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Abstract

Neutrophil infiltration is a prominent feature in a number of pathologic conditions affecting horses
including recurrent airway obstruction, ischemia-reperfusion injury, and laminitis. Cell signaling
components involved in neutrophil migration represent targets for novel anti-inflammatory
therapies. In order to migrate into tissue, neutrophils must respond to chemoattractant signals in
their external environment through activation of adhesion receptors (i.e. integrins) and
reorganization of the actin cytoskeleton. Myristoylated Alanine-Rich C-Kinase Substrate
(MARCKYS), a highly conserved actin-binding protein, has a well demonstrated role in
cytoskeletal dependent cellular functions (i.e. adhesion, spreading, and migration), but the details
of MARCKS involvement in these processes remain vague. We hypothesized that MARCKS
serves as a link between the actin cytoskeleton and integrin function in neutrophils. Using a
MARCKS-specific inhibitor peptide known as MANS on equine neutrophils in vitro, we
demonstrate that inhibition of MARCKS function significantly attenuates $2-integrin-dependent
neutrophil functions including migration, adhesion, and immune complex-mediated respiratory
burst. The MANS peptide did not, however, inhibit the B2-integrin-independent PMA mediated
respiratory burst. These results attest to the essential role of MARCKS function in regulating
neutrophil responses, and strongly implicate MARCKS as a potential regulator of 2-integrins in
neutrophils.
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1. Introduction

Although they are essential for normal host defense, neutrophils feature prominently in the
pathophysiology of a number of important equine diseases, including laminitis, ischemia-
reperfusion injury and recurrent airway obstruction (Moore et al., 1995; Gerard et al., 1999;
Little et al., 2005; Marinkovic et al., 2007; de la Rebiere de Pouyade and Serteyn, 2011).
Mechanisms of neutrophil-mediated tissue injury include release of proteolytic enzymes and
production of reactive oxygen species (Wong et al., 2012). Despite ample research efforts
directed toward understanding neutrophil recruitment, activation, and mechanisms of injury,
clinically applicable treatments for neutrophil-mediated diseases remain limited.

Neutrophils in systemic circulation are recruited to sites of tissue infection or inflammation
by host- or bacterial-derived chemoattractants; first adhering to the luminal surface of post-
capillary venules, then moving across the endothelium, and finally crawling through the
extracellular matrix to their final destination (Colditz, 1985; Baggiolini, 1998). To
accomplish this arduous journey, neutrophils must recognize, interpret, and physically
migrate along a chemokine gradient through a process known as chemotaxis. Neutrophil
chemotaxis is a complex process that requires coordinated participation of essential cell
surface receptors, a hierarchy of secondary cell signaling molecules and dynamic
restructuring of the actin cytoskeleton (Dillon et al., 1988; Foxman et al., 1997; Cicchetti et
al., 2002). Thus, inhibition of cellular regulators of neutrophil chemotaxis could be utilized
to prevent or minimize unwanted neutrophil accumulation in tissues, and are therefore
potential targets for novel anti-inflammatory therapies.

In order to move from the vasculature to sites of tissue inflammation, neutrophils must
adhere to, and crawl along, inflamed endothelium via an integrin-dependent process (Kurtel
etal., 1992). Integrins are transmembrane receptors that consist of non-covalently bound
heterodimers of a and p chains. While neutrophils express several integrin heterodimers
from the B1, 2 and g3 families, intraluminal adhesion and migration are dependent on
activation of B2-integrins specifically (Schmidt et al., 2013). There are three key steps to
activation of p2-integrins in neutrophils. (1) Increased surface expression of f2-integrins is
achieved when secretory vesicles, which contain high numbers of preformed 2-integrins on
their membranes, fuse with the neutrophil plasma membrane during exocytosis. (2)
Intermediate and high-affinity conformations of p2-integrins are induced by chemoattractant
binding to G-protein coupled receptors (“inside-out” signaling) or by direct integrin-ligand
binding (“outside-in” signaling). (3) Increased binding avidity occurs when integrins are
released from their cytoskeletal constraints and are able to diffuse throughout the cell
membrane, resulting in formation of clusters (Nishida et al., 2006; Schymeinsky et al.,
2007).

