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Alveolar macrophages are the main line of innate immune response against M. tuberculosis (Mtb) infection. However,
these cells serve as the major intracellular niche for Mtb enhancing its survival, replication and, later on, cell-to-cell
spread. Mtb-associated cytotoxicity of macrophages has been well documented, but limited information exists about
mechanisms by which the pathogen induces cell necrosis. To identify virulence factors involved in the induction of
necrosis, we screened 5,000 transposon mutants of Mtb for clones that failed to promote the host cell necrosis in a
similar manner as the wild-type bacterium. Five Mtb mutants were identified as potential candidates inducing
significantly lower levels of THP-1 cell damage in contrast to the H37Rv wild-type infection. Reduced levels of the cell
damage by necrosis deficient mutants (NDMs) were also associated with delayed damage of mitochondrial membrane
permeability when compared with the wild-type infection over time. Two knockout mutants of the Rv3873 gene,
encoding a cell wall PPE68 protein of RD1 region, were identified out of 5 NDMs. Further investigation lead to the
observation that PPE68 protein interacts and exports several unknown or known surface/secreted proteins, among
them Rv2626c is associated with the host cell necrosis. When the Rv2626c gene is deleted from the genome of Mtb, the
bacterium displays significantly less necrosis in THP-1 cells and, conversely, the overexpression of Rv2626c promotes

the host cell necrosis at early time points of infections in contrast to the wild-type strain.

Introduction

Tuberculosis is one of the most prevalent diseases on the globe
that accounts for a large portion of illness and death. The infec-
tion is caused by a human-adapted bacterium, Mycobacterium
tuberculosis (Mtb), that is able to infect many cell types in the
host including macrophages.””> Mtb has the ability to subvert a
number of killing processes present in macrophages possibly at
every level. A fundamental virulence property of Mtb is the abil-
ity to alter the normal phagosome biogenesis™” and prevent traf-
ficking to acidic, degradative lysosomes.* Pathogen escapes
killing mechanisms of toxic reactive oxygen or nitrogen inter-
mediates by limiting phagocytic cells to generate these most effec-
tive anti-bacterial molecules.”® Mtb contains molecular strategies
to hijack trafficking pathways to prevent autophagy and the
destruction of macrophages by apoptosis’™ that has been pro-
posed to be the virulence characteristic of Mtb. Many manners,
employed by Mtb, have been described to inhibit a macrophage
self-death,”"" leading to the conclusion that this property must
be an important one for the pathogen survival outcome. The nat-
ural cycle of the infection, however, suggests that although
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prevention of apoptosis is achieved, exit from macrophages has
an important role in establishing a definitive niche.

The ability of Mtb to trigger necrosis of infected cells has been
known for quite some time, and there is increasing evidence that
virulent Mtb strain leaves the macrophage viz necrosis at later
time point of the infection.'** Alveolar epithelial cells are also
subjected to the same destiny when infected with Mitb.”'* Evi-
dence suggests that upon infection of macrophages, Mtb induces
an anti-apoptotic mechanism by suppressing TNF-oa-mediated
extrinsic apoptosis but, concomitantly, pathogen activates the
intrinsic pathway through mitochondrial damage,'" which leads
to necrosis as an exit strategy.' "> Experimental models have
shown that the RD1 region, present in both M. tuberculosis and
Mycobacterium marinum, is involved in the necrosis process and
deficiency to secrete ESAT-6 and CFP-10 proteins results in
impairment of both pathogen to exit macrophages.'® The fact is
that ESAT-6 and CFP-10 proteins are secreted inside of macro-
phages soon after phagocytosis, but necrosis and eventual exit
from the cell does not happen until several days after infection.
In addition, both proteins have been associated with a number of

virulence-related mechanisms'’™'? and there is a possibility that
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knockout mutants would have additional characteristics that
might depend on ESAT-6 and CFP-10 indirectly.

Our laboratory has demonstrated that Mtb partially inhibits
macrophage apoptosis.” The evidence shows that the inhibition
of the extrinsic pathway is post-transcriptional, and the intrinsic
pathway of apoptosis is used to trigger the cell death.'"** The
association of intrinsic pathway of apoptosis and necrosis has
been recently documented.”"** Our observation suggests that
disturbance of the mitochondria membrane most likely is
involved in the process of necrosis.

In this study, by adopting an unbiased screening, we identified
a transport mechanism linked to secretion of protein(s) and the
ability of M. tuberculosis to cause necrosis in phagocytic cells.

