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A fusion protein designated CSU-F36 was constructed that consisted of acylated Rv1411, a potent Toll-like
receptor-2 agonist, fused to ESAT-6, a well-characterized immunogenic protein from Mycobacterium tubercu-
losis. The CSU-F36 fusion protein strongly induced interleukin 12 secretion from macrophages and induced the
increased accumulation of CD4 T cells capable of secreting gamma interferon in the lungs of infected mice.
These mice were significantly protected from low-dose aerosol challenge with M. tuberculosis, even with
CSU-F36 delivered in a simple depot material. This “natural adjuvant”-containing system could potentially
bypass the need for more expensive TH1-inducing adjuvants and could be applied to many mycobacterial
proteins to provide effective and cheap new vaccines against tuberculosis.

Disease caused by Mycobacterium tuberculosis remains a
global epidemic, with 8 million new cases each year and 2 to 3
million deaths (6, 13). Over the past two decades, a variety of
new vaccine candidates has been produced, some of which
have proven to have activity in various animal models (1, 12).
New vaccines are still badly needed, however, but they also
need to be relatively cheap to make.

The Toll-like receptors consist of a set of over one dozen
pattern recognition receptors that play a major role in the
innate immune response to invading microbes. Triggering
these receptors has a variety of outcomes involving various
signaling pathways and the subsequent induction of cytokine
secretion (11). Lipoproteins, such as the 19-kDa lipoprotein
(Rv3763) and the 26-kDa lipoprotein (Rv1411), as well as the
lipoglycan lipoarabinomannan, all components of the cell wall
of M. tuberculosis, are bound by Toll-like receptor-2 (TLR-2)
on the surface of macrophages, triggering intracellular signal-
ing, leading to the production of interleukin 12 (IL-12) by
these cells, thus polarizing reactive T cells to a TH1 pathway
(4, 15).

In earlier studies, we observed that DO11 mice that are
T-cell-receptor transgenic for an ovalbumin peptide lived
much longer than expected after low-dose aerosol infection
with M. tuberculosis. Subsequent analysis of this phenomenon
identified a cell wall fraction that potently induced IL-12 pro-
duction by spleen cells, in turn inducing gamma interferon
(IFN-�) secretion by T cells (16). Subsequent fractionation of
the cell wall material revealed the active molecule to be a
26-kDa lipoprotein designated Rv1411c. Culture of macro-
phages with purified Rv1411c induced IL-12 production in
normal mice but not in the TLR-2 gene-disrupted mice, thus

indicating that the biological activity of this lipoprotein was
mediated via this receptor.

Given the potency of the Rv1411 protein to switch on pro-
duction of the key protein in the TH1 pathway, we posed the
question as to whether this could be exploited as a new vaccine
strategy. To test this, we constructed a recombinant fusion
protein, designated CSU-F36, consisting of acylated Rv1411 as
the N terminus, joined to ESAT-6, used here as a relevant
example of an immunogenic protein of M. tuberculosis. The
recombinant was expressed in Mycobacterium smegmatis to
preserve the correct glycosylation and acylation of Rv1411, to
allow it to bind TLR-2; this strategy was necessary because
Rv1411 made with Escherichia coli is not correctly acylated,
does not trigger TLR-2, and may actually interfere with vac-
cine-induced immunity (7–9).

The results of this study show that the expressed fusion
protein stimulated IL-12 production in vitro, increased the
percentage of CD4 cells entering the lungs of infected mice,
and protected mice to a degree similar to that of Mycobacte-
rium bovis BCG. In addition, the results also showed that the
fusion protein was still protective if delivered in a simple depot
adjuvant, raising the possibility that the “built-in” adjuvant
properties of the acylated Rv1411 can be exploited to make
inexpensive new vaccines.

MATERIALS AND METHODS

Mice. Studies were performed with C57BL/6 mice purchased from Jackson
Laboratories, Bar Harbor, ME. They were kept under barrier conditions in an
ABL-III laboratory and fed sterile water and chow.

