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Infections caused by organisms of the Mycobacterium avium complex occur in approximately 50 to 60% of
patients with AIDS. M. avium is an intracellular pathogen that survives and multiplies within mononuclear
phagocytes. In this study, we investigated the uptake of M. avium grown within macrophages (intracellular
growth M. avium [IG]) by a second macrophage compared with M. avium cultured in broth (extracellular
growth M. avium [EG]). The results showed that IG was six- to eightfold more efficient than EG in entering
macrophages. In addition, while an anti-CR3 antibody was able to inhibit approximately 60% of EG uptake by
macrophages, it failed to inhibit the entry of IG. In contrast to EG, IG uptake into macrophages was
significantly inhibited in the presence of anti-B1-integrin and anti-transferrin receptor antibodies. Entry into
macrophages by alternate receptors was associated with resistance to tumor necrosis factor alpha (TNF-«)
stimulation. While stimulation with TNF-« resulted in inhibition of the growth of EG, it was not associated
with inhibition of intracellular growth of IG. Investigation of the reason why M. avium is able to sense the
changes in the intracellular environment triggering a change to the invasive phenotype suggests a direct
relationship with macrophage apoptosis. These results suggest that intracellular growth is associated with
novel mechanisms of M. avium uptake of macrophages and that those mechanisms appear to offer advantages

to the bacteria in escaping the host defense.

Infections caused by organisms of the Mycobacterium avium
complex occur in approximately 50 to 60% of the patients with
AIDS. In patients with AIDS, M. avium is associated with
bacteremia and disseminated disease (24, 36). M. avium infec-
tion in these patients is generally acquired by the gastrointes-
tinal tract (25, 30) and is characterized by lack of well-defined
granulomas (19). Conversely, M. avium infection in patients
without AIDS resembles Mycobacterium tuberculosis infection.
It is usually localized, mainly in the lungs, and the primary
route of infection is the respiratory tract (38). In addition,
tissue infection results in host immune response, with the for-
mation of granulomas (18).

M. avium is an intracellular pathogen that is capable of living
and replicating within mononuclear phagocytes (6, 14). It has
been shown that the uptake of M. avium by macrophages
appears to occur after bacterial binding to membrane recep-
tors. Membrane receptors such as complement receptor, man-
nose receptor, fibronectin receptors (8, 42), and vitronectin
receptor (41) have been associated with M. avium entry into
macrophages. Current evidence suggests that M. avium lives
inside intracytoplasmic vacuoles that do not acidify (13, 48),
although recent work using a live system suggested that acid-
ification of M. avium phagosomes may occur (23).

Macrophages are easily infected with M. avium in vitro (12).
Two of the characteristics of M. avium-infected macrophage
monolayers are cell detachment and cell death (6, 14). For a
given strain, the degree of detachment and death of the mac-
rophages is dependent on both the number of intracellular
bacteria and the duration of infection (26).

As with M. tuberculosis, early in the infection, a few M. avium
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bacteria infect a small number of macrophages. Eventually,
however, bacteria replicate within macrophages and are re-
leased from cells, infecting large numbers of neighboring mac-
rophages (17). This process of intracellular replication, fol-
lowed by cell death and subsequent infection of other
macrophages in the surrounding environment, may represent a
manner by which infection occurs in the host. In this study, we
investigated whether M. avium growing intracellularly can in-
fect macrophages more efficiently than M. avium grown in
culture medium and whether intracellular growth is associated
with alternative ways to enter macrophages.

MATERIALS AND METHODS

Mycobacterium. M. avium 101 (serovar 1) was used for the experimental assays
described below. It was isolated from the blood of a patient with AIDS, and
previous work has determined that this strain is virulent both in macrophages in
vitro and in mice (9).

