
T cells have an essential role in protection against a vari‑
ety of infections. Indeed, the development of successful 
vaccines against HIV, malaria or tuberculosis will require 
the generation of potent and durable T‑cell responses 
(box 1). Although a variety of promising vaccine formula‑
tions that are capable of eliciting strong T‑cell immunity 
are currently being tested in humans, there are still no 
clearly defined immune correlates of protection for these 
infections. As T cells are functionally heterogeneous and 
mediate their effects through a variety of mechanisms, a 
major hurdle in quantifying protective T‑cell responses 
has been the technical limitations in assessing the com‑
plexity of such responses. Methods to define the full char‑
acteristics of T cells are crucial for developing preventative 
and therapeutic vaccines for infections and cancer.

The fundamental characteristic in describing a T‑cell 
response is its magnitude. This is commonly represented 
as the frequency of antigen-specific T cells or the expres‑
sion of a specific effector function, such as interferon‑γ 
(IFNγ) production. However, the magnitude of a T-cell 
response as measured by a single parameter does not 
reflect its full functional potential. In this regard, the 
range of T‑cell functions include the ability to proliferate 
or induce proliferation of other cells (through the secre‑
tion of growth factors), organize immune responses (by 
secreting chemoattractants) and carry out effector func‑
tions by directly killing infected cells through cytolytic 
mechanisms or secretion of cytokines. These functions 
can be expressed in complex combinations that we define 
as the ‘quality’ of the T‑cell response. This quality can be 
defined on an individual T-cell basis or for a population 

of antigen-specific T cells. Currently, flow cytometry is 
the only technique that can simultaneously characterize 
multiple functions, enabling a broad assessment of the 
magnitude, phenotype and functional capacity of T‑cell 
effector functions1.

As we discuss in this Review article, a series of recent 
studies in mice, non-human primates and humans used 
multiparameter flow cytometry to characterize the qual‑
ity of the T‑cell response following immunization with 
various vaccines or after certain viral or parasitic infec‑
tions2–8. The results provide compelling evidence that 
the quality of the T‑cell response is a crucial factor in 
defining a protective T‑cell response. In addition, recent 
results provide a mechanism for why distinct functional 
populations of cytokine-producing T cells are better effec‑
tors. We focus on the quality of CD4+ and CD8+ T‑cell 
responses in the context of disease pathogenesis and vac‑
cine development for viral, parasitic and mycobacterial 
infections. Although it is likely that regulatory T cells or 
inhibitory cytokines such as interleukin‑10 (IL‑10) will 
have a substantial influence on the magnitude and quality 
of such responses, discussion of their role will not be cov‑
ered. Finally, this Review should inform the reader as to 
the importance of using multiparameter flow cytometry 
to address fundamental questions about memory and  
effector T‑cell differentiation.

Multiparameter cytometry and T‑cell quality
As a population, T cells exhibit marked heterogeneity9,10 
and are capable of a broad array of functions; individual 
T cells may carry out a particular subset of these functions. 
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Correlates of protection
A measurable predictor of an 
individual’s immunity to a 
pathogen following vaccination 
or infection. For most licensed 
vaccines, antibody titres serve 
as a strong immune correlate 
of protection.

Magnitude of a T-cell 
response
This term generally refers to a 
quantitative measurement of 
the T-cell response, often 
expressed as the frequency of 
CD4+ or CD8+ T cells that are 
antigen specific. It can also 
refer to bulk measurements, 
such as total cytokine 
secretion, cytolytic activity  
or proliferation.

T-cell quality in memory and 
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Abstract | T cells mediate effector functions through a variety of mechanisms. Recently, 
multiparameter flow cytometry has allowed a simultaneous assessment of the phenotype 
and multiple effector functions of single T cells; the delineation of T cells into distinct 
functional populations defines the quality of the response. New evidence suggests that the 
quality of T‑cell responses is crucial for determining the disease outcome to various 
infections. This Review highlights the importance of using multiparameter flow cytometry to 
better understand the functional capacity of effector and memory T‑cell responses, thereby 
enabling the development of preventative and therapeutic vaccine strategies for infections.
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Box 1 | Immune correlates for vaccine-elicited protection against disease

Protection against HIV will most likely require both humoral and cellular immunity. 
Neutralizing antibodies can prevent infection, whereas cytotoxic CD8+ T cells can 
contain viral load and prevent the onset of disease. The role of vaccine-induced CD4+ 
T cells is most likely to optimize and maintain CD8+ memory T cells, as well as to 
enhance antibody responses, however, their role as a direct effector against virally 
infected cells remains unclear. The immune response required to protect against 
malaria infection is stage-specific. The production of neutralizing antibodies would be 
crucial during the pre-liver stage and the blood stage of malaria infection. During the 
liver stage of infection, it is probable that both CD4+ and CD8+ T cells can contribute to 
protection. For Mycobacterium tuberculosis and cutaneous Leishmania major infection, 
T helper 1 (TH1) ‑type responses are necessary and may be sufficient for vaccine-elicited 
protection. CD8+ T cells have an important role in protection following natural 
infection and may be important for optimizing vaccine efficacy. 

Quality of the T-cell 
response
The quality of a T‑cell response 
is distinct from the phenotype 
or frequency of the T cells and 
refers to the specific 
combination of functions that 
the T cells are capable of 
carrying out. T‑cell responses 
with a better quality (that is,  
a greater degree of 
multifunctionality) have been 
shown to correlate with disease 
non-progression and 
protection in some models.

T helper 1 (TH1) and  
TH2 cells
Functional subsets of CD4+ 
T cells expressing the αβ-T‑cell 
receptor that produce either 
type‑1 cytokines (IL‑2, IFNγ 
and other cytokines that 
support macrophage 
activation, the generation of 
cytotoxic T cells and the 
production of opsonizing 
antibodies), or type‑2 
cytokines (IL‑4, IL‑5, IL‑13 and 
other cytokines that support 
B‑cell activation, production of 
non-opsonizing antibodies, 
allergic reactions and expulsion 
of extracellular parasites).

Dump channel
A flow cytometric 
measurement that combines 
the fluorescence from reagents 
specific for dead or unwanted 
cells to eliminate those cells 
within a single gate.

For example, it has long been known that there are strong 
biases in the specific types of cytokines expressed by 
CD4+ T cells. The discovery that CD4+ T cells that secrete 
IFNγ and IL‑4 could be segregated into subsets termed  
T helper 1 (TH1) and TH2 cells, respectively, provided a semi‑
nal demonstration of functional heterogeneity11. Within 
this particular paradigm, there are well-established models 
showing that one or the other TH‑cell subset is the protec‑
tive element against certain diseases or infections. On this 
basis, one can predict that the most effective T cells in a 
protective immune response against any given infectious 
agent may come from a particular functionally defined 
subset of T cells that express a unique combination of 
effector functions.

