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Abstract

In sickle cell disease (SCD), misshapen erythracyeoke repeated transient
bouts of microvascular occlusion that is believedetid to end-organ damage. Although
the sickled red blood cell is the inciting factor the pathogensis of SCD, the exact
mechanism of vaso-occlusion is unknown. Interastidretween white blood cells,
platelets, and vascular endothelial cells are bideved to contribute to vaso-occlusion
is sickle cell disease. Vaso-occlusion leads to rcktkeam tissue ischemia, that
eventually resolves and reperfusion to the tisstarms. It is known that ischemia-
reperfusion injury triggers an inflammatory cascé#ua is initiated by the activation of
CD1d-restricted INKT cells and can be inhibiteddnti-CD1d or adenosine,A receptor
(A2aR) agonist treatment.

INKT cells are known to release copious amountsybbkines when activated,
including IFNy. Compared to controls (C57BL/6), SCD mice (NY1Dbgve more
numerous and activated pulmonary iNKT cells anddased pulmonary levels of IFN-
IFN-y is known to recruit effector lymphocytes to aredsnflammation via the IFN-
inducible chemokine — CXCR3 axis. NY1DD mice weoeirfd to have increased levels
of IFN-y inducible chemokines and elevated numbers of yooptes expressing the
chemokine receptor CXCRS3.

Strikingly, treating NY1DD mice with anti-CD1d ahtidy to inhibit INKT cell
activation for only two days reverses baseline muary dysfunction. Anti-CD1d
antibodies decrease pulmonary levels of HFNnd CXCR3 chemokines. Crossing
NY1DD to lymphocyte-deficient Raglmice decreases pulmonary dysfunction. This is

reversed by the adoptive transfer of 1 million NEdlls. Similar to mice, humans with



SCD have increased numbers of activated circulatigT cells expressing CXCR3.
Another method for inhibiting INKT cells is treatmtewith adenosine # receptor
(A2aR) agonists. Treating NY1DD mice a selectives\R agonist, decreased pulmonary
injury.

The results of this study provide the basis forew paradigm to understand the
pathogenesis of pulmonary inflammation and vasduesamn in SCD and have important
translational therapeutic implications. Togethlkeese data indicate that iINKT cells play a
pivotal role in sustaining inflammation in NY1DD ce and that this mechanism may
translate to human disease. By inhibiting CD1drietstd NKT cell activation, it may be

possible to reduce end-organ damage in SCD.
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1. Introduction

1.1. Sickle cell disease

1.1.1. Background

Sickle cell disease is an inherited disorder agighom at least one mutant beta
hemoglobin KBB) allele that results in the formation of sicklentaglobin (HbS), alone
or in combination with another mutation in hemogtolTable 1). Sickle cell disease
consists of all genotypes containing at least acidesgene, in which HBS makes up at
least half the hemoglobin present. Most individualgh sickle cell disease are
homozygotic for the sicklélBB mutation and present clinically defined with secklell
anemia (HbSS). Five other major sickle genotypesatso linked to the disease (Table
1). Sickle cell disease is an inherited autosoneessive trait. Among African
Americans, about 1 in 400 births result in the heygous state, sickle cell anemia. Since
individuals with sickle cell anemia make up the ondly of sickle cell disease, the
literature frequently uses the terms sickle celsedse and sickle cell anemia
interchangeably. While all individuals with sickkell disease have similar clinical
symptoms, such as anemia and shortness of breaie symptoms can differ greatly in
severity depending on the subtype. This projecudges on the pathophysiology and

treatment of sickle cell anemia in the contextiokle cell disease.



Sickle cell disease

Genotype

Phenotype

Sickle cell anemis

(HbSS)

1\ Homozygous for sickléiBB mutation

Moderate — severe

HbSR° thalassemia

Double heterozygous for siciBB
and B° HBB (point mutation tha
results in no beta hemoglobin chai

mutations

Moderate — severe
[

NS)

HbSC

Heterozygous for sicki¢BB mutation
and HBB mutation that results i

formation of HbC

Intermediate

HbSP* thalassemia

Double heterozygous for siciBB
and B HBB (point mutation tha
results in some beta hemoglok

chain) mutations

Mild — moderate

[

n

HBS/HBE Syndrome

Heterozygous for sickldBB and
HBB mutation that results in formatia

of HbE

Very mild

n

Table 1. Variant sickle cell syndromes




1.1.2. Molecular context

Hemoglobin is a tetramer of globins, which changeughout development.
Fetal hemoglobin (HbF), which has been shown tprogective in sickle cell disease, is
a tetramer otri- and - globins ¢2() (Watson J et al., 1948). The switch from HbF to
adult hemoglobin (HbA,a,f,) occurs around six weeks after birth, at whichetim
individuals typically develop clinical signs and nggtoms of sickle cell disease
(Bainbridge et al., 1985). Sickle hemoglobin (Hb&8$>,) is caused by a point mutation
(GAG > GTG) in thep-globin gene KIBB) that changes the sixth amino acid from
glutamine to valine. The abnormal position of (k€ valine on the outside of thg
tetramer allows it to adhere to tfe85 phenylalanine and tfe88 leucine on adjaceft
tetramers. HbS is poorly soluble when deoxygenated in hypoxic conditions HbS
polymerizes reversibly to form a gelatinous netwofKibrous polymers that stiffen the
erythrocyte membrane, increase viscosity, and calede/dration due to potassium
leakage and calcium influx (Figure 1) (White, 1974)

While the generation of mutant HbS is a monogene¥ient, the phenotype of
sickle cell disease is multigenic (Bainbridge et #085; Cohen et al., 2004). Since the
severity of the disease varies greatly betweernviddals with sickle cell disease and
between those individuals who have the same sizledisease subtype, it is believed
that additional genes participate in the patholofjihe disease, possibly including genes
that regulate cytokine production, endothelial aitve and platelet activation. It has
been proposed that after these pleiotropic gereeaated, specific polymorphisms may

be identified that will help to define an individigarisk (Stuart and Nagel, 2004).



Figure 1. Sickle red blood cell characteristics

(A) Sickled red blood cells showing various morph@eg(top to bottom): granular,
classic sickle, holly shaped, irreversibly sick(@&thite, 1974). B) Electron microscopy
of a sickled red blood cell reveals highly ordepedymer domains, as seen from the side
(bottom) and on the end (middle) or highly disoigad domains (top) (White, 1974).
(C) Blood smear from an individual with sickle celseaseArrows indicate sickled red

blood cells.



1.1.3. Clinical manifestations

The predominant clinical features of sickle cefledhse include hemolytic anemia,
episodic painful events (vaso-occlusive crisisyoait organ deterioration, and various
acute complications (Hebbel, 2005). The clinicalnifestations of sickle cell disease
vary greatly between and among the major sicklediskase subtypes. Virtually every
organ system in the body is subject to vaso-oawmhysiwhich accounts for the
characteristic acute and chronic multisystem failoirthis disease.

Chronic hemolytic anemia is one of the hallmarksickle cell disease. Sickled
red blood cells have a lifespan of 17 days (nofifedpan is 120 days) and are destroyed
randomly (McCurdy, 1969). A constant degree of higtimanemia may be exacerbated
by additional events, such as exercise, aplasse<i(transient arrests of erythropoiesis
due to parvovirus B19), acute splenic sequestratiyperslenism and autoinfarction),
acute hepatic sequestration, chronic renal dis€dsereased erythropoietin), bone
marrow necrosis, deficiency of folic acid or ircand delayed hemolytic transfusion
reactions (Hebbel, 2005; Stuart and Nagel, 2004).

An episode of acute pain in a patient with sicld# disease is called "sickle cell
crisis," coined in 1965 by Diggs, who used the egpion "crisis” to refer to any new
rapidly developing syndrome in a patient with séckkell disease (Diggs, 1965). Vaso-
occlusive crisis is due to episodic microvesselusion at one or many sites that causes
pain and is accompanied by local inflammation (&t@ad Nagel, 2004). The basic
mechanism is believed to be vaso-occlusion of thkeebmarrow vasculature, causing
bone infarction, which in turn causes the reledsefammatory mediators that activate

afferent nociceptors (Bunn, 1997). Clinical studiesse shown that individuals with



sickle cell disease who have high pain rates tendie earlier than those with low pain
rates (Stuart and Nagel, 2004).

Virtually every organ system is affected by chroaid acute complications of
sickle cell disease. Since pulmonary pathophysiologsickle cell disease is the focus of
this document, a complete review of organ dysfamctis beyond the scope of this
chapter. Briefly, renal involvement is a common ifestation of sickle cell disease. The
medullary environment has low oxygen tension anghhbsmolality, both of which
contribute to osmotic dehydration of the red bleetls causing polymerization of HbS,
sickling, and vaso-occlusion (Pham et al., 200®e Various nephropathies that affect
individuals with sickle cell disease are believedbe the result of repeated ischemia-
reperfusion episodes to the microvasculature inkideey (Molitierno, Jr. and Carson,
111, 2003).

Also, hepatic dysfunction exists in individuals hisickle cell disease. Chronic
hemolytic anemia contributes to the formation ofrpented gallstones, which are
eventually found in approximately 70 % of individsigRennels et al., 1984). Acute
hepatic crisis is associated with liver ischemid &1associated with a poor prognosis
(Rosenblate et al.,, 1970a; Sheehy et al., 1980)or@h liver disease is thought to be
caused by intrahepatic trapping of sickled red @loells leading to hepatomegaly, liver

dysfunction, and cirrhosis (Rosenblate et al., 70

1.1.3.1. Pulmonary complications

Pulmonary disease is the leading cause of deatltkie cell disease (Platt et al.,

1994). Since the pulmonary arterial circulation ltag oxygen tension and pressure, low



blood velocity, and constricts in response to hyaothe lung environment facilitates the
polymerization of HbS and is highly vulnerable szhemic injury (Platt et al., 1994).
Both acute and chronic pulmonary complications @emon in sickle cell disease.
Acute chest syndrome presents as the radiologippearance of new pulmonary
infiltrate, which can be accompanied by changesbieathing patterns (dyspnea,
tachypnea), chest pain, fever, and leukocytosisafBtand Nagel, 2004). Acute chest
syndrome is predominantly caused by vaso-occlusionnfection (Vichinsky et al.,
1997). Both hypoxia and vasoconstriction contribtdeHbS polymerization and red
blood cell sickling that leads to vaso-occlusiorited microvascular beds and further HbS
deoxygenation and sickling. The major danger ofteaahest syndrome is systemic
hypoxia, which can cause widespread red bloodstefling and vaso-occlusion leading
to end-organ damage (Stuart and Nagel, 2004). @Ghmmuimonary complications are
associated with a poor prognosis and can inclutiersiitial fibrosis, restrictive lung
disease, obstructive lung disease, and pulmonagrgrtgnsion (Aquino et al., 1994; Platt
et al., 1994). Chronic complications are more commo individuals with sickle cell

disease with a history of multiple episodes of aaltest syndrome (Powars et al., 1988).

1.1.4. Pathophysiology

Historically, sickle cell disease has been viewsda disease of red blood cell
abnormalities. For almost a century, sickle cefledse was viewed as a direct result of
HbS polymerization, in which sequential deoxygesmtisickling, and rigidification of
sickled red blood cells, stasis of microvasculaodl flow, and additional sickling led to

painful microvascular occlusion, this was the dogthat drove sickle cell disease



research for decades (Embury, 2004). Recently, Indiseoveries of polymerization-
independent mechanisms have placed sickle celhsksmto the broader classification of
vascular disease. In particular, a new paradigmenasrged that suggests that the wide
spectrum of clinical manifestations of sickle cdisease result in part from chronic
inflammation with abnormal endothelial activatiamdacoagulation (Figure 2) (Chies and
Nardi, 2001; Platt, 2000).

The first indication that inflammation was assoethtvith sickle cell disease was
the discovery that individuals at steady state hamblerate leukocytosis, which has
further been shown to be a risk factor for moryalgderebrovascular incident, and acute
chest syndrome (Balkaran et al., 1992; BuchananGlader, 1978; Castro et al., 1994;
Platt et al., 1994). Also, individuals with sicldell disease at steady state have elevated
levels of C-reactive protein (CRP), fibrinogen, tmnecrosis factos- (TNF-o),
interleukin-1 (IL-1), interferon (IFN-y), interleukin-2 (IL-2), interleukin-6 (IL-6),
thrombin, endotoxin, soluble vascular cell adhesimolecule-1 (sVCAM-1), and
circulating endothelial cells, all of which contutie to the pro-inflammatory hypothesis
(Singhal et al., 1993; Stuart et al., 1994). It hls® been observed that individuals with
sickle cell disease with a predominantly Th1l infltaatory response are more susceptible
to developing severe clinical manifestations thbosé individuals with sickle cell
disease whose immune system is directed towards2apattern (Taylor et al., 1997,
Taylor et al.,, 1999). It has been suggested thaasoméng these cytokines and
inflammatory biomarkers may be used as a measuofiraal severity (Schnog et al.,

1998).



There is also evidence that individuals with siot¢d disease have a chronically
active coagulation system, which has been shovimctease during vaso-occlusive crisis
(Francis and Hebbel, 1994). Clinical evidence hesahstrated that individuals with
sickle cell disease have increased thrombin geperand platelet activation (Tomer et
al., 2001). Tissue factor has also been found taly®rmally expressed on monocytes
and on circulating endothelial cells in individuagh sickle cell disease, supporting the
concept of a hypercoaguable state (Solovey e1@98). This pro-coagulatory phenotype
results in conditions that favor vaso-occlusion.

The vascular endothelium has also been foundritribate to the pathogenesis of
vaso-occlusionln vitro andin vivo assays have demonstrated the abnormal adhesive
properties of sickled red blood cells to the vaac@ndothelium (Sultana et al., 1998;
Swerlick et al., 1993). It has been postulated $iekled red blood cell adhesion to the
vascular endothelium may lead to the productiooxyen free radicals and activation of
the transcription factor nuclear factas-(NF-kp) (Sultana et al., 1998). In turn, NdB-
has been shown to upregulate the transcriptioraabus inflammatory mediators, such
adhesion molecules (E-selectin, VCAM-1, and ICAM-a&ll of which have important
roles in leukocyte adhesion to the endothelium l{&olet al., 1995). Therefore, current
evidence suggests that vaso-occlusion is mediatezhtothelial cell, sickled red blood
cell, and leukocyte interactions, which can lea@ltmd flow abnormalities and ischemic

episodes (Frenette, 2004).
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1.2. Ischemia-reperfusion injury

1.2.1. Background

It is well known that ischemic injury, which is tleessation of blood flow with
immediate oxygen deprivation of cells (i.e. hypoxi@h accumulation of metabolic
products), results in cellular dysfunction, tissigury, and eventually cell death.
Ischemia is a common and important clinical probleeen in many different organ
systems: myocardial infarction (Ml), stroke, ackigney injury, shock liver, mesenteric
ischemia, and systemic shock. Ischemia is also camim all solid organ transplants.
Historically, it was believed that ischemia and sidsequent lack of oxygen was driving
tissue damage and the main goal of therapy wa®dtwre blood flow as rapidly as
possible. However, it is now believed that resiorabf blood flow to the ischemic tissue
is often accompanied by secondary injury, whickniswn as reperfusion injury. In 1975,
Cerraet al. were among the first groups to describe reperfusifury in a canine model
of myocardial infarction (Cerra et al., 1975). Thegted hemorrhagic necrosis when
normal coronary artery perfusion was resumed aft@ious lengths of ischemia.
Ischemia-reperfusion injury is now recognized &sghly complex cascade of events that
includes interactions between vascular endothelioterstitial compartments, circulating
cells, and numerous biochemical entities. Furtheemschemia-reperfusion injury can
be divided into two phases: one, the initial phtéee occurs during ischemia; and two,
the secondary phase that occurs during reperf@sidris accompanied by inflammation.
Currently, the exact mechanisms of ischemia-regasfuinjury are still being elucidated.
While a complete discussion is beyond the scopthiefchapter, some of the principal

mediators will be discussed.
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1.2.2. Mechanisms of ischemia-reperfusion injury

1.2.2.1. Oxidative stress

Ischemia-reperfusion injury is characterized by pheduction of oxygen-derived
free radicals during the initial phase of repeidusiOxidative stress is characterized by
the formation of reactivexygen species such as superoxide anion, hydrogexide,
and hydroxyl radical (McCord, 1985). These molesulen particular thehydroxyl
radical, are highly unstable and react with thst fitructure they encounter, usually the
lipid component of theell membrane. Cell injury produced by lipid pedation can
range from increased permeability to cell lysiseféhare several mechanisms that lead to
the production of reactivexygen species (Figure 3). In one mechanism, pgriafd
ischemia drive the degradation of adenosine triphate (ATP), which results in the
accumulatiorof hypoxanthine and the conversion of the enzynreghiae dehydrogenase
into xanthine oxidase. During ischemia, xanthinédage is inhibited due to a lack of
molecular oxygen substrate. However, upon repanfuiis enzyme rapidly catalyzes the
oxidation of hypoxanthine into superoxide (Kuppugaamd Zweier, 1989; Parks and
Granger, 1986; Parks et al., 1988).

Anothermechanism depends on the NADPH oxidase systemhvidipgresentn
the membrane surface of monocytes/macrophagesppais, and endothelial celland
catalyzes the reduction of oxygen into hydrogeroxiedeand superoxide anion (during
the reperfusion stage) (Badwey and Karnovsky, 19B8¥ue resident macrophages have
been shown to be sources of reactixggen species. For example, Kupffer cells (rediden
liver macrophages) isolated from post-ischemicrv@emonstrated increased superoxide

generatiorin vitro (Caldwell-Kenkel et al., 1991). Neutrophils havsoabeen implicated
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in ischemia-reperfusion injury. Neutrophils haveebebserved in post-ischemic tissue
and it has been demonstrated that blocking infiiraor depletion of these cells has a
protective effect in various models of ischemiaerdpsion injury (Hansen, 1995; Ma et
al., 1991; Ma et al., 1993; Winn et al., 1993). Tdhesion of neutrophils to vascular
endothelium is accompanied by an oxidative burdticlw is a mechanism by which
neutrophils release myeloperoxidase (MPO) and m@dsuperoxide anion by the
NADPH-dependent oxidase (Chen et al., 1995; Jaeseéhkal.,, 1992; Weiss, 1989).
Endothelial cells are highly sensitive to physical forces résgl from blood flow
variation and are able to transform these mechhrfm@es into electrical and
biochemical signals (mechanotransductidhpnsman, 1988). The absence of the
mechanical component of flow durihghg ischemia stimulates membrane depolarization
of endothelial cells with the activation of NADPH oxidase, NB; and

calcium/calmodulin-dependent nitric oxide synth@sleMehdi et al., 1998).
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1.2.2.2. Release of pro-inflammatory mediators

Clinical and experimental studies have shown theatemia-reperfusionf solid
organs such as the kidney, liver, heamd lung induces a rapid release of pro-
inflammatory cytokines, (Table 2) (Gerlach et 4B99; Lemay et al., 2000; Oz et al.,
1995; Serrick et al., 1994). A potential mechanfsncytokine involvement in ischemia-
reperfusion injury is upregulation of N&B- transcription of pro-inflammatory genes. NF-
kB is known to be activated in response to oxidasivess and it has been observed that
levels of pro-inflammatory cytokines are elevatékrareperfusion (Kaul and Forman,
1996; Sun and Oberley, 1996). MB-is a member of the early immediate gene family
and is a primary activator of pro-inflammatory dyitee transcription (including TNle;
IL-1, IL-6, IL-8, PAF, and IFNy). The activity of these pro-inflammatory cytokinies
ischemia-reperfusion injury is varied and complext they are postulated to propagate
the initial xanthine oxidase driven reactivexygen species response and the
accompanying increase in vascular permeabilitysafsequent cell death (Herskowitz et
al., 1995; Suzuki and Toledo-Pereyra, 1994).

The generation of bioactive lipids, which can seag both intra- and extracellular
mediators, has also been implicated in ischemiarfepion injury. Phospholipase,;A
which plays a pivotal role in the generatiortladse lipid mediators, has besgtected in
a wide variety of inflammatory conditions suchisghemia-reperfusion injury (Koike et
al., 2000). The activation of phospholipasediring ischemia-reperfusion injury induces
the production oplatelet-activating factor (PAF), an extraordinandotent mediatoof

inflammation, and mobilizes arachidonic acid frdme membranépid pool, which will
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then be degraded by two major pathwapso eicosanoids (Kim et al., 2000;

Stammberger et al., 1999).
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Cytokine Cell Source Function
TNF-a | Macrophages, lymphocytes Pro-inflammatory
IFN-y | Lymphocytes Pro-inflammatory
MCP-1| Immune cells, lung epithelial cells Macrophage cbtaxis
IL-1B | Macrophages, fibroblasts Pro-inflammatory
IL-2 | Lymphocytes T-cell proliferation

IL-6 | Macrophages, endothelial cells, epithelial celRro-inflammatory

IL-8 | Macrophages, epithelial cells, fibroblasts Neutibphemotaxis
IL-10 | Macrophages, lymphocytes Anti-inflammatory
IL-12 | Macrophages T-cell activation
IL-18 | Macrophages T-cell activation

Table 2. Source and function of cytokines potentigt involved in ischemia-
reperfusion injury
IL: interleukin; MCP-1: macrophage chemoattractpnttein-1; TNF: tumor necrosis

factor
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1.2.3. T-Cells in ischemia-reperfusion injury: expgmental evidence

Historically, the inflammatory response to acuteh@&mia was believed to be
directed by predominantly an innate immune respoBseand T-cells constitute the
major mediators of the adaptive immunity and weogé thought to play a role in the
pathogenesis of ischemia-reperfusion injury. Redatd suggests that this is not the case
and clearly lymphocytes have a significant roldgha response to ischemia-reperfusion
injury in a variety of organ systems. Since theram overwhelming body of literature
that has implicated T-cells in ischemia-reperfusigary pathology, we will only discuss
the major contributions to the field.

