1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Adv Biol Regul. Author manuscript; available in PMC 2018 January 01.

-, HHS Public Access
«

Published in final edited form as:
Adv Biol Regul. 2017 January ; 63: 140-155. doi:10.1016/j.jbior.2016.11.001.

Sphingolipids in neutrophil function and inflammatory
responses: mechanisms and implications for intestinal immunity
and inflammation in ulcerative colitis

Mel Pilar Espaillat!-2, Richard R. Kew3, and Lina M. Obeid24*

'Department of Molecular Genetics and Microbiology, Stony Brook University, Stony Brook, NY
11794, USA

?Department of Medicine, Stony Brook University, Stony Brook, NY 11794, USA
3Department of Pathology, Stony Brook University, Stony Brook, NY 11794, USA
“Northport Veterans Affairs Medical Center, Northport, New York 11768

Abstract

Bioactive sphingolipids are regulators of immune cell function and play critical roles in
inflammatory conditions including ulcerative colitis. As one of the major forms of inflammatory
bowel disease, ulcerative colitis pathophysiology is characterized by an aberrant intestinal
inflammatory response that persists causing chronic inflammation and tissue injury. Innate
immune cells play an integral role in normal intestinal homeostasis but their dysregulation is
thought to contribute to the pathogenesis of ulcerative colitis. In particular, neutrophils are key
effector cells and are first line defenders against invading pathogens. While the activity of
neutrophils in the intestinal mucosa is required for homeostasis, regulatory mechanisms are
equally important to prevent unnecessary activation. In ulcerative colitis, unregulated neutrophil
inflammatory mechanisms promote tissue injury and loss of homeostasis. Aberrant neutrophil
function represents an early checkpoint in the detrimental cycle of chronic intestinal inflammation;
thus, dissecting the mechanisms by which these cells are regulated both before and during disease
is essential for understanding the pathogenesis of ulcerative colitis. We present an analysis of the
role of sphingolipids in the regulation of neutrophil function and the implication of this
relationship in ulcerative colitis.
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1. Introduction

In the last three decades, it has become evident that sphingolipids are essential and critical
regulators in the cell. The focus on bioactive sphingolipid research in signaling mechanisms
has expanded from its origin in PKC regulation to multiple biological processes in
immunity, inflammation, cellular growth, differentiation, proliferation, apoptosis,
metabolism, and related pathologies (Abdel Hadi et al., 2016; Hannun et al., 1986; Hannun
and Obeid, 2008; Pyne et al., 2016). Sphingolipids comprise a large class of structural and
bioactive lipids that are metabolized in an interconnected network regulated by a large
family of enzymes. Among the biologically active sphingolipids, sphingosine-1-phosphate
(S1P) is one of the most characterized in immune and inflammatory processes. S1P
regulates the differentiation of immune cells, production of inflammatory mediators and is
an established regulator of immune trafficking. S1P can bind and activate five G-protein
coupled S1P receptors (S1PR1-5) to mediate intracellular signaling and regulate cell
function. The critical role of S1P and other sphingolipids in inflammation is underscored by
the approval of FTY720 for the treatment of multiple sclerosis. FTY720 is a sphingosine
analogue that alters lymphocyte trafficking by sequestering cells in secondary lymphoid
organs preventing their migration towards sites of inflammation and delaying their return to
the circulation. Upon phosphorylation by sphingosine kinase 2 (SK2), FTY720-phosphate
functions as an agonist and modulator of G-protein coupled S1PRs, primarily S1IPR1 in
lymphocytes (Blankenbach et al., 2016). Modulators of S1PR signaling can have implication
for diseases characterized by excessive lymphocyte recruitment such as inflammatory bowel
disease (IBD) (lzzo et al., 2016; Rivera-Nieves, 2015). In fact, promising results in current
clinical studies support the notion that sphingosine-1-phosphate (S1P) signaling and other
sphingolipid metabolites may be involved in regulating inflammation in ulcerative colitis
(UC) (Kunkel et al., 2013). The pathogenesis of UC is characterized by disruption of the
innate and adaptive immune mechanisms that maintain intestinal homeostasis (Dieleman et
al., 1998; Neurath, 2014). As effectors of innate immunity that can direct adaptive immune
function, neutrophils represent an important research area in homeostasis of the gut.
Neutrophils require regulation at multiple points to avoid collateral tissue damage during
intestinal inflammation. In diseases like UC, characterized by high number of neutrophils in
the intestinal lamina propria, the persistence of these cells contributes to tissue injury and the
cycle of chronic inflammation that ensues. This review will highlight the current and
expanding role of bioactive sphingolipids in UC. We summarize the mechanisms of
neutrophil regulation in health and intestinal inflammation. Finally, we present an analysis of
the scientific evidence supporting bioactive sphingolipids in neutrophil inflammatory
responses, and discuss the implication of this relationship in the pathogenesis of UC.
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2. Sphingolipid metabolism

Ceramide is considered the central metabolite of the pathway and is generated either in a de
novo fashion at the endoplasmic reticulum (ER) or through the metabolism of other
sphingolipids in cellular compartments (Siow et al., 2015). Ceramide structure consists of a
sphingoid backbone N-acylated by one of six ceramide synthases (CerS). De novo N-
acylation first results in the generation of dihydroceramide species of varying acyl chain
lengths before a desaturase catalyzes the final reaction in ceramide synthesis. Subsequently,
ceramides are transported to the Golgi where ceramide is metabolized to sphingomyelin by
sphingomyelin synthase (SMS), to ceramide-1-phosphate (C1P) by a ceramide kinase
(CerK) or to glucosylceramide and complex glycosphingolipids by glucosylceramide
synthase (Carroll et al., 2015). From here, these sphingolipid metabolites can be transported
by membrane transport to different compartments to regulate cellular processes. The reverse
reaction can also occur, where sphingomyelin, C1P and glycosphingolipids can be broken
down by sphingomyelinase (SMase), ceramide phosphatase and glycosidases, respectively,
to increase the pool of ceramide in the cell. Another axis of ceramide metabolism generates
S1P, a critical regulator of immune function. In this pathway, ceramide is deacetylated by a
ceramidase (CDase) to generate sphingosine. Sphingosine is rapidly phosphorylated by
sphingosine kinases (SK1 and SK2) to generate S1P (Snider et al., 2010). Finally, S1P can
be recycled back to sphingosine by the S1P phosphatase (SGPP) or irreversibly degraded to
form hexadecanal and phosphate ethanolamine by the S1P lyase in a reaction that represents
the exit point of the pathway. The cellular compartmentalization of enzymes allows
interconnectivity in the rapid metabolism of sphingolipids and is a key regulatory aspect of
sphingolipid biology (Hannun and Obeid, 2008). Therefore, understanding the axis of
sphingolipid metabolism in different cellular compartments is critical to characterize
sphingolipid mediated regulation of specific biological processes such as inflammation and
the implications for therapeutic application.

