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In an effort to develop an AIDS vaccine that elicits high-frequency cytotoxic-T-lymphocyte (CTL) responses with
specificity for a diversity of viral epitopes, we explored two prototype multiepitope plasmid DNA vaccines in the
simian-human immunodeficiency virus/rhesus monkey model to determine their efficiency in priming for such
immune responses. While a simple multiepitope vaccine construct demonstrated limited immunogenicity in mon-
keys, this same multiepitope genetic sequence inserted into an immunogenic simian immunodeficiency virus gag
DNA vaccine elicited high-frequency CTL responses specific for all of the epitopes included in the vaccine. Both
multiepitope vaccine prototypes primed for robust epitope-specific CTL responses that developed following boosting
with recombinant modified vaccinia virus Ankara vaccines expressing complete viral proteins. The natural hierar-
chy of immunodominance for these epitopes was clearly evident in the boosted monkeys. These studies suggest that
multiepitope plasmid DNA vaccine-based prime-boost regimens can efficiently prime for CTL responses of in-
creased breadth and magnitude, although they do not overcome predicted hierarchies of immunodominance.

A central role for cytotoxic T lymphocytes (CTL) in contain-
ing human immunodeficiency virus (HIV) replication in hu-
mans and simian immunodeficiency virus (SIV) replication in
monkeys has been suggested by the clear temporal correlation
between the partial control of replicating virus during primary
infection and the emergence of detectable virus-specific CTL
in infected individuals (17). Moreover, monkeys depleted of
CD8" lymphocytes by monoclonal antibody infusion never
contained early viral replication and died soon after infection
(22). In fact, recent studies with monkeys indicate that vaccine-
elicited CTL populations can confer protection against high
levels of viral replication and clinical disease progression fol-
lowing simian-HIV (SHIV) or simian immunodeficiency virus
(SIV) infection (2, 3, 6).

It is also now assumed that ideal vaccine-elicited HIV-spe-
cific CTL responses should recognize the greatest possible
diversity of viral epitopes (19). However, studies in HIV-in-
fected humans and SIV-infected monkeys have shown that
replicating viruses accrue mutations that allow them to escape
from recognition by CTL (12, 20, 21). Importantly, it has also
been shown that the immune protection against clinical disease
progression observed in monkeys that receive a CTL-based
vaccine and are then challenged with an AIDS virus can be lost
as viruses emerge with selected mutations that allow them to
escape from recognition by CTL (4). It has been postulated
that, the greater the diversity of viral epitopes recognized by
CTL, the lower the likelihood of emergence of a population of
viruses that can escape from recognition by these CTL.
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During the course of a viral infection, CTL responses de-
velop a predictable bias in their pattern of epitope recognition.
A natural hierarchy of epitope recognition emerges, with most
of the CTL response being focused on only a very limited
number of epitopes (7, 11). For example, in SHIV- and SIV-
infected rhesus monkeys that express the major histocompat-
ibility complex (MHC) class I allele Mamu-A*01, CTL specific
for the Gag pl1C epitope invariably constitute a dominant
response, with the envelope p41A and the polymerase p68A
epitopes being subdominant CTL targets (11). Experimental
evidence in a variety of systems suggests that this hierarchy
develops as a consequence of factors such as the variety of
epitope peptide affinities for the relevant MHC class I mole-
cule, the various copy numbers of the epitopes produced by the
virus, and differences in epitope processing by the cell’s bio-
logic machinery (24). It is conceivable that a vaccine strategy
that can bypass the natural hierarchy of epitope bias might
result in a particularly broad CTL response that provides long-
er-lived protection against an infecting AIDS virus.

Vaccine constructs that express a series of minimal epitopes
have been explored as a potential strategy for generating im-
mune responses to a variety of viral epitopes (23). Both single
(8) and multiepitope (16) constructs have been shown to be
immunogenic in mouse models. Limited numbers of studies
with nonhuman primates, primarily focusing on the responses
to a single dominant epitope, suggest that this approach can
elicit detectable CTL responses (1, 14). The diversity and the
magnitude of CTL responses generated in primates by multi-
epitope vaccines carrying epitopes with different degrees of
dominance are presently not well understood. The present
study was initiated in the Mamu-A*01" rhesus monkey/SHIV
model to systematically evaluate polyepitope vaccine-gener-
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FIG. 1. Multiepitope sequence encoded by the DNA vaccine con-
struct. Sequences corresponding to the minimal 9-amino-acid-long
epitopes p41A, p68A, and pl1C, all restricted by the class I allele
Mamu-A*01 and derived, respectively, from HIV-1 89.6 envelope,
SIVmac239 gag, and SIVmac239 pol, were placed in tandem. Each
epitope was flanked on the amino and carboxyl termini by a triple-
alanine-spacer sequence. The construct also included an SIV-derived
control sequence (p199A) that is not restricted by Mamu-A*01 and a
c-myc antibody tag.

ated immune responses against both dominant and subdomi-
nant epitopes.

