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Mycobacterium tuberculosis the causative agent of tuberculosis affects millions of people worldwide. New tools for treatment and
prevention of tuberculosis are urgently needed. We previously showed that a ferritin (bfrB) mutant of M. tuberculosis has altered
iron homeostasis and increased sensitivity to antibiotics and to microbicidal effectors produced by activated macrophages. Most
importantly, M. tuberculosis lacking BfrB is strongly attenuated in mice, especially, during the chronic phase of infection. In this
study, we examined whether immunization with a bfrB mutant could confer protection against subsequent infection with virulent
M. tuberculosis in a mouse model. The results show that the protection elicited by immunization with the bfrB mutant is comparable
to BCG vaccination with respect to reduction of bacterial burden. However, significant distinctions in the disease pathology
and host genome-wide lung transcriptome suggest improved containment of Mtb infection in animals vaccinated with the bfrB
mutant, compared to BCG. We found that downmodulation of inflammatory response and enhanced fibrosis, compared to BCG

vaccination, is associated with the protective response elicited by the bfrB mutant.

1. Introduction

Tuberculosis (Tb) continues to be one of the most deadly
infectious diseases, causing more than one million deaths in
the world per year. The variable efficacy of the BCG vaccine,
the synergy between HIV and M. tuberculosis (Mtb), and the
increase in drug-resistant Mtb strains underscore the urgent
need for effective vaccines against Tb.

Iron plays a critical role in the pathogenesis of many
organisms including Mtb. It is the preferred redox cofactor
in several basic cellular processes, but due to its insolubility
and potential toxicity under physiological conditions, iron is
a limiting nutrient in the host environment. Therefore, suc-
cessful pathogens must possess high affinity iron acquisition
systems and exert strict control over intracellular free iron to
establish a productive infection. In addition to its ability to
induce iron acquisition systems, iron limitation encountered

in the host is a signal for pathogen’s induction of virulence
determinants and reprogramming of many cellular processes
including central metabolism, secretion, surface remodeling,
stress responses, and membrane vesicle generation [1, 2].
Thus, due to its impact on the pathogens physiology, iron
homeostasis can influence many host-pathogen interactions.

Previously, we demonstrated that Mtb requires the iron
storage protein ferritin (BfrB), for its adaptation to changes
in iron availability [3]. When available, iron is safely stored in
ferritin and released as needed to overcome iron limitation.
Lack of storage results in free iron mediated toxicity and
increased vulnerability to oxidative and nitrosative stress. In
mice lungs, Mtb lacking bfrB (AbfrB) proliferates initially, in
the first 4 weeks, but it succumbs to the effects of the adaptive
immune response failing to establish a chronic infection [3].
Additionally, though AbfrB disseminates to the spleen, it fails
to colonize the liver [3]. Thus, although unable to establish a
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successful infection AbfrB persists long enough to stimulate
host immunity suggesting that this strain could serve as a
potential vaccine candidate.

In this study, we tested whether subcutaneous vaccina-
tion with AbfrB could protect mice against a subsequent
aerosol challenge with virulent Mtb. The results show that
immunization with the AbfrB stimulates protective immu-
nity associated with reduced disease pathology and better
containment of the infection compared to vaccination with
BCG. Genome-wide transcriptome analysis showed a distinct
expression pattern of significantly differentially expressed
genes (SDEG) between the AbfrB and BCG-vaccinated,
Mtb-infected mice lungs. Our network/pathway analysis of
SDEG revealed significant downregulation of inflammatory
response and activation of fibrosis network genes in the
AbfrB, compared to BCG vaccinated, Mtb-infected mice
lungs, which is potentially associated with the improved
protection by the former vaccine strain. The results provide
a framework for the identification of new immunological
correlates and mechanisms of protection, relevant for the
design of better Tb prevention strategies.

2. Materials and Methods

2.1. Animal Ethics Statement. All animal procedures men-
tioned in this study were approved by the Rutgers Institu-
tional Animal Care and Use Committee (IACUC) and all
possible steps were taken to avoid animal suffering at each
stage of the experiments.

2.2. Bacterial Strains and Chemicals. 'The wild type and AbfrB
strains of Mtb H37Rv were grown in Middlebrook 7H9
media (Difco BD, Sparks, MD) as described previously [3].
Stock cultures were prepared at mid-log growth phase and
stored at —80°C until they were ready to use. All chemicals
were purchased from Sigma (Sigma-Aldrich, St. Louis, MO),
unless specified otherwise. BCG-Pasteur strain was obtained
from ATCC.

