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T cell vaccines for microbial infections
Harriet L Robinson & Rama Rao Amara

Vaccination, or the deliberate induction of protective immunity by administering nonpathogenic forms of a microbe or its antigens 
to induce a memory immune response, is the world’s most cost-effective medical procedure for preventing morbidity and mortality 
caused by infectious disease1 . Historically, most vaccines have worked by eliciting long-lived plasma cells. These cells produce 
antibodies that limit disease by neutralizing a toxin or blocking the spread of the infectious agent. For these ‘B cell vaccines,’ the 
immunological marker, or correlate, for protection is the titer of protective antibodies. With the discovery of HIV/AIDS, vaccine 
development has been confronted by an agent that is not easily blocked by antibody2. To overcome this, researchers who are 
developing HIV/AIDS vaccines have turned to the elicitation of cellular immunity, or ‘T cell vaccines,’ which recognize and kill 
infected cells3,4.

The success of T cell vaccines depends on two types of T cells: CD8 
T cells and CD4 T cells. CD8 T cells limit infections by recognizing and 
killing infected cells and secreting antiviral cytokines, and are frequently 
referred to as cytotoxic T cells (CTL or TC). CD4 T cells provide growth 
factors and signals for the generation5–7 and maintenance8–10 of CD8 
T cells and are referred to as helper cells or TH. The immunological 
 foundations for B cell and T cell vaccines are not mutually exclusive and 
most antimicrobial vaccines prime both humoral and cellular  immunity.

Overview of T cell vaccines
The forte of T cell vaccines is their ability to kill cells that are harboring 
a chronic infectious agent. Killing is affinity dependent and requires 
direct contact between a CD8 cell and its target for several minutes to 
an hour, after which the CD8 cell remains intact for additional kill-
ing, whereas the target cell undergoes apoptotic death. Activated T cells 
also produce cytokines and chemokines that can act in highly infec-
tion-specific mechanisms to interfere with the spread or replication of 
a microbe11–13.

T cells recognize peptides derived from foreign proteins that are pro-
cessed and presented on the histocompatibility antigens of a vaccinated 
animal or human. CD8 T cells recognize peptides that are 8–11 amino 
acids long (epitopes) presented by major histocompatibility complex 
(MHC) class I  antigens. Examples of MHC class I antigens are human 
leukocyte antigens (HLA) or their cognate in mice, H-2 antigens. CD4 
T cells recognize epitopes that are 10–18 amino acids long presented 
by MHC class II histocompatibility antigens (for example, DR, DP and 
DQ antigens of humans and I-A and I-E antigens of mice). Each mem-
ber of a human or animal population recognizes only those epitopes 
that can be presented by his or her MHC type. In contrast to protective 
antibodies, which target exposed regions of external proteins, protective 
CD8 cells can target any region of any internal or external microbial 

protein that can undergo class I presentation. In our experience with 
HIV immunogens in vaccinated macaques, CD4 and CD8 epitopes are 
spread throughout proteins with about one CD4 epitope for every 100 
amino acids of protein and one CD8 epitope for every 200–300 amino 
acids of protein14–17.

Because T cell responses are dependent on histocompatibility antigens, 
which are different in different members of a population, T cell vaccines 
can elicit highly variable immune responses, especially if the response 
is limited to a relatively short stretch of amino acids. Figure 1a shows 
data from macaques on the variability in vaccine-elicited T cells for the 
∼500 amino-acid HIV Gag protein compared with the variability seen 
for responses to the current smallpox vaccine, a vaccine that encodes 
about 200 proteins. At the peak vaccine response for Gag, the frequen-
cies of responding CD8 T cells varied by >100-fold and the frequencies 
of responding CD4 cells by ∼20-fold. In contrast, the CD8 and CD4 
responses for the smallpox vaccine varied by <10-fold. Both the number 
of recognized epitopes and the immunodominance of the recognized 
epitopes contribute to this variability for CD8 responses. Strongly immu-
nodominant epitopes elicit high frequencies of responding cells and 
limit responses against subdominant epitopes18. CD4 responses also 
show immunodominance, but this is much less pronounced than for 
CD8 T cells14. The high variability of T cell responses to Gag contrasts 
with the variability for antibody responses to Env (also a single HIV 
protein), which are remarkably uniform (Fig. 1a).

