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host pathway activation.
Conclusion: H2-T6SS plays a role in virulence.

functions important in establishing infection.

\_

(Background: Three T6SSs are present in P. aeruginosa. H1-T6SS secretes bacteriolytic toxins.
Results: H2-T6SS is regulated by quorum sensing and Fur and modulates internalization in epithelial cells through PI3K-Akt

Significance: In contrast to the anti-prokaryotic H1-T6SS, H2-T6SS targets human cells. Those T6SSs can carry out different
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The genome of Pseudomonas aeruginosa PAO1 contains
three type VI secretion systems (T6SSs) called H1-, H2-, and
H3-T6SS. The H1-T6SS secretes three identified toxins that tar-
get other bacteria, providing a fitness advantage for P. aerugi-
nosa, and likely contributes to bacterial pathogenesis in chronic
infections. However, no specific substrates or defined roles have
been described for the two other systems. Here, we demonstrate
that the expression of H2-T6SS genes of strain PAO1 is up-reg-
ulated during the transition from exponential to stationary
phase growth and regulated by the Las and Rhl quorum sensing
systems. In addition, we identify two putative Fur boxes in the
promoter region and find that H2-T6SS transcription is nega-
tively regulated by iron. We also show that the H2-T6SS system
enhances bacterial uptake into HeLa cells (75% decrease in
internalization with a H2-T6SS mutant) and into lung epithelial
cells through a phosphatidylinositol 3-kinase-dependent path-
way that induces Akt activation in the host cell (50% decrease in
Akt phosphorylation). Finally, we show that H2-T6SS plays a
role in P. aeruginosa virulence in the worm model. Thus, in con-
trast to H1-T6SS, H2-T6SS modulates interaction with eukary-
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otic host cells. Together, T6SS can carry out different functions
that may be important in establishing chronic P. aeruginosa
infections in the human host.

Pseudomonas aeruginosa is one of the leading causes of nos-
ocomial infections in immunocompromised humans and is
responsible for chronic respiratory disease of patients with cys-
tic fibrosis. A key factor in P. aeruginosa virulence is its capacity
to secrete a wide range of hydrolytic enzymes and toxins to the
extracellular medium as well as to inject virulence effectors
directly into host cells (1, 2). Recently, a new secretion pathway,
called the type VI secretion system (T6SS),* that resembles an
inverted phage tail has been described among Gram-negative
bacteria, including P. aeruginosa (3—6). Substrates for this
secretion system were first discovered in Vibrio cholerae by
Pukatzki et al. (7), who demonstrated that secretion of proteins
lacking a signal peptide, such as Hep (hemolysin co-regulated
protein) and VgrG (valine-glycine repeat), requires a functional
T6SS. Gene clusters encoding T6SS machinery and putative
substrates have been found in diverse animal and plant patho-
gens (8 —10). Many bacteria encode more than one T6SS; in the
case of P. aeruginosa, three T6SS, H1-T6SS to H3-T6SS, have
been described. There is emerging evidence that secreted T6SS
effectors can target either eukaryotic host cells or other bacteria
(9, 10), and various T6SS within a single strain may serve differ-
ent functions and/or be differentially regulated. V. cholerae
VgrG1, which is homologous to a phage tail protein, is thought
to function both as part of the secretion system and as a trans-
located effector (11). It encodes a C-terminal extension that can
cross-link actin in vitro and in vivo and has been shown to be
translocated into eukaryotic cells by a T6SS-dependent mech-
anism, where it is associated with cytotoxicity and virulence

“The abbreviations used are: T6SS, type VI secretion system; T3SS, type Il
secretion system; QS, quorum sensing; MEM, Eagle’s minimal essential
medium; C,-HSL, N-(butanoyl)-L-HSL; LY, LY294002; TSB, Tryptic Soy Broth.
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(12, 13). Similarly, the VgrGl1 protein of Aeromonas hydrophila
contains a VIP-2 (vegetative insecticidal protein domain 2)
domain with an ADP-ribosyltransferase activity capable of
modifying actin in vivo and is targeted to the host cytosol upon
infection (14).

Interestingly, gene loci encoding T6SSs are also found in
nonpathogenic bacteria and symbionts, suggesting that T6SS
may not be dedicated exclusively to pathogenic interactions of
bacteria with eukaryotes (9, 10). Indeed, T6SS can be potent
mediators of interbacterial interactions as discovered in
P. aeruginosa, where the type VI exported effectors Tsel—3 are
bacteriolytic (15, 16) and may give P. aeruginosa a survival ben-
efit in a multi-bacterial environment, in biofilms, and in poly-
microbial infections, such as those encountered in cystic fibro-
sis patient airways (3, 17, 18).

Despite the increasing information available on the
H1-T6SS, very little is known about the two other T6SSs
encoded by P. aeruginosa. The H2-T6SS locus of the PA14
strain is required for virulence in the plant model Arabidopsis
thaliana and in the mouse model of acute infections (19).
Although the HI-T6SS loci are very similar between the
P. aeruginosa strains, PA14 and PAO1, their H2-T6SS loci dif-
fer; two putative structural components that are also exported,
hep2and vgrG2, are present in PA14 but missing in PAOL. They
constitute, together with two other genes, a divergent operon to
the H2-T6SS secretion machinery operon. Indeed the H2-T6SS
of strain PAO1 may lack the extracytoplasmic part of the T6SS
contractile phage tail-like structure that is thought to punctu-
ate the outer membrane and host cell membrane (5). One could
even ask whether the PAO1 H2-T6SS machinery can be func-
tional. Here, we examined the regulation and function of
H2-T6SS in PAO1. We find that it is subject to regulation by
quorum sensing (QS) and by iron. In addition, we provide evi-
dence that the H2 secretion machinery promotes bacterial
internalization into epithelial cells, suggesting that this T6SS
targets eukaryotic cells. Finally, we show that H2-T6SS plays a
role in P. aeruginosa virulence in the worm model.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions—The
bacterial strains and plasmids used in this study are described in
Table 1. LB and TSB broths and agar were used for the growth
of P. aeruginosa and Escherichia coli strains at 37 °C. The cul-
tures were inoculated at A, of 0.1 with overnight cultures, and
strains were grown at 37 °C with aeration in LB or TSB. Recom-
binant plasmids were introduced in P. aeruginosa using the
conjugative properties of pRK2013 (see Table 1). P. aeruginosa
transconjugants were selected on Pseudomonas isolation agar
(Difco Laboratories) supplemented with appropriate antibiot-
ics. The antibiotics concentrations were as follows: for E. coli,
ampicillin (50 pg ml™"), kanamycin (25 pug ml™ "), tetracycline
(15 pwg ml™ "), and chloramphenicol (50 wg ml™'); and for
P. aeruginosa, carbenicillin (500 ug ml~ ') and tetracycline (200
pg ml ™! for plates or 50 wg ml ™" for liquid growth).

