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The extraintestinal pathogenic Escherichia coli (ExPEC) is a typical facultative intracellular 
bacterial pathogen. Sensing the environmental stimuli and undertaking adaptive change 
are crucial for ExPEC to successfully colonize in specific extraintestinal niches. The pre-
vious studies show that pathogens exploit two-component systems (TCSs) in response 
to the host environments during its infection. The PhoP/PhoQ is a typical TCS which is 
ubiquitous in Gram-negative bacteria. However, there is an incompletely understand-
ing about critical regulatory roles of PhoP/PhoQ in ExPEC pathogenesis. Conjugative 
ColV-related plasmids are responsible for ExPEC virulence, which is associated with 
ExPEC zoonotic risk. In this study, the molecular characteristics of HlyF, Mig-14 ortho-
log (Mig-14p), and OmpT variant (OmpTp) encoded by ColV plasmids were identified. 
Mig-14p and OmpTp played important roles in conferring ExPEC resistance to cationic 
antimicrobial peptides (CAMPs) during the infection. Moreover, HlyF and Mig-14p acted 
as intracellular survival factors to promote ExPEC resistance to macrophages killing. The 
hlyF and Mig-14p formed an operon in ExPEC ColV plasmid, and PhoP acted as a tran-
scriptional activator of hlyF operon by directly binding to the PhlyF promoter. The acidic 
pH and CAMPs could additively stimulate ExPEC PhoQ/PhoP activities to upregulate 
the expression of HlyF and Mig-14p. Our studies revealed that the novel PhoP/PhoQ-
HlyF signaling pathway directly upregulates the production of ExPEC outer membrane 
vesicles. Furthermore, our study first clarified that this PhoP/PhoQ-HlyF pathway was 
essential for ExPEC intracellular survival in macrophages. It was required to prevent the 
fusion of ExPEC-containing phagosomes with lysosomes. Moreover, PhoP/PhoQ-HlyF 
pathway facilitated the inhibition of the phagolysosomal acidification and disruption of 
the phagolysosomal membranes. In addition, this pathway might promote the forma-
tion of ExPEC-containing autophagosome during ExPEC replication in macrophages. 
Collectively, our studies suggested that PhoP/PhoQ system and CloV plasmids could 
facilitate ExPEC survival and replication within macrophages.

Keywords: extraintestinal pathogenic Escherichia coli, macrophages, PhoP/PhoQ, colV plasmid, hlyF, autopha
gosome
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inTrODUcTiOn

Extraintestinal pathogenic Escherichia coli (ExPEC) has the selec-
tive advantages over intestinal pathogenic E. coli (IPEC) to get 
access to extraintestinal niches, followed by efficient adaption/
colonization in the host. ExPECs cause systemic disease among 
birds, humans, and mammals with typical extraintestinal pathol-
ogy, including persistent bacteriuria in urinary tract infection, 
human septicemia or meningitis in newborns (1–4). The ExPECs 
were classified into four predominant phenotypes, including avian 
pathogenic E. coli (APEC), uropathogenic E. coli (UPEC), neona-
tal meningitis E. coli (NMEC), and septicemic E. coli (5). In recent 
years, ExPEC has been gradually accepted as a primary pathogen 
rather than the opportunistic pathogen (6–9). Compared with 
IPECs, ExPEC possesses certain-specific virulence/fitness factors 
to facilitate its extraintestinal infection. These virulence factors 
are involved in the adhesion, invasion, tolerance to and subver-
sion of host immune defense (10–12). Interestingly, many studies 
confirm that APEC contaminates poultry meat or eggs, causing 
human extraintestinal diseases. The studies on animal models 
mimicking human ExPEC infection showed that APEC/ExPEC 
isolates originated from poultry can cause bacteremia, sepsis, uri-
nary tract infection, and meningitis. More importantly, humans 
may be infected by these ExPEC isolates through consumption of 
unhygienic poultry food, adding another concern about poultry 
food safety (13, 14).

When ExPEC colonizes in urinary tract, respiratory and 
central nervous systems (the brain and meninges), it must evade 
the host innate immune defense, including both cellular compo-
nents (e.g., macrophages) and immune factors (e.g., complement 
proteins) (15–18). ExPEC replicates in lung epithelial cells and 
then escapes from phagocytes clearance to enter the bloodstream. 
E. coli K1 can suppress macrophages clearance and acquire 
macrophages to pass through the blood–brain barrier using 
Trojan Horses strategy (19). More and more evidences confirm 
that ExPECs is a facultative intracellular pathogen (11, 12, 20), 
and persistence within macrophages is required for ExPEC dis-
semination. However, there is an incompletely understanding of 
intracellular survival mechanism in ExPEC pathogenesis.

Conjugative ColV-related plasmids are responsible for ExPEC 
virulence and have been widely isolated from APEC, UPEC, and 
NMEC (21). ColV-related virulence factors enhance ExPECs 
colonization and fitness during the infection (21). Moreover, the 
zoonotic risk of APEC seems to be associated with large ColV 
plasmids (21–23). The hlyF gene in ColV-related plasmids is 
an important epidemiology marker for highly virulent ExPEC, 
which was first discovered as a potential hemolysin protein in 
APEC (21, 24). A recent report clearly points out that HlyF is 
a virulence factor that can directly mediate the production of 
ExPEC outer membrane vesicles (OMVs) (23). The adjacent 
genes on each side of hlyF were putative Mig-14 ortholog and 
OmpT variant. Mig-14 is a Salmonella inner membrane protein 
can degrade cationic antimicrobial peptides (CAMPs), which is 
required for Salmonella survival/replication within macrophages 
and its persistent infection (25). CAMPs are cationic small 
peptides that display broad-spectrum antimicrobial effects on 
bacteria (26). OmpT locates in the outer membrane of E. coli, 

belonging to a class of highly homologous aspartyl proteases 
that can degrade host-derived AMPs. Several OmpT variants are 
present in pathogenic bacteria, including Pla in Yersinia pestis, 
SopA in Shigella flexneri, and PgtE in Salmonella enterica (27, 28).

Sensing the environmental stimuli and undertaking adaptive 
change are crucial for ExPEC pathogenesis. Pathogens exploit 
two-component systems (TCSs) in response to the host environ-
ments during their infection (29). The comparative genomic 
analysis shows that about 62 TCSs genes are conserved in E. coli 
genomes. However, there are little studies on the roles of TCSs 
in ExPEC pathogenesis (29). The PhoP/PhoQ, a typical TCS, is 
broadly conserved in Gram-negative bacteria; it can sense host 
intracellular signals and regulate bacterial adaptive lifestyle change 
during its infection (30, 31). Over the past decade, the function of 
PhoP/PhoQ is widely studied in various pathogens. PhoQ has a 
periplasmic domain to sense and transfer signals to its cytoplas-
mic histidine kinase domain, which governs the phosphorylation 
level of the response regulator PhoP. The PhoP can directly bind 
the promoters of the regulatory genes which have the consensus 
binding motif “TGTTTA(N5)-TGTTTA” in E. coli and S. enterica 
(32, 33). However, there is an incompletely understanding about 
the regulatory roles of PhoP/PhoQ in ExPEC pathogenesis.

In this study, the roles of ColV plasmid-encoded virulence 
factors HlyF, Mig-14p, and OmpTp were established. We identi-
fied a novel PhoP/PhoQ-HlyF signaling pathway that played 
the important roles in ExPEC survival and replication within 
macrophages.

MaTerials anD MeThODs

strains and Plasmids construction
The strains, plasmids, and the PCR primers used in the studies 
were described in Tables S1 and S2 in Supplementary Material. 
The highly virulent FY26 (O2:K1; ST95; ECOR B2; isolated from 
chicken), is a typical model used to study the ExPEC pathoge- 
nesis. The hlyF-, Mig-14p-, OmpTp-, and phoP-deficient FY26 
mutants, and others deletion mutants were constructed by Red 
recombinase method previously described (15). The hlyF:lacZ-zeo 
fusion transcriptional reporter in FY26ΔlacI-Z was constructed 
using Red recombinase system according to the previous study 
by Vigil (11). Briefly, two targeted fragments were amplified: the 
lacZ fragment containing the homology region to 5′ end of hlyF 
sequence (starting at the 30 bp site after hlyF start codon), and 
the other fragment containing the kanamycin resistance and the 
homology region of 3′ end of hlyF. The fusion PCR was performed 
to integrate the two fragments. hlyF:lacZ-zeo fusion reporter was 
constructed in FY26ΔlacI-Z by Red recombinase system. To con-
struct the complemented plasmids for stable expression of HlyF, 
Mig-14p, OmpTp, and PhoP, a medium-copy plasmid pSTV28 
(pACYC184 origin, TaKaRa) was used as the carrier (15). The 
hlyF/Mig-14p operon, OmpTp, and phoP genes (containing the 
predicted promoters) were amplified and ligated into pSTV28, 
and the complemented plasmids were electroporated into the 
corresponding FY26 mutants, respectively.

To construct the plasmids overexpressing GST:HlyF and 
MBP:Mig-14p fusion proteins, the hlyF and Mig-14p genes were 
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cloned into expression plasmids pCold-GST and pCold-malE, 
respectively, which were constructed by ligating GST or MBP cod-
ing gene into the pCold I (TaKaRa) using the single NdeI site. To 
construct the plasmids overexpressing OmpTp and PhoP fusion 
proteins, the OmpTp and phoP genes were cloned into expression 
plasmid pET-28a (Novagen). The plasmids were transformed into 
E. coli BL21 (DE3). GST:HlyF, MBP:Mig-14p, OmpTp, and PhoP 
proteins were purified by a HisTrap high-performance column 
(GE Healthcare, Shanghai, China) (15).

cell culture
HD11 cells (chicken macrophage-like cell line) were derived from 
chicken bone marrow macrophages by transforming the avian 
leukemia virus (34). HD11 macrophages were kindly provided by 
Shaohui Wang (Shanghai Veterinary Research Institute, Chinese 
Academy of Agricultural Sciences) and cultured as the previously 
described (15, 35). HD11 cells were cultured in RPMI 1640 media 
(Gibco) (at a humidified incubator for 41.5°C and 5% CO2), sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS), 
2 mM l-glutamine (Gibco), 1 mM of sodium pyruvate 0.1 mM 
of NEAA, and 10  mM HEPES. U937 cells (human monocytic 
lymphoid cell line) was originally obtained from the ATCC and 
cultured in RPMI medium (Gibco) as the previously described 
(36). U937 cells were maintained in RPMI medium (at a humidi-
fied incubator for 37.5°C and 5% CO2), supplemented with 10% 
FBS (Gibco) and 2 mM l-glutamine. To obtain a macrophage-like 
phenotype, U937 cells were differentiated with 25 ng/ml phorbol 
12-myristate 13-acetate for 24 h.

rna isolation, reverse Transcription  
Pcr, and Quantitative realTime  
rTPcr (qrTPcr)
The total RNA of wild-type FY26, mutants, and complemented 
strains [cultured in LB (pH 7.4) under mid-logarithmic phase] 
were extracted using TRIzol® Reagent (Invitrogen); DNase I 
(TaKara) was added to remove the genomic DNA according 
to the manufacturer’s instruction. The total RNA isolated from 
FY26, FY26ΔphoQ, or FY26CphoQ [cultured in M9 media with 
10 mM Mg2+ at pH 7.5/pH 5.0 (acidic pH) or with CAMPs] was 
also extracted using TRIzol® Reagent (Invitrogen). The RNA con-
centration and quality were determined using 2100 Bioanalyser 
(Agilent) and quantified using the ND-2000 (NanoDrop Techno-
logies). The total RNA was treated with DNase for 1 h, and then 
PCR was conducted using the treated RNA as the templates to 
detect the DNA contamination. The total RNA from the infected 
HD11 or U937 was extracted according to the previous study (15).

For the co-transcription test, the treated bacteria RNA was 
reverse transcribed into cDNA using a SuperScript II reverse 
transcriptase kit (Invitrogen). The qPCR was performed to assess 
the co-transcription of intergenic regions using the primers that 
spanned the 3′ end of one gene to the 5′ end of the adjacent genes 
(Table S2 in Supplementary Material) according to the previous 
study (15). The RNA samples without reverse transcription were 
used as a negative control to rule out the DNA contamination.

The real-time PCR was conducted (10), and the primers for 
qRT-PCR were shown in Table S2 in Supplementary Material.  

The transcription level of the housekeeping gene dnaE was used 
as a reference to determine the expression level of the target genes 
with the ΔΔCT method (15). qRT-PCR was conducted using the 
AceQ qPCR SYBR Green Master Mix (Vazyme, Nanjing) accord-
ing to the manufacture’s instruction (10).

electrophoretic Mobility  
shift assays (eMsas)
To determine the binding of PhoP to DNA probe of hlyF pro-
moter, EMSAs were conducted using the commercialized EMSA 
kit (Invitrogen, California) according to the manufacturer’s 
protocol (15). To obtain phosphorylated PhoP, purified PhoP 
was phosphorylated with acetylphosphate (Sigma) according to 
the previous study (37). PhoP (10 µM) was incubated in 100 µl of 
phosphorylation buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 
and 5 mM MgCl2) containing 20 mM acetylphosphate for 2 h at 
37°C. To obtain the DNA probes, the PhlyF DNA fragment (200 bp 
in size, starting from upstream position -170 bp to downstream 
position +30 bp relative to the position of the translational start 
codon) and the negative control DNA fragment (200 bp in size 
for hlyF coding region) were amplified with the corresponding 
primers (Table S2 in Supplementary Material). The PCR products 
were purified using the agarose gel DNA fragment recovery kit 
(TaKaRa). The mutated PhlyF DNA with nucleotide deletion at 
promoter PhlyF position nt −68 to −63 (PhoP box mutant) was pre-
pared by fusion PCR. EMSAs were conducted by adding increas-
ing amounts of non-phosphorylated or phosphorylated PhoP 
protein (0–2.0 µM) to the DNA probe (50 ng) in the premixed 
EMSA binding buffer. The reactions were carried out for 45 min 
at room temperature. Then the samples were injected in the 6% 
polyacrylamide gels, and the electrophoresis was performed in 
0.5× TBE buffer at 200 V for 30 min. The gels were photographed 
using the gel imaging system (Bio-Rad) after incubation with 1× 
SYBR Gold nucleic acid staining solution in 0.5× TBE buffer for 
30 min.

