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Vaccination of mice with plasmid DNA carrying the gene for the major secreted mycobacterial antigen 85A
(Ag85A) from Mycobacterium tuberculosis is a powerful technique for generating robust specific Th1 helper
T-cell responses, CD81-mediated cytotoxicity, and protection against M. tuberculosis challenge (K. Huygen et
al., Nat. Med. 2:893–898, 1996). We have now analyzed in more detail the antigen-specific immune CD41- and
CD81-T-cell responses induced in BALB/c mice vaccinated with Ag85A DNA and have compared these
responses to those generated by intravenous infection with M. tuberculosis. T-cell-epitope mapping, as mea-
sured by interleukin-2 and gamma interferon secretion from splenic T cells restimulated in vitro with synthetic
20-mer peptides spanning the complete mature sequence of Ag85A, demonstrated that DNA vaccination
stimulated a stronger and broader T-cell response than did M. tuberculosis infection. Moreover, elevated
cytotoxic T lymphocyte (CTL) activity against Ag85A-transfected and peptide-pulsed P815 target cells could be
generated exclusively by vaccination with plasmid DNA, not following M. tuberculosis infection. By using DNA
vaccination, three Ag85A CTL epitopes with predicted major histocompatibility complex class I binding motifs
were defined. One of them was previously reported as a dominant, promiscuously recognized T-cell epitope in
healthy humans with primary infections. These data strengthen the potential of DNA vaccination with respect
to inducing antituberculous immunity in humans.

Tuberculosis remains a major health problem affecting mil-
lions of people worldwide (2). Combination chemotherapy is
very effective in curing this disease, but unfortunately, the
treatment is long and expensive and requires stringent compli-
ancy to avoid the development of multidrug-resistant forms.
The only tuberculosis vaccine currently available is an attenu-
ated strain of Mycobacterium bovis, termed bacillus Calmette-
Guérin (BCG). BCG continues to be widely administered to
children in developing countries, yet its efficacy remains con-
troversial, particularly against the pulmonary form of the dis-
ease in adults (3). Clearly, the development of a more effective
vaccine could be an effective solution to the global threat of
tuberculosis.

Administration of plasmid DNA expression vectors has been
shown to result in protein expression in vivo, the generation of
humoral and cell-mediated immune responses, and protection
in animal models of infectious diseases including influenza,
human immunodeficiency virus infection, bovine herpes, ra-
bies, malaria, leishmaniasis, herpes simplex, and cottontail
papilloma (10, 32). Therefore, DNA vaccination seems to be a
broadly applicable technique for generating protective im-
mune responses against infectious pathogens without the need
for live organisms, replicating vectors, or adjuvants.

Recently, we and others have shown that vaccination with

plasmid DNA containing Mycobacterium tuberculosis genes en-
coding hsp65 (31), the 38-kDa PstS-1 homolog (35), and the
fibronectin-binding antigen 85 (Ag85) complex (18) is an ef-
fective means for inducing protective immunity in animal mod-
els. The three components of the Ag85 complex, a 30-32-kDa
family of proteins (Ag85A, Ag85B, and Ag85C), constitute a
major portion of the secreted proteins in M. tuberculosis and
BCG culture filtrate (33). The bacteriostatic drug isoniazid
enhances the expression of this Ag85 complex in M. tubercu-
losis culture filtrate (15) and has been described as possessing
enzymatic trehalose mycolyltransferase activity (1a). The Ag85
complex induces strong T-cell proliferation, gamma interferon
(IFN-g) production, and cytotoxic T lymphocyte (CTL) activity
in most healthy individuals infected with M. tuberculosis or
Mycobacterium leprae and in BCG-vaccinated mice and hu-
mans (16, 22, 25, 28, 30), making it a promising candidate as a
protective antigen. Genetic vaccination with plasmid DNA en-
coding the Ag85A component of the Ag85 complex (Ag85A
DNA) was found to generate robust specific Th1-type helper
T-cell responses and CD8-mediated cytotoxic T-cell responses
and induced protection in a mouse model against aerosol or
intravenous M. tuberculosis challenge (reference 18 and unpub-
lished data). Vaccination with plasmid DNA encoding the
Ag85B component but not the Ag85C component was also
found effective for generating strong Th1- and CD81-mediated
immune responses (23).

Here, we have analyzed in detail the immunogenicity of a
DNA vaccine carrying the gene encoding Ag85A in compari-
son with the immunogenicity of intravenous M. tuberculosis
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infection. We show that in BALB/c mice, Ag85A DNA vacci-
nation is more effective than live infection at inducing cellular
immune responses, including Th1-type helper T-cell responses
and CTL activity, against Ag85. Hence, DNA vaccination holds
promise as a method of inducing immunity in humans.

