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Abstract

Sepsis is a leading cause of morbidity and mortality in intensive care units. Previously, we
identified Protein Kinase C-delta (PKC8) as an important regulator of the inflammatory response
in sepsis. An important issue in development of anti-inflammatory therapeutics is the risk of
immunosuppression and inability to effectively clear pathogens. In this study, we investigated
whether PKCS inhibition prevented organ dysfunction and improved survival without
compromising pathogen clearance. Sprague Dawley rats underwent sham surgery or cecal ligation
and puncture (CLP) to induce sepsis. Post-surgery, PBS or a PKCS inhibitor (200ug/kg) was
administered intra-tracheally (IT). At 24 hrs post-CLP, there was evidence of lung and kidney
dysfunction. PKC5 inhibition decreased leukocyte influx in these organs, decreased endothelial
permeability, improved gas exchange, and reduced blood urea nitrogen/Creatinine ratios indicating
organ protection. PKCS inhibition significantly decreased bacterial levels in the peritoneal cavity,
spleen and blood but did not exhibit direct bactericidal properties. Peritoneal chemokine levels,
neutrophil numbers, or macrophage phenotypes were not altered by PKCS inhibition. Peritoneal
macrophages isolated from PKCS inhibitor-treated septic rats demonstrated increased bacterial
phagocytosis. Importantly, PKCS inhibition increased survival. Thus, PKCS inhibition improved

Address Correspondenceto: L.E. Kilpatrick, PhD, Center for Inflammation, Translational and Clinical Lung Research, Lewis Katz
School of Medicine at Temple University, 3500 North Broad Street, Rm 1153 MERB, Philadelphia, PA 19140.

laurie kilpatrick@temple.edu.

Authorship Contributions

W.D. Cornwell, B.A. Buttaro, M.R. Wolfson, T.J. Rogers, C. Tikel and L.E. Kilpatrick designed the studies; E. Liverani, S. Tursi, W.
Cornwell, M. Mondrinos, S. Sun and M. Wolfson performed research; E. Liverani, W.D. Cornwell, B.A. Buttaro, M.R. Wolfson, T.J.
Rogers, C. Tikel and L.E. Kilpatrick analyzed the data; all authors contributed to the writing of the manuscript

Disclosures: L.E.K. is listed as an inventor on US patent #8,470,766 entitled “Novel Protein Kinase C Therapy for the Treatment of
Acute Lung Injury” that is assigned to Children’s Hospital of Philadelphia and the University of Pennsylvania.”



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liverani et al. Page 2

survival and improved survival was associated with increased phagocytic activity, enhanced
pathogen clearance, and decreased organ injury.
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Introduction

Sepsis is a clinical syndrome that is now defined as life-threatening organ dysfunction
caused by dysregulated host response to infection (1). Sepsis is one of the leading causes of
death in ICUs with greater than 250,000 deaths/year in the US despite appropriate
antimicrobial therapies (2—4). Sepsis is characterized by an intense systemic inflammatory
response that develops in response to pathogen associated molecular patterns that are
released during infection. This systemic inflammation activates a cascade of inflammatory
events that can damage the vascular endothelium resulting in increased permeability and
neutrophil migration into critical organs such as the lung and kidneys. While neutrophils are
critical to host defense, neutrophil dysregulation has a critical role in the early course of
organ damage through release of proteases, neutrophil extracellular traps, and oxygen
radicals. This increased neutrophil recruitment is associated with tissue damage, multiple
organ dysfunction syndrome (MODS), and increased mortality (5-8).

To date, therapeutic approaches to the treatment of sepsis are largely supportive and there
are no specific pharmacologic therapies available that target the dysregulated host response
to infection (2, 9). Immunoregulatory therapies focused on targeting individual mediators,
such as specific cytokine therapies, have met with little success in the treatment of sepsis (3,
6, 8, 10). The inflammatory response is composed of multiple overlapping and redundant
mechanisms and recent research has shifted the focus to common control signaling points
that are activated by diverse signals. We identified Protein Kinase C-delta (PKCS8) as a
critical regulator of the inflammatory response (10-20). Inflammatory mediators involved in
the septic response including LPS, TNF and IL-1 activate PKC8 (21-23). Studies with
PKC&~/~ mice and PKCS inhibitors indicate a role for PKCS in regulating neutrophil
trafficking to the lung in response to inflammation triggered by asbestos, stroke/reperfusion
injury, LPS, or pancreatitis (24-27). Recently, we demonstrated that cecal ligation and
puncture (CLP) activated PKCS in the lungs of septic rats and selective PKCS inhibition
attenuated neutrophil influx into the lung, reduced alveolar-capillary permeability, decreased
pulmonary edema, and preserved lung architecture suggesting targeting PKCS as a potential
strategy for preserving lung function and possibly other organs (14-18, 20).

It is now becoming evident that sepsis is not solely the result of excessive activation of the
proinflammatory response but is coupled with immune dysfunction and the inability to
effectively clear pathogens through impaired phagocytic cell function (3). Thus, an issue in
the development of anti-inflammatory therapeutics is the risk of immunosuppression and
inability to effectively clear pathogens. To address these issues, we investigated whether
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PKCS8 inhibition provided organ protection and improved survival without compromising
pathogen clearance.

Materials and Methods

Reagents

All reagents, analytical grade, were obtained from Thermo Fisher Scientific (Waltham, MA)
unless stated otherwise.

