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Abstract of the Dissertation
The Regulation of Neutrophil Function by the Vitamin D Binding Protein (DBP)
by
David M. Habiel
Doctor of Philosophy

in

Molecular & Cellular Biology

(Immunology and Pathology)

Stony Brook University

2012

Vitamin D binding protein (DBP), also called Gc globulin, is an abundant plasma protein
belonging to the albumin gene family. DBP is primarily known for its role in the transport of
vitamin D metabolites in the blood and extracellular fluids, and as an actin scavenger in the
circulation. DBP also has been shown to be a chemotactic cofactor for the complement
activation peptide C5a, and a deglycosylated form (DBP-MAF) has been shown to activate
macrophages and osteoclasts in vitro. The in vivo relevance and the mechanism behind the
chemotactic cofactor function of DBP are not known. In this report, a C5a induced alveolitis
model was developed and the neutrophil migration into the lungs of DBP -/- and DBP +/+ mice
was determined. There was a significant decrease in the number of neutrophils recruited into the
lung at 4, 6, and 24 hours after instillation of C5a in DBP -/- mice as compared to DBP +/+
animals. Ex vivo analysis of DBP -/- bone marrow neutrophils revealed decreased surface

expression of CD88 (C5a receptor), CD44 (DBP receptor), CD11b (cell adhesion molecule) and

il



decreased side scatter (less internal granularity). Functional analysis of DBP -/- bone marrow
neutrophils revealed an intrinsic defect in migration, polarization and superoxide anion
generation suggesting a role for DBP in neutrophil differentiation in vivo. This was confirmed
using the promyelocytic cell line HL-60, where higher surface expression of CD88, CD44 and
higher side scatter was observed when cells were differentiated in the presence of DBP. Finally,
a mechanism by which DBP functions during chemotaxis and differentiation is proposed. Using
a proteomic approach, it was observed that DBP treated neutrophils generate DBP-actin
complexes which in turn induce secretion of the inflammatory amplifier SIO0A8/A9. This
molecule has been implicated in neutrophil chemotaxis, polarization, superoxide anion
generation and differentiation. /n vitro analysis of human neutrophils confirmed that DBP
treatment induced the generation of DBP-actin complexes and the formation of intracellular
S100A8/A9 complexes. Furthermore, DBP-actin complexes were found to be potent inducers of

S100A8/A9 release from neutrophils.
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1. Introduction

1.1. Inflammation: an overview

Inflammation is a complex biological response involving many immune and non-immune
cells all acting together to contain and eliminate harmful stimuli. There are five cardinal signs of
inflammation: pain, heat, redness, swelling and loss of function of the affected organ. There are
two major response elements to inflammation, a humoral (fluid-borne) response, which is
composed of plasma proteins from the innate (complement) and adaptive (immunoglobulins)
immune systems, and a cellular response, mainly driven by innate immune cells. Inflammation
is classified into two major categories each with distinct properties, acute and chronic . Briefly,
acute inflammation is fast onset and short lived and the primary cellular component is
neutrophils. Chronic inflammation can follow persistent acute inflammation or develop without
an acute event. It can last from weeks to years and its primary cellular components are

macrophages and B and T lymphocytes of the adaptive immune system.

Innate immune cells are cells of a hematopoetic origin, including neutrophils, monocytes,
macrophages, dendritic cells, mast cells, natural killer cells, basophils and eosinophils. These
cells are responsible for mounting an early immune response against an infection by utilizing
germ line encoded pattern recognition receptors (PRR). PRRs recognize a class of molecules
called pathogen associated molecular patterns (PAMPs), which include bacterial and viral
proteins, nucleotides and lipids. Additionally, PRRs also recognize a class of endogenous
molecules collectively called danger associated molecular patterns (DAMPs) or alarmins. Non-
immune cells, such as epithelial and endothelial cells, also express the same PRRs, as immune

cells. PRR ligation and activation by PAMPs and/or DAMPs induces a rapid upregulation of cell



surface adhesion molecules and secretion of cytokines, this in turn leads to the recruitment of
immune cells and amplification of inflammation. Neutrophils are rapidly recruited to the site of
inflammation with peak recruitment at 3-5 hours after the initiation of inflammation. Following
neutrophil recruitment, monocytes start to arrive to the site of inflammation within 24 hours,
where they respond to several inflammatory stimuli and differentiate into macrophages. In most
inflammatory reactions, after 48 hours, monocytes and macrophages become the major

population at the site of inflammation.

1.2. Complement System

The humoral arm of the innate immune system is composed of a system of soluble
proteins, called the complement system. The complement system is usually the first line of
defense that pathogens encounter when they breach the epithelial barrier and enter into a host. It
is composed of a collection of zymogens and non zymogens that are proteolytically activated on
microbial surfaces by an enzymatic cascade ultimately leading to products that destroy the
microbe as well as recruit and activate innate immune cells. There are three major activation
pathways for complement: the classical pathway, the lectin pathway and the alternative pathway.
The classical pathway is primarily activated by IgM and IgG immune complexes after binding to
the C1q portion of C1 and inducing a conformational activation of the pro-enzymes Clr and Cls.
The lectin pathway is activated when mannans (mannose residues) on the surface of infecting
microbes, but not on self-cells, interact with the mannose binding lectin (MBL) and ficolins.
This binding induces a conformational change, which leads to the activation of the enzymes
MASP-1 and MASP-2. Both pathways form enzyme complexes that cleave C3 to C3a and C3b,
then are modified by the addition of C3b to cleave C5 to C5a and C5b. Cleavage products of C3

and C5 have numerous biological functions and are the primary complement activation products.



The C3 cleavage product C3b (generated from classical or lectin pathways) activates the
alternative pathway. However, C3 has a unique auto activation mechanism involving the highly
reactive thiolester bond in C3. Hydrolysis of the thiolester converts C3 into an activated form
with proteolytic cleavage, in this way C3 is always searching for microbial targets that will
activate the alternative pathway. Once the pathway is initiated, more C3 will be cleaved to C3b

and amplify the pathway.