MATERIALS AND METHODS

Plasmid construction. Plasmid DNA encoding Ag85A was prepared as de-
scribed previously. Briefly, the Ag85A gene of M. tuberculosis was amplified
without the mycobacterial signal sequence from plasmid p85A.tub (4) by PCR
with the BglII site containing primers. Amplified DNA was digested with BglII,
isolated on a 1% agarose gel, and extracted on Prep a Gene (Bio-Rad). Frag-
ments were ligated to the BglII-digested and dephosphorylated V1J-ns (24) or
V1J-ns-tPA (29) vector, transformed into competent Escherichia coli DH5
(BRL) cells and plated on LB agar medium containing kanamycin (50 mg/ml).
Recombinant plasmid DNA was amplified in E. coli DH5 and purified on two
cesium chloride-ethidium bromide gradients, followed by extractions with 1-bu-
tanol and phenol-chloroform and ethanol precipitation. Plasmid DNA was ad-
justed to a final concentration of 1 mg/ml in saline and stored at 220°C. In these
plasmids, the Ag85A gene is expressed under control of the promoter and intron
A of the first immediate-early antigen IE1 from cytomegalovirus and followed by
a polyadenylation site of the bovine growth hormone.

Mice. BALB/c mice were purchased from Bantin and Kingman or bred in the
Animal Facilities of the Pasteur Institute of Brussels, Belgium. Only female mice,
6 to 8 weeks old at the start of vaccination, were used.

DNA vaccination. Mice were anesthesized by intraperitoneal injection of ket-
amine and xylazine (100 and 10 mg/kg, respectively) and injected intramuscularly
three times (at 3-week intervals) in both quadriceps with Ag85A or control DNA
(empty vector) in saline, by using a 0.3-ml insulin syringe (Becton Dickinson,
Mountain View, Calif.). The mice received 100 mg of DNA at each injection and
were analyzed 3 weeks after the last DNA vaccination.

M. tuberculosis and M. bovis BCG infection. Mice were infected intravenously
in the lateral tail vein with 104 CFU of M. tuberculosis H37Rv or 106 CFU of M.
bovis BCG (strain GL2, derived from 1173P2 Paris) grown as a surface pellicle
on synthetic Sauton medium for 14 days and stored as a concentrated stock
solution at 220°C in glycerol. The mice were sacrificed after 4 or 12 weeks.

Antigens. Ag85A was purified from M. bovis BCG culture filtrate (CF) as
described previously by sequential chromatography on phenyl-Sepharose and
DEAE-Sephacel ion exchange columns and molecular sieving on Sephadex G75
(8). Purified protein derivative (PPD), BCG CF, BCG cytoplasmic extract, and
whole BCG bacilli were prepared as described before (16).

Peptide synthesis. Peptides were synthesized on Tenta-Gel S-RAM and puri-
fied by high-pressure liquid chromatography as described before (17). Twenty-
eight peptides spanning the complete mature Ag85A sequence from M. tuber-
culosis (295 amino acids [aa]) were synthesized as 20-mer peptides overlapping
by 10 aa. Thirty-one peptides spanning the complete mature Ag85B sequence
from M. tuberculosis (285 aa) were synthesized as 18-mer residues overlapping by
9 aa.

Cytokine production. DNA-vaccinated or M. tuberculosis-infected mice were
sacrificed, and their spleens were removed aseptically. The spleens from three
mice were pooled in each group. Spleen cells were adjusted to a concentration of
4 3 106 cells/ml and grown in round-bottom microwell plates (Nunc) in RPMI
1640 (Gibco-BRL) supplemented with glutamine, HEPES, 50 mM 2-mercapto-
ethanol, antibiotics, and 10% heat-inactivated fetal calf serum (FCS; Gibco-
BRL). A volume of 180 ml of cell suspension was added to a 20-ml volume of
PPD, CF, BCG extract, whole BCG bacilli, purified Ag85A, or synthetic peptide.
The cells were incubated at 37°C in a humidified CO2 incubator, and superna-
tants were harvested after 24 (interleukin-2 [IL-2]) and 72 (IFN-g) h. Superna-
tants from three separate wells were pooled and stored frozen at 220°C until
assay. Each experiment was performed at least twice.

