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The most promising vaccine strategies for the induction of cytotoxic-T-lymphocyte responses have been
heterologous prime/boost regimens employing a plasmid DNA prime and a live recombinant-vector boost. The
priming immunogen in these regimens must elicit antigen-specific memory CD8* T lymphocytes that will
expand following the boosting immunization. Because plasmid DNA immunogens are expensive and their
immunogenicity has proven disappointing in human clinical trials, we have been exploring novel priming
immunogens that might be used in heterologous immunization regimens. Here we show that priming with a
prototype recombinant Mycobacterium smegmatis strain expressing human immunodeficiency virus type 1
(HIV-1) gp120-elicited CD4™* T lymphocytes with a functional profile of helper cells as well as a CD8*
T-lymphocyte population. These CD8* T lymphocytes rapidly differentiated to memory cells, defined on the
basis of their cytokine profile and expression of CD62L and CD27. Moreover, these recombinant-mycobacte-
rium-induced T lymphocytes rapidly expanded following boosting with a recombinant adenovirus expressing
HIV-1 Env to gp120-specific CD8* T lymphocytes. This work demonstrates a remarkable skewing of recom-
binant-mycobacterium-induced T lymphocytes to durable antigen-specific memory CD8* T cells and suggests
that such immunogens might be used as priming vectors in prime/boost vaccination regimens for the induction

of cellular immune responses.

As diseases like AIDS, tuberculosis, and malaria have
emerged as important targets for vaccine development, at-
tention has focused on developing strategies for the vaccine
induction of cellular immunity (13). Studies of laboratory
animals and early-phase clinical trials with humans have
shown that live recombinant vectors and plasmid DNA can
generate CD4" and CD8" T-lymphocyte responses to a
variety of pathogenic microorganisms. Importantly, the
most-effective strategies for the elicitation of cellular im-
mune responses are heterologous prime/boost regimens.

The first immunogen employed in a prime/boost vaccination
regimen for eliciting cytotoxic-T-lymphocyte (CTL) responses
should ideally induce a large population of memory CD8* T
lymphocytes. These memory cells should persist in the host and
proliferate rapidly after reexposure to the antigen expressed by
the boosting immunogen. In mice, such memory T cells have
been shown to express the lymph node-homing molecules
CDO62L (L-selectin) and CCR7 (12), the tumor necrosis factor
(TNF) superfamily member CD27 (7), and the interleukin 7
(IL-7) receptor a-chain (CD127) (9, 11). Further, memory
CD8" T cells mediate relatively little cytotoxic activity and
secrete high levels of cytokines, including IL-2, gamma inter-
feron (IFN-v), and TNF-a (27). Characterizing the phenotype
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and function of CD8" T lymphocytes induced by a particular
vaccine modality can thus provide important evidence concern-
ing the potential utility of that immunogen for the priming of
CTL responses.

The factors that regulate the differentiation of CD8™ T cells
into memory cells are not fully defined. Studies have shown
that inflammatory events, dendritic cell (DC) maturation, and
antigen persistence all affect this differentiation process. CD4™*
T-cell help has also been shown to enhance and maintain
memory CD8* T-cell populations (23, 28). Since different vac-
cine vectors should elicit cellular immune responses that differ
not only in magnitude but in their functional capabilities, we
initiated this study to characterize the T-lymphocyte popula-
tions generated with distinct vaccine modalities. Specifically,
we analyzed the CD8" T cells elicited by a plasmid DNA
vector and a prototypic mycobacterium expressing the human
immunodeficiency virus type 1 (HIV-1) gp120 protein. We
show that a recombinant mycobacterial vector induces a cellu-
lar immune response that is biased toward memory cells and
that can expand dramatically on reexposure to an HIV-1 en-
velope antigen.

MATERIALS AND METHODS

Antibodies. The antibodies used in this study were directly coupled to fluo-
rescein isothiocyanate (FITC), phycoerythrin (PE), allophycocyanin (APC),
APC-Cy7, perdinin chlorophyll protein (PerCP)-Cy5.5, Alexa Fluor 700, or PE-
Cy7. The following monoclonal antibodies (MAbs) were used: anti-CD62L-
APC-Cy7 (MEL-14; eBioscience), anti-CD44-FITC (IM7; BD Biosciences),
anti-CD107a-FITC (1D4B; BD Biosciences), anti-CD107b-FITC (ABL-93; BD
Biosciences), anti-CD8a—PerCP-Cy5.5 (53-6.7; BD Biosciences), anti-IFN-y—
Alexa Fluor 700 (XMG1.2; BD Biosciences), anti-IL-2-APC (JHS6-5H4; BD
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Biosciences), anti-CD127-PE-Cy7 (A7R34; eBioscience), anti-CD27-APC
(LG.7F9; eBioscience), and anti-CD4-APC-Cy7 (GK1.5; BD Biosciences).