PKCS8 Inhibitor Peptide Synthesis

As previously described (12-19), PKCS activity was selectively inhibited by a peptide
antagonist that consisted of a peptide derived from the first unique region (V1) of PKC8&
(SFNSYELGSL: amino acids 8-17) coupled to a membrane permeant peptide sequence in
the HIV TAT gene product (YGRKKRRQRRR: amino acids 47-57 of TAT) (28). Extensive
in vitro and in vivo studies demonstrate that, when taken up by cells, the PKC8 TAT peptide
produces a unique dominant-negative phenotype that effectively inhibits activation of PKCS,
but not other PKC isotypes (12, 28, 29). Further studies have demonstrated that the TAT
peptide alone is nontoxic and does not alter PKCS activity (11-13, 29-31). The peptide was
synthesized by Mimotopes (Melbourne, Australia) by 9-fluorenylmethoxycarbonyl solid-
phase chemistry. Peptides were purified to >95% by preparative reverse-phase HPLC.

Animal Protocols

All animal handling and care adhered to National Institutes of Health standards and were
approved by the Institutional Animal Care and Use Committee at the Lewis Katz School of
Medicine at Temple University. Male Sprague-Dawley rats (250-300g) (Charles River,
Boston, MA, USA) were used in all experiments. Rats were acclimated for at least 1 week in
a climate-controlled facility and given free access to food and water.

Cecal Ligation and Puncture Model

Sepsis was induced by the cecal ligation and puncture (CLP) method as described previously
(14-19). Sham controls underwent a laparotomy without cecal ligation or puncture.
Following CLP or Sham surgery, the abdominal incision was closed and the animals were
orally intubated with a 16-gauge intravenous cannula and randomized to receive either the
PKCS8 TAT inhibitory peptide (200 pg/kg in 200 pl of PBS) or a like volume of PBS
(vehicle). Post-operative pain was managed by injection of 2 mg/kg bupivacaine (Marcaine)
at the incision site following surgery, then every 8-12 hours post-operatively until
euthanasia. Normal saline solution (50 ml/kg) was injected subcutaneously in all groups for
fluid resuscitation. Animals were studied in subgroups, differentiated by measurements
performed at 24 hours post-surgery.

Sample Collection

At 24 hours post-surgery, oxygenation saturation was measured by tail pulse oximetry
(SurgiVet V3304: Smiths Medical, Dublin, OH) in a subgroup of animals serially exposed in
a temperature-controlled environmental chamber to FjO, = 1 and then 0.40 for 5 min
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intervals, respectively. The final SpO, was used for analyses. The difference between SpO2
between the oxygen conditions was used to non-invasively assess oxygen compensatory
reserve under resting conditions (32). All animals were then euthanized and blood,
peritoneal cavity fluid and organs were collected. Heparinized blood samples were obtained
by cardiac puncture. Plasma was obtained after centrifugation of heparinized blood. Samples
were aliquoted and frozen at —70°C. Peritoneal cavity fluid was collected by lavage under
sterile conditions. Briefly the abdomen was wiped with ethanol and the skin carefully
removed exposing the intact peritoneum. Sterile PBS (20 ml) was injected into the cavity
using a 21-guage needle and the abdomen massaged to distribute the PBS. The peritoneal
fluid was then collected in sterile polypropylene tubes and stored on ice prior to
bacteriological studies and cell analysis. For peritoneal fluid cell analysis, cells were
counted using the Hemavet® Multispecies Hematology System (Drew Scientific, Inc.
Oxford, CT). Peritoneal cavity lavage fluid samples were centrifuged and supernatant
samples were collected and frozen at =70°C. The lungs, livers, kidneys and spleen were
collected and frozen immediately in liquid nitrogen. In one group of rats, bronchoalveolar
lavage fluid (BALF) was obtained by inserting a cannula into the trachea and instilling 1.5
ml room temperature sterile PBS until the lungs were fully distended as described
previously(14, 18). The fluid was withdrawn and saved. This process was repeated until a
total of 4.5 ml PBS had been instilled. The samples were pooled for each animal and the
volumes recorded. The percent BALF recovered was calculated and BALF volumes
normalized. White blood cell (WBC) counts in the BALF were measured using the
Hemavet® Multispecies Hematology System.

Myeloperoxidase (MPO) activity assay

Units of MPO enzymatic activity in tissue homogenates were measured as we described
previously (16). Briefly, lung or kidney tissue was homogenized in freshly prepared lysis
buffer (0.5% hexadecyltrimethyl ammonium bromide in 50 mM potassium phosphate buffer)
at a ratio of 0.1 grams of wet tissue weight per milliliter of lysis buffer. Homogenates were
cleared by centrifugation at 13,362 X g for 15 minutes at 4 °C and placed on ice. On a per
well basis, the reaction mixture contained 284 ul of 50 mM potassium phosphate buffer, 3 pl
of H,0,, and 3 ul of 20 mg/ml o-dianisidine added to 10 pl of sample to initiate the reaction
(300 pl total volume per well). Absorbance (460nm) was measured over a 5-minute time
course and units of MPO activity were quantified using a standard curve.

Evans blue permeability assay

Alterations of lung vascular permeability were investigated by tissue accumulation of Evans
blue as previously described (33, 34). Under anesthesia, CLP and sham-operated animals
were administered 160 mg/kg Evans blue (Sigma) by jugular vein injection 30 min prior to
termination of the experiment. Lungs were then perfused with PBS, removed, weighed and
homogenized in 3 ml PBS. Evans blue was extracted from lung homogenates by incubating
samples in 2 ml formamide (Sigma) at 60°C for 14-18 h. The supernatant was separated by
centrifugation at 5000 g for 30 min. The concentration of Evans blue in lung homogenate
supernatants was quantified by a dual wavelength spectrophotometric method (19) at
absorptions of 620 and 740 nm, that allows for correction of contaminating heme pigments
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using the following formula: E620 (corrected) = E620 — (1.426%E740 + 0.030). Data are
expressed as micrograms per milligram lung weight.