Results

Identification of Mtb mutants defective in necrosis but
competent for intracellular growth in macrophages

We have previously evaluated the viability of M. rmberculo-
sis H37Rv (wild-type) infected macrophages over time, and
established that at 7 day post-infection more than 70% of
cells detached from the monolayer due to necrosis. We used
this observation to visually screen infected monolayers with
5,000 Mtb transposon clones and to identify wells with
approximately 30% fewer detached mononuclear cells. Using
this unbiased approach, we observed 23 wells that clearly dis-
played significantly less disturbed monolayers compared with
control wells infected with Mtb wild-type strain with 70%
detached monolayer. These mutants were further evaluated
for cytotoxicity by measuring the Lactate Dehydrogenase

(LDH) enzyme levels in the supernatants of infected wells.
As shown on Figure 1A, 7 mutants were identified with
impaired ability to cause the cell damage when compared to
the wild-type bacterium-infected macrophages at the same
time points. To ensure that the significantly lower level of
necrosis observed was not due to mutations in Mtb genes
that would prevent intracellular replication, we examined
intracellular growth rates of necrosis deficient mutants
(NDMs) in THP-1 cells. Selected Mtb mutants were
renamed as follow: m4/TN-1, m8/TN-2, m10/TN-3, m15/
TN-4, m18/TN-5, m19/TN-6 and m23/TN-7. As shown on
Figure 1B, mutants TN-4 and TN-7 invaded THP-1 cells
similarly to the wild-type bacterium, but over time they
showed significant impairment in intracellular growth when
compared with the wild-type infection.(**, p < 0.01).

Distinguishing apoptotic and necrotic cells during infection

M. tuberculosis non-attenuated mutants (renamed as TN-1/
NDM1, TN-2/NDM2, TN-3/NDM3, TN-5/NDM4 and
TN-6/NDM5) were further assayed to quantify 2 populations
of apoptotic and necrotic cells using Annexin V-FITC and
propidium iodide reagents. THP-1 cells were infected with
the H37Rv wild-type and necrosis deficient mutants and,
after 7 days, 2 populations of dying THP-1 cells were quanti-
fied. While apoptotic cells labeled with the FITC-conjugated
Annexin V are visualized in green, propidium iodide, a
marker for the cell death, labels cell in red. As shown on
Figure 2, monolayers that are infected with the wild-type
bacterium contain = significantly more propidium iodide
stained cells. THP-1 macrophage monolayers infected with
necrosis deficient mutants, however, demonstrated staining
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between Mtb transposon mutants and the wild-type.

Figure 1. (A) LDH levels was measured in THP-1 monolayers that were infected with the Mtb wild-type and transposon mutants at a MOI of 10 bacterium
to 1 cell, and the percentage of necrosis was calculated according to the manufacturer’s protocol. The MOI used was 10. **, p < 0.01, the significance of
differences between Mtb transposon mutants and the wild-type. (B) Survival assay for Mtb necrosis deficient mutants in vitro. THP-1 cells were infected
with Mtb wild-type and 7 NDMs for 1h and 5 days; CFUs were recorded from lysed macrophages as well as from the supernatants of culture medium at
day 5 post-infection. Results represent means + standard error of the mean of 2 independent experiments. **, p < 0.01, the significance of differences
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Figure 2. (A) Fluorescence micrographs of THP-1 cells at 7 days post-infection with the Mtb wild-type and NDMs. Macrophage monolayers were stained
with both Annexin V-FITC and propidium iodide to visualize the early and late stage of apoptosis and/or necrosis of THP-1 cells, respectively. The early
apoptotic THP-1 cells with intact membranes are seen in green; Late apoptotic cells that have already lost their membrane integrity are seen in orange
(or orange to red) with green membrane fragments; Totally destroyed necrotic cells are seen in red. (B) The percentage of necrosis quantified in 2 hun-
dred cells that was infected with either the Mtb wild-type or NDM transposon mutants. Results represent means + standard error of the mean of 3 inde-
pendent experiments. **, p < 0.01 and *, p < 0.05, the significance of differences between Mtb NDMs and the wild-type.

with both propidium iodide and Anenxin V positive cells,
with majority of the cells being apoptotic. While Figure 2A
displays micrographs obtained with fluorescent microscopy,
Figure 2B shows percentage of necrotic cells in the wild-type
M. tuberculosis and mutant infected macrophages. Two hun-
dred cells were scored for quantification of apoptotic and
necrotic cells, in both control (wild-type) and experimental
(necrosis deficient mutant) wells.