A major limitation of T cell vaccines is the ability of pathogens to 
undergo T cell escape by mutating a target epitope so that it is no longer 
recognized by a responding CD8 T cell19. The most effective way to mini-
mize microbial escape from a T cell response is to use vaccine inserts that 
are sufficiently large for each vaccinated animal or person to recognize 
multiple epitopes (we use inserts of >2,000 amino acids). A second limita-
tion of T cell vaccines is the potential for T cells to become exhausted by 
high levels of persisting antigen20–22. Indeed, the hallmarks for successful 
T cell–mediated protection of macaques against an immunodeficiency 
virus are (i) stable, low-level CD8 memory responses that are only mini-
mally evolving in response to a contained infection23 and (ii) CD4 and 
CD8 T cells that maintain their ‘vigor,’ as evidenced by the ability to pro-
duce interleukin (IL)-2 (refs. 23–25) and perforin25 after restimulation.
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Generation of memory cells and phases of T cell responses
The goal of T cell vaccines is to generate long-lived memory CD8 cells 
capable of recognizing and rapidly expanding to combat an infection26,27. 
In studies in inbred mice, the generation of a memory T cell response is 
comprised of three distinct phases: expansion, contraction and differen-
tiation into memory (Fig. 1b). In a primary T cell response, naive T cells 
encounter antigen in lymphoid tissue, where their unique T cell receptor 
recognizes its cognate MHC-peptide complex in the context of a ‘profes-
sional’ antigen-presenting cell28,29. Signaling through the T cell receptor 
as well as costimulatory molecules initiates clonal expansion and differen-
tiation into effector cells that secrete antiviral cytokines such as interferon 
(IFN)-γ and possess ex vivo killing potential. As antigen is cleared, the T cell 
response contracts (10- to 20-fold) and differentiates into memory that can 

last for the lifetime of a mouse (Fig. 1b). Secondary responses have phases 
like those seen for primary responses, except that expansion can be more 
rapid and the contraction is (three- to fivefold) less severe30,31. Similar 
phases of primary responses are seen for human and macaque recipients 
of the smallpox vaccine in whom longitudinal studies show expansion of 
vaccine-elicited T cells in the first 2 weeks after vaccination, followed by 
contraction and memory32. Cross-sectional studies in humans suggest that 
the memory response can persist for more than 50 years32–35.

Three parameters are important for vaccine-induced memory 
responses: frequency, phenotype and persistence of memory cells. The 
frequency of a memory response reflects both the burst size of its effector 
response and the extent of its contraction into memory. In the lympho-
cytic choriomeningitis virus (LCMV) mouse model, about one-tenth of 
the peak effector cells differentiate into long-lived memory cells26 (Fig. 
1b). The primary determinant of burst size is the amount of antigen 
present during priming36. The amount of required antigen is, in turn, 
influenced by the extent of costimulation and the cytokine milieu, which 
can reduce the activation threshold for antigen37,38. During the contrac-
tion phase, the extent of cell death39 is influenced by the interleukin (IL)-
2 family of cytokines (IL-2, IL-4, IL-7 and IL-15)40–43, tumor necrosis 
factor family molecules (CD27 and CD154)10 and effector cell molecules 
(perforin and IFN-γ)44–46.