Construction of plasmid DNA vaccine. To explore vaccine
strategies that might overcome the natural bias of the immune
system to focus CTL responses onto a limited number of dom-
inant epitopes, a multiepitope plasmid DNA vaccine was con-
structed that encoded a series of peptide fragments of SHIV-
89.6 previously shown to be presented to CTL in rhesus
monkeys by the MHC class I molecule Mamu-A*01. The 5'-
to-3" order of the epitopes in this vaccine construct was as
follows: the control epitope p199A (RYPKTFGWL), HIV-
Env p41A (YAPPITGQI), Pol p68A (STPPLVRLYV), and Gag
pl11C (CTPYDINQM), separated one from another with triple
alanine spacers (Fig. 1). Such alanine spacers have previously
been shown to minimize cleavage bias at epitope junctions that
may vary due to the naturally occurring C- and N-terminal
sequences of the minimal epitopes themselves (23). The mul-
tiepitope construct included a Kozak sequence at the 5’ end,
flanking Xbal sites to facilitate its transfer, and a C-terminal
myc sequence to facilitate its detection by anti-myc antibodies.
DNA-coding sequences were refined to remove potential in-
ternal translation initiation sequences and extended tandem or
inverted repeats. When not countermanded by these restric-
tions, codon optimization was also employed in constructing
this plasmid DNA vaccine. The synthetic nucleotide sequence
was then incorporated into the pV1IR DNA vaccine vector
(10).

Immunogenicity of prototype multiepitope plasmid DNA
vaccine. The immunogenicity of this polyepitope vaccine was
assessed in a pilot study with two Mamu-A*01" rhesus mon-
keys (Mm 90-98 and Mm 95-98) to determine whether the
vaccine can generate cytotoxic-T-cell responses of comparable
magnitude against all of the epitopes. The animals included in
this study were Indian-origin rhesus monkeys selected for their
expression of the MHC class I allele Mamu-A*01. A PCR
assay employing sequence-specific primers was used to identify
Mamu-A*01-positive monkeys (18). Monkeys were maintained
in the biologic containment facility of the New England Pri-
mate Research Center (Southborough, Mass.) in accordance
with the guidelines of the Committee on Animals for the Har-
vard Medical School and the Guide for the Care and Use of
Laboratory Animals. The monkeys were immunized with 8 mg
of plasmid DNA delivered by a needle-free Biojector (Bioject
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Medical Technologies, Inc.) in the left and right quadriceps
muscles on a schedule of 0, 4, and 9 weeks. The vaccine-elicited
CTL responses specific for the three Mamu-A*01-restricted
epitopes and single control epitope were evaluated on a fort-
nightly schedule following immunization by staining whole blood
with Mamu-A*01-peptide tetramer complexes. Tetrameric
Mamu-A*01-p11C, -p41A, and -p68A complexes coupled to phy-
coerythrin were generated as previously described (11). These
tetramers were used to stain 100 pl of fresh whole blood on the
days noted postvaccination with a cocktail of antibodies that in-
cluded allophycocyanin-linked anti-CD3 (custom-conjugated FN-
18; Beckman Coulter), fluorescein isothiocynate-linked anti-
CD8a (SK1; Becton-Dickinson), and phycoerythrin-Texas red-
linked anti-CD8af3 (2ST8.5H7; Beckman Coulter) with use of the
Immunoprep reagent system and a Q-prep workstation (Beck-
man Coulter). No tetramer-binding CD8" T lymphocytes were
detected in these sampled fresh peripheral blood cell populations,
indicating that high-frequency CTL responses were not generated
by these monkeys (Fig. 2). However, low-frequency CTL popu-
lations specific for Gag p11C and Env p41A epitopes could be
expanded in the lymphocyte population from Mm 95-98 by
epitope-peptide stimulation (data not shown). These studies in-
dicated that this polyepitope plasmid DNA vaccine was at best
marginally immunogenic in rhesus monkeys as a stand-alone
vaccine.