In 1994, Schroeteet al., identified an influx of T-cells into the post-fsemic
brain within 24 hours of reperfusion (Schroeteakt 1994). To demonstrate that these
cells were the mediators of brain ischemia-repésfuimjury, Rag?” mice (no mature T-
or B-cells) have been utilized in many models. 00&, Yilmazet al. demonstrated that
RagI” mice, subjected to middle cerebral artery occlusiad significantly reduced
cerebral infarct size and neurologic damage congptrevild-type mice (Yilmaz et al.,
2006). Furthermore, they showed that this injurylddoe reconstituted with splenocytes
from wild-type mice. In the same study, the authalsn showed that mice deficient of
CDS8" T cells, CD4 T cells, and interferon (IFN)-had reduced volume of cerebral
infarct compared to wild-type mice.

T-cells have also been implicated in lung ischema@erfusion injury. Using a
syngeneic lung transplant model in Lewis rats, ded?et al. demonstrated that recipient
CD4" T cells infiltrated lung grafts within 1 hour okperfusion (de et al., 2003).

Furthermore, they demonstrated that T-cell deficirmrde rats (rnu/rnu) were protected
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from developing lung ischemia-reperfusion injuryh& compared to the nude rats,
wild-type rats had a more severe injury as inditdtg decreased oxygenation, increased
peak airway pressures, and higher levels of JFNrthe same study, nude rats that were
reconstituted with T-cells from wild-type rats déymed the same injury pattern seen in
wild-type rats after 12 hours of reperfusion.

T-cells have also been demonstrated to be pathogdaiing myocardial
ischemia-reperfusion injury. Yare al. evaluated myocardial infarct size in Raghice
and controls following 45 minutes of left anterdescending coronary artery occlusion
(Yang et al., 2006). Radlmice had significantly smaller infarct size congsato that of
control mice. After the adoptive transfer of CD#-cells, but not CD8 T-cells, into
RagI” mice, the infarct size was significantly greateart that of the control Ragl
mouse. Furthermore, Rafjlmice reconstituted with CD4T-cells from IFNy"' mice
showed no increase in infarct size indicating ttéd cytokine might be an important
mediator of ischemia-reperfusion injury.

T-cells have also been implicated in hepatic isdheneperfusion injury. In 1997,
Zwackaet al. demonstrated that T-cell deficient (nu/nu) mice saynificantly reduced
injury post-lobar hepatic ischemia-reperfusion asnpared to control BALB/c mice
(Zwacka et al., 1997). They also showed fhativo depletion of CD2 T-cells in wild-
type mice also resulted in decreased injury, ard the adoptive transfer of CDZ -
cells, but not CD8T-cells, into the nu/nu mice restored the injury.

Various studies have also implicated T-cells inatéachemia-reperfusion injury.
In 2001, Burneet al. examined the effects of renal ischemia-reperfugiqury on T-cell-

deficient mice (nu/nu), CD4-deficient mice (CD4 and CD8-deficient mice (CD9
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(Burne et al., 2001). Both the nu/nu mice and CPBut not the CD8, mice had
significantly less injury as compared to wild-typece. Adoptive transfer with T-cells
from wild-type mice into nu/nu mice or with CDH4T-cells into the CDZ4 mice
reconstituted the renal ischemia-reperfusion inpingnotype. Taken together, this body
of work suggests that CD4T-cells are the mediators of tissue ischemia-fepan

injury perhaps through an IFNeytokine driven path.

1.2.4. Ischemia-reperfusion injury in sickle cell sease

As stated above, the pathophysiology of sickle diskkase is believed to be due to
chronic ischemia-reperfusion injury. It has beestplated that vaso-occlusion leads to
the production of oxygen free radicals and actoraf the transcription factor Niks,
which in turn up-regulates the transcription ofieas inflammatory mediators. In sickle
cell disease, oxidative damatgethe blood vessel wall is likely a critical conmamt of
thepathogenesis of vaso-occlusion (Kaul and Hebbdp2®sarogiagbon et al., 2000).
Proposed mechanism$ oxidative damage include the release of xantbixidase from
livers damagetly acute episodic sickling-induced ischemic injusigklered blood cells
that generate reactive oxygen species, raodonuclear cell production of superoxide
anion, which inactivates nitric oxide (Aslan et, &#001; Dias-Da-Motta et al., 1996;
Hebbel et al., 1982). The pro-inflammatory, proguatory, and pro-adhesive phenotype
observed in individuals with sickle cell diseasa& aransgenic mouse models results in
conditions that favor vaso-occlusion and perpetumatf ischemia-reperfusion injury,

which eventually leads to end-organ damage. Curesidence suggests that vaso-
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occlusion in sickle cell disease is mediated byo#imelial cell, sickled red blood cell, and
leukocyte interactions, which can lead to bloodwfl@bnormalities and ischemic
episodes. Therefore, sickle cell disease can bagtitoof as a disease of ischemia-
reperfusion injury and the mechanisms and treatsnét ischemia-reperfusion injury

may be applied to sickle cell disease.

1.3. NKT Cells

1.3.1. Background

In normal individuals, NKT cells comprise a relay minor subset of
lymphocytes (~0.5 % of the T-cell population in thleod and peripheral lymph nodes,
~2.5 % of T-cells in the spleen, mesenteric, antcpaatic lymph nodes, and up to 30 %
of T-cells in the liver) (Bendelac et al., 200f).the mouse, the greatest numbers of NKT
cells are found in the liver, bone marrow, and thgmintermediate numbers in the lung,
spleen, and blood; and the lowest numbers in tmphynode (Eberl et al., 1999; Matsuda
et al., 2000). In a normal inflammatory responseires pathogens it is believed that
NKT cells bridge the innate and adaptive immuneesysby their ability to promptly
release copious amounts of cytokines (Thl or Th2) iateract with a variety of cells
from the innate immune system. For example, althdhg mechanism is unknown it has
been reported that NKT cells provide an early hasitection agains&treptococcus
pneumonia by promoting the trafficking of neutrophils intanaays (Kawakami et al.,
2003). Along with contributing to a normal antinobral response, NKT cells have been
shown to participate in antitumor immunity and thalance between tolerance and

autoimmunity (Brigl and Brenner, 2004).
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INKT cells, also known as type |, express a redclTCR [W14-518 (murine)
or Va24-h18 (human)] that is activated by lipid antigen prgation by CD1d (an
MHC-I like molecule) found on antigen presentindlc€APCs) (Brigl and Brenner,
2004; Trobonjaca et al., 2001). It is believed {GBX1d is present on resting APCs at all
times allowing CD1d and iNKT cells to function arly points during host response to
infection or other challenges. While resting myelbnheage cells express low levels of
CD1d, circulating and splenic B-cells express vielgh levels. Furthermore, CD1d is
also expressed on epithelial cells, parenchymadd,cahd vascular smooth muscle cells.
Within minutes of engagement of the CD1d-lipidhe tnvariant TCR and co-stimulatory
molecules, INKT cells become activated and sedeetge amounts of cytokines (Brigl
and Brenner, 2004). The most well characterizddld@restricted ligand isa-
galactosylceramideafGalCer), a marine sponge-derived glycolipid thpedfically
activates INKT cells. CD1d activation has also bbhgpothesized to occur as a result of
presentation of host lipids that are byproductthefdegradation of necrotic or apoptotic
cells (Boyton, 2008). Type Il NKT cells express maliverse lipid-binding TCRs and are
CD1d restricted but unresponsive deGalCer; type Ill NKT cells have diverse TCRs
(Taniguchi et al., 2003).

Upon TCR activation, iINKT cells rapidly releasedarquantities of cytokines
including IL-4, IL-2 and IFNy, which promote activation of dendritic cells (DCB)K
cells, B cells, and conventional CDdnd CD8 T-cells (Kinjo et al., 2005; Kronenberg
and Gapin, 2002; Mattner et al., 2005; Zhou et 2004). Furthermore, IFN-can
stimulate endothelial, epithelial, neuronal, anchyoid cells to release IFNinducible

CXC chemokines (MIG/CXCL9, IP-10/CXCL10, and ITACACL11), which are potent
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chemoattractants for mononuclear cells that expte§SR3 (i.eactivated NKT, T-, and
NK cells) (Agace et al., 2000; Gasperini et al.999Sauty et al., 1999; Singh et al.,

2007; Thomas et al., 2003).

1.3.2. INKT cells and disease

INKT cells have been implicated in a wide variety disease conditions.
However, at present, the mechanism of INKT celblmement in these diseases has yet
to be determined. Although controversial, INKT séiave been reported to play a role in
mediating type 1 diabetes, systemic lupus erythesuat cancer, asthma, and
atherosclerosis (Forestier et al., 2005; Gombeal.etL996; Lisbonne et al., 2003; Tahir
et al.,, 2001; Tupin et al., 2004). Also recentldKil cells have been implicated in
ischemia-reperfusion injury. In 2006, Lappesal. demonstrated the role of CD1d
restricted NKT cells in mediating liver ischemigsegfusion injury (Lappas et al., 2006).
Mice pre-treated with anti-CD1d (inhibits CD1d-meted NKT cell activation) were
found to have decreased liver injury as compareiddtype treated mice. Furthermore,
they demonstrated that the adoptive transfer of TiNtells into Ragl mice was
sufficient to reconstitute liver ischemia-repertusinjury. Furthermore, in 2007, Et al.
implicated iINKT cells in renal ischemia-reperfusiamury (Li et al., 2007). They
demonstrated protection from renal ischemia-repésfuinjury in mice pre-treated with

anti-CD1d or in transgenic mice that lack iNKT seli18").
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1.4. Adenosine

1.4.1. Background

Under normal conditions, adenosine is a constiglivactive purine nucleoside
that is released from various cells, includingditlasts, epithelial cells, endothelial cells,
platelets, and muscle cells, or it is formed exHatarly by the metabolism of released
purine nucleotides (Figure 4). Intracellular adem@sproduction occurs primarily as a
result of the breakdown of adenosine triphosphatP] in response to cellular energy
demands, with the rate-limiting step being the dsphorylation of adenosine
monophosphate (AMP) by CD73, a 5’-nucleotidase #xasts as a soluble cytoplasmic
enzyme and as an ectoenzyme (Dunwiddie et al., ;18B@mermann, 2000). Upon
release, adenine nucleotides can be rapidly depbogpted by membrane bound
ectonucleotidases (the apyrase, CD39, and CD73) adenosine. Adenosine is
transported between extracellular and intracellultores by both equilibrative
transporters (ENTSs), which mediate the equilibrimin adenosine concentrations by
facilitated transport, and concentrative transpertéCNTs), which allow for the
preservation of adenosine concentration gradiecitgsa cell membranes (Anderson et
al., 1996; Huang et al., 1994; Williams and Janli891). Adenosine is very rapidly
metabolized by extracellular or intracellular adgne deaminase, resulting in the
production of inosine, or phosphorylated by inttdar adenosine kinase to form AMP
(Arch and Newsholme, 1978; Lloyd and Fredholm, )99%&denosine concentrations
vary greatly by tissue and physiological state.dlewan increase dramatically (100-fold)
during metabolically demanding conditions of oxidatstress, hypoxia, exercise, or

inflammation (Latini et al., 1999a; Latini et al999b; Rudolphi et al., 1992b; Rudolphi
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et al.,, 1992a; Vizi et al.,, 2002). In particularypbxia has been shown to inhibit
adenosine kinase, which converts adenosine into AD&Reking et al., 1997).

Extracellular adenosine binds to a G-protein codiplemily of cell surface
receptors known as adenosine receptoks Ma, Az, and A) (Fredholm et al., 2001).
All four types of adenosine receptors have sevemionane spanning-helices with an
extracellular amino terminus and an intracellularboxy terminal tail (Fredholm et al.,
2001). Due to the large size of the adenosine tecepnd their interactions with
membrane lipids, it has proven difficult to obtamich structural information. However,
studies with mutated receptors indicate that rexdmjand interactions occur in helices
3, 5, 6, and 7 (Fredholm et al., 2001). Adenoseteptor expression and effects varies
widely by tissue and subtype (Table 3).

It has been shown that endogenous adenosine hetpre actions for many
organ systems, such as the heart, brain, kidnesletsk muscle, and adipose tissue
(Hasko and Cronstein, 2004). This evidence led Newbhypothesize that adenosine
acts as a ‘retaliatory metabolite” that protectg ttell against excessive external
stimulation (Newby et al., 1985). Therapeuticaladenosine itself has been used to
terminate supraventricular tachyarrhythmias and ascoronary vasodilator for
pharmacological stress imaging. However, due tosktert half-life and non-specific
binding to all four adenosine receptors, the dgwalent of new pharmacological agents
to specific receptors has recently become an istiege therapeutic topic for multiple
conditions, specifically in the treatment of CNSsaiiders, cardiovascular disease,

ischemia-reperfusion injury, and inflammatory dsesa
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Receptor | Coupling Location Agonist Effect
AR G/G, Brain Sedation
Kidney Anti-diuresis
Heart Negative inotropic, preconditioning
A2aR G Striatum Inhibition of locomotion
Vascular smooth muscl Dilation
Inflammatory cells Anti-inflammatory
AR GJGq Mast cells Degranulation, pro-inflammatory
Endothelium Dilation, angiogenesis
Gut epithelium Water secretion
Muscle, liver Glucose formation
AsR G Eosinophils Degranulation, pro-inflammatory

Rodent mast cells

Degranulation

Table 3. Adenosine receptor subtype expression afanction

(Fredholm et al., 2001)
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1.4.3. AaR agonists and inflammation

Recently, it has been shown that adenosine proteotsigh modulation of the
immune system. The AR is expressed on virtually all inflammatory ceit€luding
neutrophils, monocytes, eosinophils, and lymphagytas well as epithelial and
endothelial cells (Gessi et al., 2000). In paracuktudies have shown that activation of
A.aR reduces ischemia-reperfusion injury in the helmg, liver, and kidney by
decreasing neutrophil accumulation, superoxide igeio&, endothelial adherence, and
the expression of adhesion molecules (Harada ,e2@00; Jordan et al., 1997; Okusa et
al., 2000; Ross et al., 1999; Thiel et al., 2008)addition, AxR agonists have been
shown to inhibit the phosphorylation of ZAP70, &ical step in T-cell activation, and
suppress perforin and FASL-mediated cytotoxicitiNi cells (Raskovalova et al., 2006;
Sevigny et al., 2007).

During a response to infection, it is vital to haae active immune response.
However, inappropriately high or prolonged activign result in host tissue destruction.
It is believed that adenosine, which is releasethfdamaged tissues, signals through
AR to inhibit further inflammatory activity and thedry act as an endogenous regulator
of inflammation. Therefore, the development of s$fpecA.AR agonists as anti-
inflammatory compounds has been of great inteeshdny groups and many agonists
have been synthesized (Figure 5). The potent dedts®e AxR agonist ATL146e (4-{3-
[6-Amino-9-(5-ethylcarbamoyl-3,4-dihydroxy-tetrahngdfuran-2-yl)- ~ 9H-purin-2-yl]-
prop-2-ynyl}-cyclohexanecarboxylic acid methyl e¥tkas been showim vivo to exert
protective effects in various models of inflammatiancluding lung transplant, arthritis,

sepsis, and ischemia-reperfusion injury in therjik@ney, and lung (Cohen et al., 2004,
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Day et al., 2003; Day et al., 2004; Gazoni et200Q8; Reece et al., 2005; Sullivan et al.,

2004).
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1.4.3.1. Lung inflammation and the role of AxRs: experimental evidence

Many studies have demonstrated the use gfRAagonists in inhibiting lung
inflammation. In 2002, Fozam al., were the first to report that,ARs were important in
regulating lung inflammation. Following sensitizati and challenge with ovalbulmin,
rats received intra-tracheal injections ofsR agonists (Fozard et al., 2002). They
showed a decrease in the number of eosinophilsiaattophils in the bronchial alveolar
lavage fluid (BALF) in rats treated with the,R agonists and that this effect was
blocked by AR antagonists. Bonnea al., in 2006, treated ovalbumin sensitized and
challenged mice with inhaled ;AR agonists and found decreased infiltration of
neutrophils, eosinophils, macrophages, and lympiescyto the BALF (Bonneau et al.,
2006). Further supporting the role op#Rs in lung inflammation has been the use of
AZAR"‘ mice. In 2007, Reutershahal. demonstrated that,AR agonists inhibited LPS-
induced neutrophil infiltration into the BALF andat AZAR"' mice treated with AR
agonists were not protected (Reutershan et al.7)208lso in 2007 Nadeenat al.,
showed that ragweed-sensitizeghR” mice had increased airway reactivity over wild-
type mice as demonstrated by increased lymphoogtesnophils, and neutrophils in the
BALF (Nadeem et al., 2007). Taken together, thigeexnental evidence demonstrates a
role of ApaR in controlling inflammation in the lung: firstelective AR agonists inhibit
inflammation; second, lung inflammation is increhsa AxR” animals; and third,

A,xR™ animals are not protected by#R agonists.
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1.4.4. Mechanisms of anti-inflammatory effects of &R agonism

Four main mechanisms have been proposed to exghairanti-inflammatory
effects of AxR agonists: increases in oxygen supply/demand ,ragichemic pre-
conditioning and post-conditioning, anti-inflammatoresponses, and angiogenesis
(Linden, 2005). At present, very few of these madtras have been studied in the lung.
The anti-inflammatory effects can be discussed unde broad categories: one, the
biochemical mechanisms; and two, the target cepansible for the anti-inflammatory
actions.

Biochemically, the AaR is linked to Gs, a signaling protein that whetivated
stimulates the formation of cCAMP. The downstreagnaling pathways used by,ARs
vary with the type of cell and the signaling mae&hinthat the cell possesses. Activation
of AzaRs is known to increase mitogen-activated protemases (MAPK), which are
serine/threonine specific protein kinases thataedpo extracellular stimuli and regulate
various cellular activities (gene expression, m#oslifferentiation, and cell survival).
Also, regulation of NRep activity has been proposed as one potential afiimmatory
biochemical mechanism. Nadeeshal. demonstrated that AR mice had increased
phosphorylation of lung «Ba (inhibitor of NF«B nuclear translocation when
dephosphorylated), which resulted in increased laugls of NFip transcription of pro-
inflammatory genes (Nadeem et al., 2007). Supppttiis data, splenocytes fromKR’
mice challenged with LPS were shown to have ina@as)\RNA levels of NFg
associated pro-inflammatory cytokines, and wildetygmimals challenged with LPS pre-
treated with AaR agonists inhibited LPS-induced mRNA cytokine egsion (Lukashev

et al., 2004).
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Understanding of the potential target cell medmtamvolved in the anti-
inflammatory mechanism of AR agonists is derived mainly from studies involving
ischemia-reperfusion injury. Ischemia-reperfusiojuiy is associated with tissue damage
during ischemia and further damage upon reperfusuaring reperfusion, tissues
damage is believed to be mediated by a combinaticeactive oxygen species, nitric
oxide, inflammatory cells, cytokines, eicosanoittee complement cascade, endothelial
cells, and adhesion molecules. Numerous studie® lt®monstrated that the anti-
inflammatory actions of AR agonists on ischemia-reperfusion injury are dueftects
on CD4 T-cells (Day et al., 2003; Lappas et al., 2006nd at al., 2006). Importantly, in
2006, Lappast al. noted that the rapid induction of reperfusiomigjwas not consistent
with the known time course for activation of contienal CD4 T-cells and that injury
must be mediated by a rapidly activated T-cell sullsappas et al., 2006). Their studies
demonstrated that CD1d restricted NKT cells weeeitfitiators of reperfusion injury as

well as the target cell of the anti-inflammatorfeets of AxR agonists.

1.5. Current treatment strategies to limit sickle ell disease pathophysiology

Treatment strategies for individuals with sickldl désease are quite complex and
require close monitoring by health care workersiefBr, current treatment includes
prophylactic and liberal use of antibiotics duriimdections, transfusion therapy, pain
management, and hydroxyurea (Hebbel, 2005). Lihesalof antibiotics has been shown
to significantly reduce the risk of infection andath. However, since the early 1990s,
antibiotic-resistant strains of various bacteriaehamerged (Adamkiewicz et al., 2003).

Repeated transfusion complications include ironrloagl and viral transmission, and
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transfusion therapy has been shown to have limiédae (Hebbel, 2005). The mainstays
for pain treatment include NSAIDs and opiods, hosvdt’has been well documented that
continual use of narcotics can lead to addictiomlolyviduals with sickle cell disease and
undertreatment by healthcare providers (Kirsh e2&i02).

Although studies have shown an overall benefit ydrbxyurea in sickle cell
disease (postulated via stimulation of HbF produmti 10-50 % of individuals do not
respond to treatment (Charache et al., 1995). ueh¢ mechanism of action of
hydroxyurea (inhibition of ribonucleotide reductag®t inhibits DNA synthesis and
repair, which ultimately leads to S-phase cell dgaa major concern is that long-term
hydroxyurea therapy may be carcinogeaicleukemogenic, which has already been
documented in individuals treated witidroxyurea for polycythemia vera (Dalton et al.,
2005). While these therapies have increased thspiin of individuals with sickle cell
disease, morbidity and mortality still remain ralaly high with most individuals dying
prematurely. Therefore, there is a pressing needdw treatments with minimal side

effects.

