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Abstract
We have developed the Mycobacterium tuberculosis (Mtb) fusion protein (ID83), which contains
the three Mtb proteins Rv1813, Rv3620 and Rv2608. We evaluated the immunogenicity and
protective efficacy of ID83 in combination with several emulsion-formulated Toll-like receptor
agonists. The ID83 subunit vaccines containing synthetic TLR4 or TLR9 agonists generated a T
helper-1 immune response and protected mice against challenge with Mtb regardless of route. The
ID83 vaccine formulated with gardiquimod (a TLR7 agonist) also resulted in a protective response
when administered intradermally, whereas the same vaccine given subcutaneously failed to provide
protection. This highlights the need to explore different routes of immunization based on the adjuvant
formulations used.
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1. Introduction
Approximately one-third of the world’s population has been exposed to Mycobacterium
tuberculosis (Mtb), and 9.2 million new cases of tuberculosis (TB) were reported in 2006 [1].
The combination of increasing numbers of HIV-positive patients with combined TB infections,
patients with multi-drug resistant TB (MDR-TB), the enormous expense and length of time it
takes to treat individuals with either TB or MDR-TB and the breakdown of TB infrastructure
for control of TB are all challenging obstacles to reducing Mtb infection [2,3]. In high risk
countries, BCG is given to infants as soon after birth as possible [4]. Although childhood BCG
immunizations protect against serious forms of TB in most children, protection against adult
pulmonary TB ranges from 0 to 80% [4]. Development of an effective vaccine that could either
boost the existing TB vaccine Bacillus Calmette-Guerin (BCG), or that could be used as a
therapeutic vaccine combined with an antibiotic regimen to shorten treatment, could contribute
to the reduction of disease and decrease drug and medical care costs.

We have recently developed a vaccine called ID83, which is produced from the fusion of three
individual tuberculosis genes: Rv1813, Rv3620, and Rv2608. Each of these individual proteins
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has recently been tested against aerosol challenge with Mtb [5]. In this paper we combine ID83
with different TLR agonists and test vaccine efficacy in the mouse model of tuberculosis.

A variety of factors have plagued efforts to develop vaccines against TB including safety,
efficacy and longevity of the immune response generated by the vaccine. Vaccine protection
against infection with Mtb in animal models has only been observed when a potent T helper
(Th1)-type cell-mediated response is generated [4,6,7]. A protective role of cytotoxic CD8 T
cells (CTL) has also been shown [8,9]. While IFN-γ production alone is not a predictive factor
for the positive outcome of a vaccine, the importance of IFN-γ has been shown in IFN-γ knock-
out mice where the lack of IFN-γ results in uncontrolled growth of Mtb [10,11]. Besides IFN-
γ, TNF plays a critical role in the containment of Mtb following infection in the lung. TNF
increases the production of chemokines involved in the recruitment of cells that keep Mtb-
infected macrophages within the confines of granulomas in the lung [12]. The protective role
of TNF in the immune response to Mtb has been demonstrated in mice with defects in genes
for TNF and the 55 kDa receptor subunit TNF RII (55 kDa subunit) [13,14]. The report of TB
reactivation in rheumatoid arthritis patients who received long-term therapy with anti-TNF
antibodies emphasizes the importance of this cytokine in protection against TB in humans
[15].

TLR agonists are being investigated in our studies for use as vaccine adjuvants. Natural TLR
ligands from microbe-derived antigens are able to induce dendritic cell (DC) maturation and
can lead to the initiation of adaptive immune responses [16]. There are many mycobacterial-
associated TLRs ligands including the glycolipid lipoarabinomannan (LAM) containing highly
branched arabinofuranosyl side chains (AraLAM) (present in fast growing Mycobacteria),
phosphatidyl-myo-inositol, and the 19-kDa lipoprotein which are all TLR2 ligands, a heat-
sensitive cell wall component that can stimulate TLR4, and mycobacterial DNA which is
recognized by TLR9 [17–20]. Interestingly, LAM from Mtb and M. bovis BCG that are
terminally capped with mannose (ManLAM) are not able to activate cells in a TLR-dependent
manner [19]. In this study we tested ID83 with TLR agonists formulated in an oil-in-water
emulsion to determine which adjuvant systems were most efficacious. We characterized the
immune responses and protective effects following delivery of these vaccines by either the
subcutaneous (s.c.) or intradermal (i.d.) route. The ID83 vaccine in combination with any of
the TLR agonist/adjuvants was capable of inducing IFN-γ, and ID83 plus either the TLR4 or
TLR9 agonist was able to protect mice against Mtb infection regardless of the route of
immunization. In contrast, adjuvants containing gardiquimod (TLR7 agonist) were only
effective when the ID83 subunit vaccine was given i.d. Thus, we determined that protection
against Mtb challenge in a mouse model with ID83 was route-dependent based on the TLR
agonists that were included in the adjuvant formulation.

