EQUINE NEUTROPHIL APOPTOSIS IN INFLAMMATORY CONDITIONS

A Thesis Submitted to the College of
Graduate Studies and Research
In Partial Fulfillment of the Requirements
For the Degree of Doctor of Philosophy
In the Department of Veterinary Biomedical Sciences
University of Saskatchewan

Saskatoon

By

STACY ANDERSON

© Copyright Stacy Anderson, December 2015. All rights reserved.



PERMISSION TO USE

In presenting this thesis in partial fulfilment of the requirements for a Postgraduate
degree from the University of Saskatchewan, | agree that the Libraries of this University may
make it freely available for inspection. | further agree that permission for copying of this thesis
in any manner, in whole or in part, for scholarly purposes may be granted by the professor or
professors who supervised my thesis work or, in their absence, by the Head of the Department or
the Dean of the College in which my thesis work was done. It is understood that any copying or
publication or use of this thesis or parts thereof for financial gain shall not be allowed without
my written permission. It is also understood that due recognition shall be given to me and to the
University of Saskatchewan in any scholarly use which may be made of any material in my
thesis.

Requests for permission to copy or to make other use of material in this thesis in whole or part
should be addressed to:

Head of the Department of Veterinary Biomedical Sciences
Western College of Veterinary Medicine
#52 Campus Drive, University of Saskatchewan
Saskatoon, Saskatchewan, S7N 5B4 Canada



Abstract

Horses are at high risk to develop systemic inflammation due to the release of bacterial
endotoxin from an inflamed gastrointestinal tract. Neutrophils are critical for mounting an
immune response to bacterial endotoxins. Neutrophil activation following engagement of
bacterial endotoxin expands their lifespan through suppression of their constitutive apoptosis.
The prolonged lifespan of neutrophils propagates acute inflammation and delays the resolution of
inflammation. Since equine neutrophil lifespan has not been well-studied, | investigated the
occurrence of equine neutrophil apoptosis in vitro and in vivo.

First, I investigated the effect of Escherichia coli lipopolysaccharide (LPS) treatment on
the occurrence of equine neutrophil apoptosis in vitro. LPS treatment delayed in vitro equine
neutrophil apoptosis in a dose-dependent manner at concentrations of 0.1-10 pg/ml through toll-
like receptor (TLR)-4 signaling and down-regulation of the intrinsic pathway of apoptosis,
specifically through reduced caspase-9 activity.

Next, | found that ex vivo neutrophil apoptosis was delayed in two models of intestinal
inflammation, jejunal ischemia and reperfusion (IR) and oligofructose-induced colitis, through
down-regulation of both the intrinsic and extrinsic apoptosis pathways via reduced caspase-3, -8,
and -9 activities. Pulmonary intravascular macrophages (P1Ms) depletion with systemic
gadolinium chloride (GC) prevented the prolongation of ex vivo neutrophil lifespan in horses
undergoing jejunal IR through modulation of caspase-3, -8 and -9 activities. PIM depletion in IR
horses resulted in an earlier and greater increase in tumor necrosis factor-alpha and a
concomitant decrease in interleukin-10 to suggest an enhanced systemic pro-inflammatory

response.



| examined the effect of neutrophil concentration and co-incubation with aged, apoptotic
neutrophils on the occurrence of neutrophil apoptosis in vitro. Neutrophil apoptosis was delayed
with increasing concentrations of neutrophils in vitro, which may contribute to delayed
neutrophil apoptosis in systemic inflammation. However, co-incubation with aged, apoptotic
neutrophils did not alter in vitro neutrophil lifespan.

Taken together, the data show that LPS delays equine neutrophils apoptosis in vitro in a
TLRA4-dependent manner through inhibition of caspase-9. Ex vivo neutrophil apoptosis was also
delayed with systemic inflammation via down-regulation of caspase activity. A novel finding of
this work was the reversal of delayed neutrophil apoptosis by depletion of PIMs in horses

experiencing intestinal IR.
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Chapter 1: Review of the Literature

1.1 Introduction

The innate immune response has evolved to effectively handle immediate threats, be it
pathogenic or physical, to the body. Upon introduction of a foreign entity, immune cells within
the vicinity recognize the threat using pattern-recognition receptors (PRR), such as Toll-like
receptors (TLR), and initiate a coordinated response to neutralize the threat. Neutrophils serve as
one of the primary effector cells of this immediate immune response. They may be activated by
cytokines and chemokines released from resident macrophages, or primarily activated through
PRRs. Upon activation, they are involved in neutralizing pathogens via phagocytosis and
oxidative burst. They also potentiate the immune response by releasing cytokines and
chemokines to attract more immune cells, primarily neutrophils, into the area.

As a sequela to activation by various stimuli, neutrophil life span is prolonged (Savill et al.
2002). Normally, neutrophils are short-lived cells, undergoing constitutive apoptosis at the end
of their lives followed by their removal via phagocytosis by macrophages residing in the spleen,
liver, and bone marrow (Akgul et al. 2001, Jia et al. 2008, Edwards et al. 2004, Tak et al. 2013).
Prolongation of neutrophil lifespan conserves the neutrophil population in times of need, such as
during sepsis, but at the same time can prove detrimental due to the non-specific method by
which neutrophils neutralize threats through the release of histotoxic contents that induces
further inflammatory cell infiltration (Colotta et al. 1992, Jia et al. 2008, Milot et al. 2012, Sano
et al. 2005, Savill et al. 2002, Sweeny et al. 1998, Yamamoto et al. 1993). Additionally, the
phagocytosis of apoptotic neutrophils causes the polarization of macrophage phenotype from an

inflammatory to anti-inflammatory (Fadok et al. 1998, Huynh et al. 2002, Lucas et al. 2003).



Taken together, delayed neutrophil apoptosis contributes to the potentiation of an inflammatory
response, possibly to the detriment of the body.

Targeting neutrophil apoptosis may prove to be an effective mechanism to control acute
inflammation and promote healing during multiple disease processes; but before neutrophil
apoptosis is used as a therapeutic target, the mechanisms by which neutrophil apoptosis is
delayed in various situations must be understood.

1.2 Constitutive neutrophil apoptosis

Apoptosis is also defined as programmed cell death and involves various cellular pathways that
ultimately cause nuclear DNA fragmentation and cessation of cellular processes without
disturbing tissue homeostasis. There are two classical cellular pathways by which a cell may
undergo apoptosis. The extrinsic pathway involves activation of membrane receptor proteins by
an extracellular signal, such as tumor necrosis factor-alpha (TNF-a) or Fas ligand, that initiates a
cascade of enzymatic reactions that are propagated by proteases called initiator caspases (e.g.
caspase-8). Alternatively, the intrinsic pathway involves an intracellular signal, such as
irreparable damage to DNA or severe cell stress, which changes the balance of the B cell
lymphoma (Bcl)-2 family of proteins to increase mitochondrial permeabilization, allowing
release of cytochrome c into the cytosol and activation of the apoptosome and initiator caspase-9.
The extrinsic and intrinsic pathways are also linked through activation of the pro-apoptotic Bcl-2
homology-3-interacting domain death agonist protein (Bid) by caspase-8. As a final step in both
pathways, the effector caspases, caspase-3, -6, and -7, enter the nucleus and cause DNA
fragmentation leading to characteristic changes in nuclear morphology including karyorrhexis

and pyknosis (Savill et al. 1989, Kamada et al. 2005). The effector caspases also activate



proteins that dissemble components of the cytoskeleton, such as actin, resulting in cell shrinkage
and blebbing (Brown et al. 1997, Knepper-Nicolai et al. 1998).

Neutrophils undergo constitutive apoptosis via the intrinsic pathway at the end of their
normal lifespan without the influence of extracellular signals (Akgul et al. 2001, Fox et al. 2010).
Neutrophil lifespan is thought to be regulated by the balance between pro-apoptotic and anti-
apoptotic proteins of the Bcl-2 family (Figure 1.1), particularly myeloid cell lymphoma (Mcl)-1
(Fox et al. 2010, Edwards et al. 2004). In homeostatic conditions, there is a greater
concentration of pro-apoptotic proteins compared to anti-apoptotic proteins to result in a
shortened life span (Akgul et al. 2001). The phosphoinositide 3-kinase (PI3K) and mitogen-
activated protein kinase (MAPK) signalling pathways are thought to play a role in regulation of
Bcl-2 protein production through nuclear factor kappa (NFk)-B activation, accounting for
changes in neutrophil lifespan during inflammatory conditions (Akgul et al. 2001).

