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Antibiotics-induced release of the pore-forming virulence factor
pneumolysin (PLY) in patients with pneumococcal pneumonia
results in its presence days after lungs are sterile and is a major factor
responsible for the induction of permeability edema. Here we sought
to identify major mechanisms mediating PLY-induced endothelial
dysfunction. We evaluated PLY-induced endothelial hyperperme-
ability in human lung microvascular endothelial cells (HL-MVECs)
and human lung pulmonary artery endothelial cells in vitro and in
mice instilled intratracheally with PLY. PLY increases permeability in
endothelial monolayers by reducing stable and dynamic microtu-
bule content and modulating VE-cadherin expression. These events,
dependent upon an increased calcium influx, are preceded by pro-
tein kinase C (PKC)-a activation, perturbation of the RhoA/Rac1 bal-
ance, and an increase in myosin light chain phosphorylation. At later
time points, PLY treatment increases the expression and activity of
arginase in HL-MVECs. Arginase inhibition abrogates and suppresses
PLY-induced endothelial barrier dysfunction by restoring NO gener-
ation. Consequently, a specific PKC-« inhibitor and the TNF-derived
tonoplast intrinsic protein peptide, which blunts PLY-induced PKC-a
activation, are able to prevent activation of arginase in HL-MVECs
and to reduce PLY-induced endothelial hyperpermeability in mice.
Arginase | (Al)*/~ /arginase Il (All)"/~ C57BL/6 mice, displaying a sig-
nificantly reduced arginase | expression in the lungs, are significantly
less sensitive to PLY-induced capillary leak than their wild-type or AlI*/*
/AII™/~ counterparts, indicating an important role for arginase I in PLY-
induced endothelial hyperpermeability. These results identify PKC-«
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CLINICAL RELEVANCE

This research identifies protein kinase C-a and arginase 1 as
crucial targets in pneumolysin-induced pulmonary capillary
leak. Because the latter represents a major complication of
severe pneumonia, mainly in patients treated with anti-
biotics, these factors should be taken into account when
developing novel therapies.

and arginase | as potential upstream and downstream therapeutic tar-
gets in PLY-induced pulmonary endothelial dysfunction.
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Although severe pneumonia remains the leading cause of
mortality worldwide in children aged less than 5 years (1),
community-acquired pneumonia represents a major cause of
morbidity and mortality mainly in elderly patients (2). Despite
the use of potent antibiotics and aggressive intensive care sup-
port, the fatality rate associated with Streptococcus pneumoniae,
accounting for 45% of all cases of community-acquired pneu-
monia, is approximately 20% (1, 2). Pulmonary permeability
edema, a major complication of severe pneumonia character-
ized by endothelial hyperpermeability, can occur days after
initiation of antibiotics therapy when tissues are sterile and
the pneumonia is clearing and correlates with the presence of
the bacterial virulence factor pneumolysin (PLY) (3, 4). This
cytoplasmic hemolytic protein is released during bacterial lysis,
as occurs after treatment with B-lactam antibiotics (5). PLY-
induced lung injury was suggested to result from direct pneumo-
toxic effects on the alveolar—capillary barrier rather than from
resident or recruited phagocytic cells (6).

Upon binding of PLY to cholesterol in cell membranes, olig-
omerization and pore formation occur, causing increased intra-
cellular Ca** levels (7), the initial pivotal signal preceding
pathways leading to endothelial cell (EC) contraction (8), in-
cluding myosin light chain (MLC)-dependent mechanisms and
microtubule rearrangement. Depolymerization of microtubules
can cause disassembly of adherens junction proteins with which
they associate, such as VE-cadherin, thus increasing permeabil-
ity (9). The Ca**—dependent protein kinase C (PKC) « isoform
was suggested to play a critical role in initiating endothelial cell
contraction and disassembly of VE-cadherin—-mediated cell—cell
contacts (8, 10). Recent data suggest that lung structure and
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function is partly maintained by a balance between the compet-
ing L-arginine—metabolizing enzymes arginase, existing in two
isoforms (AI and AII), and nitric oxide synthase (11). Arginase
I and II have been found in different endothelial cell populations
(12-15). Although in the lungs arginase expression and activity
is increased during asthma (16), pulmonary hypertension (17)
and cystic fibrosis (18), its role in models of bacterial toxin—
induced pulmonary endothelial barrier loss remains largely un-
known. Because complete knock-out of the arginase I (AI) gene
in mice leads to the development of lethal hyperammonemia
within 2 weeks of birth, we have used AI"™7/AII '~ transgenic
mice (19).

