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Adherent and invasive Escherichia coli (AIEC) bacteria isolated from Crohn’s disease patients are able to
greatly replicate within macrophages without escaping from the phagosome and without inducing macrophage
death. In the present study, evidence is provided that in AIEC strain LF82 the htr4 gene encoding the stress
protein HtrA is essential for intracellular replication within J774-A1 macrophages. Deletion of the htr4 gene
in strain LF82 induced increased sensitivity of the isogenic mutant to oxidative stress caused by hydrogen
peroxide and a reduced rate of growth in an acid and nutrient-poor medium partly reproducing the microen-
vironment of the phagosome. In vitro experiments using an LF82 htr4 gene promoter fusion with the lacZ gene
revealed a 38-fold activation of the promoter in AIEC LF82 intramacrophagic bacteria. The CpxRA two-
component signaling pathway was not involved in this activation. In addition, the activation of the LF82 htr4
gene promoter was not observed in the nonpathogenic E. coli K-12 intramacrophagic bacteria, indicating that
the AIEC LF82 genetic background is crucial for induction of /itr4 gene transcription during phagocytosis.

Crohn’s disease (CD) is an inflammatory bowel disease of
unknown etiology in humans (34). CD has features that might
be the result of a microbial process in the gut. Some charac-
teristic pathological elements of CD, including aphthous ulcers
of the mucosa, mural abscesses, and macrophage and epithe-
lioid cell granulomas, also occur in well-recognized infectious
diseases, such as shigellosis, salmonellosis, and Yersinia entero-
colitis, in which invasiveness is an essential virulence factor of
the bacteria involved (49). Various studies have addressed the
hypothesis that virulent bacteria contribute to the pathogenesis
of CD (6, 24, 29, 37, 38). The ileal mucosa of a subset of
patients with CD is abnormally colonized by pathogenic Esch-
erichia coli strains called adherent and invasive E. coli (AIEC),
which are able to adhere to and to invade intestinal epithelial
cells (4, 11, 12). AIEC strains are also able to replicate within
macrophages without escaping from the phagosome and with-
out triggering host cell death. AIEC-infected macrophages re-
lease large amounts of tumor necrosis factor alpha (19). Given
the virulence traits of AIEC strains harbored by CD patients,
it has been suggested that the pathogenic bacteria may be able
to translocate across the human intestinal barrier, move to
deep tissues, continuously activate macrophages, and induce
the formation of granulomas, one of the hallmarks of CD
lesions (10).

Upon bacterial infection, pathogens are exposed to various
stressful conditions, and one of the most survival-threatening
conditions encountered by bacteria is the intracellular environ-
ment of macrophages. Invasive bacteria have evolved to sur-

* Corresponding author. Mailing address: Pathogénie Bactérienne
Intestinale, Laboratoire de Bactériologie, Université d’Auvergne,
CBRYV, 28 Place Henri Dunant, 63001 Clermont-Ferrand, France.
Phone: 33 4 73 17 79 97. Fax: 33 4 73 17 83 71. E-mail: arlette.dar-
feuille-michaud@u-clermont1.fr.

712

vive within phagocytic cells and thus have developed various
strategies: (i) resistance to phagocytosis, (ii) escape from the
phagosome, (iii) inhibition of the fusion of bacteria-containing
phagosomes with endosomes and lysosomes, and (iv) resis-
tance to the low-pH and antimicrobial environment of the
phagolysosome. Bacteria that are unable to escape from the
phagosome, such as Yersinia enterocolitica (45), Salmonella en-
terica serovar Typhimurium (5), Legionella pneumophila (1),
and Brucella abortus (27), respond to the hostile environment
in macrophages by producing a set of stress proteins, including
members of the high-temperature requirement A (HtrA) class
described initially in E. coli as being essential for protecting
bacteria at high temperature (28). HtrA also plays an essential
role in the survival of intramacrophagic bacteria. Reports have
shown that 4tr4 mutants from S. enterica serovar Typhimurium
(2), Y. enterocolitica (26, 46), and L. pneumophila (33) have
reduced ability to survive within macrophages and/or reduced
virulence in mice.

The aim of the present study was to investigate whether
stress proteins are involved in the ability of AIEC to resist
killing by macrophages and to replicate within phagocytic cells.
Genetic screening was performed using a library of random
Tn5phoA mutants of the AIEC LF82 strain (3). Interestingly,
of 12 mutants showing a drastic decrease in the ability to
replicate within macrophages, 5 had an insertion of the trans-
poson within the i#r4 gene. We provide evidence that the htrA
gene, whose transcription is highly up-regulated in intramac-
rophagic AIEC bacteria, is essential for replication of AIEC
within J774-A1 macrophages.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Bacteria were grown routinely
in Luria-Bertani (LB) broth or on LB agar plates (Institut Pasteur Production)
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or Relevant characteristic(s) Source or
plasmid reference
Strains

LF82 E. coli isolated from an ileal biopsy 12
specimen from a patient with CD

LF82-AhtrA  LF82 isogenic mutant with itrA gene  This study
deleted

LF82-AcpxR  LF82 isogenic mutant with cpxR This study
gene deleted

Plasmids

pUC18 E. coli cloning vector; oriColE1 Am"  Biolabs“

pHSG575 E. coli cloning vector; Cm" Biolabs

pFPV25.1 Vector for constitutive GFP 44
expression; Am"

pKOBEG pBAD cloning vector harboring A 8
phage redyBa operon; Cm"

pRS550 E. coli multicopy lacZ fusion vector; 39
Km" Am*

pPB105 pHSGS575 harboring the 1,812-bp This study
EcoRI fragment with the complete
htrA gene of LF82

pPB106 pRS550 harboring the 170-bp This study

BamHI-EcoRI fragment
containing the htrA promoter of
LF82

“ New England Biolabs, Beverly, Mass.

overnight at 37°C. When required, appropriate antibiotics were added to the
media at the following final concentrations: ampicillin, 50 pg/ml; kanamycin, 50
pg/ml; chloramphenicol, 25 wg/ml. Strain LF82 was isolated from a chronic ileal
lesion of a patient with CD and belongs to E. coli serotype O83:H1. It is sensitive
to most antibiotics but not to amoxicillin. It survived and replicated within
J774-A1 macrophages until 48 h postinfection (19). E. coli strain JM109 was used
as the host strain for cloning experiments. E. coli strain K-12 C600 was used as
a negative control for macrophage survival assays.