The Bcl-2 family of proteins is responsible for maintaining mitochondrial membrane
potential. There are two arms to this protein family. One arm promotes apoptosis and includes
Bid protein, Bcl-2 associated X protein (Bax), Bcl-2 homologous antagonist/killer protein (Bak),
Bcl-2-associated death promoter protein (Bad), Bcl-2 interacting protein (Bim), and Bcl-2 killer
protein (Bik). The other arm prevents apoptosis and includes Bcl-2, Bcl-xL, Mcl-1, and Al. In
human neutrophils, Mcl-1 has been identified as the most important inhibitor of neutrophil
apoptosis, especially in response to LPS treatment as discussed later in this review (Edwards et
al. 2004, Francois et al. 2005, Wardle et al. 2011). The apoptotic state of a neutrophil relies on
the balance of these proteins. In normal neutrophils, anti-apoptotic proteins have a rapid turnover
compared to the pro-apoptotic proteins, which tends to keep the balance shifted toward

apoptosis, making neutrophil lifespan relatively short (Geering and Simon 2011). With the



balance in favor of the pro-apoptotic members of the Bcl-2 family, mitochondrial membrane
potential is lost leading to the release of cytochrome c into the cytosol and activation of the
apoptosome, apoptotic protease-activating factor 1 (Apaf-1), and caspase-9 that initiates caspase-
3 to induce apoptosis. Neutrophil mitochondria are unique in that they are primarily involved in
death-mediated processes, and less so in energy production (Maianski et al. 2004). It has been
demonstrated that neutrophils may undergo caspase-9 activation and subsequent apoptosis,
independent of mitochondrial permeabilization and cytochrome c activation of the apoptosome
as part of an alternative intrinsic pathway, which may also contribute to their relatively short
lifespan compared to other leukocytes (Maianski et al. 2004).

Cell death by apoptosis provides a means by which a cell may die while maintaining the
integrity of its membrane, thereby preventing the release of its cellular contents. Once a
neutrophil has become apoptotic, its membrane undergoes changes, such as externalization of
phosphatidylserine, to provide a signal to professional phagocytic cells, namely macrophages, to
remove it from the circulation or tissue (Savill and Fadok 2000). Macrophages are then able to
recognize apoptotic neutrophils and phagocytose them prior to the release of their histotoxic
contents (Savill et al. 1989). Interestingly, CD14, a surface molecule traditionally involved in
LPS activation of TLR4, is important for tethering non-inflamed apoptotic cells to macrophages
during the course of phagocytosis (Devitt and Marshall 2011).

Concomitantly, neutrophil function is abrogated upon the induction of apoptosis. The
neutrophil cytoskeleton is disabled as a result of apoptosis in order to maintain cell shape and
prevent de-granulation and chemotaxis (Whyte et al. 1993, Brown et al. 1997). Respiratory burst

and phagocytic functions are also impaired (Whyte et al. 1993). A hallmark of delayed



neutrophil apoptosis is the ability for neutrophils to maintain their capacity for effector functions,
such as respiratory burst (Koedel et al. 2009, Watson et al.1997).

Another set of cytosolic proteases, called calpains, have also come under investigation for
their role in constitutive neutrophil apoptosis. Calpains are regulated by intracellular calcium
concentration and act as non-specific proteases to cleave target proteins that are involved with
maintaining and regulating cytoskeleton structure (Knepper-Nicolai et al. 1998). Indeed, it has
been shown that calpains are involved in multiple processes of neutrophil apoptosis including the
processing of Bax, alteration of nuclear morphology, and phosphatidylserine exposure (Knepper-
Nicolai et al. 1998, Geering and Simon 2011). Inhibition of calpain activity is associated with
delayed neutrophil apoptosis (van Raam et al. 2008). Cathepsins are another type of protease,
located in neutrophil granules, which are involved in apoptotic processes including the
processing of caspase-8 and Bid that ultimately leads to activation of caspase-3 (Geering and
Simon 2011). Recently, another cytosolic protease called serine protease proteinase 3 (PR3) was
identified as playing a key role in caspase-3-dependent constitutive apoptosis of human
neutrophils in vitro independent of caspase-8 or caspase-9 activation (Loison et al. 2014).

Neutrophils have other unique apoptotic pathways compared to other cells. Traditionally,
tumor necrosis factor (TNF)-a. initiates apoptosis via the extrinsic pathway. In neutrophils, this
holds true for early or high concentration TNF-a exposure (Fox et al. 2010, Murray et al. 1997,
Salamone et al. 2001). Additionally, exposure to high concentrations of TNF-a reduces Mcl-1
through increased turnover to induce apoptosis (Cross et al. 2008). However, late survival (after
12 h) is promoted simultaneously through activation of the NF-kB pathway and subsequent up-
regulation of the anti-apoptotic members of the Bcl-2 family, particularly Al (Cross et al. 2008).

Another unique contribution to neutrophil apoptosis involves reactive oxygen species (ROS) that



are produced by the neutrophils themselves upon TNF-a stimulation. It is currently thought that
most of the molecular pathways causing neutrophil apoptosis are dependent upon ROS
generation; however, ROS can have alternative effects on neutrophils, such as interference with
caspase activities causing delayed apoptosis or the initiation of cell necrosis rather than apoptosis
(Fadeel et al. 1998, Geering and Simon 2011, Scheel-Toellner et al. 2004).

In conclusion, constitutive neutrophil apoptosis is not as straight-forward as other cell
types, likely involving alternative pathways to the classically described pathways of apoptosis.
Consequently, the process by which neutrophils undergo apoptosis is still under investigation in
all species. Additionally, the process by which extravasated neutrophils undergo apoptosis in
tissues remains largely unknown (Tak et al. 2013).

1.3 Models used to evaluate neutrophil apoptosis: in vitro and in vivo

Thus far, the most common method utilized to evaluate neutrophil apoptosis has been culturing
isolated neutrophils in vitro. However, when evaluating neutrophil physiology in vitro, it is
essential to create standard culture conditions due to the highly reactive nature of this cell type.
One troublesome contaminant of neutrophil processing and culture is bacterial endotoxin, a
substance that is ubiquitous in the environment and that requires additional steps to remove
compared to traditional sterilization methods. The variability in results reported in the literature
from studies on neutrophils is potentially due to unintentional activation with substances, such as
LPS (Haslett et al. 1985). However, neutrophils can also become activated by seemingly
innocuous stimuli, including changes in temperature, pipetting, and isolation technique (Freitas
et al. 2008, Hannah et al. 1998, Haslett et al. 1985, Tennenberg et al. 1988, Watson et al. 1992).
Similar to other immune cells, functional in vivo studies on neutrophils are traditionally

performed using knockout mice. Genetically modified mice have been used to evaluate the



contribution of various components of the known apoptosis pathways. For example, knockout
mice for the various Bcl-2 family of proteins have been used to assess the relative importance
and redundancy of each protein (Geering and Simon 2011). Though mice models are invaluable
for studying cellular pathways, it must be understood that these models are substantially removed
from the physiology of wild type mice or other species. Antibodies and silencing RNA may be
used to selectively knockout proteins or genes in cells from non-laboratory animals to further
study cellular pathways.

Studies have also been performed using humans and animals with known genetic defects
of leukocytes, such as human chronic granulocytic leukemia and bovine leukocyte adhesion
deficiency (Hasegawa et al. 2003, Naghata et al. 2004). Studies are also commonly performed
using neutrophils isolated from humans and animals suffering from clinical diseases that involve
neutrophil activation (Jimenez et al. 1997, Krista et al. 2013, McCracken and Allen 2014).
Overall, models that use clinical disease are useful in evaluating neutrophil physiology and
lifespan; however, the use of control neutrophils from normal humans and animals for
comparison is less than ideal as there is significant variation among neutrophil response by
individual (first author’s unpublished observation).

