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Several important pathogens cause disease by surviving and replicat-
ing within host cells. Bacterial proliferation is the product of both
replication and killing undergone by the population. However, these
processesaredifficult todistinguish, andareusuallyassessed together
by determination of net bacterial load. In addition, measurement of
net load does not reveal heterogeneitywithin pathogen populations.
This is particularly important in persistent infections in which slow or
nongrowing bacteria are thought to have a major impact. Here we
report the development of a reporter system based on fluorescence
dilution that enables direct quantification of the replication dynamics
of Salmonella enterica serovar Typhimurium (S. Typhimurium) inmur-
inemacrophages at both the population and single-cell level.Weused
this technique to demonstrate that a major S. Typhimurium virulence
determinant, the Salmonella pathogenicity island 2 type III secretion
system, is required for bacterial replication but does not have amajor
influence on resistance to killing. Furthermore, we found that, upon
entry intomacrophages,manybacteria donot replicate, butappear to
enter a dormant-like state. These could represent an important reser-
voir of persistent bacteria. The approach could be extended to other
pathogens to study the contribution of virulence and host resistance
factors to replication and killing, and to identify and characterize non-
replicating bacteria associated with chronic or latent infections.
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Salmonella enterica causes acute and chronic infections by
replicating and persisting within host cells (1, 2). Intracellular

bacteria express the Salmonella pathogenicity island 2 (SPI-2) type
III secretion system (T3SS), which delivers more than 25 effector
proteins across the vacuolar membrane separating bacteria from
the host cytosol. Together these are required for bacterial pro-
liferation in host cells including macrophages (3), and for systemic
growth in host tissues (4). Bacterial proliferation is usually
assessed by determination of net load, after plating cell or tissue
lysates to laboratorymediumand counting of colony-forming units
(cfu). These are a product of both replication and killing sustained
by the bacteria and the relative contributions of theseprocesses are
difficult to distinguish. Furthermore, quantitative measurements
such as cfu counts do not reveal heterogeneity within the pa-
thogen population.
Experiments using a temperature-sensitive plasmid in wild-type

(WT) andmutant bacteria showed that the SPI-2 T3SS is required
for replication in the mouse spleen but does not contribute sig-
nificantly to the ability of the pathogen to survive in this organ (5).
However, other work has indicated that the SPI-2 T3SS is involved
in avoidance of host killing mechanisms (6–8).
To provide further information on the contribution of the SPI-2

T3SS to proliferation, and to examine the dynamics of intracellular
replication at the single-cell level, we have developed a reporter
system based on dilution of a fluorescent protein that occurs during
bacterial cell division (9). In addition to providing detailed infor-
mation on these processes, we found that a surprisingly large pro-
portion of the bacterial inoculum does not undergo any replication,
but enters into a viable but nonreplicating state in macrophages,
both in vitro and in vivo.

Results and Discussion
Measurement of Bacterial Replication Using Fluorescence Dilution. To
study the replication dynamics of intracellular S. Typhimurium, we
constructed dual fluorescence reporter plasmids in which the pro-
ductionofDsRedprotein is inducedby theexposureofbacterial cells
to arabinose, whereas that of EGFP is either constitutive (ie, pDiGc)
or induced by isopropyl β-D-thiogalactoside (IPTG; ie, pDiGi; Fig.
1A). The pDiGc systemenables ameasure of bacterial replication by
dilution of the preformed pool of DsRed proteins in egfp-expressing
cells (Fig. S1). The pDiGi system extends the range of bacterial cell
divisions that can be measured, by sequential removal of the two
inducers (Fig. 1A).Dilutionof red andgreenfluorescence in bacteria
replicating in laboratory medium was analyzed by flow cytometry at
hourly intervals, and yielded a series of overlapping, normally dis-
tributed curves (Fig. 1B andC, from right to left), reflecting uniform
replication within the bacterial population. Assuming that the fluo-
rescent proteins are partitioned equally at each cell division, and that
fluorescence intensities are halved as a result, we calculated the
average number of generations per time interval by using the geo-
metricmean value of each sample. These growth curves were similar
to those obtained from cfu for six generations (pDiGc, red dilution
only) andapproximately 10generations (pDiGi, sequential dilution).
After these times, the fluorescence intensity became too low to be
measured accurately (Fig. 1D). Therefore, fluorescence dilution
(FD) provides an alternative to cfu to measure more than a 1,000-
fold increase in bacterial numbers.

