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Abstract

Medical devices, such as contact lenses, bring bacteria in direct contact with human cells.
Consequences of these host-pathogen interactions include the alteration of mammalian cell
surface architecture and induction of cellular death that renders tissues more susceptible to
infection. Gram-negative bacteria known to induce cellular blebbing by mammalian cells,
Pseudomonas and Vibrio species, do so through a type Il secretion system-dependent
mechanism. This study demonstrates that a subset of bacteria from the Enterobacteriaceae
bacterial family induce cellular death and membrane blebs in a variety of cell types via a
type V secretion-system dependent mechanism. Here, we report that ShIA-family cytolysins
from Proteus mirabilis and Serratia marcescens were required to induce membrane bleb-
bling and cell death. Blebbing and cellular death were blocked by an antioxidant and RIP-1
and MLKL inhibitors, implicating necroptosis in the observed phenotypes. Additional genetic
studies determined that an IgaA family stress-response protein, GumB, was necessary to
induce blebs. Data supported a model where GumB and sh/BA are in a regulatory circuit
through the Rcs stress response phosphorelay system required for bleb formation and path-
ogenesis in an invertebrate model of infection and proliferation in a phagocytic cell line. This
study introduces GumB as a regulator of S. marcescens host-pathogen interactions and
demonstrates a common type V secretion system-dependent mechanism by which bacteria
elicit surface morphological changes on mammalian cells. This type V secretion-system
mechanism likely contributes bacterial damage to the corneal epithelial layer, and enables
access to deeper parts of the tissue that are more susceptible to infection.
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Author summary

Bacteria must overcome host defenses to cause infection. This is especially true for corneal
infections where bacteria must penetrate the epithelium in order to gain access to the
stroma where bacteria can rapidly multiply, induce inflammation, and cause vision loss.
Members of the Enterobacteriaceae commonly cause contact lens associated infections,
but the mechanisms by which they damage corneal cells are largely unknown. Here we
present evidence that Serratia marcescens and Proteus mirabilis are able to induce dra-
matic morphological changes in mammalian corneal cells that correlates with rapid cellu-
lar death. Secretion of ShlA-like cytolysins via type V secretion was responsible for this
phenotype, and this effect was regulated by the conserved Rcs phosphorelay stress
response system, including IgaA-family protein GumB. This study provides a model for
stress-mediated regulation of cytolysins that induce epithelial damage and promote ocular
infection.

Introduction

Some bacteria induce changes in human cell architecture through expression of virulence fac-
tors, which aid in bacterial internalization into cells and provide a more favorable niche for
microbial colonization. Cell alterations include the formation of pedestals on intestinal cells by
enteropathogenic and enterohaemorrhagic Escherichia coli strains through expression of type
III secretion system (T3SS)-associated effector proteins that alter the actin cytoskeleton [1, 2].
Other bacteria create membrane ruffles, alterations that facilitate bacterial invasion into the
mammalian cell [3]. Another type of mammalian cell surface alteration, known as bleb forma-
tion, appears following cellular injury [4, 5]. The bacterium Pseudomonas aeruginosa can
induce bleb formation in airway and ocular cells. These blebs are similar to, but are more stable
than, necrotic blebs and require a T3SS encoded by P. aeruginosa, and the ExoS and ExoY
T3SS effector proteins [6, 7]. T3SS-dependent induction of membrane blebs on human cells
was also reported for Vibrio parahemolyticus [8]. Large necrotic membrane blebs can also be
induced by hydrogen peroxide and are thought to be a last-ditch effort by the cells to evade
lysis. In this setting, they may serve as a storage unit to sequester damaged cellular components
away from the cell or are simply a loss of cell homeostasis [5, 9, 10]. Blebs induced by mem-
brane breach are hypothesized to be a result of the influx of calcium that activates hydrolytic
enzymes capable of damaging the cellular cortex [11].

Gram-negative bacteria of the Enterobacteriaceae family, such as Proteus mirabilis and Ser-
ratia marcescens, cause nosocomial infections in neonates and immune compromised patients
and contact lens associated complications in healthy individuals, including keratitis [12-17].
Microbial keratitis, or infection of the cornea, is a potentially blinding infection with a poor
visual outcome, even when effective antibiotics are used to treat the infecting bacterium [14,
18]. Bacteria must overcome the epithelial cell layer in order to cause keratitis, and the killing
of ocular surface cells is one mechanism bacteria could use to access the stromal layer that
resides under the epithelium [19]. Therefore, we set out to study mechanisms by which kerati-
tis causing bacteria damage the epithelium, which are largely unknown for the Enterobacteria-
ceae family of bacteria.

In this study, we observed that clinical keratitis isolates of S. marcescens cause bleb forma-
tion and cellular death in human ocular cells. However, S. marcescens bacterial genomes rarely
encode genes for a T3SS, with strain FS14 [20], isolated from a leaf-cutter ant fungus garden,
being the only strain described in the literature with a T3SS. These results suggested that S.
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marcescens has another mechanism to elicit these structural changes from the human epithelial
cell, and we therefore employed a genetic screen to identify bacterial genes required for elicit-
ing bleb formation. The role of the identified genes in bleb formation, cytotoxicity, and viru-
lence was characterized using strains with deletion mutations and their corresponding
complements, and a potential regulatory pathway was determined. We demonstrated that the
Rcs stress response system controls expression of pore forming toxins secreted by a type V
secretion system (T5SS) mechanism. The role of the T5SS-dependent cytolysin in bleb forma-
tion was validated using keratitis isolates of P. mirabilis, which suggests a novel conserved
mechanism by which bacteria can induce cellular blebs to facilitate pathogenesis at epithelial
surfaces.

Results

S. marcescens induces toxic membrane bleb formation by human corneal
cells in vitro

Dramatic bleb formation on the cellular surface of a human corneal epithelial cell line (HCLE)
was observed by microscopic analysis when S. marcescens contact lens-associated keratitis iso-
late K904 was co-incubated with the human cells (Fig 1A). Bleb formation was absent in
HCLE cells exposed to bacterial growth medium (Mock) without bacteria (0%, n = 969 cells),
whereas 69.5 £ 15.0% of HCLE cells challenged with S. marcescens K904 bacteria for 2 h

(MOI = 200) produced blebs (n = 920 cells) (p<0.001, Fisher Exact test). Bleb formation fre-
quency remained high when the MOI was 50 (95.4 + 8.2%, n = 571), but reduced with an
MOI = 10, (4.6%, n = 22). Confocal laser scanning microscopy and CellMask fluorescent
membrane stain support that the bleb structures are extensions of HCLE plasma membranes
and can become almost as large as the cells (Fig 1B). Scanning electron microscopy revealed S.
marcescens bacteria associated with the membrane blebs (Fig 1C).

Live microscopic imaging of HCLE cells exposed to S. marcescens K904 produced mem-
brane blebs starting before 120 minutes of co-incubation (compare S Movie 1 for Mock and S
Movie 2 for S. marcescens K904, Fig 1D). Blebs were observed to grow over time, and then
retract into the cell body as the cells rounded up (Fig 1D).

We tested whether the observed phenomenon was an artifact of using a specific human cell
type, bacterial strain, or bacterial species. Testing bacterial strain specificity, we observed that
34 out of 34 S. marcescens strains derived from a variety of sources including environmental
and clinical isolates induced bleb formation; these include reference strain Db11 and labora-
tory strain PIC3611 (S1A Fig). A variety of other species were tested for the ability to induce
blebs in HCLE cells (MOI = ~200 for 2 h exposure). We found that Proteus mirabilis and
Edwardsiella tarda were able to induce blebs during the 2 h time frame (S1B Fig), but no blebs
were induced by tested strains of Acinetobacter baumannii, Citrobacter frundii, coagulase neg-
ative staphylococci, Enterobacter aerogenes, Enterococcus faecalis, Klebsiella pneumoniae, Mor-
ganella morganii, Staphylococcus aureus MRSA and MSSA, Staphylococcus epidermidis,
Streptococcus pneumoniae [21], and Stenotrophomonas maltophilia. With Pseudomonas aerugi-
nosa, keratitis isolate K900 [22] did induce blebs (S1B Fig) but wound isolate PAO1 [23] did
not under the tested conditions.