Immunogenicity of fusion-multiepitope plasmid DNA vac-
cine. We next considered the possibility that the multiepitope
sequence may require presentation in a different immunologic
context to optimally generate responses against the constituent
epitope peptides. Since we have previously shown that a
codon-optimized SIV gag DNA immunogen in this same plas-
mid vector is immunogenic, we reasoned that presenting the
DNA encoding the Mamu-A*01-restricted epitopes in the con-
text of that same SIV gag DNA should provide an appropri-
ately immunogenic context for this vaccine. We therefore con-
structed a new plasmid DNA vaccine comprised of the same
multiepitope sequence fused to the coding region of the car-
boxyl terminus of the full-length gag gene. However, to insure
that a vaccine-elicited p11C-specific CTL response repre-
sented an immune response induced by the multiepitope se-
quence rather than p11C in the context of the gag gene prod-
uct, we deleted the internal p11C coding sequence of the gag
gene. The fusion of the multiepitope sequence with the gag
gene was accomplished by inserting the short multiepitope
sequence as a tag just before the stop codon of the full-length
gag gene with a deletion of p11C.

As in the pilot study of the prototype multiepitope vaccine
construct, two naive Mamu-A*01" rhesus monkeys (Mm
128-97 and Mm 135-97) were vaccinated with 8 mg of inocula
of the fusion-multiepitope DNA vaccine by intramuscular
route with a Biojector, each monkey receiving three inocula-
tions at monthly intervals. Circulating CD8* T lymphocytes
binding the Mamu-A*01-p11C, -p41A, and -p68A tetramers
were measured in both freshly isolated whole blood and
epitope peptide-stimulated peripheral blood mononuclear
cells (PBMC). In contrast to the simple multiepitope vaccine
construct, the fusion-multiepitope vaccine construct elicited
readily detectable populations of CD8" tetramer-binding T
lymphocytes as early as 2 weeks following the first plasmid
DNA inoculation (Fig. 2). In fact, peripheral blood CD8" T
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FIG. 2. Kinetics of the epitope-specific CTL responses detected in freshly isolated peripheral blood of monkeys immunized with the multi-
epitope or the fusion-multiepitope plasmid DNA immunogen. The upper panels show tetramer-specific CD8"-T-lymphocyte responses of the two
monkeys (Mm 90-98 and Mm 95-98) that received three inoculations (weeks 0, 4, and 9) of the multiepitope plasmid DNA. The lower panels show
tetramer-specific CD8*-T-lymphocyte responses of the two monkeys (Mm 128-97 and Mm 135-97) that received three inoculations (weeks 0, 4,
and 8) of the fusion-multiepitope plasmid DNA. Peripheral blood was assessed for p11C-, p41A-, and p68A-tetramer binding to CD8" CD3*
lymphocytes. Differences in the time to peak of epitope-specific responses following multiple DNA inoculations in the fusion multiepitope group
of immunized monkeys may be due to the inherent biologic variability between the two animals. —, data not available.

lymphocytes specific for each of the Mamu-A*(01-restricted
epitopes were generated by this vaccine at levels comparable to
those generated by vaccines expressing full-length proteins in
earlier studies (10). Moreover, fresh blood tetramer staining to
assess peptide-specific CD8"-T-lymphocyte responses in circu-
lating PBMC (Fig. 2) indicated that the fusion-multiepitope
vaccine elicited readily detectable CTL responses against all
three epitopes without the usual marked bias toward the dom-
inant p11C epitope (11).

To clarify why a weakly immunogenic multiepitope DNA
sequence can elicit robust CD8"-T-cell responses when con-
figured as a fusion construct with a DNA sequence encoding a
large immunogenic protein, we assessed Gag-specific CD4™" -
T-cell responses in PBMC of the monkeys vaccinated with
either the stand-alone multiepitope vaccine or the fusion-mul-
tiepitope vaccine (Fig. 3). To evaluate the SIV Gag-specific
CD4"-T-cell responses in the vaccinated monkeys, we assessed
gamma interferon (IFN-y) production by CD8"-lymphocyte-
depleted PBMC in an ELISPOT assay following exposure to a
pool of overlapping 15-amino-acid peptides spanning the en-
tire SIV Gag protein as previously described (4). An evaluation
of ELISPOT responses of such CD4"-T-cell-enriched PBMC
of the vaccinated monkeys demonstrated that substantial Gag-
specific CD4"-T-cell responses were generated in the monkeys
immunized with the fusion-multiepitope construct but not the
multiepitope construct alone. This observation suggests that
insufficient CD4"-T-lymphocyte help may have been gener-
ated in monkeys immunized with the multiepitope vaccine
construct alone to induce robust CD8*-T-lymphocyte re-
sponses to multiple CTL epitopes.