While many of the signaling details regulating integrin affinity and avidity remain unclear,
PKC-mediated release of cytoskeletal constraints is known to play a key role in $2-integrin
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activation (Springer, 1990; Hynes, 1992; Clark and Brugge, 1995; Rosales and Juliano,
1995; Zhou and Li, 2000; Larsson, 2006). As a prominent PKC substrate and actin-binding
protein, the MARCKS protein (Myristoylated Alanine Rich C-Kinase Substrate) has been
proposed as a key link between PKC, actin, and integrin molecules (Aderem, 1992; Hartwig
et al., 1992a; Blackshear, 1993; Arbuzova et al., 2002). Indeed, previous research from our
laboratory has demonstrated that inhibition of MARCKS function attenuates the f2-integrin-
dependent processes of migration and adhesion in human neutrophils in vitro (Eckert et al.,
2009). In the current study, our goal was to further investigate the potential link between p2-
integrin-dependent neutrophil functions and MARCKS. To this end, we measured the 32-
integrin-dependent neutrophil functions of migration, adhesion and respiratory burst in vitro,
with and without MARCKS inhibition. These data were compared to results from similar
experiments conducted with or without f2-integrin-specific inhibition. Equine neutrophils
were utilized in order to gain comparative species data to complement our previous study, to
expand on our previous results with a human-relevant animal model, and to conduct
research relevant to veterinary species, as well as humans.

To block MARCKS function, we utilized the MARCKS-specific inhibitor peptide known as
“MANS” (myristoylated n-terminal sequence) as previously described (Singer et al., 2004;
Takashi et al., 2006; Eckert et al., 2009; Li et al., 2013, Ott et al., 2013). RNS (random n-
terminal sequence), which is a scrambled version of the same 24 amino acids as MANS, was
used as a control. To block B2-integrin function we inhibited the integrin  chain (CD18)
with the F(ab?), portion of an anti-CD18 antibody (aCD18). Interestingly, these results
show that inhibition of p2-integrin (using aCD18) or MARCKS (using 50 uM MANS)
attenuates equine neutrophil migration, adhesion and respiratory burst to a similar degree.
Our findings also demonstrate that MARCKS is essential for 2-integrin-dependent
neutrophil functions, but is not essential for f2-integrin-independent functions (i.e. PMA-
mediated respiratory burst) in equine neutrophils. Taken together, these results strongly
suggest that MARCKS function is essential to 32-integrin-dependent processes in
neutrophils. Studies are currently underway to determine which aspects of integrin
activation and/or signaling are dependent on MARCKS function. Our findings support the
assertion that inhibitors of MARCKS deserve further study as potential therapies for
neutrophil mediated tissue injury.

2. Materials and methods

2.1. Donors and neutrophil isolation

Animal use protocols were reviewed and approved by the North Carolina State University
IACUC review board. For all neutrophil experiments, 30-60 ml of whole blood was
collected using heparinized syringes from the jugular vein of adult horses. As healthy
members of the teaching animal unit herd at NCSU College of Veterinary Medicine, all
donors were fed and housed under the same conditions and were receiving no medical
treatment at the time of blood collection. Neutrophils were isolated from whole blood using
Ficoll-Paque™ Plus (GE Healthcare, Sweden) density gradient centrifugation (Nauseef,
2007). Briefly, heparinized whole blood was aliquoted into 15 ml polypropylene conical
tubes (Sarstedt) and allowed to settle at room temperature for 45-60 min. Up to 10 ml of
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leukocyte rich plasma was aspirated using a bulb syringe and layered on 5 ml of Ficoll in a
separate 15 ml conical tube. Cells were then centrifuged at 1800 rpm for 20 min. The
supernatant was discarded and remaining red blood cells within the cell pellet were removed
by 60 s of hypotonic lysis. Isolated neutrophils (>96% by Wright’s Geimsa staining) were
resuspended/washed in sterile HBSS (Cellgro, Inc.) without additives. Cell number and
viability was quantified using trypan blue dye exclusion (1:1) and a manual hemocytometer
count. Viability was routinely >99%. Final suspension of cells was in HBSS** chemotaxis
buffer [1x HBSS, 1 mM Ca%*, 1 mM Mg?*, 5% fetal bovine serum (Gemini bio-product)] at
the indicated concentration for each experiment. With this isolation protocol, all experiments
were completed within 4-6 h of blood collection. Neutrophils from individual donor horses
were used for all time points and treatment conditions for each experiment (i.e. “n”
represents a separate horse donor).