Strains and vectors. The efficient plasmid transformation mutant of Mycobac-
terium smegmatis, namely, MC?155, was used in all these studies (21). Expression
of the gp120 protein by M. smegmatis was engineered as previously described (4).
Briefly, the codon-optimized HIV-1 HXB2 env gene was cloned into the inte-
grative pJH223 mycobacterial shuttle plasmid under the control of the Mycobac-
terium tuberculosis a-antigen promoter, followed by the M. tuberculosis 19-kDa
signal sequence. The plasmid was then transformed into the recombinant M.
smegmatis MC?155 strain (rSmeg-gp120). To create M. smegmatis expressing the
luciferase gene (Smeg-luc), we cloned the codon-optimized firefly luciferase gene
into the multicopy pJH222 mycobacterial shuttle plasmid under the control of
the a-antigen promoter and then transformed it into the M. smegmatis MC?155
strain. The recombinant, replication-defective adenovirus (human serotype 5)
containing the HIV-1 HXB2 env gene (rAd-gp140) was generously provided by
Gary Nabel, Vaccine Research Center, NIAID, NIH. For DNA immunization,
the codon-optimized HIV-1 HXB2 env gene was cloned into the VRC vector
(DNA-gp120). The empty VRC vector was kindly provided by Gary Nabel.

Mice and immunization. Six- to 8-week-old female BALB/c mice were pur-
chased from Charles River Laboratories (Wilmington, MA) and maintained
under specific-pathogenic-free conditions. Research on mice was approved by
the Dana-Farber Cancer Institute Animal Care and Use Committee. Groups of
mice were immunized either intraperitoneally with rSmeg-gp120 (5 X 107 CFU)
or intramuscularly with DNA-gp120 (50 g of DNA in a 100-pl total injection
volume; 50 pl was delivered into each quadricep muscle). Ten weeks after the
first immunization, mice were boosted with the same quantity of the same vector.
In some experiments, rSmeg-gp120- and DNA-gp120-immunized mice were in-
oculated intramuscularly with 10° particles of rAd-gp140, either 20 weeks after
the first rSmeg-gp120 and DNA-gp120 immunization or 10 weeks after the
second immunization.

Phenotypic T-lymphocyte analyses. Tetrameric H-2D¢ complexes folded with
the gp120 p18 epitope peptide (RGPGRAFVTI) (24) were prepared as previ-
ously described (22). Blood was collected from individual mice in RPMI 1640
medium containing 40 U of heparin per ml, and peripheral blood mononuclear
cells were isolated using Lympholyte-M (Cedarlane). Cells were washed with
phosphate-buffered saline (PBS) containing 2% fetal bovine serum (FBS) and
stained for 15 min at room temperature (RT) with the PE-conjugated H-2D/p18
tetramer. The cells were then stained with anti-CD8aq, anti-CD62L, anti-CD127,
anti-CD27, and anti-CD44 for an additional 15 min at RT, washed once, and
fixed with PBS containing 2% paraformaldehyde. In certain experiments, single-
cell suspensions were prepared from spleens of individual animals in PBS-2%
FBS and the staining was performed as described above. Samples were collected
on an LSR II instrument (BD Biosciences) and analyzed using the FlowJo
software (Tree Star).

Splenocyte stimulation and intracellular cytokine staining. Splenocytes were
harvested from individual mice washed with PBS-2% FBS, counted, and stained
with the PE-conjugated H-2D/p18 tetramer. Cells were then resuspended (4 X
10° cells per tube) in RPMI 1640 medium (Cellgro; Mediatech, Inc., Herndon,
VA) supplemented with 10% FBS, 25 mM HEPES, 2 mM L-glutamine, 20 U of
penicillin per ml, 20 pg of streptomycin per ml, 1 mM sodium pyruvate, and 0.1
mM nonessential amino acids. For CD8* T-cell stimulation, cells were incubated
with Golgi Plug (2 pl/ml), anti-CD28 (2 wg/ml), anti-CD49d (2 pg/ml), anti-
CD107a (10 pl/ml), anti-CD107b (5 wl/ml), and the p18 peptide (2 wg/ml). For
CD4™" T-cell stimulation, instead of the p18 peptide, the cells were incubated
with 2 pg of the Env peptide pool per ml. The pool consisted of 47 overlapping
15-mer peptides spanning the HIV-1 IIIB gp120 protein (Centralized Facility for
AIDS Reagents, Potters Bar, United Kingdom) and was used such that each
peptide was present at a concentration of 2 pg/ml. Unstimulated cells were
incubated with all the above-named reagents except for the peptides. As a
positive control, splenocytes were incubated with phorbol myristate acetate (2
pg/ml), ionomycin (10 wg/ml), and Golgi Plug. The cells were incubated at 37°C
for 6 h and then washed with PBS-2% FBS and stained with the PE-conjugated
H-2D%/p18 tetramer for 15 min followed by antibodies specific for cell surface
molecules for an additional 15 min. Permeabilization was performed overnight
with Cytofix/Cytoperm solution (BD Biosciences). Cells were washed with 1X
Perm/Wash buffer (BD Biosciences) and then stained with an anticytokine MAb.
After an additional washing step with 1X Perm/Wash buffer, the cells were fixed
in 2% formaldehyde—PBS. Samples were collected on an LSR II instrument (BD
Biosciences) and analyzed using FlowJo software (Tree Star).

