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Abstract

The Acute Respiratory Distress Syndrome (ARDS) is a major public health problem and a leading
source of morbidity in Intensive Care Units (ICUs). Lung tissue in patients with ARDS is
characterized by inflammation, with exuberant neutrophil infiltration, activation and degranulation
that is thought to initiate tissue injury through the release of proteases and oxygen radicals.
Treatment of ARDS is supportive primarily because the underlying pathophysiology is poorly
understood. This gap in knowledge must be addressed in order to identify urgently needed
therapies. Recent research efforts in anti-inflammatory drug development have focused on
identifying common control points in multiple signaling pathways. The protein kinase C (PKC)
serine-threonine kinases are master regulators of proinflammatory signaling hubs, making them
attractive therapeutic targets. Pharmacological inhibition of broad spectrum PKC activity and,
more importantly, of specific PKC isoforms (as well as deletion of PKCs in mice) exerts
protective effects in various experimental models of lung injury. Furthermore, PKC isoforms have
been implicated in inflammatory processes that may be involved in the pathophysiologic changes
that result in ARDS, including activation of innate immune and endothelial cells, neutrophil
trafficking to the lung, regulation of alveolar epithelial barrier functions and control of neutrophil
pro-inflammatory and pro-survival signaling. This review focuses on the mechanistic involvement
of PKC isoforms in the pathogenesis of ARDS and highlights the potential of developing new
therapeutic paradigms based on the selective inhibition (or activation) of specific PKC isoforms.

Keywords

inflammation; PAMPs; DAMPSs; lung injury; neutrophils; cytokines; adhesion molecules; alveolar
permeability

"Address for correspondence: Laurie E. Kilpatrick, PhD, Center for Inflammation, Translational and Clinical Lung Research, Temple
University School of Medicine, 3500 North Broad St., MERB 1153, Philadelphia, PA 19140, USA. laurie.kilpatrick@temple.edu.

The authors have no conflict of interest to declare.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mondrinos et al.

Page 2

[. Introduction

The goals of this review are to i) describe the potential role played by activation of
proinflammatory signaling pathways in the pathogenesis of ARDS with particular attention
to cells of the innate immune system — alveolar macrophages and neutrophils - as well as the
lung endothelium and alveolar epithelium; ii) systematically outline the role of protein
kinase C (PKC) isoforms in the regulation of proinflammatory signaling relevant to ARDS
and, most importantly, iii) summarize the mounting body of experimental evidence
suggesting that selective modulation of PKC isoform activity may represent a previously
unexplored pharmaceutical option in the management of ARDS.

Clinical Presentation, Definitions and Epidemiology of ARDS

ARDS is a term used to describe a highly lethal syndrome that is clinically characterized by
acute onset, increasing hypoxemia with VV/Q mismatch and heterogeneously distributed
parenchymal abnormalities ranging from mild atelectasis to irreversible consolidation (1).
Since ARDS was first described by Ashbaugh and colleagues in 1967 there have been
several attempts to formally define ARDS and differentiate cases based on severity (2). In
1994, the American—European Consensus Conference (AECC) proposed standard
definitions based on physiologic, radiologic and clinical abnormalities (3). In 2012, the
AECC guidelines were revised by the ARDS Definition Task Force. The “Berlin Definition
of ARDS” (4) defined the disorder as an “acute, diffuse inflammatory lung injury, leading to
increased pulmonary vascular permeability, increased lung weight, and loss of aerated lung
tissue. The clinical hallmarks are hypoxemia and bilateral radiographic opacities, associated
with increased venous admixture, increased physiological dead space, and decreased lung
compliance. The morphological hallmark of the acute phase is diffuse alveolar damage”.
Definitions of ARDS are continually re-evaluated, as evidenced by a recent study
demonstrating that post-mortem histopathological evidence of diffuse alveolar damage
(DAD) was found in 69% of patients that experienced severe ARDS (according to the new
Berlin definition) for > 72 hours, while only 12% of patients with mild ARDS displayed
evidence of DAD(5). The new Berlin definition eliminates the term acute lung injury (ALI)
because the pathophysiologic changes underlying both ALI and ARDS are the same (4). In
the new formulation, ARDS is classified as mild (PaO2/FiO2 between 200 and 300 mmHg —
formerly classified as Acute Lung Injury), moderate (PaO2/FiO2 between 100 and 200
mmHg), and severe (PaO2/FiO2 < 100 mmHg) (6).

In the United States, approximately 200,000 patients are diagnosed with ARDS each year
with a mortality rate of 25-40% (1, 7). The most recent data suggest that the age-adjusted
incidence of ARDS has increased to 86 per 10° persons, leading to an annual requirement
for 3.6 million hospital days (7). The incidence of ARDS was significantly higher for those
between the ages of 75 through 84, estimated at 306 per 10° persons, a fact that may become
more problematic as the proportion of the US population = 65 years of age doubles from 35
million to 71 million people between 2010 and 2030 (8). Currently, there is no treatment to
address the underlying pathophysiology of ARDS. Management is purely supportive and
lung-protective ventilation strategies have proven beneficial with increased survival (9).
While beneficial, this approach is designed to prevent secondary conditions and is not
directed at the underlying pathologic defect, which remains poorly understood. The pressing
need for therapy mandates exploration of the connection between proinflammatory signaling
and the pathogenesis of lung injury.

Pathologically, ARDS involves damage to pulmonary endothelial cells, accumulation of
extra-vascular lung water, neutrophil activation and influx into the alveolar space, and loss
of epithelial integrity with sloughing of necrotic or apoptotic type I alveolar cells (10).
Resident alveolar and fixed tissue macrophages are activated. Type Il cells are
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characteristically preserved but impairment in function is reflected in depletion of surfactant
and surfactant proteins. With progression, protein-rich fluid and debris from cellular
disruption and death accumulates in alveoli and forms a dense, thick hyaline membrane that
lines the denuded alveolar surface. These changes characterize the initial, “inflammatory” or
“exudative” stage of the disorder, which lasts about seven days. The following 7-14 days,
often referred to as the “proliferative” phase, results in substantial remodeling of the site of
inflammation. After 14 or more days after the onset, progressive fibrosis typically
consolidates the damaged lung parenchyma. It is important to note that some patients
recover lung function and show no signs of permanent lung dysfunction. Whether the long
term recovery and maintenance of lung function in these patients reflects regeneration of the
damaged alveolar tissue, or other potential reparative mechanisms such as compensatory
lung growth (11), is not currently known.

