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Abstract
Background—Mycobacterium avium (MAC) lives and replicates in macrophages and causes
disseminated disease in immunocompromised individuals. As a host response to control disease,
many macrophages become apoptotic a few days after MAC infection. In this study, we
hypothesized that MAC can survive autophagic and apoptotic macrophages and spread.

Methods—Electron, time-lapse video, fluorescence microscopy. Apoptosis was determined by
ELISA and TUNEL assays. Autophagy was seen by migration of LC3-1.

Results—Apoptotic macrophages harbor chiefly viable MAC. MAC escapes both the vacuole
and the macrophage once apoptosis is triggered, leaving the bacteria free to infect nearby
macrophages in the process of spreading. In addition, some MAC species will have apoptotic
bodies and are released in healthy macrophages following apoptotic body ingestion. Because
autophagy precedes apoptosis, it was established that heat killed MAC, and viable MAC induces
autophagy in macrophages at similar rates, but MAC still survives.

Conclusion—MAC spreading from cell-to-cell is triggered by the macrophage’s attempt to kill
the bacterium, undergoing apoptosis.
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1. Introduction
Organisms of the Mycobacterium avium complex (MAC) are opportunistic pathogens
causing disease in individuals with immunosuppression, chronic lung conditions, such as
emphysema and bronchiectasis, as well as healthy populations [1]. The bacteria is thought to
be primarily acquired via both the GI and respiratory tracts. After crossing the mucosal
barrier, MAC is taken up by and replicate in macrophages. MAC survives within vacuoles
that do not acidify or fuse with lysosomes [2–6]. MAC-infected macrophages undergo
apoptosis three to seven days after infection [7], as an innate defense mechanism [8].
Macrophages employ several different strategies to eliminate intracellular pathogens, among
those, the production of toxic products such as superoxide anion, nitric oxide, and
antimicrobial peptides [9]. More recently, it has become evident that autophagy and
apoptosis are components of the killing mechanism of the host. Pathogens, however, have
evolved strategies to overcome the host killing; and Salmonella typhimurium [10], Shigella
flexneri [11] and Yersinia pseudotuberculosis [12], for instance, have developed ways to
survive apoptosis.

Elucidating the mechanism(s) by which MAC spreads is critical for understanding disease.
Previous work has suggested that plasmin may be involved during early dissemination of
MAC from the lung to other organs [13]; whereas, neutrophils [14] and CD4 + T cells
reduce the degree of dissemination in mice [15,16]. In Mycobacterium tuberculosis, genes in
the region of difference-1 (RD1), such as esat-6, cfp-10, [17], as well as other genes such as
hbha [18] appear to play a role in bacterial dissemination. MAC, in contrast, does not
contain genes of close sequence similarity to genes in the RD1 region and MAC’s use of
hbha has not been characterized in terms of dissemination [19]. This leaves much unknown
as to how MAC moves from one macrophage to another. Previous studies have shown that
MAC, passed through macrophages, became more efficient at entering fresh macrophages
by using mechanisms independent of complement receptor 3 to be internalized [20]. Once
inside of the “second” macrophage, MAC resides in vacuoles that differ from MAC
vacuoles in the primary macrophage [21,22]. We assume that this increased invasive
phenotype is the predominant phenotype state of MAC within the host, and associated with
the spreading of the bacteria. Another innate immunity process macrophages undergo to
help control infection is autophagy. In fact, autophagy of macrophages infected by M.
tuberculosis results in diminishing bacterial survival, and M. tuberculosis has developed
mechanisms to suppress it [23]. Recent literature suggests a close relationship between
autophagy and apoptosis, and in the case of intracellular pathogens, the attempt to kill the
pathogen by autophagy precedes apoptosis [4,24]. To date, the role of autophagy of
macrophages on MAC infection has not been elucidated. In the current study, we
demonstrate that MAC-infected macrophages undergo autophagy and that MAC is able to
survive autophagic macrophages, as well as being capable of escaping macrophages upon
induction of apoptosis.

2. Results
2.1 Course of M. avium infection of macrophages

Primary macrophages, as well as mononuclear phagocyte cell lines infected with MAC in
culture, undergo apoptosis after 4 – 6 days [21,22], and MAC escaping apoptotic
macrophages infects surrounding phagocytes [21,22].

