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Generating broad cellular immune responses against a diversity of viral epitopes is a major goal of current
vaccine strategies for human immunodeficiency virus type 1 (HIV-1) and other pathogens. Virus-specific CD8�

T-lymphocyte responses, however, are often highly focused on a very limited number of immunodominant
epitopes. For an HIV-1 vaccine, the breadth of CD8� T-lymphocyte responses may prove to be critical as a
result of the need to cover a wide diversity of viral isolates in the population and to limit viral escape from
dominant epitope-specific T lymphocytes. Here we show that epitope modification strategies can alter CD8�

T-lymphocyte epitope immunodominance hierarchies elicited by a DNA vaccine in mice. Mice immunized with
a DNA vaccine expressing simian immunodeficiency virus Gag lacking the dominant Db-restricted AL11
epitope generated a marked and durable augmentation of responses specific for the subdominant Db-restricted
KV9 epitope. Moreover, anatomic separation strategies and heterologous prime-boost regimens generated
codominant responses against both epitopes. These data demonstrate that dominant epitopes can dramatically
suppress the immunogenicity of subdominant epitopes in the context of gene-based vaccines and that epitope
modification strategies can be utilized to enhance responses to subdominant epitopes.

CD8� T-lymphocyte responses elicited by a viral infection
are typically highly focused on a limited number of immuno-
dominant epitopes. Multiple factors likely contribute to the
immunodominance of these responses, including antigen ex-
pression levels, antigen expression kinetics, antigen processing
efficiency, major histocompatibility complex (MHC)/peptide
binding affinity, and T-cell receptor repertoire (6, 11, 14, 23,
25). Responses to subdominant epitopes in the context of viral
infections have also been reported to be limited by immu-
nodomination, that is, direct suppression of subdominant re-
sponses by dominant epitopes (7, 13, 22).

For a human immunodeficiency virus type 1 (HIV-1) vaccine
in particular, the breadth of vaccine-elicited cellular immune
responses will likely prove critical. An HIV-1 vaccine designed
to elicit cellular immune responses will have to protect against
a wide diversity of viral sequences present in human popula-
tions (9). Moreover, responses against subdominant epitopes
will likely be important for controlling the frequency and the
consequences of viral escape from dominant CD8� T-lympho-
cyte responses in vaccinated individuals who subsequently be-
come infected (1, 4). In addition, recent studies have shown
that CD8� T-lymphocyte responses to subdominant epitopes
are associated with improved control of viral replication in
HIV-1-infected individuals (8). It has proven difficult, however,
to alter the intrinsic CD8� T-lymphocyte epitope immu-
nodominance hierarchies elicited by infection or vaccination
(18).

Studies involving lymphocytic choriomeningitis virus infec-

tion in mice have shown that the loss of a dominant epitope or
the restricting MHC class I allele can result in enhanced re-
sponses to a subdominant epitope (22–24). The extent to which
immunodomination occurs in the setting of gene-based vac-
cines, however, has not previously been investigated. More-
over, the potential of exploiting epitope modification strategies
to increase the breadth of vaccine-elicited cellular immune
responses has not been explored in detail.

We have recently reported that C57BL/6 mice immunized
with gene-based vaccines encoding simian immunodeficiency
virus SIVmac239 Gag develop a dominant Db-restricted CD8�

T-lymphocyte response to the AL11 epitope (positions 312 to
322; AAVKNWMTQTL) and a subdominant Db-restricted re-
sponse to the KV9 epitope (positions 76 to 84; KSLYNTVCV)
(5). In this study, we investigate the immunogenicity of a mod-
ified DNA vaccine expressing SIV Gag that specifically lacks
the AL11 epitope, and we evaluate novel vaccine strategies
aimed at expanding the breadth of vaccine-elicited cellular
immune responses.