1.4 Inflammatory mediators that delay neutrophil apoptosis in vitro

As primary effectors cells of the innate immune response, neutrophils are integral in neutralizing
pathogenic and non-pathogenic threats to the body. Neutrophils may be activated by a variety of
substances through PRRs, such as TLRs. PRR activation initiates intra-cellular signaling
pathways involved in altering cellular processes, including apoptotic pathways, to neutralize the
perceived threat. Alteration of apoptotic pathways may lead to prolongation of neutrophil

lifespan via delayed apoptosis. This section will focus on inflammatory mediators that have been



identified in causing delayed neutrophil apoptosis in vitro and, if they are known, the proposed
mechanisms by which these mediators act to delay neutrophil apoptosis.

Bacterial lipopolysaccharide (LPS) has been evaluated extensively for its effect on neutrophil
lifespan both in vitro, and to a lesser extent, in vivo. It has been shown to consistently delay
neutrophil apoptosis in vitro in multiple species, except the horse (Brazil et al. 2014, Colotta et
al. 1992, Jia et al. 2008, Milot et al. 2012, Sweeny et al. 1998, Sano et al. 2005, Yamamoto et al.
1993). The mechanism of delayed neutrophil apoptosis involves a shifting of balance from pro-
apoptotic to anti-apoptotic processes of the intrinsic pathway of apoptosis via TLR4 activation
(Edwards et al. 2004, Francois et al. 2005, Figure 1.1). Upon TLR4 activation, two interrelated
intracellular transcriptional pathways have been shown to be involved in LPS-delayed apoptosis
including the NF-kB and PI3K pathways (Francois et al. 2005, Sweeney et al. 1998, Figure 1.1).
These pathways are involved in regulating the balance of the Bcl-2 family of proteins at the
transcriptional level. Specifically, the anti-apoptotic protein Mcl-1 has been shown to be up-
regulated to tip the balance of the Bcl-2 family of proteins into an anti-apoptotic state (Edwards
et al. 2004, Francgois et al. 2005). Within canine neutrophils, Bcl-xL was identified to be highly

expressed in neutrophils exhibiting LPS-delayed apoptosis (Sano et al. 2005).
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Figure 1.1 Potential mechanism of LPS-delayed neutrophil apoptosis



Other ligands of TLRs have also been implicated in causing delayed human neutrophil
apoptosis in vitro (Francois et al., 2005, El Kebir et al. 2014, Sabroe et al. 2005). These include
peptidoglycan (ligand for TLR2), flagellin (ligand for TLR5), R-848 (ligand for TLR7/8), and
CpG DNA (ligand for TLR9, Francois et al., 2005, El Kebir et al. 2014, Salamone et al. 2010).
Similar intracellular signalling pathways are activated compared to TLR4 signaling, resulting in
increased concentrations of the anti-apoptotic Bcl-2 proteins Mcl-1 and Al and phosphorylation
of the pro-apoptotic Bcl-2 protein Bad (Francois et al., 2005, El Kebir et al. 2014).

Interleukin (IL)-1p is an important pro-inflammatory cytokine that is produced by
granulocytes and mononuclear cells upon PRR activation. The production of IL-1p is a caspase-
1-dependent process. In mononuclear cells, IL-1B production results in cell death via pyroptosis;
but in neutrophils, IL-1p is produced without inducing pyroptosis (Chen et al. 2014).
Additionally, IL-1 delays in vitro human neutrophil apoptosis via inhibition of Fas-mediated
apoptosis by the IL-1P converting enzyme (caspase-1) (Colotta et al. 1992, Tatsuta et al. 1996,
Watson et al. 1998).

Other cytokines and growth factors that delay in vitro neutrophil apoptosis include IL-2, IL-
8, TNF-a, interferon (IFN)-y, granulocyte macrophage colony stimulating factor (GM-CSF),
granulocyte colony stimulating factor (G-CSF), and complement 5a (Colotta et al. 1992, Fox et
al. 2010, Lee et al. 1993, Sakamoto et al. 2003). As discussed previously, TNF-a has variable
effects on neutrophil apoptosis; however, it apparently increases the occurrence of apoptosis in
the face of treatment with substances that typically delay neutrophil apoptosis, such as GM-CSF
(Salamone et al. 2001). GM-CSF and G-CSF delay apoptosis through modulation of the intrinsic
pathway of apoptosis as evidenced by reduced cytochrome c release and reduced caspase-3 and -

9 activities (Molloy et al. 2005).
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Adhesion molecules involved in neutrophil extravasation and activation also play a role in
determining neutrophil lifespan. Cross-linking of adhesion molecules, such as 32 integrin
CD11b/CD18, activates neutrophils through outside-in signaling to produce and release ROS and
myeloperoxidase (MPO). MPO, in turn, delays spontaneous neutrophil apoptosis via
stabilization of mitochondria membrane potential and inhibition of the intrinsic pathway of
apoptosis through ERK 1/2 and Akt signaling pathways (EI Kebir et al. 2008), while ROS has
variable effects on neutrophil apoptosis (Geering and Simon 2011). LPS also up-regulates [32
integrins, contributing to delayed apoptosis, although cross-linking of B2 integrins alone causes
delayed apoptosis (Watson et al. 1997). Alternatively, apoptosis is delayed in neutrophils
isolated from calves with bovine leukocyte adhesion deficiency that have CD18-deficient
neutrophils and in CD18 knockout mice, both of which lack the ability to implement 32 integrin
signaling pathways (Nagahata et al. 2004, Weinmann et al. 2003). In animals with dysfunctional
CD18, neutrophils are unable to leave the bloodstream leading to a profound neutrophilia. Itis
likely that the increased concentration of neutrophils in this scenario is the cause of delayed
apoptosis rather than a manifestation of the missing receptor (discussed later in this review).
Another integrin, a9f1 integrin, also delays in vitro neutrophil apoptosis through the PI3K and
MAPK pathways and NF-kB-dependent increased production of anti-apoptotic protein Bcl-xL
(Saldanha-Gama et al. 2010). Vitronectin, a component of the extracellular matrix that modulates
neutrophil adhesion and chemotaxis, also delays neutrophil apoptosis in vitro (Bae et al. 2012).
Taken together, it is evident that activation of adhesion molecules leads to neutrophil activation
and delayed apoptosis, which allows the prolongation of neutrophil lifespan as it enters into the

inflammatory milieu outside of the circulation.
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Pathogens themselves have a variable effect on human neutrophil apoptosis. The effect of
bacteria on neutrophil apoptosis in vitro is dependent upon the bacterial species and strain,
duration of exposure, multiplicity of infection, and the cell culture conditions (Fox et al. 2010).
There are at least four possible outcomes following phagocytosis of bacteria by neutrophils. One
outcome, which occurs after phagocytosis of most bacteria, results in phagocytosis-induced cell
death and ROS production where neutrophils undergo apoptosis without releasing their cellular
contents and are then cleared by macrophages (Kobayashi et al. 2003). A second outcome,
which occurs after the phagocytosis of Streptococcus pyogenes by human neutrophils, results in
rapid neutrophil death via necrosis with limited ROS production leading to pathogen release
from the neutrophil and its survival (Kobayashi et al. 2003). A third outcome, which occurs after
the phagocytosis of Chlamydia pneumoniae by human neutrophils, causes a temporary
prolongation of neutrophil survival, likely mediated by LPS and IL-8, to allow the intracellular
pathogen to multiply within the cell; after which time, the neutrophil undergoes apoptosis and an
unsuspecting macrophage phagocytoses the apoptotic neutrophil with the hidden pathogen and
polarizes to an anti-inflammatory phenotype (Fox et al. 2010). A fourth outcome has been
described after phagocytosis of Staphylococcus aureus, where neutrophil lifespan may be
prolonged or shortened based on the specific toxins carried by the bacteria (Fox et al. 2010).
Taken together, it is obvious that neutrophil responses and lifespan may differ significantly by
pathogen and may not relate directly to what occurs upon exposure to various components of a
pathogen, such as LPS. Additionally, the behavior of neutrophils in vivo could potentially have

even greater discrepancies than what has been observed in vitro.
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1.5 Non-inflammatory causes of delayed neutrophil apoptosis

From the previous section, it is clear that exposure to inflammatory mediators and substances
that promote neutrophil activation delay neutrophil apoptosis. However, the causes of delayed
neutrophil apoptosis encompass even simpler mechanisms, including concentration- or density-
dependent delayed neutrophil apoptosis, highlighting the highly reactive properties of
neutrophils and their complex life and death balance.