2.2. MARCKS inhibition using a cell permeant peptide

2.2.1. Peptide pretreatment—MANS and RNS peptides, as previously described, were
synthesized by Genemed Synthesis, Inc. (San Francisco, CA, USA) (Singer et al., 2004).
The sequence of MANS is identical to the first 24 amino acids of the human MARCKS
protein: myristic acid-GAQFSKTAAKGEAAAERPGEAAVA. The RNS peptide is a
randomly scrambled control: myristic acid-GTAPAAEGAGAEVKRASAEAKQAF. Where
indicated, pretreatment of cell suspensions with indicated peptide concentrations occurred at
37 °C for 30 min. Neutrophils were confirmed viable after peptide treatment by trypan blue
dye exclusion.

2.2.2. Effect of peptide without pretreatment—In addition to experiments in which
neutrophils were pretreated with MANS and RNS, we also investigated the inhibitory effect
of the MANS peptide without pretreatment. For these experiments, MANS and RNS (50
uM) were added to the cell suspension immediately prior to performing the assay.

2.3. Fluorescence labeling of neutrophils

For migration and adhesion experiments, isolated neutrophils (1 x 107/ml in HBSS) were
incubated with the fluorescent dye calcein am (Anaspec, Fremont, CA) at 2 ug/ml for 30
min at room temperature. Cells were then centrifuged at 1000 rpm for 8 min and
resuspended in HBSS** (chemotaxis buffer) to the appropriate final experimental
concentration.

2.4. B2-integrin inhibition

As a positive control for f2-integrin inhibition in both adhesion and respiratory burst assays,
isolated equine neutrophils were pretreated with indicated concentrations of a-human CD18
F(abl), (Ancell Corp, Bayport, MN) at 37 °C for 30 min. Anti-human IgG F(ab1), (Ancell
Corp, Bayport, MN) was used as an isotype control. The F(abl), fragment, as opposed to
whole antibody, was utilized to avoid unintended neutrophil Fcy receptor crosslinking and
activation.
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2.5. Western blotting

PMA (ACROS organics, Belgium), platelet-activating factor (PAF) (Cayman Chemical,
Ann Arbor, MI) and leukotriene B4 (LTB,) (Sigma, St. Louis, MO) stimulated equine
neutrophils (2.5 x 107 cells/ml) were lysed with RIPA buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 5 mM sodium pyrophosphate and 50
mM sodium fluoride) containing EDTA-free protease and phosphatase inhibitor tablets
(Roche, Germany). Lysates were incubated on ice with agitation for 20 min and then cleared
by centrifugation for 10 min at 9000 x g at 4 °C. Protein concentrations were determined by
BCA assay (Pierce, Rockford, IL). Samples were then diluted in 5x Sample Buffer
containing 2-ME and boiled for 5 min prior to storing at —20 °C and subsequent analysis by
10% SDS-PAGE (Invitrogen). Resolved samples were transferred to Immobilon-P PVDF
membrane (Millipore), blocked in 5% non-fat dry milk (Labscientific, Livingston, NJ) in
sterile Dulbecco’s powdered phosphate-buffered saline (PBS) (GIBCO, Gland Island, NY)
for 1 h prior to overnight incubation with phospho-MARCKS or total MARCKS primary
antibodies (Santa Cruz) at 4 °C. Following 2 h incubation with the appropriate HRP-
conjugated secondary antibody (Santa Cruz) the PVDF membrane was developed using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL) and
radiograph film.

2.6. Migration & adhesion assays

2.6.1. Neutrophil migration—The 3 micron pore size Neuro Probe ChemoTx® system
consisting of a 96-well microtiter plate was used to assess neutrophil migration (Frevert et
al., 1998). Each upper well was loaded with 4 x 10* calcein-labeled neutrophils in 20 ul of
the appropriate media. Treatment groups were tested in triplicate. HBSS™ was used for
chemotaxis; while HBSS** with chemoattractant (concentration equal to the bottom wells)
was used to measure chemokinesis. Cells were allowed to migrate for 1 h at 37 °C toward
lower wells containing HBSS**, HBSS** with chemoattractant (10 nM LTB4 or 10 nM
PAF), or HBSS++ with VC (EtOH). Following the hour migration, non-migrated cells were
removed from the top of the membrane with a cell scraper. Following centrifugation at 1000
rpm for 1 min, fluorescence of the bottom wells was measured (485 nm excitation, 530 nm
emission) using an fMax fluorescence plate reader (Molecular Devices). Percent migration
was calculated by dividing the fluorescence of the experimental bottom wells by the
fluorescence of bottom wells containing 4 x 10* cells.

