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ABSTRACT

A primary target oMycobacterium tuberculosis the human alveolar macrophage.
Infection by this bacterium can lead to a varidtyesponses, such as apoptosis,
autophagy, and necrosis, which may be involvedintrolling the infection.M.
tuberculosishas evolved mechanisms to evade or use the hosat@egrocesses to its
advantage. One of them, autophagy, has been stoolwnsuppressed by the bacterium.
The goal of this study was to identify mycobactegenes involved in autophagy
inhibition. A transposon mutant bank was creat@dgitheM. tuberculosiwirulent
strain H37Rv and temperature-sensitive plasmidaioimtg transposon Tn6753. U937
human macrophages were infected with the mutararifand individual clones were
screened for attenuation. Once mutants showingineqb ability to grow within the host
macrophage were identified, they were screenedrfanability to inhibit autophagy.
Fifty-four mutants exhibiting attenuation withinetimacrophage were identified. An
LC3-staining assay was performed on eighteen cltrsshowed the greatest
attenuation. Three of them were not associateld avitophagy inhibition. The

sequencing of the inactivated genes is in progress.
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INTRODUCTION

It is estimated that approximately one-third of Wharld’s population is infected with
Mycobacterium tuberculosisThat computes to nearly 2 billion individualBhere are
nearly nine million new cases of tuberculosis egdr, and approximately two million
tuberculosis-related deaths worldwide (24). Unioately, it is not a disease of the past
but has become even more lethal under certain tonsli Recently, a relationship
between HIV patients and tuberculosis has beemlestad. It is known that a
concomitant HIV infection increases the risk of slinical M. tuberculosisnfection
becoming active disease (21).

To wage an effective battle agaiist tuberculosisit is necessary to understand
the mechanism of bacterial pathogenesis, as wéieasffective immune protection.
Autophagy, a normal cellular process involving &@irg of cellular organelles and
degradation of pathogens via the autophagosonae, important front line cellular
defense. Many of the effector molecules of th@plidgy process (the focus of this
study) have been elucidated. In some cases, we &hwhat stage autophagy is being
suppressed. What is unclear are the details ofMotuberculosisnhibits autophagy.
Many of the bacterial effectors involved in theapnltagy process are yet to be
elucidated. However, some bacterial genes aneipreffectors have been implicated in
controlling autophagy, regulating processes fromgoicytosis by the macrophage to
fusion of the lysosome with the phagosome. Itss @ossible that the bacteria may be
able to directly regulate expression of host genes.

Our goal is to identify tuberculosis genes thatiavelved in inhibition of the

autophagy process. We propose that attenuatiomwérce as declared by lower CFU



counts due to inhibited replication within the n@ainage as compared to wild-type (WT)
bacteria, is indicative of mutants with deletiorgehes that are necessary for infection
and replication within the macrophage. Identifizatof mutants exhibiting attenuation
and subsequent evaluation for deficiency in suggomgsmacrophage autophagy will
unveil a set of genes important for the survivahm macrophages. Once genes are
characterized, they may offer some insight intartfumction and mechanism of
inhibition of host pathways. This knowledge cotlidn be useful in designing novel
therapeutic modalities aimed at combating the gggho

Background. M. tuberculosigs an intracellular pathogen that preferentiatiiects the
alveolar macrophage in the human lung. Common mbtlansmission is person-to-
person via aerosol. There are many individualteGted,” but only a fraction of them
actually exhibit the active disease. Usually, @althy individualsM. tuberculosis
bacteria is either eliminated or successfully whié and controlled. In a susceptible
host, the disease can progress through multipigestaEven so, it is generally arrested
prior to reaching the final stage of active tubéwsis, which often includes dissemination
of the bacteria either in the lungs or circulateygtem.

