Al

Journals.ASM.org

Klebsiella pneumoniae Induces an Inflammatory Response in an In
Vitro Model of Blood-Retinal Barrier
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Klebsiella pneumoniae has become an important pathogen in recent years. Although most cases of K. pneumoniae endogenous
endophthalmitis occur via hematogenous spread, it is not yet clear which microbial and host factors are responsible for the abil-
ity of K. pneumoniae to cross the blood-retinal barrier (BRB). In the present study, we show that in an in vitro model of BRB
based on coculturing primary bovine retinal endothelial cells (BREC) and primary bovine retinal pericytes (BRPC), K. pneu-
moniae infection determines changes of transendothelial electrical resistance (TEER) and permeability to sodium fluorescein. In
the coculture model, bacteria are able to stimulate the enzyme activities of endothelial cytosolic and Ca*>*-independent phospho-
lipase A,s (cPLA, and iPLA,). These results were confirmed by the incremental expression of cPLA,, iPLA,, cyclo-oxygenase-1
(COX1), and COX2 in BREC, as well as by cPLA, phosphorylation. In supernatants of K. pneumoniae-stimulated cocultures,
increases in prostaglandin E, (PGE,), interleukin-6 (IL-6), IL-8, and vascular endothelial growth factor (VEGF) production were
found. Incubation with K. pneumoniae in the presence of arachidonoyl trifluoromethyl ketone (AACOCF;) or bromoenol lac-
tone (BEL) caused decreased PGE, and VEGF release. Scanning electron microscopy and transmission electron microscopy im-
ages of BREC and BRPC showed adhesion of K. pneumoniae to the cells, but no invasion occurred. K. pneumoniae infection also
produced reductions in pericyte numbers; transfection of BREC cocultured with BRPC and of human retinal endothelial cells
(HREC) cocultured with human retinal pericytes (HRPC) with small interfering RNAs (siRNAs) targeted to cPLA, and iPLA,
restored the pericyte numbers and the TEER and permeability values. Our results show the proinflammatory effect of K. pneu-
moniae on BREC, suggest a possible mechanism by which BREC and BRPC react to the K. pneumoniae infection, and may pro-

vide physicians and patients with new ways of fighting blinding diseases.

ndogenous bacterial endophthalmitis (EBE), a potentially

blinding ocular emergency, develops secondary to hematoge-
nous spread of microorganisms from a septic focus. It is associated
with underlying immunosuppressive conditions, including diabe-
tes mellitus, HIV infection, indwelling catheters, cardiac disease, re-
nal insufficiency, malignancy, or immunosuppressive therapy (1-5).
Moreover, EBE is a rare but potential complication of neonatal sepsis
(6). EBE occurs when the eye is seeded via the bloodstream. Patients
usually have symptoms from their underlying systemic infection but
sometimes present only with eye symptoms. In panophthalmitis, in-
fection spreads from the globe of the eye to the adjacent soft tissues of
the orbit. Most cases of endophthalmitis present acutely, within
hours to a few days of symptoms. These cases are medical emergen-
cies, as delay in treatment may result in permanent vision loss (7).
Common pathogens in Western countries include Streptococcus
aureus (25% of cases), streptococci (30 to 50%; primarily Streptococ-
cus pneumoniae, Streptococcus milleri group, and group A and B
streptococci), and Gram-negative bacilli, such as Escherichia coli
(30%). In Asia, Klebsiella pneumoniae causes the majority of cases.
Treatment of the underlying source of bacteremia with systemic
antibiotics is necessary, but this will not effectively treat the endo-
phthalmitis: intravitreal antibiotics and, usually, a vitrectomy are
necessary (8-10). K. pneumoniae typically expresses smooth lipo-
polysaccharide (LPS), with O-antigen polysaccharide (O-PS) and
antigenic capsular polysaccharide (K-PS) on its surface; both an-
tigens, O-PS and K-PS, contribute to the pathogenesis of this spe-
cies (11).

K. pneumoniae has become an important pathogen in recent
years. Invasive strains causing pyogenic liver abscesses and other
soft tissue abscesses have been reported with increasing frequency.
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Recently, infections have been reported in the United States, Eu-
rope, the Middle East, and Australia (12-16). These reports sug-
gest that, rather than being confined to Taiwan, endogenous en-
dophthalmitis secondary to a liver abscess due to K. pneumoniae is
becoming a global problem. Of importance was the discovery of
the mucoviscosity-associated gene A (called magA and later des-
ignated wzy-K1) in screens of invasive liver isolates (17). A recent
study demonstrated that both whole live K. pneumoniae cells and
K. pneumoniae LPS exert strong proinflammatory effects on reti-
nal pigmented epithelial cells, consistent with clinical manifesta-
tions of endogenous endophthalmitis (18). Despite treatment,
most patients with K. pneumoniae EBE lose useful vision. The
reason for the poor outcome may depend on the limited knowl-
edge of the pathogenesis and pathophysiology of the disease. Al-
though most cases of K. pneumoniae EBE occur via hematogenous
spread, it is not yet clear which microbial and host factors are
responsible for the ability of K. pneumoniae to cross the blood-
retinal barrier (BRB).

The BRB is essential to maintaining the eye as a privileged site,
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as well as for normal visual function, and the most frequent and
relevant ocular diseases are directly associated with alterations of
the BRB (19). Under physiological conditions, the intercellular
spaces between retinal endothelial cells that form the BRB are
sealed by elaborate tight junctions and the cells themselves lack
fenestrations and have few pinocytotic vesicles. These features of
the BRB, which are comparable to those of the BRB endothelium,
result in high transendothelial electrical resistance (TEER) and
restricted paracellular permeability (20). The retinal continuous
endothelium forms the main structure of the BRB and rests on a
basal lamina that is covered by the processes of astrocytes, Miiller
cells, and pericytes (blood-retinal pericytes [BRPC]s); the latter
are encased in the basal lamina, in close contact with the blood
retinal endothelial cells (BREC). BRPC, astrocytes, and Miiller
cells are considered to influence the activity of the BREC and BRB
by transmitting regulatory signals to BREC, indicating changes in
the microenvironment of the retinal neuronal circuitry (21). In
particular, BRPC are uniquely positioned within the microvessels
to serve as vital integrators, coordinators, and effectors of many
neurovascular functions, including angiogenesis, barrier forma-
tion and maintenance, vascular stability, angioarchitecture, and
regulation of capillary blood flow (22). The recruitment of peri-
cytes to a vascular tube of endothelial cells is closely associated
with the formation of tight junctions in developing retinal vessels
(23). Although normally not in contact with blood flow due to
their subendothelial location, after vascular injury, BRPC may
participate in intravascular processes like thrombosis and hemo-
stasis (24). It is recognized that BRPC loss is a typical sign of early
microangiopathy of the diabetic retina (25). The role of BRPC in
the maintenance of the BRB during EBE is still to be elucidated.
Our study places the vital cross-talk between BREC and BRPC at
the center of injury responses in K. pneumoniae EBE.

Arachidonic acid (AA) is liberated from phospholipids by the
action of different isoforms of phospholipase A,s (PLA,s) and
converted to prostaglandins (PGs) or leukotrienes (LTs) by the
action of cyclo-oxygenase (COX) and 5-lipoxygenase, respec-
tively. Cytosolic PLA, (cPLA,), Ca®"-independent intracellular
PLA, (iPLA,), and Ca®"-dependent secretory PLA, (sPLA,) differ
from each other in terms of substrate specificity, Ca®>" require-
ment, lipid modification, translocation to cellular membranes,
and AA release (26).