Necrosis deficient mutants are associated with delayed
activation of the intrinsic pathway of apoptosis

We hypothesized that the stimulation of the intrinsic apopto-
tic pathway by M. tuberculosis is a required strategy for the host
cell necrosis outcome and virulence. We tested necrosis deficient
mutants for deficiency in activation of the intrinsic pathway of
apoptosis by measuring mitochondrial membrane damage.
MitoLight™ assay (Chemicon), based on the lipophilic cationic
dye that stains living macrophage mitochondria, was used to
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Figure 3. (A) Immunofluorescence analysis of mitochondrial transmembrane disruption after Mtb wild-type and NDMs infection compared to uninfected
cells and staurosporine treatment (positive control). Red scattered staining in THP-1 cells indicate undamaged mitochondria; however, cells with altered
mitochondrial membrane stains green as the dye accumulates in the cytoplasm and remains in its monomeric form. (B) The percentage of necrosis quan-
tified in 2 hundred cells that was infected with either the Mtb wild-type or NDMs at MOI of 10. **, p < 0.01 and *, p < 0.05, the significance of differences

between NDMs and the wild-type.
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detect mitochondrial membrane disruption in both the wild-
type- and mutant-infected macrophages. Staurosporine (Sigma)
treatment was added to experiments as a positive control,
Figure 3A shows that the lipophilic dye is accumulated in the
mitochondria of uninfected cells (bright red fluorescence). The
mitochondrial membrane damage where the dye is diffused in
the cytoplasm of THP-1 cells is presented with bright green fluo-
rescence. After quantification of 2 hundred cells, results indicate
that NDM1 through NDM5-infected macrophages contain sig-
nificantly lower number of cells with damaged mitochondria
compared with H37Rv infection (Fig. 3B).

PPEG8 is involved in necrotic cell death of macrophages

Transposon mutants were sequenced using nonspecific nested
suppression PCR method. Samples were submitted to the Cen-
tral Service Laboratories (CSL), Center for Gene Research and
Biotechnology (CGRB), Oregon State University, Corvallis, and
database search of obtained sequenced fragments was performed

at the National Center for Biotechnology Information (www.
ncbi.nih.gov), using BLAST network service. Sequencing results
shows that NDM1 and NDM2 mutants had the same gene
(Rv3873) interrupted in their genome. The Rv3873 gene is situ-
ated within the ESX-1 region and encodes PPE68 protein
(Fig. 4A). The mass spectrometry analysis of M. ruberculosis lipo-
philic membrane- and membrane-associated proteins identified
the PPEGS as a part of the cell envelop in H37Ry strain.>® Recent
studies have demonstrated that PPE68 is a significant immuno-
genic component of RD1 and most likely plays an important
role in Mtb pathogenicity.*

The profile of PPE68 interacting Mtb proteins

Studies provide evidence that PPE68 interacts with multiple
components of the ESX-1 machinery'”* and results further
indicate that disruption of PPE68 is associated with increased
secretion of ESAT-6 effector protein, suggesting the possible role

of PPEG8 as a gating protein during the type VII-dependent
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that diploid yeast cells contained both bait and pray constructs.

Figure 4. (A) Schematic organization of the M. tuberculosis RD1 region containing the PPE68 gene. (B) His-tagged pull-down assay of Mtb proteins inter-
acting with PPE68. The overexpressed PPE68 protein in induced (lane 1) and uninduced (lane 2) E.coli cells is visualized with anti-His antibody. Lane 3,
protein marker; lane 4, the pull-down control using the uninduced E.coli cell lysate; lane 5, Mtb bound proteins to PPE68. The membrane was visualized
with Li-Cor Odyssey imaging system. (C) The interactions between PPE68 and Rv0462/IpdC (1), Rv0652/rplL (2), Rv1093/glyA1 (3), Rv1388/mihF (4),
Rv1837c/glcB (5), Rv2220/gInA1 (6) and Rv2626c (7) were confirmed using a yeast 2-hybrid system. To test the specificity of PPE68 interaction to target
Mtb proteins, the yeast reporter strain containing the bait pGBKT7:PPE4 and pGBKT7:PPE27 constructs were screened against the selected Mtb gene con-
structs in pGADT?7 vector; The yeast zygotes that grew on quadruple dropout medium SD/-Ade/-His/-Leu/~Trp supplemented with X-a-Gal and Aureo-
basidin A (QDO/X/A) and turned blue in color were considered positive. The growth of the yeast cells on the —Trp/Lew medium was used as a control
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protein secretion by mycobacterium.”® To identify if PPEGS
interacts with mycobacterium secreted/surface exposed proteins,
other than ESX-1 components, and, possibly, is involved in the
control of translocation of these proteins, we performed the pull-
down assay. The pET:PPE6G8 construct was expressed in E.coli
and purified with the His-purification kit according the manufac-
turers protocol (Clontech). The recombinant PPEG8 protein
then was loaded into columns containing His-raisin together
with H37Rv cell lysate extracted from the mid-log grown culture.
The samples were incubated at 4°C with agitation for overnight.
Next day, samples were washed and captured proteins were
eluted, purified and submitted for mass spectrometric analysis at
the Oregon Health and Science University (OHSU) Proteomics