The infection process starts with the inhalatibdroplet nuclei which are
assumed to be taken up by the alveolar macrophagdles alveoli of the lungs. These
macrophages may migrate to local lymph nodes alidh®ainfection, forming what is
called a “Ghon complex.” One alternative is thdddrcles, consisting of high numbers of
immune cells, may form at the initial site of infien. Some bacteria may also be
phagocytosed by macrophages which then migratgththe blood stream to other areas

of the lung forming tubercles there. Bacteria ewishin the tubercle in a growth



arrested state for long periods of time. Thisossidered latent infection and the bacteria
in this state may become sites of reactivatior late For unknown reasons, the tubercle
lesions may become necrotic and liquefy in theaewthile at the same time growing
outward until they compromise an airway membrarmelisg bacteria directly into the
airway. The emptying of the necrotic tubercle Esmbehind the characteristic cavity. In
this stage of the disease, the patient is veryagpouis.

The specifics determining why some individuals @bk to effectively fight the
disease, while others succumb to it, are not kndwuhjndividual immune response is
likely to be an important factor. The relationshgtween HIV and increased risk of
tuberculosis highlights the importance of the Heaftthe immune system in determining
whether the individual will successfully fight thdection or develop active disease.
Mechanism of Infection. Macrophages are part of the innate and adaptiveuimem
system and provide the front line defense to mamgding pathogens. They recognize
an array of conserved antigenic patterns (suclepsdoglycan, carbohydrates, and
lipids) on the surface of bacteria, which are idextt as foreign. Once the bacteria are
taken up by phagocytic cells, they are sequesiastde a membrane-surrounded
compartment called a phagosome. Phagocytic imroelt® including macrophages,
have multiple methods of dealing with intracellyt@thogens. After initial uptake, the
phagosome becomes acidified killing most bactelMacrophages are also capable of
producing toxic molecules (nitric oxide, superoxateon, and hydrogen peroxide).
These molecules are part of the macrophages franirinate response commonly known
as the “respiratory or oxidative burst.” If thetipagen remains trapped within the

phagosome, phagosome maturation may occur folldwydgsosomal fusion and release
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of bactericidal molecules into the phagosome emvirent, killing the bacteria. If these
mechanisms fail to eliminate the pathogen the np@ge may undergo apoptosis in an
effort to halt the infection.

Autophagy as a Defense MechanismAutophagy is a physiologic cellular process that
involves the breakdown of intracellular organelfes,the purpose of recycling their
contents. Itis a mechanism that allows for cgi/eval under nutrient starvation. During
the process, cellular proteins and organellesregsed in membrane vesicles
(autophagosomes) originating from the endoplasseticulum. These vesicles then fuse
with lysosomes which contain digestive enzymes dlegrade the autophagosome
contents and recycle the proteins for further ndbe cell. The primary association
between autophagy and bacterial degradation idlikahacrophage uses much the same
mechanism when dealing with intracellular pathogefs seen in Figure 1, the
bacterium is engulfed by the macrophage and caedamthin the phagosome. The
phagosome then becomes acidified, following theustiipn of membrane ATPases, to

approximately pH 5.
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Figure 1. Relationship of autophagy to phagocytosis Autophagy and phagocytosis are connected by
lysosomal degradation. Autophagy is a mechanisoelb&urvival by degradation of intracellular cents
while phagocytosis involves the degradation of pgéms. Figure adapted from Ciechanou@).
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Further maturation of the phagosome and fusion lygbsomes follows. Finally,
the bacterium is degraded by the digestive enzymtwe phagolysosome. ltis
imperative that the phagosome is first acidifieddaese many of the lysosome enzymes
require an acid environment to be activated. megases, the acid environment in the
phagosome is capable of killing invading bactentheut further phagosome maturation
and lysosomal fusion. Lysosome enzymes includgepses and lysozyme, which
degrade cell surface components of bacteria; defetisat create pores in bacterial
membranes; and myeloperoxidase, known to producxive oxygen species toxic to

most bacteria.



