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AIDS Vaccines: Heterologous Prime/Boost
Strategies for raising Protective T Cell
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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 RNA'. The cur-
rent best prognosis for patients is the titer of virus in
plasma?. 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 fsyelsfof-plasmng «iral
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 pefhlf (When ahticCO8
antibodies are used to deplete CD8 T cells in simian
immunodeficiency virys;.infected. macaques, the
levels of viral RNA rise’ (Up-to 90,000-fold) and ‘then
fall when CD8 T cells reappear®. Immunodeficiency
virus-specific CD4 T cells also play a criticatralg in
the control of viral RNA. The stimulation index for
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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 100,000,

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, thein-
fected cell is eradicated. However, in addition to
killing,.CD8-T cells can suppress viral infections®
{for review/see!refCh). Both the lytic and suppres-
sive activities are activated by antigen recognition.
nlcentrast te the lydieyactivity, the suppressive ac-
tivity inhibits vitus preduction and allows infections
to persist as latent proviral DNA. This long term la-
tency,cfouna an [angdivéd) festing memory CD4+
cells, represents the major barrier for either drug or
immune-mediated clearance of HIV-1 infected
cellsh IStppressive factor(s) are soluble and can
act on non-MHC-matched cells®. At least one func-
tion pf the suppressive factor(s) is<thessilencing of
proviralAransoription®y€hemokings mediate a third
mechanism by whigh T cCells/control HIV-1 infec-
tions. Chemokines are produced during the normal
response of T cells to antigen-specific stimulation.
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Fig. 1. Three mechanisms for T cell-mediated containment
of HIV-1.
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Fig. 2. Number of epitopes targeted by T cells and survival.
Data taken from Ref. 13.

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-
tion%™. 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 virus'. 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 ;&N t@@b é&ttrﬂgss pU

The number of epitopes that are needed to pro-

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 cells'. 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
beﬁfonsiﬁ is 5 to 15% fi its effector peak. The ratio

nses is independent of
the peak of the ettector response with similar con-
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Table 1. Heterologous prime/boost protocols.

recombinant recombinant pox virus
influenza

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]

4-10 fold increase in specific CD8 cells

MVA superior to NYVAC
VV superior to fowl pox
i.d. or i.v. injections best for boosters

influenza must be first [29-31]

particle vaccine).

NYVAC and MVA: replication impaired vaccinia viruses.
VV: vaccinia virus. MHC: major histocompatibility class.
i.d.: intradermal injection. i.v.: intravenous injection.

TyVLP: yeast derived transposable element particles that can incorporate up to 229 amino acids of foreign protein (Gilbert, A protein

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-

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.

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 primates’. 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 abilit dergo, produc-
tive replication in primm@e alfg ]@015 ef@
that interfere with host antiviral immune responses,
a phenomenon that is likel u tﬁ
good immunogenicity of th\ﬁ.éi@mg fr%ei [ [
vector'®. MVA has been used safely |n over 120,000
people during the ca |Q9]< |

The strong boosting 0 8 responses by eterolo-
gous prime/boost regimens likely reflects- memory
cells induced by the 1st vector being(Very_efféc)
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trials in the Robinson laboratory.
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Table 2. Features of DNA vaccines and recombinant pox vectors that contribute to the efficacy of heterologous prime/boost

pathways
Unmethylated CpG motifs
Expresses only vaccine antigen
MVA booster  Higher levels of encoded antigen
pathways
Strong production of proinflammatory cytokines

Non-productive replication in mammalian cells

regimens.
Vector Property Immunological consequence
DNA vaccine  Low levels of encoded antigen expressed for 2-3 weeks Prolonged immune stimulation, raising of high affinity

Encoded antigens delivered to MHC | and Il processing

Encoded antigens delivered to MHC | and Il processing

T cells

Priming of both CD4 and CD8 memory cells

Immunostimulation
Focused response

Expansion of high affinity T cells primed by DNA
vaccination

Expansion of both CD4 and CD8 responses

Immunostimulation

Safe for human use

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 IgA%. 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 macague 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)%3. A provocative r

study was that i.d. salifig (jéotions,
gun priming with DNA, followed by pox virus booste

gun deliveries of DNA biasing immune responses
towards type 2 T cell ﬁ] Iiﬁj jections- of
DNA biasing immune T l% r@a@io c@% p;jg@?’f
cell help. In study 1, a HIV-1 challenge_in a pig

failure to infect one of the control macaques cast
doubt on the protection of 1 of 3 vaccinated
macaq
have b
by gene
the SIV challenge® (Fig. 2).

sult in this

el iEatey st
ectve priming s Moo B LD G ST
\/\]‘On::f] .

tailed macaque favored protection?. In @‘jqfldt h@n?

