
Vaccines Displaying Mycobacterial Proteins on Biopolyester
Beads Stimulate Cellular Immunity and Induce Protection
against Tuberculosis

Natalie A. Parlane,a,b Katrin Grage,b Jun Mifune,b Randall J. Basaraba,c D. Neil Wedlock,a Bernd H. A. Rehm,b and Bryce M. Buddlea

AgResearch, Hopkirk Research Institute, Palmerston North, New Zealanda; Institute of Molecular Biosciences, Massey University, Palmerston North, New Zealandb; and
Colorado State University, Department of Microbiology, Immunology and Pathology, Fort Collins, Colorado, USAc

New improved vaccines are needed for control of both bovine and human tuberculosis. Tuberculosis protein vaccines have ad-
vantages with regard to safety and ease of manufacture, but efficacy against tuberculosis has been difficult to achieve. Protective
cellular immune responses can be preferentially induced when antigens are displayed on small particles. In this study, Esche-
richia coli and Lactococcus lactis were engineered to produce spherical polyhydroxybutyrate (PHB) inclusions which displayed a
fusion protein of Mycobacterium tuberculosis, antigen 85A (Ag85A)– early secreted antigenic target 6-kDa protein (ESAT-6).
L. lactis was chosen as a possible production host due its extensive use in the food industry and reduced risk of lipopolysaccha-
ride contamination. Mice were vaccinated with PHB bead vaccines with or without displaying Ag85A–ESAT-6, recombinant
Ag85A–ESAT-6, or M. bovis BCG. Separate groups of mice were used to measure immune responses and assess protection
against an aerosol M. bovis challenge. Increased amounts of antigen-specific gamma interferon, interleukin-17A (IL-17A), IL-6,
and tumor necrosis factor alpha were produced from splenocytes postvaccination, but no or minimal IL-4, IL-5, or IL-10 was
produced, indicating Th1- and Th17-biased T cell responses. Decreased lung bacterial counts and less extensive foci of inflam-
mation were observed in lungs of mice receiving BCG or PHB bead vaccines displaying Ag85A–ESAT-6 produced in either E. coli
or L. lactis compared to those observed in the lungs of phosphate-buffered saline-treated control mice. No differences between
those receiving wild-type PHB beads and those receiving recombinant Ag85A–ESAT-6 were observed. This versatile particulate
vaccine delivery system incorporates a relatively simple production process using safe bacteria, and the results show that it is an
effective delivery system for a tuberculosis protein vaccine.

Mycobacterium bovis, the causative agent of bovine tuberculo-
sis (TB), infects a wide range of hosts, including domestic

livestock and wildlife, and also causes TB in humans. Bovine TB
poses a public health risk, particularly in regions where pasteuri-
zation of milk is not routine. This is of particular concern because
more than 94% of the world’s population lives in such regions,
and M. bovis is the causative agent for up to 10% of TB cases in
humans in these regions (14). Bovine TB also has a considerable
economic impact on the agricultural industry. The human TB
vaccine Mycobacterium bovis bacille Calmette-Guérin (BCG) is
only partially effective in both cattle and humans (2, 12). Devel-
opment of an effective vaccine protecting against bovine TB
would provide a cost-effective TB control strategy as well as have
applicability for control of human TB caused by Mycobacterium
tuberculosis.

A number of new TB vaccines are entering human clinical tri-
als, including recombinant BCG, virus-vectored vaccines, and re-
combinant protein vaccines (20). One of the major constraints in
developing effective recombinant protein vaccines is the difficulty
of inducing the strong cellular immune responses which are re-
quired for protection against this disease. Selection of appropriate
adjuvants and presentation of the proteins are critical. A number
of studies have shown that antigens displayed on small particles
preferentially enhance cellular immune responses to antigens (32,
47). Particles used to display antigens in vaccines include virus-
like particles, liposomes, immune-stimulating complexes, and
biological polyesters, and these have been tested in a wide range of
veterinary and wildlife species (45). The particles appear to have
adjuvanting effects, with uptake by dendritic cells and consequen-

tial activation of the NALP-3 inflammasome (46). We have previ-
ously demonstrated that the mycobacterial fusion protein antigen
85A (Ag85A)– early secreted antigenic target 6-kDa protein
(ESAT-6) could be displayed on polyhydroxybutryate (PHB)
polyester beads produced in Escherichia coli and, when used as a
vaccine in mice, could stimulate enhanced antigen-specific
gamma interferon (IFN-�) responses compared to the recombi-
nant protein alone (37).