Because no standard therapy is available to treat pulmonary
permeability edema, the need for novel substances that can im-
prove pulmonary capillary barrier integrity in patients with pneu-
monia is important (20). The main aim of this study was to
identify crucial mediators of PLY-induced pulmonary endothe-
lial hyperpermeability and to identify therapeutic targets. Our
results identify PKC-a as an important upstream and arginase I
as an important downstream target in PLY-induced endothelial
dysfunction. We demonstrate that PKC-a inhibitors are able to
blunt PLY-mediated arginase activation in vitro and can prevent
PLY-induced pulmonary endothelial hyperpermeability in mice
in vivo. We also observed a potent protective effect of the TNF-
derived tonoplast intrinsic protein (TIP) peptide (21-24), which
was shown to activate amiloride-sensitive sodium transport in
alveolar epithelial and microvascular endothelial cells (24, 25),
the latter of which express the a subunit of the epithelial sodium
channel ENaC (26, 27). The TIP peptide was previously shown to
protect from hyperpermeability induced by the cholesterol-binding
pore-forming toxin listeriolysin in human lung microvascular endo-
thelial cell (HL-MVEC) monolayers in an amiloride-sensitive and
PKC-a—dependent manner (28).

MATERIALS AND METHODS

Cells

HL-MVECs and human lung pulmonary artery endothelial cells
(HPAECs) (Lonza, Walkersville, MD) were used up to passage 6
and were grown in EBM-2 complete medium (Lonza). Experiments
were performed in serum-free medium.

Mice

Male C57BL/6 mice of (6-8 wk of age; 19-21 g) were from Harlan
(Indianapolis, IN). Male AI""/AII"’~ and AI'/*/AIl"'~ transgenic
mice (6-8 wk of age) on a C57BL/6 background were generated as
described (19) and were bred at the animal facilities at Georgia Health
Sciences University.

Pneumolysin Purification

PLY was purified from a recombinant Listeria innocua 6a strain
expressing PLY. The batch of PLY used in this study had a specific
activity of 1.25 X 107 hemolytic units/mg.

Quantitative Analysis of Microtubule Network

Quantitative analysis of microtubules near the cell margin was done as
described previously (29) using Image] software linked to an Excel
spreadsheet (Microsoft Corp., Redmond, WA). Analysis included mea-
surement of peripheral microtubule density in an area circumjacent to
the cell periphery that was 5 wm from the cell margin by assessing their
fluorescence intensity in digital images collected with a digital CCD
camera. Original images were processed using ImageJ software (Gauss-
ian filtration and background subtraction). Statistical analysis was per-
formed using Sigma Plot 7.1 (SPSS Science, Point Richmond, CA) and
Excel. Sigma Plot 7.1 software was used for graphical data presentation.

Measurement of NO Release

HL-MVEC were seeded at 10° cells per well in 24-well plates. All
stimulations were performed with confluent quiescent cell monolayers
in serum-free medium. Cells were treated with PLY (30 ng/ml) for
2 hours. Reactions were terminated by removal of the supernatant.
Fresh serum-free medium was replaced, and cells were incubated for
an additional 30 minutes. The supernatant was then removed, centri-
fuged, and stored at —80°C for NO analysis. The PKC-a inhibitor
R032-40-32 (10 nM) or the arginase inhibitor (S)-(2-boronoethyl)-
L-cysteine (BEC) (100 wM) were applied 30 minutes before PLY. Cell
supernatants containing nitrite (NO, ™), the stable breakdown product
of NO in aqueous medium, were refluxed in glacial acetic acid contain-
ing sodium iodide. NO, ™ is quantitatively reduced to NO under these
conditions, which can be quantified by a chemiluminescence detector in
a NO analyzer (Sievers, Boulder, CO), as described (12).