To determine whether MAC of IG phenotype (obtained from monocyte-derived
macrophages) was comparable to MAC of EG phenotype (obtained from broth) regarding
the ability to grow inside fresh macrophage monolayers, we infected fresh monolayers with
both EG and IG strains and determined viability over time. EG MAC increased in viability
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from 83% the first day after infection to 89% on the seventh day after infection. Similarly,
the population of bacteria that had previously been exposed to monocyte-derived
macrophages (IG) increased in viability from 76% the first day after infection to 96% the
seventh day, demonstrating that both EG and IG were able to survive and have robust
growth in monocyte-derived macrophages. The viability of the IG strain was decreased at
time 0, when compared with the viability of EG strain, because some of the intracellular
bacteria (IG) lose viability upon macrophage apoptosis.

2.2 MAC infection outcome
To identify the outcome of MAC once monocyte-derived macrophages undergo apoptosis,
human monocyte-derived macrophages were infected with MAC and TEMs were prepared
of both infected non-apoptotic and apoptotic macrophages. Fig. 1A is a representative
picture that shows that the vacuolar membrane surrounding MAC in non-apoptotic
monocyte-derived macrophages remained intact, while in apoptotic monocyte-derived
macrophages, the vacuole membrane was compromised (Fig. 1B). In 300 cells examined, 11
± 5% of adherent, infected cells had the MAC vacuole membrane compromised, while 63 ±
7% of the detached, apoptotic cells showed loss of MAC vacuole membrane. These
micrographs also showed that MAC escapes the apoptotic human monocyte-derived
macrophage to the extra-cellular space, likely following necrosis of the macrophages (Fig.
1C). The exit from apoptotic human monocyte-derived macrophages was further confirmed
by video microscopy (Fig. 2A and 2B). The video also evidenced that apoptotic monocyte-
derived macrophages are taken up by uninfected macrophages. The fresh “second
macrophages” ingested MAC-infected apoptotic bodies, becoming infected with MAC (Fig.
2C). It was also observed that intracellular bacteria in apoptotic macrophages appear to
encounter the cytoplasm membrane in a randomized fashion by moving in Brownian
movement. The encounters become more frequent once macrophages turned into apoptotic
bodies. These data indicated that MAC is capable of leaving both the vacuole and
macrophage after induction of apoptosis, but the escape apparently depends on the
randomized encounter with the macrophage cytoplasmic membrane. Since sometimes MAC
escape does not occur before apoptotic macrophages are ingested by fresh macrophages, it
was paramount to determine the outcome of the infection in those cases. It was seen that
MAC inside apoptotic bodies and ingested by a secondary macrophage could still leave the
apoptotic cell and reside inside of a vacuole compartment (Fig. 2C). In some cells, when the
bacterium did not leave the macrophage, MAC was seen co-inhabiting the vacuolar space
with an apoptotic body (Fig. 2C). Comparable data were obtained using THP-1
macrophages (data not shown).

Since it would require that the vacuole membrane lose integrity upon macrophage apoptosis,
we examined whether MAC actively lyses the vacuole membrane of apoptotic cells in
response to apoptosis. As shown in Fig. 3, we observed that at four days post-infection 59%
of the MAC co-localized with HPTS in attached cells (non-apoptotic), while 42% of MAC
co-localized with HPTS in detached cells (apoptotic), supporting the observation of loss of
vacuolar membrane integrity. While HPTS can lose the fluorescein in presence of acidic
conditions, MAC phagosome is not acidic, and it was not seen in the reported assays (data
not shown). It was also determined that the vacuolar membrane may lose integrity as an
effect of apoptosis. The percent co-localization, 44% in attached cells and 62% in detached
cells, was similar between latex-beads and MAC-infected macrophages, suggesting that the
compromised vacuolar membrane is not specific to MAC.

2.3 Apoptosis
Seventeen percent of the attached macrophages and 98 percent of the detached monocyte-
derived macrophages, THP-1 and Raw cells stained positive, indicating that apoptosis is a
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common effect of MAC infection. Similar results were obtained with Raw 264.7 cells (19 ±
6 of attached and 97 ± 1 of detached cells). We also quantified MAC escaping from THP-1
macrophages by collecting extracellular bacteria after 4 days of infection. Viable bacteria
were consistently recovered from the extra-cellular environment (Fig. 4).