ARDS may result from direct lung injury, such as that caused by pneumonia, chest trauma,
inhalation injury, near drowning, aspiration, reperfusion following cardiac arrest or emboli.
Indirect inflammation, such as that caused by non-pulmonary infection, shock, hemorrhage,
trauma, burns or extracorporeal circulation (including hemodialysis) also provokes the
development of ARDS. Importantly, the mechanical ventilation required to manage ARDS
can induce further lung injury (12). Common to all is activation of innate immunity in
response to “danger signals” - pathogen-associated molecular patterns (PAMPS) in infection
and damage associated molecular patterns (DAMPS) in response to injury and other
inflammatory events (13, 14).

Il. Pathogenesis of ARDS

The pathogenesis of ARDS involves a dysregulated inflammatory response within the lung,
culminating in neutrophil-mediated lung tissue injury and the subsequent release of
oxidants, proteases, leukotrienes and both pro- and anti-inflammatory mediators (Figure 1)
(15). Activation of macrophages, microvascular endothelial cells, alveolar epithelial cells
and recruited leukocytes, leads to production of cytokines (such as TNF-a, IL-6, IL-10 and
IL-1B), chemokines (such as CXCL8 (IL-8)), increased expression of adhesion molecules
(such as ICAM-1), and increased levels of reactive oxygen species (ROS) (16, 17).
Activation of the bronchiolar and alveolar epithelium also results in increased epithelial
permeability due to downregulation of junctional complex proteins (18, 19). This in
combination with widespread epithelial injury (apoptosis and necrosis) leads to the leakage
of protein-rich fluid, and recruitment of neutrophils into the bronchoalveolar space, as well
as the release of DAMPs which further amplify the inflammatory response (Figure 1) (20).
Decreased sodium pumping activity, decreased surfactant production and increased
surfactant damage further hampers the resolution of edema and increases the work of
breathing, respectively, both contributing to declining lung function and need for mechanical
ventilation.

Neutrophil migration into the lung is a hallmark of ARDS. The concentration of neutrophils
in the bronchoalveolar lavage (BAL) fluid of ARDS patients correlates with disease severity
and outcome (21, 22). In addition to these clinical correlations, neutrophil depletion prior to
infection or injury significantly decreased the severity of lung injury in most animal models
(23, 24). As a caveat, ARDS has been reported in neutropenic patients suggesting other
mechanisms (25). Other cells such as alveolar macrophages also release toxic mediators that
can damage lung tissue and may also contribute to the development of ARDS. Thus, a better
understanding of the role played by each type of immune cell in ARDS is essential. The
mechanisms that trigger neutrophil infiltration are poorly understood, but likely result from a
severely proinflammatory phenotype in the lung. Proinflammatory cytokines and other
alarmins (i.e. PAMPS and DAMPS) activate the nuclear transcription factors NFxB, AP-1,
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and C/EBP-B in alveolar macrophages (AM) as well as epithelial and endothelial cells (15,
26-30). These transcription factors regulate the expression of proinflammatory genes such
as chemokines and adhesion molecules which promote neutrophil influx. Chemokines such
as CXCLS8 are elevated in BAL fluid (BALF) of patients with ARDS (17) and increased
CXCLS8 levels are associated with neutrophil infiltration (31, 32). Therefore, strategies that
focus on modulating the early inflammatory response in the development of ARDS are
needed in order to address the underlying pathophysiology.

lll. Therapeutic Development in ARDS

While supportive measures have improved mortality rates in patients with ARDS, there is no
definitive therapeutic. The pharmacological component of clinical management is based on
pathophysiological observations, rather than treatments which selectively target underlying
pathological mechanisms (33-35). In order to improve the considerable mortality associated
with ARDS, therapeutic strategies that address the exaggerated inflammatory response are
required. Potential therapeutic target sites include local control of the lung’s response to
systemic (and local) inflammation, as well as direct modulation of neutrophil migration and
activation. Immunoregulatory therapies focused on targeting individual mediators, including
specific cytokines such as granulocyte macrophage colony stimulating factor (GM-CSF),
have met with little success in the management of ARDS (36, 37). This is likely due to the
fact that the inflammatory response is mediated by multiple overlapping and redundant
signaling pathways in multiple cell types — suggesting the potential merits of targeting
“signaling hubs” which influence multiple pathways. We and others have hypothesized that
a more optimal strategy is to target molecules that are of central importance in multiple
proinflammatory signaling pathways, thereby influencing the balance of pro- and anti-
inflammatory signaling activity on a much broader scale. There are several control points
appropriate for drug targeting and protein kinase inhibitors have become a major focus for
the development of anti-inflammatory drugs (38-40). The family of PKC isoforms are key
regulators of signaling in inflammatory diseases, making them attractive therapeutic targets
for ARDS (41).

IV. The Protein Kinase C (PKC) Family

The PKC family is a highly conserved group of kinases that has evolved into a repertoire of
at least 12 different isoforms in mammals (42). Some isoforms are ubiquitously expressed
while others display higher degrees of tissue specificity. The overlap in expression of PKC
isoforms is cell-type specific, allowing for a multiplicity of context-dependent functions.
This contextual-dependency of PKC function often makes it difficult to determine the
precise roles of PKC isoforms in normal and aberrant cellular processes. The development
of selective activators and inhibitors has greatly improved our understanding of PKC
isoform function in specific cells and tissues, and in various disease conditions (43, 44). In
addition to providing significant insights into PKC isoform function, many of these
compounds have provided a basis for the development of therapeutic strategies to treat
diseases that involve hyperactive PKC signaling, such as inflammatory disorders (45).

