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Abstract

Tuberculosis is a major health concern. Non-living tuberculosis (TB) vaccine candidates may not
only be safer than the current vaccine (BCG) but could also be used to boost BCG to enhance or
elongate protection. No subunit vaccines, however, are currently available for TB. To address this
gap and to improve the global TB situation, we have generated a defined subunit vaccine by
genetically fusing the genes of 3 potent protein Mtb antigens, Rv2875, Rv3478 and Rv1886, into a
single product: 1ID87. When delivered with a TLR4 agonist-based adjuvant, GLA-SE, ID87
immunization reduced Mtb burden in the lungs of experimentally-infected mice. The reduction in
bacterial burden of ID87/GLA-SE immunized mice was accompanied by an early and significant
leukocyte infiltration into the lungs during the infectious process. ID87/GLA-SE appears to be a
promising new vaccine candidate that warrants further development.
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Introduction

Two million people die from Mycobacterium tuberculosis (Mth) infection each year and it is
estimated that one third of the world’s population is infected [1]. The live, attenuated
vaccine, M. bovis Bacillus Calmette-Guérin (BCG), has been routinely administered to
infants and children since 1921, preventing tuberculosis (TB) dissemination and TB
meningitis in children, but not preventing infection or active pulmonary TB (reviewed in [2,
3]). Results from BCG efficacy trials indicate disparate levels of protection, ranging from a
complete lack of protection to protection for more than 50 years (reviewed in [4]). This
variability may be attributed to the use of different BCG vaccine strains or immunization
strategies, both of which vary in distinct geographic regions [4]. Regardless, the prevalent
belief is that protection afforded by childhood BCG vaccination wanes over the course of a
couple of decades such that young adults are no longer protected. The lack of a consistently
protective vaccine highlights the need for additional strategies to prevent TB.
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BCG currently remains the only vaccine recommended by the World Health Organization
for the control of TB. Proposed TB vaccination strategies include administration of
genetically-modified recombinant BCG (rBCG) incorporating Mtb proteins that are
otherwise absent in the live, attenuated bacteria; Mtb DNA delivered with or without an
adjuvant; and Mtb proteins delivered with an adjuvant. Each of these strategies have
demonstrated the ability to reduce Mtb bacterial burden in preclinical models of TB [5-19].
Although rBCG are advancing toward large scale evaluations, their progression could be
limited by safety concerns regarding their use in immune compromised individuals. Indeed,
the WHO recommends that BCG not be administered to HIV+ individuals [20, 21]. A
defined subunit vaccine may represent a better candidate for widespread use, To date, three
subunit vaccines (MVVA85B; Mth72F formulated with ASO2A or ASO1 adjuvant; and
AERAS-402) have advanced to phase 1 clinical trials where they have demonstrated good
safety profiles [22-24].

Recently we characterized the responses of human peripheral blood mononuclear cells
(PBMC) from tuberculin skin test-positive, TB disease free individuals to a large panel of
Mtb proteins and then evaluated the ability of a selected antigen panel to protect mice from
experimental Mth infection [25]. Among the selected antigens, Rv3478, a protein from the
PE/PPE family, and two secreted/membrane proteins, Rv2875 and Rv1886, were recognized
by PPD+ but not PPD- individuals and demonstrated protective efficacy in mice [25].
Protection afforded by Rv2875 and Rv3478 were among the highest observed in the study,
and Rv1886, also known as Ag85B, has previously been demonstrated to provide protection
against Mtb [7, 14, 26]. As it has been demonstrated that delivery of Mth antigens in the
form of a fusion molecule is more efficacious than delivery of pooled antigens [26], we
hypothesized that combining these antigens into a single fusion molecule, could enhance the
protective efficacy. We therefore combined Mtb proteins Rv2875, Rv3478 and Rv1886 to
create a single fusion molecule called 1D87. Our data indicate that administration of D87
formulated with the TLR4-based adjuvant, GLA-SE [27], promotes a strong Th1 immune
response that reduces the lung Mtb burden following experimental infection.

Materials and Methods

Animals

Six week old, female C57BL/6J mice were purchased from Jackson Laboratories (Bar
Harbor, ME) and maintained in the Infectious Disease Research Institute (IDRI) animal
facility under specific pathogen free conditions. Animals were maintained under BSL3
conditions according to the regulations and guidelines of the IDRI Institutional Animal Care
and Use Committee.