Quantitative and Qualitative Analysis of Intracellular Replication. FD
was also detected in bacteria replicating within macrophages
(Movie S1 ), enabling us to compare the intracellular replication of
WT S. Typhimurium and an ssaVmutant, which lacks a functional
SPI-2 T3SS. Mouse primary bone marrow–derived (bm) macro-
phages were infected for 16 h with preinduced bacteria carrying
pDiGc (Fig. 2A).Negligible replication ofWTbacteria occurred in
the first 6 h after uptake. However, from 6 h to 16 h, there was a 10-
fold increase in bacteria, with an average cell division time of
approximately 3 h. No replication of the SPI-2 mutant occurred
over the same time (Fig. 2A). Therefore, the SPI-2 T3S system is
absolutely required for bacterial replication in bm macrophages.
Comparison of the degree of replication (calculated by FD) and
net growth (calculated by counting cfu of bacteria from lysed
macrophages) for WT and SPI-2 mutant bacteria showed that the
difference in the replicative abilities of the two strains is sufficient
to explain the difference in their overall growth at all time points
(Fig. 2A). The difference between replication and net growth rates
reflects the extent of killing sustained by intracellular bacteria and
other processes (as detailed later) that impair their capacity to
grow (ie, killing index). The killing indices ofWTandSPI-2mutant

Author contributions: S.H. andD.W.H. designed research; S.H., J.A.T., K.G.W.,M.L., and C.B.
performed research; S.H. and D.W.H. analyzed data; and S.H. and D.W.H. wrote the paper.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. E-mail: d.holden@imperial.ac.uk.

This article contains supporting information online at www.pnas.org/cgi/content/full/
1000041107/DCSupplemental.

3746–3751 | PNAS | February 23, 2010 | vol. 107 | no. 8 www.pnas.org/cgi/doi/10.1073/pnas.1000041107

http://www.pnas.org/cgi/data/1000041107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/content/vol0/issue2010/images/data/1000041107/DCSupplemental/sm01.mov
mailto:d.holden@imperial.ac.uk
http://www.pnas.org/cgi/content/full/1000041107/DCSupplemental
http://www.pnas.org/cgi/content/full/1000041107/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1000041107


bacteria determined before (2 h to 6 h) and after (6 h to 12 h)
bacterial replication had commenced (Fig. 2B) show that the SPI-2
T3SS does not contribute significantly to avoidance of host cell
killing during these time periods. In view of the importance of the
respiratory burst in host resistance toSalmonella (10) andevidence
that the SPI-2 T3SS interferes with this (8), we compared the
killing indices of the two bacterial strains in WT and phox−/−

macrophages. In these experiments, bacteria were also sampled at
earlier times post-uptake, when the respiratory burst is more
pronounced (Fig. 2C). As expected, phox-dependent killing was
detected at early (0.5 h to 6 h) but not late (6 h to 12 h) time points.
However, there was no difference in the level of killing sustained
by the WT and SPI-2 mutant bacteria. These results confirm that,
between 0.5 h and 12 h after uptake, the SPI-2 T3SS does not have
a major impact on avoidance of host cell killing.
To provide a more complete description of intracellular bacterial