Flow cytometry is a powerful technology that is capa‑
ble of quantifying individual functions independently and 
simultaneously on a single-cell basis (and, in some cases, 
under conditions that can preserve the viability of the 
cell for further use). Quantification of multiple functions 
of T cells requires at least six‑colour technology (FIG. 1): 
three colours to identify the T-cell lineage (typically, these 
label CD3, CD4 and CD8), one colour for viability and/or 
as a dump channel to remove unwanted cell populations, 
and two or more colours devoted to the effector functions 
of interest (FIG. 1a). Furthermore, delineation of memory 
T-cell subsets requires an additional two or more colours 
to distinguish differentiation stages.

Initial studies characterizing T‑cell responses using 
IL‑2 and IFNγ production revealed that antigen-specific 
T‑cell populations include subsets of T cells that express 
different combinations of these two cytokines, and that 
the relative contributions of these subsets was highly 
relevant for clinical and immunological function12,13 
(see later). Because T cells are capable of many more func‑
tions than just the production of these two cytokines, a 
substantial fraction of the antigen-specific population 
may be missed even with two-function measurements. 
By expanding the assay to encompass three to five differ‑
ent functions, a larger fraction of the antigen-specific 

response is obtained. Of note, the number of possible 
functionally unique subsets increases geometrically with 
the number of measurements made. By applying Boolean 
gating, all possible combinations of T cells that produce 
the cytokines measured can be determined (FIG. 1b). 
Therefore, by measuring IL‑2 and IFNγ (that is, meas‑
uring two simultaneous functions), there are three pos‑
sible functional states: two single producer states (only 
IL‑2 expression or only IFNγ expression), and a double 
producer state (expression of both IFNγ and IL‑2). 
Measuring three simultaneous functions therefore leads 
to seven functional states (FIG. 1c), whereas five functions 
leads to 31 states. In general, not all possible combina‑
tions are represented in any given antigen response; 
rather, the overall response is typically limited to a subset 
of the individual combinations of the functions. Based 
on the frequency of each distinct functional subset, a 
pie chart can be assembled to show the composition of a 
total cytokine response (FIG. 1c). It should be noted that 
the precision with which the quality of a response can be 
determined is based on the number of events collected; 
the subdivision of a low-level response into multiple cat‑
egories must be done with careful consideration of the 
inherent variability of counting such rare populations. 
Tools for statistical analysis of the quality of the response 
are only now being developed and assessed; in general, 
these analyses require the collection of more than one 
million events per sample.

The remainder of the Review highlights how this 
extended analysis provides insight into basic T‑cell biol‑
ogy and has relevance for vaccine design and protection 
against infection.

Determining which functions to measure. The frequency 
of IFNγ-producing T cells has been the most widely 
used parameter to assess vaccine-induced responses 
specific for infections that require cellular immunity 
for protection. In terms of effector function, IFNγ has 
been shown to have a role in the clearance of various 
bacterial, parasitic, viral or fungal infections14–16; how‑
ever, there are many examples in which the frequency of 
IFNγ-producing T cells is not a sufficient immune cor‑
relate of protection17–19. In this regard, tumour-necrosis 
factor (TNF) is another cytokine capable of mediating 
the killing of a variety of intracellular infectious viruses, 
bacteria and parasites20,21. Furthermore, production 
of IFNγ and TNF together lead to enhanced killing of 
Leishmania major and Mycobacterium tuberculosis22–24 
compared with either cytokine alone22.

The third cytokine in the panel should be IL‑2. 
Although IL‑2 has little direct effector function, it pro‑
motes the expansion of CD4+ and CD8+ T cells, thereby 
serving to amplify effector T‑cell responses. IL‑2 may also 
be crucial for ‘programming’ CD8+ T cells for improved 
memory capacity and effector function25. Finally, IL‑2 
produced by T cells can enhance natural killer (NK)-cell 
activity that could contribute to the early control of infec‑
tion following challenge. Therefore, IL‑2, TNF and IFNγ 
provide a relatively simple set of cytokines that can be 
used to define a vaccine-elicited response against specific 
infections that require T cells for protection.

Infection Neutralizing antibody CD4+ T cells CD8+ T cells

HIV +++ ? +++

Malaria +++ ++ +++

Tuberculosis ? +++ ++

Leishmaniasis – +++ +
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Boolean gating
A flow cytometric data analysis 
technique in which cells are 
divided into all possible 
combinations of the functions 
measured by using the 
Boolean operations ‘and’ and 
‘not’ on analysis gates applied 
to those measurements. These 
populations of cells can be 
expressed as absolute 
frequencies or as a fraction of 
the total response.

Figure 1 | Functional characterization of distinct populations of T‑cell responses using multiparameter flow 
cytometry. a | A typical ‘gating tree’ hierarchically identifies unique functional subsets of CD4+ and CD8+ T cells based 
on the fluorescence staining of live cells and on the expression of other relevant markers, such as CD3, CD4, CD8, 
CD45RA, CC‑chemokine receptor 7 (CCR7), interferon‑γ (IFNγ), interleukin‑2 (IL‑2) and tumour-necrosis factor (TNF), 
following antigenic stimulation. The viability marker (ViViD) excludes dead cells that can often show non-specific binding 
to other reagents. Live, CD3+ T cells are separated into CD4+ and CD8+ T‑cell lineages; within each lineage, memory 
T cells are selected based on the expression of (for example) CCR7 and CD45RA. Other combinations of differentiation 
markers can similarly exclude naive T cells from functional analysis. b | Within the memory T‑cell population (only the 
CD4+ memory T-cell subset is shown), the subset of cells that express each functional marker (for example, IFNγ, TNF and 
IL‑2) is entered into a ‘Boolean gating’ analysis that separately identifies the seven subsets that express each possible 
combination of functions. c | The frequency of each functional subset within the memory T‑cell population is shown in 
the bar chart; the representation can also be shown as a fraction of the total response in a pie chart. Here, the subsets 
that simultaneously express one (blue), two (green) or three (red) different cytokines are grouped by colour. FSC, forward 
scatter; SSC, side scatter.
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Perforin
A component of cytolytic 
granules that permeabilizes 
plasma membranes, allowing 
granzymes and other cytotoxic 
components to enter target 
cells.

Granzymes
Secreted serine proteases that 
enter target cells through 
perforin pores, and cleave and 
activate intracellular caspases 
that lead to the induction of 
apoptosis of target cells.

CD107
A lysosomal-associated 
membrane protein (LAMP) 
associated with cytolytic 
granules that can be detected 
on the surface of T cells 
following degranulation.