Table 1. PPE68 interacting Mtb proteins.

facility. Figure 4B shows the recombinant PPE68 protein (lane
1) and captured Mtb proteins (lane 5) that were bound to PPEGS
during pull-down study, and the list of proteins identified by
mass spectrometric analysis is presented on Table 1.

The interaction of identified Mtb proteins is specific
to PPEG8

We further confirmed and demonstrated the specific interac-
tion between PPE68 and H37Rv Rv0462//pdC, Rv0652/rplL,
Rv1093/glyA1, Rv1388/mihF, Rv1837c/gleB, Rv2220/glnAl and
Rv2626¢ using the yeast 2-hybrid system. The PPE68 gene was
synthesized in frame with a translational fusion of DNA-binding
domain of pGBKT?7 vector, whereas Mtb selected genes were

Accession Gene Function Spectral counts
NP_216402.1 fbpB Secreted antigen 85-B FbpB 62.9
NP_215610.1 desA2 Possible acyl-desaturase DesA2 51
NP_217289.1 dapB Dihydrodipicolinate reductase 36
NP_214662.1 Rv0148 Short-chain type dehydrogenase/reductase 320
NP_217347.1 echA16 Probable enoyl-CoA hydratase 31.0
NP_218321.1 fopA Secreted antigen 85-a FbpA 24.1
NP_217502.1 hupB DNA-binding protein HU homolog 21.0
NP_216625.1 prcA Proteasome o subunit 21.0
NP_215155.1 rplA 50S ribosomal protein L1 20.0
NP_217935.1 groES 10 kDa chaperonin 184
NP_215904.1 mihF Putative integration host factor 149
NP_214954.1 groEL 60 kDa chaperonin 2 51
NP_216736.1 glnA1 Glutamine synthetase 226
NP_216424.1 katG Catalase-peroxidase-peroxynitritase T 153
NP_216547.1 hspX Heat shock protein 78
NP_215965.1 tkt Transketolase 143
NP_215228.1 rpIN 50S ribosomal protein L14 23
NP_217142.1 Rv2626¢ Hypoxic response protein 1/ Hrp1 57
NP_215166.1 rplL 50S ribosomal protein L7/L12 43
NP_216701.1 TB16.3 Conserved protein 32
NP_214864.1 dnaK Chaperone protein 29
NP_214972.1 Rv0458 Probable aldehyde dehydrogenase 27
NP_217299.1 gpsl Polyribonucleotide nucleotidyltransferase 93
NP_218114.1 Isr2 Iron-regulated H-NS-like protein 20
NP_217765.1 sahH Probable adenosylhomocysteinase 44
NP_218026.1 ilvX Probable acetohydroxyacid synthase 65
NP_215649.1 metE homocysteine methyltransferase 90
NP_216546.1 Rv2030c Conserved protein 30
NP_215267.1 mmsA Methylmalonate-semialdehyde dehydrogenase 22
NP_216978.1 tig Probable trigger factor (TF) protein 30
NP_215375.1 fadB Fatty oxidation protein 28
NP_216152.1 TB15.3 Iron-regulated universal stress protein 22
NP_218366.1 EspR ESX-1 transcriptional regulatory protein 39
NP_218431.1 trxC Thioredoxin 23
YP_177943.1 TB9.4 Conserved protein 26
NP_214712.1 Zmp1 Zinc metalloprotease 34
NP_214661.1 Rv0147 Aldehyde dehydrogenase (NAD+) dependent 30
YP_177746.1 fusA1 Probable elongation factor G 23
NP_216353.1 glcB Malate synthase G 110
NP_214976.1 Ipd Dihydrolipoamide dehydrogenase 50.0
NP_216247.2 gabD1 Succinate-semialdehyde dehydrogenase 41.0
NP_216359.1 guaB1 Inosine-5-monophosphate dehydrogenase 29.0
YP_177782.1 cbs Probable cystathionine B-synthase 41.0
NP_216729.1 pepB Aminopeptidase 25.0
YP_177787.2 glyA serine hydroxymethyltransferase 25.0
NP_214745.1 fadE4 Probable acyl-CoA dehydrogenase 25.0
www.tandfonline.com Virulence 27
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Figure 5. (A) Necrosis in THP-1 cells that was infected with the Mtb wild-
Rv2626¢ was measured by the LDH activity assay. The MOI used was 10. Results represent means =+ standard error of the mean of 3 independent experi-
ments. *, p < 0.05, the significance of differences between Mtb overexpressed clones and the wild-type. (B) Infection and survival assay for Mtb knockout
and complemented clone of Rv2626c in vitro. THP-1 cells were infected with Mtb wild-type, Mtb (Rv2626¢~) and Mtb (Rv2626c*) clones and CFUs were
recorded at 1 h and 5 days post-infection. Results that represent means + standard error of the mean of 2 independent experiments indicate that Mtb
knockout and complemented clones invade and survive in macrophages similarly to the wild-type strain. (C) The Mtb (Rv2626c ™) infection of THP-1 cells
demonstrates significantly less necrosis when compared to Mtb wild-type and Mtb (Rv2626c™) infection. Cells were infected with an MOI of 10. **,
p < 0.01 and *, p < 0.05, the significance of differences between Mtb (Rv2626¢™) and the wild-type and complemented clone.