2.6.2. Neutrophil adhesion

1. Toassess PMA and LTB4 mediated adhesion, 1 x 105 calcein-labeled neutrophils
(100 pl) from the various treatment groups were allowed to settle for 10 min in
individual wells of Immulon2HB flat bottom 96-well plates (Thermo Fischer
Scientific) coated with 5% FCS. The addition of 10 ng/ml PMA per well (final
concentration) or vehicle control (DMSO), or 10 nM LTBy4 per well (final
concentration) or vehicle control (EtOH) was followed by indicated experimental
incubation times at 37°C. Treatment groups were tested in triplicate.

2. For insoluble immune complex (11C)-mediated adhesion, experimental and blank
wells of Immulon2HB plates were each coated with 200 pl of 100 ug/ml BSA
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(Sigma) and incubated overnight at 4 °C (Jones et al., 1998). The next day, wells
were emptied and washed 3 times with sterile PBS, followed by the addition of
either 5 pug/well (low density) or 20 pg/well (high density) rabbit-anti-BSA
antibody (Sigma) in 200 pl sterile PBS. Plates were incubated at 37 °C for 2 h; then
immediately prior to the assay the wells were emptied and washed three times with
sterile PBS. 1 x 10° calcein-labeled neutrophils (100 pl) from the various treatment
groups were then added to individual wells and incubated at 37 °C for 30 min.

3. Following indicated incubation times, neutrophil adhesion was assessed using an
fMax fluorescence plate reader (Molecular Devices). After an initial fluorescence
reading (485 nm excitation, 530 nm emission) the plates were gently dumped and
washed with 150 pl sterile PBS and a second fluorescence reading was obtained.
This procedure was repeated for a total of three to four washes to remove non-
adhered cells. Fluorescence after each washing was divided by the initial
fluorescence to calculate percent adhesion. The first wash that demonstrated less
than 10% adhesion of non-stimulated cells (third wash on average) was considered
the final result.

2.7. Neutrophil ROS generation

To conduct respiratory burst experiments, isolated neutrophils were resuspended in HBSS**
with 2% FCS to a final concentration of 3.0 x 108/ml. Cells were then incubated with
indicated treatments at 37 °C for 30 min prior to each experiment. 3.0 x 10° cells (100 pl)
from various treatment groups were placed in individual wells of 5% FBS or II1C coated
Immulon HB2 plates. For PMA-stimulated respiratory burst, cells were allowed to settle for
10 min prior to the addition of dihydrorhodamine-123 (DHR-123) (Sigma) (10 uM final
concentration) and PMA (100 ng/ml final concentration) (Hurley et al., 2006). In the case of
I1C-mediated respiratory burst, DHR-123 was added immediately following addition of cells
to the well. An fMax fluorescence plate reader (Molecular Devices) was used to measure
initial fluorescence (485 nm excitation, 530 nm emission) followed by a fluorescence
reading every 15 min for 120 min. Results are reported as nm fluorescence.

2.8. Statistical analysis

Data are reported as mean + SEM. Data were analyzed by one way repeated measures
ANOVA (Holm-Sidak multiple comparison testing) assuming equal variance, with p < 0.05
considered statistically significant.

3. Results

3.1. MARCKS amino-terminus is highly conserved

Myristoylated Alanine-Rich C Kinase Substrate (MAR-CKS) is both highly conserved and
ubiquitously expressed in mammalian species (Li et al., 2013). A specific inhibitor of
MARCKS, the MANS peptide, is identical to the first 24 amino acids of human MARCKS
(NCBI RefSeq: NP 002347.5). In order to establish the suitability of MANS as an inhibitor
of equine MARCKS, we investigated available equine reference sequences. Because there
was no identifiable protein or nucleotide sequence for equine MARCKS present in
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GenBank, we employed the human MARCKS mRNA sequence (NCBI RefSeq: NM
002356.5) as a query to search (BLASTN) the equine genome database. This search
identified a highly homologous region on chromosome 10 (EquCab2.0 scaffold 12, whole
genome shotgun sequence, RefSeq: NW 001867364.1) with an E value of 0.0. Although the
entire sequence homology was >80%, a significant portion of the coding region was missing
from the reference genome; therefore a full length protein sequence could not be predicted.
However an alignment between the N-terminus of the two sequences shows that the first 34
amino acids of the equine MARCKS protein are nearly identical to human MARCKS (Fig.
1A).