Long-term non-progressors
(LTNPs). There is no universally 
adopted definition of LTNPs, 
and often the term LTNP is 
used interchangeably with HIV 
controller, because control of 
viraemia is strongly predictive 
of LTNP. Loosely, LTNP refers 
to individuals infected with HIV 
whose plasma viral load is less 
than 1,000 HIV RNA copies 
per ml for extended periods. 
Stricter definitions of LTNP 
include the duration of 
infection and the number of 
CD4+ T cells.

Multifunctional CD4+ T cells
Also referred to as 
polyfunctional T cells, these are 
CD4+ T cells (or CD8+ T cells in 
the case of multifunctional 
CD8+ T cells) that have two or 
more functions including, but 
not limited to, the 
degranulation or the 
production of cytokines or 
chemokines. The development 
of multiparameter flow 
cytometry has facilitated this 
extensive analysis of T‑cell 
effector functions at the single-
cell level. 

In addition to cytokines, CD8+ (and some CD4+) 
T cells mediate cytolytic activity through the release of 
perforin or granzymes. Measuring these directly (or by 
using CD107 as an indirect measure of degranulation) 
provides further insight into important effector path‑
ways26, especially for viral infections such as HIV. Also, 
chemokines such as CC‑chemokine ligand 4 (CCL4; 
previously known as MIP‑1β) may act as antagonists to 
HIV infection27. Finally, the expression of CD154 (also 
known as CD40L) can be used to identify TH1 cells that 
provide help for humoral responses as well as activate 
dendritic cells (DCs)28. In conclusion, combinations of 
these functions together with the simple set of cytokines 
provide a more detailed picture of the antigen-specific 
T‑cell response. 

Functional heterogeneity of T‑cell responses
Much of the data that correlates T‑cell quality with 
clinical outcome has been generated from studies on 
HIV infection2,8,12,29. HIV infection is a useful model for 
assessing the clinical importance of T‑cell quality for 
several reasons. First, although CD8+ T‑cell responses 
are crucial for controlling HIV infection, the magni‑
tude of such responses does not correlate with disease 
progression30,31. Second, differences in the proliferative 
capacity rather than the magnitude of HIV-specific 
CD4+ T cells have been associated with improved con‑
trol of infection32,33. Furthermore, production of IL‑2 by 
HIV-specific CD4+ T cells supports their proliferative 
capacity and may enhance HIV-specific CD8+ T‑cell 
function34,35. Third, comparing T‑cell responses from 
long-term non-progressors (LTNPs) or individuals on drug 
treatment with those with progressive disease allows 
for a correlation between the magnitude and quality of 
T‑cell responses with the clinical course of infection in 
the context of varying levels of viral load.

Quality of CD4+ T‑cell responses during infection. Initial 
studies analysing the production of IL‑2 and IFNγ by 
CD4+ T cells from individuals infected with HIV 
showed that LTNPs, or individuals treated with antiviral 
therapy, had increased frequencies of T cells expressing 
IL‑2 only or both IL-2 and IFNγ, whereas progressors 
had predominantly CD4+ T cells that only produced 
IFNγ (REFS 12,13,36,37). Similar results were observed 
in the course of infection with chronic hepatitis C virus 
(HCV)38 or M. tuberculosis39. More recently, multi‑
parameter flow cytometry using IL‑2, TNF and IFNγ 
with CD107 and CCL4 has been used to delineate 31 
functional populations of T cells specific for HIV and 
cytomegalovirus (CMV)3. In comparing HIV-infected 
progressors with LTNPs there was a dramatic differ‑
ence in the quality of the T‑cell responses. Individuals 
with high viral loads had increased frequencies of 
T cells producing IFNγ only, and these cells constituted 
~40–50% of the total cytokine response. By contrast, the 
frequencies of IFNγ+TNF+IL‑2+ or IL‑2+IFNγ+ T cells 
represented ~50% of the total responses from LTNPs 
or individuals on anti-retroviral treatment7,8. Therefore, 
improved control of HIV was associated with increased 
frequency of multifunctional CD4+ T cells that produce two 

or more different cytokines. Indeed, multifunctional 
CD4+ T cells represented a higher percentage of the total 
cytokine response from CD4+ T cells following exposure 
to viruses that have cleared or persist at low levels, such 
as influenza virus, Epstein–Barr virus (EBV), varicella-
zoster virus (VZV; the causative agent of chickenpox) 
or CMV than from HIV-infected individuals that were 
not on anti-retroviral treatment and have a high level of 
persistent antigen7,8.

Taken together these results suggest that during the 
course of HIV infection, the presence of persistent anti‑
gen skews the differentiation of CD4+ T cells towards a 
population that is comprised largely of single-positive 
IFNγ-producing T cells, resulting in cell death, gradual 
CD4+ T‑cell depletion and disease progression. By con‑
trast, multifunctional CD4+ T cells are maintained during 
viral infections that are cleared or persist at low levels.

Although these studies provide insight into how dif‑
ferent viruses, antigen load and persistence influence the 
quality of the response in humans, it is not clear whether 
maintenance of multifunctional T cells is a cause or 
an effect of viral control40. Hence, the most compel‑
ling evidence for the importance of multifunctional 
TH1 cells in mediating protection is in the mouse model 
of L. major infection4. Following immunization with 
various vaccine formulations encoding specific L. major 
antigens or after primary infection with L. major, the 
generation of multifunctional T cells that secrete IFNγ, 
IL‑2 and TNF was found to strongly correlate with 
protection against subsequent challenge. Importantly, 
these studies showed that measuring the magnitude of 
IFNγ-producing CD4+ T cells alone was not sufficient 
to predict protection, and provided the first prospec‑
tive evidence that measuring the quality of the CD4+ 
T‑cell response, vis‑à-vis multifunctional T cells, is 
required. Furthermore, following L. major infection, 
~100% of the total L. major-specific cytokine response 
is comprised of IFNγ+TNF+IL‑2+ or IFNγ+TNF+ T cells 
that are maintained throughout the life of the mouse4. 
Of note, clearance of the parasites results in reduced 
immunity and protection41,42. Hence, in this model sus‑
tained immunity that is sufficient for life-long protec‑
tion may require the persistence of low-level infection 
or repeated exposure to antigen to maintain a high  
frequency of multifunctional CD4+ T cells.