Depletion of CD41 or CD81 T cells. Mice were sacrificed 3 weeks after the
third DNA injection, and their spleens were removed aseptically. The spleens
from three mice were pooled in each group. Cells were isolated by use of a
loosely fitting Dounce homogenizer, washed, and incubated with RL172 (anti-
CD4) or 83.12.5 (anti-CD8) monoclonal antibody culture supernatant for 45 min
at 37°C (5 3 106 cells/ml). Spleen cells were then pelleted and resuspended in
low-toxicity rabbit serum (Cedarlane, Hornby, Ontario, Canada) as a comple-
ment source for 45 min at 37°C. Viable lymphocytes were purified on Lym-
pholyte-M (Cedarlane). Finally, the cells were washed twice before their use in
the cytokine induction experiment described above. The purity of these cell
preparations was more than 95% on flow cytometric analysis in FACScalibur
(Becton Dickinson).

IL-2 assay. IL-2 activity was measured by a bioassay. Briefly, a volume of 100
ml of 24-h culture supernatant was added to 100 ml of CTLL-2 cells (105/ml) and
incubated for 48 h (16). [3H]thymidine (Amersham; 8.3 Ci/ml) was added (0.4
mCi/well) during the last 6 h of culture. Cells were harvested on a Titertek cell
harvester, and the radioactivity recovered on the fiber mats was counted in a
Betaplate scintillation counter. Each sample was tested in duplicate. IL-2 levels
are expressed as mean counts per minute. The standard deviation was below
10%. An internal laboratory control preparation of mouse IL-2 with a previously

determined titer, based on NIBSC international standard 86/504, was run simul-
taneously in each assay. In this assay, 50,000 cpm corresponds to 3.12 IU/ml or
about 600 pg/ml and the detection limit is around 10 pg/ml.

IFN-g assay. IFN-g activity was quantified in duplicate for 72-h culture su-
pernatants by using a mouse IFN-g enzyme-linked immunosorbent assay
(ELISA) (Intertest-g; Genzyme catalog no. 80-3842-03). Titers are expressed as
mean picograms per milliliter; the standard deviation was below 10%. The
detection limit in this assay is 10 pg/ml. For comparison with previous results
from an IFN bioassay (17), 1 log2 unit corresponds to 220 pg/ml.

In vitro stimulation of CTLs. Spleen cells (5 3 106/well) from DNA-vacci-
nated or M. tuberculosis-infected mice (pool of three mice) were cocultured in
24-well plates with mitomycin-treated or gamma-irradiated (2,000 rads) P815-
Ag85A (P815 cells transfected with the Ag85A cDNA [18]) stimulators (5 3
105/well) in RPMI 1640 containing 10% FCS, 2-mercaptoethanol, L-glutamine,
and antibiotics. Cultures were maintained at 37°C in 5% CO2 for 6 days.

Cytolytic assay. Lymphocytes harvested from the stimulated cultures were
tested for cytotoxicity in a 4-h 51Cr release assay in round-bottom microwell
plates with 104 51Cr-labeled P815 or P815-Ag85A-transfected target cells. Effec-
tor cells were added to target cells at various effector-cell-to-target-cell (E/T)
ratios in RPMI 1640 supplemented with 10% FCS in a total volume of 0.2 ml.
For CTL epitope mapping, peptides were added together with effector and target
cells to a final concentration of 5 mg/ml. Spontaneous- and total-release samples
were prepared by adding the targets to wells containing only medium or medium
plus 2 M H2SO4. After 4 h, the plates were centrifuged, and 150 ml of superna-
tant was collected and counted in a gamma counter (LKB). Percent specific 51Cr
release was calculated as 100 3 [(release by CTLs 2 spontaneous release)/(total
release 2 spontaneous release)]. Spontaneous release was generally 10 to 15% of
the total release. Experiments were performed twice.

RESULTS

Ag85-specific IL-2 and IFN-g production in BALB/c mice
vaccinated with DNA encoding Ag85A or infected with M.
tuberculosis H37Rv. As shown in Table 1, significant IL-2 and
IFN-g production in response to purified native Ag85A protein
could be measured in spleen cell culture supernatants from
BALB/c mice vaccinated with Ag85A DNA, when tested 3
weeks after the third DNA injection. Mice vaccinated with
control DNA produced only minimal amounts of these two
cytokines. Significant cytokine levels were also detected in
spleen cell cultures from Ag85A DNA-vaccinated mice stimu-
lated with BCG culture filtrate (from which native Ag85A is
purified), but not with PPD, cytoplasmic BCG extract, or
whole BCG bacilli. In contrast, spleen cells from BALB/c mice
infected with live M. tuberculosis secreted IL-2 and IFN-g in
response to all these inducers. Preliminary analysis at 2, 4, 6, 8,
and 12 weeks after infection showed that peak values of IFN-g
in response to all inducers were observed early, i.e., 2 to 4
weeks after infection, and gradually declined over the next 2
months (data not shown). IL-2 levels in response to Ag85A
were also maximal 2 to 4 weeks after infection, whereas IL-2
response to the other inducers increased up to 3 months after
infection (data not shown). Therefore, peak levels of cytokine
secretion in infected mice, i.e., at 4 and 12 weeks after infec-
tion, were compared with peak responses of DNA-vaccinated
mice, i.e., at 3 weeks after the third DNA injection. IL-2 and
IFN-g levels in response to Ag85A were two and four times
higher, respectively, in DNA-vaccinated than in M. tuberculo-
sis-infected mice (Table 1).

