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Abstract

Recent studies demonstrate that vaccinations using DNA priming and recombinant
pox virus booster immunizations raise much higher levels of T cell responses than
either of these regimens alone. Here we discuss the role of T cells in protection
against immunodeficiency viruses, the results of early preclinical trials using DNA
priming and pox virus booster immunizations for AIDS vaccines, and the overall
promise of heterologous priming and boosting regimens for T cell vaccines.
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T Cells and protection from AIDS
The seminal role of T cells in controlling HIV-1 in-

fections is best demonstrated by their inverse rela-
tionship to the level of plasma viral RNA1. The cur-
rent best prognosis for patients is the titer of virus in
plasma2. These titers directly correlate with disease
progression and death, with the post acute base-
line viral load providing a risk gradient that is evi-
dent even 10 years after set point determination.
Levels of specific CD8 T cells range from unde-
tectable to several percent of total CD8 cells. Pa-
tients with > 1% of their CD8 T cells specific for a
given epitope typically have levels of plasma viral
RNA of less than 100 per mL. By contrast, patients
with < 0.1% specific CD8 cells have more than
10,000 copies of viral RNA per mL1. When anti-CD8
antibodies are used to deplete CD8 T cells in simian
immunodeficiency virus infected macaques, the
levels of viral RNA rise (up to 10,000-fold) and then
fall when CD8 T cells reappear3. Immunodeficiency
virus-specific CD4 T cells also play a critical role in
the control of viral RNA. The stimulation index for

CD4+ T cells correlates inversely with viral load. In-
dices of more than 20 are characteristic of patients
with viral loads of < 1000, whereas indices of less
than 5, are found in patients with viral loads ap-
proximating 100,0004.

CD8 T cells control HIV-1 infections at several
levels (Fig. 1). The classical mechanism of CD8-
mediated protection is perforin or Fas mediated
cell killing. For killing to be activated, an infected
cell must express sufficient viral antigens for HLA
loading and recognition. Given this occurs, the in-
fected cell is eradicated. However, in addition to
killing, CD8-T cells can suppress viral infections5

(for review, see ref. 6). Both the lytic and suppres-
sive activities are activated by antigen recognition.
In contrast to the lytic activity, the suppressive ac-
tivity inhibits virus production and allows infections
to persist as latent proviral DNA. This long term la-
tency, found in long-lived resting memory CD4+
cells, represents the major barrier for either drug or
immune-mediated clearance of HIV-1 infected
cells7. Suppressive factor(s) are soluble and can
act on non-MHC-matched cells5. At least one func-
tion of the suppressive factor(s) is the silencing of
proviral transcription8. Chemokines mediate a third
mechanism by which T cells control HIV-1 infec-
tions. Chemokines are produced during the normal
response of T cells to antigen-specific stimulation.
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Fig. 2. Number of epitopes targeted by T cells and survival.
Data taken from Ref. 13.

Fig. 1. Three mechanisms for T cell-mediated containment
of HIV-1.
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These chemokines, such as RANTES and MDC,
block the availability of their receptors (the HIV-1
co-receptors) and thus prevent the spread of infec-
tion9-11. Both CD4 and CD8 T cells produce block-
ing chemokines.

Recognition of conserved epitopes by CD8
T cells 

The importance of CD8 T cell responses for HIV-
1 vaccines is highlighted by the strong conservation
of at least certain CD8 T cell epitopes in this highly
variable virus12. Conservation within clade B varies
from 80% for the least variable protein (p24) to just
over 40% for the most variable protein (gp120).
Thus, if a clade B vaccine is used in an area in
which clade B viruses are endemic, the majority of
the vaccine-raised CD8 epitopes will be matched to
the clade B challenge infections. When one com-
pares epitopes between clades B and C, conserva-
tion drops to 40% for p24, and 10% for gp120. Thus,
some perfectly matched CD8 epitopes will be pre-
sent if a clade B vaccine is used to vaccinate
against other clades. However, these epitopes will
be the minority of the potential CD8 epitopes.