3. Pathophysiology of ulcerative colitis

Inflammatory bowel disease comprises multiple disorders of the gastrointestinal tract, with
ulcerative colitis (UC) and Crohn’s disease (CD) representing the two major forms. Both
categories of IBD are characterized by chronic inflammation of the gastrointestinal tract and
exhibit common and distinct clinical and pathological features that can make diagnosis in
some cases inconclusive. Patients can present a range of clinical symptoms including severe
abdominal pain, diarrhea, bloody stool, anemia and weight loss (Danese and Fiocchi, 2011).
IBD patients can experience intermittent periods of active disease, albeit the presence of
low-grade chronic inflammation can still persist. Clinical symptoms serve as the starting
point for diagnosis and, along with histological and endoscopic assessment, serve to
differentiate CD and UC. Crohn’s disease is characterized by discontinuous inflammatory
lesions and deep penetrating ulcers that can occur at any location in the gastrointestinal
track. Ulcerative colitis in contrast is distinguished by continuous inflammatory lesions in
the intestinal mucosa of the distal colon and rectum. Currently, the global burden of UC is
on the rise, with an increased incidence in several regions of the world, primarily in
developing countries. In the United States, the incidence is approximate 20 per 100,000
person-years and the prevalence at approximately 250 cases per 100,000 persons (Muthas et
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al., 2016). Disease progression and chronic inflammation can result in ulceration, mucin
depletion and loss of crypt architecture. Although IBD is considered idiopathic and standard
criteria for clinical diagnosis is still lacking, an understanding of the pathophysiology points
to a complex interplay of multiple factors. The current model suggests a loss of intestinal
homeostasis as a result of persistent immune activation in the intestinal mucosa caused by
host genetics, environmental pressure and perturbations in the gut microbiome (dysbiosis)
(Elson et al., 2005). These factors manifest in a malicious pathological cycle where genetic
mutations in immune or epithelial barrier regulators can increase the susceptibility that the
host will mount an aberrant immune response against the intestinal microbiota. The
inflammatory response directed against luminal antigens from the microbiota can compound
more damage to the intestinal epithelial barrier, sustaining the cycle of inflammation (Abreu,
2010). Specifically how these factors relate to drive the disease is still not well understood
and prolonged disease also increases the risk of dysplasia and colorectal cancer development
(Arthur et al., 2012; Danese and Fiocchi, 2011). Furthermore, a complete makeup of the host
genetics involved in UC is still not well characterized but significant research progress in the
last decade has led to the identification of specific gene loci associated with disease
predisposition. Prominent findings demonstrate a role for genes involved in innate responses
such as nucleotide oligomerization domain 2 (NODZ2) and autophagic regulator ATG16 as
well as adaptive immune components of helper-T-cell types such as interleukin (IL)-10,
IL-13, IL-17 and IL-23 (Liu and Stappenbeck, 2016; Ye and McGovern, 2016). Smoking,
diet, infection, antibiotics and hygiene as well as other environmental factors may also
contribute to UC pathogenesis by altering the gut microbiome and subsequently intestinal
homeostasis (Basson et al., 2016; Zeng et al., 2016). Currently, there are multiple therapeutic
agents in the clinic for treatment of UC. The guidelines for treatment take into consideration
the severity of clinical symptoms; first line of treatment include immunosupressors that
regulate myeloid function like 5-aminosalicylates, corticosteroids, and antibodies against
TNF-a, calcineurin and integrins (Danese and Fiocchi, 2011; Hanauer, 2004; Lim and
Hanauer, 2004). And while these treatment options are available, remission is not
maintained in many patients underscoring the need to clearly understand the molecular
mechanisms that regulate UC pathogenesis for disease prevention and development of
additional innovative therapies.

4. Bioactive sphingolipid signaling in ulcerative colitis

The discovery of S1P as a regulator of immune cell trafficking and the development of S1IPR
modulators for the treatment of multiple sclerosis, opened many avenues of exploration for
bioactive sphingolipids in inflammatory diseases (Snider et al., 2010). The premise that UC
pathology is driven by an excessive recruitment of immune cells in the intestinal mucosa
provided a strong rationale for investigating the role of SK/S1P in UC. Examination of
clinical specimens from colitis patients found increased expression of SK1 in the intestinal
epithelium (Degagne et al., 2014; Snider et al., 2010). The role of SK1 and S1P signaling
has been investigated in multiple murine models of UC caused by acute or chronic intestinal
injury and inflammation (Abdel Hadi et al., 2016; Snider et al., 2009) (Duan and Nilsson,
2009; Perse and Cerar, 2012). SK1 was identified as a regulator of disease mechanisms in
dextran sulfate sodium (DSS)-induced colitis, as genetic deficiency or pharmacological
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inhibition protected mice from intestinal injury and systemic inflammation (Fig 1) (Snider et
al., 2010) (Maines et al., 2008). Circulating S1P levels were also increased in DSS-induced
colitis and no significant compensation from SK2 was observed (Snider et al., 2010).
Mechanistically, protection was correlated with decreased colon levels of the enzyme
COX-2, an inflammatory mediator in colitis shown in previous studies to be regulated by
SK1 in response to TNF-a. (Pettus et al., 2003). Reduced neutrophil infiltrate was also
observed in the inflamed colon of SK1 knock out (KO) mice (Snider et al., 2010).
Additional studies aimed at characterizing the tissue specific function of SK1 demonstrated
that hematopoietic-derived SK1/S1P is responsible for neutrophilia in DSS-induced colitis
while extra-hematopoietic SK1 promotes the induction of COX-2 (Snider et al., 2014). On
the contrary, genetic deletion of SK2 /n vivo provided no protection in DSS-induced colitis.
SK2 deficiency in fact exacerbated tissue damage and production of inflammatory cytokines,
suggesting that SK2 may have a protective role in UC (Fig 1) (Liang et al., 2013). While
SK2 has been found to mediate phosphorylation of FTY720 for modulation of lymphocyte
egress (Kharel et al., 2005), it seems plausible that S1P signaling in immune responses is
multifaceted and thus several metabolic pathways of S1P regulation may exist in different
tissues or even in different subcellular compartments driving these cellular processes. To
characterize these pathways, multiple studies have aimed at investigating the role of various
sphingolipid enzymes that regulate directly or indirectly the levels of S1P. Recently, it was
shown that S1P lyase deletion in the epithelium exacerbated colitis and inflammation,
demonstrating that epithelial production of S1P is detrimental during inflammation (Fig 1)
(Degagne et al., 2014). Since S1P levels are also regulated by the activity of S1P
phosphatases, the function of both isoforms, SGPP1 and SGPP2, was investigated in DSS-
induced colitis. Only SGPP2 deficiency mitigated the inflammatory injury and decreased the
levels of inflammatory cytokines, whereas SGPP1 had an opposite role (Fig 1). While
SGPP1 is ubiquitously expressed, SGPP2 expression is mainly limited to the stomach and
colon and interestingly, intestinal and circulating S1P were only regulated by SGPP2 (Huang
et al., 2016).