1.6. Project rationale

As described above there is a plethora of evidehae exists to support the
concept that the pathophysiology of sickle celledse is due to chronic ischemia-
reperfusion injury. The pro-inflammatory, pro-cokgary, and pro-adhesive phenotype
observed in individuals with sickle cell diseasa& @aransgenic mouse models results in
conditions that favor vaso-occlusion and perpetumabf ischemia-reperfusion injury,

which eventually caused end-organ damage. Currgiderece suggests that vaso-
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occlusion in sickle cell disease is mediated byo#imelial cell, sickled red blood cell, and
leukocyte interactions, which can lead to blooavflbnormalities and ischemic episodes
and sickle cell disease can be thought of as aasksef ischemia-reperfusion injury.
However, the exact mechanism of vaso-occlusion iaodemia-reperfusion injury in
sickle cell disease is unknown. As noted aboveenedata suggests that iINKT cells are
the upstream mediators of ischemia-reperfusiormrynjilso, A.aR agonists have recently
been shown to decrease ischemia-reperfusion itgurinhibiting iINKT cell activation.
Taken together, these data suggest that iINKT celly be involved in ischemia-
reperfusion injury in sickle cell disease and tiaiR agonists may be useful in
inhibiting INKT cell mediated injury. Therefore, e following pages we will explore

the mechanism of iINKT cells and,AR agonists in sickle cell disease.
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2. Methods

2.1. Mouse model

Many murine genetic models of sickle cell diseagstéNagel and Fabry, 2001).
There is no single best model and the model yowsthaepends on the questions asked.
In this study, since were interested in investigatisickle cell disease pulmonary
dysfunction at baseline, we needed to utilize a ehad moderate disease. A well
characterized experimental model of moderate sickledisease is the NY1DD mouse

(a"B[BMPP]), which was created by Fabry in 1992 and is hoygoms for a spontaneous

major MDD

deletion of mouse3™-globin locus p"°°) and carries a humaa- and p>-globin
transgeneo 'p°) (Fabry et al., 1992a; Fabry et al., 1992b). Likaividuals with sickle
cell disease at baseline, NY1DD mice exhibit a ipftammatory phenotype that is
believed to contribute to morbidity and mortalitge{cher et al., 2003; Hofstra et al.,
1996; Platt, 2000).

Two locus control regions (LCR), one containing thenana-globin gene and
the other containing the hum@ftglobin gene, were constructed. These constructe we
purified and co-injected into fertilized eggs of BAN mice. The founders, containing
copies of both human genes, were bred with wiletiFB/N mice and the F1 offspring
were screened for the inheritance of the transgefles founders that were able to
transmit both of the transgenes'ff®) were used to make a transgenic line. However,
only 36 % of allp-globins expressed were humgh In order to increase the expression
of humanp® the FVB/N oB° mice were crossed with mutant DBA/2J mice carryéng

spontaneous mougd®°_globin gene deletionHbb®™"). Previous to the cross with the

FVB/N o'B° the Hbb®™™ mice were back crossed for 8 generations with C3&Bmice
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and then bred to homozygosity fdibb™™  Of the resulting offspring, mice
heterozygous for th@™°" deletion ¢"BSpV°]; MD, mouse deletion) had 54 %°
expression and mice homozygous for ##&"°" deletion ¢"'B[p"°°]) had 72.5 %p°
expression. Furthermore, mice homozygous for theama"p° transgene were not
observed, indicating a lethal combination.

Two NY1DD breeding pairs were provided as a gitinfr Dr. Robert Hebbel
(Department of Medicine, University of Minnesota difeal School, Minneapolis, MN).
The NY1DD mice, heterozygous for the hum#? transgene and homozygous for the
mousef™°-globin deletion, were phenotyped by their hemoigldbo-electric pattern.
The observed offspring from breeding mice with teme hemoglobin iso-electric
patterns are 33 9B-thalassemic {"°°) and 66 % heterozygous B [p"°°]). The
heterozygous mice are used for experimentation 1 26-weeks-old) and breeding and
the B-thalassemic mice are euthanized. Congenic 12- Go vieek-old wild-type
C57BL/6J mice (Jackson Laboratory) are used agasrfbr experimentation.

NY1DD x Ragl” and NY1DD x AaR" mice were created by crossing NY1DD
mice with either Ragl or A;aR”™ mice, both on a C57BL/6J background and identified
by PCR for the NY1DD humapr-globin transgene, mou&™" deletion, and the Ragl
" or A;aR™ deletion (Table 4). All animal protocols were apgd by the Institutional

Animal Care and Use Committee of the Universityofinia.
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Gene Primer Sequence (5" - 3)
Human B° | Forward CATGTGGAGACAGAGAAGACTC
(HBB) Reverse CGAGCTTAGTGATACTTGTGGG
Murine Forward CCCTCTACGGAATGTTATGGTC
pmaer WT Reverse | GAGCCAAGTAGGAAGAAGGTAG
(Hbb-bl) | DAI Reverse| GTGATTAAGCAAAAAGAATTTTTAAGTGTAAATTT
Murine Forward GAGGTTCCGCTACGACTCTG
Rag-1 WT Reverse | TGGATGTGGAATGTGTGCGAG
KO Reverse | CCGGACAAGTTTTTCATCGT
Murine Forward GGGCTCCTCGGTGTACAT
AzaR WT Reverse | CCCACAGATCTAGCCTTA
(AdoraZa) | KO Reverse | TGTCACGTCCTGCACGAC

Table 4. PCR primers for identification of NY1DD backcrosses

DAI: Deletion associated insertion; WT: wild-tygeQ: knock-out.
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2.2. Human subjects

Blood samples were obtained from individuals wiittkle cell disease (HbSS),
ages 19 years and older, as well as age and raohedacontrols. Samples were taken
from individuals with sickle cell disease duringrautine office visit to the Adult
Hemoglobinopathy Clinic at Washington University eshthe participant reported no
more than typical pain. Sickle cell disease diageosere confirmed by hemoglobin
analysis. Age matched African American controls evenealthy employees of
Washington University, who were also appropriateiynsented for study participation.
All human protocols were approved by the InstitaéibReview Board at Washington

University and the University of Virginia.

2.3. Vascular permeability

Pulmonary vascular permeability was evaluated bgpsueement of Evans blue
dye extravasation. Evans blue dye (30 mg/kg bodghte200 ul) was injected i.v. in
anesthetized mice and allowed to circulate for 3@ iMhe chest was opened, the inferior
vena cava transected, and the pulmonary vascultiisteed with 10 ml of saline via the
right ventricle to remove excess intravascular dyke lung lobes were removed,
weighed, homogenized, and incubated in 100 % foricrat 37°C for 24 hours to
extract Evans blue dye. The concentration of Exdne dye extracted was analyzed by
spectophotometry. Correction of optical densitigy for contaminating heme pigments
was performed as previously described, using theatean: Egyo(corrected) =Egyo —
(1.426 XEz40+ 0.03) (Wang et al., 2001). Data is presentedga&vans blue dye per g

lung.
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2.4. Arterial oxygen saturation (% SQ)

Animals were anesthetized and the skin and muscelaver the left chest were
dissected. A left ventricular heart puncture wadgoemed with a heparinized syringe and

150 ul of arterial blood collected for gas analy§lsmetech OPTY' CCA).

2.5. Pulmonary immunohistochemistry and histopathalgical grading

Mice were sacrificed, the chest opened, the infeviena cava transected, the
pulmonary vasculature flushed with 10 ml of saline the right ventricle. The lungs
were inflation fixed with 1 % paraformaldehyde-lysiperiodate (PLP) at a height of 25
cm. Fivepm paraffin sections were stained with hematoxyhd aosin (H&E). Sections
were hydrated and incubated with Antigen Unmask8adution (Vector) for antigen
retrieval and counter stained with hematoxylin. ke of histopathological changes
was performed by a blinded pathologist using a frextlihistological scoring system as
previously described (Belperio et al.,, 2002a; Inkanat al., 2001). Two criteria were
used for scoring: capillary congestion and alvewlall thickness. Sections were graded
by assigning a score: 0, absent; 1, mild; 2, mdadef severe; and 4, very severe. The
individual scores were combined to obtain an oVesabre ranging from 0 to 8. The
mean was generated for each group of animals (8&etons from each lung, four lungs

per group) to generate a cumulative histologicafesc
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2.6. Unrestrained whole body plethysmography

Frequency of breathing and tidal volume were evabliasing unrestrained whole
body plethysmography. Mice were placed into catdmtaplexiglas chambers that were
connected to a direct airflow sensor (Buxco MaxBuxco Electronics, Inc). Airflow
through the chambers was maintained at 70 ml/mire flow signals were recorded
using IOX software (EMKA Technologies). Respiratdonction was recorded for 20

min and averaged following a 20 min adjustmentqukri

2.7. Peripheral blood smear

Blood was obtained via retro-orbital bleeding amé drop was placed onto the
end of a glass slide. Quickly a blood smear (1 leslér thick) was created by passing

another glass slide over the blood droplet (Figire

2.8. Tissue preparation

Animals were anesthetized, the chest wall openadl tlze inferior vena cava was
transected. The mouse was perfused with 15 mlesaim the left ventricle to remove
non-adhered intravascular cells. Organs were retch@rel minced. Lungs and livers
were incubated in digestion buffer (1 mg/ml collagge type la, 60 U/ml hyaluronidase
type I-s, 60 U/ml DNasel, 2 pl/ml BD GolgiPlug™)r f45 min at 37°C. Single cell

suspensions were created by passing tissue theod@hum cell strainer.
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Figure 6. Peripheral blood smear technique
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2.9. Immunostaining of cells for flow cytometry

Purified murine cells were washed twice (1 % BSARBS) and erythrocytes
were lysed (Biolegend). Cells were washed and peswded at 1 X Tcells/ml in 100ul
of staining buffer (1 % BSA, 0.1 % sodium azideHBS). Non-specific Rcreceptor
binding of labeled antibodies was blocked by ind¢idmawith CD16/32 (clone 93) for 10
min prior to primary antibody staining. iINKT cellgere stained first with the anti-mouse
aGalCer-analog (PBS57) loaded CD1d tetramer (costwedre stained with unloaded
CD21d tetramer) for 30 min at room temperature mdark. Other leukocytes were then
incubated for 30 min at #C with various cell surface markers and a fixable
LIVE/DEAD® stain was used for viability (InvitrogénCells were then washed, fixed,
and permeabilized for intracellular staining.

Alternatively, 100 pl of whole human blood was s&l. iINKT cells and other
markers were stained as described above. Howewengdiately after non-bound cell
surface markers and the fixable LIVE/DEAD ® staierer washed off, red blood cells
were lysed. Cells were then washed, fixed, and pahifized for intracellular staining.

Fluorescence intensity was measured with a CyAn™PAIX 9 Color analyzer
(DakoCytomation) with 405 (450/50, 530/40 emittéltefs), 488 (530/40, 575/25,
613/20, 680/30, 750LP emitter filters), and 6425@6, 750LP emitter filters) nm
excitation lasers. Data analyses were performeld ®libwJosoftware (Tree Star, Inc.).
Gates to determine mouse leukocyte populations werated based upon fluorescence
minus one staining and isotype staining of singev (pulse width), live (Aqud, and
CD45-PerCP (BD; 30-F11) cells. Murine, neutrophils were idéatl as anti-neutrophil-

FITC" (Serotec; 7/4), CD11b-APC-AF75QEBioscience; M1/70), and Ly-6G/GR1-
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Pacific Blué (EBioscience; RB6-8C5). Murine NK cells were idéatl as NKp46-
FITC" (R&D; polyclonal) and CD&Pacific Blué (EBioscience; 500A2). Murine iNKT
cells were identified as CD1d-tetramer-AF64RIH tetramer facility) and CD3Pacific
Blue. Murine CD4 T-cells were identified as CD1d-tetearAF647, CD3-Pacific
Blue’, and CD4-PEAF610 (Caltag; L3T4). Murine CD8 T-cells were identifieas
CD1d-tetramer-AF647 CDZ-Pacific Blué€, and CD8-APCAF750 (EBioscience; 53-
6.7) (Figure 7). Additional surface and intracalubctivation markers used: CD69-PE
(EBioscience; H1.2F3), IFN-PE (EBioscience; XMG1.2), CXCR3-PE (R&D; 220803).
Human iNKT cells were identified as: single (lowmgiwidth), live (Aqug, and CD45-
APCAF750 (EBioscience; RAB-6B2), CD3-PEAF610(Caltag; S4.1), and CD1d-
tetramer-APC (NIH tetramer facility) (Figure 8). Additional diace and intracellular
activation markers used: CD69-PE (EBioscience; FN#EN-y (EBioscience; 4S.B3),

CXCRS3-FITC (R&D; 49801).
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Figure 7. Flow cytometric analysis of murine pulmonary lymphocytes
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2.10. Determination of absolute numbers of leukocgs

Counting beads (Invitrogen) were added to each abmgfore flow cytometric
analysis. After analysis, the absolute number dipuoary leukocytes was determined
from the following formula:

Total # cells per lung = [(# events in gate)*(tatdbeads added)/(# beads

collected)]*dilution of sample

2.11. Cell sorting and quantitative RT-PCR for AaR

Live (DAPI") leukocytes (CD4Y were sorted (FACSVantage SE Turbo Sorter)
based upon cell surface antigens: iNKT cells (CBetchmef, CD3’), NK cells
(NKp46', CD3), and T-cells (CD1d-tetranierCD3). Cells were resuspended in Tri-
reagent (Ambion). RNA was extracted and cDNA waserse transcribed following the
manufacturer's instructions (iScript cDNA SynthdgisBio-Rad). Quantitative PCR was
performed using the Quantitect SYBR® Green PCR(Riagen). Real-time PCR was
performed using the iCycler iQ Real-Time PCR DateciSystem from Bio-Rad using
the supplied software. The thermal cycler tracusriéscence levels over 40 amplification
cycles. A melt curve was performed at the end ehean to verify that there was a
single amplification product and a lack of primé&ndrs. All samples were normalized to
the amount of cyclophilin mRNA present in the san@Data are represented as fold
change compared to C57BL/6 mMRNA expression.

AoaR primers:

Forward: 5-TGGCTTGGTGACGGGTATG-3’

Reverse: 5'-CGCAGGTCTTTGTGGAGTTC-3’
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2.12. Hypoxia-reoxygenation

Mice were subjected to 3 hours of hypoxia (8 % @n)g After hypoxic periods

mice were returned to normoxic conditions for 8-hburs (Kaul and Hebbel, 2000).

2.13. Antibody treatments

2.13.1. INKT cell inhibition (anti-CD1d)

CD1d was blocked by two intra-peritoneal injectiseparated by 24 hours of
anti-mouse CD1d mAb (1B1) at Ldy/g (isotype controls were treated with rlg{s
Mice were sacrificed either 1 day or 5 days after kast injection. Anti-CD1dclone
1B1) and isotype controls were purified from hybnghs in the Universitgf Virginia

hybridoma core.

2.13.2. CXCR3 neutralization

CXCRS3 was neutralized by daily 1 ml subcutaneojections of goat polyclonal
anti-mouse CXCR3 for 7 days. Normal goat serum wased as a control. The
production,characterization, anth vivo efficacy of this anti-CXCR3 seruin mouse

models have been previously described (Belperab. £2002b).

2.14. Measurement of pulmonary cytokines and chemaies

Lungs were perfused, removed, and snap frozenudisgas homogenized in

Complete media and |IFM- (EBioscience), MIG/CXCL9, IP10/CXCL10,
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ITAC/CXCL11, and SDF-1 (CXCL12) were measured byl&A according to the

manufacturer’s protocol (R&D).

2.15. Isolation and adoptive transfer of NKT cells

Ubiquitously GFP labeled C57BL/6 animals (Jacksabdratories) were injected
with polyclonal anti-Asialo-GM1 (40 pl/day; 2 daygjior to isolation of splenocytes to
deplete NK cells without affecting NKT cells. Aftesolation of splenocytes, cells were
passed over a T-cell enrichment column (R&D) andeel cells were incubated with
anti-NK1.1-PE. The cells were washed to remove untoantibody and NK1.1-PE-
labeled NKT cells were incubated with magnetic -&#i beads (Miltenyi Biotech) and
purified by magnetic isolation. By flow cytometramalysis 85 % of the resulting cells
were NKT cells. Based on CD69 expression, the jgari€ells were not activated.

Cells were either left untreated, incubated with #asR alkylating agent, FSPTP
(200  pM)  (5-amino-7-[2-(4-fluorosulfonyl)phenyletivy2-(2-furyl)-pryazolo[4,3-]-
1,2,4-triazolo[1,5-c]pyrimidine), for 30 min, or dabated with vehicle (saline, 2 %
DMSO) (Shryock et al., 1998). One million cells wénjected retro-orbitally 1 day prior
(FSPTP treatment) or 4 days prior to experimentatBuccessful transfer was confirmed

by flow cytometric analysis for GFP positive cells.

2.16. AaR agonist treatment

Three day or 7 day Alzet®-mini pumps containinglA%6e (1 ng/kg/min, 10

ng/kg/min, 30 ng/kg/min) or vehicle (saline, 0.2 @WMSO) were implanted
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subcutaneously at the mid-scapular level into C58BLNY1DD, NY1DD x Ragf, and
NY1DD x A,xR" mice. Animals were sacrificed at various time poiand analyzed for

pulmonary inflammation.

2.17. Measurement of intracellular cAMP

Purified cells were suspended in RPMI 1640 mediuppementedvith 10 %
heat-inactivated FBS and 1 % antibiotic-antimyc@twitrogen). Cells were incubated at
37 °C for 10 minwith 1 U/ml adenosine deaminase ([ADA], irrevergildeaminates
adenosine to inosine) and vehicle or 1 pM rolipram, selective inhibitor of
phosphodiesterase IV ([PDE4], inhibits the breakd@ivintracellular cAMP), and in the
presence or absenoé 100 nM ATL146e (Sullivan et al., 1995; Sullivan al., 2001).
Cells were then lysed, and intracelluleAMP levels were measured using the
chemiluminescent immunoasssystem for the quantitation of cAMP from mammalian
cells, cAMP-ScreenSystem, according to the manufacturer's protocolppléed

Biosystems).

2.18. Platelet depletions

Platelets were depleted either by chronic (busyléa acute (anti-platelet serum)
treatments. Busulfan (20 mg/kg) was injected ipteaitonealy on days 1 and 4 (vehicle:
polyethylene glycol). Circulating platelet counter& determined on days 7 and 14. By
day 14, 85 % of platelets were depleted. Anti-péateerum (25 pl / day; 1 day) was

injected intra-peritonealy (vehicle: normal goatuse) and circulating platelets were
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counted 24 hours later. Anti-platelet serum treatmesulted in 85 % depletion of

circulating platelets.

2.19. Total soluble collagen (Sircol)

Lungs were perfused, removed, and snap frozersu&isvas homogenized in
Complete media and total soluble collagen was nredshy the Sircol collagen assay

following the manufacturer’s protocol (Biocolor).

2.20. Statistics

Prism software (GraphPad) was used for all stesistinalyses. An unpaireédest
was used to compare two experimental groups. Oneanalysis of variance (ANOVA)
with Neuman-Keuls post-testing was used to compaudtiple experimental groups.
Two-way ANOVA with Bonferroni post-testing was uséd compare experimental
groups to each other and over time. Histologicaldogrg was analyzed with either a
nonparametri¢-test (Mann-Whitney) or a nonparametric Kruskal-¥gakest with Dunns

post-testing. AP-value of <0.05 was accepted as being significant.
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3. Results

3.1. NY1DD mice have baseline organ dysfunction

Several murine models of sickle cell disease witbrntypes that vary in severity
have been developed to model human disease. In sthidy we used the well
characterized NY1DD model that expresses 75 % husiahtobin and 56 % humaa-
globin (Fabry et al., 1992a). While these mice Hasen previously described as having a
relatively mild hematological pathology (i.e. thegve a normal hematocrit), they have
been shown to exhibit baseline organ damage tq liugy, spleen, and kidney (Fabry et
al., 1992a). At baseline, individuals with sickilaisease have various degrees of organ
dysfunction that is often punctuated by periodi@aetbations referred to as sickle
“crises.” A disease exacerbation, or crisis, caso de produced in mice exposed to
endotoxin or transient hypoxia (Fabry et al., 1992bltzclaw et al., 2004). In the current
study we chose to study pulmonary sickle cell disest baseline rather than during crisis
for several reasons: 1) recent findings suggedt tilaasient microvascular occlusion
occurs chronically in a sub-clinical manner in duals with sickle cell disease, and
that end-organ damage and short life-span in sickle disease are often due to the
cumulative effects of repeated bouts of minor isgiceevents; 2) relatively little
attention has been paid to evaluating the natwajrpssion of chronic organ injury in
this model; and 3) the baseline sickle cell disgadenonary phenotype is more stable

and amenable to investigation than are crisis piypes.
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3.1.1. NY1DD mice have gross pathological end-orgalamage

Like humans with sickle cell disease at baselin¥ 1BD mice exhibit a pro-
inflammatory phenotype (increased circulating WB@sp-inflammatory cytokines,
adhesion molecules, and platelet activation) thabdlieved to contribute to morbidity
and mortality (Belcher et al., 2003; Hofstra et 4P96; Platt, 2000). To explore end-
organ damage, we grossly examined NY1DD lung, splieer and kidney for size and
weight as compared to C57BL/6 controls at 8 we€lkgufe 9A-F). Similar to individuals
with sickle cell disease, NY1DD mice displayed hypphied livers and kidneys. Unlike
individuals with sickle cell disease, NY1DD micevkeasignificantly larger spleens. This
is due to the fact that unlike in humans, in migga@medullary hematopoesis occurs in

the spleen causing it to become hypertrophied.