type and overexpressed clones of IpdC, rplL, glyA1, mihF, glcB, gInA1 and

constructed in fusion with GAL4 activation domain of
pGADT?7. In addition, to examine that the binding of identified
Mtb proteins were explicit to PPE68, we randomly selected
PPE4 (Rv0286) and PPE27 (Rv1790) genes for interaction anal-
ysis against lpdC, rpll, glyAl, mihF, glcB, glnAl and Rv2626c.
PPE4 and PPE27 genes were cloned into pGBKT7 similarly to
PPEG8 and screened on the Quadruple Dropout agar plates con-
taining 20 mg/ml X-a-Galactosidase and 125 ng/ml Aureobasi-
din. As shown on Figure 4C, interaction of selected proteins
were found to be specific to PPE68 but not to PPE4 and PPE27.

Overexpression of glnA1 and Rv2626¢ genes leads to
increased cell necrosis at early time point infection

To determine if any of the identified Mtb genes were associ-
ated with the cell necrosis, we constructed overexpression clones

28 Virul

in H37Rv, and cell death was assayed in THP-1 cells after 5 days
of post-infection. Significantly higher levels of necrosis were seen
in macrophages infected with either g/lnAl or Rv2626¢ overex-
pressed clones when compared with control Mtb H37Rv con-
taining empty plasmid (Fig. 5A). The cell death was also
observed in macrophages infected with the wild-type bacterium
control and the recombinant clones expressing lpdC, rplL, glyAl,
mibE and gleB. The levels of necrosis were comparable among
clones.

Infection with the knockout mutant of Rv2626c¢ displays
significantly less necrosis in macrophages

The knockout mutant of Rv2626c in M. mberculosis
CDC1551 was obtained from BEI resources and examined for
the ability of Mtb to replicate and induce necrosis in THP-1

ence Volume 7 Issue 1



cells. In vitro studies revealed no differences between Mtb paren-
tal strain and Rv2626¢ knockout clone growth within human
macrophages (Fig. 5B); However, the Rv2626¢ knockout clone
showed significantly lower levels of cell necrosis evident at 5 days
post-infection (Fig. 5C). The necrosis phenotype was recovered
by complementing knockout strain with the functional Rv2626¢
gene.

Discussion

The ability of tubercle bacilli to control and modulate cell
death pathways in infected macrophages is emerging as a mecha-
nism of pathogenesis. The apoptotic cell death promotes micro-
bicidal activity in phagocytic cells, and removes the intracellular
niche for bacillary replication, whereas necrotic cell death causes
cell lysis and facilitate release and cell-to-cell spread of the viable
bacterium. Recently, it has become apparent that the timing and
mode of death of infected primary host cells have decisive role in
the control of M. tuberculosis infection and, later on, in the devel-
opment of disease. Although, necrotic cell death is usually con-
sidered to be an “uncontrolled” death, several studies have
indicated that it can follow as a controlled series of cellular and