12

The phagocytosis and breakdown of pathogens egjthat the macrophage first
senses the pathogen and engulfs it. Further mgtofithe phagosome, docking of the
lysosome, and delivery of toxic enzymes to the pBage requires a complex system of
sensing and regulation of phagosome membrane canmnSome of the key effectors
in the autophagy process have been identified.reTae over 30 autophagy-related
genes found in yeast, with eleven having ortholageammals (23). A few known
regulators in autophagy maturation are PI3P, inmghocalization of trafficking proteins
(16); P13 kinase/Akt, known to phosphorylate PI13®)(small GTPases, used in traffic
control; calcium signaling, involved in intracebwlsignaling; and inositol triphosphates
(23). Many of these regulators seem to operatautiir Ser/Thr kinase Tor (INTOR), a
potent inhibitor of autophagy (23). These regulamathways probably relieve mTOR
inhibition when it is advantagious to do so. There, since mTOR is an inhibitor of
autophagy and many of these regulatory and traffgcknechanism inhibit mTOR to
activate autophagy. tuberculosisnhibition of autophagy would likely involve
interactions with these regulatory mechanisms apstrof mTOR. It might also be
possible also thad#l. tuberculosisnteracts directly with mTOR activating it and
consequently inhibiting autophagy.

Researchers have also characterized a numberfof asgphagy markers.
There is: LC3, beclin-1 (a subunit of PI3K), catbiepD, and LAMP-1 (a lysosomal-
associated membrane protein). These four markeirs feund associated with mature
phagosomes and lysosomes (10). The ability tddesbarkers is a useful research tool
in determining where there is active autophagynggiace and to what stage it has

proceeded.
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M. tuberculosis Inhibition of Macrophage Killing . Pathogenic bacteria possess the
ability to survive and multiply within the host ntaphage. They have strategies to
circumvent the potent host mechanism of autophdggiwis a mechanism of cell
survival and pathogen degradation within macropsadéany bacteria, such as
Staphylococcus aureuate sequestered within the phagosome and furtiyggaded.
Alternately, we know that bacterial pathogens edmihit this phagosome-lysosome
fusion, while others, such &ssteria monocytogenesse listeriolysins, to disrupt the
phagosome membraremd are capable of escaping from the endocyticalagnto the
cytoplasm where they can replicate (9). Gener#ily,inhibition is achieved by
regulating the surface proteins involved in thedogprocess.Salmonella typhimurium
andMycobacterium lepraare examples of pathogens able to halt this detjoada
pathway by controlling phagosome membrane protmaspreventing lysosome fusion
(7, 15). In the case oM. tuberculosisthe bacterium has an ability to regulate the
acquisition of vacuole membrane proteins, with egoent impact on the maturation and
environment within the phagosome. While partshefpathogenic mechanisms are
currently known, there is still much to be learned.

Past studies showed that tetuberculosigghagosome appears as if it has been
arrested at an early stage of its maturing proaedsmaintains a pH of 6.4. It has also
been demonstrated that virulént tuberculosigs able to exclude the proton ATPases
from its phagosome membrane (22). Under normaligistances pathogenoteins
degraded within macrophage phagolysosomes aredaadedisplayed on MHC |l
complexes. Prevention of acidification of the valeuand degradation of the bacteria

would disrupt this antigen presentation on the malcage and further activation of other



14

immune cells (22). Not only do#4. tuberculosidisrupt this process but one laboratory
also showed down regulation of the expression of0MHmMolecules (19) Another study
indicated thaMycobacterium bovikas the same inhibiting capabilities (8).

Other studies have implicated Rab GTPases in gmakng and trafficking that
controls some of the phagosome-lysosome maturahdrtargeting. It appears as though
someMycobacteriunspecies can halt the process between rab 5 (agnesatbsomes
marker) and rab 7 (known as a GTP binding proteimél on late endosomes) (26).
Other proteins and ligands also appear to be imebim blocking phagosome maturation.
These include cell wall lipids lipoarabinomannarafNlAM) (6), and trehalose
dimycolate (12) which have exhibited phagosomedygsaee fusion inhibiting
capabilities. Phosphatase SapM, a Phosphatasé déphosphorylates P13P (25), and
serine/threonine kinase PknG, a bacterial cell-a@athponent (3), were also found to be
involved in regulation of phagosome lysosome maituma M. tuberculosignutants
defective in production of these constituents agosed to lower pH and are prevented
from growth (20).

