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Abstract

Mycobacterium tuberculosis (M. tb) infection is initiated by the few bacilli inhaled into the al-
veolus. Studies in lungs of aerosol-infected mice provided evidence for extensive replication
of M. tb in non-migrating, non-antigen-presenting cells in the alveoli during the first 2-3
weeks post-infection. Alveoli are lined by type Il and type | alveolar epithelial cells (AEC)
which outnumber alveolar macrophages by several hundred-fold. M. tb DNA and viable M.
tb have been demonstrated in AEC and other non-macrophage cells of the kidney, liver,
and spleen in autopsied tissues from latently-infected subjects from TB-endemic regions in-
dicating systemic bacterial dissemination during primary infection. M. tb have also been
demonstrated to replicate rapidly in A549 cells (type Il AEC line) and acquire increased in-
vasiveness for endothelial cells. Together, these results suggest that AEC could provide an
important niche for bacterial expansion and development of a phenotype that promotes dis-
semination during primary infection. In the current studies, we have compared the transcrip-
tional profile of M. tb replicating intracellularly in A549 cells to that of M. tb replicating in
laboratory broth, by microarray analysis. Genes significantly upregulated during intracellular
residence were consistent with an active, replicative, metabolic, and aerobic state, as were
genes for tryptophan synthesis and for increased virulence (ESAT-6, and ESAT-6-like
genes, esxH, esxJ, esxK, esxP, and esxW). In contrast, significant downregulation of the
DevR (DosR) regulon and several hypoxia-induced genes was observed. Stress response
genes were either not differentially expressed or were downregulated with the exception of
the heat shock response and those induced by low pH. The intra-type Il AEC M. tb tran-
scriptome strongly suggests that AEC could provide a safe haven in which M. tb can ex-
pand dramatically and disseminate from the lung prior to the elicitation of adaptive

immune responses.
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Introduction

Upon inhalation into the alveolus, Mycobacterium tuberculosis (M. tb) is believed to be taken
up by the alveolar macrophages. The mechanisms of intra-macrophage survival of M. tb have
been studied extensively [1-3]. However, there are approximately 50 macrophages and 30,000
AEC per alveolus [4-6]. Evidence for M. tb infection of AEC in humans was initially demon-
strated by detection of M. tb DNA in type II AEC in autopsied lung tissue of non-TB subjects
from a TB-endemic region who had died of causes other than TB, i.e., in persons latently in-
fected with M. tb [7]. Recent studies have demonstrated both M. tb DNA and viable bacteria in
non-macrophage cells not only in the lungs but also in kidney from a TB-endemic region and
spleen in latently infected subjects [8].

Studies of events that occur post-primary infection with M. tb cannot be done in humans,
but studies in animal models provided evidence for bacterial replication in and dissemination
from the lungs prior to elicitation of adaptive immunity [9-11]. Studies in aerosol-infected
mice demonstrated extensive replication (>20,000 fold) of M. tb in a “non-migrating” com-
partment which does not present M. tb antigens to naive CD4+ cells during the first 2-3 weeks
post-infection [11]. Together these studies indicate that post-inhalation, besides macrophages,
M. tb likely also invades and replicates in the AEC, a permissive environment for rapid replica-
tion, shielding from phagocytic cells, and possibly, acquisition of an invasive phenotype that fa-
cilitates bacterial dissemination to achieve systemic infection.

A549 is a human type II AEC carcinoma cell line used extensively for studies of asthma,
lung injury/repair, toxic effects of particulate matter, COPD, effects of smoking etc [12-16].
Like primary type II AEC, A549 cells contain lamellar bodies that produce surfactant and have
phospholipid content similar to that of in situ type Il AEC [17]. A549 monolayers are polarized
[18, 19] and therefore, correlate with type II physiological orientation. A549 cells are also being
used to delineate the interactions of lung pathogens such as Influenza virus, S. aureus, S. pneu-
monia, etc within the AEC [20-22], and several investigators have studied M. tb infection of
A549 cells [23-30]. Microscopic analysis locates M. tb to endocytic vacuoles in these cells [29],
and A549 cells provide a permissive environment in which M. tb replicates >55-fold over a pe-
riod of 7 days compared to 3-fold in human macrophages [31]. Both laboratory and clinical
strains of M. tb invade and replicate in A549 cells, but only virulent strains are cytotoxic for
them [24, 26, 29, 30, 32]. M. tb produces cell-wall and secreted proteins that promote M. tb:
A549 interaction [32-34]. An in vitro bilayer alveolar model comprising of monolayers of
A549 cells and EAhy926 cells (human endothelial line) grown on opposite sides of permeable
membranes demonstrated migration of free M. tb and M. tb-laden macrophages across the al-
veolar barrier [25, 27]. Importantly, bacteria isolated from A549 cells after intracellular replica-
tion for 3 days demonstrated increased ability to traverse across the alveolar barrier model and
to invade endothelial cells [27]. Moreover, BCG is attenuated for migration of the free bacteria
across the alveolar barrier, and their passage through A549 cells does not enhance the
invasive phenotype.

In the current study, we investigated the M. tb transcriptional adaptation of M. tb replicating
in A549 cells in comparison to M. tb logarithmically grown in laboratory broth as the reference.
The M. tb transcriptome during intracellular replication confirms that AEC provide a permis-
sive environment for bacterial replication and transition to an invasive/disseminative pheno-
type. Importantly, the M. tb transcriptome in A549 cells is distinct from that reported during
M. tb adaptation to the intra-macrophage environment. These results strongly suggest that M.
tb could exploit AEC as a “safe haven” in which to expand and acquire a phenotype that en-
ables rapid dissemination and seeding of the body during primary infection.
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Results and Discussion
M. tb alters its transcriptional profile in type || AEC

To define the transcriptional profile of M. tb during infection of type II AEC, the post-infection
(pi) time point of 72 hr (3 days) was chosen because earlier studies have demonstrated that M.
tb is located in endosomes of A549 cells at this time [29]. Moreover, M. tb cultured in A549
cells is cytotoxic to these cells by days 4-5 pi [23]. Time points prior to day 3 would not provide
adequate amounts of bacteria required to carry out the microarray experiments described in
this study. At 72 hr of replication inside type II AEC, 261 M. tb genes were differentially ex-
pressed compared to M. tb grown in 7H9 laboratory broth (Fig 1). Of these, 186 genes were
upregulated and 75 downregulated with fold changes ranging from +2 to +10 and -2 to -44
fold, respectively (Fig 1). The degree of correlation amongst replicates (biological and techni-
cal) is evident in the heat map (Fig 1), and the effects of dye flip are similar across the

three experiments.

Numbers of differentially expressed genes were sorted by functional category as designated
in the Tuberculist website (http://tuberculist.epfl.ch) (Table 1). By raw numbers, the most af-
fected categories were “Intermediate metabolism and respiration” (68), “Cell wall and cell pro-
cesses” (52), and “Conserved hypotheticals” (46). By percentage of representation in the M. tb
genome, the most affected functional categories were “Information pathway” (11.2%), “viru-
lence, detoxification, and adaptation” (9.6%), and “lipid metabolism” (8.5%). By number, the
most upregulated categories were “Intermediate metabolism and respiration” (59), “Cell wall
and cell processes” (38), and “Information pathways” (25) together accounting for two thirds
of the upregulated genes, indicating an active metabolic and replicative state. The category
“Conserved hypotheticals” solely accounted for more than one third (28) of the downregulated
genes. Interestingly, of these 28 downregulated genes, nearly half (13) are upregulated (and the
remainder not differentially expressed) in activated macrophages [35]. The functions of these
genes are unknown but could represent adaptations that distinguish the type I AEC endosome
from the macrophage phagosome. “Regulatory proteins” was one of the least represented cate-
gories (2%); however, by definition, changes in expression of individual genes in this category
can have profound and widespread downstream effects on the expression of other genes. Three
genes encoding “Regulatory proteins” were downregulated by M. tb in this study- Rv3133c
(devR), Rv31332c (devS) and Rv0081. DevR (DosR) and DevS (DosS) are the response regula-
tor and histidine kinase, respectively, of a two-component regulatory system associated with
M. tb survival during a stress-induced, non-replicative, dormant state [36, 37] and Rv0081, a
predicted regulatory protein, is itself a member of the DevR-DevS regulon [38]. In contrast,
DevR (DosR), DevS (DosS) and Rv0081 as well as many other genes of the DevR (DosR) regu-
lon are upregulated in activated macrophages [35].

The DevR (DosR) regulon is downregulated in the intra-AEC
environment

The DevR (DosR) M. tb transcriptional regulator responds to several different stresses believed
to exist within the intra-macrophage and/or intra-granuloma environments, e.g., starvation,
hypoxia, NO, oxidative stress [36, 38—-43]. This regulon consists of at least 48 known genes
whose induction is associated with suppressed replication and inhibited aerobic respiration as
M. tb transitions into a persistent state [44]. While the DevR (DosR) response does not drive
the pathway to non-replicating “dormancy”, it plays a role in maintaining M. tb viability during
the dormant state [45]. Examination of the differential expression of the DevR (DosR) regulon
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Fig 1. Heat map of M. tb genes differentially expressed at 72 hr replication in A549. Heat map denoting
upregulated genes in red (186) and down-regulated genes in green (75) in M. tb H37Rv replicating in A549
compared to M. tb H37Rv growing logarithmically in 7H9 broth as the reference. Shown are the results from 2
biological replicates (Lanes 1 and 2- one biological replicate, four technical replicates including two dye flips;
Lane 3- one biological replicate, two technical replicates including one dye flip) in order of degree of fold
change from most differentially expressed to the cut-off (+2 for upregulated or -2 for downregulated). Ranges
of fold change are indicated to the left.

doi:10.1371/journal.pone.0123745.g001

can provide insight into stresses encountered as well as the respiratory and replicative state of
M. tb in a given environment at a given time.

Twenty six of the 48 DevR (DosR) regulon genes were downregulated by M. tb during resi-
dence in type II AEC; this representation among downregulated genes is statistically significant
by Fisher’s Exact test (Table 2); based on fold change these genes were among the most down-
regulated genes in type II AEC (Table 2 and S1 Table). In contrast, during residence in differen-
tiated human monocytic cell line THP-1 [46] and in IFN-y activated murine bone marrow
derived macrophages [35], 9 and 41 DevR (DosR) regulon genes were upregulated, respective-
ly. These results suggest that the AEC endosome is distinct from the macrophage phagosome
(naive or activated), and may prepare M. tb for an active rather than a persistent state
of infection.

Consistent with this supposition is the upregulation of 2/5 genes encoding “resuscitation
promoting factors” (RPFs), Rv1009 (RpfB) and Rv2450c (RpfE), during replication in type II
AEC (Table 2); their upregulation constitutes statistical enrichment of this category of genes
(Table 2). Deletion of rpfB delays M. tb reactivation in mice [47]. Both RpfB and RpfE interact
with RipA which is essential for proper M. tb cell division [48]. Based on the in vitro and in
vivo phenotypes of sequential rpf deletion mutants and single gene complementation of multi-
rpf mutants, it has been suggested that there is a hierarchy of function among RPFs, with RpfB
and RpfE as most influential [49, 50]. Interestingly, no rpf genes are differentially expressed by
M. tb in macrophages [35, 46].

Table 1. Numbers of M. tb genes differentially expressed in A549 cells arranged by functional category.

Functional Category?® Upregulated Down-regulated Total
Conserved Hypotheticals (1042)° 18 (1.7%) 28 (2.7%) 46 (4.4%)°
Intermediary Metabolism & Respiration (936) 59 (6.3%) 9 (1.0%) 68 (7.3%)
Cell Wall & Cell Processes (772) 38 (4.9%) 14 (1.8%) 52 (6.7%)
Lipid Metabolism (272) 18 (6.6%) 5 (1.8%) 23 (8.5%)
Information Pathways (242) 25 (10.3%) 2 (0.8%) 27 (11.2%)
Virulence, Detoxification, Adaptation (239) 17 (7.1%) 6 (2.5%) 23 (9.6%)
Regulatory Proteins (198) 1 (0.5%) 3 (1.5%) 4 (2.0%)
PE/PPE (168) 4 (2.4%) 2 (1.2%) 6 (3.6%)
Insertion Sequences and Phages (147) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Non-annotated Hypotheticals (N/A) 6 (N/A) 6 (N/A) 12 (N/A)
Total 186 75 261

& Functional categories as designated in the Tuberculist website (http:/tuberculist.epfl.ch/index.html).
® Numbers in parentheses below Functional Category indicate total number of genes in the category in the M. tb H37Rv genome.
° Percentages in parentheses indicate the percentage of genes differentially expressed within the indicated category.

doi:10.1371/journal.pone.0123745.1001
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Table 2. Differentially expressed functional categories indicative of M. tb active state in type Il AEC.