IL-2 secretion in response to synthetic overlapping peptides
from Ag85A in BALB/c mice vaccinated with plasmid DNA
encoding Ag85A or infected with M. tuberculosis. As shown in
Fig. 1, strong IL-2 production could be measured in spleen cell
culture supernatant from Ag85A DNA-vaccinated mice upon
24 h of in vitro stimulation with synthetic 20-mer peptides
spanning the complete Ag85A protein. The strongest IL-2
production was observed in response to peptide 11 (p11; aa 101
to 120), the T-cell epitope that was also the most reactive in M.
tuberculosis-infected mice and that we previously identified as
the dominant Th1 epitope in BALB/c and DBA/2 mice vacci-
nated with live M. bovis BCG (17). Ag85A DNA-vaccinated
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mice, but not M. tuberculosis-infected or BCG-vaccinated mice,
also consistently reacted to the overlapping p12 (aa 111 to
130). Lower-level IL-2 production was found following DNA
vaccination in response to other peptides previously defined by
BCG vaccination, i.e., p7 (aa 61 to 80), p9 (aa 81 to 100), and
p17 (aa 161 to 180). Interestingly, though, DNA vaccination
also generated a substantial IL-2 response against peptides
which were not recognized following BCG vaccination or M.
tuberculosis infection, i.e., p2 and p3 (aa 11 to 40) and two
regions in the carboxy-terminal part of the protein, i.e., p22
and p23 (aa 211 to 240) and p27 (aa 261 to 280). Finally,
significant levels of IL-2 production were observed in DNA-
vaccinated and M. tuberculosis-infected mice but not in BCG-
vaccinated mice against p19 and p20 (aa 181 to 210). Spleen
cells from BALB/c mice vaccinated with Ag85A DNA demon-
strated cross-reactive IL-2 responses against Ag85B as de-
tected by responses against synthetic 18-mer Ag85B peptides
spanning aa 64 to 81 and particularly aa 199 to 216 (data not
shown). No cross-reactive IL-2 production was found in re-
sponse to p12 (aa 99 to 116) from Ag85B, which overlapped
with the immunodominant p11 region of Ag85A (data not
shown). In vitro depletion of CD41 or CD81 T cells from total
splenocytes of Ag85A DNA-vaccinated mice prior to antigenic
or peptide stimulation demonstrated that all IL-2 produced
was derived from genuine CD41 Th1 helper T cells (Table 2).

IFN-g secretion in response to synthetic overlapping pep-
tides from Ag85A in BALB/c mice vaccinated with plasmid
DNA encoding Ag85A or infected with M. tuberculosis. The
broadening of the epitopic repertoire following DNA vaccina-
tion was even more pronounced for IFN-g production (Fig. 2).
Similar to previous observations for BCG-vaccinated H-2d

mice (17), spleen cells from M. tuberculosis-infected BALB/c
mice secreted significant levels of IFN-g almost exclusively in
response to p11 (aa 101 to 120). Mice vaccinated with Ag85A
DNA, on the other hand, reacted against a wide array of
peptides in both the N-terminal and carboxy-terminal parts of
Ag85A. Thus, high IFN-g levels were produced in response to
p1 and p2 (aa 1 to 30), p7 (aa 61 to 80), p11 to p15 (aa 101 to
160), p20 (aa 191 to 210), and p25 and p27 (aa 241 to 280). The
IFN-g response towards p15 was mediated partly by CD41 and
partly by CD81 T cells, whereas all other peptide-stimulated
IFN-g responses could be completely abrogated by CD41-T-
cell depletion (Table 2). The IFN-g response to whole native
Ag85A was completely mediated by CD41 T cells, whereas
CD81 T cells were the major IFN-g-producing population in
response to the polyclonal T-cell mitogen phytohemagglutinin
(Table 2). As for IL-2 production, spleen cells from BALB/c

mice vaccinated with Ag85A DNA demonstrated cross-reac-
tive IFN-g responses against synthetic 18-mer peptides span-
ning aa 64 to 81 and aa 199 to 216 from the mature Ag85B of
M. tuberculosis (data not shown).