For the assays, M. avium was grown in one of two manners. To prepare
extracellular growth M. avium (EG), M. avium was cultured in Middlebrook
7HI10 agar for 10 days, and isolated transparent colonies were washed and
resuspended in Middlebrook 7H9 broth for 5 days (logarithmic phase). Prior to
the assays, bacteria were washed in Hanks’ buffered salt solution (HBSS) and
passed throughout an 18-gauge needle 10 times, and the suspension was added
to a 15-ml plastic tube. It was then vortex agitated for 2 min. The suspension was
then placed to rest at room temperature; after 5 min, the top 1 ml of the
suspension was removed and used as the source of bacteria. To prepare intra-
cellular growth M. avium (I1G), M. avium cultured in vitro as described above was
treated as follows. First, a large-scale uptake assay was carried out at 37°C in a
six-well tissue culture plate (Falcon) containing 5 X 10° macrophages per well.
The infection period was 2 h, and the bacterium/cell ratio used for infection was
100:1. After phagocytosis, monolayers were washed with HBSS three times to
remove extracellular bacteria and then incubated at 37°C for 1, 2, 3, 5, 7, and 10
days. The percentages of viable cells both adherent to the plastic and detached
at each time point were determined by trypan blue exclusion assay and acridine
orange staining and compared to those of uninfected controls. The resulting
culture at each time point was harvested, and the cells attached to the plastic
were detached by adding sterile water for 20 min at 4°C. Detached cells were
recovered by centrifugation at 300 X g for 10 min at 4°C and resuspended in
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sterile water. The combined cell lysate and supernatant (after cell lysis by freeze-
thaw) were then centrifuged for 10 min at 2,000 X g to pellet the bacteria and
macrophage lysate. The pellet was then resuspended in 1 ml of HBSS and
centrifuged for 3 min at 150 X g at 4°C. The supernatant containing bacteria was
found to be free of intact macrophages by light microscopy. Bacteria were then
pelleted at 5,000 X g for 20 min at 4°C and resuspended in HBSS. The bacterial
suspension was vortex agitated for 2 min and allowed to sediment as described
above. Approximately 10° to 107 bacteria were recovered. Examination by light
microscopy demonstrated good dispersion of the inoculum. Different numbers of
monolayers were necessary to obtain bacteria for each time point. Bacteria were
pooled, divided into samples containing approximately 5 X 10° organisms, and
frozen. On the day of the assays, bacteria (EG and IG) were thawed, and the
suspension was plated onto 7H11 agar for quantitation of the viable bacteria.

The viability of inocula were also determined by the LIVE-DEAD assay
(Molecular Probes, Portland, Oreg.). Viability of EG ranged from 61 to 75%,
and viability of IG ranged from 68 to 82%.

M. avium 104 (serovar 1) expressing green fluorescence protein (GFP) was
cultured as described above for EG and IG. The gfp gene in this strain is
integrated in the bacterial chromosome as previously described (37). The GFP-
expressing M. avium was used in the TUNEL (terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling) assay as described below.

Other bacteria. Bacillus subtilis and Listeria monocytogenes were acquired from
the American Type Culture Collection, cultured in blood agar, and stored in
tryptic soy agar (TSA; Difco) as previously reported (2). For the experiments,
bacteria were cultured to late exponential growth, collected by centrifugation,
washed, and resuspended in HBSS to give an inoculum of 10° CFU/ml. For the
experiments, B. subtilis was opsonized with 10% fetal bovine serum for 1 h at
37°C.

Monocyte-derived macrophages. Monocyte-derived macrophages were ob-
tained from healthy donors and purified as previously described (7). Monolayers
were seeded with 5 X 10° cells. For the assays, monolayers were cultured in
RPMI 1640 supplemented with 5% serum-inactivated fetal bovine serum (Sigma
Chemical Co., St. Louis, Mo.) and 2 mM L-glutamine.

Uptake and intracellular killing assays. Uptake assays were carried out as
follows. M. avium, B. subtilis, or L. monocytogenes (10° organisms) was added to
macrophage monolayers (10° cells) in the absence of serum for 1 h at 37°C and
5% CO,. The monolayers were then washed three times with HBSS. To lyse
macrophages, the monolayers were incubated with 0.5 ml of water for 10 min.
Then 0.5 ml of another lysing solution made of 1.1 ml of 7H9 medium and 0.4 ml
of 0.25% sodium dodecyl sulfate (SDS) in phosphate buffer was added to each
well for 10 more min. The wells were vigorously scrapped with a rubber police-
man, and the macrophage lysates were resuspended in 0.5 ml of 20% bovine
albumin in sterile water to neutralize the SDS effect. The suspension was then
vortex agitated for 2 min for complete lysis of macrophages. The macrophage
lysate was briefly sonicated for 5 s (power output, 2.5 W/s) to disperse bacterial
clumps and permit reproducible pour plate quantitation. As a control for osmotic
stability, mycobacteria without macrophages were submitted to the same proce-
dure, and quantitative colony counts were determined after plating onto 7H10
agar or TSA. Bacteria were 100% viable. The macrophage lysate was serially
diluted, and 0.1 ml of the final suspension was plated onto 7H10 agar or TSA.
The plates were allowed to dry at room temperature for 15 min and incubated at
37°C for 3 days (B. subtilis and L. monocytogenes) or 2 weeks (M. avium). The
results are reported as mean CFU per milliliter of macrophage lysate. Duplicate
plates were prepared for each well.