Gutierrez and colleagues investigated whether banmphagy could be induced
in the presence dfl. tuberculosis They found that nutrient starvation, artificial
induction with rapamycin (A pharmacological ageapable of inhibiting mTOR) (17),
and IFNy all induced autophagy and effectively overcavhdguberculosisnhibition of
phagosome maturation. This positive induction cedithe viability of the bacterium
within the macrophage (10). Understanding whabtheteria are using to inhibit the
immune response and knowing what can overcomerthiisition may have some

potential in developing methods of stimulating immauesponses in patients with active
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disease. If bacterial inhibition can be overcosugcessful destruction of the pathogen
might be possible.

If the macrophage fails to eradicate the intra¢atlpathogen via autophagy or
other front line mechanisms, it may attempt to celapoptosis as another strategy to
contain the infection. There is also evidence lhatuberculosishas strategies for
protecting itself against macrophage apoptosisdi&s have revealed that macrophages
infected with the attenuated H37Ra bacterial steaimbit greater apoptosis than
macrophages infected with a mutant virulent H37&®aiis (14). Another work
confirmed these findings showing that both H37R& dB87Rv induced greater apoptosis,
as compared to the control, but the apoptosis edlby the virulent strain was
significantly decreased compared with the apoptosigced by the attenuated strain (5).
Zhang and colleagues used J774 macrophages anddioaiM. tuberculosisnay
down-regulate the Fas/FasL signaling pathway dredeby, reduce apoptosis. They also
found that Bcl-2, an anti-apoptotic protein, wasragulated by H37Rv strain (27). This
allows the bacterium to prevent apoptosis in thiyedages of infection.

There are also connections between regulationaftapis and autophagy. The
picture is complex with some molecules shown talag both processes. The protein
p53, commonly associated with apoptosis, is alssknto induce autophagy (4).
Alternately, phosphatidylinositol 3 kinase/prot&inase B (AKT/PKB), which inhibits
apoptosis, can also inhibit autophagy (1). Betlian autophagy regulator, has also been
shown to interact with Bcl-2, an anti-apoptoticukegor (18). This interaction suppresses
both autophagy and apoptosis (23). Bcl-2 canragalate autophagy by blocking

calcium release from the endoplasmic reticulum.(Ih)is leads to the inhibition of
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MTOR and the activation of autophagy (23). In &iddj in epithelial cells the FADD
receptor (usually associated with apoptosis indagthas been implicated in the
induction of autophagy; although, the mechanisnoisyet known.

It appears thatl. tuberculosisot only controls the process of macrophage
autophagy and apoptosis, but in late infectiomal also induce necrosis as a strategy of
dissemination. This would point to the possibitityat apoptosis, autophagy and necrosis
may be induced by some of the same signals, castiedimultaneously, and may all
have a hand in cell death in a given situatiormight be useful to think about apoptosis,
necrosis and autophagy as a continuum in whicimtbehanism observed is dependent
up on the process that is dominating at the tifieally, understanding the interplay

between these processes could affect the way celiseases are treated (23).
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MATERIALS AND METHODS

Tissue Culture. The U937 human monocytes were maintained in RP&A40D
supplemented with 10% heat-inactivated fetal boge@im (FBS) (Gibco Laboratories)
in T-25 flasks at 37°C and 5% GO

Mutant Library. A temperature-sensitive (replication at 30°Cepiad pTNGJC, based
on a pUC19 plasmid with the addition of a mycobaaterigin of replication and the
transposon Tn5367 (with a kanamyaiesistant cassette) cloned into it, was created. |
was then transformed ind. tuberculosifH37Rv and the bacterium grown at 30°C in
presence of kanamycin. After approximately threekg of growth, the environmental
temperature was raised to 42°C, resulting in “de&the plasmid” and transposition of
Tn5365 at randomized sites in the bacterial chrames The microbial colonies were
then screened for the presence of the transpospproximately 5,000 individual
mutants were grown selectively on 7H9 Middlebroosth-based media, with 200 pl/ml
kanamycin. Wild-type (WT) virulent strain H37Rv svenaintained on 7H10
Middlebrook agar base media supplemented with @leid, albumin, dextrose and
catalase (OADC), 100 ml/l of 7H9 or 7H10 (Hardy gnastics).