replication,weassessed its heterogeneity byobtainingflowcytometry
profiles of the distribution of the levels of red fluorescence of indi-
vidual cells within the population.At 10 h, 14 h, and 22 h, the profiles
of replicationof theWTbacterial populationdidnot follownormally
distributed curves as observed in laboratory medium, but were
spread over a much greater range, indicating highly heterogeneous
replication (Fig. 2D). Microscopy revealed numerous macrophages
containing bacteria that had undergone different numbers of cell

divisionovera22-hperiod (Fig.2G).Therefore, bacteria vary in their
ability to replicate, even in the same macrophage.
Thehistograms (Fig. 2D) andmicroscopy (Fig. 2G) also revealed a

nonreplicating population of bacteria. Remarkably, at 22 h this rep-
resented32.2%±6.4%of the total population.AsFD indicateda 12-
fold increase in bacterial numbers by 22 h, we estimate that as little as
15% of the initial intracellular population underwent replication. As
the SPI-2 mutant failed to replicate in bm macrophages, it was pos-
sible that the nonreplicating WT bacteria were defective in a func-
tional SPI-2 T3SS. This was tested by analyzing the profiles of
replication of both strains inRAW264.7macrophages. In contrast to
bm macrophages, these cells allow moderate net growth of a SPI-2
mutant (11). Analysis of the replication profiles of WT bacteria in
these macrophages revealed uniform curves, except for a sub-
population of nonreplicating cells (Fig. 2E). SPI-2 mutant bacteria
replicated at a much slower rate, displaying a similar uniform FD
profile at 24 h to that ofWTbacteria at 12 h (Fig. 2F).Nonreplicating
SPI-2 mutant bacteria were also detected (Fig. 2F). At 24 h, these
accounted for 3.6% ± 1.5% of the total population, similar to the
proportion of nonreplicating WT bacteria at 12 h (2.3% ± 1.16%).
The strains had the same kinetics of replication for thefirst 6 h. Then,
the SPI-2 T3SS enabled a threefold surge in the replication rate. At
this time, intracellular bacteria doubled every 60min, a rate similar to
that during exponential growth in minimal medium (Fig. S2).
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Fig. 1. FD enables measurement of bacterial replication for up to 10 generations. (A) Structure of pDiGc and pDiGi plasmids and schematic of FD principle.
With pDiGc, bacterial replication is accompanied by dilution of red fluorescence in the absence of arabinose and detection of bacteria is based on EGFP signal.
With pDiGi, sequential removal of arabinose and IPTG leads to dilution of red then green fluorescence. (B and C) Flow cytometric detection of DsRed (B) or
EGFP (C) fluorescence in the bacterial population (carrying pDiGi) grown in minimum liquid medium (from an OD600 of 0.05) at hourly intervals (n = 30,000
events analyzed at each time point). (D) Bacterial replication curves determined by cfu and FD analysis from one representative experiment of three. Angled
arrows indicate removal of arabinose at to and IPTG at t4h. Black diamonds show cfu, red triangles red FD, and green squares green FD. The extent of
replication of the population (F, fold replication) was calculated by the ratio: Yo/Yt (Y being the geometric mean of red or green fluorescence intensity of the
bacterial population at a specific time). The number of generations, N, is deduced from F = 2N.
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Therefore, S.Typhimurium is very well adapted to replication within
RAW264.7 macrophages. Nevertheless, as in bm macrophages, a
surprisingly largeproportionof the initial populationdidnot undergo
any replication, and this was independent of the SPI-2 T3SS. Non-
replicating bacteria were also detected when only EGFP was pro-
duced (as detailed later) and when a pFPV25-derived plasmid was
used to express other fluorescent proteins (Fig. S3). Therefore, the
nonreplicating bacteria are not an artifact of the plasmid or proteins
used in these experiments.
We next examined if nonreplicating bacteria could be detected in

a diseased host. WT bacteria carrying pDiGc expressing both fluo-
rescent proteins were used to inoculate BALB/c or 129SV mice,
which differ in their susceptibility to infection by S. Typhimurium
(12). Splenicmacrophageswere recovered 2or3dafter inoculation.
Bacteria that had not undergone any replication (from0.5% to 27%
of total bacteria) were consistently recovered from both mouse
strains. Thesewere clearly visible bymicroscopy and had apparently
normal morphology (Fig. 2F).