Human memory cells are highly heterogeneous and are still  undergoing 
characterization for lineage relationships. Three categories of memory 
CD8 cells have been defined based on the expression of CD45RA, a 
tyrosine phosphatase that has a role in T cell receptor– mediated signal-
ing, and CCR7, a chemokine receptor that supports trafficking though 
secondary lymphoid tissue47–50 (Table 1). TEM, or effector memory cells, 
are CD45RA– CCR7– cells that traffic through nonlymphoid tissues and 
have high ex vivo cytotoxic potential (perforin+) but relatively poor 
 proliferative capacity. These are the memory cells that monitor tissues 
for the presence of their specific pathogen. TCM, or central memory 
cells, are CD45RA– CCR7+ cells that traffic through lymph nodes, pos-
sess high proliferative potential and do not possess immediate ex vivo 
 cytotoxic potential (perforinlo or perforin–). These are the memory cells 
that recognize antigen in lymph nodes and undergo rapid expansion for 
the generation of large numbers of effector cells. TRAEM, or CD45RA+ 
effector memory cells (sometimes termed ‘terminal memory’ cells), are 
CD45RA+ CCR7– cells that traffic through nonlymphoid tissues, pos-
sess very rapid ex vivo cytotoxic potential (perforin+++), but have lim-
ited proliferative potential51,52 except in the presence of CD4 help, IL-2, 
IL-15 or IL-21 (ref. 53).

The proportions of memory cells in each category reflect the per-
sistence of antigen. TCM predominate in infections in which antigen is 
cleared, such as in influenza virus infections; TEM predominate when 
relatively high levels of antigen persist, such as in HIV infections; and 
TRAEM are seen when low levels of antigen persist, such as in cytomega-
lovirus infections49,54. In adoptive transfer experiments in mice, TCM 
are more effective at controlling LCMV infections than TEM, presum-
ably because of their potential to expand and generate large numbers 
of effector cells55. The type of memory cell that will be most effective at 
controlling other pathogens remains to be determined.

Memory CD4 and CD8 T cells can persist for decades in the absence 
of obvious re-exposure to antigen32–34. This persistence is believed to 
be achieved by cytokine-dependent homeostatic proliferation medi-
ated by the IL-2 family cytokines IL-7 and IL-15 (refs. 56,57). CD4 
T cells are also needed for the maintenance of a memory response8,9. 
And finally, studies in mice suggest that memory responses, especially 
those trafficking through lymph nodes, are limited to a defined pool 
size, the detailed constitution of which can be influenced by intercur-
rent infections27.
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Figure 1  Variability in vaccine elicited responses and phases of CD8 T 
cell responses. (a) Variability of the peak immune responses in macaques 
elicited by a DNA-MVA vaccine for the HIV Gag protein compared with that 
elicited by the DryVax smallpox vaccine. Data for the HIV vaccine are taken 
from ref. 17 and for the DryVax vaccine from unpublished observations 
by R. R. Amara and P. Nigam. Macaques were not preselected for 
histocompatibility type. (b) Three phases of CD8 T cell responses that occur 
in LCMV-infected mice. The inducing antigen (viral load) is shown in red. 
Expansion and contraction typically occur in weeks, whereas memory lasts 
for the lifetime of the mouse. The schematic is adapted from ref. 87 and 
represents the population of CD8 cells present in the spleen. 
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Types of T cell vaccines
Five types of vaccines have good potential to elicit CD8 T cells: attenu-
ated viruses or bacteria (live attenuated vaccines), replication-competent 
and replication-defective recombinant viruses or bacteria (live vectored 
vaccines), DNA vaccines and vaccines that use one agent for priming 
and a second agent for boosting (heterologous prime-boost vaccines) 
(Table 2). Each of these has the common feature of producing antigens 
in cells of the immunized host for presentation on MHC class I antigens. 
But each has distinctive requirements for dose, boosting and the use 
of adjuvants, as well as different safety issues and potentials for being 
limited by pre-existing immunity (Table 2). Of these vaccines, only live 
attenuated vaccines are licensed for human use and these have antibody, 
not CD8 T cells, as accepted correlates for protection.