Mutant Screening. A total of 384M. tuberculosignutants were screened for
attenuation. The U937 macrophages were seedasplicate 96-well plates (5 x 10
cells/well) and PMA 1 pl/ml 24 h prior to the infem. Macrophages were then infected
with 10 pl of WT H37Rv or mutant bacteria (MOl d¥:1 or 5 x 18bacteria/well). A 1-
h and 5-day, plating was carried out for each wall.1-h post infection, the supernatant
was removed from each 96-well plate and each platewashed twice with Hanks’

buffered salt solution (HBSS). Lysing solution taining 0.25% SDS was added to each
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well, and the resulting macrophages lysate wasadilin HBSS and plated (£p10%

onto 7H10 Middlebrook agar based media supplemesiigdOADC, 100 ml/I,
containing 200 ul/ml kanamycin (Hardy Diagnostiche other duplicate plate was
refreshed with new RPMI and incubated at 37°C &46dC%, until day five. On day

five, the macrophages the second 96-well plate were lysed and platedgu$ie same
dilutions and media as the 1 h infection. Bactesmae allowed to grow at 37°C and 5%
CO, until there were visible colonies for both the add 5-day platings, Growth of each
mutant from 1-h to 5-days was compared and thagamts showing attenuation
(reduced growth) after five days of infection, asnpared to the 1-h infection, were
recorded.

Autophagy Assay. The U937 macrophages (5 x°t@lls/well) and PMA 1 pl/ml were
placed on 8-chamber glass slides 24 h prior tactidie with M. tuberculosignutants.
Infection with mutants (MOI of 10:1) was allowedgmceed for 2 h at 37°C and 5%
CO,. Wells were washed with HBSS, replaced with m¢RiaMI), and incubated for 3
days at 37°C and 5% GOAfter 3 days of infection, macrophages weredixath 4%
paraformaldehyde for 1 h, followed by incubatiohwiriton X-100 0.1% (3-5 min on
ice) for permeabilization. Then, 5% blocking s@uatin phosphate buffered saline (PBS-
Tween) was added for 1 h, and anti-LC3 H-50 rapbiyclonal IgG at a dilution of
1:500 (Santa Cruz Biotechnologies) was added fothean hour. The primary antibody
was removed, cells were washed with HBSS twice,garad anti-rabbit IgG-FITC,
mouse human adsorbed secondary antibody (SantaBiiierchnologies) was added at a
concentration of 1:2,000 for 1 h. In the positbemtrol experiment, the U937

macrophages were seeded in 8-chamber glass stidieseribed above (5 x>0



cells/well and PMA 1 pl/ml) and treated with 501&0 pg/pl rapamycin for 4 h.
Rapamycin solution was then removed and slides pre@essed for LC3 immuno-
staining. The LC3 stained macrophages were viewtita Leica fluorescent

microscope.
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RESULTS

We screened 384 mutants for attenuation in U937amumacrophages. Of those
screened, fifty-four clones, showing significarteatiation compared with WT infection,
were identified (Table 1). The numbers in Tableete calculated assuming the growth
exhibited by the WT is total possible growth. Nwerdrepresenting mutants represent

attenuation as compared to the WT.

Table 1. List of attenuated mutants. Fifty-four mutants were identified as having sfgrant attenuation.
The (+) indicates significant attenuation, (-) icates minimal attenuation, and (+* in bold) were th
mutants showing the greatest attenuation and versegjuently the ones selected for the LC3 ass#ly. A
infections were performed with U937 macrophagesami Ol of 10.