2.3. Mouse Vaccination and Infection. Female C57BL/6 mice
(n = 15) were vaccinated subcutaneously with 1 x 10° CFU
of AbfrB or BCG suspended in 0.1 mL PBS containing 0.05%
Tween 80 (PBST). A control group of mice was mock-
vaccinated with PBST. At 4 or 8 weeks postvaccination,
groups of 5 mice (n = 5) were aerosol infected with Mtb
H37Rv as described earlier [3]. Briefly, Mtb aerosols were
generated by a Lovelace nebulizer (In-tox Products, Albu-
querque, NM) with a 10 mL bacterial suspension of about
1 x 10°bacilli/mL in saline containing 0.04% Tween 80
and the mice were exposed to the aerosol for 30 minutes
which results in approximately 100 colonizing CFUs per lung.
A separate group of vaccinated but uninfected mice were
included as controls. Infected mice were sacrificed 4 weeks
postinfection and lungs and spleen were removed. Portions
of the tissue were homogenized in PBST and serial dilutions
of the homogenates were plated onto Middlebrook 7H10 agar
(Difco BD, Sparks, MD) to determine the number of bacterial
CFUs. Portions of mice lungs were also stored immediately at
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—80°C for total lung RNA isolation or fixed in 10% formalin
for histological analysis.

2.4. Histopathology. The formalin-fixed lung portions from
vaccinated and vaccinated-Mtb-infected mice (n = 5
per group) were paraffin embedded, cut into 5uM slices,
and used for histopathological analysis. Lung sections were
stained either with haematoxylin and eosin (H&E), Mason’s
trichrome, or Ziehl-Neelsen staining method for assess-
ing the pathology, tissue remodeling and fibrosis, and the
presence of acid-fast bacilli (AFB), respectively. Stained
lung sections were analyzed and photographed in a Nikon
Microphot-FX microscope (Nikon Instruments, Melville,
NY). Morphometric analysis was performed on the H&E
stained histologic sections to determine the area of granu-
lomas in the lungs of Mtb-infected mice using Sigmascan
Pro software, following the instructions supplied by the
manufacturer (Systat Software, Inc., San Jose, CA).

2.5. Total RNA Isolation. Total lung RNA from vaccinated
and vaccinated plus Mtb-infected mice (n = 5 per group) was
extracted and purified to remove contaminating DNA, using
the RNeasy Midi kit (Qiagen Inc., Valencia, CA) following
the manufacturer instructions. The quality and quantity of
purified RNA was estimated using a Nanodrop instrument
(Nanodrop, Wilmington, DE).

2.6. Microarray Gene Expression Procedure and Data Anal-
ysis. Total RNA extracted from each of the BCG or AbfrB
vaccinated and Mtb-infected mouse lungs (n = 3 per
group) was processed separately for microarray analysis as
reported earlier [4]. Gene expression profiling was per-
formed using the Mouse Gene 2.0 ST Array slides and
the GeneChip whole transcript (WT) protocol following
the manufacturer’s protocol (Affymetrix, Santa Clara, CA).
Briefly, total RNA (250 ng) was used for cDNA synthesis.
The cDNA was fragmented and end-labeled with biotin.
The biotin labeled cDNA was hybridized to the array for
16 hours at 45°C using the GeneChip Hybridization Oven
640. Washing and staining with streptavidin-phycoerythrin
was performed using the GeneChip Fluidics Station 450.
Images were acquired using the Affymetrix Scanner 3000
7G Plus and the Affymetrix Command Console Software
(Affymetrix, Santa Clara, CA). The arrays were normalized
using robust multiarray (RMA) method. Gene expression
data from three independent samples per group was cumu-
lated, averaged, annotated, and processed at group level (i.e.,
BCG vaccinated and Mtb-infected versus AbfrB vaccinated
and Mtb-infected) using Partek Genomics Suite (Partek Inc.,
St. Louis, MO). We applied one-way ANOVA with equal
variance between comparator groups. Significantly differen-
tially expressed genes (SDEG) were derived using 5% false
discovery rate (FDR). The list of SDEG was analyzed for gene
ontology and pathway/network derivation using ingenuity
pathway analysis (IPA; Ingenuity Systems, Redwood City,
CA). A z-score based gene ontology algorithm was used from
IPA to categorize the biological functions affected by SDEG.
This algorithm identifies biological functions expected to
be increased (activated) or decreased (suppressed), in
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the user datasets, based on the nonrandom expression pattern
of genes in the dataset, relative to the knowledgebase from
published results. Thus, a z-score of >2 indicates activation of
abiological function, while a z-score of <2 shows suppression
of a biological function. The microarray gene expression data
was submitted to Gene Expression Omnibus (GEO).