2. Materials and Methods
2.1. ID83 cloning strategy

ID83 was generated through a tandem fusion of the individual cloned and amplified genes of
Rv1813, Rv3620, and Rv2608 using restriction site linkers. The recombinant pET28a plasmids
(Novagen, Madison, WI) containing the individual Rv1813, Rv3620, and Rv2608 genes were
previously described [5]. ID83 PCR primers were designed to incorporate specific restriction
enzyme sites 5’ and 3’ of the gene of interest with primer sequences as follows:
Rv1813-5’NdeI:CAATTACATATGGGTACCCATCTCGCCA-ACGGTTCGATG;
Rvl813-3’SacI, CAATTAGAGCTCGTTGCACGCCCAGTTGAC-GAT; Rv3620-5’SacI,
CAATTAGAGCTCATGACCTCGCGTTTTATGACG; Rv3620-3’SalI,
CAATTAGTCGACGCTGCTGAGGATCTGCTGGGA; Rv2608-5’SalI, CAATT-
AGTCGACATGAATTTCGCCGTTTTGCCG; and Rv2608-3’HindIII, CAATTAAAGC-
TTTTAAGTACTGAAAAGTCGGGGTAGCGCCG. The DNA sequences were amplified
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from plasmid DNA templates using Pfx DNA polymerase (Invitrogen, Carlsbad, CA) with 30
cycles at 94°C for 15 sec, 58°C for 30 sec and 68°C for 1h 30 min. The Rv1813 PCR product
was digested with NdeI/SacI restriction enzymes then cloned into the pET28a vector. Rv3620
and the Rv1813pET construct were digested with SacI/SalI and ligated. Rv2608 was digested
with SalI/HindIII and ligated into the Sa1I/HindIII-cut pET28a-Rv1813–3620 vector. The
sequence of the resulting plasmid containing the fusion gene construct Rv1813-Rv3620-
Rv2608 was verified and named ID83 since it encodes an 83 kDa protein containing an N-
terminal six-histidine tag followed by a thrombin cleavage site and the M. tuberculosis genes
of interest separated by restriction site linkers.

2.2. Protein Expression and Purification
ID83 was expressed in E. coli host BL-21plysS grown in 2xYT media at 37°C. Expression was
induced with 1mM isopropyl β-D-1-thiogalactopyranoside at an OD 0.6, and growth continued
for 4 h. Cultures were centrifuged and cell pellets were resuspended in lysis buffer (20 mM
Tris pH8, 100 mM NaCl, 2 mM PMSF) and stored at −20°C. Cell pellets were thawed on ice,
lysed using sonication, and spun at 30,000 × g for 20 min. The ID83 fusion protein remained
in the insoluble inclusion body fraction and was purified under denaturing conditions. The
inclusion body was washed twice with 1% CHAPS, 20 mM Tris pH 8.0, centrifuged at 10000
× g, and then solubilized in 60 ml binding buffer (8 M urea, 20 mM Tris pH 8, 100 mM NaCl).
ID83 protein was purified using Ni-nitrilotriacetic acid (NTA)-metal ion affinity
chromatography according to the manufacturer’s instructions (QIAGEN, Valencia, CA). The
NTA resin was washed sequentially with 10 column volumes of 0.5% deoxycholate, 20 mM
Tris pH 8.0, 60% isopropanol, 20 mM Tris pH 8.0, and 0.5% deoxycholate, 20 mM Tris pH
8.0, and then re-equilibrated with binding buffer. ID83 protein fractions were eluted with an
increasing imidazole gradient and analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Affinity-purified protein fractions were combined and dialyzed against 20 mM
Tris, pH 8.0, concentrated using Amicon Ultra 10 kDa molecular mass cut-off centrifugal filters
(Millipore), and quantified using the BCA protein assay (Pierce, Rockford, IL). Residual LPS
contamination was evaluated by the Limulus amoebocyte lysate assay (Cambrex Corp., East
Rutherford, N.J.) and determined to be less than 5 EU/mg of protein.

2.3. Immunization, challenge & CFU
C57BL/6 female mice, 4–6 weeks of age, were purchased from Charles River Laboratories
(Wilmington, MA). All mice were maintained in IDRI’s animal facility under specific
pathogen-free conditions and were treated in accordance with the regulations and guidelines
of the IDRI Animal Care and Use Committee. Adjuvant formulations were given as IDRI
emulsions (EM) based on squalene-in-water emulsion (IDRI-EM001) to which various
synthetic TLR agonists are added. The formulations tested were: TLR4-EM (IDRI-EM005),
TLR7-EM (IDRI-EM006), TLR9-EM (IDRI-EM009), TLR4/7-EM (IDRI-EM011), TLR4/9-
EM (IDRI-EM014), and TLR7/9-EM (IDRI-EM024). The formulations contained the
following dose of agonist(s): TLR9-EM contained synthetic TLR9 oligonucleotide (25 µg of
CpG ODN1826, Coley Pharmaceutical Group), TLR4-EM contained a synthetic TLR4 agonist
(20 µg of agonist), and TLR7-EM contained gardiquimod (20 µg of gardiquimod [GDQ],
InvivoGen, San Diego, CA) or combinations of the same quantities of these agonists in an oil-
in-water formulation.