Several studies have shown that bacterial infection triggers an
endothelial proinflammatory response, including the secretion of
cytokines that are responsible for the activation of inflammatory
cells and facilitate the recruitment of leukocytes to the site of in-
jury. Interleukin-6 (IL-6) and IL-8 are necessary for initiating an
effective endothelial response against infection (27, 28).

It has been demonstrated that the systemic delivery of vascular
endothelial growth factor (VEGF) ablates pericytes from the ma-
ture retinal vasculature through the VEGF receptor-1 (VEGFR1)-
mediated signaling pathway, leading to increased vascular leakage,
and the blockade of VEGFR-1 significantly restores BRPC satura-
tion in mature vessels (29). Our previous studies have shown the
role of PLA,s, prostaglandins, and VEGF release in governing the
penetration of Escherichia coli into the brain (30, 31). Recognizing
the importance of retinal endothelial cells and pericytes as a bar-
rier to endogenous infectious agents in human endophthalmitis,
in this study, we investigated the effects of K. pneumoniae on these
cells. In the present paper, we show that, in an in vitro model of
BRB, based on coculturing BREC and BRPC, K. pneumoniae in-
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vasion is associated with decreased TEER and increased permea-
bility of the BRB due to the loss of BRPC. Furthermore, we present
evidence that endothelial PLA,s plays a significant role in these
events. These findings suggest a possible mechanism by which
BREC and BRPC react to the K. pneumoniae infection.

MATERIALS AND METHODS

All reagents and antibodies were purchased from Sigma (St. Louis, MO)
or E. Merck (Darmstadt, Germany) unless otherwise indicated. Phospho-
lipase A, inhibitors, arachidonoyl trifluoromethyl ketone (AACOCE;),
and bromoenol lactone (BEL) were from Calbiochem (La Jolla, CA). NS-398
(N-[2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide), which is a se-
lective cyclo-oxygenase-2 inhibitor, and rabbit anti-iPLA, polyclonal anti-
body were from Cayman Chemical Co. (Ann Arbor, MI). Rabbit polyclonal
anti-von Willebrandt factor antibody and mouse monoclonal anti-cPLA,,
anti-a-actin, anti-COX-1, anti-COX-2, and anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) antibodies were purchased from Santa Cruz
Biotechnology, Inc. (CA).

Cell cultures. Primary bovine retina microvascular endothelial cells
(BREC) were purchased from European Collection of Cell Cultures
(ECACC) and were fed with Ham’s F-10 medium as previously described
(32). Primary human retina microvascular endothelial cells (HREC) and
human retina microvascular pericytes (HRPC) were purchased from
Innoprot and were maintained in basal medium supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin,
and endothelial cell growth supplement (ECGS). Pure microvessel bovine
pericyte cultures were prepared from bovine retinas, as previously de-
scribed (33). The isolated cells were then cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. Morphological changes and cell via-
bility were determined with the MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide] test (34). Pericytes were characterized
by their large size and branched morphology, positive immunostaining
for a-smooth muscle actin and NG2 chondroitin sulfate proteoglycan,
and absence of von Willebrand factor and glial fibrillary acidic protein
(GFAP) staining.

Construction of in vitro BRB model. Inserts (Transwells; Corning
Inc., Corning, NY), were coated on the top and bottom with a 2 mg/ml
solution of rat tail collagen containing 10-fold concentrated DMEM plus
0.3 M NaOH. The coating was dried for 1 h at 37°C and was rinsed twice
with water and once with Ca** - and Mg>* -free phosphate-buffered saline
(PBS) before being placed in complete medium. To construct an in vitro
model of BRB based on direct contact of cells, BRPC or HRPC were first
plated on the outside of the polycarbonate membrane (2 X 10* cells/cm?)
of the Transwell inserts (6-well type with 0.4-pm or 3.0-pm pore size) and
placed upside down in the well culture plate. After BRPC or HRPC had
adhered, the Transwells were inverted and reinserted into 6-well plates,
and BREC or HREC were seeded on the top surface of the insert (2 X 10*
cells/cm?) (see Fig. 1). After coincubation for 24 h, the medium was dis-
carded and replaced with fresh medium (50% DMEM plus 50% F-10
HAM’s medium containing 10% FBS); under these conditions, the in vitro
BRB model was established within 3 days after cell seeding, to obtain the
full confluence. As negative controls for barrier integrity studies, BREC
and BRPC in monocultures, which do not form the barrier, were cultured
on the respective inserts.

Preparation of K. pneumoniae. K. pneumoniae strain ATCC 43816
serotype 2 culture was grown in Luria-Bertani (LB) medium (Difco,
Sparks, MD) for 14 h at 37°C. The culture was centrifuged at 3,000 rpm for
10 min, and the supernatant discarded. The bacterial pellet was washed
with PBS (Gibco, Invitrogen, Carlsbad, CA) and serially diluted to the
desired concentration. The density of bacteria was measured by enumer-
ating the number of CFU on LB agar plates (Difco).

Coculture infection with K. pneumoniae. Cocultures were grown to
confluence. FBS-containing medium was removed, and serum-free me-
dium was added to the cocultures 4 h before infection with K. pneumoniae
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(107 CFU/well). After infection for 60 min with bacteria, the cocultures
were washed three times with PBS, and endothelial cells and pericytes
were collected separately by trypsinization. K. pneumoniae-free cocultures
served as uninfected controls.

Fluorescence laser scanning confocal microscopy. To characterize
BREC and BRPC in coculture, immunocytochemistry was performed
with a confocal fluorescence microscope. After incubation in coculture,
BREC or BRPC grown on one side of the filter were removed by rubbing
iton filter paper to leave only one cell type. The filters with BREC or BRPC
were washed, fixed by adding 4% paraformaldehyde in PBS, and pro-
cessed for immunocytochemistry as previously described (35), using the
following antibodies to highlight cell architecture: mouse anti-a-actin
monoclonal antibody (BRPC marker), or rabbit anti-von Willebrand fac-
tor polyclonal antibody (BREC marker). All primary antibodies were used
in a dilution of 1:100. As the secondary antibody, green fluorescence-
labeled fluorescein isothiocyanate (FITC) antibody was used in a dilution
of 1:1,000. The distribution of immunocomplexes was observed by con-
focal immunofluorescence microscopy using an Olympus FV1000 confo-
cal laser scanning microscope. Single lower-power scans were followed by
16 to 22 serial optical sections of randomly chosen cells in four to five
fields per coverslip. The average fluorescence (mean * standard deviation
[SD]) intensity (pixel) in individual cell bodies was measured throughout
the stack. Each condition was tested on a total of 60 to 80 cells, recovered
from at least three coverslips obtained from a least two different cell cul-
tures.

Electron microscopy. For scanning electron microscopy (SEM) prep-
arations, cells grown on the membrane were fixed with 1.5% glutaralde-
hyde in 0.12 M phosphate buffer (pH 7.5) overnight at 4°C. After being
washed with phosphate buffer several times, the membranes of the culture
inserts with the cells on the two sides were removed from their support
and placed into a 24-well chamber slide and then were postfixed in 1%
0Os0O, for 1 h at 4°C. Following washing with distilled water, the cells on
the membrane were dehydrated in graded ethanol, critical point dried,
and sputtered with a 5-nm gold layer using an Emscope SM 300 (Emscope
Laboratories, Ashford, United Kingdom). They were then observed using
a Hitachi S-4000 (Hitachi High-Technologies America, Inc., Schaum-
burg, IL) field emission scanning electron microscope.