2.7 Quantitative Real-Time PCR (qPCR). The mouse lung
total RNA utilized for microarrays was also used for gqPCR
experiments. For reverse transcription, a ThermoScript RT-
PCR system with random hexamer primers was used accord-
ing to the manufacturer instructions (Life Technologies,
Grand Island, NY). Briefly, 200 ng of total lung RNA from
each mouse was used for cDNA synthesis. Control reac-
tions without reverse transcriptase were also performed to
exclude significant DNA contamination. The amplified cDNA
samples were diluted 50-fold and used for qPCR with a
SYBR green qPCR super Mix Universal (Life Technologies,
Grand Island, NY) in a Stratagene Mx3005p system (Agilent
Technologies, Santa Clara, CA). The 10 uL PCR mixture
contained 1.5uL (5ng) of cDNA template, 5L of SYBR
Green Master Mix, 2uL of primers (10 pM), and 1.5uL
nuclease-free water. The PCR conditions were one cycle of
10 min at 94°C followed by 40 cycles of amplification, each
with 95°C for 30s, 55°C for 30s, and 72°C for 30s. The
oligonucleotide primers used for qPCR are listed in Supple-
mentary Table 1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/385402. Threshold cycle (Ct)
values of test and control (Gapdh) genes were measured and
used to calculate the fold change in expression using Mx4000
software (Agilent Technologies, Santa Clara, CA).

3. Results

3.1. Growth of Mtb in AbfrB or BCG Vaccinated Mice. We
have shown previously that, after aerosol exposure, AbfrB
replicates in the mice lungs during the first 4 weeks of
infection but is unable to persist and establish a chronic
infection. We postulated that the inability of AbfrB to per-
sist in the infected mice lungs was due to the effects of
the adaptive immune response and hypothesized that the
transient replication of AbfrB might stimulate an immune
response that could protect against subsequent infection with
a fully virulent Mtb. To test this, groups of mice (n = 5)
were vaccinated with a single dose of AbfrB or the standard
BCG vaccine and at four or eight weeks postvaccination a
group of mice were sacrificed to determine CFUs of each
vaccine strain in the lungs whereas a second group of mice
were challenged via aerosol infection with virulent wild
type H37Rv (Figure 1(a)). Enumeration of lung CFUs from
vaccinated, uninfected mice lungs show that at the high
dose used for subcutaneous administration the attenuation of
AbfrB and BCG was comparable (Supplementary Figure 1).
Among the Mtb-infected mice, those vaccinated with AbfrB
or BCG had significantly less number of bacilli in their
lungs and spleen, compared to the sham (PBS-)vaccinated
controls (Figure 1(b) and Supplementary Figure 2). A further
reduction in bacillary load was observed in AbfrB compared

to the BCG in the 8 weeks vaccinated, Mtb-infected mice
lungs, though this difference was not statistically significant
(P = 0.63). Thus, we conclude that AbfrB vaccinated mice
controlled bacterial multiplication in the lungs to a similar
extent as the BGC vaccinated mice. Since there was no sig-
nificant difference in the level of protection between animals
vaccinated for 4 or 8 weeks prior to challenge, we decided to
focus on the longer lasting response of animals vaccinated for
8 weeks before infection, for subsequent analyses.

3.2. Histopathology of AbfrB or BCG Vaccinated Mtb-Infected
Mice Lungs. To examine the gross pathology of the AbfrB
or BCG vaccinated and Mtb-infected mice, we examined
the H&E stained lung sections from the respective animals
(Figures 1(c)-1(f)). No obvious granulomas were found in
the AbfrB or BCG vaccinated, uninfected mice lungs, while
well-formed granulomas were noted in the vaccinated-Mtb-
infected mice lungs. The lung granulomas appeared bigger
and more cellular in the BCG vaccinated, compared to the
AbfrB vaccinated mice, where multiple, smaller granulomas
were found. Thus, suggesting that vaccination with these two
strains differentially influenced the host immune response
and granuloma development.

Analysis of the lung sections at higher magnifications
revealed a mostly clear and functional parenchyma without
inflammation or pneumonia in the AbfrB or BCG vaccinated,
uninfected animals, though very few, small, localized perivas-
cular cellular aggregates were found in the former group
(Figures 2(a)-2(d)). These cellular aggregates were comprised
of foamy histiocytes and lymphocytes (Figures 2(c) and 2(d)).
This indicates that a distinct lung-immune response and cell
recruitment was elicited by the two vaccines. Among the
Mtb-infected mice, the lungs of BCG vaccinated animals
had well-organized peribronchial and perivascular gran-
ulomas that occasionally coalesce to form bigger lesions
(Figure 2(e)). These highly cellular and diffused granulomas
contained densely arranged foamy and nonfoamy histiocytes
that appear to be macrophages and polymorphonuclear cells
(PMN) at the center, surrounded by a cuft of lymphocytes at
the periphery (Figure 2(f)). In contrast, the granulomatous
lesions in the AbfrB vaccinated, Mtb-infected mice lungs
appeared smaller, diffused, and contained more lymphocytes
at the periphery of the lesions (Figures 2(g) and 2(h)).
Relatively more fibrosis was also noted in these well-confined
granulomas (see below). Although no necrosis was found in
any of these granulomas, elevated immune cell accumula-
tion, specifically foamy macrophages, reminiscent of lipid-
pneumonia was noted in both AbfrB or BCG vaccinated, Mtb-
infected mice lungs (Figures 2(e)-2(h)). Morphometric anal-
ysis of lung granulomas in the Mtb-infected mice revealed
about two-fold higher lesion volume, corresponding to more
lung involvement, in the BCG vaccinated, compared to the
AbfrB vaccinated animals; however, the difference was not
statistically significant (Supplementary Figure 3).