βgalactosidase assays
The bacteria harboring the hlyF:lacZ fusion transcriptional element  
were cultured overnight in LB medium. The overnight cultures 
were diluted 1:100 in LB medium and grown to mid-log phase 
(OD600 0.6–0.8) at 37°C. The culture was centrifuged, and the 
bacteria were resuspended and diluted 1:10 in Z buffer (pH 
7.0; 60 mM Na2HPO4·7H2O, 40 mM NaH2PO4, 1 M KCl, 1 mM 
MgSO4, 50 mM β-mercaptoethanol). The Miller assay to detect 
β-galactosidase activity was conducted using ortho-nitrophenyl-
β-galactoside as the substrate (15). The tests for β-galactosidase 
activity were repeated three times.

caMP sensitivity assays
The sensitivities of wild-type FY26, derived mutants, and com-
plemented strains to AMPs (LL-37 and HBD2) were determined 
(25, 38). The AMPs were twofold serially diluted (1.92  mg/ml 
to 0.12 µg/ml) in PBS containing 0.01% BSA. The 10 µl diluted 
AMPs were added to the 90  µl LB medium containing about 
1.0  ×  105  CFU for the tested strain. The bacteria were grown 
overnight at 37°C, and the cultured wells were visually inspected 
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for the inhibition of bacteria growth. Values shown in Table S3 
in Supplementary Material represented at least three independ-
ent MICs tests for eight replicates. Furthermore, we followed 
the research methodology of Murase et  al. to transform the 
recombinant plasmids (pSTV28-hlyF, pSTV28-hlyF/Mig-14p, 
and pSTV28-OmpTp) in non-hlyF strain RS218 (23). RS218 is 
a well characterized prototypic NMEC O18:K1 strain without 
ColV plasmids (39, 40). The comparative genomic analysis of 
ExPEC O18:K1 strains demonstrated very close genetic overlap/
similarities, as well as indistinguishable virulence genes features 
with a class of O1:K1 and O2:K1 isolates (3, 4, 41). There-
fore, the complemented variants that overexpressed the HlyF,  
Mig-14p and OmpTp in RS218 were constructed to determine 
their abilities to resistance to CAMPs.

Time-kill tests using CAMPs (LL-37 and HBD2) were per-
formed according to the previous studies with some modifica-
tions (25, 38). The bacterial cells grown to mid-log phase in LB 
(pH 7.4) were harvested by centrifugation and resuspended in LB 
(pH 7.4) to 1.0 × 109 CFU/ml. The bacterial cells were diluted 1:10 
into LB medium containing LL-37 (100 µg/ml) or HBD2 (60 µg/
ml). The AMPs treated cells were inoculated at 37°C without 
shaking for 2 h. The cells samples were serially diluted and plated 
on LB agar plates for counting. Time-kill assays were carried out 
in triplicate. Percent survival for each tested strain was measured 
relative to wild-type FY26.

Bacterial Fractionation and  
components separation
Bacterial fractionation was conducted according to the previ-
ously described method (10, 11). Briefly, the cultured bacteria 
in 100 ml medium were collected by centrifugation and washed 
twice with PBS, and the bacteria were resuspended in 5 ml PBS 
buffer containing 100 mM NaCl. The supernatant was concen-
trated by Millipore centrifugal filter unit (10 kDa cutoff), and the 
proteins in the supernatant were subjected to ammonium sulfate 
precipitation. The pellets were resuspened in PBS and dialyzed 
twice in PBS at 4°C. The cells were lysed by sonication and centri-
fuged (10,000 × g) to remove the cell debris. The collected lysate 
was centrifuged at 300,000 × g for 2 h at 4°C. The precipitation 
(bacterial membrane components) and the supernatant (soluble 
cytoplasmic components) were subjected to ultracentrifugation. 
The supernatant containing soluble cytoplasmic proteins were 
concentrated by Millipore centrifugal filter unit (10 kDa cutoff), 
and the cytoplasmic proteins were subjected to ammonium sul-
fate precipitation. The pellets were resuspened in PBS and washed 
twice. Under room temperature, the precipitation was incubated 
with 1% Triton X-100 for 30 min. The membrane fractions were 
separated by ultracentrifugation at 150,000 × g for 1 h, and the 
supernatant (containing the inner membrane proteins) and the 
pellets (the outer membrane proteins) were collected and stored 
at 70°C.

Western Blot analysis
To prepare the mouse anti-HlyF, anti-Mig-14p, and anti-OmpTp 
serums, 8-week-old imprinting control region mice were subcu-
taneously immunized with the fusion proteins (10). The same vol-
ume of fusion proteins (150 µg) was mixed with Montanide ISA 

206 adjuvant (SEPPIC, Lyon, France) to immunize the mouse. 
The anti-serum was collected after the third immunization. In 
addition, a polyclonal rabbit anti-APEC serum was prepared in 
the previous study (15).

The expression of HlyF, Mig-14p, and OmpTp in wild-type 
FY26, the mutants, and corresponding complemented strains 
were analyzed by Western blot. The bacteria were subjected to 
SDS-PAGE electrophoresis and transferred to a polyvinylidene 
difluoride (PVDF) membrane with a semidry blotting apparatus. 
The PVDF membrane was blocked by incubation overnight in 
TBST containing 5% non-fat milk at 4°C. The immunoblotting 
assays were conducted with polyclonal anti-serums (primary 
antibodies) corresponding to fusion proteins (GST:HlyF, 
MBP:Mig-14p, and OmpTp). For α-sigma 70 detection, a com-
mercial anti-sigma 70 antibody (Abcam, ab12088) was used at 
a 1:1,000 dilution in TBST buffer. The horseradish peroxidase-
conjugated anti-mouse IgG or anti-rabbit IgG were used as the 
secondary antibody. The enhanced chemiluminescence (Vazyme 
Biotech Co., Ltd.) was used for immunoblotting detection.

To analyze subcellular localization of HlyF, Mig-14p, and 
OmpTp in wild-type FY26, the four extracted subcellular compo-
nents (OM, outer membrane proteins; Sup, concentrated culture 
supernatant; IM, inner membrane proteins; Cyt, cytoplasmic 
component) were subjected to 12% polyacrylamide gels and then 
transferred to a PVDF membrane. The outer membrane protein 
groEL and cytoplasmic protein α-Sigma70 were used as the 
positive control. For groEL detection, a commercial anti-groEL 
antibody (Abcam) was used at a 1:1,000 dilution in TBST buffer. 
The enhanced chemiluminescence (Vazyme Biotech Co., Ltd.) 
was used for immunoblotting detection.

To analyze LC3 and p62 in FY26-infected HD11 cells by west-
ern blot, HD11 cells were infected with FY26 at a multiplicity of 
infection (MOI) of 5. At 1, 2, 4, 6, or 8 h post-infection (hpi), the 
cells were washed twice with PBS and then scraped from 6-well 
plate. Furthermore, HD11 cells were treated with rapamycin for 
4 h as a positive control of autophagy induction, and incubated 
with FBS-free RPMI 1640 media as the negative control. The cells 
were lysed by incubation with cell lysis buffer (50 mM Tris–HCl, 
2 mM EDTA, 0.1% SDS, 150 mM NaCl, 1% Triton X-100, 5 mM 
sodium orthovanadate, 0.1 mM PMSF, and pH 7.4) containing a 
protease inhibitor cocktail (Roche). The supernatant of cell lysates 
was collected by centrifugation (12,000 × g) for 20 min at 4°C. 
The protein concentration of the supernatant was determined 
using the BCA assay (Thermo). SDS-PAGE was performed with 
equal amounts of cell proteins. The western blot was performed 
by using anti-LC3 antibody (Abcam, ab63817), anti-p62 antibody 
(Abcam, ab101266), and anti-β-actin antibody (Abcam, ab8227). 
Densitometry analysis was performed to determine the relative 
quantification. The data for the ratio of LC3-II and p62 to β-actin 
were acquired from three independent experiments.

intracellular survival assay
The intracellular survival assays were performed according to the 
previous study (15). HD11 cells were infected with FY26 variants 
for an MOI of 10. After 1 h of infection, infected cells were treated 
with gentamicin for 1  h to kill the extracellular bacteria. The 
bacteria in HD11 cells after treated with gentamicin at different 
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time points (2, 3, 5, 7, and 15 h) were measured by plate counting. 
The internalized bacteria at 2 hpi were used as the initial number 
of intracellular bacteria for data calculation. Intracellular survival 
level was calculated as change (n-fold) in bacterial number at a 
given time point relative to initially internalized bacteria. The 
intracellular survival assays were performed in triplicate.

immunofluorescence Microscopy
Immunofluorescence analysis for Mig-14p localization was per-
formed according to the previously study with some modifications 
(10, 42). Briefly, bacteria cells were harvested by centrifugation 
and then washed twice with PBS. The cells were fixed in 2.67% 
paraformaldehyde and 0.01% glutaraldehyde for 15 min and then 
washed twice with GTE buffer (50 mM glucose, 25 mM Tris–HCl, 
10 mM EDTA, and pH 8.0). The cells were resuspended in GTE, 
and incubated overnight at 4°C. The cells were permeabilized 
by incubation with 10  mg/ml of lysozyme and 5  mM EDTA 
for 30  min at room temperature, and then washed twice and 
blocked in 0.5% BSA for 15 min. The bacteria were treated with 
anti-Mig-14p serum (1:500 diluted in PBS containing 1% BSA) 
at 37°C for 2 h, and then washed three times. The bacteria were 
next incubated with goat anti-mouse IgG-FITC (1:500 dilution; 
EarthOx) for 1 h at 37°C and washed three times. The bacteria 
membrane was stained with 10 µM FM4-64 (Molecular Probes, 
Invitrogen) (43), and DNA was stained with 2  µg/ml DAPI 
(Sigma-Aldrich). The bacterial suspensions (10 µl) were visual-
ized and photographed using a Zeiss LSM-510 META confocal 
laser scanning microscope.

To visualize and quantify the intracellular bacteria, immu-
nofluorescent imaging assays were performed (15, 36). Briefly, 
the infected HD11 cells at the MOI of 5 were washed with PBS 
and fixed in 3% paraformaldehyde, and then treated with 0.1% 
Triton X-100 in PBS for 3 min. After blocked with 5% BSA in 
PBS, cells were incubated for 2  h with the different diluted 
primary antibodies, including the commercial rabbit polyclonal 
anti-Ubiquitin (Ub) antibody (Abcam, EPR8589), anti-LC3B 
antibody (Abcam, ab63817), and anti-LAMP1 antibody (Abcam, 
ab24170). The rabbit polyclonal anti-galectin 8 (Gal8) antibody 
was prepared from the rabbit serum immunized with purified 
recombinant chicken Gal8/LGALS8 (Gallus gallus, reference 
sequence: XM_015284119.1).

The infected cells were fixed in 2.67% paraformaldehyde and 
0.01% glutaraldehyde for 15 min, and blocked in 2.5% BSA for 1 h. 
Then washed cells were treated with TRITC goat anti-rabbit IgG 
(EarthOx, San Francisco) at 37°C for 1 h. The washed cells were 
incubated for 1 h with mouse polyclonal anti-ExPEC antibody 
and then treated with goat anti-mouse Alexa Fluor 488-conju-
gated IgG. The cells were next incubated with DAPI at 37°C for 
30 min. Samples were washed three times and observed using a 
Zeiss LSM-510 META confocal laser scanning microscope. For 
LysoTracker labeling, cells were incubated with LysoTracker (red 
DND-99; Invitrogen) at a final concentration of 75 nM for 1 h 
before ExPEC infection. The number of intracellular bacteria 
could be directly counted from immunofluorescent imaging. 
Data for quantification of the colocalization rates represented 
the results of more than 100 infected HD11 cells in at least three 
independent tests.

isolation of OMVs
The bacterial OMVs were isolated according to previous studies 
with slight modifications (23, 44, 45). Briefly, the bacteria were 
cultured in 500 ml of LB medium for 16 h (37°C, 180 rpm). The 
cultured supernatant was collected by centrifugation (10,000 × g) 
to remove the bacteria. To remove the bacteria completely, the 
supernatant was further filtered twice by a 0.22 µm sterile filter. 
OMVs were isolated from the filtered supernatants by ultracen-
trifugation (200,000 × g, 2 h, 4°C) in a 45 Ti rotor (Beckman). 
The obtained OMVs precipitation was washed once with PBS and 
subjected to ultracentrifugation again. The OMVs pellets were 
resuspended in 50 µl TE buffer and stored at −80°C. The isolated 
OMVs were visualized by transmission electron microscopy 
(TEM) under 100,000× original magnification according to 
the previous described (23). Quantification of the OMVs was 
performed from more than 10 images (high-power field) for 
each strain using the ImageJ software. The average number of 
OMVs per field was quantified from at least four independent 
experiments.

resUlTs

Molecular characterization of hlyF, Mig14 
Ortholog (Mig14p), and OmpT Variant 
(OmpTp) encoded by colV Plasmids
To date, few studies have identified the molecular pathogenic 
mechanism of plasmid-encoding virulence factors from ExPEC 
isolates, particularly the ColV-related plasmids, which are ubiq-
uitously distributed among ExPEC and responsible for the capa-
bilities of ExPEC colonization and fitness during its infection.  
The hlyF and the adjacent virulence genes, encoding putative  
Mig-14 ortholog and OmpT variant, are conserved in ColV-related 
plasmids (Figure  1A). The sequence alignment showed ColV 
plasmid-encoded Mig-14 ortholog (Mig-14p) shared about 57% 
identity with Salmonella Mig-14; while OmpT variant (OmpTp) 
shares approximately 73% homology to E. coli chromosome-
encoding OmpT (Figure S1 in Supplementary Material). qRT-
PCR results showed that the in vitro transcriptional levels of hlyF, 
Mig-14p, and OmpTp were close to that of ExPEC housekeeping 
gene dnaE under routine condition. Furthermore, RNA levels of 
hlyF, Mig-14p, and OmpTp were significantly enhanced about 
44.5-, 34.9-, and 10.1-fold in FY26-infected HD11 macrophages 
relative to those under routine condition, and similar results were 
detected in FY26-infected U937 cells (Figure 1B). Moreover, co-
transcription test for intergenic regions was conducted to evalu-
ate whether hlyF, Mig-14p, and OmpTp formed one operon. As 
shown in Figure 1C, the transcription between hlyF and Mig-14p 
could be detected, but not between OmpTp and hlyF, suggesting 
hlyF and Mig-14p belonged to one operon, whereas OmpTp was 
a single transcriptional unit.