For transmission electron microscopy (TEM), after being dehydrated
in a graded series of acetone, cells were embedded in Durcupan ACM
(Fluka Chemika-Biochemika, Buchs, Switzerland). Ultrathin sections
were cut perpendicularly from the membrane using a Reichert Ultracut E
microtome and double stained with uranyl acetate and lead citrate. Ob-
servations were carried out using a Hitachi H-7000 transmission electron
microscope (Hitachi High-Technologies Europe GmbH, Krefeld, Ger-
many).

Evaluation of the barrier integrity. TEER was measured using a Mil-
licell electrical resistance system (ERS) (Millipore). The collagen-treated
Transwell inserts were used to measure the background resistance. Values
were expressed as () X cm? and were calculated by the following formula:
(average resistance of experimental wells — average resistance of blank
wells) X 0.33 (the area of the Transwell membrane).

To determine the flux of sodium fluorescein (Na-F) across the endo-
thelial monolayer, inserts containing cell cultures were transferred to 12-
well plates containing 1.5 ml Ringer-HEPES buffer (136 mM NaCl, 0.9
mM CaCl,, 0.5 mM MgCl,, 2.7 mM KCl, 1.5 mM KH,PO,, 10 mM
NaH,PO,, 25 mM glucose, and 10 mM HEPES, pH 7.4) in the lower or
abluminal compartments. In the inserts (luminal compartment), culture
medium was replaced by 0.5 ml buffer containing 10 pg/ml Na-F (376 Da).
The inserts were transferred at 5, 15, and 30 min to a new well containing
Ringer-HEPES buffer. The concentrations of the marker molecule in samples
from the upper and lower compartments were determined by using a fluo-
rescence multiwell plate reader (excitation wavelength, 485 nm, and emission
wavelength, 535 nm; PerkinElmer). The flux across cell-free inserts was also
measured, and the transendothelial permeability coefficient (P,) was calcu-
lated. Permeability measurements of triplicate filters for each culture condi-
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tion were performed. Transport was expressed as microliters of donor (lumi-
nal) compartment volume from which the tracer was completely cleared, as
follows: cleared volume (pl) = concentration,,mina X Volume
concentration '}, . .. The average cleared volume was plotted versus time,
and the product value for permeability times surface area for the endothelial
monolayer (PS,) was calculated by the following formula: PS™"__ . atia =
PS™! ot = PS™ Ypsere- The PS, divided by the surface area (1 cm? for Trans-
well-12) generated the endothelial permeability coefficient (P,in 10~ cm/s).

Bacterial invasion and adhesion assays. Invasion of BREC by K.
pneumoniae in monoculture and in coculture with BRPC was performed
as described by Zhu et al. (36). Bacteria (107 CFU/well) were added to
confluent cells in monoculture or in coculture, and incubations were per-
formed at 37°C for 60 min to allow invasion to occur. The number of
intracellular bacteria was determined after incubation with gentamicin
(100 pg/ml) for 1 hat 37°C. Cells were washed and lysed with 0.5% Triton
X-100. The intracellular bacteria released were enumerated by seeding on
LB agar plates. In duplicate experiments, the total cell-associated bacteria
were determined as described for invasion, except that the gentamicin
step was omitted. The results were expressed as percent invasion [100 X
(number of intracellular bacteria recovered)/(number of bacteria inocu-
lated)].

Cell viability. In order to determine the number and viability of cells
in BREC-BRPC and HREC-HRPC cocultures after K. pneumoniae treat-
ment for 60 min, cells from inserts were trypsinized separately, cell sus-
pensions were mixed with a 0.4% (wt/vol) trypan blue solution, and the
number of live cells was determined using a hemocytometer. Cells failing
to exclude the dye were considered not viable. Experiments were per-
formed in triplicate and counted 4 times each.

Immunoblotting. The lysates of BREC incubated with K. pneumoniae
strains for 60 min were prepared for Western blotting as previously de-
scribed (32). Membranes were incubated with primary antibodies against
cPLA,,iPLA,, COX-1, and COX-2 and then with secondary antibodies for
1 h at room temperature.

Phospholipase A, assay. BREC and BRPC in mono- or coculture were
preincubated for 60 min in culture medium supplemented or not with
either 50 WM AACOCEF; or 2.5 wM BEL. The cells were then refed with
fresh culture medium containing the inhibitors in the presence or absence
of K. pneumoniae for 60 min. Controls were performed by incubation of
cocultures with inhibitors for 120 min in the absence of bacteria. At the
end of the incubations, the cells grown on both sides of the inserts were
scraped with a rubber policeman and saved separately; BREC and BRPC
were lysed as previously described (35), and equal amounts of cell lysates
were incubated in a 96-well plate with the substrate arachidonoyl-thio-
phosphatidylcholine (ATPC), using a cPLA, assay kit (Cayman Chemicals
Co., Ann Arbor, MI) and following the manufacturer’s instructions. For
sPLA, enzyme activity, an sPLA, enzyme-linked immunosorbent assay
(ELISA) kit (Cayman Chemicals Co., Ann Arbor, MI) was used, following
the manufacturer’s instructions.

The use of BEL on control and bacterial-treated cells allowed us to
discriminate between cytosolic and iPLA, activities. None of these com-
ponents, used at the concentrations specified below, affected cell viability,
as verified by the trypan blue exclusion test. The results for cPLA, activity
were expressed as pmol of ATPC hydrolyzed per minute and per milli-
gram of protein (pmol/min/mg).

Determination of PGE, and VEGF production. To determine PGE,
and VEGF liberation, BREC and BRPC in coculture were preincubated for
60 min in culture medium supplemented or not with 50 uM AACOCEF;,
2.5 WM BEL, or 5 M NS-398. The cells were then refed with fresh culture
medium containing the inhibitors in the presence or absence of K. pneu-
moniae for 30 and 60 min. Supernatants were collected, and aliquots were
employed for PGE, determination using a kit from Cayman Chemicals
Co., Ann Arbor, MI. For PGE,, the detection range was 7.8 to 1,000 pg/ml.
Conditioned medium was removed from the Transwells and analyzed for
VEGF by ELISA, using a kit from R&D Systems Inc., Minneapolis, MN, as
specified by the manufacturer’s instructions. For VEGF, the detection

abluminal X

iai.asm.org 853


http://iai.asm.org

Motta et al.

(*) BREC
B
|
CTeYeoTeTe)| —> |
@ BRPC
C BRPC BREC

FIG 1 Scheme of Transwell systems for mono- and cocultures of bovine retinal endothelial cells (BREC) and bovine retinal pericytes (BRPC). BREC and BRPC
monolayers were grown (A and B); BRPC were seeded on the lower side of the membrane until confluence, and then the BREC were seeded in the upper

compartment (C).

range was 20 to 2,500 pg/ml. Each sample from three different experi-
ments was analyzed in triplicate.

Determination of cytokine production. BREC-BRPC cocultures
were incubated for 60 min in presence or absence of K. pneumoniae. Con-
ditioned medium was removed from the Transwells, and the levels of IL-6
and IL-8 were measured using a commercially available ELISA as specified
by the manufacturer’s instructions (BD Biosciences). Each sample from
three different experiments was analyzed in triplicate.