IFN-y ELISPOT assay. Ninety-six-well Multiscreen hemagglutinin plates
(Millipore, Bedford, MA) were coated by overnight incubation (100 pl/well) at
4°C with rat anti-mouse IFN-y MAb (R4-6A2; BD PharMingen) at 10 pg/ml in
PBS. Plates were washed three times with PBS and blocked for 2 h at 37°C with
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200 pl/well of PBS containing 5% FBS. Splenocytes were harvested from indi-
vidual mice 8 weeks after rAd-gp140 immunization and tested as either total
splenocytes or splenocytes depleted of CD8* T cells. Effector cells were plated
in triplicate at 5 X 10%/well in a 100-p final volume with medium alone, 1 pg of
the p18 epitope peptide per ml, or 1 pg of the Env peptide pool. The pool
consisted of 158 overlapping 15-mer peptides spanning HIV-1 HXB2/BaL Env
(Vaccine Research Center, NIAID, NIH) and was used such that each peptide
was present at a concentration of 1 pg/ml. After 18 h of incubation at 37°C, the
plates were washed nine times with distilled PBS containing 0.25% Tween 20 and
then with sterile water and incubated for 2 h at RT with 75 pl of 5 pg/ml
biotinylated rat anti-mouse IFN-y MAb (XMG1.2; BD PharMingen) per well.
The plates were washed six times, and 100 pl of streptavidin-alkaline phos-
phatase (Southern Biotechnology Associates, Birmingham, AL) was added at a
1/500 dilution. After 2 h of incubation, plates were washed five times and
developed with Nitro Blue Tetrazolium—5-bromo-4-chloro-3-indolylphosphate
chromogen (Pierce, Rockford, IL). Plates were analyzed with an enzyme-linked
immunospot assay (ELISPOT) reader (Hitech Instruments, Edgemont, PA).
The mean number of spots from triplicate wells was calculated for each re-
sponder animal and adjusted to represent the mean number of spots per 10°
spleen cells. Data are presented as the mean numbers of spots per 10° spleen
cells from four animals per group.

M. smegmatis CFU counting. Mice were infected intraperitoneally with 5 X 107
CFU of rSmeg-gp120 in 200 pl of PBS-0.02% Tween 20. At different time points
postimmunization, the spleen and liver were removed from individual mice,
homogenized in saline, and serially diluted. Samples were plated on 7H10 agar
plates in the presence or absence of kanamycin (20 pg/ml), and CFU were
counted.

Bioimaging of recombinant M. gmatis expressing the luciferase protein.
Bioimaging of mycobacterium-expressing firefly luciferase was done using the
model 110 in vivo imaging system (IVIS 110) distributed by Xenogen Corpora-
tion (Alameda, CA). Mice were anesthetized with ketamine-xylazine and in-
jected intraperitoneally with 100 pl of an isotonic salt solution containing 30
mg/ml p-luciferin (Xenogen). Fifteen minutes after luciferin injection, photonic
emissions were measured using an IVIS 110 charge-coupled-device camera.
Luciferase quantification was done using the Living Image software to identify
and measure regions of interest.

Statistical analysis. Data were expressed as means * standard errors of the
means (SE). Statistical tests were performed using Student’s ¢ test, and a P value
of <0.05 was considered significant.

RESULTS

Kinetics of vaccine-elicited p18-specific CD8™" T cells. There
is a growing consensus that the optimal vaccine regimen for the
induction of cellular immune responses will involve a heterol-
ogous prime/boost immunization strategy, and the best avail-
able priming immunogen to date has been plasmid DNA.
However, because of the disappointing immunogenicity of
many plasmid DNA vaccine constructs in humans, the explo-
ration of other vaccine immunogens for priming is war-
ranted. We initiated the present studies to evaluate the use
of recombinant mycobacteria as a priming immunogen, us-
ing M. smegmatis as a prototype mycobacterial vaccine vector.

To compare the kinetics of rSmeg-gp120-induced HIV-1-
specific CTLs with the kinetics of this cell population elicited
by a DNA-gp120 vector, we measured H-2D%/p18 tetramer-
binding CD8" T cells in the peripheral blood mononuclear
cells of mice immunized with these vectors. Mice immunized
with rSmeg-gp120 developed lower peak frequencies of p18-
specific CD8™ T cells than mice immunized with DNA-gp120,
and these cells decreased in frequency over time to low but
detectable, stable levels (0.05% = 0.01% versus 0.02% =
0.005% in control recombinant-M. smegmatis-immunized
mice; P < 0.001) (Fig. 1A). The DNA-gp120 vector induced
the relatively slow generation of a p18-specific CD8" T-cell
response; the response peaked on day 14, and no subsequent
contraction of the cell population was observed. While the
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FIG. 1. Kinetics of HIV-1 gp120 p18-specific CD8" T-cell responses. Groups of mice were immunized with rSmeg-gp120 (5 X 107 CFU) or
DNA-gp120 (50 pg). Ten weeks after being primed, these mice were boosted with the same quantity of the same vector. (A) Peripheral blood was
obtained from individual mice at the indicated times, and gp120-specific CD8"* T cells were detected with an H-2D9/p18 tetramer. Data are
presented as the percentages of gated CD8" T cells that bound the tetramer as measured by flow cytometry. (B and C) Total numbers of CD8"
T lymphocytes (B) and total numbers of p18-specific CD8" T cells (C) in spleens were determined at the times of the peak immune responses after
the first (prime) and second (boost) immunizations and at 10 weeks after the first immunization (preboost). Values are the means of results from

five mice per group + SE.

second immunization with the DNA vector resulted in a sub-
stantial expansion of p18-specific CD8™ T cells, the magnitude
of the boosted response in rfSmeg-gp120-immunized mice was
quite small, reaching a plateau of 0.2%, but detectable for >18
months (data not shown).