Functional Group Description/Association # of Genes  Hypergeometric Probability (P value) Range of Fold Change
DevR (DosR) regulon (48)® Dormancy survival 26 (down) 1.529E-24 (1.583E-24)° -2.410-44.5
Resuscitation promoting factors (5)  Resuscitation from dormancy 2 (up) 0.03457 (0.03743) +2.0 to +4.2

& Number within parentheses indicates total number of genes in the M. tb genome within this functional group

® Bold number within parentheses indicates statistical significance, i.e., P value < 0.05

doi:10.1371/journal.pone.0123745.t002

Indicators of M. tb respiratory state in type Il AEC

M. tb is an obligate aerobe, and utilizes an energy efficient aerobic respiratory pathway during
acute infection [51]; however, during exposure to nitric oxide (NO), a product of macrophage
activation, this aerobic pathway is inhibited and M. tb transitions to a non-replicating state
[51]. There are two types of NADH dehydrogenase (DH) in M. tb whose activities contribute
to the quinilone pool, NADH DH-1 whose subunits are encoded by genes nuoA-N
(Rv3145-Rv3158) and two NADH DH-2 encoded by Rv1854c (ndh) and Rv0392c (ndhA), re-
spectively. NADH DH-1 is utilized during aerobic respiration and the acute stage of infection
while NADH DH-2 is utilized during anaerobic electron transfer [51, 52]. When M. tb is ex-
posed to NO, the NADH DH-2 is used preferentially to drive an alternative electron pathway.
Not unexpectedly, 7 (nuoA, B, D, G, H, I, and ]) of the 14 M. tb NADH DH-1 subunit genes
were upregulated in type II AEC while neither NADH DH-2 encoding gene were differentially
expressed (Table 3). This pattern of regulation in type II AEC is statistically significant

(Table 3). In contrast, in activated macrophages M. tb downregulates 6 NADH DH-1 genes

and upregulates the NADH DH-2 gene, ndh [35].

Further downstream in the electron flow pathway, during aerobic respiration, cytochrome ¢
reductase (encoded by genes grcCAB) and aa3 cytochrome c oxidase (encoded by genes
ctaCDE) activities lead to transfer of electrons to oxygen as the final receptor. In contrast, the
alternative electron receptor pathway under NO stimulation utilizes nitrate reductase (encoded
by genes narGH]JI) to transfer electrons to nitrate as the final receptor. Consistent with the pref-
erential use of NADH DH-1 in type I AEC, M. tb also upregulates gcrA and gcrB of the cyto-
chrome c reductase and ctaC of the cytochrome c oxidase and downregulates narH and narI of
the nitrate reductase as well as narK2 involved in nitrate transport (Table 3). In activated mac-
rophages, qcrC and qcrA are downregulated as well as ctaC and ctaE while narK2 is upregulated
[35]. Shi et al., analysed the M. tb respiratory transcriptome changes that occur over time in the
aerosol-infected mouse lung and describe a model of three respiratory states- an acute replicat-
ing phase which is evident during the first couple weeks of infection followed by a transitional

Table 3. Differentially expressed functional categories indicative of M. tb respiratory and metabolic state in type Il AEC.

Functional Group Description/Association # of Genes  Hypergeometric Probability (P value) = Range of Fold Change
NADH DH1 (14)2 Aerobic respiration 7 (up) 2.66E-05 (2.90E-05)° +2.3t0 +5.4
Cytochrome ¢ Reductase (3) Aerobic respiration 2 (up) 0.01807 (0.01895) +2.510 +3.6
Cytochrome ¢ Oxidase (4) Aerobic respiration 1 (up) 0.1888 (0.2076) +3.2

NADH DH2 (2) Alternative Electron Transfer ~ NDE N/A N/A

Nitrate Reductase & Transport (5) Non-aerobic respiration 3 (down) 0.000367 (0.0003705) -2.1t0-6.6

& Number within parentheses indicates total number of genes in the M. tb genome within this functional group
® Bold number within parentheses indicates statistical significance, i.e., P value < 0.05

doi:10.1371/journal.pone.0123745.1003
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state lasting through day 50 characterized by inhibition of DH-1 and cytochrome c oxidase, ac-
cumulation of nitrate, upregulation of DevR (DosR) and subsequent upregulation of narK2,
after which M. tb enters a chronic non-repicating phase [51]. Interestingly, the respiratory
transcriptome of M. tb in type IT AEC coincides with the acute replicating phase described by
Shi L et al whereas the transcriptome of M. tb in activated macrophages [35] overlaps with the
transitional respiratory state.

Transcriptional Evidence for Active Replication of M. tb in Type Il AEC

It is well documented that M. tb invade and replicate in the type II AEC A549 cells [24, 29, 30,
53], and as described above the respiratory transcriptome of M. tb in these cells correlates with
the early acute replicating phase in vivo. To further verify a state of active replication, other
transcriptional “markers” of replication were evaluated, e.g., indicators of protein synthesis,
cell wall synthesis, and a requirement for energy.

The 30S and 50S ribosomal subunits are components of the prokaryotic 70S ribosome
which functions as translational machinery in the process of protein synthesis. Of the 23 genes
encoding 30S ribosomal proteins, 5 (Rv0682-rpsL, Rv2412-rpsT, Rv3442c-rpsl, Rv3459c-rpsK,
Rv3460c-rpsM) were upregulated in M. tb replicating in type II AEC (Table 4). In contrast, 13
genes are downregulated in activated macrophages [35]. In addition, 5/36 genes encoding 50S
ribosomal proteins (Rv0714-rpIN, Rv0716-rplE, Rv1298-rpmE, Rv2441c-rpmA, Rv3456¢-1plQ)
were upregulated by M. tb in type II AEC (Table 4) while 16/36 are downregulated by M. tb in
activated macrophages [35]. The numbers of genes representing each set of bacterial ribosomal
proteins upregulated in type IT AEC are statistically enriched (Table 4). Furthermore, the gene
encoding the elongation factor, Rv0685 (tuf) which facilitates translation, was upregulated dur-
ing replication in type IT AEC but was unaffected in the activated macrophage environment
(S1 Table; [35]). This pattern of M. tb differential gene expression in type IT AEC is consistent
with a demand for increased protein synthesis.

Increased bacterial replication necessitates increased synthesis of cell-wall components.
Mycolic acids are long chain fatty acids and are among the defining characteristics of the myco-
bacterial cell wall contributing to “cording” and “acid-fastness” [54, 55]. Genes encoding en-
zymes involved in mycolic acid synthesis are also statistically represented among M. tb genes
upregulated in type II AEC (Table 4). Among the 21 genes designated as encoding either myco-
lic acid synthase or FAS II enzymes, 7 were upregulated during replication in type Il AEC
(Table 4) compared to 3 downregulated in activated macrophages [35].

Finally, active bacterial replication requires energy. All 8 genes that encode subunits of M. tb
ATP synthase were upregulated during infection of type II AEC (Table 4). In stark contrast,
during infection of activated macrophages, 7 of the 8 genes are downregulated [35].

Table 4. Differentially expressed functional categories indicative of M. tb replication in type Il AEC.

Functional Group Description/ # of Hypergeometric Probability (P Range of Fold
Association Genes value) Change

30S ribosomal proteins (23)* Protein synthesis 5 (up) 0.00677 (0.008207)° +2.0to +5.6

508 ribosomal proteins (36) Protein synthesis 5 (up) 0.02796 (0.03823) +2.0 to +3.5

Mycolic acid synthase & Fasll enzymes Cell wall synthesis 7 (up) 0.0001941 (0.000221) +2.8 to +3.7

(21)

ATP Synthase (8) Energy 8 (up) 1.85E-07 (1.93E-07) +2.0-to +5.7

& Number within parentheses indicates total number of genes in the M. tb genome within this functional group
® Bold number within parentheses indicates statistical significance, i.e., P value < 0.05

doi:10.1371/journal.pone.0123745.1004
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Collectively, these transcriptional adaptations to the type II AEC cells are consistent with active

M. tb replication.

M. tb Transcriptional Responses to Host Stresses in Type || AEC

M. tb alters its transcriptional profile in the presence of specific stresses in vitro, e.g., hypoxia,
starvation, nitric oxide (NO) exposure, acidic pH, etc [39, 56-59]. These stresses and responses
are believed to correlate to different environments encountered in vivo, within macrophages
and granulomas [42, 43]. The heat shock proteins (HSPs) maintain proper folding of proteins,
especially under stresses that induce protein misfolding, e.g., increased temperature. Expres-
sion of M. tb HSPs is also induced under stresses like hypoxia and starvation [60]. Of the 10
genes encoding defined HSPs or activators of HSPs in M. tb, 5 were upregulated while replicat-
ing in type II AEC giving statistical significance to this group of differentially expressed genes
(Table 5). This is similar to the M. tb response observed in activated macrophages [35]. While
hypoxia likely contributes to M. tb heat shock response in activated macrophages, the upregu-
lation of HSPs in A549 cells is unlikely to be caused by hypoxia in view of the significant down-

regulation of hypoxia-induced genes.

The majority of DevR (DosR) regulon genes (39/48) are inducible by hypoxic conditions
[56]. Sherman et al. identified 47 M. tb genes that are inducible under hypoxic conditions in
vitro [56]. Of these, 15 were downregulated during M. tb replication in type II AEC indicating
adequate oxygen availability to M. tb in these cells (Table 5). This is in contrast to the upregula-
tion of 10 hypoxia-inducible genes in the naive differentiated human monocytic cell line THP-
1 [46] and the upregulation of nearly all (40) in activated murine bone marrow-derived macro-
phages [35]. Another indication of a paucity of oxygen availability is the universal stress re-
sponse. Nine genes of the M. tb genome encode “Universal Stress Proteins” (USPs). These are
expressed when oxygen deprivation leads to inhibition of growth [61]. Five of these genes
(Rv1996, Rv2028¢, Rv2623, Rv2005¢, and Rv2026¢) were downregulated by M. tb in type II
AEC (Table 5). Again, this is in striking contrast to M. tb in activated macrophages where M.
tb upregulates 7 USP genes [35]. Genes defined as hypoxia-induced as well as genes encoding
USPs exhibit statistical representation among downregulated genes in this study (Table 5).
These results suggest that, unlike the intra-phagosomal compartment of activated macro-
phages, the type II AEC M. tb-containing endosome is not hypoxic and therefore, hypoxia is
not a likely cause for the upregulation of heat shock response genes described earlier. Possibly,
the increase in protein synthesis in A549 cells may necessitate an increase in protein folding

chaperone activity.

Table 5. Differentially expressed functional categories indicative of M. tb response to stress in type Il AEC.

Functional Group Description/Association # of Genes = Hypergeometric Probability (P value) = Range of Fold Change
Heat shock response (10)? Prevention of protein misfolding 5 (up) 3.83E-04 (4.15E-04)° +2.1t0 +5.3
Hypoxia-induced (47) Inducible by hypoxic conditions © 15 (down) 1.75E-12 (1.86E-12) -2.410-44.5
Universal Stress Proteins (9)  Induced during oxygen depletion ¢ 5 (down) 4.69E-06 (4.83E-06) -2.3t0-18.1
Low-pH-induced (23) Induced by acid shock © 4 (up) 2.62E-02 (3.30E-02) +2.3to +4.2

& Number within parentheses indicates total number of genes in the M. tb genome within this functional group
® Bold number within parentheses indicates statistical significance, i.e., P value < 0.05

¢ (Sherman et al., 2001) [56]

4 (O'Toole and Williams, 2004) [61]

¢ (Fisher et al., 2002) [58]

doi:10.1371/journal.pone.0123745.t005
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Another potential stress encountered within the bacteria-containing vacuole is low pH as
the vacuole matures and acidifies. M. tb has mechanisms to inhibit the maturation of the mac-
rophage phagosome by reducing acidification and preventing lysosome fusion; however, acti-
vation of the macrophages with IFN-vy allows the macrophage to overcome this M. tb
mechanism and acidification can proceed [62]. Phagosomal fusion with lysosomes leads to a
pH as low as 4.5. Fisher et al. have identified 23 M. tb genes that are induced by acid shock, i.e.,
15 minute exposure pH 5.5 versus pH 6.9 in 7H9 broth [58]. Four of these genes were upregu-
lated by M. tb giving statistical significance to this response by the bacteria in type II AEC
(Table 5). At 72 hr, M. tb reside in endocytic vacuoles in A549 [29]. The pH of A549 endosomal
compartments has been shown to drop to below 5.3 [63], and the M. tb-containing compart-
ment in A549 progresses to the late endosomal stage (majority co-localization with Rab7 by
72 hr) [64]. Thus, some overlap between the genes upregulated during acid-shock and in M. tb
residing in type II AEC is expected. During M. tb infection of macrophages 8/23 acid shock in-

duced genes are upregulated [35, 46].