Transfection of siRNAs. BREC or HREC were transfected with an
ON-TARGETplus SMARTpool small interfering RNA (siRNA) duplex
obtained from Dharmacon, Inc. (Chicago, IL) to obtain iPLA, siRNA-
transfected BREC (iPLA, siRNA-BREC), iPLA, siRNA-HREC, cPLA,
siRNA-BREC, or cPLA, siRNA-HREC. Two sets of oligonucleotides
were used. Set 1 was directed to iPLA, (GenBank accession number
NM_001005560) and had sequences 5'-GGUGUGAGAUGGUCGGUA
U-3', 5'-ACGCUGAGAUGGCCCGAAU-3’, 5'-CAGCAAGGAUCCUC
GCUAU-3', and 5'-CAGAAUGCUUCCAAUCGUA-3". Set 2 was di-
rected against cPLA, (GenBank accession number NM_133551) and had
sequences 5'-AGAAUUUAGUCCAAUCGAA-3', 5'-CAUAUCUACAC
AUGCGAAA-3',5'-CAGAUGAAUUUGAACGAAU-3', and 5'-GCGGA
AAGAGAGUACCAAA-3'. A scrambled siRNA control comprised of a
nontargeting siRNA pool from Dharmacon, Inc., was used to obtain non-
targeting siRNA-transfected BREC (nt-siRNA-BREC) or nt-siRNA-
HREC. Transfection of siRNA was performed using Interferin reagent
(Dharmacon) according to the manufacturer’s protocol, as previously
reported (32). The efficiency of transfection (50 nmol/ml siRNAs) was
evaluated by using siGLO green transfection indicator (Dharmacon).
Western blot analyses were used to confirm the reduction of the protein
target. These data were confirmed by determining cPLA, and iPLA, en-
zymatic activity, which was almost undetectable in siRNA-treated samples
(data not shown). Control BREC or HREC (transfected with empty vec-
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tor), nt-siRNA-BREC or nt-siRNA-HREC, cPLA, siRNA-BREC or cPLA,
siRNA-HREC, and iPLA, siRNA-BREC or iPLA, siRNA HREC were cul-
tured until confluence on the Transwell insert in which BRPC or HRPC,
respectively, were grown on the lower side of the membrane. After reach-
ing confluence, the cocultures were infected with K. pneumoniae for 60
min. In order to determine the number and viability of BREC, BRPC,
HREC, and HRPC in coculture, cells from inserts were trypsinized sepa-
rately, cell suspensions were mixed with a 0.4% (wt/vol) trypan blue so-
lution, and the number of live cells was determined using a hemocyto-
meter.

Statistical analysis. Statistical significance between two groups was
analyzed by Student’s test. One-way analysis of variance (ANOVA), fol-
lowed by Tukey’s post hoc test, was used to compare the means for the
multiple groups. P values of <0.05 were considered statistically signifi-
cant.

RESULTS

TEER and permeability to sodium fluorescein in BREC-BRPC
cocultures. The BRB model used in the present study is shown in
Fig. 1. To highlight the cell phenotype and for immunological
characterization, BREC were incubated with rabbit anti-von Wil-
lebrand factor polyclonal antibody (BREC marker) (Fig. 1A) and
BRPC were incubated with mouse anti-o-actin monoclonal anti-
body (BRPC marker) (Fig. 1B). The distribution of immunocom-
plexes, observed by confocal immunofluorescence microscopy,
showed an elongated spindle shape for BREC and an irregular
large stellate shape for BRPC. The BRB model, used in all experi-
ments with confluent cells, was characterized by measuring TEER
and sodium fluorescein flux across BREC in monoculture and in
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TABLE 1 Evaluation of the barrier integrity in BREC and BRPC mono-
and cocultures with and without K. pneumoniae®

Endothelial PLA, Activation by K. pneumoniae

TABLE 2 PLA, activity in BREC and BRPC in mono- and cocultures
stimulated and not stimulated by K. pneumoniae”

Mean value = SEM?

Culture TEER (0 X cm?) P, (10° cm/s)
Monoculture
BREC 83 +94 8.7 0.9
BREC + K. pneumoniae 74 * 6.5 10.2 £ 0.7
Coculture
BREC-BRPC 289 *+ 26.3* 2.9 £ 0.3*
BREC-BRPC + K. pneumoniae 98 = 7.81 7.9 = 0.6F

“ TEER and permeability to sodium fluorescein were determined in bovine retinal
microvascular endothelial cells (BREC) in mono- and coculture with bovine retinal
microvascular pericytes (BRPC) in the absence or presence of K. pneumoniae.
Cocultures were incubated in the absence or presence of K. pneumoniae (107 CFU/well)
for 60 min, and measurements of TEER and cell permeability to sodium fluorescein of
BREC were performed as described in Materials and Methods. For TEER
measurements, values were calculated by the following formula: (average resistance of
experimental wells — average resistance of blank cells) X 0.33 (the area of the Transwell
membrane). For sodium fluorescein determination, flux across cell-free inserts was
measured and the transendothelial permeability coefficient (P,) was calculated.

b Values are from six independent experiments (1 = 6). ANOVA and the Tukey
posttest were used to compare TEER or permeability measurements under the four
different experimental conditions. *, P < 0.05 versus BREC; t, P < 0.05 versus
uninfected BREC-BRPC cocultures.

coculture with BRPC (Table 1). Coculture showed high values of
TEER and very low permeability to sodium fluorescein in com-
parison with the values in BREC monoculture. Very similar results
in repeated experiments indicated the reproducibility of the
model. Incubation for 60 min with K. pneumoniae (10" CFU/well)
caused a significant TEER reduction (about 2.9-fold) and an in-
creased permeability (about 2.7-fold) compared to the values for
BREC-BRPC control cocultures.

K. pneumoniae stimulates phospholipase A, activities, PGE,
production, and VEGF, IL-6, and IL-8 release. As reported in
Table 2, in K. pneumoniae-stimulated BREC in mono- and cocul-
ture, PLA, activity was strongly activated (about 2.6-fold in
mono- and 2.9-fold in cocultures) compared with the PLA, activ-
ity in the control (uninfected) BREC; this result was unlike the
result for BRPC, in which it was not stimulated. In K. prneumoniae-
treated BREC monocultures, the presence for 120 min (preincu-
bation of 60 min followed by infection for 60 min in the presence
of bacteria) of 50 uM AACOCEF; (cPLA, and iPLA, activity inhib-
itor) or 2.5 uM BEL (iPLA, inhibitor) caused decreases of 62%
and 51%, respectively; in control BREC monocultures, AACOCF,
and BEL caused decreases of enzyme activity of 28% and 17%,
respectively. In control BRPC monocultures, AACOCF; caused
decreases of 28% and 20%, respectively, and in K. prneumoniae-
stimulated BRPC monocultures, the inhibitors caused decreases
of 30% and 20%, respectively.

In control BREC grown in coculture with BRPC, AACOCF;
reduced enzymatic activity by 36% and BEL by 25%, and after K.
pneumoniae treatment in the presence of the inhibitors, enzymatic
activity decreased by about 73% and 70% in BREC cocultures.
Moreover, AACOCF; and BEL decreased PLA, activity in control
BRPC by 31% and by 23%, respectively, and in K. pneumoniae-
treated BRPC, they decreased PLA, activity by about 37% and
24%, respectively. The incubation with BEL allowed us to discrim-
inate between the contributions of ¢cPLA, and iPLA, activities.
Interestingly, the significant decrease in BREC enzyme activity in
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Mean PLA, activity (pmol/min/mg) = SEM
in”:

Culture and inhibitor Control cells Cells + K. pneumoniae

Monoculture
BREC 223+ 1.8 38.3 = 2.67
BREC + AACOCF; 16.1 = 1.3% 19.5 = 1.7%
BREC + BEL 18.4 = 1.5% 25.2 = 1.8%
BRPC 15,6 = 1.4 18.1 = 1.2
BRPC + AACOCEF, 11.2 = 0.9* 12.6 = 1.3
BRPC + BEL 12.5 = 0.5 13.1 £ 0.7*

Coculture
BREC 31.6 £2.8 93.4 = 7.8F
BREC + AACOCEF; 20.1 = 1.7% 25.4 +2.9%
BREC + BEL 235+ 1.9% 28.1 = 2.6*
BRPC 143 *£1.2 172 £ 1.5
BRPC + AACOCEF; 9.9 + 1.0* 10.8 = 1.1*
BRPC + BEL 11.0 = 0.8% 13.0 = 1.5%

@ All incubations were performed at 37°C in the absence (control) or presence of K.
pneumoniae (107 CFU/well) for 60 min with or without 50 M AACOCEF; or 2.5 pM
BEL. Inhibitors were added to the culture medium 60 min before K. pneumoniae was
added. PLA, activity was measured following enzymatic hydrolysis of arachidonoyl
thiophosphatidylcholine (ATPC).

b Values are from three independent experiments (1 = 3). ANOVA and the Tukey
posttest were used to compare enzyme activities measurements under the 24 different
experimental conditions. *, P < 0.05 versus the same group without inhibitors; f, P <
0.05 versus control BREC.

the presence of BEL suggests a greater contribution of iPLA, in
mediating AA release by K. pneumoniae-stimulated cells. Specific
activity in K. pneumoniae lysates was undetectable (data not
shown).