Viability of Nonreplicating Bacteria. The characteristics of non-
replicating intracellular bacteria were analyzed further by micro-
scopy. The absolute number of nonreplicating bacteria remained
constant during 3 d of infection of bm macrophages, showing that
they were not degraded (Fig. S4A). Intracellular S. Typhimurium
replicates within vacuoles that acquire lysosomal membrane glyco-
proteins such as LAMP1, but which generally avoid fusion with
mature lysosomes containing hydrolytic enzymes (13). Immuno-
fluorescence microscopy of infected macrophages revealed similar
LAMP1 labeling around nonreplicating bacteria and replicating
bacteria (Fig. S4B), indicating that they were contained in vacuoles.
Nonreplicating bacteria from bm macrophages that had been
infected for 24 h were isolated from replicating bacteria on the basis
of selective tolerance to a β-lactam antibiotic (14), or after their
release by cell sorting (15). They were then incubated in rich or
minimal media for different periods of time. However, no resump-
tion of growth was ever observed. To determine if these non-
replicating bacteria were viable but nonculturable or simply dead, we
tested if they could synthesize protein in response to an extracellular
signal (16) by using the double inducible pDiGi system as a reporter
of both replication status and metabolic activity. Infection of mac-
rophages by egfp-expressing bacteria in the absence of IPTG results
in dilution of green fluorescence in the replicating but not non-
replicating population. Arabinose is then added to the cell culture
medium and the production of red fluorescence indicates that bac-
teriahave sensed the signal and respondedbyproducingDsRed (Fig.
3A). The responses of bacteria in macrophages were first examined
by time-lapse microscopy (Fig. 3 B–D). As expected, replicating
bacteria that had lost their green fluorescence were revealed by the
appearance of red fluorescence (Fig. 3B). Some nonreplicating
(green) bacteria failed to respond to arabinose (Fig. 3C) whereas
others produced red fluorescence indicating their viability (Fig. 3D).
The proportions of nonreplicating but viable intracellular bacteria in
bm macrophages and splenic macrophages isolated from infected
mice were then quantified by FACS analysis. Despite prolonged
periods within macrophages, in both cases the majority of non-
replicating bacteria produced DsRed upon addition of arabinose
(Fig. 3 E–F). These experiments show that, upon uptake by macro-
phages, a large proportion of intracellular S. Typhimurium rapidly
enters a nonreplicating but viable state.

C

10 10 1 10 2 10 3

DsRed

0

20

40

60

80

100 2 h
4 h
6 h
8 h
10 h
12 h

N
um

be
r 

ba
ct

er
ia

 (
%

 o
f m

ax
)

10 10 1 10 2 10 3

DsRed

0

20

40

60

80

100 2 h
6 h
10 h
14 h
22 h

N
um

be
r 

ba
ct

er
ia

 (
%

 o
f m

ax
)

D

B

10 10 1 10 2 10 3
0

20

40

60

80

100

N
um

be
r 

ba
ct

er
ia

 (
%

 o
f m

ax
)

0

1

10

0 2 4 6 8 10 12 14 16

Time (h)

F
o
ld

 r
e
p
lic

a
tio

n

4 h
6 h
8 h
10 h
12 h

2 h

24 h

A

0

0 0

E F

DsRed

K
ill

in
g 

in
de

x 
(g

en
er

at
io

ns
/ h

)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

2 h to 6 h 6 h to 12 h

**
**

0

0.2

0.4

0.6

0.8

1

1.2

0.5 h to 6 h 6 h to 12 h

*
*

K
ill

in
g 

in
de

x 
(g

en
er

at
io

ns
/ h

)