As a prominent protein kinase C (PKC) substrate, MARCKS is rapidly phosphorylated
following neutrophil stimulation (Thelen et al., 1991). Treatment of isolated equine
neutrophils with PMA resulted in rapid MARCKS phosphorylation, as detected by western
blot (Fig. 1B). Equine neutrophils stimulated with known chemoattractants, leukotriene By
(LTBy) and platelet activating factor (PAF) showed maximal MARCKS phosphorylation at
30 s with a return to baseline by 3 min (Fig. 1C). This pattern of transient phosphorylation
followed by de-phosphorylation is a key feature of MARCKS?’ reversible, phosphorylation-
dependent association with the plasma membrane, and is thought to be an essential
mechanism for MARCKS regulation of the actin cytoskeleton (Disatnik et al., 2004). Based
on identifiable nucleotide sequence homology, cross-reactivity with human MARCKS
antibody and a pattern of phosphorylation consistent with reports in other species, we
concluded that the MARCKS protein present in equine neutrophils is structurally and
functionally homologous to human MARCKS, and therefore that the MANS peptide should
be an effective MARCKS inhibitor in equine neutrophils.

3.2. MANS peptide pretreatment inhibits equine neutrophil migration

Cell permeant peptides MANS (myristoylated N-terminal sequence) and RNS (random N-
terminal sequence) were used to investigate the requirement for MARCKS function in
equine neutrophil migration in vitro. In isolated equine neutrophils pretreated with varying
concentrations of MANS (1-50 uM), a dose dependent decrease in chemotaxis toward
LTB,4, was observed, starting at 10 uM. Directed migration of equine neutrophils pretreated
with 50 uM MANS peptide was markedly attenuated, with only 14% migration toward 10
nM LTB,4 compared to the maximal migration of 76% seen in neutrophils pretreated with
PBS (“0” uM MANS) (Fig. 2A). Pretreatment of cells with up to 50 pM RNS had no effect
on LTB4 mediated neutrophil chemotaxis. The ICsq of MANS, 29.3 UM, was determined by
plotting the % reduction in migration of MANS vs. vehicle control treated cells, against
MANS concentration (data not shown).

We next investigated MANS effect on both random (chemokinesis) and directed
(chemotaxis) neutrophil migration using uniform and polarized gradients of LTB4 and PAF.
PBS treated neutrophils responded to both cytokines (LTB4 and PAF) with significant
chemotaxis (74% and 50%, respectively) and chemokinesis (45% and 42%, respectively)
compared to “background migration” of cells not exposed to chemoattractant (VC).
Consistent with the effects seen on chemotaxis, only 16% and 13% of neutrophils pretreated
with 50 uM MANS migrated to the lower well in polarized gradients of LTB,4 and PAF,
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respectively. Pretreatment with 50 pM MANS also inhibited equine neutrophil
chemokinesis, as only 13% of LTBy-stimulated cells and 12% of PAF-stimulated migrated
across the membrane (Fig. 2B). Pretreatment of equine neutrophils with 50 UM RNS had no
significant effect on chemotaxis or chemokinesis compared to PBS treated control. Because
MANS peptide inhibited both directed (chemotaxis) and non-directed (chemokinesis)
migration, we were able to establish that MARCKS function is not limited to pathways
involving the neutrophil’s ability to “sense” direction. The next aspect of neutrophil
migration that we chose to investigate was adhesion.

3.3. MANS peptide pretreatment inhibits PMA- and lIC-induced adhesion

In order to migrate along activated endothelium, neutrophils must first adhere to the
endothelial surface through 2-integrin (CD11a/CD18 and CD11b/CD18) dependent ligand
interactions. Therefore, we next investigated whether MANS was interfering with neutrophil
migration via inhibition of f2-integrin dependent adhesion. Stable neutrophil adhesion was
induced with two different neutrophil activators, phorbol 12-myristate 13-acetate (PMA) or
insoluble immune complexes (11C). PMA is a synthetic mimic of diacylglycerol and a direct
activator of novel and conventional PKCs, whereas 1IC ligates and activates Fcy receptors.
High- and low-densities of 11C were used to investigate varying degrees of I1C-mediated
neutrophil activation. Both methods induce stable neutrophil adhesion through 2-integrin
activation. Treatment with PMA stimulated approximately 50% adhesion of neutrophils that
received pretreatment with PBS only (MANS and RNS “0 uM”), while unstimulated cells
(VC) showed less than 3% “background” adhesion. Neutrophil groups that were pretreated
with 10, 25 and 50 uM MANS had 26%, 12% and 7% adherent cells following 30 min PMA
treatment, respectively; which was significantly less than cells treated with VC (DMSO)
(Fig. 3A). Similar results were observed with I1C-mediated adhesion. Of the PBS treated
(MANS and RNS “0 uM”) neutrophils added to wells coated with either high (20 pg/well) or
low (5 pg/well) density 1IC, approximately 47% and 38% adhered, respectively. On high
density 11C coated wells, only 8% of 50 uM MANS pretreated neutrophils adhered, a
significant reduction compared to PBS treated cells. On low density 11C coated wells, 25 and
50 UM MANS treatment significantly inhibited neutrophil adhesion (3% and 1%,
respectively) compared to PBS treated cells (Fig. 3B).