3.3. Genome-Wide Transcriptional Analysis of AbfrB or BCG
Vaccinated Mtb-Infected Mice Lungs. To determine the cor-
relates of immune response elicited in the AbfrB vaccinated
Mtb-infected mice, we performed a genome-wide lung gene
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FIGURE 1: Experimental design, lung bacillary burden, and gross pathology of vaccinated and uninfected or Mtb-infected mice. (a) Schema
of the mice vaccination schedule and Mtb infection experiment. (b) Lung bacillary load in mice infected with virulent Mtb H37Rv after
vaccination with PBS (sham) or BCG or AbfrB for 4 (* P = 0.033) or 8 weeks (** P = 0.035). Gross lung pathology of vaccinated and uninfected
or Mtb-infected-mice. (c) H&E stained lung section of BCG vaccinated (for 8 weeks) and uninfected mice. (d) H&E stained lung section of
AbfrB vaccinated (for 8 weeks) and uninfected mice. (¢) H&E stained lung section of BCG vaccinated (for 8 weeks) and Mtb-infected (for 4
weeks) mice. The arrows in (e) show a multifocal, coalescent granuloma. (f) H&E stained lung section of AbfrB vaccinated (for 8 weeks) and
Mtb-infected (for 4 weeks) mice. The arrows in (f) show multiple, small granulomas.

expression profile in these mice and compared the results
with the transcriptional profile of BCG vaccinated Mtb-
infected mice lungs.

The principal component analysis (PCA) mapping
showed clustering of dataset from multiple samples within
each group that was distinct from each other (Figure 3(a)).
The reproducibility of variance in the x-axis, y-axis, and
z-axis as shown by PC#1, 2, and 3 were 45.6%, 20.7%, and
14.7%, respectively. Of the 35,556 probes present in the mouse
microarray, 21,760 were annotated. After normalization, data
from the two vaccinated groups (AbfrB versus BCG) were
analyzed by one-way ANOVA and compared groupwise
(Figure 3(b)). Using 5% false discovery rate (FDR) (Q value <
0.05) as significance cut-off, we identified 1,545 significantly
differentially expressed genes (SDEG). Of these SDEG, about
61% were upregulated in the AbfrB vaccinated, relative to
the BCG vaccinated, Mtb-infected mouse lungs (Figures
3(b) and 3(c)). The microarray gene expression data was
validated with qPCR on a randomly selected list of genes
(Supplementary Table 2). The pattern and directionality
of expression of selected genes was consistent between
microarray and qPCR, though the absolute expression levels

for some genes were different, due to inherent differences in
these two methodologies.

The z-score based functional prediction analysis of
enriched set of SDEG using IPA suggested dampening of host
biological functions associated with inflammation, cellular
movement, and cell death and survival, while other functions
such as regulation of cell morphology, lipid metabolism, lym-
phoid tissue structure and development, and small molecule
transport were activated in the AbfrB vaccinated, relative to
the BCG vaccinated, Mtb-infected mouse lungs (Table 1).

3.4. Gene Networks Affected in the AbfrB or BCG Vaccinated
Mtb-Infected Mice Lungs. Among various biological func-
tions impacted by the enriched set of SDEG, we selected
the most statistically significant and potentially relevant to
Tb pathogenesis for more detailed network/pathway analysis.
The selected networks are inflammatory response, the STAT-1
regulon, phosphatidylcholine (PC) metabolism, and PPAR-y
regulon (Figure 4).

3.4.1. Inflammatory Response Network. There were 70 SDEG
associated with the inflammatory response that contributes



Journal of Immunology Research

FIGURE 2: Histopathology of vaccinated and uninfected or Mtb-infected mice lungs. ((a)-(b)) H&E stained lung section of BCG vaccinated
(for 8 weeks) and uninfected mice. ((c)-(d)) H&E stained lung section of AbfrB vaccinated (for 8 weeks) and uninfected mice. The arrow in
(c) shows cellular aggregation. The arrows in (d) show foamy histiocytes. ((e)-(f)) H&E stained lung section of BCG vaccinated (for 8 weeks)
and Mtb-infected (for 4 weeks) mice. The arrows in (e) show a multifocal, coalescent granuloma. The arrows in (f) show lymphocyte cuff at
the periphery of a granuloma. ((g)-(h)) H&E stained lung section of AbfrB vaccinated (for 8 weeks) and Mtb-infected (for 4 weeks) mice. The
arrows in (g) show multiple, smaller granulomas (compared to (e)). The arrows in (h) show lymphocyte cuff at the periphery of a granuloma.