FTY720 administration suppresses DSS-induced colitis and the activation of inflammatory
pathways in SK2 KO mice, demonstrating that FTY720 immuno-modulatory function is not
dependent on SK2. Modulation of S1P/S1PR1 signaling with FTY720 also attenuated
inflammation in a model of spontaneous colitis using IL-10 KO mice due to sequestration of
lymphocytes in secondary lymphoid organs. Lymphocyte sequestration resulted in decreased
numbers of CD4* T-helper cells in the inflamed intestine, accompanied by decreased
production of IFN-y while no regulation of T cell differentiation was observed (Fujii et al.,
2006; Mizushima et al., 2004). Follow up observations have shown that in fact FTY720-
mediated immunosuppression is also influenced by the induction of CD4* CD25* regulatory
T cells and production of suppressor cytokines IL-10 and TGF-p (Daniel et al., 2007;
Sawicka et al., 2005; Wang et al., 2004). The application of different models of colitis (DSS
versus 2,4,6-trinitrobenzene sulfonic acid (TNBS)), strongly support the conclusion that
FTY720 regulates different aspects of lymphocyte biology (Degagne and Saba, 2014).
Additionally, FTY720 has been implicated in the regulation of dendritic cell development
and modulation of effector functions such as antigen processing, Th-priming and cytokine
production (Arlt et al., 2014; Idzko et al., 2002; Muller et al., 2005; Radeke et al., 2005).
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Recently, it was shown that regulation of SIPR1 expression represents another mechanism
of altering sphingolipid signaling in colitis. SIPR1 expression is mainly regulated during
chronic inflammation in T lymphocytes. Increased S1IPR1 expression was also observed in
the endothelium, and may represent an activation signal to recruit neutrophils and other cells
from the circulation (Karuppuchamy et al., 2016).

Other pathways of S1P metabolism upstream of SK include the degradation of
sphingomyelin to ceramide by SMases and the subsequent production of sphingosine by
ceramidases. sphingomyelin is a dietary sphingolipid found in eggs, milk and meats and is a
major component of eukaryotic membranes (Zeisel et al., 1986). Treatment of exogenous
sphingomyelin in DSS-induced colitis and IL-10 KO mice results in aggravated tissue
inflammation by promoting cell death of intestinal epithelial cells possibly due to increase
ceramide synthesis and via release of lysosomal protease cathepsin D (Fischbeck et al.,
2011). However, others have published that dietary sphingomyelin promotes an anti-
inflammatory role in DSS-induced colitis in a PPAR-y dependent manner (Mazzei et al.,
2011). PPAR-y is a nuclear receptor known to repress Toll-like receptor (TLR)
inflammatory signaling by macrophages and colonic epithelial cells in UC (Bertin et al.,
2013; Ogawa et al., 2005). While the role of dietary sphingomyelin in colitis remains to be
clarified, regulation of sphingomyelin metabolic enzymes has been implicated in UC (Braun
et al., 2009). Alkaline SMase (Alk-SMase) is expressed by intestinal epithelial cells and its
activity was found reduced in patients with longstanding colitis (Sjogvist et al., 2002).
Consequently, other studies found that Alk-SMase activity increases with a diet rich in fiber
and decreases with a high fat content diet (Cheng et al., 2004). In colitis patients, probiotic
treatment also increases the activity of Alk-SMase and it correlates with a decreased disease
index score (Fig 1) (Soo et al., 2008). Additionally, the role of ceramidases in UC has
recently been investigated. These studies, however, have found that despite the expression of
neutral CDase and alkaline CDase 3 in the intestinal mucosa, these enzymes do not
contribute to S1P-mediated inflammation and actually may have a protective role in UC (Fig
1) (Snider et al., 2012; Wang et al., 2016). Thus it remains inconclusive which sphingolipid
enzymes and metabolites function in connection to drive particular mechanistic signatures of
inflammation in UC.

5. Neutrophil regulation and function in intestinal immunity and

inflammation

Homeostatic regulation of neutrophil development

Neutrophils are polymorphonuclear (PMN) leukocytes best characterized for their effector
function in acute inflammation. As one of the first leukocytes recruited to inflammatory
sites, neutrophils are critical for host protection during infection and their deficiency or
defective function results in severe immunopathologies (Bouma et al., 2010; Lanini et al.,
2016). In humans, neutrophils constitute the major population of circulating leukocytes,
approximately 50-70%, whereas in mice, neutrophils represent only 5-10% of blood
leukocyte population (Fournier and Parkos, 2012; Kolaczkowska and Kubes, 2013; Mestas
and Hughes, 2004). Neutrophils develop from a common myeloid progenitor in the medulla
of the bone marrow and undergo a series of stages during maturation, starting with the
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myoblast and culminating with the PMN cell, in a process regulated by the transcription
factors PU.1 and C/EBPa-C (Kolaczkowska and Kubes, 2013). For mobilization of
neutrophils to the blood, retention factors in the bone marrow have to be inactivated. The
constitutive production of CXCL12 by stromal cells in the bone marrow promotes a
retention signal for neutrophils by interacting with its receptor CXCR4. Gain of function
mutations in CXCR4 are observed in patients with warts, hypogammaglobulinemia,
infections, and myelokathexis (WHIM) syndrome. WHIM patients suffer from severe
neutropenia despite having normal to increased neutrophils in the bone marrow (Christopher
and Link, 2007). At steady state, marginated pools of mature neutrophils can be found in
other peripheral organs besides the bone marrow such as the spleen, liver and lung. It is
suggested that these pools serve as reservoirs for rapid deployment during inflammation
(Summers et al., 2010). Granulocyte colony stimulating factor (G-CSF or CSF-3) is a
multifaceted regulator of innate immunity and the major extracellular regulator of
granulopoiesis. G-CSF drives the production of hematopoietic stem cell (HSC) in the bone
marrow and mobilizes HSC and neutrophils to the blood by negatively regulating CXCL12
production and CXCR4 surface expression (Christopher and Link, 2007). S1P has also been
implicated in the regulation of HSC egress from the bone marrow (Bendall and Basnett,
2013). Furthermore, G-CSF orchestrates the differentiation, survival and proliferation of
neutrophils and influences the priming of mature neutrophils for activation of effector
functions. Deficiency of G-CSF or its receptor G-CSFR in mice results in severe neutropenia
(Bendall and Bradstock, 2014). At steady state, the levels of G-CSF in the plasma are low to
undetectable but rapidly increase during inflammatory stress (Roberts, 2005). G-CSF
production is regulated in the bone marrow stroma and peripheral tissues by multiple cells,
largely tissue myeloid cells, but also endothelial, epithelial, fibroblast and other
mesenchymal cells (Bugl et al., 2012{Bendall, 2014 #160). While various pro-inflammatory
stimuli including LPS, TNF-a, IL-1B, and VEGF can influence the production of G-CSF /n
vitro, the synthesis is primarily driven by the positive feedback axis of IL-23/IL-17A/G-CSF
(Roberts, 2005). This model of granulopoiesis is sometimes refereed as the “turnstile model”
and it suggests that the site of neutrophil clearance would function as the feedback sensor to
regulate the production of neutrophils in the bone marrow (Fig 2) (Bugl et al., 2012). Under
steady state, low numbers of neutrophils transmigrate into tissues but rapidly undergo
apoptosis in the absence of inflammatory stimuli and are cleared by tissue resident
phagocytes - mainly macrophages and dendritic cells. Engulfment of apoptotic neutrophils
will initiate anti-inflammatory signals and down regulate the production of IL-23 by these
tissue phagocytes, negatively regulating IL-17 synthesis by -y6 and NK T cells and
subsequently inhibiting G-CSF production. Mice deficient in adhesion molecules required
for tissue transmigration exhibit neutrophilia since cells are unable to effectively exit the
vasculature and thus create a dysfunctional feedback loop in G-CSF signaling. This
phenotype is also observed in human leukocyte adhesion deficiencies (LAD) (von
Vietinghoff and Ley, 2008). This feedback mechanism also mediates granulopoiesis and
rapid mobilization of neutrophils during inflammation; delayed neutrophil apoptosis in
combination with inflammatory cytokines and TLRs agonists activate the production of
IL-23 by tissue myeloid cells that in a paracrine manner stimulate the turnstile model of
IL-17A-driven G-CSF synthesis. The critical role of macrophages in regulating
granulopoiesis is highlighted by the deficiency of splenic marginal zone and bone marrow
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stromal macrophages. The conditional macrophage deficient model was engineered by
deleting the anti-apoptotic gene cellular FLICE-like inhibitory protein (¢-FL/P) in myeloid
cells using LysM-Cre recombinase technology. Deficiency in these pools of macrophages
resulted in elevated numbers of neutrophils in the bone marrow, blood, peritoneum and
spleen, and increased serum levels of G-CSF and IL-1p. Other studies targeting conditional
deletion of conventional dendritic cells have reported similar findings (Birnberg et al., 2008).
These data indicate that failure of neutrophil clearance at steady state by macrophages or
dendritic cells dysregulates the feedback loop of G-CSF production (Gordy et al., 2011).
Although G-CSF is considered the major driver of neutropoiesis, other not-yet identified
pathways of neutrophil regulation exist, as evidenced by the presence of small number of
neutrophils in G-CSF KO mice (Bugl et al., 2012). Recent data suggests that the commensal
microflora also plays a critical role in neutrophil homeostasis. Germ-free mice display an
even more drastic reduction in peripheral neutrophils than G-CSF KO mice, in a mechanism
independent of G-CSF regulation (Hibbs et al., 2007).