3.1.2. NY1DD mice have hematologic complications

Individuals with sickle cell disease have increasgrculating WBCs that is
believed to correlate with poor prognosis. NY1DDcenialso displayed increased
circulating WBCs (Table 5). However, unlike indiuals with sickle cell disease
NY1DD mice were not severely anemic as their resbdlcell parameters fell within
normal limits. Upon examination of NY1DD peripheldbod smears various red blood
cell morphologies were found, including sickledrget, tear drop, stomatocyte,
elliptocyte, and reticulocyte (Figure 10). Alsogaggates of red blood cells were found

(Figure 10).
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Figure 9. NY1DD mice have gross pathological end-gan damage

Representative images A)(lungs, B) spleen, C) kidney, and D) liver from 8 week
old C57BL/6 and NY1DD male miceEf NY1DD animals weigh significantly more
than C57BL6 mice at 8 weeks of age) 8 week old NY1DD animals have significantly
heavier organs than age matched C57BL/6 mice. data analyzed by an unpairéd

test. *,P=0.001; **, P <0.0001; aP =0.036; bP =0.0002; cP =0.0005; dP =0.0004.
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C57BL/6 NY1DD P-value
(n=17) (n=13)

Total Leukocytes (1ul) 3.22 (0.19) 7.17 (0.32) <0.0001
Neutrophils (16/ul) 0.73 (0.06) 2.00 (0.11) <0.0001
Lymphocytes (18ul) 2.08 (0.15) 4.74 (0.28) <0.0001
Monocytes (18/ul) 0.07 (0.01) 0.40 (0.04) <0.0001
Red Blood Cells (1%u1) 9.60 (0.17) 10.28 (0.26) 0.043
Hemoglobin (g/dl) 15.32 (0.17) 14.06 (0.43) 0.0088
Hematocrit (%) 45.34 (0.28) 39.66 (0.99) 0.0055
Mean Corpuscle Volume (fl) 43.50 (0.17) 38.6219.2 <0.0001
RBC Distribution Width (%) 17.26 (0.15) 21.28 (B)1 <0.0001
Platelets (18ul) 830.8 (32.5) 950.6 (40.3) 0.028
Mean Platelet Volume (fl) 4.44 (0.05) 5.15 (0.06) <0.0001

Table 5. Baseline hematological parameters in NY1Dbnice

EDTA anti-coagulated blood was analyzed for congplgibod counts with differential
(Hemavet). Data represents mean (standard ertbieahean). Data were analyzed by an

unpaired-test. RBC: red blood cell.
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Figure 10. NY1DD mice have abnormal red blood cethorphologies

Peripheral blood smear from a control C57BL/6 mowgh normal appearing red blood
cells (bi-concave discs). Peripheral blood smeasefthree NY1DD mice depicting
abnormal red blood cell morphologies: sickle, ¢tigyte, target, stomatocyte, tear drop,

and reticulocyte. Also indicated is an area oflskxbd cell aggregation.
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3.1.3. NY1DD mice have pulmonary dysfunction and ffammation

Pulmonary disease is the leading cause of deatltkie cell disease (Platt et al.,
1994). Since the pulmonary arterial circulation ltag oxygen tension and pressure, low
blood velocity, and constricts in response to hyaothe lung environment facilitates the
polymerization of HbS and is highly vulnerable szhiemic injury (Platt et al., 1994).
Therefore, we investigated pulmonary dysfunctiobasteline in NY1DD mice.

To determine a baseline pulmonary phenotype, NYIhiBPe were compared to
C57BL/6 mice with various indices of injury. Qudative analysis of lung histology
revealed marked increases in capillary congestiohadveolar wall thickness in NY1DD
mice as compared to C57BL/6 mice (Figure 11A-Cxdilat baseline NY1DD mice had
significantly increased vascular permeability (1#il; P<0.0001) and decreased arterial
oxygen saturation (90 % as compared to 96 % in CHBnice; P<0.0001) (Figure
11D,E). Furthermore, at baseline unrestrained whotey plethysmography revealed that
NY1DD mice had an abnormally high rate of respmatand an abnormally low tidal
volume, compatible with a restrictive ventilatosfect (Figure 11F,G).

To determine if NY1DD mice had intra-pulmonary leaktosis we used flow
cytometric analysis to define white blood cell (WB&bpulations in digested whole lung
tissue. Compared to C57BL/6 mice, NY1DD mice hagaificantly increased number
of pulmonary leukocytes (Table 6). To determine #utivation state of lymphocytes
from the lung, we analyzed surface expression o6€Bnd intracellular expression of
IFN-y, which are both well characterized markers of iNKell activation (Sancho et al.,
2005). At baseline, expression of CD69 and NFMere significantly increased on all

NY1DD pulmonary lymphocytes (Figure 12A-C).
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Figure 11. Lungs from NY1DD mice have baseline histogical injury and impaired
function

(A-C) Representative images of H&E stained cellsrs represent 200um. (F)
Histopathological scores (0-8, see methods) cdledlby analysis of H&E stained mouse
lungs. O,E) Vascular permeability is increased and arteriglgen saturation is reduced
in NY1DD mouse lungs at baseline as compared tdBC&/ (F,G) NY1DD mice have
significantly impaired breathing (decreased tidalume and increased frequency of
breathing) as compared to C57BL/6 mice. Histoldgirading C) was analyzed with a
nonparametrid-test (Mann-Whitney;* P<0.0001). Data §-G) were analyzed by an
unpaired t-test. * P<0.0001. S@ arterial oxygen saturation; FOB: frequency of

breathing; TV: tidal volume.



Cells| C57BL/6 NY1DD
(10°) (n=21) (n=17) P-value
PMNs | 0.19 (0.04) 1.32 (0.33) 0.0031
CD4| 2.10(0.28) 3.12 (0.37) 0.031
CD8| 1.40 (0.15) 2.33(0.32) 0.0076
NK | 2.25(0.31) 4.45 (0.77) 0.0072
iNKT | 0.18 (0.02) 0.43 (0.03) <0.0001

Table 6. NY1DD mice have baseline pulmonary leukotysis
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Flow cytometric analysis was used to determine pualany leukocyte populations and
numbers. Data represents mean (standard erroeah#an). Data were analyzed by an

unpaired-test.
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Figure 12. Lung lymphocytes from NY1DD mice expressncreased markers of
activation (CD69 and IFN-y)

(A) Representative flow cytometry plots of lymphosytderived from C57BL/6 and
NY1DD mice. 8,C) NY1DD mice have increased surface expression D6 and
intracellular expression of IFMdevels on pulmonary lymphocytes. Data were analyze

by an unpairedtest. *P<0.0001; **P=0.0001; *** P=0.0019; **** P=0.0004.
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3.1.4. Conclusions

Our findings confirm that at baseline NY1DD micsplay substantial pulmonary
inflammation and pathophysiology that is manifedigdncreased numbers of pulmonary
leukocytes, impaired endothelial integrity (incregs vascular permeability), and
microvascular occlusion. Histological examinatioh langs from NY1DD animals
revealed striking inflammatory changes. Similardfilgs have been found in post-
mortem specimens from humans with sickle cell dise@daque et al., 2002). We also
found a significant decrease in arterial oxygemrsdion (% SQ) in NY1DD mice. Low
oxygen saturation has been associated with inalepsémonary artery pressures in
individuals with sickle cell disease and is beli@ve be a risk factor for the development

chronic lung disease (Pashankar et al., 2008; R&ahat al., 2009).
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3.2. INKT cells mediate pulmonary inflammation anddysfunction via the IFN-y

inducible chemokine CXCR3 axis

3.2.1. NY1DD mice have increased and activated iINKTells which are further

activated during sickle cell crisis

The NY1DD model has been used to elucidate the abischemia-reperfusion
injury in sickle cell disease. It is believed thd¥1DD mice exposed to 3 hours of
hypoxia (10 % @) followed by reoxygenation (room air) for 4 houesults in acute
vaso-occlusion and subsequent sickle cell crisss, neeasured by an exaggerated
inflammatory response that was not seen in C57Bda@trol mice (no red blood cell
sickling and thus no ischemia) nor in NY1DD miceesed to hypoxia alone, suggesting
that the pro-inflammatory state in NY1DD animalsswdue to reperfusion injury (Kaul
and Hebbel, 2000). In this study, we first subjdctee NY1DD mouse to hypoxia-
reoxygenation to induce sickle cell crisis and stigate whether iINKT cells have an
exaggerated inflammatory response. Then, we uliiine NY1DD mouse as a model to
investigate the role of INKT cells in baseline polmary inflammation and dysfunction
associated with moderate sickle cell disease.

We used fluorescently labeled CD1d tetramers tectigkly label iNKT cells
(defined as tetraméCD3") in the lung, liver, and spleen of C57BL/6 and NDI1 mice,
as well as NY1DD mice subjected to 3 hours of hyaoiollowed by 4 hours of
reoxygenation (Figure 13A). Flow cytometric anadyand counting beads were used to
determine the absolute numbers of iINKT cells aredglrcent of iINKT cells among all
lymphocytes (live, CD45low side scatter cells) in tissues from all miGlative to

C57BL/6 mice, NY1DD mice had increased absolute lmens of iINKT cells in all tissues
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at baseline (Table 7, Figure 13B). In particuladnpnary iINKT cells were increased in
absolute number from 2.2 + 0.3 x*110 3.9 + 0.4 x 1H(P<0.05) and as a percent of all
lymphocytes from 1.3 £ 0.09 % to 3.4 + 0.4 P«(.05) (Figure 13A,B). As compared to
baseline NY1DD mice, NY1DD mice in acute sickle Icetisis had significantly
increased numbers of INKT cells in all tissues adl vas increased percent of all
lymphocytes (Table 7, Figure 13A,B). The absolutenber of pulmonary iINKT cells
was increased to 8.5 + 2.2 x*Hfter hypoxia-reoxygenation, a 2.2-fold change(.05).
To determine the activation state of iINKT cellsnfréhe lung, liver, and spleen,
we analyzed surface expression of CD69 and inttdaellFN-y, which are both well
characterized markers of INKT cell activation (Samet al., 2005). At baseline, INKT
cells from all NY1DD mouse organs displayed sigmwifitly increased levels of both
markers as compared to C57BL/6 mice (Table 7, Egut4A,B). In particular, the
percent of pulmonary iNKT cells positive for IFNncreased from 5 % in C57BL/6 mice
to 37 % in NY1DD mice R<0.05), a difference of 7.4-fold. Organs from NY 1Dice
in acute sickle cell crisis displayed an even fertimcrease in the percent activation of

iINKT cells, both for CD69 and IFN-expression (Table 7, Figures 14A,B).
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Figure 13. NY1DD mice have increased iNKT cells wbh are further activated
during acute sickle cell crisis

(A) Representative flow cytometry plots of INKT celt®m lung, liver, and spleeiiB)
iNKT cells were identified from the live, CD43ymphocyte gate as CD1d-tetrarher
CD3' cells. Compared to C57BL/6 mice, NY1DD mouse ordamge a higher number of
pulmonary iNKT cells. Hypoxia-reoxygenation (3 hrd hrs) increases both the % and
absolute number of tissue INKT cells. Data werelyzeal by one-way ANOVA with

Neuman-Keuls post-testing.Pvalue of <0.05 was considered significant.
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Tissue iINKT cell C57BL/6 NY1DD NY1DD H/R
Lung # (x10) 2.1 (0.3) 4.0 (0.4)* 8.5 (2.1)**
% of lympho 1.3(0.2) 3.4 (0.4)* 4.2 (0.5)
% CD69 40.6 (4.2) 67.5 (1.1)* 76.1 (1.6)
% IFN-y 4.9 (0.7) 37.4 (4.4)* 47.5 (3.7)
Liver # (x10) 2.8 (0.8) 13.5 (1.8)* 38.7 (2.4)**
(Left | % of lympho 12.6 (0.9) 17.1 (1.2) 23.0 (3.9)
Lobe) % CD69 22.3 (2.7) 48.8 (2.1)* 63.6 (1.3)**
% IFN-y 20.7 (1.9) 53.9 (3.8)* 79.9 (6.4)**
Spleen # (x10) 1.1 (0.3) 2.6 (0.5)* 4.6 (0.6)**
% of lympho 1.1 (0.03) 2.2 (0.0)* 2.1(0.2)
% CD69 10.61 (2.8) 28.6 (0.8)* 32.2(1.4)
% IFN-y 5.4 (0.7) 19.4 (1.2)* 34.4 (2.9)**

Table 7. NY1DD mice have increased and activated KN cells which are further
activated during acute sickle cell crisis

iNKT cells were identified from the live, CD43ymphocyte gate as CD1d-tetrarher
CD3". Compared to C57BL/6 tissues, NY1DD mouse tisshweg a higher number of
INKT cells as well as an increased percent of tdyaiphocytes. INKT cells from
NY1DD mice are more activated as defined by higbercent of surface CD69 and
intracellular IFNy. After 3 hours of hypoxia and 4 hours of reoxydemaboth the
number and percent of INKT cells in all organs @aged. Furthermore, the percent
activation of iNKT cells also increased. Data reprégs the mean (standard error of the
mean). Data were analyzed by one-way ANOVA with Man-Keuls post-testing.
P<0.05 was considered significant. * NY1DD vs C578L%* NY1DD H/R vs NY1DD.

H/R: hypoxia-reoxygenation; lymphos: lymphocytes.
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Figure 14. NY1DD mice have activated iINKT cells wich are further activated
during acute sickle cell crisis

(A) Representative flow cytometry plots of iINKT celltigation (CD69, IFNy) from
lung, liver, and spleer{B) iINKT cells from NY1DD mice are more activated afided
by higher percent of surface expression of CD69 iat@cellular expression of IFN-
y. (B) Three hrs of hypoxia followed by 4 hrs of reoxygsma further increases the
iINKT cell activation. Data were analyzed by one-wyOVA with Neuman-Keuls post-

testing. *P<0.05 was considered significant. H/R: hypoxia-ggeaation.
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3.2.2. Inhibition of INKT cells transiently improves pulmonary dysfunction in

NY1DD mice

In order to determine if INKT cells were involved the observed pulmonary
injury, NY1DD mice were treated with anti-CD1d (t@/g/day, 2 days) to inhibit CD1d-
restricted activation of INKT cells. One treatmgnbup was assessed 1 day after the last
anti-CD1d injection and another treatment group assessed 5 days after the last dose.
Treatment of NY1DD mice with anti-CD1d decreasesll#vel of histological pulmonary
injury observed after 1 day€0.05) (Figure 15A-B,D). After 5 days, NY1DD anirsal
reverted to a significantly higher state of inceshpulmonary injury as indicated by
guantitative analysis of histology€0.05) (Figure 15C,D). One day after anti-CD1d
treatment, NY1DD mice had significantly decreasabinonary vascular permeability (3-
fold) as compared to isotype control treated arsn@k0.05) (Figure 15E). NY1DD
animals assessed 5 days after anti-CD1d treatnahtsignificantly elevated vascular
permeability P<0.05) (Figure 15E). One day after anti-CD1d wresit, NY1DD
animals had a significant increase in arterial @ygaturation (95.4 %) that was
decreased at 5 days (92.3 %¥0.05) (Figure 15F). Anti-CD1d treated NY1DD anisal
demonstrated normalized breathing parameters 1 afégr treatment (decreased
respiration rate and increased tidal volume) thas Vvargely reversed at 5 days (Figure
15G).

The pulmonary leukocytosis observed in NY1DD mieeréased to near control
levels 1 day after anti-CD1d antibody treatmentb{(&a8). Five days after anti-CD1d
antibody treatment pulmonary leukocyte counts reddrto pre-antibody treatment levels

(Table 8). One day after anti-CD1d treatment, esgios of CD69 and IFN-in NY1DD
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mice was significantly diminished as compared totyige control treated NY1DD
animals (Figure 16A-C). Expression of CD69 and N-Neturned to pre-antibody

treatment levels 5 days after anti-CD1d injectifffigure 16A-C).
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Figure 15. Treatment with anti-CD1d transiently improves pulmonary function in
NY1DD mice

(A-C) Representative images of H&E stained celbsrs represent 200um. (D)
Histopathological scores (0-8, see methods) cdledlby analysis of H&E stained mouse
lungs. D,E) Vascular permeability is decreased and oxygeuraton is increased 1 day,
but not 5 days, after injection of anti-CD1d antles. G) In NY1DD mice breathing
parameters are improved 1 day, but not 5 days; mfeection of anti-CD1d antibodies.
The lines represent the means + the standard efrtdre mean of baseline breathing
parameters. Histological gradin®) was analyzed by a nonparametric Kruskal-Wallis
test with Dunns post-testing; <0.05. DataE,F) were analyzed by one-way ANOVA
with Neuman-Keuls post-testing. *<0.05. Breathing parameters were analyzed by
two-way ANOVA with Bonferroni post-testing. **P<0.05. Baseline breathing: *
P<0.0001. S@ arterial oxygen saturation; FOB: frequency of atheng; TV: tidal

volume.
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(a) (b) (c)
NY1DD NY1DD
NY1DD 1 day post anti- 5 days post anti-
Cells Isotype CcD1d cDud
(10°) | (n=10) (n=10) (n=5)

PMNs | 1.53 (0.14) 0.84 (0.12) 1.51 (0.31)
CD4 | 2.59 (0.28) 1.04 (0.21) 3.87(0.19)"
CD8 | 2.06 (0.44) 0.66 (0.18)  2.60 (0.27)
NK | 4.64 (0.38) 1.50 (0.22) 2.36 (0.97y

iNKT | 0.38(0.04) 0.20 (0.05) 0.65 (0.21)

Table 8. Treatment with anti-CD1d transiently decreases pulmonary leukocytes in
NY1DD mice

Anti-CD1d was injected (10 pg/g/day; 2 days) amigkiwere harvested either 1 day (a
and b) or 5 days later (c). Data represents mdandard error of the mearP®-values
were calculated by one-way ANOVA with Neuman-Keplsst-testing.P<0.05 was

considered significant. * column a vs b; ** coluvs c; *** column a vs c.
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Figure 16. The activation markers CD69 and intracdular IFN-vy are transiently
decreased after INKT cell inhibition with anti-CD1d

(A) Representative flow cytometry plots of iINKT cetlserived from anti-CD1d-treated
NY1DD mice. 8,C) CD69 and intracellular IFN-levels on pulmonary lymphocytes are
decreased 1 day, but not 5 days after treatmeht aviti-CD1d. Data were analyzed by

one-way ANOVA with Neuman-Keuls post testing?£0.05.
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3.2.3. NYlDD-Ragi' mice are protected from developing pulmonary injuy and the

adoptive transfer of wild-type NKT cells reconstitues injury

The experimental evidence suggesting the involvénoaéniNKT cells in the
pathogenesis of pulmonary injury in the NY1DD moused us to hypothesize that
NY1DD x Ragl™ mice (lacking mature T- and B- cells) would be tpoted from
developing pulmonary injury that was noted in NY1Dice at baseline. The NY1DD x
RagI” genotype was confirmed by PCR and the expectedigipyee (lacking CD3
cells) was confirmed bffow cytometric analysis (Figure 17A,B). Compared\Y1DD
mice, NY1DD x Ragl animals had decreased vascular permeability (P-ffFigure
17C). Also, NY1DD x Ragl-/- mice had decreasedItzgicongestion and alveolar wall
thickness (Figure 17D,E). Furthermore, NY1DD x RAagdnimals had significantly
increased arterial oxygen saturation as comparedvbDD mice at baseline (Figure
17F). NY1DD x Ragl animals also had near normal breathing paraméterseased
tidal volume and decreased frequency of breatrasgompared to NY1DD mice (Figure
17G). Interestingly, NY1DD x Raglanimals have significantly increased pulmonary
levels of NK cells, perhaps as a compensatory atlaptfor the lack of T- and B-cells
(Table 9).