The advantages of using these beads for vaccine delivery are
their low cost, ease of production, mode of surface protein display,
and inherent biocompatibility. To produce these PHB polyester
beads, E. coli was engineered to produce a fusion protein of PhaC
polyester synthase, Ag85A, and ESAT-6. The mycobacterial fusion
protein Ag85A–ESAT-6 has successfully been used in a number of
experimental studies to investigate protective immunity against
TB (15, 25, 48). ESAT-6 is found in M. bovis and Mycobacterium
tuberculosis but not in BCG (18). This antigen is recognized im-
munologically in TB-infected humans and animals (11, 40, 41),
and the virulence properties of ESAT-6 to recruit CD11c� and T
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cells can be utilized to advantage for vaccine development (26).
Similarly, Ag85A has long been recognized to be an immunodom-
inant antigen (22) and is incorporated in a recombinant modified
vaccinia virus Ankara-expressing Ag85A vaccine currently in hu-
man trials as a BCG boosting vaccine (27, 35). The Ag85 complex
consists of three proteins which possess mycolyl transferase activ-
ity and play a role in the biogenesis of the mycobacterial cell
wall (7).

A disadvantage of using E. coli as a production host for prod-
ucts with in vivo use is the contamination with lipopolysaccharide
(LPS) endotoxins. However, processes used to remove LPS are
costly and can destroy surface proteins and the functionality of the
particles (55). Lactococcus lactis, an organism which does not pro-
duce LPS, has been used extensively in the food industry and has
recently been used for recombinant protein production and de-
livery of therapeutic agents, vaccines, and TB skin-test reagents (8,
30, 52, 56). Therefore, L. lactis might be a suitable production host
for PHB bead TB vaccines.

This paper describes engineering of the food-grade bacterium
L. lactis to produce biopolyester PHB beads displaying mycobac-
terial antigens Ag85A and ESAT-6. Vaccines were prepared from
PHB beads produced in L. lactis or E. coli and used to immunize
mice. Immune responses were measured, and following aerosol
challenge with M. bovis, the protective immunity against TB was
assessed.

MATERIALS AND METHODS
Construction of plasmids for production of PHB beads displaying
Ag85A–ESAT-6. Plasmids used in this study are listed in the supplemental
material. General cloning procedures and DNA isolation were carried out
as described elsewhere (44). Biosynthesis of PHB polyester requires genes
for enzymes PhaA, PhaB, and PhaC. To construct pNZ-Ag85E6-CAB for
use in L. lactis, the gene encoding fusion of the antigens Ag85A and
ESAT-6 was synthesized by GeneScript Corporation (Piscataway, NJ).
Codon usage was adapted to the codon usage bias of L. lactis. A fragment
of pUC57-ZZ comprising part of the nisA promoter (PnisA) was obtained
by NdeI digest of pUC57-ZZ and ligated with NdeI-digested pUC57-
Ag85E6 to obtain pUC57-nisAg85E6. A BstBI-BamHI fragment of
pUC57-nisAg85E6 containing the section of PnisA and the Ag85A–ESAT-6
gene was then inserted upstream of phaB at the corresponding sites of
pNZ-AB, resulting in pNZ-Ag85E6-B. To introduce the phaC- and phaA-
comprising fragment of pNZ-CAB into pNZ-Ag85E6-B, both plasmids
were hydrolyzed with NheI and BamHI and the phaCA fragment of pNZ-
CAB was inserted into pNZ-Ag85E6-B, resulting in pNZ-Ag85E6-CAB.
This plasmid was electroporated into L. lactis (NZ9000) for subsequent
production of PHB beads. For production of wild-type control PHB
beads, the genes (phaA, phaB, and phaC) were engineered into E. coli
BL21(DE3) and L. lactis NZ9000 using methods previously described (28,
39), and construction of plasmids for production of Ag85A–ESAT-6 PHB
beads in E. coli was undertaken as described elsewhere (37).

Bacterial strains, growth conditions, and isolation of PHB beads.
E. coli strains were grown in Luria broth (LB; Difco, Detroit, MI) supple-
mented with 1% (wt/vol) glucose, ampicillin (75 �g/ml), and chloram-
phenicol (30 �g/ml). L. lactis strains were grown in M17 medium (Merck,
Darmstadt, Germany) supplemented with 0.5% glucose, 0.3% L-arginine,
and chloramphenicol (10 �g/ml).