Neutrophil recruitment

Neutrophil recruitment from the vasculature to the tissue is regulated by multiple intrinsic
and extrinsic factors. The endothelial adhesion molecules P-selectin and E-selectin capture
free-flowing neutrophils in the vasculature though ligand binding. Once captured,
neutrophils will roll along the vessel in the direction of the blood flow until inflammatory
stimuli is sensed for priming and activation. Cytokines and chemokines originating from
peripheral tissues line the lumen of the endothelium to prime and subsequently activate
neutrophils. The class of ELR-CXC chemokines that includes CXCL8 (1L-8) in humans and
CXCL1 (KC), CXCL2, and CXCLS5 in mice plays a critical role in neutrophil chemotaxis.
These chemokines are immobilized on the surface of endothelium to form an intravascular
chemokine gradient that is sensed via the neutrophil receptor CXCR2. Priming and
chemokine sensing induces conformational changes in cell surface-expressed integrins on
neutrophils to increase binding affinity to receptors on the endothelium, primarily
intracellular adhesion molecules (ICAM)-1 and -2. Ligation of integrins promotes crawling
and subsequent transmigration of neutrophils through the vasculature cell wall, also known
as diapedesis (Kolaczkowska and Kubes, 2013).

Neutrophil priming and activation

The activity of neutrophils is rapid yet very robust, thus it is regulated in a concerted manner
to avoid unnecessary activation. At steady state, circulating peripheral neutrophils remain
dormant until proper priming and activation signals are implemented. Priming serves to
position neutrophils on “ready” mode and is induced by three major classes of pro-
inflammatory stimuli: (a) pathogen derived molecular patterns (PAMPS) such as formylated
peptide (FMLF), and LPS; (b) host derived danger associated molecular patterns (DAMPS)
and other pro-inflammatory factors such as complement activation peptide C5a, leukotriene
B4 (LTB4), and platelet activating factor (PAF); (c) growth factors and pro-inflammatory
cytokines, primarily G-CSF, GM-CSF, TNF-a, IL-1p, IL-8, and IL-18. Adhesion and
ligation of integrin receptors also has been shown 7n vitroto prime neutrophils (EI-Benna et
al., 2016{Bendall, 2014 #160; Wright et al., 2010). Intracellularly, priming induces the
mobilization of primary granules with pre-formed receptors as cargo for a rapid increase of
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cell surface receptors to detect cytokines, chemokine and other activating signals. Priming
will also stimulate de novo expression of genes critical for neutrophil bactericidal function
and survival.

The activation alarm “is pressed” when sufficient danger is sensed in the form of infection or
tissue injury, resulting in activation of the endothelium and a rapid emigration of neutrophils
into tissue. Activation also induces neutrophil microbicidal and inflammatory mechanisms
for pathogen clearance and is induced by various inflammatory stimuli. The threshold for
activation is determined by the combinatorial stimulation of different agents. /n vitro, some
agonists, such as fMLF and C5a, serve dual roles in priming and activation depending on the
concentration. Other potent activators of neutrophil effector function include opsonized
particles, cell membrane derived arachidonic acid metabolites and the PKC activator phorbol
12-myristate 1-acetate (PMA) (Brandes et al., 2014; EI-Benna et al., 2016; Singel and Segal,
2016). Activated neutrophils engage in microbicidal and inflammatory function, modulation
of adaptive immunity, and reestablishment of homeostasis (Jones et al., 2016). A major
mechanism of intracellular microbial killing is via production of reactive oxygen species
(ROS) by NADPH oxidase (NOX) complex — also termed respiratory or oxidative burst -
and through the activity of myeloperoxidase (MPO) in phagosomes (Panday et al., 2015).
Phagocytic killing is also mediated by the production of antibacterial proteins such as
defensins and lysozyme that can kill pathogens extracellularly when secreted from
neutrophil granules (Coutinho et al., 2008; Kolaczkowska and Kubes, 2013). Neutrophil
derived granules secrete proteases that have a role in proteolytic activation or degradation of
cytokines and chemokines. Highly activated neutrophils can also kill pathogens
extracellularly by releasing neutrophils extracellular traps (NETSs). NETs are composed of
decondensed chromatin, proteins and enzymes such as MPO. NETs immobilize pathogens to
facilitate phagocytosis and also kill them through antibacterial components. In addition,
NETSs function as a scaffold for the trapping of viable, necrotic and apoptotic cells in a
process referred as NETosis and by this mechanism are important regulators in the
resolution of inflammation (Fig 2) (Hahn et al., 2016).

Neutrophil apoptosis

The dynamic relationship between neutrophil production in the bone marrow, release to the
blood and clearance in the peripheral tissues is regulated in a feedback loop mechanism to
maintain a homeostatic balance of cell numbers at steady state and during inflammatory
resolution. At steady state, terminally differentiated neutrophils exhibit a short half-life of 6—
8 hr and die spontaneously by apoptosis. Apoptotic neutrophils in tissues are recognized and
cleared by professional phagocytes while senescent or damaged neutrophils in the
vasculature are eliminated primarily in the liver, spleen and bone marrow (Christopher and
Link, 2007; Kolaczkowska and Kubes, 2013). While resting neutrophils exhibit short life
span, apoptosis in activated cells is delayed, rendering extended life span for the execution
of effector functions. Nevertheless, proper regulation of neutrophil apoptosis is critical for
intestinal homeostasis during infection and immune activation to avoid collateral tissue
damage, as evidenced by the inappropriate regulation that contributes to chronic
inflammation in IBD (Brannigan et al., 2000). Furthermore, apoptosis of activated
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neutrophils prevents other forms of cell death that can lead to the release of DAMPs and
toxic agents that can perpetuate tissue inflammation and injury (Fournier and Parkos, 2012).