Beyond the HCLE cell line, human primary corneal cells produced blebs in response to S.
marcescens strain K904 (Fig 1E). With an MOI of 50, 34% of primary cells had a bleb (n = 22),
as compared to 0% without bacterial challenge (n = 48). Calcein AM staining for intact, meta-
bolically active cells suggested that the blebbing cells are no longer viable (Fig 1E). Similarly, S.
marcescens strain K904 induced membrane bleb formation in airway epithelial cell line A549
(S2A Fig). S. marcescens causes contact lens associated keratitis, so we tested whether this effect
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Fig 1. S. marcescens induces blebs and toxicity in human primary corneal cells and on porcine corneal tissue. (A)
Confocal differential interference contrast (DIC) micrographs of human corneal cell line (HCLE) challenged with LB
medium (mock) or with S. marcescens strain K904 (MOI = 200 for 2 h). Yellow arrows indicate a bleb extending from one
of the cells. Size bar indicates 50 um. (B) Confocal micrograph of HCLE cells challenged with S. marcescens strain K904
for 2 h and stained with a fluorescent membrane dye. The image shows a side projection of a z-stack of images. White
arrow indicates a surface attached HCLE cell and the yellow arrow indicates a membrane bleb. Size bar is 20 pm. (C) SEM
micrograph of blebs (yellow arrows) on a HCLE cell speckled with pseudocolored S. marcescens K904 bacteria (red). Size
bar is 10 um. (D) 2-D area of arbitrarily chosen blebs from 6 independent experiments tracked with video microscopy. (E)
Primary corneal cells imaged by confocal microscopy with DIC and fluorescent imaging of the same cells stained with
viability dye Calcein AM. Yellow arrows indicate blebs. Bar = 20 um. Mock n = 48, K904 n = 22. (F) SEM micrograph of
porcine corneas that had been exposed to naive contact lenses (Mock, top) or contact lenses coated with wild-type S.
marcescens (K904, bottom) prior to fixation. Blebs are indicated with yellow arrows.

https://doi.org/10.1371/journal.ppat.1007825.g001
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could be seen on corneal tissue exposed to S. marcescens inoculated contact lenses. Strain K904
was introduced onto contact lenses and exposed to pig corneas ex vivo for 3 h. SEM analysis
revealed extensive surface changes and membrane bleb formation on the porcine ocular sur-
face on the S. marcescens exposed corneas, but not on control corneas bearing contact lenses
without bacteria (Fig 1F).

Genetic screen for mutant strains deficient in bleb induction

The S. marcescens strain K904 genome was sequenced (Genbank PRJNA243053) with no evi-
dence for a type III secretion system (T3SS). Because a T3SS-independent mechanism was
therefore implicated, transposon mutagenesis was performed to elucidate the bacterial factors
required for this phenotype. 6,920 mutants were screened for the inability to induce bleb for-
mation in HCLE cells and kill the cells as judged by Calcein AM staining. Five mutants were
reproducibly defective in bleb induction, which we confirmed with primary corneal epithelial
cells. For K904 91.2+4.9% (n = 334) of cells had blebs, compared to 0% for the mutants
(n>160) (Fig 2A). The mutations were mapped to two loci. Three were in the shIBA operon,
with two in shiB at base pair 378 and 825 out of the 1680 base pair gene, and one in shiA at
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Fig 2. S. marcescens mutations that abrogate cytotoxicity in HCLE cells were isolated and mapped. (A) Confocal
micrographs of primary human corneal epithelial cells challenged with S. marcescens strain K904 wild type and mutant
strains isolated for being unable to induce bleb formation (MOI = 200 for 2 h). Three of five mutants are shown, with
the other two having an indistinguishable effect on the corneal cells. Differential interference contrast (DIC) and
calcein AM viability stained images are shown. (B) Genetic context of transposon insertion mutations that render S.
marcescens unable to induce bleb formation in corneal epithelial cells. Downward facing blue arrows indicate
transposon insertion sites. Size bar indicates 1000 base pairs.

https://doi.org/10.1371/journal.ppat.1007825.9002

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007825  June 20, 2019 5/31


https://doi.org/10.1371/journal.ppat.1007825.g002
https://doi.org/10.1371/journal.ppat.1007825

@'PLOS ‘ PATHOGENS

Bacterial type V secretion system cytolysin causes cellular blebbing

base pair 4063 out of the 4824 base pair gene (Fig 2B). Two other mutations mapped to differ-
ent locations in the gumB gene at base pairs 170 and 957 out of the 2136 base pair gene (Fig
2B). The shIBA operon codes for a type Vb secretion system with ShIB being an outer mem-
brane transporter and ShlA its cognate surface-associated and secreted cytolysin [24]. The
gumB gene is a recently described member of the IgaA family involved in bacterial stress
response that confers pleiotropic phenotypes when mutated [25]. IgaA is an inner membrane
protein that influences Salmonella virulence in rodent infection models [26] and controls the
Rcs stress response transcriptional system.

shlA and shIB genes are necessary, and ShlA is sufficient, for bleb induction

Fifteen of the 34 bleb-inducing S. marcescens clinical isolates were selected arbitrarily among
isolates that had caused different types of ocular infections. These were subject to PCR analysis
for the shlA gene. Strain PIC3611 was used as a positive control and an shIBA deletion variant
of PIC3611 was used as a negative control. DNA samples from all tested strains, except the
deletion mutant, produced an amplicon consistent with the shlA gene (S3 Fig). This result is
consistent with shlA being a conserved gene in S. marcescens, and likely responsible for bleb
induction by the tested strains.

To further test the necessity of this this operon in bleb induction by S. marcescens, a deletion
allele of the shiIB gene was constructed in S. marcescens strain K904. The AshIB mutant strain
was completely defective in the ability to induce blebs and kill HCLE cells in our test condi-
tions (Fig 3A). Addition of the shIBA operon expressed from the nptII promoter on a plasmid
(pshIBA) complemented the AshIB mutant phenotype supporting that the defect was due to
mutation of shiB and not an unknown mutation elsewhere on the chromosome or a polar
effect on adjacent genes (Fig 3A). The pMQ591 plasmid (pshIBA::tn), which has the shIBA
operon with a transposon insertion in shlA at base pair 4063, was able to restore bleb forma-
tion to the S. marcescens AshlB strain, providing genetic evidence that the AshIB mutation in
strain CMS4236 was nonpolar, since the active ShlA protein must come from the chromo-
somal copy of shlA (Fig 3A). A resazurin fluorescence-based assay was used as a second
method to validate the cytotoxic phenotypes demonstrated in this study using calcein AM
staining (S4A and S4B Fig). We observed consistent results, including the lack of cytotoxicity
caused by the AshIB mutant and the restoration of cytotoxicity using complementing plasmids
(MOI 10 and 200) (S4A and S4B Fig). Thus, even though shlA may be expressed in the AshiB
mutant, the ShlA protein is not secreted without the ShIB transporter, as was previously shown
in other strains [24].

Importantly, shIBA expression was sufficient to confer bleb-induction ability to the E. coli
laboratory strain S17-1 A-pir that is normally unable to generate blebs (Fig 3B and S2 Fig). This
result suggested that ShlA may be sufficient to induce bleb formation. Further evidence sup-
porting that ShlA is sufficient for bleb induction came from observations that partially purified
ShIA expressed from E. coli could induce bleb formation; 31+3% of HCLE cells exposed to fil-
tered supernatants (n = 75) and 33£15% (n = 208) of cells challenged with purified ShlA exhib-
ited blebs (Fig 3B). This is in sharp contrast to the absence of blebs in cells challenged with
preparations made from E. coli harboring the control vector without shIBA (n>80 cells, Fig
3B). E. coli expressing pshIBA::tn with the transposon mutation in shlA, noted above to contain
anull shiA allele, was unable to induce blebs or kill HCLE cells (S2B Fig), which supports the
conclusion that ShlA rather than ShiB is required for bleb induction. Combined, these data
support a working model that the T5SS ShIB and cytolysin ShlA are the S. marcescens virulence
factors responsible for induction of membrane blebs in mammalian cells and suggest that
GumB is a regulator of shIBA expression.
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Fig 3. S. marcescens shIBA operon is necessary, and ShlA is sufficient, for bleb and cytotoxicity induction. Confocal micrographs of HCLE cells
imaged with differential interference contrast (DIC) and calcein AM viability stain. Yellow arrows indicate blebs extending from corneal cells. The
percent of bleb positive cells induced by the indicated treatment are shown. (A) Confocal micrographs of HCLE cells with S. marcescens strain K904
and mutant strains (MOI = 50, 2 h incubation). Vector = pMQ125 or pMQ131; pshIBA = pMQ541; pshIBA::tn = pMQ591. (B) Microscopic evaluation
of HCLE cells exposed to E. coli (Top10) with a vector (pMQ175) or shIBA expressing plasmid (pMQ492) at MOI = 50 for 2 h. Cells were alternatively
exposed for 3 h to sterile-filtered supernatants from E. coli with the pMQ175 (SUP Control) or pMQ492 (SUP ShlA) plasmids, or partially purified
ShlA-containing supernatant fractions from E. coli with the vector negative control (PUR Control) or with pMQ492 (PUR ShlA). Vector = pMQ125;
pshIBA = pMQ492.

https://doi.org/10.1371/journal.ppat.1007825.9003

A ShlA-like, T5S8S-dependent, cytolysin from P. mirabilis is necessary for
bleb induction