Construction of the clpV2 Mutant—To generate clpV2 dele-
tion, 500 bp upstream and 500 bp downstream of the clpV2
gene were amplified by overlapping PCR with High Fidelity
DNA polymerase (Roche Applied Science) using TSO49,
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TSO50, TSO51, and TSO52 primers (see Table 1) (20). The
PCR product was cloned in pCR2.1 (TA cloning kit; Invitrogen)
giving pTS24, which was then sequenced (GATC) and sub-
cloned in pKNG101 suicide vector giving the mutator pTS27.
pTS27, maintained in the E. coli CC118Apir strain, was mobi-
lized in the wild type P. aeruginosa strain PAOL. The mutants,
in which the double recombination events occurred that
resulted in the nonpolar deletion of c/p V2 gene, were verified by
PCR using external primers OA14-0OA17.

lacZ Reporter Fusion and [-Galactosidase Assay—The
H2-T6SS-lacZ transcriptional fusions were constructed by PCR
amplification of the 722-bp upstream DNA region from the
tssA2 gene by using TSO1 and TSO3 primers (see Table 1). PCR
amplification products were directly cloned into the
pMini-CTX::lacZ vector (21), yielding pTS2, or into pCR2.1
and pMP220, yielding pTS28 and pTS29, respectively. Nucleo-
tide sequence was verified (GATC). The promoter fragment
was integrated at the CTX phage attachment site in PAO1 and
isogenic mutants using established protocols (21). The pTS29
was transferred into E. coli by conjugation.

For B-galactosidase assay, overnight bacterial culture was
diluted in TSB to an A of 0.1. Growth and B-galactosidase
activity were monitored by harvesting samples at different time
intervals. B-Galactosidase activity was measured according to
the Miller method, based on o-nitrophenyl-B-p-galactopyrano-
side hydrolysis (22), and expressed in Miller units.

RNA Extraction and Determination of the Transcription
Start—PAO1 was grown in TSB at 37 °C for 5 h, and total RNA
was extracted using the PureYield RNA Midiprep system (Pro-
mega). The MICROBExpress kit was used to purify mRNA
(Ambion). 5" RNA ligase-mediated rapid amplification of 5’
c¢DNA ends was performed using the GeneRacer kit (Invitro-
gen), starting at the TAP step on 1 ug of mRNA. Reverse tran-
scription with Superscript III RT was performed with random
oligonucleotides. TSO37, TSO38, GeneRacer 5’ Nested Primer,
and GeneRacer 5’ Primer (see Table 1) were used for PCR
amplification (high fidelity expand system; Roche Applied Sci-
ence) of the first strand cDNA. The PCR product was cloned
into the PCR2.1 vector using the TA cloning kit (Invitrogen)
and transformed in TOP10F' competent cells. Cloning was
screened using the M13 forward primer and M13 reverse
primer, and the cloned products were sequenced using the M13
forward primer (GATC).

HeLa Cell Invasion, Survival, and Adhesion Assays—For
invasion assay, HeLa cells (ATCC, Manassas, VA) were cul-
tured to 70% confluence at the day of the experiment in 24-well
plates in Eagle’s minimal essential medium (MEM) supple-
mented with 10% FBS. The cells were washed twice with sterile
PBS and infected with P. aeruginosa wild type strain and the
clpV2 mutant, grown as indicated in the text (log, transition, or
stationary phase) at a multiplicity of infection of 10 in MEM
with FBS at final volume of 1 ml. The plates were spun down at
1000 X g for 5 min to allow bacteria close contact with HeLa
cells. After 3 h of infection at 37 °C in 5% CO.,, the cells were
washed twice with sterile PBS and incubated with MEM sup-
plemented with 300 ug ml™'of gentamicin (Sigma) for 2 h to
kill extracellular bacteria. Afterward, the cells were washed
three times with room temperature PBS and osmotically
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shocked with ice-cold sterile water containing 0.05% Triton
X-100 (Sigma) for 30 min on ice. Lysed cells were collected in
Eppendorf tubes, and serial dilutions in sterile LB were plated
onto Pseudomonas isolation agar plates. Colony-forming units
were enumerated and reported as internalized bacteria.

For survival assay, HeLa cells were infected for 1.5 h and
treated for 1 or 4 h with gentamicin 300 ug ml™" to allow 3 h
more for intracellular replication. For adhesion assays, infected
cells were not incubated with gentamicin.

