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In this study, we investigated the potential of a tuberculosis subunit vaccine based on fusion proteins of the
immunodominant antigens ESAT-6 and antigen 85B. When the fusion proteins were administered to mice in
the adjuvant combination dimethyl dioctadecylammonium bromide-monophosphoryl lipid A, a strong dose-
dependent immune response was induced to both single components as well as to the fusion proteins. The
immune response induced was accompanied by high levels of protective immunity and reached the level of
Mycobacterium bovis BCG-induced protection over a broad dose range. The vaccine induced efficient immuno-
logical memory, which remained stable 30 weeks postvaccination.

Tuberculosis (TB) is the leading infectious disease in the
developing world, and the World Health Organization esti-
mates 80 million new cases of tuberculosis in this decade (8).
The current vaccine against Mycobacterium tuberculosis, M.
bovis Bacillus Calmette-Gúerin (BCG), has been extensively
evaluated and demonstrated variable protective efficacies rang-
ing from 0 to 85% in different field trials (13). An improved
second-generation vaccine is therefore urgently needed. Alter-
native strategies in TB vaccine development such as subunit
vaccines (2, 16, 23), genetic immunization (17, 27), and atten-
uated strains of M. tuberculosis (14) are currently being ex-
plored in many laboratories. Due to the complexity of the host
immune response against tuberculosis and the genetic restric-
tion imposed by major histocompatibility complex molecules, it
has become clear that an effective subunit vaccine containing
multiple epitopes may be required to ensure a broad coverage
of a genetically heterogeneous population. We and others have
previously demonstrated that vaccines based on a mixture of
culture filtrate antigens can induce levels of protection similar
to BCG in mice (2, 16, 23), but so far only a few experimental
vaccines based on a single antigen have proved successful in
animal models (6, 17, 27).

The strategy being explored in our laboratory is the molec-
ular engineering of recombinant fusion proteins. Compared to
mixtures of proteins extracted from cultures or cell lysates, the
fusion protein approach offers at least two substantial advan-
tages: (i) it is a more defined product and (ii) it reduces the
number of recombinant expression and purification steps. The
purpose of our study was to evaluate the potential of a subunit
vaccine based on a fusion protein between two immunodomi-
nant antigens, Ag85B and the 6-kDa early secretory antigenic
target (ESAT-6). In this study, we show that this approach is
very promising and promotes an efficient immune response
which is highly protective against TB in the mouse model.

MATERIALS AND METHODS

Animals. Specific-pathogen-free female C57BL/6J (H-2b) and B6CBAF1 (H-
2b,k) mice were purchased from Bomholtgaard (Ry, Denmark). All mice used
were 6- to 12 weeks of age and were housed in cages contained within a BL-3
laminar flow safety enclosure. Animals were allowed free access to water and
standard mouse chow.

Bacteria. M. tuberculosis Erdman and H37Rv were grown at 37°C in modified
Sauton medium enriched with 0.5% sodium pyruvate and 0.5% glucose. BCG
Danish 1331 was obtained as a freeze-dried vaccine and was rehydrated with
phosphate-buffered saline (PBS).

Mycobacterial antigens. Short-term culture filtrate (ST-CF) and recombinant
ESAT-6 were produced as described previously (3, 15). Recombinant Ag85B and
the fusion molecules were produced as follows. The coding regions of ag85B and
esat6 were amplified by PCR from M. tuberculosis H37Rv chromosomal DNA
with the primers shown in Table 1.

For the production of recombinant Ag85B, the coding region (without the
secretory signal sequence) of Ag85B was PCR amplified from M. tuberculosis
H37Rv chromosomal DNA using primers ag85B-F1 and ag85B-R2. A unique
BamHI site was introduced by primer ag85B-R2. The PCR product was digested
by BglII and BamHI and cloned into pMCT6 (15). DNA sequences of the inserts
were confirmed by sequencing. The His-tagged protein was expressed in Esche-
richia coli XL-1 Blue and purified on a Talon column followed by protein
anion-exchange chromatography using a HiTrap Q column (Pharmacia, Upp-
sala, Sweden). The sample was dialyzed against 25 mM HEPES buffer (pH
8.0)–0.15 M NaCl–10% glycerol–0.01% Tween 20 and stored at 220°C. For
construction of the ag85B-esat6 fusion molecule, the PCR fragments of each
gene obtained by using the F1-R1 set of primers were joined at the unique
HindIII site, introduced by primers ag85B-R1 and esat6-F1. The resulting fusion
molecule was cloned into the BglII/BamHI sites on pMCT6, in frame with eight
N-terminal histidine residues. The esat6-ag85B chimeric plasmid was constructed
in a similar way except that the PCR products obtained by the F2-R2 set of
primers were used. The recombinant His-tagged fusion proteins were purified by
the same procedure as the recombinant His-tagged Ag85B.