Neutrophil protective function in the intestinal mucosa

Gut homeostasis is regulated by the tripartite relationship between epithelial cells, the
microflora and immune system. The intestinal epithelial cells form a physical barrier to
separate the microflora in the gut lumen and mucosal immune cells in the lamina propria.
The equilibrium among these three systems ensures proper immunity towards pathogenic
invaders and tolerance to the commensal microflora. During infection, pathogen associated
molecular patterns (PAMPS) sensing by lamina propria leukocytes and danger associated
molecular patterns (DAMPS) released by damaged epithelial cells activate an inflammatory
program to recruit neutrophils from vasculature. Neutrophils are recruited within minutes,
transmigrating through the activated endothelium towards the chemokine gradient
originating from the local inflammatory site. As part of the innate immune response in the
gut, neutrophils mediate antimicrobial function and release monocyte chemoattractants to
amplify the inflammatory response. Neutrophils can also influence adaptive immunity by
promoting B cell humoral responses and regulating MHC expression and T cell function via
IFN-y (Mantovani et al., 2011; Silva, 2010). Clearance of infection and resolution of the
neutrophil inflammatory response is critical to prevent excessive tissue injury and loss of
epithelial barrier integrity. Proper function of neutrophils during resolution contributes to
intestinal mucosal healing and the maintenance of tissue integrity. During the latter phase of
the acute inflammatory response, neutrophils will switch their transcriptional profile to
produce pro-resolution growth factors and lipid mediators such as lipoxins, resolvins and
protectins. Through the production of resolvin 1 and protectin D1, neutrophils negatively
regulate the recruitment of additional neutrophils to inflamed mucosa. Degradation of
extracellular matrix through the release of proteases like matrix metalloproteinase 9
(MMP9) in combination with phagocytosis of dead cells and bacteria promotes tissue
rebuilding. Intrinsically, infiltrated neutrophils will undergo apoptosis and are subsequently
cleared by macrophages, signaling downregulation of neutropoiesis in the bone marrow
(Jones et al., 2016).

Pathological role of neutrophils in UC

Neutrophil infiltration in the intestinal mucosa is a characteristic of UC pathophysiology and
the degree of persistence and migration across the surface epithelium correlates with disease
severity. The transmigration of activated neutrophils through epithelial paracellular and gap
junctions, and their accumulation in the crypt lumen results in the formation of crypt
abscesses, the characteristic histological lesions of UC. Breaching of the epithelial barrier
increases permeability, facilitating the translocation of luminal bacteria into the lamina
propria (Fournier and Parkos, 2012; Muthas et al., 2016). The persistence of activated
neutrophils in the intestinal mucosa underscores the dysfunction in regulatory mechanisms
of intestinal homeostasis. Evidence suggests that defective neutrophil function is implicated
in UC pathophysiology. Various genes involved in the IL-23/IL-17A signaling axis (e.g.
IL-23, STAT3, IL-12B) have been identified as susceptibility loci in IBD (Lees et al., 2011).
Deletion of STAT3 in myeloid cells promotes increased influx of neutrophils and
development of chronic enterocolitis (Lampinen et al., 2008). Another gene involved in
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increased susceptibility is IL-10, the critical regulator of inflammatory resolution. 1L-10 KO
mice exhibit elevated recruitment of activated neutrophils to the intestinal mucosa due to
increased expression of the chemokine CXCL1 by epithelial cells. This data implies that
development of spontaneous colitis in these mice is in part influenced by aberrant neutrophil
regulation (Song et al., 1999).

However, the role of neutrophils in UC is controversial, likely perplexed by the complexity
of IBD etiology and the multifaceted role of these cells in the intestines. The discrepancy
arises from different studies describing, both, beneficial and detrimental roles for neutrophils
in IBD. The role of neutrophils as effector cells of UC inflammation and pathogenesis is
supported by studies using monoclonal antibody-mediated depletion of neutrophils in DSS-
induced colitis. The results demonstrated that diminished neutrophil infiltrate partially
protected from tissue injury caused by the production of reactive oxygen species (ROS)
(Natsui et al., 1997). Blockade of neutrophil vascular transmigration with antibodies against
adhesion protein Mac-1 also reduced the infiltrate and ulceration in TNBS-induced colitis
(Palmen et al., 1995). In contrast, a follow up study found that depletion of neutrophils using
anti-neutrophil serum worsened inflammation in a murine model of epithelial barrier injury
using DSS- and TNBS-induced colitis. Increased bacterial translocation and morbidity
concurred with the loss of neutrophils in the inflamed mucosa, highlighting the protective
role of neutrophil against opportunistic infections in the gut. This study however, also found
that neutrophil deficiency aggravated chronic T-cell mediated colitis induced by the adoptive
transfer of CD4*CD45RBM 9" lymphocytes (Kuhl et al., 2007). Moreover, depletion of
macrophages and dendritic cells results in increase influx of intestinal neutrophils in DSS-
induced colitis. Neutrophil-mediated tissue injury was inhibited in the absence of all
mononuclear phagocytes, highlighting the coordinated function of myeloid cells in
regulating intestinal inflammation (Fournier and Parkos, 2012; Qualls et al., 2006). Finally,
delayed neutrophil apoptosis in human colonic mucosal tissue has been observed and may
be induced by the elevated levels of G-CSF and GM-CSF in IBD (Noguchi et al., 2001)
(Brannigan et al., 2000; Ina et al., 1999).

6. Sphingolipids in neutrophil regulation

Sphingolipids and oxidative burst: early connections

NOX activation is regulated by PKC8 (Bertram and Ley, 2011; Cosentino-Gomes et al.,
2012) and the search for the biochemical mechanisms underlying this cellular process lead
to one of the earliest reports on bioactive sphingolipids. In 1986 Wilson and colleagues
identified the inhibitory role of sphingosine on oxidative burst, a process known to be
regulated by PKC in human neutrophils (Fig 2) (Wilson et al., 1986). For this study,
cytochrome C reduction was used as a functional readout of oxidative burst in response to
various inducers. This report coincided with the pioneer discovery of sphingosine as an
inhibitor of PKC and the bioactive nature of sphingolipids (Hannun et al., 1986). Additional
studies also implicated sphingosine-mediated inhibition of PKC in the regulation of
lactoferrin secretion from secondary granules (Wilson et al., 1987). Furthermore, while
sphingosine is a major endogenous lipid in neutrophils, its cellular levels are negatively
regulated during neutrophil activation (Wilson et al., 1988). Exogenous sphingosine was
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subsequently used as a tool to establish the role of PKC as an activator of Fcy receptors
(FcyR)-mediated endocytosis (Moraru et al., 1990).

The involvement of bioactive sphingolipids in neutrophil respiratory burst was also
investigated in the context of ceramide. Intracellular ceramide level was increased in
neutrophils stimulated with fMLP (Nakamura et al., 1994) and arachidonic acid- possibly
through the activity of neutral SMase (Robinson et al., 1997). TNF-a. mediated priming of
fMLP responses coincided with the metabolism of sphingomyelin (Niwa et al., 2000). And
although treatment with exogenous C2 ceramide displayed an inhibitory effect like
sphingosine, C2 ceramide function was attributed to phospholipase D (PLD) inhibition and
not to sphingosine generated downstream of ceramide catabolism (Lian et al., 1998;
Mansfield et al., 2002; Nakamura et al., 1994). Modulation of NET formation by ceramide
was recently investigated in response to the estrogen receptor agonist tamoxifen. Tamoxifen
regulated the bactericidal activity of neutrophils by activating PKCC in a ceramide-
dependent manner (Fig 2). In accordance with previous observations, exogenous ceramide
treatment decreased ROS production and oxidative burst but significantly increased
NETosis. In this study, tamoxifen treatment increased C16 ceramide- and to a lesser extent
C24 ceramide - by inhibiting glucosylceramide synthase (Corriden et al., 2015). This recent
observation helped to clarify the relative contribution of ceramide and sphingosine on
neutrophil effector functions upon activation and provided further insight into the different
metabolic pathways and intracellular signaling targets involved.