Two repeat experiments were performed in C57Bl/6 mice (n=10 per group per experiment).
Mice were immunized either i.d. or s.c. three times, 3 wk apart with 8 µg of protein in PBS
plus IDRI adjuvant emulsion systems containing the TLR agonists at the doses indicated above.
Those mice immunized with BCG were given a single i.d. dose of 5 × 104 CFU (Pasteur Strain,
Sanofi Pasteur). Four weeks after the last immunization, groups of mice (n=7 mice/experiment)
were challenged with a low dose of aerosolized Mtb H37Rv (ATCC #35718; American Type
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Culture Collection, Manassas, VA) using a Glas-Col aerosol generator (Terre Haute, IN),
calibrated to deliver 50–100 bacteria into the lungs. The amount of bacteria delivered into the
lung was confirmed 24 hrs after exposure of three mice. Protection was determined 4 wk post-
challenge by harvesting the lungs and spleens from the infected mice, homogenizing the tissues
in 0.05% PBS-Tween 80, and plating five-fold serial dilutions on 7H10 agar plates (Molecular
Toxicology, Inc. Boone, NC) for bacterial growth. Bacterial colonies were counted 2–3 wk
later after incubation at 37°C. Values ranging between 10 and 100 colonies were used to
calculate the bacterial burden per organ and were expressed as: the MeanLog10 CFUsaline-
MeanLog10 CFUvaccine. The two replicate protection experiments (each including 7 mice/
group) were combined to give a total of 14 mice/group for CFU analysis.

2.4. Antibody ELISAs
Animals (n=10 mice/group) were bled one week after the last immunization, and ID83-specific
IgG1 and IgG2c antibodies were determined. Nunc Polysorb plates were coated with 2 µg/ml
of recombinant protein (ID83) in 0.1 M bicarbonate buffer and blocked overnight at 4°C with
0.05% PBS- Tween 20/1% BSA. Plates were washed and developed using SureBlue
tetramethylbenzidine (TMB) substrate (Kirkegaard & Perry Laboratories Inc., Gaithersburg
MD). The enzymatic reaction was stopped with 1 N H2SO4, and plates were read within 30
min at 450 nm with a reference filter set at 650 nm using a microplate ELISA reader (Molecular
Devices, Sunnyvale, CA) and Soft Max Pro5 software. Endpoint titers were determined with
GraphPad Prism 4 (GraphPad Software, Inc. San Diego, CA) with a cutoff of 0.1 absorbance
unit.

2.5. ELISPOT
Three weeks after the third immunization, spleens were harvested from 3 mice/group in order
to perform an IFN-γ ELISPOT. A MultiScreen 96-well filtration plate (Millipore, Bedford
MA) was coated with 10 µg/ml rat anti-mouse IFN-γ capture Ab (eBioscience) and incubated
overnight at 4°C. Plates were washed with PBS, blocked with RPMI 1640 and 10% FBS for
at least 1h at RT, and washed again. Splenocytes were plated in duplicate at 2 × 105 cells/well
and stimulated with medium, ConA (3 µg/ml), PPD (3 µg/ml), or ID83 (10 µg/ml) for 48 hours
at 37°C. The plates were then washed with 0.1% PBS-Tween 20 and incubated overnight with
a biotin-conjugated rat anti-mouse IFN-γ secondary Ab (eBioscience) diluted 1:250 in 0.1%
PBS-Tween 20/0.5% BSA. The filters were developed using the VectaStain ABC avidin
peroxidase conjugate and Vectastain AEC substrate kits (Vector Laboratories, Burlingame,
CA) according to the manufacturer’s protocol. The reaction was stopped by washing the plates
with deionized water, plates were dried in the dark, and spots were counted on an automated
ELISPOT reader (C.T.L. Serie3A Analyzer, Cellular Technology Ltd., Cleveland, OH) and
analyzed with ImmunSpot® software (CTL Analyzer LLC).