Also) ARrotecti ight Inot
O R R
n, and with'on! le'C itope of

( )

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 blood?. 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
the vaccine should be
hould raise an immune
response that is biased towards type 1T cell help®.

[ﬁ*ﬁ’@fﬁ@@ gguppgf/erm non-progressors sug-

gests that the vaccine’will need to raise frequencies

ecific mem%{ﬁ-C% cells of 0.5% or greater.
forrise) 6t hetetidgéws|prime/boost protocals

is that we will be able to raise a broad memory cell

q@@g@eﬁ\f/ith responses to individual epitopes be-
t'at frequencies of 0.5% or greater (Fig. 3).
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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, 10° 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-lllb i.d. but not g.g.-primed animals containment did not require the [23]
all viral genes SHIV-lilb, gag-pol, env, and nef., challenge at 68 weeks, followed contained SHIV-IIb 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-Iilb, 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-Ilb 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

2 DNA immunizations at 0 and
8 weeks

3 MVA immunizations at weeks
17,22, and 44

No part of this publication may be

reproduced or photocopying

without the prior written permission

at challenge, animals had from 1
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

of the publisher

—_
© AIDSREVIEWS
©

© Permanyer Publications 2010

sasuodsal 180 | 9AIS10.4 buisies 10§ sa1bajens 1S00g/auiLld SNHOJOISIOH :SBUIDIBA SAIV D 10 ‘UOSUIGOY ] OLLDH



—_

— AIDSREVIEWS

AIDS Rev 2000, 2

1.

References

Ogg G, Jin X, Bonhoeffer S, et al. Quantitation of HIV-1-specific
cytotoxic T lymphocytes and plasma load of viral RNA. Science
1998; 279: 2103-6.

. Mellors J, Rinaldo C Jr., Gupta P, White R, Todd J, Kingsley L.

Prognosis in HIV-1 infection predicted by the quantity of virus in
plasma Science 1996; 272: 1167-70.

. Schmitz J, Kuroda M, Santra S, et al. Control of viremia in simi-

an immunodeficiency virus infection by CD8+ lymphocytes. Sci-
ence 1999; 283: 857-60.

. Rosenberg E, Billingsley J, Caliendo A, et al. Vigorous HIV-1-

specific CD4+ T cell responses associated with control of
viremia. Science 1997; 278: 1447-50.

. Walker C, Moody D, Stites D et al. CD8+ lymphocytes can con-

trol HIV infection in vitro by suppressing virus replication. Sci-
ence 1986; 234: 1563-6.

. Levy J, Mackewicz C, Barker E. Controlling HIV pathogenesis:

the role of the noncytotoxic anti-HIV response of CD8+ T cells.
Immunol Today 1996; 17: 217-24.

. Finzi D, Silliciano R. Viral dynamics in HIV-1 infection. Cell 1998;

93: 665-71.

. Tomaras G, Lacey S, McDanal C, Ferrari G, Weinhold K, Green-

berg M. CD8+ T cell-mediated suppressive activity inhibits HIV-
1 after virus entry with kinetics indicating effects on virus gene
expression. Proc Natl Acad Sci USA 2000; 97: 3503-8.

. Furci L, Scarlatti G, Burastero S, et al. Antigen-driven C-C

chemokine-mediated HIV-1 suppression by CD4(+) T cells from
exposed uninfected individuals expressing the wild-type CCR-5
allele. J Exp Med 1997; 186: 455-60.

. Ullum H, Cozzi Lepri A, Victor J, et al. Production of beta-

chemokines in human immunodeficiency virus (HIV) infection:
evidence that high levels of macrophage inflammatory protein-
1beta are associated with a decreased risk of HIV disease pro-
gression. J Infect Dis 1998; 177: 331-6.

. Rubbert A, Weissman D, Combadiere C, et al. Multifactorial

nature of noncytolytic CD8+ T cell-mediated suppression of HIV
replication: beta-chemokine-dependent and -independent ef-
fects. AIDS Res Hum Retroviruses 1997; 13: 63-9.

. Korber B, Foley B, Gaschen B, et al. Epidemiological and im-

munological implications of the global variability of HIV-1. In:
Walker B, Pantaleo G, (eds). Retroviral Immunology. Totowa, NJ:
The Humana Press. (In press).