The plasmid pFPV25.1, which harbors the green fluorescent protein (GFP),
was used to visualize bacteria for confocal microscopy analysis (44). The plasmid
vectors pUC18 and pHSG575 were used for cloning and complementation pro-
cedures, respectively.

Cell line and cell culture. The murine macrophage-like cell line J774-Al
(American Type Culture Collection no. TIB67) was maintained in an atmo-
sphere containing 5% CO, at 37°C in RPMI 1640 medium (Biowhittaker Cam-
brex Co., Verviers, Belgium) supplemented with 10% (vol/vol) heat-inactivated
fetal calf serum (FCS; Biowhittaker) and 1% L-glutamine (Life Technologies,
Cergy-Pontoise, France). J774-Al cells were seeded in 24-well tissue culture
plates (Polylabo, Strasbourg, France) at a density of 10° per cm? and were grown
for 18 h in an atmosphere containing 5% CO, at 37°C.

Transposon mutagenesis and molecular cloning. Random insertional muta-
tions in AIEC strain LF82 were previously generated using the suicide plasmid
pUTKm1 carrying the mini-Tn5phoA transposon (3).

The single PstI restriction enzyme site, located upstream of the kanamycin
resistance gene in the mini-Tn5phoA, was exploited for cloning of the genomic
region downstream of the transposon insertion. Total DNA from each mutant
was extracted and digested with the PstI restriction enzyme (Boehringer Mann-
heim) and cloned into the pUCI18 vector, and the resulting recombinant plasmids
were transformed in E. coli strain JM109. Transformants harboring the Tn5phoA
transposon and flanking DNA regions were selected on agar plates for the
kanamycin resistance phenotype.

DNA sequencing and sequence analysis. Plasmid DNA templates were pre-
pared using the QIAGEN (Courtaboeuf, France) plasmid minikit. Single-
stranded DNA was sequenced by the Euro Sequence Gene Service (Cybergene)
by the dideoxynucleotide chain termination method. Cloned insertion regions of
the mutants were sequenced using an oligonucleotide primer that anneals to the
insertion sequence of the transposon and directs the synthesis of the region
immediately downstream of the transposon. DNA sequences were analyzed with
BLAST programs available from the National Center for Biotechnology Infor-
mation at http:/www.ncbi.nlm.nhi.gov.
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Macrophage survival assay. Bacterial uptake, survival, and replication were
measured by gentamicin protection assays. Before infection, cell monolayers
were washed twice with phosphate-buffered saline (PBS; pH 7.2), and the me-
dium was replaced by 1 ml of RPMI 1640 supplemented with 10% heat-inacti-
vated FCS. J774-A1 monolayers were infected at a multiplicity of infection of 100
bacteria per macrophage. After 10 min of centrifugation at 1,000 X g and a
10-min incubation period at 37°C with 5% CO,, the infected macrophages were
washed twice with PBS, and fresh cell culture medium containing 20 pg of
gentamicin/ml was added for a 1- or 24-h period. To determine the number of
intracellular bacteria, the cell monolayers were washed once with PBS, and 0.5
ml of 1% triton X-100 (Sigma Chemical Co., St. Louis, Mo.) in deionized water
was added to each well for 5 min to lyse eukaryotic cells. This concentration of
Triton X-100 had no effect on bacterial viability for at least 30 min. Samples were
mixed, diluted, and plated onto LB agar plates to determine the number of CFU
recovered from the lysed monolayers. The numbers of intracellular bacteria were
determined after 1 and 24 h of gentamicin treatment. Bacterial replication was
expressed as the mean percentage of bacteria recovered at 24 h postinfection
relative to the number of bacteria recovered after 1 h of gentamicin treatment,
defined as 100%.

Construction of isogenic mutants and transcomplementation assay. Isogenic
mutants with the htr4 or cpxR gene deleted were generated with a PCR product,
using the method described by Datsenko and Wanner (13) as modified by
Chaveroche et al. (8). The basic strategy was to replace a chromosomal sequence
with a selectable antibiotic resistance gene (kanamycin) generated by PCR. This
PCR product was generated using the primers IM htrA-1 and IM htrA-2 for the
LF82-AhtrA isogenic mutant and IM cpxR-1 and IM cpxR-2 for the LF82-AcpxR
isogenic mutant with 50-nucleotide extensions that are homologous to regions
adjacent to the htr4 or cpxR gene and a template E. coli strain harboring the
kanamycin resistance gene (Table 2). In addition, strain LF82 was transformed
with the pPKOBEG plasmid, a plasmid encoding N\-Red proteins from phage A,
which protect linear DNA in bacteria, expressed under the control of an induc-
ible promoter in the presence of 1 mM L-arabinose. This plasmid was maintained
in bacteria at 30°C with 25 pg of chloramphenicol/ml.

Strain LF82/pKOBEG was grown at 30°C with 1 mM L-arabinose to induce
Red expression. When the optical density at 620 nm (ODy,,) reached 0.5, the
bacterial culture was incubated for 10 min at 42°C in order to kill the plasmid.
The bacteria were washed three times with 10% glycerol, and the PCR products
were electroporated. Isogenic mutants were selected on LB agar containing 50
g of kanamycin/ml. The replacement of the AfrA or cpxR gene by the kanamycin
resistance cassette in the LF82-Ahtr4 or LF82-AcpxR isogenic mutant was con-
firmed by PCR. The locations of the various primers used are shown in Fig. 1.