Dissecting the role of SK/S1P in neutrophil function

Experiments with fMLP demonstrated increased activity of SK1 and production of S1P in
primary human neutrophils and differentiated HL60 cells (Alemany et al., 1999; MacKinnon
et al., 2002 #118). In neutrophils, intracellular [Ca?*] mobilization represents a crucial link
between inflammatory stimuli and downstream activation of cellular responses (Salmon and
Ahluwalia, 2011). [Ca?*] mobilization, degranulation and oxidative burst were blocked in
SK1 knock down experiments and with the SK inhibitors N, A-dimethylsphingosine (DMS)
and D-L-threo-dihydrosphingosine (DHS) (Itagaki and Hauser, 2003; MacKinnon et al.,
2002; Schenten et al., 2011). The involvement of S1P in promoting neutrophil oxidative
burst was corroborated in recent experiments using FTY720, which mediated inhibition of
ROS production in a dose-dependent manner (Wang et al., 2015). More recently, another
group demonstrated that SK1 KO neutrophils showed decreased antifungal activity and the
phenotype is rescued with extracellular S1P (Farnoud et al., 2015).

In contrast to these observations, a follow up study showed that peritoneal neutrophils from
SK1 KO mice exhibited no defect in recruitment in a model of thioglycollate-elicited
peritonitis and in NOX activation upon fMLP stimulation. The discrepancies were not
explained by compensation of SK2, SPP or SPL mRNA expression in these cells.
Furthermore, SK1 KO mice were not protected in chronic inflammation, as demonstrated in
a model of collagen-induced rheumatoid arthritis, leading the authors to conclude that SK1
is not required for neutrophil responses and inflammation (Michaud et al., 2006). This
conclusion was supported by a separate group; bone marrow neutrophils from either SK1
and SK2 KO mice at steady state were quantified and analyzed by flow cytometry. Although
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SK2 KO mice had a reduction of 25% of cells, neutrophil numbers in SK1 KO were
unchanged when compared to control mice. [Ca2*] mobilization was also examined in
response to C5a and fMLP (among other inducers), demonstrating no difference in SK1 or
SK2 KO. NOX activation, chemotaxis, degranulation and cytokine production were all
unchanged in activated neutrophils from all strains. Interestingly, SK2 KO mice exhibited
accelerated morbidity and mortality in a model of S. pneumoniae lung infection, suggesting
a difference in the role of SK isoforms during infection (Zemann et al., 2007). In support of
previous findings, DMS treatment significantly inhibited [Ca2*] mobilization and NOX
activation in WT neutrophils. These results argue against a role for SK1 in neutrophil
function, and although DMS was found to inhibit SK1 (Cuvillier et al., 1996; Yatomi et al.,
1996), the inhibitor displays non-specific effects that may account for its role in neutrophil
oxidative burst (Kim et al., 2005; Xu et al., 2002).

S1P is a pleotropic bioactive lipid involved in multiple pro-inflammatory responses. The
level of S1P in cells is regulated by multiple metabolic enzymes and although SK1 genetic
deficiency does not influence neutrophil function in mice thioglycollate-elicited neutrophils
and bone marrow derived neutrophils (Michaud et al., 2006; Zemann et al., 2007), there is
evidence of selective and compensatory regulation of S1P metabolic enzymes in neutrophil
inflammatory responses (Mechtcheriakova et al., 2007). In contrast to previous work, the
expression and activity of SK1 and SK2 is reciprocally regulated in neutrophils treated with
LPS and TNF-a,, and the same compensation is observed with S1IPP1 and S1PP2
(Mechtcheriakova et al., 2007). This implies that neutrophils have evolved multiple
mechanisms by which to regulate the levels of S1P, and different metabolic axis of
regulation may exist in different subsets of neutrophil and during different inflammatory
environments.

Sphingolipids in neutrophil phagocytosis

Phagocytic killing is one of the two most important antimicrobial mechanisms of
neutrophils. The phagocytic process activates NOX mediated oxidative burst and functions
in concert with humoral mechanisms in innate and adaptive immunity. Phagocytosis requires
opsonization of particles or microorganisms by immunoglobulins (IgG) and complement
proteins. The opsonins can ligate and activate two classes of receptors on the surface of
neutrophils, Fcy receptors that bind the Fc region of 1gG and the complement receptors
recognizing the C3b/C3bi fragments of the complement system. Ligation of these receptors
activates actin polymerization and cytoskeleton rearrangement for pseudopodia formation
and particle engulfment into a phagosome (Dale et al., 2008). Assessment of sphingolipids
in neutrophil phagocytosis showed that elevated production of ceramide correlated with
culmination of the oxidative burst. Moreover, exogenous short chain ceramide and
sphingosine could inhibit 1gG-induced phagocytosis. It was postulated that lipid remodeling
triggered upon Fcy receptor ligation functioned as a switch to turn off phagocytosis. In fact,
ceramide produced by sphingomyelin degradation was found to act on the MAPK signaling
pathway to negatively regulate 1gG-opsonized erythrocytes (Suchard et al., 1997a; Suchard
et al., 1997b). The MAPK pathway is required for the induction of phagocytosis in
neutrophils. In line with this report, others showed that ceramide produced by
sphingomyelin degradation regulates degranulation, a subsequent step in phagosome
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formation (Feldhaus et al., 2002). Increased expression of neutral SMase on the plasma
membrane has also been observed during neutrophil phagocytosis (Hinkovska-Galcheva, V.
et al., 1998; Shamseddine et al., 2015). The role of ceramide metabolism was further
characterized by the identification of CK and C1P function in neutrophils (Fig 2)
(Hinkovska-Galcheva, V.T. et al., 1998; Rile et al., 2003). CK activity on the plasma
membrane was shown to increase upon fMLP priming and phagocytosis of 1gG-opsonized
erythrocytes. These studies found that exogenous C1P could regulate the fusion of
liposomes and suggested a role for CK in regulating phagolysosome fusion (Hinkovska-
Galcheva, V.T. et al., 1998). Fusion and release of granule content into the phagosome is
another critical antimicrobial mechanism in neutrophils (Dale et al., 2008). Neutrophils
express three different types of Fcy receptors, the transmembrane FcyRI and FcyRlIla and
the GPI-anchored FcyRIIIb (Pricop and Salmon, 2002). Ligation of FcyRIlIb receptor
correlates with intracellular calcium [Ca2*] flux. The rise in [Ca2*] is required for actin
cytoskeleton rearrangement and was inhibited by the SK inhibitor DMS (Chuang et al.,
2000). These data demonstrated that various axis of ceramide metabolism could be activated
simultaneously to regulate the complex processes involved in neutrophil phagocytosis.