Uptake of M. avium by macrophages was also determined by staining macro-
phage monolayers established in Lab-Tek tissue culture chamber (Nunc Inc.,
Naperville, I11.). After infection, monolayers were washed with HBSS and stained
with acid-fast staining (5, 6). The number of intracellular bacteria was deter-
mined by counting 200 cells and the intracellular bacteria.

The intracellular killing assay were performed as previously described (7).
Briefly, macrophage monolayers were incubated sequentially with sterile water
and 0.025% SDS. The lysate was obtained and vortex agitated to ensure com-
plete lysis of macrophages. The lysate was then mixed with equal volume of 20%
bovine serum albumin to neutralize the SDS, serially diluted, and plated onto
7H10 medium. The plates were incubated for 10 days, and the colonies were
quantitated.

Reagents. Anti-CR3 mouse antibody (CD11b monoclonal antibody) clone
D12 was purchased from Becton Dickinson (Mountain View, Calif.), and mouse
anti-human CR3 antibody (clone LO-MO2) was purchased from Biosource In-
ternational (Camarillo, Calif.). Anti-CR1 rat monoclonal antibody (clone LO-
MO1) and anti-B1 integrin mouse antibody (anti-CD29) were purchased from
Biosource International (Irvine, Calif.). Recombinant tumor necrosis factor al-
pha (TNF-a) was a gift from Genentech (South San Francisco, Calif.). Anti-
transferrin receptor mouse monoclonal antibodies were purchased from Serotec
(Oxford, England) and Biosource (clone B-624). Fucoidin (scavenger receptor
inhibitor), a-methylmannoside, and catalase were purchased from Sigma. Irrel-
evant mouse immunoglobulin IgG2 (IgG2a) and IgG1 (anti-fibroblast growth
factor receptor and anti-insulin-like growth factor II) were purchased from
Biosource. Dextran sulfate (molecular weight, 5000) and heparin were purchased
from Sigma.

Apoptosis assays. The presence of apoptosis in infected macrophage mono-
layers in comparison with uninfected monolayers was examined by two methods:
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FIG. 1. Comparison of the percentage of viable macrophages in infected (m)
and uninfected (&) monolayers. The MOI was 10:1.

Cell Death Detection ELISA (enzyme-linked immunosorbent assay) (Boehr-
inger Mannheim, Germany) for the detection of DNA fragmentation and de-
tection of cell death in individual cells by the use of the TUNEL assay (Boehr-
inger Mannheim). The in situ cell death detection assay detected cell death
(apoptosis) by labeling DNA strand breaks in individual cells. The method uses
terminal deoxynucleotidyltransferase to label free 3’ OH ends in DNA with
fluorescein-dUTP. This enzymatic labeling allows the detection of a very early
apoptotic event. Detection of apoptosis by ELISA was carried out by coating the
microtiter plate with an antihistone antibody that captures mono- and oligonu-
cleosomes present in the cell lysate. Then anti-DNA antibody that binds to DNA
in the mono- and oligonucleosomes was added. The anti-DNA antibody-peroxi-
dase conjugate cleaves ABTS, a colorimetric peroxidase substrate. Both assays
were used as directed by the manufacturers. For the ELISA, macrophage mono-
layers were infected with M. avium 101 and the apoptosis assay was performed
with the lysate of the monolayer at various time points. For the individual-cell
detection assay, macrophage monolayers were fixed with 3% paraformaldehyde
(Sigma) for 1 h at several time points after infection and used in the assay as
directed by the manufacturer. A bacterial control without macrophages was
maintained in RPMI 1640 for several periods of time and subjected to the
ELISA.

Electron microscopy. Electron microscopy was performed as previously de-
scribed (3). EG and IG for transmission electron microscopy were fixed with 1%
glutaraldehyde for 1 h in ice and postfixed in 1% aqueous osmium tetroxide for
1 h at 4°C. Then the sample was dehydrated in 50 and 80% ethanol at room
temperature, embedded in resin, and polymerized at 52°C. Ultrathin sections
were cut and mounted on carbon-coated grids.

