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Macrophages are armed with multiple oxygen-dependent and -independent bactericidal properties. How-
ever, the respiratory burst, generating reactive oxygen species, is believed to be a major cause of bacterial
killing. We exploited the susceptibility of Escherichia coli in macrophages to characterize the effects of the
respiratory burst on intracellular bacteria. We show that E. coli strains recovered from J774 macrophages
exhibit high rates of mutations. We report that the DNA damage generated inside macrophages includes DNA
strand breaks and the modification 8-oxo-2'-deoxyguanosine, which are typical oxidative lesions. Interestingly,
we found that under these conditions, early in the infection the majority of E. coli cells are viable but gene
expression is inhibited. Our findings demonstrate that macrophages can cause severe DNA damage to intra-
cellular bacteria. Our results also suggest that protection against the macrophage-induced DNA damage is an
important component of the bacterial defense mechanism within macrophages.

Reactive oxygen intermediates can damage proteins, nucleic
acids, and cell membranes and have been implicated in cancer,
aging, and numerous degenerative diseases. To counter oxida-
tive stress, both prokaryotic and eukaryotic cells maintain in-
ducible defense systems to detoxify the oxidants and to repair
the damage. The antioxidant defense systems have been best
characterized in Escherichia coli and Salmonella enterica sero-
var Typhimurium, in which the OxyR and SoxR transcription
factors activate genes to protect against H,O, and O, ", re-
spectively (reviewed in reference 28).

While cells of aerobic organisms generate deleterious reac-
tive oxygen metabolites under normal physiological conditions,
stimulated macrophages generate reactive oxygen and nitrogen
species as a defense mechanism during infection. Macrophages
are armed with multiple oxygen-dependent and -independent
bactericidal properties (9). However, the respiratory burst,
which generates reactive oxygen and nitrogen species, is be-
lieved to be a major cause of bacterial killing. In chronic
granulomatous disease, the neutrophils are incapable of pro-
ducing the respiratory burst, and individuals with chronic gran-
ulomatous disease have high rates of mortality due to bacterial
infections (20, 23). The deleterious effects of reactive oxygen
and nitrogen species have been demonstrated with bacterial
cells in culture in numerous studies (28). However, the toxic
effects of these reactive species have not been characterized in
phagocytosed bacteria. Given that S. enterica serovar Typhi-
murium recombination-deficient (recA and recBC) mutants
showed attenuated virulence in mice and increased sensitivity
in macrophages, DNA damage might be an important conse-
quence of the activities inside macrophages (4, 26). In addition,
it was shown that human peripheral phagocytes have some
mutagenic activity against S. enterica serovar Typhimurium
while phagocytes from patients with chronic granulomatous
disease do not (32). Therefore, we examined the macrophage-
induced lesions in phagocytosed, intracellular bacteria.
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Although S. enterica serovar Typhimurium and E. coli are
genetically related and share many functions to counter oxida-
tive stress, E. coli is sensitive to the intracellular macrophage
environment while S. enterica serovar Typhimurium cells mul-
tiply within macrophages (3). We exploited the difference in
the abilities of E. coli and S. enterica serovar Typhimurium to
survive within macrophages to characterize the effects of the
respiratory burst on intracellular bacteria and to examine the
intracellularly induced lesions. We present direct evidence that
macrophages can cause severe DNA damage to intracellular
bacteria.

MATERIALS AND METHODS

Plasmid construction. To construct PoxyS-gfp (pSAS8), 135 nucleotides of 5’
promoter sequences of the oxyS gene, including the OxyR binding region, were
PCR amplified from S. enterica serovar Typhimurium LT2 and E. coli MC4100
chromosomal DNA using primers (5'-TCAGGATCCCGAATATTCATTATTC
ATC and 5'-CGGTCGACGTCTTCAAGGGTTAAACG). The LT2 fragment
was then digested with BamHI and Sall and cloned into the corresponding sites
of pKK177-3 (2). The fluorescence-enhanced green fluorescent protein (GFP)
gene (gfp) of Aquorea victorea (Smal and HindIII) from plasmid pGFPmut3 (6)
was then cloned downstream the oxyS promoter into Sa/l (filled in) and HindIII.
To construct PoxySEc-gfp (pSA9), the MC4100 fragment (filled in) was cloned
into the BamHI sites (filled in) of pSAS8. To construct Ptac-gfp-lacl (pSA11), the
lacI gene (Sall filled in) from plasmid pDMI was cloned into the unique HindIII
site (filled in) of pKK177-3, generating pSA10. The gfp gene (EcoRI and PstI)
from pGFPmut3 was then cloned into the corresponding sites of pSA10.