Structure and Function of PKC Subfamilies

All PKC isoforms share a highly conserved carboxy-terminal kinase domain linked by a
variable hinge region to the amino-terminal regulatory domain, which shows considerable
divergence across isoforms (46). The regulatory domain contains a pseudosubstrate
sequence that interacts with the substrate binding site of the kinase domain, resulting in
conformational auto-inhibition of catalytic activity. Binding of the regulatory domain by
allosteric effectors and/or secondary messengers disrupts binding of the pseudosubstrate
sequence, freeing the kinase domain to interact with and phosphorylate substrates (Figure 2).
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PKC isoforms are classified based on structural arrangement, which controls mode of
activation (Figure 2) (47). The classical PKC subfamily (cPKC: a, Bl, pll and y isoforms),
is activated by calcium and the lipid second messenger diacylglycerol (DAG). The novel
PKC subfamily (nPKC; 6, e, 6 and ) isoforms) is activated by DAG, but not calcium. The
atypical PKCs (aPKC; /A, € isoforms) are not activated by calcium or DAG, but are
sensitive to other lipid second messengers such as phosphatidylserine. DAG is produced by
the cleavage of phophoinositide-4,5-bisphosphate in the cell membrane by phospholipase C
(PLC) isoforms, to which cPKCs and nPKCs are reversibly recruited through zinc finger
domains. PLC-y and PLC-p-mediated production of DAG is typically initiated by receptor
tyrosine kinases (RTKs) or G-protein coupled receptors (GPCRS) in activated membrane-
associated signaling complexes (48).

Priming and Activation of PKCs

In addition to the specific activators of each PKC subfamily, functional activity of PKC
isoforms is also dependent on subcellular localization, which determines proximity to
specific substrates and binding partners that facilitate PKC signal transduction (49, 50). The
most important class of PKC binding partners are the isoform-specific receptors for
activated C kinases (RACKSs), which selectively and preferentially bind only the activated
forms of their specific PKC (46, 51, 52). Binding to RACKSs, and other scaffolding proteins
such as the A kinase anchor proteins (53), brings PKCs into contact with their target
substrates, making these protein-protein interactions the ultimate determinant of activated
PKC function. Therefore, therapeutics that target isoform-specific protein-protein interaction
domains in PKCs can provide potent selectivity.

Covalent modifications, specifically phosphorylation, are part of a maturation process that
confers true functional activity of PKC isoforms. Even without pseudosubstrate binding
mediated auto-inhibition, the unphosphorylated state of PKC isoforms prevent kinase
activity in otherwise functionally competent structural conformations (54). At least 2 kinases
are required for PKC “priming”, namely PDK-1 (55, 56) and the mTORC2 complex (57,
58). Thus, PKC regulation is multifaceted and dependent on: priming modifications (site-
specific phosphorylation) required for activation, auto-inhibition exerted via pseudosubstrate
binding of the catalytic domains, activation by calcium and lipid second messengers, and
most importantly, subcellular localization, which is controlled by interactions with binding
partners such as RACKSs and other signaling complex scaffolds.

V. PKCs and Pathogenesis of ARDS

Using genetic knockout approaches and pharmacological inhibitors, PKCs have been
implicated in a myriad of pathologies, including diabetes, fibrosis, oxidative stress,
hypertension, thrombosis, cancer, cardiomyopathy, autoimmunity and other inflammatory
disorders (59-61). Much of the data in the literature on the mechanisms of PKC isoform
involvement in ARDS pathogenesis is inferred indirectly from studies in which
pharmacological modulation of PKC activity (62—64), or the use of knockout mice for
specific PKC isoforms (65, 66), is correlated with improvements in commonly employed
experimental animal models of lung injury.

Animal Models of ARDS/Lung Injury

No consensus definition of ARDS in animal models existed prior to a report published by
the American Thoracic Society’s Acute Lung Injury in Animal Models Study Group in 2011
(67). The definitions presented are a useful framework for investigators, but the scarcity of
data that currently exists precludes establishment of absolute definitions of ARDS across the
spectrum of available animal models. The main measurable features used to confirm ARDS
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in animal models are 1) Histological evidence of lung tissue injury — accumulation of
neutrophils in the interstitium and alveoli, presence of hyaline membranes, proteinaceous
debris in the alveoli and thickening of alveolar walls; 2) Disruption of the capillary-alveolar
barrier — increased extravascular water, total (and high molecular weight) protein levels in
BAL; 3) Lung inflammation — increased neutrophil counts in BAL, myeloperoxidase
activity, cytokine levels; 4) Physiological dysfunction — hypoxemia, increased alveolar-
arterial oxygen difference and reduced lung compliance. Animal models that capture these
core pathophysiological features establish measurable outcomes for early testing of
therapeutic paradigms. Furthermore, it is critical to evaluate putative anti-inflammatory
therapeutics using models of lung injury induced by live bacteria (i.e. pneumonia or sepsis),
in order to ensure that there are no adverse effects on host defense.

Broad Spectrum PKC Inhibition in Animal Models of ARDS/Lung Injury

With the limited availability of selective inhibitors of PKC isoforms, the vast majority of
mechanistic studies on PKC signaling in ARDS involve the use of broad spectrum
inhibitors. The clinical application of these compounds is not feasible or desirable due to the
numerous unwanted effects in other pathways; nevertheless, the use of these compounds in
experimental models has shed much light on the involvement of PKCs in ARDS
pathogenesis. A mouse model of transfusion-related lung injury demonstrated increased
levels of the macrophage inflammatory protein 1 (MIP-1) in plasma and BALF as a
correlate for lung injury, and broad spectrum PKC inhibition in this model with the small
molecules RO31-8425 (PKC-a, -B, -7y selectivity), RO31-8220 (broad spectrum PKC
inhibitor, also an inhibitor of GSK-3 and an activator of JNK) and GF10 (broad spectrum
inhibitor) resulted in decreased MIP-1 levels and protection from lung injury (68). The PKC
inhibitor polymixin B (broad spectrum inhibitor which also binds endotoxin) attenuated lung
injury and lowered levels of TNF-a, IL-1B, MCP-1 and IL-10 in a murine model of lung
injury secondary to acute pancreatitis, suggesting that broad spectrum PKC inhibition
dampened the overall inflammatory response in the lung (64). Similarly, systemic infusion
of staurosporine (broad spectrum inhibitor which also inhibits PKA and PKG) and
polymixin B both reduced pancreatic and pulmonary MPO levels in a rat model of acute
pancreatitis (62).