A 1,812-bp PCR product obtained using primers htrA-3 and htrA-4 and
containing the entire itrA gene under the control of its own promoter was cloned
into the pHSG575 vector and designated pPBIO5 (Table 2). This construct was
used for transcomplementation experiments with the LF82-Ahtr4 isogenic mu-
tant.

Sensitivity to oxidative stress. Overnight bacterial cultures were harvested and
resuspended in the same volume of minimal medium M9 supplemented with
20% Casamino Acids, 20% glucose, 0.1 M MgSO,, and 1 mg of thiamine/ml.
Hydrogen peroxide (H,0,) was added at a final concentration of 10 or 20 mM.
After a 30- or 60-min incubation period at 37°C with shaking, the bacterial cells
were diluted in physiological water (NaCl, 0.9%) and then plated onto LB agar
plates. The numbers of CFU were determined after incubation of the plates for
18 h at 37°C. The results were expressed as percentages of viable bacteria after
treatment compared to viable bacteria without treatment recovered at the same
time and taken as 100%.

Growth ability in acid and nutrient-poor medium. Overnight bacterial cultures
were harvested and resuspended in the same volume of the acid and nutrient-
poor medium developed by S. Eriksson, I. Hautefort, M. Clements, A. Thomp-
son, J. Hinton, and M. Rhen (submitted for publication) and containing 100 mM
Bis-Tris, 0.1% Casamino Acids, 0.16% glycerol, and 10 pM MgCl,. The pH was
adjusted to 5.8 with HCL. The cultures were then diluted 1:50 in the medium,
bacteria were grown at 37°C with shaking, and the ODy,, was determined at
different times of culture.

Promoter expression assay. To generate the promoter fusion construct LF82
htrA gene promoter-lacZ, the htrA promoter of strain LF82 was amplified by
PCR using BamHI-AtrA and EcoRI-trA primers (Table 2). The resulting 170-bp
fragment was ligated into the plasmid vector pRS550 (39) and designated
pPBI0G.

Strains LF82 and E. coli K-12 and the LF82-AcpxR isogenic mutant harboring
the construct pPBI06 or vector pRS550 alone was used to infect J774-Al mac-
rophages at a multiplicity of infection of 100 for 30, 60, or 120 min, followed by
30 min of incubation in RPMI 1640 culture medium supplemented with 10%
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htrA-3or ATG  htrA-1 or
cpxR-3 o
px cpxR-1
<_
htrA-4 or
htrA-2 or C]JXR‘4
cpxR-2 TAA
hird or cpxR gene
LF82 strain
htrA-3 or
cpxR- 3 A2 GBL-3
— -~
B2 GBLnp-5 h;;i:jr

Kanamycin resistance cassette
LF82-AhtrA or LF82-AcpxR isogenic mutant

FIG. 1. Allelic replacement of the /tr4 or cpxR gene by the kana-
mycin resistance cassette in the LF82-Ahtr4 and in the LF82-AcpxR
isogenic mutants. Schematic representation of the locations of various
primers on the DNA of strain LF82 and the LF82-Ahfr4 and LF82-
AcpxR isogenic mutants.

heat-inactivated FCS and containing 20 pg of gentamicin/ml. J774-A1 macro-
phage monolayers were scraped for each incubation period, and B-galactosidase
activity was measured using a B-galactosidase assay kit (QIAGEN). The same
experiments were performed with bacteria grown in RPMI 1640 culture medium
supplemented with 10% heat-inactivated FCS or in acid and nutrient-poor me-
dium using a quantity of bacteria equivalent to that used to infect macrophages.
The B-galactosidase activity of each sample was determined by measuring the
OD,,,. The background of B-galactosidase activity generated by a promoterless
lacZ construct was subtracted at each time point. The number of bacteria in each
sample was determined by plating or ODy,, determination. The data are pre-
sented as the ratio of arbitrary B-galactosidase units per CFU or per ODg;, unit
for intracellular or in vitro-grown bacteria.

Confocal microscopy. J774-A1 macrophages were seeded on glass coverslips in
24-well plates at a density of 0.5 X 10° cells per cm? and were grown for 18 h in
an atmosphere containing 5% CO, at 37°C. After infection with GFP-expressing
bacteria as described above, the cells were washed with PBS to eliminate extra-
cellular bacteria and fixed with 3% paraformaldehyde for 10 min. Subsequently,
the cells were washed with PBS, incubated for 5 min with 0.1 M glycine, washed
with PBS, and permeabilized with 0.1% Triton X-100 for 20 min. After being
washed with PBS, the slides were incubated twice for 10 min each time with
PBS-0.2% gelatin. The actin cytoskeleton was stained for 15 min using tetram-
ethyl rhodamine isothiocyanate-labeled phalloidin (Sigma). The monolayers
were then washed with PBS and distilled water and mounted on glass slides with
a Mowiol solution (Calbiochem, Darmstadt, Germany). The slides were exam-
ined with an Olympus Fluoview confocal microscope.

RNA manipulations, RT, and real-time RT-PCR. Total RNAs were extracted
from bacteria and treated with DNase (Roche Diagnostics, Mannheim, Ger-
many) to remove any contaminating genomic DNA. The RNAs were reverse
transcribed and amplified using specific primers to 4r4A mRNAs or 16S rRNA
(Table 2). Amplification of a single expected PCR product was confirmed by
electrophoresis on a 2% agarose gel. Real-time reverse transcription (RT)-PCR
was performed using a Light Cycler (Roche Diagnostics), and quantification of
the htrA mRNA level or 16S rRNA (as a control) was done using RNA master
SYBR Green I (Roche Diagnostics) with 0.5 wg of total RNA.