Vaccine preparation and immunization procedure. Mice were immunized with
experimental vaccines in doses from 0.01 to 50 mg emulsified with 250 mg of
dimethyl dioctadecylammonium bromide (DDA; Eastman Kodak, Rochester,
N.Y.) adjuvanted with 25 mg of monophosphoryl lipid A (MPL; RIBI Immuno-
Chem Research Inc., Hamilton, Mont.). The vaccines (0.2 ml/mice) were in-
jected three times subcutaneously (s.c.) on the back with 2-week interval. A
single dose of BCG Danish 1331 (5 3 104 bacilli/mouse) was injected s.c. at the
base of the tail at the same time as the first subunit vaccination; no booster
injections were administered. The prechallenge immunity was evaluated with
blood lymphocytes 5 weeks after the first vaccination.

Lymphocyte cultures. Blood lymphocytes were purified on a density gradient.
Cells were pooled from eight mice in each group and cultured in triplicate in
round-bottomed microtiter wells (96 well; Nunc, Roskilde, Denmark) containing
2 3 105 cells in a volume of 200 ml of RPMI 1640 medium supplemented with
5 3 1025 M 2-mercaptoethanol, 1 mM glutamine, penicillin-streptomycin, and
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5% (vol/vol) fetal calf serum. The mycobacterial antigens were used in concen-
trations ranging from 5 to 1.3 mg/ml. Culture supernatants were harvested from
parallel cultures after 72 h of incubation, and the amount of gamma interferon
(IFN-g) was determined by enzyme-linked immunosorbent assay as described
previously (7).

Experimental infections and bacterial enumeration in organs. To evaluate the
level of protection, mice were challenged 10 or 30 weeks after the first immuni-
zation either by the aerosol route in a Glas-Col inhalation exposure system,
calibrated to deliver approximately 100 CFU of M. tuberculosis Erdman per lung,
or by the intravenous (i.v.) route with an inoculum of 5 3 104 CFU of M.
tuberculosis H37Rv suspended in PBS in a volume of 0.2 ml. Mice were sacrificed
6 weeks (aerosol route) or 2 weeks (i.v. route) later, and lungs and spleens were
removed for bacterial enumeration. The organs were homogenized separately in
sterile saline, and serial dilutions were plated onto Middlebrook 7H11 agar
supplemented with 2 mg of 2-thiophene-carboxylic acid hydrazide per ml to
selectively inhibit the growth of residual BCG in the test organs. Colonies were
counted after 2 to 3 weeks of incubation at 37°C.

Statistical methods. Assessment of experiments was carried out using analysis
of variance. Differences between means were assessed by Tukey’s test. A P value
of ,0.05 was considered significant.

RESULTS

Experimental vaccines based on recombinant fusion pro-
teins between Ag85B and ESAT-6. Two fusion proteins,
Ag85B-ESAT-6 and ESAT-6-Ag85B, were recombinantly pro-
duced in E. coli using the His-tag cloning system, pMCT6. The
two fusion proteins were affinity purified, subjected to ion
exchange chromatography, and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Coo-
massie blue-stained gel) together with the individual proteins
Ag85B and ESAT-6 (Fig. 1). Western blotting demonstrated
that the proteins retained the ability to bind antibodies against
either component (HYT27 and HYB76.8) (result not shown).
The initial immunological investigations were done to compare
the immunogenicities of the two proteins and to clarify
whether both components of the fusion proteins were recog-
nized by the immune system after processing. Groups of
C57BL/6J mice were immunized with 10 mg of each fusion
protein emulsified in MPL and DDA, an adjuvant combination
which has recently been shown to induce a highly efficient Th1
response protective against TB (6). As a negative control, a
group of mice received the adjuvant combination alone. One
week after the last injection, the mice were bled, peripheral
blood mononuclear cells (PBMC) were purified, and the IFN-g

