INFECTION AND IMMUNITY, Nov. 2004, p. 6221-6229
0019-9567/04/$08.00+0 DOI: 10.1128/TAL.72.11.6221-6229.2004

Vol. 72, No. 11

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Macrophages from Mice with the Restrictive Lgnl Allele Exhibit
Multifactorial Resistance to Legionella pneumophila

Isabelle Derré' and Ralph R. Isberg'**

Howard Hughes Medical Institute* and Department of Molecular Biology and Microbiology,"
Tufts University School of Medicine, Boston, Massachusetts

Received 19 April 2004/Returned for modification 19 May 2004/Accepted 27 May 2004

Although Legionella pneumophila can multiply in diverse cell types from a variety of species, macrophages
from most inbred mouse strains are nonpermissive for intracellular replication and allow little or no growth
of the bacteria. This phenomenon is likely genetically controlled by the mouse naip5 (bircle) gene located within
the Lgnl locus. In this study, we have investigated the resistance of C57BL/6J macrophages to L. pneumophila
infection by examining the fate of both the bacterium and the infected cells compared to that in macrophages
from the permissive A/J strain. Our results indicate that although the trafficking of the L. pneumophila-
containing vacuole is partially disrupted in C57BL/6J macrophages, this cannot account for the severity of the
defect in intracellular growth observed in this strain. Infected macrophages are lost shortly after infection, and
at later times a larger fraction of the C57BL/6J macrophages in which L. pneumophila undergoes replication
are apoptotic compared to those derived from A/J mice. Finally, a loss of bacterial counts occurs after the first
round of growth. Therefore, the resistance mechanism of C57BL/6J macrophages to L. pneumophila infection
appears to be multifactorial, and we discuss how early and late responses result in clearing the infection.

Legionella pneumophila is a facultative intracellular gram-
negative bacterium able to replicate within freshwater amoe-
bae (48). When humans are infected by inhalation of contam-
inated aerosols, the bacteria colonize and multiply within their
alveolar macrophages and cause a pneumonia, known as Le-
gionnaires’ disease, that can be fatal if the host defenses are
impaired (15, 37).

Internalization of the bacterium by the host cell is depen-
dent on the dot/icm genes and occurs via macropinocytosis (22,
49). Shortly after uptake, the bacterium is found in a mem-
brane-bound compartment that does not interact with the en-
docytic pathway (24, 25). Vesicles containing the bacterium
neither acidify nor fuse with lysosomes and exclude endosomal
or lysosomal markers such as Rab5, Lamp1, and cathepsin D
(7, 28, 38). The bacterium then establishes an intracellular
niche that supports replication. First, the vacuole is sur-
rounded with mitochondria and small vesicles (23). Based on
the thickness of their membranes (45) and the presence of
calnexin around the nascent L. pneumophila vacuoles (9), these
vesicles are thought to be derived from the endoplasmic retic-
ulum (ER). In addition, the L. pneumophila vacuole intercepts
vesicular traffic from ER exit sites (29), and proteins of the
early secretory pathway are found about the vacuole and ap-
pear to be required for the establishment of intracellular rep-
lication (9). A few hours later, rough ER accumulates around
the vacuole and the bacteria start to divide (44, 45). The bac-
teria continue to multiply within a perinuclear ER-like com-
partment that bears similarity to an autophagous vacuole
which may eventually enter the endocytic pathway (43, 44).
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Finally, the host cell is lysed, allowing the bacteria to reinfect
neighboring cells.

Various genetic screens have revealed that 25 L. prneumo-
phila dotficm genes, located in two separate chromosomal re-
gions, are essential for the bypass of the endocytic pathway and
intracellular growth of the bacterium (1, 3, 4, 13, 39, 47). The
majority of these genes exhibit sequence similarity to genes
required for conjugative DNA transfer and are therefore hy-
pothesized to encode components of a type IV secretion ma-
chinery (41, 46). Consistent with this model, the Dot/Icm com-
plex is required for the transfer of plasmid DNA or effector
proteins (30) from one L. pneumophila cell to another and also
for the translocation of the bacterial effector molecules RalF
(36), LidA (8), SidC (30), LepB, and LepC (6) across the
surface of the L. pneumophila vacuole. These proteins, and
others that have recently been identified (30), presumably ma-
nipulate the host cell to allow formation of the replication
vacuole.