One million NKT cells were adoptively transferreid vetro-orbital injection into
NY1DD x Ragl" animals. Four days after the adoptive transfempulary parameters
were analyzed. The adoptive transfer of NKT cefimithe NY1DD x Ragf mice
resulted in significantly increased pulmonary lsvet both NK cells (2-fold) and PMNs
(4-fold) (Table 9). Also, the adoptive transferNKT cells into NY1DD x Ragl mice

caused increased vascular permeability and dedexsgen saturation (Figure 17C,F).
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As control experiments, 20 x 48plenocytes (with NKT cells) and 20 x°10-
cells (NKT depleted) were adoptively transferretbiNY1DD x Rag?™ mice (Figure
17C). Similar to NKT cell induced injury, splenoegt but not NKT cell depleted T-cells,
were able to reconstitute pulmonary injury as iathd by increased vascular
permeability, suggesting that although NKT cellsnstgute a relatively a minor
population of pulmonary lymphocytes, they play aportant role in the mechanism of
pulmonary injury in NY1DD mice. Other subsets ofmighocytes were not adoptively
transferred and we cannot rule out the possititigg other cells (B-cells) may be able to

induce pulmonary injury in NY1DD x Ragimice.
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Figure 17. NY1DD x Rag? mice have decreased pulmonary injury that was
reversed by the adoptive transfer of wild-type NKTcells

(A) Representative flow cytometry plots of CDgmphocytes in blood and lungs of
C57BL/6 and NY1DD x Ragdl animals. B) Number of CD3+ cells in blood and lung
from NY1DD x Rag? mice. €) NY1DD x Ragl” mice have decreased vascular
permeability. The adoptive transfer of 20%1dplenocytes or PONKT cells increases
vascular permeability. ) Representative images of H&E stained cells in B138 and
NY1DD x RagI” animals, théar represents 200m. (E) Histopathological scores (0-8,
see methods) by analysis of H&E stained mouse luffgsNY1DD x Ragl™ animals
have increased arterial oxygen saturation thatversed by the adoptive transfer of 10
NKT cells. G) NY1DD x Ragl™ mice have improved breathing (increased tidal maiu
and decreased frequency of breathing). The adopiwnsfer of 1DNKT cells decreased

tidal volume and increased frequency of breathmgé¢ar baseline levels. Data were
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analyzed by one-way ANOVA with Neuman-Keuls postiteg. Histological grading
was analyzed with a nonparametric Kruskal-Wallist tavith Dunns post-testing; *

P<0.05. SQ: arterial oxygen saturation; FOB: frequency ofdbnéng; TV: tidal volume.
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() (b) (c) /
NY1DD x Rag1”
Cells NY1DD NY1DD x Ragl‘" + NKT cells
(10) (n=8) (n=8) (n=4)
PMNs 2.34 (0.4) 1.63 (0.46) 6.64 (1.9)
NK 4.3 (0.85) 6.71 (1.28) 12.32 (1.03)™

Table 9. The adoptive transfer of 10wild-type NKT cells into NY1DD x RagI" mice
increased absolute numbers of pulmonary PMNs and NiKells

At baseline, NY1DD x Ragdl have significantly increased pulmonary NK cellsings
were harvested 4 days after adoptive transfer of MKlls harvested from spleen (see
methods). Data represents mean (standard errbeahéan). Data were analyzed by one-
way ANOVA with Neuman-Keuls post-testing. R-value <0.05 was considered

significant. * column b vs a; ** column c vs b; *¢olumn c vs a.
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3.2.4. NY1DD animals have increased pulmonary IFN-inducible CXC chemokines

and neutralization of CXCR3 ameliorates pulmonary njury

Our discovery of high levels of IFM4in pulmonary iNKT cells from NY1DD
mouse lungs led us to hypothesize that the recemtnof pulmonary lymphocytes is
through the IFNy inducible CXC chemokine-CXCR3 axis. Flow cytometanalysis of
pulmonary lymphocytes for CXCR3 revealed that theression this receptor is
significantly higher on CD4 T-cells (6-fold), CD8cElIs (7-fold), NK cells (4-fold), and
INKT cells (2-fold) from NY1DD animals as comparéol C57BL/6 animals (Figure
18A,B). ELISAs of pulmonary tissue homogenate akseealed significantly increased
levels of IFNy and the IFNy inducible CXC chemokines CXCL9 and CXCL10 in
NY1DD animals at baseline as compared to C57BLigals (Figure 18C,D).

These data led us to hypothesize that neutralizaticdCXCR3 would ameliorate
pulmonary dysfunction in NY1DD animals by blockitgukocyte trafficking to the
sickle cell disease lung. Treatment of NY1DD miagthvanti-CXCR3 for 1 week resulted
in significantly decreased levels of pulmonary yropyte CXCR3 expression on CD4
T-cells, CD8 T-cells, NK cells, and iNKT cells asngpared to NY1DD mice treated with
goat serum (Figure 18A,B). This treatment also Iteduin a significant increase of
CXCL9 and CXCL10 in NY1DD mice (Figure 18C). Thecirase in chemokine
concentration in mice with blocked CXCR3 receptoas be attributed to the fact that
chemokines are degraded and internalized followbimgling to chemokines receptors
(Pierce et al., 2002; Thelen, 2001). Anti-CXCR&atment resulted in a decrease in total
pulmonary lymphocyte numbers (Table 10). Quantieaginalysis of lung histology in the

anti-CXCR3 treated animals revealed decreasespitiazg congestion and alveolar wall
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thickness as compared to goat serum treated NY1i2P (Rigure 19A,B). Furthermore,
anti-CXCR3 treated NY1DD animals had significandkgcreased vascular permeability
(2-fold) and increased arterial oxygen saturatisrcampared to NY1DD mice (Figure
19C,D). Anti-CXCR3 treated NY1DD animals also haghgdicantly improved breathing
parameters (increased tidal volume and decreasqddncy of breathing) as compared to

serum treated NY1DD mice (Figure 19E).
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Figure 18. NY1DD mice have increased pulmonary lympocyte expression of
CXCR3 and increased whole lung expression of IFM-and IFN-y inducible
chemokines

(A) Representative flow cytometry plots of CXCR3 egmion on pulmonary
lymphocytes from C57BL/6, NY1DD, NY1DD treated wigoat serum, and NY1DD
treated with goat anti-CXCR3 serumB) (Pulmonary lymphocytes from NY1DD mice
express significantly increased levels of CXCR&a@®pared to C57BL/6 mice. NY1DD
animals treated with anti-CXCR3 display signifidgrdecreased expression of CXCR3
on pulmonary lymphocytesC(D) Pulmonary homogenates from NY1DD animals have
significantly increased levels of IFN-and IFNy inducible chemokines (CXCL9 and
CXCL10). NY1DD animals treated with anti-CXCR3 hasignificantly elevated levels
of IFN-y inducible chemokines (CXCL9 and CXCL10). Data wanalyzed by one-way

ANOVA with Neuman-Keuls post-testing,P<0.05.



Cells NY1DD NY1DD anti-
Right Lung Serum CXCR3
(10°) (n=8) (n=8) P-value
PMNs | 1.12(0.35) 0.34 (0.07) 0.037
CD4| 1.94(0.29) 0.54 (0.05) 0.0001
CD8| 1.24(0.15) 0.64 (0.14) 0.01
NK | 3.85(0.45) 1.70 (0.25) 0.0017
NKT | 0.37 (0.07) 0.14 (0.03) 0.045
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Table 10. Neutralization of CXCR3 in NY1DD mice deeases pulmonary leukocyte
infiltration

Mice were injected (1 mil/day; 7 days) subcutangowsh either goat serum or goat anti-
CXCR3 (see methods). Total cells in the right llmiges were counted. Data represents

mean (standard error of the medPialues were calculated by an unpaitdest.
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Figure 19. Anti-CXCR3 treatment decreases pulmonarynjury in NY1DD mice

(A) Representative images of H&E stained lungs frds@EBL/6 or NY1DD mice treated
with goat serum and NY1DD mice treated with goai-@XCR3. Thebar represents
200 um. (B) Histopathological scores (0-8, see methods) lyars of H&E stained
mouse lungs. G,D) Anti-CXCR3 treated NY1DD animals have decreasedgcular
permeability and increased arterial oxygen satomags compared to serum-treated
NY1DD mice. E) Anti-CXCR3 treated NY1DD mice have improved bheat
(increased tidal volume and decreased frequendyredthing) as compared to serum-
treated NY1DD mice. P<0.05. EBD: Evans Blue Dye; $Carterial oxygen saturation;

FOB: frequency of breathing; TV: tidal volume.
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3.2.5. Anti-CD1d treated NY1DD mice have decreasguulmonary levels of IFN+y,
IFN-v inducible chemokines, and CXCR3

Since INKT cells are known to release copious armuof IFNy, we
hypothesized that IFN-from INKT cells in NY1DD mice was responsible ftne
increased levels of IFN-inducible chemokines and the recruitment of CXGRSitive
lymphocytes. Blockade of iINKT activation by treatmhef NY1DD mice with anti-CD1d
for two days resulted in decreased whole lung EwélIFNy, CXCL9, CXCL10, and

CXCR3 positive lymphocytes (Figure 20A-D). Five dafter anti-CD1d treatment all of

these parameters returned to NY1DD isotype trdatezs (Figure 20A-D).
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Figure 20. Anti-CD1d treatment decreases the perceérof pulmonary lymphocytes
expressing CXCR3 and reduces lung homogenate levetd IFN-y and IFN-y
inducible chemokines

(A) Representative flow cytometry plots of CXCR3 egmion on pulmonary
lymphocytes from NY1DD isotype treated, NY1DD 1 ddter anti-CD1d treatment, and
NY1DD 5 days after anti-CD1d treatmenB) (Pulmonary lymphocytes from NY1DD
mice express decreased CXCR3 when harvested lbdapot 5 days, after anti-CD1d.
(C,D) Pulmonary tissues harvested from NY1DD animalgeh@duced levels of IFM-
and IFNy inducible chemokines when harvested 1 day, bubmays, after anti-CD1d.

Data were analyzed by one-way ANOVA with Neuman-Keost-testing, <0.05.
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3.2.6. Clinical correlate: Individuals with sickle cell disease have increased and

activated circulating iINKT cells

We used fluorescently labeled CD1d tetramers tecsigkly label iINKT cells
(defined as tetram&iCD3") in the blood of 38 individuals with sickle celisdase and 8
age and race matched controls (Figure 21A). Thennage of participants with sickle
cell disease was 32 (range 21 to 65) and 47.5 peafethe cohort were female. In
comparison, the mean age of the controls was 4y€r&6 to 49) years and 87.5 percent
of the controls were female. Flow cytometric anslyand counting beads were used to
determine the absolute numbers of iINKT cells aredglrcent of iINKT cells among all
CD3'" lymphocytes (live, CD45 CD3) in the blood samples. Since there was only one
control male sample, statistics could not be peréa as compared to males with sickle
cell disease. However, relative to control fematagulating iINKT cells from females
with sickle cell disease were increased in absatur@ber P=0.05) and as a percent of
all CD3 cells P=0.02) (Figures 21A,B). There was no statisticghificance between
males and females with sickle cell disease (Fi@im). Also, INKT cells from females
with sickle cell disease at steady-state were faonide highly activated as compared to
control females (Figures 21C,D). CD69 and l-Neth were found to be increased on
INKT cells from females with sickle cell diseaseirthermore, iINKT cells from females
with sickle cell disease were found to expressisagmtly higher levels of CXCR3 as
compared to control female$<£0.001). Interestingly, males with sickle cell disea
expressed higher levels of the activation markeB6® and IFNy as compared to

females with sickle cell disease.
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Figure 21. Individuals with sickle cell disease hayvincreased circulating iNKT cells
that express activation markers.

Fluorescently labeled CD1d tetramers were useelextvely label INKT cells (defined
as tetramér CD3) in the blood of individuals with sickle cell dmsge (HbSS) and
appropriate age and race matched contfAlsRepresentative flow cytometry plots of
circulating human iNKT cells(B) iNKT cells were identified from the live, CD35
lymphocyte gate as CD1d-tetrarh@D3' cells. Compared to controls, males and females
with sickle cell disease have a higher number @iutating iINKT cells.(C,D) iNKT cells
from individuals with sickle cell disease are martivated as defined by higher percent
of surface CD69 and CXCR3, and intracellular lzENMales with sickle cell disease have
more activated iINKT cells than females with sicktdl disease. Data were analyzed by
an unpaired-test. SSC: side-scatter. MC: male control; MS:esatkle cell disease; FC:

female control; FS: female sickle cell disease.
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3.2.7. Conclusions

The results of this study provide the basis forea paradigm to understand the
development of pulmonary dysfunction in sickle ciiease. We demonstrate a pivotal
role for CD1d-restricted iNKT cells in maintainifpronic pulmonary inflammation and
dysfunction in sickle cell disease mice via the #f¢kducible CXC chemokine-CXCR3
axis and preliminary data suggesting that this\wathmay translate to individuals with
sickle cell disease. We found iNKT cells from NYRDnice to be increased in number
and activation state in lung, liver, and spleencasipared to C57BL/6 control mice.
Furthermore, acute sickle cell crisis exaggerales inflammatory response, indicating
that iINKT cells may be involved with acute vasodasove injury in NY1DD mice.
Although we focused on pulmonary inflammation adfdnction for our studies, these
findings indicate that this mechanism may be odgegrin every organ system.

In the lung, compared to C57BL/6 mice, NY1DD mi@vé moderately increased
numbers of iNKT cells (increased from 2.2 to 3.4& cells/lung). A much greater
difference is noted in the fraction of INKT cellsat are judged to be activated, based on
intracellular IFNy production, which increases from 5 % in C57BL/&ento 35 % in
NY1DD mice. In addition, our data demonstrate thetivation of iINKT cells plays an
important role in pulmonary dysfunction of sicklellcdisease. Pulmonary dysfunction
and inflammation in sickle cell disease is largefversed by inhibition of CD1d-
restricted NKT activation and this protection waserved to be transient. Five days after
anti-CD1d treatment, NY1DD mice were observed tturre to baseline levels of
pulmonary inflammation and dysfunctionAlso, pulmonary dysfunction and

inflammation in NY1DD mice is largely improved bymphocyte deletion produced by
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crossing NY1DD mice to Raglmice. The beneficial effects on pulmonary functifn
lymphocyte depletion in NY1DD x Raglare transiently reversed by adoptive transfer
of 1 million NKT cells. Furthermore, 20 million spiocytes, but not 20 million NKT cell
depleted T-cells, also can induce pulmonary injimyNY1DD x Ragl™ mice. These
findings indicate that although NKT cells represenly a minor subset of the total
lymphocyte population, they play a pivotal role sustaining the pulmonary
pathophysiology in a mouse model of sickle celedse. However, other subsets of cells
were not adoptively transferred and we cannot oulethe possibility that other cells may
be able to induce pulmonary injury in NY1DD x R&giice. Finally, the fact that
individuals with sickle cell disease also have @ased numbers of activated circulating
INKT cells, suggests that these cells may be sgraisimilar role in human disease.

In the current study, we demonstrate a role for @Bestricted NKT cells, as
treatment of NY1DD mice with anti-CD1d antibodiesnaiorates pulmonary
pathophysiology. One interpretation of these datéhat host lipid antigens for iINKT
cells are elevated in sickle cell disease. Anoplassibility is that lipid antigens remain
constant while cytokines that facilitate activatiohiNKT cells are enhanced. The most
likely possibility is that pulmonary ischemia-refasion injury in response to
microvascular occlusion with sickled red blood seleads to increased release or
oxidation of self-lipids that are presented via @Db activate iINKT cells and also
triggers the release of cytokines that facilitattivation of iINKT cells. A resulting
inflammatory cascade leads to the release of yHNducible and hypoxia-inducible
chemokines from pulmonary resident epithelial odathelial cells resulting in the

recruitment and activation of CXCR3 positive lymphites, which further exacerbate
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inflammation and vaso-occlusion (Figure 22). Owatadindicate that compared to
C57BL/6 lung lymphocytes, the fraction of lung lyhgeytes positive for CXCR3 is
greatly enhanced in NY1DD mice. This is likely duepart to enhanced production in
the lung of CXCL9 and CXCL10 that are chemotadgands for CXCR3. In addition,
activated iNKT cells release IL-2 which is knownitmuce expression of CXCR3 on
lymphocytes. Consistent with the idea that IL-2 afdN-y inducible chemokines
stimulate lymphocyte accumulation in the NY1DD lumgz CXCR3, we show that
blockade of CXCR3 receptors inhibits lung inflamioatand injury. Also, our data
demonstrates that circulating iINKT cells from indivals with sickle cell disease express
increased CXCRS3, suggesting that this traffickinechanism may be pertinent in human
disease.

In conclusion, our results suggest a new paradigm understanding the
pathogenesis of pulmonary inflammation and vasdusan in sickle cell disease. Lung
INKT cells are activated in the NY1DD mouse andydar an inflammatory cascade
resulting in increased vascular permeability, desed arterial oxygen saturation, and
abnormal breathing parameters. Furthermore, we gshatvCD1d-restricted NKT cells
are important for recruiting other inflammatorylseab the lung via the IFN-inducible
chemokines-CXCR3 axis. Also, we demonstrate thatuldting INKT cells from
individuals with sickle cell disease are increageciumber and highly activated. The
results of this study have important translatiaha@rapeutic implications. By inhibiting
CD1d-restricted NKT cell activation or neutralizi@XCR3 on lymphocytes, it may be
possible to reduce vascular occlusion and tissueada associated with acute and

chronic ischemia-reperfusion injury in sickle aditease.
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Anti-CXCR3

Figure 22. Hypothetical mechanism of iNKT cell medited vaso-occlusion in sickle
cell disease

Chronic ischemia-reperfusion injury in sickle cgitease may create an altered self-lipid
that can be presented via CD1d on APCs to iNKTscdlhis presentation may activate
the INKT cells to release IFM-and IL-2. IFNy triggers the release of IFinducible
chemokines (CXCL9 and CXCL10) from resident epidlelEpiC) or endothelial cell
(EC). IL-2 has been previously shown to upregu@¥CR3 expression on lymphocyte
effector cells. Taken together, the release of CHCIXCL10 and the upregulation of
CXCR3 could potentially enhance the traffickingyhphocyte effector cells to the lung.

IRI: ischemia-reperfusion injury
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3.3. AdenosineA 4R agonists ameliorate pulmonary inflammation and dgfunction

in murine sickle cell disease

Ischemia-reperfusion injury (IRI) triggers an imflenatory cascade that is
initiated by the activation of CD1d-restricted iNKdells and can be inhibited by
activation of adenosine A receptors (AaR). In sickle cell disease misshapen
erythrocytes evoke repeated transient bouts ofawascular IRI and recent data suggest
that INKT cells are involved with this mechanisnnc ischemia-reperfusion mediated
oxidative damageo the blood vessel wall is likely a critical conmgmt of the
pathogenesis of vaso-occlusion in sickle cell diseand it is known that agonism of
adenosine A receptors (AnR) reduces ischemia-reperfusion injury, we hypdttess
that AcaR agonism would decrease pulmonary inflammationdysdunction in NY1DD
mice (Harada et al., 2000; Jordan et al., 1997] Kad Hebbel, 2000; Okusa et al., 2000;

Osarogiagbon et al., 2000; Ross et al., 1999; Hiial., 2003).

3.3.1. Pulmonary iNKT and NK cells from NY1DD micecontain increased amounts

of A,aAR mMRNA

We used fluorescence activated cell sorting (FA©Sgollect live (DAPT) and
CD45 pulmonary iNKT (CD1d-tetramé&r CD3’), NK (NKp46', CD3), and CD3 T-
cells (CD1d-tetramérCD3") (Figure 23A). Quantitative RT-PCR was used to snea
the transcript levels of the,AR in the sorted populations of pulmonary lymphosyte
relative to a housekeeping gene (cyclophilin). Cared to C57BL/6 mice, NY1DD mice

displayed increased transcript levels iR in iNKT cells (9.2 = 1.0 -fold) and NK cells
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(6.1 + 0.5 -fold), whereas CD3r-cells had no change in the amount ghR mMRNA

(0.8 £ 0.1 -fold) (Figure 23B).
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Figure 23. Lung iNKT and NK cells from NY1DD mice have increased amounts of
AR mMRNA

Live (DAPI") and CD45 pulmonary cells were sorted based on surface emstgining:
iNKT (CD1d-tetramet, CD3"), NK (NKp46', CD3), and CD3 T-cells (CD1d-tetramér
CD3"). (A) Representative flow cytometry plots of sorted ylafions. B) Quantitative
RT-PCR was used to measure mRNA levels gfiRAin the sorted populations of
pulmonary lymphocytes as compared to a housekdepaophilin). NY1DD mice (n=4)
have increased amounts ofs#R MRNA in pulmonary iNKT cells and NK cells, buttno

in CD3" T-cells as compared to cells from C57BL/6 micedn=
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3.3.2. ATL146e treatment decreases pulmonary dysfation in NY1DD mice

As demonstrated above, INKT cells play a centré o the pathogenesis of
sickle cell disease. Since INKT cells from NY1DD ceialso have increasedhR
MRNA we hypothesize that agonism of the\R may be used as a method to ameliorate

pulmonary dysfunction found in these animals.

3.3.2.1. Determination of the optimal dose and timef ATL146e infusion

To determine the optimal dose and time of treatnweitt the selective AR
agonist ATL146e, NY1DD mice were infused with ATLE8e! via osmotic pumps.
Previous studies of liver and heart ischemia-reysgoh injury indicated that an infusion
rate of ATL146e at 10 ng/kg/min was beneficial madiorating post-ischemic increases
in alanine aminotransferase (ALT) levels and irtfaize respectively (Day et al., 2003;
Day et al., 2004; Yang et al., 2006). Vascular psbiity, (Evans blue dye
accumulation), leukocyte infiltration (flow cytonmiet analysis of lung leukocyte absolute
number), and breathing parameters (tidal volumefesgliency of breath) were used as
indices of pulmonary inflammation and dysfunctiendetermine the optimal dose and
time of ATL146e treatment. We have previously destiated that these markers are
reliable measures of pulmonary injury in NY1DD midguring 3 days of treatment,
maximal improvement in pulmonary dysfunction wasndestrated at an infusion rate of
10 ng/kg/min and no further improvement was dete@et higher doses (Figure 24).
Furthermore, improvements in pulmonary functionesbed in NY1DD mice treated

with ATL146e (10 ng/kg/min) for 3 days remained stamt during 7 days of treatment
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(Figure 25). These data demonstrate that there idesensitization of the,AR during

ATL146e treatment for at least 7 days.
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Figure 24. Determination of the optimal dose of ATIL46e infusion

NY1DD mice were treated with a constant infusionAdfL146e (1,10,30 ng/kg/min,

osmotic pump). After 3 days of treatment, pulmonparameters were measured in

NY1DD treated mice. All parameters measured (vasqoérmeability [EBD], breathing

measurements [TV, FOB], and pulmonary cell infttssg were found to be maximally

improved at 10 ng/kg/min, as no further improvermenere noted at higher doses. The

solid and dashed lines represent the mean andasthedor of control C57BL/6 mice.