Statistical analysis. Student’s ¢ test was used for comparison of the two groups
of data. All experiments were repeated at least three times. A P value of =0.05
was considered statistically significant.
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TABLE 3. Abilities of LF82 Tn5phoA mutants to replicate within
J774-A1 macrophages at 24 h postinfection

Strain  TnSphod CFU per well (105 _ oof
. - intracellular

or insertion bacteria at 24 h
mutant site 1 h postinfection 24 h postinfection  postinfection”
K-12 0.254 + 0.025 0.006 = 0.005 21+1.8
LF82 8.1+35 173 1.6 319.5 = 110.1
2E12 dsbA 83 +2.0 09 =04 92 +25
3G1 112 3.6 1.9 = 0.6 182 +25
B9D 13.0 = 4.6 1.6 = 0.7 11324
OAS yfgL 4317 1.6 =09 309 6.2
51F8 34+1.1 0.9 +0.3 28.6 = 8.6
S2ES8 htrA 83+19 28 =09 323 =58
54H6 11.8 =39 42+22 341 £82
SSH8 93+34 1.3*x04 151+ 1.1
56A6 7.6 1.9 1.5+05 14.6 = 4.5
57G3 10.1 £ 24 27=1.0 263 =7.0
6H3 slyB 13353 1.6 09 9.5+28
S3H2  yraP 11.5 £ 4.1 41+17 449 + 14.8

“ Mean number of bacteria surviving gentamicin treatment per well * stan-
dard error of the mean (SEM).

®Mean percentage = SEM of intracellular bacteria at 24 h postinfection
relative to the number of intracellular bacteria at 1 h postinfection, taken as
100%.

RESULTS

Screening for the loss of ability by LF82 Tn5phoA mutants
to replicate within J774-A1 macrophages. To identify the
genes involved in the ability of AIEC strain LF82 to resist
killing by macrophages and to replicate within phagocytic cells,
the LF82 Tn5phoA mutant library previously formed (3) was
screened with the gentamicin protection assay using J774-Al
macrophages. Of the 767 PhoA™ mutants tested, 12 mutants
had reduced ability to replicate within J774-A1 macrophages at
24 h postinfection (Table 3). As a result of the insertion of the
transposon, the percentages of intracellular bacteria were sig-
nificantly reduced (P < 0.05) and ranged from 9.2% = 2.5% to
44.9% = 14.8% versus 319.5% = 110.1% for the wild-type
strain LF82.

Cloning and characterization of Tn5phoA insertion regions.
To identify the insertion sites, genomic DNA flanking the
mini-Tn5phoA transposon was sequenced after molecular
cloning of PstI restriction fragments containing both the kana-
mycin resistance gene and the 3’ DNA genomic region. The
nucleotide sequences of the genomic regions were compared
with sequences available in the National Center for Biotech-
nology Information databases. All the sequences identified
matched sequences of the E. coli K-12 strain MG1566 com-
plete genome (Table 3). The DNA sequence cloned from mu-
tant 6H3 matched the slyB gene, which belongs to the Mg*"
stimulon in E. coli (31). Nucleotide sequence from mutant
53H2 matched that of the yraP gene encoding a putative
periplasmic protein. The genomic sequences identified for mu-
tants 2E12, 3G1, and B9D matched that of the dsbA gene
encoding a periplasmic protein required for disulfide bond
formation and involved in the maturation of virulence factors
(48). Nucleotide sequences from OAS8 and 51F8 matched that
of the gene yfgL, which may be involved in the synthesis and
degradation process of peptidoglycan (15). Finally, five mu-
tants (52E8, 54H6, 55H8, 56A6, and 57G3) had an insertion of
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the transposon within the /74 gene encoding the stress protein
HtrA, also called DegP or Do protease. The HtrA protein,
which may have the function of a serine protease and chaper-
one in the periplasmic space, has been reported to be involved
in the virulence of invasive bacteria, such as S. enterica serovar
Typhimurium (2) and Y. enterocolitica (26, 46), so it was de-
cided to further investigate the ability of AIEC to resist mac-
rophage killing.

Phenotype of the LF82-AhtrA isogenic mutant. To confirm
that the htrA4 gene plays a role in the ability of strain LF82 to
survive and/or replicate within macrophages, an isogenic dele-
tion mutant of the htrA gene was constructed as described in
Materials and Methods, and double allelic exchange was con-
firmed by PCR using various sets of primers (Fig. 1). We
checked whether deletion of the AfrA4 gene in strain LF82 could
interfere with bacterial growth. The growth curves for the
wild-type strain LF82 and the LF82-AhtrA isogenic mutant in
the bacterium-cell incubation medium used for macrophage
infection (RPMI 1640 supplemented with 10% heat-inacti-
vated FCS) were similar at all time points tested up to 24 h
(data not shown).