There is also substantial evidence linking PKCs to the pathogenesis of ARDS through
indirect modulation of PKC activity. In a sheep model of LPS-induced lung injury,
recombinant human activated protein C (rhAPC) reduced extravascular water levels and
improved oxygenation, along with other clinical improvements that correlated with reduced
translocation of PKC-a and PKC-e from the cytosolic fraction to the particulate fraction of
lung tissue homogenates (69). Dapsone (DDS), a myeloperoxidase inhibitor, reduced PKC
activation, preventing lung tissue damage in a murine model of paraquat-induced lung injury
(70). Furthermore, inhibition of Neurokinin-1 receptor signaling with the small molecule
SR140333 in a murine cecal ligation and puncture (CLP) model of polymicrobial sepsis
exerted a protective effect against lung injury, primarily through reduced activation of PKC-
a and the downstream transcription factors NFxB and activator protein 1 (AP-1) (71).
Studies utilizing broad spectrum inhibitors fail to identify the involvement of specific PKC
isoforms, however these studies established the framework for the concept of systematically
breaking down the roles of individual PKC isoforms to establish more specific therapeutic
targets.
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VI. Proinflammatory Roles of PKCs in ARDS/Lung Injury

Activation of the Innate Immune System and Lung Inflammation: Role of PKCs

The importance of inflammatory signaling in lung injury has been recognized for over 30
years (72). In the lung, resident macrophages, neutrophils, dendritic cells, endothelial, and
epithelial cells respond to pathogens or tissue injury by the detection of PAMPS and
DAMPS (Figure 1). These mediators bind to pattern recognition receptors (PRRs) including
Toll-like receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRS),
RIG-I-like receptors (RLRS), and purinergic receptors (73-76). Bacterial lipopolysaccharide
(LPS) is the quintessential PAMP, which, along with other bacterial PAMPs such as
flagellin and peptidoglycan bind to TLRs and activate proinflammatory signaling.
Endothelial and epithelial injury and death results in the release of DAMPS, including
intracellular proteins, such as high mobility group box-1 (HMGBL), heat shock proteins and
fragmented DNA. These and other DAMPSs, such as extracellular matrix (ECM) fragments
liberated by protease digestion of lung tissue (77), bind to TLRs and the receptor for
advanced glycation end products (RAGE), on resident inflammatory cells and recruited
leukocytes, activating proinflammatory signaling.

PKCs are known mediators of inflammation and PKC-a., -8, -e, and -C are involved in
multiple steps of TLR signaling pathways, implicating this family of kinases in PAMP and
DAMP-driven pathogenesis in ARDS. The link between PKCs and PAMP-stimulated TLR
signaling was established in studies demonstrating that pharmacological inhibition of PKCs
attenuates LPS-induced cytokine production in macrophages and neutrophils (78, 79).
Activation of downstream targets in TLR pathways, such as MAPKs, RhoA, TAK1 and
NF«xB, by PKCs promotes expression of proinflammatory genes (80). PKC-a is required for
TLR2/1-mediated activation of MAPK, NFxB and AP-1, and the downstream expression of
cytokines such as TNF-a, IL-6 and 1L-10 (81). Inhibition and downregulation of PKC-& in
peritoneal macrophages and RAW264.7 cells reduced the activity of TIRAP, a TLR2/4
adaptor protein, thus depressing downstream activity of p38 MAPK and NFxB (82). These
findings establish a direct link between PKC-6 and TLR4/TLR2 mediated proinflammatory
signaling. Importantly, Puneet et al. (83) showed that sphingosine kinase-1 (SphK1) is
upstream of PKC-§& activation required for NFxB-mediated inflammatory gene expression in
macrophages, and that inhibition of SphK1 /n vivo decreased cytokine production and
mortality in a model of polymicrobial sepsis. Macrophages from PKC-e~'~ mice display
decreased LPS-stimulated activation of NFxB and production of inflammatory mediators
such as TNF-a, IL-1B, PGE; and nitric oxide (NO) (84). Moreover, PKC-e is activated by
all TLRs that signal through the adaptor protein MyD88 (TLRs1-9; except TLR3) (85), and
is known to be involved with TLR4 activation through the MyD88-independent TRAM-
mediated pathway (86). PKC-C mediates phosphorylation-dependent degradation of IRAK
in the TLR4 signaling complex, thereby functioning as part of a negative feedback loop to
dampen receptor activation, highlighting the often times opposing roles of PKC isoforms in
regulation of inflammatory signaling pathways (87).

PKCs and Activation of Alveolar Macrophages

Alveolar macrophages (AMs) are the sentinel cells of the innate immune system present
within the distal airspaces, and are involved in both the initiation and resolution of
inflammation. Activation of AMs by PAMPs/DAMPs and the subsequent release of
proinflammatory cytokines, in an IRF- or NFxB-dependent manner, initiates the
inflammatory response in the lung. These AM-derived cytokines induce expression of
additional cytokines and chemokines in alveolar epithelial cells and tissue-resident
macrophages in the interstitium that promote neutrophil recruitment (Figure 1) (88).
Upregulation of adhesion molecules promotes migration of leukocytes to sites of
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inflammation; and microbicidal functions are elicited through the release of reactive oxygen
species (ROS) and proteases, which if not appropriately regulated can contribute to lung
injury.