The number of epitopes that are needed to pro-
tect against a challenge virus is not known. However,
work in simian immunodeficiency virus infected
macaques suggests that the margin for protection
directly correlates with the number of epitopes
against which a response is mounted (Fig. 2)13. In
Figure 2, only epitopes in the env and nef genes
were mapped. Escape from each of these epitopes
was possible. The macaque that recognized 5 epi-
topes survived 889 days; the animal that recog-
nized three, 511 days; the animal recognizing two,
299 days; and the macaque recognizing none, 77
days. Escape was elegantly tested for by assessing
temporal variability in epitope encoding, as op-

posed to flanking sequences. The sequences
clearly showed mutations focused in epitopes.
Each epitope represents a relatively large target for
mutagenesis (9 amino acids or 27 bp). Given the at
least two-fold better conservation of CD8 epitopes
within, than between clades, these data emphasize
the potential need for clade-specific vaccines. Al-
ternatively, protection against different clades by a
single vaccine may be achievable by constructing
a vaccine with epitopes from different clades. 

Raising CD8 T cell responses
During the induction of a CD8 T cell response, a

peak of effector cells is followed by a plateau of
memory cells14. During lymphocytic chorio-
meningitis virus infections in mice, different viral
epitopes raise different levels of effector cells. The
frequencies of epitope-specific CD8 cells ranges
from 2 to 50% of the CD8 T cells in the spleen of the
infected mouse. Once the virus is cleared, the num-
bers of specific T cells contract and memory cells
emerge. For each epitope, the level of the memory
response is 5 to 15% of its effector peak. The ratio
of effector to memory responses is independent of
the peak of the effector response with similar con-
tractions occurring in all responses. In mice, mem-
ory cells maintain their levels by homeostatic prolif-
eration, a proliferation that is independent of the
persistence of antigen15.

Vaccine studies in macaques are finding overall
similar relationships between peak and memory T
cell responses (work in progress). Whether primate
memory T cells will undergo homeostatic prolifera-
tion is likely, but remains to be determined. The
paradigm of these findings in mice for vaccine de-
velopment in man is that if high titer effector re-
sponses can be achieved, good memory responses
should follow. 
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Prime/boost protocols for raising CD8 cell
responses

Recently, certain heterologous prime/boost pro-
tocols have been found to raise higher T cell re-
sponses than priming and boosting with the same
agent (Table 1). These trials have tested priming
with virus like particles (capable of raising CD8 re-
sponses by virtue of their particulate nature), prim-
ing with DNA vaccines, and priming with recombi-
nant viral vectors (for review, see Ref. 16). Particu-
larly effective boosters have occurred for the rela-
tively low frequency, yet highly focused T cell re-
sponses primed by DNA vaccines or virus like par-
ticles.

Most heterologous prime/boost protocols have
used pox virus vectors for the boosters. Other can-
didates for use as boosters of T cell responses in-
clude other recombinant viral vectors (such as ade-
novirus or alphaviruses) or bacterial vectors (such
as salmonella or BCG). Among the tested pox virus
vectors, Modified Vaccinia Ankara (MVA) has been
more effective than NYVAC (New York Department
of Health Vaccinia Virus) or fowl pox (see Table 1).
The highly effective MVA vectors are replication-
defective in primates17. MVA was attenuated by
over 570 serial passages of vaccinia virus in prima-
ry chicken embryo fibroblasts. During passage it
lost genes that affect its ability to undergo produc-
tive replication in primate cells. It also lost genes
that interfere with host antiviral immune responses,
a phenomenon that is likely to contribute to the
good immunogenicity of this non-replicating viral
vector18. MVA has been used safely in over 120,000
people during the campaign to eradicate small pox.

The strong boosting of CD8 responses by heterolo-
gous prime/boost regimens likely reflects memory
cells induced by the 1st vector being very effec-
tively boosted by the second vector. For DNA-
raised responses, very low levels of antigen initiate
responses, with subsequent low peaks of both ef-
fector and memory cells (typically less than 1% of
total CD8 cells)19,20 (our unpublished findings).
These low levels of memory cells are boosted both

by the larger amount of antigen expressed by the
recombinant pox vector and the proinflammatory
cytokines expressed by pox virus infected cells
(Fig. 3). Furthermore, in DNA-primed and pox virus-
boosted animals, competition between responses
for vaccine and pox antigens is minimized by the
memory response for the vaccine antigen dominat-
ing the primary response to the pox vector.