G

Time post-uptake

Time post-uptake

Fig. 2. Quantification and analysis of heterogeneity of S. Typhimurium
replication in macrophages with pDiGc. (A) Quantification of replication and
net growth in bm macrophages. Replication kinetics of WT (dark blue, open
circles) and SPI-2 mutant (red, open squares) determined by FD and net
growth kinetics of WT (light blue, filled circles) and SPI-2 mutant (orange,
filled squares) determined by cfu. (B and C) Killing indices of WT (dark blue)
and SPI-2 mutant (red) compared with a sensitive rpoE mutant (yellow) (25)
in BALB/c bm macrophages (B) and of WT and SPI-2 mutant bacteria in
C57BL/6 WT bm macrophages (dark blue and dark red, respectively) or
phox−/− macrophages (pale blue and pale red, respectively) (C). *P < 0.05,
**P < 0.01 on paired, one-tailed Student t test. Error bars (SEM) are based on
three replicate experiments. (D–F) Flow cytometric detection of DsRed flu-
orescence in the intracellular population at different time points (n = 50,000
events analyzed at each time point). WT bacteria released from bm macro-
phages (D) and WT (E) and SPI-2 mutant (F) bacteria released from
RAW264.7 macrophages. Vertical arrows indicate nonreplicating sub-
population. Angled arrows indicate 12 h time point for WT (E) and 24 h time
point for SPI-2 mutant bacteria (F). (G) Microscopy of infected macrophages.
Left: bm macrophages infected for 24 h; one macrophage contains both
replicating and nonreplicating bacteria and another contains one non-

replicating bacterium. Right: splenic macrophages isolated from BALB/c mice
infected for 3 d; replicating and nonreplicating bacteria are present in dif-
ferent macrophages. (Scale bars: 10 μm.)
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Damaged or Dormant-Like Bacteria? In bm macrophages, the pro-
portion of responsive nonreplicating bacteria decreased from more
than 40% at 24 h to 5% at 72 h (Fig. 4A). The failure of non-
replicating bacteria to regrow and the gradual decrease in their
responsiveness might be a consequence of damage caused by the
antimicrobial activities of macrophages (17). Alternatively, these
bacteria could represent cells that have initiated an adaptive process
leading to dormancy (16). To help distinguish between these pos-
sibilities, intracellular nonreplicating bacteria were removed from
bm macrophages at 24 h, and incubated in saline solution for a
further 48 h. Surprisingly, the rate of decrease of responsiveness of
this population was very similar to that of bacteria that remained in
macrophages for 72 h (Fig. 4A). This shows that, in macrophages,
the process of decrease in responsiveness is initiated within the first

24 h after uptake. It is possible that damage sustained by bacteria in
the first 24 h might cause a gradual loss of viability over the sub-
sequent 48 h. Two important mediators of macrophage killing that
are known to act within the first 24 h following phagocytosis are the
respiratory burst (18) and effectors of IFN-γ activity (19). There-
fore, we examined the proportion of responsive nonreplicating
bacteria in phox−/− macrophages, or macrophages whose killing
activity was stimulated with IFN-γ. In both cases, the decrease in
bacterial responsiveness was not statistically different from that in
control macrophages (Fig. 4A). A similar decrease was observed
in nonreplicating bacteria in the more permissive RAW264.7 ma-
crophage cell line (from 69.6% ± 9.4% at 12 h to 25.2% ± 4.4% at
24 h). Furthermore, the decrease in responsiveness was not ac-
companied by an increase in the proportion of nonreplicating
bacteria that colocalized with the lysosomal marker cathepsin D,
which remained low and constant over 72 h (Fig. 4B). Therefore,
the failure to respond to inducer cannot be attributed to an increase
in phagolysosomal fusion. Collectively, these results indicate that
nonreplicating bacteria lose their ability to respond to the extrac-
ellular signal independently of the killing activities of macrophages,
and strongly suggest that the intracellular environment signals the
initiation of an adaptive response leading to dormancy.
In summary, we have developed a technique based on FD that