5

molecular events,””*® and it has been demonstrated that virulent
strains of Mtb are capable to induce necrotic death as an escape
strategy from macrophages.'> Mtb evades apoptosis of host mac-
rophages by release of TNF-R2 resulting in inactivation of TNF-
,”” and bacterium is able to modulate the induction of anti-apo-
ptotic B2 family members”* Previously, we identified that
H37Rv strain blocks the extrinsic pathway of apoptosis through
secreting effector proteins Rv3654c and Rv3655c and interfering
with caspases’ post-transcriptional events.'' While Mtb inhibits
the extrinsic pathway of apoptosis, it concurrently activates the
intrinsic pathway, leading to the mitochondrial transmembrane
damage and macrophage necrosis.'’ This strategy potentially
links apoptotic and non-apoptotic death pathways. M. tuberculo-
sis, both virulent H37Rv and attenuated H37Ra strains, have
been shown to disrupt the mitochondrial outer membrane, but
only the virulent H37Rv strain induces the significant mitochon-
drial transmembrane potential loss leading to macrophage necro-
sis as an exit strategy for spreading of the infection."”” Our
findings suggest that the pathogen uses the intrinsic pathway of
apoptosis to trigger cell death, and the intrinsic mode of death at
later time points has direct correlation to increased levels of
necrosis of Mtb infected macrophages.!' These observations
demonstrate how pathogenic Mtb utilizes concurrent stimulation
and inhibition of different death modes to control the fate of its
host cell.

Studies by several groups have described the ESX-1-indepen-
dent®® and ESX-1-dependent necrotic cell death'”?* employed
by mycobacteria. Different experimental systems identified
ESAT-6 and CFP-10 proteins linked to necrosis in Mtb infected
macrophages.”> ESAT-6 is a multi-functional protein with many
roles in pathogenesis being identified. Importantly, ESAT-6 and
CFP-10 are proteins secreted by Mtb and M. marinum when out-
side and inside cells.***> Furthermore, ESAT-6 have been
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associated with an array of pathogenic mechanisms of both Mtb
and M. marinum, mechanisms, such as necrosis of polymorphnu-
clear phagocytes, lysis of lung mucosal epithelial cells, survival of
the bacterium in disseminated infection, and necrosis of macro-
phages to cite a few.*>*>*” The secretion of ESAT-6 in macro-
phages has been shown at a time frame that varies from early
uptake events to days following the infection.

One of the possibilities to incorporate the current information
to the existing body of knowledge is to consider that many of the
ESAT-6 reported functions might be only indirectly linked to
the protein. The idea, that Mtb and M. marinum escape macro-
phages to spread the infection is supported by experiments in

mice and zebrafish,?”-38

raises the aspect that it is quite important
for progression of the infection.

To identify virulence factors contributing to macrophage
necrosis, in this study we compared the ability of a virulent
H37Rv strain and its isogenic mutants to stimulate macrophage
death and control balance between apoptotic and necrotic death.
By screening mutants of M. tuberculosis in an unbiased manner
we identified PPEGS, which has been shown to interact with
components of the ESX-1 secretion system.?* The inactivation of
PPEG8 leads to an enhancement of the secretion of ESAT-6, sug-
gesting that PPEG8 is likely to have a role and participates in the
control of secretion by the type VII secretion apparatus.'” Similar
observation has been made regarding the role of PPE68 protein
by other groups.”® This raises an important question: why the
inactivation of PPEGS, associated with increased secretion of
ESAT-6, decreases the necrotic cell death as observed in our
assays. What is reassuring is that our screen identified PPE68
gene in multiple NDM mutants. The experimental evidence that
PPEG68 protein can dimerize suggests that this protein might act
as a gating protein preventing premature secretion.'” Our data
indicate that as a “secretion gate” PPEGS interacts with many
proteins with known and many of unknown functions. Two of
proteins recognized by PPE68 were glnyAl encoding glutamine
synthetase 1 and hypothetical Rv2626¢ protein. The glynAl
product is important in nitrogen metabolism and this gene is an
essential for M. tuberculosis virulence. It has been demonstrated
by several studies that the knockout mutant is attenuated for
intracellular growth in THP-1 cells and iz vivo.”> Our results
indicate that overexpression of this protein in Mtb leads to
increased levels of necrosis in macrophages. Rv2626¢ protein is
also known as a Hypoxia-Related Protein-1 (Hrp-1), because the
association with the DsoR/DosS regulon.*’ Expression of Hrp-1
has been described upon exposure to concentrations of 1% oxy-
gen as well as nitric oxide.*"** Inactivation of Rv2626¢ resulted
in significant decrease in macrophage necrosis. This observation
brings the hypothesis that the level of hypoxia in the mycobacte-
rial vacuole would trigger the eventual events leading to the exit
from the macrophage.

What advantage does the pathogen see in lysing the host cell
in which it has been living? The accepted concept would be that
pathogens lyse the host cells to gain access to a new environment
when the amount of nutrient becomes limited and/or the patho-
gens become too numerous. It is possible that the hypoxia
becomes a cellular environmental signal “forcing” the bacterium
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to either go into latency or to exit cells for continues replication.
If this hypothesis is correct, the implications are that the Dos reg-
ulon is involved in necrosis of host cells, and that additional regu-
lation must exist to explain the “decision points.”