ID87 cloning and purification—ID87 was generated through a tandem fusion of the
individual cloned and amplified genes of Rv2875, Rv3478, and Rv1886 using restriction site
linkers. The recombinant pET28a plasmids (Novagen, Madison, WI) containing the
individual Rv2875, Rv3478, and Rv1886 genes were previously described [25]. ID87 PCR
primers were designed to incorporate specific restriction enzyme sites 5’ and 3’ of the gene
of interest with primer sequences as follows: Rv2875-5’-Ndel, CAATTACATATGGGTAC-
CCATCTCGCCAACGGTTCGATG; Rv2875-3’-Sacl, CAATTAGAGCTCGTTGCAC-
GCCCAGTTGACGAT; Rv3478-5’-Sacl, CAATTAGAGCTCATGACCTCGCGTTTT-
TGACG; Rv3478-3’-Sall, CAATTAGTCGACGCTGCTGAGGATCTGCTGGGA;
Rv1886-5’-Sall, CAATTAGTCGACATGAATTTCGCCGTTTTGCCG; Rv1886-3’-
Hindlll, CAATTAAAGCTTTTAAGTACTGAAAAGTCGGGGTAGCGCCG. The DNA
sequences were amplified from plasmid DNA templates using Pfx DNA polymerase
(Invitrogen, Carlsbad, CA) with 30 cycles at 94 C for 15 s, 60 C for 30 s and 68 C for 1 h 30
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min. The Rv2875 PCR product was digested with Ndel/Sacl restriction enzymes then cloned
into the pET28a vector. Rv3478 and the pET28a-Rv2875 plasmid were restriction digested
with Sacl/Sall and cloned to generate pET28a-Rv2875-3478 plasmid vector. The Rv1886
PCR product was digested with Sall/HindlIll and ligated into the Sall/Hindlll-cut pET28a-
Rv2875-3478 vector. The resulting plasmid construct was named pET28a-1D87 and DNA
sequence verified. The fusion gene product Rv2875-Rv3478-Rv1886 was renamed ID87,
and encodes an 87 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.

ID87 was expressed in E. coli host strainHMS-174 grown in 2xY'S media at 37°C.
Expression was induced with 0.5mM IPTG at an ODggp= 0.6 and growth continued for 4
hours. Cultures were centrifuged at 6,000 x g and the cell pellet was resuspended in lysis
buffer (20mM Tris pH 8.0, 5 mM EDTA, 100mM NaCl, Protease Inhibitor Cocktail (Sigma-
Aldrich) and stored at —20°C. Cell pellets were thawed on ice and lysed using a M110S
Microfluidizer (Microfluidics Corp.) with 3 passes at 60psi, and spun at 30,000 x g for 45
minutes. The ID93 fusion protein remained in the insoluble inclusion body fraction and was
purified under denaturing conditions. The inclusion body was washed with 0.5%
deoxycholate, 25 mM Tris pH 8.0, centrifuged at 10000 x g, solubilized in binding buffer
(8M urea, 20 mM Tris pH 8, 25 mM DTT) and purified by Q Sepharose (GE Healthcare)
and CHT Ceramic Hydroxyapatite (BioRad) column chromatography. Purified D87 protein
was quantified using the BCA protein assay (Pierce, Rockford, IL) and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on a 4 — 20% Tris glycine gel
(Invitrogen). The absence of E. coli contamination was confirmed by immunoblotting with
horseradish peroxidase-conjugated rabbit polyclonal anti-E. coli antibody (1:1000, ViroStat,
Inc.). Residual LPS contamination was determined to be less than 15 EU/mg of protein by
the Limulus amoebocyte lysate assay (Cambrex Corp.).

Immunization of experimental animals

Mice were immunized subcutaneously at the base of tail with 0.5ug of recombinant ID87 in
the presence or absence of 5ug GLA-SE. Immunizations were performed three times, with
two weeks between each injection. Negative control mice received phosphate buffered
saline (PBS). Mice were rested for one month after the final immunization prior to Mtb
infection. Vaccine control mice received Pasteur strain BCG (Sanofi Pasteur, Paris, France)
intradermally in a single dose of 5x10* colony forming units (CFU) two months prior to Mth
infection.