Organ Processing for histology and injury scoring

Lung histology. At 24 post surgery, rats were euthanized and the lungs were gravity-fixed
with 10% neutral buffered formalin instillation into the airways; the trachea was then be tied
off, to maintain inflation during fixation. After fixation, lungs were paraffin-embedded,
sectioned (5 to 10 um thick), and stained with hematoxylin-eosin (H&E) as we described
previously (14-16, 18). Kidney histology: At 24 post-surgery, kidney tissue sections were
obtained and formalin-fixed, paraffin embedded, sectioned and stained with H & E and
assessed for the kidney morphology and fibrosis (35).

Clinical chemistry analysis

Plasma levels of BUN and creatinine were determined by Charles River Clinical Pathology
Services (Shrewsbury, MA).

Determination of colony forming units (CFU) in peritoneal cavity fluid and blood

For aerobic bacteria detection, peritoneal cavity lavage fluid and spleen tissue homogenates
were serially diluted with PBS. Each diluted sample was plated on blood-agar plates and
incubated overnight at 37°C. Colony- forming units (CFU) were then counted. For anaerobic
bacteria detection, peritoneal cavity lavage fluid was collected and serially diluted with PBS.
Peritoneal cavity lavage fluid and blood samples were then plated on blood-agar plates and
added to an anaerobic jar. Two Gaspak EZ Campy sachets (Becton Dickinson and Company,
Franklin Lakes, NJ) were opened and placed in the container. The plates were stored in the
jar for 48 hours at 37°C. CFU were then counted and results expressed as CFU/ml of fluid
(PCF and blood) or as CFU/q tissue (spleens).

Determination of direct in vitro effects of PKC8-TAT inhibitor on Pathogens

Single colonies of Escherichia Coli Nissle (ST221) and Salmonella typhimurium (ST1)
bacteria were grown overnight. Aliquots (20L) of the bacteria cultures were then diluted
1:200 and plated in a 96-well plate. Bacteria were then incubated overnight at 37°C with
different concentrations of the PKC8&-TAT peptide inhibitor (0, 1.25, 2.5, 5, and 10 M). PBS
was used as control. Plates were visually inspected for inhibition of growth.

Flow cytometric analysis of peritoneal cells

Cells recovered from the peritoneal cavity were blocked with rat Fc block (BD Biosciences;
clone 2.4G2; San Jose, CA) in FACS staining buffer (BD Biosciences) for 30 minutes at
4°C. Cells were pelleted, the supernatant removed, and resuspended in FACS buffer
containing fluorescent-labeled antibodies including CD45-BV421 (BD Bioscience; clone
0OX-1), CD68-Alexa700 (Bio-Rad; clone ED1), CD86-Alexa488 (Bio- Rad; clone 24F),
CD163-Alexa647 (Bio-Rad; clone ED2), CCR2-PE (R&D Systems; clone #890231) PE
anti-rat granulocyte (BD Pharmigen, Clone RP-1) and CD11b-FITC (BD Pharmigen, Clone
WT.5). In parallel, cells were stained with isotype control antibodies as background controls.
Cells were incubated for 30 minutes at 4°C with the antibody cocktail followed by washing
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with FACS buffer. Cells were fixed with 2% paraformaldehyde for 10 minutes at 4°C
followed by centrifugation and resuspension in FACS buffer. At least 250,000 events per
sample were acquired using an LSRII flow cytometer (BD Biosciences) and the data were
analyzed using FlowJo software (version 10.1; FlowJo, LLC; Ashland, OR). Spectral
overlap was compensated with the FlowJo software using data acquired from compensation
beads that were individually stained with each fluorochrome-labelled antibody. Gates for
each marker were set based on isotype control antibody staining. A diagram showing the
gating strategy is shown in Figure 1S.

Peritoneal fluid cytokine level determinations

The levels of CCL2, CCL3, CCLS5, and CX3CL1 in the peritoneal fluid were determined
using the Rat Cytokine/Chemokine magnetic bead panel kit (EMD Millipore;
RECYTMAR-65K; Burlington, MA) according to manufacturer’s instructions. A five-
parameter logistical curve fit (MILLIPLEX Analysis 5.1 software; EMD Millipore) of the
standard curves was used to calculate the concentrations of each analyte in the peritoneal
fluid. All samples were measured within the linear region of the standard curves.

IL-10 Determination

IL-10 levels were determined in the peritoneal cavity fluid and plasma from sham, CLP
+vehicle and CLP+ PKCS8 TAT at 24hr post-surgery using a Rat IL-10- Quantikine ELISA
kit (R1000, R & D Systems) according to manufacturer’s instructions.

Phagocytosis assay

Peritoneal cells were collected 4 hrs post-surgery from CLP+vehicle and CLP+ PKC6 TAT
treated animals. Macrophages were isolated from the peritoneal cavity fluid by plating the
cells on gelatin-coated flasks for macrophage adherence, and incubated for 90 min in 5%
COy at 37°C. The flasks were washed with DMEM to remove lymphocytes and other
nonadherent cells. Adherent macrophages were then detached by incubation with 10 mM
EDTA in DMEM containing 20% FCS for 15 min at 37°C. The cells were washed, counted
and plated in 24 well plates at a concentration of 0.5-1 X 10° cells/well and allowed to
adhere for 1 hr at 37°C. To determine bacterial phagocytosis, macrophages were infected
with E. coli for 1 h at 37°C at an MOI of 2 bacteria per cell. Cells were then washed three
times with 0.5 ml PBS. RPMI medium (0.5 ml) containing 0.1 mg/ml gentamicin (Gibco)
was then added to the cells for 60 min. The cells were then washed 3 times with 0.5 ml PBS
and lysed in 0.5 ml of 0.1% Triton-X in PBS for 30 minutes. The recovery of bacteria from
macrophages was quantified by spreading serial 10-fold dilutions on LB agar plates
containing the appropriate antibiotics.