Magnification: 4x ((a), (), (e), and (g)) or 40x ((b), (d), (f), and (h)).

to exacerbated disease pathology during Mtb infection. These
genes code for cytokines, enzymes, G-protein coupled recep-
tors, ion channels, transcriptional regulators, transmembrane
receptors, and transporters. Of these, 19 were upregulated and
51 were downregulated in the AbfrB vaccinated, relative to
the BCG vaccinated, Mtb-infected mouse lungs (Figure 4(a)
and Supplementary Table 3). The expression pattern of SDEG
in this network showed a negative z-score (—4.0) in the
functional prediction analysis, which suggests significant
downmodulation of the inflammatory response, including
reduced chemotaxis and activation of leukocytes, and the
acute phase response. This result is associated with and sup-
ported by our histopathology analysis that revealed smaller
granulomas and reduced immunopathology in the lungs
of AbfrB vaccinated, relative to the BCG vaccinated, Mtb-
infected mouse lungs.

3.4.2. STAT-1 Regulon Network. The signal transducer and
activator of transcription-1 (STAT-1) is one of the key regu-
lators of T-cell activation that has been shown to impact the
host protective immunity during Mtb infection in humans
and animal models [5-8]. We analyzed the expression pattern
of SDEG that are the members of the STAT-1 regulon
network, where the genes are controlling or controlled by
STAT-1. Fifty-five SDEG in our dataset were involved in
STAT-1 regulon network (Figure 4(b) and Supplementary
Table 3). Of these, more than 87% (48 genes) were downreg-
ulated, while 7 genes were upregulated in the lungs of AbfrB

vaccinated, relative to the BCG vaccinated, Mtb-infected
mice. The pattern of expression of SDEG suggests inhibition
of this network in the AbfrB vaccinated, Mtb-infected mice.
The deactivation of STAT-1regulon network is also associated
with the downmodulation of inflammatory response in these
animal lungs.

3.4.3. Phosphatidylcholine Metabolism Network. Our func-
tional prediction analysis of SDEG revealed that host lipid
metabolism, specifically phosphatidylcholine (PC) biosyn-
thesis and metabolism, was one of the top biological func-
tions that were significantly activated (z-score +2.2) in the
AbfrB vaccinated, relative to the BCG vaccinated, Mtb-
infected mice lungs. A subset of 42 SDEG involved in
the PC metabolism network were differentially regulated
between AbfrB and BCG vaccinated, Mtb-infected mice lungs
(Figure 4(c) and Supplementary Table 3). Of the 42 SDEG, 30
genes, including 19 (out of 20 genes) that code for enzymes,
were upregulated only in the AbfrB vaccinated animals.

3.4.4. PPAR-y Regulon Network. One of the transcriptional
regulators associated with host lipid metabolism during
disease pathology is the peroxisome-proliferator-activated
receptor-gamma (PPAR-y) [9, 10]. Expression of Ppary was
upregulated in the AbfrB vaccinated, relative to the BCG
vaccinated, Mtb-infected mice lungs. In addition, 15 of the PC
metabolism network genes that were upregulated in the AbfrB
vaccinated and Mtb-infected mice lungs were also regulated
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FIGURE 3: Genome-wide gene expression profiling of vaccinated and Mtb-infected mice lungs. (a) Principal component analysis of lung
transcriptome data from AbfrB (blue) or BCG (red) vaccinated, Mtb-infected mice. The eclipse around each group denotes the standard
deviation of the datasets. (b) Volcano plot of lung global gene expression showing the P value significance (y-axis; log scale) and fold change
(x-axis). Upregulated genes are shaded in purple and downregulated genes are in yellow. N/C denotes no change. Each spot (blue) in the plot
corresponds to a gene. (c) Intensity plot and dendrogram of significantly differentially expressed genes in the AbfrB vaccinated, compared
to BCG vaccinated, Mtb-infected mice lungs. Upregulated genes are in red and downregulated genes are in blue. The color scale bar ranges

from +3 (red) to —3 (blue).

by PPAR-y. Therefore, we investigated the expression pattern
of PPAR-y regulon network genes. These genes are either
regulating or regulated by Ppary. Of all the SDEG, 42 were
associated with the PPAR-y regulon network. Similar to the
expression pattern observed for the PC metabolism network
genes, more than 73% (31 genes) of the PPAR-y regulon
network genes were upregulated only in the AbfrB vaccinated,
Mtb-infected mice lungs (Figure 4(d) and Supplementary
Table 3).

Taken together, the comparative lung transcription pro-
filing, between AbfrB and BCG vaccinated, Mtb-infected
mice lungs, is strongly associated with significant down-
modulation of the host inflammatory response, perhaps
by deactivation of STAT-1 network and activation of host

PC metabolism probably through induction of the PPAR-y
regulon network in the AbfrB vaccinated animals.