The phenotype of the LF82-AhfrA isogenic mutant was an-
alyzed within J774-A1 macrophages at 1 and 24 h postinfec-
tion. No significant difference in the numbers of intracellular
bacteria was observed at 1 h postinfection between the wild-
type strain and the Atr4 null mutant, since the mean numbers
of CFU per well were 3.7 X 10° = 0.3 X 10° and 2.8 X 10° =
0.6 X 10° for the wild-type strain LF82 and the LF82-Ahtrd
isogenic mutant, respectively. As a consequence of deletion of
the htrA gene, the ability of the LF82-Ah#r4 isogenic mutant to
multiply within macrophages was significantly (P < 0.05) im-
paired (Fig. 2). The percentages of intracellular bacteria at
24 h postinfection compared to those at 1 h postinfection,
taken as 100%, were 81.5% =+ 7.8% for the LF82-AhtrA iso-
genic mutant and 388.4% * 67.5% for the wild-type strain
LF82. However, transcomplementation of the LF82-AhtrA iso-
genic mutant with a cloned wild-type htrdA gene (plasmid
pPBIO05) restored intramacrophagic bacterial replication to a
level similar to that displayed by the wild-type strain. Trans-
formation of the LF82-AhtrA isogenic mutant with the vector
pHSGS75 alone did not restore the ability of the mutant to
replicate within phagocytic cells (Fig. 2). The absence of bac-
terial replication of the intramacrophagic LF82-AhtrA isogenic
mutant at 24 h postinfection was confirmed by confocal micro-
scopic examination of macrophages infected with the wild-type
strain LF82 and the LF82-AhtrA isogenic mutant harboring
plasmid pFPV25.1 for constitutive expression of GFP (Fig. 3).
At 1 h postinfection, the wild-type strain LF82 and the LF82-
AhtrA isogenic mutant showed similar entry into J774-A1 mac-
rophages (Fig. 3A and B). At 24 h postinfection, AIEC LF82-
infected macrophages exhibited large vacuoles containing
numerous bacteria (Fig. 3C), whereas htrA-negative mutant-
infected macrophages showed vacuoles similar to those ob-
served at 1 h postinfection containing only a few bacteria (Fig.
3D). Thus, these experiments confirmed that the A4 gene is
required for replication of the AIEC strain LF82 within
J774-A1 macrophages.

Increased sensitivity of the LF82-Ahtr4 isogenic mutant to
oxidative stress. It has been suggested that HtrA is involved in
the degradation of aberrant proteins arising under oxidative
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FIG. 2. The htrA gene is required for replication of strain LF82
within J774-A1 macrophages. Bacterial replication at 24 h postinfec-
tion of the wild-type strain LF82, the LF82-AhtrA isogenic mutant, the
LF82-AhtrA isogenic mutant transcomplemented with the plasmid
pPBIOS harboring the entire htr4 gene, and the LF82-Ahtr4 isogenic
mutant transformed with the empty vector pHSGS575. The results are
expressed as the number of intracellular bacteria at 24 h postinfection
relative to that obtained after 1 h postinfection, taken as 100%. Each
value is the mean plus standard error of the mean of three indepen-
dent experiments. *, P < 0.05.

conditions encountered in the phagosomal environment, so we
followed the survival rates of strain LF82 and the LF82-Ahtr4
isogenic mutant after exposure to oxidative stress by H,O,
(Table 4). After a 30-min H,O, exposure period, the LF82-
AhtrA isogenic mutant showed significant 2- and 11-fold de-
creases in survival rates (P < 0.05) compared to the wild type
in response to 10 and 20 mM H,O,, respectively (Table 4). In
addition, after a 60-min exposure to 20 mM H,O,, a 56-fold
decrease in survival of the LF82-AhtrA isogenic mutant was
observed compared to the wild-type strain. Transcomplemen-
tation of the LF82-AhtrA isogenic mutant with the cloned h#rA
gene restored resistance to oxidative stress for all the H,O,
doses and times of exposure. Interestingly, the transcomple-
mented LF82-AhtrA4 isogenic mutant had a greater increase in
survival rate after a 30-min exposure to 10 and 20 mM H,O,
than the wild-type strain LF82, which is suggestive of a dose
effect of HtrA due to differences in the number of /24 gene
copies.

Role of HtrA in bacterial growth and activation of the LF82
htrA gene promoter in acid and nutrient-poor medium. A
low-pH (pH 5.8) and nutrient-poor medium containing glyc-
erol and Casamino Acids was used to partly mimic the phago-
cytic-vacuole content (Eriksson et al., submitted). The growth
of the wild-type strain LF82 was compared with that of the
LEF82-AhtrA isogenic mutant. Growth rates were determined
by measuring the ODg,, over an 8-h period (Fig. 4A). During
the first 2 h, the wild-type strain LF82 and the LF82-AhtrA
isogenic mutant had similar growth rates. From 3 to 8 h of
incubation, growth of the LF82-AhfrA isogenic mutant was
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FIG. 3. Confocal microscopic examinations of J774-A1 macrophages infected with wild-type strain LF82 and the LF82-AhtrA isogenic mutant
harboring plasmid pFPV25.1 for constitutive expression of GFP. The actin cytoskeletons of J774-Al cells were stained using tetramethyl
rhodamine isothiocyanate-labeled phalloidin. J774-A1 macrophages were infected with the LF82 wild-type strain (A and C) and with the
LE82-AhtrA isogenic mutant (B and D) at 1 h postinfection (A and B) and at 24 h postinfection (C and D).

significantly lower than that of the wild-type strain LF82 (P <
0.05). The LF82-AhtrA isogenic mutant transcomplemented
with the plasmid pPBIO5 harboring a cloned A4 gene exhib-
ited growth similar to that of the wild-type strain. These results
showed that the itr4 gene is required for growth of strain LF82
in an acid and nutrient-poor medium.

To follow the transcriptional activation of the htrA gene
when bacteria were grown in acid and nutrient-poor medium,
the AIEC LF82 htrA gene promoter was cloned upstream of
the lacZ gene in the vector pRS550 (pPBI06), and the con-

TABLE 4. Survival percentages of strain LF82 and the LF82-AhtrA
isogenic mutant after exposure to H,O,

Exposure  H,O, % Survival® (n-fold decrease)”

time concn
(min) (mM) LF82 LF82-AhtrA LF82-AhtrA/pPBI05
30 10 244 £50 11.6 =3.2°(2.1) 53.0 = 15.8 (0.5)

20 16447 15+09(10.9) 31.8+54(0.5)
60 10 217+52

20 11.2 = 3.6

7.6 + 3.2¢ (2.8)
0.2 + 0.1 (56.0)

25.4 +5.9(0.8)
14.9 + 1.1 (0.7)

“ Mean percentage of bacteria surviving H,O, exposure compared to bacteria
without stress exposure, taken as 100%. Each value is the mean =+ standard error
of the mean of four independent experiments.