Survival Studies

Rats underwent CLP surgery and were then treated IT with either PBS vehicle or PKC&
inhibitor (200g/kg) as described above. Antibiotic therapy (imipenem 25mg/kg) was
administered i.p. following surgery and two times per day until euthanasia. Survival after
CLP surgery was assessed three times a day for 4 days. All surviving rats were euthanized at
the end of the fourth day.
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Statistical Analysis

Results

Results are expressed as mean values = SEM. Data were analyzed by analysis of variance
(ANQVA) for multiple comparisons, followed by Student’s t test for individual comparisons.
The Tukey-Kramer multiple comparisons post-test was used to evaluate the significance
between experimental groups if analysis of variance indicated a significant difference;
differences were considered significant when P<0.05. Survival was monitored for 96 hrs and
Kaplan-Meier survival curves constructed with statistical analysis by the log-rank test.

Effect of PKCS& inhibition on neutrophil influx and organ function

Acute lung and kidney injury develop early in sepsis and are associated with increased
mortality (36). In our rat model of sepsis, CLP leads to significant inflammation and damage
to the lungs that is evident at 24 hr post-surgery (14-18). At this time, there is significant
influx of neutrophils into the lung (Figure 1A), increased WBCs in the BALF (Figure 1B),
increased permeability (FigurelC), decreased oxygenation reserve (Figure 1D), and
increased lung injury (Figure 1E) as compared to sham surgery indicating lung injury and
decreased lung function. IT administration of the PKCS inhibitor following CLP surgery
decreased inflammation and lung injury as evidenced by decreased neutrophil influx,
decreased WBCs in the BALF, decreased uptake of Evans blue dye, and decreased lung
injury associated with improved oxygen reserve (Figure 1A-E).

Kidney damage and development of acute kidney injury (AKI) is a frequent complication in
patients with sepsis and other critical illnesses (5, 37). Studies indicate that neutrophils play
a critical role in the development of AKI (38). While IT administration of the PKC&
inhibitor was lung protective, it is not clear whether this treatment would also protect other
distal organs. To investigate this possibility, we performed histopathologic analysis of kidney
tissues from each group (Figure 2). At 24 hr post-CLP surgery, there is significant influx of
neutrophils into the kidney as compared to sham surgery rats (Figure 2A). As shown in
Figure 2B, there were no overt signs of AKI visible in the sham-operated group. By contrast,
CLP surgery caused marked acute kidney injury (AKI) as evidenced by the presence of acute
tubular lesions and apparent necrosis leading to apparent destruction of kidney architecture.
Notably, we observed widespread hemorrhaging indicative of microvascular dysfunction.
Further evidence of severe AKI was seen in the form of glomerular atrophy. Plasma
indicators of kidney injury were also elevated in the CLP+ vehicle group demonstrating
increased levels of blood urea nitrogen (BUN) and increased BUN/creatinine ratios (Figure
2C-D). Importantly, IT delivery of the PKCS inhibitor resulted in a significant decrease in
neutrophil influx into the kidneys, preserved tubular architecture and prevented the severe
hemorrhaging and glomerular atrophy observed in untreated septic animals (Figure 2A-B).
BUN and BUNY/Creatinine ratios were also reduced following administration of the PKC8&
inhibitor indicating improved kidney function (Figure 2C-D).

PKCS8 inhibition enhances bacterial clearance in sepsis

Effective host immunity against pathogens is compromised in sepsis patients leading to
sustained infections (39). What role PKCS$ plays in host immunity and pathogen clearance in
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sepsis is not known. To ascertain the involvement of PKC5 in bacterial clearance, the effect
of PKCS5 inhibition on the bacterial burden in the peritoneal cavity, spleen, and blood were
determined in septic rats as compared to sham controls. At 24 hr post-CLP, the bacteria
burden was significantly increased in the peritoneal cavity of septic rats compared with the
sham control (Figure 3A and 3B). In the vehicle-treated septic rats, both anaerobic and
aerobic bacterial CFU levels were significantly increased as compared to sham levels.
However, in response to administration of the PKCS inhibitor, there was a significant
reduction in aerobic and anaerobic pathogens in the peritoneal cavity fluid (Figure 3A and
3B). Similar beneficial effects were observed in the blood indicating decreased bacteremia in
response to administration of the PKCS inhibitor (Figure 3C). CFU levels were also
significantly decreased in spleens from septic rats who had been treated with the PKC§&
inhibitor (Figure 3D). Of interest, /n vitro addition of the PKCS8-TAT peptide inhibitor (1-
10uM) directly to cultures of Escherichia Colior Salmonella Thyphirium for 24hr did not
significantly inhibit growth of either bacterial strain as compared to cultures treated with
PBS (vehicle) (data not shown). Thus, the PKCS inhibitor does not exhibit direct
bactericidal activity indicating an indirect effect either on phagocyte function and/or on the
inflammatory milieu.

Effect of PKCS8 inhibition on peritoneal immune cell numbers and cell phenotype

To examine possible mechanisms for increased pathogen clearance in rats treated with the
PKCS inhibitor, we next examined whether PKCS inhibition altered the environmental
milieu and/or number of immune cells recruited to the peritoneal cavity at the site of
infection. At 24 hr post CLP surgery, there were significant increases in multiple
chemokines important for recruitment of phagocytic cells. As shown in Table I, PCF
concentrations of MIP1a (CCL3), MCP (CCL2), and Fractalkine (CX3CL1) increased in
septic animals. In contrast, sepsis induced a 9-fold decrease in the concentration of
RANTES (CCLb5) in the PCF. There were no statistically significant differences in these
chemokine levels in the PKCS inhibitor-treated animals as compared to vehicle (PBS)-
treated septic animals.