MATERIALS AND METHODS

Mice and immunizations. Six- to 8-week-old female C57BL/6 mice were pur-
chased from Charles River Laboratories (Wilmington, MA). For DNA immuni-
zations, mice were injected intramuscularly (i.m.) with 50 �g VRC-2000 plasmid
(Vaccine Research Center, Bethesda, MD) encoding wild-type SIVmac239 Gag
(Gag WT) or AL11-deleted SIVmac239 Gag (Gag dAL11) in 100 �l saline
divided between both quadriceps. The VRC-2000 plasmid includes a cytomeg-
alovirus promoter and enhancer element, a bovine growth hormone polyadenyla-
tion signal, and a kanamycin resistance gene. The Gag dAL11 plasmid was
constructed by mutating the anchor residue of the AL11 epitope required for Db

binding by replacing the asparagine (AAC) at position 316 of the SIV Gag
protein with an alanine (GCA) by site-directed mutagenesis. The sequence of the
Gag dAL11 plasmid was confirmed by double-stranded sequencing. For recom-
binant adenovirus type 5 (rAd5) immunizations, mice were injected i.m. with 106

viral particles (vp) of rAd5 encoding wild-type SIVmac239 Gag in 100 �l phos-
phate-buffered saline (PBS) divided between both quadriceps (5). Prime-boost
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studies involved priming at week 0 and boosting at week 4. All animal studies
were approved by our Institutional Animal Use and Care Committee.

Tetramer binding assays. Tetrameric H-2Db complexes folded around the
immunodominant SIV Gag AL11 epitope (AAVKNWMTQTL) (5) were pre-
pared and utilized to stain peptide-specific CD8� T lymphocytes as described
previously (2). One hundred microliters of mouse blood was collected retro-
orbitally in RPMI 1640 containing 40 U/ml heparin. Following lysis of the red
blood cells, 0.1 �g of phycoerythrin-labeled Db/AL11 tetramer in conjunction
with allophycocyanin-labeled anti-CD8� monoclonal antibody (MAb) (Ly-2;
Caltag, San Francisco, CA) was utilized to stain AL11-specific CD8� T lympho-
cytes. The cells were washed in PBS containing 2% fetal bovine serum (FBS) and
fixed in 0.5 ml PBS containing 1.5% paraformaldehyde. Samples were analyzed
by two-color flow cytometry on a FACSArray (BD PharMingen, San Diego, CA).
Gated CD8� T lymphocytes were examined for staining with the Db/AL11
tetramer. CD8� T lymphocytes from naı̈ve mice were utilized as negative con-
trols and exhibited �0.1% tetramer staining.

ELISPOT assays. Gag-specific cellular immune responses were assessed by
gamma interferon (IFN-�) enzyme-linked immunospot (ELISPOT) assays as
described previously (5, 10). Murine splenocytes were assessed for responses to
individual Gag epitope peptides or a pool of overlapping 15-amino-acid peptides
covering the entire SIVmac239 Gag protein (NIH AIDS Research and Refer-
ence Reagent Program, Bethesda, MD). Ninety-six-well multiscreen plates (Mil-
lipore, Bedford, MA) coated overnight with 100 �l/well of 10 �g/ml rat anti-
mouse IFN-� (BD PharMingen, San Diego, CA) were washed three times with
endotoxin-free Dulbecco’s PBS (Life Technologies, Gaithersburg, MD) contain-
ing 0.25% Tween 20 and blocked with PBS containing 5% FBS for 2 h at 37°C.
The plates were washed three times with Dulbecco’s PBS containing 0.25%
Tween 20, rinsed with RPMI 1640 containing 10% FBS, and incubated in trip-
licate with 5 � 105 splenocytes per well in a 100-�l reaction volume containing
1 �g/ml peptide. Following an 18-h incubation, the plates were washed nine times
with PBS containing 0.25% Tween 20 and once with distilled water. The plates
were then incubated for 2 h with 75 �l/well of 5-�g/ml biotinylated rat anti-
mouse IFN-� (BD PharMingen, San Diego, CA), washed six times with PBS
containing 0.25% Tween 20, and incubated for 2 h with a 1:500 dilution of
streptavidin-alkaline phosphatase (Southern Biotechnology Associates, Birming-
ham, AL). Following five washes with Coulter Wash and one with PBS, the plates
were developed with nitroblue tetrazolium–5-bromo-4-chloro-3-indolyl-phos-
phate chromogen (Pierce, Rockford, IL), the reaction was stopped by washing
with tap water, and the plates were air dried and read using an ELISPOT reader
(Cellular Technology Ltd., Cleveland, OH).