For the expression of OmpTp, we referred to the relevant 
reports and selected the expression vector pET-28a for a small 
fusion protein tag (28, 46). However, HlyF and Mig-14p proteins 
by plasmid pET-28a or pET-32a were not successfully expressed. 
Then, we select the more hydrophilic labels MBP or GST to 
express the HlyF and Mig-14p fusion proteins (23). HlyF fusion 
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FigUre 1 | Molecular characterization and subcellular localization of HlyF, Mig-14p, and OmpTp encoded by ColV plasmids in extraintestinal pathogenic 
Escherichia coli (ExPEC) strain FY26. (a) Chimeric feature and genetic context of hlyF, Mig-14p, and OmpTp located in ColV plasmids. The arrows and its direction 
indicated the gene size and transcription direction for these genes. (B) The transcription levels of hlyF, Mig-14p, OmpTp, and ompT (negative control) in strain FY26 
under different conditions by quantitative real-time RT-PCR (qRT-PCR). The transcriptional differences of these genes during FY26 infecting HD11 and U937 cells 
were determined relative to that in routine culture condition (uninfected in vitro). The qRT-PCR data (relative to housekeeping gene dnaE) from three independent 
experiments were used to identify the transcriptional differences (fold change), and statistically significant differences were determined using one-way ANOVA 
analysis (***P < 0.01). (c) The co-transcription test for intergenic regions of hlyF, Mig-14p, OmpTp, and adjacent genes by PCR. Total RNA of FY26 was reversely 
transcribed to cDNA (PCR amplification templates). The negative control was the non-reverse transcriptional RNA. (D) Western blot analysis for the expression of 
HlyF, Mig-14p, and OmpTp in wild-type FY26, the mutants, and corresponding complemented strains. The immunoblotting assays were conducted with polyclonal 
anti-serums corresponding to fusion proteins (GST:HlyF, MBP:Mig-14p, and OmpTp), and detecting α-Sigma 70 expression acted as a reference. (e) Western blot 
analysis for subcellular localization of HlyF, Mig-14p, and OmpTp in wild-type FY26. Four FY26 subcellular components (OM, outer membrane proteins; Sup, 
concentrated culture supernatant; IM, inner membrane proteins; Cyt, cytoplasmic component) were separated and used to immunoblotting assays. The outer 
membrane protein groEL and cytoplasmic protein α-Sigma70 acted as the positive control. (F) Immunofluorescent detection of Mig-14p protein in ExPEC. 
FY26ΔmalE, FY26ΔMig-14p/malE, and FY26ΔmalE-CHlyF/Mig-14p for immunofluorescence detecting were fixed and probed with anti-MBP:Mig-14p serum and 
then labeled with fluorescent secondary antibodies conjugated to FITC. DAPI was used to label bacteria nucleic acid, and plasma membrane was stained by FM 
dyes. Scale bars = 1 μm.
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protein was successfully expressed by plasmids pCold-GST and 
pCold-malE. And Mig-14p fusion protein could be expressed 
by the plasmid pCold-malE. The fusion proteins GST:HlyF, 
MBP:Mig-14p, and OmpTp were overexpressed and purified 
(Figure S2 in Supplementary Material), and the corresponding 
anti-serums for these fusion proteins were prepared. The deletion 
mutants of hlyF, Mig-14p, OmpTp, or other genes were con-
structed on wild-type FY26 (Table S1 in Supplementary Material). 
Subsequently, the complemented strains were constructed 
by transformation of plasmids (pSTV28-hlyF, pSTV28-hlyF/
Mig-14p, and pSTV28-OmpTp) to the corresponding mutants 
(Table S1 in Supplementary Material). The expression of HlyF, 
Mig-14p, and OmpTp was detected by immunoblotting with the 
corresponding anti-serums. As shown in Figure 1D, the expres-
sion of HlyF, Mig-14p, and OmpTp could be detected in strain 
FY26 and complemented strains, but not in the corresponding 
mutant strains. The previous studies demonstrated that ExPEC 
HlyF is a cytoplasmic protein, and OmpT is located in ExPEC 
outer membrane (23, 28). As shown in Figure 1E, our immuno-
blotting results were consistent with these studies, showing HlyF 
is located in the cytoplasm of wild-type FY26, and OmpT is an 
outer membrane protein of wild-type FY26.

Mig-14 is a Salmonella inner membrane protein (25), and 
immunoblotting result revealed that Mig-14p was detected only 
in the inner membrane fraction of FY26 (Figure 1E). The immu-
nofluorescent imaging of subcellular localization further showed 
that Mig-14p in FY26 and the complemented strain colocalized 
with the plasma membrane (staining by FM dyes), and deletion 
of Mig-14p abolished the colocalization (Figure 1F). The immu-
noblotting and fluorescent results identified that the putative 
Mig-14p acted as an inner membrane-related protein in ExPEC, 
similar to Salmonella Mig-14.

PhoP/PhoQ regulating the Transcriptional 
expression of hlyF and Mig14p
The host-induced transcription of hlyF, Mig-14p, and OmpTp 
suggested that unknown transcriptional regulators might be 
involved in controlling these genes expression during ExPEC 
infection (Figure 1B). To identify this possibility, we analyzed the 
trans cription promoter regions of hlyF. As shown in Figure 2A, 
the putative transcription initiation site of the hlyF operon is an A 
at nt −22 upstream of the start codon, and the −10 and −35 con-
sensus boxes with reasonable spacing were indicated. Inspection 
of the promoter region of hlyF revealed a PhoP-binding box with 
the sequence 5′-TGTTTA ATAAT TGTTTA-3′ between nt −69 
and −53 upstream of the hlyF start codon, which matched to 
the PhoP consensus binding motif “TGTTTA(N5)-TGTTTA” 
in E. coli (Figure 2A). Our results showed that a putative PhoP-
binding site was located in the promoter region of hlyF and 
Mig-14p operon.

The phoP mutant and complemented strains were constructed 
to determine its effects on the transcription level of hlyF operon 
(Table S1 in Supplementary Material). As shown in Figure 2B, the 
phoP deletion led to a substantial decrease (about 54.6- and 45.9-
fold) of hlyF and Mig-14p transcription (P < 0.01) respectively, 
and there was no obvious effect on ompT and OmpTp transcrip-
tion. Moreover, the overexpression of PhoP in FY26CphoP 

compensated the negative effect of phoP deletion on hlyF and 
Mig-14p transcription (Figure  2B). The results suggested that 
regulator PhoP was a transcriptional activator of hlyF/Mig-14p 
transcription. To further identify the positive effect of PhoP on 
the expression of HlyF and Mig-14p, the hlyF:lacZ-zeo fusion 
transcriptional reporter in ColV plasmid was constructed in the 
mutant FY26ΔlacI-Z. As expected, the β-galactosidase activities 
showed that PhoP was a positive regulator of LacZ expression 
since an obvious decrease in Miller Units of phoP mutant (about 
15.2-fold) (P < 0.01) (Figure 2C). We also assessed the effect of 
phoP deletion on HlyF and Mig-14p at the protein level. Western 
blot result showed that lack of PhoP led to the decreased expres-
sion of HlyF and Mig-14p in mutant FY26ΔphoP when compared 
with the wild-type FY26 (Figure 2D).

The EMSA was performed to identify the binding of PhoP 
to the promoter of hlyF and Mig-14p operon. The promoter of 
OmpTp acted as the negative control. The phoP gene was cloned 
into plasmid pET-28a (28, 46), and the fusion proteins PhoP were 
overexpressed and purified (Figure S2 in Supplementary Material). 
As shown in Figure 2Ea, the purified non-phosphorylated PhoP 
could bind and shift the promoter PhlyF DNA, but no binding was 
observed in the control OmpTpp fragment. In addition, mutated 
PhlyF DNA with nucleotide deletion at promoter PhlyF position nt 
−68 to −63 prevented PhoP binding (Figure 2Eb). These results 
provided additional support to the hypothesis that the region 
−75/−59 was a PhoP-binding box. The results demonstrated 
that PhoP could directly bind to the PhlyF promoter. Moreover, 
phosphorylation of PhoP enhanced its binding affinity for PhlyF 
promoter. EMSA result showed that an obviously increased 
efficiency for phosphorylated PhoP to bind and shift the PhlyF 
fragment compared with that of non-phosphorylated PhoP 
(P < 0.01) (Figure 2Ec,d).

Recent studies show PhoP/PhoQ has important roles in 
Salmonella survival in macrophages. The histidine kinase PhoQ 
activity of Salmonella can be induced by the antimicrobial factors 
in macrophage phagosome, such as acidic pH and AMPs, which 
can destroy and kill the pathogenic bacteria (33, 47). The acti-
vated PhoQ enhances the phosphorylation level of PhoP before 
PhoP upregulates the Salmonella virulence factors to resist the 
phagocytes clearance (32, 47). Salmonella PhoQ can be activated 
in vitro by exposure at pH 5.0 or with CAMPs at sub-inhibitory 
concentrations in growth medium (containing 10  mM MgCl2) 
(32, 33, 47). We next determined whether ExPEC PhoQ could 
be activated in vitro at acidic pH or in the presence of CAMPs. 
Figure 2F showed that the transcription levels of hlyF and Mig-
14p in wild-type FY26 were increased at mildly acidic pH or after 
CAMPs treatment. The pH and CAMPs dependent activation  
was observed at 10 mM MgCl2. The transcriptions of hlyF and  
Mig-14p were increased 11.2- and 9.2-fold when the pH was swit- 
ched from 7.5 to 5.0, respectively (P < 0.01) (Figure 2Fa). The 
transcription of hlyF and Mig-14p increased 8.7- and 7.2-fold 
by adding CAMPs in growth medium, respectively (P  <  0.01) 
(Figure  2Fb). Activation by acidic pH and CAMPs was not 
observed in the phoQ mutant, and enhanced transcription of hlyF 
and Mig-14p was also observed in the complemented PhoQ strian 
(Figure 2F). Previous research confirms that the PhoQ activity 
was suppressed by the high level of divalent cation (10  mM 
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FigUre 2 | Molecular identification of PhoP/PhoQ regulating the transcriptional expression of HlyF and Mig-14p. (a) Schematic illustration of transcription promoter 
regions of hlyF and Mig-14p operon. The PhoP-binding motifs, −10/−35 consensus boxes, transcription initiation site and hlyF start codon were marked by 
underline. (B) Quantification of the transcription levels for hlyF, Mig-14p, OmpTp, and ompT among wild-type FY26, the phoP mutant, and complemented strain by 
quantitative real-time RT-PCR (qRT-PCR). The qRT-PCR data (relative to housekeeping gene dnaE) from three independent experiments were used to identify the 
transcriptional differences (fold change), and statistically significant differences were determined using one-way ANOVA analysis (***P < 0.01). (c) The β-
galactosidase activities among FY26 variants, carrying hlyF:lacZ transcriptional fusion, were determined by the Miller assay. The hlyF transcriptional levels among 
FY26 variants were indirectly evaluated by measuring β-galactosidase activities. Data acquired from at least four independent experiments performed in triplicate, 
and the mean values ± SEs were shown. The statistically significant differences were determined using one-way ANOVA analysis (***P < 0.01). (D) Western blot 
analysis for HlyF and Mig-14p expression in wild-type FY26, the phoP mutant, and complemented strains. The immunoblotting assays were conducted with 
polyclonal anti-serums corresponding to fusion proteins (GST:HlyF and MBP:Mig-14p,). Detecting the expression of α-Sigma70 and MBP acted as references. (e) 
Characterization of interaction of PhoP with promoter PhlyF DNA by EMSA. [(e), a] The purified non-phosphorylated PhoP could bind and shift the promoter PhlyF 
DNA. Non-radioactive EMSA was used to detect the band shift of promoter PhlyF DNA. The EMSA probes for PhlyF DNA fragment (200 bp) and the negative control 
(200 bp) for OmpTp promoter were amplified by PCR. EMSAs were performed by adding increasing amounts of non-phosphorylated PhoP in binding reactions, as 
described in Experimental Procedures. [(e), b] EMSA showing specificity of PhoP binding to promoter PhlyF DNA. The mutated PhlyF DNA with nucleotide deletion at 
promoter PhlyF position nt −68 to −63 (PhoP-binding site) was amplified by PCR. EMSAs were performed to determine the binding affinity between PhlyF DNA and 
the mutated PhlyF. [(e), c] Effect of PhoP phosphorylation on the PhlyF DNA binding affinity. The phosphorylated PhoP with different concentrations was added in the 
binding reactions. [(e), d] The intensity of shifted PhlyF DNA bands between non-phosphorylated PhoP (a) and phosphorylated PhoP (c) was determined and plotted 
with PhoP protein concentration. (F) The acidic pH and CAMPs activating extraintestinal pathogenic Escherichia coli (ExPEC) histidine kinase PhoQ. Bacteria (FY26, 
FY26ΔphoQ, and FY26CphoQ) were grown in M9 media with 10 mM Mg2+ at pH 7.5 or pH 5.0 (acidic pH). [(F), a] The transcription levels of hlyF and Mig-14p for 
ExPEC strain FY26 were increased with the inducing signal for mildly acidic pH. Bacteria were grown in M9 media with adding CAMPs or non- CAMPs (10 mM Mg2+ 
at pH 7.5). The transcription levels of hlyF and Mig-14p with the inducing signal for CAMPs shown in [(F), b]. [(F), c] The signals for acidic pH and CAMPs could 
additively activate ExPEC PhoQ and upregulate the transcription of hlyF operon. Data acquired from at least four independent experiments performed in triplicate, 
and the mean values ± SEs were shown. The statistically significant differences were determined using Unpaired Student’s t-test analysis (***P < 0.01).
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MgCl2) (33, 47). Our results showed that the activated PhoQ by 
acidic pH and CAMPs in ExPEC strain was independent on the 
concentration of divalent cation. Furthermore, our results showed 
that acidic pH and CAMPs could additively activate ExPEC PhoQ 
and upregulate the transcription of hlyF operon (Figure 2Fc). The 
PhoQ activation at acidic pH was greater with the simultaneous 
presence of CAMPs, and transcriptions of the hlyF and Mig-14p 
further enhanced about 6.5- and 5.6-fold on the basis of acidic 
condition (pH 5.0), respectively (P < 0.01) (Figure 2Fc).