Although L. pneumophila can multiply within different cell
types, such as amoebae or human alveolar macrophages, most
cells from inbred mouse strains are nonpermissive for intra-
cellular replication. With the exception of a few strains such as
A/J, macrophages isolated from these strains yield little or no
growth of the bacterium (52, 53). The restrictive phenotype is
controlled by the Lgn! locus, located on chromosome 13 (2, 11,
51, 55), which contains a number of neuronal apoptosis inhib-
itory protein (naip) genes that vary from one inbred mouse
strain to another (21, 54). The product of the naip5 (bircle)
gene likely confers resistance to L. pneumophila intracellular
multiplication in the C57BL/6J mouse strain (12, 50). The
function of Naip5 (Bircle) is unknown; however, the protein
shows sequence similarity to the Nod proteins (26), which are
cytosolic factors related to the apoptosis regulator Apafl and
to a class of plant disease resistance proteins. The Nod proteins
are capable of activating the NF-«kB pathway upon intracellular
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stimulation by bacterial products (20, 27). Naip and Nod pro-
teins share a carboxy-terminal regulatory domain composed of
a leucine-rich repeats domain and a central nucleotide-binding
oligomerization domain, also known as the NOD domain.
However, the Naip proteins contain additional baculovirus in-
hibitor of apoptosis domains that are not found in the Nod
proteins (26). The role Naip plays in responding to intracellu-
lar pathogens and whether it is involved in inhibition of apo-
ptosis are still unknown.

In this study, we have investigated the resistance of
C57BL/6J macrophages to L. pneumophila infection by exam-
ining the fate of both the bacterium and the macrophages. Our
results suggest a multifactorial mechanism involving loss of
infected macrophages in the early stage of the infection and
apoptosis in the later stage, as well as loss of bacterial counts
after the first round of intracellular growth.

MATERIALS AND METHODS

Bacterial strains, mice, and media. L. pneumophila Lp02 (thyA hsdR rpsL) and
Lp03 (Lp02 dotA) strains are derivatives of Philadelphia 1 strain Lp01 (hsdR
rpsL) (3). L. pneumophila strains were maintained as described previously (14,
16, 44). Charcoal-yeast extract-thymidine medium (CYET) and ACES yeast
extract broth were prepared as described previously (3). All mice were purchased
from the Jackson Laboratory (Bar Harbor, Maine).

Cell culture and antibodies. Bone marrow-derived macrophages from A/J and
C57BL/6J female mice were prepared as described previously (44). After cultur-
ing cells from mouse femurs in L cell-conditioned medium, the macrophages
were harvested and resuspended in RPMI 1640 containing 10% heat-inactivated
fetal bovine serum and glutamine.

Anti-L. pneumophila polyclonal rabbit serum was described previously (1).
Goat anti-rabbit immunoglobulin G (IgG)-Cascade blue and goat anti-rabbit
IgG-Texas red were obtained from Molecular Probes (Eugene, Oreg.). Goat
anti-rabbit IgG-fluorescein isothiocyanate (FITC) was obtained from Jackson
Laboratory.

Assay for intracellular growth. Postexponential-phase L. pneumophila strains
grown in AYET to high motility (except where noted) were introduced onto
monolayers of 4 X 10° bone marrow macrophages in 24-well dishes at a multi-
plicity of infection (MOI) of 0.05 by centrifugation for 5 min at 1,000 rpm
(Hermle Z360K centrifuge). After incubation for 2 h at 37°C in the presence of
5% CO,, the monolayers were washed three times to remove any extracellular
bacteria and the infection was allowed to continue. To quantify the level of
growth at each time point, the monolayers were lysed by adding 0.05% saponin
directly to the culture medium containing the infected cells, and CFU were
determined by plating dilutions of the lysate onto CYET plates.

LAMP-1 targeting assay. A total of 2 X 10° macrophages were seeded onto
glass coverslips in 24-well dishes and were infected at an MOI of 1 as described
for the intracellular growth assay. After incubation for 1 h at 37°C in the presence
of 5% CO,, the monolayers were fixed in periodate-lysine-paraformaldehyde
(PLP)-sucrose for 1 h at 37°C (33). The samples were stained for extracellular
and total bacteria as previously described (44), and LAMP-1 was detected using
rat monoclonal antibody IB4D (49). Coverslips were mounted using Fluoroguard
antifade reagent (Bio-Rad, Hercules, Calif.) and processed for immunofluores-
cence microscopy. Data were quantified by counting 100 cell-associated bacteria
per coverslip. The average and standard deviation were calculated from three
coverslips.