Generation of cytotoxic CD81 T cells in BALB/c mice vac-
cinated with DNA encoding Ag85A or infected with M. tuber-
culosis H37Rv. As shown in Table 3, elevated antigen-specific
CTL activity could be measured in splenic T-cell cultures from
BALB/c mice vaccinated with DNA encoding Ag85A, as as-
sessed in a 51Cr release assay of Ag85A-transfected P815 target
cells. No CTL activity could be detected in spleens from
BALB/c mice vaccinated with M. bovis BCG or infected with
M. tuberculosis 12 weeks previously. Ag85A-specific CTL ac-
tivity was not detected either 4 weeks following BCG vaccina-
tion or 4 weeks after two BCG vaccinations separated by a
2-month interval (data not shown). As previously reported
(18), CTL activity induced by Ag85A DNA was mediated ex-
clusively by CD81 T cells. Cross-reactive CTL responses
against P815-Ag85A-transfected cells were also observed in
BALB/c mice vaccinated with DNA encoding Ag85B but not
Ag85C (data not shown).

Cytotoxic T-cell activity against peptide-pulsed P815 target
cells in BALB/c mice vaccinated with Ag85A DNA. Strong CTL

FIG. 1. IL-2 production (mean counts per minute) in response to restimula-
tion with synthetic 20-mer peptides (overlapping by 10 aa, spanning the complete
mature Ag85A sequence) of spleen cells from BALB/c mice vaccinated with
plasmid DNA encoding Ag85A or infected with M. tuberculosis. Pooled spleens
from three mice were either unstimulated (control) or stimulated with the pep-
tides (10 mg/ml) or with purified Ag85A (5 mg/ml), and 24-h supernatants were
tested by a bioassay on mouse CTLL-2 cells.

TABLE 1. Th1 cytokine production in BALB/c mice vaccinated with plasmid DNA encoding Ag85A or infected with M. tuberculosis H37Rv

Spleen cell
culturea

IL-2 production (mean cpm) in miceb IFN-g production (pg/ml) in micec

Vaccinated with: Infected with M.
tuberculosis Vaccinated with: Infected with M.

tuberculosis

Control DNA Ag85A DNA Day 28 Day 84 Control DNA Ag85A DNA Day 28 Day 84

Control 419 482 799 172 ,10 198 161 20
Ag85A 220 12,990 7,425 8,739 ,10 1,628 419 113
PPD 124 3,335 7,875 81,690 ,10 342 2,089 1,280
CF 218 12,650 10,116 40,001 ,10 884 1,121 452
Extract 178 1,300 2,741 30,039 ,10 304 943 452
BCG 320 385 774 4,205 ,10 242 930 113

a Cytokine production was determined in spleen cell cultures from BALB/c mice vaccinated with control DNA encoding Ag85A or infected with M. tuberculosis and
either unstimulated (control) or stimulated in vitro with purified native Ag85A (5 mg/ml), PPD (25 mg/ml), BCG CF (25 mg/ml), BCG cytoplasmic extract (25 mg/ml),
or whole BCG bacilli (25 mg/ml).

b IL-2 production was assayed in 24-h culture supernatants and determined by a bioassay.
c IFN-g production was assayed in 72-h culture supernatants from pooled contents of three wells and determined by an ELISA.
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activity could be detected in spleen cells from Ag85A DNA-
vaccinated mice when the cells were tested against P815 target
cells pulsed with the following three 85A peptides: p7 (aa 61 to
80), p15 (aa 141 to 160), and p17 (aa 161 to 180) (Fig. 3).
Interestingly, p15 was one of the newly defined peptides
against which DNA-vaccinated BALB/c mice reacted very
strongly but infected mice did not. As already discussed, p7 and
p17 induced some IL-2 activity, and p7 and p15 induced sig-
nificant levels of IFN-g, which was partly of CD81 origin for
the latter peptide. As shown in Table 4, all three CTL-inducing
peptides contained predicted consensus motifs for major his-
tocompatibility complex (MHC) class I binding in accordance
with the work of Falk and Rötzchke (11). A search of the
Internet by using “HLA peptide motif” (http://bimas.dcrt.nih
.gov/molbio/hla_bind/) yielded the following half-time dissoci-
ation scores (reflecting affinity for the respective MHC class I
molecules): p7, aa 61 to 68 (600 for Kd) and aa 71 to 78 (390
for Ld); p15, aa 145 to 152 (2,000 for Kd); p17, aa 161 to 168
(150 for Ld). Shorter 10-mer peptides spanning only aa 70 to 79
and 144 to 153 were synthesized and could be used for P815
cell pulsing as well, clearly showing their MHC class I-re-
stricted nature (1).