We next analyzed the CD8™ T-cell responses in the spleens
of the mice immunized with rSmeg-gp120 and DNA-gp120.
Priming with rSmeg-gp120 was associated with a significant
increase in the number of CD8" T cells found in the spleens
(Fig. 1B). Following a second immunization with rSmeg-gp120,
the number of splenic CD8" T cells in the mice remained
elevated but was lower than following the first immunization.
After mice were primed with rSmeg-gp120, the number of
splenic p18-specific CD8™" T cells was three times higher than
in DNA-gp120-immunized mice (Fig. 1C). However, 10 weeks
following this priming immunization, the total number of
splenic p18-specific CD8* T cells in mice immunized with
rSmeg-gp120 had decreased by 96%, while no significant de-
crease in the number of these virus-specific cells was seen in
the spleens of DNA-gp120-immunized mice. At the time of the
peak immune response following the second immunization, the
p18-specific CD8" T cells increased in number in the spleens
of the DNA-gp120-immunized mice. However, in the rSmeg-
gp120-immunized mice, the increase in the p18-specific CD8"
T-cell splenic population was limited and the maximal cell
number remained lower than that seen after the priming im-
munization.

In vivo expression of antigen following DNA-gp120 and
rSmeg-gp120 inoculation. Expression of vaccine antigen by
bacterial vectors occurs within the bacteria, and therefore the
stability and expression level of the transgene are crucial for

inducing efficient immune responses. To assess the potential
utility of a recombinant-mycobacterium construct for vaccine
priming, we therefore first tested the stability of the rSmeg-
gp120 vector by measuring the number of CFU of the bacteria
in the spleen and liver. As shown in Fig. 2A, mice controlled
rSmeg-gp120 very rapidly and cleared approximately 90% of
the inoculated bacteria by 24 h postinoculation. CFU counts
were comparable when the bacteria were plated with and with-
out kanamycin, indicating that the gp120 gene insert was stable
in M. smegmatis.

We then evaluated the kinetics of vaccine transgene expres-
sion using constructs that encode the luciferase gene (DNA-luc
and rSmeg-luc) and IVIS 110 monitoring. Consistent with the
kinetics of M. smegmatis clearance from the mice, high expres-
sion levels of the luciferase were measured in the rSmeg-luc-
immunized mice immediately after the inoculation, and this
declined during the following 24 h (Fig. 2B and C). Expression
of the luciferase gene by the DNA vector was maximal at 1
week and remained detectable for more than 4 weeks after the
immunization.

We then asked whether the minimal increase in immune
response observed following a second inoculation of rSmeg-
gp120 might be due to low-level antigen expression following
the second immunization. Groups of mice were either primed
or boosted with rSmeg-luc, and antigen expression was mea-
sured in vivo. Figure 2D demonstrates that the second immu-
nization with rSmeg-luc resulted in a significantly lower level of
luciferase expression than following the priming immunization
(>70% reduction after 12 h). These findings indicate, there-
fore, that transgene expression by M. smegmatis is stable; how-
ever, the magnitude and durability of the expression were far
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FIG. 2. In vivo expression of the antigen. (A) Mice were immunized with rSmeg-gp120 (5 X 107 CFU), and both the liver and spleen were
removed from mice at 1, 7, and 14 days following immunization. Organ homogenates were plated in the presence or absence of kanamycin to
determined CFU numbers. Data are the means of results from five mice per group = SE. (B) Mice were immunized with rSmeg-luc (5 X 10’ CFU)
or DNA-Iuc (50 pg), and the levels of luciferase protein expression were measured over time. (C) Mice were either only primed or primed and
boosted 6 weeks later, with rSmeg-luc and the levels of luciferase expression being measured over time. Data are the means of results from five
mice per group = SE. *, P < 0.001, compared to the luciferase expression following the priming immunization.

less than observed following DNA immunization. Moreover,
antivector immunity may result in low-level transgene expres-
sion following homologous boosting.

Expression of maturation-associated molecules on vaccine-
elicited tetramer-positive CD8" T cells. To characterize fur-
ther the p18-specific CD8" T cells induced by the two vectors,
we evaluated the expression of a number of maturation-asso-
ciated cell surface molecules on this vaccine-elicited lympho-
cyte subpopulation. Immediately after the priming immuniza-
tion, a rapid down-regulation of CD127 and CD62L was seen
on the p18-specific CD8™" T cells induced by rSmeg-gp120 and
DNA-gp120 (Fig. 3A), reaching the lowest expression levels at
the time of the peak immune responses. As the vaccine-in-
duced immune cell populations began to contract, p18-specific
CD8" T cells began to reexpress CD127 and CD62L, with
CD62L expression being greatest in mice immunized with
rSmeg-gp120.

In contrast to CD62L and CD127 expression, p18-specific
CD8" T-cell expression of CD27 was tightly linked to the
kinetics of the epitope-specific T-cell response in the rSmeg-
gp120- but not in the DNA-gp120-immunized mice. CD27
expression was maximally down-regulated at the time of the

peak tetramer response on day 7 following priming with
rSmeg-gp120 and rose thereafter. In contrast, the down-regu-
lation of CD27 on p18-specific CD8" T cells in DNA-gp120-
immunized mice was much slower and not linked to the kinet-
ics of the p18-specifc CD8™ T cells. Like CD62L, up-regulation
of CD27 occurred more rapidly on the tetramer-binding CD8™"
T cells in mice immunized with rSmeg-gp120 than in mice
receiving the DNA vector.