C3b covalently binds to microbial surfaces through a reactive thiolester bond, and surface
bound C3b acts as an opsonin, by binding to the complement receptor 3 (CR3, also called Mac-1
or CD11b/CD18) on phagocytes and facilitates microbial phagocytosis. The C5 convertase
cleaves C5 to generate C5a, a very potent chemoattractant and anaphylatoxin, and C5b. C5b
then binds to a microbial surface and subsequently binds to C6, C7, C8 and many molecules of
C9. This complex, comprising of C5b-9 and called the membrane attack complex (MAC), forms
a pore on microbial membranes, which leads to the lysis of the microbe. C5a is considered the

most potent of the complement activation products.

1.3. PRRs, PAMPs and DAMPs

The cellular arm of the innate immune system recognizes invading microorganisms
through germ line-encoded receptors called PRRs (reviewed in '*). PRRs bind to conserved
pathogenic proteins, nucleotides or lipids, which are generally referred to as PAMPs. PRRs can
be classified as secreted, transmembrane, or cytosolic proteins. Secreted PRRs include
collectins, ficolins and pentraxins, which bind to microbial cell surfaces and activate the
complement system. This leads to the opsonization of these microbes and subsequent

phagocytosis and clearance by neutrophils, monocytes and macrophages. Transmembrane PRRs



include complement receptors, which recognize complement opsonized microorganisms, C-type
lectin receptors (CLRs) such as Dectin 1 & 2 which recognize B-glucans and mannans
respectively on the surface of microorganisms and toll like receptors (TLRs) which recognize
different bacterial or viral membrane lipids, lipoproteins, RNA and DNA (see below). Cytosolic
PRRs include retinoic acid inducible gene (RIG)-I-like receptors (RLRs), such as RIG-1 and
MDAS which detect viral RNAs, and NOD like receptors (NLRs), such as NOD1 & 2 which
recognize structures of bacterial peptidoglycans such as g-D-glutamyl-mesodiaminopimelic acid
(iE-DAP) and muramyl dipeptide (MDP). In addition to recognizing PAMPs, some PRRs, such
as TLRs, recognize a class of endogenous proteins, which are released or secreted during

inflammation, called DAMPs.

Some of the most studied and best-characterized PRRs are the TLRs (reviewed in ).
Currently, 10 TLRs have been identified in human (TLR 1-10), and 12 (TLR 1-9 and 11-13) in
mice with TLR 1-9 being the best characterized. TLR1, 2, 4, 5, and 6 are expressed on the
plasma membrane and TLR 3, 7, 8 and 9 are expressed on endosomal membranes where they
bind to microbial RNA and DNA upon cellular activation. Most TLR ligands induce the
homodimerization (TLR 3, 4, 5, 6, 7 (in mouse) and 9) or heterodimerization (TLR1/ 2, TLR6/2
& TLR7/8 in human) of TLRs to induce a cellular response. The activation of TLRs leads to
cellular responses such as priming and degranulation in neutrophils or cytokine and chemokine

synthesis and secretion in neutrophils, monocytes and macrophages.

There are two major signaling mechanisms used by TLRs to induce cellular activation
and gene transcription: the MyD88 dependent signaling pathway and the TRIF-dependent
signaling pathway **. All TLRs utilize the MyD88 dependent signaling pathway with the

exception of TLR3. In the MyD88 signaling pathway, MyD88 is recruited, either directly or



indirectly via an adaptor protein, to an intracellular Toll/IL-1 receptor domain (TIR) of TLRs,
where it induces the activation of a signaling cascade, ultimately leading to the activation Nf-xB
and MAPK. The TRIF-dependent signaling pathway, also called the MyD88 independent
signaling pathways, is utilized only by TLR3 and TLR4. In this pathway, TRIF directly binds to
activated TLR3 or indirectly to activated TLR4 via an adaptor protein called TRAM. TRIF then
initiates a signaling cascade, which eventually leads to the activation of Nf-kB and subsequently

the expression of cytokines and chemokines.

In addition to PAMPs, TLRs bind to and are activated by DAMPs, which are endogenous
molecules secreted by activated inflammatory cells or passively released by necrotic cells. For
example, HMGBI1, a nuclear protein which is released by dead cells or actively secreted by
activated macrophages ° cleaved fibronectin °, fibrinogen ’, the extracellular matrix glycoprotein
Tenascin-C *, Surfactant protein A and D %10 3_defensin-2 ', HSP60 2,70 '3, 72 ' and 22 *°,
GP96 ', hyaluronic acid fragments '®, neutrophil elastase '°, lactoferrin *°, HSPG fragments '
and S100A8/A9 *** have all been shown to bind to and activate TLR4. These endogenous
DAMPs are thought to play a major role in inflammatory amplification and thus their
extracellular levels are highly regulated. However in some diseases, excessive secretion of

DAMPs can lead to severe pathologies.

1.4. Cytokines and Chemotactic Factors

When PAMPs and DAMPs bind to and activate PRRs, they induce the expression and
secretion of cytokines. Cytokines, formerly called lymphokines or monokines, are protein

mediators secreted at different stages of inflammation to either enhance or terminate the

24,25 26

inflammatory response Cytokines were initially thought to be secreted from leukocytes,



hence the terms lymphokines and monokines. However, it is clear now that many cytokines are
also secreted from other cell types, such as epithelial and endothelial cells, and thus a more
general term, cytokines, was established. Cytokines exist as proteins, lipids, or nucleotides and
are released from cells of the innate and adaptive immune system and non-immune cells such as
epithelial and endothelial cells. Cytokines are grouped into several families: 1. Colony
stimulating factor family, 2. Interferon family, 3. Interleukin family, 4. TNF family and 5.

unassigned family.

Chemoattractants or chemotactic factors are proteins, nucleotides and lipids, which
induce cellular migration. The largest family of chemotactic factors is known as chemokines,
which are a family of cytokines that can induce cell migration (chemotactic cytokines) *’.
Chemokines are grouped in four structurally similar families based on conserved cysteine (C)
residues: C, CC, CXC, and CXXXC. Most chemotactic factors act by binding to and signaling
through 7-transmembrane G-protein coupled receptors to initiate a series of biochemical signals
that affect cellular polarization and motility. The response to chemotactic factors is not
ubiquitous; specificity is achieved by differential expression of different chemoattractant
receptors on different effector cells. Thus, the expression of chemoattractant receptors and the
generation of chemotactic factors at different stages of inflammation determine which effector

cells are attracted to the site of inflammation.