Nutrient Status of M. tb in Type Il AEC

The M. tb-containing macrophage phagosome is known to be nutrient and iron limiting [3,
35]; however, the relative access to these essentials during infection of type II AEC is not de-
fined. None of the genes induced by starvation in vitro were upregulated and four (Rv3288c,
Rv3287c-rsbW, Rv2557, Rv3288c) were downregulated suggesting that M. tb experiences type
II AEC as a nutrient rich environment [39] (S1 Table). Interestingly, many of the M. tb gene
categories described above as upregulated in A549 cells (e.g., genes encoding ATP synthase,
NADH DHI, and ribosomal proteins) are downregulated during starvation [39] indicating the

type II AEC endosome is a generally nutrient-rich site for M. tb.

To assess the availability of iron in type II AEC, the expression of three groups of M. tb
genes were examined. Genes involved in the synthesis of siderophores (exochelins, mycobac-
tins), high-affinity iron chelators which capture iron sequestered by host iron-chelating mole-
cules [65], are expected to be upregulated in an iron-limiting environment. Genes within the
ESX-3 locus, required for the bacteria to then obtain the iron from the siderophores [66], are
also expected to be upregulated in low iron conditions. In an environment where iron is in ex-
cess of need, the gene encoding iron storage protein, BfrB, is expected to be upregulated. The
pattern of expression of these three groups of genes in M. tb in type II AEC is consistent with a
moderately iron-limited environment. Two of the 14 siderophore biosynthesis genes and 6 of
the 11 ESX-3 locus genes were upregulated while bfrB was downregulated (Table 6). While the
upregulation of 2 siderophore biosynthesis genes does not generate a statistically significant re-
presentation, genes of the ESX-3 locus are statistically represented (Table 6). In comparison,
M. tb residing in activated macrophages upregulate 10 siderophore biosynthesis genes

Table 6. Differentially expressed functional categories indicative of M. tb access to iron and nutrients in type Il AEC.

Functional Group Description/Association # of Genes Hypergeometric Probability (P value) Range of Fold Change
Siderophore Biosynthesis (14)® High-affinity iron chelators 2 (up) 1.30E-01 (1.63E-01)° +2.5 to +5.1

ESX-3 Locus (11) Iron acquisition 6 (up) 9.39E-07 (9.96E-07) +2.0to +6.3

BfrB (1) Iron Storage 1 (down) N/A -4.0

Tryptophan synthesis (5) Nutrient; growth factor 3 (up) 4.23E-03 (4.49E-03) +2.2t0 +10.1

& Number within parentheses indicates total number of genes in the M. tb genome within this functional group
® Bold number within parentheses indicates statistical significance, i.e., P value < 0.05

doi:10.1371/journal.pone.0123745.1006
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indicating lower availability of free iron in the activated macrophage phagosome compared to
the type II AEC endosome.

In response to infection, host cells attempt to limit nutrient availability to the intracellular
pathogens [67]. Interestingly, three tryptophan synthesis genes, Rv1613 (trpA), Rv1612 (trpB)
and Rv1611 (trpC) were upregulated in M. tb during residence in type I AEC cells (Table 6
and S1 Table) giving statistical significance to the upregulation of this pathway (Table 6). In
fact, trpA and trpC were the two most highly upregulated of all M. tb genes in the type II AEC
environment with 10.1 and 9.5 fold changes, respectively. Indoleamine 2,3-dioxygenase (IDO-
1) is a host enzyme that breaks down tryptophan and plays a role in killing of intracellular
pathogens [68], and IFN-y-mediated IDO-1 activity in A549 has been associated with such an-
timicrobial effects [69]. While IDO-1 is induced in M. tb-infected human BAL macrophages
[70], the effect of M. tb infection on IDO-1 production in type II AEC is not known. If IDO-1
is also induced in A549 cells during M. tb infection, the ability of M. tb to synthesize its own
tryptophan may contribute to overcoming the tryptophan limitation in this environment. In-
terestingly, M. tb tryptophan auxotrophs are avirulent in mice [71]. These genes are not differ-
entially expressed during infection of naive or activated macrophages [35, 46].

Genes Encoding ESAT-6 and ESAT-6-like Proteins are Upregulated
During Infection of Type Il AEC

While virulent strains of M. tb are cytotoxic to A549 monolayers and exhibit cell-cell spreading
in A549 monolayers, M. bovis BCG is attenuated for both these phenotypes [26, 28]. esat-6
transcription was upregulated ~4 fold in M. tb replicating in type II AEC (S1 Table). The RD1
genomic region which encompasses esat-6, and much of the ESX-1 locus which encodes the
type VII secretion system required for secretion of ESAT-6 [72, 73] is missing in all BCG
strains. M. bovis BCG, M. tb ARDI and M. tb Aesat-6 mutants are attenuated for dissemination
from the lungs of aerosol-infected animals [74-76]. ESAT-6 has been shown to be a laminin-
binding adhesin as well as a lysin that binds to A549 cells and causes their lysis [32]. No differ-
ential regulation of esat-6 transcripts is observed in M. tb during replication in naive macro-
phages, and esat-6 is downregulated in activated macrophages [35, 46]. Together these results
suggest that invasion and replication in AEC enables M. tb to enhance its

disseminative potential.

ESAT-6 belongs to a family of 22 additional secreted proteins designated “ESAT-6-like”
based on their small size (~100 amino acids), a conserved helix-hairpin-helix structure and a
central WXG motif [77]. Genes for 5 ESAT-6-like proteins, Rv0288 (EsxH), Rv1038c (Esx]),
Rv1197 (EsxK), Rv2347c¢ (EsxP), and Rv3620c (EsxW), were also upregulated during M. tb rep-
lication in type II AEC (Table 7), making esat-6-like genes statistically represented among
upregulated M. tb genes (Table 7). Of these, esxH was the most highly upregulated (>6 fold)
(Table 7 and S1 Table). Like esat-6, this gene is not upregulated in macrophages [35, 46]. EsxH
is encoded in the ESX-3 locus, is specific to the M. tb complex [78], and is expressed in virulent

Table 7. Genes encoding ESAT-6-like proteins differentially expressed by M. tb in type Il AEC.

Functional Group Description/Association # of Genes Hypergeometric Probability (P value) Range of Fold Change
Total ESAT-6-like in genome (23)? Similar structure to ESAT-6 6 (up) 1.52E-03 (1.79E-03)° +2.1t0 +6.3
ESAT-6-like Outside ESX loci (12) Functions unknown 4 (up) 4.56E-03 (5.13E-03) +2.1t0 +3.0

& Number within parentheses indicates total number of genes in the M. tb genome within this functional group
® Bold number within parentheses indicates statistical significance, i.e., P value < 0.05

doi:10.1371/journal.pone.0123745.t007
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M. tb H37Rv but not in the avirulent H37Ra strain [79]. Importantly, EsxH is strongly recog-
nized by PBMCs from TB patients indicating its expression during human infection [80]. De-
spite low sequence homology to ESAT-6, the structure of EsxH in complex with its binding
partner EsxG is highly similar to the structure of ESAT-6/CFP10 complex [81, 82]. The EsxH/
EsxG complex contributes to inhibition of phagosome maturation in macrophages [83]; the
function of EsxH during infection of type II AEC is not known.

The other 4 upregulated ESAT-6-like family genes, esx], esxK, esxP, and esxW, lie outside of
any ESX loci (Table 7). Interestingly, although these 4 proteins also have little sequence similar-
ity to ESAT-6, they have ~98% identity amongst themselves and belong to a small sub-family
of the ESAT-6-like family characterized by a C-terminal “QILSS” motif [84]. The gene prod-
ucts also belong to the “Mtb9.9 family” of secreted T cell antigens [80, 85, 86]. In the avirulent
M. tb H37Ra, the four corresponding genes have multiple mutations including stop codons in
esxP and esxW [87]. esxP and esxW are located within RD5 and RDS, respectively, regions
present in M. tb but missing from most M. bovis BCG strains [84]. Interestingly, esxK and esxP
are highly expressed in sputum from patients with active TB [88], and M. tb-infected AEC
have been reported to be present in sputum [88]. The structures of these proteins have not
been solved; however, in silico modeling of EsxW in complex with Rv3619c (EsxV) shows re-
markable similarity to the ESAT-6:CFP-10 complex and the EsxH:EsxG complex [81, 82, 89].
None of these genes (esx],K,P,W) are differentially expressed during infection of THP-1 or acti-
vated mBMM [35, 46]. These results suggest that Esx], EsxK, EsxP and EsxW have as yet un-
known function(s), which may be important to M. tb during replication in type II AEC and
subsequent dissemination from the lungs.

Upregulation of Genes Encoding Adhesins and Other Potential Host
Interaction Proteins

Adhesins are extracellular or surface exposed proteins that promote bacterial interactions with
the host via binding to specific extracellular matrix proteins (ECM). ESAT-6 binds AEC and
specifically to laminin, an ECM protein found both on AEC membranes and as the predomi-
nant component of the basement membrane (BM) underlying AEC [32]. We have postulated
that ESAT-6 may contribute to M. tb dissemination from the lung by exposing the BM through
lysis of AEC and anchoring M. tb to the BM via its interaction with laminin [32]. Whether
EsxH or the other ESAT-6-like proteins described above have similar properties has yet to be
investigated. Another M. tb adhesin, Rv1837c (glcB, malate synthase- MS) was also upregulated
in M. tb replicating in type II AEC (2.88 fold) (S1 Table). M. tb MS has been shown to bind
laminin and fibronectin, and to type II AEC in a laminin-dependent manner [33]. Rv1566¢
and Rv2190c, also upregulated in this study (5.22 fold and 3.90 fold, respectively) (S1 Table)
have domains that belong to the NLPC_p60 family found in bacterial proteins involved in host
cell invasion [90-92]. Also upregulated in A549 cells was Rv0129c¢ (4.83 fold) (S1 Table) which
encodes, Ag85C, one of three secreted fibronectin-binding and elastin-binding proteins of the
immunogenic Ag85 complex [93-95]. Rv3922¢, upregulated (2.79 fold) (S1 Table), encodes a
protein of unknown function in M. tb; however, due to its high similarity to the Aeromonas
hydrophila o-hemolysin, it is described as a possible hemolysin (tuberculist.epfl.ch). Upregula-
tion of Rv1566¢, Rv2190c, Rv0129¢, and Rv3922c in type II AEC could contribute to the M. tb/
host interaction. Interestingly, the recently described M. tb adhesin, Rv0931c (PknD), which is
a secreted, laminin-binding protein that contributes to infection of the human brain microvas-
cular endothelial cell (but not macrophages, AEC, or other endothelial cells) and to invasion of
the blood-brain barrier by M. tb animal studies [96] was not upregulated by M. tb replicating

PLOS ONE | DOI:10.1371/journal.pone.0123745  April 6, 2015 11/22



@’PLOS | ONE

M. tuberculosis Transcriptome in Type Il AEC

in type II AEC. The absence of differential expression of pknD in type II AEC, suggests cellular
specificity with regards to M. tb adhesin expression.