Calu-3 Cell Invasion Assay—Calu-3 cells, obtained from the
ATCC, were maintained in MEM supplemented with 10% FBS
(Invitrogen) and L-glutamate at 37 °C with 5% CO,. For exper-
iments, the cells were grown on 12-mm Transwell filters
(0.4-um pore size; Corning) for 2 days (1 X 10° cells/well).
Calu-3 cells grown on Transwell filters were washed in serum-
free MEM and preincubated with LY (Sigma-Aldrich) in
serum-free MEM supplemented with r-glutamine for 1 h.
Transition phase grown bacteria were added to the apical
chamber of the Transwell filter for 3 h at an multiplicity of
infection of 10. After incubation, the cells were washed with
serum-free MEM and incubated with serum-free MEM con-
taining 250 ug ml~' gentamicin (Fisher) for 2.5 h. The cells
were washed twice in PBS to remove antibiotic and lysed in 1 ml
Ca®" Mg? " -free PBS with 0.25% Triton X-100 (Sigma-Aldrich)
for 30 min. The cells were scraped off the Transwell filters, and
the cell lysates were transferred to new tubes. Internalized bac-
teria were enumerated by plating serial dilutions of cell lysates
to LB plates and counting colony-forming units. All of the
assays were carried out on triplicate wells, and the results are
reported as the average of three experiments = S.D. (standard
deviation).

Akt Immunoprecipitation—Calu-3 grown on Transwell fil-
ters were washed and placed in serum-free MEM supple-
mented with L-glutamate for 12 h. Transition phase grown bac-
teria were added for 1 h at an multiplicity of infection of 100.
The infected monolayers were washed with cold PBS contain-
ing 1 mMm sodium orthovanadate (Sigma-Aldrich). The cells
were lysed in modified radioimmunoprecipitation assay buffer
(50 mm Tris, pH 7.4, 150 mm NaCl, 2 mm EDTA, 2 mm EGTA,
1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 1 mm sodium
orthovanadate, 50 mm NaF, 0.1 mm okadaic acid (Sigma-Al-
drich), 1 mm phenylmethylsulfonyl fluoride (Sigma-Aldrich),
and proteinase inhibitor tablets (Complete; Roche Applied Sci-
ence)) for 30 min. The cells were scraped off the Transwell
filters, and the cell lysates were centrifuged at 16,000 X g for 20
min. To preclear the cell lysate, the supernatant was mixed with
20 ul of protein G-Sepharose (4 Fast Flow; Amersham Biosci-
ences), and the protein content was determined using protein
assay reagent (bicinchoninic acid; Pierce). The cleared lysate
(300-400 pg of protein) was incubated with polyclonal Akt
antibody (Cell Signaling Technology) overnight at 4 °C and
incubated for 2 h with protein G-Sepharose. The immune com-
plexes were washed three times with modified radioimmuno-
precipitation assay buffer without deoxycholate, eluted in SDS
sample buffer, electrophoresed on 10% SDS-polyacrylamide
gels, and transferred to polyvinylidene difluoride membranes.
The membranes were blocked with PBS containing 0.05%
Tween 20 (PBST) and 5% nonfat milk for 1 h at room temper-
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ature and then incubated overnight at 4 °C with a monoclonal
antibody that recognizes Akt phosphorylated on serine 473
(Cell Signaling Technology). The membranes were washed
with PBST, incubated with horseradish peroxidase-conjugated
secondary antibody (Jackson ImmunoResearch Laboratories)
for 1 h at room temperature, and developed using an enhanced
chemiluminescence kit (Amersham Biosciences). The mem-
branes were then stripped and reprobed with a monoclonal
antibody that recognizes all forms of Akt (Cell Signaling Tech-
nology). Primary antibodies were diluted 1:1000 and secondary
antibodies were diluted 1:3000.

Caenorhabditis elegans Killing Assay—The slow killing assay
was performed as described previously with modifications
based on Ref. 23. Each independent assay consisted of three
replicates. E. coli OP50 was used as a control. L4 to adult stage
C. elegans were removed from food and placed on unseeded
NGM plates for 24 h at 25 °C. 50 worms were then picked onto
plates containing overnight growth of each bacterial strain. The
worms were evaluated for viability on a daily basis. The assay
was performed three times. Animal survival was plotted using
the PRISM 5.0 program. Survival curves were considered sig-
nificantly different from the control when p values were <0.05.
PRISM calculated survival fractions using the product limit
(Kaplan-Meier) method and compared survival curves by two
methods: the log-rank test (also called the Mantel-Cox test) and
the Gehan-Breslow-Wilcoxon test.

Statistical Analysis—Paired Student’s ¢ tests were performed
using Excel software. In the figures, * indicates p = 0.05, **
indicates p = 0.01, and *** indicates p = 0.001.

RESULTS

The Expression of the H2-T6SS Genes Is Controlled by Quo-
rum Sensing—Although the HI-T6SS cluster is repressed by
RetS/Gac signaling system in PAO1, the H2-T6SS and H3-T6SS
are not (3, 24-26). To probe the transcriptional regulation of
the H2-T6SS gene cluster, we analyzed the DNA region
upstream of the first gene, hsiA2 (PA1656), of the cluster in
PAOI1 (Fig. 14). Two 0”°-dependent promoters were predicted
in the intergenic region between the upstream gene (PA1655)
and hsiA2 (PA1656) by the BProm program (Fig. 1B). We cre-
ated a lacZ transcriptional fusion in which the DNA region
upstream of the ATG of the first gene of the H2-T6SS cluster
was fused to lacZ and integrated at the CTX phage attB site as a
single copy on the chromosome, yielding strain PAOI1TS2.
Strain PAO1Z was similarly constructed by integrating a pro-
moter-less lacZ gene to serve as a negative control (Table 1).
The B-galactosidase activity profile associated with the tran-
scriptional fusion indicated that the H2-T6SS gene cluster
expression was low during the exponential phase but increased
at 3 h of growth in TSB medium at 37 °C, during the log to
stationary phase transition (Fig. 24). The expression was at its
highest (10-fold above background) in stationary phase,
whereas promoter activity was undetectable in the control
strain PAO1Z.