3.5. Differential Fibrosis in the Lung Granulomas of AbfrB
or BCG Vaccinated Mtb-Infected Mice. Fibrosis is a cellu-
lar process important in the evolution of granulomas in
Mtb-infected tissues. Resorbing and healing granulomas
are reported to be encapsulated by a thick fibrotic layer,
compared to an actively progressing cavitary granuloma [11].
Our histopathologic analysis of lung sections from AbfrB or
BCG vaccinated, Mtb-infected mice revealed distinct cellular
distribution and structural differences in the architecture
of granulomas and suggested more fibrosis in the AbfrB
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TABLE 1: z-score based functional prediction of SDEG.

Category Functions annotation P value z-score Number of molecules
Downregulated
Activation of leukocytes 3.35E - 12 -4 103
Activation of myeloid cells 7.94E - 06 -4 39
Activation of phagocytes 4.51E - 06 -3.7 45
Activation of antigen presenting cells 2.02E - 06 -3.3 38
Inflammatory response 1.24E - 10 =31 107
Chemotaxis of granulocytes 6.58E — 06 -3.1 31
Inflammatory Response Activation of mononuclear leukocytes 2.75E - 10 -3 77
Chemotaxis of neutrophils 1.92E - 05 -3 27
Chemotaxis of myeloid cells 5.25E - 07 -29 45
Activation of macrophages 1.03E - 04 -29 25
Activation of lymphocytes 2.01E-10 -2.8 75
Phagocytosis 1.91E - 06 -2.5 45
Chemotaxis of leukocytes 9.02E - 10 -22 60
Acute phase reaction 3.65E — 04 -2.2 7
Cell movement of leukocytes 3.00E — 13 -2.7 122
Cellular movement
Lymphocyte migration 2.17E - 08 =27 55
Cell death and survival Cell death 6.41E — 14 -2.6 400
Upregulated
Morphology of mononuclear leukocytes 1.63E - 10 2.9 45
Morphology of lymphocytes 1.26E - 09 2.9 42
Cell morphology Morphology of leukocytes 2.64E — 09 2.8 63
Morphology of blood cells 1.67E - 07 2.8 68
Morphology of T lymphocytes 1.85E - 06 22 26
Morphology of B lymphocytes 3.15E-05 2.1 17
Lipid metabolism Synthesis of phosphatidylcholine 1.77E - 05 2.2 9
Metabolism of phosphatidylcholine 1.16E — 04 2.2 10
Morphology of lymph follicle 2.57E-10 3.4 28
Lymphoid tissue structure Morphology of germinal ‘center 6.05E — 10 3.2 21
and development Development of lymphatic system component 1.96E - 08 23 61
Development of lymph node 2.36E - 08 2.9 23
Lack of germinal center 4.84E - 07 3.2 11
Molecular transport Transport of molecule 1.03E - 05 2.8 176

vaccinated, compared to BCG vaccinated, Mtb-infected mice.
To determine the extent of differential fibrosis between these
two groups of mice, we analyzed the lung sections for collagen
deposition after staining with Mason’s trichrome staining
method.

The lungs of AbfrB or BCG vaccinated, uninfected mice
had similar levels of background fibrosis (Figures 5(a) and
5(c)). Among the Mtb-infected mice, those vaccinated with
AbfrB had more abundant fibrosis than the BCG vaccinated
animals (Figures 5(b) and 5(d)). These collagen fibers were
predominantly present at the periphery of the granulomas
and appeared in distinct clusters in the AbfrB vaccinated
mice, compared to a more diffused pattern seen in the
BCG vaccinated mice. We also interrogated the SDEG to

determine the expression pattern of genes associated with
fibrosis in these vaccinated and Mtb-infected mice lungs. The
IPA analysis of SDEG identified a subset of 39 genes enriched
for fibrosis and tissue remodeling network (Figure 5(e) and
Supplementary Table 3). Of these, 27 were upregulated and
12 were downregulated in the AbfrB vaccinated, relative to
the BCG vaccinated, Mtb-infected mice lungs. The expression
pattern of genes predicted activation of fibrosis network in the
AbfrB vaccinated Mtb-infected mice. In fact, the products of
several of the upregulated genes, including Col4a5, Coll4al,
and Timp2, are reported to be directly involved in the
regulation of collagen synthesis/metabolism [12-14].