2.6. Flow cytometry
Three weeks following the last immunization, splenocytes from 3 mice/group were pooled and
plated at 1–2 × 106 cells/well in 96-well V bottom plates and were stimulated for 12 hours with
anti-CD28/CD49d (eBioscience), each at 1 ng/ml, and either ID83 (10 µg/ml); a pool of 15-
mer overlapping peptides from Rv2608, Rv1813, Rv3620; PPD; or PMA/Ionomycin (included
as a positive control) in the presence of GolgiStop (eBioscience). The cells were then fixed for
10 min with Cytofix/Cytoperm (BD Biosciences, San Jose CA), washed in PBS BSA 0.1%,
incubated with Fc Block (anti-CD16/CD32, eBioscience) for 15 minutes at 4°C. Cells were
stained with fluorochrome-conjugated mAb anti-CD3, CD8, CD44, IFN-γ, TNF (eBioscience)
and CD4 mAb (Invitrogen) in Perm/Wash buffer 1X (BD Biosciences) for 30 min at 4°C,
washed twice in Perm/Wash buffer, suspended in PBS, and analyzed on a modified 3 laser
LSRII flow cytometer (BD Biosciences). Viable lymphocytes were gated by forward and side
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scatter, and 20,000 CD3+CD8+ events were acquired for each sample and analyzed with BD
FACSDiva software v5.0.1 (BD Biosciences).

2.7. Statistical analysis
Student’s t-Test and standard one-way ANOVA followed by Dunnett’s Multiple Comparison
Test were used to determine statistical significance. Analysis was performed using GraphPad
Prism version 4.00 for Windows (GraphPad Software, San Diego, CA). P values of 0.05 or
less were considered significant.

3. Results
3.1. Immunogenicity of ID83

The three Mtb proteins Rv1813, Rv3620 and Rv2608 were connected in tandem by restriction
site linkers to produce the fusion antigen ID83. The proteins were selected based on antigenicity
studies using PBMC from healthy PPD+ individuals, protection data, and the nature of the
family of proteins they represent [5]. Rv2608 is a member of the PE/PPE family, whereas
Rv1813 is induced under the pressure of hypoxia and Rv3620 is a member of the EsX family.
Each of the individual proteins included in ID83 has shown varying levels of protection in the
mouse TB model, with Rv2608 conferring the highest efficacy of the three proteins against
Mtb in the lung [5].

Vaccines were prepared using the ID83 antigen and three different TLR agonists. All of the
agonists were formulated in an oil-in-water emulsion (EM). These agonist emulsions included
a synthetic TLR4 agonist emulsion (TLR4-EM), one with the TLR7 agonist GDQ (TLR7-EM),
a CpG TLR9 agonist-containing emulsion (TLR9-EM), and adjuvants with combinations of
these ligands. Formulating the adjuvants in EM was done to increase the stability of the
adjuvant and to potentially influence antigen presenting cell (APC) recruitment, activation,
and antigen uptake at the site of immunization. MF59, a similar oil-in-water emulsion adjuvant,
is currently licensed for use in Fluad®, an influenza vaccine, which is effective in the elderly
population, and has been reported to significantly enhance the immune response to several
antigens. Animals were immunized either i.d. or s.c. three times, 3 wk apart. Blood was
collected 1 wk following the third immunization and antibody titers and IgG2c:IgG1 ratios are
shown in Figure 1. All animals that received the ID83 vaccines responded to the immunizations
by generating ID83-specific antibodies (Fig. 1A–B); saline controls did not produce antibodies
(data not shown). In animals that received i.d. immunizations, the addition of emulsion-
formulated TLR agonists clearly enhanced the level of specific antibody over protein alone
(Fig. 1B). We did not include a group with the ID83 protein alone in the s.c. experiments. In
the animals that received s.c. immunizations (Fig. 1C), all TLR9 agonist-containing adjuvants
+ ID83 (ID83 + TLR9-EM) resulted in a statistically significant response skewed towards
IgG2c, indicative of a Th1-driven humoral response, while ID83 plus the TLR7-EM
(containing GDQ) induced a statistically significant IgG1-skewed response (Fig. 1C). A
balanced level of ID83-specific IgG1 and IgG2c antibodies were induced with the ID83 vaccine
plus either TLR4-EM or TLR4/7-EM (Fig. 1C).

Unlike the s.c.-injections noted above in which all of the ID83 vaccines containing CpG
produced statistically significant Th1-biased IgG2c responses, the IgG2c to IgG1 ratio was
increased only slightly when injections were given i.d. (Fig. 2D); none of the i.d. administered
ID83 vaccines generated statistically significant levels of IgG2c compared to IgG1. Even
though high levels of both IgG subclasses were generated, the IgG2c:IgG1 ratio was >1,
indicating a Th1 influence. ID83, either alone or plus TLR7-EM, induced a statistically
significant levels of ID83-specific IgG1 compared to IgG2c (Fig. 1D), similar to the results
that were observed following s.c. immunization with ID83 + TLR7-EM. All of the other
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vaccines tested, including ID83/TLR4-EM, ID83/TLR9-EM, ID83/TLR4/7-EM and ID83/
TLR4/9-EM, given i.d. induced balanced IgG2c:IgG1 ratios ranging from 0.6 to 1.2 (Fig. 1D).