Data were analyzed by one-way ANOVA with Neuman-Kepost-testing. *P<0.05.

EBD: Evans blue dye; TV: tidal volume; FOB: frequgrof breath.
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Figure 25. Determination of the optimal time of ATL146e infusion

NY1DD mice were treated with a constant infusiomAdiL146e (10 ng/kg/min, osmotic
pump). Pulmonary parameters were measured in NY&B&ed mice 1, 2, 3, or 7 days
after the start of ATL146e infusion. All parametereasured (vascular permeability
[EBD], breathing measurements [TV, FOB], and pulargncell infiltrates) were found
to be maximally improved by 3 days after the stdrATL146e treatment, as no further
improvements were noted at 7 days. The solid astiethlines represent the mean and
standard error of control C57BL/6 mice. Data wemalgzed by one-way ANOVA with
Neuman-Keuls post-testing. P<0.05. EBD: Evans blue dye; TV: tidal volume; FOB:

frequency of breath.



97

3.3.2.2. ATL146e treatment decreases pulmonary dysiction and injury by specific

agonism of the AaR

Taken together, NY1DD mice treated with ATL146e (A§/kg/min, 3 days)
demonstrated significant amelioration of pulmonagyry as compared to vehicle treated
NY1DD mice. Histologically, the lungs from ATL146eeated NY1DD mice displayed
decreased areas of pulmonary capillary congest®rcampared to vehicle control
NY1DD mice (Figure 26B,E). ATL146e treated NY1DD ami had significantly
decreased vascular permeability (3.2-fold decreasepared to vehicle NY1DD mice;
P<0.05) and increased arterial oxygen saturation%9ds compared to 90 % in vehicle
treated NY1DD miceP<0.05) (Figure 26G,H). Furthermore, unrestrainecl@tody
plethysmography revealed that ATL146e treated NY1Dide had improved breathing
parameters. Tidal volume increased 1.4-f®ld(.05) and respiratory rate decreased from
624 breaths per minute to 444 breaths per mirk#@.05) (Figure 261,J).

To determine if ATL146e had any effect on intrarpahary leukocytosis we
used flow cytometric analysis to define WBC popolas in digested whole lung tissue.
Compared to vehicle treated NY1DD mice, ATL146eatied NY1DD mice had a
significantly decreased number of pulmonary leukesiNKT cells, 1.7-fold; NK cells,
3.5-fold; CD4 T-cells, 3-fold; CD8 T-cells, 2.5-th PMNs, 5.8-fold) (Table 11).
ATL146e did not have any effects on pulmonary messents of inflammation or
dysfunction in C57BL/6 mice, and did not cause @hgnges based on histological
inspection (Figure 26A-J).

To determine if ATL146e ameliorated pulmonary infl@aation and dysfunction

through the anti-inflammatory AR, we crossed NY1DD mice with an,&R’ mice.
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NY1DD x A;aR” mice had pulmonary inflammation similar to NY1DDce (Figure
26C,F; Table 11). However, treatment of NY1DD x,R” mice with ATL146e (10
ng/kg/min, 3 days) did not confer any protectionpofmonary injury as compared to

vehicle treated NY1DD x AR animals (Figure 26G-J, Table 11).
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Figure 26. ATL146e treatment decreases pulmonary gyunction in NY1DD mice by
selective agonism of ARs

C57BL/6, NY1DD, or NY1DD x AsR” mice were treated with ATL146e (10
ng/kg/min, 3 days) or vehicle (saline, 0.2% DMS@)-F) NY1DD mice, but not
NY1DD x A,xR” mice displayed observable improvements in pulmphastology after
ATL146e treatment.G,H) NY1DD mice, but not NY1DD x AR"" mice, had decreased
vascular permeability and increased oxygen saturadiiter ATL146e treatmentl,J)
NY1DD mice, but not NY1DD x A\R” mice, displayed improved breathing parameters
after ATL146e treatment. Data were analyzed by wag-ANOVA with Neuman-Keuls
post-testing; *P<0.05. EBD: Evans blue dye; SO2: arterial oxygemrsdion; TV: tidal

volume; FOB: frequency of breath.
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(@) (b) (c) (d) (e) ()
NY1DD- NY1DD-
C57BL/6 C67BL/6 NY1DD NY1DD AR AR”
Cells Vehicle ATL146e Vehicle ATL146e Vehicle ATL146e
(105) (n=8) (n=4) (n=8) (n=8) (n=6) (n=6)
iNKT | 0.19(0.02 0.13(0.02 | 0.5(0.04) 0.29 (0.03)* | 0.58 (0.05 0.55 (0.09
NK 1.7(0.2) 1.8 (0.3 4.2 (0.5) 1.2 (0.3)** 4.0 (0.5 4.1 (0.4
CD4 | 1.0(0.09 1.3(0.4 3.0 (0.2) 1.0 (0.2)** 3.3(0.8 3.2(0.7
CDS8 1.1(0.1 1.3(0.2 2.3 (0.4) 0.9 (0.1)* 2.8(0.4 2.9 (0.3
PMNs | 0.3(0.07 0.3(0.1 2.3 (0.3) 0.4 (0.1)* 2.9 (0.7 3.1(0.5

Table 11. ATL146e treatment decreases pulmonary l&ocytosis in NY1DD mice by

specific agonism of AaRs

NY1DD mice treated with ATL146e (10 ng/kg/min, 3yda displayed significantly

decreased pulmonary leukocytes (column d). C57Biiige were unaffected by

ATL146e treatment (column b). NY1DD xAR"" have increased numbers of pulmonary

leukocytes (column e), but NY1DD x AR mice were unaffected by ATL146e

treatment (column f). Data represents mean (stdndaor of the mean). Data were

analyzed by one-way ANOVA with Neuman-Keuls postiteg; * P<0.05 (column a vs

c), ** P<0.05 (column c vs d).
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3.3.3. ATL146e treatment ameliorates acute sickleett crisis induced pulmonary

inflammation in NY1DD mice

Even though chronic sub-clinical baseline ischem@erfusion occurs during
sickle cell disease, individuals present to the rgerecy room during “crisis,” which is
defined as a rapidly developing episode of acutm.p8ince ATL146e treatment
decreased pulmonary dysfunction and inflammatiobaseline, we hypothesized that it
may reverse the effects of new acute sickle cadlcrThe NY1DD model has been used
to elucidate the role of ischemia-reperfusion ipjur sickle cell disease. NY1DD mice
placed in a hypoxic (10 %Achamber for 3 hours, which induced red blood siekling
and ischemia, followed by 4 hours of reoxygenafimom air) results in an exaggerated
inflammatory response that is believed to mimic harsickle cell crisis, as the response
was not seen in C57BL6 control mice (no red bloelll sickling and thus no ischemia)
nor in NY1DD mice exposed to hypoxia alone, sugggsthat the pro-inflammatory
state in NY1DD animals was due to reperfusion ijikaul and Hebbel, 2000). In this
study, Kaulet al. determined that NY1DD mice exposed to 3 hoursypblia, to induce
ischemia, followed by 4 hours of reoxygenation lesl in maximal levels of
inflammatory mediators (i.e. N&B transcription) and 18 hours of reoxygenation rtesul
in maximal levels of cell infiltration into inflantetissues. Therefore, we subjected the
NY1DD mouse to 3 hours of hypoxia, followed by aipeé of reoxygenation. Three
hours into the reoxygenation period, when inflamonatmediators are known to be
increased, we implanted osmotic pumps with ATL14B& ng/kg/min). Then 15 hours

later, for a total of 18 hours of reoxygenation, amalyzed pulmonary parameters.
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Vehicle treated NY1DD mice subjected to hypoxiaxsegenation were found to
have significantly increased vascular permeab#isy compared to normoxic NY1DD
mice (1.6-fold;P<0.05). Also, vehicle treated NY1DD mice had inseg pulmonary
PMNs (4.3-fold;P<0.05) and iNKT cells (2.2-fold?<0.05). NY1DD mice that received
ATL146e after the start of reoxygenation were foundhave significantly decreased
levels of pulmonary vascular permeability as coragan NY1DD vehicle treated mice
(53.1 + 12.2 vs 191.9 £ 19.3 pg EBD / g lu®x0.05) (Figure 27A). Furthermore,
ATL146e treated NY1DD mice displayed decreased pubny cell infiltration as
compared to vehicle treated NY1DD mice (Table Bjecifically, ATL146e treatment
decreased pulmonary PMNs (8.9-fold), CD4 T-cell$6ld), CD8 T-cells (6.2-fold),
NK cells (1.9-fold), and iNKT cells (4.2-fold) in YWLDD mice. Also, breathing
parameters were normalized in ATL146e treated NY1iDe as compared to vehicle

treated NY1DD mice (Figure 27B,C).
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Figure 27. ATL146e treatment ameliorates acute si¢& cell crisis induced lung
inflammation in NY1DD mice

NY1DD mice were subjected to 3 hours of hypoxid480,) followed by 18 hours of
reoxygenation (room air). Three hours into reoxydem NY1DD mice were infused
with ATL146e (10 ng/kg/min, osmotic pump) or veki¢kaline, 0.2 % DMSO). NY1DD
mice treated with vehicle during reoxygenation digpd increased vascular permeability
(A), but no changes in breathing paramet&) as compared to normoxic NY1DD
vehicle treated mice. NY1DD mice treated with ATB#&4 during reoxygenation
displayed significantly decreased vascular perntidalfiA) and moderately improved
breathing parameter8(C) as compared to vehicle treated NY1DD mice aftgrolxia-
reoxygenation. Data were analyzed by one-way ANOW®h Neuman-Keuls post-

testing; *P<0.05. EBD: Evans blue dye; TV: tidal volume; FOEquency of breath.
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Normoxia Hypoxia-Reoxygenation
(a) (b) (c) (d)
NY1DD NY1DD NY1DD NY1DD
Cells Vehicle ATL146e Vehicle ATL146e
(10°) (n=8) (n=8) (n=6) (n=6)
iINKT 0.5(0.04 0.29 (0.03) 1.1(0.2)* 0.26€ (0.C5)**
NK 4.2 (0.5 1.2 (0.3) 3.0 (06) 1.6(0.2)
CD4 3.0 (02) 1.0 (0.2) 3.3(1.0) 0.5(0.1)**
CDs8 2304 0.9 (0.1) 3.1(0.9) 0.5 (0.1)**
PMNs 2.3(0.3 0.4 (0.1) 9.€ (4.2)* 1.1 (0.5**

Table 12. ATL146e treatment decreases pulmonary deinfiltration during acute
sickle cell crisis in NY1DD mice

NY1DD mice were subjected to 3 hours of hypoxid480,) followed by 18 hours of
reoxygenation (room air). Three hours into reoxydem NY1DD mice were infused
with ATL146e (10 ng/kg/min, osmotic pump) or veki¢kaline, 0.2 % DMSO). NY1DD
mice treated with ATL146e during reoxygenation thgpd significantly decreased
pulmonary leukocytes (column d). NY1DD mice treatedth vehicle during
reoxygenation displayed significant increases iKTN\tcells and PMNs (column c). Data
represents mean (standard error of the mean). Reata analyzed by one-way ANOVA

with Neuman-Keuls post-testing;P<0.05 (vs column a), *P<0.05 (vs column c).
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3.3.4. The protective effects of ATL146e on pulmoma inflammation and

dysfunction in NY1DD mice are reversible

To assess the length of protection conferred by Be in NY1DD pulmonary
inflammation and dysfunction we treated NY1DD miéh an infusion of ATL146e (10
ng/kg/min) for 3 days and assessed pulmonary inqittyer 1 day or 4 days after the
secession of treatment. One day after secessioATafl46e treatment, pulmonary
parameters began to return to baseline NY1DD lewealsndicated by increased vascular
permeability, increased pulmonary cell infiltratasd dysfunctional breathing parameters
(Figure 27). By 4 days after secession of treatjmauminonary parameters had returned

to baseline NY1DD levels (Figure 28).
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Figure 28. ATL146e treatment transiently ameliorats pulmonary injury in NY1DD
mice

NY1DD mice were treated with a constant infusiorAdiL146e (10 ng/kg/min, 3 days).
Pulmonary parameters were measured 1 day or 4 aftersthe secession of ATL146e
infusion. All parameters measured (vascular peritigab [EBD], breathing
measurements [TV, FOBJ, and pulmonary cell infifts) began to return to NY1DD
baseline levels 1 day after the secession of ATel#8atment and had returned to
baseline levels by 4 days. The solid and dashest Irepresent the mean and standard
error of control C57BL/6 mice. Data were analyzgdbbe-way ANOVA with Neuman-
Keuls post-testing. P<0.05. EBD: Evans blue dye; TV: tidal volume; FCGlBequency

of breath.
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3.3.5. ATL146e agonises ARs on iNKT cells to decrease pulmonary injury in

NY1DD mice

Since, it has been demonstrated thatRAagonism exerts its protective effects on
controlling ischemia-reperfusion injury by acting tNKT cells and we have previously
demonstrated that INKT cells play a major rolehe perpetuation of pulmonary vaso-
occlusive pathophysiology in NY1DD mice, we hypdaiized that AaRs on iNKT cells
might be the primary targets of ATL146e (Lappaalgt2006; Li et al., 2007).

To test this hypothesis, NY1DD mice were treatethwvain infusion of ATL146e
(10 ng/kg/min, 3 days), anti-CD1d (10 pg/g/daysdads), or a combination of both.
Treatment of NY1DD mice with either ATL146e or a@tiD1d significantly decreased
the level of pulmonary injury observed. Howeveatreent with both ATL146e and anti-
CD1d did not confer any additional protection asnpared to either treatment alone
(Figure 29A-G, Table 13). These data indicate thatbition of INKT activation is
sufficient to fully account for the pulmonary protien observed by ATL146e.

To further investigate A#Rs on iNKT cells, we used NY1DD x Rafice that
lack mature lymphocytes. We have previously demated that this line is protected
from developing sickle cell disease induced pulmgnaflammation and dysfunction
and that the adoptive transfer of NKT cells reaslptes pulmonary injury. NY1DD x
RagI” mice were pre-treated with ATL146e (10 ng/kg/nBngays). One day prior to
experimentation ATL146e treated NY1DD x Raginice were adoptively transferred
with 1 x 10 iNKT cells pre-treated with either FSPTP (200 pdd)vehicle (saline, 2%
DMSO). FSPTP treatment alkylates th@aR causing it to become unresponsive to

agonist (ATL146) treatment. Therefore, only thgsR on the iNKT cells would be
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unresponsive to ATL146e, while host PMNs, NK ceffatelets, epithelial cells, and
endothelial cells, all of which had functionalb,#/Rs, would be able to respond to
ATL146e treatment. ATL146e treated NY1DD x Raghice adoptively transferred with
vehicle treated INKT cells (functional ,AR) were protected by ATL146e from
developing pulmonary inflammation and injury upodoptive transfer of NKT cells
(Figure 30A-C, Table 14). However, NY1DD x Rédginice adoptively transferred with
NKT cells with alkylated AxRs displayed pulmonary dysfunction one day after th
transfer that was not blocked by ATL146e (Figurd-3D Table 14). Also, NY1DD x
RagI” mice pre-treated with ATL146e prior to the adogtivansfer of FSPTP treated
NKT cells had decreased numbers of pulmonary NKksceldicating that the AR on

these cells was responsive to treatment (Table 14).
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Figure 29. The protective effects of ATL146e and dnCD1d treatments on
decreasing pulmonary inflammation in NY1DD mice arenot additive

NY1DD mice were treated with either ATL146e (10kgimin, 3 days), anti-CD1d (10
po/g/day, 2 days), or a combination of both. Atatments resulted in significantly
improved pulmonary parameterdA-E) Representative H&E staining from lungs of
untreated and treated mic&-E) Treated NY1DD mice appear to have similarly less
capillary congestion and decreased alveolar watlktless as compared to untreated
NY1DD mice. fE-H) Treated NY1DD mice have similarly decreased viascu
permeability and normalized breathing parametersampared to untreated NY1DD
mice. Data were analyzed by one-way ANOVA with NemriKeuls post-testing. &R-
value <0.05 was considered significant. + NY1DDGS7BL/6; * NY1DD treatment
groups vs untreated NY1DD; # NY1DD both treatmergsNY1DD anti-CD1d. EBD:

Evans blue dye; TV: tidal volume; FOB: frequencyboéath.
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(@ (b) () (d)
NY1DD
NY1DD NY1DD ATL146e
Cells NY1DD ATL146e anti-CD1d anti-CD1d
(10°) (n=17) (n=8) (n=10) (n=4)
iINKT 0.43 (0.03) 0.30 (0.03)* 0.20 (0.05)* 0.16 (0.05)*
NK 4.45 (0.77) 1.21 (0.30)* 1.51 (0.22)* 0.90 (0.08)*
CD4 3.12 (0.37) 1.00 (0.20)* 1.04 (0.21)* 1.20 (0.30)*
CD8 2.33(0.32) 1.00 (0.15)* 0.66 (0.18)* 0.73 (0.23)*
PMNSs 2.14 (0.31) 0.38 (0.09)* 0.84 (0.12)* 0.52 (0.13)*

Table 13. The effects of ATL146e and anti-CD1d trégenents

infiltration are not additive

on pulmonary cell

NY1DD mice were treated with either ATL146e (10 kggmin, 3 days), anti-CD1d (10

plg/g/day, 2 days), or a combination of both. A#atiments resulted in significantly

decreased pulmonary leukocytes. Data represents Ifs@ndard error of the mean).

Data were analyzed by one-way ANOVA with Neuman-Kquost-testing; #<0.05 vs

column a.
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Figure 30. ATL146e acts on AnRs on INKT cells to decrease pulmonary
inflammation

NY1DD x Ragl” mice were pre-treated with ATL146e (10 ng/kg/n@rdays). One day
prior to experimentation ATL146e treated NY1DD xg&‘éi mice were adoptively
transferred with 1 x 10INKT cells pre-treated with either FSPTP (apaR alkylating
agent) or vehicle.A-C) NY1DD x Ragl-/- mice pretreated with ATL146e aretected
from developing pulmonary injury after the adoptivansfer of NKT cells and FSPTP
treatment abrogates this effect. Data were analpyeohe-way ANOVA with Neuman-
Keuls post-testing. AP-value <0.05 was considered significant. + vs CYBBL* vs
NY1DD; ** vs NY1DD x Ragl"; a vs NY1DD x Ragi' + NKT cells; e vs ATL146e
pre-treated NY1DD x Rad1+ NKT cells. EBD: Evans blue dye; TV: tidal volume

FOB: frequency of breath.
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@)

(b)

(©

(d)

(e)

NY1DD-Ragl” | NY1DD-Ragl”
NY1DD- NY1DD-Ragl’/' + ATL146e + ATL146e +
Cells NY1DD Ragl” + NKT cells + NKT cells FSPTP NKT cells
(10) (n=8) (n=8) (n=4) (n=4) (n=4)
NK | 4.30(0.85) | 6.71(1.28)% 12.32(1.03) | 2.80 (1.00)** 2.63 (0.77)**
PMNs | 2.34 (0.40) 1.63(0.46)| 6.64 (1.90) | 1.23(0.58)*** 6.85 (1.34)¥
iNKT | 0.37 (0.06) n/a 0.46 (0.12) 0.15 (0.04) 0.63 (3.16)

Table 14. Pre-treatment with ATL146e protects pulmoary dysfunction in NY1DD-

Ragl” mice after the adoptive transfer of 1x1® NKT cells and this effect is

dependent on NKT cell AaR

NY1DD x RagI™ mice were pre-treated with ATL146e (10 ng/kg/ndrdays). One day

prior to experimentation ATL146e treated NY1DD x g®4 mice were adoptively

transferred with 1 x 10INKT cells pre-treated with either FSPTP (apaR alkylating

agent) or vehicle. Data represents mean (standeodad the mean). Data were analyzed

by one-way ANOVA with Neuman-Keuls post-testing?40.05 vs column a, *P<0.05

vs column b, ***P<0.05 vs column c, £<0.05 vs column d.
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3.3.6. Conclusions

Treatment strategies for individuals with sickldl cBsease are quite complex,
require close monitoring by health care workers] bave limited effectiveness. Briefly,
current treatment includes prophylactic and libers¢ of antibiotics during infections,
transfusion therapy, pain management, and hydregyuhlthough studies have shown
an overall benefit of hydroxyurea in sickle cellsefise (via stimulation of HbF
production), 10-50 % of individuals do not respaadreatment (Charache et al., 1995).
Due to the mechanism of action of hydroxyurea pitldn of ribonucleotide reductase
that inhibits DNA synthesis and repair, which ulitely leads to S-phase cell death), a
major concern is that long-term hydroxyurea therapyy be carcinogenior
leukemogenic. This has already been demonstratedndividuals treated with
hydroxyurea for polycythemia vera (Dalton et al002). While these therapies have
increased the lifespan of individuals with sickédl disease, morbidity and mortality still
remain relatively high with most individuals dyimgematurely. Therefore, there is a
pressing need for new treatments with minimal ®ffects. The results of this study
provide the basis for new strategies for treatnoésickle cell disease by targeting iINKT
cells. We demonstrate a pivotal role for agonismAgfRs on iNKT cells to decrease
baseline pulmonary inflammation and dysfunction sickle cell disease mice.
Furthermore, acute sickle cell crisis induced pularg inflammation was inhibited with
A,aR agonism after the start of crisis, suggesting tiiia treatment may be beneficial in
treating sickle cell diseased individuals in thecegent setting.