A physiologic response to inflammation in the tissues or systemic inflammation is the
accumulation of neutrophils through increased extravasation and increased release from the bone
marrow, respectively. As neutrophils accumulate in tissues or the circulation, their concentration
increases leading to their delayed apoptosis by a unique mechanism. This is in direct contrast to
the majority of cell types that increase their apoptotic rate due to contact inhibition as their cell
numbers increase. Overall, there has been very little research into concentration-dependent
delayed neutrophil apoptosis. However, an elegant study performed by Attalah et al. (2012),
demonstrated a clear relationship between increasing neutrophil concentration and delayed
apoptosis in vitro. They identified the importance of cytosolic proteins S100A8 and S100A9 as
having a clear role in delaying neutrophil apoptosis in highly concentrated cell cultures through
CD11b/CD18 and TLR4 ligation and MAPK pathway activation without up-regulation of anti-
apoptotic Bcl-2 proteins (Attalah et al. 2012).

Another group previously investigated the effect of neutrophil density and concentration
on neutrophil lifespan in vitro (Hannah et al. 1998). This group determined that increased
density was more influential than increased cell concentration on prolonging neutrophil lifespan
in vitro, where the rate of apoptosis was inversely proportional to the number of cells per unit

surface area. In addition, this group determined that density-delayed apoptosis was independent
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of B2 integrin adhesion and that neutrophils did not secrete “survival factors” to delay apoptosis
in a paracrine or autocrine fashion. They concluded that localized hypoxia and pH changes
likely contributed to the effect of density-delayed apoptosis, although these parameters were not
specifically tested (Hannah et al. 1998). The concept of concentration- or density-delayed
neutrophil apoptosis should be considered in any disease process that causes an increase in
circulating neutrophils, from acute inflammatory diseases to genetic leukocyte adhesion
deficiency diseases.

A plethora of substances and culture conditions have been evaluated for their effect on
neutrophil apoptosis in vitro, but only a selected few that are directly related to inflammation will
be discussed herein. Hypoxia delays neutrophil apoptosis through up-regulation of Mcl-1 via the
p38 MAPK and NF-kB signaling pathways through an unknown receptor (Hannah et al. 1995,
Leuenroth et al. 2005, Walmsley et al. 2005). Additionally, neutrophils have a ferroprotein
oxygen-sensing mechanism, comparable to the mechanism for erythropoietin regulation in
kidney fibroblasts, which causes up-regulation of hypoxia inducible factor-1 to contribute to
hypoxia-delayed apoptosis (Mecklenburgh et al. 2002). Most wounds are considered to be
hypoxic due to disruption of blood supply. As first responders in the inflammatory response to a
wound, neutrophils would be exposed to these hypoxic conditions in addition to inflammatory
mediators, thus prolonging their lifespan and potentially prolonging the inflammatory stage of
inflammation, which could delay healing. Therapeutic regimens, such as hyperbaric oxygen
therapy, have been developed to address the hypoxic conditions within a wound or during
inflammatory diseases with varying success indicating that the effects of hypoxia during
inflammatory processes are complex (Kranke et al. 2015). A recent study reported that bovine

neutrophil apoptosis was enhanced in neutrophils treated with hyperbaric oxygen compared to
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cells cultured in normoxic and hypoxic conditions in vitro (Almzaiel et al. 2015). Wounds and
inflammatory environments are also considered to be acidic and acidity (pH 6.5) has also been
shown to delay neutrophil apoptosis (Negrotto et al. 2006). Alternatively, alkaline conditions
promote rapid neutrophil apoptosis in vitro (Leblebicioglu et al. 1999).

Dexamethasone, a corticosteroid commonly used in veterinary practice, delays neutrophil
apoptosis in vitro in multiple species via activation of the PI3K and MAPK pathways and up-
regulation of Mcl-1 via NF-«B transcription (Barnes 2011, Brazil et al. 2014, Cox et al. 1997,
Kettritz et al. 2006, Liles et al. 1995, Marwick et al. 2013, Saffar et al. 2008). However, the anti-
apoptotic effect of dexamethasone on neutrophil apoptosis is abrogated in hypoxic conditions
(<1% oxygen tension) to the point that it can rescue hypoxia- and GM-CSF-delayed neutrophil
apoptosis (Marwick et al. 2013). This finding may have implications in ischemic disease
processes that may be treated with glucocorticoids, but are characterized by extensive neutrophil
accumulation. Additionally, the ability of glucocorticoids to prolong neutrophil lifespan has
implications in acute inflammatory diseases where animals become stressed, further exacerbating
delayed neutrophil apoptosis.

Similarly, non-steroidal anti-inflammatory drugs (NSAIDs) have also been shown to
affect neutrophil apoptosis, although relatively few studies are available. Acetaminophen delayed
human neutrophil apoptosis in vitro (Freitas et al. 2013); however, in another study, ibuprofen
had no effect on LPS-delayed apoptosis, while aspirin and its metabolite, salicylate, rescued
delayed neutrophil apoptosis due to multiple conditions including LPS and IL-1a treatment and
hypoxia (Negrotto et al. 2006). Furthermore, humans who ingested aspirin had markedly
reduced ex vivo LPS-delayed neutrophil apoptosis and mice pre-treated with aspirin had

increased apoptotic neutrophils in their peritoneal cavity after a thioglycolate-induced peritonitis
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model (Negrotto et al. 2006). Similarly, pre-treatment with aspirin reduced post-
cardiopulmonary bypass delayed ex vivo neutrophil apoptosis (Bates et al. 2004). Another study
evaluating neutrophil apoptosis after treatment with racemic mixtures of various NSAIDs
demonstrated an increase in neutrophil apoptosis in vitro (Zielinska-Przyjemska et al. 2008).

Lastly, and a point of consideration when designing in vivo and ex vivo neutrophil
experiments, a difference in the occurrence of neutrophil apoptosis has been observed between
genders in humans (Molloy et al. 2003). Spontaneous neutrophil apoptosis was reduced in
women compared to men mediated by estradiol and progesterone reducing cytochrome c release
from the mitochondria (Molloy et al. 2003). Female sex hormones have been evaluated for their
immunomodulatory effects due to the fact that women of reproductive age are less susceptible to
sepsis and its accompanying complications; however, delayed neutrophils apoptosis would have
a seemingly negative effect on septic process as discussed in a later section.

In conclusion, this section further highlights the complexities of neutrophil lifespan and
demonstrates that the occurrence of neutrophil apoptosis in disease processes is affected by many
factors. When evaluating neutrophil apoptosis in in vivo models, it is important to attempt to
control for variables that might have a confounding effect on results.

1.6 Other immune cell involvement in neutrophil apoptosis

Macrophages play a critical role in managing circulating neutrophil concentration in vivo. As
stated previously, macrophages in the spleen, liver, and bone marrow remove apoptotic
neutrophils from the circulation. In a mouse model, where mice lacked macrophages in the
spleen and bone marrow, the clearance of apoptotic neutrophils was delayed causing an
increased production of G-CSF to drive granulopoiesis and delay neutrophil apoptosis (Gordy et

al. 2011). Additionally, when macrophages fail to phagocytose neutrophils in CD18-deficient
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mice that have delayed neutrophil apoptosis, they produce increased amounts of I1L-23 that, in
turn, drives IL-17-dependent granulopoiesis (Stark et al. 2005). These responses by
macrophages could significantly contribute to a neutrophilic response during disease processes
by increasing neutrophil concentration and further contributing to concentration-delayed
neutrophil apoptosis. More work is needed to confirm these findings in wild type animals using
in vivo inflammatory models.

Macrophages rely on the apoptosis of neutrophils to direct the resolution of inflammation
(discussed below); however, they also play a key role in the induction of neutrophil apoptosis
through the release of death receptor ligands, such as TNF-a and Fas-ligand (Brown and Savill
1999, Meszaros et al. 2000, Salamone et al. 2001). In a mouse wound model, macrophage-
induced neutrophil apoptosis was dependent upon direct cell-to-cell contact via cell adhesion
molecules, such as B3 integrin, and membrane-bound, not soluble, TNF-a (Meszaros et al. 2000).
Similarly, in a mouse model of Leishmania major infection, ex vivo neutrophil apoptosis was
positively correlated with the amount of co-cultured macrophages and was dependent on
membrane-bound TNF (Allenbach et al. 2006).