Neutrophils are the fastest migrating cells and thus are heavily used to study chemotactic
factors. Neutrophil chemotactic factors are classified into two major groups: 1. End target and
2. Intermediary. Several immune and non-immune cells secrete intermediary chemotactic
factors during an inflammatory reaction. The best characterized intermediary chemotactic factor

is the chemokine IL-8 (CXCLS8) **, which is a potent neutrophil chemoattractant that is primarily



secreted by neutrophils, endothelial cells and macrophages during inflammation. Other
neutrophil intermediary chemotactic factors include LTB4 2 PAF ***' MCP-1*?, and CXCL2
3 End target chemotactic factors are generated during inflammation and infection. There are
two members of this chemokine family, formylated methionine containing peptides (fMLP) and

the complement activation peptide C5a.

1.5. C5a and C5a Receptors

C5ais a 74 amino acid fragment of the complement protein C5, which is generated
during the activation of the complement system. It is a very potent anaphylatoxin due to its high
capacity to induce histamine release from mast cells. The activity of C5a is tightly regulated in
circulation by the action of carboxypeptidase N, which removes its carboxyl terminal arginine to
generate C5a des Arg. C5a des Arg is approximately 100 fold less potent than C5a, a property
that is due to its 200 fold reduced affinity to its receptor, C5aR, as compared to C5a **.
Neutrophils respond differentially to C5a depending on its concentration. At lower
concentrations (pico molar to approximately 10 nano molar), C5a induces neutrophil
degranulation, expression of adhesion molecules and chemotaxis *>. However, at higher
concentrations (10 nM or higher) of C5a, there is a significant reduction in motility, but an

increase in phagocytosis, superoxide anion and HOCI production **°. A «

paralyzed” neutrophil
phenotype is often observed in sepsis patients, where the plasma C5a levels are between 10 nM
and 100 nM, making C5a a double edge sword. C5a has been shown to be a major mediator in
many diseases and pathological conditions other than sepsis such as asthma, rheumatoid arthritis,
acute respiratory distress syndrome, systemic lupus erythematous, atherosclerosis, myocardial

infarction and reperfusion injury. C5a acts by binding to its cell surface receptors C5aR (CD88)

and C5L2, potentially a C5a decoy receptor.



C5aR is a 7-transmembrane spanning G-protein coupled receptor, which is coupled to
pertussis toxin sensitive Giq, and Giqs and insensitive Gq16 G-proteins. Once activated by C5a,
C5aR signals by inducing a calcium influx into the cytosol, activating phosphatidyl-inositol-
bisphosphate 3 kinase (PI3K), Akt, p38 MAPK, Ras, B-Raf, phospholipase D (PLD), protein
kinase C (PKC), p21 activated kinases, signal transducers and activators of transcription
(STATS), sphingosine kinase and NF-kB. C5aR was initially thought to be exclusively expressed
in immune cells, however, C5aR has been observed to be expressed on non-immune cells such as
vascular endothelial cells, bronchial epithelial cells, keratinocytes, synoviocytes,
cardiomyocytes, astrocytes, microglia, neutral stem cells, and oligodendrocytes. In neutrophils,
C5aR activation leads to the activation of PI3K, Akt, p38 MAPK, PKC and PLD, leading to the
inhibition of apoptosis, degranulation, superoxide anion generation, and chemotaxis ** *'**.

Interestingly, C5aR activation has been observed to induce increased cytosolic IkBa, which

correlated with the inhibition of NF-kB in neutrophils ** {Guo:2004dr?}.

C5L2 is a 7-transmembrane spanning receptor, which is expressed in immune and non-
immune cells at much lower levels as compared to C5aR **. Unlike C5aR, C5L2 is
predominantly an intracellular C5a receptor and is not G-protein coupled due to a change in the
highly conserved DRY (Asp-Arg-Tyr) motif to DLC (Asp-Leu-Cys) in C5L2 **. Recently, C5L2
has been shown to be a negative regulator of C5a-C5aR signaling by disrupting the C5aR

dependent activation of ERK1/2 through the B-arrestin pathway **.

1.6. Neutrophil Development

Neutrophils are the fastest migrating and the first responders to C5a. In humans,

neutrophils are the most abundant leukocytes in circulation and in the bone marrow. Daily, 100



billion neutrophils are produced from the bone marrow and cleared from the blood. They make
up approximately 60% of all leukocytes in the blood and their average life span in circulation is
approximately 5 days *°. Neutrophils are granular cells, with 4 major granular populations,

secretory vesicles, gelatinase, specific, and azurophilc granules.

Neutrophil granules are categorized as primary or peroxidase positive (azurophilic) and
secondary or peroxidase negative (gelatinase and specific) granules ***’. Granules differ by the
protein content in their matrix and membranes. Granular proteins are thought to be targeted to
granules by timed expression during the development of a granule subtype in developing
neutrophils, a model that is called “targeting by timing” **. Granulopoesis is initiated in the early
promyelocytic stage of differentiation, when immature transport vesicles bud off from the golgi,
aggregate and fuse together to form peroxidase-positive (azurophil) granules, named due to their

high content of myeloperoxidase * ** >!