ICS assays. Intracellular cytokine staining (ICS) assays were utilized to assess
epitope-specific CD4� and CD8� T-lymphocyte responses. Mouse blood was
collected in RPMI 1640 containing 40 U/ml heparin. For ICS assays involving
multiple peptide stimulation conditions, peripheral blood from four similarly

injected mice was pooled. All ICS reagents and MAbs were obtained commer-
cially (BD PharMingen, San Diego, CA). Following lysis of the red blood cells,
106 peripheral blood mononuclear cells (PBMC) were stimulated at 37°C in 200
�l medium containing 4 �g/ml of peptide. After 2 h, 50 �l of medium containing
100 �g/ml GolgiStop was added, and the cells were cultured for an additional 4 h
at 37°C. Cells were then stained with fluorescein isothiocyanate-conjugated anti-
CD3 (145-2C11) and peridinin chlorophyll protein-conjugated anti-CD8 (53-6.7)
MAbs for 30 min at 4°C, washed twice with cold PBS containing 2% FBS, and
fixed and permeabilized with Cytofix/Cytoperm. After two washes with the Perm/
Wash solution, cells were incubated with phycoerythrin-conjugated anti-inter-
leukin-2 (JES6-5H4) and/or allophycocyanin-conjugated anti-IFN-� (XMG1.2)
MAbs for 30 min at 4°C. Cells were then washed twice with Perm/Wash and once
with PBS and then were resuspended in PBS containing 1.5% formaldehyde.
Samples were analyzed using a FACSCaliber and analyzed with FlowJo software.

Recombinant vaccinia virus-Gag challenge. Vaccinated mice were challenged
intraperitoneally (i.p.) with 5 � 106 PFU of replication-competent recombinant
vaccinia virus expressing SIVmac239 Gag (Therion Biologics, Cambridge, MA)
in 100 �l sterile PBS as described previously (21). On day 6 following challenge,
ovaries were harvested and homogenized by three freeze-thaw cycles and vigor-
ous vortexing. The homogenate was trypsinized for 30 min at 37°C. COS-7 cells
were plated in six-well plates at a density of 5 � 105 cells/well and incubated
overnight. Cell monolayers were then infected with log dilutions of the homog-
enate in medium. After 2 days, vaccinia virus plaques were visualized by staining
with 0.1% crystal violet and 20% ethanol.

Statistical analyses. Statistical analyses were performed with GraphPad Prism
version 4.01 (GraphPad Software, Inc., 2004). Immunologic and virologic data
are presented as means with standard errors. Data comparisons among groups
were performed by analyses of variance with Bonferroni adjustments to account
for multiple comparisons. In all cases, P values of less than 0.05 were considered
significant.

RESULTS

Construction of the SIV Gag dAL11 DNA vaccine. We ini-
tiated studies by constructing a plasmid DNA vaccine express-
ing a mutated form of SIVmac239 Gag that specifically lacked
the immunodominant Db-restricted AL11 epitope (AAVKNW
MTQTL) (5). As depicted in Fig. 1A, we deleted the AL11
epitope by introducing a point mutation that changed the po-
sition 5 anchor residue of the AL11 epitope required for Db

binding from asparagine (N) to alanine (A). To confirm that

FIG. 1. Construction of the Gag dAL11 DNA vaccine. (A) The Gag dAL11 DNA vaccine was produced by mutating the position 5 anchor
residue of the AL11 epitope from asparagine (N) to alanine (A). (B) Expression of Gag WT and Gag dAL11 DNA vaccines was assessed in
transiently transfected 293 cells by enzyme-linked immunosorbent assay. (C) AL11-specific CD8� T-lymphocyte responses were evaluated by
Db/AL11 tetramer binding assays of C57BL/6 mice immunized with Gag WT and Gag dAL11 DNA vaccines. Error bars indicate standard errors.
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this mutation did not abrogate protein expression, we tran-
siently transfected 293 cells with 10 �g or 1 �g of DNA vaccine
expressing either wild-type SIV Gag (Gag WT) or AL11-de-
leted SIV Gag (Gag dAL11) and analyzed culture superna-
tants after 48 h for SIV Gag p27 expression by enzyme-linked
immunosorbent assay. As shown in Fig. 1B, the two constructs
expressed comparable levels of SIV Gag.