To determine whether the rapid induction of memory CD8™"
T cells is a generalized phenomenon or simply reflects an
idiosyncrasy of the gp120 immunization system in H-2D mice,
H-2k” mice were immunized with an rSmeg-SIINFEKL con-
struct and assessed for the evolution of memory SIINFEKL-
specific CD8™ T cells. As in the studies employing the rSmeg-
gp120 immunogen, these mice developed tetramer-positive
CD8" T cells expressing memory surface molecules more
rapidly than did plasmid DNA-vaccinated animals (data not
shown).

Following the boost immunization, the p18-specific CD8" T
cells in mice immunized with rSmeg-gp120 expressed the
CD62L and CD27 molecules more rapidly, while their acqui-
sition of CD127 was similar to that seen in the DNA-gp120-
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FIG. 3. Expression of CD62L, CD127, and CD27 on vaccine-elicited p18-specific CD8" T cells. Mice were immunized with rSmeg-gp120 (5 X
107 CFU) or DNA-gp120 (50 wg). Ten weeks postimmunization mice were boosted with the same quantity of the same vector. p18-specific CD8™
T cells were detected in the peripheral blood with an H-2D/p18 tetramer, and the expression of CD62L, CD127, and CD27 on gated H-2D"/p18
tetramer-positive CD8" T cells was determined by flow cytometry. Data are presented as the percentages of tetramer-positive CD8" T cells that
were CD62L", CD127", or CD27™ and are the means of results from five mice per group. SE were always less than 10%. (B) Splenocytes were
harvested 7 days (rSmeg-gp120) or 14 days (DNA-gp120) after the boost immunization and were cultured for 6 h in the presence of medium alone
or p18 peptide (2 pg/ml). Data are presented as the percentages of tetramer-positive CD8" T cells staining positively for CD107a/b and are the
means of results from five mice per group * SE. *, P < 0.01, compared to the CD107a/b expression in DNA-immunized mice.

immunized mice. Consistent with their more rapid up-regula-
tion of memory-associated molecules, the rSmeg-elicited
CD8™" T cells also expressed lower levels of the degranulation-
associated molecules CD107a and CD107b than p18-specific
CD8™ T cells in mice immunized with the DNA-gp120 vector
(P < 0.005). These data therefore demonstrate that immuni-
zation of mice with recombinant M. smegmatis induced a par-
ticularly rapid differentiation of antigen-specific CD8" T cells
into the memory pool of lymphocytes.

Functional analysis of gp120-specific CD8* and CD4" T-
cell responses. We next sought to investigate the functional
potential of the p18-specific CD8* T cells elicited by rSmeg-
gp120 and DNA-gp120. Groups of mice were immunized with
rSmeg-gp120 or DNA-gp120, and 10 weeks postimmunization
each group was boosted with the same quantity of the same
vector. At the time of the peak immune response after boost-
ing, splenocytes were collected from the mice, exposed in vitro
to the p18 peptide, stained with the noted monoclonal anti-
bodies, and evaluated by flow cytometry (Fig. 4A). IFN-y pro-
duction was detected in a larger percentage of the p18-specific
CD8™ T cells in the rSmeg-gp120-immunized mice than in the

DNA-gp120-immunized mice (P < 0.05). Levels of production
of IL-2 by p18-specific CD8" T cells were comparable in the
mice immunized with rSmeg-gp120 and DNA-gp120.

To determine the ability of these vectors to elicit gp120-
specific CD4™ T-cell responses, splenocytes from these mice
were exposed in vitro to a pool of peptides spanning the HIV-1
gp120 protein, and then gated CD4™" T cells were assessed for
cytokine production. As shown in Fig. 4B, priming of mice with
rSmeg-gp120 induced gp120-specific CD4™" T cells that pro-
duced higher levels of IFN-y than were produced by the DNA-
gp120-induced CD4™ T cells. Following the boosting immuni-
zation, the CD4™ T cells elicited by the two vectors produced
comparable levels of IFN-y. IL-2 production by gp120-specific
CD4™" T cells was higher in mice primed with DNA-gp120 than
in mice primed with rSmeg-gp120 but did not appear to be
durable, since it dramatically decreased by week 10 following
the priming immunization to a level that was significantly lower
than that seen in rSmeg-gp120-immunized mice. After the
boosting immunization, however, IL-2 expression by the
gp120-specific CD4™" T cells was higher in DNA-gp120-immu-
nized mice. These findings suggest that gp120-specific CD8™
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or p18 peptide (2 pg/ml). (B) Splenocytes were collected at the time of the peak immune response after the priming or boosting immunization
and 10 weeks after the priming and cultured for 6 h in the presence of medium alone or a pool of 47 overlapping peptides spanning the HIV-1
IIB gp120 protein (2 wg/ml). Data are presented as the percentages of tetramer-positive CD8" or gp120-responsive CD4" T cells staining
positively for IFN-y or IL-2. The values are the means of results from five mice per group = SE.