Intratracheal Instillation and Vascular Leakage Assessment
In Vivo

PLY (3.125 pg/kg in saline) was instilled intratracheally in anesthetized
mice with or without TIP peptide (2.5 mg/kg) or Ro-32-4032 (49 pg/kg)
Evans Blue Dye albumin (EBD) (30 mg/kg in saline) (0.5% EBD
conjugated to 4% BSA, Fraction V; Sigma), was injected into the tail
vein 2 hours before killing the animals. Mice were killed after 6 hours
to assess vascular leak. Extravasated EBD concentration in the lungs
was calculated using a standard curve (png of EBD per g wet lung
tissue). All animal studies conformed to NIH guidelines. The experi-
mental procedure was approved by the GHSU Institutional Animal
Care and Use Committee.

Other Methods

Biochemicals, immunofluorescence, Racl, RhoA, PKC-qa, and arginase
expression/activation assays, transendothelial resistance, and Ca** in-
flux measurements are described in the online supplement.

Statistical Analysis

All experimental data are presented as means *= SD. Control and
treated samples were compared by unpaired Student’s ¢ test. For mul-
tiple group comparisons, one-way ANOVA was used. P < 0.05 was
considered statistically significant.

RESULTS

Pneumolysin Induces Hyperpermeability in HL-MVEC
Monolayers in a Ca?"-Dependent Manner In Vitro

We have previously demonstrated a dose-dependent effect of PLY
on permeability in HL-MVEC monolayers (30). Within 1 minute,
PLY induces a dose-dependent influx of Ca** in HL-MVECs
(Figure 1A). The permeability-increasing activity of PLY in
HL-MVEC monolayers depends on Ca?* influx because pretreat-
ment of the cells with the nonspecific Ca>* channel antagonist
lanthanum chloride (LaCl;) (31) dose-dependently inhibits its
barrier-disruptive effect in HL-MVEC monolayers (Figure 1B).
Because activation of the Ca?*—dependent PKC-« isoform, char-
acterized by an increased ratio of Thr638 phosphorylated over
total PKC-« in the membrane fraction of the cells, was shown to
increase pulmonary endothelial permeability (32), we have inves-
tigated the involvement of this enzyme in the effects of PLY in
HL-MVEC monolayers. PLY treatment of HL-MVECs leads to
a rapid activation of PKC-a within 30 minutes, as demonstrated by
the increased ratio of phospho-Thr638 PKC-a over total PKC-a in
the membrane fraction (Figure 1C). This PLY effect can be blunt-
ed by the TNF-derived TIP peptide, previously shown to also
inhibit listeriolysin-induced PKC-a activation in HL-MVECs (28)
(Figure 1C). Moreover, the PKC-a-specific inhibitor Ro32-4032
(10 nM) significantly inhibits the permeability increase induced by
30 ng/ml PLY in HL-MVEC monolayers (as well as in HPAEC
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Figure 1. (A) Within 1 minute,
pneumolysin (PLY) treatment of
human lung microvascular en-
dothelial cells (HL-MVEC) indu-
ces a dose-dependent increase
in intracellular Ca®" concentra-
tions (n = 8). (B) A 30-minute
pretreatment with the aspecific
Ca®" channel inhibitor LaCls
dose-dependently inhibits the
barrier-disruptive effect of PLY
(30 ng/ml) in HL-MVECs (n =
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—==10pM LaCI3 + PLY
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4). (C) PLY (30 ng/ml) activates
protein kinase C (PKC)-a within
30 minutes in HL-MVECs (n =
4), which can be completely
blunted upon 30-minute pre-
treatment of the cells with the
tonoplast intrinsic protein (TIP)
peptide (27 nM). (D) PLY
(30 ng/ml) significantly decreases
normalized transendothelial resis-
tance (measured in ECIS; Applied
Biophysics, Troy, NY) in mono-
layers of HL-MVECs. Pretreat-
ment of the cells for 1 hour
with PKC-a inhibitor Ro32-4032
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monolayers; data not shown), assessed by measuring transendo-
thelial resistance using electrical cell-substrate impedance sensing
technology as described previously (28) (Figure 1D).