Statistical analysis. Each experiment was carried out in triplicate and re-
peated at least three times. The results are shown as means * standard devia-
tions. The significance of the results between control and experimental groups
was determined either by Student’s ¢ test or by analysis of variance.

RESULTS

Viability of macrophage monolayer over time. To examine
the viabilities of infected and uninfected macrophages, macro-
phage monolayers were infected with M. avium at multiplicities
of infection (MOIs) of both 10:1 and 100:1. Cell viability was
monitored daily by acridine orange staining, trypan blue exclu-
sion assay, and counting of 400 cells in 10 fields (47). As shown
in Fig. 1, at an MOI of 10:1 after 4 days of infection, a signif-
icant difference in macrophage viability was observed between
infected and uninfected monolayers. When an MOI of 100:1
was used, a significant difference (P < 0.05) in viability be-
tween infected and uninfected monolayers was observed as
early as the second day after infection (92% versus 81%) and
in the subsequent days as well (day 3, 89% versus 63%; day 4,
88% versus 51%; day 5, 71% versus 39% [P < 0.01 for all
comparisons]).
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TABLE 1. Phagocytosis of EG and IG by human macrophages®

No. of ingested % of
Phenotype Inoculum M. avium agftcr 1h inoculum
EG (1.1 £0.3) X 10° (6.5 = 0.3) x 10* 5.9¢
EG + Mo lysate®
1 day (12 +£0.3) X 10° (6.6 = 0.4) X 10* 5.5¢
2 days (1.0 £0.3) X 10° (6.1 = 0.3) x 10* 6.1¢
3 days (1.1 +0.2) X 10° (6.8 = 0.3) x 10* 6.1¢
5 days (12 £0.5) x 10° (6.4 = 0.2) x 10* 5.3¢
7 days (9.9 = 0.4) X 10° (6.5 = 0.4) x 10* 6.5¢
10 days (1.0 £0.3) X 10° (6.6 = 0.3) X 10* 6.6°
IG
1 day (11 +£02) X 10° (7.8 = 0.4) x 10* 7.0
2 days (12*03)x10° (3.6 £0.3) X 10° 30¢
3 days (98 £0.4) X 10° (44 =0.4) X 10° 4497
5 days (1.0 £0.2) X 10° (5.1 £0.3) X 10° 51.0¢
7 days (9.7 +03)x10° (5.6 £02)x10° 57.7
10 days (1.0 £ 0.4) X 10° (5.5 £0.3) X 10° 55¢

“EG and IG were obtained as described in Materials and Methods.

® EG plus macrophage (Mo) lysate was obtained by incubating EG with lysate
of 10° Mo for 1 h at 37°C.

¢P > 0.05 compared with EG.

4P < 0.05 compared with EG.

Macrophage uptake of EG and IG. To determine whether
M. avium grown intracellularly in human macrophages once
released was able to invade other human macrophages more
efficiently than M. avium grown in culture medium, we infected
macrophage monolayers with an MOI of 100:1 and at different
days after infection lysed the monolayers, using IG to infect a
second macrophage monolayer. Since it was possible that mac-
rophage proteins would bind to IG and influence bacterial
uptake, we carried out assays in which EG was mixed with
lysates of uninfected macrophage monolayers cultured for dif-
ferent periods of time for 1 h and used in the macrophage
invasion assay.

As observed in Tables 1 and 2, intracellular growth of M.
avium resulted in a significant increase in ability to infect
human macrophages. Bacteria retrieved from macrophages 3
days after infection were capable of infecting macrophages
with an efficiency sevenfold greater than that of EG or EG
mixed with macrophage lysate. The increase in uptake was
observed by day 2 of infection and peaked at day 3 or 4 after
infection.