and CD4" T cells elicited by immunization with rSmeg-gp120
have a functional profile consistent with that of memory T
lymphocytes.

p18-specific CD8* T cells generated by rSmeg-gp120 effi-
ciently expanded following a heterologous boost immunization
with rAd-gp140. An optimal priming immunogen for a cellular
immune response should elicit antigen-specific central memory
CD8" T cells that expand rapidly following reexposure to
antigen. Having shown that rSmeg-elicited p18-specific CD8"
T cells differentiate more rapidly into central memory cells
than cells generated by DNA immunization, we examined the
ability of the p18-specific CD8" T cells generated by the two
vectors to expand following a heterologous boost immuniza-
tion with rAd-gp140. Groups of mice were injected a single
time with rSmeg-gp120 or DNA-gp120, and 20 weeks later the
mice were boosted with a suboptimal dose (10° particles) of
rAd-gp140. Other groups of mice were injected twice with
rSmeg-gp120 or DNA-gp120, 10 weeks apart, and 10 weeks
later boosted with rAd-gp140. Figure SA shows the phenotypic
profile of the p18-specific CD8™ T cells in the peripheral blood
of each group of immunized mice on the day of the rAd-gp140
boost. In mice primed with rSmeg-gp120, more than 93% of
the p18-specific CD8" T cells expressed CD62L and CD27,
surface molecules associated with T-cell memory function,
while in DNA-gp120-primed mice, only 50% of the p18-spe-
cific CD8™" T cells expressed CD62L and 70% expressed CD27.
The differences between the phenotypic profiles of the p18-
specific CD8™" T cells elicited by these two vectors were more
marked after two immunizations (Fig. 5C). In the rSmeg-

gp120-immunized mice, 85% and 92% of these epitope-spe-
cific cells expressed CD62L and CD27, respectively, while in
the DNA-immunized mice only 15% and 35% of p18-specific
CD8" T cells expressed CD62L and CD27, respectively. No
significant differences were observed in the expression of
CD127 by p18-specific CD8" T cells in the rSmeg-gp120- and
DNA-gp120-immunized mice. The rSmeg-gp120 and DNA-
gp120-immunized mice also differed in the levels of p18-spe-
cific CD8™ T cells seen in their peripheral blood. On the day of
rAd-gp140 boosting, the rSmeg-gp120- and DNA-gp120-im-
munized mice demonstrated 0.05% and 0.5% pl8-specific
CD8™" T cells, respectively, and the second immunization in-
creased these percentages to 0.2% and 4.0%, respectively.
Thus, although the rSmeg-gp120-immunized mice had gp120-
specifc CD8* T lymphocytes that were predominantly memory
cells, the tetramer-positive cells were a much smaller percent-
age of the total CD8" T-cell population in these mice.

We then inoculated the mice with a suboptimal dose of
rAd-gp140 (10° particles) and assessed the kinetics of the gen-
eration of p18-specific CD8" T cells. A suboptimal dose of
rAd-gp120 was chosen to facilitate discrimination between the
priming efficiency of the plasmid DNA and recombinant-M.
smegmatis immunogens. One week after the rAd-gp140 immu-
nization, the DNA-immunized mice (one or two immuniza-
tions) had higher p18-specific CD8* T-cell responses than the
rSmeg-gp120-immunized mice (Fig. 5B and D). However, by
the second and third weeks postimmunization, rSmeg-gp120-
immunized mice had comparable p18-specific CD8" T-cell
responses. The kinetics of the contraction of these immune cell
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FIG. 5. Heterologous prime-boost immunization using rSmeg-gp120 or DNA-gp120 priming followed by rAd-gp140 boosting. Mice were
immunized with rSmeg-gp120 (5 X 107 CFU) or DNA-gp120 (50 pg), and 10 weeks later some mice were similarly immunized a second time. (A
and C) Expression of CD62L, CD127, and CD27 on p18-specific CD8" T cells 20 weeks after the first immunization (X1) (A) and 10 weeks after
the second immunization (X2) (C). (B and D) Kinetics of p18-specific CD8" T cells in rSmeg-gp120 (Smeg)- and DNA-gp120 (DNA)-immunized
mice (after the priming [1X] [B] and boosting [2X] [D]) following heterologous immunization with 10° particles of rAd-gp140 [Ad (ctr])]. Data

are the means of results from 5 to 10 mice per group * SE.

populations in the rSmeg-gp120- and DNA-gp120-immunized
mice were comparable. Therefore, although rSmeg-gp120-im-
munized mice developed only small numbers of antigen-spe-
cific CD8" T cells, these mice generated robust secondary
CD8" T-cell responses following rAd-gp140 boosting that
were comparable in magnitude to those generated in the
DNA-gp120 prime/rAd-gp140 boost mice.