Bacterial strains and media. The bacterial strains used in this study were
MC4100 [F~araD139 A(arg-lac)U169 rpsL150 (Str") relA1 flbB5301 deoC1 ptsF25
rbsR] (27); CC102 [ara A (lac-proB)xyyy thi F'-lacI378 lacZ461 proA™ B™) (7);
CC104, which is identical to CC102 except for the lacZ mutation; SL1344
(hisG46) (13); LT2 (wild type) (18); and LT2 (galE zbi-812::Tnl0) (24). Strains
were routinely grown in Luria-Bertani (LB) medium. CC102 and CC104 were
grown in Vogel-Bonner minimal medium (18) supplemented with biotin (5
mg/liter) and dextrose (0.5%) to maintain the episome.

Macrophage-induced mutagenesis. J774 macrophages (5 X 10° to 10 X 10%/
well) were seeded in 24-well microtiter plates containing F-12 medium supple-
mented with 10% fetal calf serum. The next day the cells were activated with
phorbol 12-myristate 13-acetate (PMA) (6 wg/ml) and infected (multiplicity of
infection [MOI], 10:1) with E. coli cultures grown to mid- to late-log phase or
with S. enterica serovar Typhimurium cultures grown without agitation to late log
phase (17). At 30 min after infection, the macrophages were washed and incu-
bated for an additional 30 or 60 min in medium containing gentamicin at 50
wg/ml. Thereafter, the cells were washed with phosphate-buffered saline and
lysed in 1% Triton X-100 for 10 min. To determine the frequencies of mutagen-
esis, the recovered intracellular bacteria were diluted in fresh medium (1:5) and
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grown for 18 h as previously described (1, 7). The overnight cultures were plated
on LB plates for viable cells, on MacConkey lactose plates for Lac* revertants,
or on LB plates containing 100 pg of rifampin per ml for Rif" mutants. The
numbers of Rif mutants and of Lac™ revertants were normalized to the numbers
of viable cells in the overnight cultures. As a control, overnight cultures after
mock infection were plated as above. Where indicated, we monitored the rates
of mutagenesis of bacteria infecting epithelial HeLa cells as a control for the
macrophage experiments. Infection of HeLa cells (3 X 10° to 5 X 10%/well) with
bacterial strains (MOI, 25:1) and analysis of mutagenesis were done as described
above. To achieve invasion of HeLa cells by E. coli, the bacteria were trans-
formed with plasmid pBF1001 expressing the inv gene of Yersinia pseudotuber-
culosis, previously shown to enable noninvasive bacteria to invade HeLa cells
(15).

Measurement of oxo®dG. J774 macrophages (4 X 107) were activated (with
PMA at 6 pg/ml) and infected for 30 min with E. coli bearing pKK177-3.
Thereafter, the cells were washed and further incubated for 15 min in medium
containing gentamicin (50 wg/ml). Plasmid DNA was extracted from intracellular
bacteria by the alkali lysis procedure. The samples were treated with RNase A
(0.1 mg/ml) for 60 min at 37°C. The RNase A was then removed by phenol-
chloroform treatment, and the DNA was precipitated with sodium acetate and
ethanol. The recovered DNA was hydrolyzed with 0.5 U of nuclease P1 (Sigma)
in 20 mM sodium acetate (pH 4.8) for 30 min at 37°C and then incubated in 0.1
M Tris-HCI (pH 7.4)-0.02 U of E. coli alkaline phosphatase (Sigma) for 60 min
at 37°C (25). The hydrolyzed samples were analyzed by high-performance liquid
chromatography with electrochemical detection (Kontron) using a C,g reversed-
phase analytical column (LichroCart-5p; 250 by 4 mm [Merck]). 8-Oxo-2'-deoxy-
guanosine (0xo®dG) was detected using an LC4A amperometric electrochemical
detector (BAS, West Lafayette, Ind.) with an applied potential of +0.6 V. The
intact nucleosides including 2'-deoxyguanosine (dG) were analyzed online with a
UV detector (at 260 nm) (Spectra series UV100 [Thermo Separation Products]).
The eluent was 10% methanol-50 mM potassium phosphate (pH 5.5), and the
flow rate was 0.7 ml/min. External standards (Sigma) were used to calculate the
amounts of 0x0®dG and dG. The number of molecules of 0x0®dG obtained was
92 (control, before infection) and 1,789 (postinfection) per 10* dG. Plasmid
pKK177-3 (2,901 bp) contains 717 dG. A total of 10* dG is equivalent to 14
plasmids. The amount of oxo®dG formed per plasmid molecule is given in
Results.