Although not widely accepted, there is evidence that monocytes are necessary to facilitate
neutrophils’ responses to LPS, such as delayed apoptosis. One group reported a difference in in
vitro LPS-delayed neutrophil apoptosis between isolated neutrophils cultured with and without
contaminating monocytes (Sabroe et al. 2002). When monocytes were removed from neutrophil
isolates via magnetic activated cell sorting, LPS failed to delay neutrophil apoptosis in vitro.

The results of this study highlight an inherent problem when working with primary isolated cells.
In general, purities of greater than 90% are considered to be acceptable when working with

primary isolated neutrophils and the predominant contaminating cell types are other
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granulocytes, such as eosinophils and basophils. Regardless, primary cell behavior may be
altered by minute amounts of contaminating cell types unbeknownst to the investigator.

A unique type of macrophage, called the pulmonary intravascular macrophage (PIM),
exists in the capillaries of the alveolar septal in select animals, including the horse (Brain et al.
1999, Aharonson and Singh 2010). Similar to Kupffer cells in the liver, PIMs are intimately
associated with the endothelium of the alveolar capillaries where they phagocytose blood-borne
foreign substances, pathogens, and apoptotic cells, including neutrophils (Brain et al. 1999).
Because of their location, they are exposed to the entire blood volume as it passes through the
alveolar capillaries for oxygen exchange. Therefore, PIMs are potentially influential cells in
mounting a systemic inflammatory response (Aharonson and Singh 2010). In vivo studies in
horses have demonstrated that significant pulmonary injury and inflammation occur in horses
administered systemic lipopolysaccharide (LPS) and pulmonary intravascular macrophages
(PIMs) are integral in potentiating these effects in the lung (Parbhakar et al. 2005). To the
authors’ knowledge, the involvement of PIMs in the regulation of neutrophil apoptosis during
inflammatory conditions has not been investigated.

A recently identified pseudocytokine that is secreted and regulated by activated T
lymphocytes, called pre-B cell colony enhancing factor, has also been identified for its role in
inflammation-delayed neutrophil apoptosis (Jia et al. 2004, Sun et al. 2013). It has since been
identified in a variety of tissues and cells, including the liver, lung, muscle, and leukocytes (Sun
et al. 2013). In addition to its role in the development of B and T lymphocytes, PBEF interacts
with multiple pro-inflammatory cytokines including IL-1p, IL-6, IL-8, and TNF-a. It acts on
cellular processes through the PI3/MAPK pathway and NF-kB activation. In neutrophils, PBEF

is synthesized and released upon activation and is associated with reduced caspase-3 and -8
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activities, not caspase-9, in its role as an inhibitor of neutrophil apoptosis (Jia et al. 2004).
Additionally, it is highly expressed in neutrophils isolated from septic human patients (Jia et al.
2004).

1.7 Apoptosis of neutrophils is required for the resolution of inflammation

One of the key elements of the inflammatory process is the ability for the immune system to
switch from a pro-inflammatory state to and an anti-inflammatory state, thereby bringing about
the resolution of inflammation and the initiation of healing. Macrophages are considered to be
the orchestrators of this process. A fundamental signal for a macrophage to initiate the
resolution of inflammation is to phagocytose apoptotic neutrophils. As discussed above, when
an inflammatory process proceeds in an ideal manner, neutrophils undergo apoptosis after
phagocytosing a pathogen or at the end of their short lifespan. Once neutrophils undergo
apoptosis, they send out “eat me” signals or apoptotic cell-associated molecular patterns,
attracting macrophages to them and initiating the process of efferocytosis (Savill et al. 1989).
These signals involve changes in the neutrophil cell membrane, such as phosphatidylserine
translocation to the outer leaflet of the plasma membrane, and may be modulated by charged
glucose and amino acid molecules or pH (Fadok et al. 1992, Frasch et al. 2011, Huynh et al.
2002, Savill et al. 1989). A recent study identified the down-regulation of a surface receptor,
CDA47 as a signal for apoptotic neutrophil phagocytosis (Lawrence et al. 2009). Apoptosing
neutrophils can express “find me” signals to attract macrophages, including
lyophosphatidylserine, annexin-1, thrombospondin 1, and soluble IL-6R, or macrophages can
secrete molecules to attract apoptosing neutrophils, such as MFG-8E (Silva 2011). The process
by which apoptotic neutrophils and macrophages communicate to cause efferocytosis is still

under investigation.
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Macrophages bind to apoptotic neutrophils through bridging molecules, such as
thrombospondin 1 via specific surface molecules, which have not been fully identified (Savill
and Fadok 2000). A recent study identified the mechanism by which efferocytosis of apoptotic
neutrophils is enhanced in macrophages (Frasch et al. 2011). Briefly, lysophophatidylserine, a
form of phosphatidylserine produced by NADPH oxidase, signals to macrophages via a G-
protein-coupled receptor, G2A, to enhance efferocytosis. G2A activation, in turn, enhances
production of prostaglandin (PG) E> via a calcium-dependent cytosolic phospholipase
Az/cyclooxygenase (COX)-mediated mechanism within the macrophage. PGE> causes enhanced
activity of Racl via adenyl cyclase and protein kinase A activation to increase macrophage
efferocytosis of apoptotic neutrophils (Frasch et al. 2011).

Upon efferocytosis of apoptotic neutrophils, intracellular signaling blocks the release of
pro-inflammatory mediators while up-regulating anti-inflammatory mediators to cause a change
in macrophage phenotype from pro-inflammatory to anti-inflammatory (Fadok et al. 1998,
Huynh et al. 2002). Specifically, the pro-inflammatory cytokines including IL-1p, I1L-8, IL-10,
GM-CSF, and TNF-a are inhibited while the robust anti-inflammatory cytokine TGF-f1 is
maximized (Fadok et al. 1998). Additionally, it has been demonstrated that the cytosolic protein
S100A9 is involved in suppression of the production of pro-inflammatory mediators nitric oxide
(NO), hydrogen peroxide, and TNF-a and inhibition of macrophage phagocytic activity (De
Lorenzo et al. 2010). Alternatively, a subset of macrophages may also undergo cell death by
autophagy, apoptosis, or oncosis upon efferocytosis of apoptotic neutrophils; however the
contribution of these processes to the resolution of inflammation is not well-understood (Wang et

al. 2014).
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Phagocytosis of neutrophils by macrophages, in the face of ongoing microbial infection,
enhances macrophage killing abilities. Macrophages lack useful antimicrobial substances that
neutrophils contain including cathelicidins, permeability-increasing protein, lactoferrin, and
MPO (Silva 2010). Upon phagocytosis of apoptosing neutrophils, neutrophilic granules, or
neutrophil apoptotic bodies, macrophages may adopt some portion of neutrophil antimicrobial
function, thereby improving their destruction of invading microbes (Silva 2011).

In conclusion, the interaction of apoptotic neutrophils and macrophages is critical for
orchestrating a concerted inflammatory response. In cases where these interactions are out of
concert, asynchronous inflammation may ensue that could negatively affect the clearance of an
infection and may contribute to an excessive inflammatory response that is detrimental to the
body. Ultimately, the efferocytosis of apoptotic neutrophils shifts the balance of inflammation
toward resolution and healing.

1.8 Neutrophil apoptosis associated with inflammatory disease

It has been well-established in human medicine that ex vivo neutrophil apoptosis is delayed in
patients experiencing inflammatory diseases ranging from sepsis to inflammatory bowel disease
(Hofman 2004). For this reason, modulating neutrophil apoptosis has become a focus of
inflammation researchers, which will be discussed in a later section. However, before drugs can
be developed to modulate neutrophil apoptosis, the mechanisms leading to delayed neutrophil
apoptosis in the face of inflammatory conditions must be explicated, both in the circulating and
extravasated neutrophil populations.

The systemic inflammatory response syndrome (SIRS) was a term developed by human
practitioners to describe a set of clinical parameters they noticed in severely ill patients,

including alterations in body temperature, heart rate, respiratory rate, white blood cell count, and
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underlying pathologic mechanism (Bone et al. 1992). In general, patients must present with at
least two abnormal parameters to be diagnosed with SIRS. The term SIRS has also been adopted
by veterinary practitioners and is defined by the same criteria as for human patients. One of the
most common causes of SIRS in humans and animals is sepsis, or in the case of horses,
endotoxemia. It has come to the attention of the authors that the terms sepsis and endotoxemia
are used to describe a patient’s clinical presentation, where supporting diagnostics may be
lacking. In these cases, SIRS is probably a more appropriate term. Nevertheless, it is well-
established that neutrophil apoptosis is invariably delayed in patients experiencing SIRS
(Fanning et al. 1999, Jimenez et al. 1997, Shang et al. 2007).