Taken together, these results suggest that the reduction in
granuloma size and alleviation of lung pathology in the AbfrB
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FIGURE 4: Intensity plot of network genes differentially expressed in the vaccinated and Mtb-infected mice lungs. (a) Intensity plot of
significantly differentially expressed genes involved in the inflammatory response network. (b) Intensity plot of significantly differentially
expressed genes involved in the STAT-1 regulon network. (c) Intensity plot of significantly differentially expressed genes involved in the PC
metabolism network. (d) Intensity plot of significantly differentially expressed genes involved in the PPAR-y regulon network. The values
plotted in (a)-(d) are different in fold change in the AbfrB vaccinated, compared to BCG vaccinated, Mtb-infected mice lungs. Upregulated
genes are in red and downregulated genes are in blue. The color scale bar ranges from +2 (red) to -2 (blue).
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FIGURE 5: Fibrosis in the lungs of vaccinated and uninfected or Mtb-infected mice. ((a)-(b)) Masson’s trichrome stained lung section of BCG
vaccinated (for 8 weeks) and uninfected (a) or Mtb-infected (b) mice. ((c)-(d)) Masson’s trichrome stained lung section of AbfrB vaccinated
(for 8 weeks) and uninfected (c) or Mtb-infected (d) mice. The arrows in (a) and (c) show basal level of fibrosis (blue color). The arrows in
(b) show minimal fibrosis in the BCG vaccinated and Mtb-infected mice. The arrows in (d) show extensive fibrosis in the AbfrB vaccinated
and Mtb-infected mice. Magnification: 4x ((a) and (c)) or 40x ((b) and (d)). (e) Intensity plot of significantly differentially expressed genes
involved in the fibrosis network. The values plotted are the difference in fold change in the AbfrB vaccinated, compared to BCG vaccinated,
Mtb-infected mice lungs. Upregulated genes are in red and downregulated genes are in blue. The color scale bar ranges from +2 (red) to —2

(blue).

vaccinated, relative to the BCG vaccinated, Mtb-infected
mice lungs, is associated with increased fibrosis and wound
healing processes.

3.6. Expression of Selected Host Immunity Related Genes
in Vaccinated Animals. To gain insight on the distinctive
features of the immune response induced by AbfrB and
BCG vaccination, we determined the level and pattern of
expression of a selected panel of 20 genes encoding various
components of the immune response in the lungs of vac-
cinated animals (Table 2). These genes encode for proteins
associated with the Thl, Th2, or Th17 type immune response,
which are key components of the host response during
pulmonary Mtb infection [15, 16]. The qPCR results showed
similar level and directionality of expression for the majority
of the tested genes, including Illa, 1l1b, 1110, 1113, Il12a, 1112b,
1l18ra, Tgfb, Timpl, IlIr2, and Nos2 in the AbfrB or BCG
vaccinated mice lungs. However, expression of chemokine
genes Ccl2, Ccl7, Ccli2, Cxcll, Cxcl3, Cxcl5, and Cxclll were
elevated in the AbfrB, compared to BCG, vaccinated mice
lungs, though the differences were not statistically significant
for any of these genes (P > 0.05). Taken together, vaccination
with AbfrB appear to elicit a similar host immune response as
BCG, though elevated chemokine expression associated with
cell recruitment could contribute to increased cellularity in
the lungs of AbfrB vaccinated animals.

4. Discussion

Primary immunity to Mtb infection in mice and humans
is thought to be dependent on the type-1 T helper (Thl)
cell-responses that produce interferon gamma (IFN-y)
and tumor necrosis factor alpha (TNFa) which activate
macrophages within the granuloma and contribute to the
control of intracellular Mtb growth [17]. However, vaccine
strategies that target increased Thl response and IFN-y
generation did not lead to enhanced protection against Mtb
infection [18]. These findings have highlighted the need to
identify new correlates of protection and additional protec-
tive immune mechanisms that can be targeted to improve the
efficacy of Mtb vaccines [19, 20]. In this study, we investigated
the potential of the attenuated Mtb AbfrB strain to confer
protection against aerosol challenge with virulent Mtb in a
mouse model. Due to the effects of the bfrB mutation on Mtb’s
iron homeostasis [3], expression of genes regulated directly
or indirectly by iron is altered in the AbfrB (Rodriguez G.M,
unpublished). We hypothesized that the protective immune
response stimulated in mice upon infection by AbfrB strain
could be due to the host cell exposure to specific antigens,
which might not be normally expressed by the wild type
strain. Importantly, AbfrB administered subcutaneously to
mice was attenuated, like BCG, supporting the safety of
vaccination with this strain. The level of protection conferred
by AbfrB, measured as reduction in lung bacillary load,
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TABLE 2: Expression of selected immunity related genes in vaccinated animals.
Genes . BCG . AbfrB Immunity type
Mean SE Mean SE
Illa 1.28 0.59 1.23 0.57 Thl
Il1b -1.09 0.10 -1.05 0.19 Thl
1110 1.20 0.21 1.04 0.18 Th2, Th17
113 11 0.14 116 0.15 Th2, Th17
Il12a -5.86 0.10 -2.21 0.28 Thl
I12b 118 0.38 117 0.51 Thl, Th17
Ili8ra -1.04 0.18 -119 0.26 Thl
Ccl2 -1.09 0.11 113 0.07 Th17
Ccl7 —-8.65 0.10 1.22 0.64 Th2, Th17
Ccl8 —4.12 0.17 534 4.82 Th2
Ccli2 1.81 1.04 4.78 3.64 Thi7
Cxcll -1.72 0.38 713 6.25 Thi7
Cxcl3 -1.27 0.37 4.92 3.40 Th2
Cxcl5 2.53 1.13 511 4.55 Thl7
Cxclil -1.03 0.12 1.01 0.08 Thl
Tnfa 113 0.59 —-2.51 0.29 Thl, Th17
Tgfb -1.35 0.36 -1.27 0.41 Th2
Timpl 1.35 0.46 1.43 0.18 Thl, Th17
IlIr2 -1.48 0.22 -1.26 0.21 Th2
Nos2 -2.36 0.13 -1.03 0.39 Thl