In general, safety issues, dose and the need for boosting and adju-
vants are related to replication potential. Replicating vaccines are less 
safe because they have the potential for causing disease in immunocom-
promised hosts and reverting to virulence. But because they replicate, 
they typically achieve sufficient antigen and immune stimulation for 
long-lasting immune responses with single low doses (104–106 infectious 
units) in the absence of adjuvants. In contrast, nonreplicating live vec-
tored vaccines achieve only one round of infection and typically require 
high doses (108–1010 infectious units) and booster immunizations to 
achieve sufficient antigen to drive immune responses. DNA vaccines, 

which act by transfection, also require high doses (100 µg–1 mg of DNA  
or 1013–1014 molecules) and booster immunizations. These replication-
defective vaccines can be improved by adjuvants, which increase the effi-
ciency of infection or transfection, or provide inflammatory responses 
for the antigen-presenting cell58. But because they do not replicate, they 
do little harm to their host and have excellent safety records if not used 
in excessive amounts. Heterologous prime-boost vaccines combine DNA 
priming with a live vectored boost, or two different live vectors to prime 
and boost a response59,60. These vaccines elicit very good T cell and 
antibody responses because memory cells established by the first agent 
are boosted by the second agent with no immunological interference 
other than to the common vaccine insert.

The two currently most popular recombinant viral vectors, modified 
vaccinia Ankara (MVA) and an adenovirus 5 vector (Ad5), are both 
 replication defective in humans (see ref. 3 for examples of other viral 
vectors). The Ad5 vectors are limited to relatively short vaccine inserts 
(<5 kb) and may require more than one vector to adequately pres-
ent foreign sequences, whereas MVA can tolerate larger inserts. Both 
can become unstable in the presence of inserted foreign sequences and 
the effectiveness of both can be limited by pre-exisiting host immu-
nity61. This is particularly important for the Ad5 vector, for which 45% 
of Americans and up to 90% of people in the developing world have 
pre-existing immunity. This fact has led to the exploration of the use 

Table 2  Vaccines that induce CD8 T cells

Type of vaccine Dose Need for 
boosta 

Need for 
adjuvants 

Risks Comment

Live-attenuated Low No No Reversion to virulence, disease 
in immunocompromised 

Examples include vaccines for smallpox, yellow fever, oral polio, measles, 
mumps, rubella and varicella 

Replication competent 
live-vectored

Low No No Reversion to virulence, disease 
in immunocompromised 

No examples in human use, yellow fever virus vectors with Japanese 
encephalitis virus, dengue virus or West Nile virus are in human trials86

Replication-defective 
live-vectored 

High Varies No Low Most live-vectored vaccines have problems with pre-existing immunity unless 
the parent for the vector has been eradicated and vaccinations stopped (as for 
smallpox) or the vector is developed from a virus from another species 

DNA High Yes Helpful Low DNA vaccines, despite their ease of development, have not proven as robust 
in humans as rodents. Thus these vaccines need further development or use 
in heterologous prime-boost regimens. They do, however, focus the entire 
immune response on the vaccine insert and do not have problems with  pre-
existing immunity

Heterologous prime-
boost 

High Yes Helpful Varies Immense potential to elicit high titer T and B cell responses. Major limitation 
is the need for the use of two different agents in the correct order and interval

aComments are for CD8 T cell responses, which peak after fewer boosts than antibody responses17.

Table 1  Categories of human CD8 T cells and their associated phenotypes 

Characteristic Naive Effector Central memory Effector memory RA effector memory

Marker CD45RA+,CCR7+ CD45RA–,CCR7– CD45RA–,CCR7+ CD45RA–,CCR7– CD45RA+,CCR7–

Cytokine production

IFN-γ +/– (slow) ++++ (rapid) +++ (rapid) +++ (rapid) ++ (rapid)

IL-2 +++ (slow) + (rapid) +++ (rapid) + (rapid) –

Killing potential

Perforin – +++ + ++ +++

Survival potential

Bcl-2 +++ Low/– ++++ ++ +

Proliferation potential

Antigen-driven Rapid Rapid Rapid Slow Slow

Homeostatic +/– +/– ++++ ++ ?

Trafficking outside of 
spleen and blood

Lymph node Tissue Lymph node Tissue Tissue
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of less common serotypes of human adenovirus as well as nonhuman 
primate adenoviruses for the development of new adeno-based vac-
cine vectors62,63. Pre-existing immunity for MVA is largely limited to 
individuals who were vaccinated before the cessation of vaccinations 
for smallpox, which occurred in the 1970s. DNA priming can partially 
overcome the limitations of pre-existing immunity64. 

