeed, intermittent administra-
tion of IL-2 in patients with HIV helps 
sustain CD4+ T-cell baseline levels [36]. 
Importantly, although effector memory 
cells are expanded, central memory cells 
exhibit prolonged survival. CD4+ memory 
T cells further usually express high levels 
of IL-7 receptor (IL-7R), and IL-7 can 
promote resting CD4+ memory T-cell 
survival in vitro and in vivo [37]. IL-2 can 
also regulate IL-7R expression on CD4+ 
T cells, perhaps programming memory 
cells to enhance their survival in  vivo. 
Another proproliferative cytokine, IL-15, 
can induce proliferation of effector mem-
ory CD4 T cells and promote their migra-
tion to extralymphoid effector sites [38]. 
IL-21, produced by Th2 CD4+ T cells, also 
has the ability to co stimulate CD4+ T-cell 
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Figure 1. Example of CTLp, OTI, OTII and CSFE experiments. (A) Typical example of 
cytotoxic T lymphocyte precursor (CTLp), illustrating a linear relationship between the 
dose of effector cells, represented on a linear scale, and the frequency of negative wells 
on a logarithmic scale. CTLp frequencies are determined as the inverse of effector cell 
dose required to generate 37% negative wells. Representative CTLp frequency is 
1/10,000. (B) Vaccine OVA-pulsed DCs induce high levels of MHC class I and II 
presentation, leading to CD4+ and CD8+ T-cell proliferation. Titrated DCs preloaded with 
control peptides, vaccine OVA and OVA were coincubated with OTI or OTII T cells. 
(C) Coimmunization of CpG with OVA induces the CD8+ T-cell response. CSFE-labeled OTI 
T cells were transferred into a mouse preimmunized with OVA or OVA/CpG. At day 3, 
splenocytes are harvested and analyzed for division of CFSE-labeled T cells.  
CSFE: Carboxyfluorescein diacetate succinimidyl ester; DC: Dendritic cell; OTI: Ovalbumin-
specific CD8+ T cells from OTI T-cell receptor transgenic mice; OTII: Ovalbumin-specific 
CD8+ T cells from OTII T-cell receptor transgenic mice; OVA: Ovalbumin.
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proliferation and to enhance CD4 memory responses. On the 
basis of the aforementioned evidence and other similar studies, 
common g-chain cytokine-expressing plasmids are being incor-
porating in vaccines to promote expansion of memory T cells [39]. 
Based on these cytokines, one would predict that strong protec-
tive CD4+ T-cell and cytotoxic CD8+ T-cell immunity could be 
elicited. Results from malaria vaccine studies in humans support 
this hypothesis. However, the nature of the protective immunity 
to malaria vaccines tested in human trials has yet to be confirmed. 
The ex vivo ELISpot assay (IFN-g) fails to correlate with protec-
tion in a range of malaria vaccine studies in humans. However, 
malaria antigen-specific IFN-g responses elicited following 2 
weeks coculture with IL-2 (the cultured ELISpot method) cor-
relates with protection in humans, such as in the case of the 
leading malaria vaccine RTS,S/AS02 [40] as well as heterologous 
prime–boost regimens involving DNA, modified vaccinia virus 
Ankara or fowlpox virus 9 [41], highlighting the importance of 
measuring the induction of central memory T cells. 

Expert commentary & five-year view
A central question in vaccine development is whether the 
immune responses being measured after immunization (usually 
in the short term) will be able to predict the induction of long-
term memory that can be elicited by the challenge pathogen 
and protect against disease. Many studies have now shown that 

diverse assays such as the widely used ex vivo ELISpot often do 
not correlate in mice or humans with proliferative assays [42] 
or assays where central memory CD4+ or CD8+ T cells are 
expanded first with antigen in the presence of growth cytokines 
such as IL-2 followed by assessment of their capacity to kill (CTL 
assay) or secrete cytokines [42–44]. Indeed, the capacity to secrete 
a specific cytokine often does not correlate with other cytokines, 
regardless of the assay used [45,46]. Finding immune correlates of 
protection, particularly in diseases where T cells play a key role 
in mediating it, such as cancer, HIV and malaria, is a difficult 
task. However, although each disease is different and, thus, the 
nature of protective immunity may also differ, we suggest that 
assessment of common factors and cytokines that promote the 
survival and expansion of both CD8+ and CD4+ memory T cells 
and therefore long-term immunity may offer a way forward for 
predicting long-term vaccine efficacy. 
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Key issues

• Conventional 51Cr-release assays to measure cytoxic T lymphocyte (CTL) activity is an effective measure of CD8+ effector-cell 
development. Other current assays detect CD8 T cells that produce cytokines (ELISpot, intracellular cytokine staining and cytokine 
bioplex assay) and are useful, but often do not correlate with CTL activity.