We did not evaluate the phenotype of Rv2626¢ i vivo, since
there is information showing that the mutation leads to attenua-
tion in mice.*? In vitro, however, Rv2626c inactivation did not
reduce the ability of the bacterium to survive in the macrophage.
It can be explained by the limited duration of the assay.(5 days).

In summary, we identified new pathway implied by Mtb dur-
ing exit from infected macrophages. We also hypothesize that
cell necrosis triggered by the bacterium is linked to hypoxia in
the phagosome, and it possibly changes depending on unknown
factors. Future studies will discern the complexities involved in
the pathogen “decision making” to understand how the bacte-
rium achieves intracellular growth while stimulating the necessary
changes to drive cell-to-cell spread.

Materials and Methods

Bacterial strains and growth conditions

Mycobacterium tuberculosis Ha7Rv strain was purchased from
the American Type Culture Collection (ATCC). The Mtb trans-
poson mutant bank of 5,000 clones was generated in the previous
study."’ Mtb CDC1551 strain and knockout mutant of the
Rv2626¢ gene (Mycobacterium tuberculosis, Strain CDC1551,
Transposon Mutant 1121 (MT2701, Rv2626c), NR-18010),
were obtained through BEI Resources, NIAID, NIH. Bacteria
were grown in the Middlebrook 7H9 broth supplemented with
10% OADC (Oleic, Albumin, Dextrose, Catalase, Hardy Diag-
nostics) at 37°C until the mid-exponential phase. Kanamycin
(200pg/ml) was added to the medium, where appropriate. Bacte-
ria were homogenized and passed through a syringe with a
24-gauge needle to remove clumps and, before any infection, via-
ble counts of inocula were determined by plating of serial dilu-
tions on 7H11 agar with 10% OADC.

Cell culture

The THP-1 human monocyte cell line (ATCC) was main-
tained in RPMI-1640 (Lonza) medium supplemented with the
heat-inactivated 10% fetal bovine serum (Gemini). Fifty nano-
grams/ml of phorbol 12-myristate 13-acetate (PMA, Sigma
Aldrich) was added to cells, to promote maturation and adher-
ence, and then depending on the experiment, THP-1 cells were
seeded at 90% confluence into 75cm? tissue culture flasks,
24-, 96-well plates or 2-chamber glass slides. After 24h, wells
were replenished with new medium and incubated for additional
48h for cell differentiation. In all experiments, THP-1 cells were
infected at a multiplicity of infection (MOI) of ~10 bacteria per
macrophage. After 1h infection, the wells were washed and extra-
cellular bacteria were killed with 200 pg/ml amikacin treatment
for additional 1 h. The total number of cell-associated bacteria
over time was determined by plate counts.
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Reagents

The ant-Mtb monoclonal antibodies against GlcB
(Rv1837¢), GlnAl (Rv2220) and polyclonal antibody against
Rv2626¢ were obtained through BEI Resources, NIAID, NIH:
Monoclonal  Anti-Mycobacterium — tuberculosis  GlcB  (Gene
Rv1837¢c), Clone o-GlcB (produced iz witro), NR-13799,
Monoclonal Anti-Mycobacterium  tuberculosis GlnAl (Gene
Rv2220), Clone IT-58 (CBAS5) (produced iz vitro), NR-13656,
Polyclonal  Anti-Mycobacterium — tuberculosis  HRP1  (Gene
Rv2626¢) (antiserum, Rabbit), NR-36512. The anti-His anti-
body was purchased from Santa Cruz Biotechnology. All chemi-
cals utilized were obtained through Sigma-Aldrich. The
Cyt0T0X96® non-radioactive cytotoxicity assay kit was from
Promega. The Annexin V-FITC assay kit was from PromoKine,
and the MitoLight™ Apoptosis assay kit was purchased from
Chemicon. The Yeast Two Hybrid bait, pray and control vectors,
the Yeast Transformation System, yeast strains and medium were
obtained from Clontech.

Mitb library screening for necrosis

Past work at the laboratory established that after 7 days post-
infection, approximately 70% of macrophages infected with Mtb
wild-type H37Rv undergo necrotic cell death and detach from
the monolayer. To screen an M.tb transposon library of 5,000
for clones that failed to promote host cell necrosis, at first, THP-
1 cells were infected with the mutant library in 96-well plates
with MOI of 10, and after 7 days of infection the wells that con-
taining approximately 30% detached cells compare with the
wild-type-infected wells were visually selected. Then the selected
clones were processed for the CytoTox96® non-radioactive cyto-
toxicity assay (Promega) to measure the Lactate Dehydrogenase
(LDH) enzyme levels in the supernatants of infected THP-1
cells. Background release of LDH was obtained with untreated
control cells, and maximum release of LDH with lysed unin-
fected cells. Percentage cytotoxicity was calculated by the for-
mula: [release of LDH from infected cells (ODj90)/maximum
LDH release (ODy490)] x 100.