Since P. mirabilis is able to induce bleb formation in HCLE cells and its genome contains an
shIBA-like virulence operon hpmBA [27], we tested whether this operon could induce bleb for-
mation. HpmA is 44% identical to ShlA at the amino acid level and HpmB/A constitute a Type
Vb secretion pair analogous to ShIBA. Induced expression of the ipmBA operon from a plas-
mid was able to confer the bleb-formation phenotype to E. coli (82+9% blebs, n = 156, Fig 4A).
The hpmBA plasmid could complement the AshIB mutation in S. marcescens; there were fewer
blebs than wild type treated cells (20£17%, n = 287), but the cells appeared to be dead (Fig 4A).
To further verify the importance of HpmA in bleb formation, the chromosomal hpmA gene
of P. mirabilis was mutated in two clinical keratitis isolates K2644 and K2675, with 56+12%
(n=122) and 39+7% (n = 219) bleb formation, respectively, (Fig 4A). Unlike the wild-type
parental strains, isogenic hpmA mutant strains were defective in bleb formation and toxicity,
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Fig 4. A shIBA-like Type Vb secretion system operon from P. mirabilis induces blebbing and cytotoxicity. Confocal
micrographs of HCLE cells imaged with differential interference contrast (DIC) and calcein AM viability stain. Yellow arrows
indicate blebs extending from corneal cells. (A) Confocal micrographs of HCLE cells with E. coli strain (Top10), S. marcescens (S.
m.) AshiB, and P. mirabilis keratitis isolate K2644 and isogenic hmpA mutant strain (MOI = 50, 2 h incubation, 1 hour with E.
coli). (B) As in (A), using P. mirabilis keratitis isolate K2675. phpmBA = pMQ601; vector = pMQ132; phpmA = pMQ602.

https://doi.org/10.1371/journal.ppat.1007825.9004

and these phenotypes could be complemented by expression of the hpmA gene from a plasmid.
Zero percent bleb formation was observed from corneal cells treated with the hipmA mutants
with the vector alone (n>140). For cells exposed to the hpmA mutants with the hmpA plasmid,
~40% had blebs (39+12%, n = 208 for strain K2644 and 40+10%, n = 187 for strain K2675, Fig
4A and 4B). Together, these data indicate that T5SS secreted cytolysins of the ShIBA family

represent a conserved mechanism by which bacteria elicit rapid cell death and dramatic mor-
phological changes in human cells.

GumB is required for bleb formation because of shIBA regulatory activity

Similar to the gumB transposon mutant (Fig 2A), strain K904 with a deletion of the gumB gene
was unable to induce blebs or kill primary corneal or HCLE cells (0% cells had blebs, n = 159
cells) (Fig 5A). The same trend was observed when the gumB gene was deleted from the S. mar-
cescens reference and insect pathogen strain Db11 [28] (S1A Fig). Plasmid-based expression
(lac promoter) of gumB (85+£12%, n = 280) or IgaA-family genes from Escherichia coli (yrfF, 95
+1%, n = 175), Salmonella Typhimurium (igaA, 95+5, n = 175), and Klebsiella pneumoniae
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Fig 5. S. marcescens gumB gene is necessary but not sufficient for the bleb and cytotoxicity induction, and the gumB mutant strain defect is
complemented by igaA-family genes and shIBA. (A,B) Confocal micrographs of primary human corneal and HCLE cells imaged with differential
interference contrast (DIC) and calcein AM viability stain after exposure to bacteria for 2 h at MOI = 50, except where noted. Yellow arrows indicate
blebs extending from corneal cells. (A) Confocal micrographs of HCLE cells with S. marcescens strain K904, mutant strains, or E. coli strain EC100D
pir-116. Vector = pMQ132; pshIBA = pMQ541; pgumB = pMQ480. The percent of bleb positive cells induced by select bacteria are shown. (B) HCLE
cells exposed to the gumB mutant strain (MOI = 50) with plasmid-borne igaA-family genes from S. marcescens (pgumB = pMQ480), S. enterica (pigaA
=pMQ530), K. pneumoniae (pkumO = pMQ529), E. coli (pyrfF = pMQ531), or P. mirabilis (pumoB = pMQ600). Vector = pMQ132. (C) Relative gene
expression using the AACT method depicts shlA transcript levels in the wild type (K904) and AgumB mutant strains at ODgg = 3; *p = 0.0286, Mann-

Whitney test.
https://doi.org/10.1371/journal.ppat.1007825.9005

(kumO, n = 96£1, n = 227) was able to restore bleb-induction ability to the AgumB mutant,
which supports the notion that the function of IgaA-family proteins is highly conserved (Fig
5B). The umoB gene from P. mirabilis was unable to complement the AgumB mutant, suggest-
ing that it differs enough structurally from GumB as to not replace protein-protein interac-
tions necessary for GumB function in S. marcescens (Fig 5B and, 0%, n = 123). Additionally,
expression of gumB in E. coli did not enable E. coli to induce blebs (Fig 5A) (0%, n = 82 for vec-
tor and 225 for pgumB), suggesting that GumB is necessary, but insufficient for the bleb-induc-

tion phenomenon.
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We tested whether shlA expression was reduced in the gumB mutant using qRT-PCR, and
observed a 100-fold reduction in transcript (Fig 5C). This finding suggests that gumB mutant
strains likely are defective in the ability to induce blebs because they do not produce adequate
ShlA cytolysin. To test this model, the constitutive shIBA expression plasmid was introduced
into the gumB mutant. The resulting strain induced blebs and was highly cytotoxic (Fig 5A
and S4 Fig), which indicates that artificial upregulation of shIBA bypasses the GumB-mediated
regulation required for this virulence function.

GumB regulates bleb formation and virulence through the Rcs system

Reports indicate that IgaA-family proteins inhibit the Rcs phosphorelay system in other genera
from the Enterobacteriaceae family [29, 30]. The Rcs system is a multicomponent version of a
two-component transcription factor system involved in responses to extracellular and enve-
lope stress [31, 32] (Fig 6A). The core Res system is composed of sensor histidine kinase RcsC,
an intermediate phosphoprotein ResD, and the ResB response regulator [32]. Therefore, one
would predict that if the Rcs system is derepressed in an IgaA-family protein mutant strain
(AgumB), then elevated expression of Rcs system components in the wild-type strain could
mimic the gumB mutant phenotypes (Fig 6A). To test this prediction, the rcsC gene was placed
under control of the E. coli lac promoter on a medium-copy plasmid in the wild-type strain,
K904. We observed gumB mutant strain-like phenotypes for the wild type with the rcsC multi-
copy plasmid, such as reduction of pigmentation and mucoid colony morphology, which sup-
ports that multicopy expression of rcsC was activating the Rcs system akin to mutation of
gumB that also prevents pigmentation (S5 Fig). HCLE cells exposed to strain K904 with the
resC expression plasmid, but not the vector control, were defective in inducing bleb formation
and cytotoxicity (Fig 6B). 93+6% bleb formation was observed in cells exposed to the K904
wild-type with vector control (n = 208), whereas those challenged with K904 with prcsC pro-
duced no blebs (0%, n = 454).

The proposed model (Fig 6A) also suggests that inactivation of the Rcs system in a gumB
mutant strain should restore toxicity, bleb induction ability, and pigment production. The gene
for the RcsB response regulator was mutated in the AgumB strain background. In order to inter-
rogate the model and validate the strains, Rcs regulation of pigmentation was analyzed. The
resB mutation reversed the gumB mutant pigment defect (S5 Fig), which supports that ResB acts
downstream of GumB (S6 Fig). We also observed that the gumB mutant strain pigment defect
could be restored through complementation with wild-type rcsB expression from a plasmid (S5
Fig), which further supports the validity of the mutation and plasmid. With regards to host-
pathogen interactions, the AgumB rcsB double mutant strain was indistinguishable from the
S. marcescens K904 parental strain for bleb induction and cytotoxicity to HCLE cells (Fig 6B).
Importantly, the AgumB rcsB double mutant strain toxicity and bleb inducing phenotypes could
be complemented with rcsB on a plasmid (Fig 6B). Zero blebbing cells were counted with the
gumB mutant with the vector control (n = 141); 94+6% of cells had blebs in the gumB rcsB with
vector group (n = 252), and 0% of cells had blebs when exposed to the gumB rcsB mutant com-
plemented with presB (n = 338). Together, these data indicate that bleb formation regulation by
GumB requires a functional Rcs system, and that activation of the Rcs system prevents S. mar-
cescens from inducing bleb formation and cytotoxicity to epithelial cells.