release was evaluated after in vitro stimulation with different
concentrations of Ag85B, ESAT-6, and fusion proteins (all at
5, 2.5, and 1.3 mg/ml) (Fig. 2). Immunization with both Ag85B-
ESAT-6 (Fig. 2A) and ESAT-6-Ag85B (Fig. 2B) fusion pro-
teins induced strong IFN-g release in response to restimulation
with either fusion protein or Ag85B or ESAT-6. Immunization
with the Ag85B-ESAT-6 fusion protein gave rise to the highest
responses, with IFN-g levels in the range of 45 to 50 ng/ml.
This level of IFN-g did not titrate out in the concentration
range investigated in this experiment. In another experiment,
the concentration interval 5 to 0.08 mg/ml was investigated;
even with the lowest concentration (0.08 mg/ml), a significant
(though lower) amount of IFN-g (10 ng/ml) was released com-
pared to the highest concentration (result not shown). The
Ag85B-ESAT-6 fusion protein was selected for subsequent
studies.

Protective efficacy of the fusion protein vaccine in the mouse
model. Mice were immunized with Ag85B-ESAT-6 in doses

FIG. 1. SDS-PAGE analysis of purified recombinant M. tuberculo-
sis antigens. One microgram of protein was loaded in each lane. Lane
1, molecular weight standard; lane 2, recombinant ESAT-6; lane 3,
recombinant Ag85B; lane 4, Ag85B-ESAT-6 fusion protein; lane 5,
ESAT-6-Ag85B fusion protein. Protein bands were visualized by Coo-
massie blue staining.

TABLE 1. Primers used

Primer Sequence

ag85B-F1..............................................................................................GGCAACCGCGAGATCTTTCTCCCGGCCGGGC
BglII

ag85B-R1 .............................................................................................GGCAAGCTTGCCGGCGCCTAACGAACT
HindIII

esat6-F1................................................................................................GGCGCCGGCAAGCTTGCCATGACAGAGCAGCAGTGG
HindIII

esat6-R1 ...............................................................................................CGAACTCGCCGGATCCCGTGTTTCGC
BamHI

ag85B-F2..............................................................................................GTTCGCAAAGCTTTTCTCCCGGCCGGGGCTGCCGGTCGAGTACC
HindIII

ag85B-R2 .............................................................................................CCTTCGGTGGATCCCGTCAG
BamHI

esat6-F2................................................................................................GGACCCAGATCTATGACAGAGCAGCAGTGG
BglII

esat6-R2 ...............................................................................................CGGCAGCCCCGGCCGGGAGAAAAGCTTTGCGAACATCCCAGTGACG
HindIII
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ranging from 0.01 to 50 mg. A group of mice receiving the
adjuvant combination alone and a group of naive mice were
included as controls. Ten weeks after the first immunization,
the mice received an aerosol challenge with M. tuberculosis

Erdman. Figure 3 shows the number of bacteria in lungs and
spleens expressed as mean log10 CFU. Even with a dose as low
as 0.01 mg, a statistical reduction in the number of bacteria was
seen in the lungs (P , 0.01) compared to naive controls. This
was followed by a range of doses (0.1 to 10 mg) inducing a
higher level of protection (P , 0.001). There was no statistical
difference between these three doses. Immunization with a
dose of 50 mg was accompanied by reduced levels of protection
in both organs. An immunization dose of 10 mg was the only
one giving a significant level of protection in the spleen (P ,
0.001) and was used for subsequent studies.