Considering the importance of IFN-γ in protection from Mtb infection the IFN-γ responses
generated in these s.c. and i.d. immunization groups were also examined by ELISPOT. All of
the vaccines with ID83 and TLR agonists generated similar orders of magnitude of T cells
secreting IFN-γ after three immunizations (Fig. 2). Not surprisingly, the group that was given
ID83 alone without adjuvant (Fig. 2B), and the saline control group (data not shown), failed
to induce an IFN-γ response.

To more fully characterize the immune response following immunization with the ID83
vaccines, we performed intracellular staining for IFN-γ and TNF using flow cytometry.
Splenocytes from the immunized mice were stimulated with ID83 or pooled peptides from the
individual proteins that comprise ID83. Splenocytes were gated based on CD3, CD44hi and
either CD4 or CD8 cell phenotypes. The percentage of ID83-stimulated or peptide-stimulated
CD4 T cells producing either IFN-γ or TNF are shown in Figure 3. Intradermal immunization
resulted in higher frequencies of ID83- or peptide-specific CD4 T cells expressing IFN-γ in all
of the groups containing the TLR9 agonist compared to the same vaccines delivered s.c. (Fig.
3). Mice receiving ID83 protein alone failed to induce IFN-γ and resembled the saline group
(Fig. 3C, D). For the adjuvanted groups, the ID83+TLR7-EM vaccine administered either s.c.
or i.d. gave the lowest frequency of ID83-specific IFN-γ-producing cells. Overall, higher
frequencies of CD4 T cells expressing IFN-γ were observed in the i.d. immunized groups
whereas the frequencies of CD4 T cells expressing TNF were similar regardless of the route
of immunization (Fig. 3). The mice immunized i.d. with ID83 plus more than one TLR agonist,
either TLR4/9-EM or TLR7/9-EM, responded with the greatest frequency of IFN-γ (Fig. 3C,
D) which appear additive. A similar additive trend with TLR4/9 and TLR7/9 agonists was also
observed with the s.c. immunizations however the frequencies were lower with this route of
immunization (Fig. 3A, B).

Differences in the CD8 T cell IFN-γ responses after s.c. versus i.d. injections were also seen
(Fig. 4). The groups given i.d. immunizations had higher frequencies of CD8 T cells staining
for IFN-γ compared to the s.c. immunized animals given the same vaccines (Fig. 4). Similar
to the ID83-specific CD4 T cell responses, all of the ID83 vaccines containing TLR9-EM
induced greater IFN-γ responses when delivered i.d. (Fig. 4C, D) compared to responses seen
following s.c. immunization (Fig. 4A, B). Moreover, there was also an additive effect on the
frequency of CD8 T cells secreting IFN-γ when TLR4 and TLR9 agonists were combined with
ID83, and these populations were equivalently stimulated to produce cytokines by either intact
protein or pooled peptides (Fig. 4C, D). The i.d. immunized groups given ID83 plus TLR4/9-
EM induced the highest frequency of IFN-γ-secreting CD8 T cells; no response was generated
to the ID83 protein alone (Fig. 4C, D). Minimal ID83-specific CD8+ TNF responses were
observed following either immunization route (data not shown).

3.2. Protection by ID83 adjuvanted with TLR agonists in oil-in-water emulsion following s.c.
or i.d. immunization

We measured the efficacy of each of the vaccines given either s.c. or i.d. in parallel groups of
mice by determining the protection in the lungs following a low dose aerosol challenge with
M. tuberculosis H37Rv. BCG was included in the experiments as a positive control. BCG was
protective in both the s.c. and i.d. experiments, providing 0.92 and 1.0 log10 protection
respectively, in the lung (Table 1 and Table 2). In this experiment an ID83 protein alone group
was included only in the i.d. experiment and this vaccine was not protective on its own (Table
1). In contrast, ID83 plus TLR4-EM was protective via either route. For this vaccine, the level
of protection was highest in the i.d. immunized mice (log10 protection in the lung was 0.29,
p<0.05 in the s.c. group and 0.45, p<0.01 in the i.d. group). ID83 plus TLR9-EM and ID83
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plus TLR4/9-EM vaccines were also protective (p<0.01) when given by either of these routes.
Greater differences in the two routes were observed for the ID83 plus TLR9-EM vaccine
candidate than for the ID83+TLR4/9-EM vaccine (Table 1 and Table 2). In contrast to the other
vaccine groups, GDQ-containing vaccines were protective only when given i.d. (Table 2); s.c.
administration of GDQ vaccines did not significantly reduce the bacterial loads in the lungs of
infected mice (Table 1). And even though the level of protection provided by TLR7-EM plus
ID83 given i.d. was statistically significant, the mice in this group responded with the least
amount of protection (log10 protection in the lung was 0.35) compared to the other i.d. vaccine
groups aside from ID83 alone (Table 1).