records the amount of replication undergone by individual bac-
teria in infected cells. This has enabled us to visualize the dynamics
of intramacrophage growth of S.Typhimurium in great detail, and
to measure the contribution of bacterial replication to the net
growth rate. This approach could easily be applied to assess the
impact of virulence and resistance genes to replication and killing
of other pathogens. It could also be used to study dynamics of
bacterial growth in infected hosts and nonhost environments such
as biofilms. Of particular interest was the discovery of a large
proportion of bacteria that enter a nonreplicating but viable state
in vivo. These are tolerant to treatment by a β-lactam antibiotic
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and are likely to represent a hitherto unrecognized persistent or
dormant reservoir of bacteria in macrophages. Fluorescent non-
replicating bacteria are amenable to further investigation and can
be purified from physiologically relevant environments on the
basis of antibiotic tolerance or flow cytometry. Furthermore, the
approach could be used to investigate the existence of nongrowing
viable cells of the pathogens associated with chronic infections,
includingMycobacterium tuberculosis, Helicobacter pylori, Brucella
spp., and uropathogenic Escherichia coli (20–23).

Materials and Methods
Bacterial Strains and Plasmids. Standard microbial techniques were used to
construct strains and plasmids. Strains used in this study were S. enterica
serovar typhimurium NCTC 12023 and its isogenic mutants ssaV::aphT (SPI-2
mutant) (24) and ΔrpoE::KmR (25) carrying pDiGc or pDiGi plasmids. Both
plasmids encode a fluorescent-optimized DsRed protein whose expression
is under the control of the arabinose-inducible PBAD promoter (26) and
EGFP, either under the control of a constitutive promoter (Prpsm) in the
case of pDiGc or the IPTG-inducible promoter Plac in the case of pDiGi.
These plasmids were stable both in vitro and in vivo and, in agreement
with a previous report (27), caused a minor increase in the bacterial cell
division time in minimum medium and macrophages (by a factor of
approximately 1.2). Bacteria were routinely grown in MgMES minimal
medium (28) at 37 °C with aeration supplemented with carbenicillin (50 μg/
mL), and appropriate sugars where indicated (0.2% arabinose, 0.5 mM
IPTG) to allow production and maturation of fluorescent proteins. In the
case of sequential FD, IPTG was removed by centrifugation of bacteria and
replacement with fresh medium.

Cell Culture. RAW264.7 macrophages were obtained from the European
Collection of Cell Cultures (Sigma). Cells were grown in Dulbecco modified
Eagle medium (DMEM; PAA Laboratories) supplemented with 10% (vol/vol)
FCS (PAA Laboratories) at 37 °C in 5% (vol/vol) CO2. Primary bmmacrophages
were obtained from BALB/c mice, C57BL/6 WT (Charles River), or gp91phox
knockout (29) mice. Cells were grown in complete medium: RPMI (Gibco)
supplemented with 10% FCS, 2 mM glutamine, 10 mM Hepes, 50 μM
β-mercaptoethanol, and 100 U/mL penicillin/streptomycin, and L929 cell–
conditioned medium 20% (vol/vol; National Institute for Medical Research).
After 3 d of culture, further fresh complete medium containing L929 cell–
conditioned medium was added to the growing macrophages. On d 7, cells
were washed and seeded in complete medium without antibiotic and
incubated for 24 h before bacterial challenge. If needed, activation of
macrophages was performed as described (19) using overnight incubation
in culture medium in the presence of 103 U of recombinant mouse IFN-γ
(Millipore).