Table 1. Heterologous prime/boost protocols.

Prime Boost Outcome Comment Reference

TyVLP recombinant pox virus 3-10-fold increase in specific CD8 cells TyVLP has to be first [16]

DNA recombinant pox virus 5-100-fold increase in specific CD8 cells DNA has to be first [25-28]

MVA superior to NYVAC

VV superior to fowl pox

i.d. or i.v. injections best for boosters 

recombinant recombinant pox virus 4-10 fold increase in specific CD8 cells influenza must be first [29-31]
influenza

TyVLP: yeast derived transposable element particles that can incorporate up to 229 amino acids of foreign protein (Gilbert, A protein
particle vaccine).
NYVAC and MVA: replication impaired vaccinia viruses.
VV: vaccinia virus. MHC: major histocompatibility class.
i.d.: intradermal injection. i.v.: intravenous injection.

DNA DNA DNA

MVA MVA MVA

MVADNA DNA

WEEKS

E
P

IT
O

P
E

 -
 S

P
E

C
IF

IC
 C

D
8 

T
 C

el
ls

 (
%

 o
f 

C
D

8 
C

el
ls

)

0 8 24 40

0 8 24 40

0 8 24 40

5
4

3
2
1
0

5
4

3
2
1
0

5
4

3
2
1
0

Fig. 3. Schematic for levels of epitope specific CD8
responses following DNA priming and recombinant MVA
boosters in rhesus macaques. Based on current vaccine
trials in the Robinson laboratory.
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DNA priming and recombinant pox virus boosters
are but one of a myriad of the potential synergistic
prime/boost protocols. By the correct use of vectors
one should be able to bias immune responses to-
wards type one or type 2 T cell help (for example
with DNA, see Ref. 21) or to raise mucosal as well
as systemic immune responses. Indeed, in mice,
DNA priming followed by intranasal delivery of an
adenoviral vector raised vaginal IgA22. Only with
practical experience will the rules for the frequency,
trafficking, and quality of T cell responses raised by
heterologous prime/boost immunizations be known.

Preclinical experience with DNA priming
and pox virus boosters for AIDS vaccines

Three studies have been published on DNA
priming and pox virus boosters in macaque models
for AIDS (Table 3). In our study comparing eight dif-
ferent protocols of vaccination for protective effica-
cy, i.d. DNA priming followed by fowl pox boosters
provided the best containment of challenge infec-
tions (Table 3, study 2)23. A provocative result in this
study was that i.d. saline injections, but not gene
gun priming with DNA, followed by pox virus boosters
contained challenge infections23. This difference in
protective priming was hypothesized to reflect gene
gun deliveries of DNA biasing immune responses
towards type 2 T cell help and saline injections of
DNA biasing immune responses towards type 1 T
cell help. In study 1, a HIV-1 challenge in a pig
tailed macaque favored protection24. In study 3, the
failure to infect one of the control macaques casts
doubt on the protection of 1 of 3 vaccinated
macaques20. Also, in study 3, protection might not
have been anticipated because immunization was
by gene gun, and with only a single CD8 epitope of
the SIV challenge23 (Fig. 2). 

Containment but not elimination of
infections

One of the hopes for CD8-mediated immunity
had been that it could clear as well as limit chal-
lenge infections. This hope became less realistic
when a transfusion study (Table 3, study 2) demon-
strated that a challenge virus that had not been de-
tected by RT-PCR could be transmitted to a naive
macaque by transfusion of blood23. The transmitted
virus had been used to challenge the transmitting
monkey 70 and 27 weeks prior to the transmission,
and had never been detected by real time PCR for
plasma viral RNA. This result demonstrates that
CD8 cells do not clear infections. It also highlights
that the suppressive activities of CD8 cells may
contribute to the ability of immunodeficiency virus
infections to remain latent (see Fig. 1) .