We next evaluated whether the Gag WT and Gag dAL11
DNA vaccines elicited AL11-specific CD8� T-lymphocyte re-
sponses in mice. Groups of C57BL/6 mice (n � 4/group) were
immunized with 50 �g of each of these DNA vaccines or a
sham plasmid, and AL11-specific CD8� T-lymphocyte re-

sponses were assessed by Db/AL11 tetramer binding assays. As
shown in Fig. 1C, the Gag dAL11 DNA vaccine did not elicit
detectable AL11-specific responses, as expected, whereas the
Gag WT plasmid induced high-frequency AL11-specific re-
sponses. IFN-� ELISPOT assays confirmed that splenocytes
from mice immunized with the Gag dAL11 DNA vaccine were
unable to recognize the AL11 epitope AAVKNWMTQTL as
well as the mutated peptide AAVKAWMTQTL (data not
shown). Competitive peptide binding assays further confirmed
that the mutated peptide AAVKAWMTQTL was unable to
bind the class I molecule Db, whereas the wild-type AL11 and
KV9 epitopes bound Db with comparable affinities (data not

FIG. 2. Cellular immune responses elicited by Gag WT and Gag dAL11 DNA vaccines. Groups of C57BL/6 mice (n � 12/group) were
immunized i.m. at week 0 and week 4 with 50 �g Gag WT or Gag dAL11 DNA vaccine. AL11- and KV9-specific CD8� T-lymphocyte responses
were assessed by IFN-� ICS assays. (A) Representative mice at week 2. (B) Mean responses in both groups at multiple time points following
immunization. (C) IFN-� ELISPOT assays in response to a pool of overlapping Gag peptides, the CD4� T-lymphocyte epitope DD13, and the
CD8� T-lymphocyte epitopes AL11 and KV9 at week 4 and week 8. SFC, spot-forming cells. Error bars indicate standard errors.
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shown). These data demonstrate that the Gag dAL11 DNA
vaccine expressed wild-type levels of SIV Gag protein but
specifically lacked the immunodominant Db-restricted AL11
epitope.

Immunogenicity of Gag WT and Gag dAL11 DNA vaccines.
We next assessed the magnitudes of dominant and subdomi-
nant epitope-specific CD8� T-lymphocyte responses elicited
by the Gag WT or Gag dAL11 DNA vaccine. C57BL/6 mice
were immunized i.m. with 50 �g of these DNA vaccines, and
AL11- and KV9-specific CD8� T-lymphocyte responses were
assessed by IFN-� ICS assays using PBMC obtained at week 2
following vaccination. Figure 2A depicts epitope-specific
CD8� T-lymphocyte responses in representative mice. The
Gag WT DNA vaccine elicited dominant AL11-specific re-
sponses that were over fourfold higher than subdominant
KV9-specific responses, consistent with our previous studies
(5, 10, 12). In contrast, the Gag dAL11 DNA vaccine failed to
elicit detectable AL11-specific immune responses but gener-
ated markedly enhanced KV9-specific immune responses. In
fact, the KV9-specific CD8� T-lymphocyte responses elicited
by the Gag dAL11 DNA vaccine (0.73% of CD3� CD8� lym-
phocytes) were comparable in magnitude to the AL11-specific
CD8� T-lymphocyte responses elicited by the Gag WT DNA
vaccine (0.69% of CD3� CD8� lymphocytes).

To confirm these results and to evaluate the kinetics of
epitope-specific CD8� T-lymphocyte responses, groups of
C57BL/6 mice (n � 12/group) were immunized i.m. with 50 �g
of the Gag WT or Gag dAL11 DNA vaccine at week 0 and
week 4. ICS assays were performed at multiple time points
following immunization. As shown in Fig. 2B, responses after
the initial immunization peaked at week 2 but then declined by
week 4. Following the homologous boost immunization, both
AL11- and KV9-specific responses increased, but the relative
epitope immunodominance hierarchies remained comparable
with the patterns observed following the initial immunization.
Thus, deletion of the AL11 epitope resulted in a dramatic and
sustained augmentation of responses to the KV9 epitope.
These data suggest that KV9-specific responses are suppressed
by the dominant AL11 epitope in the Gag WT DNA vaccine.