The biphasic, cell density-dependent expression profile of
the reporter fusion suggested that the transcription of H2-T6SS
might be regulated by QS. This could be in agreement with the
regulation by LasR of the PA14 hicp2 gene, which lacks in PAO1
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FIGURE 1. The H2-T6SS gene cluster of P. aeruginosa PAO1. A, the genes
are labeled hsiA2 to hsiJ2 and, when applicable, with the given name, i.e.,
clpV2 or sfa2. They are also indicated by the number of their annotation (e.g.
PA1656). B, the sequence corresponding to 1173 bp upstream of the H2-T65S
gene cluster is represented. The two predicted ¢’° promoters are framed in
black, a Las-Rhl consensus box is indicated in bold letters, and two Fur binding
sites are underlined. The experimentally demonstrated transcription initiation
site and its cognate o”° promoter are shaded in gray. The start codon of hsiA2,
thefirst gene of the cluster, is written in gray. 722 bp upstream the start codon
have been used for the transcriptional fusion encoded by pTS2 or pTS29. No
promoter could be predicted in the intergenic region in between hsiF2
(PA1659) and hsiG2 (PA1660). C, alignment of the LasR-RhIR consensus
sequence from Ref. 36 with the sequence framed in B. The size of each letter
indicates the relative abundance at the respective position in the consensus
matrix generated with MATRIX. D, alignment of the two Fur consensus
sequences (37, 39) with the two regions underlined in B and overlapping with
the distal promoter (left panel) or the proximal (right panel).

(NATWAT) ; NATWATNATWATNATWAT

[ N N NN RN
1128 GTTAA-GATATTCATTGG

(19). We therefore examined H2-T6SS expression in P. aerugi-
nosa QS mutants. Two homoserine lactone-mediated QS sys-
tems, the Las and Rhl systems, have been described in P. aerugi-
nosa (27). The transcriptional regulators LasR and RhIR are
activated by their cognate autoinducers, N-(3-oxododecanoyl)-
L-homoserine lactone and N-(butanoyl)-L-HSL (C,-HSL) pro-
duced by the LasI and RhlI synthases, respectively. The pTS2
fusion was integrated on the chromosome of a /asR mutant
(PAOR) (28) and that of a rilI mutant (PDO100) (29) creating
PAORTS2 and PDO100TS2 QS mutant strains. Compared
with wild type PAO1, the expression of H2-T6SS was signifi-
cantly delayed in the two QS mutants, becoming detectable 6 h
post-inoculation, with maximal levels decreased 22- and 8.5-
fold, respectively (Fig. 2B). Complementation in trans of the
lasR mutation in PAORTS2 with pBLasR, a plasmid constitu-
tively producing LasR, affected the growth of the strain (the
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strain stops growing at A, = 2.5) but restored the fusion activ-
ity almost to its wild type levels at the exponential phase (filled
circlesin Fig. 2B). N-Acylhomoserine lactone synthase mutants,
such as rhll, can be phenotypically complemented by addition
of the corresponding N-acylhomoserine lactone (30, 31). The
addition of the C,-HSL (10 uMm) to the r4lI mutant PDO100TS2
restored induction of the expression at the transition phase of
growth, and the expression was 4-fold higher than in the
mutant (Fig. 2B). One can note that the decrease in H2-T6SS
expression observed with the /asR mutant is greater (2.6-fold)
than with the rill mutant. This may imply a direct effect of
LasR, as well as an indirect effect mediated through Rhl system.

Thus to confirm a direct effect of RhIR-C,-HSL on H2-T6SS
expression too, the H2-T6SS promoter region was cloned into
pMP220 to generate a plasmid borne lacZ transcriptional
fusion whose expression was quantified in a strain of E. coli,
which harbored IPTG-inducible copies of riIR and rhll. Upon
RhIR and RhIl production, a 3.3-fold up-regulation of the
H2-T6SS promoter region was observed (Fig. 2C), suggesting
that the Rhl system is sufficient for the induction of H2-T6SS
expression.

The promoter region of QS regulated genes in P. aeruginosa
usually contains a Las-Rhl box, a 20-bp repeat located approx-
imately between 60 and 40 bp from the start of transcription
(32,33). Asshown in Fig. 1 (Band C), a putative Las-Rhl box can
be identified in the upstream region of the H2-T6SS gene clus-
ter, but far from the two predicted promoters. Using 5’ rapid
amplification of 5" cDNA ends PCR, we located a transcription
initiation site 246 bp upstream of the translation initiation
codon of the /siA2 gene (the +1 position is indicated in gray in
Fig. 1B). We were thus able to position —10 and —35 boxes of a

7% promoter in proximity of the Las-Rhl box centered at —47
with respect to the transcript start site. Together, our studies
support the notion that the expression of the P. aeruginosa
H2-T6SS genes appears to be directly controlled by the Las and
Rhl QS systems.

H2-T6SS Gene Expression Is Induced in Iron-limiting Condi-
tions and Regulated by Fur—For many pathogens, the host
environment is often iron poor, which triggers the expression of
a group of genes transcriptionally regulated by iron through the
ferric uptake regulator protein Fur. In addition to its role in iron
homeostasis, Fur is involved in the coordinate regulation of
numerous virulence genes. In the case of P. aeruginosa, Fur reg-
ulates exotoxin A and alkaline protease production (34, 35), as
well as biofilm formation (36). We noted the presence of a
sequence upstream of the H2-T6SS gene cluster that con-
formed to the E. coli and P. aeruginosa consensus Fur binding
sequence (GATAATGATAATCATTATC) (37, 38) or the
(NATWAT), sequence proposed as the E. coli Fur box (39) (Fig.
1, B and D). The two putative Fur boxes overlapped with the
—10 box of the two predicted ¢”° promoters, suggesting that
Fur binding at this position in presence of iron prevents RNA
polymerase binding to the —10 box and thus represses tran-
scription. To test this, PAO1TS2, which harbored the
H2-T6SS-lacZ transcriptional fusion, was grown in TSB in
presence of the iron chelator 2,2’ -bipyridyl (250 um). The activ-
ity of the promoter was induced 2.2-fold in these conditions
(Fig. 2D).