PHB beads which displayed Ag85A–ESAT-6 or control PHB beads
alone were produced in E. coli and L. lactis as previously described (28, 37).
Briefly, E. coli was grown at 30°C in LB, induced with 1 mM isopropyl
�-D-thiogalactopyranoside to produce protein, and cultured for a further
48 h to allow accumulation of beads. L. lactis cultures were produced in
M17 broth, induced with 10 ng/ml nisin to produce protein, and cultured
for a further 48 h at 30°C. Presence of PHB/polyester was determined by

staining the cultures with Nile red lipophilic dye and then using fluores-
cence microscopy to observe fluorescence associated with the intracellular
beads (38). Bacteria were then mechanically disrupted, and E. coli lysate
was centrifuged at 4,000 � g and L. lactis lysate was centrifuged at 8,000 �
g for 15 min at 4°C to sediment the polyester beads. All beads were then
purified via glycerol gradient ultracentrifugation. Polyester production
was determined by measuring the PHB content of the granules using gas
chromatography-mass spectroscopy (GC-MS) (10).

Analysis of proteins attached to PHA beads. The concentration of
proteins attached to the PHB beads was determined using the Bio-Rad
protein assay (Bio-Rad Laboratories, Hercules, CA). Proteins were sepa-
rated by SDS-PAGE using NuPAGE gels (Invitrogen, Carlsbad, CA) and
stained with SimplyBlue Safe stain (Invitrogen). The amount of Ag85A–
ESAT-6 –PhaC fusion protein relative to the amount of total proteins
attached to the PHB beads was detected using a Gel Doc XR apparatus and
analyzed using Quantity One software (version 4.6.2; Bio-Rad Laborato-
ries, Hercules, CA). For Western blot analysis, proteins were separated by
SDS-PAGE and transferred to nitrocellulose using an i-BLOT system (In-
vitrogen). A mouse monoclonal primary antibody against ESAT-6
(Abcam, Cambridge, United Kingdom) was used at a 1:800 dilution. Fol-
lowing incubation with rabbit anti-mouse peroxidase-conjugated immu-
noglobulin G (Dako, Carpinteria, CA), development was carried out us-
ing aminoethyl carbazole. To confirm the identity of the protein of
interest, a band was excised from the gel and subjected to tryptic peptide
fingerprinting using matrix-assisted laser desorption ionization–time-of-
flight mass spectrometry (MALDI-TOF MS). Specific activity of the
Ag85A–ESAT-6 PHB beads was determined by enzyme-linked immu-
nosorbent assay (ELISA) as previously described (37).

Recombinant protein antigen and peptides. Recombinant Ag85A–
ESAT-6 protein (rec Ag85A–ESAT-6) was produced as previously de-
scribed (48) with some variation. Briefly, E. coli BL21 Star (DE3)pLysS
(Invitrogen) was transformed with pAg85-ESAT-6 in pET32A (a kind gift
from Lynne Slobbe, Otago University, New Zealand) and grown in Ter-
rific broth. The insoluble recombinant protein in the cell culture pellet
was solubilized in 6 M urea, and proteins were separated by SDS-PAGE
using NuPAGE gels. The band of interest was excised from the gel and
protein was eluted using a Bio-Rad model 422 electroeluter (Bio-Rad
Laboratories, Hercules, CA) according to the manufacturer’s instruc-
tions. The protein was then refolded by dialysis in decreasing concentra-
tions of urea, desalted using a desalt column (Pierce, Rockford, IL), and
treated with polymyxin B-agarose (Sigma Chemicals, St. Louis, MO) to
remove contaminating LPS. The activity of the rec Ag85A–ESAT-6 was
then confirmed by ELISA.

Vaccination of mice. Vaccines comprising PHB beads displaying
Ag85A–ESAT-6 antigen produced in E. coli (EcAgE) and L. lactis (LcAgE)
were adjusted to contain 30 �g of Ag85A–ESAT-6 –PhaC protein, as cal-
culated from the densitometry profile. Similarly, control wild-type (WT)
vaccines produced in E. coli (EcWT) and L. lactis (LcWT) were adjusted to
contain 30 �g of the PhaC protein alone. Emulsigen (MVP Laboratories,
Omaha, NE) adjuvant (20%, vol/vol) was mixed with the various PHB
beads, 30 �g rec Ag85A–ESAT-6, or phosphate-buffered saline (PBS).