Functional analysis of the CD8" and CD4* T cells elicited
by the recombinant-M. smegmatis/DNA-gp120 prime-rAd-
gpl40 boost immunization. To determine whether priming
with DNA-gp120 and rSmeg-gp120 and boosting with rAd-
gp140 generated gpl120-specific T-cell responses with similar
immune potentials, we evaluated the functional properties of
the p18-specific CD8" and CD4™" T cells elicited by this im-
munization regimen. Following the boost immunization with
rAd-gp140, the levels of production of IFN-y and IL-2 by
p18-specific CD8" T cells were comparable in the rSmeg-
gp120- and DNA-gp120-primed mice (Fig. 6). pl8-specific
CD8" T-cell production of IFN-y was greater in these prime/
boost vaccine-immunized mice than in mice immunized with
rAd-gp140 alone. Levels of expression of CD107a and CD107b
on CD8" pl8-specific T cells were also similar in the mice
primed with rSmeg-gp120 and in the mice primed with DNA-
gp120, with both groups then being boosted with rAd-gp140,
and were significantly higher than those seen in mice immu-
nized only with rAd-gp140. gp120-specific CD4* T cells in
mice inoculated with rSmeg-gp120 or DNA-gp120 and then
boosted with rAd-gp120 produced comparable levels of IFN-y
and IL-2. Moreover, this cytokine production was higher than

that of gp120-specific CD4" T cells in mice immunized with
rAd-gp140 only.

Interestingly, following rAd-gp140 boosting, the mice receiv-
ing two priming immunizations with rSmeg-gp120 or DNA-
gp120 generated gp120-specific CD4™ T cells that produced
more IFN-y than did mice receiving a single priming immuni-
zation (Fig. 7B). These data also support the intracellular
cytokine staining data, indicating comparable levels of IFN-y
production by CD8" T cells in mice primed with rSmeg-gp120
or DNA-gp120 (Fig. 7A). The present findings therefore indi-
cate that after a heterologous boost with rAd-gp140, rSmeg-
gp120-primed mice generated vigorous antigen-specific CD8™
and CD4™" T-cells responses that were comparable to those
developed in DNA-gp120-primed mice.

DISCUSSION

The present study explored gp120-specific CD8" T-cell in-
duction following immunization with DNA-gp120 and the pro-
totype mycobacterial vector construct rSmeg-gp120. The na-
tures of these two vaccine modalities are very different. While
expression of the gp120 protein by rSmeg-gp120 occurs in the
bacteria, the DNA-gp120 immunogen expresses this protein in
the host cells. This difference in expression may lead to differ-
ences in the gp120 protein itself. The gp120 expressed by the
plasmid DNA immunogen has a glycosylation pattern typical
of proteins expressed by eukaryotic cells, while the gp120 ex-
pressed by rSmeg-gp120 has a very different glycosylation pat-
tern and is acylated due to its fusion to the 19-kDa signal
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FIG. 6. Functional analysis of the p18-specific CD8" T cells and gp120-specific CD4" T cells elicited by priming with rSmeg-gp120 or
DNA-gp120 followed by boosting with rAd-gp140. Mice were immunized either once (X1) or twice (X2) 10 weeks apart with rSmeg-gp120 (5 X
107 CFU) or DNA-gp120 (50 wg). Twenty weeks after the first immunization and 10 weeks after the second immunization, the mice were
inoculated with 10° particles of rAd-gp140. Splenocytes were harvested 8 weeks after the immunization with rAd-gp140 and were cultured for 6 h
in the presence of medium alone, p18 peptide (2 wg/ml), or the Env peptide pool (2 pg/ml). The intracellular production of IFN-y and IL-2 by
p18-specific CD8™ T cells and gp120-specific CD4 " T cells or CD107a/b expression by p18-specific CD8™" T cells was evaluated. Data are presented
as the percentages of tetramer-positive CD8" T cells staining positively for IFN-y, IL-2, or CD107a/b and gp120-specific CD4" T cells staining
positively for IFN-y or IL-2 and are the means of results from five mice per group = SE.

sequence. The kinetics and expression levels of gp120 by these
vectors are also likely to be very different. Expression of gp120
by the plasmid DNA vector should occur for a long period of
time, while expression by rSmeg-gp120 is likely to be brief. This
difference in the kinetics of antigens may impact the develop-
ment of the memory CD8" T cells, since these cells have been
shown to differentiate into memory cells only after antigen is
cleared (10).

An explanation as to why the rSmeg-gp120-immunized mice
had a lower-frequency cellular immune response than the
DNA-gp120-immunized mice is not readily apparent. We were
able to detect transgene expression by rSmeg-luc for more than
24 h after the immunization, a period of time that should be
sufficient for maximal programmed CD8" T-cell expansion
and differentiation (10, 26). In fact, it has been shown that
ablation of a mouse muscle 10 min after its inoculation with
plasmid DNA did not affect the magnitude of the vaccine-
elicited CTL response (25), suggesting that a short duration of
antigen expression is sufficient for CTL induction. It is also
possible that a low-frequency CTL response is generated in
mice because this vaccine construct expresses only a small
amount of transgene product. Finally, the magnitude of the
vaccine-elicited T-cell population in rSmeg-gp120-immunized

mice may simply reflect the kinetics of the contraction of these
antigen-specific lymphocytes following immunization. At the
peak of the immune response, the number of pl8-specific
CD8™" T cells in the spleen was higher in the rSmeg-gp120-
than in the DNA-gp120-immunized mice. However, 96% of
these cells died during the contraction phase of the response.
A similar contraction has been described following immuniza-
tion with other vectors, including Listeria monocytogenes and
vaccinia virus (2, 6). Whatever the explanation for the gener-
ation of a small pool of vaccine-induced, long-lived memory
cells, modulation of the kinetics of transgene expression
through molecular modification of the vector may increase the
number of gp120-specific CD8" T cells that can be elicited
with a recombinant-mycobacterium vaccine.