2.4 Fate of bacteria within apoptotic macrophages
When adding apoptotic THP-1 macrophages within viable intracellular bacteria to fresh
macrophages, it was noticed that a percentage of the bacteria population was killed
following ingestion, but the survivors replicated after 2 days. In contrast, monolayers
infected with free bacteria showed a continuous increase of intracellular bacteria (Table 1).
To determine whether MAC viability changes when macrophage apoptosis is inhibited by
using a pan-caspase inhibitor MAC-infected monolayers were treated with Z-VAD-FMK (R
& D Systems, Inc, MN) and macrophage viability and MAC colony forming units (CFU)
determined. Table 2 shows that, when apoptosis is inhibited, MAC survival increases.

2.5 Autophagy
Since MAC has mechanisms to overcome host cell apoptosis and autophagy, we
hypothesized that if MAC-infected Raw 264.7 macrophages induce autophagy, MAC should
be able to survive. Raw 264.7 cells were chosen for the experiments because it was easier to
work with those cells among all macrophages. One and 2 days after infection, the percent of
MAC 104-infected and heat-killed MAC 104-infected cells macrophages undergoing
autophagy was not significantly different from uninfected Raw 264.7 macrophages. Four
days post-infection, however, 4.6% of uninfected macrophages, while 8.1% of the MAC
104-infected, and 11.9% of the heat-killed MAC 104-infected Raw 264.7 macrophages,
were positive for autophagy (p < 0.05 comparing uninfected macrophages exposed to both
live- and heat-killed MAC 104).

To determine whether macrophages undergoing autophagy were the macrophages were
infected, Raw 264.7 macrophages were exposed to rhodamine-labeled MAC 104, and 4 days
later, extra-cellular bacteria were killed with antibiotic treatment and then cells were stained
for LC3. Of the cells that were infected by MAC, 21.4% showed a pattern compatible to
autophagy, compared with 4.6 ± 0.4% of uninfected macrophages (p < 0.05). These data
indicate that MAC-infected macrophages frequently undergo autophagy (Table 2).

To examine whether MAC survives to autophagy, macrophages were treated with
rapamycin and the bacterial load determined after 48 h. Ninety-two percent of the inoculum
survived inside macrophages treated with rapamycin, compared to 94% in untreated control
macrophages.

3. Discussion and conclusion
Macrophages infected with MAC undergo apoptosis, in contrast to macrophages infected
with M. tuberculosis [25,26]. Apoptosis, therefore, is an effective host innate immunity
mechanism to control the progression of the infection [8]. MAC, however, has evolved
strategies to overcome host killing. We report that MAC can survive in apoptotic
macrophages, and many of the organisms escape the dying cells and infect other, adjacent,
macrophages.

Fratazzi and colleagues found that 90% of MAC from macrophages that are undergoing
apoptosis lose viability [8]. In contrast, Pais and colleagues determined that MAC viability
was unchanged upon treatment of macrophages with staurosporine, an inducer of apoptosis
[27]. The data shown in the present study indicate that some MAC can survive the apoptotic
process and then escape apoptotic bodies.
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Escape from the phagocyte requires that the bacterium lyse the vacuole and the cytoplasm
membrane. Listeria monocytogenes is the classical example of a bacterium that actively
escapes the phagosome [28]. We had hypothesized that MAC would rupture the vacuole
membrane by an active mechanism; however, our results suggest that, upon induction of
apoptosis, the vacuole membrane loses integrity and MAC is delivered to the cytoplasm.
Microscopic observation indicates that the encounter between the bacterium and the
macrophage’s cytoplasmic membrane was randomized and became more frequent when
apoptotic bodies were formed. As far as we can tell from video observation, MAC depends
on Brownian movement to encounter the macrophage cytoplasmic membrane. How MAC
lyses the macrophage membrane is unknown. The genomic RD1 region appears to have a
role in cell-to-cell spread of M. tuberculosis [17,29]. However, MAC lacks genes of close
sequence similarity to genes in the M. tuberculosis region. Mycobacterium marinum can
also escape the phagosome and likely uses actin tails to spread from host cells [30],
suggesting that MAC uses a different mechanism of dissemination from both M. marinum
and M. tuberculosis. A recent report by Hagedorn and colleagues confirmed our
observations [31] that MAC does not exit phagocytic cells in a similar fashion to M.
marinum and M. tuberculosis. In fact, MAC has been shown to disrupt actin fibers [32] and,
therefore, tail formation in cytosol would be difficult to happen. Recent work in the
laboratory has identified MAC mutants that cannot escape apoptotic macrophages and
disseminate (data shown). Further study of these mutants may shed some light on the
mechanism of escape.