Functional analysis of Mig14p and 
OmpTp conferring exPec resistance  
to the cationic antimicrobial Peptides 
(aMPs)
Due to the selective stress of therapeutic CAMPs, many Gram-
negative bacteria have evolved specific mechanisms to resist the 
bactericidal effects of CAMPs. Moreover, recent reports confirm 
the CAMP-resistance phenomenon is associated with cross-
resistance toward CAMP effectors of host innate immune system 
and results in persistent infection. AMP/defensin susceptibility 
tests were conducted to determine whether HlyF, Mig-14p, 
and OmpTp could resist AMPs bactericidal effect. MICs results 
revealed that strain FY26 exhibited higher resistance to CAMPs 
LL-37 and HBD2 than that of RS218, a prototypic NMEC 
strain without ColV plasmids (39) (Table S3 in Supplementary 
Material). Deletion of Mig-14p and OmpTp sensitized FY26 to 
the LL-37 and HBD2 with decreased MICs for these mutants 
(Table S3 in Supplementary Material). The loss of PhoP reduced 
the MICs to LL-37 and HBD2 by 16- and 8-fold, respectively. 
However, the MICs results showed that deletion of HlyF had no 
effect on FY26 resistance to CAMPs (Table S3 in Supplementary 
Material). Moreover, the corresponding complemented strains of 
Mig-14p or OmpTp enhanced the resistance to LL-37 and HBD2 
(Table S3 in Supplementary Material). Subsequently, the MICs 
result showed that Mig-14p expression in the complemented 

RS218CHlyF/Mig-14p exhibited fourfold and eightfold increa-
sed susceptibilities to LL-37 and HBD2, compared with that of  
wild-type RS218 (Table S3 in Supplementary Material).

Cationic antimicrobial peptides killing assays were further 
conducted to identify whether Mig-14p and OmpTp could confer 
ExPEC resistance to CAMPs. As shown in Figure 3A, FY26ΔMig-
14p mutant showed increased susceptibility to both LL-37 (25.3%) 
and HBD2 (16.5%) (P  <  0.01) compared with the wild-type 
FY26. FY26ΔOmpTp mutant showed increased sus ceptibility to 
both LL-37 (about 32.5% survival) and HBD2 (42.5% survival), 
respectively (P  <  0.01). Interestingly, FY26ΔPhoP mutant 
exhibited higher susceptibility to LL-37 and HBD2 (9.8 and 6.9% 
survival, respectively, relative to FY26) (P < 0.01) (Figure 3B), 
suggesting that PhoP/PhoQ could mediate ExPEC resistance to 
CAMPs through more than one regulatory pathways, for exam-
ple, PhoQ/PhoP can regulate E. coli to activate lipopolysaccharide 
(LPS) modification in increased bacterial resistance to CAMPs 
(48). By contrast, FY26ΔHlyF showed no increased susceptibility 
to CAMPs when compared with FY26, which suggested that HlyF 
was not associated with ExPEC CAMPs resistance (Figure 3A). 
Furthermore, overexpression of the Mig-14p and OmpTp in 
FY26 mutants significantly increased the survival when exposed to 
LL-37 and HBD2. The survival level of the OmpTp complemented 
strain restored to that of wild-type FY26, and the survival of the 
complemented Mig-14p was higher than that of FY26 (P < 0.01) 
(Figure 3B). Similarly, the overexpression of Mig-14p and OmpTp 
in RS218 conferred their resistance to CAMPs (Figure 3C). The 
survival level of the complemented OmpTp strain RS218COmpTp 
was higher than that of wild-type RS218, and RS218 only pos-
sessed about 44.2% survival to LL-37 and 39.7% survival to HBD2 
compared with that of the overexpressed strain RS218COmpTp. 
The survival of RS218CHlyF/Mig-14p was enhanced about 3.9-
fold to LL-37 and 4.4%-fold to HBD2, respectively, relative to 
that of RS218 (P < 0.01) (Figure 3D). Thus, our data indicated 
that Mig-14p and OmpTp in ColV plasmids had important roles 
to confer ExPEC resistance to CAMPs, and the resistance effect 
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FigUre 3 | The Mig-14p and OmpTp conferring extraintestinal pathogenic Escherichia coli (ExPEC) resistance to CAMPs. CAMPs killing assays were conducted  
to determine the roles of Mig-14p and OmpTp in ExPEC resistance to CAMPs. (a) The sensitivity of wild-type FY26, the Mig-14p mutant, the OmpTp mutant, and 
complemented strains to LL-37. (B) The sensitivity of wild-type FY26, the Mig-14p mutant, the OmpTp mutant, and complemented strains to HBD2. (c) CAMPs 
killing assays were conducted to determine that overexpression of Mig-14p and OmpTp in RS218 increased its resistance to LL-37. (D) Overexpression of Mig-14p 
and OmpTp in RS218 increased its resistance to HBD2. Data are expressed as the percent difference in survival following a 2 h exposure to LL-37. Survival in each 
assay was normalized to the value of the wild-type FY26. Data acquired from at least four independent experiments, and the mean values ± SEs were shown.  
The statistically significant differences were determined using one-way ANOVA analysis (*P < 0.01).
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of Mig-14p was greater than that for OmpTp based on CAMPs 
susceptibility and killing tests.

PhoP/PhoQhlyF Pathway Was essential 
for exPec intracellular survival in 
Macrophages
Previous studies have shown that ExPEC can survive and replicate 
in macrophages (15, 16, 49). The acidic pH and CAMPs acted as 
the antimicrobial factors in macrophage phagosome to kill the 

pathogenic bacteria (31, 32). Our results had confirmed that the 
two signals (acidic pH and CAMPs) could directly activate ExPEC 
PhoP/PhoQ, and PhoP could directly regulate the expression 
of HlyF and Mig-14p. Therefore, HlyF operon presented host-
induced transcription during ExPEC infection in macrophages. 
Moreover, Mig-14p and OmpTp could confer ExPEC resistance 
to CAMPs. To further investigate the contribution of HlyF, 
Mig-14p, OmpTp, and PhoP/PhoQ on ExPEC interaction with 
macrophages, we measured intracellular survival of wild-type 
FY26, the mutants, and complemented strains. As expected, 
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the intracellular survival of Mig-14p and OmpTp mutants were 
impaired in HD11 macrophages compared with wild-type FY26 
(P  <  0.05) (Figure  4A). Meanwhile, the intracellular survival 
of the mutants lacking the HlyF or PhoP was also significantly 
impaired when compared with FY26 (P < 0.01) (Figure 4A). The 
survival rates of the hlyF mutant at 4 h post-infection (hpi) and 
8  hpi were significantly decreased about 31.9 and 24.9% when 
compared with that of FY26 (P < 0.01) (Figure 4A). The survival 
rates of phoP mutant at 4 and 8 hpi were just only 31.9 and 24.9% 
compared with that of FY26, respectively (P < 0.01) (Figure 4A). 
As shown in Figure 4B, the survival rates of the complemented 
HlyF and Mig-14p strains were restored to that of wild-type FY26 
(P > 0.05). Moreover, we determined the survival rates of ColV 
plasmidless RS218 and its complemented HlyF, Mig-14p, and 
OmpTp strains. The results showed that survival level of RS218 
was obviously lower than that of FY26, and the survival level of the 
complemented HlyF and pMig strains were significantly higher 
than that of RS218 (P < 0.01) (Figure 4C). But the complement of 
OmpTp in RS218 had slightly effect on the survival level, compared 
with RS218 (P < 0.05) (Figure 4C). These results clarified that the 
activity of TCS PhoP/PhoQ was required for ExPEC survival in 
macrophages. HlyF and Mig-14p acted as intracellular survival 
factors to promote ExPEC resistance to killing by macrophages.

PhoP/PhoQhlyF Pathway Was required 
for exPec to Prevent Phagolysosomal 
Fusion/acidification and Damage the 
Phagolysosomal Membranes
After phagocytic uptake of bacteria by lysosomes, the essential 
micro -bicidal mechanism depends on fusion of microbe-
containing lysosomes to the phagosomes and the formation of 
the microbicidal phagolysosomes (50–52). To infect successfully 
after breaking through host barriers, pathogens have developed 
various strategies to resist phagocytic killing in macrophages  
(36, 53–55). However, the intracellular survival mechanism asso-
ciated with ExPEC pathogenesis is not well-understood. To better 
understand how ExPEC survive in macrophages, we investigated 
roles of PhoP/PhoQ-HlyF pathway in promoting ExPEC resis-
tance to macrophages killing. The immunofluorescence labeling 
was performed to identify the intracellular localization of ExPEC 
in macrophages after phagocytosis. To determine whether ExPEC-
containing vesicle formation depended on the classical process of 
phagolysosomes maturation, the colocalization with LAMP1 and 
bacteria within macrophages was detected. The heat-killed (HK) 
bacteria were used as a positive control, and over 90% of heat-killed 
(HK) bacteria were colocalized with LAMP1 at 2 and 4 hpi, respec-
tively (P < 0.01) (Figure 5A). The colocalization rates of LAMP1 
with wild-type bacteria were approximately 50.7 and 36.3% under 
the infection of FY26 in HD11 macrophages at 2 and 4 hpi, respec-
tively (P < 0.01) (Figure 5A). In HlyF-deficient mutant infected 
cells, about 68.3 and 76.3% of labeled ExPEC bacteria were associ-
ated with LAMP1 at 2 and 4 hpi after uptake in HD11, respectively. 
Compared with wild-type FY26, the association with LAMP1 was 
significant enhanced after hlyF deletion (P < 0.01) (Figure 5A). 
As anticipated, the colocalization between LAMP1 and the phoP 
mutant was significant enhanced about 74.3 and 79.0% at 2 and 

4 hpi after exposed to HD11, respectively (P < 0.01) (Figure 5A). 
The enhancement of the colocalization after HlyF and PhoP 
deletion suggested that PhoP/PhoQ-HlyF pathway might prevent  
the fusion of ExPEC-containing phagosomes with lysosomes.

In above section, we showed PhoP/PhoQ-HlyF pathway was 
essential for ExPEC intracellular survival, suggesting that PhoP/
PhoQ-HlyF interfered with phagolysosomal killing. The phago-
lysosomal acidification by a markedly acidic pH (pH 4.5–5) is 
required for the mature phagolysosomes to achieve effectively 
bacterial killing and degradation (54, 55). An acidotropic probe 
dye (LysoTracker Red DND-99) was used to label and track the 
acidic phagolysosomes. As shown in Figure 5B, the colocaliza-
tion rates of LysoTracker probe with wild-type bacteria were 
only 12.7 and 11.3% in FY26-infected HD11 macrophages at 
2 and 4  hpi, respectively (P  <  0.01). In HlyF-deficient mutant 
infected cells, more than 36.3 and 56.3% of labeled ExPEC bac-
teria had undergone acidification at 2 and 4 hpi. As anticipated, 
the colocalization with LysoTracker probe for PhoP mutant was 
significantly enhanced about 41.0 and 62.3% at 2 and 4  hpi, 
respectively (P < 0.01) (Figure 5B). The association with acidic 
phagolysosomes was significantly increased due to hlyF and phoP 
deletion during the ExPEC infection (P < 0.01) (Figure 5B). The 
finding further identified that PhoP/PhoQ-HlyF pathway could 
prevents phagolysosomal acidification.

The lower colocalization of wild-type FY26 with LAMP1-
positive phagolysosomes during its infection suggested that 
wild-type FY26 could escape from phagolysosomes and enter the 
cytosol. To further evaluate whether PhoP/PhoQ-HlyF pathway 
was involved in membrane damage in the ExPEC-containing 
vesicle, the bacteria within macrophages was detected for their 
colocalization with Gal8, a cytosolic lectin used as the label for 
vesicle membranes damage. The vesicle membrane contains lots 
of galactosides in its interior surface, and Gal8 can directly bind 
galactosides (54). When the vesicle membrane is damaged, these 
galactosides are leaked into the cytosol, thereby promoting Gal8 
binding to the bacterial-containing damaged vesicle (56). As 
shown in Figure 5C, the colocalization of Gal8 with wild-type 
bacteria was more than 66.3 and 42.0% in FY26-infected HD11 
macrophages at 2 and 4  hpi, respectively (P  <  0.01). In HlyF 
mutant infected cells at 2 and 4 hpi, only 23.3 and 26.7% of labeled 
ExPEC bacteria colocalized with Gal8, respectively. As expected, 
the colocalization rates with Gal8 for PhoP mutant was merely 
about 21.2 and 19.8% at 2 and 4 h (P < 0.01) (Figure 5C). The 
association with Gal8 was significantly decreased after hlyF and 
phoP deletion during ExPEC infecting macrophages (P < 0.01) 
(Figure 5B). The finding supported that PhoP/PhoQ-HlyF was 
involved in bacterial-containing vesicle membrane damage, 
thereby preventing phagolysosomal fusion and acidification and 
promoting ExPEC to escape into the cytosol.