Infectious center assay. A total of 2 X 10° macrophages were seeded onto
glass coverslips in 24-well dishes and were infected at an MOI of 1 as described
for the intracellular growth assay. After incubation for 1 h at 37°C in the presence
of 5% CO,, the monolayers were washed. Half of the coverslips were fixed with
PLP fixative containing 5% sucrose for 1 h at 37°C (33). The other half was
incubated for 13 more hours at 37°C in the presence of 5% CO, before fixation.
The samples were stained for extracellular and total bacteria as described pre-
viously (44). The number of intracellular bacteria within each vacuole was re-
corded by visual inspection. Data were quantified by counting 100 vacuoles per
coverslip. The average and standard deviation were calculated from three cov-
erslips.

TUNEL staining and apoptosis reagents. The infection and staining were
performed as described for the infectious center assay, except that an additional
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FIG. 1. Biphasic growth of L. pneumophila in macrophages from
C57BL/6J mice. A/J or C57BL/6J (B/6) bone marrow-derived macro-
phages were incubated with either wild-type L. pneumophila (WTLp)
or the dotA mutant (dotA) at an MOI of 0.05. The level of growth was
determined by measuring CFU at noted time points. The experiment
was performed three times. Data are means and standard errors of
three cultures from one representative experiment.

step of terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling (TUNEL) (18) was performed according to the manufacturer’s specifi-
cations (Roche Molecular Biochemical, Indianapolis, Ind.) before mounting the
coverslips. The CaspACE FITC-VAD-FMK in situ marker was used according to
the manufacturer’s protocol (Promega, Madison, Wis.).

RESULTS

Biphasic growth of L. pneumophila in C57BL/6J macro-
phages. We first examined the behavior of L. prneumophila
during incubation with bone marrow macrophages derived
from either the Lgnl permissive (A/J) or restrictive (C57BL/
6J) mouse strain. As shown in Fig. 1, in permissive A/J mac-
rophages, wild-type L. pneumophila grew about 100-fold over a
48-h period of time, with a 30-fold increase in growth during
the first 24 h of infection. Consistent with previous results (2,
11, 52), when wild-type L. pneumophila was incubated with
C57BL/6J macrophages, we only observed a sixfold increase in
growth during the first 24 h of infection. Moreover, we ob-
served a threefold decrease in the number of bacteria during
the following 24 h. The dot4 mutant failed to multiply in either
A/J or C57BL/6J macrophages.

The behavior of L. pneumophila in C57BL/6J macrophages
is consistent with the model that there are at least two levels of
growth restriction: an early restriction which results in low
bacterial yields, and a second blockage which prevents propa-
gation of the bacteria after the initial burst of replication.

L. pneumophila escape from the endocytic pathway is depen-
dent on the growth phase of the bacterium in C57BL/6J mac-
rophages. We hypothesized that the limited amount of intra-
cellular growth of L. pneumophila in C5S7BL/6J macrophages
during the initial 24-h incubation could be due to the fusion of
the bacterium-containing vacuole with endocytic compart-
ments. In a previous report, our investigators showed that
wild-type L. pneumophila-containing vacuoles interacted with
the endocytic pathway in C57BL/6]J macrophages, whereas
they did not in A/J macrophages (49). But during this study, we
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FIG. 2. L. pneumophila escape from the endocytic pathway in
C57BL/6J (B6) macrophages is dependent on the growth phase of the
infecting bacteria. Wild-type L. pneumophila (WTLp) or the dotA
mutant (dotA) cells were grown to late exponential phase until they
showed evidence of motility (+) or a majority of the bacteria were
motile (+++). The bacteria were introduced into macrophages de-
rived from either A/J or C57BL/6J mice and incubated for 1 h prior to
fixation and assay for localization with the lysosomal marker LAMP-1.
The experiment was performed three times. Data were quantified by
counting 100 vacuoles per coverslip. Displayed are means and standard
errors for three coverslips from a representative experiment.

noticed variation in the efficiency of intracellular growth of the
bacterium that was dependent on relatively small differences in
the growth phase of the bacterium in culture prior to intro-
duction onto macrophages. As these small variations in culture
could have a significant impact on the relative efficiencies of
intracellular growth in macrophages from different mouse
strains, this was further investigated. L. pneumophila initiates
intracellular growth most efficiently in postexponential phase
(Ao of ~3.2 to 3.7), which also corresponds to the stage of
maximum motility (5). We found that the density correspond-
ing to maximum intracellular growth could vary from A, of 3
to 4.5 and correlated primarily with the degree of motility of
the bacterium in culture rather than the culture density. In-
deed, we found that a population of postexponential bacteria
that contained 50% motile bacteria (as assessed visually by
microscopy) was less efficient at establishing a replication vac-
uole than a population of bacteria containing close to 100%
motile bacteria (data not shown).