Infection of the first macrophage monolayer with M. avium
for a number of days could have selected for an invasive phe-
notype. Therefore, it was important to establish whether the
increased invasiveness of IG was secondary to phenotype se-
lection or environmentally mediated induction of invasive phe-
notype. IG was recovered from the second infection, cultured

TABLE 2. Phagocytosis of EG and IG by human macrophages as
determined by microscopic evaluation®

Phenotype Inoculum % of infected ‘N'o. of
(10%) macrophages® bacteria/infected cell

EG 89 +0.2 46 =6 2+3
1G

1 day 7.4 +0.3 515 2+1

2 days 8.6 0.4 61+3 6+ 5°

3 days 9.1+0.3 70 =5 9 =+ 4°¢

7 days 72*+04 73+5 11 * 4¢

“EG and IG were obtained as described in Materials and Methods.
> Uptake of M. avium after 1 h at 37°C.
¢P < 0.05 compared with EG.
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FIG. 2. Phagocytosis of EG in comparison with both IG and IG that was
cultured in vitro before use in invasion assay. The result rules out selection of the
invasive phenotype as an explanation of the increased ability of IG to invade
macrophages.

in vitro in 7H9 broth for 5 days (in vitro passage), and used to
infect macrophages. As shown in Fig. 2, simultaneous infection
of human macrophages with EG, IG, and IG after passage in
vitro demonstrated that intracellular growth in macrophages
induces an invasive phenotype that is not expressed if the
bacteria are subsequently cultured in vitro.

Receptors associated with EG and IG invasion. We and
others have shown in previous studies that M. avium as well as
M. tuberculosis and M. leprae invade macrophages through the
CR3, CR1, and mannose receptors (8, 22, 42, 44-47). Two
possible explanations for the finding that IG invades macro-
phages with greater efficiency than EG are that (i) there is an
increase in the number of ligands on the outer layer of M.
avium in the intracellular environment and (ii) invasion of
macrophages by IG occurs by means other than the CR3 re-
ceptor and mannose receptor.

As shown in Fig. 3, in contrast to EG, M. avium antibodies
to CR3 (two different antibodies were used with similar results,
and the results shown are those obtained with D12) and CR1
at 30 pg/ml as well as 2% a-methylmannoside could not block
uptake of IG by macrophages. Antibodies against transferrin
receptor and B1 integrin (CD29) were also used in concentra-
tions from 1 to 30 pg/ml. Incubation with both anti-g1 integrin
and antitransferrin (two different antibodies) (Serotec) was
able to block the uptake of IG by 66% = 5% and 43% * 8%
(the two antibodies gave comparable results), while both anti-
bodies failed to inhibit the uptake of EG (Fig. 4). As shown in
Fig. 5, incubation of macrophages with fucoidin at 7 pg/ml (0.5,
3, and 7 pg/ml were tested), a potent inhibitor of scavenger
receptors on macrophages, significantly blocked the uptake of
both EG (P < 0.01) and IG (P < 0.05) by macrophages.
Negative controls were carried out with irrelevant mouse IgG1
and IgG2a. Control antibodies did not block M. avium uptake
(data not shown).

Because inhibition of M. avium binding could be a nonspe-
cific effect of the treatment of macrophages with fucoidin, we
use B. subtilis as a negative control and L. monocytogenes
(which has been shown to be a phagocytized by scavenger
receptors in the absence of serum [21]) as a positive control. As
shown in Fig. 5, treatment of macrophages with fucoidin re-
sulted in significant inhibition of the uptake of L. monocyto-
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FIG. 3. Effects of antibodies to CR3 and CR1 and of 2% a-methylmannoside
on the uptake of EG and IG by human macrophages. Antibodies were tested at
concentrations of 1, 10, and 30 pg/ml (only results with 30 pg/ml are shown).
a-Methylmannoside was used at concentrations of 1 and 2% (only results with
2% are shown). Irrelevant antibodies (30 wg/ml) did not inhibit uptake of M.
avium by macrophages.

genes but had no effect on the uptake of serum-opsonized B.
subtilis.

Experiments were also carried out to determine if an effec-
tive competitor (dextran sulfate) and a control (ineffective
competitor) for the scavenger receptors had any influence on
the phagocytosis of IG. Table 3 shows that IG uptake by
macrophages was inhibited 51 and 62% by fucoidin and dex-
tran sulfate, respectively, at concentrations of =1.0 pg/ml. In
contrast, heparin (control) at up to 10 U/ml did not inhibit
significantly the phagocytosis of IG by macrophages.