PhoP/PhoQhlyF Pathway Promoted  
the Formation of exPeccontaining 
autophagosome During survival in 
Macrophages
Many invasive bacteria can survive and proliferate in profes-
sional phagocytes upon its infection. These pathogens sometimes 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


13

Zhuge et al. ExPEC Replication in Macrophages

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 788

FigUre 4 | Continued

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 4 | PhoP/PhoQ-HlyF pathway contributed to ExPEC intracellular survival in macrophages. (a) To investigate the contribution of HlyF, Mig-14p, OmpTp, and 
PhoP on FY26 survival within macrophages. The intracellular survival of wild-type FY26 and four mutants were determined, as fold change in intracellular bacterial 
number at post-infection time points (4, 6, 8, and 16 hpi) compared with the initial number of intracellular bacteria for 2 hpi. (B) To determine the survival rates of 
FY26 and its complemented strains for HlyF, Mig-14p, and OmpTp. (c) To determine the survival rates of ColV plasmidless RS218 and its complemented strains for 
HlyF, Mig-14p, and OmpTp. Data acquired from at least four independent experiments performed in triplicate, and the mean values ± SEs were shown. The 
statistically significant differences were determined using two-way ANOVA analysis (*P < 0.05; ***P < 0.01).
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escape from bacteria-containing vesicles and enter the cytosol. 
During infection in the cytosol, pathogens induce and activate 
macroautophagy (microorganism-specific autophagy), which is 
a critical innate immune response pathway to target and degrade 
intracellular microorganisms (57–59). The autophagosomes  
(the typical double membrane compartments) are established 
during the autophagy, and the autophagy adaptor protein LC3 
and p62 act as the typical markers for bacteria-containing auto-
phagosome formation (57, 60). Extensive works confirm that the 
LC3-I is gradually converted into LC3-II during the activated 
autophagy in response to bacterial infection, and autophagy-
recruited LC3-II colocalizes with bacteria-containing autophago-
somes. Simultaneously, the p62 is gradually degraded during 
autophagosome formation, and decreased p62 expression acted 
as the critical index for testing autophagic degradation (50, 52). 
Eventually, LC3-decorated autophagosomes are delivered into 
the lysosome to form degradative autolysosomes during antibac-
terial autophagy process (50, 51). To investigate whether ExPEC 
infection could induce macrophages autophagic response, we 
analyzed LC3 and p62 of HD11 macrophages after infected with 
FY26 by Western blotting. The autophagy level was determined 
by the ratio of LC3-II/β-actin band intensity among different time 
points of post-infection. As a control of autophagy induction, the 
western blot for HD11 cells without infection or pretreated with 
rapamycin was shown in Figure S3 in Supplementary Material. 
The result showed that expression of LC3-II was gradually 
increased in infected cells from 1 to 8 hpi, and the ratio of p62/β-
actin intensity showed the p62 expression level in HD11 cells 
was gradually decreased (P  <  0.05) (Figure  6A). Another key 
hallmark of the autophagy is Ub, and poly-ubiquitination acts as a 
tag for antibacterial autophagy (36, 61). The immunofluorescence 
labeling was performed to further identify the autophagy activity 
in FY26-infected HD11 macrophages. As shown in Figure S4 in 
Supplementary Material, the representative confocal microscopy 
image showed that LC3-labeled bacteria-containing autophago-
somes were colocalized with Ub (P  <  0.05). Together, these 
findings indicated that autophagy was activated during ExPEC 
infection.

The above studies showed that PhoP/PhoQ-HlyF was invol-
ved in the membrane damage of bacterial-containing vesicle and 
promoted ExPEC to escape into the cytosol. Due to autophagy 
in response to ExPEC infection, we further evaluated whether  
PhoP/PhoQ-HlyF pathway influenced the antibacterial autophagy 
response in FY26-infected HD11 cells. As shown in Figure 6B, 
the colocalization rates of LC3 with wild-type bacteria were more 
than 19.4 and 36.3% in FY26-infected HD11 macrophages at 2 
and 4 hpi, respectively (P < 0.01), suggesting approximately 19.4 
and 36.3% (at 2 and 4 hpi, respectively) of intracellular bacteria 
could be targeted for antibacterial autophagy. In HlyF-deficient 

mutant infected cells, only 9.0 and 14.2% of labeled ExPEC 
bacteria were colocalized with LC3 at 2 and 4 hpi. As expected, 
the colocalization rates with LC3 in PhoP-deficient mutant were 
merely about 8.1 and 11.0% at 2 and 4 hpi, respectively (P < 0.01) 
(Figure 6B). The association with LC3 was significantly decreased 
due to hlyF and phoP deletion during ExPEC infection (P < 0.01) 
(Figure  6B). The finding suggested that PhoP/PhoQ-HlyF 
pathway might promote the formation of ExPEC-containing 
autophagosome in macrophages. However, autophagy, known as 
an antibacterial defense, might be insufficient to control ExPEC 
infection, as shown by the presence of ExPEC intracellular repli-
cation in macrophages.

PhoP/PhoQhlyF signaling Pathway 
Upregulating the Production of  
exPec OMVs
Outer membrane vesicles play critical roles in pathogenesis and 
intercellular interactions of Gram-negative pathogens (62, 63). 
Many bacterial species release OMVs, including Salmonella sp., 
E. coli, Legionella pneumophila, and Pseudomonas aeruginosa. 
OMVs (10–300 nm small particles) are secreted from the bacterial 
outer membrane and mainly contain lipids, LPS, OM proteins, and 
cell wall components (23, 62, 63). Moreover, OMVs also contains 
periplasmic, inner membrane, cytoplasmic or secreted virulence 
factors and toxins, which can be transmitted to host cells and 
thereby involved in modulation of host immune response, adher-
ence, antibiotic resistance, and others (63). One study shows that 
L. pneumophila-derived OMVs are essential for its survival and 
replication in macrophages (44). Several mechanisms for OMVs 
production are identified, for example, LPS remodeling promotes 
OMVs production in Salmonella (36), but the general secretion 
mechanism of OMVs is lacking. Murase et al. identifies that the 
virulence factor HlyF is essential for ExPEC OMVs formation. 
Therefore, we next identified whether PhoP/PhoQ regulated the 
production of ExPEC OMVs. The strain FY26 and its variants for 
phoP, hlyF, and Mig-14p deletion mutants were used to determine 
the production of OMVs, as well as the RS218 and complemented 
RS218CHlyF. The OMVs of ExPEC were detected by TEM under 
the same conditions. The size range of OMVs for FY26 and RS218 
was similar to these mutants, ranging from 20 to 150 nm, which 
was consistent with the report of Murase et  al. (Figure  7A). 
Quantification of the OMVs for each strain was conducted, 
and the amount of OMVs (about 47 under 100,000× original 
magnification) in wild-type FY26 was higher than that in strain 
RS218 (about 26 per high-power field) (P < 0.01) (Figure 7B). 
The OMV production levels in the supernatant of FY26ΔHlyF 
and FY26ΔPhoP were obviously decreased about 31.9 and 
24.9%, compared with that of FY26 (P  <  0.01) (Figure  7B).  
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FigUre 6 | PhoP/PhoQ-HlyF pathway promoted the formation of extraintestinal pathogenic Escherichia coli (ExPEC)-containing autophagosome during survival  
in macrophages. (a) Western blots of LC3 and p62 in FY26-infected HD11 cells. HD11 cells were infected with FY26 at multiplicity of infection (MOI) of 50. At 1, 2, 
4, 6, or 8 h post-infection (hpi), the cells were lysed, and SDS-PAGE was performed. Western blot using antibodies against LC3, p62, and β-actin protein as 
indicated. Densitometry analysis was performed to relative quantification. The data for the ratio of LC3-II and p62 to β-actin were acquired from three independent 
experiments, and the mean values ± SEs were shown. The statistically significant differences were determined using one-way ANOVA analysis (*P < 0.01). (B) To 
determine the colocalization rates of LC3 with wild-type FY26, FY26ΔHlyF, and FY26ΔPhoP at an MOI of 5. Bacteria were labeled with an anti-ExPEC antibody 
(Alexa 488, green) and anti-LC3 antibodies (Alexa 568, red). DNA was dyed with DAPI (blue). Representative confocal microscopy images (the left side of Figure 6B) 
for 2 hpi were shown. Scale bar = 5 µm. Quantification of the colocalization rates of ExPEC strains with LC3 at 2 and 4 hpi was shown in right side of Figure 6B. 
Data for quantification of the colocalization rates represented the results of more than 100 infected HD11 cells in each of least three independent tests, and the 
mean values ± SEs were shown. The statistically significant differences were determined using one-way ANOVA analysis (*P < 0.01).

FigUre 5 | PhoP/PhoQ-HlyF pathway mediated extraintestinal pathogenic Escherichia coli (ExPEC) to prevent phagolysosomal fusion/acidification and damage  
the phagolysosomal membranes. (a) To determine the colocalization rates of LAMP1 with live or heat-killing (HK) wild-type FY26, FY26ΔHlyF, and FY26ΔPhoP at  
a multiplicity of infection (MOI) of 5. Bacteria were labeled with an anti-ExPEC antibody (Alexa 488, green) and anti-LAMP1 antibody (Alexa 568, red), and DNA was 
dyed with DAPI (blue). Representative confocal microscopy images [the left side of (a)] for 2 hpi were shown. Scale bar = 10 µm. Quantification of the colocalization 
rates of ExPEC strains with LAMP1 at 2 and 4 hpi was shown in right side of (a). (B) To determine the colocalization rates of acidotropic probe LysoTracker Red 
with wild-type FY26, FY26ΔHlyF, and FY26ΔPhoP at an MOI of 5. Bacteria were labeled with an anti-ExPEC antibody (Alexa 488, green) and LysoTracker Red (red), 
and DNA was dyed with DAPI (blue). Representative confocal microscopy images [the left side of (B)] for 2 hpi were shown. Scale bar = 5 µm. Quantification of the 
colocalization rates of ExPEC strains with LysoTracker Red at 2 and 4 hpi was shown in right side of (B). (c) To determine the colocalization rates of galectin 8 
(Gal8) with wild-type FY26, FY26ΔHlyF, and FY26ΔPhoP at an MOI of 5. Bacteria were labeled with an anti-ExPEC antibody (Alexa 488, green) and anti-Gal8 
antibody (Alexa 568, red). DNA was dyed with DAPI (blue). Representative confocal microscopy images [the left side of (c)] for 2 hpi were shown. Scale bar = 5 µm. 
Quantification of the colocalization rates of ExPEC strains with Gal8 at 2 and 4 hpi was shown in right side of (c). Data for quantification of the colocalization rates 
represented the results of more than 100 infected HD11 cells in at least three independent tests, and the mean values ± SEs were shown. The statistically significant 
differences were determined using one-way ANOVA analysis (*P < 0.01).
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The deletion of Mig-14p had no effect on the FY26 OMVs pro-
duction. Moreover, the OMV production in HlyF overexpressing 
strains (FY26CHlyF and RS218CHlyF) reached to a higher level 

(mean no. about 930 and 394, respectively) compared with that of 
FY26 and RS218, respectively (P < 0.01) (Figure 7B). Considering 
that PhoP/PhoQ directly regulated the transcriptional expression 
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FigUre 7 | PhoP/PhoQ-HlyF pathway upregulating the production of extraintestinal pathogenic Escherichia coli (ExPEC) outer membrane vesicles (OMVs).  
Strains FY26, FY26ΔHlyF, FY26ΔPhoP, FY26ΔMig-14p, FY26CHlyF, RS218, and RS218CHlyF were cultured in LB at 37°C for 16 h. The OMVs in each strain 
filtrated supernatant (500 ml) were precipitated by high-speed centrifugation and resuspended with 50 µl Tris–HCl buffer. (a) The isolated OMVs of each strain  
were visualized by transmission electron microscopy (TEM) under 100,000× original magnification. For Bar: 200 nm. The OMVs for FY26CHlyF (50-fold dilution)  
and RS218CHlyF (20-fold dilution) were also detected by TEM under the same view conditions. (B) Quantification of the production of OMVs for ExPEC strains. 
More than 10 images (high-power field) for each strain were used to quantify the OMVs. Data acquired from at least four independent experiments performed  
in triplicate, and the mean values ± SEs were shown. The statistically significant differences were determined using one-way ANOVA analysis (*P < 0.01).
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of HlyF operon, we concluded that PhoP/PhoQ might trigger 
OMVs biogenesis and control the production of ExPEC OMVs by 
regulating the HlyF expression. Bacterial OMVs contain secreted 
virulence factors to modulation of host immune response  
(23, 62, 63). Since PhoP/PhoQ-HlyF signaling pathway regulated 
the production of ExPEC OMVs, OMVs might play critical roles 
in ExPEC survival and replication in macrophages.

DiscUssiOn

To infect the host, the pathogen predominantly relies on the 
adhesion, invasion, and survival abilities. More and more evi-
dences suggest that ExPEC is a primary pathogen rather than 
opportunistic pathogens to infect humans and animals (6–9). 
To successfully establish the infection after breaking through 
host barriers, ExPECs must evolve several novel mechanisms 
to replicate in macrophages. Like the mobile pathogenicity 
islands, acquisition of large plasmids by pathogen acts as 
another convenient and effective way to adapt to specific host 
environment during the infection, and these plasmids can carry 
multiple adaptability factors, including multiple drug resistance, 
virulence, and fitness in host niches (64, 65). ColV plasmids 
undertake significant roles to increase the outbreak rate and 
lethality of ExPEC infections. Although recent studies show the 
roles of large plasmids in ExPEC virulence, little is known about 
whether the ColV plasmids are associated with ExPEC survival 
and persistence in macrophages.

In this study, molecular characteristics of HlyF, Mig-14 
ortholog (Mig-14p), and OmpT variant (OmpTp) encoded 
by ColV plasmids were identified. HlyF is first discovered as a 
potential hemolysin protein in APEC, and the recent report 
by Murase et  al. clearly points out that virulence factor HlyF 
mediates production of ExPEC OMVs (23). We confirmed that 
HlyF was also located in the cytoplasm of strain FY26 (dominant 
serotype O2:K1). The sequence alignment showed Mig-14p was a 
novel Mig-14 ortholog in ExPEC, and it was the second reported 
Mig-14-like protein, which was similar to protein PA5003 in  
P. aeruginosa required for AMP recognition (38). Unlike the 
single transcriptional unit of mig-14 gene in S. enterica, the 
Mig-14p and hlyF in ExPEC ColV plasmids belong to one operon 
(25). Furthermore, our immunoblotting and immunofluorescent 
results showed that Mig-14p also acted as an inner membrane-
related protein in ExPEC. OmpTp was another novel identified 
OmpT variants in pathogenic bacteria and also located in the 
outer membrane of ExPECs (27, 28).

Currently, AMPs are considered to be one of the most promis-
ing antibiotic medicine, due to the severe multidrug resistance to 
conventional antibiotics. Most AMPs, such as cathelicidin LL-37, 
belong to cationic AMPs (CAMPs) and are short amphipathic 

peptides (26, 66). CAMPs can bind to the bacterial membrane 
surface and permeate or integrate into the cytoplasmic mem-
brane to form the pores and kill the targeted pathogenic micro-
organisms. When CAMPs enter the bacterial cytoplasm, they  
can destroy bacterial metabolic components and inhibit the 
synthesis of critical proteins, nucleic acids, and the cell wall 
components (26, 67).However, due to the selective stress of thera - 
peutic CAMPs in recent years, many reports describe that patho-
gens have evolved defense strategies to resist CAMP-mediated 
killing. Surface charge modification is an important defense 
strategy to inhibit the binding of cationic AMPs to bacteria mem- 
brane. LPS modification to increase resistance to CAMPs is the 
major mechanism responsible for surface charge modification 
in Gram-negative bacteria, such as E. coli and Salmonella, which 
regulate the modification of LPS through PhoP/PhoQ sensing 
and activation (30, 31).