Female C57BL/6 mice aged 6 to 8 weeks (purchased from the animal
breeding facility of the Malaghan Institute of Medical Research, Welling-
ton, New Zealand) were vaccinated 3 times subcutaneously with 200 �l/
injection at 9-day intervals (n � 12 per group). A control group received
a single dose of 106 CFU of BCG Pasteur strain 1173P2 (a kind gift from
the Malaghan Institute of Medical Research). All animal experiments were
approved by the AgResearch Grasslands Animal Ethics Committee
(Palmerston North, New Zealand).

Cell preparations and immunological assays. Five weeks after the
first vaccination, half of the animals in each group were euthanized,
spleens were removed, and a single-cell suspension was prepared by pas-
sage through an 80-gauge wire mesh sieve. Spleen red blood cells were
lysed using a solution of 17 mM Tris-HCl and 140 mM NH4Cl. After
washing, the cells were cultured in Dulbecco’s modified Eagle medium
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(DMEM; Invitrogen) supplemented with 2 mM glutamine (Invitrogen),
100 U/ml penicillin (Invitrogen), 100 �g/ml streptomycin (Invitrogen),
5 � 10�5 M 2-mercaptoethanol (Sigma), 1� nonessential amino acids
(Gibco, Grand Island, NY), and 5% (wt/vol) fetal bovine serum (Invitro-
gen) in triplicate wells of flat-bottomed 96-well plates at a concentration
of 5 � 105 cells/well in a 200-�l volume. The cells were incubated with
medium alone or in medium containing a pool of Ag85A, ESAT-6, or
Ag85A and ESAT-6 overlapping peptides (final concentration, 5 �g/ml;
Auspep, Victoria, Australia). Concanavalin A (5 �g/ml; Sigma) was used
as a positive control. Cells were incubated at 37°C in an atmosphere of
10% CO2 in air. Spleen cells from BCG-vaccinated mice were also cul-
tured with bovine purified protein derivative (PPD; 5 �g/ml; Prionics AG,
Switzerland).

Measurement of cytokines in culture supernatants. Levels of IFN-�
and interleukin-5 (IL-5) in culture supernatants were measured by ELISA
using commercial pairs of antibodies and standards (BD, Franklin Lakes,
NJ). The assay used o-phenylenediamine substrate and was read at 495 nm
on a VERSAmax microplate reader. Standard curves were constructed
using SOFTmax PRO software, and the averages of cytokine values of
duplicate samples were determined from the curve. A cytometric bead
array (CBA; mouse Th1-Th2 cytokine kit; BD) was used according to the
manufacturer’s instructions to measure other cytokines: IL-2, IL-4, IL-6,
IL-10, tumor necrosis factor alpha (TNF-�), and IL-17A. Fluorescence
was measured using a FACScalibur flow cytometer (BD) and analyzed
using FCAP array software (BD). Results for all cytokines were calculated
as the cytokine value of the Ag85A–ESAT-6-stimulated sample minus that
of the PBS-stimulated sample.

Mycobacterium bovis challenge and necropsy. Fifteen weeks after the
first vaccination, all remaining mice (n � 6 per group) were challenged
with M. bovis (strain 83/6235) by the aerosol route. M. bovis was grown
from a low-passage seed lot in Tween albumin broth (Tween 80, Dubos
broth base, and oleic acid-albumin-dextrose [Difco, BD Diagnostic Sys-
tems, Sparks, MD]) to early mid-log phase, and aliquots of cultures were
frozen at �70°C until required. To infect mice by low-dose aerosol expo-
sure, diluted thawed stock was administered using a Madison chamber
aerosol generation device calibrated to deliver approximately 50 bacteria
into the lungs. Aerosol infections, maintenance, and manipulation of in-
fected mice were performed under strict isolation conditions in a biohaz-
ard facility.