At 24 hrs post-surgery, the number of white blood cells (WBCs) in the peritoneal cavity of
septic rats significantly increased as compared to sham surgery animals (Figure 4A). This
increase was primarily the result of increased neutrophil influx into the peritoneal cavity.
Lymphocyte numbers were not significantly different in the septic rats compared to shams.
Further, there were no significant differences in peritoneal cavity WBCs or neutrophil counts
between the septic animals treated with the PKCS inhibitor as compared to treatment with
the vehicle (PBS). The peritoneal neutrophil population was further analyzed by flow
cytometry for neutrophil populations positive for the rat neutrophil antigen, RP-1 and the
integrin CD11b, which regulates leukocyte adhesion and migration. As shown in Figure 4B,
24hr post CLP surgery there was a significant increase in peritoneal CD11b+RP1+ cells as
compared to sham surgery rats. There was no significant differences between septic animals
treated with the PKCS inhibitor as compared to treatment with vehicle.

We next analyzed rat peritoneal cells by flow cytometry to determine the impact of sepsis
and PKCS inhibition on macrophage phenotypes. As shown in Table 11, we used a flow
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cytometry gating strategy to examine the impact of sepsis on specific subsets of CD45
positive cells (Figure 1S). The proportion of CD68+/CD86+ macrophages (as a percentage
of total CD45+ cells) decreased by almost 63% 24hr post CLP surgery as compared to
Sham. This is most likely a reflection of the increased number of neutrophils in the PCF
(Figure 4). There was a modest, but statistically significant, increase in the proportion of
macrophages comparing the CLP+PKCS inhibitor with CLP + vehicle groups. The
percentage of CD163+ (M2-like) macrophages significantly decreased in both of the CLP
groups, and there was no difference in the CD163 expression comparing the CLP + vehicle
and CLP+PKCS inhibitor groups (9.59+1.96 vs 6.62+0.71, respectively). Finally, the
expression of CCR2, a proinflammatory chemokine receptor, increased on both the CD163-
positive and negative cells, but there was no significant difference between the CLP+ vehicle
and CLP+PKCS inhibitor groups.

Effect of PKCS& inhibition on blood and peritoneal fluid IL-10 levels

At 24 hrs post-CLP surgery, both plasma and peritoneal cavity fluid had significantly
elevated levels of 1L-10 as compared to sham surgery animals (Figure 5A and 5B). The
administration of the PKCS inhibitor significantly decreased IL-10 levels both systemically
and in the peritoneal cavity.

Effect of PKCS& inhibition on macrophage phagocytosis ex vivo

We next determined whether PKCS inhibition affects macrophage phagocytosis. Peritoneal
macrophages were isolated 4 hrs post CLP surgery from rats treated with PBS or the PKC&
inhibitor. Incubation of the isolated peritoneal macrophages from septic rats with £. coli
resulted in increased uptake of bacteria within 1 hour as compared to Sham controls.
Animals treated with the PKCS inhibitor demonstrated significantly increased peritoneal
macrophage phagocytosis ex vivo as compared to those treated with PBS (Figure 5C).

Survival studies

To examine whether administration of this inhibitor decreased mortality in this CLP model
of sepsis, we analyzed survival rate in rats treated IT with a single dose of either the vehicle
(PBS) or the PKCS inhibitor following CLP surgery. Following surgery, all animals received
fluids and antibiotic therapy to provide a more clinically relevant model. The broad-
spectrum antibiotic, Imipenem-Cilastatin Sodium (25mg/kg) was administrated IP following
surgery and then twice a day until euthanasia. The rats were monitored for 4 days and the
results are shown in a Kaplan-Meier survival plot of study groups (Figure 6). In the presence
of antibiotic therapy, at day 4 there was a survival rate of approximately 60% in septic
animals that received the PBS vehicle. Treatment with the PKCS inhibitor significantly
improved survival as compared to vehicle-treated animals to 90% (P<0.05).

Discussion

According to the Sepsis 3 definition (1), sepsis is now defined as life-threatening organ
dysfunction caused by dysregulated host response to infection. In this study, we demonstrate
for the first time that administration of a PKCS inhibitor significantly improved survival in a
rat model of sepsis where animals received appropriate antibiotics and fluid resuscitation.
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We further demonstrate that inhibition of PKCS8 limited organ damage as evidenced by
reduced acute lung and kidney damage, critical complications in sepsis. Our results indicate
that recruitment of neutrophils to the site of infection and to distal organs (lung and kidney)
are regulated differently and PKC8 regulation of neutrophil migration is selective targeting
the systemic inflammatory response rather than recruitment to the primary foci of infection.
Thus, PKCS8 inhibition may promote distal organ protection from inflammatory damage.
Importantly we establish that the modification of the inflammatory response by PKC8&
inhibition was not associated with immunosuppression and increased infection, rather
pathogen clearance and phagocytic cell function was enhanced indicating that PKC6
inhibition improved host immunity and decreased organ dysfunction leading to improved
survival.

In this CLP model of sepsis, the lung and the kidney show earliest signs of dysfunction (40,
41). In these studies, we demonstrate both lung and kidney dysfunction by 24hr post CLP
surgery. Our studies show that IT administration of the PKCS inhibitor was lung protective.
In agreement with our previous studies (14-18), IT administration of the PKCS-TAT peptide
inhibitor following the induction of sepsis inhibited PKCS activation, was lung protective,
evidenced by reduced neutrophil influx and pulmonary vascular permeability. In addition, in
the current study, we expanded our previous observations of the impact of the inhibitor to
improve lung mechanics and oxygenation, to include preserved oxygen reserve in the face of
oxygen challenge, suggesting salutary effect to support oxygenation in the presence of
stress.