• However, even in diseases where CTLs are associated with protection, the measurement of cytokines that promote long-term CD8 and 
CD4 T-cell survival is likely to be critical in predicting long-term protection.

• CTL precursor is the measure of the frequency of CD8+ T-cell generation to a specific antigen, and is more sensitive to conventional 
CTL assays.

• New methods for CTL measurement have been devised, some of which include lactate dehydrogenase, caspase-3, granzyme B, serine 
esterases, bromodeoxyuridine uptake and fluorescence detection, which are more sensitive to conventional 51Cr-release assays and 
more user-friendly than the highly sensitive CTL precursor method. In addition, carboxyfluorescein diacetate succinimidyl ester dilution 
has been used to measure T-cell division using flow cytometry after antigen immunization both in vitro and in vivo.

• In vivo and in vitro OTI and OTII cells have been used to determine the induction of effective CD4 and CD8 T cells.

• Route, dose and cytokines play important roles in the generation of effector T cells, and the release of such cytokines is important to 
determine long-lasting immunity.

References
Papers of special note have been highlighted as:
•  of interest

1 Plebanski M, Aidoo M, Whittle HC, 
Hill AV. Precursor frequency analysis of 
cytotoxic T lymphocytes to pre-erythrocytic 
antigens of Plasmodium falciparum in West 
Africa. J. Immunol. 158(6), 2849–2855 
(1997).

2 Kuerten S, Nowacki TM, Kleen TO, 
Asaad RJ, Lehmann PV, Tary-
Lehmann M. Dissociated production of 
perforin, granzyme B, and IFN-g by 

HIV-specific CD8+ cells in HIV infection. 
AIDS Res. Hum. Retroviruses 24(1), 62–71 
(2008).

3 Swiniarski H, Sturmhoefel K, Lee K, 
Wolf SF, Dorner AJ, O’Toole M. A CTL 
assay requiring only 150 microliter of mouse 
blood. J. Immunol. Methods 233(1–2), 1–11 
(2000).

4 van Baalen CA, Gruters RA, Berkhoff EG, 
Osterhaus AD, Rimmelzwaan GF. 
FATT-CTL assay for detection of 
antigen-specific cell-mediated cytotoxicity. 
Cytometry A 73(11), 1058–1065 (2008).

•	 Demonstrates	fluorescent	antigen-
transfected	target	cell	cytotoxic	
T-lymphocye	(CTL)	assay	method.

5 Kranz DM, Pasternack MS, Eisen HN. 
Recognition and lysis of target cells by 
cytotoxic T lymphocytes. Fed. Proc. 46(2), 
309–312 (1987).

6 Moffat JM, Gebhardt T, Doherty PC, 
Turner SJ, Mintern JD. Granzyme A 
expression reveals distinct cytolytic CTL 
subsets following influenza A virus 
infection. Eur. J. Immunol. 39(5), 
1203–1210 (2009).

Plebanski, Katsara, Sheng, Xiang & Apostolopoulos



www.expert-reviews.com 599

Review

7 Taffs R, Sitkovsky M, Takayama H. 
Granule enzyme exocytosis assay for 
cytotoxic T lymphocyte activation. Curr. 
Protoc. Immunol. 3(3), 16 (2001).

8 Vanhoutte VJ, McAulay KA, McCarrell E, 
Turner M, Crawford DH, Haque T. 
Cytolytic mechanisms and T-cell receptor 
Vbeta usage by ex vivo generated 
Epstein–Barr virus-specific cytotoxic 
T lymphocytes. Immunology 127(4), 
577–586 (2009).

9 Ewen C, Kane KP, Shostak I et al. A novel 
cytotoxicity assay to evaluate antigen-
specific CTL responses using a colorimetric 
substrate for granzyme B. J. Immunol. 
Methods 276(1–2), 89–101 (2003).

10 Wonderlich J, Shearer G, Livingstone A, 
Brooks A. Induction and measurement of 
cytotoxic T lymphocyte activity. Curr. 
Protoc. Immunol. 3(3), 11 (2006).

11 Jerome KR, Sloan DD, Aubert M. 
Measurement of CTL-induced 
cytotoxicity: the caspase 3 assay. Apoptosis 
8(6), 563–571 (2003).

•	 Demonstrates	caspase-3	CTL	
assay	method.

12 Valentovic MA, Ball JG. 2-aminophenol 
and 4-aminophenol toxicity in renal slices 
from Sprague-Dawley and Fischer 344 rats. 
J. Toxicol. Environ. Health A 55(3), 
225–240 (1998).

•	 Study	demonstrating	lactate	
dehydrogenase	CTL	assay	method.