Quality of CD8+ T‑cell responses during infection. The 
importance of CD8+ T‑cell quality for protection has 
also been recently investigated. In a unique cohort of 
HIV-infected LTNPs, CD8+ T cells had increased pro‑
liferative capacity and cytolytic function after in vitro 
culture compared with CD8+ T cells from progressors, 
which only maintained an ability to produce IFNγ 
(REF. 29). As the magnitude of HIV-specific CD8+ T‑cell 
responses does not predict how disease will progress, 
these results suggested that the enhanced prolifera‑
tive capacity by CD8+ T cells is associated with better 
control of HIV infection. More recently, using multi‑
parameter flow cytometry to assess the quality of CD8+ 
T‑cell responses in HIV-infected individuals, Betts 
et al. found a significantly higher frequency of CD8+ 
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T cells from LTNPs that are IFNγ+TNF+CCL4+CD107+ 
and IL‑2– compared with CD8+ T cells from progres‑
sors (and a small but significant increase in the fre‑
quency of CD8+ T cells that express all five functions)2; 
similar profiles were also observed in CD8+ T cells 
from the rectal mucosa of LTNPs43. 

Collectively, these results suggest that there are dis‑
tinct populations of multifunctional CD8+ T cells that 
mediate effector functions through different mecha‑
nisms. One population of CD8+ T cells that secretes 
IFNγ, TNF, IL‑2 and CCL4 could rapidly expand follow‑
ing activation, and another population of CD8+ T cells 
that produces IFNγ, TNF, CCL4 and expresses CD107 
could provide more immediate cytolytic function in 
non-lymphoid organs34,44. Finally, as described for CD4+ 
T cells earlier, the level and amount of persistent antigen 
influences the quality of the response (FIG. 2).

Multifunctional T cells are optimized for effector func‑
tion. The fact that multifunctional T cells are associ‑
ated with enhanced protection might be explained 
solely by the fact that each cell is capable of a broader 
repertoire of functions. However, investigation into the 
mechanisms responsible for the protective function of 
these T cells revealed additional features. Remarkably, 
following immunization of mice with non-live vaccines 
encoding L. major antigens or of mice or humans with 
a live Mycobacterium bovis bacillus Calmette–Guérin 
(BCG) vaccine, we noted that there was a progressive 
increase in the median fluorescence intensity (MFI) 
for IFNγ, TNF and IL‑2 from CD4+ T cells that secrete 
all three cytokines compared with double- or single-
cytokine-producing CD4+ T cells4 (FIG. 3). The difference 
is substantial, with multifunctional CD4+ T cells mak‑
ing as much as 10-fold more IFNγ on a per-cell basis 
than monofunctional CD4+ T cells. The relative differ‑
ence in MFI between distinct functional populations 
of cytokine-producing CD4+ T cells was greatest for 
IFNγ and least for IL‑2 production4. Importantly, simi‑
lar results were obtained in a study characterizing the 
quality of CD4+ T cells in non-human primates (R.A.S., 
unpublished observations) or humans exposed to HIV, 
CMV, influenza virus or immunized with vaccinia virus7 

or CD8+ T‑cell responses following Dryvax (wild-type  
vaccinia virus) or modified vaccinia virus Ankara (MVA; 
an attenuated vaccinia virus derived from multiple 
in vitro passages)5 (FIG. 3 and supplementary information 
S1 (Figure)). Therefore, at the single-cell level, maximal 
functional differentiation for IFNγ production occurs in 
cells from mice, non-human primates or humans that 
secrete three or more cytokines. Collectively these obser‑
vations show that the MFI for IFNγ is associated with the 
number of cytokines produced by a T cell, irrespective of 
the particular vaccine or infection used to activate that 
cell. In this regard, assessing just the MFI for IFNγ could 
be used as a first approximation of the underlying quality 
of a T‑cell response in resource-limited settings that do 
not have the capacity to carry out the multiparameter 
analysis. Indeed, we recently developed a metric that 
accounts for both the magnitude and quality of a CD4+ 
T‑cell response by multiplying the MFI for IFNγ by the 
total frequency of antigen-specific T cells. 

In summary, several mechanisms account for the 
optimal protection of multifunctional CD4+ or CD8+ 
T cells. First, they secrete more IFNγ on a per-cell basis. 
Second, the secretion of both IFNγ and TNF from the 
same T cell mediates more efficient killing compared 
with either cytokine alone22,23; CD8+ T cells that secrete 
both IFNγ and TNF have enhanced cytolytic activity 
compared with CD8+ T cells that secrete IFNγ alone2,34,44. 
And third, secretion of IL‑2 promotes the expansion of 
T cells in an autocrine or paracrine manner, which could 
enhance CD8+ T‑cell memory function45.

Hierarchical control of multifunctional responses
The functional heterogeneity of T‑cell responses raises 
several questions, the answers to which will be crucial in 
furthering our understanding of the control of effector 
and memory T‑cell responses. Later we discuss whether 
there are distinct thresholds of activation for distinct 
functional subsets of cytokine-producing T cells and 
whether such T cells proceed through a defined dif‑
ferentiation pathway in which specific cytokines are 
progressively lost. Finally, it will be crucial to under‑
stand how the functional capacity of each subset of  
cytokine-producing T cells relates to their durability.

Figure 2 | Correlation of antigen-specific CD8+ T‑cell quality and viral load. CD8+ T‑cell functional quality in 
humans infected with different viruses was determined using a five-function assay that measured expression of 
interleukin‑2 (IL‑2), interferon‑γ (IFNγ), tumour-necrosis factor (TNF), CC‑chemokine ligand 4 (CCL4; previously known as 
MIP‑1β) and CD107  following stimulation with antigenic peptides. The black arcs highlight the fraction of the 
multifunctional (3–5-expressing) CD8+ T cells within each response. An inverse correlation between the multifunctionality 
of the response and the persistence of antigen load is observed (background shading). CMV, cytomegalovirus; LTNP, long-
term non-progressor.
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Activation threshold in multifunctional T cells. Activation 
of naive T cells requires the engagement of the clonotypic 
T‑cell receptor (TCR) with the specific antigenic peptide 
presented by MHC molecules on antigen-presenting cells 
(APCs; this is referred to as signal 1). Full expansion of 
the primary T‑cell response requires interaction of co-
stimulatory molecules on the APCs with their ligand 
on T cells (this is referred to as signal 2). The amount of 
peptide–MHC complexes required to induce TCR acti‑
vation is termed the avidity of the response. Therefore, 
T cells with a higher avidity require less peptide–MHC 
complexes to be activated. Indeed the avidity of a T‑cell 
response can also relate to the functional capacity of the 
T cells to produce IFNγ or IL‑2. In studies that analysed 
cytokine production from individual mouse TH1 cells, 

IFNγ but not IL‑2 was detected when the TH1 cells were 
stimulated with low concentrations of the TCR ligand46. 
Stimulation with an increased concentration of the ligand 
resulted in the production of both IFNγ and IL‑2 from 
the same cell. Similarly, in assessing CMV-specific CD4+ 
memory T‑cell responses from humans, the production 
of IL‑2 was more dependent on the increasing levels of 
co-stimulation than was IFNγ (REF. 47). These data fit well 
with the observation that co-stimulation and the ligand–
TCR density combine to provide a threshold that serves 
to regulate the response48. Taken together, these data show 
that an individual CD4+ T cell that has the capacity to pro‑
duce both IFNγ and IL‑2 may secrete only IFNγ if there 
is limited antigen or co-stimulation. Finally, for CD8+ 
T cells, the avidity of the TCR–peptide–MHC complex 
for inducing the production of IL‑2 from influenza virus-
specific memory CD8+ T cells was also lower than that for 
IFNγ (REF. 49). Therefore, a commonality for both CD4+ 
and CD8+ T cells is that more antigen is required to elicit 
the production of IL‑2 than the production of IFNγ.