It would not be unusual for MAC to contain genetic baggage that allows it to survive under
diverse conditions for short periods of time. Alternatively, MAC within apoptotic bodies is
also able to cause infection to secondary macrophages ingesting the apoptotic body without
exposure to the extra-cellular space. The relative occurrence of these three modes of
spreading is not currently known, and further research would shed light onto the most
predominant mechanism of dissemination used by MAC. Our results showed that once
MAC associated with apoptotic macrophages is taken up by fresh macrophages, a
percentage of MAC organisms are killed, while the remaining viable bacteria replicate
intracellularly.

The virulent M. tuberculosis strain H37Rv induces less macrophage apoptosis than the
attenuated H37Ra strain, suggesting an apoptosis block by virulent M. tuberculosis [33],
nonetheless, apoptosis still occurs upon infection by either strain. Hayashi and colleagues
[34] found that MAC sonicate induced apoptosis in both human monocyte derived and
THP-1 macrophages. Similarly, we found murine Raw 264.7 and human THP-1
macrophages to have similar amounts of apoptosis triggered by live MAC. However,
without side by side comparison of intact and lysed MAC or virulent and avirulent MAC
strains, we are unable to say if apoptosis is actively induced or inhibited by live and virulent
MAC compared to heat-killed or avirulent MAC.

In macrophages infected by M. tuberculosis, autophagy results in double-membrane
phagosomes that mature into phagolysosomes and inhibit bacterial survival [23]. Similarly,
we found a reduction in the ability of MAC to survive once macrophages become
autophagic, although a fraction of the intracellular bacteria is still capable of surviving. The
observation by de Chastellier and Thilo [5] indicates that MAC in cholesterol-deprived
macrophages is located in double-membrane bound vacuoles, but upon the addition of
cholesterol, MAC was again located in typical vacuoles, suggesting that some MAC strains
survive autophagy in macrophages. Since MAC is known to live within environmental
amoeba [35], and amoeba has been shown to undergo autophagy [36], it would be of value
to determine if MAC survives amoebic autophagy, and if the MAC survival mechanism in
macrophages evolved due to the bacterial environmental lifestyle.
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Based on the evidence gathered in this study, we propose a model for how MAC spreads
from macrophage to macrophage. In this model, bacteria are phagocytosed into the
macrophage, and apoptosis is induced a few days later. Upon apoptosis, some bacteria are
killed, while other bacteria escape the apoptotic bodies to the extra-cellular space, where
they can be efficiently phagocytosed by another macrophage and the cycle likely repeats.
Other bacteria, however, stay in the apoptotic bodies, and once those are taken up by new
macrophages, some bacteria effectively infect the new macrophage, while others are killed.
One of the main questions in the interaction between MAC and macrophages regards if
MAC tries to kill the host macrophages, inducing apoptosis, or is it the host cell that tries to
eliminate the pathogen. So far, no definitions exist to this question.

Future studies will dissect the molecular mechanisms of apoptosis and autophagy in
macrophages and how MAC deals with them.

4. Materials and methods
4.1 Bacteria

MAC strains 101 and 104 were isolated from the blood of AIDS patients and are virulent in
mice [37,38]. For extra-cellular grown bacteria (EG), MAC from frozen stocks was cultured
on 7H10 Middlebrook agar supplemented with oleic acid, albumin, dextrose and catalase
(OADC) (Hardy Diagnostics, Santa Maria CA, USA) for 10 days. Intracellular grown
bacteria (IG) were obtained by infecting human monocyte-derived macrophage monolayers
for 4 days as previously reported [21].