Verification of Select Genes by quantitative RT-PCR

To verify the differential expression of a few of these genes, unamplified RNA from M. tb
H37Rv replicating in A549 (the same conditions as for microarray analysis) was analyzed by
qRT-PCR as was RNA extracted from M. tb H37Rv grown logarithmically in laboratory broth
(Table 8 and S1 Table). As expected, transcripts of the 23S rRNA (negative control) did not
show differential expression by qRT-PCR. Transcripts for esat-6 were upregulated ~3.8 fold by
microarray and ~4.8 fold by qRT-PCR. Similarly transcripts for esxH were upregulated ~6.3
fold by microarray and ~10.0 fold by qRT-PCR. Thus, in both assays esxH was more highly
upregulated than esat-6. Among genes identified as downregulated by microarray, genes of the
DevR (DosR) regulon were statistically enriched (Table 2); many of these genes have been
found to be upregulated by M. tb in activated macrophages [35]. Two of these genes, Rv3132c
(devS, dosS) and Rv3131, were tested by qRT-PCR for verifying their downregulation during
infection of type II AEC. Specifically, Rv3132c (devS, dosS) was found to be down ~7.5 fold by
microarray and ~2.4 fold by gRT-PCR. Rv3131, the most downregulated gene (~44 fold) ob-
served by microarray, was found to be tremendously downregulated by gRT-PCR (10 fold
greater than by microarray). The fold changes for each of the above described genes are statisti-
cally different from the negative control, 23S (Table 8). pknD was not differentially expressed
by microarray, and there was no significant difference between the transcripts for PknD and
the 23S negative control by qRT-PCR.

Concluding Remarks

Our inability to precisely identify the time of infection with M. tb and the subsequent lack of
any clinical indications makes it impossible to delineate the interaction that occurs during the
first host-pathogen encounter post-inhalation resulting in systemic establishment of infection
in humans. However, studies in animal models indicate dramatic bacterial replication in a
non-migrating, non-antigen-presenting compartment in the lungs and bacterial migration
from the lungs to multiple organs prior to elicitation of cellular immune responses [9-11]. To-
gether, these studies implicate the AEC as an important niche for M. tb replication during pri-
mary infection and as a probable route for dissemination.

Table 8. quantitative RT-PCR verification of select genes.

Differential Expression (by microarray) M. tb Gene Fold Change?® (+/- SD) (by qRT-PCR) P-value *
Upregulated Rv3875 (esat-6) 4.84 (+/- 1.87) 0.0218
Rv0288 (esxH) 10.04 (+/- 0.79) <0.0001
Downregulated Rv3132c (devS) 0.4132 (+/- 0.0650) 0.0047
Rv3131 0.002009 (+/- 2.36E-04) 0.0003
Not Differentially Expressed Rv0931c (pknD) 2.23 (+/- 1.20) 0.1269
Negative Control 23S rRNA 0.89 (+/- 0.13) N/A

@Fold change indicates the ratio of the normalized number of transcripts for the select gene during M. tb infection of A549 cells to the normalized number
of transcripts of the same gene during mid-log growth of M. tb in 7H9 media with standard deviation in parentheses.

*P-value indicates the statistical comparison of fold change of the select gene to fold change of the negative control (23S RNA) by unpaired two-tail t test.
P-values < 0.5 are statistically significant and are highlighted in bold.

doi:10.1371/journal.pone.0123745.1008
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The intra-type II AEC M. tb transcriptome defined in this study is consistent with the active
bacterial replication reported post-infection in animal models [11] and to studies performed
with the AEC cell line A549 [31]. Thus, multiple genes that are involved in protein synthesis
(e.g., genes encoding 30S and 50S ribosomal subunits), cell-wall synthesis (e.g., genes involved
in mycolic acid biosynthesis) and energy production (e.g., genes encoding ATP synthase sub-
units) were upregulated (Table 4), while genes associated with dormant, non-replicating bacte-
ria (e.g., DevR (DosR) regulon) were downregulated (Table 2), as were genes typically induced
under stresses that lead to suppressed replication such as hypoxia and starvation (Table 5).

Multiple in vivo studies have demonstrated the requirement for ESAT-6 expression and se-
cretion for virulence and dissemination of M. tb [74-76]. Studies with A549 cells have also
demonstrated that virulent strains of M. tb lyse A549 cells and spread in A549 monolayers [23,
26, 28]. Further, strains that do not express or secrete ESAT-6 are attenuated both for dissemi-
nation in vivo and lysis of A549 cells and spreading in A549 monolayers in vitro [23, 26, 28,
75]. The strong upregulation of esat-6 transcripts (~4 fold) during M. tb replication in A549
cells correlates with these earlier results. Interestingly, lack of ESAT-6 activity attenuates, but
does not abrogate, the dissemination of M. tb, indicating the potential involvement of addition-
al factors. While the role of gene products of esx/, esxK, esxP, and esxW are as yet unknown,
the predicted secondary and tertiary structures suggest the potential for similar functions. In-
terestingly, in addition to the predominant upregulation of esat-6, transcripts for esxJ, esxK,
esxP, and esxW were upregulated in M. tb replicating in blood from HIV+ patients but not in
blood from HIV- donors [97]. Since TB frequently manifests as disseminated, miliary TB and/
or extrapulmonary TB in persons co-infected with HIV, the correlation of upregulation of
their transcripts with in vivo environments where dissemination is likely occurring also sug-
gests that these proteins may contribute to bacterial dissemination [98-100].

Other Gram-positive pathogens such as Streptococci, Staphylococci, Listeria etc use the coor-
dinated activities of repertoires of adhesins and lysins to translocate across mucosal barriers
[101-109]. Thus, S. pneumoniae (S. pn) use CbpA (choline binding protein A; adhesin), PspA
(pneumococcal surface protein A; adhesin) and Ply (pneumolysin; lysin) for infection and dis-
semination from the lungs [103, 110]. Double mutants, Aply pspA S.pn and Aply cbpA S. pn, are
more attenuated than single mutants demonstrating their co-operative function in vivo [111,
112]. Similarly, for causing pneumonia, S. aureus uses FnBP (Fn binding protein) for coloniza-
tion and adhesion to the respiratory epithelium and o-hemolysin to damage the alveolar barri-
er to promote hematogenous dissemination of the bacteria [101, 113]. Besides esat-6 and genes
encoding ESAT-6-like proteins, transcripts for other known and potential adhesins and lysins
of M. tb were also upregulated during M. tb replication in AEC. These include the known adhe-
sin, GlcB/malate synthase (Rv1837c), described previously by our lab [33], the fibronectin-
binding and elastin-binding Ag85C, and the possible lysin, Rv3922c. Also upregulated were
transcripts for Rv1566¢ and Rv2190c, which encode proteins with NLPC_p60 domains; the
presence of these domains is associated with other mycobacterial proteins important for inva-
sion of macrophages [92]. This suggests that Rv1566¢ and Rv2190c could potentially contrib-
ute to invasion of cells of the alveolar barrier. The coordinated actions of one or more of these
known or potential adhesins and lysins in M. tb dissemination need further investigation.

There are three outcomes from M. tb exposure- clearance, establishment of latent infection,
or progression to active disease. While it is believed that the alveolar macrophages host M. tb
during primary infection, and the mechanisms used by M. tb to survive and replicate within
these bacteriacidal cells have been studied extensively, these are not the only cells the inhaled
bacteria encounter during primary infection. Other innate immune cells, including neutro-
phils, natural killer cells, mucosal associated invariant T cells and yd T cells could also contrib-
ute to the early clearance of M. tb [114]. The AECs greatly outnumber macrophages and the
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other cells that confer innate immunity in the alveolus. The M. tb transcriptome in type II AEC
indicates an aerobic, actively replicative state, while the transcriptome in the intra-macrophage
environment (especially the intra-“activated” macrophage environment) resembles transition
to dormancy [51]. This leads to the hypothesis that while uptake of M. tb by macrophages may
favor transition to dormancy, invasion of and replication in type II AECs during primary infec-
tion may serve to avoid early clearance and favor not only establishment of systemic infection
but also progression to active disease.

Since the current vaccine, the live attenuated M. bovis BCG, is highly variable for protection
against pulmonary TB in adults [115], and the most recent vaccine trial of MVA85A, a viral-
vector carrying M. tb antigen 85A, was completely unsuccessful in boosting protection by BCG
[116], new strategies in anti-TB vaccine development are urgently needed. This quest is greatly
hampered by the fact that correlates of protection against M. tb infection in humans are poorly
understood. The majority of current TB vaccine development is based on the induction of Th1
cellular immune responses in animal models of TB [117]; however, it is clear that this is not
sufficient to predict protection in humans. In the current study, we have described the tran-
scriptional profile of M. tb within type II AEC as an active and disseminative state of infection.
The type II AEC, therefore, is a potential niche, allowing M. tb to replicate to large numbers
and spread systemically while simultaneously evading the innate immune mechanisms respon-
sible for early clearance. Targeting M. tb interaction with and/or survival within type II AECs
may be a novel and complementary strategy for preventing infection or progression to active
disease particularly in those known to have been exposed to M. tb.

Materials and Methods
A549 culture and infection with M. tb

A549 cells (ATCC; CCL-185) were cultured in 37°C 5% CO, in RPMI supplemented with 7.5%
FBS, 2 mM L-glutamine, 1% MEM nonessential amino acids in ~5-7 x 225cm” flasks (Corn-
ing) per experiment. Once confluent, cells of one flask were detached with RPMI/ 500 mM
EDTA for counting. This number was used to determine a bacterial inoculum consistent with
an MOI of ~5:1 (5 bacteria/cell). M. tb H37Rv was grown to mid-log phase in Middlebrook
7HO broth as previously described [97], and single cell suspensions used to infect A549 mono-
layers in the remaining flasks for 1 hr. The infected cells were washed extensively with warm
RPMI to remove extracellular bacteria and maintained in the supplemented RPMI containing
1% FBS, 2 mM L-glutamine and 1% non-essential amino acid for 3 days at 37°C 5% CO,.

Isolation of M. tb from A549 and extraction of M. tb RNA

At 3 days pi, infected cells were washed twice with warm RPMI then lysed with GT'C solution
(4 M guanidinium thiocynate, 0.5% sodium N-lauryl sarcosine, 25 mM trisodium citrate,

0.1 M 2-mercaptoethanol, 0.5% Tween 80, pH 7.0) and centrifuged at 5000 g for 20 min at 4°C
to pellet bacteria [118]. The pellets were washed in GTC solution and resuspended in TRI re-
agent containing polyacrylamide carrier (Molecular Research Center, Cincinnati, OH, USA).
Total RNA was extracted using the protocol described previously [46]. Reference RNA from
M. tb H37Rv grown to log phase in 7H9 broth was extracted similarly. The reference bacteria
was cultured as follows. Briefly, 10 ml Middlebrook 7H9 media was inoculated with a 0.5 ml
frozen aliquot of bacteria (OD600 = 0.7 at time of storage) yielding a starting culture of
OD600 = 0.035. The culture was incubated at 37°C with shaking (110 rpm) for 7-9 days and
harvested at an OD600 of 0.7-0.9 (mid to late log phase) [97].
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DNA Microarrays

RNA from M. tb cultured in A549 cells for 3 days from two experiments (two biological repli-
cates) was used for the DNA microarray studies with RNA from M. tb grown to log phase in
Middlebrook 7H9 broth as the reference. RNA quality and quantity were verified by Agilent
Bioanalyzer 2100, and RNA integrity numbers for each experimental RNA sample F1, F2, and
2F, were 8.7, 8.6, and 7.7, respectively, and 9.5 for reference RNA. To ensure adequate amounts
of RNA for the microarray study, an RNA amplification strategy was used on similar amounts
of all RNA samples from M. tb grown in A549 and Middlebrook 7H9 [97, 119, 120]. This strat-
egy was verified by microarray previously in our laboratory to confirm that the expression pro-
files of amplified M. tb RNA (aRNA) are similar to those of unamplified RNA [97]. The M. tb
microarray chips containing 70-mer oligonucleotides representing all open reading frames an-
notated in the M. tb H37Rv genome sequence were obtained from the Center for Applied Ge-
nomics (Public Health Research Institute; Newark, NJ). Labeled cDNA from aRNA of log
phase M. tb grown in 7H9 broth was used as the reference control on each chip. For hybridiza-
tion, labeled cDNA probes generated from aRNA obtained from M. tb grown in each
A549-grown biological replicate was mixed with the labeled reference cDNA probe prior to pu-
rification with Microcon YM10 filter (Millipore). The M. tb arrays were hybridized overnight
with the mixed labeled cDNA probes in duplicate to include a Cy3/Cy5 dye flip [46]. For one
biological sample, four technical replicates were used (including two dye flips) and for the
other biological sample, two technical replicates were used (one dye flip). The microarrays
were scanned and processed with an Axon 4000B scanner and GenePix Pro 6.1 software, re-
spectively. The chips were normalized by the print-tip Lowess method, and the Cy5/Cy3 inten-
sity ratio was determined for each gene [121]. The intensity ratio data obtained from M. tb
microarray chips was used to perform Significance Analysis of Microarrays (SAM) with Multi-
array Viewer Software on the TMEV website for determination of differentially expressed
genes of M. tb grown in A549 cells compared to 7H9 broth grown M. tb [122]. Among genes
identified by SAM, only genes that showed a > 2 fold change at a false discovery rate of <2%
were considered significantly differentially expressed. Data were deposited in Gene Expression
Omnibus repository (Accession Number: GSE58466). The general functional categorization
for M. tb differentially expressed genes was determined as described on the TubercuList website
(http://tuberculist.epfl.ch/).