13 Kendig DM, Tarloff JB. Inactivation of 
lactate dehydrogenase by several chemicals: 
implications for in vitro toxicology studies. 
Toxicol. In Vitro 21(1), 125–132 (2007).

14 Mishra D, Mishra PK, Dubey V, Nahar M, 
Dabadghao S, Jain NK. Systemic and 
mucosal immune response induced by 
transcutaneous immunization using 
hepatitis B surface antigen-loaded modified 
liposomes. Eur. J. Pharm. Sci. 33(4–5), 
424–433 (2008).

15 Tough DF, Sprent J, Stephens GL. 
Measurement of T and B cell turnover with 
bromodeoxyuridine. Curr. Protoc. 
Immunol. Chapter 4, Unit 4.7 (2007).

16 Pietersz GA, Li W, Popovski V, 
Caruana JA, Apostolopoulos V, 
McKenzie IF. Parameters for using 
mannan–MUC1 fusion protein to induce 
cellular immunity. Cancer Immunol. 
Immunother. 45(6), 321–326 (1998).

17 Li M, Davey GM, Sutherland RM et al. 
Cell-associated ovalbumin is cross-
presented much more efficiently than 
soluble ovalbumin in vivo. J. Immunol. 
166(10), 6099–6103 (2001).

18 Sheng KC, Kalkanidis M, Pouniotis DS 
et al. Delivery of antigen using a novel 
mannosylated dendrimer potentiates 
immunogenicity in vitro and in vivo. Eur. J. 
Immunol. 38(2), 424–436 (2008).

•	 Study	demonstrating	the	use	of	OTI	and	
OTII	to	measure	vaccine	efficacy.

19 Parish CR, Glidden MH, Quah BJ, 
Warren HS. Use of the intracellular 
fluorescent dye CFSE to monitor 
lymphocyte migration and proliferation. 
Curr. Protoc. Immunol. 4(4), 9 (2009).

20 Quah BJ, Warren HS, Parish CR. 
Monitoring lymphocyte proliferation 
in vitro and in vivo with the intracellular 
fluorescent dye carboxyfluorescein diacetate 
succinimidyl ester. Nat. Protoc. 2(9), 
2049–2056 (2007).

21 Apostolopoulos V, Pietersz GA, 
Loveland BE, Sandrin MS, McKenzie IF. 
Oxidative/reductive conjugation of 
mannan to antigen selects for T1 or T2 
immune responses. Proc. Natl Acad. Sci. 
USA 92(22), 10128–10132 (1995).

22 Apostolopoulos V, Pietersz GA, 
McKenzie IF. Cell-mediated immune 
responses to MUC1 fusion protein coupled 
to mannan. Vaccine 14(9), 930–938 
(1996).

23 Lofthouse SA, Apostolopoulos V, 
Pietersz GA, Li W, McKenzie IF. Induction 
of T1 (cytotoxic lymphocyte) and/or T2 
(antibody) responses to a mucin-1 tumour 
antigen. Vaccine 15(14), 1586–1593 (1997).

24 Fifis T, Gamvrellis A, Crimeen-Irwin B 
et al. Size-dependent immunogenicity: 
therapeutic and protective properties of 
nano-vaccines against tumors. J. Immunol. 
173(5), 3148–3154 (2004).

25 Xiang SD, Scalzo-Inguanti K, Minigo G, 
Park A, Hardy CL, Plebanski M. Promising 
particle-based vaccines in cancer therapy. 
Expert Rev. Vaccines 7(7), 1103–1119 
(2008).

26 Xiang SD, Scholzen A, Minigo G et al. 
Pathogen recognition and development of 
particulate vaccines: does size matter? 
Methods 40(1), 1–9 (2006).

27 Apostolopoulos V, Lofthouse SA, 
Popovski V, Chelvanayagam G, 
Sandrin MS, McKenzie IF. Peptide mimics 
of a tumor antigen induce functional 
cytotoxic T cells. Nat. Biotechnol. 16(3), 
276–280 (1998).

28 Apostolopoulos V, McKenzie IF, Lees C, 
Matthaei KI, Young IG. A role for IL-5 in 
the induction of cytotoxic T lymphocytes 
in vivo. Eur. J. Immunol. 30(6), 1733–1739 
(2000).

29 Apostolopoulos V, Osinski C, 
McKenzie IF. MUC1 cross-reactive Gal 
a(1,3)Gal antibodies in humans switch 
immune responses from cellular to 
humoral. Nat. Med. 4(3), 315–320 (1998).

30 Lees CJ, Apostolopoulos V, Acres B, 
Ong CS, Popovski V, McKenzie IF. 
The effect of T1 and T2 cytokines on the 
cytotoxic T cell response to mannan-
MUC1. Cancer Immunol. Immunother. 
48(11), 644–652 (2000).