Therefore, we examined the fate of the L. pneumophila-
containing vacuole as a function of bacterial motility. For this
purpose, postexponential L. pneumophila cells grown to den-
sities showing either some evidence of motility (44, of ~3.5)
or a high degree of motility (A4, of ~4.5) were incubated for
1 h with A/J or C57BL/6] bone marrow-derived macrophages
and assayed for colocalization with the late endosomal marker
LAMP-1 to measure defective targeting. As shown in Fig. 2, a
population of bacteria showing evidence of motility displayed
defective targeting that was more pronounced in C57BL/6J
macrophages. A total of 65% of the wild-type L. pneumophila
were found in a LAMP-1-positive compartment in C57BL/6J
macrophages compared to 35% in A/J macrophages. This re-
sult is similar to what our group has previously observed when
using bacteria grown to a set density (49). On the other hand,
bacteria grown to a high degree of motility gave almost indis-
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tinguishable targeting to a LAMP-1-positive compartment in
A/J and C57BL/6J macrophages (Fig. 2). A similar trend was
observed with a wild-type L. pneumophila strain harboring the
backbone vector (pMMB207) used to construct the GFP strain
that we used in our previous study (49) (data not shown). As
expected, no matter what growth condition or mouse strain was
used, the dot4 mutant was found in a LAMP-1-positive com-
partment.

Based on these results, all of the studies were then per-
formed using cultures that were determined to be postexpo-
nential based on high bacterial motility. As the growth curve
displayed in Fig. 1 used such bacteria, it is unlikely that inap-
propriate targeting to a late endosomal compartment during
the first few hours after initial bacterial uptake could be the
sole cause of the intracellular growth defect observed in mac-
rophages derived from the restrictive mouse strains.

A small population of L. pneumophila establishes a replica-
tion vacuole in C57BL/6J macrophages. Since we observed a
sixfold increase in L. pneumophila CFU during the first 24 h of
infection of C57BL/6] macrophages that was not maintained
on further incubation, we performed a microscopic analysis of
the infected cells to determine what portion of the bacterial
population was able to efficiently establish a replication vacu-
ole. For this purpose, A/J or C57BL/6J bone marrow-derived
macrophages were incubated with either wild-type L. pneumo-
phila or the dotA mutant for 1 or 14 h, and the number of
intracellular bacteria in individual phagosomes was recorded at
each time point.

Under all conditions, all the infected macrophages from the
two mouse strains contained 1 to 2 bacteria per vacuole 1 h
postinfection, and this was also observed for the dot4 mutant
14 h postinfection (data not shown). In contrast, 14 h postin-
fection with wild-type L. pneumophila, 65% of the infected A/J
macrophages contained more than 10 bacteria per vacuole, as
opposed to only 20% of the infected C57BL/6J macrophages
showing the same-sized vacuoles (Fig. 3). Moreover, 40% of
the macrophages from C57BL/6J mice showed replication
vacuoles that were limited to two or three bacterial divisions (3
to 10 bacteria per vacuole), compared to only 20% in A/J. In
addition, 40% of the infected C57BL/6J macrophages were
apparently unable to support replication (1 to 2 bacteria per
vacuole), compared to only 15% in A/J.

Taken together, these results indicate that L. pneumophila
replication in C57BL/6J macrophages appeared blocked at
multiple steps. A population of infected macrophages stopped
the initiation of bacterial replication either by targeting the
bacterium-containing vacuole to a LAMP-1-positive compart-
ment (Fig. 2) or by an unknown mechanism, which led to a lack
of bacterial replication in 40% of the macrophages. In addi-
tion, in macrophages in which replication was established there
was limited bacterial proliferation.