Five weeks after challenge with M. bovis, the mice were euthanized and
spleens and lungs were removed. The right apical lung lobe was removed
from the lung and preserved in 10% buffered formalin, for subsequent
histological processing, followed by staining of sections with Ziehl-
Neelsen stain and hematoxylin and eosin (H&E) stain. The lung lesion
areas were quantified relative to total lung area on randomly selected,
H&E-stained tissue sections. The total lung and lesion areas were quanti-
fied using a stereology-based method referred to as the area fraction frac-
tionator with the investigator blinded to the treatment groups. The area of
inflammation relative to total lung area was estimated from sections eval-
uated at �200 magnification. A total of 8 to 12 fields was randomly se-
lected by the computer, and a counting frame (2,000 �m2) containing
probe points with a grid spacing of 200 �m was used to define the areas of
interest. The data are expressed as the mean percentage of lung affected by
lesions of all the animals within a treatment group (n � 6). Lesions rep-
resented by photomicrographs are for individuals that have a value closest
to the mean value for the entire treatment group.

Mycobacterial culture of lungs and spleens. Spleen and remaining
lung samples were mechanically homogenized in 3 ml of PBS with 0.5%
Tween 80 using a Seward Stomacher 80 device (Seward, Norfolk, United
Kingdom) and plated in 10-fold dilutions on selective Middlebrook 7H11
agar supplemented with 10% oleic acid-albumin-dextrose-catalase en-
richment (Difco). Plates were incubated at 37°C in humidified air for 3
weeks before colonies were counted.

Statistical analysis. Cytokine responses were analyzed using the
Kruskal-Wallis test. Data for analyses of histopathology percent lung le-

sion involvement were square root transformed and bacterial counts from
the M. bovis-challenged mice were log10 transformed, and the trans-
formed data were compared by Fisher’s one-way analysis of variance. The
level of significance was set at a P value of �0.05.

RESULTS
Production and characterization of biopolyester beads display-
ing Ag85A–ESAT-6 in L. lactis and E. coli. Plasmids encoding
polyester synthase and Ag85A–ESAT-6 were successfully intro-
duced into L. lactis, which enabled production of beads displaying
Ag85A–ESAT-6. The presence of intracellular inclusions was ob-
served by fluorescence microscopy using Nile red staining (see the
supplemental material), and GC-MS analysis of cells confirmed
the presence of the polyester, PHB (data not shown). E. coli was
also used to produce beads displaying Ag85A–ESAT-6 as previ-
ously described (37). The sizes of the beads were shown to be 50 to
150 nm for L. lactis-produced beads and 150 to 250 nm for beads
produced in E. coli. Following purification of the beads from L.
lactis hosts, the proteins associated with the Ag85A–ESAT-6 –
PhaC beads and the wild-type PhaC control beads were separated
by SDS-PAGE. Proteins with molecular masses similar to the mo-
lecular masses of 102 kDa for the Ag85A–ESAT-6 –PhaC fusion
and 63 kDa for PhaC were observed, and Western blot analysis
with anti-ESAT-6 antibody demonstrated a predominant band at
approximately 102 kDa which corresponds to the Ag85A–ESAT-
6 –PhaC fusion (Fig. 1). The identity of the Ag85A–ESAT-6 –PhaC
band was confirmed by tryptic peptide fingerprinting using
MALDI-TOF MS (see the supplemental material). PHB beads dis-
playing Ag85A–ESAT-6 from E. coli and L. lactis hosts were shown

FIG 1 (A) SDS-PAGE analysis of proteins attached to polyester beads. PHB
beads were isolated from L. lactis NZ9000 harboring the following plasmids:
pNZ-CAB (lane 1) and pNZ-Ag85E6-CAB (lane 2). Lane M, molecular mass
markers. (B) Western blot: reactivity of proteins to ESAT-6 antibody. Lane 1,
PHB beads isolated from L. lactis NZ9000 harboring plasmid pNZ-Ag85E6-
CAB; lane 2, recombinant ESAT-6; lane M, molecular mass markers.
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by ELISA to bind to anti-ESAT-6 antibody in a dose-dependent
manner (see the supplemental material).

Clinical and immunological responses to vaccination.
Mouse weights did not differ significantly between groups during
the time course of the experiment, and mice in all groups steadily
gained weight. Mice vaccinated with PHB beads developed small
lumps up to 2.5 mm in diameter at the vaccination sites with no
signs of abscess or suppuration. No lumps were observed in the
other vaccine groups.