Response to TNF-a stimulation. Because a number of lab-
oratories have demonstrated both in vitro and in vivo the
ability of TNF-a to induce antimycobacterial activity in mac-
rophages (5, 7), we used recombinant TNF-a to treat macro-
phage monolayers infected with either EG or IG. As shown in
Table 4, TNF-a induced macrophages infected with EG to
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FIG. 4. Effects of antibody to transferrin receptor (R) (CD71) at 1, 10, and
30 pg/ml (only results for 30 wg/ml are shown) and of antibodies against B1
integrin (CD29) (anti-b1) (two different antibodies were used with comparable
results) at 1, 10, and 30 pg/ml (only results with 30 wg/ml are shown) on the
uptake of EG and IG by human macrophages. Irrelevant antibodies (30 pg/ml)
did not inhibit uptake of M. avium by macrophages.
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FIG. 5. Fucoidin, an inhibitor of the scavenger receptors, at 0.5, 3, and 7
wg/ml (only results with 7 wg/ml are shown) on EG and IG phagocytosis by
human macrophages. L. monocytogenes and serum-opsonized B. subtilis were
used as positive and negative controls, respectively.

inhibit intracellular replication by 40% compared with the un-
treated control at the same time point. Thus, intracellular
bacteria grew from (5.7 = 0.3) X 10° (initial inoculum) to
(24 = 0.3) X 10° in the untreated control, compared with
(9.6 = 0.4) X 10° in monolayers treated with TNF-a. However,
stimulation with TNF-« failed to stimulate mycobacteriostatic
or mycobactericidal activity in macrophages infected with IG.
IG grew from (3.0 = 0.4) X 10° to (1.2 = 0.3) X 10° in the
untreated control, compared with (2.9 = 0.3) X 10° in mono-
layers treated with TNF-q, suggesting that the IG site within
macrophages is protected against the TNF-a-induced bacteri-
cidal mechanisms.

Cell death. The above-described results suggested either
that intracellular M. avium detects the changes in the intracel-
lular environment of macrophages indicating that cell lysis is
imminent or that M. avium itself triggers cell death of the
macrophages. To investigate these possibilities, we first at-
tempted to determine whether M. avium infection induced
apoptosis of infected macrophages. As shown in Table 4, using
an ELISA to detect fragmented DNA, we determined that M.
avium-infected macrophages suffer apoptosis with significantly
greater frequency than uninfected macrophages. In addition,
the apoptosis appears to be dependent on the degree of infec-
tion and duration of infection. We confirmed the observations
obtained by ELISA by examining apoptosis of individual cells
with the TUNEL assay (Table 5 and Fig. 6). Nonetheless, not

TABLE 3. Competitive inhibition of IG uptake by
human macrophages”

IG within macrophages

Blocking agent Concn (% of control = SD)

Fucoidin 3 wg/ml 40 + 6°

7 pg/ml 51 =9
Dextran sulfate 1 pg/ml 45 £ 50

5 pg/ml 62 = 11°

10 pg/ml 76 * 10°
Heparin 1U 5x2

5U 7x2

10U 7+4

“ Macrophages were incubated with blocking agent for 1 h and then incubated
with 10° IG for an additional hour. Viability of the monolayer was monitored
during the experiments, and the data are based on monolayers with more than
95% viable macrophages.

b P < 0.05 compared with control.
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TABLE 4. Apoptosis of M. avium-infected macrophages as
determined by ELISA

OD43Ob
MOI¢
1€ 3 5 10
0 (no bacteria) 0.004 0.038 0.192 0.457
1:1 0.014¢ 0.424¢ 0.4494 1.356%
10:1 0.0244 0.832¢ 1.205¢ 1.7494
100:1 0.020¢ 1.362¢ 2.076¢ 2.5734
Bacterial control (10°) 0.002 0.002 0.003 0.002

(no macrophages)

“ As described in Materials and Methods.

» Mean of three determinations of optical density at 430 nm (OD,3,) in two
separate experiments.

¢ Day after infection.

4P < 0.05 compared with the control (no bacteria).

all infected macrophage showed signs of apoptosis as deter-
mined by the TUNEL assay. Approximately 45% =+ 7% of the
infected macrophages showed evidence of apoptosis.

Effect of catalase on apoptosis. Because a recent study (32)
had shown that hydrogen peroxide (H,O,) can induce apopto-
sis of M. avium-infected macrophages, we repeated the apo-
ptosis assay in the presence of 100 uM catalase. Catalase by
itself was not toxic to the monolayer at the concentration used.
Catalase showed no effect on M. avium-triggered apoptosis
(data not shown), indicating that H,O, was not associated with
the mechanism of apoptosis in this model.