Analysis of DNA topology within macrophages. J774 macrophages plated in
10-cm-diameter dishes (107 macrophages) were activated and infected with E.
coli (MC4100) or S. enterica serovar Typhimurium (SL1344) bearing pKK177-3.
Plasmid DNA was extracted by alkali lysis both before infection and from
intracellular bacteria 30 min after infection. Intracellular bacteria were recov-
ered as described above. The DNA was quantified by the dot blot assay using
v-32P-end-labeled primer 374 (5'-CCTGTGTGAAATTCTTATCC) correspond-
ing to pKK177-3. Equal amounts of DNA were separated on a 1.4% agarose gel
(Bethesda Research Laboratories) containing 10 pg of chloroquine (Sigma) per
ml and transferred to a nylon membrane. The membrane was probed with
labeled primer 374.

Survival in macrophages. J774 macrophages (~10°) seeded in 24-well micro-
titer plates were activated and infected with bacterial cultures as above (MOI,
10:1). At 20 min after infection, the macrophages were washed and lysed with 1%
Triton X-100, and aliquots were plated to determine the number of viable
intracellular bacteria or incubated for an additional 20, 40, or 70 min in medium
containing gentamicin (50 wg/ml) and then plated.

Analysis of GFP expression. Cultures of E. coli (MC4100) and S. enterica
serovar Typhimurium (SL1344) carrying the plasmid PoxyS-gfp (pSAS) or Prac-
gfp-lacl (pSA11) were grown in LB medium to an absorbance at 600 nm of 0.25.
The cultures were split; half of each culture was treated with 0.2 mM H,0, or 1
mM isopropyl-B-p-thiogalactopyranoside (IPTG), and the other half remained
untreated. At the indicated time points, samples (0.7 ml) were fixed with 0.7 ml
of 3.2% paraformaldehyde, washed, and resuspended in 0.5 ml of filtered phos-
phate-buffered saline. GFP expression was analyzed with a FACScan cytometer
(Becton Dickinson).

Immunostaining and confocal microscopy. PMA-activated J774 (~10°) cells
seeded on coverslips in 24-well microtiter plates were infected (MOI, 10:1) with
E. coli/PoxyS-gfp and S. enterica serovar Typhimurium/PoxyS-gfp cultures as be-
fore. At 30 min of infection, the macrophages were washed with PBS, fixed in 2%
PFA for 10 min, and extensively washed with PBS. After fixation, the macro-
phages were permeabilized with 0.1% Triton X-100 for 5 min, washed, incubated
with 1 ml of antibodies raised against S. enterica serovar Typhimurium (1:50) or
E. coli (1:100) for 60 min, and then stained with 2 ml of Cy5 (Jackson Immuno
Research Inc.)-conjugated secondary antibodies (1:400) for an additional 60 min.
The coverslips were placed on 2 ul of mounting solution (50% glycerol, 0.1%
sodium azide, and 3% 1,4-diazabicyclo[2.2.2]octane [Sigma] in PBS), sealed with
UHU glue, and analyzed by confocal microscopy. For analysis of Prac-gfp-lacl
expression within macrophages, J774 were infected for 30 min as above, washed,
and further incubated for 40 min in F-12 medium containing fetal calf serum
(10%), gentamicin (50 pg/ml), and IPTG (1 mM). Fixation and immunostaining
were carried out as above.