Aerosol infection of experimental animals

Mice were infected with Mtb strain H37Rv (American Type Tissue Culture Collection no.
35718) in an aerosol exposure chamber designed by the University of Wisconsin, College of
Engineering Shops (Madison, WI). A low dose aerosol (50-100 CFU) of Mtb was delivered
to the lungs of each animal. The average number of CFU delivered to the lungs of
experimental animals was determined 24 hours post-infection enumerating CFU of 2—-3
representative animals from each round of infection.

Organ homogenization, bacterial burden and cellular enumeration

The lungs and spleens were harvested from 4—7 mice per group. One lobe of the lung was
fixed in 10% normal buffered formalin (NBF) for histological analysis. The remainder of the
lung or spleen was homogenized through a 45uM cell strainer into cold media. An aliquot of
organ homogenate was serially diluted in 0.1% Tween80 in PBS, plated on 7H10 plates
(Molecular Toxicology, Boone, NC) and incubated for 14-21 days at 37°C with 5% CO5 to
determine bacterial burden. On day 4 post-infection, prior to extraction of the lungs,
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bronchioalveolar lavage was performed on deceased mice by insertion of flexible tubing into
the trachea. The lungs were washed 5 times with 1mL sterile PBS, which was homogenized
through a 45uM syringe filter (VWR) prior to freezing. Red blood cells in the remaining
lung homogenate were lysed using red blood cell lysis buffer (EBioscience, San Diego, CA).
The total number of cells in organ homogenates was counted using a Guava Cell Counter
(Millipore) and a Guava Count reagent (Millipore) according to manufacturer instructions.

Flow cytometry

Histology

For cell surface staining directly ex vivo, aliquots of organ homogenates were fixed in 4%
paraformaldehyde (PFA) (VWR, West Chester, PA) for at least 10 minutes at room
temperature prior to removal from BSL3 conditions. Cells were stained in 20% normal
mouse serum (VWR) as a blocking agent in PBS using fluorophore-conjugated monoclonal
antibodies purchased from eBioscience (San Diego, CA) for 15 minutes at room
temperature. For intracellular cytokine staining, aliquots of organ homogenates were re-
stimulated for 1-2 hours at 37°C with Mtb lysate (10ug/mL) or with ID87 fusion protein at a
final concentration of 1ug/mL. GolgiPlug (BD Biosciences, San Jose, CA) was then added
at a concentration of 1ug/mL and cells were incubated for a further 8 hours at 37°C. Cells
were fixed and permeablized using Cytofix/Cytoperm (BD Biosciences) for 30 minutes at
room temperature and stained for 15 minutes at room temperature with fluorchrome
conjugated flow cytometry antibodies purchased from EBioscience. Cells were washed 2
times with BD permeablization buffer prior to data collection using BD FacsDiva software
(BD Biosciences) on a BD LSRII or Fortessa cytometer and analyzed using FlowJo
software.

NBF fixed lung lobes were embedded in paraffin, sectioned and stained with hematoxylin
and eosin as a purchased service by the Benaroya Research Institute Histology Core (Seattle,
WA). Images were obtained at 10x magnification using a Nikon DS Camera Control Unit
DS-L2 on a Nikon Eclipse E400 compound microscope.

ID87 antibody ELISA

Serum antibody levels were determined by ELISA. PolySorp plates (Nunc, Rochester, NY)
were coated with 2ug/mL of ID87 in 0.1M bicarbonate buffer and incubated at 4°C
overnight. Plates were washed using 0.1% Tween20 in PBS and blocked for at least 2 hour
at room temperature or overnight at 4°C with 1% bovine serum albumin (BSA) in 0.25%
Tween20/PBS. Serial dilutions of mouse serum were incubated on coated/blocked plates for
2 hours at room temperature, washed and incubated for at least 1 hour with anti-mouse 1gG,
IgG1 or IgG2a conjugated to streptavidin (VWR). Plates were washed using 0.1% Tween20/
PBS and developed using SureBlue tetramethylbenzidine (TMB) substrate (Kirkegarrd &
Perry Laboratories Inc, Gaithersburg, MD). The reaction was stopped after 1-2 minutes in 1
N H,SO,4 and data were collected using an ELISA reader at 450nM wavelength, with a
correction factor reading of 570nM.