VOLUME 287 +NUMBER 32-AUGUST 3, 2012



TABLE 1
Strains, plasmids, and oligonucleotides used in this study

P. aeruginosa H2-T6SS Regulation and Function

Strain, plasmid, or oligonucleotide

Genotype, description, or sequence

Source and/or reference

E. coli strains

TG1
CC118(Apir)

supE, hsdAR, thil (lac-proAB), F' (traD36, proAB+, laclg, lacZAM15))

(Apir) A (ara-leu), araD, AlacX74, galE, galK, phoA-20, thi-1, rpsE, rpoB,
Arg(Am), recAl, Rfr (Apir)

F~ mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 nupG recAl
araD139 A(ara-leu)7697 galE15 galK16 rpsL(Str™) endAI A~

TOPI10F’
MG1655 F~ A~ ilvG-, rfb-50, rph-1
MG1655fur MG1655 fur:kan

Laboratory collection
Ref. 70

Laboratory collection

Laboratory collection
Ref. 71

. aeruginosa strains

pMP220

Broad host range lacZ transcriptional fusion, TcR

PAO1 Wild type, prototroph, chl-2 B. Holloway
PAO1Z Promoterless lacZ gene integrated at ctx att site in PAO1 This work
PAO1TS2 H2-T6SS promoter integrated at ctx att site in PAO1 This work
PAOR lasR mutant of PAO1, CbR Ref. 28
PAORTS2 H2-T6SS promoter integrated at ctx att site in PAOR, CbR This work
PDO100 rhil mutant of PAO1, HgR Ref. 29
PDO100TS2 H2-T6SS promoter integrated at ctx att site in PDO100, HgR This work
PAO1AclpV2 clpV2 deletion mutant This work
PAOLl:gfp miniTn7gfp integrated in PAO1 This work
PAOL:gfp AcipV2 miniTn7gfp integrated in PAO1AcipV2 This work
Plasmids

pCR2.1 TA cloning, lacZa, ColE], f1 ori, ApR KmR Invitrogen
pMini-CTX::lacZ Q-FRT-attP-MCS, ori, int, oriT, TcR Ref. 21

Laboratory collection

pTS2 722-bp upstream region of H2-76SS in pMini-CTX::lacZ This work
pTS28 722-bp upstream region of H2-T6SS in pCR2.1 This work
pTS29 722-bp upstream region of H2-T6SS from pTS28 in pMP220 This work
pRK2013 Tra+, Mob+, ColE1l, KmR Ref. 72
pRK600 Tra+, OriT, OriV, Col E1, CmR Ref. 73
pUX-BF13 Tra+, Mob+, R6K, providing Tn7 transposition functions in trans, ApR Ref. 74
miniTn7gfp mob + ori; ApR GmR; miniTn7 vector containing gfpmut3 inserted into Ref. 75
notl site
pKNG101 oriR6K, mobRK2, sacBR+, SmR (suicide vector) Ref. 76
pTS24 500 bp upstream and 500 bp downstream c/pV2 in pCR2.1 This work
pTS27 clpV2 deletion of pTS24 in pKNG101 This work
pMMB67-42 Broad host range vector adapted for the Gateway system fac promoter, ApR This work
pHM49 PMM67-42 encompassing clpV2-v5his6 This work
pBLasR lasR gene in the pPBBRMCS-2, KmR Ref. 28
pBRhIRI rhiR and rhll genes in the pPBBRMCS-2, KmR Laboratory collection
Oligonucleotides
TSO1 5'-CCTAACCCTTCAATGCACACC-3’ This work
TSO3 5'-GTCGACCTATTACGCTCTAAATCAGC-3’ This work
TSO37 5'-TAATGCGAGGAGAGCTTGCTCG-3' This work
TSO38 5'-ATGCCGGCTGCACAGACGTTCC-3' This work
TSO49 5'-ACGCCCACCTCACATCCATCCTTAATGAATCTTG-3' This work
TSO50 5'-AAGGATGGATGTGAGGTGGGTGCGATGTTCAGC-3' This work
TSO51 5'-ACTGGAAACGCCTGATGCCCTACCTGG-3' This work
TSO52 5'-CGAACGAGCCCAGCTGGCCCAGTGGATGG-3' This work
OAl4 5'-GGAAAGCTTTTCGCCCTCGTCGGATTG-3’ This work
OA17 5'-AAAGAATTCGAGGCGTTGCAGCAGATG-3' This work
GeneRacer 5 primer 5'-CGACTGGAGCACGAGGACACTGA-3' Invitrogen
GeneRacer 5’ nested primer 5'-GGACACTGACATGGACTGAAGGAGTA-3' Invitrogen

To determine whether Fur is required for H2-T6SS regula-
tion and because Fur seems to be essential for P. aeruginosa
viability (40), the expression of the plasmid borne transcrip-
tional fusion was studied in an E. coli WT and isogenic fur
mutant. After 4 h of growth, the activity of the fusion increased
by 2.6-fold in the Fur mutant (Fig. 2E). Together, these data
suggest that transcription of the H2-T6SS gene cluster is
induced under iron-limiting conditions, an environment that
the pathogen encounters in the human host.