Treatment of HL-MVEC monolayers with PLY (30 ng/ml)
causes a dramatic change in the RhoA/Racl balance within
1 hour (Figures 2A and 2B), increasing the activity of barrier-
disruptive RhoA (Figure 1A) and inactivating the barrier-
protective small GTP-ase Racl (Figure 1B). Moreover, myosin
light chain (MLC) phosphorylation, a hallmark of increased
endothelial dysfunction, is significantly elevated within 1 hour
upon PLY treatment of HL-MVECs (Figures 1C and 1D). Both
the PKC-a inhibitor Ro32-4032 (10 nM) and TNF-derived TIP
peptide (27 pM) are able to significantly reduce PLY-induced
RhoA/Rac-1 balance impairment and MLC phosphorylation
when applied 30 minutes before PLY. We have moreover re-
cently shown that PLY also increases the ratio of phospho-
Tyr658 over total VE-cadherin and as such decreases the
expression of this adherens junction protein (33). The concen-
tration of PLY used in these experiments (30 ng/ml) does not
affect viability of the cells, as assessed by the Alamar Blue
incorporation viability assay (data not shown).

Pneumolysin Impairs Microtubule Network Organization
and VE-Cadherin Expression in Lung Endothelial Cells

The observed PLY-induced MLC hyperphosphorylation in
HL-MVEGC:s indicates that PLY treatment may result in actin
cytoskeleton reorganization, leading to stress fiber formation.
On the other hand, PLY treatment may affect the microtubular
network dynamics. PLY-induced increases in intracellular Ca®*
can induce disassembly of microtubules. The microtubule pop-
ulation in endothelial cells is heterogeneous and partly consists
of posttranslationally modified (acetylated) microtubules (34).
In the present study, the subpopulation of dynamic microtu-
bules was identified by immunofluorescence staining using
antibodies against B-tubulin. By contrast, stable (acetylated)

2 3 4 5 6
Time (h)

(10 nM) or with TIP peptide
(27 wM) significantly reduces this
effect (n = 4).

microtubules were identified by antibodies against acetylated
tubulin.

A 2-hour treatment with PLY (30 ng/ml) disrupts microtubule
organization in HPAECs (Figure 3A). The dynamic microtu-
bule network in these cells has a well defined convergent center
near the nucleus, and its density is the highest in the internal
cytoplasm, but it diminishes gradually in the direction of the
cell margin. Single microtubules are visualized at the cell pe-
riphery. Stable microtubules are predominantly localized in
the cell center and are devoid of a well defined convergence
center. Quantitative analysis of microtubule density near
the cell margin demonstrates that PLY induces partial disrup-
tion (microtubule depolymerization) of the dynamic and stable
microtubule network at the cell periphery (Figures 3B and 3C).
According to our data (Figures 3B and 3C), the density of dy-
namic microtubules in the 5-um zone from the cell margin
slightly increases after treatment with the TIP peptide but
decreases more than twice upon PLY action. The TIP peptide
completely rescues dynamic microtubules from PLY action near
the cell edge. Moreover, the peptide does not influence the den-
sity of stable acetylated microtubules by itself but at least par-
tially removes the PLY effect, which decreases their presence
(Figures 3B and 3C).

Microtubule organization is implicated in the exocytosis and
endocytosis of adherens junction proteins, such as VE-cadherin.
PLY induces a significant decrease in VE-cadherin presentation
and an increased gap formation after 2 hours of treatment of
HPAECs (Figure 4). The TIP peptide restores microtubule
organization, VE-cadherin expression, and monolayer integrity
(Figures 3A-3C, 4).