. The azurophil granules contain CD63 and CD68, which
are usually used as markers for these granules, and a range of bactericidal enzymes and proteins
such as azurocidin, BPI, defensins, elastase, lysozyme, proteinase-3, N-acetyl-B-glucoasminidase
and sialidase. Azurophil granules are usually the most difficult granules to exocytose, but when
exocytosed, they are thought to fuse with phagolysosomes to aid in the killing of phagocytosed
microorganisms >>. Specific granules are thought to form in the myelocyte to metamyelocyte
stages. At these stages, antibiotic rich substances such as lactoferrin, lysozyme, h-CAP-18,
NGAL, and sialidase are expressed and thus incorporated into these granules. Additionally,
specific granules contain many proteins and receptors, which play a role in neutrophil migration
and inflammatory response such as the matrix proteases MMP-8 (collagenase), MMP-9

(gelatinase), MMP-25 (leukolysin) and the membrane proteins CD11b/CD18 (Mac-1), fMLP-R,

fibronectin-R, Laminin-R, TNR-R, and uPA-R. The membrane of specific granules also



contains the NADPH oxidase subunit cytochrome bssg that plays a major role in the activation of
NADPH oxidase, generation of reactive oxygen species and subsequent microbial killing. As
cells leave the metamyelocyte stage and become banded cells (pre-neutrophils) gelatinase
granules start to develop. Gelatinase granules, as their name suggests, contain a large amount of
the matrix protease gelatinase, which is usually used as a marker for these granules. Like
specific granules, gelatinase granules contain many proteins, which play a role in neutrophil
migration and inflammatory response such as CD11b/CD18, fMLP-R, uPA-R, the matrix
protease gelatinase, bactericidal proteins lysozyme and the NADPH oxidase subunit cytochrome
bsss. The fourth and the outermost granular population are the secretory vesicles. They
primarily contain many plasma proteins such as albumin and are thus thought to be endocytic
vesicles. In addition, they contain membrane proteins which are required for the earliest
neutrophil inflammatory response such as CD11b/CD18, fMLP-R, C1g-R, CR-1, the
complement regulatory protein decay accelerating factor (DAF), the LPS receptor CD14, the low
affinity Fc receptor FcyIll (CD16), alkaline phosphatase and the membrane metalloprotease

leukolysin.

1.7. Cell Culture Model for Neutrophils: HL-60 Cells

Human neutrophils are short-lived terminally differentiated cells, which cannot be
genetically manipulated. To study neutrophil development and function, often the HL-60 cell
line is employed. HL-60 is a human leukemic cell line that was derived from the blood of a
cancer patient with acute promyelocytic leukemia >>. HL-60 cells do not require any
hematopoetic growth factors for their survival and proliferation; they have been shown to
proliferate in serum free medium containing transferrin and insulin **. The majority of HL-60

cells are present in culture as promyelocytes (90%) and with a small population (10%) of
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spontaneously differentiated cells at multiple stages beyond the promyelocytic stage >>. HL-60
cells can be induced to differentiate into neutrophil-like cells by culturing them in the presence
of DMSO *>*° or retinoic acid °’, monocyte-like cell by culturing them in the presence of 1, 25
(OH), D; for 15 days **°' or macrophage-like cells by culturing them in the presence of the

62,63

phorbol ester 12-O-Tetradecanoylphorbol-13-acetate (TPA)

Undifferentiated HL-60 cells were observed to express myeloperoxidase and contain
azurophil granules. Terminal DMSO or retinoic acid differentiation of HL-60 cells is thought to
be incomplete. Based on cell surface receptor expression markers and functional characteristics,
DMSO or retinoic acid differentiation of HL-60 cells have been observed to stop at the
myelocyte, metamyelocyte and banded neutrophil stage >>~**®. Additionally, when HL-60 cells
are induced to differentiate into neutrophil like cells, HL-60 cells do not develop any secondary
granules, due to a combination of a lack of expression or mistargeting of secondary granule
proteins to the plasma membrane or for extracellular secretion ****%_ Other reported differences
between DMSO or retinoic acid differentiated HL-60 cells and human neutrophils includes lower
surface expression of CD16, CD17 and CD66b *® and a lower chemotactic response to the
chemokine IL-8 due to reduced expression of the IL-8 receptor, ILSRB by differentiated HL-60
cells ®’. Despite these differences, HL-60 cells have been shown to behave like mature human
neutrophils in many functional aspects and thus still remain as the best available cell culture

model to study neutrophil development and function "%,

1.8. Neutrophil Migration During Inflammation

Endothelial cells activated by C5a, cytokines, chemokines or PRRs immediately up-

regulate surface expression of P-selectin by exocytosis of Weibel-Palade bodies. Sustained
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activation of endothelial cells leads to de novo transcription and surface expression of other
adhesion molecules such as E-selectin, hyaluronan, P-selectin glycoprotein ligand-1 (PSGL-1),
ICAM-1, ICAM-2 and VCAM-1%""° In addition, activated endothelial cells initiate cell surface

F """, Transient interaction of

expression of neutrophil chemotactic factors such as IL-8 and PA
endothelial P-selectin, E-selectin, PSGL-1 and hyaluronan with the neutrophil adhesion
molecules PSGL-1, E-selectin ligand-1 (ESL-1), P-selectin and CD44 respectively results in

neutrophil adhesion and subsequently rolling on endothelial surface.

High concentrations of cytokines and chemotactic factors induce endothelial cell
retraction and vascular leakage near the site of inflammation. As rolling neutrophils encounter
endothelial cells close to the inflammatory site, they bind to cell surface expressed chemotactic
factors. The immobilized chemotactic factors then activate rolling neutrophil and induces L-
selectin shedding, the fusion of most of the secretory vesicles and some secondary granules
leading to the up-regulation and activation of cell surface CD11b/CD18, CD11a/CD18,

7476 " This leads to firm adhesion of

chemoattractant receptors and matrix degrading enzymes
neutrophils to ICAM-1, ICAM-2 and VCAM-1 on endothelial cells and subsequent trans

endothelial migration (TEM). TEM is aided by the exocytosis of specific and gelatinase

granules, which leads to the secretion of collagenase and gelatinase and subsequent degradation
of the vascular basement membrane ”’. After transmigration, neutrophils follow the gradient of
chemotactic factor(s) toward the site of infection, where the chemotactic factor concentration is
very high. High concentration of chemotactic factors inhibit neutrophil migration at the site of

infection "7,
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1.9. Neutrophil Polarization and Chemotaxis