We next examined the effect of 50 uM MANS pretreatment, along with specific inhibition
of B2-integrins, on PMA- and 11C-mediated equine neutrophil adhesion. As shown in Fig.
3C, less than 1% of neutrophils treated with 50 uM MANS remained adherent following
PMA or I1C-activation, significantly less than the nearly 50% adhesion observed with PBS
(MANS “0 uM™) treated cells. A similar attenuation of adhesion was seen with specific 32-
integrin inhibition using either 10 pg/ml (data not shown) or 30 pg/ml aCD18 F(abl),
pretreatment (Fig. 3C).

3.4. MANS inhibits neutrophil adhesion and migration without pretreatment

The clinical benefit of minimizing neutrophil mediated tissue injury has been demonstrated
in animal models of sepsis, ischemia-reperfusion injury, acute and chronic airway disease
and arthritis (Kurtel et al., 1992; Fujishima and Aikawa, 1995; Moore et al., 1995; Kraan et
al., 2000; Cazzola et al., 2012; Uriarte et al., 2013; Berger et al., 2014). However, most
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patients that would benefit from therapies targeting neutrophil migration would not
realistically have an opportunity for “pretreatment” prior to neutrophil activation. With this
in mind, the next set of experiments investigated MANS effect on neutrophil migration and
adhesion without pretreatment. Using 3 micron pore sized chemotaxis plates we measured
directed migration of calcein-labeled equine neutrophils toward LTB4 at 15, 30 and 60 min.
At these respective time points, 46%, 80% and 95% of PBS treated neutrophils migrated to
the lower wells. These percentages were not significantly different in RNS treated cells.
However, 50 uM MANS peptide, even without pretreatment, significantly inhibited LTB4
induced migration at all three time points when compared to treatment with RNS (Fig. 4A).
We next investigated whether MANS peptide, without pretreatment, would inhibit the rapid
and transient adhesion induced by chemoattractant activation. The percentage of PBS treated
equine neutrophils adherent at 75, 150 and 300 s following LTB,4 stimulation was 25%, 24%
and 22%, respectively. Even without pretreatment, MANS inhibition proved to be extremely
rapid, with a significant inhibition of LTB,4-induced adhesion seen at all three time points.
There was no difference in percent adhesion with RNS treatment. Interestingly, the percent
adhesion of MANS treated cells was also significantly less than the average unstimulated
adhesion of approximately 10% seen in unstimulated (\VC) neutrophils (Fig. 4B).

3.5. MANS inhibits p2-integrin dependent respiratory burst

Our findings to this point clearly demonstrate similar effects of MARCKS inhibition and 2-
integrin inhibition on neutrophil migration and adhesion. Therefore, we chose to further
investigate the apparent link between MARCKS and 2-integrins by determining the effect
of MANS on generation of reactive oxygen species (i.e. HyO») stimulated in a f2-integrin
dependent (11C) or independent (PMA) manner. With both PMA and 1I1C stimulation,
DHR-123 detected a robust and sustained production of intracellular H,O, in equine
neutrophils for over 2 h (Fig. 5A and B). Inhibition of f2-integrin with aCD18 F(abl),
caused an average 70% reduction in the 11C-mediated respiratory burst compared to
untreated cells (Fig. 5A), while PMA-mediated respiratory burst was unaffected (Fig. 5B).
Similar to aCD18 F(abl),, pretreatment of equine neutrophils with MANS peptide
significantly attenuated 11C-mediated respiratory burst (approximately 80% inhibition
compared to UTC), but had no effect on PMA-mediated respiratory burst. This result
demonstrates that MANS treatment does not interfere with the assembly of the NADPH
complex or generation of ROS, but with activation and/or signaling upstream of PKC
activation in a manner consistent with inhibition of f2-integrins.