Quantification of apoptotic and dead cells

Approximately 1 x 10° THP-1 cells grown on the 2-chamber
glass slides were infected with the Mtb wild-type and mutant
clones (MOI of 10) at 37°C in an atmosphere of 5% CO,. After
7 days of infection, 5 pl of Annexin V-FITC and 5 pl of propi-
dium iodide were added to the wells and incubated at room tem-
perature for 5 min in the dark. Samples were washed and then
fixed with a freshly prepared 2% paraformaldehyde solution (in
PBS, pH 7.4) for 1 h. Fixed slides were then analyzed under the
fluorescence microscopy using a dual filter set for FITC and
thodamine.

Analysis of the mitochondrial transmembrane disruption

The mitochondrial membrane permeability in Mtb wild-type
and mutant infected THP-1 cells (2 x 10°) were detected using
the MitoLightTM Apoptosis assay (Chemicon) according to the
manufacturer’s protocol. Briefly, 1 pl of MitoLight™ was resus-
pended into 900 wl of deionized water and 100 pl of 10X
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incubation buffer. Control (uninfected) and experimental
(infected) wells were incubated with the prediluted MitoLight™
solution for 15-20 minutes at 37°C in a 5% CO2 incubator and
then washed 3 times with 1X incubation buffer. As a positive
control, the staurosporine (Sigma) was added to selected wells to
trigger apoptosis. Samples were immediately observed under
fluorescence microscopy using FITC and Texas Red channels.

Expression of PPE68 and pull-down assay

The PPE68 (Rv3873) gene was amplified with sense
TTTTTAAGCTTCTGTGGCACGCAATGCCA and antisense
TTTTTAAGCTTCCAGTCGTCCTCTTCGTC primers and
cloned into HinDIII site of the pET6xHN-C vector (Clontech).
The protein was expressed in E. coli strain BL21 (DE3) and puri-
fied by passing it through the His-column according to the man-
ufacturer’s protocol (Clontech). Protein of interest was separated
on a 12% Tris—HCI gel, transferred to nitrocellulose membrane
and blocked with 3% Bovine Serum Albumin (BSA). Membrane
was then probed with 6xHN antibody (1:250 dilution) for 1 h
and visualized with the corresponding IRDye® secondary anti-
body (Li-Cor Biosciences, Inc.) at a dilution of 1:5,000 for
30 min. Proteins of interest was detected using an Odyssey
Imager (Li-Cor).

Alternatively, Mtb H37Rv was harvested from the liquid
Middlebrook 7H9 medium at mid-log phase, lysed in PBS by
disruption and cleared by centrifugation at
3,500 rpm for 20 min followed by filtration through 0.2 wm fil-
ter. The total protein extract from Mtb was incubated with
700 ng of purified 6HN:PPEGS protein for overnight at 4°C.
Next day, samples were loaded into His-columns and washed
according to the manufacturer’s protocol (Clontech). Eluted
samples were processed for electrophoresis. The PPE68 bound
proteins were subjected for In-Gel Tryptic Digestion (PIERCE,

mechanical

Rockford, IL) and sequencing by electrospray ionization mass

spectrometry (ESI-MS/MS) at OHSU facility.

The yeast 2-hybrid interaction

The PPEG8 gene was fused in frame with the GAL4 DNA
binding domain by inserting the PCR-generated fragment into
the EcoRI and BamHI sites of pGBKT7. The resultant bait vector
pGBKT7:PPE68 was transformed into Saccharomyces cerevisiae
strain Y2HGold using Yeastmaker Yeast Transformation System
2, according to the manufacturer’s instructions (Clontech). The
following Mtb genes: Rv0462/lpdC, Rv0652/rplL, Rv1093/
glyAl, Rv1388/miF, Rv1837c/glcB, Rv2220/glnAl and
Rv2626¢ that were identified through Mass Spectrometric analy-
sis were selected to construct the pray vectors for 2-hybrid inter-
action studies. These genes were fused with the GAL4 activation
domain of pGADT7 and transformed into the yeast strain Y187
(Clontech). Plasmids pGBKT7-53, pGBKT7-lam, and
pGADT7-T were used as positive and negative controls for
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