Several PKC isoforms are critical regulators of AMs (89). PKC-C =/~ mice display a
reduction in LPS-induced inflammatory response in the lungs /77 vivo (90). Further, specific
inhibition of PKC-C decreased the levels of LPS-induced proinflammatory cytokine
production in wild type alveolar macrophages through attenuation of NFxB activation (90).
PKC-a, and -6 were also identified as important regulators of LPS-induced cytokine
production in AMs (91). PKC-B and RACKT1 levels were indirectly correlated with
maturation of cytokines and ROS production in rat alveolar macrophages (92). NOX-
mediated ROS production is also linked to PKC-6 in AMs (93). Similarly, increased sepsis
injury-induced mortality in Nrf-2 (an antioxidant response mediator) knockout mice was
shown to involve increased PKC-dependent ROS production in AMs (94). Surfactant
protein A (SPA) modulates activation of alveolar macrophages, enhancing phagocytosis of
bacteria, through interactions of PKC-( and Rab7 (95). In contrast to the involvement of
PKC-( in proinflammatory cytokine production by AMs, PKC-C is also implicated as an
upstream mediator of SPA-induced anti-inflammatory activation by IxB-a in alveolar
macrophages (96), highlighting the stimulus-specific and opposing functions of a single
PKC isoform in a single cell type. In summary, PKC-a, -6 and -C have been implicated in
multiple aspects of AM activation which are critical early events in ARDS pathogenesis
suggesting that modulation of PKC activity in AMs may serve as an important point of
control in ARDS.

PKCs and Endothelial Activation

Experimental animal models of lung injury have illustrated that endothelial injury,
characterized by the formation of large intercellular gaps, necrosis, fragmentation and
sloughing of the lung endothelium, is an early event in the development of lung injury (13).
Endothelial cells express several PKC isoforms including a, B, 8, €, nand ¢ (97, 98). PKCs
influence diverse cellular processes in endothelial cells, including cytoskeletal dynamics and
expression of adhesion molecules and intercellular junctional complex proteins, all of which
bear directly on leukocyte emigration and vascular permeability. There is a scarcity of data
on PKC isoform regulation of proinflammatory signaling specifically in pulmonary
microvascular endothelial cells; however, there is a significant body of work on the role of
PKCs in vascular inflammation in other contexts. Selective inhibition of cPKCs with
G06976 attenuated TNF-a expression in pulmonary arterial endothelial cells (99). PKC-a
and -e have been implicated in endothelial cell contraction and intercellular gap formation
associated with increased vascular permeability in the lung during ARDS (100). PKC-§ is
required for PMA- and DAG-induced pulmonary microvascular hyperpermeability, through
phosphorylation of the PKC substrate MARCKS (101). Important to the pathogenesis of
ARDS, non-cardiogenic pulmonary edema is associated with increased translocation of
PKCs to the plasma membrane in endothelial cells, and mediators of noncardiogenic edema
such as TNF-a, thrombin and ROS all activate PKCs (102). PKC-( enhances thrombin-
induced permeability (103), while PKC-a has been shown to mediate TNF-a and
lysophosphatidylcholine-induced endothelial permeability in cell culture (104, 105).
Similarly, PKC-B also is a positive regulator of the phorbol ester PMA-induced endothelial
permeability in vitro (106). PKC regulation of ROS production in lung endothelial cells is
poorly understood; however, PKC-a and -C are implicated in endothelial ROS production
during cardiovascular inflammation (107).

An integral component of ARDS pathogenesis is the recruitment and activation of
neutrophils through the production of chemokines/cytokines and expression of adhesion
molecules such as intracellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion
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molecule 1 (VCAM-1) in endothelial cells (108-110). Human lung microvascular
endothelial cells infected with respiratory syncitial virus (RSV) in vitro upregulated ICAM-1
in a PKC- and PKA-dependent manner, potentially contributing to the increased influx of
neutrophils observed in vivo (111). Using small molecule inhibitors and selective peptides,
Minami et al. demonstrated that thrombin induced VCAM-1 expression in endothelial cells
is dependent on PKC-6 (NFxB activation) and PKC-C (GATA activation) (112).
Importantly, this study demonstrates that multiple PKC isoforms elicit overlapping
redundant functions through independent signaling pathways. PKC- positively regulates
VCAM-1 and ICAM-1 expression in activated coronary endothelium (113). PKC-8
inhibition attenuated ICAM-1 expression in HUVECs, which corresponded to decreased
binding of NFxB to the ICAM-1 promoter, placing this isoform in pathways activating
NFxB-mediated expression of proinflammatory adhesion molecules (114). Therefore, PKC-
& is linked to pulmonary microvascular hyperpermeability, while -a., -, -e and -C have been
shown to promote endothelial barrier dysfunction. It is important to note that these studies
have been performed in endothelial cells from a myriad of tissue sources. Endothelial cells
are heterogeneous and mechanisms regulating neutrophil transmigration are both tissue and
stimulus dependent (115, 116), highlighting the need to determine the roles of specific PKC
isoforms in pulmonary microvascular inflammation.

PKCs and Neutrophil Activation

Neutrophil priming, activation, extravasation and release of cytokines, ROS and proteases
are hallmarks of ALI/ARDS, and represent potential points of control in the development of
therapeutics. Human neutrophils are known to express PKC-a, PKC-B, PKC-8, and PKC-(;
while PKC-v/A and PKC-6 expression have also been reported (117-122). There is an
absence of studies defining direct mechanistic involvement of specific PKCs in neutrophil-
mediated events during ARDS pathogenesis, however much is known regarding the
regulation of neutrophil functions by PKCs, especially the roles of PKC isoforms in
regulation of oxygen radical production (118, 123, 124).