Bacterial Infection of Macrophages. Infection of macrophages was performed
as described (30) using bacteria from overnight growth in minimal medium
(which allowed maturation of DsRed protein), at a multiplicity of infection
of 10:1. At appropriate time points, cells were washed and lysed with PBS
solution containing 0.1% Triton X-100 (Sigma) to release intracellular bac-
teria. When required, an aliquot of released bacterial suspension was dilu-
ted in PBS solution before plating on Luria agar for cfu determination. The
remaining bacterial cells were pelleted and resuspended in PBS solution. The
fluorescence of the bacterial population was subsequently assessed by FACS

analysis. Nonreplicating bacteria were isolated from replicating bacteria by
adding 100 μg/mL cefotaxime (Sigma) to medium containing infected mac-
rophages from 6 h after uptake to the end of the experiment. Antibiotic was
then washed out three times with PBS solution before macrophage lysis.
Alternatively, nonreplicating bacteria were purified by cell sorting after
release from infected macrophages using a FACScan analyzer (Becton
Dickinson).

Flow Cytometry Acquisition and Analysis. Bacterial samples from laboratory
culture medium or released frommacrophages were resuspended in PBS. They
were analyzed using a FACSCalibur cytometer (Becton Dickinson) for fluo-
rescence intensities in FL-1 and FL-2 channels. Data were analyzed with FlowJo
8.6.3 software. In thecaseof redFD, thegatewas set for thebacterialpopulation
based on their EGFP-positive signal. For characterization of nonreplicating
bacteria, the gate was set for retained EGFP fluorescence. The extent of repli-
cation of the population (F, fold replication) was calculated by the ratio Yo/Yt,
with Y being the geometric mean of red or green fluorescence intensity of the
bacterial populationata specific time. Thenumberofgenerations,N, is deduced
from F = 2N. The killing indices were calculated by rR − rNG (with rR being repli-
cation rate and rNG being net growth rate). The estimation of the proportion of
initial intracellular bacteria that undergo replication is obtained from r0/n0 = r/n/F
(with r0 being the proportion of initial intracellular population thatwill undergo
replication, n0 the proportion of initial intracellular population that does not
replicate, r the proportion of replicating bacteria at time t, n the proportion of
nonreplicating bacteria at time t, and F the fold replication of the population at
time t).

ImmunofluorescenceMicroscopyandAntibodies.Cells were fixed, permeabilized,
and incubated with antibodies as described (30) and observed by using a
fluorescence microscope (BX50; Olympus), or a confocal laser scanning
microscope (LSM510 Axiovert; Zeiss). For time-lapse microscopy using a Zeiss
Axiovert 200 M microscope (Carl Zeiss), cell seeding, infection, and imaging
were performed as described (31). The monoclonal rat LAMP-1 antibody 1D4B
(DSHB) was used at 1:100; the polyclonal rabbit cathepsin D antibody WG (32)
was a gift from S. Kornfeld (St. Louis, MO) and was used at 1:500. Secondary
antibodies were obtained from Jackson Immunoresearch Laboratories: cyanine
5-conjugated donkey anti-rabbit and anti-rat antibodies were used at 1:400.

Mouse Infections. Eight- to 12-week-old BALB/c or 129SV mice (Jackson
Laboratory) were inoculated by i.p. injection of bacterial suspensions ranging
from 1 × 105 to 6 × 105 cfu (BALB/c) and from 2 × 106 to 4 × 106 cfu (129SV) in
a volume of 0.2 mL. This resulted in bacterial loads ranging from 1 to 3 × 106

cfu/spleen by 2 d after inoculation. Mice were killed 48 h or 72 h later.
Spleens were homogenized and splenic CD11b+ cells purified using mag-
netic beads following manufacturer instructions (Miltenyi Biotec). In some
cases, purified cells were incubated for 4 h at 37 °C with 5% CO2 in complete
medium containing 0.4% arabinose. They were then lysed in PBS solution
containing 0.1% Triton X-100 to release intracellular bacteria before analysis
by flow cytometry.
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