Cellular migration is a complex biological response to environmental cues. Cellular
migration can be classified as chemokinesis or chemotaxis. Chemokinesis is the non-directional
locomotion of cells, however chemotaxis is the directional movement of cells towards a gradient
of soluble molecules called chemoattractants or chemotactic factors. As previously mentioned,
during inflammation, cells are recruited to the inflammatory site by chemotaxis toward a gradient
of chemotactic factors released during inflammation. Neutrophils are the fastest migrating cells,
the first cellular responders during inflammation and are thus often utilized to study chemotaxis.
Chemotaxis is initiated when a cell senses the presence of a gradient of chemotactic factors.
Once the chemotactic factors stimulate their receptors, different mediators are activated such as
PLD, PI3K, PKC, p38 MAPK and/or Nf-kB. In neutrophils cellular polarization has been
recently shown to be controlled by PI3K and the phosphatases PTEN and SHIP1, which spatially
localize PI(3, 4, 5)P3 to the leading edge ***'. PI(3, 4, 5)P3 is known to recruit actin-nucleating
proteins and thus induce actin polymerization in the leading edge of a polarized neutrophil *.
Polarized actin polymerization plays a major role in cellular polarization by inhibiting tubulin
polymerization at the leading edge **, and by inducing polarized granular exocytosis toward the
leading edge, thus supplying new adhesion molecules and chemokine receptors toward the
chemoattractant gradient ®*. Polarization is maintained during chemotaxis by maintaining
polarized actin polymerization, which is induced by the adhesion of integrins at the leading edge
to endothelial cells or matrix proteins in response to the stimulation of receptors by chemotactic

factors 5%,
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1.10. Chemotactic Cofactors: DBP

Neutrophils have a high capacity to generate oxidative radicals and their granules contain
many destructive enzymes. Poorly controlled neutrophil activation and/or recruitment to an
inflammatory site has been shown to cause tissue damage in several diseases such as sepsis,
glomerulonephritis, autoimmunity, acute respiratory distress syndrome (ARDS), and chronic
obstructive pulmonary disease (COPD). However, reduced neutrophil function has been shown
to increase the susceptibility of the host to bacterial infections. For example, individuals with a
mutation which leads to a defect in the activity of the integrins CD11b/CD18 and CD11a/CD18
and thus leukocyte adhesion and trans endothelial migration were observed to be susceptible for
recurrent bacterial infections suggesting an important role of neutrophil migration in host defense
%7 Fortunately, neutrophil activation, migration and anti-microbial functions are tightly
regulated and are confined to inflammatory sites and subsequently cleared. There are many
factors that have been shown to augment neutrophil migration, such as a-1-anti-trypsin **,

heparin sulfate **, B endorphin *°, prostaglandin E2 °' and the vitamin D binding protein (DBP)

92,93

DBP, also called Gc globulin, is an abundant plasma protein with a mean concentration
of 4 to 6 uM. It is predominantly synthesized as a 56 kDa protein by hepatocytes and has a half
like of 2.5 days in the circulation **. DBP belongs to the albumin gene family, which includes
albumin, alpha-fetoprotein and afamin, sharing a series of conserved cysteine residues and a tri-
globular structure with albumin, except that DBP has a 124 amino acid truncation of the third
domain *°. DBP has been shown to bind monounsaturated and saturated free fatty acids *°. There
are three major alleles of DBP (e.g., Gelf, Gels and Ge2) and approximately 120 rare variants.

Gcelf differs from Gels at amino acid position 416, which is aspartic acid in Gelf and glutamic
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acid in Gels. Gelf differs from Ge2 by a single amino acid substitution at position 420 where
threonine is substituted with a lysine. Gcls differs from Gc2 by two amino acids substitution at
416 and 420 where glutamic acid and threonine are substituted with aspartic acid and lysine
respectively. Another notable difference between Gel and Ge2 is that Gel has been observed to

be glycosylated on a threonine residue at position 420 *'.

Functionally, DBP is the major carrier of vitamin D and its metabolites in circulation **
with a higher affinity for 250H D3 (K, = 5 x 10™® M) than 1, 25(0OH), D3 (K. =4 x 107 M) *°.
Recently, in a mouse model of DBP deficiency (DBP -/- mouse) it was shown that DBP controls
the plasma levels of vitamin D but not the tissue concentration of these metabolites, suggesting

100 .
. However, it was

that this carrier protein is not required for tissue delivery of vitamin D
suggested that DBP acts as a buffer for vitamin D in circulation by sequestering it and preventing
its clearance in the glomerulus in the kidney. This is achieved by megalin and cubulin dependent
re-absorption of vitamin D bound DBP by proximal tubular cells in the kidney '*"'**. The
functional relevancy of this re-absorption mechanism was demonstrated when it was shown that

DBP null mice were protected from vitamin D toxicity due to the loss of excess vitamin D in the

urine ',

DBP is considered to be the central protein in the extracellular actin scavenger system '*"
106 Actin is a cytoskeletal protein, which is present in two forms, monomeric actin (G-actin) and
filamentous actin (F-actin). Upon cell injury or tissue damage, intracellular actin is released into
the circulation. The ionic strength, pH and temperature in the extracellular environment promote
spontaneous actin polymerization to F-actin. F-actin polymers can cause vascular obstruction
especially in capillary beds of the lung and thus cause organ dysfunction and failure. This is

prevented by the extracellular actin scavenger system, which is composed of DBP, gelsolin and
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DNase I. Plasma gelsolin is an 82-kDa protein that is largely produced by skeletal, cardiac and
smooth muscle cells '’ Its concentration is plasma ranges from 200 to 300 pg/ml. Gelsolin

108

binds to F-actin polymers, severs them into F-actin dimers and caps the dimers . Due to the

low concentration of actin in the blood, the dimers spontaneously depolymerize into monomers,

105,106,109 .
7 In some instances, DNase I released

where DBP binds to and sequesters the monomers
from dying cells also binds to actin monomers, in addition to DBP, forming a DNase [-actin-

DBP trimer and thus preventing actin polymerization '"°.

DBP has also been shown to play a role in inflammation. As previously mentioned, the
allelic form Gcl of DBP has been reported to be glycosylated on a threonine residue at position
420. Yamamoto et al have previously shown that deglycosylation of DBP by the action of
membrane bound B-galactosidase on B-cells and sialidase on T-cells produce a form of DBP
which has macrophage activating function, called DBP-macrophage activating factor or DBP-
MAF "', Later it was discovered that DBP-MAF can also inhibit angiogenesis in a CD36

112

dependent manner ~ through the inhibition of endothelial cell proliferation and VEGF signaling

'3 Furthermore, the anti-angiogenic function of DBP-MAF has been shown to induce growth

inhibition and regression of human pancreatic cancer in immune compromised mice ''*.