PKCs and Neutrophil Adhesion and Migration—A consequence of lung endothelial
activation is upregulation of adhesion molecules and enhanced neutrophil adhesion. In
combination with cytokines and chemokines, this adhesive interaction promotes neutrophil
activation and facilitates migration into the lung. Commensurate with the roles of PKCs in
endothelial activation described above, PKCs have well defined roles in neutrophil adhesion
and migration. Both PKC-6 and PKC-( are critical regulators of neutrophil adhesion (125-
127). In contrast, PKC-a inhibition had no effect on adhesion, indicating PKC selectivity
(126). PKC-67/~ mice demonstrated a functional role for this PKC isoform in integrin-
mediated neutrophil adhesion during the process of extravasation at sites of inflammation.
Impaired neutrophil rolling and arrest was observed in vivo in PKC-67~ mice and PKC-6~/~
neutrophils exhibited delayed cell spreading /n vitro (128). Similarly, PKC-8 has been
shown to promote neutrophil adhesion under flow conditions /in vitro (125, 129, 130) and is
selectively activated in human neutrophils following reperfusion injury in skeletal muscle in
vivo (131).

Neutrophil recruitment to the lungs is significantly different than recruitment to other
organs. In most organs, neutrophil accumulation is mediated through post-capillary venules,
while in the lung, neutrophils move out of the pulmonary circulation across capillary
endothelium and the lung architecture makes it an organ which is particularly susceptible to
neutrophil accumulation. Neutrophils are physically sequestered in the lung
microvasculature, where they are primed by cytokines and chemokines prior to entering to
the tissue (Figure 1) (109, 132-135). Neutrophil priming in the lung microvasculature
results in shape changes and cell “stiffening” based on cytoskeletal rearrangements, thus
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impeding passage of neutrophils through the pulmonary capillaries and leading to increased
neutrophil pooling. A direct role for PKC isoforms involvement in priming and cytoskeletal-
associated signaling in activated neutrophils has been established using the PKC inhibitors
G06976, a PKC-a/p inhibitor and the broad spectrum PKC inhibitor GF 109203X
(selectively inhibits a., B, v, 6 and e isoforms) (136, 137). Thus, PKC-§, -6 and -C have
clearly defined roles in neutrophil adhesion and emigration, while the PKC-a and -f
isoforms have been implicated in the cytoskeletal rearrangements associated with the cell
stiffening and shape changes during the priming of neutrophils entrapped in the pulmonary
microvasculature.

PKCs in Neutrophil Pro-inflammatory and Anti-Apoptotic Signaling—Mature
human neutrophils have a relatively short life span in the circulation and undergo
spontaneous or constitutive apoptosis. This apoptotic process is thought to be a protective
mechanism that minimizes the risk of host tissue damage caused by the release of
neutrophil-derived toxic mediators. Neutrophils undergoing apoptosis have decreased
oxygen radical production, degranulation, and phagocytosis in response to stimuli. During
inflammatory diseases such as ARDS, neutrophil apoptosis is attenuated (138-140). The
increased survival, and therefore accumulation, of neutrophils contributes to the
pathophysiology of ARDS. Excessive release of neutrophil-derived toxic mediators in the
lung results in alveolar tissue damage and respiratory dysfunction. Our group has shown that
PKC-§ is involved in TNF-a-mediated suppression of neutrophil apoptosis. PKC-6
associates with the TNF-a receptor TNFR1 and is required for suppression of caspase-3
activity (141). TNF-a stimulation of human neutrophils causes association of PKC-& and
PI3K with the p60TNFR, and TNF-a-mediated anti-apoptotic signaling is blocked by PKC-
& inhibition, but not calcium-dependent cPKC isoforms (142). Further, PKC-6 is an
important regulator in the assembly of the anti-apoptotic TNFR1 signaling complex in
neutrophils (143). Other PKC isoforms have been identified in regulating cytokine and
chemokine production in neutrophils (144). For example, PKC-a and - mediate LPS- and
peptidoglycan (PGN)-induced expression of TNF-a through TLR2/4 pathways in mouse
neutrophils (145). Thus, PKC-6 mediates cytokine-induced anti-apoptotic signaling, and
PKC-a and -p appear to be involved in cytokine/chemokine upregulation by neutrophils in
response to proinflammatory signals.

The accumulation of activated neutrophils combined with impaired clearance results in an
imbalance of oxidants to anti-oxidants, proteases to anti-proteases, and proinflammatory to
anti-inflammatory cytokines — all of which contribute to lung tissue damage and
amplification of the proinflammatory feedback loop through the release of DAMPs (28,
134). PKCs have been firmly placed in signaling pathways regulating ROS and protease
production in neutrophils. PKC-a, -, and -6 are implicated as regulators of the NADPH
oxidase and superoxide anion (O,7) generation (117, 146, 147). Our group has shown that
PKC-8 mediates TNF-a induced oxygen radical production by human neutrophils (123).
The role for PKC-§ in regulating ROS production is stimulus-dependent and PKC-§ is not
required for fMLP-induced O, production in human neutrophils. PKC-a and -p were also
shown to regulate O,~ production, but not degranulation, in vitro (118, 124). Cells from
PKC-8~/~ mice demonstrate limited inflammatory activities, including reduced
degranulation and impaired TNF-a-induced O, production (125). In addition to ROS
production, PKC-6 also regulates cytokine-induced tertiary granule release in neutrophils
(148). In summary, PKCs are central to the regulation of diverse neutrophil functions
through multiple pathways in a stimulus-specific manner, establishing this family of kinases
as prime targets for modulating inflammation.
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PKCs and Epithelial Activation: Increased Permeability and Cytokine Expression

Activation of epithelial cells is a crucial aspect of ARDS pathogenesis (149). The loss of
alveolar epithelial barrier function is critical to the development of the protein-rich edema in
the distal airspaces, as evidenced by studies demonstrating that lung endothelial injury alone
does not induce lung injury (150). Lung epithelial cells upregulate molecules such CXCLS,
GM-CSF and ICAM-1 in response to proinflammatory stimuli. PKCs have been implicated
in pathogen-mediated inflammatory signaling in alveolar epithelial cells (18).
Lysophosphatidic acid (LPA)-induced production of CXCLS8 in airway epithelial cells was
attenuated by expression of a dominant negative PKC-& (151). Similarly, PKC-6 inhibition
decreased TNF-a- and PMA-induced expression of CXCLS8 in airway epithelial cells,
suggesting that PKC-6 is upstream of NFxB-mediated expression of cytokines and
chemokines in lung epithelial cells stimulated by multiple ligands (152). Pharmacological
inhibition and transient transfection with antisense PKC-6 nucleotides attenuated neutrophil
adhesion to lung epithelium in vivo and downregulated expression of adhesion molecules in
a lung epithelial cell line, implicating this isoform in neutrophil-epithelial adhesion (129).