Inactivating and cleaving CAMPs by membrane-related pro-
teases is another mechanism used by bacteria to inhibit CAMPs 
integration into the bacterial cytoplasm. The previous reports 
have shown that OmpT proteases are typical outer membrane 
proteins to degrade host-derived CAMPs, and Mig-14 is an 
inner membrane-associated protein to facilitate Salmonella 
resistance to CAMPs (25, 27, 28). Like OmpT and Mig-14, our 
study had identified that ColV plasmid-encoded Mig-14p and 
OmpTp played important roles in ExPEC resistance to CAMPs, 
and might inhibit the penetration of bacterial membranes by 
CAMPs. However, unlike OmpT in enterohemorrhagic and 
enteropathogenic E. coli, chromosome-encoded OmpT in 
ExPEC strain FY26 had no obvious effect on AMP-resistance, 
which might be caused by the lower transcription level of OmpT 
in FY26 (27, 28).

Cationic antimicrobial peptides are an integral part of host 
innate immune system in most multi-cellular organisms. CAMPs 
are recruited to phagolysosomes and act as a critical component 
of bacterial killing within macrophages against bacterial infec-
tion. Moreover, recent reports confirm the CAMP-resistance 
phenomenon at the same time is associated with cross-resistance 
toward host innate immune system and results in persistent infec-
tion (68, 69). Mig-14 plays an important role in the survival of 
Salmonella within macrophages. Our study showed that Mig-14p 
and OmpTp acted as intracellular survival factors to promote 
ExPEC resistance to killing by macrophages. But the intracellular 
survival effect for Mig-14p was greater than that of OmpTp. 
Recent studies demonstrate that CAMPs act as the inducible sig-
nal to activate the two-component regulatory system. The typical 
TCS CsrRS plays critical roles in oropharyngeal colonization and 
persistence of group A Streptococcus (GAS) through upregulation 
of virulence factors. CsrS can specifically sense the LL-37 signal 
by directly binding and activating the regulator CsrR (70), and 
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FigUre 8 | Illustration of PhoP/PhoQ-regulated phenotypes modulating extraintestinal pathogenic Escherichia coli (ExPEC) intracellular trafficking in macrophages. 
(a) Summary of PhoP/PhoQ-regulated phenotypes in ExPEC. In response to critical components of bacterial killing within macrophages, PhoQ was activated  
by CAMPs and acidic pH for ExPEC survival within macrophage phagolysosomes. The activated PhoQ enhances the phosphorylation level of PhoP, and 
phosphorylated PhoP enhanced its binding affinity for PhlyF promoter to upregulate the transcription of HlyF and Mig-14p (a novel PhoP regulon). Mig-14p, located  
in inner membrane, conferred ExPEC resistance to CAMPs. Mig-14p and OmpTp inhibited the penetration of bacterial membrane by CAMPs. PhoP/PhoQ triggered 
outer membrane vesicles (OMVs) biogenesis and controls the production of ExPEC OMVs by upregulating the HlyF expression. (B) Model of ExPEC intracellular 
trafficking in macrophages. ExPEC was internalized by phagocytosis. The ExPEC-containing phagosomes fused with lysosomes phagolysosomes. PhoP/
PhoQ-HlyF signaling pathway regulated the production of ExPEC OMVs, and OMVs might play critical roles in ExPEC to prevent bacterial-containing 
phagolysosomal fusion and phagolysosomal acidification. ExPEC OMVs contain some unknown toxins and effectors, which might be associated with  
ExPEC-containing phagolysosomal membrane disruption. PhoP/PhoQ-HlyF pathway promoted the escape of ExPEC from phagolysosomes and entry into 
macrophage cytosol and facilitated the formation of ExPEC-containing autophagosome. ExPEC might hijack the autophagy to promote its intracellular replication.
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LL-37 can enhance the GAS resistance to killing by host cells (71). 
Unlike CsrS, PhoP/PhoQ can be activated by the broad reper-
toire of CAMPs (72). Our study further identified that PhoQ in 
ExPEC strain could be activated by different CAMPs and further 
upregulated the expression of Mig-14p (Figure 8A). Since PhoQ 
is widely distributed in Gram-negative bacteria, it might evolve 
to sense multiple types of CAMPs.

The phagosome acidification by an acidic pH (4.5–5) is the 
critical step in phagolysosomes maturation to achieve effective 
bacteria killing and degradation (54, 55). Within the phago-
lysosomes, the bacteria are exposed to an acidic environment 
and high levels of antimicrobial molecules (53). Except for the 
activation of sensor kinase PhoQ by CAMPs, PhoQ activity 
is also induced by acidic pH. Unlike the CAMPs and divalent 
cation (Mg2+) that bind the acidic surface of the PhoQ sensor, 
environmental acidic pH is sensed through the PhoQ cytoplas-
mic domain (32, 33, 47). The PhoP/PhoQ system is best studied 
in Salmonella. The acidic pH and CAMPs sensing by PhoQ 
are dispensable for Salmonella virulence to replication within 
macrophage (30). In this study, our results unraveled that ExPEC 
PhoQ could be activated by low pH in vitro, and transcription 
levels of hlyF and Mig-14p of ExPEC strain FY26 were increased 
under mildly acidic pH or in the presence of CAMPs. Our results 
further showed that the activation of PhoQ was independent of 
divalent cation concentration, and acidic pH and CAMPs could 
additively activate ExPEC PhoQ to upregulate the transcription 
of the hlyF operon (Figure 8A).

PhoP/PhoQ system promotes ExPEC pathogenicity when 
infects the urinary tract and avian, and regulator PhoP mediates 
E. coli virulence and membrane modification. PhoP differentially 
regulates the transcription levels of hundreds of ExPEC genes 
involved in resistance to AMPs, invasion/adhesion, repression of 
motility, LPS modification, acidic pH adaptability, and oxygen-
independent changes (31, 73). Our research first identified that 
PhoP/PhoQ was essential for ExPEC intracellular survival in 
macrophages (Figure  8B). Since CAMPs, acidic pH, and the 
oxidative burst are required for macrophage phagolysosomes 
to perform bacterial killing, the functions of PhoP described by 
Alteri et al. might promote ExPEC intracellular survival. In this 
study, the roles of ColV plasmid–encoded virulence factors HlyF, 
Mig-14p, and OmpTp had been established to be required for 
ExPEC intracellular survival. We identified the critical correla-
tion (a novel PhoP/PhoQ regulatory pathway) between PhoP/
PhoQ system and its regulon (HlyF and Mig-14p), which played 
the important roles in ExPEC replication within macrophages. 
The results provided new insights into the roles of CloV plasmids 
in ExPEC virulence.

PhoP/PhoQ-HlyF pathway promoted the escape of ExPEC 
from phagolysosomes and entry into macrophage cytosol, our 
studies showed that ExPEC activated macroautophagy (57, 60), 
since immunofluorescence labeling study demonstrated LC3-
labeled ExPEC-containing autophagosome colocalized with Ub, 
a tag for antibacterial autophagy to decorate cytosolic bacteria 
(36, 61). The colocalization of LC3 with wild-type ExPEC and 
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the mutants suggested that PhoP/PhoQ-HlyF pathway might 
promote the formation of ExPEC-containing autophagosome 
during its survival in macrophages. The macroautophagy is a 
critical innate immune response pathway to target and degrade 
intracellular microorganisms (57–59). However, the autophagy 
activity might be insufficient to control ExPEC infection in 
macrophages, suggesting that ExPEC might hijack the autophagy 
to promote its intracellular replication. ExPEC can actively 
exploit autophagy to facilitate its urinary tract infection, and a 
key autophagy protein Atg16L1 deficiency confers protection 
host against ExPEC infection (74). Some bacteria even exploit 
the autophagy machinery for intracellular infection by inducing 
autophagy and sometimes blocking formation of degradative 
autolysosomes to exploit autophagosomes as replicative niches, 
such as GAS, Brucella abortus, and Yersinia (58, 75). Due to an 
incompletely understanding about ExPEC-autophagy interplay, 
whether ExPEC virulence factors facilitate the ExPEC replication 
in macrophages by hijacking the autophagy machinery needs 
further investigate.

Murase et al. clearly points out HlyF is the virulence factor to 
mediate the production of ExPEC OMVs (23). Our studies revea-
led that PhoP/PhoQ-HlyF signaling pathway upregulates the pro-
duction level of ExPEC OMVs. Our data also revealed that TCSs 
directly controlled OMVs production. HlyF is a putative dehy-
drogenase/reductase (SDR) located in E. coli cytoplasmic, and the 
SDR catalytic domain contributes to ExPEC OMV formation (23).  
A new study shows that a lipid A deacylase PagL is involved in 
Salmonella OMVs formation. Lipid A constitutes the hydro-
phobic anchor of LPS in the bacterial membrane outer leaflet, 
and LPS constitutes the basic frame structure of OMVs. The 
lipid A deacylation by PagL leads to LPS remodeling to trigger 
Salmonella OMV formation (76). However, the mechanism for 
HlyF activity to trigger the formation of ExPEC OMVs was yet 
to be elucidated. Due to SDR enzymes involved in the synthetic 
metabolism of lipid, amino acid, and carbohydrate, we speculated 
that HlyF might participate in the biosynthesis or modifica-
tion of LPS components. OMVs act as the important delivery  
vectors of bacteria, and OMV-associated components, such  
as toxins and effectors, are involved in modulation of host im - 
mune response, adherence, antibiotic resistance, and others (63).  
L. pneumophila-derived OMVs are more extensively studied, and 
a proteomic analysis shows that L. pneumophila OMVs contain 
about 70 proteins. Several OMVs-secreted effector proteins 
are involved in L. pneumophila survival and replication within 
macrophages by inhibition of phagosome-lysosome fusion (45).  
Moreover, L. pneumophila OMVs contain lots of regulatory 
small RNAs that could impact the immune response during 
host-pathogen interaction (44). The proteomic analysis of OMV 
components of enterohemorrhagic E. coli (EHEC O157:H7) 
shows a cocktail of toxins and effectors, containing Stx2a, CdtV, 
hemolysin, and proteases, which cause host cell injury and apop-
tosis via OMVs intra cellular delivery (77).

We found that ExPEC PhoP/PhoQ-HlyF pathway appeared to 
be an effective way to prevent bacterial-containing phagolysoso-
mal fusion and interfere with phagolysosomal acidification. The 
colocalization of the acidotropic probe LysoTracker showed that 
highly virulent ExPEC sabotaged phagolysosomes acidification 

(Figure  8B). Because PhoP/PhoQ-HlyF signaling pathway 
regulated the production of ExPEC OMVs, OMVs might play 
critical roles in ExPEC to prevent phagolysosomal fusion and 
acidification. ExPEC OMVs might contain some unknown toxins 
and effectors to modulation of host immune response, and pro-
teomic profiling of ExPEC OMVs need to be further identified. 
The colocalization of Gal8 with wild-type ExPEC and the mutants 
showed that PhoP/PhoQ-HlyF pathway was associated with 
the membrane damage of ExPEC-containing phagolysosomes. 
Like the EHEC O157:H7 causing host cell injury via OMVs 
intracellular delivery, we spectated that the unknown toxins or 
effectors within ExPEC OMVs might be involved in the sublytic 
membrane disruption.

aUThOr cOnTriBUTiOns

JD, XZ, and FX conceived the study and designed the experi-
ments, while YS, FT, JR, DL, JW, and MJ performed research and 
analyzed data. XZ wrote the manuscript. All the authors have 
read, critically revised, and approved the final manuscript.

acKnOWleDgMenTs

We thank Prof. Xiang Mao for helpful advice, skillful technical 
assistance, and fruitful discussions, and thanks to Qinwei Sun for 
the skillful technical drawing.

FUnDing

This work was supported by National Natural Science Foundation 
of China (grant no. 31672576 and 31702252); National Basic 
Research Program of China (Project 973; 2015CB554200); and 
the Fund of Priority Academic Program Development of Jiangsu 
Higher Education Institutions (PAPD).

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00788/
full#supplementary-material.

FigUre s1 | Sequence comparison of (a) Mig-14p and ortholog (Mig-14) in 
Salmonella and (B) alignment of OmpTp and the homolog of Escherichia coli 
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p62, and β-actin protein as indicated.
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https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00788/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00788/full#supplementary-material


21

Zhuge et al. ExPEC Replication in Macrophages

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 788

reFerences

1. Dho-Moulin M, Fairbrother JM. Avian pathogenic Escherichia coli (APEC). 
Vet Res (1999) 30(2–3):299–316. 

2. Ewers C, Janssen T, Wieler LH. [Avian pathogenic Escherichia coli (APEC)]. 
Berl Munch Tierarztl Wochenschr (2003) 116(9–10):381–95. 