4.2 Macrophages and Viability
Three kinds of macrophages were used in the studies. Human monocyte-derived
macrophages were obtained as previously reported [39]. Approximately 99% of the cells
matured to macrophages (data not shown [39]). Collected mononuclear fraction was washed
and counted to establish a suspension of 5 × 105 cells/mL. Viability was determined as
previously described [39]. Serum (FBS) used has been previously screened to support cell
viability. THP-1 (ATCC, Manassas VA, USA) phagocytes were cultured in RPMI-1640
medium (Gibco, Carlsbad CA, USA) supplemented with 10% heat inactivated fetal bovine
serum (FBS, Gemini, Woodland CA, USA). THP-1 cells were seeded in tissue culture plates
and treated with phorbol-ester (PMA 5 µM) for 4 h to induce maturation. The monolayers
were then washed and RPMI-1640 medium replenished. The monolayers were then used
after 24 h. Murine Raw 264.7 macrophages were obtained from ATCC (Manassas VA,
USA) and cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco, Carlsbad CA,
USA) supplemented with 10% FBS. The number of cells was adjusted to 1 × 106 cells/0.2
mL.

Macrophage monolayers were infected with 5 × 106 MAC 101 for 1 h then extra-cellular
bacteria were removed by washing with Hank’s balanced salt solution (HBSS, Gibco,
Carlsbad CA, USA), and the cell culture media was replenished. Monolayers were lysed
with sterile water for 30 min and the lysate plated onto 7H10 agar plates for 10 days to
obtain the number of CFU. The percent viability for intracellular MAC was determined by
lysing attached macrophages, as well as apoptotic (floating) macrophages, and performing
the Live-Dead assay, in three hundred bacteria per sample (Molecular Probes, Eugene OR,
USA). The methods have been published [21]. Apoptotic macrophages were collected from
the tissue culture well 5 days after infection, as described [21,22,40].
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4.3 Video Microscopy
Human macrophage monolayers established on Lab-Tek chamber slides (Nunc, Inc.,
Naperville IL, USA) were infected with MAC 101 at a MOI of 10. Four and 5 days after
infection, the chambers were prepared for time-lapse video microscopy on a Nikon
microscope, and the video images were collected with an Optronics DEI-750 camera. The
experiment was repeated at least four times and at least 50 infected macrophages/events
were observed each time.

4.4 Electron Microscopy
Uninfected human macrophages, MAC 101-infected but non-apoptotic macrophages,
infected apoptotic macrophages, and macrophages apoptotic/bodies were fixed in 2%
gluteraldehyde, 1% osmium tetroxide overnight and post-fixed with 0.5% uranyl acetate
overnight at 4°C as previously reported [21]. Transmission electron microscopy (TEM) was
then performed as reported [21].

4.5 Apoptotic Macrophages
MAC 104 was used to infect fresh THP-1 monolayers in Lab-Tek slide chambers at a 10
MOI. The percent apoptosis of both the detached and attached phagocytes was then
quantified, 4 days post-infection using the TUNEL assay (Molecular Probes, Eugene OR,
USA). Three hundred cells were evaluated under a fluorescent microscope using the FITC
filter. Apoptotic macrophages were also confirmed by flow cytometry and microscopy, after
labeling the macrophages with FITC-labeled anti-annexin V antibody (BD Pharmingen,
CA). Inhibition of apoptosis was achieved by 5 µM of Z-VAD-FMK (R & D Systems, Inc,
MN).

4.6 Supernatant Assay
MAC 104 was grown in Middlebrook 7H9 broth supplemented with OADC for 3–5 days,
then used to infect Raw 264.7 macrophages in a 24-well plate at an MOI of 10 for 1 h.
Extra-cellular bacteria was washed with HBSS and then fresh media was added to the wells.
Four days later, the supernatant was removed, centrifuged at 500 × g for 5 min in a
microcentrifuge and an aliquot of the supernatant was plated on 7H10 agar to determine
CFU.

4.7 Fluorescent microscopy
MAC 104, grown for 3–5 days in 7H9 broth, was diluted in HBSS to approximately 6 × 108

bacteria/mL. Wheat germ agglutinin, Texas Red-X (Molecular Probes) at 0.15 mg/mL was
added to this bacterial culture, and allowed to stain the bacteria for 2 h in the dark at room
temperature. Bacteria were then washed three times in HBSS and FBS was added to the
labeled bacteria for 30 min at room temperature in the dark. After HBSS washing, the MAC
was used to infect Raw 264.7 cell monolayers in chamber slides at an MOI of 10 for 1 h in
media containing 5 mM 8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt (HPTS)
(Molecular Probes). HPTS is a membrane-impermeable dye that concentrates in slightly
acidic vacuoles of mycobacteria and other pathogens [41]. The excess HPTS and bacteria
were washed away with HBSS, and the media without HPTS was added to the cell culture.
Four days later, any extra-cellular bacterium was killed by adding 200 µg/mL amikacin for 2
h at 37°C. The macrophages that remained attached to the plastic, as well as the detached
macrophages, were, separately, rinsed three times in HBSS then fixed in 4%
paraformaldehyde for 30 min at room temperature. After three more washes in HBSS, the
detached and attached cells were separately analyzed to determine the percent of bacteria
that co-localize with HPTS (which means that bacteria are still inside intact vacuoles) on a
Leica fluorescent microscope. As a control, fluorescent red polystyrene microspheres (0.1
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µM, Molecular Probes) were diluted in HBSS, opsonized as described above then passed
through a 23-gauge needle before being inoculated to macrophages. Three days later,
staurosporine (0.5 µM) was added to half the wells containing beads to induce apoptosis and
detachment for 20 h.