PGE, production was detected in supernatants of BREC or
BRPC in mono- and coculture. As shown in Table 3, a 3.0-fold
increase was observed in BREC monocultures after K. pneumoniae
treatment, compared to the PGE, production in the respective
control (no treatment). In control BREC monocultures, the pres-
ence of 50 WM AACOCEF; or 2.5 wM BEL caused decreases of 29%
and of 18%, respectively. Incubation of BREC monocultures with
K. pneumoniae in the presence of AACOCF; or BEL decreased
PGE, production by 68% and 66%, respectively. The contribution
to PGE, production from K. pneumoniae-treated BRPC monocul-
tures was negligible.

The production of PGs from BREC in great amounts during K.
pneumoniae infection highlights the principal endothelial role in
BRB disruption.

The PGE, production in untreated cocultures was about 2.4- to
2.7-fold higher than that of the respective monocultures. In K.
pneumoniae-treated cocultures, prostaglandin production was
higher than the predicted sum of that produced by BREC and
BRPC monocultures. When BREC-BRPC cocultures were treated
with K. pneumoniae, the PGE, production increased by 3.4-fold in
comparison with that in the respective untreated cocultures. Fur-
thermore, in the supernatants of K. pneumoniae-stimulated cocul-
tures incubated in the presence of PLA, inhibitor AACOCF; or
BEL, the PGE, levels decreased by about 70% and 69%, respec-
tively, and the decreases were about 28% and 22%, respectively,
for untreated cocultures.
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TABLE 3 Prostaglandin production in BREC and BRPC in mono- and
cocultures stimulated and not stimulated by K. pneumoniae”

Mean amt of PGE, (pg/ml) = SEM in”:

Culture and inhibitor Control cells Cells + K. pneumoniae

Monoculture
BREC 86 * 8.1 261 * 22.4%
BREC + AACOCEF; 61 £ 6.9% 84 + 7.7%
BREC + BEL 70 £ 7.1% 87 = 6.9*
BRPC 78 £ 6.5 80 = 7.8
BRPC + AACOCEF, 55 *+ 3.8* 58 = 4.5*
BRPC + BEL 58 £ 5.6 61 £ 5.8¢
Coculture
BREC-BRPC 212 + 18.7§ 732 += 54.1%
BREC-BRPC + AACOCF; 153 * 16.6* 218 £ 17.5*
BREC-BRPC + BEL 164 £ 17.4* 224 £ 15.6*

@ Cell culture supernatants from mono- and cocultures in the absence (control) and
presence of K. pneumoniae (107 CFU/well for 60 min) and with or without 50 pM
AACOCF; or 2.5 wM BEL were assayed for PGE, production. Inhibitors were added to
the culture medium 60 min before K. pneumoniae was added.

b Values are from three independent experiments (n = 3). ANOVA and the Tukey
posttest were used to compare PGE, production under the 18 different experimental
conditions. *, P < 0.05 versus the same group without inhibitors; t, P < 0.05 versus
control BREC; £, P < 0.05 versus control BREC-BRPC cocultures; §, P < 0.05 versus
monocultures.

BREC monocultures produced moderate amounts of VEGFA
(referred to here as VEGF) protein in the conditioned medium
(27.8 = 1.5 [mean = SD]), and incubation for 60 min with K.
pneumoniae led to a 2.5-fold increase in the release of VEGFA
(Table 4). BRPC monocultures released physiologically higher

TABLE 4 VEGFA determination in BREC and BRPC in mono- and
cocultures stimulated and not stimulated by K. pneumoniae”

Mean amt of VEGFA (pg/ml) = SEM in”:

Culture and inhibitor Control cells Cells + K. pneumoniae

Monoculture
BREC 27.8 £ 1.5 70.4 7.5t
BREC + AACOCEF; 15.1 = 1.2* 21.1 = 2.3*
BREC + BEL 185 + 1.7% 23.2 = 3.4%
BREC + NS-398 14.8 = 1.1% 20.4 = 2.3%
BRPC 44.8 = 4.2t 46.3 = 3.9
BRPC + AACOCEF; 34.6 = 2.9* 35.5 + 3.6*
BRPC + BEL 36.1 = 2.7* 37.4 + 4.2%
BRPC + NS-398 33.7 £ 3.1* 29.5 + 3.1*

Coculture
BREC-BRPC 118.4 £ 9.3§ 346.4 £ 32.2%
BREC-BRPC + AACOCF; 85.1 = 7.2* 88.1 = 8.4*
BREC-BRPC + BEL 88.7 = 8.1* 93.7 = 10.4*
BREC-BRPC + NS-398 85.2 = 7.7* 86.3 = 7.3*

@ Cell culture supernatants from mono- and cocultures in the absence (control) and
presence of K. pneumoniae (107 CFU/well for 60 min) and with or without 50 uM
AACOCEF;, 2.5 pM BEL, or 5 uM NS-398 were assayed for VEGF release. Inhibitors
were added to the culture medium 60 min before K. pneumoniae was added.

b Values are from three independent experiments (1 = 3). ANOVA and the Tukey
posttest were used to compare VEGF release under the 24 different experimental
conditions. *, P < 0.05 versus the same group without inhibitors; , P < 0.05 versus
control BREC; £, P < 0.05 versus control BREC-BRPC cocultures; §, P < 0.05 versus
monocultures.
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FIG 2 IL-6 (B) and IL-8 (A) production in BREC-BRPC cocultures stimulated
and not stimulated for 1 h by K. pneumoniae. Values are expressed as the
means = SD of cytokine levels measured by three independent experiments
performed in triplicate. Statistically significant differences, determined by
one-way ANOVA and the Tukey posttest, are indicated (*, P < 0.05 versus
control).

levels of VEGF than BREC monocultures, 1.6-fold higher than
untreated BREC monocultures, which may act as a stabilizing fac-
tor for BREC. The presence of K. pneumoniae induced no increase
in the VEGF secretion by BRPC. These data are in agreement with
the results of our previous study showing that, in brain microvas-
cular endothelial cells, PGE, action was associated with endothe-
lial VEGF release (31). Moreover, in the untreated cocultures, the
amount of VEGF was greater than the predicted sum of that pro-
duced in solo cultures. K. pneumoniae treatment of cocultures
induced a 2.9-fold increase in comparison with the amounts in con-
trol untreated cocultures. Incubation of K. pneumoniae-treated
BREC monocultures with 50 uM AACOCEF;, 2.5 wM BEL, or the
COX-2-specific inhibitor NS-398 (5.0 M) caused inhibition of
K. pneumoniae-induced VEGF release by 70%, 67%, and 71%,
respectively. Incubation of untreated cocultures with AACOCEF;,
BEL, and NS-398 decreased VEGF release by about 28%, 25%, and
28%, respectively; in K. pneumoniae-treated cocultures the three
inhibitors caused inhibition of VEGF release of 74%, 73%, and
75%, respectively. The effects of AACOCF;, BEL, and NS-398 on
VEGEF release in untreated BRPC monocultures were decreases of
about 23%, 19%, and 25%, respectively, and the inhibition was
about 25%, 19%, and 36%, respectively, in K. pneumoniae-treated
BRPC. These data indicate the involvement of PLA,, AA produc-
tion, and AA metabolization in eicosanoids in the production of
PGE, and VEGF.