DBP has been shown to act as a chemotactic cofactor to the complement activation

929313119 “in monocytes '*’and to C5a in fibroblasts

peptide C5a and C5a des Arg in neutrophils
2! However, DBP did not enhance any other C5a derived neutrophil functions such as
degranulation and oxidant generation. This chemotactic cofactor activity of DBP was shown to
be specific for C5a and C5a des Arg and not other chemoattractants such as formylated peptides,

IL-8, LTB4 and platelet activating factor (PAF). Migration of neutrophils to C5a in

physiological fluids such as complement activated serum and in bronchoalveolar lavage fluid of
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ARDS patients has been shown to be largely dependent on the presence of DBP '**!*,

suggesting that DBP is a physiologically relevant chemotactic cofactor to C5a and C5a des Arg.
DBP has been observed to bind to the cell surface of neutrophils in a calcium and temperature

118,124-126

dependent manner , and subsequently shed from the plasma membrane by the serine

118,126
protease elastase 7.

Interestingly, both the binding and subsequent shedding of DBP by
neutrophils is required for DBP’s chemotactic cofactor function. Initial characterization of the
DBP binding site on neutrophils indicated the presence of a chondroitin sulfate proteoglycan
(CSPG) and the localization in detergent insoluble fractions of the plasma membrane '*>'*’. The
DBP binding CSPG was later identified to be CD44 (see below) '**'*”. In addition to CD44,
there is evidence that cell surface actin may also be required for the binding of DBP to the
surface of neutrophils (McVoy et al, manuscript in preparation). This is supported by Zhang et
al, who observed that one of the two cell binding sequences in DBP is present within the actin-

binding domain of DBP '**. However, the mechanism and the in vivo relevance of DBP’s

chemotactic cofactor function to C5a and C5a des Arg is not known.

1.10.a. DBP Receptor: CD44

CD44 is a cell surface glycoprotein, which is ubiquitously expressed by most cells.
There are 20 different isoforms of CD44, which are generated by alternative splicing and
posttranslational modifications ranging in size from 85 to 200 kDa, with the 85-90 kDa CD44H
(hematopoetic CD44) or CD44s (standard) being the most common form. CD44 is known to
localize to lipid rafts in fibroblasts via an interaction of its transmembrane domain with lipid rich
and Triton X-100 resistant plasma membrane domains '*'*°. CD44 is primarily known for its
function as a hyaluronan receptor, a function that is thought to be dependent on the clustering of

CD44 molecules on the cell surface ', In addition, CD44 has been implicated in several other

17



functions such as the regulation of fibroblast proliferation '*%, survival of Th1 memory cells ',

and Th1 and Th2 T-cell differentiation **, binding to E-selectin during neutrophil rolling on
endothelial cells, the regulation of hematopoetic progenitor distribution '*°, and suppression of

TLR mediated inflammation 3¢

CD44 has been implicated in cellular migration through its adhesion to hyaluronan and
E-selectin on the surface of endothelial cells and through the indirect association of its
cytoplasmic tail with the actin cytoskeleton in migrating neutrophils. When CD44 is activated,
ankyrin mediates the contact of CD44 to the cytoskeletal component spectrin and the members of
the band 4.1 superfamily ezrin, radixin and moesin (ERM) proteins, which are known to bind to
F-actin through their carboxyl terminal '*’. This interaction cross links the actin cytoskeleton to
the cytoplasmic domain of CD44 and is regulated by the phosphorylation of a serine residue in
the cytoplasmic tail of CD44 by protein kinase C (PKC) and the phosphorylation of the ERM
proteins by several growth factor receptors and PKCa. CD44 also has been hypothesized to play
a role in cellular migration through basement membranes and extracellular matrices by acting as

a specialized platform for the docking of matrix metalloproteases such as MMP7 and MMP9

138,139

CD44 has been shown to be shed from cells in response to PMA, ionomycin, cytokines
and leukocyte derived proteases such as membrane type 1 and 3 metalloproteases (MT1-MMP
and MT3-MMP) and ADAM10 "**'*! Jeaving behind its trans membrane and cytoplasmic
domains. After shedding, cytoskeletal rearrangements are observed, implicating the shedding of
CD44 in cellular motility. Soluble CD44 has been shown to act as an antagonist to hyaluronan
binding to CD44 '**'**_ The transmembrane domain can be further cleaved by the presenilin

dependent y-secretase, a membrane aspartyl protease, at two sites, one close to the cytoplasmic
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border and the other within the transmembrane region '**

. The cleavage of the transmembrane
domain close to the cytoplasmic border leads to the release of CD44’s intracellular domain
(CD44-ICD), which translocates to the nucleus and promotes transcription through TPA-

. 145
responsive elements .

1.11. Dysregulated Inflammation and Diseases

An inappropriate or exacerbated inflammatory response can be lethal. A well-
characterized example of dysregulated systemic inflammation is sepsis. Sepsis, a condition that
is usually caused by systemic dissemination of microorganisms or their associated PAMPs
(LPS), is known to have a very high mortality rate. The systemic dissemination of PAMPs lead
to massive generation and release of numerous inflammatory mediators. Elevated C5a levels
are highly correlated with pathology and mortality of sepsis. The presence of large amounts of
C5a leads to systemic vascular leakage, which causes hypovolemic shock in the host.
Additionally, high concentrations of C5a cripples neutrophils and down regulates their anti-
microbial properties, leading to immune-suppression, and subsequent multi organ failure and

death.