Pneumolysin Causes Increased Arginase Expression
and Activity in HL-MVECs

Our results demonstrate that PLY activates the small GTPase
RhoA in HL-MVECs (Figure 2A). Because RhoA was proposed
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Figure 2. (A) PLY (30 ng/ml) increases RhoA GTPase activity (assessed with a commercially available G-LISA kit; Cytoskeleton, Denver, CO) within
2 hours in HL-MVECs (n = 8). TIP peptide (27 wM), when applied 30 minutes before PLY, significantly blunts this effect of PLY. (B) Two-hour PLY
(30 ng/ml) treatment of HL-MVECs significantly reduces Rac1 activity (n = 8; assessed with a commercially available G-LISA kit), an effect blocked
upon a 30-minute pretreatment with TIP peptide (27 uM). (C) PLY (30 ng/ml) increases myosin light chain (MLC) phosphorylation within 2 hours in
HL-MVECs as assessed by Western blotting (n = 3) and quantified as (D) the densitometric units ratio of ppMLC over total MLC normalized to

controls (n = 6).

to be implicated in the induction of arginase activity, which has
been shown to be involved in endothelial dysfunction (12, 13),
we investigated whether PLY can increase arginase expression
and activity.

PLY increases arginase activity in HL-MVECs within
2 hours (Figure SA), an effect prevented by the PKC-« inhibitor
Ro032-0432 and by the TIP peptide, strongly suggesting that
PKC-a acts upstream of arginase activation. PLY increases
the expression of arginase I and II in HL-MVECs, an effect
abolished by PKC-a inhibition and partially inhibited by the
TIP peptide (Figures SB and 5C). To understand whether argi-
nase is implicated in PLY-mediated endothelial hyperperme-
ability, we pretreated HL-MVEC monolayers for 30 minutes
with the arginase inhibitor BEC (100 pM). BEC pretreatment
significantly blunts PLY-induced the EC monolayer integrity
loss (Figure 5D). This effect is at least in part due to the resto-
ration of nitric oxide (NO) production in the PLY-treated EC
monolayers because a 1-hour pretreatment of the cells with the
nitric oxide synthase (NOS) inhibitor L-NAME (100 uM) be-
fore the application of BEC prevents the protective effect
of the arginase inhibitor. Moreover, PLY treatment of
HL-MVEC : for 2 hours with PLY (30 ng/ml) leads to a signifi-
cantly reduced basal NO generation in these cells (Figure SE).

A 30-minute pretreatment of the cells with arginase inhibitor
BEC (100 pM) or with PKC-a inhibitor Ro32-0432 (10 nM)
restores NO generation to control levels (Figure SE). Taken
together, these results indicate that PLY-mediated arginase ac-
tivation reduces endothelial NOS-mediated NO generation,
diminishing the barrier-protective effect of NO in this in vitro
model.

Inhibition of PKC-a or Arginase Activity Blunts PLY-Mediated
Endothelial Hyperpermeability In Vivo

Intratracheal instillation of 3.125 pg PLY/kg in male 6- to 8-wk-
old C57BL/6 mice induces a significantly increased pulmonary
endothelial permeability within 6 hours of treatment as assessed
by Evans Blue Dye (EBD) incorporation injected intravenously
2 hours before the end of the experiment (Figure 6A). Cotreatment
of the mice with the PKC-a inhibitor Ro32-0432 (49 ng/kg, intra-
tracheally) or with the TIP peptide (2.5 mg/kg, intratracheally)
significantly inhibits PLY-induced capillary leak. Moreover, we
detected a significant increase in EBD levels in the bronchoalveolar
lavage fluid from PLY-instilled wild-type (wt) mice, as com-
pared with TIP/PLY-treated or Ro32-4032/PLY-treated wt
mice, respectively, indicating an increased permeability of
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Figure 3. (A) Two-hour PLY-treatment (30 ng/ml)
of human lung pulmonary artery endothelial cells
causes a profound reorganization of microtubules
(top panels were immunostained with beta-tubulin
antibodies for microtubule detection; bottom panels
are magnified images [insets] that show microtu-
bule depolymerization at the cell periphery), char-
acterized by a reduced (B) dynamic and (C) stable,