Cytokine Expression

To assess cytokine levels in the airways 4 days following Mtb infection, the
bronchioalveolar lavage fluid was analyzed by a Quantikine assay kit purchased from
Pamomics (Fremont, CA). Fluid was incubated with polystyrene beads coated with
antibodies against 12 different cytokines followed by secondary antibodies, and developed
using a secondary antibody as per manufacturer recommendations. Florescence was
measured on a Luminex 200 Multi-Analyte system and data were analyzed by Masterplex
QT software (MiraiBio, Austin, TX).
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Statistical analyses were performed using Microsoft Excel or GraphPad Prism software.
When analyzing parametric or log transformed data, Student’s T-test was performed to
compare 2 groups of mice, while an ANOVA with a Dunnett post-test was used to compare
more than 2 groups of mice. 4-7 mice per group per time point were included in all
experiments, and data reported here are representative of at least 2 experiments.

Immunogenicity: ID87/GLA-SE induces a Thl skewed immune response

Mice were immunized with ID87 formulated in GLA-SE and the anti-ID87 1gG responses
were assessed. As anticipated, one month after the three immunizations, significant levels of
anti-1D87 1gG antibodies were detected in the serum of 1D87/GLA-SE immunized, but not
saline or GLA-SE only or BCG injected animals (Figure 1). Antibodies of both the 1gG1 and
1gG2c isotypes were elicited (Figure 1), although the IgG2c:1gG1 ratio indicated that the
antibody response was skewed toward Th1 type immunity.

We also examined the systemic antigen-specific recall response by stimulating spleen cells
ex vivo with ID87. While no difference was observed between groups in the percent of the
spleen cells that were CD4+, CD8+ T cells constituted a lower proportion of the cells in the
spleens of immunized mice (BCG = 7.93%, p-value = 0.0027 and ID87/GLA-SE = 10.43%
p-value = 0.1257) than control, saline-injected mice (11.8%). Flow cytometry analyses
indicated significant production of IFN-y in antigen-experienced, memory (CD44+) T cells
from 1D87/GLA-SE immunized mice, but not from control, saline-injected or BCG-
immunized mice (Figure 2A). Similarly, CD8+CD44+ T cells from the spleens of 1D87/
GLA-SE immunized mice produced significantly more IFN-y in response to ID87 re-
stimulation than those saline-injected or BCG-immunized mice (Figure 2B). Taken together,
these data indicate that immunization with ID87/ GLA-SE promotes an antigen-specific Thl
response, the type believed to be highly relevant for protection against Mtb.

ID87/GLA-SE immunization reduces bacterial burden in the lungs and spleens following M.
tuberculosis infection

ID87/GLA-SE immunized mice, BCG immunized mice or saline injected control mice were
infected with a low dose (50-100 CFU) of Mtb H37Rv, and bacterial burden in the lungs
and spleens was assessed four weeks post-infection. As expected, the Mtb burden was
reduced in the lungs (p<0.01) and spleens (p<0.01) of BCG immunized mice compared to
saline injected mice 4 weeks post-infection. Bacterial burden was reduced in the lungs of
ID87/GLA-SE immunized mice (p<0.05), but in this case, the reduction of bacterial burden
in the spleens was not statistically significant (Figure 3).

Greater early cellular infiltration of the lungs following Mtb infection in ID87/GLA-SE
immunized mice

As accelerated granuloma formation can be predictive of vaccine-induced protection [28],
we also assessed lung pathology during Mtb infection. Two weeks after infection, cellular
infiltrates were not apparent in the control mice (saline or GLA-SE injected) but a cellular
infiltration of the lungs was clearly visible in mice immunized with ID87/GLA-SE or BCG
(Figure 4). Although granulomas were not detected at this time point, the cellular infiltrate
in the immunized mice appeared to be loosely aggregating. Four weeks into infection,
granulomas were detected in the lungs of mice from all experimental groups (Figure 4). At
this time point, no differences in the size, composition or number of granulomas detected in
the lungs from any group were detected.
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To investigate whether early inflammatory events within the lungs might be associated with
vaccine-induced protection, inflammatory cytokines in bronchoalveolar lavage fluid
collected 4 days post-Mtb infection were determined. We found a trend elevated IL-6
(Figure 5), but not TNF-a (data not shown), levels in the lungs of ID87/GLA-SE or BCG
immunized mice compared to saline injected controls. To further characterize the lung
infiltrate, cells were collected and phenotyped by flow cytometry. Significantly more viable
cells were detected in the lungs of ID87/GLA-SE immunized mice than saline injected mice
3 weeks post-infection (Figure 6A, p<0.001). The increase in cellularity 3 weeks post-
infection was not due to infiltration of any one population of cells, as flow cytometry did not
show a significant increase in the total CD4+ T cells, CD8+ T cells, neutrophils,
macrophages, dendritic cells or B cells at this time point (Figures 6B, 6C and data not
shown). Interestingly, significantly more CD8+ T cells were detected in the lungs of D87/
GLA-SE immunized mice 4 weeks post-infection (Figure 5C, p<0.01).