S. marcescens-induced epithelial blebbing and toxicity is due to ShlA-
mediated pore formation and resultant necroptosis

Next, we investigated the mechanism of cellular death induced by ShlA-like cytolysins in cor-
neal epithelium. Previous studies have shown that osmoprotectants can prevent bacterial
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Fig 6. GumB regulation of bleb formation and cytotoxicity requires the Rcs signaling system. (A) Model for the
regulatory circuit through which GumB functions to regulate epithelial cell bleb formation, based on this study and
DiVenanzio, et al [58]. GumB inhibits (red stop bar) the Res-phosphorelay system through which the response
regulator ResB inhibits shIBA expression. The ShIA cytolysin is secreted through the outer membrane by ShIB and is
maintained on the bacterial outer membrane or released into the environment where it can form pores in mammalian
cell membranes and stimulate bleb formation and cellular death. (B) Confocal micrographs of HCLE cells imaged with
differential interference contrast (DIC) and calcein AM viability stain after exposure to bacteria for 2 h at MOI = 50.
Yellow arrows indicate blebs extending from corneal cells. Multicopy expression of the rcsC histidine sensor kinase
gene confers gumB-like phenotypes to the wild type (presC = pMQ514). The AgumB mutant bleb-phenotype is
suppressed by mutation of the rcsB response regulator gene, and this effect can be complemented by the wild-type rcsB
gene on a plasmid (presB = pMQ614).

https://doi.org/10.1371/journal.ppat.1007825.9006

T3SS-mediated bleb formation and necroptosis [33, 34]. The osmoprotectant sorbitol (300
mM) was able to reduce bleb formation from 89% (n = 225) for HCLE cells exposed to S. mar-
cescens (strain K904) to 10% (n = 409) for those exposed to S. marcescens and sorbitol
(p<0.001). Dextran, a branched polysaccharide, is able to prevent cellular lysis induced by
purified streptolysin O and other pore forming toxins, including ShIA, by occluding pores
introduced by such toxins [35-38]. Here, dextran was found to reduce cells with blebs from
94.5% (n = 383) with S. marcescens challenge MOI = 50 or 200 to 0 or 4.4% (n = 397/544) with
S. marcescens and dextran, a significant reduction (p<0.0001, Fisher’s Exact) (Fig 7A). These
data suggest that the membrane pore introduced by ShlA’s pore forming domain is responsible
for the bleb and cytotoxicity phenotypes.
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It has been demonstrated that intracellular S. marcescens can initiate the type of pro-
grammed cell death known as necroptosis in macrophages in a ShlA-dependent manner [39].
Oxidative stress plays a major role in necroptosis, so we tested whether the antioxidant coen-
zyme-Q10 (0.1 pM), had an impact on S. marcescens induced damage. CoQ10 prevented S.
marcescens-induced cytotoxicity and bleb formation (0% blebs, n = 146) (Fig 7B), whereas
DMSO alone did not alter the ability of S. marcescens to induce blebs (89+£6%, n = 121) (Fig
7A).

We tested whether blocking of necroptosis using the RIP-1 inhibitor necrostatin 5 could
alleviate S. marcescens-induced phenotypes; a strong reduction in bleb formation (2+3%,

n = 316) and cytotoxicity was observed (Fig 7). Necrostatin 5 itself did not produce a bleb or
cytotoxicity phenotype (0% blebs, n = 97), nor did the vehicle (DMSO), 0% blebs, n = 115). An
inhibitor that targets the major regulator of necroptosis, the mixed lineage kinase domain-like
protein (MLKL), was tested [39, 40]. The MLKL inhibitor GW806742X produced a dose-
dependent reduction in bleb formation by HCLE cells challenged with wild-type S. marcescens
(S7 Fig). Together, these data suggest that S. marcescens-induced necroptosis in response to
ShlA-mediated pore formation is responsible for bleb formation and cellular death.

gumB is required for virulence in a ShlA-dependent manner

Whereas the ShlA cytolysin is a known S. marcescens virulence determinant in several patho-
genesis models [41-43], the role of GumB is unreported. A Galleria mellonella model of infec-
tion was used to test whether GumB is necessary for infection in vivo. When survival was
analyzed over time (Fig 8A), larvae that had been injected with S. marcescens strain K904 (200
CFU/larva) started to die just after 20 h post injection. The larvae had a median survival of

23 h, and all larvae were dead by 44 h (Fig 8A).

Strikingly, the AgumB mutant strain-injected larvae (200 CFU/larva) were fully viable at
44 h when the experiment reached its endpoint (Fig 8A, p<0.001 Log-rank Test).

In a separate experiment, different doses of S. marcescens (strain K904) and the AgumB
mutant strain were injected into G. mellonella larvae. A similar survival curve was observed
between the two strains with 160,000 CFU of the AgumB strain (n = 14) and 10 CFU of the
wild-type K904 strain (Fig 8B), which sharply delineates the >10,000-fold difference in the
ability of the isogenic strains to kill a host organism.

The AgumB strain with shIBA constitutively expressed on a plasmid was used to test
whether reduced shIBA expression contributes to the lack of virulence exhibited by the AgumB
mutant strain in the G. mellonella pathogenesis model. Plasmid-based expression of shIBA
increased virulence of the AgumB mutant strain compared to the AgumB mutant strain carry-
ing the vector negative control; however, it did not confer wild-type levels of virulence (Fig
8C). The isogenic AshIB mutant was also defective in virulence compared to the wild type
strain and was fully complemented with shIBA expressed from a plasmid. Together these
results demonstrated that the gumB mutant is attenuated in virulence relative to the wild type,
and suggest that the virulence defect is at least partially due to a loss of ShIA production.

The mechanism for the loss of viability in the G. mellonella model was further analyzed.
Bacteria were isolated from larvae before larval death (24 h post-injection), and the CFU were
enumerated. There was a ~50-fold reduction in the median CFU of S. marcescens AgumB
strain CFU isolated from the larvae compared to the K904 wild-type strain (p = 0.029, Mann
Whitney test) (Fig 9A). To test whether the AgumB mutant strain was less capable of growth
on the nutrients available in the larvae, we assessed bacterial growth in inactivated larval
homogenates (Fig 9B). The lysates were heat treated to prevent melanization and growth of
endogenous bacteria and clarified by centrifugation. The growth rate as assessed by optical
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Fig 7. ShlA induces bleb formation and cytotoxicity via pore formation and subsequent necroptosis. Confocal
micrographs HCLE cells imaged with differential interference contrast (DIC) and calcein AM viability stain after
exposure to bacteria for 2 h at MOI = 50. Yellow arrows indicate blebs extending from corneal cells. HCLE cells were
exposed to S. marcescens K904 (MOI = 50 for 2 h) with either (A) dextran sulfate 8000 (30 mM, occludes pores caused
by pore-forming toxins), (B) necrostatin 5 (100 M, an inhibitor of necroptosis), or coenzyme Q10 (CoQ10, 0.1 pM,
an antioxidant,) or an equal volume of vehicle DMSO incubated with cells for 1 h prior to challenge.

https://doi.org/10.1371/journal.ppat.1007825.9007

density measurement of the AgumB mutant and wild type strains were similar in clarified
lysates (Fig 9B), and the CFU achieved at 24 h were indistinguishable (p = 0.565, Mann Whit-
ney test), (Fig 9C). We also tested whether the AgumB mutant had reduced growth at limiting
oxygen concentrations, which could explain its reduced ability to proliferate within the hemo-
lymph of the larvae. The AgumB mutant and K904 wild-type strain exhibited qualitatively
equivalent colony size on LB agar plates following growth in an anaerobic bag (S5 Fig). Like-
wise, the AgumB mutant strain was similarly tolerant to hydrogen peroxide. Disk diffusion
tests indicated that the gumB mutant was no more susceptible than the wild type strain (16.7
+0.7 mm diameter of growth inhibition for the wild type strain and 17.4+1.7 for the AgumB
strain, p = 0.203 Student’s T-test). This suggests that the AgumB mutant is more susceptible to
immune components such as phagocytizing cells in the larval hemolymph rather than being
unable to grow under nutrient- or oxygen-limiting conditions or exposure to reactive oxygen
species in the larvae.

To test whether there is a defect in the ability of the AgumB mutant strain to survive interac-
tion with phagocytic immune cells, we tested the ability of the bacteria proliferate in a

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007825  June 20, 2019 13/31


https://doi.org/10.1371/journal.ppat.1007825.g007
https://doi.org/10.1371/journal.ppat.1007825

@'PLOS ‘ PATHOGENS

Bacterial type V secretion system cytolysin causes cellular blebbing

-@- K904 200 CFU
AgumB 200 CFU

25+
C 1 1 1 1 1
0 10 20 30 40 50
B Hours postinfection
= 75+
=
>
(7%) 50=
52 =@-K904 10 CFU
259 .= AgumB 160,000 CFU
O 1 1 || | 1
0 10 20 30 40 50
Time (h
c (h)
1 OO' -
[']/
=@~ K904 + vector
757 AgumB + vector
AgumB + pshIBA

4} AshiB + vector
<O~ AshIB + pshiBA

)\ | 1

0
10"

\ \_J J o 1
102 103 104 10° 108 107

CFU injected per larva
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in CFUs injected (n = 14). (C) Survival of larvae injected with the AgumB mutant and AshIB plasmid with various
plasmids as indicated (n = >12). Vector = pMQ125; pshIBA = pMQ541.
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macrophage-like murine cell line, RAW264.7 cells. The AgumB mutant strain was taken up at
a reduced rate (~6-fold lower, p<0.05 Student’s t-test) compared to the wild-type K904 strain
when CFU within RAW cells was assessed after 2 h of co-culture (Fig 9D). Proliferation within
the RAW cells measured at 24 h post-inoculation was also measured. Whereas the wild-type
CFU increased almost 7-fold within the RAW cells, there was a ~50% reduction in AgumB
strain CFU (Fig 9D). Wild-type gumB expression from a plasmid was able to complement
these defects in uptake and intracellular proliferation/survival of the gumB mutant, but had no
effect on the wild-type K904 strain, as expected (Fig 9D).