As stated previously, delayed neutrophil apoptosis has two major effects on inflammatory
processes. First, an increase in number of neutrophils initiating an inflammatory response can
cause collateral damage to nearby tissues due to their non-specific methods of killing resulting in
further recruitment of neutrophils into a site of inflammation. Second, efferocytosis of apoptotic
neutrophils by macrophages is a key component from shifting an inflammatory response from
pro- to anti-inflammatory to initiate the resolution of inflammation. Taken together, delayed
neutrophil apoptosis propagates an inflammatory response.

Delayed neutrophil apoptosis during SIRS is likely multifactorial due to the broad range
of disease processes that can cause SIRS. Substances that have been identified in patients with
SIRS and are also known inhibitors of neutrophil apoptosis include GM-CSF, IL-6, IL-1pB, TNF-
a, LPS, complement 5a (C5a), various pathogens, and Fas ligand (Fanning et al. 1999, Guo et al.
2006, Hofman 2004, Shang et al. 2007). Specifically, treatment with neutrophils isolated from
healthy humans with plasma from patients with SIRS resulted in delayed ex vivo neutrophil

apoptosis that was abrogated by co-incubation with a neutralizing antibody against GM-CSF
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(Fanning et al. 1999). Interestingly, this group also demonstrated that neutrophil lifespan in vitro
could be rescued by treating with recombinant IL-10 in the face of GM-CSF treatment via
alteration of ROS generation (Fanning et al. 1999).

There has been a great deal of research evaluating neutrophil apoptosis in patients
diagnosed with sepsis. C5a has been identified as playing a key role in delayed neutrophil
apoptosis in septic rats and human patients through reduction of neutrophil C5a receptor (Guo et
al. 2006, Unnewehr et al. 2013). Cb5a is a strong activator of neutrophils and has been shown to
be up-regulated in multiple tissues in patients with sepsis (Riedemann et al. 2002). C5a has
recently been evaluated as a potential biomarker for prognosticating the outcome of sepsis in
human patients (Xu et al. 2015). C5a delays neutrophil apoptosis via the PI3K and MEK/ERK
signaling pathways, Bad inactivation via phosphorylation, decreased Bim expression, increased
Bcl-xL expression, and suppression of procaspase-3 and -9 cleavage into active caspase-3 and -
9, respectively (Perianayagam et al. 2004, Guo et al. 2006). In addition, treatment of rats with
anti-C5a antibody during a cecal-ligation-puncture model, abolished sepsis-delayed neutrophil
apoptosis (Guo et al. 2006).

Another cause of delayed neutrophil apoptosis in septic patients involves the upregulation
of Mcl-1 by myeloid nuclear differentiation antigen (MNDA), a protein that has been described
as a “master regulator of monocytic and granulocytic lineages” (Milot et al. 2012). However,
Paunel-Gorgulii et al. (2009) demonstrated that ex vivo Fas stimulation can overcome Mcl-1-
mediated delayed neutrophil apoptosis in neutrophils isolated from critically ill patients.

A hallmark of SIRS is alterations of white blood cell count, which can include leukopenia
or leukocytosis with or without a left shift toward an increase in immature neutrophils.

Immature neutrophils have a slightly retarded ability to perform normal functions in the face of
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sepsis or SIRS, such as migration; however, they demonstrated the same capability to prolong
their lifespan ex vivo following in vivo activation (Drifte et al. 2013). A trait that is not generally
evaluated clinically in neutrophils from patients with SIRS is the presence of apoptotic
neutrophils in circulation; however, a recent study demonstrated that in patients with severe
trauma or hemorrhagic shock that required emergency surgery, increased neutrophil apoptosis in
the early post-operative period was associated with a lower incidence of post-operative infection
and, as expected, the occurrence of neutrophil apoptosis was inversely proportional to the
severity of SIRS (Morrison et al. 2013). The authors of this study proposed that neutrophil
apoptosis likely reduces early tissue injury, which then decreases the susceptibility to subsequent
infection (Morrison et al. 2013). Taken together, neutrophil apoptosis, or lack thereof, plays a
significant part in the development of SIRS and its associated sequelae during many disease
processes.

1.9 The equine systemic inflammatory response syndrome

Similar to other species, equine SIRS is defined using clinical parameters with an underlying
disease process including hyperthermia, tachycardia, tachypnea, leukocytosis or leukopenia with
a left shift, with only two of these parameters needing to be present to make a diagnosis of SIRS
(Epstein et al. 2011, Moore and Vandenplas 2014). Equine practitioners commonly use the
terms “endotoxemia” and “SIRS” interchangeably, which has been brought to light by a recent
review by Moore and Vandenplas (2014). Often time, horses are diagnosed as being
“endotoxic,” despite the fact that plasma endotoxin is rarely quantified in clinical cases. Indeed,
in horses described clinically as being “endotoxemic,” the sensitivity and specificity for the

limulus amebocyte lysate assay, the assay of choice to identify plasma endotoxin, was only
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58.4% and 87.5%, respectively (Senior et al. 2011). Therefore, we propose that the term SIRS
should be used unless plasma endotoxin has been quantified.

Additional confusion in terminology involves the use of the term sepsis, which is defined
by medical dictionaries as a bacterial infection in the tissues or bloodstream. In equine medicine,
the term sepsis is used rigorously to define cases where bacteria have been cultured; whereas, the
term sepsis appears to be used interchangeably with SIRS and endotoxemia in human medicine
and basic research. Sepsis and endotoxemia both result in the development of SIRS, but SIRS
can have other etiologies, such as extensive burns or other types of severe trauma independent of
infection. A recent study identified activation of the MAPK pathway as a method to differentiate
SIRS versus sepsis (West et al. 2007); however, we propose that the etiology of the disease needs
to be considered when defining a disease. Ultimately, the discrepancy in terminology and
evaluation of disease processes is important to realize and consider when assessing research on
SIRS.

Equine SIRS can be caused by many disease processes; but by far, it is most commonly
associated with gastrointestinal disease, otherwise known as colic. In horses admitted to a
referral hospital for all types of colic, 28% had examination parameters meeting the SIRS criteria
(Epstein et al. 2011). Traditionally, SIRS in colic patients is associated with the development of
endotoxemia due to bacterial translocation after intestinal compromise from intestinal
strangulation resulting in ischemia and reperfusion injury or from severe intestinal inflammation,
such as acute colitis (Senior et al. 2011, Moore and Vandenplas 2014). However, it is likely that
other factors come into play in the development of SIRS in these cases, one of which could

include delayed neutrophil apoptosis. Regardless of the cause, the development of SIRS in
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horses experiencing colic is associated with a significant increase in morbidity and mortality
(Epstein et al. 2011, Moore and Vandenplas 2014).

The end organ affected in severe cases of SIRS that develops to multi-organ dysfunction
(MODS) in horses tends to be the lamina within the hoof rather than internal organs, such as the
lung that are affected in other species (Belknap et al. 2009, Suratt and Parsons 2006).
Interestingly, horses do not develop laminitis from intravenous infusion of LPS alone, but only in
cases where true gastrointestinal compromise has occurred, such as oligofructose-induced colitis
(Belknap and Black 2012). The development of laminitis is one of the major causes of mortality
in horses experiencing SIRS.

In conclusion, SIRS from multiple etiologies is a devastating process in the horse and
requires further investigation into mechanisms that contribute to its development in order to
develop an effective treatment regimen as currently utilized treatments are often ineffective. One
method to investigate the innate immune response associated with the development of equine
SIRS is to selectively deplete certain leukocytes. For example, it is possible to deplete
intravascular macrophages using gadolinium chloride or deplete all types of macrophages using
liposome-encapsulated bisphosphonates (Parbhakar et al. 2005, Van Rooijen and Sanders 1994).
Experiments where selected leukocytes are depleted during established inflammatory models
could contribute significantly to the advancement of knowledge of the innate immune response
in horses, making the development of targeted therapeutics possible.