To assess development of Th1 cell-mediated immunity,
splenocytes were restimulated in vitro with a pool of Ag85A and
ESAT-6 peptides, and released cytokines were measured. Vaccina-
tion of mice with PHB beads displaying Ag85A–ESAT-6 produced
in both E. coli and L. lactis stimulated the generation of an antigen-
specific cellular immune response compared to the PBS-
vaccinated group. The vaccine groups receiving PHB beads dis-
playing Ag85A–ESAT-6 produced in both E. coli and L. lactis
produced significantly more IFN-�, IL-2, IL-6, TNF-�, and IL-
17A than the group receiving PBS (Fig. 2) (P � 0.05). The only
significant increase in cytokines released from splenocytes of the
rec Ag85A–ESAT-6 group compared to PBS control mice was for

IL-2 (Fig. 2B) (P � 0.05). The wild-type control PHB groups did
not show any significant increase in any of these cytokines mea-
sured compared to PBS-vaccinated mice. IL-10 responses were
very low, and there were no significant differences between groups
(Fig. 2). IL-5 and IL-4 were measured but were detected only in
very small amounts and only in one to two animals in any group
(data not shown). The results of IFN-� release from splenocytes
stimulated with Ag85A or ESAT-6 peptides or the combined pool
of Ag85A and ESAT-6 peptides are shown in the supplemental
material. Responses for the groups vaccinated with PHB beads
displaying Ag85A–ESAT-6 produced in both E. coli and L. lactis
were strongest for the pool of Ag85A and ESAT-6 peptides and
weakest for the Ag85A peptides. BCG-vaccinated mice produced a
significant increase in release of IFN-� from splenocytes stimu-
lated with bovine PPD compared to the PBS-vaccinated group
(data not shown).

Histopathology. The M. bovis-infected lung lobes from the
PBS-vaccinated mice had multiple, coalescing foci of granuloma-
tous inflammation composed predominantly of epithelioid mac-
rophages and lymphocytes (Fig. 3). In acid-fast (AF) stained sec-
tions, intracellular bacilli were observed in many of the

FIG 2 Cytokine responses in mice vaccinated 3 times with PBS, PHB beads produced in E. coli displaying Ag85A–ESAT-6 (EcAgE), control wild-type PHB beads
produced in E. coli (EcWT), PHB beads displaying Ag85A–ESAT-6 produced in L. lactis (LcAgE), control wild-type PHB beads produced in L. lactis (LcWT), and
recombinant Ag85A–ESAT-6 protein (rec Ag85A–ESAT-6 [recAgE]), all in Emulsigen, as well as mice vaccinated once with BCG vaccine (BCG). Three weeks
after the final vaccination, splenocytes were cultured for 3 days with a pool of Ag85A and ESAT-6 peptides. Release of IFN-� (A) was measured by ELISA, and the
other cytokines, IL-2 (B), IL-6 (C), TNF-� (D), IL-17a (E), and IL-10 (F), were measured by cytometric bead array. Results were calculated as the cytokine value
of the Ag85A and ESAT-6 peptide pool-stimulated sample minus the value of the PBS-stimulated sample. Each data point represents the mean for 6 mice � SEM.
�, significantly greater than the PBS-vaccinated control group (P � 0.05).
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macrophages that made up the lesions (data not shown). The
lungs of mice vaccinated with BCG or PHB beads displaying
Ag85A–ESAT-6 produced in E. coli or L. lactis had loosely orga-
nized accumulations of inflammatory cells. These lesions were
smaller, were less extensive with fewer lymphocytes and macro-
phages than those from PBS-vaccinated mice, and were often
within the perivascular parenchyma. The lung lesions in mice vac-
cinated with wild-type PHB beads or rec Ag85A–ESAT-6 were
similar to those in the PBS controls. Morphometric analysis was
used to determine the percentage of normal parenchyma replaced
by inflammatory lesions. BCG-vaccinated mice had significantly
less lung lesion involvement than those vaccinated with wild-type
PHB beads produced in either E. coli or L. lactis or the PBS-
vaccinated group (Fig. 4) (P � 0.05). PHB beads displaying
Ag85A–ESAT-6 produced in E. coli had significantly less lung le-
sion involvement than wild-type beads produced in E. coli (P �
0.05). Although PHB beads displaying Ag85A–ESAT-6 produced
in L. lactis had less lung lesion involvement than wild-type beads
produced in L. lactis, this difference was not statistically significant
(P � 0.11). Differences between the various groups vaccinated
with the PHB beads and the PBS control group were not signifi-
cant.