Different vaccines elicit different patterns of CD8 T cells
Different infection and immunization regimens elicit strikingly different 
patterns of CD8 T cells in primates. These patterns, which are tested for 
in blood, show the expansion, contraction and memory phases defined 
for LCMV infections in mice (Fig. 1b). But each vaccine has its own 
relationships between peak effector and memory responses, which prob-
ably reflect unique features in the levels of expression and persistence 
of different vectors, as well as differences in how vectors interface with 
antigen-presenting cells through pattern-recognition receptors, such as 
Toll-like receptors, that initiate inflammatory responses58. Not unex-
pectedly, the pattern of T cell responses elicited by a vaccine insert is 
usually determined by its vector, and not the pathogen from which the 
insert was derived.

Examples of different patterns of CD8 responses in macaques are pre-
sented in Figures 2 and 3. These responses include ones for a pathogenic 
simian immunodeficiency virus (SIV239), a live attenuated SIV infec-
tion (SIV239∆3), a replication-defective poxvirus vaccine (MVA), an 
IL-2–adjuvanted DNA vaccine and two heterologous prime-boost vac-
cines, DNA/MVA and DNA/Ad5. In each case, monkeys with the A*01 
histocompatibility type were used for immunizations and responses 
were followed using tetramer staining for the A*01 immunodominant 
epitope Gag-CM9 (ref. 65). The patterns in Figure 3 include a challenge 
with a pathogenic chimera of simian and human immunodeficiency 
viruses (SHIV-89.6P)66. 

The patterns of CD8 responses show the elicitation of very high 
burst sizes of CD8 T cells by the SIV239 infection (Fig. 2a) and the 
two heterologous prime-boost regimens: DNA-MVA (Fig. 2d) and 
DNA-Ad5 vaccines (Fig. 3a). For each of these, peak tetramer-stain-

ing cells represented 5–30% of total CD8 T cells. About tenfold lower 
peak burst sizes were elicited by the live attenuated vaccine (Fig. 2b), 
by priming and boosting with the recombinant MVA vaccine (Fig. 
2c), and by priming and boosting with the IL-2–adjuvanted DNA 
vaccine (Fig. 3b).

The different vaccine regimens also had different patterns of contrac-
tion into memory. The single doses of SIV239 and its live attenuated 
vaccine underwent 10-fold contractions, similar to that observed after 
LCMV infections in mice (Fig. 1b and Fig. 2a,b)26. The peak responses 
for DNA-Ad5 and DNA-IL-2-immunoglobulin underwent smaller con-
tractions, less than fivefold, into memory (Fig. 3a,b). The contraction of 
the DNA-IL-2-immunoglobulin response was less than typically seen 
for DNA immunizations (Fig. 3a,c) and consistent with the addition 
of IL-2 as an adjuvant to limit apoptotic death during contraction67. 
By far the largest contractions were seen for the DNA-MVA and MVA 
responses, which underwent 20–40-fold reductions (Fig. 2c,d), a phe-
nomenon that also occurs in DNA-poxvirus regimens in which NYVAC 
(an attenuated vaccinia virus) and ALVAC (a canarypox virus) are used 
for boosting68.