Statistical Analysis

The heat map was generated using TMEV MeV_4_9_0 software. Fisher's Exact Test (Microsoft
Fisher's Exact Test Calculator) was applied to the data to determine the hypergeometric proba-
bility of representation of specific functional gene categories among differentially

expressed genes.

Quantitative RT-PCR

Expression of selected genes was determined in unamplified RNA from M. tb grown in A549
and from M. tb grown logarithmically in 7H9 Middlebrook laboratory broth by qRT-PCR [32].
M. tb gene specific primers were designed using Primer3 software (S2 Table). Briefly, M. tb
RNA was subjected to synthesis of first-strand cDNA using Superscript II RNase H™ reverse
transcriptase (RT). The real-time PCR was performed using iQ SYBR Green supermix, prim-
ers, and cDNA in a MyiQ2 two color Real Time PCR Detection System (Bio-Rad). For each
RNA sample, a reaction without RT was performed as a negative control. For quantitation, a
standard curve was generated for each gene using a serial dilution of M. tb genomic DNA and
respective primers. Copies of 16S rRNA was used to normalize the transcript levels of the
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respective genes. The ratio of normalized copies of each selected gene from M. tb grown in
A549 to normalized copies in 7H9 broth-grown M. tb was calculated to determine the fold
change in expression of that gene in A549 compared to reference 7H9 broth. Prior to quantita-
tion, the specificities of PCR products were verified by amplification of each gene target using
respective primers with M. tb H37Rv genomic DNA as templates and sequencing of amplified
products. Unpaired two-tailed t test was applied to determine statistical differences between
fold changes of selected genes and the fold change of 23S (negative control) using GraphPad
Prism 6 soft ware.

Supporting Information

S1 Table. Complete Listing of M. tb Genes Upregulated and Downregulated at 72 hr Repli-
cation in A549.
(PDF)

S2 Table. Sequences of Primers Used in qRT-PCR.
(PDF)

Acknowledgments

We would like to thank Ms. Saleena Ghanny and Dr. Patricia Soteropoulos (Center for Applied
Genomics, Public Health Research Institute, Rutgers, New Jersey Medical School) for Hyper-
geometric Distribution and Fisher’s Exact statistical analysis.

Author Contributions

Conceived and designed the experiments: KKS. Performed the experiments: ZP KKS. Analyzed
the data: KKS MBR. Contributed reagents/materials/analysis tools: SL. Wrote the paper: MBR
SL.

References

1. Hestvik AL, Hmama Z, Av-Gay Y. Mycobacterial manipulation of the host cell. FEMS Microbiol Rev.
2005 Nov; 29(5):1041-50. PMID: 16040149

2. BrunsH, Stenger S. New insights into the interaction of Mycobacterium tuberculosis and human mac-
rophages. Future Microbiol. 2014 Mar; 9(3):327—41. doi: 10.2217/fmb.13.164 PMID: 24762307

3. Podinovskaia M, Lee W, Caldwell S, Russell DG. Infection of macrophages with Mycobacterium tu-
berculosis induces global modifications to phagosomal function. Cell Microbiol. 2013 Jun; 15(6):843—
59. doi: 10.1111/cmi.12092 PMID: 23253353

4. Crandall ED, Kim KJ. Alveolar epithelial barrier properties. In: Crystal RJ, West JB, editors. The Lung:
Scientific Foundations. New York, NY: Raven Press; 1991.

5. Crystal RJ. Alveolar Macrophages. In: Crystal RJ, West JB, editors. The Lung: Scientific Foundations.
New York, NY: Raven Press; 1991. p. 527-38.

6. Schneeberger EE. Alveolar type | Cells. In: Crystal RJ, West JB, editors. The Lung: Scientific Founda-
tions. New York, NY: Raven Press; 1991. p. 229-34.

7. Hernandez-Pando R, Jeyanathan M, Mengistu G, Aguilar D, Orozco H, Harboe M, et al. Persistence
of DNA from Mycobaterium tuberculosis in superficially normal lung tissue during latent infection. The
Lancet. 2000; 356(December 23/30):2133-8.

8. Barrios-Payan JA, Saqui-Salces M, Jeyanathan M, Vazquez AA, Arreola MC, Rook G, et al. Extrapul-
monary Location of Mycobacterium tuberculosis DNA During Latent Infection. J Infect Dis. 2012 Oct;
206(8): 1194-205. PMID: 22732919

9. McMurray DN. Hematogenous reseeding of the lung in low-dose, aerosol-infected guinea pigs:
unique features of the host-pathogen interface in secondary tubercles. Tuberculosis (Edinb). 2003; 83
(1-3):131-4.

PLOS ONE | DOI:10.1371/journal.pone.0123745  April 6, 2015 16/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123745.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123745.s002
http://www.ncbi.nlm.nih.gov/pubmed/16040149
http://dx.doi.org/10.2217/fmb.13.164
http://www.ncbi.nlm.nih.gov/pubmed/24762307
http://dx.doi.org/10.1111/cmi.12092
http://www.ncbi.nlm.nih.gov/pubmed/23253353
http://www.ncbi.nlm.nih.gov/pubmed/22732919

@’PLOS | ONE

M. tuberculosis Transcriptome in Type Il AEC

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Chackerian AA, Alt JM, Perera TV, Dascher CC, Behar SM. Dissemination of Mycobacterium tuber-
culosis is influenced by host factors and precedes the initiation of T-cell immunity. Infect Immun. 2002
Aug; 70(8):4501-9. PMID: 12117962

Wolf AJ, Desvignes L, Linas B, Banaiee N, Tamura T, Takatsu K, et al. Initiation of the adaptive im-
mune response to Mycobacterium tuberculosis depends on antigen production in the local lymph
node, not the lungs. J Exp Med. 2008 Jan 21; 205(1):105-15. PMID: 18158321

Chung HS, Kim Y, Oh SJ, Kim H, Choi SI, Zhang Y, et al. A synthetic compound, 4-acetyl-3-methyl-6-
(3,4,5-trimethoxyphenyl)pyrano[3,4-c]pyran-1,8-dione, ameliorates ovalbumin-induced asthma.
Bioorg Med Chem. 2013 Nov 1; 21(21):6359-65. doi: 10.1016/j.bmc.2013.08.045 PMID: 24054491

Wang J, Zhang H, Su C, Chen J, Zhu B, Xiao H, et al. Dexamethasone ameliorates H(2)S-induced
acute lung injury by alleviating matrix metalloproteinase-2 and -9 expression. PLoS One. 2014; 9(4):
€94701. doi: 10.1371/journal.pone.0094701 PMID: 24722316

Deng X, Zhang F, Wang L, Rui W, Long F, Zhao Y, et al. Airborne fine particulate matter induces multi-
ple cell death pathways in human lung epithelial cells. Apoptosis. 2014 Jul; 19(7):1099—-112. doi: 10.
1007/s10495-014-0980-5 PMID: 24722831

Aggarwal NR, Chau E, Garibaldi BT, Mock JR, Sussan T, Rao K, et al. Aquaporin 5 regulates cigarette
smoke induced emphysema by modulating barrier and immune properties of the epithelium. Tissue
Barriers. 2013 Oct 1; 1(4):e25248. doi: 10.4161/tisb.25248 PMID: 24665410

He B, Luo B, Chen Q, Zhang L. Cigarette smoke extract induces the expression of GRP78 in A549
cells via the p38/MAPK pathway. Mol Med Rep. 2013 Dec; 8(6):1683-8. doi: 10.3892/mmr.2013.1724
PMID: 24126384

Nardone LL, Andrews SB. Cell line A549 as a model of the type Il pneumocyte. Phospholipid biosyn-
thesis from native and organometallic precursors. Biochim Biophys Acta. 1979 May 25; 573(2):276—
95. PMID: 444551

Guadiz G, Sporn LA, Goss RA, Lawrence SO, Marder VJ, Simpson-Haidaris PJ. Polarized secretion
of fibrinogen by lung epithelial cells. Am J Respir Cell Mol Biol. 1997 Jul; 17(1):60-9. PMID: 9224210

Foster KA, Oster CG, Mayer MM, Avery ML, Audus KL. Characterization of the A549 cell line as a
type Il pulmonary epithelial cell model for drug metabolism. Exp Cell Res. 1998 Sep 15; 243(2):359—
66. PMID: 9743595

Wang X, Tan J, Zoueva O, Zhao J, Ye Z, Hewlett |. Novel pandemic influenza A (H1N1) virus infection
modulates apoptotic pathways that impact its replication in A549 cells. Microbes Infect. 2014 Mar; 16
(3):178-86. doi: 10.1016/j.micinf.2013.11.003 PMID: 24262752

Wang JH, Zhang K, Wang N, Qiu XM, Wang YB, He P. Involvement of phosphatidylinositol 3-Kinase/
Akt signaling pathway in beta1 integrin-mediated internalization of Staphylococcus aureus by alveolar
epithelial cells. J Microbiol. 2013 Oct; 51(5):644-50. doi: 10.1007/s12275-013-3040-x PMID:
23800951

Kallio A, Sepponen K, Hermand P, Denoel P, Godfroid F, Melin M. Role of Pht proteins in attachment
of Streptococcus pneumoniae to respiratory epithelial cells. Infect Immun. 2014 Apr; 82(4):1683-91.
doi: 10.1128/IA1.00699-13 PMID: 24491577

McDonough Kathleen A, Kress Y. Cytotoxicity for lung epithelial cells is a virulence-associated pheno-
type of Mycobacterium tuberculosis. Infect Immun. 1995; 63(12):4802—11. PMID: 7591139

Bermudez LE, Goodman J. Mycobacterium tuberculosis Invades and Replicates within Type 2 Alveo-
lar Cells. Infect Immun. 1996; 64(4):1400-06. PMID: 8606107

Birkness KA, Deslauriers M, Bartlett JH, White EH, King CH, Quinn FD. An In Vitro Tissue Culture Bi-
layer Model To Examine Early Events in Mycobacterium tuberculosis Infection. Infection and Immuni-
ty. 1999; 67:653—-8. PMID: 9916072

Dobos KM, Spotts EA, Quinn FD, King CH. Necrosis of lung epithelial cells during infection with Myco-
bacterium tuberculosis is preceded by cell permeation. Infect Immun. 2000 Nov; 68(11):6300—-10.
PMID: 11035739

Bermudez LE, Sangari FJ, Kolonoski P, Petrofsky M, Goodman J. The efficiency of the translocation
of Mycobacterium tuberculosis across a bilayer of epithelial and endothelial cells as a model of the al-
veolar wall is a consequence of transport within mononuclear phagocytes and invasion of alveolar epi-
thelial cells. Infect Immun. 2002 Jan; 70(1):140-6. PMID: 11748175

Castro-Garza J, King CH, Swords WE, Quinn FD. Demonstration of spread by Mycobacterium tuber-
culosis bacilliin A549 epithelial cell monolayers. FEMS Microbiol Lett. 2002 Jul 2; 212(2):145-9.
PMID: 12113926

Garcia-Perez BE, Mondragon-Flores R, Luna-Herrera J. Internalization of Mycobacterium tuberculo-
sis by macropinocytosis in non-phagocytic cells. Microb Pathog. 2003 Aug; 35(2):49-55. PMID:
12901843