Compared to lung lymphocytes from C57BL/6 mice, NYL mice have

increased A\R MRNA in INKT and NK cells. This is consistent tvitecent findings
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demonstrating enhanced#R promoter activity upon activation of NKT and NEKlls in
liver IRl (Chen-in press). Pulmonary dysfunctiordanflammation in sickle cell disease
mice and is largely reversed by treatment with A4&4 (10 ng/kg/min, 3 d) and this
protection is mediated by ,ARs, as NY1DD x AsR” mice are unresponsive to
ATL146e. The beneficial effects on pulmonary fuoietof ATL146e treatment appear to
be due to AWR agonism on iNKT cells. The co-treatment of NY1Dfice with
ATL146e and anti-CD1d were not additive, as togethey failed to improve pulmonary
injury significantly more than either treatmentrado Also suggesting that iINKT cells are
the main cellular targets of ATL146e is the obstoathat in NY1DD x Ragf mice
pre-treated with ATL146e, the adoptive transfed ahillion iINKT cells with alkylated

A aRs induced pulmonary injury while the adoptive sfen of 1 million non-alkylated
INKT cells did not induce injury. These findingsdinate that although iINKT cells
represent only a minor subset of the total lympk®@ppulation, they play a pivotal role
in sustaining the pulmonary pathophysiology in ausgomodel of sickle cell disease and
inhibition of iINKT cells via agonism of the AR may be beneficial in decreasing the
symptoms of chronic baseline and acute sickledisHase.

Several murine models with phenotypes that varsewerity have been developed
to model human sickle cell disease. In this stuéyused the well characterized NY1DD
model that expresses 75 % hunfifhglobin and 56 % human-globin (Fabry et al.,
1992a). While these mice have been previously destras having a relatively mild
hematological pathology (i.e. they have a normah&ecrit), they have been shown to
exhibit baseline organ damage to lung, liver, splead kidney (Fabry et al., 1992a). At

baseline, individuals with sickle cell disease tigprarious degrees of organ dysfunction
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that is often punctuated by periodic exacerbatrefesred to as sickle “crises.” A disease
exacerbation, or crisis, can also be produced remkposed to endotoxin or transient
hypoxia (Fabry et al., 1992b; Holtzclaw et al., 2D0n the current study we chose to
study therapeutic interventions in sickle cell dse at baseline as well as after hypoxia-
reoxygenation induced “crisis.” Although acute cdicgtions of sickle cell disease are
the most common cause of emergency room visits laogpitalizations, baseline
intervention is important for several reasons: dgent findings suggest that transient
microvascular occlusion occurs chronically in a-stibical manner in sickle cell disease,
and that end-organ damage and short life-sparckiescell disease are often due to the
cumulative effects of repeated bouts of minor isaiceevents (Kaul and Hebbel, 2000;
Osarogiagbon et al., 2000); 2) relatively littléeation has been paid to evaluating the
natural progression of chronic organ injury in tmedel; and 3) the baseline sickle cell
disease pulmonary phenotype is more stable andabieeto investigation than are crisis
phenotypes.

Our findings confirm that at baseline NY1DD micsplay substantial pulmonary
inflammation and pathophysiology that is manifedigdncreased numbers of pulmonary
leukocytes, impaired endothelial integrity (incregs vascular permeability), and
microvascular occlusion and this phenotype is amlen&o treatment as ATL146e
infusion decreased pulmonary injury after 3 dayistdtogical examination of lungs from
NY1DD animals revealed striking inflammatory chasigbat were also amenable to
ATL146e therapy, which decreased the amount of rebbée pulmonary capillary
congestion in NY1DD mice. Similar baseline findingfspulmonary capillary congestion

have been noted on post-mortem autopsies (Haquaé,€2002). We also found that
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ATL14e treatment reversed the significant decréaseterial oxygen saturation (% 9O
observed in NY1DD mice, which is associated wittréased pulmonary artery pressures
in individuals with sickle cell disease and is beéd to be a risk factor for the
development chronic lung disease (Pashankar et2@08; Pashankar et al., 2009).
Furthermore we demonstrate that in NY1DD mice egdd® hypoxia-reoxygenation to
induce acute “crisis,” ATL146e treatment given aftiee start reoxygenation decreases
the pulmonary injury observed suggesting that iy io@ useful in acute complications of
sickle cell disease as well.

Recent studies indicate that iINKT cells are actistaby ischemia-reperfusion
injury and we have demonstrated above that iNKTIscelre involved in the
pathophysiology of sickle cell disease. In the entrstudy, we demonstrate that co-
treatment of NY1DD mice with ATL146e and anti-CDZXaneliorates pulmonary
pathophysiology similarly to either treatment aloAdso, we show that in NY1DD x
RagI” mice pre-treated with ATL146e, the adoptive transff 1 million iNKT cells
with alkylated AaRs induces pulmonary injury while the adoptive sfen of 1 million
non-alkylated iNKT cells does not induce injury. éinterpretation of these data is that
the main cellular target for ATL146e is iINKT cells.

One limitation of this study is lack of translatad human data. It would be
beneficial to measure AR expression on circulating INKT cells or to meastine
effects of AaR treatment on iINKT cell activation. Many factorene responsible for the
lack of A.aR patient data: one, other than blood, tissue fokle cell diseased
individuals is difficult to obtain (i.e. lung biogs, post-mortem specimens); two, the

experiments have to be completad vitro; and three, the mouse anti-humapaR
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antibody has proven unreliable for use in flow oy&tric analysis. Neverthelesso R
agonism in sickle cell disease represents a neenpat therapy both in chronic and
acute settings.

In conclusion, our results suggest new strategieshie treatment of pulmonary
inflammation and vaso-occlusion in sickle cell dise. Lung iNKT cells are activated in
the NY1DD mouse and trigger an inflammatory casacaselting in increased vascular
permeability, decreased arterial oxygen saturatéom, abnormal breathing parameters.
Furthermore, INKT cells have increased expressioth® AxR, which when agonized
decreases pulmonary injury. The results of thidythave important translational
therapeutic implications. By inhibiting iINKT celcvation with AR agonists, it may
be possible to reduce vascular occlusion and tissmeage associated with acute and

chronic IRI in sickle cell disease.
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4. Future directions

4 .1. Activation of INKT cells in sickle cell diseas

4.1.1. Determining the self-lipid antigen that actiates INKT cells in sickle cell

disease

INKT cells are autoreactive in that they react éif-antigens expressed by the
host. For example, freshly isolated thymic iNKTIselre activated by a variety of CD1d-
positive cells including thymocytes and tumor celishout the addition of exogenous
antigens (Bendelac et al., 1995). In particulaiKTNcells react with self-lipid antigens
that have been processed through the MHCII comgattr(MIIC) (Chui and Dover,
2001; Stanic et al., 2003). The identification atative endogenous lipid(s) that may be
responsible for INKT activation has been controsrg-igure 31). In 2000 Gumpest
al. demonstrated that self-lipids could stimulate iNK&lls, and in 2004 Zhoet al.
suggested that isoglobotrihexosylceramide (iGb33 waself-lipid that mediated iINKT
activation (Gumperz et al., 2000; Porubsky et2007; Zhou et al., 2004). In summary,
their data demonstrated that pathogenic bactenactivate mouse iNKT cells indirectly
through TLR4-, TLR7-, or TLR9-driven maturation aéndritic cells, which then present
self-iGb3 in the context of CD1d. However, a recgnily demonstrated that iGb3 is not
produced in human tissues and other endogenousd(gjahave yet to be identified
(Christiansen et al., 2008). Whether iGb3 is a #ndogenous antigen or the sole iINKT
cell self-antigen is still a matter of debate. Rdlye a number of other cellular lipids
including, GD3, phosphatidylinositol (Ptdino), aptosphatidylethanolamine (PtdEtN)
have been hypothesized to form endogenous iNKT eeligens under various

physiological conditions (Gumperz et al., 2000; &taet al., 2003; Wu et al., 2003).
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Until recently, the identification of an INKT cedintigen expressed by a human pathogen
capable of directly activating iINKT cells eludedvéstigators. In 2006, Kinjet al.,
reported that the spirocheBerrelia burgdorferi, the etiologic agent of Lyme borreliosis,
expresses a diacylglycerol glycolipid that acts asnatural antigen (via CD1d
presentation) for murine and human iNKT cells, é&mdlate, is the only known human
pathogen containing an antigen capable of diremtlyvating INKT cells (Kinjo et al.,
2006).

Our data suggest a role for CD1d-restricted NKTscrl sickle cell disease, as
treatment of NY1DD mice with anti-CD1d antibodiesndiorates pulmonary
pathophysiology. An interpretation of these datth& host lipid antigens for iNKT cells
are elevated in sickle cell disease. One possgibdithat pulmonary ischemia-reperfusion
injury in response to microvascular occlusion wsigkled red blood cells leads to
increased release or oxidation of self-lipids @&t presented via CD1d to activate iNKT
cells and also triggers the release of cytokinas fécilitate activation of INKT cells and
subsequent inflammation. Another possible mechar@émNKT cell activation is that
antigen presenting cells are activated by cytokneésased during ischemia-reperfusion
causing them to amplify constitutive signaling fraself-lipid antigens (iGb3, GD3,
Ptdino, PtdEtN) via CD1d. Determining the selfdi(g) responsible for activating iINKT
cells may be an important tool for inhibiting therpetuation of vaso-occlusion and end-
organ damage in sickle cell disease. Furthermoeyenting the presentation of lipids to
INKT cells with glycolipid antagonists may be a béaial treatment for sickle cell

disease.
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Figure 31. Comparison of CD1d-restricted glycolipidantigens

The a-anomeric glycolipida-galactosylceramidea{GalCer), derived from the marine
spongeAgelas, and its synthetic variantsC-GalCer, OCH and C20:2, have been used
widely to probe INKT cell function. Cell-wall-demd glycolipids fromSphingomonas
andBorrelia burgdorferi have been shown to activate iNKT cells. The triarghd the

box indicate differences in the glycerol and spbsige backbone (Florence et al., 2008).
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4.1.2. Determining the CD1d positive antigen preséing cells involved in the

activation of INKT cells in sickle cell disease

INKT cells are activated by lipid antigen presdiota by CD1d (an MHC-I like
molecule) found on antigen presenting cells (APCB)igl and Brenner, 2004;
Trobonjaca et al., 2001). It is believed that COd gresent on resting APCs at all times
allowing CD1d and iNKT cells to function at earlipts during host response to
infection or other challenges. While resting myelbnheage cells express low levels of
CD1d, circulating and splenic B-cells express vielgh levels. Furthermore, CD1d is
also expressed on epithelial cells, parenchymadd,cahd vascular smooth muscle cells,
but not on T-cells. It is not clear which of thesells participate in CD1d-restricted
activation of iNKT cells in sickle cell disease,dait will be of interest to determine if

these various populations have upregualated CD%tthte cell disease.

4.1.2.1. B-cells

The highest level of murine peripheral CD1d exgi@s is found on marginal
zone B-cells (CD21" cD23", IgM"9" 1gD*", cD1d"¥") (Roark et al., 1998). This
population of B-cells appears at 3 weeks of age @d develop in germ-free mice,
MHCII” mice, and TCR” mice, suggesting that neither antigen nor T-celphis
required for their development (Makowska et al99)9 Furthermore, these B-cells fail to
develop in CD1Y mice suggesting that they are reliant on BCR siigggMakowska et
al., 1999; Pillai et al., 2005).

It is known that human INKT cells can upregulateR7 and CD62 ligand, both

lymphoid tissue homing receptors, allowing thentrédfic to the spleen and lymphnodes
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where they can interact with B-cells and becomevaietd (Galli et al.,, 2003).
Furthermore, this interaction is CD1d-dependerB-aglls presenting-GalCer strongly
activate INKT cells and anti-CD1d antibodies abolikis activation (Galli et al., 2003).
It will be of interest to determine if circulatingy lymphoid B-cells are responsible for
CD1d-lipid presentation to INKT cells, as inhibgirtrafficking of INKT cells into
lymphoid tissue or inhibiting vascular iINKT-B-ceilhteractions may have potential

therapeutic benefits.

4.1.2.2. Monocytes and macrophages

Murine and human monocytes and macrophages ex@i®4dsl. The ability of
these cells to present lipid antigen to INKT ce&tlglirectly dependent on the number of
CD1d molecules on the cell surface (Skold et aDP3). For example, tissue
macrophages upregulate CD1d in response to myaimmeind become highly potent at
stimulating iINKT cells (Ryll et al., 2001; Skold et., 2005). Furthermore, iNKT cells
from dendritic cell deficient mice (CD11lc promotiiven diphtheria toxin receptor)
were still responsive to-GalCer stimulation (presented to iINKT cells via i), but
depletion of Kupffer cells (liver macrophages) d&sed iNKT cell activation (Schmieg
et al., 2005). Also, in humans, foam-cells (maceg#ilike cells) from atherosclerotic
plagues express CD1d and can present lipid antigeiNKT cellsex-vivo (Melian et al.,
1999). It will be of interest to determine if therare normal numbers of
monocytes/macrophages in sickle cell disease. Alstgrmining the location of INKT
cell activation, either by circulating monocytesresident tissue macrophages, may have

potential therapeutic benefit.
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4.1.2.3. Dendritic cells

Although dendritic cells have low surface expressb CD1d, they are the most
effective APC in activating iNKT cells (potent stihation of INKT cell proliferation and
IFN-y secretion) (Spada et al., 2000). Furthermore, cowunter-regulatory role, INKT
cells are cytolytic against dendritic cells, butt ramainst other cells, which may be
important in downregulating an immune response dN&t al., 2000; Yang et al., 2000).
It will be of interest to determine if there arermal numbers of dendritic cells in sickle

cell disease.

4.1.2.4. Epithelial cells

It is believed that expression of CD1d on epitiletiells plays a role in natural
host defense against bacterial colonization andsion at the mucosal barrier. Germ free
CD1d" mice display increased intestinal bacterial caation and CD18 mice infected
with Pseudomonas aeruginosa display increased colonization of the lung (Colgaral.,
1999; Nieuwenhuis et al., 2002). It will be of iregst to determine if there is normal
expression of CD1d on gut epithelial cells in sickkll disease and if this impacts host

defense against intestinal infection.

4.1.2.5. CD1d expressing cells in sickle cell dis=a

Although during inflammation, CD1d expression doex vary as widely as
MHCI and MHCII expression, it has an important ratepresenting lipid antigen to

INKT cells and it likely is modified during diseas@volving activation of iINKT cells.
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Many diseases are exacerbated or inhibited by iN&IIS, but which APC is responsible
for activating the INKT cells for these responsemain unanswered. CD1d has been
found to have increased expression on APCs fromenous diseases, including gastro-
intestinal diseases (inflammatory bowel diease,o@r disease, ulcerative colitis),
hepatic diseases (primary biliary cirrhosis, satosis, hepatitis C), and auto-immune
diseases (psoriasis, experimental autoimmune eatmplelitis) (Bonish et al., 2000;
Busshoff et al., 2001; Canchis et al., 1993; Dwedviangoni et al., 2004; Page et al.,
2000; Tsuneyama et al., 1998). The implication KT cells in the pathogenesis of
sickle cell disease suggests that CD1d-expressit@sfare also playing a role in disease
progression. Understanding the expression andiamaf CD1d on particular APCs is
critical to understanding the presentation of lipitigens and the role of self-lipids in
immune regulation. Flow cytometric analysis or immohbistochemistry for CD1d
positive cells from NY1DD mouse tissue or sickldl desease patient blood using anti-
CD1d antibodies (1B1) may be useful tools in deteimy which APCs are responsible
for self-lipid presentation in sickle cell diseas®hibition of these cell types or blocking
their interactions with iINKT cells may be beneflcia decreasing the perpetuation of

vaso-occlusion and inflammation in sickle cell dise.
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4.2. Other mediators of vaso-occlusion in sickle telisease
4.2.1. Cells

4.2.1.1. Type Il and Type Il NKT cells

Due to the lack of reliable methods to identifyetBubsets of NKT cells (CD1d-
tetramer specific to type | / INKT cells, NK1.1 doregulates after activation) there is
not much known about type Il or type Il NKT ce([§able 15). Only recently, with the
creation of genetically modified miceaﬂB’" mice, lacking type | NKT cells; CD1d
mice, lacking both type | and type Il NKT cells)dathe development of new CD1d-
tetramers loaded with sulfatide lipids (specific fgpe Il NKT cells), have researchers
been able to further characterize these subsaétkdfcells. Compared to type | / INKT
cells, type Il NKT cells express more diverse lipidding TCRs and are also CD1d
restricted, but are unresponsiveotgsalCer. Type Il NKT cells have diverse TCRs that
interact with MHCI/MHCII complexes. The majority tfpe Ill CD1d-independent NKT
cells are believed to be conventional T-cells thairess NK cell markers upon activation
and are believed to reside mainly in the bone marhowill be of interest to determine if
type Il NKT cells are activated in sickle cell cise.

Recently, there has been an increasing appreciatiotype 11 NKT cells in
modulating the innate and adaptive immune systeraiious diseases. CD1d tetramers
that identify all type Il NKT cells are not availabalthough a subset may be identifiable
by CD1d-sulfatide tetramers (Jahng et al., 2004)s €vidence suggests that type Il NKT
cells survey a distinct set of glycolipid antigdrem those detected by type | NKT cells

to complement the function of type | NKT cells fanmunological surveillance.
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Recently, it has been hypothesized that a new inomnagulatory axis exists between type
I / INKT cells and type 1l NKT cells (Terabe andrefsky, 2008). Activation of type I
NKT cells by sulfatide suppresses the proliferategponse of type | NKT cells activated
by a-GalCer or OCH. NKT cells function as important gmments of both the innate and
the adaptive immune systems, as they are amongatiest immune responders and
determine the subsequent adaptive immune responsesrefore, therapeutic
manipulation the hypothesized immunoregulatory &dsveen type | and type Il NKT
cells may have profound implications on diseasamesune responses could be shifted
towards different outcomes.

Although our data in NY1DD mice focused on the imremnent of type | / INKT
cell activation and subsequent end-organ damageaweot rule out the fact that type Il
NKT cells may also be playing a role. We used @iditd treatment, which would inhibit
both type I and type Il NKT cells, to amelioratdrpanary pathophysiology in NY1DD
and due to lack of reliable techniques to ideriyfye Il NKT cells we focused on type |
NKT cells. Currently we are in the process of ciegdNY1DD mice and 18" mice,
which would result in NY1DD mice without type | NK@ells. This will be a useful tool
to determine the individual roles of both type Hagpe Il NKT cells in this model of
sickle cell disease. If type I, but not type Il, NKells are found to be pathogenic in
sickle cell disease, a useful therapeutic technigag be agonism of type Il NKT cells
with sulfatides to suppress the exaggerated immuesponse, and vice versa.
Furthermore, treatment of NY1DD mice with /&R agonists to suppress iNKT cells may

function in a similar fashion to the suppressionNKT cells by type Il NKT cells. We
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have yet to determine if AR activation suppresses activation of type Il NKT cells, as is

the case with type | NKT cells.
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Type | NKT cells (iNKT / classical) | Type Il NKT cdls (VWNKT Type Il NKT
Mouse Human / nonclassical) cells (XNKT /
NKT-like cells)
TCR | Val4-Jal8 Va24-Jal8 Diverse Diverse
Restriction | CD1d CD1d MHCI/MHCII
Antigens | Lipids: a-GalCer, iGb3, Lipids: sulfatide Diversgeptides
phospholipids
Coreceptors | CD4, DN CD4, CD8, DN CD4, DN CD&>CD4, DN
NK cell | NK1.1 CD56, CD161 NK1.1 DX5 and/or NK1.
markers
Peripheral | Effector / memory Effector / memory Naive and efibec
phenotype / memory
Location | Liver, BM, spleen, lung, thymus Liver, spleen LivBM, spleen
Role in | Protective: Spingomonas, Ehrlichia, Pathogenic: viral hepatitis, | nd
infectious | Salmonella, Pseudomonas, schistosomiasisf.cruz
disease| Leishmania, T. cruz, Herpes simplex,
EBV
Pathogenic schistosomiasis,
Chlamydia
Role in | Protective: type | DM, EAE, MS, Protective: EAE, type | nd
autoimmune | collagen-induced arthritis, GVHD DM, GVHD
disease| Pathogenic asthma Pathogenic UC, SLE
Role in | Protective Pathogenic: suppress nd
cancer CD8+ T-cell and iNKT cell
protection

Table 15. Characteristics of NKT cells

Features of NKT subsets and their proposed roldisease. nd: not defined; BM: bone
marrow; EBV: Epstein Barr Virus, DM: diabetes meili, EAE: experimental allergic
encephalitis; MS: multiple sclerosis; GVHD: gra#t kost disease; UC: ulcerative colitis;

SLE: systemic lupus erythematosus (Terabe andoBsy, 2008; Wingender and

Kronenberg, 2008).
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4.2.1.2. Platelets

There is evidence that individuals with sickle ceitease have a chronically
active coagulation system, which has been repddeithicrease during vaso-occlusive
crisis (Francis and Hebbel, 1994). Since every aomapt of hemostasis is believed to be
shifted in the direction of a pro-coagulant phepetysickle cell disease is frequently
referred to as a “hyper-coagulable” state (Frantis,1991). The most evident clinical
consequence of this activation is ischemic strékélefy and Panepinto, 2004). Clinical
evidence has demonstrated that individuals witkklsicell disease have increased
thrombin generation and platelet activation (Toreerl., 2001). Tissue factor has also
been found to be abnormally expressed on monoeytg®on circulating endothelial cells
in individuals with sickle cell disease, and itpeession is increased further during pain
episodes, supporting the concept of a hypercoagusthte (Solovey et al., 1998). This
pro-coagulatory phenotype results in conditions téweor vaso-occlusion.