® Decrease = percent survival of AIEC LF82/percent survival of the LF82-
AhtrA isogenic mutant or the LF82-Ahtr4 isogenic mutant transcomplemented
with pPBIOS harboring the entire htr4 gene.

¢ P < 0.05 for all comparisons between the AIEC strain LF82 and the LF82-
AhtrA isogenic mutant and between the LF82-AhtrA isogenic mutant and the
LF82-AhtrA isogenic mutant transcomplemented with pPBIO5 harboring the
complete htrA gene.

struct was transformed into strains LF82 and K-12. The kinet-
ics of activation of the LF82 htr4 gene promoter were moni-
tored during the growth of bacteria for a 120-min period in
nutrient-poor medium, pH 5.8, or in RPMI culture medium.
There was increased activation of the LF82 htr4A gene pro-
moter in strain LFS2 when the bacteria were grown in acid and
nutrient-poor medium compared to growth in RPMI medium
(Fig. 4B). After 120 min of growth, a significant 4.7- = 2.3-fold
increase in B-galactosidase activity was observed. In contrast,
no increased activation of the LF82 hfrA gene promoter was
seen in E. coli strain K-12. Thus, the transcription of the A4
gene was up-regulated in strain LF82 when the bacteria were
grown in vitro under stress conditions that partly mimicked
stress encountered within the phagocytic vacuole.

Activation of the LF82 htrA gene promoter in bacteria within
macrophages. The transcriptional activation of the Afr4 gene
was also studied in intracellular bacteria within infected
J774-A1 macrophages (Fig. 5). As early as 30 min after phago-
cytosis, intracellular LF82 bacteria harboring the fusion con-
struct pPBI06 showed a 7.9- = 2.9-fold increase in expression
of B-galactosidase activity compared to bacteria incubated in
RPMI medium. After 120 min of phagocytosis, a 38.3- = 5.9-
fold increase in B-galactosidase expression was observed for
intracellular bacteria.

To analyze whether htrA gene transcriptional activation
could arise in a nonpathogenic E. coli strain, the 3-galactosi-
dase activity of the fusion construct pPBI06 was also measured
in E. coli strain K-12 (Fig. 5). When the fusion construct
pPBI06 was harbored by E. coli strain K-12, low expression of
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FIG. 4. The LF82 htrA gene promoter is activated in acid and nutrient-poor medium that partly mimics the microenvironment encountered by
bacteria within phagosomes. (A) Growth of wild-type strain LF82, the LF82-Ahtr4 isogenic mutant, and the LF82-AhfrA isogenic mutant
transcomplemented with plasmid pPBIOS harboring the entire h#r4 gene. (B) Activation of LF82 htrA gene promoter. 3-Galactosidase activity per
ODg,, unit resulting from the expression of lacZ driven by the LF82 htr4 promoter in bacteria in RPMI 1640 culture medium (black bars) or in
acid and nutrient-poor medium (white bars). The LF82 htr4 gene promoter was cloned upstream of lacZ in the recombinant vector pPBI06, and
the plasmid was used to transform strain LF82 and strain K-12. The background of B-galactosidase activity generated by a promoterless lacZ
construct was subtracted at each time point. The data are means plus standard errors of the mean of three independent experiments. *, P < 0.05.

B-galactosidase was observed. The difference in LF82 htrA
promoter activation between AIEC strain LF82 and strain
K-12 was not due to the lower number of phagocytized bacte-
ria, since B-galactosidase activity was expressed relative to the
number of intracellular bacteria, nor was it due to the macro-
phage killing of intracellular K-12 bacteria, since our experi-
ments were performed until 120 min postinfection and no
decrease in viable K-12 bacteria has ever been observed before
8 h postinfection (19). Thus, the high transcriptional activation
of the htrA gene in strain LF82 during intracellular trafficking
within macrophages is dependent on the genetic background
of strain LF82.

w
(=]
I

£3 B LF82/pPBI06 .
25 OK-12 /pPBIO6*
£ %40
= U
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2 230
g9
2 220
5 =
% S0
[

— 0 )
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Time of growth or J774-A1 infection (min)

FIG. 5. Expression of htrA gene in intracellular bacteria during
J774-A1 macrophage infection. B-Galactosidase (B-Gal) activity re-
sulting from the activation of the LF82 htrA gene promoter was mea-
sured. The LF82 htrA gene promoter was cloned upstream of lacZ. The
resulting recombinant vector pPBI06 was used to transform strain
LF82 or strain K-12. The results are expressed as the increase (n-fold)
of B-galactosidase activity in intracellular bacteria compared to the
B-galactosidase activity of bacteria grown in RPMI medium. The back-
ground of B-galactosidase activity generated by a promoterless lacZ
construct was subtracted at each time point. The data are means plus
standard errors of the mean of three independent experiments. *, P <
0.05.