We evaluated whether the gumB mutant defect in proliferation within RAW cells was due
to reduced shIBA gene expression by expressing shIBA with the nptII promoter from a plasmid
in the gumB mutant. We observed a significant, although partial, restoration in bacterial
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Fig 9. GumB is required for survival and proliferation in G. mellonella and in murine phagocytic cells. (A) Enumeration
of S. marcescens K904 wild type and AgumB mutant strains 24 h after injection of 10° CFU into G. mellonella. Median and
range are shown, n>3. * indicates significant difference between medians, Mann-Whitney test (p = 0.0286). (B) Growth of
K904 and the AgumB mutant in G. mellonella homogenates (n = 10). Error bars indicate standard deviation. (C) Enumeration
of S. marcescens K904 wild type and AgumB mutant strains 24 h growth in heat-treated G. mellonella homogenates, n = 7.
Median and interquartile range is shown. (D) Representative experiment describing uptake and proliferation of S. marcescens
K904 wild type and AgumB mutant strains in RAW macrophage cells (n = 3), mean and standard deviations are shown. ***
indicates significant difference by 2-way ANOVA with Tukey’s post-test (p<0.001).

https://doi.org/10.1371/journal.ppat.1007825.9009
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proliferation in RAW cells when shIBA was expressed in the gumB mutant (S8 Fig). Together,
these data indicate the GumB is required for virulence and indicate that gumB is required for
resistance to phagocytic cell responses of the innate immune system.

Discussion

We report a T5SS-dependent, T3SS-independent mechanism by which Gram-negative bacte-
ria can induce massive morphological changes and cellular death in human cells. The purpose
of this study was to characterize and gain mechanistic insight into how Enterobacteriaceae
damage the corneal epithelium, a barrier that they must overcome to gain access to the corneal
stroma, a niche where they can rapidly replicate. We observed that these bacteria induce for-
mation of blebs in human corneal epithelial cells. S. marcescens-induced blebbing was evident
in several types of mammalian epithelial cells and by >30 S. marcescens isolates (100% of iso-
lates tested), which indicates that the effect is broadly conserved and not limited to only a few
bacterial isolates or mammalian cell types. The induction of blebs on intact corneas following
exposure to bacteria-coated contact lenses implies that contact lens delivery of bacteria or
ShlA-like cytolysins may cause damage to the ocular epithelium, possibly whether the bacteria
are alive or not. Consistently, approximately 10% of contact lens wearers have an adverse con-
tact lens wear event every year, such as red eye and irritation, and bacteria such as S. marces-
cens are common contaminants of contact lens cases and lenses [44-46]. Even more important
is that contact lenses are a major risk factor for the vision threatening infection, microbial ker-
atitis, with a third to a half of keratitis patients being contact lens users [18, 47].

Notably, the epithelial cell blebs reported here were similar in morphology to those P. aeru-
ginosa-induced blebs described by Fleiszig and colleagues [6, 7, 33]. One difference between
these studies and ours is that P. aeruginosa bacteria actively proliferate within the blebs [6, 7,
48], whereas S. marcescens strain K904 was not observed within the epithelial cells. Addition-
ally, the frequency of bleb formation was higher for S. marcescens-exposed cells, with 15-20%
of corneal cells exhibiting blebs after treatment with P. aeruginosa at MOI = 100, compared to
up to 70% for S. marcescens-exposed cells at MOI = 200, and 26% at MOI = 50. A further dif-
ference between P. aeruginosa and S. marcescens is that bleb induction by P. aeruginosa
requires a T3SS, a nanomachine largely absent in S. marcescens isolates. This study, rather,
demonstrates that S. marcescens requires a T5SS to induce epithelial blebs and cytotoxicity. A
subset of T3SS-lacking P. aeruginosa isolates have been described that express the T5SS
secreted Ex]A toxin [49, 50], and we speculate that these ExIA positive isolates may also induce
blebbing and cellular death in a similar manner to P. mirabilis and S. marcescens.

Genetic analysis implicated both the T5SS composed of ShlA and ShIB and the Rcs system
regulator GumB in bleb induction, control of toxicity, and facilitation of virulence. Impor-
tantly, expression of shIBA in non-pathogenic E. coli strains conferred the ability to induce
blebs and kill corneal cells in vitro. This result suggests that this single virulence determinant
was sufficient for the observed host-pathogen interactions, a result that was corroborated
using partially purified ShlA. Furthermore, the ability of HpmA from P. mirabilis to induce
blebs and kill corneal cells supports the model that this widely conserved family of cytolysins
are sufficient to cause bleb formation and cell death. Indeed, the other bacteria tested in this
study able to cause blebs were from species known to harbor ShIBA-like cytolysins such as E.
tarda [51], although we did not prove that the strain we used has this gene. The P. aeruginosa
isolate that induced blebbing has not been molecularly characterized, so it is not clear whether
it induces blebbing through a T3SS or T5SS mechanism. Notably, ShlA-like proteins are found
in a variety of organisms beyond those discussed above, including Chromobacterium viola-
ceum, Haemophilus ducreyi, Photorhabdus luminescens, and Yersinia species [24, 52].
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Interestingly, bacteria known to make other types of cytolysins / hemolysins such as S.
aureus and S. pneumoniae did not induce bleb formation under our tested conditions, even
using strains known to express the respective hemolysins, e.g. S. aureus 8325-4 [53]. Bleb for-
mation by Streptococcus species may be expected since purified streptolysin O has been a key
tool in understanding the biology underlying bleb formation [11, 54]. Our observations there-
fore suggest that many hemolytic bacteria do not generate sufficient pore forming toxins
under the tested conditions to induce bleb formation in corneal cells or that the tested cells
lack receptors required by the respective toxins. Furthermore, non-pore forming toxins can
induce blebs. These include T5SS secreted serine proteases from E. coli, ExpC and Pet, which
cause damage and induce bleb formation when added exogenously to epithelial cells [55-57].

This study implicates GumB as a S. marcescens virulence factor and mediator of host-patho-
gen interactions. GumB was found to be necessary for bleb induction and cytotoxicity by S.
marcescens to corneal cells and virulence in G. mellonella. The bleb formation and cytotoxicity
phenotypes were complemented by the wild-type gumB gene and several other IgaA-family
genes on plasmids. This result implies that GumB is functionally conserved with other IgaA-
family proteins, with the possible exception of UmoB from P. mirabilis. Several independent
clones of umoB from different P. mirabilis genomes and different plasmid replicons were
tested, suggesting that the lack of complementation was not due to a faulty complementation
plasmid. The umoB gene codes for a protein that is more distantly related to GumB than the
other tested proteins: 42% identity to GumB compared to >54% identity for the other tested
proteins [25]. These structural differences may account for its inability to complement the
AgumB mutation.

Since expression of gumB in E. coli was insufficient to induce blebbing in mammalian cells,
and it is unlikely that an IgaA-family protein could itself cause damage to mammalian cells, we
tested the hypothesis that GumB is required for bleb formation and cytotoxicity through acti-
vation of shIBA expression. In support of this model, shlA expression was highly reduced in
the AgumB mutant strain and ectopic expression of shIBA restored the ability of the AgumB
mutant to induce blebs and kill cells. These data support the model that GumB is defective in
bleb induction because it fails to produce sufficient levels of the ShlA cytolysin.

Because IgaA-family proteins, similar to GumB, regulate the envelope stress response Rcs
system [29, 30], we tested whether GumB functions through control of the Rcs system. Multi-
copy expression of rcsC in the wild type strain phenocopied gumB mutant strain phenotypes,
conferring the loss of cytotoxicity and bleb induction. Additionally, mutation of rcsB in the
gumB mutant strain restored bleb formation and cytotoxicity phenotypes. These were the
expected outcomes if GumB functions to repress Rcs system function and ResB inhibits shiBA
transcription. Together these experiments support the model that GumB regulates shIBA
expression indirectly through the Res system (Figs 6 and S6). Consistent with this model, the
Vescovi group showed that shIBA transcription is directly inhibited by ResB in S. marcescens
strain RM66262, and it was proposed that phosphorylated ResB binds to the promoters of and
directly represses both shIBA and flhDC transcription [58]. Since FIhDC is a positive and direct
regulator of shIBA expression, and activated RcsB shuts down fIhDC expression, it is clear that
ResB can shut down shIBA transcription both directly and indirectly [58]. It was reported that
GumB is necessary for fliDC expression [25] and in this study, for shIBA. This is in agreement
with a study by DeVenanzio [58] regarding RcsB control of shiBA, and further supports a role
for GumB in Rcs system control.