Fusion proteins. To generate fully acylated recombinant fusion antigens,
Rv1411c was used as the N-terminal fusion partner and was linked at its C
terminus to ESAT-6. The gene encoding Rv1411c (including the region that
encodes the translocation signal sequence) was amplified by PCR using reversed
and forward primers that contained restriction sites to facilitate downstream
cloning efforts and a high-fidelity polymerase. The forward primer possessed an
NdeI restriction site where the coding sequence of Rv1411c is in-frame with the
ATG of the NdeI restriction site, and the reversed primer contained a restriction
site that allowed for in-frame fusion of Rv1411c with the ESAT-6 gene. The
Rv1411c gene amplification product was cloned into the mycobacterial expres-
sion vector pVV2 that allows for a C-terminal six-His tag on the final fusion
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product and is also a shuttle vector that enables amplification in E. coli. The gene
encoding ESAT-6 was PCR amplified using a high-fidelity polymerase, and
reverse and forward primers contained restriction sites that allowed for proper
cloning into the pVV2:Rv1411c plasmid. The forward primer allowed for in-
frame fusion to Rv1411c, and the reverse primer allowed for in-frame fusion to
the sequence encoding the six-His tag. The final plasmid construct was trans-
formed into M. smegmatis mc2155, and the fusion protein was produced. The
recombinant M. smegmatis clone was grown to late log phase, and cells were
harvested by centrifugation at 3,000 � g and lysed by probe sonication. Since
Rv1411c possessed a Sec translocation signal sequence and an acylation domain,
the recombinant fusion product was a lipoprotein localized in the cell envelope
of M. smegmatis. Thus, a lysis buffer (10 mM sodium phosphate [pH 7.4], 0.5 M
sodium chloride, 10 mM imidazole) supplemented with 8 M urea to allow for
solubilization of the recombinant acylated-fusion protein was used. The lysate
was clarified by centrifugation at 27,000 � g, and the supernatant was collected
and applied directly to a column packed with Ni-Sepharose for immobilized
metal affinity chromatography. The column was washed with lysis buffer, and the
recombinant protein was eluted with buffered 1 M imidazole and 8 M urea. The
protein was then dialyzed with decreasing levels of urea and ultimately in a buffer
compatible with the vaccination protocol.

Vaccinations. Mice were vaccinated three times with CSU-F36 in 250 �g of
dimethyl dioctadecylammonium bromide (DDA; Sigma, St. Louis, MO) adjuvant
with or without 25 �g of monophosphoryl lipid A (MPL; Glaxo SmithKline,
Hamilton, MN) emulsified in 200 �l of sterile saline, given by subcutaneous
injection. Negative control mice were given adjuvant or saline only; positive
control mice were vaccinated with a single subcutaneous injection of 106 cells of
Mycobacterium bovis BCG Pasteur at the same time as the third inoculation with
the fusion vaccine was given. Thirty days later, mice were challenged with a
low-dose aerosol infection from M. tuberculosis H37Rv, using a Glas-Col device
(Terre Haute, IN) to deposit approximately 100 bacteria into their lungs. The
bacterial load in the lungs 30 days later was determined by plating serial dilutions

of individual right-lobe homogenates onto nutrient 7H11 agar. Colonies were
counted after 21 days of incubation at 37°C.

Real-time PCR. Peritoneal exudate macrophages were obtained by intraperi-
toneal injection of 1 ml of thioglycolate broth (BDH, Poole, United Kingdom)
72 h before lavage. On average, each mouse yielded about 2.5 � 107 exudate
cells. Cells were then cultured in RPMI 1640 medium (Gibco, Melbourne,
Australia) containing 1,000 U/ml heparin. Macrophages were isolated by cell
adhesion. Cells were incubated in 24-well plates for 2 h at 37°C in 5% CO2. The
nonadherent cells were removed by washing three times with phosphate-buffered
saline (PBS; Sigma, St. Louis, MO). Each well contained approximately 5 � 106

adherent macrophages. These cells were then incubated with 20 ng/well of 1411c
expressed in M. smegmatis, the Rv1411c-ESAT-6 fusion, Rv1411 expressed in E.
coli, or ESAT-6. Cellular suspensions from antigen-stimulated cultures were
frozen 24 h later in 1 ml of Ultraspec RNA reagent (Biotex). Total RNA was
extracted according to the manufacturer’s protocol. RNA samples from each
group and each time point were treated with DNase (Ambion) and reverse
transcribed with a Bio-Rad iScript cDNA synthesis kit using Moloney murine
leukemia virus reverse transcriptase (Invitrogen Life Technology). cDNA was
then amplified using TaqMan Universal PCR master mix on an ABI PRISM
7700 sequence detection system (Applied Biotechnology). Samples were run in
the absence of the reverse transcription (RT) enzyme to confirm that the signal
was derived from RNA. The fold increase in signal over that of the 18S house-
keeping gene was determined using the �� cycle threshold (��CT) calculation
method. Primers and probe sequences for murine IL-12 were used as previously
described (5, 10).