4. Discussion

The current study was conducted to investigate the potential link between 2-integrins and
the actin binding protein MARCKS, in equine neutrophils. Consistent with our previous
findings in human neutrophils (Eckert et al., 2009), these results confirm that inhibition of
MARCKS with the MANS peptide attenuates f2-integrin dependent migration (Fig. 2) and
adhesion (Fig. 3) of equine neutrophils in vitro. Using LTB, to stimulate migration and
adhesion, we further demonstrate that MANS is an effective inhibitor of these neutrophil
functions in vitro, even without pretreatment. Finally, we report that MARCKS function is
necessary for 11C-mediated respiratory burst, but is not required for the 2-integrin
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independent process of PMA-mediated respiratory burst. This novel finding suggests that
MANS mediated MARCKS inhibition disrupts p2-integrin signaling upstream of PKC
activation. This significant discovery opens the door to exciting hypotheses regarding the
role of MARCKS in integrin-dependent pathways.

Our ultimate goal with MARCKS inhibition is the development of therapeutics that will
prevent or minimize neutrophil mediated tissue injury in acute and/or chronic inflammatory
diseases. Most patients that would benefit from this type of treatment already have increased
levels of endogenous inflammatory cytokines causing various degrees of neutrophil
activation. In these clinical situations, a drug requiring pretreatment would have very limited
applications. For this reason, we investigated chemotaxis and adhesion of equine neutrophils
exposed simultaneously to MANS peptide and chemoattractant. Our results demonstrate that
even without pretreatment, the MANS peptide rapidly inhibits equine neutrophil migration
and adhesion in response to LTB, (Fig. 4A and B). To more closely simulate conditions in
vivo, future in vitro studies will determine if functions of previously activated neutrophils
(i.e. stable adhesion, chemotaxis) can be disrupted by MANS treatment.

The current report adds significant information to our previous understanding of MARCKS
function in neutrophils. In this study we observed that MANS peptide treatment of equine
neutrophils significantly inhibits 11C-mediated respiratory burst, but fails to inhibit PMA-
mediated respiratory burst. As shown by pretreatment of neutrophils with an aCD18
antibody F(abl), (Fig. 5), the result seen with MANS treatment is consistent with those of
B2-integrin inhibition. Insoluble IC activation of oxidative burst is triggered by FcyRII1-
receptors, but this process also requires the cytoskeletal dependent activation of f2-integrins
(Jones et al., 1998, 2001; Williams and Solomkin, 1999). PMA, which activates respiratory
burst at the level of novel and/or conventional PKCs, is independent of B2-integrin and the
actin cytoskeleton (Lehmeyer et al., 1979). Inhibition of both 11C- and PMA-mediated
respiratory burst by the pan-PKC inhibitor staurosporine confirmed that both methods of
stimulation rely on a PKC dependent pathway (data not shown). Because our findings
demonstrate that MANS treated neutrophils are able to undergo respiratory burst when
stimulated by PMA, but not by 11C, we conclude that at least one aspect of MARCKS
function is essential in B2-integrin dependent processes in neutrophils between the level of
[32-integrin receptors and PKC activation.

Beta2-integrins, composed of two non-covalently bound a-(CD11a, CD11b and CD11c) and
B-(CD18) subunits, are trans-membrane adhesion proteins essential to neutrophil functions
including adhesion, migration, degranulation, respiratory burst and phagocytosis. Prior to
neutrophil activation, p2-integrins are expressed in an inactive or “bent” conformation in
relatively small numbers on the cell surface, and movement within the membrane is
restricted by cytoskeletal constraints. Upon neutrophil stimulation, f2-integrins undergo
several changes: (1) their surface expression is increased by exocytosis of secretory vesicles,
as well as tertiary and specific granules; (2) their conformation changes from low- to
intermediate- or high-affinity in order to engage specific ligands and matrix proteins; and (3)
release from the actin cytoskeleton leads to increased lateral mobilization and cluster
formation, termed “avidity”. Neutrophil f2-integrins are unique in terms of receptors
because they can originate (“outside-in) or be the target of (“inside-out”) activation signals.
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During “inside-out” signaling integrins are the downstream target of intracellular signaling
initiated by cell surface receptors that recognize mediators of neutrophil activation (i.e.
LTBy4, PAF). During “outside-in” signaling, B2-integrins engage specific ligands and initiate
signaling that regulates processes from cytoskeletal rearrangement and degranulation, to
cytokine production and apoptosis (Nishida et al., 2006; Ley et al., 2007; Luo et al., 2007;
Schymeinsky et al., 2007). However, neither of these processes occurs independently, and
the complexity of this network is why so many questions regarding the regulation and
function of neutrophil B2-integrins remain unanswered. The results reported here indicate
that MARCKS function is essential to f2-integrin dependent equine neutrophil functions.
What remains unclear is whether that function is relevant to “outside-in” or “inside-out” p2-
integrin signaling/activation, or both.