H2-T6SS Contributes to P.aeruginosa Internalization in
Non-phagocytic Cells—Although P. aeruginosa is considered
an extracellular pathogen, it is able to measurably enter (i.e.,
invade) normally nonphagocytic cells ((41), for a review see Ref.
77). To address the potential role of H2-T6SS in P. aeruginosa
internalization, we constructed a nonpolar mutant in the
AAA+ ATPase ClpV2 whose homologue was shown to play a
crucial role in the functionality of the H1-T6SS system (3, 42).
We verified that the mutation does not affect the growth of the

AUGUST 3,2012+VOLUME 287+NUMBER 32

strain, nor the major adhesins of P. aeruginosa (flagellum and
type IV pili), nor the secretion of ExoS, an anti-internalization
factor (supplemental Fig. S1). Moreover, adhesion of the clpV2
mutant was unaffected (supplemental Fig. S2, A and B). We
then compared invasion of transition phase grown wild type
PAO1 with a mutant defective in H2-T6SS (PAO1AclpV?2),
using a standard antibiotic protection assay adapted from Ref.
43. As shown in Fig. 34, PAO1 was able to invade nonphago-
cytic cells, with an average of 1.7% of adherent bacteria inter-
nalized (supplemental Fig. S2C), whereas PAO1AclpV2
entry into host cells was reduced by ~75%. Invasion was
restored to wild type levels in the complemented clpV2
mutant (Fig. 34).

Because we previously observed a cell density expression
pattern of H2-T6SS genes, we asked whether the growth
phase of the bacteria impacts the internalization capacity.
Although exponential grown c/pV2 mutant bacteria were
less internalized (~75% reduction as with transition phase
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FIGURE 2. The H2-T6SS gene cluster of P. aeruginosa PAO1 is induced
upon iron starvation and regulated by QS. A, the expression pattern of the
H2-T6SS-lacZ transcriptional fusion from the wild type PAO1 strain (PAO1TS2)
(squares) and a control strain (PAO12Z) (triangles) is given in Miller units at
different time points over the growth period. The Aqy, is also presented.
B, expression of the H2-T655-lacZ transcriptional fusion from the PAO1 lasR
strain (PAORTS2) with (filled circles) or without (open circles) the pBLasR plas-
mid, and from the PAO1 rhll strain (PDO100TS2) grown in the presence (filled
triangles) or absence (open triangles) of 10 um C,-HSL. PAORTS2 pBlasR curve
is significantly different from PAORTS2 (p =< 0.001), with the last five points of
the PDO100TS2 + C,-HSL from PDO100TS2 (p =< 0.001). C, expression of the
H2-T6SS-lacZ transcriptional fusion from the pTS29 plasmid in the E. coli TG1
with (gray bars) or without (white bar) the pBRhIRI plasmid. Expression of rhiR
and rhll gene induced in the presence of 0.5 mm IPTG (dark gray bar) or sup-
pressed in the absence of IPTG (light gray bar). D, expression of the H2-T6SS-
lacZ transcriptional fusion from the PAO1 strain (PAO1TS2) grown in high
(white bar) or low iron (gray bar). E, expression of the H2-T65S-lacZ transcrip-
tional fusion from the pTS29 plasmid in the E. coli MG1655 (white bar) and its
isogenic fur mutant (gray bar). Each experiment was done in duplicate and
independently repeated three times; the error bars indicate standard devia-
tions, and the asterisks indicate p values.

bacteria; data not shown), stationary phase bacteria were
internalized at the same level as the wild type strain (supple-
mental Fig. S3).
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FIGURE 3. Maximal uptake of P. aeruginosa by Hela cells requires the
H2-T6SS apparatus. Standard bacterial invasion (A) or survival (B) assays in
Hela cells upon infection with P. aeruginosa strains grown at the transition
phase in TSB. A, the percent invasion of PAO1AclpV2 with (gray bars) or with-
out (white bars) pHM49, normalized to PAO1 (black bars) that represents an
average of 1.3 X 10° colony-forming units of internalized bacteria/well (2.5 X
10° Hela cells). ClpV2ys,64is €xpression is induced with 1 mm with IPTG (dark
gray bars) or remains suppressed in the absence of IPTG (light gray bars). B, the
ratio between the numbers of intracellular bacteria recovered after 5.5 and
2.5 h of infection (including the gentamicin treatment). Same strain color
code than in A. All of the assays were performed a minimum of three times in
triplicate. The error bars represent standard deviations, and the asterisks indi-
cate p values.

Even if P. aeruginosa escapes the normal bactericidal mech-
anisms of epithelial cells, it only poorly replicates in A549 pneu-
mocytes (41) or in corneal epithelial cells (43). Given the length
of the infection in the invasion assay (5 h including the gentam-
icin treatment), to examine the possibility of an intracellular
replication and/or persistence defect of the c/pV2 mutant, we
compared the number of intracellular bacteria after 2.5 and
5.5 h of infection for each strain. After allowing 3 h for bacterial
replication, we observed the same range of data (between 4.9-
and 6-fold increase) for all the strains (Fig. 3B). In conclusion,
the H2-T6SS mutant displays an invasion defect.
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In a complementary assay, HeLa cells were infected with
GFP-labeled P. aeruginosa and visualized by laser confocal
microscopy (data not shown). Few bacteria were found in
HeLa cells infected with the wild type PAO1. Conversely no
bacteria were found in cells infected with the c/pV2 mutant.
Together, these results support the assertion that the H2-
T6SS system stimulates internalization of P. aeruginosa into
HeLa cells.