Cross-reactive CTL activity against Ag85B epitopes in
BALB/c mice vaccinated with DNA encoding Ag85A. Spleen

cells from Ag85A DNA-vaccinated mice were amplified with
P815-Ag85A-transfected cells and tested for CTL activity
against P815 targets loaded with 18-mer peptides from Ag85B
spanning corresponding regions of three Ag85A-defined CTL
epitopes. As shown in Fig. 4, cross-reactive CTL responses
were found in response to the p7 region (i.e., against p8 [aa 64
to 81] from Ag85B) and to the p15 region (i.e., p17 [aa 145 to
162] from Ag85B). The Ld predicted regions in p7 are identical
for the three Ag85 components, which explains the completely
cross-reactive response found for p8 from Ag85B (Table 4).
Surprisingly, the Kd binding motif of p15 in Ag85A differs in
three amino acids from the Ag85B sequence, but nevertheless,
a significant cross-reactive CTL response was observed, sug-
gesting that the two conserved anchor residues (tyrosine at
position 145 and leucine at position 152) were essential here.
As already mentioned, cross-reactive secretion of IL-2 and
IFN-g was observed in response to the p7 region but not to the
p15 region of Ag85B. Analysis of CD4 epitopes predicted
according to the TSites program as described previously (17)
revealed that a predicted Rothbard motif spanning aa 147 to
154 in Ag85A is lacking in the Ag85B sequence.

DISCUSSION
Protective immunity against mycobacterial infection is me-

diated by interactions between specifically sensitized CD41

FIG. 2. IFN-g production (picograms per milliliter) in response to restimu-
lation with synthetic 20-mer peptides (overlapping by 10 aa, spanning the com-
plete Ag85A sequence) of spleen cells from BALB/c mice vaccinated with plas-
mid DNA encoding Ag85A or infected with M. tuberculosis. Pooled spleens from
three mice were unstimulated (control) or stimulated with the peptides (10
mg/ml) or with purified Ag85A (5 mg/ml), and 72-h supernatants were tested by
an ELISA.

FIG. 3. CTL activity against P815 target cells loaded with synthetic 20-mer
peptides (overlapping by 10 aa, covering the complete Ag85A sequence) of
spleen cells from BALB/c mice vaccinated with mature Ag85A DNA. Spleno-
cytes were precultured for 6 days with gamma-irradiated P815-Ag85A-trans-
fected cells, and lytic activity was measured as described in Materials and Meth-
ods. Peptide concentration, 5 mg/ml (E/T 5 50).

TABLE 2. Contribution of CD41 and CD81 T cells to IL-2 and IFN-g production in Ag85A DNA-vaccinated BALB/c micea

Supernatantb
IL-2 production (mean cpm) IFN-g production (pg/ml)

Total CD42 CD82 Total CD42 CD82

Control 664a 127 753 ,10b ,10 ,10
CF 24,148 137 22,944 1,363 ,10 2,411
Ag85A 28,937 113 23,629 2,453 ,10 2,708
PHA-P 205,262 56,848 159,344 8,112 .9,600 1,568
p7 (aa 61 to 80) 1,515 179 2,609 341 ,10 696
p11 (aa 101 to 120) 6,994 162 8,316 1,376 156 1,926
p15 (aa 141 to 160) 950 109 1,234 1,272 439 407
p20 (aa 191 to 210) 11,524 152 19,748 894 ,10 1,020

a Cytokine production was determined in total spleen cells or in CD4-depleted (CD42) or CD8-depleted (CD82) spleen cells from BALB/c mice vaccinated with
DNA encoding secreted Ag85A DNA (pooled spleens of three mice). Cells were assayed for IL-2 by testing 24-h culture supernatants and for IFN-g by testing 72-h
culture supernatants.

b Supernatant final concentrations: CF, 25 mg/ml; Ag85A, 5 mg/ml; phytohemagglutin (PHA-P; Wellcome), 4 mg/ml; 20-mer peptides, 10 mg/ml.
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and CD81 T lymphocytes and activated macrophage effector
cells harboring the intracellular pathogen (19, 20, 26). Activa-
tion of Th1 helper T cells and CD81 CTLs is thought to be
essential for protection, whereas activation of Th2 helper T
cells is associated with disease progression (34). IFN-g, a po-
tent activator of macrophages, and tumor necrosis factor alpha
(TNF-a) are crucial cytokines in antimycobacterial protection,
as demonstrated in knockout mice, which have been geneti-
cally altered to eliminate either IFN-g (5, 7, 13) or TNF-a (14)
production.