Relatively limited data are available on the phenotypes of the CD8 
cells that emerged in the memory cell population. The very high lev-
els of persisting CD8 cells elicited by the pathogenic SIV239 infec-
tion showed an ‘exhausted’ phenotype, as evidenced by their inability 
to coproduce IFN-γ and IL-2 (V. Pillai & R.R. Amara, unpublished 
data)21,69,70. For the live attenuated SIV infection, the much lower 
frequency of persisting memory cells were both TEM and TCM cells. 
The memory cells for the DNA-MVA immunizations fell predomi-
nantly into the TCM category. Thus, the three situations for which 
partial phenotypes are available show three different scenarios for 
memory responses in the peripheral blood. The chronic SIV infec-
tion resulted in a high frequency of exhausted effector memory cells, 
the chronic live attenuated vaccine in a low frequency of primarily 
tissue-trafficking effector memory cells and the DNA-MVA vaccine 
in a low frequency of primarily lymph node– and spleen-trafficking 
central memory cells.
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Figure 2  Patterns of CD8 T cells found in 
the blood of A*01 macaques following a SIV 
infection and the administration of three 
different SIV or SHIV vaccines. The panels 
show T cell responses for (a) a live SIV 
infection, (b) a live, attenuated SIV vaccine, 
(c) a recombinant MVA vaccine and (d) a 
DNA-MVA vaccine. The T cell responses are 
against a common immunodominant epitope 
(Gag-CM9) and are measured by tetramer 
staining65. All of the studied agents have the 
same Gag gene. The timing and the number 
of doses of vaccines are indicated above the 
panels and by the dotted vertical lines. The 
virus infection and live-attenuated vaccine are 
simian immunodeficiency virus 239 (SIV239) 
and SIV239∆3, respectively88. The MVA 
vaccine is a recombinant with the Gag-Pol and 
Env genes of SHIV-89.6 and delivered at 
2 × 108 infectious units per dose. The DNA-
MVA vaccine consisted of priming with 2.5 mg 
of SHIV-89.6 DNA and boosting with 
2 × 108 IU of the SHIV-89.6 MVA 
recombinant. Data are taken from refs. 
15,89 and R. Amara, V. Pillai & H. Robinson, 
unpublished observations. NA, not available.
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No simple correlate for protection
Most of the experience with the protective potential of T cell vaccines in 
nonhuman primates is for immunodeficiency virus challenges, where 
remarkably different patterns of T cell responses have rallied to control 
challenges with SHIV-89.6P. In the examples in Figure 3, the frequencies 
of memory CD8 cells in peripheral blood on the day of challenge dif-
fered by about 100-fold for the three vaccine regimens. For the DNA-Ad5 
regimen, tetramer-staining cells were 14% of the total CD8 T cells (Fig. 
3a); for the DNA-IL-2-immuno globulin regimen, a much lower 0.6% of 
total CD8 T cells (Fig. 3b) and for the DNA-MVA regimen, a mere 0.2% 
of total CD8 T cells (Fig. 3c). At 1 week after challenge, the virus-specific 
CD8 T cells in the DNA-MVA vaccinated macaques had virtually disap-
peared from the blood (Fig. 3c). But by 2 weeks after challenge, each of 
the vaccinated groups had similar high levels of responding Gag-CM9 
tetramer-staining cells (∼20% of total CD8 T cells), and by 6 weeks after 
challenge, these were again contracting as viral loads were contained (Fig. 
3a–c). This contraction was more pronounced for the DNA-MVA and 
DNA-IL-2-immunoglobulin–adjuvanted groups than the DNA-Ad5 
group (Fig. 3a–c). In the DNA-MVA group, the temporary disappear-
ance from the blood followed by the exceptionally rapid expansion of the 
responding cells suggested that these cells (primarily TCM cells) had left 
the blood for lymph nodes where they expanded before reappearing. The 
very low postvaccine and challenge contraction for the DNA-Ad5–elicited 
response suggests the continuing presence of antigen (either persisting 
Ad5 vector or persisting challenge virus) and/or an antiapoptotic envi-
ronment limiting the contraction of the CD8 response.

Thus, very different frequencies of CD8 responses before challenge 
resulted in similar frequencies after challenge and showed no clear corre-
late for control of the SHIV-89.6P challenge. The absence of a simple CD8 
correlate, such as the frequency of tetramer-staining cells in peripheral 
blood, does not belie the importance of CD8 responses to the observed 
control. The DNA-IL-2-immunoglobulin–immunized macaques lost con-
trol when virus underwent CD8 escape71. In the DNA-MVA–vaccinated 
macaques, virus rapidly re-emerged when CD8 T cells were experimen-
tally depleted (R.R. Amara & H.L. Robinson, unpublished observations). 
For DNA-Ad5 vaccines, control of SHIV-89.6P is histocompatibility-type 
dependent and more effective in A*01 macaques than in macaques that 
do not recognize the immunodominant Gag-CM9 epitope72.