1hCFU 5day CFU 1hCFU 5 day CFU

1x 10 1x10 1x 10 1x 10
Mutant 1D bacteria bacteria Mutant 1D bacteria bacteria
WT 2.4+0.7 11+0.9 3B1+ 4.8+0.5 8.8+0.3
1A1+* 1.9+0.2 6.2+0.3 3B9+ 3.54+0.4 10.6+0.3
1A2+ 3.5+0.9 8.8+0.3 3B11+* 7.8+0.2 4.8+0.6
1A10+ 2.7+0.3 9.9+0.4 3C3+ 3.8+0.6 10.8+0.4
1B1- 1.6+0.2 8.9+0.6 3C5+* 5.8+0.3 4.6+0.2
1C5+* 2.2+0.4 4.7+0.2 3C10+* 3.6+0.3 5.9+0.2
1C12- 4.1+0.3 10+0.2 3D4+ 2.5+0.4 10.7+0.2
1E2- 3.6+0.9 9.2+0.4 3D7+ 6.5+0.3 10.3+0.3
1E8+ 1.4+0.6 8.9+0.8 3D9+ 2.3+0.7 8.5+0.4
1G3+* 2.2+0.5 3.8+0.4 3E2+* 1.4+0.6 5.7+0.9
1Gé- 1.6+0.2 9.6+0.3 3E7- 3.7+0.5 10.2+0.3
1H1+ 3.1+0.3 7.8+0.3 3F6+* 3.6:0.3 8.1+0.4
1H3+ 3.0+0.4 7.8+0.2 3G9+ 2.3+0.6 10.4+0.5
1H7+ 1.8+0.3 10.8+0.4 3H9+* 5.3+0.2 5.8+0.4
2A1+ 3.3+0.4 9.4+0.6 4A1+ 2.3+0.3 10.7+0.2
2A2- 2.1+0.4 8.7+0.3 4A3+ 4.0+0.3 10.3+0.3
2A4+* 3.1+0.9 6.1+0.2 4C2+* 1.8+1.0 6.5+0.9
2A8+* 1.7+0.7 5.3+0.2 4C3+ 2.5+0.5 10.6+1.0
202+ 2.2+0.5 8.5+0.5 4D4+ 1.7+0.7 6.8+0.6
2C6+* 3.4+0.2 8.9+0.3 4D10+ 2.6+0.4 9.5+0.4
209+ 1.2+0.7 8.9+0.5 4E3+* 2.9+0.5 4.3+0.3
2D4+* 2.3+0.4 7.3+0.4 4E4+ 1.6+0.7 10.2+0.5
2F9+ 1.4+0.3 6.9+0.2 4E6+ 3.7+0.9 9.8+0.7
2G6+ 6.7+0.2 10.3+0.2 4FA+ 2.1+0.9 10.5+0.8
2H3+ 3.1+0.3 8.7+0.3 4G3+* 2.7+0.5 6.9+0.3
3A7+* 3.5+0.8 5.8+0.4 4G7+* 3.6+0.7 7.4+0.5
3A12+ 9.7+0.3 9.7+0.7 4H4+ 2.3+0.4 9.7+0.2

4H9+ 1.1+0.8 8.5+0.5
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Eighteen mutants showing the greatest attenuateye selected for an LC3-
staining assay to determine if autophagy was aweaptocess in the macrophages when
infected with these mutants. The degree of attemué indicated below (Figure 2),
where the percent @ftttenuation was calculated based on numbers obt&ioe

bacterial CFU counts.

Figure 2. Percent attenuation of mutants. Levels of attenuation of the 54 mutants are inddas
percent attenuation as compared to the wild-typ& @ata is not included). Three of these 18 mutants
(1G3, 3H9, and 4E3), indicated by red bars, wesdtpely identified as exhibiting autophagy.
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Prior to performing the LC3 assay on the clonespargormed a positive control
LC3 stain on U937 cells induced with rapamycin. ckéghages showed strong
autophagy induction as is seen in Table 2, andr&igyositive Control. The LC3 assay

performed with the mutant strains did not showtemng an induction as the (+) Control.
Table 2. Percent autophagy exhibited by three mutants isolad in LC3 assay. Numbers indicate

percent autophagy comparing control, WT, rapamy@ated, and the three mutants (indicated by resl ba
in Figure 2) exhibiting positive autophagy.

% Autophagy/200 cells

Infections and Treatment U937
No bacteria 9+2
Infected with wild-typeM. tuberculosis 18+3
Treated with rapamycin 94.3+3
Mutant # IG3 574
Mutant # 3H9 74+2

Mutant # 4E3 82+1
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Figure 3. LC3 antibody staining The top two rows include control, and WT macrog@sathat exhibit
no autophagy. Positive control was induced with @5 150 pg/ul) rapamycin for 4 h prior to LC3 stag.
The last three rows show positive induction of abtrgy by three of the previous 18 mutants seldatied
the LC3 assay. Infection was done with an MOI@f Arrows indicate active autophagy.