In the past few years, DNA vaccination has been reported by
many authors to be an effective strategy for expression of
foreign antigens in vivo leading to immunization against a
variety of viruses and protozoa (10). More recently, we and
others have reported that DNA vaccination can be used for
protection against mycobacterial disease as well (18, 31, 35).
More specifically, DNA vaccination with genes encoding
Ag85A and Ag85B (but not Ag85C) components of the Ag85
complex from M. tuberculosis resulted in a strong stimulation
of a specific Th1-like response and of CTL activity by spleno-
cytes from immunized mice upon in vitro restimulation with
native Ag85, leading to protection against mycobacterial chal-
lenge in mice. TNF-a and granulocyte-macrophage colony-
stimulating factor, but not IL-4 or IL-10, were also detected in
such culture supernatants (18, 23).

In this study, we have now analyzed in more detail the
Ag85-specific Th1 and CD81 T-cell response in BALB/c mice
vaccinated with an Ag85A DNA vaccine and compared it to
the response in mice intravenously infected with M. tuberculo-

sis H37Rv. Whereas robust Ag85A-specific cytolytic activity
could be measured in spleen cell cultures from DNA-vacci-
nated BALB/c mice amplified for 1 week in vitro with Ag85A-
transfected, gamma-irradiated, syngeneic P815 mastocytoma
cells, we were unable to detect any cytolytic activity in similarly
amplified spleen cell cultures from mice infected with M. tu-
berculosis or vaccinated with M. bovis BCG. Mycobacteria re-
side almost exclusively in the phagosome, and access of protein
antigens to the cytoplasm followed by proteasome cleavage
and association of peptides with MHC class I molecules is
probably a rare phenomenon. As a consequence of this, the
precursor frequency of CD81 CTLs generated during infection
is probably very low as well. DNA vaccination, on the other
hand, leads to strong expression of foreign proteins in the host
cytoplasm, resulting in genuine MHC class I-restricted CD81

responses against a number of viral and protozoal antigens
(10). Therefore, low-level availability of Ag85 in the infected
cytoplasm of antigen-presenting cells may have resulted in
antigen presentation to CTL precursors at such a low fre-
quency that they would not have been detected by our protocol
with one round of in vitro amplification. In this respect, it is
interesting to note that the two studies that previously reported
on CD81 T cells specific for mycobacterial antigens following
mycobacterial infection, i.e., the 38-kDa PstS-1 homolog (35)
and the 60-kDa heat shock protein (36), precisely worked with
established T-cell lines and clones, respectively, amplified by
successive rounds of in vitro antigen and IL-2 restimulation,
conditions in which the precursor frequency would be of little
importance. Moreover, we have previously found that genuine
CD81 CTLs can be generated in BCG-vaccinated mice against
a hydrophilic CF antigen(s), but the nature of this particular
cross-reactive antigen, also found in CF from M. tuberculosis

FIG. 4. CTL activity against P815 target cells loaded with p7, p15, and p17,
from Ag85A or with p8, p17, and p19 from Ag85B peptides spanning the
homologous regions. The experiment was performed as described in the legend
to Fig. 3.

TABLE 3. Cytolytic activity against P815-Ag85A-transfected target
cells in BALB/c mice vaccinated with Ag85A DNA or infected

with M. tuberculosis or M. bovis BCGa

E/T ratio

% Specific lysis (mean 6 SD) after vaccination witha:

Ag85A DNA M. tuberculosis M. bovis
BCG

75 97.8 6 5.3 0 0
38 93.8 6 12.8 0 0
19 91.2 6 6.6 0 0
9.5 72.9 6 8.3 0 0
4.75 46.8 6 7.5 0 0
2.37 21.1 6 3.6 0 0

a Cells were from spleens from three BALB/c mice vaccinated thrice with
Ag85A DNA (3 weeks after the third injection) or infected intravenously with M.
tuberculosis or M. bovis BCG 12 weeks previously. Spleen cells were amplified
with irradiated P815-Ag85A-transfected cells for 6 days and tested for CTL
activity by a 51Cr release assay of P815-Ag85A targets.