Multiepitope DNA vaccine priming for live recombinant

vector-boosted CTL responses. If a plasmid DNA immunogen
is used in HIV vaccination, it will likely be as a priming step for
a live recombinant vector booster to potentiate vaccine-elicited
CTL and/or antibody responses. We therefore sought to de-
termine the efficiency of CTL priming induced by these mul-
tiepitope plasmid DNA immunogens for a recombinant
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FIG. 3. Multiepitope and fusion-multiepitope plasmid DNA im-
munogen elicited Gag-specific CD4"-T-lymphocyte IFN-y ELISPOT
responses. Two weeks following the third DNA inoculation, CD8"-
lymphocyte-depleted PBMC from the vaccinated monkeys were ex-
posed to a pool of 15-amino-acid-long peptides spanning the SIV Gag
protein and were assessed for IFN-y production.
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FIG. 4. Epitope-specific CD8*-T-lymphocyte responses in periph-
eral blood 1 week following recombinant MVA boosting of monkeys
primed with multiepitope and fusion-multiepitope plasmid DNA vac-
cines. Freshly isolated peripheral blood was assessed for p11C-, p41A-,
and p68A-tetramer binding to CD8" CD3" lymphocytes. Monkeys
Mm 90-98 and Mm 95-98 were primed with the multiepitope, and
monkeys Mm128-97 and Mm135-97 were primed with the fusion-
multiepitope plasmid DNA vaccine.

poxvirus vector booster. We boosted each of the plasmid
DNA-primed monkeys with two modified vaccinia virus An-
kara (MVA) recombinants, one carrying the full-length SIV
Gag-Pol proteins and the other the HIV-1 89.6 Env protein,
constructed as described previously (5, 9). These SIV and HIV
genes encode the three Mamu-A*0l-restricted epitopes in-
cluded in the multiepitope plasmid DNA immunogens. Fol-
lowing a fourth and final DNA immunization and an identical
10-month resting period, each of the DNA-primed monkeys
was inoculated with 10% PFU of both of the recombinant MVA
constructs by the intramuscular route. We then compared the
immune responses elicited in these four DNA-primed, recom-
binant MVA-boosted monkeys to those of a group of previ-
ously naive Mamu-A*01" rhesus monkeys that were immu-
nized only with the two recombinant MVA immunogens.
Vaccine-elicited CTL responses were monitored in these
monkeys by quantitating tetramer-binding CD8" T lympho-
cytes in freshly isolated peripheral blood samples (Fig. 4 and
5). The control monkeys that received only the recombinant
MVA immunogens developed low-frequency CTL responses
that were predominantly focused on the dominant p11C Gag
epitope (Fig. 5A). Very-low-frequency and sporadic CTL re-
sponses were detected with specificity for the nondominant
p41A and p68A epitopes. However, the monkeys that received
priming immunizations with the multiepitope plasmid DNA
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vaccines developed readily demonstrable CTL responses spe-
cific for subdominant epitopes (Fig. 5B). The two monkeys that
were immunized with the fusion-multiepitope construct had
consistently higher-frequency responses to all three epitopes
than did the two monkeys immunized with the simple multi-
epitope plasmid construct. These augmented epitope-specific
CTL responses in the fusion multiepitope DNA-primed mon-
keys following the poxvirus booster suggest that an optimal
DNA priming step may lead to augmented responses to the
booster (compare Fig. 5B to Fig. 2).

Interestingly, while the usual dominance hierarchy of
epitopes was not apparent in the freshly stained peripheral
blood of monkeys immunized with the fusion-multiepitope
plasmid DNA vaccine constructs, this situation changed fol-
lowing recombinant MVA boosting. The monkeys that were
primed with either the multiepitope or the fusion-multiepitope
plasmid DNA vaccine constructs developed robust CTL re-
sponses specific for both the dominant and subdominant
epitopes after recombinant MV A boosting. However, the usual
dominance hierarchy seen during natural infection was readily
apparent in three of the four monkeys, with the p11C epitope-
specific CTL population detected at approximately a two-to-
fourfold-higher frequency than CTL specific for the subdomi-
nant p41A epitope (Fig. 4). We cannot rule out the possibility
that we may be able to alter these epitopic dominance patterns
by boosting with recombinant poxvirus vaccines expressing in-
creased copy numbers of the nondominant epitopes.