4. Discussion
We have recently shown that each of the three individual proteins that make up ID83 (Rv3620,
Rv1813 and Rv2608) combined with CpG induced some level of protective against aerosol
infection in the TB mouse model when delivered by the s.c. route [5]. The aim of this study
was to determine whether a vaccine containing the ID83 fusion protein formulated with TLR
agonist/adjuvants and administered either s.c. or i.d. was protective against an aerosol challenge
of M. tuberculosis. The potential use of TLR agonists as adjuvants for TB subunit vaccines is
extensive and could be tailored to induce Th1-biased immune responses since adaptive
immunity is closely connected to responses that occur during innate immunity [21]. TLR
engagement leading to induction of IL-12 may preferentially result in Th1-type responses while
producing a MyD88-dependent signal that inhibits Th2-type responses [22]. We have
previously determined that each of the TLR agonists included as adjuvants in the present studies
induce IL-12p40 from bone marrow-derived murine DCs (unpublished data). Similar in
vitro TLR studies have been reported using purified DCs. One such study showed synergistic
levels of IL-12p70 following stimulation of mouse bone marrow-derived DCs and human
monocyte-derived or peripheral blood-derived DCs with a combination of a TLR4 agonist
(LPS) plus TLR7/8 agonist (Resiquimod, R848) [23]. Synergistic upregulation of IFN-γ and
IL-12 has also been shown when TLR4 and TLR7/8 agonist combinations are added to human
PBMCs [24]. Hence, these agonists are ideal for vaccines designed to generate a Th1-mediated
immune response.

The use of TLR agonists as adjuvants for TB vaccines has been demonstrated both in animal
models and in humans. The TLR4 agonist MPL is a component of the AS01B/AS02A adjuvant
systems used with the Mtb subunit vaccine antigen Mtb72F currently in human clinical trials
[25]. TLR agonists used with experimental Mtb vaccines have included a TB protein TLR2
agonist (acylated Rv1411) [26], TLR3 (poly(I:C)) and TLR9 agonists (plasmid DNA) bound
to cationic liposomes [27], TLR4 agonist (MPL) [28], and a TLR9 agonist (CpG) [5].

We first measured the immunogenicity of ID83 combined with TLR agonists. The
characterization of ID83-specific IgG2c:IgG1 antibody ratios following immunization with
ID83 plus TLR agonists were included as a measure of Th1 versus Th2 balance. IFN-γ is
involved in antibody class switching from IgM to IgG2a (or IgG2c in C57BL/6 mice used here)
whereas IL-4 produced from Th2 cells leads to IgG1 and IgE [29]. All of the vaccines in this
study produced ID83-specific IgG subclasses (either IgG1 or IgG2c) and in most cases a
balanced IgG2c:IgG1 response was generated. Interestingly, s.c. injected ID83 vaccines
containing CpG produced significantly greater IgG2c versus IgG1 responses whereas the same
vaccine given i.d. resulted in a more balanced IgG2c:IgG1 response (even though the ratio was
>1 suggesting a Th1 influence). A similar observation was made in another study where i.d.
injection with a recombinant M type 6 protein from Streptococcus pyrogenes combined with
CpG induced high levels of both IgG1 and IgG2a antibodies [30]. In this study neither antibody
subclass was dominant but the ratios of IgG2a to IgG1 were >1. In contrast, the ID83/GDQ-
EM vaccine, administered both s.c. and i.d., resulted in an antibody response skewed towards
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IgG1. It is not clear why dominant IgG2c responses with GDQ-EM were not observed, although
this may have been a dose related effect. Fransen et al. have shown that IgG2a titers with
imiquimod (another TLR7 agonist) in combination with a meningococcal vaccine are much
greater with a higher adjuvant concentration (100µg) versus a lower adjuvant concentration
(10µg) [31]. As expected, ID83 given as protein alone resulted in a dominant IgG1 response.
All of the vaccines (except the ID83 vaccine without adjuvant) induced IFN-γ. Frequencies of
cells producing IFN-γ (and TNF) were also examined by flow cytometry. Additive levels of
ID83-specific T cells secreting IFN-γ were observed in both the s.c. and the i.d. immunized
groups when a combination of TLR agonists were included in the vaccine (TLR7/9-EM and
TLR4/9-EM). The i.d. vaccinated groups given ID83 + TLR4/9-EM responded with the highest
frequency of both IFN-γ-secreting CD4 and CD8 T cells and thus were able to augment the
immune response when the vaccines were given via this route. Napolitani et al. have shown
that synergistic IL-12p70 responses are induced from both mouse and human bone marrow-
derived DCs in the presence of both LPS (TLR4) and CpG (TLR9) agonists in vitro [23].