With respect to virulence, the AgumB mutant strain was highly attenuated, as injection of
>10,000-fold more AgumB than wild-type K904 CFU into the larvae was required to produce
similar survival profiles. The AgumB strain larvae killing defect was partially restored by multi-
copy expression of shIBA from a plasmid. Data here demonstrated that shIBA is essential for
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virulence in a G. mellonella model of infection, extending the host-range in which ShlA is a vir-
ulence factor. However, the AshIB mutant defect was not as severe as the AgumB defect, with
100-fold more CFU of the AgumB strain than AshiB strain required for complete killing of the
larvae (Fig 8C). Together, these data suggested that the lack of shIBA expression by the gumB
mutant is partially, but not completely responsible for reduced virulence. In addition to ShlA,
other factors regulated by GumB likely contribute to virulence. These could include as metallo-
proteases [59, 60], FIhDC controlled phospholipase A [61], flagella [62], the hemolytic surfac-
tant serratamolide [63], the biologically active pigment prodigiosin [64], and Rcs system
regulated outer membrane vesicle [65] and capsular polysaccharide production [66]. Regard-
less, GumB-mediated regulation of shIBA accounts for a large portion of S. marcescens viru-
lence activity.

Experiments demonstrated that GumB is necessary for replication within G. mellonella, but
the AgumB mutant strain is perfectly able to use G. mellonella as a growth substrate. Experi-
ments with the RAW macrophage-like cell line indicated that GumB is required for survival
and proliferation after being phagocytized. This result suggests that GumB-regulated factors
are required for the bacteria to survive within cells. In support of this notion, there is a growing
body of evidence indicating a key role for ShlA in S. marcescens survival within and egress
from intracellular vacuoles and regulation of autophagic processes [58, 67-69]. This is some-
what antagonistic to data from E. coli and S. enterica, where partial function alleles of igaA and
yrfF increased survival of phagocytized bacteria [70-72]. The different requirements for GumB
may be due to fundamental differences in the role of IgaA-family proteins between species.
Alternatively, because the yrfF and igaA genes are essential for growth, different results may
have resulted from the partial function of the igaA and yrfF alleles used in the previous studies
[70-72].

Cellular blebs are generally a sign of impending cellular death, and in this case Enterobac-
teriaceae that cause contact lens associated keratitis may use this mechanism to damage the
corneal epithelium, a key barrier to ocular infections [73]. We speculate that contact lens wear
can facilitate contact between bacteria with ShlA-like T5SS and the ocular surface, and that
even if the bacteria are killed by cleaning solutions, their surface associated and extracellularly
secreted pore-forming toxins of the ShlA family could damage the epithelium. Beyond the eye,
S. marcescens causes many types of nosocomial infections [15], and has been implicated in the
dysbiosis associated with inflammatory diseases of the human gut [74]. In line with this obser-
vation, a recent study has shown that ShIA can cause severe damage to the digestive tract in a
Drosophila melanogaster model [42]. ShlA also damages lung tissue and is required for hemor-
rhagic pneumonia, lung dysfunction, and necroptosis of epithelial cells in animal lung infec-
tion models [41, 75].

An additional observation of note was that genetic data noted here suggest that the Rcs sys-
tem is a regulator of the biologically active red prodigiosin pigment, characteristic to many
biotypes of S. marcescens. This conclusion was based upon multicopy expression of resC con-
ferring a loss of pigmentation, and mutation of rcsB suppressing the gumB mutant strain pig-
ment defect. Further studies will be required to fully analyze the role of the Rcs system in
pigment regulation; however, our current data suggests a model wherein the Rcs system inhib-
its pigmentation under stressful conditions. This is consistent with a previous study indicating
that the alarmone cAMP is used to inhibit prodigiosin biosynthesis under metabolic stress
[76].

In conclusion, this study identifies a novel mechanism by which bacteria cause dramatic
and lethal morphological changes in host epithelial cells to potentiate pathogenesis on mucosal
surfaces, as well as the regulatory pathways underlying this important virulence activity. This
ShiB and ShlA-dependent mechanism is highly toxic and employed by a broad range of Gram-
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negative bacterial pathogens. In the context of bacterial keratitis, this T5SS may enable bacteria
to rapidly kill surface epithelial cells, allowing them to penetrate into the corneal stroma, a tis-
sue more permissive to bacterial growth. These findings therefore implicate novel strategies
for therapeutic development to prevent this conserved system from causing tissue damage and
augmenting disease.

Methods
Ethics statement

De-identified corneas from organ donors were obtained from the Center for Organ Recovery
and Education (Pittsburgh, PA) or the National Disease Research Interchange (Philadelphia,
PA). Research using de-identified tissue from non-living individuals is not considered human
subject research under DHHS regulation 45CFR46, and the use of decedent tissue for this proj-
ect was approved by the University of Pittsburgh Committee for Oversight of Research and
Clinical Training Involving Decedents.

Microbial strains, media, and growth

S. marcescens and P. mirabilis strains are listed in Table 1. Bacteria were grown with on a TC-7
tissue culture roller (New Brunswick) in Lysogeny Broth (LB) medium [77] (0.5% yeast extract,
1% tryptone, 0.5% NaCl) with or without 1.5% agar or in M9 minimal medium [78] supple-
mented with glucose (0.4%) and casein amino acids (0.06%). Escherichia coli strains used were
S17-1 A-pir [79], WM3064 [80], Top10 (Invitrogen), and EC100D pir-116 (Epicentre). Saccha-
romyces cerevisiae strain InvScl (Invitrogen) was grown with either YPD or SC-uracil media
[81]. Antibiotics used in this study include gentamicin (10 ug ml™"), kanamycin (100 ug m1™"),
and tetracycline (10 ug ml™"). For growth under oxygen limiting conditions, bacteria were
grown on LB plates in a GAS PAK-EZ anaerobe pouch system with indicator (Becton, Dickin-
son and Company), and incubated at 30°C for 20 h.

Cell culture, bleb formation, cell staining, and cytotoxicity assays

HCLE cells (originally from the Gipson laboratory, Harvard University) [82] were grown in
monolayers as previously described [83] in 12 well MatTek glass bottomed dishes (product

Table 1. P. mirabilis and S. marcescens strains used in this study.

Strain Description Source or reference

P. mirabilis

K2644 clinical keratitis isolate Charles T. Campbell Laboratory
K2675 clinical keratitis isolate Charles T. Campbell Laboratory
S. marcescens

K904 contact lens associated keratitis isolate [76]

CMS2265 K904 gumB::tn (pSC189-derived) [25]

CMS4001 K904 AgumB [25]

CMS4281 K904 gumB::tn (pBT20-derived) This study

CMS4320 K904 gumB::tn (pSC189-derived) This study

CMS4306 K904 shiB:tn (pSC189-derived) This study

CMS4307 K904 shiB:tn (pSC189-derived) This study

CMS4334 K904 shlA:tn (pSC189-derived) This study

CMS4441 K904 AgumB rscB:pMQ118 This study

CMS4236 K904 AshiB This study

https://doi.org/10.1371/journal.ppat.1007825.t001
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number P12G-1.5.14-F) that were treated with poly-L-lysine or in tissue culture treated poly-
styrene 12 well dishes (Costar catalog no. 3513). Cells were grown to confluence in keratino-
cyte serum-free medium (KSFM) (Gibco cataolog number 10724-011) supplemented with
bovine pituitary extract (25 pg/ml) and epidermal growth factor (0.2 ng/ml). Bacteria were
grown overnight with aeration at 30°C, washed with phosphate buffered saline (PBS), adjusted
to the proper MOI in KSFM in a total volume of 1.5 ml and applied to the MatTek plate. After
2 h of incubation at 37°C with 5% CO,, bacteria were removed by washing cells three times
with 37°C PBS, and cells covered in KSFM with or without Calcein AM (0.5 uM, Thermo-
Fisher) for 15 minutes or CellMask plasma membrane stain (100 uM, ThermoFisher), then
washed with KSFM and imaged.

Cytotoxicity assays were performed as previously described using the Presto Blue viability
assay (ThermoFisher) using bacteria at the described MOI [59].