B C acetylated microtubule density (n = 6). The TIP
Q 16000 p<005 p<0.05 6000 peptide (27 wM) inhibits the PLY-mediated effects
S ) p<0.05 p<0.05 on microtubule reorganization (n = 6; microtubules
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Figure 4. Pneumolysin (30 ng/ml) significantly decreases VE-cadherin expression in human lung pulmonary artery endothelial cells within 2 hours of
treatment. The TIP peptide (27 wM) blunts this effect (n = 6) (V-cadherin expression shown in green; actin filaments stained in red).
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Figure 5. (A) PLY (30 ng/ml) induces a significant increase in arginase activity within 2 hours in HL-MVECs (n = 6). This effect is blunted upon
pretreating the cells for 30 minutes with PKC-a inhibitor Ro32-4032 (10 nM), TIP peptide (27 nM), or the arginase inhibitor (S)-(2-boronoethyl)-L-
cysteine (BEC) (100 nM). PLY (30 ng/ml) significantly increases arginase | expression (B) and arginase Il expression (C) in HL-MVEsC as assessed by
Western blotting. This effect is partially or completely blunted upon pretreating cells with TIP peptide (27 uM) or the PKC-« inhibitor Ro32-4032
(10 nM), respectively (n = 4). (D) The arginase inhibitor BEC (100 wM), upon 1 hour pretreatment, partially blunts PLY (30 ng/ml)-mediated
hyperpermeability as assessed by transendothelial resistance in HL-MVECs. Treatment of the cells with the NOS inhibitor L-NAME (100 wM) 1 hour
before the BEC treatment abolishes the protective effect of the latter. (£) A 2-hour PLY treatment (30 ng/ml) of HL-MVECs significantly reduces basal
NO production in these cells. This PLY effect is prevented upon pretreating the cells 30 minutes before PLY with the PKC-« inhibitor Ro32-4032 (10 nM)

or with the TNF-derived TIP peptide (27 pM).

the alveolar epithelial barrier upon PLY instillation (data not
shown). We assessed the role of arginase in PLY-induced pul-
monary endothelial barrier loss in vivo. Because arginase I and
IT have been proposed to play a role in lung diseases (14-18)
and because PLY increases the expression of both isoforms (Fig-
ures 5B and 5C), we have compared the sensitivity of AI*/~
/AII™"~ and AI"*/AIL"’~ mice (19) with their wt counterparts.
As shown in Figure 6B, AT™7/AITI”'™ mice, which express a 10-
fold lower amount of Al in the lungs as compared with wt mice
(Figure 6C), have a significantly reduced sensitivity to PLY-
induced pulmonary endothelial hyperpermeability, assessed
upon EBD incorporation 6 hours after intratracheal injec-
tion of PLY, as compared with wt or AI™*/AII™'~ mice.
These results indicate an important role for arginase I, rather
than arginase II, in PLY-mediated endothelial dysfunction
in vivo.

DISCUSSION

PLY, a 53-kD protein produced by virtually all clinical isolates
of S. pneumoniae (35), represents the key virulence factor in
pneumococcal pneumonia. Although not secreted by live bac-
teria, PLY can be released after aggressive antibiotics therapy
of pneumococcal pneumonia (5). As such, in view of the pow-
erful direct pore-forming effects of PLY in all cells expressing
cholesterol in their membranes, a sudden release of large
concentrations of the toxin in the alveolar and interstitial space
of the lungs can cause a barrier dysfunction in alveolar epithe-
lial and capillary endothelial compartments. In this study, we
investigated the effects of PLY on endothelial monolayer resis-
tance and on lung barrier integrity in C57BL/6 mice to identify
the crucial mediators of PLY-induced endothelial barrier
dysfunction.
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Our results indicate that the conventional PKC-«, which is
stimulated by PLY-induced and pore-mediated Ca®" influx,
represents one of the early targets activated by PLY in HL-
MVECs (Figure 7). PKC-a activation was demonstrated to
stimulate RhoA/ROCK in ECs (36, 37) (Figure 7). Activation
of RhoA compromises the endothelial barrier function, increas-
ing MLC phosphorylation, actomyosin contractility, and intercel-
lular gap formation. By contrast, Racl, which may act upstream
of RhoA, is required for the assembly, maintenance, and recov-
ery of endothelial intercellular junctions (38). We found that
PLY treatment activates RhoA and reduces Racl activity in
HL-MVEQ s, thereby increasing the ratio of RhoA/Racl activ-
ity and favoring barrier-compromising processes and resulting
in a dramatic loss of VE-cadherin expression (Figure 4). In
contrast to our findings in HL-MVECs, sublytic concentrations
of PLY were shown to preferentially activate RhoA and Racl
in neuroblastoma cells (39, 40). Although Racl enforces the en-
dothelial junctions, it can also become part of a barrier-disturbing
mechanism as an activator of ROS-generating NADPH oxidase
(41).