TABLE 4. MHC class I binding consensus motifs on three Ag85A
peptides with H-2d-restricted CTL stimulating activity

Peptide (aa) Antigen Sequencea

p7(61–80) 85A YDQSGLSVVMPVGGQSSFYS
85B YYQSGLSIVMPVGGQSSFYS
85C YYQSGLSVIMPVGGQSSFYT

p15(141–160) 85A QQFVYAGAMSGLLDPSQAMG
85B QQFIYAGSLSALLDPSQGMG
85C QQFPYAASLSGFLNPSEGWW

p17(161–180) 85A PTLIGLAMGDAGGYKASDMW
85B PSLIGLAMGDAGGYKAADMW
85C PTLIGLAMNDSGGYNANSMW

a Underlined residues are amino acids with predicted Kd binding anchor func-
tion. Residues in boldface type are amino acids with predicted Ld binding anchor
function.
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and Mycobacterium kansasii, remains largely unknown and
these CTLs seem to function in an exclusive Db-restricted
manner (9).

The generation of Ag85-specific CD81 CTL responses by
DNA vaccination is particularly important for tuberculosis vac-
cine development, since studies of mice genetically altered so
that the b2-microglobulin gene is deleted (and negative for
MHC class I expression) have clearly demonstrated the essen-
tial role of CD81 T cells in protection against tuberculosis
(12). Studies of perforin and granzyme gene knockout mice
and of Fas-receptor-defective mice have shown that the ex-
pression of the lytic pathway is not essential for the protective
role of these CD81 T cells (at least in the early phase of
infection) but that other types of mechanisms such as cytokine
secretion (IFN-g?) might be involved (6, 21). Three immuno-
dominant H-2d-restricted CTL-inducing peptides, i.e., p7 (aa
61 to 80), p15 (aa 141 to 160), and p17 (aa 161 to 180), were
identified on the Ag85A protein by using a 51Cr release assay
of peptide-pulsed P815 target cells. These peptides also trig-
gered IFN-g production, primarily from CD41 T cells. How-
ever, p15 stimulated IFN-g secretion from both CD41 and
CD81 T cells. Interestingly, we have previously reported that
this peptide was the most dominant and promiscuous epitope
on Ag85A recognized by T cells from 90% of healthy humans
with primary M. tuberculosis infections with various HLA hap-
lotypes (22). Our results, therefore, could hold promise for
potential vaccination of humans with DNA encoding Ag85.

Besides the differential CTL generation, DNA vaccination
also differed in another respect from mycobacterial infection.
Indeed, DNA vaccination induced IL-2 and particularly IFN-g
responses against a broader spectrum of epitopes than infec-
tion with live M. tuberculosis or vaccination with M. bovis BCG
did. This broader peptide spectrum was found to be a reflec-
tion of specificities recognized not only by Ag85A-specific cy-
tolytic CD81 T cells but also by Th1 cytokine-secreting CD41

T cells. All epitopes identified in BCG-vaccinated or M. tuber-
culosis-infected mice were also recognized by cells from DNA-
vaccinated mice, but additional specificities in the amino- and
carboxy-terminal parts of the protein were found. Remarkably,
two additional T-cell epitopes (p20 and p23) defined for
BALB/c mice following Ag85A DNA vaccination that were not
identified in our previous BCG vaccination study have been
described as promiscuous regions on the Ag85B molecule,
again recognized by a majority of tuberculosis patients (28)
and healthy PPD-positive human subjects (30). Recently,
Ragno et al. have reported on protection of rats against adju-
vant arthritis by immunization with DNA encoding mycobac-
terial hsp65 (27). It is tempting to speculate that DNA vacci-
nation in this model may also have broadened the spectrum of
peptides recognized and may have led to preferential amplifi-
cation of responses to the protective rather than to the arthri-
togenic peptides on the hsp65 molecule.

In conclusion, our data suggest that fundamental differences
exist in the immune response sensitization that occurs follow-
ing infection with live M. tuberculosis as compared to that after
Ag85A DNA vaccination. Specifically, DNA vaccination leads
to a stronger Th1-type cytokine response, with a major role for
CD41 T cells as producers of the pivotal cytokine, IFN-g. In
addition, Ag85A-specific MHC class I-restricted CTL re-
sponses were found in Ag85 DNA-vaccinated mice exclusively,
not in mice infected with M. bovis BCG or M. tuberculosis.
Finally, DNA vaccination induced immune responses with a
broad epitopic repertoire, directed against peptide regions im-
munodominant in the natural infection and against other, ap-
parently cryptic peptide regions as well. Given the important
roles of cytokine-secreting CD41 and CD81 T cells in protec-

tion against mycobacterial disease, the facility with which DNA
vaccines induce these effector cells bodes well for the devel-
opment of a DNA vaccine for tuberculosis.
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