*values shown are average from eight data points (duplicates of 4 animals per group).

was comparable to the standard BCG vaccination both at
4 and 8 weeks postvaccination. In addition, no significant
difference was detected in the expression of a selected group
of immunity related genes in the mice lungs, after vaccination
with BCG or AbfrB. However, the lung histopathology and
gene expression analysis, determined in animals challenged
at 8 weeks postvaccination, suggested sings of an improved
control of infection in AbfrB vaccinated mice, including
reduced inflammation, smaller lung granulomas, and exten-
sive fibrosis. Fibrosis is a part of tissue remodeling after
injury, in which dead cells and debris accumulated during
an inflammatory response are replaced. The repair process
involves a regenerative phase in which injured cells are
replaced by cells of the same type and a fibrosis phase in
which connective tissue replaces normal tissue. In human
pulmonary Tb, resorbing and healing granulomas are char-
acterized by a fibrotic capsule that contains the infection and
prevents dissemination [11]. Mature fibrotic granulomas are
also associated with infection containment and resolution
in some animals models of Tb [21, 22]. Though fibrosis
is not commonly observed in Mtb-infected mice lungs, a
differential fibrotic response was reported between resistant
and susceptible strains of mice [23] and improved control of
Mtb infection in the lungs of IL-10 deficient CBA/] mice was
reported to be associated with fibrosis [24]. In our studies,
increased fibrosis in the AbfrB vaccinated mice lungs was
associated with the upregulation of fibrosis and tissue remod-
eling network genes, compared to BCG vaccinated animals.
One of the mechanisms underlying the increased fibrosis may
be linked to the upregulation of profibrotic Th2-cell responses

[25] in the AbfrB, compared to BCG vaccinated, Mtb-
infected mice. This is suggested by the enhanced expression
of Chil3/Ym1l encoding chitinase-3 like 1 protein, which was
the most highly upregulated gene in the AbfrB-vaccinated,
Mtb-infected mice and it is also upregulated by Th2 cytokines
[26, 27]. In addition, Yml produced by dendritic cell and
macrophages has Th2-inducing properties [28] and plays a
critical role in inflammation, tissue remodeling, and injury.
It inhibits oxidant-induced lung injury, regulates apoptosis,
stimulates alternative macrophage activation, and contributes
to fibrosis and wound healing. Taken together, the induction
of Yml and its known roles in host immunity, it is possible
that Yml and augmentation of Th2 responses may underlie
the increased fibrosis and restricted disease pathology in
AbfrB vaccinated, Mtb-infected mice. Future experiments
will investigate that possibility.

The gene expression analyses also suggested downmod-
ulation of inflammatory response in the AbfrB vaccinated,
relative to the BCG vaccinated, Mtb-infected mice lungs. In
association with this, the expression pattern of many STAT-1
mediated proinflammatory pathway genes, including Cxcl10
(IP-10) and Ccl20 that are considered biomarkers of active
Tb disease, were also downregulated in the AbfrB vaccinated
mice lungs [29, 30]. In contrast, expression of PC metabolism
genes was upregulated in the lungs of AbfrB vaccinated mice.
PC has been shown to have anti-inflammatory effects; it
inhibits TNF-« induced proinflammatory responses, includ-
ing actin filament assembly, activation of NF-«B, and synthe-
sis of proinflammatory cytokines [31].
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Taken together, the modulation of disease pathology and
associated gene expression profile observed in the lungs of
AbfrB vaccinated, compared to BCG vaccinated Mtb-infected
mice, suggests that the immune response induced by the anti-
genic repertoire expressed by AbfrB is distinct to that induced
by BCG and it may be more effective in controlling the
immunopathology during Mtb infection, thus, contributing
to a better control of the disease. Further studies to determine
the innate and adaptive immune response as well as cytokines
and chemokines induced by AbfrB compared to BCG, will
help to define specific mechanisms underlying the protection
elicited by AbfrB.

5. Conclusions

The attenuated ferritin mutant of Mtb (AbfrB) is able to confer
protection against aerosol infection with a virulent strain
of Mtb. The results shown in this study suggest that, com-
pared to BCG vaccination, reduced inflammation, limited
immunopathology, and enhanced resolution of inflammation
manifested as increased fibrosis are associated with the
protection provided by AbfrB vaccination.
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