Previous reports linking MARCKS to B1-integrin dependent processes in myoblasts and
oligodendrocytes clearly demonstrate that MARCKS is an essential regulator of the actin
cytoskeleton downstream of integrin-mediated PKC activation (Disatnik et al., 2004;
Siskova et al., 2006). While our results show that inhibition of MARCKS function with the
MANS peptide disrupts f2-integrin dependent functions of adhesion, migration and
respiratory burst in neutrophils, the mechanism of MANS inhibition has yet to be
determined. Eckert et al., (2009) previously showed that the MANS peptide does not affect
spreading or polarization of human neutrophils following PMA or fMLF stimulation,
respectively, and had minimal effect on the fMLF induced rise in F-actin. Additionally,
these authors showed no effect of MANS on up-regulation of CD18 following either PMA
or fMLF stimulation of human neutrophils in vitro (Eckert et al., 2009). We are currently
conducting studies to investigate both MARCKS role in, and the effect of MANS on,
additional aspects of B2-integrin activation and signaling in neutrophils.

5. Conclusions

Viable therapeutic options are needed to treat neutrophil mediated tissue damage in human
and veterinary species alike. In horses, neutrophils play a key role in the pathophysiology of
significant diseases including laminitis, recurrent airway obstruction and ischemia-
reperfusion injury. Research identifying key cellular regulators of neutrophil functions will
assist in the development of novel anti-inflammatory therapies. Based on the promising
results of the current study, as well as key in vivo findings by our colleagues (Singer et al.,
2004; Takashi et al., 2006; Li et al., 2013, Ott et al., 2013), we hope to move forward with
investigation of MANS or other MARCKS inhibitors as potential anti-inflammatory therapy
for recurrent airway obstruction in the horse.
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Fig. 1.
MARCKS protein is expressed in equine neutrophils. (A) Box-shade demonstrating

homology of amino-terminus of human MARCKS sequence (NCBI RefSeq: NP 002347.5)

with predicted amino-terminus of equine MARCKS. The equine MARCKS sequence was
derived from alignment of human MARCKS mRNA (NCBI RefSeq: NW 001867364.1)
with EquCab2.0 scaffold 12 whole genome shotgun sequence. Western blots of MARCKS

phosphorylation in equine neutrophils stimulated with PMA (B) or cytokines LTB,4 and PAF
(C). Human mAbs for total MARCKS and phospho-MARCKS consistently detected a single

protein dimer at a molecular weight of 50 kDa.
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Fig. 2.
MANS peptide inhibits equine neutrophil migration toward multiple chemoattractants.

MANS peptide demonstrated a dose dependent inhibition (A) of LTB, stimulated equine
neutrophil migration in vitro. (B) Compared to RNS 50 uM treatment, MANS 50 uM
significantly inhibited both chemoattractant stimulated (gradient and non-gradient) and non-
stimulated (VC) migration. Data presented as mean + SEM, *p < 0.05 MANS vs. RNS, n=
6.
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MANS peptide inhibits B2-integrin dependent equine neutrophil adhesion. MANS peptide,
but not RNS, demonstrated a dose dependent inhibition of PMA- (A) and IC-mediated (B)
equine neutrophil adhesion in vitro. (C) Both MANS 50 uM and a.CD18 F(abl), (30 pg/ml
shown) significantly inhibited PMA- and 11C-mediated equine neutrophil adhesion. Data

presented as mean + SEM, *p < 0.05 vs. PBS (“MANS 0 uM”), n = 6.
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Fig. 4.
MANS peptide inhibits migration and adhesion without pretreatment. Addition of peptide

concurrent with LTB, stimulation demonstrated that MANS 50 puM rapidly inhibits equine
neutrophil adhesion (A) and migration (B). Data presented as mean + SEM, *p < 0.05 vs.
LTB4 + PBS, n=6.
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Fig. 5.

M?ANS peptide inhibits p2-integrin dependent respiratory burst. MANS peptide (50 uM)
significantly inhibited 1C-stimulated respiratory burst (A), but had no significant effect on
respiratory burst stimulated by PMA (B). As demonstrated by inhibition of B2-integrin with
aCD18 F(abl), (30 pg/ml), IC-stimulated respiratory burst is f2-integrin dependent, while
PMA-stimulated respiratory burst is f2-integrin independent. Respiratory burst was
measured by addition of DHR-123. Data presented as mean + SEM, *p < 0.05 MANS vs.
control, Tp < 0.05 «CD18 F(abl), vs. control, n = 6.
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