Mycobacterial culture. A significant reduction in the bacterial
counts was observed from the lungs of animals receiving Ag85A–
ESAT-6 PHB bead vaccines produced in either E. coli or L. lactis or

the BCG vaccine compared to the PBS-vaccinated negative-
control group (Fig. 5A) (P � 0.05). M. bovis culture results of
spleens showed that animals vaccinated with Ag85A–ESAT-6
PHB bead vaccines produced in E. coli and BCG had a significant
reduction in spleen bacterial counts compared to the PBS-
vaccinated group (Fig. 5B) (P � 0.05). There were no significant

FIG 3 Histological appearance of pulmonary granulomas. Lesions represented by photomicrographs are from individuals with apical lung sections that have a
value closest to the mean value for the entire treatment group for mice vaccinated 3 times at weekly intervals with PBS (A), PHB wild-type beads produced in L.
lactis (B), or PHB beads displaying Ag85A–ESAT-6 produced in L. lactis (C) or once with BCG (D). All mice were challenged with M. bovis 15 weeks later, followed
by postmortem after a further 5 weeks. Lung sections were stained with H&E stain.

FIG 4 Morphometric analysis of M. bovis-infected lungs. Mice were vacci-
nated once with BCG or 3 times at weekly intervals with other vaccines and
then challenged with M. bovis 15 weeks later, followed by postmortem after a
further 5 weeks. Lung sections were stained with H&E stain and then subjected
to analysis using the area fraction fractionator, and the data are expressed as
the percentage of lung affected by granulomatous inflammation. �, signifi-
cantly different (P � 0.05).
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differences between the mean lung counts for animals receiving
Ag85A–ESAT-6 PHB bead vaccines and animals in the BCG
group, while the mean spleen counts for the Ag85A–ESAT-6 PHB
bead vaccine groups were significantly higher than the mean for
the BCG group (P � 0.05). The group vaccinated with Ag85A–
ESAT-6 PHB beads produced in E. coli also had significantly lower
mean lung and spleen counts than those in the rec Ag85A–ESAT-6
group (P � 0.05), while differences between the group vaccinated
with Ag85A–ESAT-6 PHB beads produced in L. lactis and the rec
Ag85A–ESAT-6 group were not significant. No significant reduc-
tion in bacterial counts from the lungs or spleens was observed
from animals vaccinated with wild-type PHB beads or rec Ag85A–
ESAT-6.

DISCUSSION

The novel vaccine delivery system based on biopolyester beads
produced in E. coli has previously been shown to stimulate an
immune response to mycobacterial antigens (37). This latest study
demonstrated that the generally regarded as safe (GRAS) bacte-
rium L. lactis could be used to produce vaccine beads displaying
Ag85A–ESAT-6, and following vaccination with these beads, im-
mune responses were similar to those obtained using beads from
an E. coli production host. Furthermore, when mice vaccinated
with Ag85A–ESAT-6 PHB beads produced in either E. coli or L.
lactis were challenged with M. bovis, the significant reduction in
lung bacterial counts was similar to that achieved with the “gold
standard” BCG vaccine. The presence of LPS endotoxin from E.

coli-produced recombinant proteins and vaccines limits the use of
these products in humans without costly and potentially protein-
destructive depyrogenation processes. Major advantages of using
an L. lactis production host are the safety record and reduced risk
of LPS endotoxin contamination. As well as its long history of safe
use in the food industry, L. lactis is now being used for a range of
other in vivo and in vitro applications (5, 6) and has recently been
used to produce a vaccine antigen for a human clinical malaria
vaccine trial (16). The safety of the PHB polyester used in these
vaccines has been recognized, with FDA approval for PHB sutures
(42).

Cytokine responses in the present study were indicative of a
predominantly cell-mediated immune response when animals
were vaccinated with PHB beads displaying Ag85A–ESAT-6 com-
pared to animals vaccinated with PBS or rec Ag85A–ESAT-6 an-
tigen alone in Emulsigen adjuvant. The antigen-specific increase
in IFN-� and TNF-� with minimal IL-4, IL-5, and IL-10 responses
suggested that Th1-type immunity rather than Th2-type immu-
nity was induced. Increases in IL-17A indicated that Th17 immu-
nity was also stimulated. The IFN-� response to the pool of pep-
tides from Ag85A and ESAT-6 was greater than that to the
peptides from the individual proteins. This suggested that the ef-
fect of vaccinating with the subunit vaccine and BCG could be
additive compared to vaccinating with BCG alone. While it is gen-
erally accepted that IFN-� has a significant role in protection from
TB, there is no single postvaccination correlate of protection. Re-
cent studies have shown that IFN-� does not correlate with BCG-
induced protection (29, 49), and others have determined that an
increase in polyfunctional T cells, which produce IL-2, IFN-�, and
TNF-�, is thought to be an important possible correlate of pro-
tection (1). IL-17A (21), along with IL-6 and TNF-� (17, 24),
appears to have a role in vaccination-induced immunity against
TB, which concurs with the increased levels of these cytokines
measured in the current study. Therefore, in the absence of abso-
lute correlates of protection, challenge studies are necessary to
determine vaccine efficacy.