1.10 Equine neutrophil apoptosis
Neutrophil apoptosis in inflammatory conditions has recently gained attention by equine
researchers (Brazil et al. 2014, Krista et al. 2013, Niedzwiedz et al. 2014, Turlej et al. 2001,

Wauters et al. 2012). Brazil et al. (2014) evaluated constitutive equine neutrophil apoptosis in
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vitro. As expected, neutrophils became apoptotic over time. Concurrently, neutrophils
maintained their ability to generate respiratory burst upon phorbol myristate acetate (PMA), but
not zymosan-activated serum (ZAS), a form of complement 5a. Expectedly, ZAS and
dexamethasone inhibited apoptosis, but LPS unexpectedly increased the occurrence of neutrophil
apoptosis in a dose-dependent manner. The authors of this study did not attempt to elucidate
mechanisms of the various treatments for their effect on neutrophil apoptosis.

Neutrophil apoptosis has been evaluated in clinical scenarios in the horse. Wauters et al.
(2012) demonstrated that neutrophils isolated from septic joints in clinical cases had greater
viability than neutrophils isolated from healthy joints. Somewhat unexpectedly, neutrophils
from septic joints had a higher percentage of apoptotic neutrophils while neutrophils from
healthy joints had a higher percentage of dead neutrophils. An important consideration when
interpreting the results of this study is that the septic joints were infected with multiple types of
bacteria. It is known that microbial pathogens have different effects on neutrophil recruitment,
activation, and lifespan depending on how they have adapted to evade the immune system (Fox
et al. 2010, Kobayashi et al. 2003). In addition, it is important to distinguish between viable
cells, where the cell membrane remains intact, but the stage of cell cycle may be unknown,
compared to apoptotic cells, where the cell membrane is also intact, but with concomitant
phosphatidylserine exposure indicating the induction of cell death via apoptotic pathways. These
characteristics of cellular lifespan are discussed in the following section for their effect on the
inflammatory process. ldeally, neutrophil apoptosis in septic joints should be evaluated using a
more controlled in vivo model to identify the true pathophysiology of neutrophil lifespan in the

face of sepsis.
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Krista et al. (2013) examined the occurrence of ex vivo neutrophil apoptosis in horses
undergoing elective orthopedic surgical procedures (little to no systemic inflammatory response)
compared to horses undergoing abdominal exploratory surgery to correct colic (significant
systemic inflammatory response). They further divided the colic surgery group into
strangulating (high risk of endotoxemia) and non-strangulating (low risk of endotoxemia)
groups. There was no difference in the ex vivo occurrence of neutrophil apoptosis between the
elective orthopedic and colic surgery groups; however, horses with strangulating lesions had
significantly delayed neutrophil apoptosis compared to horses with non-strangulating lesions.
Again, mechanisms of apoptosis were not explored in this study. From the results of this study,
it is important to recognize that even minor or local inflammation could have a global effect on
circulating neutrophil lifespan.

Lastly, Niedzwiedz et al. (2014) evaluated percentages of apoptotic neutrophils in
bronchoalveolar lavage fluid (BALF) from healthy horses compared to horses afflicted with
recurrent airway obstruction (RAO). RAO horses had reduced amounts of apoptotic neutrophils
compared to healthy horses. This is an expected finding based on the fact that horses with RAO
have inflamed airways with increased neutrophil concentrations that would likely result in
neutrophil activation and prolongation of neutrophil lifespan. Additionally, GM-CSF
concentrations are increased in BALF from horses with RAO, which would further delay local
neutrophil apoptosis (Turlej et al. 2001).

Taken together, there is paucity of data on the occurrence of neutrophil apoptosis and
associated mechanisms in equine inflammatory diseases. Considering the role of neutrophils in
inflammatory diseases and the impact of many inflammatory diseases on the horse, it is critical

to undertake studies to explore the biology of neutrophil apoptosis. Data generated from such
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studies could also lead to the development of the horse as model for studying neutrophil biology
as horses are subject to many of the same inflammatory responses as humans and can provide a
large number of cells for experiments.
1.11 The induction of neutrophil apoptosis as a future therapeutic target
Many acute inflammatory diseases are characterized by neutrophil infiltration, particularly those
involving extracellular pathogens. One reason that neutrophils are so effective at neutralizing
pathogens is due to their shear increase in number that allows them to overwhelm the pathogen.
However, within the process of neutralizing a pathogen, neutrophils cause collateral damage to
tissues through the release of their cytotoxic granules. So while they may effectively neutralize
pathogens, they also potentiate an inflammatory response through damage to neighboring cells
that then send out danger signals to recruit additional inflammatory cells. Additionally, in the
face of neutrophil activation and accumulation, the prolongation of neutrophil lifespan has a
significant effect on the overall prolongation of the inflammatory response due to inhibition of
macrophage polarization from a pro- to anti-inflammatory phenotype. Therefore, the modulation
of neutrophil apoptosis is an attractive alternative to reducing inflammation in neutrophil-driven
inflammatory processes, such as sepsis and SIRS. Modulation of neutrophil apoptosis to reduce
inflammation can potentially be mediated through two separate mechanisms. One mechanism
would involve the induction of neutrophil apoptosis at the specific site(s) of inflammation. A
second mechanism would be to introduce apoptotic neutrophils into the site of inflammation to
influence macrophage polarization and, potentially, neutrophil lifespan.

Within the context of inducing neutrophil death to stimulate an anti-inflammatory
response, it is important to differentiate apoptosis from necrosis. Necrosis is characterized as a

passive, accidental death from environmental perturbations that disrupt tissue homeostasis, while
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apoptosis is characterized as an active, purposeful death that is beneficial to tissue homeostasis
(Fink and Cookson 2005). The induction of neutrophil death by necrosis is associated with the
propagation of inflammation primarily through the lack of membrane integrity causing the
release of cytotoxic contents; whereas, the induction of neutrophil death by apoptosis is
associated with the reduction of inflammation through maintenance of membrane integrity and
subsequent macrophage efferocytosis.

The timing of inducing neutrophil apoptosis as part of a therapeutic regimen must be
developed in order to allow enough time for neutrophils to neutralize the pathogen, but before
they have accumulated to such a degree as to generate an inappropriate or excessive
inflammatory response. It is well-documented that neutropenia, both congenital and iatrogenic,
leads to increased risk for bacterial and fungal infections (Geering and Simon 2011). Therefore,
it is critical that neutrophils are available in the immediate inflammatory period to do their
intended duties, while later on it may be advantageous to induce apoptosis as a method to
promote the resolution of inflammation.

The induction of neutrophil apoptosis has been initiated using various pharmacologic
agents that have been used with success in vitro and, to a lesser extent, in vivo in laboratory
animal models (Duffin et al. 2010, Hallet et al. 2008). The ideal pharmacologic agent should
alter a pathway involved in initiating neutrophil apoptosis without causing neutrophil necrosis or
affecting non-target cells. As discussed earlier in this review, neutrophil apoptosis is a complex
process that may utilize multiple pathways to promote or delay apoptosis, including NF-«B,
MAPK, and PI3K, that ultimately regulate the Bcl2 family of proteins (Hallet et al. 2008).
Indeed, inhibitors of these pathways have been evaluated, at least in vitro, for their ability to

modulate neutrophil apoptosis (Hallet et al. 2008). Thus far, only modulation of NF-xB and the
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Bcl2 family of proteins have demonstrated promising results in in vivo rodent models of
inflammation.

A physiological inhibitor of NF-«kB has been identified as prostaglandin (PG)D2 and its
metabolite PGJ; (Hallet et al. 2008, Lawrence et al. 2002). These metabolites of the arachidonic
acid pathway have been shown to inhibit NF-«xB activation and induce caspase-dependent
apoptosis in neutrophils in vitro (Ward et al. 2004). Additionally, pre-treatment with PGJ>
reduced LPS-induced acute lung injury in a rat model (Liu et al. 2014) and post-treatment with
PGJ, dramatically improved survival and reduced neutrophil infiltration into tissues in an
endotoxic shock mouse model (Kaplan et al. 2005). Products of the arachidonic acid pathway,
specifically those produced by cyclooxygenases (COX), have been historic targets of drugs
designed to reduce inflammation, namely corticosteroids, such as dexamethasone, and non-
steroidal anti-inflammatory drugs (NSAIDs). Indeed, both classes of drugs are commonly used
to treat inflammatory conditions in veterinary patients. However, a well-known consequence of
altering COX function in order to reduce inflammatory metabolites, such as PGE2, is
interference with production of anti-inflammatory metabolites, including PGD». This highlights
the need to develop more targeted therapeutics in order to circumvent unintentional side effects
of currently used drugs.