Although PLY has been demonstrated to excessively stabilize
microtubules upon increased acetylation in neuroblastoma cells,
astrocytes, and fibroblasts (40), our observations that PLY,
upon increasing intracellular Ca* levels, induces microtubule
disassembly and decreases Racl activity in HL-MVEC point
toward important cell- and organ type-specific differences in
PLY-induced signaling. This could imply that local, rather than
systemic, treatments should be developed to tackle PLY-
induced barrier dysfunction in the lungs during pneumococcal
pneumonia. The endothelial microtubule network is heteroge-
neous, which is consistent with the dynamic characteristics of its
constituent microtubules. The microtubule population can be
divided into two subpopulations: (1) stable, modified (acety-
lated) and (2) dynamic microtubules. Acetylated microtubules
are more stable than dynamic microtubules and thus are more

o 2 o o b
=T R S - I = ¥
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Figure 6. (A) PLY (3.125 ng/kg,
intratracheally) induces pul-
monary endothelial hyperper-
meability within 6 hours in
male C57BL6 mice. Upon co-
treatment, the specific PKC-a in-
hibitor Ro32-4032 (49.5 ng/kg)
and the TIP peptide (2.5 mg/kg)
significantly blunt this activity
(n=6). (B) A*/~/7/~ C57BL/6
mice, which have a 10-fold
lower expression of arginase |
in the lungs, as compared with
wt mice (C), but not A™/*/7/~
mice, are significantly protected
from PLY (3.125 pg/kg)-induced
hyperpermeability (n = 6).

p<0.05

—
Al+/-/All-/-

resistant to the effects of external factors. It is possible that
under conditions compromising vascular endothelial integrity,
the stable microtubules may confer stability to the endothelial
microtubule network (29). However, in our experiments, dy-
namic and stable microtubules were depolymerized significantly
upon PLY action. Thus, the effect of the PLY treatment was
equally strong on dynamic as on stable microtubules, such that
microtubular stabilization did not rescue them from the toxin’s
effects. The TNF-derived TIP peptide was very effective in
rescuing dynamic and stable microtubules from PLY’s actions.

Reduction of NO generation in vivo induces microvessel
leakage in the pulmonary circulation of eNOS-null mice (42).
These data thus strongly suggest a barrier-protective effect of
NO in the pulmonary microvasculature, but the mechanisms
remain unclear. Arginase expressed in the endothelium serves
as an endogenous competitor of NOS, reducing the availability
of the substrate L-arginine to NOS and thus plays a counteract-
ing role in NO-mediated vasodilatory function (12-18, 43). It
also has been suggested that limitations in arginine availability
or specific phosphorylation of the enzyme can switch eNOS
from an NO generating to an O, generating enzyme (44, 45).
Little is known about the role of arginase in microvascular per-
meability. Our results show for the first time an involvement of
arginase in PLY-mediated endothelial hyperpermeability.
Indeed, PLY increases the expression of arginase I and II and
increases arginase activity in HL-MVEC in vitro in a PKC-
a—dependent manner. Because inhibition of the RhoA pathway
was shown to blunt and its activation by PKC-a was demon-
strated to activate arginase (12, 13), we propose that the
subsequent activation of PKC-a and RhoA is involved in PLY-
mediated arginase activation and the subsequent reduction in
NO generation (Figure 7). Although arginase I and II were sug-
gested to be associated with eNOS dysfunction and although the
expression of both isoforms is increased by PLY in the lungs, in
our study we only found an important role for arginase I in PLY-



452 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 47 2012

PLY

[Cay]if
"y
PKCo

{

RhoA/ROCK ¢ \'