4.8 Uptake of apoptotic macrophages
To examine the fate of intracellular bacteria in apoptotic macrophages when the
macrophages are ingested by a monolayer of fresh macrophages, THP-1 cells were infected
at MOI of 10, and at day 4, detached cells (apoptotic) were collected, counted, and the CFU
of viable intracellular bacteria determined. Then 103 or 104 apoptotic macrophages were
added to monolayers (1 × 105 THP-1 cells) and allowed to stay for 2 h, after which,
monolayers were washed to remove the non-attached macrophages. Monolayers were lysed
at 2 h, 48 h and 5 days following the addition of apoptotic cells, and the lysate was plated to
quantify the viable bacteria.

In some assays, the percentage of fresh macrophages with apoptotic bodies was determined
at 2 h, by microscopic counting. As controls, fresh monolayers were infected with MAC 101
and MAC 104 at MOI of 1 and some monolayers were lysed at 2 h, 48 h and 5 days, for
quantitation of viable intracellular bacteria.

4.9 Autophagy
Raw 264.7 cells in chamber slides were infected with MAC 104 or heat-killed (70°C for 1 h)
MAC 104 at an MOI of 100. One day and 4 days later, the cells were fixed in 2%
paraformaldehyde (Sigma) for 30 min then permeabilized with 0.1% triton X-100 (J.T.
Baker) for 5 min. Slides were prepared for immunoflourescence using 3% bovine serum
albumin as a blocking agent (Sigma), the MAPLC3 primary antibody (Santa Cruz), and a
FITC-conjugated secondary antibody (Santa Cruz). For the positive control, autophagy was
induced by 20 µg/mL rapamycin (Calbiochem, San Diego CA, USA) for 7 h, then
replenishing the cell culture media overnight before fixing. At least 300 cells were counted
per treatment group each time, with cells that had LC3 recruitment to the autophagosome
counting as positive. In other experiments, MAC 104 was stained with 100 µg/mL 5-
(and-6)-carboxytetramethylrhodamine, succinimidyl ester (rhodamine) (Molecular Probes,
Eugene OR, USA) for 1 h in the dark, washed three times, then used to infected Raw 264.7
cells in chamber slides for 1 h at an MOI of ~100. Four days later, the extra-cellular bacteria
were killed with 200 µg/mL amikacin (Sigma) for 2 h then the Raw 264.7 cells were treated
for LC3 visualization as described above. MAC-infected Raw 264.7 cells were also treated
with rapamycin, as above. Control monolayers were left untreated. The extra-cellular
bacteria were then killed in half of the samples by adding 200 µg/mL amikacin (Sigma) for
2 h, and washing three times with HBSS. Raw 264.7 cells were lysed with water as before,
and plated onto 7H10 and incubated for 7–10 days at 37°C to determine CFU.