PLOS ONE | DOI:10.1371/journal.pone.0123745  April 6, 2015 17/22


http://www.ncbi.nlm.nih.gov/pubmed/12117962
http://www.ncbi.nlm.nih.gov/pubmed/18158321
http://dx.doi.org/10.1016/j.bmc.2013.08.045
http://www.ncbi.nlm.nih.gov/pubmed/24054491
http://dx.doi.org/10.1371/journal.pone.0094701
http://www.ncbi.nlm.nih.gov/pubmed/24722316
http://dx.doi.org/10.1007/s10495-014-0980-5
http://dx.doi.org/10.1007/s10495-014-0980-5
http://www.ncbi.nlm.nih.gov/pubmed/24722831
http://dx.doi.org/10.4161/tisb.25248
http://www.ncbi.nlm.nih.gov/pubmed/24665410
http://dx.doi.org/10.3892/mmr.2013.1724
http://www.ncbi.nlm.nih.gov/pubmed/24126384
http://www.ncbi.nlm.nih.gov/pubmed/444551
http://www.ncbi.nlm.nih.gov/pubmed/9224210
http://www.ncbi.nlm.nih.gov/pubmed/9743595
http://dx.doi.org/10.1016/j.micinf.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24262752
http://dx.doi.org/10.1007/s12275-013-3040-x
http://www.ncbi.nlm.nih.gov/pubmed/23800951
http://dx.doi.org/10.1128/IAI.00699-13
http://www.ncbi.nlm.nih.gov/pubmed/24491577
http://www.ncbi.nlm.nih.gov/pubmed/7591139
http://www.ncbi.nlm.nih.gov/pubmed/8606107
http://www.ncbi.nlm.nih.gov/pubmed/9916072
http://www.ncbi.nlm.nih.gov/pubmed/11035739
http://www.ncbi.nlm.nih.gov/pubmed/11748175
http://www.ncbi.nlm.nih.gov/pubmed/12113926
http://www.ncbi.nlm.nih.gov/pubmed/12901843

@’PLOS | ONE

M. tuberculosis Transcriptome in Type Il AEC

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Chapeton-Montes JA, Plaza DF, Barrero CA, Patarroyo MA. Quantitative flow cytometric monitoring
of invasion of epithelial cells by Mycobacterium tuberculosis. Front Biosci. 2008; 13:650-6. PMID:
17981577

Mehta PK, King CH, White EH, Murtagh JJ Jr., Quinn FD. Comparison of in vitro models for the study
of Mycobacterium tuberculosis invasion and intracellular replication. Infect Immun. 1996; 64
(7):2673-9. PMID: 8698494

Kinhikar A, Verma |, Chandra D, Singh KK, Weldingh K, Andersen P, et al. Potential Role for ESAT-6
in Dissemination of M. tuberculosis via Human Lung Epithelial Cells. Mol Microbiol. 2010; 75(1):92—
106. doi: 10.1111/.1365-2958.2009.06959.x PMID: 19906174

Kinhikar A, Vargas D, Li H, Mahaffey SB, Hinds L, Belisle JT, et al. Mycobacterium tuberculosis ma-
late synthase is a laminin binding adhesin. Mol Microbiol. 2006 May 2006; 60(4):999-1013. PMID:
16677310

Pethe K, Aumercier M, Fort E, Gatot C, Locht C, Menozzi FD. Characterization of the Heparin-binding
site of the Mycobacterial Heparin-binding Hemagglutinin Adhesin. The Journal of Biological Chemis-
try. 2000; 275(19):14273—. PMID: 10799506

Schnappinger D, Ehrt S, Voskuil MI, Liu Y, Mangan JA, Monahan IM, et al. Transcriptional Adaptation
of Mycobacterium tuberculosis within Macrophages: Insights into the Phagosomal Environment. J
Exp Med. 2003 Sep 1; 198(5):693—-704. PMID: 12953091

Voskuil Ml, Visconti KC, Schoolnik GK. Mycobacterium tuberculosis gene expression during adapta-
tion to stationary phase and low-oxygen dormancy. Tuberculosis (Edinb). 2004; 84(3—4):218-27.

Malhotra V, Sharma D, Ramanathan VD, Shakila H, Saini DK, Chakravorty S, et al. Disruption of re-
sponse regulator gene, devR, leads to attenuation in virulence of Mycobacterium tuberculosis. FEMS
Microbiol Lett. 2004 Feb 16; 231(2):237—45. PMID: 14987770

Voskuil MI, Schnappinger D, Visconti KC, Harrell MI, Dolganov GM, Sherman DR, et al. Inhibition of
respiration by nitric oxide induces a Mycobacterium tuberculosis dormancy program. J Exp Med.
2003 Sep 1; 198(5):705-13. PMID: 12953092

Betts JC, Lukey PT, Robb LC, McAdam RA, Duncan K. Evaluation of a nutrient starvation model of
Mycobacterium tuberculosis persistence by gene and protein expression profiling. Mol Microbiol.
2002 Feb; 43(3):717-31. PMID: 11929527

Wayne LG. In Vitro Model of Hypoxically Induced Nonreplicating Persistence of Mycobacterium tu-
berculosis. Methods Mol Med. 2001; 54:247—-69. doi: 10.1385/1-59259-147-7:247 PMID: 21341080

Fang X, Wallgvist A, Reifman J. Modeling phenotypic metabolic adaptations of Mycobacterium tuber-
culosis H37Rv under hypoxia. PLoS Comput Biol. 2012; 8(9):e1002688. doi: 10.1371/journal.pcbi.
1002688 PMID: 23028286

Via LE, Lin PL, Ray SM, Carrillo J, Allen SS, Eum SY, et al. Tuberculous granulomas are hypoxic in
guinea pigs, rabbits, and nonhuman primates. Infect Immun. 2008 Jun; 76(6):2333—40. doi: 10.1128/
IA1.01515-07 PMID: 18347040

Rohde KH, Abramovitch RB, Russell DG. Mycobacterium tuberculosis invasion of macrophages: link-
ing bacterial gene expression to environmental cues. Cell Host Microbe. 2007 Nov 15; 2(5):352—64.
PMID: 18005756

Leistikow RL, Morton RA, Bartek IL, Frimpong I, Wagner K, Voskuil MI. The Mycobacterium tubercu-
losis DosR regulon assists in metabolic homeostasis and enables rapid recovery from nonrespiring
dormancy. J Bacteriol. 2010 Mar; 192(6):1662—70. doi: 10.1128/JB.00926-09 PMID: 20023019

Minch K, Rustad T, Sherman DR. Mycobacterium tuberculosis growth following aerobic expression of
the DosR regulon. PLoS One. 2012; 7(4):€35935. doi: 10.1371/journal.pone.0035935 PMID:
22558276

Fontan P, Aris V, Ghanny S, Soteropoulos P, Smith |. Global transcriptional profile of Mycobacterium
tuberculosis during THP-1 human macrophage infection. Infect Immun. 2008 Feb; 76(2):717-25.
PMID: 18070897

Tufariello JM, Mi K, Xu J, Manabe YC, Kesavan AK, Drumm J, et al. Deletion of the Mycobacterium
tuberculosis resuscitation-promoting factor Rv1009 gene results in delayed reactivation from chronic
tuberculosis. Infect Immun. 2006 May; 74(5):2985-95. PMID: 16622237

Hett EC, Chao MC, Steyn AJ, Fortune SM, Deng LL, Rubin EJ. A partner for the resuscitation-promot-
ing factors of Mycobacterium tuberculosis. Mol Microbiol. 2007 Nov; 66(3):658—-68. PMID: 17919286

Kana BD, Gordhan BG, Downing KJ, Sung N, Vostroktunova G, Machowski EE, et al. The resuscita-
tion-promoting factors of Mycobacterium tuberculosis are required for virulence and resuscitation
from dormancy but are collectively dispensable for growth in vitro. Mol Microbiol. 2008 Feb; 67
(8):672—84. doi: 10.1111/j.1365-2958.2007.06078.x PMID: 18186793

PLOS ONE | DOI:10.1371/journal.pone.0123745  April 6, 2015 18/22


http://www.ncbi.nlm.nih.gov/pubmed/17981577
http://www.ncbi.nlm.nih.gov/pubmed/8698494
http://dx.doi.org/10.1111/j.1365-2958.2009.06959.x
http://www.ncbi.nlm.nih.gov/pubmed/19906174
http://www.ncbi.nlm.nih.gov/pubmed/16677310
http://www.ncbi.nlm.nih.gov/pubmed/10799506
http://www.ncbi.nlm.nih.gov/pubmed/12953091
http://www.ncbi.nlm.nih.gov/pubmed/14987770
http://www.ncbi.nlm.nih.gov/pubmed/12953092
http://www.ncbi.nlm.nih.gov/pubmed/11929527
http://dx.doi.org/10.1385/1-59259-147-7:247
http://www.ncbi.nlm.nih.gov/pubmed/21341080
http://dx.doi.org/10.1371/journal.pcbi.1002688
http://dx.doi.org/10.1371/journal.pcbi.1002688
http://www.ncbi.nlm.nih.gov/pubmed/23028286
http://dx.doi.org/10.1128/IAI.01515-07
http://dx.doi.org/10.1128/IAI.01515-07
http://www.ncbi.nlm.nih.gov/pubmed/18347040
http://www.ncbi.nlm.nih.gov/pubmed/18005756
http://dx.doi.org/10.1128/JB.00926-09
http://www.ncbi.nlm.nih.gov/pubmed/20023019
http://dx.doi.org/10.1371/journal.pone.0035935
http://www.ncbi.nlm.nih.gov/pubmed/22558276
http://www.ncbi.nlm.nih.gov/pubmed/18070897
http://www.ncbi.nlm.nih.gov/pubmed/16622237
http://www.ncbi.nlm.nih.gov/pubmed/17919286
http://dx.doi.org/10.1111/j.1365-2958.2007.06078.x
http://www.ncbi.nlm.nih.gov/pubmed/18186793

@’PLOS | ONE

M. tuberculosis Transcriptome in Type Il AEC

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

Downing KJ, Mischenko VV, Shleeva MO, Young DI, Young M, Kaprelyants AS, et al. Mutants of My-
cobacterium tuberculosis lacking three of the five rpf-like genes are defective for growth in vivo and
for resuscitation in vitro. Infect Immun. 2005 May; 73(5):3038-43. PMID: 15845511

Shi L, Sohaskey CD, Kana BD, Dawes S, North RJ, Mizrahi V, et al. Changes in energy metabolism of
Mycobacterium tuberculosis in mouse lung and under in vitro conditions affecting aerobic respiration.
Proc Natl Acad Sci U S A. 2005 Oct 25; 102(43):15629-34. PMID: 16227431

Rao SP, Alonso S, Rand L, Dick T, Pethe K. The protonmotive force is required for maintaining ATP
homeostasis and viability of hypoxic, nonreplicating Mycobacterium tuberculosis. Proc Natl Acad Sci
U S A. 2008 Aug 19; 105(33):11945-50. doi: 10.1073/pnas.0711697105 PMID: 18697942

Fine KL, Metcalfe MG, White E, Virji M, Karls RK, Quinn FD. Involvement of the autophagy pathway in
trafficking of Mycobacterium tuberculosis bacilli through cultured human type Il epithelial cells. Cell
Microbiol. 2008 Sep; 14(9):1402—14.

Noll H, Bloch H, Asselineau J, Lederer E. The chemical structure of the cord factor of Mycobacterium
tuberculosis. Biochim Biophys Acta. 1956 May; 20(2):299-309. PMID: 13328853

Bhatt A, Molle V, Besra GS, Jacobs WR Jr., Kremer L. The Mycobacterium tuberculosis FAS-1I con-
densing enzymes: their role in mycolic acid biosynthesis, acid-fastness, pathogenesis and in future
drug development. Mol Microbiol. 2007 Jun; 64(6):1442-54. PMID: 17555433

Sherman D.R. VM, Schnappinger D., Liao R., Harrell M.l. and Schoolnik G.K. Regulation of the Myco-
bacterium tuberculosis hypoxic response gene encoding alpha-crystallin. PNAS. 2001; 98(13):7534—
9. PMID: 11416222

Ohno H, Zhu G, Mohan VP, Chu D, Kohno S, Jacobs WR Jr., et al. The effects of reactive nitrogen in-
termediates on gene expression in Mycobacterium tuberculosis. Cell Microbiol. 2003 Sep; 5(9):637—
48. PMID: 12925133

Fisher MA, Plikaytis BB, Shinnick TM. Microarray analysis of the Mycobacterium tuberculosis tran-
scriptional response to the acidic conditions found in phagosomes. J Bacteriol. 2002 Jul; 184
(14):4025-32. PMID: 12081975

Kendall SL, Movahedzadeh F, Rison SC, Wernisch L, Parish T, Duncan K, et al. The Mycobacterium
tuberculosis dosRS two-component system is induced by multiple stresses. Tuberculosis (Edinb).
2004; 84(3-4):247-55.

Bajaj D, Batra JK. Heat Shock Proteins in Mycobacterium tuberculosis: Involvement in Survival and
Virulence of the Pathogen. In: Cardona DP-J, editor. Understanding Tuberculosis- Deciphering the
Secret Life of the Bacilli InTech; 2012.