While targeted pulmonary delivery of the PKCS inhibitory peptide clearly protects against
sepsis-induced indirect lung injury (Figure 1), it was unclear if our therapeutic approach
could be an effective treatment for multiple organ failure. In this CLP model of sepsis, we
found significant signs of renal injury as evidenced by increased neutrophil influx into the
kidney, organ damage, and elevated plasma BUN and BUN/creatinine levels (Figure 2). IT
administration of the PKC8-TAT peptide inhibitor attenuated neutrophil influx, decreased
organ injury, and reduced biochemical indicators of kidney dysfunction. Thus, we
demonstrate for the first time that treatment with the PKC8 TAT peptide inhibitor reduced
acute lung injury and acute kidney injury, critical complications in sepsis. This key
observation implies a possible functional connection between acute lung injury and acute
kidney injury in the setting of experimental sepsis.

The mechanism by which IT administration of the PKCS6 inhibitor reduces kidney
dysfunction has not been delineated. There may be a direct effect on the kidney through
release of the PKCS&-TAT peptide into the circulation. The PKCS inhibitor is coupled to a
cell permeant TAT carrier peptide. These permeable carrier peptides provide a method to
deliver intracellular acting peptides to multiple cell types and organs (29). It is possible that
the peptide is released into the circulation through alveolar capillary barrier disruption to act
directly on the kidney. Alternatively, the inhibitor may have an indirect effect through
modulation of systemic inflammation. In previous studies, we demonstrated that IT
administration of the PKC5 inhibitor decreased BALF and systemic levels of key rat
neutrophil chemokines (CINC-1and MIP-2) indicating decreased systemic inflammation
(14). In sepsis, the lung is a significant source of inflammatory mediators that can cross the
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injured alveolar-capillary barrier and exacerbate the systemic inflammatory response. The
decrease in systemic chemokines could reflect local pulmonary action of the §-PKC TAT
inhibitor, resulting in preservation of the alveolar capillary barrier and decreased release of
pulmonary-derived proinflammatory mediators into the circulation (29). Furthermore, the
protection of lung function by administration of the PKCS inhibitor can reduce progression
to MODS and mortality (42, 43). The lung has a critical role in initiating and/or controlling
the development of MODS (42-44). In support of this concept, animal studies have shown
that a reduction in lung injury is associated with decreased mortality ((42, 43, 45) and this
study). Thus, PKCS inhibition is protective in sepsis and attenuates lung and kidney
dysfunction.

As noted by Hotchkiss et al (39), autopsy studies have revealed that sepsis patients often
have unresolved septic foci at post mortem indicating a failure of effective pathogen
clearance and suggest that therapeutic approaches should not only limit organ damage but
also improve host immunity and pathogen clearance to improve survival. Thus, a critical
issue in the development of anti-inflammatory therapeutics is the risk of immunosuppression
and inability to effectively clear pathogens. Interestingly, the modification of the
inflammatory response by PKCS inhibition was not associated with immunosuppression and
increased infection, rather bacterial clearance was enhanced following PKCS inhibition
suggesting that PKCS activation impairs pathogen clearance. Further studies demonstrated
that the PKCS&-TAT peptide inhibitor itself was not cytotoxic and had no bactericidal effects
when added directly to cultures of Escherichia Coli or Salmonella Thyphirium in vitro
suggesting that PKCS inhibition may impact immune cell anti-infective function either
directly by impacting phagocyte function or indirectly by altering the environmental milieu.
Impaired innate immune cell function has been associated with increased mortality in sepsis
(46).

To address this question, we examined immune cell recruitment to the peritoneal cavity and
phagocytic capabilities of peritoneal macrophages. As phagocytic cell recruitment to the site
of infection is the first line of defense, we examined the impact of PKC5 inhibition on
recruitment of neutrophils and monocyte/macrophages. In contrast to decreased neutrophil
recruitment to organs distal to the site of infection, we found PKCS inhibition had no impact
on sepsis-induced neutrophil recruitment to the peritoneal cavity. Consistent with this
observation, PKCS inhibition had no effect on the levels of chemokines in the peritoneal
cavity of sepsis animals. These results indicate that recruitment of neutrophils to the site of
infection and to distal organs (lung and kidney) are regulated differently and PKC8&
regulation of neutrophil migration is selective targeting the systemic inflammatory response
rather than recruitment to the primary foci of infection. Thus, PKC8 inhibition may promote
distal organ protection from inflammatory damage. This concept is in line with recent
studies demonstrating a separation of infection control from distal organ damage in sepsis
(47-51).

Analysis of the effect of PKCS inhibition on peritoneal macrophage phenotypes also showed
minimal alterations. We observed a reduction in the percentage of CD163 expression on the
macrophages in both of the CLP groups, suggesting a decrease in the M2-like macrophages
in this compartment. However, there was no significant difference in the percentage of
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CD163+ cells with the PKCS inhibitor treatment. Moreover, we also speculated that the
expression of the highly pro-inflammatory chemokine receptor CCR2 might increase with
the PKCS inhibitor treatment, but there was no significant difference in this case. These
results suggest that the PKCS inhibitor does not substantially alter inflammatory cell
recruitment to the peritoneal cavity.

Phagocytic activity significantly increased in peritoneal macrophages isolated from septic
rats treated with the PKC8-TAT peptide inhibitor compared to septic rats treated with
vehicle, suggesting that PKC8 may be a negative regulator of phagocytosis in sepsis. Thus,
increased pathogen clearance by PKCS inhibition is most likely the result of increased
phagocytic activity. 1L-10 is a known inhibitor of macrophage function including phagocytic
activity and 1L-10~/~ mice demonstrate significantly greater bacterial phagocytosis in sepsis
as compared to wild type mice (52-54). Sepsis induced by CLP significantly increased both
peritoneal and blood levels of IL-10. To investigate possible mechanisms by which PKC8&
may regulate phagocytosis, we determined the impact of PKCS inhibition on IL-10 levels.
Administration of the PKCS inhibitor significantly reduced IL-10 levels both systemically
and in the peritoneal cavity suggesting a possible mechanism of increased pathogen
clearance. In support of this concept, PKCS§ has also been shown to play an important
proinflammatory role in infection of macrophages with the Leishmania major parasite
whereby PKC& regulates macrophage IL-10 production and an immune response favoring
parasite growth (54). However, our findings that PKCS inhibition increased isolated
peritoneal macrophage phagocytic capacity ex vivo indicate other 1L-10 independent
mechanisms that directly impact the macrophages are also involved. In support of this
concept, PKC8 has been shown to be a negative regulator of FcryR- mediated phagocytosis
(55) and PKCS associates with the TIRAP/Mal, a TLR2 and TLR4 specific adaptor in vitro
(56). Further studies are needed to identify specific PKC6&-mediated pathways regulating
phagocytosis in sepsis.