Discussion

An effective subunit TB vaccine could provide a more defined and consistent vaccine. In
this report, we have expanded upon our previous data to demonstrate that a fusion protein
(1D87) consisting of Rv2875, Rv3875 and Rv1886, when formulated with the adjuvant
GLA-SE, reduces bacterial burden in the lungs of Mtb-infected mice with similar efficacy to
BCG. This work suggests that ID87/GLA-SE is a good candidate for further development.

Although the components of ID87 were previously validated as vaccine candidates using
CpG as an adjuvant [25], in this study we used GLA-SE as it is similar in mode of action to
the TLR4 agonist MPL that has been approved for use in human vaccines. We found that
vaccination with 1D87/ GLA-SE skewed responses toward a Th1l profile, with elevated
IgG2c and IFNy responses.

Because the C57BL/6 mouse is relatively resistant to TB, it is difficult to use a reduction in
bacterial burden alone as an indicator of protection from Mtb infection. For this reason,
Agger et al [28] have suggested that early granuloma formation may in fact be more
predictive of protection from TB than a decline in bacterial burden when using the C57BL/6
mouse model of TB infection. In this study, both histology and flow cytometry indicated
greater cellular infiltration occurred in the lungs of ID87/GLA-SE immunized mice
compared to saline controls, and this may indicate the initiation of granulomas. While an
increase in TNF-a, which is required for granuloma formation and maintenance, was not
detected very early in BAL, a moderate increase in the pro-inflammatory cytokine I1L-6 was
detected in BAL from both ID87/GLA-SE and BCG immunized mice. The increased IL-6
may contribute to the early leukocyte infiltration into the lungs, and therefore may be
associated with early control of TB and the subsequent reduction in bacterial burden. Ladel
et al. have demonstrated that IL-6 production is required for control of TB, and this may be
due to macrophage activation or due to a requirement for IL-6 in supporting a Th1 type
immune response [29]. Future studies in our laboratory will be geared toward further
resolving the mechanism of protection of mice from Mtb through subunit vaccine
immunization.
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Figure 1. Antibody responses following ID87/GLA-SE immunization

Mice were immunized with ID87/GLA-SE or injected with saline or GLA-SE alone, a total
of 3 times with 2 weeks between injections. Four weeks after the final immunization 1D87-
specific serum antibody responses were determined by ELISA. Data are representative of at
least 4 mice per group and of 2 independent experiments.
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Figure 2. Antigen-specific Thl responses are promoted by ID87/GLA-SE immunization

Four weeks after the second boost, spleen cells were stimulated with ID87 and IFN-y
production assessed by intracellular cytokine staining and flow cytometry. IFN-y expression
was assessed in memory (CD44+) (B) CD4+ and (C) CD8+ T cells. n = 4-7 mice per group,
*p<0.05 and ***p< 0.001. Results are representative of 2 similar experiments.
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Figure 3. ID87/GLA-SE immunization reduces bacterial burden in Mtb infected mice

Bacterial burden was assessed in the lungs and spleens of mice immunized with ID87/GLA-
SE or BCG, or injected with saline following low dose Mth H37Rv aerosol infection. n = 4—
7 mice per group, *p<0.05, **p<0.01 and ***p< 0.001. Results are representative of at least
2 similar experiments.
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Figure 4. Early cellular infiltration and granuloma in the lungs of ID87/GLA-SE immunized

mice

Histopathology was assessed in NBF fixed, paraffin embedded tissue sections by H&E
staining. Lungs were examined at (A) 2 weeks and (B) 4 weeks following Mtb infection.

Representative 4x magnified representative images from each group are shown.
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Figure 5. Early IL-6 production in the lungs of immunized mice during Mtb infection
Mice were infected with Mtb following immunization. IL-6 secretion into BAL fluid was
assessed 4 days after infection by Luminex assay.
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Figure 6. ID87/GLA-SE immunization accelerates cellular infiltration

Mice were infected with Mtb following immunization. In (A), live cells in the lungs were
enumerated. Cells were then subjected to flow cytometry to determine the total (B) CD4+ T
cells and (C) CD8+ T cells.
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