O'Toole R, Williams HD. Universal stress proteins and Mycobacterium tuberculosis. Res Microbiol.
2003 Jul-Aug; 154(6):387-92. PMID: 12892844

Russell DG. Mycobacterium tuberculosis: here today, and here tomorrow. Nat Rev Mol Cell Biol.
2001; 2(8):569-77. PMID: 11483990

Cain CC, Sipe DM, Murphy RF. Regulation of endocytic pH by the Na+,K+-ATPase in living cells.
Proc Natl Acad Sci U S A. 1989 Jan; 86(2):544—-8. PMID: 2536168

Fine KL, Metcalfe MG, White E, Virji M, Karls RK, Quinn FD. Involvement of the autophagy pathway in
trafficking of Mycobacterium tuberculosis bacilli through cultured human type Il epithelial cells. Cell
Microbiol. 2012 Sep; 14(9):1402—-14. doi: 10.1111/1.1462-5822.2012.01804.x PMID: 22519722

Ratledge C. Iron, mycobacteria and tuberculosis. Tuberculosis (Edinb). 2004; 84(1-2):110-30.

Siegrist MS, Unnikrishnan M, McConnell MJ, Borowsky M, Cheng TY, Siddigi N, et al. Mycobacterial
Esx-3 is required for mycobactin-mediated iron acquisition. Proc Natl Acad Sci U S A. 2009 Nov 3;
106(44):18792-7. doi: 10.1073/pnas.0900589106 PMID: 19846780

Zhang YJ, Rubin EJ. Feast or famine: the host-pathogen battle over amino acids. Cell Microbiol. 2013
Jul; 15(7):1079-87. doi: 10.1111/cmi.12140 PMID: 23521858

MacKenzie CR, Heseler K, Muller A, Daubener W. Role of indoleamine 2,3-dioxygenase in antimicro-
bial defence and immuno-regulation: tryptophan depletion versus production of toxic kynurenines.
Curr Drug Metab. 2007 Apr; 8(3):237—44. PMID: 17430112

Heseler K, Spekker K, Schmidt SK, MacKenzie CR, Daubener W. Antimicrobial and immunoregulato-
ry effects mediated by human lung cells: role of IFN-gamma-induced tryptophan degradation. FEMS
Immunol Med Microbiol. 2008 Mar; 52(2):273-81. doi: 10.1111/j.1574-695X.2007.00374.x PMID:
18205804

Blumenthal A, Nagalingam G, Huch JH, Walker L, Guillemin GJ, Smythe GA, et al. M. tuberculosis in-
duces potent activation of IDO-1, but this is not essential for the immunological control of infection.
PL0S One. 2012; 7(5):€37314. doi: 10.1371/journal.pone.0037314 PMID: 22649518

PLOS ONE | DOI:10.1371/journal.pone.0123745  April 6, 2015 19/22


http://www.ncbi.nlm.nih.gov/pubmed/15845511
http://www.ncbi.nlm.nih.gov/pubmed/16227431
http://dx.doi.org/10.1073/pnas.0711697105
http://www.ncbi.nlm.nih.gov/pubmed/18697942
http://www.ncbi.nlm.nih.gov/pubmed/13328853
http://www.ncbi.nlm.nih.gov/pubmed/17555433
http://www.ncbi.nlm.nih.gov/pubmed/11416222
http://www.ncbi.nlm.nih.gov/pubmed/12925133
http://www.ncbi.nlm.nih.gov/pubmed/12081975
http://www.ncbi.nlm.nih.gov/pubmed/12892844
http://www.ncbi.nlm.nih.gov/pubmed/11483990
http://www.ncbi.nlm.nih.gov/pubmed/2536168
http://dx.doi.org/10.1111/j.1462-5822.2012.01804.x
http://www.ncbi.nlm.nih.gov/pubmed/22519722
http://dx.doi.org/10.1073/pnas.0900589106
http://www.ncbi.nlm.nih.gov/pubmed/19846780
http://dx.doi.org/10.1111/cmi.12140
http://www.ncbi.nlm.nih.gov/pubmed/23521858
http://www.ncbi.nlm.nih.gov/pubmed/17430112
http://dx.doi.org/10.1111/j.1574-695X.2007.00374.x
http://www.ncbi.nlm.nih.gov/pubmed/18205804
http://dx.doi.org/10.1371/journal.pone.0037314
http://www.ncbi.nlm.nih.gov/pubmed/22649518

@’PLOS | ONE

M. tuberculosis Transcriptome in Type Il AEC

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Smith DA, Parish T, Stoker NG, Bancroft GJ. Characterization of auxotrophic mutants of Mycobacteri-
um tuberculosis and their potential as vaccine candidates. Infect Immun. 2001 Feb; 69(2):1142-50.
PMID: 11160012

Berthet FX, Rasmussen PB, Rosenkrands I, Andersen P, Gicquel B. A Mycobacterium tuberculosis
operon encoding ESAT-6 and a novel low-molecular-mass culture filtrate protein (CFP-10). Microbiol-
ogy. 1998 Nov; 144 (Pt 11):3195-203. PMID: 9846755

Gao LY, Guo S, McLaughlin B, Morisaki H, Engel JN, Brown EJ. A mycobacterial virulence gene clus-
ter extending RD1 is required for cytolysis, bacterial spreading and ESAT-6 secretion. Mol Microbiol.
2004 Sep; 53(6):1677-93. PMID: 15341647

Lewis KN, Liao R, Guinn KM, Hickey MJ, Smith S, Behr MA, et al. Deletion of RD1 from Mycobacteri-
um tuberculosis mimics bacille Calmette-Guerin attenuation. J Infect Dis. 2003 Jan 1; 187(1):117-23.
PMID: 12508154

Hsu T, Hingley-Wilson SM, Chen B, Chen M, Dai AZ, Morin PM, et al. The primary mechanism of at-
tenuation of bacillus Calmette-Guerin is a loss of secreted lytic function required for invasion of lung in-
terstitial tissue. Proc Natl Acad Sci U S A. 2003 Oct 14; 100(21):12420-5. PMID: 14557547

Guinn KM, Hickey MJ, Mathur SK, Zakel KL, Grotzke JE, Lewinsohn DM, et al. Individual RD1-region
genes are required for export of ESAT-6/CFP-10 and for virulence of Mycobacterium tuberculosis.
Mol Microbiol. 2004 Jan; 51(2):359-70. PMID: 14756778

Pallen MJ. The ESAT-6/WXG100 superfamily—and a new Gram-positive secretion system? Trends
Microbiol. 2002 May; 10(5):209-12. PMID: 11973144

RindiL, Lari N, Garzelli C. Genes of Mycobacterium tuberculosis H37Rv downregulated in the attenu-
ated strain H37Ra are restricted to M. tuberculosis complex species. New Microbiol. 2001 Jul; 24
(3):289-94. PMID: 11497087

Rindi L, Lari N, Garzelli C. Search for genes potentially involved in Mycobacterium tuberculosis viru-
lence by mRNA differential display. Biochemical and Biophysical Research Communications.
1999:94-101.

Skjot RL, Oettinger T, Rosenkrands |, Ravn P, Brock |, Jacobsen S, et al. Comparative evaluation of
low-molecular-mass proteins from Mycobacterium tuberculosis identifies members of the ESAT-6
family as immunodominant T-cell antigens. Infect Immun. 2000 Jan; 68(1):214—20. PMID: 10603390

lighari D, Waters LC, Veverka V, Muskett FW, Carr MD. (15)N, (13)C and (1)H resonance assign-
ments and secondary structure determination of the Mycobacterium tuberculosis Rv0287-Rv0288
protein complex. Biomol NMR Assign. 2009 Dec; 3(2):171—-4. doi: 10.1007/s12104-009-9167-3
PMID: 19888683

Renshaw PS, Lightbody KL, Veverka V, Muskett FW, Kelly G, Frenkiel TA, et al. Structure and func-
tion of the complex formed by the tuberculosis virulence factors CFP-10 and ESAT-6. Embo J. 2005
Jul 20; 24(14):2491-8. PMID: 15973432

Mehra A, Zahra A, Thompson V, Sirisaengtaksin N, Wells A, Porto M, et al. Mycobacterium tuberculo-
sis type VIl secreted effector EsxH targets host ESCRT to impair trafficking. PLoS Pathog. 2013 Oct;
9(10):e1003734. doi: 10.1371/journal.ppat. 1003734 PMID: 24204276

Tekaia F, Gordon SV, Garnier T, Brosch R, Barrell BG, Cole ST. Analysis of the proteome of Myco-
bacterium tuberculosis in silico. Tuber Lung Dis. 1999; 79(6):329-42. PMID: 10694977

Alderson MR, Bement T, Day CH, Zhu L, Molesh D, Skeiky YA, et al. Expression cloning of an immu-
nodominant family of Mycobacterium tuberculosis antigens using human CD4(+) T cells. J Exp Med.
2000 Feb 7; 191(3):551-60. PMID: 10662800

Lewinsohn DM, Swarbrick GM, Cansler ME, Null MD, Rajaraman V, Frieder MM, et al. Human CD8 T
Cell Antigens/Epitopes Identified by a Proteomic Peptide Library. PLoS One. 2013; 8(6):e67016.
PMID: 23805289

He XY, Zhuang YH, Zhang XG, Li GL. Comparative proteome analysis of culture supernatant proteins
of Mycobacterium tuberculosis H37Rv and H37Ra. Microbes Infect. 2003 Aug; 5(10):851-6. PMID:
12919853

Bukka A, Price CT, Kernodle DS, Graham JE. Mycobacterium tuberculosis RNA Expression Patterns
in Sputum Bacteria Indicate Secreted Esx Factors Contributing to Growth are Highly Expressed in Ac-
tive Disease. Front Microbiol. 2012; 2:266. doi: 10.3389/fmicb.2011.00266 PMID: 22291682

Mahmood A, Srivastava S, Tripathi S, Ansari MA, Owais M, Arora A. Molecular characterization of se-
cretory proteins Rv3619c and Rv3620c from Mycobacterium tuberculosis H37Rv. FEBS J. 2011 Jan;
278(2):341-53. doi: 10.1111/j.1742-4658.2010.07958.x PMID: 21134129

Both D, Steiner EM, Izumi A, Schneider G, Schnell R. RipD (Rv1566c) from Mycobacterium tubercu-
losis: adaptation of an NIpC/p60 domain to a non-catalytic peptidoglycan-binding function. Biochem J.
2014 Jan 1; 457(1):33—-41. doi: 10.1042/BJ20131227 PMID: 24107184

PLOS ONE | DOI:10.1371/journal.pone.0123745  April 6, 2015 20/22


http://www.ncbi.nlm.nih.gov/pubmed/11160012
http://www.ncbi.nlm.nih.gov/pubmed/9846755
http://www.ncbi.nlm.nih.gov/pubmed/15341647
http://www.ncbi.nlm.nih.gov/pubmed/12508154
http://www.ncbi.nlm.nih.gov/pubmed/14557547
http://www.ncbi.nlm.nih.gov/pubmed/14756778
http://www.ncbi.nlm.nih.gov/pubmed/11973144
http://www.ncbi.nlm.nih.gov/pubmed/11497087
http://www.ncbi.nlm.nih.gov/pubmed/10603390
http://dx.doi.org/10.1007/s12104-009-9167-3
http://www.ncbi.nlm.nih.gov/pubmed/19888683
http://www.ncbi.nlm.nih.gov/pubmed/15973432
http://dx.doi.org/10.1371/journal.ppat.1003734
http://www.ncbi.nlm.nih.gov/pubmed/24204276
http://www.ncbi.nlm.nih.gov/pubmed/10694977
http://www.ncbi.nlm.nih.gov/pubmed/10662800
http://www.ncbi.nlm.nih.gov/pubmed/23805289
http://www.ncbi.nlm.nih.gov/pubmed/12919853
http://dx.doi.org/10.3389/fmicb.2011.00266
http://www.ncbi.nlm.nih.gov/pubmed/22291682
http://dx.doi.org/10.1111/j.1742-4658.2010.07958.x
http://www.ncbi.nlm.nih.gov/pubmed/21134129
http://dx.doi.org/10.1042/BJ20131227
http://www.ncbi.nlm.nih.gov/pubmed/24107184