Flow cytometry. To prepare lung cells, mice were euthanized by CO2 asphyx-
iation, and the thoracic cavity was opened. The lung was cleared of blood by
perfusion through the pulmonary artery with 10 ml of ice-cold PBS containing 50
U/ml heparin (Sigma, St Louis, MO). Lungs were aseptically removed, teased
apart, and treated with a solution of DNase IV (30 g/ml; Sigma Chemical) and
collagenase XI (0.7 mg/ml; Sigma) for 45 min at 37°C. To obtain a single-cell

FIG. 1. (A) Gel electrophoresis of the expressed fusion protein shows that it had an approximate molecular size of 36 kDa. (B) RT-PCR
analysis of mouse adherent peritoneal macrophages cultured for 3 days in the presence of the test materials for expression of mRNA encoding
the IL-12p40 molecule. Data shown are means � standard errors of the means (SEM) of the results for four wells per material. (C) Data
demonstrate that macrophages stimulated with the fusion protein vaccine in vitro secreted IL-12p70, as determined by a cytometric bead assay.
Data are shown as means � SEM of the results for four wells.
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suspension, the organs were gently passed through cell strainers. The remaining
erythrocytes were lysed with Gey’s solution (0.15 m NH4Cl, 10 mm HCO3), and
the cells were washed with Dulbecco’s modified Eagle’s minimal essential me-
dium. Total cell numbers were determined by using a Neubauer chamber. Single-
cell suspensions were then resuspended in PBS containing 0.1% sodium azide.
Cells were incubated in the dark for 25 min at 4°C with specific fluorescein
isothiocyanate-labeled anti-CD4 (GK1.5) monoclonal antibody (BD Pharmin-
gen). Measurement of intracellular IFN-� was conducted by preincubating lung
cells with monensin (3 �M) and anti-CD3 and anti-CD28 (both at 0.2 �g/106

cells) for 4 h at 37°C in 5% CO2. The cells were then surface stained, washed, and
fixed and permeabilized, followed by staining with anti-IFN-� (clone XMG1.2)
or its respective isotype control. Samples were analyzed on a Becton Dickinson
LSR-II multicolor flow cytometer, and data were analyzed using CELLQUEST
software (Becton Dickinson immunocytometry systems). A cytometric bead ar-
ray kit (CBA; BD Biosciences, San Jose, CA) was used to measure inflammatory
cytokines. Cellular suspensions were incubated for 3 days at 37°C with the
different antigens and analyzed as described above.

Histology. Lung samples were fixed in 10% formal saline, embedded in par-
affin wax, and sectioned. Slides were stained with hematoxylin and eosin, then
read by a board-certified veterinary pathologist without knowledge of the treat-
ment groups.

Statistical analysis. Data are presented using the mean values (n � 5) of
results using replicated samples and duplicate or triplicate assays. Standard
deviations were used to evaluate the differences between groups of data.

RESULTS

Immunogenicity of CSU-F36. Production of the recombi-
nant fusion in M. smegmatis resulted in a polyprotein of ap-
proximately 36 kDa (Fig. 1A), reflecting acylation and glyco-
sylation. The CSU-F36 fusion protein strongly induced IL-12
production from cultures of murine macrophages assayed,
both in terms of mRNA expression (Fig. 1B) and verification
that the protein was secreted (Fig. 1C). As shown here, there
were only background levels of mRNA detected in the various
components of the vaccine, but a large response to the fusion
protein was observed after expression in M. smegmatis. We
then verified that IL-12 was indeed being secreted by using a
cytometric bead assay. Here the fusion protein induced the

FIG. 2. Mice immunized with the fusion protein vaccine and then challenged by low-dose aerosol infection with M. tuberculosis accumulated
approximately twice as many IFN-�-positive CD4 cells as mice immunized with adjuvant controls (P � 0.05). Cells were analyzed by flow cytometry
after processing for intracellular cytokine staining. Data shown are means � standard errors of the means of results for four separate mice.