We performed IFN-� ELISPOT assays using splenocytes
from these mice at week 4 and week 8 in response to a pool of
overlapping SIV Gag peptides, the CD8� T-lymphocyte
epitopes AL11 and KV9, and a newly identified CD4� T-
lymphocyte epitope DD13 (positions 299 to 311; DRFYKSL
RAEQTD). Fine mapping of the DD13 epitope is depicted in
Table 1. As demonstrated in Fig. 2C, mice immunized with the
Gag WT and Gag dAL11 DNA vaccines elicited comparable
responses to the Gag peptide pool, indicating that deletion of
the dominant AL11 epitope did not substantially reduce the
overall magnitude of responses to SIV Gag. Consistent with
the ICS assays, the Gag WT DNA vaccine induced dominant
AL11-specific ELISPOT responses and subdominant KV9-
specific ELISPOT responses, whereas the Gag dAL11 DNA
vaccine generated no detectable AL11-specific responses but
markedly enhanced KV9-specific responses. The Gag WT and
Gag dAL11 DNA vaccines elicited comparable responses to
the CD4� T-lymphocyte epitope DD13, demonstrating that
deletion of the Db-restricted AL11 epitope selectively en-
hanced immune responses to the Db-restricted KV9 epitope

but did not modulate responses to the MHC class II-restricted
DD13 epitope.

To investigate the durability of the observed epitope hierar-
chies, C57BL/6 mice (n � 4/group) were immunized i.m. with
50 �g of the Gag WT or Gag dAL11 DNA vaccine, and
epitope-specific cellular immune responses were evaluated af-
ter 6 months. As shown in Fig. 3, AL11-, KV9-, and DD13-
specific responses elicited by both vaccines diminished in mag-
nitude compared with those depicted in Fig. 2, but they
exhibited stable long-term relative epitope immunodominance
hierarchies.

Anatomic separation strategies. It would be highly desirable
to develop a gene-based vaccine strategy that could augment
responses to subdominant epitopes without losing potentially
important responses to dominant epitopes, thus expanding the
breadth of vaccine-elicited cellular immune responses. We rea-
soned that this might be possible by administering vaccines
expressing Gag WT and Gag dAL11 either at separate ana-
tomic sites or in heterologous prime-boost regimens. To ex-
plore the first possibility, we evaluated the immunogenicities of
the Gag WT and Gag dAL11 DNA vaccines when mixed to-
gether in the same syringe or when administered at the same
time but at separate anatomic sites. Groups of C57BL/6 mice
(n � 8/group) were immunized once i.m. with the following
DNA vaccine regimens: 50 �g Gag WT (half the dose in each
leg), 50 �g Gag dAL11 (half the dose in each leg), 25 �g Gag
WT and 25 �g Gag dAL11 mixed together in the same syringe
(half the dose in each leg), or 25 �g Gag WT (left leg) and 25
�g Gag dAL11 (right leg). AL11- and KV9-specific CD8�

T-lymphocyte responses were assessed by ICS assays at week 2
following immunization. As shown in Fig. 4, mixing the Gag
WT and Gag dAL11 DNA vaccines together failed to enhance
KV9-specific responses. These data suggest that the AL11
epitope from the Gag WT DNA vaccine suppressed KV9-
specific responses elicited by the Gag dAL11 DNA vaccine
when the plasmids were mixed together. In contrast, adminis-

TABLE 1. Fine mapping of the DD13 epitope

Sequence Peptide

IFN-� ELISPOT assay result
(spot-forming cells/106 PBMC)

Total CD4
depleted

CD8
depleted

YVDRFYKSLRAEQTD YD15 130
VDRFYKSLRAEQTD VD14 114
DRFYKSLRAEQTD DD13 120
RFYKSLRAEQTD RD12 22
FYKSLRAEQTD FD11 1
YKSLRAEQTD YD10 10

YVDRFYKSLRAEQTD YD15 180
DRFYKSLRAEQTD DD13 158
DRFYKSLRAEQT DT12 60
DRFYKSLRAEQ DQ11 2
DRFYKSLRAE DE10 2

DRFYKSLRAEQTD DD13 193 0 218

a Splenocytes from C57BL/6 mice immunized with a DNA vaccine express-
ing SIV Gag demonstrated reactivity to peptide 75 (YD15) in matrix IFN-�
ELISPOT assays. Fine mapping was performed using single amino- and carboxy-
terminal amino acid deletions and revealed that the minimal epitope was DD13.
Unfractionated, CD4-depleted, and CD8-depleted IFN-� ELISPOT assays con-
firmed DD13 as a CD4� T-lymphocyte epitope.
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tration of the Gag WT and Gag dAL11 plasmids at the same
time but at separate anatomic sites resulted in high-frequency
responses against both epitopes. These findings indicate that
AL11 immunodomination over KV9 involves primarily local
rather than systemic mechanisms. Thus, anatomic separation
of plasmids can enhance responses to subdominant epitopes
without substantial loss of responses to dominant epitopes.