J. BACTERIOL.

TABLE 1. Rates of spontaneous and intracellularly
induced mutagenesis

No. of bacteria/10° cells Fold increase

Strain® relative to
Untreated HeLa J774 control
Rif" mutants
E. coli strains”
MC4100° 10270 92+9.1 1245+ 126.2 12-14
CC102 6.5+ 6.5 48.6 = 19.0 7.5
CC104 8756 70.7 + 38.3 8
Salmonella strains®
SL1344 56*+43 53x39 79+53 1.5
LT2 44+09 50x18 1.0
LT2 galE 62+ 1.6 6.1+2 1.0
Lac™ revertants
E. coli strains
CC102 11.0 £ 6.4 402 +£21.2 3.6
CC104 8357 30.0 £ 11.2 3.6

“SL1344 and LT2 are smooth strains, while LT2 galE and the E. coli strains
are rough.

b P < 0.0005 was calculated for MC4100 (Rif"), CC102 (Rif" and Lac™), and
CC104 (Rif" and Lac™) (Mann-Whitney).

¢ To enable the invasion of HeLa cells, E. coli MC4100 was transformed with
plasmid pBF1001 expressing the inv gene of Yersinia pseudotuberculosis (15). The
number of J774-induced Rif" mutants obtained with E. coli MC4100 without
plasmid pBF1001 was 132.8 * 100.7 (n = 21 colonies).

RESULTS

Mutation frequencies of E. coli strains increase within J774
macrophages. Much of the toxicity of the oxygen intermediates
is attributed to DNA damage (14). Therefore, we examined
the effects of the respiratory burst by monitoring the frequen-
cies of mutagenesis of bacteria within J774 macrophages. J774
macrophage-like cells are extensively used as a model system
to study microbe-macrophage interactions. We monitored the
appearance of rifampin-resistant (Rif) bacteria after resid-
ing within J774 cells compared to that of untreated bacteria
or bacteria recovered from control epithelial HeLa cells. To
achieve invasion of HeLa cells by E. coli, the bacteria were
transformed with a plasmid expressing the inv gene of Y. pseu-
dotuberculosis, previously shown to enable noninvasive bacteria
to invade HeLa cells (15). HeLa cells and J774 macrophage-
like cells activated with PMA were infected with E. coli
MC4100 cells for 60 min. Thereafter, intracellular bacteria
were recovered and grown, and aliquots were plated on ri-
fampin-containing medium. The numbers of rifampin-resistant
mutants were normalized to the numbers of viable cells. E. coli
MC4100 residing in macrophages exhibited a significant in-
crease in the number of Rif" mutants compared to the un-
treated control cultures (Table 1). As a control for the exper-
imental design, we assayed mutation frequencies of S. enterica
serovar Typhimurium, which is known to survive and multiply
in J774 macrophages. S. enterica serovar Typhimurium SL.1344
residing in macrophages exhibited almost the same levels of
Rif" mutants as the untreated cultures did (Table 1). We also
compared the mutation frequencies of isogenic smooth and
rough strains of S. enterica serovar Typhimurium LT2 (LT2
and LT2 galE, respectively) after residing in J774 macro-
phages. The smooth and rough variants of S. enterica serovar
Typhimurium were equally resistant to the macrophage-in-
duced DNA damage (Table 1).

The E. coli lacZ strains CC102 and CC104 allow rapid de-
tection of base substitutions by monitoring the number of
lacZ™ revertant colonies (7). CC102 allows the detection of
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FIG. 1. (A) Plasmid DNA topology within macrophages. J774 macrophages were activated and infected with E. coli MC4100 or S. enterica serovar Typhimurium
SL1344 bearing pKK177-3. Plasmid DNA was extracted by the alkali lysis procedure before infection (control) and from intracellular bacteria 30 min after infection
(Macrophages). Equal amounts of DNA, as quantified by dot blot analysis using y->*P-end labeled primer 374 corresponding to pKK177-3 (data not shown), were
separated on a 1.4% agarose gel containing 10 pg of chloroquine per ml and transferred to a nylon membrane. The membrane was probed with labeled primer 374.
(B) Equal amounts of plasmid DNA from the experiment in panel A were used to transform E. coli and S. enterica serovar Typhimurium by electroporation.

GC-to-AT transitions, and CC104 allows the detection of the
low-occurrence GC-to-TA transversions, which are typical of
oxidative damage. We examined the rates of the appearance of
both Rif" mutants and lacZ™ revertants of these strains after
residing in macrophages. Both CC102 and CC104 exhibited a
significant increase in the rate of lacZ™" revertants due to the
intracellular J774 environment (Table 1). As expected, the in-
crease in the frequency of Rif" colonies was higher, similar to
that observed with E. coli MC4100 cells (Table 1). These re-
sults indicate that J774 macrophages have strong mutagenic
activity that results in both transitions and transversions and
that E. coli cells are susceptible to the macrophage-intracellu-
lar mutagenic environment.