The increased cytokine responses correlated with decreased
bacterial counts and reduced pathology observed in the lungs.
Histopathology results showed a distinct difference in granulomas
in mice which had been vaccinated with BCG or PHB beads dis-
playing Ag85A–ESAT-6, with these mice having smaller, less ex-
tensive foci of inflammation and fewer lymphocytes in the gran-
ulomas than PBS- or PHB wild-type bead-vaccinated animals.
The significant reduction in spleen bacterial counts from BCG-
and E. coli-produced Ag85A–ESAT-6 PHB bead-vaccinated ani-
mals indicates that extrapulmonary spread of tuberculosis has
been minimized. It is unclear why L. lactis-produced Ag85A–
ESAT-6 PHB bead-vaccinated animals did not instigate a similar
reduction. The current PHB bead formulation may prove effective
as a vaccine boost following BCG priming. Cytokine responses,
culture results, and pathology demonstrated that mice vaccinated
with recombinant Ag85A–ESAT-6 were unable to mount a pro-
tective response from M. bovis challenge. These results suggested
that particulate vaccines were more effective than vaccines con-
taining soluble antigens, a finding demonstrated in other vaccine
studies (23, 43). The recombinant Ag85A–ESAT-6 was shown to
be immunogenic, as this vaccine induced an IgG response to the
mycobacterial peptides (data not shown).

While these novel vaccines have shown efficacy against TB,
there are modifications which could be made to further enhance

FIG 5 Lung (A) and spleen (B) culture results following vaccination of mice
with PBS, PHB beads produced in E. coli and L. lactis, or rec Ag85A–ESAT-6,
all in Emulsigen, or BCG. Mice were vaccinated 3 times at weekly intervals or
once in the case of BCG and then challenged with M. bovis 15 weeks later,
followed by postmortem after a further 5 weeks. Each data point represents the
mean for 6 mice � SEM. �, significantly different from PBS-vaccinated group;
†, significantly different from all other vaccine groups (P � 0.05).
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their usefulness. PHB beads which display cytokine proteins have
previously been produced (4), and both the N terminus and C
terminus have been used to produce fusions for functional protein
display (3). Therefore, it is likely that PHB beads which display
both vaccine antigens and immunomodulator proteins on one
bead could be produced, allowing codelivery of vaccine agents to
dendritic cells, which has been shown to increase immune respon-
siveness (9, 51). Alternatively, immunomodulators could be in-
corporated on the PHB beads by chemical conjugation. It is also
likely that increased antigen could be displayed on beads by incor-
porating multiple gene repeats in the bacterial production strains
(31). Another strategy which utilized both N-terminus and
C-terminus fusions of PhaC (19) could be applied to enable pro-
duction of two different vaccine antigens on the one bead and
therefore produce multivalent vaccines. Combinations of PHB
bead vaccines and BCG could result in the induction of enhanced
protection against TB. Studies in cattle have shown that concur-
rent administration of TB protein vaccines and BCG produced
better protection against bovine TB than administration of BCG
alone (53, 54), and a BCG prime and TB protein boost is being
advocated for use in humans (2).

The vaccine production process described here allows modifi-
cation of the host genome so that alternative genes for vaccine
antigens could be used. Most vaccines use immunodominant an-
tigens, but more recent views (13, 33, 34, 50) suggest that use of
subdominant antigens might be more appropriate for diseases for
which there is no effective vaccine. PHB bead vaccines could also
be developed and used for other vaccines where stimulation of
cell-mediated immunity is required. Alternative antigen display
has recently been demonstrated on PHB beads produced in E. coli
and L. lactis. These beads displayed hepatitis C core antigen and
were able to produce antigen-specific immune responses follow-
ing vaccination (36). In conclusion, the current results indicate
that vaccines based on PHB beads provide a platform for display
of a range of antigens coupled with relatively simple production
processes in safe bacteria.
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