Loss of infected C57BL/6J macrophages over time. During
the microscopic analysis of the intracellular growth of wild-
type L. pneumophila in C5S7BL/6J macrophages, we noticed
that the total number of macrophages harboring bacteria was
reduced after the 14-h incubation period, whereas the absolute
number of macrophages appeared constant. This observation
suggested degradation of the bacteria over time or loss of
infected cells. To investigate this further, bone marrow-derived
macrophages from A/J and C57BL/6J mice were incubated
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pared to that at 1 h postinfection. In addition, at 14 h postin-
fection a population of large vacuoles acquired the late endo-
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point. The results are displayed in Fig. 4 as the percentage of
infected macrophages relative to the 1-h time point. When A/J
macrophages were incubated for 14 h with wild-type L. pneu-
mophila, the number of infected macrophages was reduced by
only 20%, with all of the loss occurring during the first 4 h of
the infection (Fig. 4A). After incubation of wild-type L. pneu-
mophila with C57BL/6J macrophages, a similar loss of infected
macrophages occurred during the first 4 h. By 8 h postinfec-
tion, however, the number of infected C57BL/6J macrophages
was reduced to 40% of that observed after initial incubation
with the bacteria. The number of infected cells then appeared
to stabilize (Fig. 4B). When A/J or C57BL/6J macrophages
were incubated with the dot4 mutant, there was a 60% reduc-
tion in the number of infected macrophages over the 14-h
1-2 3-10 >10 period, probably as a result of degradation of the bacteria due

Nbr of WT Lp / vacuole at 14h to improper targeting of the vacuole containing this mutant
(Fig. 4C).
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FIG. 3. Large replication vacuole formation is defective in C57BL/6J As the bacterial growth conditions that were used resulted in
(B/6) macrophages. Bone marrow-derived macrophages from A/J or

CS7BL/6J mice were incubated for 14 h with wild-type L. pneumophila the bacteria-containing vacuoles avoiding the late endocytic

(WTLp) at an MOI of 1. The samples were fixed and stained for extra- pathway, it seems likely that the lowered number of infected

cellular and total bacteriq. The; numbﬁ:r of intracell}llar bacteria in each cells was due to the death of the macrophages.

vacuolg was recorded by v1sua] inspection. T"he experiment was performfed Infected C57BL/6J macrophages show altered levels of apo-

three times. Data were quantified by counting 100 vacuoles per coverslip. . . .

Displayed are means and standard errors for three samples from one ptosis 14 h postinfection. As the products of the Lgnl locus

representative experiment under each condition, showing the number of that confers the resistance of C57BL/6J macrophages to L.

vacuoles having the noted number of bacteria. pneumophila infection show sequence similarity to baculovirus
inhibitors of apoptosis (10), we investigated the survival of the

with L. pneumophila for various times. We first determined macrophages after infection by using the TUNEL assay for

that 8 h postinfection, the number of wild-type L. pneumo- DNA fragmentation, a typical hallmark of the later stages of

phila-containing vacuoles that interacted with late endosomal apoptosis.

compartments in C57BL/6J macrophages was unchanged com- We first analyzed the overall population of macrophages,
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FIG. 4. Loss of infected C57BL/6J (B/6) macrophages over time. A/J or C57BL/6J bone marrow-derived macrophages were incubated with
either wild-type L. pneumophila (WTLp) or the dotA mutant (dotA) at an MOI of 1 for 1, 4, 8, or 14 h. The number of infected macrophages was
determined by counting 300 macrophages per coverslip and identifying macrophages that had internalized bacteria. The experiment was preformed
three times. Displayed are means (normalized to the 1-h time point) and standard errors of percentages of macrophages with internalized bacteria
for three samples under each condition from one representative experiment.
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FIG. 5. A large portion of infected C57BL/6]J (B/6) macrophages is apoptotic 14 h postinfection. (A) A/J or C57BL/6J bone marrow-derived
macrophages were incubated with either wild-type L. pneumophila (WTLp) or the dotA mutant (dotA) at an MOI of 1 for 1 or 14 h. The overall
population of cells (including both macrophages harboring bacteria and those with no apparent associated bacteria) was assayed for apoptosis by
visual inspection (TUNEL assay). Macrophages cultured in the absence of bacteria but processed as the culture incubated with L. pneumophila,
were used as a control (uninfected). In panels B to D, the experiment was performed as described for panel A except that only the population of
cells harboring bacteria was examined. (B) Conditions that led to 1 to 2 bacteria/vacuole. Displayed is the number of TUNEL-positive cells per
100 infected macrophages from a population of A/J or C57BL/6J bone marrow-derived macrophages incubated for 1 h with wild-type L.
pneumophila (WTLp) or for 1 or 14 h with the dot4 mutant (dot4). (C and D) Conditions that led to intracellular replication. Displayed are the
number of macrophages having the noted number of bacteria per vacuole (Tot) and the relative number of cells that were apoptotic (Tun™) from
a population of A/J (C) or C57BL/6J (D) bone marrow-derived macrophages incubated for 14 h with wild-type L. pneumophila (WTLp). The
percentage of TUNEL-positive cells for each category is indicated above each bar. All experiments were performed three times, and each figure
displays the results from one representative experiment.
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including both macrophages harboring bacteria and those that
had no apparent associated bacteria (Fig. 5A). In general, A/J
macrophages had two to three times more TUNEL-positive
cells than C57BL/6] macrophages (Fig. SA). Further incuba-
tion of A/J macrophages for 14 h showed some increase in
TUNEL-positive cells (Fig. SA, compare A/J uninfected at 1 h
to uninfected at 14 h), whereas continued culture of C57BL/6J
macrophages resulted in no increase in the TUNEL reaction
(Fig. 5A, compare C57BL/6J uninfected at 1 h to uninfected at
14 h). This effect was independent of whether bacteria had
been added to the culture (Fig. 5A, compare uninfected to
wild-type L. pneumophila and dotA). Since analysis of the en-