It is known that individuals with sickle cell dissa express numerous plasma
factors, including thrombin, interleukin-1 (IL-1&nd tumor necrosis factor{TNF-o),
that could increase tissue factor expression (Atagd Key, 2007). Also, multiple
potential mechanisms for increased tissue factpression in sickle cell disease have
been reported, including ischemia-reperfusion nj(@olovey et al., 2004). NY1DD
mice exposed to hypoxia-reoxygenation (8 % 8&hrs-18hrs), to induce vaso-occlusion,
displayed increased endothelial tissue factor esgima. Although Soloveyt. al.,
discussed potential downstream signaling mechanisaasng to tissue factor expression

(i.,e. NF«pB, VEGF), they did not discuss potential proximateessors. One potential
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mechanism may be related to upstream iNKT cellvatttn during ischemia-reperfusion
injury.

Our preliminary data suggest that at baseline, N¥1fice display increased
circulating platelets (Table 5) and platelet-leukecheteroaggregates (Figure 32A,B). It
is hypothesized that platelets bind to leukocyted aause leukocyte activation via
PSGL-1 and also function to induce leukocyte rgllalong the endothelium (Zarbock et
al., 2007). Furthermore, depletion of platelettN1DD mice acutely, with anti-platelet
serum treatment, or chronically, with busulfan tmeent, resulted in significantly
decreased vascular permeability and decreased uédsolumbers of pulmonary
leukocytes (Figure 32C-F, Table 16). These datgesitghat platelets may play a role in
the pathophysiology of sickle cell disease. Furtbgperiments need to be done to
explore the mechanisms of INKT cell and platelé¢iactions. Importantly, it would be
interesting to measure platelet-leukocyte hetenmggdes, tissue factor expression, and
other mediators of hemostasis in NY1DD animalsté@avith anti-CD1d. Ischemia-
reperfusion activated iNKT cells in sickle cell elise may cause downstream platelet
activation and subsequent leukocyte activation.

Despite the abundant evidence of a pro-coagulgbenotypebserved in sickle
cell disease, the results of clinical studies usangicoagulantand antiplatelet agents
have been controversial and no convincing bemethie prevention or treatment of vaso-
occlusive complications have been demonstratedgédtand Key, 2007 Although these
studies have been small and/or poadwtrolled, these data suggest that platelets @re n

the main contributors to vaso-occlusion and may besult rather than a cause of vaso-
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occlusive crisis. Nevertheless, platelet activatpmtentially driven by upstream iINKT

cell activation remains an important area to béhimrexplored.
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Figure 32. NY1DD mice have increased platelet-leukgte heteroaggregates and
platelet depletion decreases pulmonary injury

(A) Representative flow cytometry plots depictingtplet (CD41) positive pulmonary
leukocytes in C57BL/6 and NY1DD miceBY NY1DD mice have increased pulmonary
platelet-leukocyte heteroaggregates as compare@50BL/6 mice. C) Circulating
platelets are depleted after chronic (busulfanpays) or acute (anti-platelet serum; 24
hours) therapies.D(E) Breathing parameters from platelet depleted C38Band
NY1DD mice. £) Vascular permeability is decreased after chr@dmisulfan; 14 days) or
acute (anti-platelet serum; 24 hours) therapiesa Baalyzed by (B) unpairgdtest, *
p<0.0001; (C-E) two-way ANOVA with Bonferoni possting, * p<0.05; or (F) one-
way ANOVA with Neuman-Keuls post-testing, * p<0.0%V: tidal volume; FOB:

frequency of breath; EBD: Evans blue dye.
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Cells| NY1DD Vehicle NY1DD NY1DD Vehicle NY1DD Anti-
(10°) (n=4) Busulfan (n=4) (n=4) platelet serum
iINKT 0.50 (0.02) 0.48 (0.02) 0.59 (0.07) (g.fg) (0.05)

NK 4.01 (0.35) 1.74 (0.25)* 4.08 (0.32) 0.40 (0.04)*
CD4| 2.08(0.39) 0.87 (0.12) 1.81 (0.32) 1.34 (0.07)
CD8| 1.96 (0.33) 1.06 (0.14)* 1.57 (0.20) 0.95 (0.11)

PMNs| 2.18(0.32) 0.08 (0.01)* 1.71 (0.18) 0.32 (0.11)*

Table 16. Platelet depletion decreases pulmonaryukocytes in NY1DD mice

NY1DD mice have decreased pulmonary leukocytes afieonic (14 days; busulfan) or

acute (24 hours; anti-platelet serum) platelet etegh.
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4.2.1.3. Fibrocytes: chronic pulmonary hypertensiomn sickle cell disease

Pulmonary disease is the leading cause of deatltkie cell disease (Platt et al.,
1994). Since the pulmonary arterial circulation ltag oxygen tension and pressure, low
blood velocity, and constricts in response to hyaothe lung environment facilitates the
polymerization of HbS and is highly vulnerable szhiemic injury (Platt et al., 1994).
Chronic pulmonary complications are associated &ifpoor prognosis and can include
interstitial fibrosis, restrictive lung disease,stictive lung disease, and pulmonary
hypertension (Aquino et al., 1994; Platt et al.940® Chronic complications are more
common in individuals with sickle cell disease wihhistory of multiple episodes of
acute chest syndrome (Powars et al., 1988).

Chronic hypoxic exposure, as is hypothesized taiogt sickle cell disease, is
characterized by the development of striking filbodiferative changes in the adventitia
of both large and small pulmonary arteries (Steknedral., 2002). Historically, it was
thought that resident pulmonary artery adventifibtoblasts were manifesting these
changes by increasedoliferation and extracellular matrix protein puation. Recently,
this concept has been challenged by the obsergatibat mononuclear cells with
fibroblast-like properties (fibrocytes) in the sstic circulation are recruited to sites of
tissue injury and participate in the repair prod€dsan et al., 2004; Schmidt et al., 2003;
Yang et al., 2002). Furthermore, it has recentlgrbghown that circulating mononuclear
fibrocytes originate in the bone marrow and arerttegor contributors to lung fibrosis
after bleomycin-induced injury (Hashimoto et alQ02; Phillips et al., 2004). Also,
hypoxia has been shown to significantly upregukatpression of CXCL12/SDF-1, a

chemokine released from resident fibroblasts artbinelialcells that is responsible for
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the recruitment of fibrocytes expressing CXCR4 dalgpregulated during hypoxia)
(Ceradini et al., 2004; Schioppa et al., 2003).

A similar mechanism of fibrocyte recruitment te@ tkickle cell lung and resulting
pulmonary fibrosis may occur in sickle cell diseaggeliminary data collected in
collaboration with the Robert Strieter laboratonggests that NY1DD mice at baseline
have increased pulmonary fibrosis, which correléddsuman pathology, as total soluble
collagen levels are significantly increased (Figd®&). Total collagen levels were found
to be similar to those found after bleomycin, aepbtinducer of pulmonary fibrosis,
treatment (Figure 33A). Furthermore, NY1DD mice éawncreased pulmonary and
circulating fibrocytes (CD4%5 collagenl) and increased pulmonary levels of
CXCL12/SDF-1 (Figure 33B,C). These data suggest fibeocyte recruitment via the
CXCL12/SDF-1-CXCR4 axis may be responsible forfibeoproliferative changes seen
in individuals with sickle cell disease, eventualgsulting in pulmonary hypertension.
Furthermore, inhibition of this axis with anti-SOFtherapy may result in decreased
pulmonary fibrosis and hypertension, and may beoterial therapy for sickle cell
disease. Also, the exact mechanisms driving CXCRDHE-1 release are currently
unknown. An interesting experiment would be tottid®¥1DD mice with anti-CD1d and
measure pulmonary CXCL12/SDF-1 levels to determin@NKT cell activation is

involved with the recruitment of circulating fibrgtes to the sickle cell lung.
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Figure 33. NY1DD mice have increased pulmonary filwsis

(A) Lungs from NY1DD mice have increased total sautmllagen (Sircol) as compared
to C57BL/6 mice. The total collagen is comparaldebteomycin (potent pulmonary
fibrosing agent) treated animals at 16 days pesittnent. B) NY1DD mice have

increased pulmonary and circulating fibrocytes (6D4Collageni) as compared to
C57BL/6 mice. C) NY1DD mice have increased pulmonary CXCL12 (SDF+the

chemokine responsible for fibrocyte recruitmentcasipared to C57BL/6 mice.
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4.2.2. Measurement of reactive oxygen species

While our results suggest a novel mechanism feoaacclusion and subsequent
inflammation, we cannot exclude the fact that otwefl established pro-inflammatory
mechanisms may be simultaneously activated. Owermptst decade considerable data
have been collected pertaining to the dysregulabdionitric oxide metabolism in sickle
cell disease. It is hypothesized that the hemslgtbickled red blood cells contributes to
a state of nitric oxide resistance and limited ba&kbility of I-arginine, the substrate for
nitric oxide synthesis. Hemolysis contributes tdueed nitric oxide bioavailability and
endothelial dysfunction via release of erythrocyrsginase which limits arginine
bioavailability, and release of erythrocyte hembgiowhich scavenges nitric oxide
(Morris et al.,, 2005). Abnormal nitric oxide-depemd regulation of vascular tone,
adhesion, platelet activation, and inflammation believed to contribute to the
pathophysiology of vaso-occlusion (Weiner et alD03). Furthermore, treatment of
individuals with sickle cell disease with inhaletric oxide gas has been shown, via its
vasodilatory effects, to improve pulmonary venidatperfusion mismatch and
hemodynamics thereby increasing arterial oxygesioenand decreasing inflammation
(Atz and Wessel, 1997; Sullivan et al., 1999). Tinischanism may co-exist or work in
concert with the immune dysregulation effects cdusg iINKT cells on the pulmonary
vasculature described in this study. It will berdkrest to determine if AR agonists or

anti-CD1d treatment increases nitric oxide productn sickle cell disease.
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4.3. Exploring the role of INKT cells and ATL146e teatment in sickle cell vaso-

occlusion in other NY1DD mouse organ systems

Renal and hepatic involvements are common mantfestaof sickle cell disease.
The medullary environment has low oxygen tensios laigh osmolality, both of which
contribute to osmotic dehydration of the RBCs aagigolymerization of HbS, sickling,
and vaso-occlusion (Pham et al., 2000). There apynwvell-described nephropathies
that affect individuals with sickle cell disease dMerno, Jr. and Carson, Ill, 2003).
Gross hematuria, papillary necrosis, nephrotic symeé, hyposthenuria (inability to
concentrate urine), pyelonephritis, and renal madulcarcinoma are all believed to be
the result of repeated ischemia-reperfusion epsaddethe microvasculature in the
kidney.

Multiple causes of hepatic dysfunction exist irdiiduals with sickle cell
disease. Chronic hemolytic anemia contributes ¢oféihmation of pigmented gallstones,
which are eventually found in approximately 70 %rafividuals (Rennels et al., 1984).
Acute hepatic crisis is associated with liver isoleeand presents with fever, right upper
guadrant pain, leukocytosis, and abnormal liveccfiom tests and may progress to liver
failure, which is associated with a poor progngResenblate et al., 1970b; Sheehy et al.,
1980). Chronic liver disease is thought to be causeintrahepatic trapping of sickled
RBCs leading to hepatomegaly, liver dysfunctiorgrasis, and cirrhosis (Rosenblate et
al., 1970Db).

Preliminary data suggests that end-organ damagedsrring in other tissues
outside the lung in NY1DD mice and that iINKT cetisly be involved (Figures 9, 13, 34;

Table 7). Therefore, it would be interesting to Hethe same mechanism of iNKT cell
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activation and downstream recruitment of effectetlsc causing pathophysiology is
occurring in these tissues. The chronic natureidfidy and liver dysfunction observed
suggests that NY1DD mice would have measureabbr ldysfunction (i.e. increased
liver function enzymes) and kidney dysfunction .(iine concentration deficits).
Furthermore, chronic pulmonary complications asoamted with a poor prognosis and
can include interstitial fibrosis, restrictive lurdisease, obstructive lung disease, and
pulmonary hypertension (Aquino et al., 1994; Reatal., 1994).

Although we demonstrated significant improvememspulmonary function in
NY1DD mice treated acutely with ATL146e (10 ng/kgin3d) and anti-CD1d (10
pHg/g/d, 2d) it would be interesting to see if thens results would occur in the liver and
kidney. The liver has an amazing capacity for regation and measureable differences
may be able to be detected within 2 — 3 days d@tiinent. However, the severe gross
necrosis observed in these organs and the facthbs¢ acute treatments cannot reverse
all pulmonary physiological parameters to contesdls (i.e. vascular permeability is still
elevated as compared to control animals) suggestethd-organ damage may only be
preventable by starting treatment before NY1DD mieach an age of substantial
irreversible organ injury, which we have observesliad 8 weeks of age.

Chronic treatment is often a difficult task to urtdke, as it requires daily
injections, which can result in abdominal perfaas and infections, or osmotic pump
placement, which can cause skin necrosis and iafectover time. An interesting
experiment would be to place NY1DD mice opaR agonist drug-infused chow as soon
as they are weened. Therefore the mice would reagivonic therapy, although similar

to bolus injections in that soon after feeding N nice would have peak values of
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A2aR that would diminish quickly. Nevertheless, thesea pressing need for long-term

therapies to reduce end-organ damage in sicklalsglase.
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Figure 34. NY1DD mice have observable end-organ daage
Representative picture of a liver from a 13 week Hlv1DD mouse showing areas of

necrosis (white-yellow areas) and cirrhosis (micootular appearing).
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4.4. Human sickle cell disease

4.4.1. Exploring the correlations between iINKT cefl and sickle cell disease severity

For years, the “holy grail” of sickle cell diseassearch has been attempting to
identify a biomarker that can accurately prediahparisis, and disease outcome so that
clinicians can better tailor treatment strategesach patient. Many biomarkers have
been potentially identified only to be shown urable in subsequent studies (circulating
endothelial cells, C-reactive protein [CRP], platetounts, white blood cell counts,
soluble adhesion molecules [sVCAM-1, sICAM-1], clwime/cytokine levels, etc)
(Etienne-Julan et al., 2004; Kato et al., 2005; idak al., 2006; Strijbos et al., 2009).
The previous data suggest that INKT cells be argiatiebiomarker for sickle cell disease
severity, as their inhibition improves disease im@use model of sickle cell disease and
individuals with sickle cell disease have increas@dulating iINKT cells. Currently,
studies are underway to correlate iINKT cell numbansl/or activation with many
variables of sickle cell disease severity (Tablg Blthough the number of individuals
analyzed is still relatively small, when individaalith sickle cell disease are divided into
tertiles preliminary data suggests that the nunotb@IKT cells and INKT cell activation
in individuals with sickle cell disease correlatggh the number of hospitalized pain
crisis reported over 4 years (i.e. the individuaigh sickle cell disease with the most
number of INKT cells [upper 33 %] and highest aation [upper 33 %] have the most
hospitalization for pain). Additional data needsb collected over time from the same
patient to see if acute increases in INKT cell nemdnd/or activation can predict acute
crisis. If so, clinicians may be able to preverd titcurrence of acute sickle cell crisis by

starting treatments before the patient has sigdgoasymptoms. It is also possible that
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reduction of INKT cell activation during therapy may be a useful marker of the efficacy

of various treatments.
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Variables of sickle cell disease severity

Baseline demographics

Age, gender, transfusion history, hydroxyu

therapy

rae=138

Laboratory variables

WBC #, [hemoglobin], platelet #, LDH, serum

creatinine, ALT

Morbidity data

# Pain episodes over 4 yrs, # acute chest synd

episodes over 4 yrs

rome

Pulmonary function Spirometry (FEV1, FVC, FEV1/FVC),n=75
bronchodilator response,®aturation
Pulmonary hypertension | Echocardiogram n=60

Asthma

History, medications, smoking history

Table 17. Variables associated with sickle cell diase severity
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4.4.2. Treatment strategies for sickle cell disease

Treatment strategies for individuals with sickldl desease are quite complex and
require close monitoring by health care workersiefBr, current treatment includes
prophylactic and liberal use of antibiotics durimjections, transfusion therapy, pain
management, and hydroxyurea (Hebbel, 2005). Lihesalof antibiotics has been shown
to significantly reduce the risk of infection andath. However, since the early 1990s,
antibiotic-resistant strains of various bacteriaehamerged (Adamkiewicz et al., 2003).
Repeated transfusion complications include ironrloagl and viral transmission, and
transfusion therapy has been shown to have linviédae (Hebbel, 2005). The mainstays
for pain treatment include NSAIDs and opiods, hosvdt’has been well documented that
continual use of narcotics can lead to addictiombolyviduals with sickle cell disease and
undertreatment by healthcare providers (Kirsh e8i02).

Although studies have shown an overall benefit ydrbxyurea in individuals
with sickle cell disease (via stimulation of HbFoguction), 10-50 % of individuals do
not respond to treatment (Charache et al., 1996 © the mechanism of action of
hydroxyurea (inhibition of ribonucleotide reductatfet inhibits DNA synthesis and
repair, which ultimately leads to S-phase cell dgad major concern is that long-term
hydroxyurea therapy may be carcinogeaicleukemogenic, which has already been
documented in individuals treated witidroxyurea for polycythemia vera (Dalton et al.,
2005). While these therapies have increased thepi#n of individuals with sickle cell
disease, morbidity and mortality still remain redaly high with most individuals with
sickle cell disease dying prematurely. It will beimterest to determine if hydroxyurea

therapy has any effect on the production or adgtwadf iINKT cells.
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The only known cures for sickle cell disease ameebmarrow transplants, which
removes the genetically altered sickled red bloetl end all of the downstream
damaging effects associated with it and replacedlita normal red blood cell with adult
hemoglobin, or stem cell transplantation, which idoeliminate sickle red blood cells
and progenitors and replace them with normal stelts that would produce normal red
blood cells. With bone marrow transplant it is ofifficult to find an exact matching
donor and there are difficulties with rates of efgnent, graft rejection, and graft-
versus-host-disease (GVHD). Also, the process iig e&pensive and requires years of
follow-up. Stem cell transplantation also has asged unfavorable outcomes, especially
the lack of sustained donor engraftment. Thereftrere is a pressing need for new
treatments with minimal side effects.

Our data suggest that inhibition of INKT cells eithwith antibodies that
indirectly inhibit activation (anti-CD1d) or AR agonists that directly inhibit activation
(ATL146e) would be beneficial treatment strated@ssickle cell disease. Both of these
treatments have the benefit of acting on mechaaisti upstream INKT cells, which are
potentially involved with the recruitment of furtheffector cells and perpetuation of
ischemia-reperfusion injury induced end-organ danag

In individuals with sickle cell disease, baselinsedse with various degrees of
organ dysfunction is often punctuated by periodiacerbations referred to as acute
sickle “crises.” A disease exacerbation, or crisés) also be produced in mice exposed to
endotoxin or transient hypoxia (Fabry et al., 1992bltzclaw et al., 2004). The major
cause of emergency room visits and hospitalizatifmmsindividuals with sickle cell

disease are due to acute pain crisis and/or atgst syndrome. Previously described
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data suggest that treatment of acute sickle pasiscwith AcsR agonists may be a
suitable strategy. Sickle cell mice exposed to Rigpoeoxygenation, which induces
ischemia-reperfusion injury that is believed to nairsickle pain crisis, treated with an
A,aR agonist (ATL146e) after the start of reoxygenatidemonstrated significant
improvements in pulmonary function as compared ¢bicle treated sickle cell mice.
Further clinical trials need to be done to ensuiger dosing and timing of therapy.
Also, many treatments that have been attempted reviqus clinical trials (i.e.
corticosteroids) have resulted in significant imgments during hospitalizations, but
resulted in significant rebound crisis after indivals returned home, with the new pain
crisis appearing worse than the former (Berniralgt1998). Therefore, it is important to
evaluate the efficacy of AR agonists for acute treatment of sickle cell srisi the
emergency room setting.

Many individuals with sickle cell disease will newdisplay acute pain crisis or
acute chest syndrome yet still have severe endiodgamage and associated increased
morbidity and mortality. Recent findings suggestttransient microvascular occlusion
occurs chronically in a sub-clinical manner in widuals with sickle cell disease, and
that end-organ damage and short life-span in sickle disease are often due to the
cumulative effects of repeated bouts of minor iseiceevents. Furthermore, relatively
little attention has been paid to evaluating aedting the natural progression of chronic
organ injury in sickle cell disease. One reason tfag lack of long-term / chronic
treatments may be unknown adverse side effectie istknown about the long-term side
effects of AaR agonists or chronic inhibition of INKT cells. lalmmation is a necessary

and natural response to pathogenic infections agressing the immune system in
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sickle cell disease may leave these individualsemmone to developing infections.
Further experiments need to be done to determmeribper dosing of these therapies so
that the fine balance of inflammation versus amfialimmation is not swayed too far in
one direction. Although much more research needsetdone, inhibition of iINKT cells

and AR agonism represent potential long-term therapies.
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