. Evans D, O’Connor D, Jing P, et al. Virus-specific cytotoxic T-

lymphocyte responses select for amino-acid variation in simian
immunodeficiency virus Env and Nef. Nat Med 1999; 5: 1270-6.

. Murali-Krishna K, Altman J, Suresh M, et al. Counting antigen-

specific CD8 T cells: a reevaluation of bystander activation dur-
ing viral infection. Immunity 1998; 8: 177-87.

. Murali-Krishna K, Lau L, Sambhara S, Lemonnier F, Altman J,

Ahmed R. Persistence of memory CD8 T cells in MHC class I-
deficient mice. Science 1999; 286: 1377-81.

. Schneider J, Gilbert S, Hannan C, et al. Induction of CD8+ T

cells using heterologous prime-boost immunisation strategies.
Immunological Reviews 1999; 170: 29-38.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Moss B, Carroll M, Wyatt L, et al. Host range restricted, non-

replicating vaccinia virus vectors as vaccine candidates. Adv
Exp Med Biol 1996; 397: 7-13.

. Meyer H, Sutter G, Mayr A. Mapping of deletions in the genome

of the highly attenuated vaccinia virus MVA and their influence
on virulence. J Gen Virol 1991; 72: 1031-8.

. Barouch D, Craiu A, Kuroda M, et al. Augmentation of immune

responses to HIV-1 and simian immunodeficiency virus DNA
vaccines by IL-2/Ig plasmid administration in rhesus monkeys.
Proc Natl Acad Sci USA 2000; 97: 37@2-9.

Hanke T, Samuel R, Blanchard T, et al. Effective induction of
simian immunodeficiency virus-specific cytotoxic T lymphocytes
in macaques by using a multiepitope gene and DNA prime-
modified vaccinia virus Ankara boost vaccination regimen. J Vi-
rol 1999; 73: 7524-32.

Feltquate D, Heaney S, Webster R, et al. Different T helper cell
types and antibody isotypes generated by saline and gene gun
DNA immunization. J Immunol 1997; 158: 2278-84.

Xiang Z, Pasquini S, Ertl H. Induction of genital immunity by
DNA priming and intranasal booster immunization with a repli-
cation-defective adenoviral recombinant. J Immunol 1999; 162:
6716-23.

Robinson H, Montefiori D, Johnson R, et al. Neutralizing anti-
body-independent containment of immunodeficiency virus chal-
lenges by DNA priming and recombinant pox virus booster Im-
munization. Nat Med 1999; 5: 526-34.

Kent S, Zhao A, Best S, Chandler J, Boyle D, Ramshaw I. En-
hanced T-cell immunogenicity and protective efficacy of a hu-
man immunodeficiency virus type 1 vaccine regimen consisting
of consecutive priming with DNA and boosting with recombinant
fowlpox virus. J Virol 1998; 72: 10180-8.

Schneider J, Gilbert S, Blanchard T, et al. Enhanced immuno-
genicity for CD8+ T cell induction and complete protective effi-
cacy of malaria DNA vaccination by boosting with modified vac-
cinia virus Ankara. Nat Med 1998; 4: 397-402.

Sedegah M, Jones T, Kaur M, et al. Boosting with recombinant
vaccinia increases immunogenicity and protective efficacy of
malaria DNA vaccine. Proc Natl Acad Sci USA 1998; 95: 7648-53.
Hanke T, Blanchard T, Schneider J, et al. Enhancement of MHC
class I-restricted peptide-specific T cell induction by a DNA
prime/MVA boost vaccination regime. Vaccine 1998; 16: 439-45.
Irvine K, Rao J, Rosenberg S, et al. Cytokine enhancement of
DNA immunization leads to effective treatment of established
pulmonary metastases. J Immunol 1996; 156: 238-45.
Rodrigues M, Li S, Murata K, et al. Influenza and vaccinia virus-
es expressing malaria CD8+ T and B cell epitopes. Comparison
of their immunogenicity and capacity to induce protective immu-
nity. J Immunol 1994; 153: 4636-48.

Murata K, Garcia-Sastre A, Tsuji M, et al. Characterization of in
vivo primary and secondary CD8+ T cell responses induced by
recombinant influenza and vaccinia viruses. Cell Immunol 1996;
173: 96-107.

Li S, Rodrigues M, Rodriguez D, et al. Priming with recombinant
influenza virus followed by administration of recombinant vac-
cinia virus induces CD8+ T-cell-mediated protective immunity
against malaria. Proc Natl Acad Sci USA 1993; 90: 5214-8.

No part of this publication may be

reproduced or photocopying

without the prior written permission

of the publisher

© Permanyer Publications 20