Regulation of neutrophil migration and recruitment by sphingolipids

Regulation of leukocyte migration is one of the best characterized functions of S1P signaling
(Maceyka and Spiegel, 2014). The increased levels of S1P in the bronchoalveolar lavage
fluid of asthmatic patients suggested a pro-inflammatory role for this metabolite in
pulmonary inflammation. S1P secreted from airway epithelial cells indirectly promoted
neutrophil recruitment by increasing IL-8 production and ICAM-1 expression in A549
alveolar epithelial cells (Fig 2). Paracrine signaling by S1P was mediated by signaling via
the extracellular matrix-regulated kinase 1/2 (ERK1/2) pathway and subsequent activation of
PLD and [Ca2*] flux (Milara et al., 2009). The compartmentalization of S1P in blood and
tissues is a critical regulatory mechanism of lymphocyte trafficking and is dependent on
S1PR signaling (Degagne and Saba, 2014). Lymphocyte egress out of primary and
secondary lymphoid organs is promoted by the high concentration of S1P in blood and
lymph. The irreversible degradation of S1P by S1P lyase manipulates the
compartmentalization of S1P in the blood. Interestingly, while S1P lyase deficiency results
in lymphopenia, neutrophils are elevated in the blood (Schwab et al., 2005; Vogel et al.,
2009). The role of S1P lyase in neutrophil migration was in investigated in S1P lyase KO
mice. The high levels of neutrophils in the blood resulted from a defect in neutrophil
migration to the peripheral tissues, partially explained by decreased expression of adhesion
molecules. Importantly, decreased numbers of neutrophils in tissues disrupted the 1L-23/
IL-17/G-CSF signaling axis of neutropoiesis. This was demonstrated by increased numbers
neutrophils in the bone marrow and spleen and inability to induce thioglycollate-mediated
peritonitis in S1P lyase KO mice. Neutrophilia was partially rescued in SIPR4 and lyase
double KO mice but an intrinsic defect in neutrophil migration towards chemotactic factors
was also observed (Allende et al., 2011). Neutrophilia was also observed in SK1 deficient
mice during pregnancy and correlated high levels of CXCL1 and CXCL2. This study
however found that the combined loss of SK1 with heterozygocity of SK2 expression lead to
increased neutrophil infiltrate into the fetomaternal interphase promoting oxidative damage
and embryo death (Mizugishi et al., 2015). It remains to be answered how the S1P gradient
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in tissues could be altering neutrophil migration. In light of this question, some studies have
shown that modulation of S1P signaling using FTY720 also correlated with decreased
neutrophil recruitment in ishchemic lesions after cerebral stroke. Depletion of peripheral
leukocytes in this model could explain the decreased migration of neutrophils (Czech et al.,
2009). However, the precise mechanism by which FTY720 regulates neutrophil migration in
this and other in vivo studies is largely unknown and awaits further investigation (Finley et
al., 2013; Sun et al., 2016). The cumulative data does suggest that S1P signaling is altering
multiple aspects of neutrophil biology, possibly in a tissue specific manner, and thus
conditional KO models would be useful to characterize these pathways.

Moreover, different pools of ceramide were found to regulate neutrophil migration in murine
autoimmune encephalomyelitis (EAE), a model of multiple sclerosis. Neutrophils are major
effectors of inflammation in EAE, causing demyelination and axonal degeneration at early
stages of the disease (Wu et al., 2010). C24 ceramide generated by CerS2 promoted
increased mMRNA expression of CXCR2 in neutrophils. The induction of CXCR2 by G-CSF
was blocked in CerS2 KO mice (Barthelmes et al., 2015). The same group also reported that,
on the contrary, CerS6 KO exacerbated the development of EAE by enhancing neutrophil
migration and tissue infiltration. The production of C16 ceramide by CerS6 inhibited
neutrophil adhesion, and the expression of CXCR2. They postulated that Cers6 functions to
regulate a feedback regulatory loop to inhibit migration and protects from the onset of
disease (Fig 2) (Eberle et al., 2015).

Sphingolipids in neutrophil apoptosis, a critical checkpoint for tissue homeostasis

Bioactive sphingolipids are established regulators of apoptosis in multiple cells and model
systems. While S1P is implicated in cell survival and proliferation, ceramide and
sphingosine are generally considered pro apoptotic. Both the intrinsic and extrinsic apoptotic
pathways are regulated by sphingolipids. Ceramide generated de novo or upon the
hydrolysis of sphingomyelin or complex sphingolipids can influence apoptotic events
downstream of various stimuli (Tirodkar and Voelkel-Johnson, 2012). In neutrophils, ROS,
Fas ligand and other pro-inflammatory mediators can activate the intrinsic and extrinsic
apoptotic machineries. The intrinsic pathway regulates spontaneous apoptosis while the
extrinsic pathway is regulated by stress. The stimuli present in the inflammatory
microenvironment determines the biochemical pathways that initiate the apoptotic cascade,
but ultimately both pathways converged in the activation of caspases. TNF-a signaling has
dynamic effects in neutrophils depending on the local concentration, regulating apoptotic
pathways, priming and promoting oxidative burst (Wright et al., 2010). Acute TNF-a
treatment in neutrophils resulted in an early production of ceramide followed by generation
of sphingosine at longer time points. Long term TNF-a treatment resulted in DNA
fragmentation, a hallmark of apoptotic cell death (Tirodkar and Voelkel-Johnson, 2012).
Interestingly, exogenous sphingosine and not ceramide was shown to induce DNA
fragmentation in human primary neutrophils and differentiated myeloid leukemic HL-60
cells (Ohta et al., 1995; Ohta et al., 1994). In line with its role in pro survival, S1P
production was detected in alveolar neutrophils in a model of acute lung injury. Inhibition of
alveolar apoptosis is implicated in the pathogenesis of acute lung injury and is regulated by
neutral SMase activity and the dependent production of S1P (Fig 2) (Lin et al., 2011). While
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these studies did not find a role for acid-SMase in stress-induced apoptosis, the enzyme has
been shown to regulate spontaneous apoptosis triggered by ROS. Acid-SMase deficient
neutrophils did not exhibit early production of ceramide and consequently showed delayed
apoptosis in culture (Scheel-Toellner et al., 2004). The role of ceramide in regulating
spontaneous apoptosis was further characterized using mass spectrometry. The early
production of ceramide preceding spontaneous apoptosis was confirmed in these studies as a
result of de novo synthesis of C16 and C24 ceramide and not though the salvage pathway
(Seumois et al., 2007). It is possible that multiple pathways of ceramide regulation are
activated in a stimulus and environment specific context.

CerK/C1P and neutrophils

Ceramide kinase (CerK) has been identified as a critical regulator of immune responses and
its role in neutrophil biology may extend beyond phagolysosome formation (Hinkovska-
Galcheva and Shayman, 2010). CerK deficiency in mice results in severe neutropenia. The
decreased numbers of blood neutrophils coincided with elevated levels of lymphocytes and
did not appear to be due to a migration defect since neutrophil recruitment was not affected
in thioglycolate-induced peritonitis (Graf et al., 2008). Interestingly, CerK KO mice also
exhibited elevated counts of neutrophils in the bone marrow suggesting the possibility that
CerK deficiency regulates neutrophil bone marrow egress (Fig 2). C16 and C18 ceramide
species were significantly increased in the serum of CerK KO, and this was marked by a
concomitant downregulation of dihydroceramide. Since neutrophils are critical immune
effectors in lung infection, the consequence of CerK deficiency was investigated in a model
of pneumonia pulmonary infection and the results indicated that CerK KO mice exhibited
increased morbidity and mortality. Decreased survival in CerK KO mice may be due to
decreased numbers of neutrophils in the lungs or defected antimicrobial function by these
cells. Although the elevated levels of ceramide in serum could promote spontaneous
apoptosis in circulating neutrophils, is not clear from these studies if this would hold true in
the bone marrow or in primed neutrophils (Graf et al., 2008). It was recently reported that
C1P exerts anti-inflammatory effects in human neutrophils in a model of chronic obstructive
pulmonary disease (COPD). Exogenous C1P treatment protected from tissue injury and
significantly reduced the neutrophil infiltrate in the lungs. Mice also presented decreased
levels of pro-inflammatory cytokines IL-18, IL-6, MIP-1 and the neutrophil chemoattractant
CXCL1. Mechanistically, the authors demonstrated that human neutrophils from COPD
patients have increased levels of NFkB-driven IL-8 production and the phenotype is reversed
with C1P treatment (Baudiss et al., 2015; Baudiss et al., 2016).