tire population showed an increased number of TUNEL-pos-
itive A/J macrophages that was independent of added bacteria,
we focused on the population of macrophages harboring bac-
teria. One hour postinfection, all the A/J and C57BL/6J mac-
rophages incubated with wild-type L. pneumophila contained 1
to 2 bacteria per vacuole (data not shown), and about 20% of
the infected cells showed a TUNEL-positive reaction with both
mouse strains (Fig. 5B, A/J and C57BL/6J wild-type L. pneu-
mophila at 1 h). A similar result was observed at 1 or 14 h
postinfection with the dot4 mutant, with 10 to 15% of the
infected cells being TUNEL positive (Fig. 5B, A/J and
C57BL/6J dotA at 1 and 14 h). However, at 14 h postinfection,
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the most striking finding was that C57BL/6J cells harboring
greater than 10 bacteria showed a much higher proportion of
TUNEL-positive nuclei than was seen with A/J macrophages
(compare Fig. 5C and D, >10 bacteria/vacuole). A total of
20% of A/J macrophages harboring greater than 10 bacteria
appeared apoptotic at 14 h postinfection, which was similar to
what was observed in uninfected macrophages at this time
point (Fig. 4A and C). On the other hand, the proportion of
C57BL/6J macrophages harboring greater than 10 bacteria
that were apoptotic was increased approximately eightfold
compared to macrophages that had not seen bacteria, with
42% of this population of macrophages showing a TUNEL-
positive reaction (Fig. SA and D). In the macrophages harbor-
ing fewer bacteria, there were no apparent differences in the
proportion of TUNEL-positive cells of the two mouse strains
(Fig. 5C and D, 1 to 2 and 3 to 10 bacteria/vacuole). Similar
results were obtained when the fluorescent caspase substrate
FITC-VAD-FMK was used to detect caspase activity, an en-
zymatic activity important for apoptosis (34), although addi-
tion of a 20 wM concentration of the general caspase inhibitor
z-VAD-FMK (Promega) was unable to restore growth of L.
pneumophila in C57BL/6J macrophages as assessed by the ef-
ficiency of formation of large replication vacuoles (data not
shown). Therefore, in addition to the fact that bacterial repli-
cation initiates poorly and appears to proceed either slowly or
to terminate prematurely in macrophages from a restrictive
mouse strain, there also appears to be premature cell death
specifically in the population of macrophages harboring large
vacuoles.

DISCUSSION

In this study, we have investigated the resistance of macro-
phages from C57BL/6J mice having the restrictive Lgnl allele
to L. pneumophila infection. As previously reported, our re-
sults indicate that in macrophages from A/J mice, L. pneumo-
phila grew logarithmically for 48 h following initial infection.
This is in contrast to C57BL/6J macrophages, in which one
cycle of bacterial replication was initiated and maintained in-
efficiently for 24 h prior to an absolute block in further repli-
cation. In fact, after the initial replication cycle there was loss
of bacterial viability, indicating that the bacteria were killed,
perhaps during reinitiation of the second round of infection.