BREC-BRPC cocultures secrete IL-6 and IL-8 in response to
stimulation by K. pneumoniae (Fig. 2). IL-6 and IL-8 levels were
significantly elevated in infected cocultures in comparison to their
levels in untreated cocultures.

K. pneumoniae cells adhere to BREC and BRPC, but no inva-
sion occurs. In Fig. 3, SEM images of BREC and BRPC grown on
the membranes of the inserts, taken at 60 min postinfection with
K. pneumoniae, show BREC with an elongated spindle phenotype
and with numerous microvilli distributed on most of the cell sur-
face (Fig. 3A). The images at higher magnification show the bac-
teria attached to the apical surface of the BREC, in contact with
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FIG 3 SEM of BREC and BRPC on Transwell filter at 60 min postinfection with K. pneumoniae. (A) BREC on Transwell filter at lower magnification show an
elongated and spindled phenotype with numerous microvilli distributed over the surface and bacteria adhering in contact with them (black arrows). (B) BREC
at higher magnification; typical short rod-shaped K. pneumoniae cells are visible on the surface, in contact with pseudopodia (black arrows). (C) BRPC exhibit
a flattened shape with several branches. (D) Higher magnification shows the bacteria found on the cell surface (black arrow), in proximity to large pseudopodia.

pseudopodia (Fig. 3B). In Fig. 3C, SEM images of BRPC grown on
the membrane of the inserts are shown. The cells are branched and
flat, with short microvilli on the surface area. Few bacteria were
found attached to the large pseudopodia of the BRPC surface
without any sign of specific action on the membrane (Fig. 3D).
Transmission electron micrographs of BREC and BRPC on Trans-
well filters at 60 min postinfection with K. pneumoniae are shown
in Fig. 4. In the image in Fig. 4A, electron-dense bacteria appear to
be in close contact with the endothelial cell membrane and no
intracellular bacteria are visible. Figure 4B shows the adhesion of
K. pneumoniae to the surface of BREC, and no internalized bacte-
ria are visible. Figure 4C shows BRPC with evident micropinocy-
totic transport. Numerous bacteria, rounded or elongated in
shape, are present on the outside and in the space between the two
pericytes, but in this case also, no intracellular bacteria are found.
In Fig. 4D, a tight junction-like apparatus is visible between two
cells, but no evidence of membrane fusion is observed. Micropi-
nocytotic transport and large lipid granules, lysosome, and small
protein-containing vacuoles are visible in the cytoplasm in Fig.
4D. These data confirmed the results obtained in adhesion and
invasion assays (data not shown). Experiments were also per-
formed with human retinal cells. TEM of HREC and HRPC grown
on the membrane of the inserts at 60 min postinfection with K.
pneumoniae did not show intracellular bacteria (data not shown).

K. pneumoniae increased cPLA,, iPLA,, and COX1/2expres-
sion. The Western blot analysis in Fig. 5 showed no changes in the
protein levels of cPLA, in control and infected BREC and BRPC.
The phosphorylated form of cPLA, increased significantly in K.
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pneumoniae-infected BREC, by 5.6-fold compared to the level in
the control BREC. Thus, the increase of cPLA, phosphorylation
(p-cPLA,/cPLA, ratios were 0.31 to 1.43 for infected BREC) may
support an increase in cPLA, activity. Incubation of BRPC with K.
pneumoniae produced no phosphorylation in cPLA, in compari-
son with that in control BRPC, confirming the results presented in
Table 2, in which enzyme activity in BRPC was not activated by the
infection. Moreover, iPLA, expression was increased about 2.9-
fold in BREC infected with K. pneumoniae. There was no change in
iPLA, expression after treatment of BRPC with bacteria. These
results confirm our findings described above (Table 2) that impli-
cate both endothelial cPLA, and iPLA, in the increased total PLA,
activity seen in response to K. pneumoniae treatment. In a set of
preliminary experiments, we observed that the presence of sPLA,
in BREC and BRPC was barely detectable, and we also found that
sPLA, (IIA) was not upregulated by K. pneumoniae treatment
(data not shown). Because COX-1 and COX-2 govern the rate-
limiting step in the conversion of AA to its downstream prostan-
oid effectors, we evaluated COX-1 and COX-2 expression in
BREC and BRPC (Fig. 5C and D). No change was found in COX-1
protein expression in the two cellular types after bacterial infec-
tion. BREC expressed COX-2 total protein at levels significantly
higher (about 2.8-fold) than the uninfected control, whereas the
protein levels in BRPC after K. pneumoniae infection remained
unchanged compared to the levels in uninfected cells.

cPLA, and iPLA, negatively regulate BRPC survival, and
their blockade protects the barrier integrity. To verify whether
the prevention of PLA, activation can reduce the damage to the
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FIG 4 Transmission electron micrographs of BREC and BRPC on Transwell filter at 60 min postinfection with K. pneumoniae. (A) BREC infected by K.
pneumoniae. Electron-dense (dark black) bacteria appear to be in close contact with the endothelial cell membrane (black arrow). A bacterium that is dividing
is visible (*). Bar = 120 nm. (B) Adhesion of K. pneumoniae to the BREC surface; no intracellular bacteria are visible. Bar = 0.399 wm. (C) BRPC showing
increased micropinocytotic transport (black arrows). Numerous bacteria, rounded or elongated in shape (arrowhead), are present on the outside and in the space
between two pericytes. Bar = 0.198 pm. (D) Tight junction-like apparatus between two BRPC and micropinocytotic transport (thin arrows). In the BRPC
cytoplasm, large lipid granules (LG), lysosome (L), and small protein-containing vacuoles (V) are visible. Bar = 0.4 pm.

BRB after K. pneumoniae infection, we used small interfering
RNA-mediated silencing of endothelial PLA, expression (Fig. 6).
In our experimental model, BREC were transfected with an empty
vector (control BREC), nontargeting siRNA (nt-siRNA-BREC),
cPLA, siRNA (cPLA, siRNA-BREC), or iPLA, siRNA (iPLA,
siRNA-BREC). After transfection, BREC were cultured until con-
fluence on the Transwell insert in which BRPC were grown on the
lower side of the membrane (Fig. 6A). After reaching confluence,
the cocultures were infected or not with K. pneumoniae for 60 min.
The numbers of control BREC, nt-siRNA-BREC, cPLA, siRNA-
BREC, or iPLA, siRNA-BREC grown in coculture with BRPC
were not changed after infection with K. pneumoniae (Fig. 6B). In
contrast, the number of BRPC grown in coculture with nt-BREC
was significantly reduced, by about 60%, after K. pneumoniae in-
fection compared to the number in uninfected BRPC grown un-
der the same conditions (Fig. 6C). Surprisingly, when BRPC were
cocultured with cPLA, siRNA-BREC or iPLA, siRNA-BREGC, after
incubation for 60 min with K. pneumoniae, the numbers of BRPC
were about 2.1-fold and 1.9-fold higher than the numbers in in-
fected BRPC cocultured with nt-siRNA-BREC.