Many proteins, lipids and nucleotides mediate inflammation through the amplification of
the inflammatory response. If left unregulated, these mediators can be detrimental to the host as
previously discussed. For example, TNFa is known to be significantly up regulated in
rheumatoid arthritis and a current treatment for this disease neutralizes this cytokine. In sepsis,

many therapeutic approaches are underway to block the action of C5a (reviewed in **'*).
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1.12. Neutrophil Inflammatory Amplifier: SI00A8/A9

S100A8/A9, an inflammatory amplifier that exacerbates the pathology of several
diseases, exists as a large pool in neutrophils. These two proteins exist as calcium-dependent
heterodimers which are members of a superfamily of calcium binding proteins and are also
called calprotectin, L1 antigen, calgranulin A & B or MRP8/14. S100A8/A9 is predominantly

expressed in neutrophils, where it makes up approximately 40% of all cytosolic proteins, and to a

lesser extent in monocytes, where it makes up approximately 1% of all cytosolic proteins '*"'*%,

S100A8 and S100A9 are known to heterodimerize through a hydrophobic domain found on the

149,150

C-terminus of both monomers . Upon the elevation of cytosolic calcium, SI00A8/A9 has

been shown to form a calcium bound heterotetramer > *1>2

and then translocate to the plasma
membrane. In addition, calcium induced heterotetramers have been observed to translocate to
the intermediate filament tubulin, where they can induce microtubule polymerization and

133155 S100A8/A9 has been observed to be secreted from neutrophils in response to the

turnover
chemoattractants C5a and fMLP "*® and from monocytes after adhesion to extracellular matrix
proteins and endothelial cells ", Once secreted, SI00A8/A9 has been shown to play a role in
the endothelial cell activation and retraction, adhesion of neutrophils and monocytes to

endothelial cells, and subsequent trans endothelial migration '>>'*%192,

At low concentrations (10™'% - 10™° M), SI00A8/A9 has been shown to be chemotactic to

13 However, at higher concentrations (10”7 M and higher) SI00A8/A9 was not

neutrophils
chemotactic to neutrophils, but was observed to induce cellular adhesion to fibrinogen in a CD18

163 . :
dependent manner '®*, degranulation of secondary granules '*, and subsequent increase the

surface expression and the activation of CD11b/CD18 '®. S100A8/A9 has been shown to exert
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most of its extracellular functions by binding to the receptor for advanced glycation end products

(RAGE) 166,167 and TLR4 22,23,168,169

In addition to its extracellular functions, SIO0A8/A9 has been implicated in several
intracellular processes in neutrophils. For example, SI00A8/A9 has been shown to play a major

170-175 and

role in the assembly of NADPH oxidase, the generation of superoxide anions
arachidonic acid metabolism '"®'”’. The heterotetramer is thought to bind to and stabilize several

neutrophil lipids such as arachidonic acid and LTB4 '7>"7%""%1" " Once secreted, SI00A8/A9

delivers arachidonic acid to endothelial cells by interacting with the fatty acid transporter CD36

161

A null mutation of ST00AS8 caused early resorption of mouse embryos suggesting a vital
role in embryogenesis '*’; but the S100A9 knockout mouse was viable with no obvious defect(s)
138 Interestingly, the protein expression of SI00A8 in the SI00A9 knockout mouse was
significantly reduced in bone marrow granulocytes and completely absent in blood and tissue
neutrophils. However the mRNA level of SIO0A8 in SI00A9 -/- bone marrow and blood
neutrophils was comparable to that found in wild type bone marrow and blood neutrophils,
suggesting that the S100A9 is required for the stability of SI00AS in the cytosol of neutrophils
158 To this end, it has been shown that the heterodimeric and heterotetrameric forms of S100A8
and S100A9 were significantly more resistant to trypsin and proteinase K degradation as
compared to the homodimeric forms "', suggesting that the physiological form of SI00AS8 and
S100A9 is predominantly the heterodimeric and heterotetrameric forms. Neutrophils from

S100A9 knockout mice failed to up-regulate surface CD11b in response to IL-8, had a defect in

polarized actin polymerization, diminished trans endothelial migration and recruitment to the site
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of inflammation in a wound healing model as compared to neutrophils from wild type mice

155,158

1.13. S100A8/A9 and Disease

Excessive secretion of ST00A8/A9 can amplify inflammation and exacerbate diseases.

For example, ST00A8/A9 has been shown to be significantly increased in the serum and synovial

157,182 162

fluids of rheumatoid arthritis and Kawasaki disease patients . In addition to an increase
in serum concentration of SI00A8/A9 in Kawasaki disease patients, Viemann et al showed
immuno-histochemical evidence that endothelial cells lining the blood vessels in these patients
were almost completely coated with the heterodimer '®*. As previously mentioned, TNF-o over
production has been observed in the plasma and synovial fluids of rheumatoid arthritis patients
and is thought to significantly contribute to the symptoms and pathology of the disease.
Sunahori et al have shown that the heterodimer might lead to the over production of TNF-a in
these patients by its induction of TNF-a expression and secretion by monocytes and
macrophages ex vivo '*2. Loser et al have shown that local SI00A8/A9 production was essential

for the development of auto-reactive CD8+ T-cells, a process that was dependent on TLR4

activation by SI00A8/A9 . S100A8/A9 have also been implicated in other diseases such as

162,168,183-186 187,188

coronary artery diseases , inflammatory bowl diseases , neurological diseases

189-191 167,192-195

and cancer

In this dissertation, a mechanism by which DBP functions in neutrophil chemotaxis and
differentiation will be proposed. Using a proteomic approach and in vitro analysis, it was
observed that DBP treated neutrophils generate DBP-actin complexes which in turn induce

secretion the inflammatory amplifier SIO0A8/A9. Furthermore, DBP-actin complexes were
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found to be potent inducers of SI00A8/A9 release from neutrophils. The in vivo relevance for
the chemotactic cofactor function for DBP was determined using a C5a induced alveolitis model
to measure neutrophil migration into the lungs of DBP -/- and DBP +/+ mice. There was a
significant decrease in the number of neutrophils recruited into the lung at 4, 6, and 24 hours
after instillation of C5a in DBP -/- mice as compared to DBP +/+ mice. Ex vivo analysis of DBP
-/- bone marrow neutrophils revealed decreased surface expression of CD88 (C5a receptor),
CD44 (DBP receptor), CD11b (cell adhesion molecule) and decreased side scatter (less internal
granularity). Functional analysis of DBP -/- bone marrow neutrophils revealed an intrinsic
defect in migration, polarization and superoxide anion generation suggesting a role for DBP in
neutrophil differentiation in vivo. In accord with the latter observation, HL60 cells differentiated
in the presence of DBP had increased surface expression of CD88 and CD44 along with

enhanced side scatter.
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2. Materials and Methods