We compared the protective efficacy of the fusion protein
with that of a simple mix of Ag85B and ESAT-6, the single
components, an ST-CF vaccine, or BCG in two different strains
of mice, C57BL/6J and B6CBAF1. The molar concentrations
of Ag85B and ESAT-6 in the mixture were adjusted to be the
same level as the concentrations of the two components in the
fusion protein. Ten weeks after the first vaccination, the mice
were challenged by the aerosol (experiments 1 and 2) or the i.v.
(experiment 3) route with virulent M. tuberculosis. Six (exper-
iments 1 and 2) or two (experiment 3) weeks postchallenge, the
mice were killed and the bacterial numbers were determined in
the lungs and spleens. The vaccine-induced protection is shown
in Table 2. In all three experiments, the fusion protein induced
high levels of protection comparable to that induced by BCG.
Slightly lower levels were obtained after immunizing with the
mixture (experiments 1 and 3). The protective efficacy of the
fusion molecule was also superior to that of ESAT-6 and

FIG. 2. Antigen-specific responses by PBMC 1 week after the last
immunization with the fusion proteins between Ag85B and ESAT-6.
C57BL/6J mice were immunized three times with either Ag85B-
ESAT-6 (A) or ESAT-6-Ag85B (B) emulsified in MPL-DDA. As a
negative control, a group of mice received the adjuvant combination
alone (C). The IFN-g responses were measured in cell cultures pooled
from eight animals in each group. Each point represents the mean of
triplicate values 6 standard error of the mean. The experiment was
performed twice with similar results.

FIG. 3. Efficacy of different doses of a subunit vaccine based on
Ag85B-ESAT-6. C57BL/6J mice were immunized s.c. three times with
different doses of Ag85B-ESAT-6 emulsified in MPL-DDA. Mice im-
munized with the adjuvant alone were included. Ten weeks after the
first vaccination, the mice received an aerosol challenge with M. tuber-
culosis Erdman, and the numbers of bacteria (CFU) were quantified in
the lungs and spleens 6 weeks later. The values are shown as log10 CFU
in the lung and spleen. All data represent the mean of 5 to 20 indi-
vidual mice 6 standard error of the mean. Numbers in parentheses
indicate the number of animals in each group. CFU counts in naive
mice were 5.74 6 0.04 and 4.65 6 0.22 (n 5 10) in the lung and spleen,
respectively. pp, P , 0.01; ppp, P , 0.001 compared to naive mice.
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Ag85B administered as single components, reducing the num-
ber of bacteria by 0.3 to 0.4 log more than the single compo-
nents in both lungs and spleens. Although the tendency was the
same in all three experiments, a statistically significant differ-
ence was found only between Ag85B and the fusion protein in
the lung in experiment 2 (P 5 0.039).

Immunological memory induced by the fusion protein vac-
cine. We next investigated whether the fusion protein vaccine
induced stable immunological memory. Other groups included
naive mice, BCG-vaccinated mice, and a group of mice receiv-
ing the adjuvant alone. Mice were aerosol challenged with M.
tuberculosis Erdman 10 and 30 weeks after the first vaccination.
Both the fusion protein and BCG induced significant and sim-
ilar levels of protection at 10 weeks (P , 0.05) compared to
naive controls (Table 3). The efficacy levels were similar to
those found in the previous experiment (Table 2). The same
pattern was observed after a longer rest period (30 weeks), and
both vaccines induced long-lived memory immunity, which
protected efficiently against TB. However, whereas the subunit
vaccine promoted a stable level of protective immunity over
the observation period, the efficacy of BCG had waned and
induced significantly lower levels of protection in the lung than
the subunit vaccine (experiment 1, P 5 0.028; experiment 2,
P 5 0.013). There was no significant difference between the
fusion protein and BCG in the spleen (experiment 1, P 5
0.956; experiment 2, P 5 0.243).

DISCUSSION

Ag85B and ESAT-6 are both very promising vaccine candi-
date molecules for several reasons: (i) they are strongly recog-
nized T-cell antigens in the first phase of infection (7, 22, 28);
(ii) they have demonstrated protective efficacy in animal mod-
els (6, 16, 27); and (iii) they contain numerous well-character-
ized epitopes recognized in TB patients (22, 24, 28). In the
present study, we demonstrate that a subunit vaccine based on
a fusion protein of these molecules and the recently developed
adjuvant for cell-mediated immunity responses, DDA-MPL
(6), induce levels of protective immunity similar to BCG in the
mouse model of TB infection. One note of caution is that the
level of BCG protection monitored after the aerosol infection
in this study (Table 2, experiments 1 and 2) is lower than that
reported before (4, 10, 18). This difference may, however, be
related to the route of challenge, because in the present study
high levels of protection were obtained with BCG given by the
i.v. route (Table 2, exp 3). Of interest in this regard, also in this
experiment the protection induced by the fusion molecule was
at the same level as that induced by BCG.