FIG. 3. All three vaccine formulations tested protected aerosol-infected mice by approximately 1 log. Data shown are means � standard errors
of the means of results for five mice per group.
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raised levels of IL-12p70, whereas the components gave re-
sponses barely above the saline control response. None of the
materials tested induced any IL-10 secretion, whereas the fu-
sion protein, the ESAT, and the Rv1411 made in E. coli all
induced low levels of IL-6 (data not shown).

The ability of the fusion protein to influence the course of
the challenge infection was assessed by determining the influx
of CD4 T cells into the infected lungs, by determining the
bacterial load, and by assessing the lung immunopathology.
The results of the flow cytometric analysis are shown in Fig. 2.
Both the BCG and the fusion protein vaccine increased the
numbers of IFN-�� CD4 cells entering the lungs by approxi-
mately twofold. The increased numbers induced by immuniza-
tion with the fusion protein were significantly higher than for
the adjuvant control (P � 0.05) but not higher than the BCG
controls.

The CSU-F36 fusion protein confers protection similar to
that of BCG. The protection observed in the lungs of mice
vaccinated with CSU-F36 was approximately 1 log, comparable
to that engendered by the BCG vaccine positive control (Fig.
3). These reductions were statistically significant (P � 0.05).
Importantly, CSU-F36 gave similar results regardless of
whether it was formulated in an adjuvant mixture of MPL and
DDA or in DDA alone.

Pathology analysis of lungs at this time showed large, disor-
ganized lesions in the saline controls, characteristic of this
early stage of the granulomatous response (Fig. 4A). Lesions in
the adjuvant controls were similar, with large numbers of mac-
rophages and few lymphocytes, although many of the latter
could be seen beginning to accumulate around adjacent vessels
(Fig. 4B). In the lungs of mice vaccinated with the fusion
protein, lesions were generally smaller and differed in that they
had larger numbers of lymphocytes aggregating in the centers
(Fig. 4C).

DISCUSSION

These results provide the first demonstration that a fusion
protein vaccine can be designed that is a potent IL-12 inducer
and hence drives immunity toward a needed TH1 response
capable of protecting the animal against a virulent challenge
infection with M. tuberculosis. Moreover, our observation that
mice could be immunized with CSU-F36 given simply in a
depot material (DDA) is a very important observation. DDA is
an extremely cheap material, and therefore, if a vaccine only
needed this cationic depot material, such vaccines would be
inexpensive to make. The data suggest that, when given in
DDA only, the TLR-2-inducing properties of the vaccine were
obviously sufficient to generate good protective immunity with-
out adding MPL. This is in contrast to studies using ESAT-6 by
itself, in which it has been clearly shown that a minimum of
MPL and DDA is needed to generate any degree of immunity
(2). Our own unpublished results reach the same conclusions
both for Rv1411 used by itself and for ESAT-6. This seems to
suggest that Rv1411 itself does not generate protective T cells,
and indeed, if anything, it seems to inhibit this process (8, 9).

Fusion proteins have certain attractions in terms of manu-
facturing and quality control. One such fusion protein vaccine,
Mtb72F, has shown excellent results in animal studies and has
reached clinical trials (3, 14), and others are in development

FIG. 4. Representative histologic appearance of lesions in the lungs of
mice inoculated with saline (A), MPL/DDA adjuvant alone (B), or the
fusion protein vaccine (C). The photomicrographs show immunization
effects with the vaccine in MPL and DDA; there were no obvious differ-
ences if DDA alone was used. Lesions in the vaccinated mice were gen-
erally smaller and more lymphocytic. (hematoxylin and eosin stain; mag-
nification, �100).
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(12). The approach taken in the current study, fusing a TLR
agonist to a protein or proteins of interest, has widespread
applicability, as well as the potential to produce efficacious,
inexpensive vaccines against tuberculosis.
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