Future directions
Only careful experimentation will reveal the ulti-

mate promise of DNA priming and pox virus boosters
for the CD8 component of an AIDS vaccine. Lessons
to date would suggest that the vaccine should be
multi-epitope (Table 2) and should raise an immune
response that is biased towards type 1 T cell help23.
Experience with long-term non-progressors sug-
gests that the vaccine will need to raise frequencies
of specific memory CD8 cells of 0.5% or greater.
The promise of heterologous prime/boost protocols
is that we will be able to raise a broad memory cell
response, with responses to individual epitopes be-
ing present at frequencies of 0.5% or greater (Fig. 3).
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Table 2. Features of DNA vaccines and recombinant pox vectors that contribute to the efficacy of heterologous prime/boost
regimens.

Vector Property Immunological consequence

DNA vaccine Low levels of encoded antigen expressed for 2-3 weeks Prolonged immune stimulation, raising of high affinity
T cells 

Encoded antigens delivered to MHC I and II processing Priming of both CD4 and CD8 memory cells
pathways

Unmethylated CpG motifs Immunostimulation

Expresses only vaccine antigen Focused response 

MVA booster Higher levels of encoded antigen Expansion of high affinity T cells primed by DNA 
vaccination

Encoded antigens delivered to MHC I and II processing Expansion of both CD4 and CD8 responses
pathways

Strong production of proinflammatory cytokines Immunostimulation

Non-productive replication in mammalian cells Safe for human use
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Table 3. Preclinical DNA prime and pox virus boost in AIDS models.

Experiment DNA Pox booster Challenge Success Comment Reference

1 dpol-DNA 2 fowl pox vectors (expressing gag-pol pig tail macaques, 105 TCID50 of specific CTL precursors boosted 5-20- HIV-1 infections are an avirulent [24]
(expresses HIV-1 virus like and env), 2x108 pfu by scarification HIV-1 LAI delivered i.v. at 38 weeks fold by the pox virus challenge for macaques, with peak 
particle), 4 Fg, gene gun titers of plasma viral RNA being 

less than 400 in controls
infection not detected in 3 out of 4 

2 DNA immunizations at 0 3 fowl pox immunizations at 16, 24, macaques, contained in the 4th
and 8 weeks and 32 weeks macaque

2 5 SHIV-IIIb DNAs representing 3-fowl pox vectors expressing rhesus macaques, SHIV-IIIb i.d. but not g.g.-primed animals containment did not require the [23]
all viral genes SHIV-IIIb, gag-pol, env, and nef., challenge at 68 weeks, followed contained SHIV-IIIb infections below presence of neutralizing antibody

5 x 108 of each administered i.m. 43 weeks later by rechallenge with detection by RT-PCR
500 Fg each for a total of 2.5 SHIV-IIIb, followed 19 weeks later ability to contain infections persisted 
mg delivered i.d. 2 fowl pox immunizations at by rechallenge with SHIV89.6p, i.d. primed animals also contained over the 62 week period of challenges

44 and 66 weeks all challenges delivered i.v. SHIV-89.6P challenge with reductions 
4 Fg of each for a total of 20 Fg in viral load by 105 to > 107-fold containment of the 2nd and 3rd 
delivered by gene gun (below detection) challenges may have been 

contributed to by prior challenges 
3 DNA immunization at 0,4,24 boosting immunity
weeks

SHIV-IIIb is nonpathogenic (replicates 
from 104 to 106 copies of viral RNA 
per mL), SHIV89.6p is highly pathogenic 
(replicates from 108-1010 copies of 
viral RNA per mL) 

3 string of epitopes containing the MVA expressing the same string of rhesus macaques, uncloned 2/3 infected only 7/8 controls infected when [20] 
SIV-gag p11c-m epitope, 8 Fg, epitopes, 5 x 108 pfu SIVmac251, intrarectal challenge challenges given one week after 
gene gun at 45 weeks a MVA booster

3 MVA immunizations at weeks 
2 DNA immunizations at 0 and 17, 22, and 44 at challenge, animals had from 1 
8 weeks to 6% p11c-m specific CD8 cells

no escape mutants for the p11c-m 
epitope detected at 16 weeks post 
challenge

the string of epitopes did not 
contain a SIV helper epitope
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