J774-induced DNA damage is typical of oxidative-stress
damage. Oxidative damage to DNA results in a number of
typical lesions including the modification oxo®dG. To examine
whether the damage occurring inside macrophages is due
to reactive oxygen species, we monitored the appearance of
0x0%dG in E. coli plasmid DNA directly by high-performance
liquid chromatography with electrochemical detection. We
found that the number of 0x0®dG molecules increased by ~20-
fold after residing in macrophages (128 = 51 ox0o®dG/plasmid)
compared to that in the control untreated bacteria (6.6 = 0.7
oxo®dG/plasmid). This result indicates that the DNA damage
induced in macrophages includes oxidative damage due to
reactive oxygen species.

In addition to causing single-point mutations, hydroxyl rad-
icals generated by the reduction of hydrogen peroxide cause
single-strand breaks in DNA. To further characterize the dam-
age occurring within macrophages, we monitored the plasmid
DNA topology of the intracellular bacteria shortly after they
were taken up by macrophages. E. coli MC4100 cells carrying
a small reporter plasmid were used to infect J774 macro-
phages. Shortly after infection, the cells were lysed and the
plasmid DNA was extracted from intracellular bacteria and
analyzed on agarose gels containing chloroquine. Upon mac-
rophage entry, the reporter plasmid within E. coli undergoes a
dramatic change in topology, such that the majority is in a

nicked circular form (Fig. 1A). Analysis of plasmid DNA ex-
tracted from intracellular S. enterica serovar Typhimurium
showed that the majority of this DNA remained intact, in a
negative supercoiled form (Fig. 1A).

Transformation of nicked circular DNA is less efficient than
that of supercoiled DNA. To quantify the damage occurring
within the macrophages, the plasmid DNA extracted from in-
tracellular bacteria was introduced into fresh cultures of E. coli
and S. enterica serovar Typhimurium. The transformation ef-
ficiency with DNA extracted from macrophage-treated E. coli
was 200-fold lower than the transformation efficiency with DNA
isolated from untreated control E. coli. As for S. enterica se-
rovar Typhimurium, the transformation efficiencies for plas-
mids extracted from both macrophage-treated and control bac-
teria were approximately equal (Fig. 1B). These results further
confirm that E. coli plasmid DNA within J774 is susceptible to
strand breaks.

E. coli undergoes a gene expression arrest within J774 cells.
The severe DNA damage observed with E. coli residing in
macrophages prompted us to examine the viability of E. coli
during the time of infection and its ability to respond to the
intracellularly induced stress. To analyze viability, activated
J774 cells were infected with E. coli MC4100 or S. enterica
serovar Typhimurium SL1344 for 20, 40, 60, and 90 min.
Thereafter, macrophages were lysed and aliquots were plated
to determine viable intracellular bacteria. The majority of the
E. coli cells were found to be viable within the first 90 min
of infection (Fig. 2). Staining of intracellular E. coli with pro-
pidium iodide, which stains the nucleic acids of dead cells,
further confirmed this conclusion (data not shown). However,
analysis of intracellular bacteria at 24 h after infection showed
that while the number of S. enterica serovar Typhimurium cells
increased substantially during infection, E. coli cells could not
replicate inside macrophages and the numbers of viable cells
were not increased (data not shown).

The ability of E. coli and S. enterica serovar Typhimurium to
respond to the intracellularly induced stress was examined by
monitoring the expression of two transcriptional fusions. In
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FIG. 2. Survival in J774 macrophages. Macrophages were activated, infected
with bacterial cultures for 20 min, washed, and lysed, and aliquots were plated to
determine the number of viable intracellular bacteria or further incubated for an
additional 20, 40, or 70 min in medium containing gentamicin. The results are
means of four independent experiments, each carried out with three or four
cultures of each strain. Shown are the numbers of viable intracellular bacteria
from 20 to 90 min after infection. The number of viable cells at 20 min represents
bacterial cells attached to or within macrophages. Since S. enterica serovar
Typhimurium actively invades macrophages, the initial number of intracellular
S. enterica serovar Typhimurium bacteria is larger than the initial number of
intracellular E. coli bacteria.