3. Ewers C, Li G, Wilking H, Kiessling S, Alt K, Antao EM, et al. Avian pathogenic, 
uropathogenic, and newborn meningitis-causing Escherichia coli: how closely 
related are they? Int J Med Microbiol (2007) 297(3):163–76. doi:10.1016/ 
j.ijmm.2007.01.003 

4. Johnson TJ, Wannemuehler Y, Johnson SJ, Stell AL, Doetkott C, Johnson JR, 
et al. Comparison of extraintestinal pathogenic Escherichia coli strains from 
human and avian sources reveals a mixed subset representing potential zoo-
notic pathogens. Appl Environ Microbiol (2008) 74(22):7043–50. doi:10.1128/
AEM.01395-08 

5. Croxen MA, Finlay BB. Molecular mechanisms of Escherichia coli patho-
genicity. Nat Rev Microbiol (2010) 8(1):26–38. doi:10.1038/nrmicro2265 

6. Moulin-Schouleur M, Reperant M, Laurent S, Bree A, Mignon-Grasteau S, 
Germon P, et al. Extraintestinal pathogenic Escherichia coli strains of avian  
and human origin: link between phylogenetic relationships and common 
virulence patterns. J Clin Microbiol (2007) 45(10):3366–76. doi:10.1128/JCM. 
00037-07 

7. Moulin-Schouleur M, Schouler C, Tailliez P, Kao MR, Bree A, Germon P,  
et  al. Common virulence factors and genetic relationships between O18: 
K1:H7 Escherichia coli isolates of human and avian origin. J Clin Microbiol  
(2006) 44(10):3484–92. doi:10.1128/JCM.00548-06 

8. Alteri CJ, Mobley HL. Metabolism and fitness of urinary tract pathogens. 
Microbiol Spectr (2015) 3(3):1–20. doi:10.1128/microbiolspec.MBP-0016-2015 

9. Subashchandrabose S, Hazen TH, Brumbaugh AR, Himpsl SD, Smith SN, 
Ernst RD, et al. Host-specific induction of Escherichia coli fitness genes during 
human urinary tract infection. Proc Natl Acad Sci U S A (2014) 111(51): 
18327–32. doi:10.1073/pnas.1415959112 

10. Zhu-Ge XK, Pan ZH, Tang F, Mao X, Hu L, Wang SH, et al. The effects of 
upaB deletion and the double/triple deletion of upaB, aatA, and aatB genes on 
pathogenicity of avian pathogenic Escherichia coli. Appl Microbiol Biotechnol 
(2015) 99(24):10639–54. doi:10.1007/s00253-015-6925-2 

11. Vigil PD, Wiles TJ, Engstrom MD, Prasov L, Mulvey MA, Mobley HL.  
The repeat-in-toxin family member TosA mediates adherence of uropatho-
genic Escherichia coli and survival during bacteremia. Infect Immun (2012) 
80(2):493–505. doi:10.1128/IAI.05713-11 

12. Antao EM, Wieler LH, Ewers C. Adhesive threads of extraintestinal patho-
genic Escherichia coli. Gut Pathog (2009) 1(1):22. doi:10.1186/1757-4749-1-22 

13. Mitchell NM, Johnson JR, Johnston B, Curtiss R III, Mellata M. Zoonotic 
potential of Escherichia coli isolates from retail chicken meat products and 
eggs. Appl Environ Microbiol (2015) 81(3):1177–87. doi:10.1128/AEM. 
03524-14 

14. Manges AR, Johnson JR. Food-borne origins of Escherichia coli causing 
extraintestinal infections. Clin Infect Dis (2012) 55(5):712–9. doi:10.1093/ 
cid/cis502 

15. Zhuge X, Tang F, Zhu H, Mao X, Wang S, Wu Z, et al. AutA and AutR, two 
novel global transcriptional regulators, facilitate avian pathogenic Escherichia 
coli infection. Sci Rep (2016) 6:25085. doi:10.1038/srep25085 

16. Mavromatis CH, Bokil NJ, Totsika M, Kakkanat A, Schaale K, Cannistraci CV,  
et al. The co-transcriptome of uropathogenic Escherichia coli-infected mouse 
macrophages reveals new insights into host-pathogen interactions. Cell 
Microbiol (2014) 17(5):730–46. doi:10.1111/cmi.12397 

17. Horn F, Correa AM, Barbieri NL, Glodde S, Weyrauch KD, Kaspers B, et al. 
Infections with avian pathogenic and fecal Escherichia coli strains display 
similar lung histopathology and macrophage apoptosis. PLoS One (2012) 
7(7):e41031. doi:10.1371/journal.pone.0041031 

18. Shahnazari S, Namolovan A, Mogridge J, Kim PK, Brumell JH. Bacterial 
toxins can inhibit host cell autophagy through cAMP generation. Autophagy 
(2011) 7(9):957–65. doi:10.4161/auto.7.9.16435 

19. Mittal R, Sukumaran SK, Selvaraj SK, Wooster DG, Babu MM, Schreiber AD, 
et al. Fcgamma receptor I alpha chain (CD64) expression in macrophages is 
critical for the onset of meningitis by Escherichia coli K1. PLoS Pathog (2010) 
6(11):e1001203. doi:10.1371/journal.ppat.1001203 

20. Pizarro-Cerda J, Kuhbacher A, Cossart P. Entry of Listeria monocytogenes in 
mammalian epithelial cells: an updated view. Cold Spring Harb Perspect Med 
(2012) 2(11):a010009. doi:10.1101/cshperspect.a010009 

21. Peigne C, Bidet P, Mahjoub-Messai F, Plainvert C, Barbe V, Medigue C, et al. 
The plasmid of Escherichia coli strain S88 (O45:K1:H7) that causes neonatal 
meningitis is closely related to avian pathogenic E. coli plasmids and is asso-
ciated with high-level bacteremia in a neonatal rat meningitis model. Infect 
Immun (2009) 77(6):2272–84. doi:10.1128/IAI.01333-08 

22. Skyberg JA, Johnson TJ, Johnson JR, Clabots C, Logue CM, Nolan LK. 
Acquisition of avian pathogenic Escherichia coli plasmids by a commensal 
E. coli isolate enhances its abilities to kill chicken embryos, grow in human 
urine, and colonize the murine kidney. Infect Immun (2006) 74(11):6287–92. 
doi:10.1128/IAI.00363-06 

23. Murase K, Martin P, Porcheron G, Houle S, Helloin E, Penary M, et  al. 
HlyF produced by extraintestinal pathogenic Escherichia coli is a virulence 
factor that regulates outer membrane vesicle biogenesis. J Infect Dis (2016) 
213(5):856–65. doi:10.1093/infdis/jiv506 

24. Kaczmarek A, Budzynska A, Gospodarek E. Prevalence of genes encoding 
virulence factors among Escherichia coli with K1 antigen and non-K1 E. 
coli strains. J Med Microbiol (2012) 61(Pt 10):1360–5. doi:10.1099/jmm.0. 
044263-0 

25. Brodsky IE, Ghori N, Falkow S, Monack D. Mig-14 is an inner membrane- 
associated protein that promotes Salmonella typhimurium resistance to 
CRAMP, survival within activated macrophages and persistent infection.  
Mol Microbiol (2005) 55(3):954–72. doi:10.1111/j.1365-2958.2004.04444.x 

26. Cole JN, Nizet V. Bacterial evasion of host antimicrobial peptide 
defenses. Microbiol Spectr (2016) 4(1):1–40. doi:10.1128/microbiolspec.
VMBF-0006-2015 

27. Thomassin JL, Brannon JR, Kaiser J, Gruenheid S, Le Moual H. 
Enterohemorrhagic and enteropathogenic Escherichia coli evolved different 
strategies to resist antimicrobial peptides. Gut Microbes (2012) 3(6):556–61. 
doi:10.4161/gmic.21656 

28. Thomassin JL, Brannon JR, Gibbs BF, Gruenheid S, Le Moual H. OmpT outer 
membrane proteases of enterohemorrhagic and enteropathogenic Escherichia 
coli contribute differently to the degradation of human LL-37. Infect Immun 
(2012) 80(2):483–92. doi:10.1128/IAI.05674-11 

29. Breland EJ, Eberly AR, Hadjifrangiskou M. An overview of two-component 
signal transduction systems implicated in extra-intestinal pathogenic E. coli 
infections. Front Cell Infect Microbiol (2017) 7:162. doi:10.3389/fcimb.2017. 
00162 

30. Dalebroux ZD, Miller SI. Salmonellae PhoPQ regulation of the outer mem-
brane to resist innate immunity. Curr Opin Microbiol (2014) 17:106–13. 
doi:10.1016/j.mib.2013.12.005 

31. Alteri CJ, Lindner JR, Reiss DJ, Smith SN, Mobley HL. The broadly conserved 
regulator PhoP links pathogen virulence and membrane potential in Escherichia 
coli. Mol Microbiol (2011) 82(1):145–63. doi:10.1111/j.1365-2958.2011. 
07804.x 

32. Choi J, Groisman EA. Acidic pH sensing in the bacterial cytoplasm is required 
for Salmonella virulence. Mol Microbiol (2016) 101(6):1024–38. doi:10.1111/
mmi.13439 

33. Hicks KG, Delbecq SP, Sancho-Vaello E, Blanc MP, Dove KK, Prost LR, et al. 
Acidic pH and divalent cation sensing by PhoQ are dispensable for systemic 
salmonellae virulence. Elife (2015) 4:e06792. doi:10.7554/eLife.06792 

34. Beug H, von Kirchbach A, Doderlein G, Conscience JF, Graf T. Chicken hema-
topoietic cells transformed by seven strains of defective avian leukemia viruses 
display three distinct phenotypes of differentiation. Cell (1979) 18(2):375–90. 
doi:10.1016/0092-8674(79)90057-6 

35. Wang S, Dai J, Meng Q, Han X, Han Y, Zhao Y, et  al. DotU expression  
is highly induced during in  vivo infection and responsible for virulence  

a multiplicity of infection of 5. Bacteria were labeled with anti-LC3 antibodies  
(FITC, green), anti-ExPEC antibody (Alexa 647, purple), and anti-Ub antibodies 
(TRITC, red). DNA was dyed with DAPI (blue). Representative confocal 
microscopy images for 4 hpi were shown. Scale bar = 5 µm.

TaBle s1 | Bacterial strains and plasmids used in this study.

TaBle s2 | Oligonucleotide sequences used as PCR primers in this study.

TaBle s3 | MICs of antimicrobial peptides (AMPs) (LL-37 and HBD2).

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/
j.ijmm.2007.01.003
https://doi.org/10.1016/
j.ijmm.2007.01.003
https://doi.org/10.1128/AEM.01395-08
https://doi.org/10.1128/AEM.01395-08
https://doi.org/10.1038/nrmicro2265
https://doi.org/10.1128/JCM.
00037-07
https://doi.org/10.1128/JCM.
00037-07
https://doi.org/10.1128/JCM.00548-06
https://doi.org/10.1128/microbiolspec.MBP-0016-2015
https://doi.org/10.1073/pnas.1415959112
https://doi.org/10.1007/s00253-015-6925-2
https://doi.org/10.1128/IAI.05713-11
https://doi.org/10.1186/1757-4749-1-22
https://doi.org/10.1128/AEM.03524-14
https://doi.org/10.1128/AEM.03524-14
https://doi.org/10.1093/cid/cis502
https://doi.org/10.1093/cid/cis502
https://doi.org/10.1038/srep25085
https://doi.org/10.1111/cmi.12397
https://doi.org/10.1371/journal.pone.0041031
https://doi.org/10.4161/auto.7.9.16435
https://doi.org/10.1371/journal.ppat.1001203
https://doi.org/10.1101/cshperspect.a010009
https://doi.org/10.1128/IAI.01333-08
https://doi.org/10.1128/IAI.00363-06
https://doi.org/10.1093/infdis/jiv506
https://doi.org/10.1099/jmm.0.044263-0
https://doi.org/10.1099/jmm.0.044263-0
https://doi.org/10.1111/j.1365-2958.2004.04444.x
https://doi.org/10.1128/microbiolspec.VMBF-0006-2015
https://doi.org/10.1128/microbiolspec.VMBF-0006-2015
https://doi.org/10.4161/gmic.21656
https://doi.org/10.1128/IAI.05674-11
https://doi.org/10.3389/fcimb.2017.
00162
https://doi.org/10.3389/fcimb.2017.
00162
https://doi.org/10.1016/j.mib.2013.12.005
https://doi.org/10.1111/j.1365-2958.2011.07804.x
https://doi.org/10.1111/j.1365-2958.2011.07804.x
https://doi.org/10.1111/mmi.13439
https://doi.org/10.1111/mmi.13439
https://doi.org/10.7554/eLife.06792
https://doi.org/10.1016/0092-8674(79)90057-6


22

Zhuge et al. ExPEC Replication in Macrophages

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 788

and Hcp1 secretion in avian pathogenic Escherichia coli. Front Microbiol 
(2014) 5:588. doi:10.3389/fmicb.2014.00588 

36. O’Neill AM, Thurston TL, Holden DW. Cytosolic replication of group A 
Streptococcus in human macrophages. MBio (2016) 7(2):e20–16. doi:10.1128/
mBio.00020-16 

37. Baison-Olmo F, Galindo-Moreno M, Ramos-Morales F. Host cell type- 
dependent translocation and PhoP-mediated positive regulation of the effec-
tor SseK1 of Salmonella enterica. Front Microbiol (2015) 6:396. doi:10.3389/
fmicb.2015.00396 

38. Jochumsen N, Liu Y, Molin S, Folkesson A. A Mig-14-like protein (PA5003) 
affects antimicrobial peptide recognition in Pseudomonas aeruginosa. 
Microbiology (2011) 157(Pt 9):2647–57. doi:10.1099/mic.0.049445-0 

39. Mittal R, Prasadarao NV. gp96 expression in neutrophils is critical for the 
onset of Escherichia coli K1 (RS218) meningitis. Nat Commun (2011) 2:552. 
doi:10.1038/ncomms1554 

40. Xie Y, Kolisnychenko V, Paul-Satyaseela M, Elliott S, Parthasarathy G, 
Yao Y, et  al. Identification and characterization of Escherichia coli RS218-
derived islands in the pathogenesis of E. coli meningitis. J Infect Dis (2006) 
194(3):358–64. doi:10.1086/505429 

41. Zhu Ge X, Jiang J, Pan Z, Hu L, Wang S, Wang H, et al. Comparative genomic 
analysis shows that avian pathogenic Escherichia coli isolate IMT5155 
(O2:K1:H5; ST complex 95, ST140) shares close relationship with ST95 APEC 
O1:K1 and human ExPEC O18:K1 strains. PLoS One (2014) 9(11):e112048. 
doi:10.1371/journal.pone.0112048 

42. Aguilar J, Cameron TA, Zupan J, Zambryski P. Membrane and core peri-
plasmic Agrobacterium tumefaciens virulence Type IV secretion system 
components localize to multiple sites around the bacterial perimeter during 
lateral attachment to plant cells. MBio (2011) 2(6):e211–8. doi:10.1128/mBio. 
00218-11 

43. Hershko-Shalev T, Odenheimer-Bergman A, Elgrably-Weiss M, Ben-Zvi T, 
Govindarajan S, Seri H, et  al. Gifsy-1 prophage IsrK with dual function as 
small and messenger RNA modulates vital bacterial machineries. PLoS Genet 
(2016) 12(4):e1005975. doi:10.1371/journal.pgen.1005975 

44. Koeppen K, Hampton TH, Jarek M, Scharfe M, Gerber SA, Mielcarz DW, et al. 
A novel mechanism of host-pathogen interaction through sRNA in bacterial 
outer membrane vesicles. PLoS Pathog (2016) 12(6):e1005672. doi:10.1371/
journal.ppat.1005672 