A critical finding in this study is that administration of the PKC& TAT-peptide inhibitor after
CLP surgery significantly improved survival under clinically relevant conditions where the
animals received fluid resuscitation and antibiotics. This increased survival was associated
with increased phagocytic activity, enhanced pathogen clearance, and decreased organ
injury. Thus, PKCS inhibition may be a novel therapeutic strategy used in conjunction with
antibiotics.
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Figure 1: PKC8 inhibition reduces neutrophil influx and attenuates acute lung injury in sepsis.
A. PKCS inhibition attenuates pulmonary Myeloperoxidase activity in sepsis. Pulmonary

myeloperoxidase activity was measured 24 hr post sham or CLP surgery in lung tissue
homogenates obtained from rats administered IT vehicle or PKCS6 inhibitor (200ug/kg). *P<
0.01 Sham vs. CLP+ Vehicle, **P<0.05 CLP+ vehicle vs. CLP+ PKCS inhibitor, n= 4 rats/
group. B. PKCS inhibition decreases WBC in the BALF in sepsis. White blood cell counts
were analyzed in the BAL fluid at 24 hr post sham or CLP surgery in rats administered with
the vehicle or the PKCS inhibitor. BALF cells were counted using a Hemavet® Multispecies
Hematology System (*p < 0.05 Sham vs. CLP+Vehicle, ** P<0.03 CLP+Vkhicle vs. CLP
+PKCS inhibitor, n=5 rats/group). C. PKCS inhibition decreases lung permeability in sepsis.
Lung vascular permeability was determined by Evans blue dye uptake into the lung at 24 hr
post sham or CLP surgery in rats administered with the vehicle or the PKCS inhibitor. *P<
0.05 Sham vs. CLP+ Vehicle, **P<0.05 CLP+ vehicle vs. CLP+ PKCS inhibitor, n= 3-4
rats/group. D. PKCS inhibition improves lung function in sepsis. Oxygen Reserve was
determined by performing an oxygen challenge and measuring oxygen saturation 24 hr post-
surgery in Sham, CLP+ vehicle and CLP+PKCS inhibitor treated rats who were serially
exposed to FiO2 = 1 and then 0.40 for 5 min intervals with the difference between the final
SpO2 between these oxygen conditions representing oxygen reserve under resting
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conditions. * P< 0.001 Sham vs. CLP+ Vehicle, ** P<0.001 CLP+ vehicle vs. CLP+ PKC8&
inhibitor, n=5 rats/group. E. PKCS inhibition is lung protective and attenuated histologic
changes in the lung associated with CLP-induced sepsis. H&E staining in representative
lung tissue sections from 24 hours after surgery (minimum of 4 animals per group). Sham-
surgery; lung architecture was normal, with open alveoli and thin alveolar walls. CLP
+vehicle; sepsis-induced severe indirect lung injury evidenced by a loss of lung architecture,
marked inflammatory infiltrate, thickening of alveolar walls and septa, visible hemorrhaging
and proteinaceous exudate filling alveoli. CLP + PKCS$ inhibitor; PKCS inhibition
attenuated sepsis-induced lung injury, evidenced by preservation of lung architecture,
reduced inflammatory infiltrate, maintenance of alveolar wall thickness, and reduction of
hemorrhaging and proteinaceous exudate induced by sepsis. Scale bars: 50 um. Original
magnification: 400x.
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Figure 2: PKC8 inhibition reduces neutrophil influx and attenuates acute kidney dysfunction in

sepsis.

A. PKCS inhibition attenuates renal MPO activity in sepsis. MPO activity was measured in
kidney tissue homogenates from Sham, CLP+ vehicle or CLP+PKCS$ inhibitor treated rats at
24 hr post-surgery. *P< 0.05 Sham vs. CLP+ Vehicle, **P<0.05 CLP+ vehicle vs. CLP+
PKCS inhibitor, n=5-6 rats/group. B. PKCS inhibition is protective in sepsis-induced acute
kidney injury. H&E staining in representative kidney tissue sections from 24 hours after
surgery (3—4 animals per group). In the sham-surgery group, kidney histology was normal
with typical architecture of the tubular epithelium and glomeruli. In the CLP + vehicle
group, histologic evidence of acute kidney injury was observed including acute tubular
lesions with apparent necrosis, widespread hemorrhaging, inflammatory infiltrates and
glomerular atrophy. CLP + PKCS inhibitor; PKCS inhibition partially protected against
sepsis-induced acute kidney injury. While evidence of tubular injury is still apparent, tubular
architecture was preserved with reduced inflammatory infiltrate. PKC8 inhibition also
preserved glomerular architecture and prevented widespread hemorrhaging and glomerular
atrophy observed in the CLP + vehicle group. Scale bars: 200 pm (top row), 50 um (bottom
row). Original magnification: 100x (top row), 400x (bottom row). C. Blood urea nitrogen
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(BUN) and D. creatinine/BUN ratios were determined 24 hr post-surgery in Sham, CLP+
vehicle and CLP+PKCS inhibitor treated rats. *P< 0.01 Sham vs. CLP+ Vehicle, **P<0.05
CLP+ vehicle vs. CLP+ PKCS inhibitor, n=5-6 rats/group
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Figure 3: PKC8 inhibition improves bacterial clearancein septic rats
Bacterial clearance was analyzed in the peritoneal cavity fluid (PCF), peripheral blood and