@’PLOS | ONE

M. tuberculosis Transcriptome in Type Il AEC

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Parthasarathy G, Lun S, Guo H, Ammerman NC, Geiman DE, Bishai WR. Rv2190c, an NIpC/P60
family protein, is required for full virulence of Mycobacterium tuberculosis. PLoS One. 2012; 7(8):
€43429. doi: 10.1371/journal.pone.0043429 PMID: 22952680

Gao LY, Pak M, Kish R, Kajihara K, Brown EJ. A mycobacterial operon essential for virulence in vivo
and invasion and intracellular persistence in macrophages. Infect Immun. 2006 Mar; 74(3):1757—-67.
PMID: 16495549

Wiker HG, Harboe M. The antigen 85 complex: a major secretion product of Mycobacterium tubercu-
losis. Microbiol Rev. 1992; 56(4):648—-61. PMID: 1480113

Ronning DR, Klabunde T, Besra GS, Vissa VD, Belisle JT, Sacchettini JC. Crystal structure of the se-
creted form of antigen 85C reveals potential targets for mycobacterial drugs and vaccines. Nat Struct
Biol. 2000 Feb; 7(2):141-6. PMID: 10655617

Kuo CJ, Ptak CP, Hsieh CL, Akey BL, Chang YF. Elastin, a novel extracellular matrix protein adhering
to mycobacterial antigen 85 complex. J Biol Chem. 2013 Feb 8; 288(6):3886—96. doi: 10.1074/jbc.
M112.415679 PMID: 23250738

Be NA, Bishai WR, Jain SK. Role of Mycobacterium tuberculosis pknD in the pathogenesis of central
nervous system tuberculosis. BMC Microbiol. 2012; 12:7. doi: 10.1186/1471-2180-12-7 PMID:
22243650

Ryndak MB, Singh KK, Peng Z, Zolla-Pazner S, Li H, Meng L, et al. Transcriptional Profiling of Myco-
bacterium tuberculosis Replicating ex vivo in Blood from HIV- and HIV+ Subjects. PLoS One. 2014; 9
(4):€94939. doi: 10.1371/journal.pone.0094939 PMID: 24755630

Yang Z, Kong Y, Wilson F, Foxman B, Fowler AH, Marrs CF, et al. Identification of risk factors for
extrapulmonary tuberculosis. Clin Infect Dis. 2004 Jan 15; 38(2):199-205. PMID: 14699451

Golden MP, Vikram HR. Extrapulmonary tuberculosis: an overview. Am Fam Physician. 2005 Nov 1;
72(9):1761-8. PMID: 16300038

Naing C, Mak JW, Maung M, Wong SF, Kassim Al. Meta-analysis: the association between HIV infec-
tion and extrapulmonary tuberculosis. Lung. 2013 Feb; 191(1):27-34. doi: 10.1007/s00408-012-
9440-6 PMID: 23180033

Ferry T, Perpoint T, Vandenesch F, Etienne J. Virulence determinants in Staphylococcus aureus and
their involvement in clinical syndromes. Curr Infect Dis Rep. 2005 Nov; 7(6):420-8. PMID: 16225779

Nobbs AH, Lamont RJ, Jenkinson HF. Streptococcus adherence and colonization. Microbiol Mol Biol
Rev. 2009 Sep; 73(3):407-50, Table of Contents. doi: 10.1128/MMBR.00014-09 PMID: 19721085

Jedrzejas MJ. Pneumococcal virulence factors: structure and function. Microbiol Mol Biol Rev. 2001
Jun; 65(2):187-207; first page, table of contents, Review. PMID: 11381099

Vengadesan K, Narayana SV. Structural biology of Gram-positive bacterial adhesins. Protein Sci.
2011 May; 20(5):759-72. doi: 10.1002/pro.613 PMID: 21404359

Krishnan V, Narayana SV. Crystallography of gram-positive bacterial adhesins. Adv Exp Med Biol.
2011;715:175-95. doi: 10.1007/978-94-007-0940-9_11 PMID: 21557064

Bonazzi M, Lecuit M, Cossart P. Listeria monocytogenes internalin and E-cadherin: from bench to
bedside. Cold Spring Harb Perspect Biol. 2009 Oct; 1(4):a003087. doi: 10.1101/cshperspect.
2003087 PMID: 20066101

Jensch |, Gamez G, Rothe M, Ebert S, Fulde M, Somplatzki D, et al. PavB is a surface-exposed adhe-
sin of Streptococcus pneumoniae contributing to nasopharyngeal colonization and airways infections.
Mol Microbiol. 2010 Jul 1; 77(1):22—43. doi: 10.1111/j.1365-2958.2010.07189.x PMID: 20444103

Chen SM, Tsai YS, Wu CM, Liao SK, Wu LC, Chang CS, et al. Streptococcal collagen-like surface
protein 1 promotes adhesion to the respiratory epithelial cell. BMC Microbiol. 2010; 10:320. doi: 10.
1186/1471-2180-10-320 PMID: 21159159

Abranches J, Miller JH, Martinez AR, Simpson-Haidaris PJ, Burne RA, Lemos JA. The collagen-bind-
ing protein Cnm is required for Streptococcus mutans adherence to and intracellular invasion of
human coronary artery endothelial cells. Infect Immun. 2011 Jun; 79(6):2277-84. doi: 10.1128/IAl.
00767-10 PMID: 21422186

Sanchez CJ, Hinojosa CA, Shivshankar P, Hyams C, Camberlein E, Brown JS, et al. Changes in cap-
sular serotype alter the surface exposure of pneumococcal adhesins and impact virulence. PLoS
ONE. 2011; 6(10):e26587. doi: 10.1371/journal.pone.0026587 PMID: 22028914

Berry AM, Paton JC. Additive attenuation of virulence of Streptococcus pneumoniae by mutation of
the genes encoding pneumolysin and other putative pneumococcal virulence proteins. Infect Immun.
2000 Jan; 68(1):133-40. PMID: 10603379

Ogunniyi AD, LeMessurier KS, Graham RM, Watt JM, Briles DE, Stroeher UH, et al. Contributions of
pneumolysin, pneumococcal surface protein A (PspA), and PspC to pathogenicity of Streptococcus
pneumoniae D39 in a mouse model. Infect Immun. 2007 Apr; 75(4):1843-51. PMID: 17261599

PLOS ONE | DOI:10.1371/journal.pone.0123745  April 6, 2015 21/22


http://dx.doi.org/10.1371/journal.pone.0043429
http://www.ncbi.nlm.nih.gov/pubmed/22952680
http://www.ncbi.nlm.nih.gov/pubmed/16495549
http://www.ncbi.nlm.nih.gov/pubmed/1480113
http://www.ncbi.nlm.nih.gov/pubmed/10655617
http://dx.doi.org/10.1074/jbc.M112.415679
http://dx.doi.org/10.1074/jbc.M112.415679
http://www.ncbi.nlm.nih.gov/pubmed/23250738
http://dx.doi.org/10.1186/1471-2180-12-7
http://www.ncbi.nlm.nih.gov/pubmed/22243650
http://dx.doi.org/10.1371/journal.pone.0094939
http://www.ncbi.nlm.nih.gov/pubmed/24755630
http://www.ncbi.nlm.nih.gov/pubmed/14699451
http://www.ncbi.nlm.nih.gov/pubmed/16300038
http://dx.doi.org/10.1007/s00408-012-9440-6
http://dx.doi.org/10.1007/s00408-012-9440-6
http://www.ncbi.nlm.nih.gov/pubmed/23180033
http://www.ncbi.nlm.nih.gov/pubmed/16225779
http://dx.doi.org/10.1128/MMBR.00014-09
http://www.ncbi.nlm.nih.gov/pubmed/19721085
http://www.ncbi.nlm.nih.gov/pubmed/11381099
http://dx.doi.org/10.1002/pro.613
http://www.ncbi.nlm.nih.gov/pubmed/21404359
http://dx.doi.org/10.1007/978-94-007-0940-9_11
http://www.ncbi.nlm.nih.gov/pubmed/21557064
http://dx.doi.org/10.1101/cshperspect.a003087
http://dx.doi.org/10.1101/cshperspect.a003087
http://www.ncbi.nlm.nih.gov/pubmed/20066101
http://dx.doi.org/10.1111/j.1365-2958.2010.07189.x
http://www.ncbi.nlm.nih.gov/pubmed/20444103
http://dx.doi.org/10.1186/1471-2180-10-320
http://dx.doi.org/10.1186/1471-2180-10-320
http://www.ncbi.nlm.nih.gov/pubmed/21159159
http://dx.doi.org/10.1128/IAI.00767-10
http://dx.doi.org/10.1128/IAI.00767-10
http://www.ncbi.nlm.nih.gov/pubmed/21422186
http://dx.doi.org/10.1371/journal.pone.0026587
http://www.ncbi.nlm.nih.gov/pubmed/22028914
http://www.ncbi.nlm.nih.gov/pubmed/10603379
http://www.ncbi.nlm.nih.gov/pubmed/17261599

@’PLOS | ONE

M. tuberculosis Transcriptome in Type Il AEC

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Soong G, Martin FJ, Chun J, Cohen TS, Ahn DS, Prince A. Staphylococcus aureus protein A medi-
ates invasion across airway epithelial cells through activation of RhoA GTPase signaling and proteo-
lytic activity. J Biol Chem. 2011 Oct 14; 286(41):35891-8. doi: 10.1074/jbc.M111.295386 PMID:
21878647

Verrall AJ, Netea MG, Alisjahbana B, Hill PC, van Crevel R. Early clearance of Mycobacterium tuber-
culosis: a new frontier in prevention. Immunology. 2014 Apr; 141(4):506—13. PMID: 24754048

Fine PE. Variation in protection by BCG: implications of and for heterologous immunity. Lancet. 1995
Nov 18; 346(8986):1339-45. PMID: 7475776

Andersen P, Woodworth JS. Tuberculosis vaccines—rethinking the current paradigm. Trends Immu-
nol. 2014 May 26.

Evans TG, Brennan MJ, Barker L, Thole J. Preventive vaccines for tuberculosis. Vaccine. 2013 Apr
18; 31 Suppl 2:B223-6. doi: 10.1016/j.vaccine.2012.11.081 PMID: 23598486

Butcher PD, Mangan JA, Monahan IM. Intracellular Gene Expression- Analysis of RNA from Myco-
bacteria in Macrophages Using RT-PCR. Methods in Molecular Biology. 1999; 101:285-306.

Schlingemann J, Thuerigen O, lttrich C, Toedt G, Kramer H, Hahn M, et al. Effective transcriptome
amplification for expression profiling on sense-oriented oligonucleotide microarrays. Nucleic Acids
Res. 2005; 33(3):e29. PMID: 15718295

Garton NJ, Waddell SJ, Sherratt AL, Lee SM, Smith RJ, Senner C, et al. Cytological and transcript
analyses reveal fat and lazy persister-like bacilli in tuberculous sputum. PLoS Med. 2008 Apr 1; 5(4):
€75. doi: 10.1371/journal.pmed.0050075 PMID: 18384229

Dudoit D, Yang YH, Callow MJ, Speed TP. Statistical methods for identifying differentially expressed
genes in replicated cDNA microarray experiments. Technical report no.578. Department of Statistics,
University of California. Berkeley. 2000; Available from: http://stat-www.berkeley.edu/users/terry/
zarray/TechReport/578.pdf.

Tusher VG, Tibshirani R, Chu G. Significance analysis of microarrays applied to the ionizing radiation
response. Proc Natl Acad Sci U S A. 2001 Apr 24; 98(9):5116—21. PMID: 11309499

PLOS ONE | DOI:10.1371/journal.pone.0123745  April 6, 2015 22/22


http://dx.doi.org/10.1074/jbc.M111.295386
http://www.ncbi.nlm.nih.gov/pubmed/21878647
http://www.ncbi.nlm.nih.gov/pubmed/24754048
http://www.ncbi.nlm.nih.gov/pubmed/7475776
http://dx.doi.org/10.1016/j.vaccine.2012.11.081
http://www.ncbi.nlm.nih.gov/pubmed/23598486
http://www.ncbi.nlm.nih.gov/pubmed/15718295
http://dx.doi.org/10.1371/journal.pmed.0050075
http://www.ncbi.nlm.nih.gov/pubmed/18384229
http://stat-www.berkeley.edu/users/terry/zarray/TechReport/578.pdf
http://stat-www.berkeley.edu/users/terry/zarray/TechReport/578.pdf
http://www.ncbi.nlm.nih.gov/pubmed/11309499


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