The hierarchical organization of TCR-signalling 
thresholds and kinetics for IFNγ and IL‑2 responses may 
allow the immune response to mediate effector function 
and maintain memory capacity. Therefore, in the set‑
ting of relatively low antigen load, IFNγ but not IL‑2 is 
secreted, allowing for an effector function that is sufficient 
to mediate protection. In circumstances in which antigen 
load is increased, the induction of IL‑2 as well as IFNγ 
from T cells would allow for the expansion of the respond‑
ing T cells. The ability of antigen load to regulate effector 
T‑cell function as needed and preserve multifunctional 
T cells provides a useful mechanism for fine-tuning the 
immune response to optimize protection and durability.

A linear differentiation model for TH1-cell responses. 
Based on the composition of CD4+ T‑cell cytokine 
responses analysed from mice, humans and non-human 
primates following vaccination or infection, we propose 
a linear model of differentiation for CD4+ TH1 cells 
(FIG. 4a). TNF is the most ubiquitous cytokine and it is 
produced by most activated CD4+ T cells4,50,51 generated 
under conditions that favour TH1-cell differentiation. 
IL‑2 expression is most often associated with TNF 
expression, regardless of whether IFNγ is expressed. 
CD4+ T cells that secrete IL‑2 regardless of TNF expres‑
sion can be sustained over a prolonged period of time 
and can develop into IFNγ-producing T cells follow‑
ing subsequent stimulation10. Therefore, CD4+ T cells 
that secrete IL‑2, TNF or both serve as a reservoir of 
memory CD4+ T cells with effector potential10,52. 

IFNγ-producing T cells can also produce TNF, with or 
without IL‑2. Single-positive, IFNγ-producing T cells can 
comprise a relatively large fraction of the total cytokine-
producing CD4+ T‑cell population in settings of acute 
and chronic antigen exposure, such as during infection, 
or immediately after immunization4,7,8. Such T cells have a 
limited capacity to be sustained as memory T cells and are 
at the final stage of CD4+ T‑cell differentiation. Therefore, 
vaccines that elicit a high proportion of such T cells would 
not be protective, and provide a clear example for why 
the quality of the response is far more useful in assessing 

Figure 3 | Multifunctional T cells are optimized for effector function. The amount of 
cytokine produced by a T cell can be estimated by the median fluorescence intensity (MFI) 
of the staining for that cytokine. An increase in the MFI reflects greater production of the 
cytokine. a | A representative graph showing the distribution of T cells expressing one 
(blue), two (green) or three (red) of the simultaneously measured cytokines — interferon‑γ 
(IFNγ), interleukin‑2 (IL‑2) or tumour-necrosis factor (TNF). The further shifted the T cells 
are from the background (grey), the more cytokine they have expressed. Note the 
logarithmic scale: triple-cytokine-producing T cells (red) express 10-fold more IFNγ than 
double- or single-cytokine-producing T cells. b | There is a hierarchy of IFNγ expression 
within functionally defined subsets of cytokine-producing T cells. T cells that express more 
functions have an increased fluorescence intensity for IFNγ on a per-cell basis. The most 
dramatic example is the difference in MFI for T cells that only secrete IFNγ (blue) versus 
T cells that secrete all three cytokines (red). The schematic representation of such 
responses is derived from data obtained in mice, non-human primates and humans 
following vaccination or infection (see Supplementary information S1 (figure)).
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long-term protection than just measuring the frequency 
of IFNγ-producing CD4+ T cells.

Once CD4+ T cells have developed into IFNγ+ 
TNF+IL‑2+ T cells they have three potential fates: they can 
persist as memory or effector T cells; they can further 
differentiate into less-functional T cells; or they can die 
following activation. The enhanced effector function and 
the differences in memory capacity between the discrete 
populations of cytokine-producing CD4+ T cells have 
important implications for vaccine design. Optimal  
protection would be achieved by having a population of 
multifunctional T cells that can mediate an effector func‑
tion quickly and have a reservoir of memory T cells4,52 that 
secrete IL‑2, TNF or both and have effector potential.

The linear differentiation model is most evident under 
conditions of transient antigenic and innate stimulation, 
such as vaccination with protein and adjuvant or with 
DNA. With greater stimulations, such as high doses of 

viral vectors or live infections, differentiation proceeds 
rapidly (or immediately) to IFNγ-secreting effector CD4+ 
T‑cell populations.

Hierarchical control of CD8+ T‑cell cytokine responses. 
In characterizing the hierarchy of cytokine produc‑
tion from CD8+ T cells following acute infection with 
LCMV53,54, VSV54 or influenza virus49 in mice, IFNγ is 
expressed by virtually all CD8+ T cells at the peak of the 
response. Contained within the population of IFNγ- 
producing CD8+ T cells is a subpopulation of T cells 
that also secretes TNF, and a smaller subpopulation that 
secretes both TNF and IL‑2. Furthermore, compared 
with that of IFNγ and TNF, the induction of IL‑2- 
producing CD8+ T cells is detected at a later time point, 
and its expression increases over time. In contrast to 
acute infection, few TNF- or IL‑2-producing CD8+ 
T cells are generated during chronic LCMV infection, 