Regulation of htrA expression. Two partially overlapping
systems are known to regulate the A4 gene in E. coli (36): the
alternative sigma factor o (RpoE) and the two-component
regulatory system CpxRA. Analysis of the DNA sequence cor-
responding to the AfrA gene promoter of strain LF82 indicated
binding sites for a ¢* consensus region and for phosphorylated
CpxR, similar to those of E. coli strain MG1655. To analyze the
involvement of these regulatory systems, the LF82-AcpxR iso-
genic mutant was constructed using primers shown in Table 2.
Repeated attempts to isolate the LF82-ArpoE mutant in strain
LF82 failed, suggesting that the rpoE gene is essential in AIEC
strain LF82 for bacterial viability, as has been previously re-
ported for some strains of Y. enterocolitica (21) and for S.
enterica serovar Typhimurium (42). The htrA mRNA levels
were measured after growth of the bacteria in acid and nutri-
ent-poor medium by real-time PCR using primers described in
Table 2. The levels of htr4A mRNAs in the LF82-AcpxR isogenic
mutant were not significantly different from those measured in
the wild-type strain LF82 (Fig. 6A), indicating that the activa-
tion of the htrA gene promoter of strain LF82 grown in vitro in
acid and nutrient-poor medium does not involve the two-com-
ponent regulatory system CpxRA. In addition, as shown in Fig.
6B, the percentage of intracellular bacteria at 24 h postinfec-
tion for the LF82-AcpxR isogenic mutant was 716.9% =
254.1%, not significantly different from that of the wild-type
strain LF82, which was 499.0% = 36.1%. Thus, the CpxRA
system is not essential for the multiplication of AIEC strain
LF82 within J774-A1 macrophages. The B-galactosidase activ-
ity of the fusion construct pPBI06 was also measured in intra-
cellular bacteria within J774-A1 macrophages for the LF82-
AcpxR  isogenic mutant (Fig. 6C). An increase in
B-galactosidase activity was observed after 60 and 120 min
postinfection for the cpxR null mutant. It was not significantly
different (P > 0.05) from that measured for the wild-type strain
(Fig. 5). Thus, the htrA expression in AIEC strain LF82 is
CpxRA independent when the bacteria are cultured in acid
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FIG. 6. The CpxRA two-component signaling pathway is not involved in regulation of itrA expression and in replication of strain LF82 within
J774-A1 macrophages. (A) mRNA levels of the wild-type strain LF82 and the LF82-AcpxR isogenic mutant were determined by RT-PCR
experiments after growth of the bacteria in acid and nutrient-poor medium. Only experiments showing the same levels of 16S rRNA for each
sample were taken into account. (B) Intramacrophagic replication at 24 h postinfection. The results are expressed as the number of intracellular
bacteria at 24 h postinfection relative to that obtained after 1 h postinfection, taken as 100%. (C) Expression of the htrA gene in intracellular
bacteria during J774-A1 macrophage infection. B-Galactosidase (B-Gal) activity resulting from the activation of the LF82 htrA gene promoter was
measured using the lacZ recombinant vector pPBI06 transformed in the LF82-AcpxR isogenic mutant. The results are expressed as the increase
(n-fold) in B-galactosidase activity in intracellular bacteria compared to the B-galactosidase activity of bacteria grown in RPMI medium. The
background of B-galactosidase activity generated by a promoterless lacZ construct was subtracted at each time point. Each value is the mean plus

standard error of the mean of three independent experiments.

and nutrient-poor medium or internalized within macro-
phages.

DISCUSSION

The ileal mucosa of patients with CD is abnormally colo-
nized by pathogenic AIEC strains, which have the ability to
survive and to greatly replicate within macrophages (19).
Pathogenic bacteria have developed two major strategies to
counteract macrophage killing after phagocytosis, either by
escaping from the endocytic vacuoles and inducing cell death
(14, 25, 50) or by resisting the antimicrobial environment of the
phagolysosome (32, 41, 43). We previously reported that the
reference AIEC strain LF82 did not induce the death of in-
fected macrophages despite the high replication of bacteria
observed within large vacuoles (19). Thus, the mechanism de-
veloped by AIEC to survive within macrophages was more
likely resistance of the bacteria to stress conditions encoun-
tered within the phagosomes.

In an attempt to define whether stress proteins are involved
in the ability of AIEC to resist killing by macrophages and to
multiply within phagocytic cells, we screened a Tn5phoA mu-
tant library of the AIEC strain LF82. Five mutants having an
insertion of the transposon into the s#r4 gene were attenuated.
To confirm the role of HtrA in the ability of strain LF82 to
replicate within macrophages, an isogenic mutant with the /4
gene deleted was constructed. The LF82-AhtrA isogenic mu-
tant was unable to multiply within macrophages. Transcomple-
mentation of this mutant with a cloned htrA gene restored
intracellular replication to a level similar to that of the wild-
type strain LF82, which confirms the important role of HtrA in
the ability of AIEC LF82 to replicate within phagosomes. The
HtrA stress protein is thought to play a role in the mechanism
through which pathogenic bacteria adapt to and resist the
hostile environment of the phagosome, as reported for S. en-

terica serovar Typhimurium (2), Y. enterocolitica (26), and L.
pneumophila (33).

During phagocytosis, there is uptake of bacteria by endocy-
tosis into phagosomes, which mature and finally fuse with ly-
sosomes to form phagolysosomes. This last compartment has
oxygen-dependent and -independent mechanisms for killing
the invading bacteria. The oxygen-dependent mechanism is
consistent with the formation of anion superoxide that can
form hydrogen peroxide and reactive oxidants. In the present
study, we demonstrated that deletion of the A4 gene of strain
LF82 induced increased sensitivity to oxidative stress caused by
hydrogen peroxide. This may explain why, unlike the wild-type
strain, the LF82-AhtrA isogenic mutant was no longer able to
replicate within macrophages. Similar increased susceptibility
of the htrA null mutant bacteria to oxidative stress occurs in
some pathogenic bacteria, such as S. enterica serovar Typhi-
murirum (23), Y. enterocolitica (26, 46), and Klebsiella pneu-
moniae (9). Surprisingly, this was not observed with nonpatho-
genic E. coli. Indeed, htrA mutants of E. coli B178 are no more
sensitive to oxidative stress caused by hydrogen peroxide than
the wild-type strain, since no difference in growth pattern or
survival was observed between the hfr4 mutant and the wild-
type strain (40).