31 Lees CJ, Apostolopoulos V, Acres B et al. 
Immunotherapy with mannan-MUC1 and 
IL-12 in MUC1 transgenic mice. Vaccine 
19(2–3), 158–162 (2000).

32 Lees CJ, Apostolopoulos V, McKenzie IF. 
Cytokine production from murine CD4 
and CD8 cells after mannan-MUC1 
immunization. J. Interferon Cytokine Res. 
19(12), 1373–1379 (1999).

33 McKenzie IF, Apostolopoulos V, Lees C 
et al. Oxidised mannan antigen conjugates 
preferentially stimulate T1 type immune 
responses. Vet. Immunol. Immunopathol. 
63(1–2), 185–190 (1998).

34 Dooms H, Kahn E, Knoechel B, 
Abbas AK. IL-2 induces a competitive 
survival advantage in T lymphocytes. 
J. Immunol. 172(10), 5973–5979 (2004).

35 Saparov A, Wagner FH, Zheng R et al. 
Interleukin-2 expression by a subpopulation 
of primary T cells is linked to enhanced 
memory/effector function. Immunity 11(3), 
271–280 (1999).

36 Kovacs JA, Lempicki RA, Sidorov IA et al. 
Induction of prolonged survival of CD4+ 
T lymphocytes by intermittent IL-2 
therapy in HIV-infected patients. J. Clin. 
Invest. 115(8), 2139–2148 (2005).

•	 Study	demonstrating	the	importance	of	
IL-2	in	immunotherapy.

37 Kondrack RM, Harbertson J, Tan JT, 
McBreen ME, Surh CD, Bradley LM. 
Interleukin 7 regulates the survival and 
generation of memory CD4 cells. J. Exp. 
Med. 198(12), 1797–1806 (2003).

38 Picker LJ, Reed-Inderbitzin EF, Hagen SI 
et al. IL-15 induces CD4 effector memory 
T cell production and tissue emigration in 
nonhuman primates. J. Clin. Invest. 116(6), 
1514–1524 (2006).

39 Lori F, Weiner DB, Calarota SA, Kelly LM, 
Lisziewicz J. Cytokine-adjuvanted 
HIV-DNA vaccination strategies. Springer 
Semin. Immunopathol. 28(3), 231–238 
(2006).

40 Sun P, Schwenk R, White K et al. 
Protective immunity induced with malaria 
vaccine, RTS,S, is linked to Plasmodium 

Methods to measure T-cell responses



Expert Rev. Vaccines 9(6), (2010)600

Review

falciparum circumsporozoite protein-
specific CD4+ and CD8+ T cells producing 
IFN-g. J. Immunol. 171(12), 6961–6967 
(2003).

41 Keating SM, Bejon P, Berthoud T et al. 
Durable human memory T cells 
quantifiable by cultured enzyme-linked 
immunospot assays are induced by 
heterologous prime boost immunization 
and correlate with protection against 
malaria. J. Immunol. 175(9), 5675–5680 
(2005).

42 Reece WH, Pinder M, Gothard PK et al. 
A CD4+ T-cell immune response to a 
conserved epitope in the circumsporozoite 
protein correlates with protection from 

natural Plasmodium falciparum infection 
and disease. Nat. Med. 10(4), 406–410 
(2004).

•	 Study	showing	central	memory	CD4+	
T-cell	induction	correlates	to	protection.

43 Plebanski M, Gilbert SC, Gupta S et al. 
Association of malaria parasite population 
structure, HLA, and immunological 
antagonism. Science 279(5354), 1173–1177 
(1998).

44 Plebanski M. Chapter I. Preparation of 
lymphocytes and identification of 
lymphocyte sub-populations. 
In: Lymphocytes – A Practical Approach. 
McMichael AJ (Ed.). IRL Press, Oxford, 
UK, 1–26 (1999)

45 Flanagan KL, Plebanski M, Akinwunmi P 
et al. Broadly distributed T cell reactivity, 
with no immunodominant loci, to the 
pre-erythrocytic antigen thrombospondin-
related adhesive protein of Plasmodium 
falciparum in West Africans. Eur. J. 
Immunol. 29(6), 1943–1954 (1999).

46 Flanagan KL, Plebanski M, Odhiambo K 
et al. Cellular reactivity to the P. falciparum 
protein trap in adult kenyans: novel 
epitopes, complex cytokine patterns, and 
the impact of natural antigenic variation. 
Am. J. Trop. Med. Hygiene 74(3), 367–375 
(2006).

Plebanski, Katsara, Sheng, Xiang & Apostolopoulos



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