these fusions, the gfp gene encoding GFP was cloned down-
stream of either the oxyS or the fac promoter. The oxyS pro-
moter is induced by the OxyR transcription factor in response
to hydrogen peroxide (1). The fac promoter is under the con-
trol of the Lacl repressor and can be induced by IPTG. We first
tested expression of PoxyS-gfp and Ptac-gfp-lacl in E. coli and
S. enterica serovar Typhimurium grown in LB medium and
treated with hydrogen peroxide and IPTG, respectively. PoxyS-
gfp expression in both E. coli and S. enterica serovar Typhi-
murium was similar, reaching its highest levels within 30 to 45
min after treatment (Fig. 3A). The pattern of IPTG-dependent
GFP expression from Prac-gfp-lacl was identical between S. en-
terica serovar Typhimurium and E. coli (Fig. 3B).

To test for intracellular bacterial GFP expression, J774
macrophage-like cells were infected with E. coli or S. enterica
serovar Typhimurium bearing PoxyS-gfp (Fig. 4A) or Ptac-gfp-
lacI (Fig. 4B). At 30 min postinfection, the cultures bearing the
Ptac-gfp-lacl fusion were further treated with IPTG to activate
the promoter Prac. To localize the bacteria, the infected mac-
rophages were immunostained with anti-E. coli or anti-Salmo-
nella antibodies and analyzed by confocal microscopy. We
found that intracellular E. coli did not show expression with
either fusion (Fig. 4). In contrast, almost all intracellular S. en-
terica serovar Typhimurium bacteria colocalized with GFP ex-
pression of both fusions (Fig. 4). Longer or shorter periods of
infection with E. coli did not result in GFP expression (data not
shown). The observation that E. coli was unable to express
GFP from both fusions indicates that the macrophage environ-
ment leads to an immediate arrest in gene expression of E. coli
cells. The enteropathogenic E. coli strain was similarly inactive
in macrophages, showing that these effects are not restricted to
nonpathogenic E. coli (data not shown).

DISCUSSION

We have shown that J774 macrophage-like cells can cause
severe DNA damage to intracellular bacteria. E. coli residing
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within J774 cells is susceptible to macrophage-induced mu-
tagenesis and undergoes an immediate gene expression arrest.
We have also shown that the mutations generated inside mac-
rophages correspond to typical oxidative lesions including
DNA strand breaks and the modification 0x0®dG.

Within macrophages, bacteria are exposed to host-induced
nutrient limitation, acidification, toxic peptides, and oxidative
burst, of which the last is believed to be a major cause of
bacterial killing. Knockout mutant mice, incapable of produc-
ing the respiratory burst, exhibit impaired survival after bacte-
rial infection (26). Furthermore, the attenuated virulence in
mice of an S. enterica serovar Typhimurium recombination-
deficient mutant (recBC) (4, 26) indicates that DNA damage
is an important consequence of the activities inside macro-
phages. Weitzman and Stossel showed that human peripheral
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FIG. 3. PoxyS-gfp induction by H,O, (A) and Ptac-gfp induction by IPTG (B)
in LB medium. Exponentially growing S. enterica serovar Typhimurium SL1344
and E. coli MC4100 bearing PoxyS-gfp and Ptac-gfp-lacl were treated with 0.2
mM H,0, and 1 mM IPTG, respectively. The GFP expression of treated (+) and
untreated (—) cultures was analyzed by fluorescence-activated cell sorting. A
similar pattern of expression was obtained with the PoxyS E. coli clone (PoxySEc-
gfp) (see Materials and Methods), although the levels were reduced twofold
(data not shown).
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E. coli

phagocytes were capable of some mutagenic activity against S.
enterica serovar Typhimurium while phagocytes from patients
with chronic granulomatous disease were not (32). Using E.
coli, we found that J774 macrophage cells have strong muta-
genic activity. Since the number of oxo®dG molecules and
DNA strand breaks increased inside macrophages, we propose
that the macrophage-induced DNA damage is due, at least in
part, to oxygen radicals. Given that J774 macrophage-like cells
are considered to be less robust than primary macrophages,
macrophage-induced DNA damage appears to be even more
effective in living organisms.