Figure 4 | Models for effector and memory T‑cell differentiation. a | CD4+ T‑cell differentiation can be modelled as a 
linear process, in which cells progressively gain functionality with further differentiation, until they reach the stage that is 
optimized for their effector function (such as the production of interleukin‑2 (IL‑2), interferon‑γ (IFNγ) and tumour-necrosis 
factor (TNF)). Continued antigenic stimulation can lead to progressive loss of memory potential as well as cytokine 
production, resulting in terminally differentiated CD4+ T cells that only produce IFNγ and are short-lived. Following 
antigen stimulation, any of these stable differentiated subsets can also develop into activated effector CD4+ T cells, 
leading to their death. The amount of initial antigen exposure or innate-immune factors in the microenvironment will 
govern the extent of differentiation. b | Following stimulation, naive CD8+ T cells fully differentiate into activated 
effector CD8+ T cells that secrete IFNγ, most with cytolytic activity. Two models for the generation of CD8+ central memory 
T cells (TCM cells) and CD8+ effector memory T cells (TEM cells) are depicted by colour (‘linear differentiation’ is shown with 
black dotted arrows; ‘fixed lineage’ with red dotted arrows73; and black arrows depict transitions for both models). As 
for CD4+ T cells, continued antigenic stimulation of CD8+ T cells can lead to terminal differentiation and cell death. Unlike 
CD4+ TEM cells, CD8+ TEM cells may be able to re-acquire IL‑2 expression and become CD8+ TCM cells.
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Central memory T cells
(TCM cells). Antigen-experienced 
T cells that express cell-surface 
receptors required for homing 
to secondary lymphoid organs. 
These cells are generally 
thought to be long-lived and 
can serve as the precursors for 
effector T cells for recall 
responses.

Effector memory T cells
(TEM cells). Antigen-experienced 
T cells that have immediate 
effector capabilities, such as 
cytotoxicity, and can efficiently 
migrate to peripheral sites of 
inflammation.

with IL‑2 being lost first. Based on these data, Wherry 
et al. postulated that the level and duration of the 
stimulating antigen drives the hierarchical loss of effec‑
tor-cytokine production by CD8+ T cells53,55. Indeed, 
this premise is supported by human studies showing 
that CD8+ T cells specific for the CMV peptide pp65 
had a relatively high frequency (~40–50%) of T cells 
that secreted both IFNγ and TNF44, whereas individuals 
with progressive HIV infection had few IFNγ-producing 
T cells that also secreted IL‑2, TNF or both2. 

Correlating phenotype with T‑cell quality. The paradigm 
of segregating T cells into ‘central memory’ T cells (TCM cells) 
and ‘effector memory’ T cells (TEM cells), on the basis of 
their expression of CC‑chemokine receptor 7 (CCR7) 
or CD62L, along with CD45RA56, provided a conceptual 
advance in our understanding of T‑cell dynamics and 
the importance of compartmentalization of the immune 
response in mediating protection in lymphoid and non-
lymphoid organs. This differential expression of CCR7 
and CD62L provides crucial information on the ability 
of memory T cells to traffic into lymphoid and non- 
lymphoid organs. In addition, segregating CD4+ and 
CD8+ T cells into TCM or TEM cells has also been used as 
a correlate of protection based on the fact that distinct 
patterns of cytokines (that is, IFNγ and IL‑2) can be 
associated with these specific subsets of memory T cells. 
The data reveal that both the phenotype and function 
of these specific subsets provide two independent fac‑
ets of the immune response that together better inform 
whether such responses would be protective. 

The seminal study by Sallusto and Lanzavecchia 
showed that CD4+CCR7+ TCM cells are enriched in T‑cell 
populations that express IL‑2, whereas CD4+CCR7− 
TEM cells produce more IFNγ (Ref. 56) (FIG. 4a). However, 
other reports show a less clear delineation between the 
TCM-cell and TEM-cell phenotype and IL‑2 production 
by CD4+ T cells. For example, in HIV-infected adults 
on drug treatment, ~50–80% of the IL‑2-producing 
CD4+ T cells that were specific for antigens from CMV, 
influenza virus, EBV, HSV or the HIV gag protein were 
TEM cells8,57. Similarly, in mice infected with L. major30, 
or humans infected with vaccinia virus7, the majority of 
IL‑2 that was produced was by multifunctional CD4+ 
TEM cells. Collectively, these studies show that the type 
of infection or the differences in the amount or dura‑
tion of antigen exposure influences which subset of 
memory CD4+ T cells becomes the predominant source 
of IL‑2: under conditions of persistent low-level infec‑
tion or immediately following vaccination, IL‑2 would be  
produced mostly by TEM cells.

Finally, a recent study in non-human primates 
showed that CCR7–CD4+ T cells that also express CD28 
denote a population that has been termed ‘transitional 
memory T cells’, which express far more IL‑2 than do 
CCR7–CD28–CD4+ TEM cells58. These examples show that 
under different stimulatory conditions the production of 
IL‑2 may be associated with TEM or TCM cells, and high‑
light why this phenotypic designation of memory T cells 
may be misleading in terms of functional potential of 
the CD4+ T cells.

For CD8+ T cells, differences in IFNγ production 
and even in lytic function between TEM and TCM cells 
may be far less apparent59. In this regard, differences 
in the proliferative capacity of TEM and TCM cells, 
and their capacity to secrete IL‑2 provide the most 
useful functional distinction between these subsets. 
Therefore, following activation, naive CD8+ T cells 
quickly develop into activated effector T cells as 
defined by their production of IFNγ, cytolytic function 
or both; however, it remains controversial whether 
the transition of activated effector T cells to TEM cells 
and TCM cells is linear or whether both populations 
arise and are sustained independently55,60 (FIG. 4b). 
Nevertheless, TCM cells have an enhanced capacity to 
proliferate and secrete IL‑2. Therefore, in contrast to 
CD4+ T cells, it is very rare to find CD8+ TEM cells that 
produce IL‑2. The enhanced ability of CD8+ TCM cells 
to produce IL‑2 has been shown to confer improved 
protection compared with CD8+ TEM cells against a 
systemic viral challenge55. This observation is consistent 
with the fact that the expression of CCR7 by CD8+ TCM 
cells retains the T cells in secondary lymphoid organs 
and would be crucial for mediating protection against 
systemic infections by the ability of such T cells to 
rapidly expand.

Finally, it should be noted that in other mouse 
models of viral infection, CD8+ effector T cells or 
CD8+ TEM cells with enhanced cytolytic function but 
limited proliferative capacity mediated equal or better 
protection than CD8+ TCM cells following viral chal‑
lenge at non-lymphoid sites61,62. Therefore, the loca‑
tion and speed at which the T cells are needed may 
determine the type of response that would mediate 
protection. The factors that influence the fate deci‑
sions, such as the relative frequency of CD8+ TEM 
versus CD8+ TCM cells, or kinetics of the transition 
from CD8+ TEM to CD8+ TCM cells include the amount 
and duration of the antigen or innate immunity and 
clonal competition60,63–65. Therefore, the quality of a 
CD8+ memory T‑cell response can be controlled at 
the onset of priming.