Heterologous prime-boost strategies. We next investigated
whether heterologous prime-boost strategies could similarly
elicit codominant responses against both epitopes. Priming
with a DNA vaccine followed by boosting with a rAd5 vector
expressing the same antigen has proven particularly effective at
eliciting high-frequency cellular immune responses (16, 19,
20). We hypothesized that potent responses against both dom-
inant and subdominant epitopes could potentially be generated
by selectively deleting the dominant epitope in the DNA
vaccine prime in the context of a heterologous DNA-rAd5
prime-boost regimen. Groups of mice (n � 8/group) were
primed with 50 �g Gag WT or Gag dAL11 DNA vaccine at
week 0, and both groups were boosted with 106 vp of rAd5-
Gag WT at week 4. Control mice were primed with sham
DNA and boosted with an empty rAd5 vector. As shown in
Fig. 5A, mice that were primed with the Gag dAL11 DNA
vaccine and boosted with rAd5-Gag WT generated high-
frequency, codominant responses against both the KV9 and
AL11 epitopes.

To assess the protective efficacy of these vaccine regimens,
vaccinated mice were challenged i.p. at week 10 with 5 � 106

PFU of recombinant vaccinia virus expressing SIVmac239
Gag. Vaccinia virus titers in ovaries were assessed on day 6
following challenge. As demonstrated in Fig. 5B, mice primed

FIG. 3. Durability of epitope-specific cellular immune responses.
Groups of C57BL/6 mice (n � 4/group) were immunized i.m. once
with 50 �g Gag WT or Gag dAL11 DNA vaccine. AL11- and KV9-
specific CD8� T-lymphocyte responses (A) and DD13-specific CD4�

T-lymphocyte responses (B) were assessed by IFN-� ICS assays
6 months after immunization. Error bars indicate standard errors.

FIG. 4. Anatomic separation of Gag WT and Gag dAL11 DNA
vaccines. Groups of C57BL/6 mice (n � 8/group) were immunized
once i.m. with the following DNA vaccine regimens: 50 �g Gag WT
(half the dose in each leg), 50 �g Gag dAL11 (half the dose in each
leg), 25 �g Gag WT and 25 �g Gag dAL11 mixed together in the same
syringe (half the dose in each leg), or 25 �g Gag WT (left leg) and 25
�g Gag dAL11 (right leg). AL11- and KV9-specific CD8� T-lympho-
cyte responses were assessed by IFN-� ICS assays at week 2 following
immunization. Error bars indicate standard errors.

FIG. 5. Immunogenicities and protective efficacies of heterologous
prime-boost regimens. Groups of C57BL/6 mice (n � 8/group) were
immunized i.m. at week 0 with 50 �g Gag WT or Gag dAL11 DNA
vaccine and boosted at week 4 with 106 vp of rAd5 expressing Gag WT.
Control mice received a sham plasmid and an empty rAd5 vector.
(A) AL11- and KV9-specific CD8� T-lymphocyte responses by IFN-�
ICS assays 2 weeks after the boost immunization at week 6. (B) Mice
were challenged i.p. at week 10 with 5 � 106 PFU of vaccinia virus-
Gag, and vaccinia virus titers in ovaries were assessed on day 6 after
challenge. Virus titers in both vaccinated groups (*) were significantly
lower than those in the sham control group (P � 0.001). Virus titers
were lower in mice primed with the Gag dAL11 DNA vaccine than in
mice primed with the Gag WT DNA vaccine (P � 0.05). Error bars
indicate standard errors.
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with the Gag WT and Gag dAL11 DNA vaccines exhibited
highly significant 2.4- and 3.9-log reductions, respectively, of
median virus titers compared with sham-vaccinated mice (P �
0.001). Moreover, mice primed with the Gag dAL11 DNA
vaccine had significantly lower virus titers than mice primed
with the Gag WT DNA vaccine (P � 0.05), presumably as a
result of the augmented KV9-specific responses with only min-
imal loss of AL11-specific responses. These data suggest that
expanding the breadth of vaccine-elicited cellular immune re-
sponses improves protective efficacy in this recombinant vac-
cinia virus challenge model.