Once we determined that the vaccines were inducing protective Th1 immune responses, we
tested each of the ID83 Mtb subunit vaccines in a mouse aerosol challenge model using M.
tuberculosis H37Rv. All of the vaccines with agonists targeting TLR4, TLR7 and TLR9 and
administered i.d. provided protection against M. tuberculosis in the lung. Subcutaneous
vaccination with ID83 plus TLR4-EM, or TLR9-EM, or with a combination of TLR4/9-EM
afforded protection in the lung.

In contrast, the ID83 vaccines containing GDQ (TLR7-EM) given s.c. failed to induce a
protective response against Mtb. GDQ is a synthetic imidazoquinoline compound that signals
through the TLR7, a receptor which also recognizes the natural ligand ssRNA [32]. Imiquimod
(IMQ) is also an imidazoquinoline TLR7 agonist and is contained in Aldara cream (5%). Aldara
cream is used as a topical skin treatment of human actinic keratosis, superficial basal cell
carcinoma and external genital warts. TLR7 is expressed on both myeloid and plasmacytoid
DCs of mice [33] and humans [34]. IMQ is able to induce the maturation of human epidermal
Langerhans cells (LC) in vitro [35,36] and topical application of IMQ to mice has been shown
to increase FITC-induced LC migration from the skin to the draining lymph node [35,36].

BCG, which is currently the only approved Mtb vaccine, is given i.d. The skin is an ideal site
for vaccination due to the presence of APCs such as the LCs and dermal dendritic cells (DDC),
that can endocytose injected antigen and recognize TLR agonists, migrate to the draining lymph
node and present antigen to naïve T cells. LC and DDC are part of the Skin Associated
Lymphoid Tissue (SALT) in both mice and humans [37]. Although our studies were performed
in mice, the vaccine is ultimately being developed for use in humans. Similarities in the SALT
exist in both human and mouse skin including many, but not all, of the surface markers on
cutaneous DCs (see review [38]), in addition to LC function and migration of LC in response
to TNF and IL-1β [39]. There are also interspecies differences that exist including lipid profiles
and thickness of the skin. The thickness of viable epidermis in a rodent (rat) is 9.9 µm [40] for
example, whereas the thickness of human epidermis on the front of the male forearm is 67.8
µm [41]. The overall thickness of the skin in humans (epidermis plus dermis) on the forearm
is 1171.9 µm, although thickness of the skin varies even in humans depending on gender and
race [41]. It is important to note that there are cellular and morphological differences in the
skin of rodents and humans and that any advantages seen following vaccine injection in mouse
skin may not translate into the same positive results observed in humans.

Recently, Zhang and Matlashewski showed that the route of immunization also played a role
in protection when a TLR7 agonist was used in combination with a Leishmania vaccine [42].
When autoclaved L. major (ALM) was given s.c. with Resiquimod (R848), a TLR7/8 agonist,
or with topical IMQ the vaccine was protective. However, when the ALM vaccine plus R848
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was given intramuscularly (i.m.) it was not protective. It is possible that the low molecular
weight and solubility of the TLR7 and TLR7/8 agonists make their action more sensitive to
the site of administration, and they may function more effectively in sites where rapid clearance
into the blood-stream is minimized (such as the dermis and s.c. layer). Although all of the
immunized mice were capable of inducing IFN-γ, those given the vaccine by the s.c. route
induced decreased Th2-type cytokines including reduced IL-4 and IL-10 synthesis, in contrast
to the i.m. immunized mice that responded with high levels of IL-4 and IL-10. Thus, the
predictive measure of protection in this experiment was a reduction in IL-4 and IL-10 rather
than a shift to a Th1 response. We are currently examining the role of Th2-type cytokines as
a negative predictor of vaccine protection. In the future we also plan to determine the long-
term protective effects of the ID83 vaccine in combination with these TLR agonists. We also
plan to characterize the role of these TLR agonists in the protection against pathology caused
by undesirable host responses towards Mtb infection in the lungs and draining lymph nodes
using the guinea pig model of tuberculosis, where detrimental responses lead to necrosis within
the granulomas and contribute to loss of viable lung tissue [43]. In addition, studies are
underway to determine whether multifunctional Th1 cells that simultaneously produce IFN-
γ, TNF and IL-2 are generated in response to the ID83 vaccine in the presence of TLR agonists
and when delivered by different routes. Multifunctional CD4+ Th1 cells have recently been
described as a correlate of vaccine-mediated protection against leishmaniasis that, like TB, is
a disease that relies on cell-mediated immunity for protection [44].