Primary epithelial cells were obtained using reagents from Gibco and Sigma Aldrich and
following the protocol of Chen and colleagues [84] with some modifications. Corneal tissue
obtained as noted above from the Center for Organ Recovery and Education (Pittsburgh, PA)
was washed three times with Hank’s balanced salt solution supplemented with gentamycin
50pg/ml and amphotericin B 1.25ug/ml. Corneal cells were removed and digested for ~16 h at
4°C using 10 mg/ml dispase IT in MESCM (a 1:1 ratio of Dulbecco’s modified Eagle medium
and Ham’s F12 medium supplemented with insulin transferrin selenium solution, basic fibro-
blast growth factor 4 ng/ml, human leukemia inhibitory factor 10 ng/ml, gentamicin 50pg/ml
and amphotericin B 1.25ug/ml). Epithelial sheets were removed and incubated with TrypLE
protease mixture, neutralized with minimum essential medium supplemented with 20% FBS,
and cells were plated into a 12 well plate (~8x10° cells/well).

RAW 264.7 cells were grown and used as previously described [85] using kanamycin pro-
tection assays [86] to analyze bacterial proliferation.

Porcine cornea organ culture contact lens model

Porcine corneas were purchased from Sierra Medical (Whittier, CA) and processed as previ-
ously described [87]. Corneas and adjacent scleral tissues (~ 3 mm) were excised from eyes

(n =2 per treatment group), rinsed in PBS and placed on supports composed of minimal
essential medium (MEM, Gibco), rat tail collagen (1 mg/ml, Sigma), and agarose (1% w/v) in
12 well dishes. MEM was added to cover the tissue up to the limbus. Contact lenses (Air Optix
Night and Day Aqua) were incubated in PBS or PBS with S. marcescens strain K904 (ODggq =
1.0; ~2x10° CFU/ml) for 30 minutes and rinsed 2x in PBS to remove unattached bacteria, leav-
ing ~ 1x10® CFU per lens. The control and bacteria-laden lenses were applied to the corneas
and together were incubated at 37°C with 5% CO, for 2.5 h. Lenses were removed and the cor-
neas fixed with glutaraldehyde (2.5%) for 20 h. Corneas were washed with PBS and post-fixed
using aqueous osmium tetroxide (1%). The samples were dehydrated using increasing concen-
trations of ethanol (30%-100%), immersed in hexamethyldisilazane, air dried, and sputter
coated with 6 nm of gold/palladium. Corneas were imaged using a JEOL JSM-6335F scanning
electron microscope at 3 kV with the secondary electron imaging detector.

Mutagenesis and plasmid construction. Transposons were introduced into S. marcescens
by conjugation as previously described [88] using a Himar-1 based plasposon delivery plasmid
pSC189 [89]. Tetracycline (10 pg ml™) was used to select against donor E. coli growth, and
kanamycin (100 pg ml') was used to select for S. marcescens with transposon mutations.
Transposon insertions were mapped as previously described [89-91].

Cloning was performed using yeast-based recombineering of PCR generated amplicons
[92, 93]. PCR amplicons used for cloning were generated using high-fidelity polymerase,
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Phusion (New England Biolabs) or PrimeSTAR (Clonetech). Clones were analyzed by diag-
nostic PCR and verified by DNA sequencing (University of Pittsburgh Genomic Research
Core). Plasmids are listed in S1 Table. Directed mutagenesis was achieved by two-step allelic
replacement or insertional mutagenesis as noted in the text and previously described [92, 93].
Mutations were verified using PCR outside of the cloned region on the mutagenesis plasmid.

Allelic replacement of shIB: To generate the shiB deletion strain, we cloned 698 base pairs
upstream of shIB and 604 base pairs downstream of shIB using primer pairs 2619 and 2620 and
2621 and 2622, respectively, into an allelic replacement vector, pMQ460 [91], to generate
pMQ473. All primer sequences are listed in S2 Table. The pMQ473 plasmid was introduced
into S. marcescens strains K904 [94], PIC3611 [88], and Db11 [28]. Followed by I-Scel expres-
sion vector pMQ337 [92] to facilitate recombination. Sucrose resistant isolates were obtained
on selective plates (0.5% yeast extract, 1% tryptone, 5.0% sucrose), and mutations were ana-
lyzed by PCR.

The shIBA operon was cloned from strain K904 using primers 3464 and 3465 and placed
under the control of the E. coli Pg4p promoter on plasmid pMQ125 [92] to generate pMQ492.
L-arabinose at 0.2% was used to induce expression of shIBA in this study. The pMQ492 plas-
mid was modified for constitutive expression of shIBA by replacing the P4 promoter with
the E. coli nptIl from pSC189 promoter to make pMQ541 (primers 3698 and 3699).

The shlA gene was mutagenized using pMQ524, a Himar-1 ‘phoA delivery plasmid
described below. E. coli strain EC100D pir-116 with pMQ492 and pMQ524 were grown for 20
h, then plasmids were harvested. The resulting plasmid DNA was used to transform E. coli
strain Top10, which does not support the replication of pMQ524, and kanamycin and genta-
micin were used as selection for pMQ492 in which the transposon from pMQ524 had jumped
into pMQ492. Two colonies that were blue on plates supplemented with 5-bromo-4-chloro-
3-indolyl phosphate (BCIP; Sigma-Aldrich) and L-arabinose were selected, and the transposon
was mapped to shiB in one clone and shi/A in the other. The resulting plasmids were designated
pMQ590 and pMQ591, respectively.

The pMQ524 plasposon delivery plasmid was made by combining a number of amplicons
using yeast recombineering as noted above. The amplicons recombined in yeast were 1) a par-
tial phoA gene, without its secretion signal from E. coli strain W3110 [95] (primers 3639 and
3640), 2) yeast replication machinery and URA3 gene from pMQ132 (primers 3647 and 3648)
[92], 3) the bla gene, transposase C9 gene, and one inverted repeat from pSC189 [89] (primers
3651 and 3652), and 4) the kanamycin resistance gene nptIl, oriR6K and other inverted repeat
from pSC189 (primers 3643 and 3644). The resulting plasmid was verified by functional analy-
sis, PCR, and sequencing of junctions.

The resB and resC and open reading frames were amplified from S. marcescens strain K904
(resB, and resC) or umoB from P. mirabilis strains (K2644 and K2675) (umoB) and placed
under control of the E. coli lac promoter on pMQ132, resulting in plasmids pMQ614,
pMQ615, and pMQ600, respectively. No induction was used to express these genes in S. mar-
cescens as this species lacks a lac repressor gene. Primers 3688 and 3689 were used for rcsB,
3691 and 3692 for rcsC, and 3892 and 3893 for umoB.

The pStvZ3 promoter probe plasmid [76] was altered to have a more convenient multiclon-
ing site. The pStvZ3 plasmid was cut with BamH]1 and used to transform yeast along with oli-
gonucleotides (primers 2664 and 2665) that recombine in yeast to introduce Sall, Sacll, Spel,
and BamHI restriction sites to pStvZ3 and generate the plasmid pMQ544 as previously
described [92].

The rscB and hpmA genes were mutagenized by targeted insertional mutagenesis. Briefly, a
316 bp long internal region of the rcsB gene and a 621 bp region from hpmA were a cloned
into suicide vector pMQ544 and pMQ118, respectively. The resulting rcsB insertion plasmid,
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pMQ553, and hpmA insertion plasmid, pMQ596, were introduced into recipient by conjuga-
tion (as noted above). Primers to amplify the internal region were 3735 and 3736 for rcsB and
3896 and 3897 for hpmA.

The hpmA gene was cloned from strain K2644 into pMQ132 under control of the E. coli lac
promoter using primers 3900 and 3901 to make pMQ602, and the ipmBA operon was cloned
under control of the E. coli BAD promoter using primers 3919 and 3920 to generate pMQ601.

To generate the shIBA deletion variant of strain PIC3611, lambda red recombineering was
used as previously described [96, 97]. A broad host-range delivery plasmid for the lambda red
genes was generated by cloning the recombineering machinery from pKD46 [96] using prim-
ers 3675 and 3676 into IncQ/RSF1010-based plasmid pMQ397 [98]. After introduction of
pMQ538 into strain PIC3611, it was prepared for electroporation and induced with L-arabi-
nose and transformed with 3 pg of a PCR amplicon designed to replace sh/BA with a kanamy-
cin resistance cassette from pKD4 [96]. Kanamycin resistant transformants were analyzed for
the shIBA deletion using primers that analyze the novel junctions between the S. marcescens
chromosome and nptII resistance gene.

Transcriptional analysis

Quantitative reverse transcriptase PCR (qQRT-PCR) was used to assess gene expression as pre-
viously described [91]. To prepare bacteria for RNA extraction, single colonies were inoculated
into 5 ml of LB broth, and the test tubes were incubated 30°C with aeration in 5 ml. After ~16
h, cultures were diluted to ODggo = 0.1 in fresh LB medium, grown to ODgqg = 0.5, subcultured
to ODggo = 0.1 and then grown to ODgg = 3. RNA and cDNA was prepared and validated to
not have chromosomal DNA contamination as previously described [91]. Primers were 2638
and 2639 for the 16S rDNA gene and 4150 and 4151 for shlA sequences.