High levels of CO, occur with respiratory disease and hypercapnia decreases epithelial
barrier integrity through disruption of Na/K-ATPase pumping function that clears fluid from
the alveoli by establishing mini-osmotic gradients. PKC-C is required for the INK-mediated
downregulation of Na/K-ATPase that contributes to disruption of epithelial barrier integrity
(153). PKC-C mediated Na/K-ATPase endocytosis in alveolar epithelial cells, leading to loss
of function and impaired alveolar fluid clearance in a rabbit model of thrombin-induced
pulmonary edema. In the presence of pulmonary edema, the alveolar epithelium becomes
hypoxic, and PKCs are implicated in hypoxia-induced signaling. PKC-C inhibition
attenuated hypoxia-induced loss of occludin protein at the plasma membrane of alveolar
epithelial cells (19). LPS-induced alveolar type 11 cell injury leads to NAPDH oxidase-
mediated expression of proinflammatory cytokines, a process which is PKC-C-dependent
and promotes neutrophil influx, alveolar matrix degradation, and fibrotic tissue remodeling
(154). Thus, PKC-C is an important signaling element involved in downregulation of
junctional complex proteins and sodium/potassium pumps, thereby promoting leakage of
fluid into the distal airspaces and impairing the resolution of edema, respectively. PKC-§
and -C appear to be involved in the upregulation of cytokines, chemokines and adhesion
molecules in epithelial cells upon proinflammatory stimulation.

PKCs and Epithelial Apoptosis

The implications of widespread epithelial apoptosis in the pathogenesis of ARDs are
twofold. First, death of alveolar type | and type Il cells leads to formation of intercellular
gaps and denuding of the alveolar surface, facilitating the leakage of protein-rich edema into
the distal air spaces. Second, under conditions of widespread epithelial injury and impaired
efferocytosis, necrosis of dying/dead epithelial cells leads to the release of intercellular
contents which signal as DAMPs (20). PKCs have been implicated in epithelial apoptosis.
Activation of PKC-a and PKC-8 were shown to play a permissive role upstream of p38
MAPK phosphorylation in experimental cadmium-induced alveolar type 1l and Clara cell
apoptosis (155). Similarly, PKC-8& has been implicated in asbestos-related alveolar epithelial
cell apoptosis (156). Therefore, targeting of PKC isoforms could potentially suppress
epithelial apoptosis, preserve epithelial barrier integrity and sodium/potassium pump
function, cytokine and chemokine production in alveolar epithelial cells; thereby targeting
epithelial cells at multiple control points.
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VIl. Translational Studies: Selective Inhibition of PKC Isoforms in Animal
Models of Lung Injury

The idea of targeting protein kinases in inflammatory disorders has gained considerable
momentum in the last decade (38, 157, 158). We and others have hypothesized that
selectively dampening inflammatory signaling, specifically protein kinase C isoform
activation, will provide protection against lung injury through the following effects: i)
decreased neutrophil influx, ii) preservation of microvascular barrier function, iii)
preservation of alveolar epithelial barrier function, and iv) reduction proinflammatory
cytokine/chemokine production (Figure 3, PKC-6 as a paradigm for selective inhibition
strategies in the treatment of sepsis-induced lung injury). It will be essential to determine at
which point in ARDS progression PKC inhibition is most effective. Anti-inflammatory
therapeutics will likely be most effective when administered during the pre-acute and acute
phase of ARDS. Recent improvements in early diagnosis of lung injury, prior to the need for
mechanical ventilation, have significantly increased the feasibility of effectively using
therapeutics targeting the early phases of lung injury (10).

Protection from Lung Injury in PKC KO mice

Studies demonstrating protection from experimentally induced lung injury in PKC-87/~ (66),
PKC-87/~ (65) and PKC-C™'~ (90) mice have implicated these isoforms in the pathogenesis
of ARDS. PKC-67/~ (65) and PKC-C ™~ (90) mice exhibited protection from LPS-induced
lung inflammation and injury. Similarly, LPS-induced lung injury was attenuated in PKC-
&7~ mice, and expression of a catalytically inactive PKC-8 in wild type (PKC-6*/*) lung
microvascular endothelial cells attenuated LPS-induced endothelial barrier dysfunction /n
vitro (66). In separate studies, PKC-8~/~ mice displayed decreased levels of asbestos-
induced cytokine production and infiltration of neutrophils and macrophages in BAL and
lung tissue (159). In summary, mice lacking specific PKC isoforms (8, 6 and ()
demonstrated protection against lung injury, suggesting pharmacological inhibition of these
isoforms as a potential therapeutic approach for ARDS. While mouse models provide
important insight into the pathophysiology of lung injury, genetic differences do exist and
may not accurately reflect human responses to inflammatory insults (160). Thus, it is
essential to verify PKC isoform-specific involvement in larger animal models of ARDS and
confirm observed biochemical effects in human cell culture systems.