Light microscopy and electron microscopy of IG and EG. To
determine whether EG and IG are morphologically different,
bacteria from both sources expressing the GFP protein were
subjected to light microscopy and transmission electron mi-
croscopy. As seen in Fig. 7, EG is short, while IG is predom-
inantly a long bacillus. There is no evidence in the data pre-
sented either supporting or ruling out the presence of host
proteins associated with the IG cell envelope.

DISCUSSION

M. avium is a frequent cause of disseminated infection in
patients with AIDS and is associated with localized (primarily
pulmonary) infection in individuals who do not have AIDS (24,
30, 36, 38). Tissue destruction and apoptosis are believed to
have a substantive role in the pathogenesis of both M. tuber-
culosis and M. avium infections (16, 34). Although a number
of studies have established the role of host factors in necrosis
of granulomas and cavitation, almost no information exists
about the possible participation of the bacteria in these pro-
cesses.

After infection, mycobacteria replicate intracellularly in tis-
sue macrophages, and it is likely that organisms released from
macrophages infect a large number of surrounding macro-

TABLE 5. Apoptosis of individual M. avium-infected macrophages

% Apoptosis/200 cells®

MOI*
3 days 10 days
0 (no bacteria) 0.5 (1/200) 2.5 (5/200)
1:1 12.5 (25/200)¢ 31.5 (63/200)°
10:1 23.0 (46/200)° 35.5 (71/200)°
100:1 31.0 (62/200)¢ 47.0 (94/200)°

“ As described in Materials and Methods.

? Mean of three different experiments.

¢ P < 0.05 compared with the control (no bacteria), as determined by analysis
of variance.
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phages (15). In this report, we showed that IG infects macro-
phages with greater efficiency (7- to 10-fold) than EG, indicat-
ing that the intracellular environment of macrophages triggered
the expression of an invasive phenotype of M. avium. This finding
also suggests that investigation of mycobacterial invasion of mac-
rophages in the laboratory probably has technical limitations,
since some of the laboratory models do not take into consider-
ation environmental conditions encountered in the host. A recent
study by McDonough and Kress (35) has shown that M. tubercu-
losis H37Rv has increased ability to become associated with A549
epithelial cells and become cytotoxic to A549 lung epithelial cells
after passage in a macrophage cell line, indicating that phenotypic
characteristics that might be important in vivo are not observed
when laboratory conditions are used. Previous studies in our lab-
oratory with M. avium (4) and in other laboratories with Yersinia
pseudotuberculosis (27, 40) and Salmonella typhimurium (33) have
shown that under conditions that resemble the in vivo environ-
ment in the host, bacteria can have a completely different behav-
ior (for example, becoming more invasive) not observed with
bacteria cultured under usual laboratory conditions.

The precise mechanism(s) by which IG invades macro-
phages is not known, but our results suggest that the uptake of
IG and the uptake of EG by macrophages occur through dif-
ferent receptors. Both the complement receptors and mannose
receptors that have been shown to be involved in the uptake of
EG by macrophages (8, 42) appear not to have a significant
role on the phagocytosis of IG. In contrast, the transferrin
receptor and B1 integrin were associated with the uptake of IG
but not EG. Transferrin receptor has been shown to be weakly
involved in M. avium uptake by macrophages (42). It is plau-
sible that M. avium grown intracellularly is exposed to an
environment deficient in iron, which may in turn be a stimulus
to express proteins involved in the acquisition of iron. In fact,
it has been shown that mycobacteria have a 65-kDa protein
that shares homology with transferrin and lactoferrin (1). How-
ever, the expression of this protein and its regulation have not
been studied. It is also possible that a mycobacterial protein
with some degree of homology with transferrin is synthesized
under low-iron conditions and may recognize the transferrin
receptor on the macrophage membrane. Studies aimed at ad-
dressing the hypothesis that low-iron conditions trigger the
synthesis of M. avium proteins that are used to invade macro-
phages are currently under way in our laboratory. 31 integrin
is recognized by the Y. pseudotuberculosis protein, invasin, and
has been shown to be the receptor used by Y. pseudotubercu-
losis to invade epithelial cells (28, 29). In addition, M. leprae
invades nasal epithelial cells by using the B1 integrin as a
receptor (10). The B1 integrin intracellular domain is linked to
the cytoskeleton and can also stimulate signal transduction
pathways, two aspects that may be important to bacterial up-
take (43). An additional possibility is that macrophage proteins
bound to the IG outer layer facilitate the uptake of the bacte-
rium by other uninfected macrophages. This hypothesis was
not explored in this present work; however, the plausible ex-
istence of such a mechanism would represent a natural path-
way of uptake for intracellular mycobacteria.