Partial purification of ShlA

Escherichia coli strain EC100D with pMQ492 (shIB and shiA) and with pMQ175 (empty vec-
tor) were grown overnight at 30°C with aeration for 16 h in LB medium supplemented with
gentamicin (10pug/ml) and L-arabinose to a final concentration of 0.2% (v/v). Bacteria were
removed by centrifugation and filtration (0.22 um), and supernatants were subject to size frac-
tionation using a 100 kD filter unit (Centricon, Millipore). Protein fractions in PBS (200 pl)
were added to HCLE cells (500 l total volume, 10.3 uM ShlA in the pMQ492 fraction) and
incubated for 3 h followed by calcein AM staining and microscopic analysis.

Microscopic analysis

To obtain micrographs, cells on glass bottomed multiwell plates (MatTek) were imaged with a
40X objective using an Olympus IX-81 inverted microscope with an FV-1000 laser scanning
confocal system (Olympus) and FluoView FV10-ASW 3.1 imaging software. For live imaging,
samples in MatTek dishes were viewed with a Nikon Eclipse Ti microscope equipped with a
Photometrics Cascade 1K camera and a 40X 0.30 NA objective. Metamorph software was used
to obtain digital images. FIJI software was used to for image analysis [99].

Galleria mellonella infection assays. G. mellonella were infected as previously described
[100], with the exception that S. marcescens was suspended in PBS with 10 pg/ml tetracycline.
To enumerate S. marcescens, homogenates from individual larvae were generated using a tissue
grinder (Corning Pyrex 7725) in PBS with tetracycline. Lysates were serial diluted and plated
on LB agar supplemented with ampicillin (150 pg/ml), chloramphenicol (30 pug/ml), and tetra-
cycline (10 ug/ml) to prevent unwanted microbial growth.
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To determine bacterial growth in larval homogenates, larvae were homogenized at a ratio
of 2 larvae in 1 ml of PBS. When 15 ml of homogenate was obtained, it was centrifuged at
11,000 x g for 10 minutes to clarify the supernatant. The supernatant was heated at 95°C for 60
minutes to kill microbes and prevent melanization, which obscures optical density readings. S.
marcescens cultures (1 ml) grown overnight in LB were spun down (13,000 x g for 2 minutes)
and washed with PBS and then adjusted to ODggo = 0.05 in the larval homogenate, 150 pl was
added to the wells of 96 well plates and were incubated overnight at 30°C. After 20 h, CFU
were determined following serial dilution as noted above.

Supporting information

S1 Fig. Effect of select bacterial species on HCLE morphology and viability. Confocal
micrographs of HCLE cells images with DIC and calcein AM viability stain after exposure to
bacteria for 2 h at MOI = 200, except where noted. Yellow arrows indicate blebs extending
from corneal cells. (A) HCLE cells exposed to S. marcescens strains, including wild type strain
Dbl1 and an isogenic AgumB mutant strain. (B). HCLE cells exposed to various bacteria, of
which only E. tarda and P. aeruginosa strain K900 induce bleb formation and cytotoxicity.
(PDF)

S2 Fig. S. marcescens induces bleb induction in an airway cell line and secretion of ShIA is
sufficient for induction of bleb formation and cytotoxicity. Confocal micrographs of human
epithelial cell monolayers images with DIC and fluorescent calcein AM viability stain after
challenge with bacteria. Yellow arrows indicate epithelial cell blebs. (A) A549 human airway
epithelial cell line exposed to S. marcescens wild type K904 and AgumB strains (MOI = 200) for
2 h. (B) HCLE cells exposed to E. coli strain Top10 (MOI = 50, for 1 h) with a control vector,
the shIBA expression plasmid, or a version of the shIBA plasmid with a transposon insertion
inactivating the shlA gene. The control vector = pMQ125; pshIBA = pMQ492; pshIBA::

tn = pMQ591.

(PDF)

S3 Fig. PCR analysis for shlA gene in ocular isolates. All tested strains, from a variety of ocu-
lar infections (conjunctivitis, endophthalmitis, and keratitis), were positive for the shlA gene.
(A) PCR was performed with degenerate primers due to the variable sequence of the shlA
gene. Primer sequences were (5 to 3°) gcyaacccgaayggcatcasctg for primer 4722 and yggestr-
catgcygcesags for primer 4725. The predicted amplicon is 367 base pairs. Amplicons and a size
standard (SS) were separated on a 0.5% TBE PAGE gel, stained with ethidium bromide, and
imaged. Strain PIC3611 was used as a positive control and the same strain with a deletion of
the shIBA operon was used as a negative control. Sequence of the PIC3611 amplicon was 100%
identical to shlA from several strains of S. marcescens over 267 bp. (B) DNA quality for all
strains was verified by spectrophotometry and by PCR using primers for the conserved oxyR
gene. Shown are amplicons for PIC3611 and the isogenic AshIBA mutant. This data supports
that the AshIBA mutant is negative for the sh/A amplicon because the shIA primers are specific
and not because the DNA preparation was defective.

(PDF)

S4 Fig. ShlA-mediated cytotoxicity to HCLE cells. Cytotoxicity was measured using Presto
Blue reagent. HCLE monolayers, incubated with bacteria at MOI = 200 (A) or 10 (B) for 2
hours, were analyzed for viability relative to cells treated with detergent (Lysis) or LB medium
(Mock). Vector = pMQ125; pshlBA = pMQ541; pgumB = pMQ480.

(PDF)
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S5 Fig. Pigmentation and anaerobic growth of mutant strains. (A) Photographs of bacterial
pigmentation on an LB plate after growth at 30°C for 24 hours shows that multicopy of expres-
sion of resC reduces pigmentation almost as severely as mutation of gumB. (B) Photograph
depicting that the rcsB mutation suppresses the gumB mutant phenotype and that this can be
complemented by wild-type rcsB on a plasmid. Reduced pigmentation of the strain with wild-
type rcsB on a plasmid supports the model that ResB inhibits pigment biosynthesis. (C) Images
show growth of the wild-type strain K904 and the AgumB mutant (and a AgumB rcsC double
mutant) on LB agar plates grown at 30°C for 24 hours in a GAS PAK-EZ anaerobe pouch sys-
tem (left panel) or at ambient oxygen levels (right). The AgumB mutant produced colonies of
similar size to the wild type under both conditions indicating that the AgumB mutant does not
have a significant defect for growth under low oxygen conditions.

(PDF)

S6 Fig. Model for regulation of shIBA. Genetic model for regulation of S. marcescens pigment
and cytolysin operons. Red bars indicate negative regulation and black arrows indicate activa-
tion. Our model predicts that in response to envelope stress, GumB acts as part of the Rcs sig-
nal transduction system to modify activity of the RcsB response regulator. In addition to
directly inhibiting shIBA expression, RcsB also inhibits expression of the fliDC operon, which
codes for a positive transcriptional regulator of shIBA. Expression of the shIBA operon leads to
secretion of ShlA. Surface associated and surface-released ShlA forms pores in mammalian
cells leading to blebbing and finally necroptosis-associated cell death.

(PDF)

S7 Fig. Inhibition of bleb formation by necroptosis inhibitor GWX806742X. The graph
represents data from two experiments with cell counts from n>6 fields of view (n>>80 cells per
treatment group). HCLE cells treated with GWX 806742X were challenged with wild-type S.
marcescens strain K904 at MOI = 50 and after 2 h cells were imaged and bleb frequency was
measured. Mean and SD are shown. ANOVA with Tukey’s post-test was used and significance
is shown by asterisks. * p<0.05, ** p<0.01, **** p<0.0001. Data suggests specific inhibition of
necroptosis mediator MLKL reduces bleb formation.

(PDF)

S8 Fig. Role of ShlA in the AgumB RAW cell proliferation phenotype. Uptake and prolifera-
tion of S. marcescens K904 wild type and AgumB mutant strains with the vector (pMQ132 and
shIBA expression plasmid pMQ541) in RAW macrophage cells (n = 4), mean and standard
deviations are shown. Asterisks indicate significant difference by 2-way ANOVA with Tukey’s
post-test (* = p<0.05, **** = p<0.0001).

(PDF)

S1 Movie. Live cell imaging of HCLE cells exposed to mock conditions. Images of HCLE
cells over three h; viewed at 400X.
(AVI)

$2 Movie. Live cell imaging of HCLE cells exposed to S. marcescens wild-type strain K904.
Images of HCLE cells over three h exposed to S. marcescens strain K904 at MOI = 50; viewed
at 400X.

(AVI)

S3 Movie. Live cell imaging of HCLE cells exposed to the S. marcescens AgumB mutant
strain. Images of HCLE cells over three h exposed to S. marcescens AgumB strain at MOI = 50;
viewed at 400X.

(AVI)
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S1 Table. Plasmids used in this study.
(PDF)

$2 Table. DNA oligonucleotide primers used in this study.
(PDF)
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