Akt Phosphorylation upon Bacterial Invasion of Polarized
Epithelial Cells Is Dependent on H2-T6SS—We further
explored H2-T6SS-dependent bacterial entry into a more phys-
iologically relevant cell line, Calu-3 cells, which are derived
from human lung alveolar cells and which form polarized
monolayers when grown on Transwell filters. P. aeruginosa
binding to polarized epithelial cells activates a central host sig-
naling molecule, PI3K, which is required for phosphatidylinosi-
tol 1,4,5-trisphosphate synthesis and for activation of a down-
stream effector, the protein kinase B/Akt (Akt) (44, 45).
Activation of the PI3K/phosphatidylinositol 1,4,5-trisphos-
phate/Akt pathway was shown to be necessary and sufficient
for P. aeruginosa entry from the apical surface (44). This event
leads to a remarkable remodeling of the apical membrane in
which protrusions enriched for phosphatidylinositol 1,4,5-tris-
phosphate and actin form at the apical surface at the site of
bacterial entry (46). To determine whether the PI3K/Akt sig-
naling pathway is required during the H2-T6SS-dependent
uptake of P.aeruginosa by lung epithelial cells, polarized
human airway epithelial Calu-3 cells were infected in the pres-
ence or absence of LY294002 (LY), a PI3K inhibitor, and adhe-
sion, internalization, and Akt phosphorylation were deter-
mined. Although the treatment with LY did not affect bacterial
adhesion, it reduced invasion of both PAO1 and the comple-
mented PAO1Ac/pV2 mutant in a dose-dependent manner
(Fig. 4A). Internalization levels of the c/pV2 mutant were lower
than that of PAOL1 or the complemented clpV2 mutant; thus,
LY treatment had little effect on the ability of the c/pV2 mutant
to enter host cells (Fig. 4A4).

We next determined whether Akt is activated in an H2-T6SS
dependent manner, as determined by phosphorylation of Akt at
serine 473. Polarized Calu-3 cells were co-cultivated with
PAOL, clpV2 mutant, or the complemented clpV2 mutant. At
60 min after infection, Akt was immunoprecipitated followed
by immunoblotting with anti-phospho-Akt>*™73 antibody. The
ratio of phospho-Akt to total Akt was quantified and normal-
ized to the ratio observed in untreated cells. Infection with the
clpV2 mutant resulted in ~50% decrease in Akt phosphoryla-
tion levels compared with infection with PAO1 or with the
complemented mutant (Fig. 4, B and C). The magnitude of the
decrease in Akt phosphorylation was similar to the magnitude
of the decrease in internalization by the c/pV2 mutant (Fig. 4, B
and C). LY treatment decreased Akt phosphorylation upon
infection with any strain to levels observed in uninfected Calu-3
cells (Fig. 4, B and C). Together, these data suggest that
H2-T6SS stimulates bacterial entry of transition phase-grown
bacteria through the PI3K/Akt pathway.

H2-T6SS Contributes to P. aeruginosa Virulence in C. elegans—
The involvement of H2-T6SS in P. aeruginosa pathogenicity
led us to test its role in virulence on C. elegans. Previous studies
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FIGURE 4. Activation of PI3K pathway in Calu-3 cells relies on H2-T6SS-de-
pendent PAO1 invasion. A, the percent invasion of PAO1Ac/pV2 with (gray
bars) or without (white bars) pHM49, normalized to PAO1 that represents an
average of 3500 colony-forming units of internalized bacteria/well (0.8. X 10°
Calu-3). When indicated, the cells were incubated with a PI3K inhibitor,
LY294002, at various concentrations (25, 50, and 100 um) for 1 h prior to
infection. The assays were performed a minimum of three times in triplicate.
The error bars represent standard deviations, and the asterisks indicate p val-
ues. B, levels of phosphorylated Akt in Calu-3 cells infected with PAOT,
PAO1AclpV2 with or without pHM49, or left uninfected (untreated). Akt phos-
phorylation was detected with anti-phospho-Akt antibodies (P-Akt), and total
Akt with anti-Akt antibodies (T-Akt). When indicated (+), the cells were incu-
bated with LY294002 at 50 um for 1 h prior to infection. C, quantification of
band density by volume analysis using ChemiDoc XRS. The graph presents
phospho-Akt as a percentage of Total-Akt and normalized to untreated cells
from B.

have shown that C. elegans is a good model in which to identify
P. aeruginosa virulence genes important for mammalian patho-
genesis (47, 48). In a modified slow killing assay, we observed
that the clpV2 mutant was significantly less virulent than the
PAO1 strain (Fig. 5), indicating that H2-T6SS plays a role in
P. aeruginosa virulence.

DISCUSSION

P. aeruginosa possesses three distinct T6SS genetic loci, but
the function and regulation of H2-T6SS and H3-T6SS have yet
to be elucidated. Here, we show that the H2-T6SS gene cluster
isup-regulated in PAO1 during the transition from exponential

JOURNAL OF BIOLOGICAL CHEMISTRY 27101



P. aeruginosa H2-T6SS Regulation and Function

110+
100+
90+
80+
704
60+
50
40+
30+
204
104

v

-e- PAO1 AclpV2
- PAO1

Percent survival

LN DL I B B B B B B B B )
01234567 8910111213141516
Days
FIGURE 5. H2-T6SS is required for virulence in C. elegans. C. elegans was

infected with PAO1 and its isogenic Ac/pV2 mutant (survival curve, p value
<0.0001; Prism 4 software).
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FIGURE 6. A model of T6SS functions in P. aeruginosa. H1- and H2-T6SS are
differently regulated and have diverse functions. H1-T6SS targets bacterio-
lytic effectors in host bacteria providing a fitness advantage to P. aeruginosa
presumably during chronic infection, whereas H2-T6SS mediates P. aerugi-
nosa internalization into epithelial cells that could lead to a chronic infection.

to stationary phase growth and that its transcription is regu-
lated by QS and induced upon iron limitation through the Fur
regulator. Moreover, we demonstrate that H2-T6SS is required
for PI3K/Akt-dependent internalization into epithelial cells
and plays arole in P. aeruginosa virulence. Together, these data
suggest that H2-T6SS is important in bacterial interactions
with eukaryotic cells, which is quite distinct from the known
functions of H1-T6SS. The latter is not expressed under labo-
ratory conditions (3, 24, 25), secretes bacteriolytic effectors,
and is primarily thought to give P. aeruginosa a growth advan-
tage in mixed bacterial populations (15, 16). Thus, although the
T6SS apparatus may be conserved, the diversity in secreted
effectors may allow interactions with many different hosts in a
broad range of habitats and conditions (Fig. 6).