The poor growth of L. pneumophila in C57BL/6J macro-
phages observed during the first replication cycle was probably
not due to the degradation of the bacterium in a lysosomal
compartment, as we used growth conditions that maximized
bypass of the endocytic pathway. This finding is in contrast with
our group’s previous study (49), in which we reported that L.
pneumophila-containing vacuoles colocalized with the lysoso-
mal marker LAMP-1 in C57BL/6J macrophages. We believe
that the growth stage of the bacterium at the time of the
infection can account for the difference in results. With the L.
pneumophila strain used in this study, highly motile bacteria
were able to escape the endocytic pathway in either permissive
or restrictive macrophages, although the necessity to obtain
high degrees of motility seemed to be less critical in A/J mac-
rophages (Fig. 2). As motility is well correlated with the infec-
tious stage of the bacterium (5), these results indicate that
escape from the endocytic pathway in C57BL/6J macrophages
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requires maximal expression of proteins that are necessary for
intracellular growth. Therefore, at least some of the resistance
of C57BL/6J macrophages to L. pneumophila infection appears
to be due to a more robust endocytic pathway than that of A/J
macrophages. The role of the Lgnl restrictive allele in this
process remains to be elucidated.

Another phenomenon that contributes to the resistance of
C57BL/6J macrophages to L. pneumophila infection is the loss
of infected macrophages over time. The number of infected
A/J macrophages was only reduced by 20% in the course of a
single L. pneumophila replication cycle (14 h), whereas 50% of
the infected C57BL/6J macrophages were lost within 8 h. Loss
of macrophages during the first 8 h after infection is unlikely
due to apoptosis, because we did not observed a significant
increase in the amount of TUNEL-positive C57BL/6J macro-
phages during this period of time, although the nuclei of the
infected cells looked more condensed (data not shown). We
cannot exclude that the apoptotic cells lifted from the coverslip
during the immunostaining procedure, but this is unlikely be-
cause we successfully observed infected cells that were apopto-
tic at the late times of infection. It is possible that the bacterial
effector molecules injected in the cytoplasm of the host cell
during the establishment of the replication vacuole mediate
the elimination of the infected cells during the early time of the
infection.

The microscopic analysis of L. pneumophila intracellular
growth indicated that in A/J macrophages 65% of the bacteria
undergo successful replication, resulting in vacuoles containing
greater than 10 bacteria, whereas in C57BL/6J macrophages
only 20% of the intracellular bacteria were able to establish
similar sized vacuoles. We found that this specific population
of C57BL/6J macrophages bearing large vacuoles had a higher
proportion of apoptotic cells compared to A/J macrophages.
The presence of caspase inhibitors, however, did not affect L.
pneumophila growth in A/J macrophages, in contrast to pub-
lished results obtained with infected U937 cells (35), and did
not restore the growth of the bacterium in C57BL/6J macro-
phages.

The results obtained with A/J macrophages are in contra-
diction with observations made by others studying apoptosis
induction upon L. pneumophila infection of a susceptible cell
line such as U937 cells or human peripheral blood monocytes.
Apoptosis induction and caspase 3 activation have been re-
ported after high-multiplicity L. pneumophila infection of
U937 cells (17, 56), and a recent study suggested that the
caspase 3-dependent cleavage of rabaptin 5 is essential for the
maturation of the replication vacuole, since the L. pneumo-
phila-containing vacuole interacts with the endocytic pathway
in the presence of a caspase 3 inhibitor (35). Those authors
also reported that in the early stage of infection of human
peripheral blood monocytes none of the infected cells was
apoptotic, whereas 100% of the cells that contained large vacu-
oles were apoptotic at a late stage of the infection. In A/J
(permissive) macrophages, there were clearly apoptotic nuclei
at early times after infection, but the proportion did not sig-
nificantly increase over the next 14 h. In C57BL/6J (restrictive)
macrophages, although there was a higher percentage of
TUNEL-positive cells among macrophages having large vacu-
oles, the proportion never reached 100% (Fig. 5).