Assays for T cell vaccines. Testing for CD8 T cell responses is much more 
challenging than testing for antibody responses. Recently developed 
ex vivo assays directly test for the frequency and phenotype of respond-
ing T cells (Fig. 4), whereas restimulation assays, which involve 5 or more 
days of cell culture, are used to test for proliferative potential and kill-
ing capacity (Fig. 4). Stimulations are typically conducted by infecting 
peripheral blood mononuclear cells (PBMCs) with the target agent or 
a recombinant virus expressing a vaccine insert or by culturing PBMCs 
with pools of overlapping peptides (typically 15-mers overlapping by 
11 so as not to miss any CD8 or CD4 epitopes). In some instances, B 
cell lines are immortalized for each participant and then used to both 
process and present antigens and to serve as targets for cell killing. Assays 
are best conducted on fresh PBMCs. They can be conducted on frozen 
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DNA  prime,
DNA boost

CRL2005-adjuvanted
DNA prime,

replication-defective
adenovirus boost

Vaccine

89.6P
challenge

89.6P
challenge

89.6P
challenge

a DNA–Ad5 b DNA–IL-2-Ig c DNA–MVA

Ad5 DNA DNA DNA

Figure 3  Patterns of CD8 T cells found in the 
blood of A*01 macaques, both before and 
after challenge, for three different types of 
vaccines. The panels show T cell responses 
for (a) priming with DNA and boosting with 
a recombinant Ad5 vaccine, (b) priming 
with an IL-2-immunoglobulin–adjuvanted 
DNA and boosting with DNA and (c) priming 
with DNA and boosting with a recombinant 
MVA vaccine. Challenge was with SHIV-89. 
6P66. The postchallenge period of the trial 
is highlighted in orange. Panels show T cell 
responses against the same immunodominant 
epitope (Gag-CM-9) used to follow T cell 
responses in Figure 2.The DNA-Adeno vaccine 
consisted of priming with 5 mg of SIV gag 
DNA adjuvanted with CRL1005 and boosting 
with 1 × 1011 particles of rAd5-gag90. The 
DNA-IL-2-immunoglobulin (lg) vaccine used 
IL-2-immunoglobulin–adjuvanted DNA 
priming (5 mg each of SIV gag DNA, HIV 
89.6P env DNA and IL-2-immunoglobulin 
fusion protein DNA) and DNA boosting 
(5 mg each of SIV gag DNA, HIV 89.6P env 
DNA)91,92. The DNA-MVA vaccine used 
2.5 mg of SHIV-89.6 DNA (gag, pol, env, tat, 
rev, vif, vpr and vpu)for priming and 2 × 108 
plaque-forming units of MVA/SHIV-89.6 (gag, 
pol and env)for boosting89. Challenges for the 
DNA-Adeno and DNA-IL-2-immunoglobulin 
were by intravenous inoculation of ∼100 
infectious unit of SHIV-89.6P90,92 at 
6 weeks after the last inoculation. Challenge 
for the DNA-MVA immunizations was by 
intrarectal inoculation of ∼20 intrarectal 
doses of SHIV-89.6P89 at 7 months after the 
last inoculation. Data are adapted from refs. 
89,90,92. NT, not tested.

R E V I E W
©

20
05

 N
at

u
re

 P
u

b
lis

h
in

g
 G

ro
u

p
  

h
tt

p
:/

/w
w

w
.n

at
u

re
.c

o
m

/n
at

u
re

m
ed

ic
in

e



S30 VOLUME 11 | NUMBER 4 | APRIL 2005   NATURE MEDICINE SUPPLEMENT

samples, however, with the caveat that cells revived from the peak effec-
tor phase of a response perform less well than cells revived from the 
memory phase of a response.