It is possible that the bacterial route into the cells influences
the outcome of infection. This has been demonstrated with
Toxoplasma gondii in the presence and absence of serum (31).
In addition, Legionella pneumophila can invade eukaryotic cells
with increased efficiency following association with Acan-
thamoeba castellanii (11). One benefit of the bacteria using
alternative pathways of cellular entry is the possibility that the
intracellular compartments associated with alternate receptors
differ regarding the ability to fuse with lysosomes, acidify,
transport proteins across the vacuolar membrane, and respond
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FIG. 6. Fragmentation of chromatin following M. avium infection of macrophages as determined by the TUNEL assay. (a) Uninfected macrophages cultured for
5 days and incubated with fluorescein isothiocyanate-labeled antibody against free-end DNA; (b) macrophages infected with strain 101 for 5 days (free-end DNAs are
visualized by fluorescein isothiocyanate-conjugated antibodies in several cells in the monolayer); (c) macrophages infected with the strain 104 expressing GFP for 5 days.
Three of four macrophages are observed in the process of apoptosis. The picture was taken with the GFP filter.
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FIG. 7. Light microscopy and transmission electron microscopy of EG (A and B) and IG (C and D). IG, in contrast to EG, has a predominantly long shape.
Apparently there is no structural difference between EG and IG (B and D). Magnification, X82,500.

to stimulation by cytokines with the activation of bactericidal
mechanisms. Our results showing that TNF-« (a cytokine pro-
duced primarily by macrophages and shown to stimulate my-
cobacterial and/or mycobacteriostatic activity in both human

and murine macrophages [5, 7]) could induce anti-M. avium
activity in macrophages infected with EG but not with IG
support this hypothesis. While activated macrophages ingest
and destroy M. avium (6), macrophages that surround infected
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FIG. 7—Continued.

cells may have their bactericidal mechanisms bypassed by the the cell type involved, the hallmark of apoptosis is internucleo-
IG phenotype. somal DNA degradation which is mediated by Ca®"- and

Apoptotic cell death plays a critical role in developmental Mg**-dependent endonucleases (39). Traditionally, the pres-
biology, inflammation, and autoimmune disease. Regardless of ence of apoptosis is inferred by gel electrophoresis of the
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fragmented DNA or electron microscopy changes of the cell
nuclei. Recently, enzymatic methods were adapted to study
apoptosis at the cellular level, making possible the detection of
apoptotic phenomenon much earlier than before. These enzy-
matic reactions detect only apoptotic DNA, not random frag-
mentation that occurs in cellular necrosis (20). Our results of
both an ELISA and in situ detection of cell death showed that
apoptosis more frequently occurs in cells infected by M. avium.
In addition, the apoptotic event in infected cells is dependent
on the period of infection and the number of bacteria within
the cell. Whether M. avium triggers the apoptotic event or it is
a passive participant in the cell death is unknown. However,
the data shown suggest that independent of the mechanism
that provokes apoptosis of infected cells, intracellular bacteria
sense the environmental changes and prepare themselves to
leave the dead cell and to invade a surrounding macrophage
with increased efficiency. In infected monolayers, there is a
direct relationship between rate of apoptosis and ability of the
intracellular bacteria to invade another macrophage.

IG and EG exhibit different morphologies, as observed by
light and electron microscopy. While EG is a classical short
bacillus, IG has a predominantly long shape. Although our
data suggest that both morphologies are associated with dif-
ferent pathways of entry into macrophages, more studies are
needed to understand the changes observed in the IG strain.

Our results with M. avium are in agreement with the obser-
vation made by McDonough and Kress (35) indicating that the
intracellular environment can regulate the invasiveness of my-
cobacteria. The role of invasion in the pathogenesis of M.
avium infection is complex. Several laboratories have identified
putative receptors for M. avium on macrophages, such as CR3
and CRI1 receptors, fibronectin receptor, mannose receptor,
and vitronectin receptor (8, 42). However, it appears that some
invasion pathways, such as the one(s) linked to binding to the
B1 integrin and transferrin receptors, may affect virulence.

The results presented here indicate that the mechanisms
used to enter macrophages may differ in vivo. Further studies
to improve the understanding of the molecular interactions
between the bacteria and host cells are clearly necessary.
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