It may be possible to enhance Th1 immune responses and protective efficacy of TB subunit
vaccines if formulated with TLR agonist/adjuvants. Depending on the TLR agonist
formulation, the route may also play a role in the efficacy of the vaccine.
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Fig. 1.
ID83-specific IgG1 and IgG2c endpoint antibody titers and IgG2c:IgG1 ratios from mice
immunized via the s.c. route (A, C) and the i.d. route (B, D). Serum was collected 1 wk
following the third immunization. Mean reciprocal dilutions are represented as the endpoint
titer (Log10) ± SD. Asterisks represent statistical significance between IgG2c and IgG1 within
each vaccine group, p<0.05.
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Fig. 2.
IFN-γ production from splenocytes following either (A) s.c. or (B) i.d. immunization. Mice
were immunized three times, 3 wk apart and spleens were removed 4 wk after the last
immunization. Splenocytes isolated from immunized animals were plated in duplicate at 2 ×
105 cells/well and cultured with medium, PPD, ConA (3 µg/ml), or the recombinant fusion
protein ID83 (10 µg/ml) for 48 hours. Frequencies of IFN-γ-secreting cells were determined
by ELISPOT (e-Bioscience). Results are represented as the mean SFU (spot forming units) per
106 cells ± SD.
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Fig. 3.
Cytokine production from ID83-specific CD4 T cells in immunized mice was measured by
flow cytometry. Splenocytes from vaccinated mice were stimulated with ID83 or peptides for
12 hr in the presence of GolgiStop. ID83-stimulated or peptide-stimulated splenocytes were
identified by ICS based on CD3 and CD4 expression and were further gated as CD44high
(antigen experienced). The percent frequency of cells expressing either IFN-γ or TNF was
determined from either s.c. immunized mice (A–B) or from i.d. immunized mice (C–D). The
values from pooled splenocytes (n=3 mice/group) are shown.
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Fig. 4.
IFN-γ production from ID83-specific CD8 T cells in immunized mice was measured by flow
cytometry. Splenocytes from vaccinated mice were stimulated with ID83 or peptides for 12 hr
in the presence of GolgiStop. ID83-stimulated or peptide-stimulated splenocytes were
identified by ICS based on CD3 and CD8 expression and were further gated as CD44high
(antigen experienced). The percent frequency of cells expressing IFN-γ was determined from
either s.c. immunized mice (A–B) or from i.d. immunized mice (C–D). The values from pooled
splenocytes (n=3 mice/group) are shown.
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Table 1
Vaccine-induced protection in mice following s.c. immunization and aerosol infection with M. tuberculosis.

Vaccine groupsa CFUb Log10 S.D. Log10 Protection vs. Saline P Valuec

Saline 6.14 0.35 NA NA

BCG 5.22 0.28 0.92 <0.01

ID83+TLR4-EM 5.86 0.26 0.29 <0.05

ID83+TLR7-EM 5.91 0.27 0.23 >0.05

ID83+TLR9-EM 5.80 0.26 0.35 <0.01

ID83+TLR4/7-EM 5.92 0.22 0.23 >0.05

ID83+TLR4/9-EM 5.73 0.26 0.41 <0.01

ID83+TLR7/9-EM 5.88 0.29 0.27 >0.05

a
Mice were immunized by the s.c. route three times, 3 wk apart.

b
Viable colony forming units (CFU) of bacteria in the lungs of immunized mice compared to saline controls 4 wk after a low-dose aerosol challenge with

M. tuberculosis H37Rv. Data represents the mean of two independent experiments (n=14 mice total).

c
One way ANOVA followed by Dunnett’s Multiple Comparison Test was used for statistical analysis. P values <0.05 are considered statistically significant.
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Table 2
Vaccine-induced protection in mice following i.d. immunization and aerosol infection with M. tuberculosis.

Vaccine groupsa CFUb Log10 S.D. Log10 Protection vs. Saline P Valuec

Saline 6.14 0.22 NA NA

BCG 5.14 0.38 1.00 <0.01

ID83 5.90 0.28 0.24 >0.05

ID83+TLR4-EM 5.69 0.28 0.45 <0.01

ID83+TLR7-EM 5.79 0.16 0.35 <0.01

ID83+TLR9-EM 5.54 0.25 0.60 <0.01

ID83+TLR4/7-EM 5.59 0.20 0.56 <0.01

ID83+TLR4/9-EM 5.61 0.22 0.54 <0.01

ID83+TLR7/9-EM 5.67 0.19 0.47 <0.01

a
Mice were immunized by the i.d. route three times, 3 wk apart.

b
Viable colony forming units (CFU) of bacteria in the lungs of immunized mice compared to saline controls 4 wk after a low-dose aerosol challenge with

M. tuberculosis H37Rv. Data represents the mean of two independent experiments (n=14 mice total).

c
One way ANOVA followed by Dunnett’s Multiple Comparison Test was used for statistical analysis. P values <0.05 are considered statistically significant.
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