4.10 Statistical Analysis
The assays were repeated at least three times. The study samples were compared to the
control using the two-sided Student’s t-test at a level of significance (P value) of <0.05.
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Fig. 1.
Electron microscopy images of MAC in apoptotic macrophages. (A) TEM of MAC-infected
macrophages that are not apoptotic. Arrows indicate membrane bound vacuoles containing
bacteria. Notice that the vacuolar membrane appears to be intact. 10,500 × magnification
(bar = 5 µm). (B) TEM of MAC in an apoptotic macrophage. Arrow indicates an area where
the integrity of the vacuole membrane appears to have host integrity. 12,500 × magnification
(bar = 2 µm). (C) TEM of MAC-infected apoptotic macrophages being ingested by healthy
macrophages (bar = 100 µm). Arrows indicate bacteria escaping the apoptotic macrophage.
2,500 × magnification. (D) Quantification of the assay based on 200 cells.
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Fig. 2.
Video microscopy images of MAC in apoptotic macrophages. (A) Representative image
from video microscopy, showing MAC leaving the apoptotic macrophages (arrow), while
one other organism remains intracellularly (bar = 5 µm). (B) Quantification if MAC leaving
apoptotic macrophages based on 200 cells. (C) Four days after the apoptotic bodies (arrows)
were added to a new macrophage monolayer, MAC (arrowheads) was observed inside fresh
macrophages (bar = 100 µm). A large number of apoptotic bodies are also seen, including
some occupying the same vacuole with free MAC.
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Fig. 3.
Fluorescent microscopy of MAC and HPTS in macrophages. Four days after Raw 264.7
macrophages were infected by the wild-type Texas Red-stained MAC in the presence of
HPTS, attached and detached cells were, separately, collected and analyzed for co-
localization on a fluorescent microscope. Values are from 3 repetitions of the assay.
Examples are shown in figures: A and B show bacteria (red) and green (HPTS in the
vacuole), indicating intact vacuole membrane. C & D show bacteria (red) and no vacuole
(green), indicating that the vacuole is leaking.
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Fig. 4.
Amount of extra-cellular MAC 4 days post-infection of macrophages. Raw 264.7 cells were
infected by MAC 104, and the number of intracellular bacteria was determined 1 h later by
plating for CFU. Four days after infection, the number of extra-cellular bacteria was
determined by collecting the supernatant, separating cellular debris by differential
centrifugation, then plating for CFU. Bars represent mean and standard deviation values
from three experiments.
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Table 1

Fate of MAC associated with apoptotic THP-1 macrophages following ingestion by fresh macrophages.

Experimental groups % macrophages with
apoptotic cells a 103/104

# viable bacteria 2 h b # viable bacteria day 2 b # viable bacteria day 5 b

Uninfected control 0/0 0 0 0

MAC 101-infected Mø 43% / 61% 2.8 ± 0.4 × 104 7.6 ± 0.4 × 103 5.1 ± 0.4 × 104

MAC 104-infected Mø 46% / 67% 3.5 ± 0.6 × 104 9.8 ± 0.2 × 103 8.4 ± 0.6 × 104

MAC 101 control (MOI 1) 0 6.5 ± 0.5 × 104 8.9 ± 0.3 × 104 7.3 ± 0.3 × 105

MAC 104 control (MOI 1) 0 6.1 ± 0.6 × 104 8.2 ± 0.6 × 104 9.1 ± 0.4 × 105

a
Fresh macrophage monolayers were infected with either 103 or 104 apoptotic macrophages.

b
1 × 105 fresh macrophages were infected with 104 apoptotic macrophages.
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Table 2

Survival of intracellular MAC following apoptosis of Raw 264.7 macrophages.

Number of bacteria in apoptotic cells (Day 0) a Days after apoptosis (% viable organisms) b

Day 1 Day 2 Day 3

3.6 ± 0.7 × 104 (apoptotic) c 71 ± 4 63 ± 7 61 ± 5

5.1 ± 0.4 × 105 (non-apoptotic) c 92 ± 3 120 ± 11 132 ± 8

4.7 ± 0.5 × 105 (treated with Z-VAD-FMK) d 90 ± 4 109 ± 8 125 ± 6

a
Day 0 is 5 days after infection of monolayer

b
Mean ± SD of 4 experiments. The percent is calculated based on the number of CFU at Day 0.

c
Apoptotic cells were detached cells. Non-apoptotic cells were attached cells.

d
Z-VAD-FMK was used at the concentration of 5 µM before and every two days following infection.
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Table 3

Percentage of autophagic macrophages indicated by the recruitment of LC3 to vacuoles in Raw.

Days post-infection Rapamycin-treated Uninfected Heat-Killed MAC 104 MAC 104

1 84 ± 1.1 6.6 ± 4.1 No Data 5.4 ± 1.4

2 91 ± 2.4 4.8 ± 1.3 4.5 ± 0.1 4.3 ± 0.2

4 93 ± 4.5 4.6 ± 0.4 12 ± 0.8 a 8.1 ± 1.2 a

a
p value < 0.05 for the comparison between days 2 and 4.
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