The HtrA stress protein may play a key role in the adapta-
tion of intracellular AIEC to the hostile environment of the
phagocytic vacuoles, since our findings show that htrA gene
expression is highly up-regulated within macrophages (up to
38-fold) compared to bacterial growth in cell culture medium.
Similar findings were observed with S. enterica serovar Typhi-
murirum (16, 17), L. pneumophila (33), and Y. enterocolitica
(47) throughout the intracellular infection of macrophages. In
vitro experiments using LF82 htr4 gene promoter fusion with
lacZ revealed a fourfold activation of the promoter when the
bacteria were grown in an acid and nutrient-poor medium. The
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LF82 htrA promoter activation observed under the in vitro
stress conditions was much lower than that observed for intra-
macrophagic bacteria, which indicates that transcriptional ac-
tivation of the htr4 gene may also be induced by stresses other
than acid pH and a nutrient-poor environment. Interestingly,
in intracellular bacteria within macrophages or when bacteria
were grown in vitro in the acid and nutrient-poor medium, the
promoter of the LF82 htrA gene was highly activated in AIEC
strain LF82 but not in the nonpathogenic E. coli K-12 strain.
Hence, the strain LF82 genetic background is crucial for in-
duction of htrA gene transcription during phagocytosis. This is
consistent with the difference in the regulation of htr4 gene
expression between AIEC strain LF82 and E. coli strain K-12.
In nonpathogenic E. coli, htrA gene expression is regulated by
two partially overlapping systems, the alternative sigma factor
E (RpoE) and the two-component regulatory system CpxRA
(36). Both the oF and Cpx pathways play roles in the virulence
of various pathogenic bacteria. The RpoE factor is sometimes
required for bacterial viability (21, 42) and may also be in-
volved in LF82 bacterial viability, since repeated attempts to
isolate an LF82-ArpoE mutant in strain LF82 failed. Thus, the
involvement of RpoE in AIEC strain LF82 htr4 gene regula-
tion was not demonstrated. However, no increased activation
of the LF82 htrA gene promoter was observed in intracellular
E. coli K-12 bacteria within macrophages or in K-12 bacteria
grown in vitro in the acid and nutrient-poor medium. This was
not due to an altered sigma E-based regulation in the E. coli
K-12 nonpathogenic laboratory strain, since RpoE is essential
for bacterial growth at high temperature (22) and the growth
rates of the E. coli K-12 strain used in the present study were
similar at 43 and 30°C (data not shown). The involvement of
CpxRA in htrA expression has been reported in Y. enteroco-
litica, and htrA mutants exhibited a reduction in the ability to
survive within macrophages (20, 46). Likewise, in L. pneumo-
phila, the CpxR regulator plays a major role in the regulation
of the genes icm and dot, which are required for intracellular
multiplication and human macrophage killing (18). A cpxR null
mutant of AIEC strain LF82 exhibited a rate of replication
within macrophages similar to that of the wild-type strain
LF82. In addition, under in vitro stress conditions, the levels of
htrA mRNAs in the LF82-AcpxR isogenic mutant were not
significantly different from those measured in the wild-type
strain LF82. Moreover, an induction of htrA expression was
observed in intracellular bacteria within macrophages for the
¢pxR null mutant that was not significantly different from that
measured for the wild-type strain. Thus, the CpxRA pathway is
not involved in regulation of virulence genes required for the
resistance of intracellular AIEC within macrophages, and htrA
gene expression in the AIEC strain LF82 is not regulated by
CpxRA. These results are intriguing, since nucleotide analysis
of the htrA promoter in the AIEC strain LF82 indicated that
the consensus sequences for CpxR were present and because
the Cpx response plays an important role in the resistance of
many pathogenic bacteria within macrophages. The role of the
CpxRA two-component regulatory system in AIEC strain
LF82 should be further investigated, since we cannot exclude
the possibility that this regulatory pathway acts differently in
AIEC strains and in nonpathogenic E. coli.

The function of HtrA in AIEC strain LF82 may not be
simply restricted to that of a stress protein degrading misfolded

INFECT. IMMUN.

periplasmic proteins. Indeed, like the periplasmic protein
DsbA, which is required for disulfide bond formation, HtrA is
also involved in the maturation of virulence factors. It has been
speculated that HtrA, as a chaperone, is needed for the folding
of secreted proteins or that HtrA is involved in the oligomer-
ization and export of virulence factors. For example, in Shigella
flexneri, HtrA acting as a chaperone facilitated the folding of
IcsA in the periplasm or the rapid transit of IcsA to the outer
membrane (35). In addition, mutation of the /i#r4 gene in K
pneumoniae affects its ability to produce capsular polysaccha-
ride (9), and the HtrA protein of Streptococcus pyogenes influ-
ences the expression of the cysteine protease SpeB and the
hemolysin streptolysin S, two virulence factors whose biogen-
esis requires extensive processing (30). Interestingly, mutants
of AIEC LF82 having an insertion of Tn5phoA within the dsbA
gene had highly attenuated ability to replicate within macro-
phages. Thus, it can be speculated that in AIEC strain LF82
some virulence factors involved in the survival and replication
of bacteria within macrophages are folded in the periplasm and
that the protein maturation implies HtrA and DsbA acting in
concert.

In summary, we have provided evidence that HtrA plays an
essential role in the intracellular replication of AIEC strain
LF82 within macrophages. It is noteworthy that several patho-
genic bacteria depend on HtrA for virulence. The depletion of
HtrA decreases the virulence of Salmonella enterica serovar
Typhimurium (23), Y. enterocolitica (26), K. pneumoniae (9),
and S. pyogenes (30) in mouse models. These observations have
led some authors to use Atr4 mutants as live attenuated vaccine
strains (7, 23). By its function in the replication of intramac-
rophagic bacteria, HtrA is involved in the virulence of the
AIEC strain LF82. Given the activation of the promoter of the
htrA gene in intramacrophagic bacteria or in bacteria under
acid and nutrient-poor stress conditions, which was observed in
the AIEC strain LF82 but not in a nonpathogenic K-12 strain,
it is likely that the environmental conditions that enhance the
expression of HtrA also lead to an increase in the virulence of
AIEC.
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