Sphingolipids in neutrophil related pathophysiology

Much effort has centered on investigating the role of ceramide metabolism in diseases where
neutrophils are important regulators of inflammatory responses. The role of ceramide was
evaluated in an /in vivo model of allergic asthma, showing that inhibition of de novo
ceramide generation using fumonicin B1 attenuated oxidative stress and epithelial cell
apoptosis. Under severe oxidative stress caused by neutrophil activation, DNA damage in
airway epithelial cells activates PARP, a nuclear enzyme and activator of apoptosis and
necrosis (Masini et al., 2008). Fumonisin B1 administration in mice was also reported to
reduce neutrophil infiltration assessed by MPO activity in a model of ischemia and
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reperfusion-induced shock (Cuzzocrea et al., 2008). Chronic airway inflammation is also
characteristic of cystic fibrosis. The hereditary disease is caused by mutations in the cystic
fibrosis transmembrane conductance regulator protein (CFTR). The defective function of the
ion channel transporter contributes to the prevalence of opportunistic infections and
neutrophil-mediated chronic inflammation in the lung. Ceramide accumulation has also been
reported in airway epithelial cells of cystic fibrosis patients (Ulrich et al., 2010). Acid-
SMase-mediated production of ceramide has been implicated in promoting pulmonary
inflammation by recruiting activated neutrophils, and increasing susceptibility of bacterial
infection (Becker et al., 2010). The pathology related to neutrophil inflammation is
ameliorated in humans using a pharmacological inhibitor of acid-SMase or in the Cftr’~/
Smdp™"~ mouse model (Siegmann et al., 2014; Teichgraber et al., 2008). Acid-SMase-
induction of ceramide not only targets epithelial cell apoptosis in the early phase of cystic
fibrosis, it also plays an important role in the high susceptibility of Pseudomonas aeruginosa
infection. Interestingly, during infection, neutrophils are targeted by the 2 aeruginosa
protein pyocyanin that activates the production of ROS, lysosome dysfunction and apoptosis
in an acid -SMase-dependent manner (Prince et al., 2008). P, aeruginosa also accelerates the
release of cytochrome ¢ from mitochondria and the induction of apoptosis, this phenotype is
inhibited in acid-SMase-deficient neutrophils and differentiated HL60 cells (Manago et al.,
2015). Neutrophils represent double edge sword effectors in cystic fibrosis; while their
recruitment in response to tissue damage has detrimental consequences, neutrophil
inflammatory effector functions during £ aeruginosa are critical for host protection.

7. Conclusion and future perspectives

Progress in elucidating the mechanisms that underlie the development of UC is challenged
by the complex and multifactorial pathobiology of the disease. It is now well recognized that
sphingolipids are critical regulators of inflammation with significant potential as targets for
therapeutic intervention in UC and other inflammatory conditions. S1P signaling is
highlighted as an important regulatory pathway in inflammation, but accumulated evidence
suggests that different pools of sphingolipid metabolites may contribute to different cellular
biologies during the complex inflammatory profile in UC. Experimental data indicates that
there is dysregulation of sphingolipid metabolism in UC, which could either take place at the
onset of or is triggered upon inflammation. While both conditions may be operative, this is
an important question that requires further clarification in order to appropriately translate
experimental data into the clinic. The critical role of sphingolipids is further substantiated by
the degree of functional compensation that exits among the metabolic enzymes. Clearly,
tissue specific animal models will help our mechanistic understanding of the conditions that
involve particular enzymes in different tissues and responses.

Neutrophils are an important component of innate myeloid responses in the gut and
important drivers of inflammatory diseases. While neutrophil involvement in mucosal
inflammation is a hallmark of UC, the conditions that promote a beneficial or detrimental
role for these cells in the disease remain controversial. The degree of neutrophil density in
the tissue may be an important determinant of their role in disease (Nathan, 2006).
Calprotectin, a neutrophil derived protein complex, has been identified as a biomarker in UC
and the levels correlate with the degree of neutrophil infiltrate in the gut (Muthas et al.,
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2016; Pruenster et al., 2016). The relevance of calprotectin as a metric of disease index in
UC indicates that the complex regulation of neutrophil infiltration into the tissue may
represent an important research area to block UC pathogenesis. Sphingolipids regulate
multiple aspects of neutrophil biology and dysregulation of sphingolipid metabolism in UC
is marked by alterations in neutrophil function. However, at present, the relationship
between sphingolipid and neutrophils in UC requires further investigation. Deeper
understanding of this relationship will clarify if bioactive sphingolipids regulate the
threshold of neutrophil function in response to environmental cues in the gut. Alternatively,
sphingolipids may impact UC pathobiology by regulating other aspects of neutrophil life
cycle, such as development and differentiation in the bone marrow, regulation of
marginalized pools or migration to tissues. Clearly, these are important research questions
with potential for therapeutic intervention in UC and other diseases characterized by
neutrophil dysfunction.
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Figure 1. Schematic depiction of the relative beneficial (blue) and detrimental (red) contributions
of different bioactive sphingolipid metabolic enzymes in UC pathophysiology

Sphingomyelin synthase (SMS), alkaline sphingomyelinase (Alk-SMase), ceramide synthase
(CerS), alkaline ceramidase (Alk-CDase), neutral ceramidase (N-CDase), S1P phosphatase 1
and 2 (SGPP1 and SGPP2), sphingosine kinase 1 and 2 (SK1 and SK2).
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Figure 2. Bioactive sphingolipids regulate multiple aspects of neutrophil development and
function

Sphingosine kinase 2 (SK2) regulates the number of neutrophils in the bone marrow and
ceramide kinase (CerK) promotes their egress to the blood. Neutrophil priming and/or
activation in the periphery is inhibited by sphingosine. Ceramide synthase (CerS) 2 and
CerS6 reciprocally regulate aspects of neutrophil recruitment to tissues. Chemotaxis is also
regulated by sphingosine-1-phosphate (S1P) via interleukin (IL)-8 production.
Transmigration through endothelial cell junctions is promoted by S1P lyase. In the tissue,
various sphingolipid enzymes and metabolites can regulate neutrophil effector functions,
such as phagocytosis, oxidative stress degranulation and production of neutrophil
extracellular traps (NETosis). Finally, neutrophil apoptosis is inversely regulated by neutral
and acid sphingomyelinases (N-SMase and A-SMase) via different metabolic pathways.
Apoptotic neutrophils are recognized and engulfed by professional phagocytes to regulate
the feedback loop of neutropoiesis via the 1L-23/IL-17A/G-CSF signaling axis. Protein
kinase C (PKC).
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