Recent international focus on TB vaccine research and the
sequencing of the M. tuberculosis genome (9) have resulted in
the accelerated identification of novel mycobacterial proteins.
Culture filtrates have attracted particular interest as a source
of antigens which elicit protective immune responses in various

TABLE 2. Vaccine-induced protection in the mouse model

Vaccine groupa

Mean log10 CFU of M. tuberculosis 6 SEM (n 5 5)b

Exp 1 Exp 2 Exp 3

Lung Spleen Lung Spleen Lung Spleen

Naive 5.80 6 0.05 4.69 6 0.14 5.74 6 0.04 4.65 6 0.22 5.44 6 0.05 6.39 6 0.03
MPL-DDA 5.91 6 0.08 4.94 6 0.07 5.96 6 0.06 4.65 6 0.13 5.13 6 0.03 6.26 6 0.09
ESAT-6 5.44 6 0.10 4.68 6 0.18 5.34 6 0.06* 4.17 6 0.22 4.48 6 0.21*** 6.20 6 0.08
Ag85B 5.49 6 0.10 4.43 6 0.07 5.41 6 0.06 4.38 6 0.12 4.41 6 0.09ppp 5.65 6 0.11ppp
Ag85B-ESAT-6 5.07 6 0.06*** 4.20 6 0.09 5.03 6 0.12*** 3.72 6 0.15** 4.11 6 0.15*** 5.42 6 0.10***
Ag85B 1 ESAT-6 5.382 6 0.08 4.40 6 0.20 ND ND 4.43 6 0.12*** 5.76 6 0.10**
ST-CF 5.02 6 0.11*** 4.18 6 0.11 4.90 6 0.13*** 4.09 6 0.08 4.15 6 0.11*** 5.75 6 0.09**
BCG 5.31 6 0.08* 4.04 6 0.21 5.18 6 0.05** 3.92 6 0.12* 4.16 6 0.08*** 5.39 6 0.14***

a Mice were immunized once s.c. with BCG (5 3 104 CFU) or injected three times with the experimental vaccines emulsified in MPL-DDA.
b Number of bacteria isolated from the spleen and lung 6 weeks after aerosol challenge {experiments 1 and 2 (C57BL/6J[H-2b])} and 2 weeks after i.v. challenge

{experiment 3 (B6CBAF1 [H-2b,k])}. p, P , 0.05; pp, P , 0.01; ppp, P , 0.001 compared to naive controls. ND, not determined.

TABLE 3. Vaccine-induced long-term protection in the mouse model

Vaccine groupa

Mean log10 CFU of M. tuberculosis 6 SEM (n 5 4–5)b

10 wk 30 wk

Lung Spleen
Exp 1 Exp 2c

Lung Spleen Lung Spleen

Naive 5.72 6 0.07 4.91 6 0.07 5.86 6 0.16 5.05 6 0.10 5.94 6 0.08 5.07 6 0.10
MPL-DDA 5.64 6 0.05 5.16 6 0.08 6.11 6 0.06 5.30 6 0.14 5.98 6 0.10 4.92 6 0.08
Ag85B-ESAT-6 4.80 6 0.08** 3.89 6 0.16** 4.82 6 0.09** 4.01 6 0.36 (P 5 0.051) 5.08 6 0.09** 4.38 6 0.09*
BCG 4.81 6 0.12** 3.74 6 0.18** 5.36 6 0.10* 4.18 6 0.27 (P 5 0.115) 5.59 6 0.10 3.97 6 0.27**

a C57BL/6J mice were immunized once s.c. with BCG (5 3 104 CFU) or injected three times with the experimental vaccines emulsified in MPL-DDA.
b Number of bacteria isolated from the spleen and lung 6 weeks after aerosol challenge. p, P , 0.05; pp, P , 0.001 compared to naive controls.
c ESAT-6-Ag85B was used for immunization.