Our results demonstrate that the LasR and RhIR QS regula-
tors induce expression of genes coding the H2-T6SS machinery
components in PAO1. In a different P. aeruginosa strain, PA14,
representative gene transcripts from the three 76SS gene clus-
ters, hepl, hep2, and hep3, have also been reported to be regu-
lated by LasR (19). As noted earlier, PAO1 and PA14 strains
differ at the level of H2-T6SS loci, hcp?2 is absent from PAO1
locus, and the PA14 locus contains also three other putative
substrate genes, vgrG2, PA14_43090 encoding an homologue of
an A. hydrophila type 111 secretion system (T3SS) effector and
PA14_43100 encoding a putative Rhs family protein (19). From
our observation, it thus stands to reason to propose that the
H2-T6SS machinery of PA14 is under QS control too. Collec-
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tively, these findings tend to indicate that the H2-T6SS machin-
ery and cognate substrates are co-regulated by QS, even if those
divergences may even reflect a different function of the
H2-T6SS machinery in these two P. aeruginosa strains. Indeed,
QS control of the T6SS may be generally conserved, as it has
also been reported for the plant pathogen Pectobacterium atro-
septicum (49), V. cholerae 01 (50, 51), a clinical isolate of
A. hydrophila (52), and in Yersinia pseudotuberculosis (53).
This strategy may allow pathogens to coordinately regulate the
T6SS with other important virulence determinants, including
other secretion systems, toxins, proteases, and biofilm-promot-
ing factors.

One challenge that many pathogens face is the low iron avail-
ability in host tissues, which sequester iron as a protective
mechanism against bacterial infections. The P. aeruginosa Fur
regulator responds to low iron conditions by de-repressing vir-
ulence factors, including siderophores, heme uptake system,
exotoxin A, and proteases (54). We now show that H2-T6SS is
also negatively regulated by the Fur system, which may facilitate
uptake of the bacteria into epithelial cells. The co-regulation of
iron acquisition genes and secretion machinery genes have
been recently reported for other bacteria, including the T3SS
genes of Bordetella pertussis (55), the T6SS of enteroaggrega-
tive E. coli (56), and the T6SS and T3SS genes of Edwarsiella
tarda (57). The co-regulation of iron uptake systems and
secreted virulence factors may function synergistically to
improve iron availability to bacteria that are in the iron-limited
environment of the host. In addition, other Fur-regulated genes
may contribute to bacterial survival in the hostile environment
of the host. For instance, Fur regulates the expression of stress
genes involved in Helicobacter pylori acid resistance response
during the gut infection (58), helping the bacteria to adapt and
to adjust to the acidic conditions encountered in the stomach.

Our studies reveal that H2-T6SS mediates interactions with
mammalian host cells. Interestingly, phylogenetic analysis
demonstrates that the P. aeruginosa H2-T6SS is most closely
related to the eukaryotic-cell targeting T6SSs of V. cholerae,
A. hydrophila, or H. hepaticus (59—61). Consistent with the
notion that H2-T6SS targets eukaryotic cells, we find that
H2-T6SS plays a role in PI3K/Akt-dependent bacterial entry
into epithelial cells; inactivation of the ATPase ClpV2 results in
an ~50% decrease in bacterial internalization and a corre-
sponding decrease in Akt phosphorylation. This raises an inter-
esting question about the mechanism of action of H2-T6SS in
facilitating the uptake of bacteria by mammalian cells. Internal-
ization promoting factors could act from the cellular exterior in
analogy with the Listeria internalins or Yersinia invasin or from
the inside as the T3SS effectors of Shigella or Salmonellae (62).
Because an intracellular delivery has been demonstrated for
certain VgrG proteins in other Gram-negative bacteria (11, 12,
14), we would favor that one or more H2-T6SS substrates may
directly activate PI3K/Akt pathway to trigger cytoskeleton rear-
rangement and/or to modulate the innate immune response.

In contrast to H2-T6SS, the T3SS regulon of P. aeruginosa is
negatively controlled by QS (30) and acts as an anti-internaliza-
tion factor (63). Thus, H2-T6SS and T3SS are reciprocally reg-
ulated, possibly reflecting their divergent functions at different
stages of the infection process (colonization versus dissemina-
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tion) or the infection mode (acute virulence versus chronic per-
sistence). One possibility could have been a direct cross-talk
between the two systems, but we did not observe a type III
secretion defect in the H2-T6SS mutant (supplemental Fig.
S1C). We did not monitor any difference in cell rounding and
toxicity (lactate dehydrogenase release) in HeLa and macro-
phages infected with wild type or H2-T6SS mutant strains (data
not shown). This suggests that H2-T6SS is most likely impor-
tant in establishing chronic infection because it does not seem
to play a role in acute toxic events like T3SS.

Taken together, our observations suggest that the H2-T6SS
machinery secretes proteins that target eukaryotic host cell.
Despite the lack of apparent hcp or vgrG genes within the
H2-T6SS locus of PAOL, two sets of protein (Hcp2a-VgrG2a
(PA1512-PA1511) and Hcp2b-VgrG2b (PA0263-PA0262))
have been proposed as putative H2-T6SS substrates (3, 4, 42,
64). One can note that neither VgrG2a nor VgrG2b is an ortho-
logue of VgrG2 from PA14, which is homologous to VgrGé
(42). Interestingly, transcriptional analysis has revealed that
these putative effectors are co-regulated with the H2-T6SS
machinery in PAO1 (65-69). Future studies will be aimed at
identifying the secreted substrates of the H2-T6SS machinery
from PAO1 and determining whether they target the host
eukaryotic cell.
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