These results were confirmed by TEER and permeability mea-
surements. In nt-siRNA-BREC-BRPC cocultures infected with K.
pneumoniae, the TEER values were already decreased after 30 min
of treatment (39% reduction), and they were decreased by 48%
and 76% after 60 and 120 min, respectively (Fig. 6E). When cPLA,
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siRNA-BREC or iPLA, siRNA-BREC were cocultured with BRPC,
the TEER values increased by 1.6- and 1.3-fold after 60 min of K.
pneumoniae infection and by 3.0- and 2.7-fold after 120 min, re-
spectively, in comparison with the values in infected nt-siRNA—
BREC-BRPC. Moreover, in cPLA2 siRNA-BREC, permeability to
sodium fluorescein increased by about 3.8-fold in comparison
with the permeability of nt-siRNA-BREC-BRPC after 60 min of
K. pneumoniae infection (Fig. 6F), and when cPLA, siRNA-BREC
or iPLA, siRNA-BREC were cocultured with BRPC in the pres-
ence of K. pneumoniae, permeability decreased, respectively, by
about 2.1- and 1.9-fold after 60 min and by 2.0- and 1.7-fold after
120 min of bacterial infection in comparison with the sodium
fluorescein permeability of infected nt-siRNA-BREC-BRPC.

These results demonstrated once more that enhanced PLA,
enzyme activities are an absolute intermediate requirement for the
attack on the BRB by K. pneumoniae and that the prevention of
pericyte loss and monolayer permeability can be attributed to
blockade of PLA,s.

Western immunoblot assays using lysates obtained from three
separate preparations of BREC revealed the specificity of the
siRNAs used. The basal protein expression levels of both cPLA,
and iPLA, were strongly attenuated in transfected BRECs, by ap-
proximately 90% for cPLA, and 85% for iPLA, (Fig. 6D, lanes 3
and 4, respectively), compared with the levels in cells transfected
with either an empty vector (Fig. 6D, control BREC, lane 1) or
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FIG 5 Western blot analyses of ¢cPLA, and phospho-cPLA, (A), iPLA, (B),
COX-1 (C), and COX-2 (D) in BREC and BRPC stimulated or not with K.
pneumoniae. The values, expressed as arbitrary densitometric units (a.d.u.),
were obtained by reading the blots using the Image J program and are the
means = SD from three independent experiments (n = 3) performed in trip-
licate. Statistically significant differences, determined by one-way ANOVA and
the Tukey posttest, are indicated (*, P < 0.05).

3. Control BRPC
4. BRPC + K. pneumoniae

nontargeting siRNA-BREC (Fig. 6D, lane 2). Similar TEER mea-
surements were performed in HREC-HRPC cocultures that used
the experimental model depicted in Fig. 6A. In nt-siRNA-HREC-
HRPC cocultures, the TEER values decreased by 2.1- and 6.2-fold,
respectively, after 60 and 120 min of K. pneumoniae infection (Fig.
6G), and when cPLA, siRNA-HREC or iPLA, siRNA-HREC were
cocultured with HRPC, the TEER values increased, respectively,
by 1.7- and 1.3-fold after 60 min and by 4.2- and 3.0-fold after 120
min of K. pneumoniae infection in comparison with the values in
infected nt-siRNA-HREC-HRPC. The percent cell counts of hu-
man cells in cocultures, under all experimental conditions (Fig.
6A) and in the presence or absence of K. pneumoniae, were very
similar to those obtained in BREC-BRPC cocultures (data not
shown).

DISCUSSION

Endogenous Klebsiella endophthalmitis is an uncommon condi-
tion with severe complications. An early diagnosis and aggressive
antibiotic therapy can improve the final course, but the visual
outcome still remains poor (37). The entry of circulating bacteria
into the retina requires crossing the BRB, composed of retinal
microvascular EC which have a dynamic interaction with other
neighboring cells, these being BRPC, astrocytes, and Miiller cells
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(21, 22). Despite the fact that the BRPC are morphologically situ-
ated closest to BREC, with which they share a basement mem-
brane, they have been the subject of very few studies for testing the
molecular mechanisms of bacterial invasion.

In the present study, using an in vitro model of K. pneumoniae
infection on BREC-BRPC in coculture, we tested the hypothesis
that K. pneumoniae induces an inflammatory response in these
blood retinal barrier cells. There is only a limited body of evidence
that pathogenic bacteria elicit inflammatory responses at this spe-
cific retinal cell layer. In experimental in vivo animal studies, it has
been demonstrated that endophthalmitis induced by Bacillus ce-
reus and Staphylococcus epidermidis caused increased production
of proinflammatory cytokines that may contribute to barrier
breakdown (38, 39). An in vitro study demonstrated a proinflam-
matory effect of K. pneumoniae on retinal pigmented epithelial
cells, with an increase of IL-6 and monocyte chemotactic pro-
tein-1levels (18), and an in vivo study reported the overexpression
of IL-17 in the pulmonary compartment of C57BL/6 mice after
challenge with Klebsiella pneumoniae (40).

K. pneumoniae has become an important pathogen in recent
years, causing pyogenic liver abscesses and other soft tissue ab-
scesses. From these tissue abscesses, K. pneumoniae can spread to
the eye or meninges, causing metastatic endophthalmitis, menin-
gitis, or both (14). The BRB, because the intercellular spaces be-
tween retinal endothelial cells are sealed by elaborate tight junc-
tion cells, is a defense against hematogenous pathogenic bacteria.

The in vitro BRB model used in our experiments showed high
TEER and low permeability, indicators of barrier integrity that we
consider very useful for studying the cell response to bacterial
infection of the BRB. In BREC-BRPC cocultures, K. pneumoniae
infection produces significant reduction of TEER and increase in
permeability. Moreover, we demonstrated that cPLA, and iPLA,
activities, as well as PGE, and VEGF levels, were increased in
BREC in cocultures after K. pneumoniae incubation. Interestingly,
the significant decrease in BREC phospholipase activity in the
presence of BEL suggests a major contribution of endothelial
iPLA, in mediating AA release after K. pneumoniae infection.
These results were confirmed by the incremental expression of
cPLA,, iPLA,, and COX1/2, as well as the increased cPLA, phos-
phorylation, in BREC after K. pneumoniae coculture incubation.
These orchestrated events are expected to increase the levels of
PGs, because the activation of cPLA, elicits arachidonic acid (AA),
a substrate for PG production by COX enzymes from membrane
phospholipids. Inhibition of PLA,, using either BEL, an iPLA,-
specific compound, or AACOCF;, a ¢cPLA,/iPLA, selective com-
pound, reduced the K. pneumoniae-induced elevation of PGE,.
Moreover, the presence of PLA, inhibitors and of NS-392, a COX-
specific inhibitor, reduced VEGF release in BREC and BRPC, in-
dicating that PGs could exert a proangiogenic influence by induc-
ing VEGF production upon binding to target genes in endothelial
cells. In addition, BRPC release physiologically higher levels of
VEGF than do BREC, which may act as a stabilizing factor for
BREC.