2776 OLSEN ET AL. INFECT. IMMUN.



animal models of TB (2, 4, 16, 23). Many of the recently
identified proteins, such as ESAT-6 (26), TB 10.4 and CFP10
(25), MTB12 (29), MTB39 (11), and the APA (45/47-kDa)
antigen (12), originate from culture filtrate. Human T-cell re-
sponses to most of these antigens have been studied and com-
pared to responses to complex antigens such as tuberculin
purified protein derivative and ST-CF (5, 25, 28). The data
generated in these studies collectively demonstrate that even
for the most immunodominant antigens described to date, a
significant proportion of nonresponders exist among donors
responsive to purified protein derivative in vitro (22, 25). To
ensure the necessary coverage of human populations with
strongly recognized T-cell epitopes, multicomponent vaccines
will therefore be necessary. Such vaccines will not necessarily
have to contain a large number of different components, as
candidate antigens which are recognized by a very high pro-
portion of donors already exist. In this regard, most of the
analyses of human T-cell recognition conducted so far have
been based on PBMC cultures; more sensitive analyses will
increase the percentage of responders as exemplified by the
recent enzyme-linked immunospot-based evaluation of
ESAT-6 recognition in TB patients, where responses could be
detected in more than 90% of the individuals tested (21).

In addition to being more cost-effective and less time-con-
suming, the delivery of these selected molecules as a single
fusion protein has the potential advantage of inducing ampli-
fied responses to molecules with a low inherent immunogenic-
ity. We have previously shown that ESAT-6 has a low inherent
immunogenicity and requires a strong adjuvant such as DDA-
MPL, whereas no response to this molecule is found if ESAT-6
is provided in DDA alone (6). In this regard, a recent evalu-
ation of the efficacy of immunization with the fusion protein in
DDA demonstrated that even this mild adjuvant induced a
very strong response to both ESAT-6 and Ag85B (results not
shown), indicating that the fusion to Ag85B may amplify the
immune responses to a low-immunogenicity molecule like
ESAT-6.

A precondition for the successful implementation of any
subunit vaccine as a possible replacement for BCG is the
generation of long-term immunological memory. This point
has been a particular cause of concern in TB subunit vaccine
development and has been debated for years (20). This con-
cern arose from the original observations that subunit vaccines
based on killed mycobacterial cell wall preparations could in-
duce high levels of immunity immediately after vaccination but
that resistance waned rapidly over time (1). This was later
demonstrated to be a consequence of the nonspecific inflam-
matory response induced by these preparations (19). More
recently a similar observation was made with the finding of
a rapid waning of specific immunity after vaccination with
experimental vaccines based on culture filtrate proteins and
Freund’s incomplete adjuvant (23). In this study the resistance
to TB was almost at prevaccination levels 150 days postvacci-
nation. Based on such findings, it has been thought that con-
tinuous antigen exposure provided by a live vaccine such as
BCG would be necessary for the maintenance of efficient im-
munological memory. In contrast to the findings described
above, the subunit vaccine described in the present study in-
duced high levels of protection throughout the observation
period; somewhat surprisingly, the level of immunity tended to

be higher at day 210 than at day 70. At this late time point, the
subunit vaccine even exceeded the immunity expressed in the
lung after BCG vaccination. Although the reason for this high
activity is not clear, the DDA component of our adjuvant, in
addition to being highly stimulatory, may act as a depot for
antigen by the formation of micelles with a slow but sustained
release of antigen. That DDA may have this activity would be
in agreement with our original observation of high levels of
specific protective T cells which could adoptively transfer im-
munity to recipient mice as late as 22 weeks after vaccination
with a mixture of DDA and M. tuberculosis culture filtrate (2).

In conclusion, our study clearly demonstrates that a subunit
vaccine based on a fusion protein between Ag85B and ESAT-6
is able to induce efficient long-term memory immunity highly
protective against TB in the mouse model. Together with re-
sults from ongoing work in guinea pigs and primates, these
promising results may lay the groundwork for introducing such
vaccines as a realistic alternative to BCG in the near future.
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