MLCZO — ppM LC20

Microtubules
disassembly

Arginase | ¢

NOY 4
Endothelial hyperpermeability ‘J

Figure 7. Proposed sequence of events leading to PLY-induced endo-
thelial hyperpermeability in the lungs. PLY induces pore formation in
HL-MVECs, causing a rapid influx of Ca®". Increased intracellular Ca®*
levels induce microtubule disassembly and cause the activation of the
conventional PKC-a isoform. PKC-a activation, upon activating RhoA/
ROCK, leads to increased MLC phosphorylation and increased arginase 1
activity, the latter of which leads to reduced NO generation. Endothe-
lial permeability is increased upon microtubule disassembly, MLC phos-
phorylation, and reduced NO generation.

induced barrier dysfunction in vivo. We can only speculate why,
apart from the crucial arginase I, arginase II expression is also
up-regulated. Recent work by others (46) has suggested that ar-
ginase II overexpression can restore iNOS-mediated growth in-
hibition in LPS/TNF-treated pulmonary endothelial cells by
reducing the pool of L-arginine. As such, up-regulation of argi-
nase II can function as a negative feedback mechanism to a stress
response in these cells.

The arginase inhibitor BEC is able to blunt PLY-mediated
barrier disturbance in HL-MVECs, most likely by means of re-
storing NO generation because the NOS inhibitor L-NAME
prevents its protective effect. Even though BEC does not
completely inhibit PLY-mediated permeability, it completely
restores NO generation in PLY-treated cells, suggesting that,
apart from eNOS dysfunction, other mechanisms are involved
in PLY-induced endothelial dysfunction. Apart from inhibiting
arginase, BEC was also proposed to directly activate soluble
guanylate cyclase in a NOS-independent manner (47).

We could not obtain a complete inhibitory activity on PLY-
induced hyperpermeability in HL-MVECs with BEC, TIP
peptide, or Ro32-4032, which indicates that alternative mecha-
nisms from the ones identified here are involved in PLY-induced
endothelial dysfunction, such as the induction of reactive oxygen
species. However, reducing arginase 1 and PKC-« activity in vivo
provides a more potent inhibition than that observed in our
in vitro experiments. This could be due to the combined effects
of these enzymes on other cell types (i.e., apart from the endo-
thelium), such as the alveolar type II cells. Indeed, we could
recently show that epithelial sodium channel-dependent sodium
uptake, which is crucial for alveolar liquid clearance, is impaired
by PLY in H441 cells (33). PKC-a activation has been shown to
impair ENaC function and expression (48).

Although our study has not assessed the effects of PKC-« or
arginase inhibition during a pneumococcal infection, it never-
theless has a clinical impact because it models late stages of
severe pneumonia in patients treated with antibiotics when live
bacteria are virtually absent and PLY itself is released. It has
been reported that these patients can still die days after their
lungs are sterile, thus stressing the clinical importance of tack-
ling PLY-induced lung dysfunction. Because PKC-a has been
proposed to be important for T-cell proliferation and IFN-y
production (49), and as such can be involved in antibacterial
defense mechanisms, direct PKC-o inhibitors can have potential
negative effects on, for example, adaptive immunity. Further-
more, because arginase is involved in macrophage-mediated
antibacterial responses and in wound repair (50), it is possible
that substances inhibiting its activation, although conferring
resistance to PLY-mediated vascular leak, can interfere with
macrophage-mediated innate immunity to pneumococci and
wound healing. Direct arginase inhibitors block arginase activity
not only in the endothelium but also in other tissues, such as the
liver, where its activity is needed in the urea cycle. Therefore,
alternative substances interfering with the activation of these
enzymes, rather than with their activity per se, such as the TNF-
derived TIP peptide, which activates amiloride-sensitive sodium
uptake in alveolar epithelial and microvascular endothelial cells
and which is currently being evaluated in a clinical trial, should be
investigated more in detail.

In conclusion, this study has identified PKC-a and arginase I as
important upstream and downstream mediators, respectively, of
PLY-induced endothelial hyperpermeability. Our results suggest
that antibiotic therapy toward pneumonia should be accompa-
nied by treatments reducing the activation of these enzymes.
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