Upon macrophage entry, E. coli appears to undergo events
of a synergistic nature, i.e., immediate transcription-translation
arrest and DNA damage. Whether an initial DNA damage
results in expression arrest or whether an immediate metabo-
lism arrest renders the cells susceptible to more DNA damage
is not clear. The absolute inability of E. coli to respond suggests
that within macrophages, E. coli inhibition might be enhanced
by the presence of a combination of antimicrobial agents. For
example, it has been shown that treatment of E. coli with a
combination of nitric oxide (NO) and hydrogen peroxide in-
duces high levels of DNA strand breaks, leading to a dramatic
(1,000-fold) increase in hydrogen peroxide-mediated killing
(21). That the enteropathogenic E. coli strain was similarly
inactive in macrophages suggests that these effects are not
restricted to nonpathogenic E. coli.

What makes S. enterica serovar Typhimurium less suscepti-

S. typhimurium

E. coli 8. typhimurium

FIG. 4. (A) PoxyS-gfp expression within macrophages. J774 cells activated with PMA were infected with S. enterica serovar Typhimurium/PoxyS-gfp or E. coli/
PoxyS-gfp. At 30 min after infection, the macrophages were fixed, stained with anti-E. coli or anti-Salmonella antibodies and Cy5-conjugated secondary antibody, and
subjected to confocal microscopy. (Bottom) Cy5 conjugate (red); (middle) GFP (green); (top) Cy5 and GFP superimposed (yellow). (B) Prac-gfp expression within
macrophages. J774 cells activated with PMA were infected with S. enterica serovar Typhimurium/Ptac-gfp-lacl or E. coli/Ptac-gfp-lacl. At 30 min after infection, the
macrophages were washed and further incubated for 40 min in medium containing gentamicin (50 wg/ml) and IPTG (1 mM). Thereafter, the macrophages were fixed
and stained as in panel A and subjected to confocal microscopy. (Bottom) Cy5 conjugate (red); (middle) GFP (green); (top) Cy5 and GFP superimposed (yellow).

ble to DNA damage within macrophages is not clear. It has
been observed that S. enterica serovar Typhimurium mutants
with mutations in genes known to affect the oxidative stress
response, such as oxyR, ahpC, katG, katE, sodA, and soxS, are
not more sensitive to killing by human neutrophils or murine
macrophages and do not show attenuated virulence in mice (5,
8, 11, 22, 29, 30). It is possible that protection against oxidative
stress results from parallel and redundant activities, as has
been observed with a newly discovered sodC gene. S. enterica
serovar Typhimurium mutants lacking both of the sodC genes
were found to be less lethal for mice than were mutants lacking
either gene alone (10). It is also possible that not all S. enterica
serovar Typhimurium cells are exposed to the respiratory
burst. It was recently shown that the type III protein secretion
system encoded by pathogenicity island 2 allows S. enterica
serovar Typhimurium to avoid NADPH oxidase-dependent
killing by macrophages (31). We observed that the majority of
the S. enterica serovar Typhimurium cells residing within mac-
rophages expressed GFP from the hydrogen peroxide-induc-
ible oxyS promoter, suggesting that under the conditions used,
most S. enterica serovar Typhimurium cells were exposed to the
macrophage respiratory burst. In addition, it is possible that S.
enterica serovar Typhimurium possesses distinct defenses that
protect against macrophage-induced DNA damage. These de-
fenses could result from enhanced activities of scavenging
and/or repair enzymes or could be due to DNA binding pro-
teins protecting the S. enterica serovar Typhimurium chromo-
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some. For example, it has been shown that the nonspecific
DNA binding protein Dps reduces DNA strand breaks and
point mutations by direct protection of the DNA (19). The
crystal structure of Dps revealed that the protein is a ferritin
homolog, suggesting that it may protect against DNA damage
by sequestering iron (12). Whether S. enterica serovar Typhi-
murium harbors a novel function or whether protection results
from a unique assembly of known functions is an important
subject for future studies.

It is also intriguing to speculate that some macrophage mu-
tagenic activity could actually help in bacterial evolution. The
finding of a high incidence of mutators among isolates of
pathogenic bacteria (16) supports the notion that the muta-
genic activity of macrophages could also assist with bacterial
evolution, leading to rapid adaptation to escape immune sur-
veillance.
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