45. Jung AL, Stoiber C, Herkt CE, Schulz C, Bertrams W, Schmeck B. Legionella 
pneumophila-derived outer membrane vesicles promote bacterial replication 
in macrophages. PLoS Pathog (2016) 12(4):e1005592. doi:10.1371/journal.
ppat.1005592 

46. Zhang Y, Wang L, Han Y, Yan Y, Tan Y, Zhou L, et al. Autoregulation of PhoP/
PhoQ and positive regulation of the cyclic AMP receptor protein-cyclic 
AMP complex by PhoP in Yersinia pestis. J Bacteriol (2013) 195(5):1022–30. 
doi:10.1128/JB.01530-12 

47. Prost LR, Daley ME, Le Sage V, Bader MW, Le Moual H, Klevit RE, et  al. 
Activation of the bacterial sensor kinase PhoQ by acidic pH. Mol Cell (2007) 
26(2):165–74. doi:10.1016/j.molcel.2007.03.008 

48. Moon K, Gottesman S. A PhoQ/P-regulated small RNA regulates sensitivity of 
Escherichia coli to antimicrobial peptides. Mol Microbiol (2009) 74(6):1314–30. 
doi:10.1111/j.1365-2958.2009.06944.x 

49. Bateman SL, Seed PC. Epigenetic regulation of the nitrosative stress response 
and intracellular macrophage survival by extraintestinal pathogenic Escheri-
chia coli. Mol Microbiol (2012) 83(5):908–25. doi:10.1111/j.1365-2958.2012. 
07977.x 

50. Flannagan RS, Jaumouille V, Grinstein S. The cell biology of phagocytosis. 
Annu Rev Pathol (2012) 7:61–98. doi:10.1146/annurev-pathol-011811-132445 

51. Flannagan RS, Cosio G, Grinstein S. Antimicrobial mechanisms of phago-
cytes and bacterial evasion strategies. Nat Rev Microbiol (2009) 7(5):355–66. 
doi:10.1038/nrmicro2128 

52. Amer AO, Swanson MS. A phagosome of one’s own: a microbial guide to 
life in the macrophage. Curr Opin Microbiol (2002) 5(1):56–61. doi:10.1016/
S1369-5274(02)00286-2 

53. Connor MG, Pulsifer AR, Price CT, Abu Kwaik Y, Lawrenz MB. Yersinia 
pestis requires host Rab1b for survival in macrophages. PLoS Pathog (2015) 
11(10):e1005241. doi:10.1371/journal.ppat.1005241 

54. Bastiat-Sempe B, Love JF, Lomayesva N, Wessels MR. Streptolysin O and 
NAD-glycohydrolase prevent phagolysosome acidification and promote 

group A Streptococcus survival in macrophages. MBio (2014) 5(5):e1690–714. 
doi:10.1128/mBio.01690-14 

55. Sharma O, O’Seaghdha M, Velarde JJ, Wessels MR. NAD+-glycohydrolase 
promotes intracellular survival of group A Streptococcus. PLoS Pathog (2016) 
12(3):e1005468. doi:10.1371/journal.ppat.1005468 

56. Thurston TL, Wandel MP, von Muhlinen N, Foeglein A, Randow F. 
Galectin 8 targets damaged vesicles for autophagy to defend cells 
against bacterial invasion. Nature (2012) 482(7385):414–8. doi:10.1038/ 
nature10744 

57. Shibutani ST, Yoshimori T. Autophagosome formation in response to intra-
cellular bacterial invasion. Cell Microbiol (2014) 16(11):1619–26. doi:10.1111/
cmi.12357 

58. Huang J, Brumell JH. Bacteria-autophagy interplay: a battle for survival.  
Nat Rev Microbiol (2014) 12(2):101–14. doi:10.1038/nrmicro3160 

59. Mostowy S. Autophagy and bacterial clearance: a not so clear picture.  
Cell Microbiol (2013) 15(3):395–402. doi:10.1111/cmi.12063 

60. Wang Y, Zhang K, Shi X, Wang C, Wang F, Fan J, et al. Critical role of bacterial 
isochorismatase in the autophagic process induced by Acinetobacter bau-
mannii in mammalian cells. FASEB J (2016) 30(10):3563–77. doi:10.1096/fj. 
201500019R 

61. Fujita N, Morita E, Itoh T, Tanaka A, Nakaoka M, Osada Y, et  al. Recruit-  
ment of the autophagic machinery to endosomes during infection is media ted 
by ubiquitin. J Cell Biol (2013) 203(1):115–28. doi:10.1083/jcb.201304188 

62. Vanaja SK, Russo AJ, Behl B, Banerjee I, Yankova M, Deshmukh SD, et  al. 
Bacterial outer membrane vesicles mediate cytosolic localization of LPS 
and caspase-11 activation. Cell (2016) 165(5):1106–19. doi:10.1016/j.cell. 
2016.04.015 

63. Yoon H. Bacterial outer membrane vesicles as a delivery system for viru-
lence regulation. J Microbiol Biotechnol (2016) 26(8):1343–7. doi:10.4014/
jmb.1604.04080 

64. Yamaichi Y, Chao MC, Sasabe J, Clark L, Davis BM, Yamamoto N, et al. High-
resolution genetic analysis of the requirements for horizontal transmission 
of the ESBL plasmid from Escherichia coli O104:H4. Nucleic Acids Res (2015) 
43(1):348–60. doi:10.1093/nar/gku1262 

65. Mellata M, Ameiss K, Mo H, Curtiss R III. Characterization of the contri-
bution to virulence of three large plasmids of avian pathogenic Escherichia 
coli chi7122 (O78:K80:H9). Infect Immun (2010) 78(4):1528–41. doi:10.1128/
IAI.00981-09 

66. Fleitas O, Franco OL. Induced bacterial cross-resistance toward host anti-
microbial peptides: a worrying phenomenon. Front Microbiol (2016) 7:381. 
doi:10.3389/fmicb.2016.00381 

67. Joo HS, Fu CI, Otto M. Bacterial strategies of resistance to antimicrobial 
peptides. Philos Trans R Soc Lond B Biol Sci (2016) 371(1695):20150292. 
doi:10.1098/rstb.2015.0292 

68. Bayer AS, Mishra NN, Chen L, Kreiswirth BN, Rubio A, Yang SJ. Frequency 
and distribution of single-nucleotide polymorphisms within mprF in  
methicillin-resistant Staphylococcus aureus clinical isolates and their role 
in cross-resistance to daptomycin and host defense antimicrobial peptides. 
Antimicrob Agents Chemother (2015) 59(8):4930–7. doi:10.1128/AAC. 
00970-15 

69. Duperthuy M, Sjostrom AE, Sabharwal D, Damghani F, Uhlin BE, Wai SN. 
Role of the Vibrio cholerae matrix protein Bap1 in cross-resistance to anti-
microbial peptides. PLoS Pathog (2013) 9(10):e1003620. doi:10.1371/journal.
ppat.1003620 

70. Velarde JJ, Ashbaugh M, Wessels MR. The human antimicrobial peptide LL-37 
binds directly to CsrS, a sensor histidine kinase of group A Streptococcus, to 
activate expression of virulence factors. J Biol Chem (2014) 289(52):36315–24. 
doi:10.1074/jbc.M114.605394 

71. Love JF, Tran-Winkler HJ, Wessels MR. Vitamin D and the human antimi-
crobial peptide LL-37 enhance group a Streptococcus resistance to killing by 
human cells. MBio (2012) 3(5):e394–12. doi:10.1128/mBio.00394-12 

72. Shprung T, Peleg A, Rosenfeld Y, Trieu-Cuot P, Shai Y. Effect of PhoP-
PhoQ activation by broad repertoire of antimicrobial peptides on bacte-  
rial resistance. J Biol Chem (2012) 287(7):4544–51. doi:10.1074/jbc.M111. 
278523 

73. Tu J, Huang B, Zhang Y, Xue T, Li S, Qi K. Modulation of virulence genes by 
the two-component system PhoP-PhoQ in avian pathogenic Escherichia coli. 
Pol J Vet Sci (2016) 19(1):31–40. doi:10.1515/pjvs-2016-0005 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.3389/fmicb.2014.00588
https://doi.org/10.1128/mBio.00020-16
https://doi.org/10.1128/mBio.00020-16
https://doi.org/10.3389/fmicb.2015.00396
https://doi.org/10.3389/fmicb.2015.00396
https://doi.org/10.1099/mic.0.049445-0
https://doi.org/10.1038/ncomms1554
https://doi.org/10.1086/505429
https://doi.org/10.1371/journal.pone.0112048
https://doi.org/10.1128/mBio.
00218-11
https://doi.org/10.1128/mBio.
00218-11
https://doi.org/10.1371/journal.pgen.1005975
https://doi.org/10.1371/journal.ppat.1005672
https://doi.org/10.1371/journal.ppat.1005672
https://doi.org/10.1371/journal.ppat.1005592
https://doi.org/10.1371/journal.ppat.1005592
https://doi.org/10.1128/JB.01530-12
https://doi.org/10.1016/j.molcel.2007.03.008
https://doi.org/10.1111/j.1365-2958.2009.06944.x
https://doi.org/10.1111/j.1365-2958.2012.
07977.x
https://doi.org/10.1111/j.1365-2958.2012.
07977.x
https://doi.org/10.1146/annurev-pathol-011811-132445
https://doi.org/10.1038/nrmicro2128
https://doi.org/10.1016/S1369-5274(02)00286-2
https://doi.org/10.1016/S1369-5274(02)00286-2
https://doi.org/10.1371/journal.ppat.1005241
https://doi.org/10.1128/mBio.01690-14
https://doi.org/10.1371/journal.ppat.1005468
https://doi.org/10.1038/nature
10744
https://doi.org/10.1038/nature
10744
https://doi.org/10.1111/cmi.12357
https://doi.org/10.1111/cmi.12357
https://doi.org/10.1038/nrmicro3160
https://doi.org/10.1111/cmi.12063
https://doi.org/10.1096/fj.
201500019R
https://doi.org/10.1096/fj.
201500019R
https://doi.org/10.1083/jcb.
201304188
https://doi.org/10.1016/j.cell.
2016.04.015
https://doi.org/10.1016/j.cell.
2016.04.015
https://doi.org/10.4014/jmb.1604.04080
https://doi.org/10.4014/jmb.1604.04080
https://doi.org/10.1093/nar/gku1262
https://doi.org/10.1128/IAI.00981-09
https://doi.org/10.1128/IAI.00981-09
https://doi.org/10.3389/fmicb.2016.00381
https://doi.org/10.1098/rstb.2015.0292
https://doi.org/10.1128/AAC.
00970-15
https://doi.org/10.1128/AAC.
00970-15
https://doi.org/10.1371/journal.ppat.1003620
https://doi.org/10.1371/journal.ppat.1003620
https://doi.org/10.1074/jbc.M114.605394
https://doi.org/10.1128/mBio.00394-12
https://doi.org/10.1074/jbc.M111.
278523
https://doi.org/10.1074/jbc.M111.
278523
https://doi.org/10.1515/pjvs-2016-0005


23

Zhuge et al. ExPEC Replication in Macrophages

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 788

74. Wang C, Mendonsa GR, Symington JW, Zhang Q, Cadwell K, Virgin HW, 
et al. Atg16L1 deficiency confers protection from uropathogenic Escherichia 
coli infection in  vivo. Proc Natl Acad Sci U S A (2012) 109(27):11008–13. 
doi:10.1073/pnas.1203952109 

75. O’Seaghdha M, Wessels MR. Streptolysin O and its co-toxin NAD-
glycohydrolase protect group A Streptococcus from Xenophagic killing. PLoS 
Pathog (2013) 9(6):e1003394. doi:10.1371/journal.ppat.1003394 

76. Elhenawy W, Bording-Jorgensen M, Valguarnera E, Haurat MF, Wine 
E, Feldman MF. LPS remodeling triggers formation of outer membrane 
vesicles in Salmonella. MBio (2016) 7(4):e940–16. doi:10.1128/mBio. 
00940-16 

77. Bielaszewska M, Ruter C, Bauwens A, Greune L, Jarosch KA, Steil D, et al. 
Host cell interactions of outer membrane vesicle-associated virulence 
factors of enterohemorrhagic Escherichia coli O157: intracellular delivery, 

trafficking and mechanisms of cell injury. PLoS Pathog (2017) 13(2):e1006159. 
doi:10.1371/journal.ppat.1006159 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Zhuge, Sun, Xue, Tang, Ren, Li, Wang, Jiang and Dai. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.1203952109
https://doi.org/10.1371/journal.ppat.1003394
https://doi.org/10.1128/mBio.00940-16
https://doi.org/10.1128/mBio.00940-16
https://doi.org/10.1371/journal.ppat.1006159
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	A Novel PhoP/PhoQ Regulation Pathway Modulates the Survival of Extraintestinal Pathogenic Escherichia coli in Macrophages
	Introduction
	Materials and Methods
	Strains and Plasmids Construction
	Cell Culture
	RNA Isolation, Reverse Transcription PCR, and Quantitative Real-Time RT-PCR (qRT-PCR)
	Electrophoretic Mobility 
Shift Assays (EMSAs)
	β-Galactosidase Assays
	CAMP Sensitivity Assays
	Bacterial Fractionation and 
Components Separation
	Western Blot Analysis
	Intracellular Survival Assay
	Immunofluorescence Microscopy
	Isolation of OMVs

	Results
	Molecular Characterization of HlyF, Mig-14 Ortholog (Mig-14p), and OmpT Variant (OmpTp) Encoded by ColV Plasmids
	PhoP/PhoQ Regulating the Transcriptional Expression of HlyF and Mig-14p
	Functional Analysis of Mig-14p and OmpTp Conferring ExPEC Resistance to the Cationic Antimicrobial Peptides (AMPs)
	PhoP/PhoQ-HlyF Pathway Was Essential for ExPEC Intracellular Survival in Macrophages
	PhoP/PhoQ-HlyF Pathway Was Required for ExPEC to Prevent Phagolysosomal Fusion/Acidification and Damage the Phagolysosomal Membranes
	PhoP/PhoQ-HlyF Pathway Promoted the Formation of ExPEC-Containing Autophagosome During Survival in Macrophages
	PhoP/PhoQ-HlyF Signaling Pathway Upregulating the Production of ExPEC OMVs

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