Related products of arachidonic metabolism produced through the lipoxygenase (LOX)
arm of the pathway, called lipoxins (LX), have also been identified as potent anti-inflammatory
mediators, in part through their ability to modulate neutrophil apoptosis and promote
macrophage efferocytosis (Hallet et al. 2008, Lawrence et al. 2002). Specifically, aspirin-
triggered lipoxins (ATL) induce neutrophil apoptosis via activation of Annexin-1, which

concurrently enhances macrophage efferocytosis to promote the resolution of inflammation
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(Hallet et al. 2008). Treatment with aspirin increased concentrations of ATL, which in turn
reduced platelet-neutrophil aggregation and lung injury in a mouse model of LPS-induced lung
injury (Ortiz-Mufioz et al. 2014).

Perhaps the most promising substance being evaluated for modulation of neutrophil
apoptosis is R-roscovitine, a cyclin-dependent kinase (CDK). R-roscovitine has been historically
investigated as a chemotherapeutic drug in treating cancer and is currently undergoing human
clinical trials for this purpose. However, in multiple in vitro studies R-roscovitine induced
neutrophil apoptosis by down-regulating the anti-apoptotic member of the Bcl2 family Mcl-1,
even being able to override delayed neutrophil apoptosis caused by GM-CSF and LPS (Gautam
et al. 2013, Leitch et al. 2010, Rossi et al. 2006). R-roscovitine has been further evaluated in
rodent models with promising results by enhancing the resolution of established inflammation
through the promotion of neutrophil apoptosis (Rossi et al. 2006, Koedel et al. 2009).

The second mechanism by which disease process may be modulated by neutrophil
apoptosis involves the administration of apoptotic neutrophils as a therapy in itself. The ability
of apoptotic neutrophils to polarize macrophage phenotype from pro-inflammatory to anti-
inflammatory has been discussed above, and so it follows that investigators have exploited this
effect to promote the resolution of inflammation in various rodent models (Miles et al. 2009, Ren
et al. 2008). Miles et al. (2009) discovered that apoptotic and necrotic neutrophils released o—
defensins from their azurophilic granules, which, in addition to being antibacterial, reduce
production of pro-inflammatory cytokines and NO from macrophages. Intra-peritoneal injection
of necrotic neutrophils containing a-defensins, but not whole apoptotic neutrophils, reduced

inflammatory cell influx in a mouse thioglycolate model of peritonitis. (Miles et al. 2009).
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In a study by Ren et al. (2008), the administration of apoptotic neutrophils up to 24 h
after inducing endotoxic shock in mice reduced circulating pro-inflammatory cytokines,
neutrophil infiltration in target organs, and serum LPS concentration. The positive effects of
administering apoptotic neutrophils in this model are likely multimodal due to non-functional
apoptotic neutrophils binding and neutralizing LPS and the efferocytosis of apoptotic neutrophils
driving macrophages toward an anti-inflammatory phenotype. Esmann et al. (2010)
demonstrated that neutrophils themselves phagocytose apoptotic neutrophils in vitro leading to
an inhibition of pro-inflammatory neutrophil functions, such as respiratory burst. Taken
together, the administration of apoptotic neutrophils could serve as a simple, yet useful treatment
modality in treating neutrophilic inflammatory diseases.

In conclusion, the modulation of neutrophil lifespan as a therapeutic target is in its
infancy of investigation. In the future, targeted modulation of an inflammatory response will
hopefully comprise targeted therapeutic regimens, moving away from the currently used
nonspecific and generally ineffective methods to reduce severe, life-threatening inflammation.

1.12 Summary

Despite having a relatively short lifespan compared to other leukocytes, the ability of neutrophils
to alter their lifespan to suit the situation at hand is unique and involves a complex process
involving multiple intracellular signaling pathways. Within the scope of an inflammatory
response, the ability to modulate neutrophil lifespan is an attractive option to better coordinate an
acute inflammatory response and promote the resolution of inflammation as required.

Neutrophil apoptosis has received limited attention by equine researchers; however, the
horse could serve as an ideal model to study neutrophil lifespan in inflammatory conditions. The

following chapters of this thesis form the groundwork for confirming that equine neutrophil
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lifespan is prolonged in various inflammatory scenarios with the goal of providing a place from
which further detail of the mechanisms of inflammation-delayed neutrophil may be elucidated
and then manipulated as part of a multimodal therapeutic regimen for the treatment of

inflammatory conditions.
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CHAPTER 2: HYPOTHESES AND OBJECTIVES
2.1 Hypotheses

1. Lipopolysaccharide will delay equine neutrophil apoptosis in vitro via down-regulation of
the intrinsic pathway of apoptosis.

2. Exvivo equine neutrophil apoptosis will be delayed following intestinal ischemia and
reperfusion.

3. Treatment with parenteral gadolinium chloride to deplete pulmonary intravascular
macrophages will modulate inflammation associated with intestinal ischemia and
reperfusion in horses.

4. EXx vivo equine neutrophil apoptosis will be delayed following the induction of colitis
with oligofructose overdose.

5. Treatment with apoptotic equine neutrophils in vitro will rescue LPS- and systemic

inflammation-delayed neutrophil apoptosis.

2.2 Objectives

1. Determine if Escherichia coli lipopolysaccharide delays equine neutrophil apoptosis in
vitro in a dose-dependent manner.

2. Investigate mechanisms by which lipopolysaccharide delays equine neutrophil apoptosis
in vitro.

3. Determine if ex vivo neutrophil apoptosis is delayed following intestinal ischemia and
reperfusion.

4. Determine if depletion of pulmonary intravascular macrophages affects systemic
inflammation and ex vivo neutrophil apoptosis during an equine intestinal ischemia and

reperfusion model
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5. Determine if ex vivo neutrophil apoptosis is delayed following the induction of colitis
with oligofructose overdose.

6. Determine if co-incubation of apoptotic neutrophils with freshly isolated neutrophils will
affect the occurrence of apoptosis in vitro and rescue lipopolysaccharide- and systemic

inflammation-delayed apoptosis in vitro.

2.3 Rationale

Neutrophils are one of the primary cells involved in mounting an acute inflammatory response;
however, their non-specific methods of neutralizing threats may propagate an overzealous
inflammatory response, often to the detriment of the body. It has been shown in humans and
laboratory animals that neutrophil lifespan is prolonged during inflammatory conditions through
alteration of apoptotic pathways. The prolongation of neutrophil lifespan delays the resolution of
inflammation and may contribute to a prolonged, counter-productive, inflammatory state.
Therefore, the modulation of neutrophil lifespan has come under investigation as a tool to control
inflammatory conditions.

Neutrophil lifespan in inflammatory conditions has received limited attention by equine
researchers, despite the propensity for horses to develop inappropriate inflammatory responses
resuling in increased morbidity and mortality. Lipopolysaccharide entering the bloodstream
(endotoxemia) is one of the most significant contributors to the development of an inappropriate
inflammatory response in horses. The most common cause of equine endotoxemia is from
gastrointestinal barrier compromise due to infectious or non-infectious intestinal inflammation.
The focus of the work presented herein is to confirm that equine neutrophils experience
prolongation of lifespan in the face of inflammatory conditions, specifically those associated

with endotoxin, and to examine the mechanisms of such an alteration of their lifespan.

36



CHAPTER 3: LIPOPOLYSACCHARIDE DELAYS EQUINE
NEUTROPHIL APOPTOSIS IN VITRO

3.1 Abstract

Horses are particularly susceptible to lipopolysaccharide (LPS) endotoxin, generating a robust
systemic inflammatory response resulting in serious, often life threatening, consequences.
Delayed neutrophil apoptosis has been implicated, in part, as a contributing factor to the
development of an inappropriate systemic inflammatory response to LPS in other species, but
has not been well-studied in horses. Our objective was to evaluate equine neutrophil apoptosis in
response to LPS treatment in vitro. Neutrophil apoptosis was assessed with cytology; Annexin V
and propidium iodide staining quantified with flow cytometry; caspase-3, -8, and -9 activities;
and western blotting for NF-xB and Al proteins in neutrophil lysates. In vitro treatment with
LPS resulted in delayed apoptosis after 12 and 24 h