In summary, determining the quality of a T‑cell 
response in combination with the cell-surface receptor 
phenotype increases our fundamental understanding of 
T‑cell memory and effector differentiation by defining 
the T cells’ functional capacity, durability, history of anti‑
gen exposure and their capacity to traffic to lymphoid 
and non-lymphoid organs. Hence, a combined phe‑
notypic and functional analysis of T cells should allow 
greater insight into whether a response is protective than 
either measurement alone.

T-cell quality following vaccination
Successful vaccines against HIV, malaria and tuberculo‑
sis will require the generation of durable T‑cell responses 
of sufficient magnitude and quality. The relatively recent 
development of novel viral vaccine vectors and regimens 
capable of eliciting potent T‑cell responses combined 
with improvements in the technical ability to assess 
T‑cell responses offer hope that effective vaccines can 
be developed for these infections.
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Factors regulating the quality of responses. Cytokines such 
as IL‑12 and type I IFNs have been shown in many models 
to be crucial for the generation of CD4+ and CD8+ T cells, 
respectively. Importantly, there is substantial redun‑
dancy in the innate immune pathways that control T‑cell 
responses and this differs depending on the adjuvant used 
or the infectious organism. Therefore, understanding the 
mechanisms by which innate immunity controls the qual‑
ity of T‑cell responses will enable better vaccine design. 
An example of this stems from studies with non-human 
primates, which show that protein vaccines administered 
with ligands for Toll-like receptor 7 (TLR7) and TLR8 elicit 
a high frequency of multifunctional T‑cell responses50. 
As TLR7 and TLR8 are expressed by plasmacytoid DCs 
and myeloid DCs respectively66,67, these data suggest that 
activating both DC subsets may be important for gener‑
ating multifunctional T‑cell responses50. The discussion 
below highlights major differences in the quality of the 
T‑cell responses following immunization with a variety of  
vaccine formulations.

Qualitative responses to vaccines. The first evidence 
for functional heterogeneity of CD4+ T‑cell-dependent 
cytokine responses using multiparameter flow cytom‑
etry was assessed in humans immunized with vaccines 
against hepatitis B or tetanus toxin68. In this and subse‑
quent studies51, TNF and IL‑2 comprised the majority 
of the cytokine response, with a small frequency of 
IFNγ-producing CD4+ T cells. As the adjuvants that 
were used with these vaccines do not elicit strong innate 
immunity, the magnitude of such responses was rela‑
tively modest. By contrast, viral vaccines such as those 
that contain replication‑defective recombinant adenovi‑
rus serotype-5 (rADV-5) or recombinant poxvirus vec‑
tors are currently the most promising formulations for 
inducing strong cytokine-producing T‑cell responses in 
humans69. Importantly, there may be major differences 
in the magnitude and quality of the T‑cell responses 
induced by rADV‑5 and poxvirus vectors70. Although 
there are few direct studies comparing rADV‑5 and pox‑
virus vectors with the same inserts, it seems that rADV‑5 
vectors engender stronger CD8+ T‑cell responses than 
poxvirus vectors70 (N. Letvin, personal communica‑
tion). Moreover, a rADV‑5 vector encoding the HIV 
gag protein preferentially elicits CD8+ T‑cell responses, 
whereas poxvirus vectors appear to induce a more bal‑
anced CD4+ and CD8+ T‑cell response (N. Letvin and 
D. Barouch, personal communication). Thus, the type of 
T‑cell response generated will be influenced by the dose 
and serotype of rADV, the type of poxvirus (for example 
MVA, NYVAC (New York vaccinia) and canarypox virus), 
as well as the specific antigen.

In terms of the quality of T‑cell responses elicited by 
these vectors, rADV vaccines that encode antigens from 
HIV and other viruses induce CD4+ and CD8+ T cells 
that are IFNγ+TNF+ or IFNγ+, but few T cells that pro‑
duce IL‑2 (Refs 4,50) (R.A.S., unpublished observations) 
(FIG. 5). A first indication of whether rADV‑5 vectors that 
encode specific HIV antigens would be protective in 
humans against HIV infection following immunization 
was recently revealed. In this Phase IIb clinical trial, up to  

75% of volunteers immunized with an rADV‑5 vector 
encoding HIV Gag–Pol and Nef (negative factor) had 
IFNγ-producing cells, as detected by elispot analysis. 
Unfortunately, the clinical trial was halted before its 
completion after the first analysis showed no efficacy in 
terms of viral load. Although there are many potential 
reasons for failure, it is possible that the magnitude and 
quality of the response were not optimal.

A final aspect from this study was that men with 
high titres of antibodies against adenovirus serotype‑5 
generated in response to a prior natural adenoviral 
infection had a trend towards increased acquisition 
of infection following vaccination with the rADV‑5 
vector encoding Gag–Pol and Nef. Although there is 
no clear explanation for this, it raises the question as 
to whether this observation is specific for this particu‑
lar rADV‑5 vector or whether it could be seen with 
other rADV‑5 vectors, alternative rADVs or other 
live-attenuated viral vectors. Nevertheless, there is 
active development of other viral vectors capable of 
eliciting strong T‑cell responses with favourable quality 
in humans. In this regard, humans immunized with 
vaccinia virus or MVA have a relatively high frequency 
(~30%) of CD4+ and CD8+ T cells that secrete four or 
five different cytokines, including IL‑2 (Refs 5,7,71). 
Similarly, recombinant poxvirus vectors that encode 
HIV envelope proteins have also been shown to elicit 
multifunctional CD4+ and CD8+ T cells that secrete 
IL‑2 (Ref. 5) (N. Letvin, personal communication). 
Finally, as discussed below, heterologous prime–boost 
immunization can influence the magnitude and quality  
of T-cell responses elicited by rADV‑5 vaccines.

The only prospective evidence for how the quality 
of a T‑cell response influences protection was shown 
in a study using a mouse model of L. major infection4. 
In this study, the quality of responses differed dramati‑
cally between the different vaccine groups. Protective 
vaccine regimens elicited induced a high frequency of 
IFNγ+TNF+IL‑2+ producing CD4+ T cells, constituting 
~50% of the total cytokine response, whereas non-
protective vaccine strategies induced mostly T cells 
that produced one or two different cytokines only. This 
study showed a strong correlation between the protec‑
tion of vaccine regimens and their ability to induce high 
frequencies of multifunctional T cells. Importantly, 
the potential importance of multifunctional T cells for 
mediating protection was extended to the mouse model 
of M. tuberculosis infection4, in which protective BCG 
immunization generated a high level of CD4+ T cells that 
secrete IFNγ and TNF, with or without IL‑2. A final point 
is that there can be dramatic differences in the IFNγ MFI 
among multifunctional CD4+ T cells elicited by different 
vaccine formulations4. Therefore, in choosing vaccine 
regimens it will be important to optimize the potency of 
multifunctional T-cell responses.