These data are in agreement with the results of previous studies
showing that PGE, stimulates VEGF expression in rat Miiller cells
(41), and in microvascular endothelial cells, PGE, activity was
associated with endothelial VEGF release (42). In agreement with
this, in monkey choroid-retinal endothelial cells, VEGF release
results from hypoxia-induced activation of cPLA, (43), and in
retinal endothelial cells, arachidonic acid, converted by the cyclo-
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FIG 6 Effects of K. pneumoniae infection on proliferation of BREC and BRPC in coculture and on TEER and permeability to sodium fluorescein. (A) The
experimental model is depicted. BREC were transfected with empty vector (control EC), nontargeting siRNA (nt-siRNA-EC), cPLA, siRNA (cPLA, siRNA-EC),
or iPLA, siRNA (iPLA, siRNA-EC). After transfection, BREC were cultured until confluence on the Transwell insert (40,000 cells cm?) in which BRPC were
grown on the lower side of the membrane. Cocultures were incubated or not with K. pneumoniae for 1 h. (B) For the proliferation study, after incubation for 1
h with or without K. pneumoniae, cells from inserts (0.4-pm pore size) were trypsinized separately. The numbers of live control BREC, nt-siRNA-BREC, cPLA,
siRNA-BREC, and iPLA, siRNA-BREC grown in coculture with BRPC were determined by counting viable cells using trypan blue exclusion assay. (C) The
numbers of live BRPC grown in the cocultures were determined with the same procedure described for panel B. (D) Parallel cultures were collected and subjected
to Western blot analysis to confirm the reduction of cPLA, and iPLA, protein levels in siRNA-treated BREC. Representative gel runs are shown. (E and F)
Transendothelial electrical resistance (TEER) (E) and permeability to sodium fluorescein (F) of BREC-BRPC, nt-siRNA-BREC-BRPC, cPLA, siRNA-BREC-
BRPC, or iPLA, siRNA-BREC-BRPC cocultures on Transwell inserts in the presence or absence of K. pneumoniae were determined as described in Materials and
Methods. (G) TEER measurements were determined for HREC-HRPC, nt-siRNA-HREC-HRPC, cPLA, siRNA-HREC-HRPC, or iPLA, siRNA-HREC-HRPC
cocultures on Transwell inserts using the experimental model depicted in panel A and in the presence or absence of K. pneumonia. (H) Western blot analysis
confirmed the reduction of cPLA, and iPLA, protein levels in siRNA-treated HREC. Values are expressed as the means = SD from three independent
experiments performed in triplicate. The same time points were compared among different conditions when performing the statistical analysis. Statistically
significant differences, determined by one-way ANOVA and the Tukey posttest, are indicated (¥, P < 0.05 versus control; **, P < 0.05 versus nt-siRNA-BREC-
BRPC in the presence of K. pneumoniae).
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oxygenase enzymes in prostaglandins, induces VEGF production
(44). It has been demonstrated that endothelial cells participate in
modulating the inflammatory response through cytokine signal-
ing (28, 45). BREC-BRPC cocultures, after exposure to K. pneu-
moniae, released elevated levels of IL-6 and IL-8. Conceivably, by
increasing the interleukin levels, endothelial cells potentiate the
inflammatory response by activating circulating intravascular
cells. Proinflammatory cytokines could modify the protein con-
stituents of tight junctions. A recent study demonstrated that
treatment with IL-6 reduced occludin expression in cerebral mi-
crovessels from yearling and adult sheep, highlighting the idea
that cytokines play an important role in blood brain barrier dys-
function (46). We speculate that IL-6 and IL-8, which were re-
leased in the coculture medium after K. pneumoniae infection,
could contribute to the loss of retinal barrier function.

It was interesting to see that K. pneumoniae infection resulted
in a reduction of pericytes and, as expected, a decrease of TEER
values and an increase of permeability in our BRB model. Follow-
ing K. pneumoniae infection of cocultures in which BREC were
transfected with cPLA, or iPLA, siRNA, the pericyte numbers
were very similar to the numbers of BRPC grown in contact with
nontransfected BREC in the absence of infection, and the values of
TEER and permeability to sodium fluorescein were restored.
These results, confirmed by those obtained from similar experi-
ments on human endothelial cells and human pericytes in cocul-
ture, demonstrated the important role played by PLA,s in main-
taining barrier properties. We speculated that VEGF released by
endothelial cells could bind to VEGF receptors on the membrane
of adjacent pericytes and result in their leakage, acting as a nega-
tive regulator and, thus, increasing BRB permeability. The nega-
tive role of VEGF in pericyte function has recently been shown in
the C310T1/2 pericyte line, revealing a dichotomous role for
VEGF, which is already known as a promoter of endothelial cells
(47). Moreover, it has been demonstrated that the systemic deliv-
ery of VEGF ablates pericytes from the mature retinal vasculature
through the VEGFR1-mediated signaling pathway, leading to in-
creased vascular leakage, and the blockade of VEGFR-1 signifi-
cantly restores BRPC saturation in mature vessels (29), suggesting
that retinal pericytes play a crucial role in BRB integrity under
healthy conditions.

Only a few bacteria are able to enter the cells. Pathogenic bac-
teria have developed individual strategies which allow them to
adhere to and cross the brain endothelium. In a previous study, we
demonstrated that E. coli cells interact with endothelial receptors
and enter the brain through an endothelial transcellular mecha-
nism, causing the wearing down of the blood-brain barrier and
triggering an inflammatory response mediated by PGs and VEGF
release (31). The results obtained in our study on K. pneumoniae
infection indicate that similar inflammatory responses can also
occur after a bacterial infection not mediated by a transcellular
endothelial crossing.

The TEM and SEM images showed that K. pneumoniae ad-
hered to but did not enter BREC and BRPC, as well as HREC and
HRPC. Different bacterial phenotypes exist, with specific sets of
virulence factors expressed by the organism that explain different
clinical features of bacterial infection with K. pneumoniae (48).
The limited invasion of strain 43816 in retinal microvascular en-
dothelial cells demonstrates that host cell invasion is not necessar-
ily a prerequisite for inflammation and pathogenicity. Enterohe-
morrhagic E. coli (EHEC) strains, which are associated with severe
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disease, attach to the epithelial cell surface but do not invade (49).
Similarly, enteropathogenic E. coli (EPEC), the causative agent of
severe diarrhea that can lead to mortality in humans and animals,
are not invasive (50). In testing clinical isolates, it has been ob-
served that some K. pneumoniae strains possess higher invasive
potential, probably due to specific genes, in addition to a great
difference in invasion depending on the host cell type (51).

Our results showed the proinflammatory effect of K. pneu-
moniae on retinal microvascular endothelial cells and the impor-
tant defensive role played by the pericytes during a bacterial at-
tack. Pericytes could be considered the cells which oversee the
defense of the retinal barrier, and their survival enables the main-
tenance of a stronghold which opposes bacterial infection.

The leakage of a certain number of pericytes is one of the mech-
anisms that might be strongly correlated to the loss of retinal bar-
rier function, and it appears to compromise the resistance of en-
dothelial cells to the bacterial infection. Moreover, major
questions remain unanswered. Why, for instance, is a much lower
number of pericytes than of retinal microvessels enough to stabi-
lize the vasculature in other parts of the body, whereas a partial
decrease in the pericyte coverage of retinal microvessels results in
the loss of BRB functions? Why and how do pericytes fall off the
retinal microvessels and how does this impair endothelial cell
function and microvessel stability? Can we prevent or limit these
mechanisms once they are elucidated? Attempting to answer these
questions stimulates us to work on pericyte biology and pathol-
ogy, as the field may provide physicians and patients with new
ways to fight blinding diseases.

A proper pharmacological action on the enzymes involved in
K. pneumoniae infection, the mediators of the BRPC detachment
from microvessels on which K. pneumoniae develops its invasive
strategy to have free access to the retina, would be to slow down
BRPC loss, thus protecting the anatomical integrity of the mi-
crovessels. The combination of an antibiotic therapy with a drug
able to block this action on the BRPC could represent a novel
strategy to treat bacterial endogenous endophthalmitis more suc-
cessfully. A better understanding of the mechanisms by which K.
pneumoniae alters the communication between microvascular
retinal endothelial cells and pericytes may provide exciting new
insights into the potential for clinical intervention.
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