Surface expression of the CD27 molecule on the recombi-
nant-M. smegmatis-elicited CD8" T cells decreased rapidly
during the first week after priming but increased quickly there-
after. Since CD27 expression has been reported to predict the
size of the CD8™" effector T-cell pool (8), the rapid loss of
CD27 by the epitope-specific CD8" T cells in the rSmeg-
gp120-immunized mice might be associated with the small
number of long-lived antigen-specific cells in these mice. In-
terestingly, the expression of CD27 is down-regulated in the
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FIG. 7. IFN-y production by CD8" and CD4" T cells following a
priming immunization with rSmeg-gp120 or DNA-gp120 and a boost-
ing immunization with rAd-gp140. Mice were immunized either once
(X1) or twice (%2), 10 weeks apart, with rSmeg-gp120 (5 X 107 CFU)
or DNA-gp120 (50 ng). Twenty weeks after the first immunization or
10 weeks after the second immunization, the mice were inoculated
with 10° particles of rAd-gp140. Splenocytes were harvested from
individual mice 8 weeks after the immunization with rAd-gp140. IFN-y
production was evaluated by ELISPOT assay using total splenocytes
incubated with p18 peptide (1 wg/ml) (A) or by CD8" T-cell-depleted
splenocytes stimulated with a peptide pool consisting of 158 overlap-
ping 15-mer peptides spanning the HIV-1 HXB2/BaL Env protein at a
concentration of 1 wg/ml (B). Data are presented as the mean numbers
of antigen-specific spots per 10° spleen cells + SE, with five mice per
group. *, P < (0.01 (one immunization versus two immunizations).

presence of TNF-a (16, 18), a cytokine that is induced by M.
smegmatis immediately after infection (19). The findings in the
present study are consistent with the suggestion that the in-
flammatory properties of the vector influence the kinetics of
the elicited antigen-specific CD8" T cells (2).

The rapid acquisition of memory-associated surface mole-
cules on the vaccine-elicited CD8™" T cells and the decreased
expression of the CD107a and CD107b molecules on these
cells after stimulation suggest an accelerated differentiation of
memory CD8" T cells in the rSmeg-gp120-immunized mice.
The rapid clearance of the vaccine antigen following immuni-
zation with recombinant M. smegmatis may explain this rapid
induction of memory CD8™" T cells. Since effector cells survive
for only a short time after antigen is cleared, the percentages of
vaccine-elicited memory CD8™ T cells may be particularly high
in rSmeg-gp120-immunized mice. Also, it was recently shown
that vaccination of mice with peptide-pulsed, mature DCs re-
sulted in an accelerated differentiation of memory CD8" T
cells (1). Several studies have reported that M. smegmatis up-
regulates the expression of major histocompatibility complex
class I (MHC I) and costimulatory molecules on DCs, leading
to their maturation (5, 15). These findings suggest that M.
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smegmatis might induce the maturation of DCs and, as a con-
sequence, the rapid generation of memory CD8" T cells.

CD4" T-cell help has also been shown to enhance and
maintain the memory CD8" T cells generated after acute
infection (23). Indeed, immunization with rSmeg-gp120 in-
duced CD4" T cells that produced IFN-y and IL-2. Since
CD4™" T cells are required for the maintenance of memory
CD8" T cells, the potent CD4" T-cell responses generated by
rSmeg-gp120 might contribute to the bias toward the differen-
tiation of memory CD8™ T cells in these mice. The ability of
this M. smegmatis vector to generate CD4" T-cell immunity is
consistent with the immune response generated in response to
other mycobacteria and is important for protective immunity
(14, 17). In fact, CD4™" T cells have been shown to be required
for the development of cytotoxic CD8* T cells during M.
tuberculosis infection (20). These data suggest that mycobacte-
ria skew the immune response toward CD4™" T-cell immunity,
a skewing that is important for maintaining memory CD8" T
cells.

As with all vectors that have been proposed for use as plat-
forms for human immunogens, M. smegmatis has certain dis-
advantages as a vaccine vector. Live recombinant M. smegmatis
may have toxicities, since this bacterium induces a strong in-
flammatory response. However, the observation that M. smeg-
matis is rapidly cleared, even from SCID mice, suggests that it
may still be safe for use in humans (3). Another potential
limitation of the M. smegmatis vector is that it induces a small
number of antigen-specific CD8" T cells in comparison to
those elicited by other vectors. This might be a consequence of
the in vivo expression of only small amounts of antigen by M.
smegmatis or reflect the fact that the localization of bacterium-
encoded antigen in the infected cell prevents efficient MHC
class I presentation. These potential drawbacks might be cir-
cumvented by selecting mutant mycobacteria for use as vectors
that are particularly efficient in directing transgene products
into MHC class I processing pathways.

An ideal priming vector for a cellular immune response
should elicit a large population of CD8" T lymphocytes that
differentiate rapidly into memory cells. This will potentiate a
vigorous secondary immune response following boosting. The
observation that small numbers of M. smegmatis-elicited p18-
specific CD8" T cells can expand into large populations of
functionally competent CTLs following heterologous boosting
suggests that recombinant M. smegmatis may be useful as a
priming vector in prime/boost vaccine regimens.
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