Prime-boost immunization influences T-cell quality. 
The findings that varying amounts of the same vaccine 
(for example, rADV vaccines) elicit distinct qualitative 
CD4+ T‑cell responses provide evidence for how antigen 
load, innate immunity or both influence the response.  
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Heterologous prime–boost 
immunization
In contrast to homologous 
immunization in which the 
same antigen formulation is 
repetitively administered, 
heterologous prime–boosting 
refers to the use of different 
formulations to initiate and to 
boost the immune response. 
This approach often elicits 
T‑cell responses of greater 
breadth, magnitude or quality.

rADV vaccines require a relatively high dose of the vac‑
cine to induce CD8+ T‑cell responses compared with 
CD4+ T cells. As high-dose rADV‑5 elicits a TH1-type 
response of poor quality4, optimizing the magnitude 
and quality of both the CD4+ and CD8+ T‑cell responses 
with rADV vaccines alone may be difficult. However, 
heterologous prime–boost immunization using rADV or 
poxvirus vectors with DNA or antigenic protein plus a 
TLR ligand may optimize both the CD4+ T‑cell and CD8+ 
T‑cell responses. It is crucial to note that the order and 
type of vaccine formulation profoundly influence both 
the magnitude and quality of the T-cell responses gener‑
ated. Thus, for optimizing CD8+ T-cell responses, viral 
vectors are best used as a boost following priming with 
DNA or protein vaccines plus an adjuvant.

Stability of multifunctional T‑cell responses and imprint‑
ing. As protection by T cells is dependent on both the 
magnitude and quality of the response, it is important 
to understand the factors that regulate the stability of 
distinct functional populations of cytokine-producing 
T cells. In this regard, following immunization with a 
vaccine containing a Leshmania spp. protein plus CpG-
containing DNA motifs (a TLR ligand) or with an rADV 
vaccine, the quality of the CD4+ T‑cell response in mice 
was established within 28 days and remained constant 
for at least 3 months4. Furthermore, the magnitude of the 
response decreased within 2–4 weeks after immunization 
and then remained stable for up to 3 months. Similarly, 
after prime–boost immunization of non-human primates 
with the HIV gag protein and a TLR7 and TLR8 or TLR9 

ligand followed by an HIV-gag-containing rADV vaccine, 
the quality of CD4+ and CD8+ T‑cell responses remained 
stable for 1 year50. Moreover, data from human HIV vac‑
cine studies show that the quality of the T‑cell responses 
following immunization with DNA, rADV or DNA and 
rADV vaccines are stable over at least 18 months (M.R., 
unpublished observations). Finally, in humans vaccinated 
against smallpox with vaccinia virus, there was a high 
frequency of CD4+ and CD8+ T cells that produce both 
IFNγ and TNF 1 year following immunization and this 
T‑cell response persisted for up to 50 years, albeit at far 
lower frequencies72. 

Taken together, these data suggest that the quality of 
a T‑cell response induced by vaccines or infections in 
which antigen is cleared is imprinted early and remains 
relatively stable over time. This raises a crucial question 
as to whether distinct functional populations of T cells 
have different capacities for survival over a prolonged 
period of time. In addition, the magnitude and qual‑
ity of T‑cell responses will be altered by subsequent 
immunization and may be affected by nonspecific 
innate immune responses. Therefore, a fundamental 
understanding of the dynamics of T‑cell quality will 
help determine when immune boosting is needed and 
how it will affect the immune response.

Conclusion
This article reviews the importance that the quality of 
T‑cell responses has in mediating protection. However, 
there still remains no single metric for defining a pro‑
tective T‑cell response. Clearly, this metric will involve a 

Figure 5 | The impact of vaccine formulation on T‑cell quality. a | The quality of CD8+ T‑cell responses (five functions 
measured) to the HIV envelope protein in humans is illustrated following immunization with DNA or replication-
defective recombinant adenovirus (rADV) vectors containing the protein, or after priming with the DNA vector 
followed by boosting with rADV or poxvirus vectors (New York vaccinia (NYVAC)). The black arcs highlight the fraction 
of the multifunctional (3–5-expressing) CD8+ T cells within each response. b | The quality of the CD4+ T‑cell response  
(3 functions measured) to Leishmania major proteins is shown following immunization with low- or high-dose rADV 
vaccines, protein vaccine with CpG-containing motifs, or live infection. c | Comparing only triple-cytokine-producing 
CD4+ T cells induced by each vaccination reveals a hierarchy of IFNγ median fluorescence intensity (MFI) that correlates 
with the level of protection following subsequent challenge with L. major.
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calculation that takes into account both the magnitude 
and the multifunctional quality of the response, as a low 
frequency of high-quality T cells may be as protective as 
a high frequency of lesser-quality T cells (although the 
persistence of the latter is likely to be much shorter). One 
possible metric is the integrated MFI (iMFI) calculation 
that incorporates the magnitude and the potency (on a 
single-cell basis) of the response4. In upcoming proof-
of-concept clinical trials using a T‑cell-based vaccine 

approach against HIV, it will be crucial to analyse the 
quality of the T‑cell responses from individuals that 
show any degree of protection, which would provide 
crucial information for follow-on studies. Finally, it will 
be important to extend the analysis of T‑cell responses to 
additional proteins that would be involved in protection. 
In this regard, genomic analysis of antigen-specific T‑cell 
responses following vaccination should identify a broader 
array of proteins and functions to assess.
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CORRIGENDUM

T-cell quality in memory and protection: implications for vaccine design
Robert A. Seder, Patricia A. Darrah and Mario Roederer
Nature Reviews Immunology 8, 247–258 (2008)

In Figure 5b and Figure 5c, the terms “high” and “low” were reversed. A corrected version of the Figure is available below.

Figure 5 |	The	impact	of	vaccine	formulation	on	T‑cell	quality.	a | The quality of CD8+ T‑cell responses (five functions 
measured) to the HIV envelope protein in humans is illustrated following immunization with DNA or replication-
defective recombinant adenovirus (rADV) vectors containing the protein, or after priming with the DNA vector 
followed by boosting with rADV or poxvirus vectors (New York vaccinia (NYVAC)).	The black arcs highlight the fraction 
of the multifunctional (3–5-expressing) CD8+ T cells within each response. b | The quality of the CD4+ T‑cell response  
(3 functions measured) to Leishmania major proteins is shown following immunization with low- or high-dose rADV 
vaccines, protein vaccine with CpG-containing motifs, or live infection. c | Comparing only triple-cytokine-producing 
CD4+ T cells induced by each vaccination reveals a hierarchy of IFNγ median fluorescence intensity (MFI) that correlates 
with the level of protection following subsequent challenge with L. major.
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