We believe that the differences in cell lines, L. pneumophila
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strains, and MOI used in the different studies may account for
the differences in results. Induction of apoptosis during L.
pneumophila infection of mouse bone marrow-derived macro-
phages has never been reported. Our results indicate that per-
missive A/J macrophages do not undergo extensive apoptosis
upon L. pneumophila infection or replication, although there
are slightly more TUNEL-positive cells among the infected
macrophages than the uninfected. However, a significant frac-
tion of the resistant C57BL/6J macrophages that contain large
L. pneumophila vacuoles do display features of apoptotic cells.
We hypothesize that in response to L. pneumophila infection
and replication, the host cell initiates apoptosis but the bacte-
ria are able to inhibit or reverse the process, perhaps by in-
jecting effectors molecules dedicated to this function. It is
possible that such bacterial proteins are more efficient in mac-
rophages having the permissive Lgnl allele than in restrictive
macrophages.

It is possible that the loss of viable counts observed after a
first round of infection of C57BL/6J macrophages is due to
premature lysis of the macrophages harboring replication
vacuoles, releasing bacteria that have not reached postexpo-
nential phase. Bacteria in this stage of growth are probably not
fully competent to reinitiate a second round of infection and
may be degraded if they encounter a macrophage (28). This
may be a profound restriction, given that in C57BL/6J macro-
phages bacteria grown less than optimally are particularly sus-
ceptible to mistargeting to late endocytic compartments.

An alternative explanation for the loss in viable counts after
a first round of infection is that intracellular replication of L.
pneumophila in CS7BL/6J macrophages induces the activation
of neighboring cells, resulting in degradation of bacteria un-
able to counteract this activation during the second round of
infection. It has been reported that L. pneumophila infection of
A/J macrophages induces interleukins, including interleu-
kin-la (IL-1ax), IL-6, and IL-10 production but not IL-12, and
L. pneumophila can suppress lipopolysaccharide-dependent
IL-12 production by macrophages (31, 32). These results indi-
cate that during infection, L. pneumophila may suppress the
activation of A/J macrophages in order to escape the innate
immune response and replicate inside the cell. This hypothesis
is supported by the fact that macrophages from the restrictive
BALB/c mouse strain, but not from A/J mice, produce inter-
feron gamma (IFN-v) after the first round of infection with L.
pneumophila and that treatment of BALB/c macrophages with
anti-IFN-y restores bacterial growth (40). In addition, L. pneu-
mophila is more pathogenic for BALB/c IFN-y null mice after
intranasal inoculation (42). It has also been shown that L.
pneumophila growth in A/J macrophages is inhibited by IFN-y
treatment and that this effect was partially due to iron limita-
tion (19). Taken together, these results suggest that IFN-y
production is associated with anti-L. prneumophila activity, at
least partially via iron limitation. These results reinforce the
idea that macrophage activation may be part of the mechanism
of resistance to L. pneumophila infection in C57BL/6J mice,
particularly after 24 h of bacterial incubation with macro-
phages.

To summarize, we believe that the resistance of C57BL/6J
macrophages to L. pneumophila infection appears to be mul-
tifactorial. In mouse bone marrow-derived macrophages, the
combination of the targeting of L. pneumophila to a LAMP-
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Replicative vacuoles
in apoptotic cells

@ LAMP* vacuoles

Infected macrophages
lost at 14h

FIG. 6. Schematic representation of the fate of the bacterium or
the host cell upon L. pneumophila infection of A/J or C57BL/6J mac-
rophages. Shown are bacteria that colocalize with the lysosomal
marker LAMP-1, infected macrophages that are lost over time, in-
fected cells that undergo apoptosis as L. pneumophila replicates, and
infected macrophages in which L. pneumophila undergoes successful
replication.

W Replicative vacuoles

1-positive compartment of suboptimally cultured bacteria, the
loss of infected macrophages, and the apoptosis of the macro-
phages in which L. pneumophila undergoes robust replication
results in a bacterial replication cycle that is completed in only
10% of the initially infected C57BL/6]J macrophages, com-
pared to 50% of the infected A/J macrophages (Fig. 6). Even
under conditions in which proper targeting of the bacterium-
containing vacuole is maximized, an initial restriction takes
place in the early stage of the infection that leads to the
elimination of the infected cells via a mechanism that is yet to
be identified. A second response, potentially mediated by the
intracellular replication of L. pneumophila, appears to induce
more apoptosis compared to permissive macrophages, specif-
ically in cells harboring large numbers of bacteria. Finally,
there is loss of bacterial viability after the initial infection cycle.
This could be due to enhanced restriction of the macrophages
caused by replication of the bacteria in neighboring cells or due
to premature lysis of macrophages harboring replicating vacu-
oles, liberating L. pneumophila that are not fully competent to
initiate new rounds of replication.
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