While vaccine constructs comprised of a series of defined
CTL epitopes have been studied in mouse models (13, 15, 23),
their utility in primates has not been extensively explored. The
results of the present study suggest that a plasmid DNA en-
coding only a limited number of CTL epitopes is unlikely to be
viable as a stand-alone vaccine. Even when enormous amounts
of the multiepitope plasmid DNA vaccine were administered
to rhesus monkeys, minimal CTL responses were generated.

Interestingly, however, a plasmid DNA vaccine construct
containing the poorly immunogenic multiepitope DNA se-
quence fused to a gene encoding a large protein proved quite
immunogenic. We cannot formally rule out the possibility that
the poor immunogenicity of the prototype multiepitope con-
struct was due to inefficient processing of the epitope peptides
and that the processing of the fusion-multiepitope construct
was improved. However, since we showed that DNA encoding
the larger fusion protein induced CD4"-T-lymphocyte re-
sponses, it is likely that Gag-specific T-cell helper responses
elicited by this larger protein augmented the CTL responses to
the epitopes encoded by the multiepitope sequence. These
vaccine-elicited CTL responses were in fact comparable in
magnitude to those elicited in monkeys by plasmid DNA vac-
cines encoding full-length viral proteins (10).

Although the multiepitope plasmid DNA construct without
the large protein did not elicit detectable CTL responses, im-
munization with this construct nonetheless primed for robust
secondary epitope-specific CTL responses that were detected
following recombinant MV A boosting. However, the monkeys
that were immunized with the fusion-multiepitope plasmid
DNA construct prior to recombinant MVA boosting generated
impressive CTL responses to all three Mamu-A*01-restricted
epitopes that were greater in magnitude than those seen in the
monkeys that received the plasmid DNA encoding only the



VoL. 77, 2003 NOTES 10117

A Mm T119 Mm H500

P 5 B

3 S H P11C
& & B P41A
[%] Q

3 g [ P68z
" w

] ]

£ £

© ©

£ £

2 2

* 2

P ®

3 S

0 o

5 5

Q

2 2

(/2] w

] o

E £

£ £

P L

2 S

B Mm 90-98

P ®

S S H P11C
& & B P41A
3 3 [ P68z
o o

2] (/2]

| T

Q Q

£ £

£ £

[} @

- -

2 S

® @

3 3

(] (8]

o o

o ~—

= =

[ (7

Q. o.

(7] w

o @

£ £

g g

@ @

[ [

2 2

Weeks

FIG. 5. Kinetics of epitope-specific CTL responses as measured by peptide/tetramer binding to freshly isolated peripheral blood lymphocytes
of monkeys that were vaccinated with either a recombinant MVA-priming/recombinant MVA-boosting (A) or a plasmid DNA-priming/recom-
binant MVA-boosting (B) regimen. Mm 90-98 and Mm95-98 were primed with the simple multiepitope DNA vaccine, while Mm128-97 and
Mm135-97 were primed with the fusion-multiepitope DNA vaccines. Whole blood was obtained at the indicated time points following recombinant
MVA boosting and was assessed for p11C-, p41A-, and p68A-tetramer binding to CD8" CD3™" lymphocytes.
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multiepitope sequence. Both multiepitope plasmid DNA im-
munogens therefore primed for secondary epitope-specific re-
sponses.

A rationale for exploring the use of multiepitope DNA im-
munogens as components of an HIV vaccine is that they may
be capable of increasing the breadth of CTL epitope-specific
priming. This presumably would occur through increasing im-
mune responses to nondominant CTL epitopes. The present
studies suggest that multiepitope plasmid DNA vaccines can
efficiently prime for CTL responses of increased breadth but
when employed in concert with established boosting regimens
do not overcome usual hierarchies of immunodominance.
Overcoming the proclivity of the immune system to focus
CD8"-T-cell responses on a limited number of epitopes there-
fore remains a major challenge for the development of CTL-
based vaccines for AIDS.
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