DISCUSSION

Vaccine-elicited CD8� T-lymphocyte responses are typically
highly focused on a very limited number of immunodominant
epitopes. In this study, we demonstrate that epitope modifica-
tion strategies substantially enhanced responses to a subdomi-
nant CD8� T-lymphocyte epitope elicited by a DNA vaccine in
mice. In particular, deletion of the dominant AL11 epitope in
an SIV Gag DNA vaccine resulted in a dramatic and sustained
augmentation of responses to the subdominant KV9 epitope.
These data demonstrate that the presence of a dominant
epitope can dramatically suppress CD8� T-lymphocyte re-
sponses to a subdominant epitope in gene-based vaccines.

Previous studies involving a lymphocytic choriomeningitis
virus infection model in mice showed that responses to a sub-
dominant glycoprotein epitope were enhanced by mutating the
dominant nucleoprotein epitope (23), by making mice tolerant
to the dominant epitope (24), or by deleting the restricting
MHC class I allele (22). Here we extend these observations by
showing that epitope modification strategies augment cellular
immune responses to a subdominant epitope in the context of
DNA vaccines, which may have substantially different immu-
nodominance constraints compared with viral infections (3,
15). We also show that anatomic separation strategies and
heterologous prime-boost regimens utilizing epitope-modified
DNA vaccines can be utilized to expand the breadth of vac-
cine-elicited cellular immune responses.

Anatomic separation of the Gag WT and Gag dAL11 DNA
vaccines resulted in high-frequency responses against both the
KV9 and AL11 epitopes (Fig. 4). These data suggest that the
suppression of KV9-specific responses by the AL11 epitope
involves a local rather than a systemic mechanism. We specu-
late that the mechanism of action likely involves epitope com-
petition for MHC class I binding in professional antigen-pre-
senting cells in local draining lymph nodes. Although direct
data supporting this model are not yet available, we did ob-
serve that deletion of the dominant Db-restricted AL11
epitope enhanced responses to the Db-restricted KV9 epitope
but did not modulate responses to the MHC class II-restricted
DD13 epitope (Fig. 2 and 3). These data suggest that immu-
nodomination may be most relevant for epitopes that share a
common MHC restricting allele, which is consistent with our
epitope competition model.

We also explored the utility of heterologous prime-boost
regimens to elicit codominant responses against both the KV9
and AL11 epitopes (Fig. 5). Priming mice with the Gag dAL11
DNA vaccine and boosting with the rAd5-Gag WT vector
elicited high-frequency responses against both AL11 and KV9

epitopes, presumably as a result of combining primary AL11-
specific responses with secondary KV9-specific responses that
were primed in the absence of the AL11 epitope. Importantly,
the Gag dAL11 DNA prime, rAd5-Gag WT boost regimen was
more effective than the Gag WT DNA prime, rAd5-Gag WT
boost regimen in protecting against a recombinant vaccinia
virus-Gag challenge, demonstrating the functional relevance of
the enhanced KV9-specific immune responses generated by
the epitope-modified DNA vaccine. Taken together, these
studies suggest that subdominant epitope-specific responses
should optimally be primed in the absence of suppressive dom-
inant epitopes to optimize the breadth of vaccine-elicited cel-
lular immune responses.

Our results contrast with those from a prior study in which
simultaneous, but not sequential, immunization of mice with
mutant OVA peptide variants resulted in a diverse array of
T-cell responses (17). These differences are likely explained by
the fact that the mutant OVA peptides in this prior study were
highly related competitive agonist and antagonist peptides, and
simultaneous administration of these peptides may have
avoided the “original antigenic sin” associated with priming
with one of these peptides (17). In contrast, the KV9 and AL11
peptides in the present study are independent epitopes that
presumably interact with distinct populations of T cells.

This study is limited to the evaluation of dominant and
subdominant epitope-specific responses in the defined system
of SIV Gag DNA vaccination of C57BL/6 mice. The extent to
which immunodomination limits the breadth of cellular im-
mune responses elicited by more complex gene-based vaccines
in nonhuman primates and humans, however, has not yet been
determined. A variety of factors in addition to immunodomi-
nation have been shown to determine epitope immunodomi-
nance hierarchies, including the level and kinetics of antigen
production, the efficiency of antigen processing, the affinity of
MHC-peptide binding, and the extent of the T-cell receptor
repertoire. Nevertheless, it is clear from the present study that
immunodomination can limit responses to subdominant epitopes
in certain settings. These data suggest that further studies should
be conducted to evaluate the extent that immunodomination may
limit the breadth of cellular immune responses elicited by the
multi-antigen gene-based vaccines that are currently under devel-
opment.
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