spleens from Sham, CLP+vehicle and CLP +PKCS5 inhibitor-treated rats at 24 hr post-
surgery. In the peritoneal cavity fluid, bacterial colony counts were determined in serially
diluted samples for 48 hrs (anaerobic, A) and 24 hr (aerobic, B). (*P< 0.01 Sham vs. CLP+
Vehicle, **p<0.05 CLP+ vehicle vs CLP+PKCS inhibitor, n=6 rats/group). C: Peripheral
blood from Sham, CLP+vehicle and CLP +PKCS inhibitor treated rats at 24 hr post-surgery
(*P< 0.001 Sham vs. CLP+ Vehicle, **p<0.001 CLP+vehicle vs CLP +PKCS$ inhibitor, n=6
rats/group). D: Spleens collected from Sham, CLP+ vehicle and CLP +PKCS inhibitor rats
(*P< 0.05 Sham vs. CLP+ Vehicle, **p<0.05 CLP+ vehicle vs CLP+PKCS inhibitor, n=3
rats/group. Bacterial spreading was quantified as CFU (colony-forming unit) per ml of fluid
(PCF and blood) or as CFU/q tissue (spleens).
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Figure 4: PKCS8 inhibition does not alter sepsis-induced immune cell recruitment to the
peritoneal cavity
A.-B.: Peritoneal cells were isolated from the PCF of Sham, CLP+ \ehicle and CLP+ PKC&

inhibitor treated rats 24 hr post-surgery. A: Total WBCs, neutrophil, and lymphocyte counts
in peritoneal cavity fluid. Values are expressed as 1x103 cells/zL. *p<0.05 Sham vs. CLP+
Vehicle and Sham vs. CLP+ PKCS inhibitor mice, n= 5-6 rats/group. B: Cells harvested
from the peritoneal cavity were analyzed by flow cytometry. Activated neutrophils are
shown as the percentage of cells double positive for CD11b and the rat granulocyte marker
(clone RP-1). *P<0.05 Sham vs. CLP+ vehicle and Sham vs. CLP+ PKCS inhibitor, n=3
rats/group.
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Figure 5: PKC8 inhibition attenuates sepsis-increased levels of IL-10 in the plasma and
peritoneal cavity fluid and increases peritoneal macrophage phagocytosis ex vivo

A. IL-10 levels were determined in plasma isolated from Sham, CLP+ Vehicle and CLP+
PKCS8 inhibitor treated rats 24 hrs post-surgery. *P<0.001 Sham vs. CLP+ vehicle, **P<0.03
CLP+ vehicle vs. CLP+ PKCS inhibitor (n=12). B. IL-10 levels in the peritoneal cavity fluid
*P<0.001 Sham vs. CLP+ vehicle, **P<0.03 CLP+ vehicle vs. CLP+ PKCS inhibitor (n=6).
C: Peritoneal macrophages were isolated 4 hrs post CLP surgery in rats treated with vehicle
(PBS) or the PKCS5 inhibitor after CLP surgery. Isolated macrophages were incubated with
E. coli and bacterial phagocytosis was determined as described in Methods. Bacteria levels
are expressed as colony forming units (CFU)/ml. *P<0.05 CLP+ vehicle vs. CLP+ PKC§&

inhibitor (n=3 rats/group)
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Figure 6: PKC8 inhibition improves survival in sepsis.

Survival was measured for 4 days in septic rats receiving antibiotics (Imipenem-Cilastatin
Sodium-25mg/kg) and fluid resuscitation. Septic rats received either a single dose of vehicle
(PBS) or PKCS inhibitor following CLP surgery. Data are shown in a Kaplan-Meier survival
plot of study groups. (*p < 0.05; CLP+ vehicle vs CLP +PKCS inhibitor, n=20 rats/group).
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Table 1:
Peritoneal Cavity fluid Chemokine Concentrations
MIPla MCP1 Fractalkine | RANTES
pg/ml pa/mi pg/mi pa/mi
Sham 5.2+0.4 341.1+64.1 21405 35.9+9.4
CLP +vehicle 386.6+70.7 | 29210.9+4479.6" | 142460 | 35:007
ihi * * * *,
CLP+PKC8 Inhibitor | /71 611892 ™ | 254167456104 | 23.9¢9.1 354007

*
P<0.01 sham vs CLP+vehicle and sham vs. CLP+ PKCS inhibitor. P=NS CLP+vehicle vs. CLP+ PKCS inhibitor

#Lower limit of detection (LLOD) (n=12 rats/group)
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Peritoneal Cavity Fluid Macrophage Phenotypes

Table Il

Page 29

Cell population Sham (n=5) | CLP + Vehicle(n=8) | CLP + PKCS& Inhibitor (n=6)
CD68+CD86+(% of CD45+ cells) 48.6 +9.74 1781132 ™" 27+215 %
CD163+(% of CD68+CD86+ cells) 19.2 +2.33 959 +1.96 el 6.62 +0.71 Ak
CCR2+(% of CD68+CD86+CD163+ cells) | 2.68 +0.63 975+ 295 * 6.27 +1.79
CD163-(% of CD68+CD86+ cells) 73.5+3.14 86.5 + 2.45 ** 011+ 1.27 kel
R2+ 2.32+0.37 6.53 +1.90 4.25+1.48

(% of CD68+CD86+CD163- cells)

*
p < 0.05 relative to Sham

*ok
p<0.01 relative to Sham

*:

A A
p<0.001 relative to Sham

§p< 0.05 relative to CLP + vehicle
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