Control

(+)

Control

1G3

3H9

4E3
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DISCUSSION

Considering the fact that the human macrophagenudtiple methods of eliminating
phagocytosed bacterial, we must also considerdhety of inhibition mechanisms that
M. tuberculosisnay have. As previously mentionad, tuberculosidas been
implicated in inhibition of proton ATPase acquigitiand in production of proteins
involved in inhibition of phagosome-lysosome fusidhmust also have some method of
avoiding death from the respiratory burst whiclgeserally initiated within the
macrophage soon after phagocytodw/cobacterium tuberculosisinique cell wall,
largely composed of lipids, provides some protextiut it may also be actively
inhibiting this oxidative response. Likely the bextum has a means of regulating
macrophage mechanisms including: recognition anakepby the macrophage, the
respiratory burst, phagosome maturation, fusioh Wygosomes, and eventual
inducement of apoptosis and necrosis.

Even though 54 mutants showed attenuation, this doemean that all of these
mutants had mutations in autophagy related geA#snuation, lower CFU compared to
WT, may simply mean that uptake of the bacteria wambited in some way, while
replication within the macrophage may not have kad@acted at all. The LC3 assay was
necessary to confirm the mutated genes were cagthéxthe autophagy process.

Researchers have shown interaction betweeMthaberculosisurface
lipoglycan, lipoarabinomannan , and the macroplmagenose receptor (13This is one
possibility of a gene that could be implicated tteauation that is not associated with

replication ability. For these reasons it was seaey to isolate attenuated mutants that
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specifically showed autophagy actively taking plad@ese other possibilities provide
potential areas of research that could be purssied wther investigative methods.

We identified mutants that allowed autophagy tacpenl by phagosome
maturation and lysosome fusion. This is just analkstep in drawing connections
between effectors that are produceMbytuberculosisand their function relating to
inhibition. To this point, of the 384 mutants smed, only three have been identified as
lacking autophagy inhibiting capabilities. It isaevident from Figure 3 that the
mutants did not exhibit as high a level of autophag the (+) Control. This is to be
expected and is likely because there was still sam@phagy inhibition by the bacteria.

The next step is to sequence the genes we hdateid@nd attempt to determine
the individual functions. Our understanding Mxftuberculosisautophagy inhibition is
limited, and there are multiple possibilities obt@ins thes/. tuberculosiggyenes may
encode. We are still looking for genes involvedhinibiting phagosome acidification
and protein effectors involved in inhibition of gwsome-lysosome fusion. Phosphatase
SapM and PknG, both producedMytuberculosisare thought to inhibit or regulate
phagosome maturation. It is possible that the g@meehave isolated may be other cell
wall components involved in this inhibition mechemi Another mechanism we know
little about is howM. tuberculosigegulates cytosolic proteins when it lacks a Type |
secretion system. It has also been shown tha¢ @ssociation dlycobacterium avium
with the phagosome membrane is necessary forcary out inhibition of phagosome-
lysosome maturation (20). Not all the bacterial phagosome membrane proteins

involved in this bacteria-phagosome associatiorkaosvn either.
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The three mutants showing autophagy in macrophagesthree of the mutants
showing some of the highest attenuation in theeseng experiment. This is not
necessarily a direct correlation, but it would oade (and agree with other research) that
shows bacterial survival within the macrophagdasely related to regulation of
autophagy. Even though only eighteen of the fifiyr mutants selected after attenuation
screening were tested with the LC3 assay, the @ienutants may well provide more
mutants shown to be repressed in their autophdglition capabilities.

CONCLUSIONS

There is little direct information from this studg of yet. Further sequencing and
characterization of the isolated genes may yie&fulsnformation and greater
understanding dfA. tuberculosispathogenicity and autophagy inhibition. Assays
looking for connections to apoptosis, necrosidyawterial recognition and uptake

mechanism may also be reasonable directions tepdoc
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