The various assays offer different information. The tetramer assay 
directly tests samples for the frequency of CD8 T cells with a specific 
T cell receptor73 and, if combined with multicolor flow cytometry, 
offers the opportunity to determine the phenotypes of cells without 
in vitro stimulation. But tetramer staining is limited by the availability 
of reagents and the need to tailor tests to the histocompatibility type of 
each trial participant. The ELISPOT and intracellular cytokine assays 
use short term in vitro stimulations to assay the frequency and cyto-
kine profiles of responding cells. The ELISPOT assay scores spots of 
captured cytokine produced by individual cells whereas intra cellular 
cytokine staining (abbreviated as ICS or ICC) uses flow cytometry to 
profile individual cells for surface markers and the production of cyto-
kines74,75. Among the restimulation assays, the carboxyl fluorescein 
diacetate succinimidyl (CFSE) proliferation assay, a flow cytometry 
assay, has the ability to not only monitor proliferation (by dilution of 
the CFSE stain) but to determine the type of the proliferating cell76.

Of the above assays, the IFN-γ ELISPOT is the workhorse that has been 
validated for use in vaccine trials. But ‘ancillary’ multicolor ICS assays are 
proving invaluable for characterizing the functions of responding cells77. 
The easiest time to assay responses is at the peak effector response, when 
responses are highest and volunteers are in recent communication with 
trial coordinators (Figs. 2 and 3). Although this peak response does not 
represent the memory response, it does have a defined relationship (albeit 
different for different vectors) with the memory response (Figs. 1–3).

Early studies in humans 
The results of early clinical trials of T cell vaccines for HIV, malaria and 
tuberculosis are being reported at meetings, and beginning to be pub-
lished. DNA vaccines, which have the largest number of reports, have 
proved to be safe78,79, but only weakly immunogenic, even when used at 
milligram doses80–82. MVA vaccines have proved safe, but weakly immu-
nogenic80–82. Ad5 vaccines have elicited responses, but shown reduced 

immunogenicity in the presence of pre-existing immunity. By far the 
most promise has been for heterologous prime-boost combinations. 
These DNA-MVA and fowlpox virus (FP9)-MVA malaria vaccines have 
elicited peak responses that are 50-fold higher (∼200 IFN-γ ELISPOTS per 
million PBMC) than baseline in endemic populations83. These responses 
are higher than seen for the DNA-MVA vaccine in a malaria-naive British 
population82. The malaria studies used a fusion of a malaria protein and 
a synthetic string of epitopes (tailored to the histocompatibility type of 
the target population) to express antigens and found the natural protein 
much more effective than the string of epitopes at eliciting T cells82,84.

By far the most effective of the heterologous prime-boost vaccine strate-
gies used a tuberculosis model, in which priming was with the tuberculosis 
vaccine Bacille Calmette-Guérin (BCG) and boosting with MVA expressing 
the 85A antigen of Mycobacterium tuberculosis85. This combination elicited 
a high-titer CD4 IFN-γ ELISPOT response. Interestingly, the burst of peak 
effector cells did not show as profound a contraction as observed for CD8 
cells elicited by MVA boosts in macaques (Fig. 2). This could reflect the 
persistence of the BCG prime, the response being predominantly CD4 or 
other factors. But the power of the response emphasizes the promise of 
heterologous prime-boost regimens for T cell vaccines for humans.

Future directions
The evaluation of the ability of T cells to control infections is still in 
its infancy. A major limitation for this new approach is the complexity 
of the assays used to score responding T cells and the failure of these 
assays, as currently used, to provide a single correlate for protection. 
Also, many diseases for which T cell vaccines are needed (such as HIV 
and tuberculosis) are diseases that do not allow experimental human 
challenge, necessitating vaccine development using animal models that 
may not accurately represent human infections. This means that the 
ultimate determination of efficacy will need to come from large-scale 
human trials. Nevertheless, remarkable progress is being made in our 
ability to elicit and score antimicrobial T cells with true hope for the 
realization of vaccines for such important causes of human morbidity 
and mortality as HIV, tuberculosis and malaria.
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Figure 4  Assays for T cell responses. Examples 
of an IFN-γ ELISPOT assay, an ICS and a CFSE 
proliferation assay are shown. All assays test 
for responses to peptide stimulations. For the 
ELISPOT assay, the spots represent IFN-γ, 
which has been secreted by an individual cell in 
response to stimulation. For the ICS assay, each 
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cells). The strength of cytokine production by 
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and then stimulated with peptide for 6 days. 
Following the stimulation, CD8 cells were 
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