Specific Inhibitors of PKC Isoforms: Applications in Experimental Lung Injury

The design of compounds with isoform selectivity is the core issue in development of
therapeutics that target PKCs. Classical small compound inhibitors, which typically target
the highly conserved catalytic domains, are known to exhibit broad inhibition of multiple
kinases. The Mochly-Rosen group has developed peptide inhibitors that overcome this lack
of selectivity by targeting the more variable regulatory regions, which typically regulate
interactions with other proteins, therefore modulating subcellular localization and ultimate
functional activity of PKCs (161). These peptides are coupled to a membrane-permeant
TAT-peptide that allows safe and effective intracellular delivery into target cells /in vitroand
in vivo (162). These inhibitors have been tested extensively in experimental models of
cardiovascular diseases, characterizing bio-distribution, pharmacokinetics and functional
inhibition of PKC activity and translocation (162), as well as in phase I/l clinical trials for
treatment of myocardial infarction, in which no toxicity was observed (163).

There is a considerably smaller, but growing, body of literature on the use of these
compounds in experimentally induced lung injury. Acute pancreatitis often leads to ARDS
with characteristic lung edema and extensive neutrophil influx into the lungs. PKC-6
mediates proinflammatory cytokine production in pancreatic acinar epithelial cells (164),
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which in turn amplifies the systemic inflammatory response leading to the collateral
development of lung injury. PKC-& inhibition with the selective TAT-peptide inhibitor
attenuated lung edema and myeloperoxidase activity in a murine model of caerulein-induced
pancreatitis (164), demonstrating a direct link between PKC-6 activity and neutrophil influx
and activation in ARDS. The impairment of neutrophil influx in LPS-induced lung injury in
PKC-67/~ mice further suggests targeting of specific PKCs as a potential strategy for the
treatment of ARDS (128). Kilpatrick and colleagues showed that intra-tracheal
administration of the PKC-6 TAT-peptide inhibitor in a rat model of sepsis-induced lung
injury significantly reduced pulmonary and circulating chemokine levels, limited
inflammatory cell influx, attenuated capillary leak and the development of pulmonary edema
and, overall, exerted a protective effect on the lung (63, 165). The novel PKC isoforms
PKC-6 and PKC-8 have been shown to regulate key steps required for the development of
lung injury in models of direct and indirect injury, respectively. Taken together, these
findings further illustrate the cell- and stimulus-specific roles of PKCs in the pathogenesis of
ARDS. Hence, with a deeper understanding of PKC isoform involvement in ARDS of
various causes, targeted modulation of PKC-dependent proinflammatory signaling in a
patient-specific manner could serve as a potent therapeutic approach in the management of
ARDS.

VIIl. Conclusions

In conclusion, we have summarized published observations that suggest PKC isoforms can
serve as potential therapeutic targets for ARDS, specifically highlighting the roles of PKCs
in neutrophil recruitment and emigration into the lung and the resultant neutrophil-mediated
damage to endothelial and alveolar epithelial cells. Further mechanistic investigations will
reveal the degree to which protection from lung injury by selective PKC inhibition is driven
by local effects in the lung parenchymal cells versus dampening of the systemic
inflammatory response. The balance between attenuating an exaggerated inflammatory
response while preserving sufficient immune function to resolve the underlying insult will
be crucial to the development of effective therapies. Translational studies should focus
efforts on determining the optimal routes and methods of delivery to target specific cell
types involved in the pathogenesis of ARDS, i.e. endotracheal installation (initial contact
with alveolar macrophages and epithelium) vs. arterial infusion-based delivery (initial
contact with endothelium and recruited leukocytes). It will also be critical to establish at
which points in the progression of ARDS that potential therapies are most effective. Finally,
due to the heterogeneity of PKC isoform expression and function in the multiple cell types
involved in ARDS, combined therapies that target multiple PKC isoforms - based on
mechanistic knowledge of which isoforms predominate over proinflammatory signals in
these cell types - could potentially facilitate more effective therapeutic outcomes.
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Figure 1.

Schematic illustrating some of the major events in the pathogenesis of ARDS. A: Top left
panel: Normal alveolus with type | and type |1 epithelial cells, resident alveolar
macrophage, capillary endothelial cells and inactivated circulating neutrophils. B: Top right
panel: Activation of the innate immune system by indirect or direct lung injury (PAMPSs/
DAMPs) results in the release of proinflammatory cytokines and ROS by alveolar
macrophages. Lung endothelial and epithelial activation further amplifies expression of
cytokines and adhesion molecules that promote neutrophil adhesion and activation. C:
Bottom right panel: The proinflammatory cascade drives robust neutrophil migration into a
thickened, edematous interstitium and also into the alveolar space. Release of toxic
mediators by recruited inflammatory cells drives cell death and lung tissue injury. Loss of
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epithelial barrier function results in flooding of the alveoli and hyaline membrane formation,
thus impairing gas exchange.
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Structure of Protein Kinase C Subfamilies
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Figure 2.

Schematic illustrating the structural arrangement of binding sites in the regulatory and
catalytic domains of the conventional, novel and atypical PKC subfamilies. The catalytic
subunit contains an ATP binding site and substrate binding domains which are largely
conserved across isoforms. The regulatory domains are more divergent in terms of both
structure and function. Only the classical isoforms contain a calcium binding activation site,
while all the subfamilies contain binding sites for activation by DAG (classical and novel) or
other phospholipid messengers (atypical). The regulatory domain in each subfamily contains
a pseudosubstrate binding sequence that binds and inhibits kinase function in the absence of
activating signals.
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Figure 3.

Targeting of PKC-6 in sepsis-induced lung injury. Selective inhibition of PKC-6 targets
multiple control points in the development and early progression of ARDS as outlined in
Figure 1. PKC-8 inhibition reduces activation of alveolar macrophages (decreased ROS
production), endothelial cells (decreased NFxB activation, cytokine and adhesion molecule
expression), and epithelial cells (decreased chemokine/cytokine production, increased
survival). Importantly to the pathogenesis of ARDS, PKC-§ inhibition targets several key
neutrophil functions including adhesion, migration, ROS production and prolonged
(pathological) survival. Through inhibition of multiple arms of the proinflammatory cascade
it is possible to protect against lung injury — and perhaps provide new tools for the clinical
management of ARDS that address the underlying pathology.
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