2.1. Reagents.

Recombinant purified mouse C5a was purchased from R&D systems (Minneapolis, MN).
HBSS with calcium and magnesium, DPBS, penicillin/streptomycin and RPMI 1640 were
purchased from Cellgro/Mediatech (Manassas, VA). EDTA was purchased from Gibco-Life
Technologies (Grand Island, NY). Fetal bovine serum (FBS) and bovine serum albumin (BSA)
were purchased from Gemini Bio (West Sacramento, CA). Gills hematoxylin III was purchased
from Poly Scientific R&D Corp (Bay Shore, NY) and eosin Y was purchased from Anatech Ltd.
(Battle Creek, MI). Anti-DBP antibody was purchased from Gallus Immunotech Inc. (Cary,
NC). All flow cytometric antibodies were purchased from Biolegend (San Diego, CA) unless
otherwise noted. Collagenase A and DNase I were purchased from Roche (Indianapolis, IN).
HL-60 cells were acquired from ATCC (Manassas, VA). 25-OH Vitamin D was purchased from
Enzo Life Sciences (Farmingdale, NY). Purified DBP, HRGP and a1 AGP were purchased from
Athens Research and Technology (Athens, GA). LPS was purchased from Sigma (St. Louis,

MO). Actin was purchased from Cytoskeleton Inc. (Denver, CO).

2.2. DBP -/- Mice.

DBP-/- mouse line was reconstituted by in vitro fertilization of wild-type C57BL/6
female with DBP-/- sperm (from males fully backcrossed onto a C57BL/6 background). The
founder heterozygotes (DBP+/-) were bred to generate DBP -/- and DBP +/+ homozygotes. The
mice were genotyped as previously described '”*. The genotype of the DBP -/- and DBP +/+

mice was confirmed by PCR of tail tissue and phenotype by western blot analysis of serum using
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anti-DBP antibody (Gallus Immunotech Inc.). In some experiments, wild-type DBP +/+

C57BL6 mice were purchased from Jackson labs.

2.3. C5a-induced Alveolitis.

Purified recombinant mouse C5a (R&D systems) was instilled into the lungs of eight to ten
week old anesthetized DBP +/+ or DBP -/- mice at a concentrations of 0.25 pg or 1.0 pg per 24
grams of body weight via oropharyngeal aspiration (O.A.) as previously described '**'*". As a
control, the same volume of PBS was instilled into the lungs. The mice were sacrificed at 2.5, 4,
6, 24 or 48 hours after C5a instillation. Their lungs lavaged using sterile HBSS + 5 mM EDTA
solution, four 1ml aliquots. The bronchoalveolar lavage fluid (BALF) was then spun down to
pellet the cells. The red blood cells (RBCs) were lysed using AFCS solution (155 mM NH4Cl,
10 mM KHCOs, 0.1 mM EDTA and adjusted to pH 7.2 with IN HCl). The cells were washed,
centrifuged, resuspended in 110 pl of flow cytometry staining buffer (1% BSA in DBPS + 0.05%

NaN3), counted and stained for flow cytometric analysis.

2.4. Flow Cytometry of BALF Cells.

The cells were prepared as described in the alveolitis methods section. The cells were then
counted using an automated cell counter (Bio-Rad, Hercules, CA), and resuspended in 110 pl of
flow cytometry staining buffer. The cells were then blocked using TruStain fcX (Biolegend) for
15 minutes on ice and then stained with 80 ng of PE conjugated anti-Gr-1 (Biolegend), 400 ng of
FITC-conjugated anti-F4/80 (Biolegend), 160 ng of PE/Cy7 conjugated anti-CD11c (Biolegend),
and 80 ng of APC conjugated anti-CD11b (Biolegend) for 15 minutes on ice. The cells were
then washed twice with flow cytometry staining buffer and then fixed in 2 % paraformaldehyde.

Flow cytometric data were then collected using a BD FACS Calibur II flow cytometer and the
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data was analyzed using FlowJo (Tree Star Inc., Ashland, OR). Neutrophils were defined as Gr-
1 high staining cells and macrophages were defined as F4/80 positive staining cells. The total
number of neutrophils and macrophages was determined by multiplying the total number of cells

by the percentage of Gr-1 high cells and F4/80 positive cells respectively.

2.5. Preparation of Cobra Venom Factor (CVF) Activated Serum.

DBP +/+ and DBP -/- mice were sacrificed, and blood was collected by cardiac puncture. The
collected blood was transferred into coagulation activating tubes (Terumo medical corporation,
Somerset, NJ) and incubated at room temperature for 15-30 minutes or until the clot has begun
retracting. Then the tubes were spun down at 8400 rpm (6500 xg) for 10 minutes at 4 °C. 300 pl
of DBP -/- or DBP +/+ serum was transferred into a new tube containing MgCl, (2 mM final
concentration) and 10.5 ul of CVF (Complement Tech, Tyler, Texas). To activate complement,
the serum was incubated at 37°C for 60 minutes with gentle mixing every 15 minutes. After
complement activation the amount of C5a and C5a des Arg generated was quantified using a

sandwich ELISA and the samples were then aliquoted and stored at -80°C until further use.

2.6. Mouse C5a ELISA.

Maxi-Sorb 96 well plates were coated with rat anti mouse C5a monoclonal capture antibody
(BD-Biosciences, San Diego, CA), diluted to 5 pg/ml in coating buffer (35 mM NaHCOs, 15
mM Na,COs, pH 9.6) overnight at 4°C. The next morning, each well was blocked with 300 pul of
blocking buffer (3% non fat dry milk (NFDM) in PBS-T (PBS + 0.05% Tween-20)) for 1 hour at
room temperature. After 1 hour, each well was washed three times with wash buffer (PBS-T).
The standards (0.1, 1, 2.5, 5, 10 and 50 ng/ml of purified mouse C5a) and serum samples (diluted

1:500-1:1000) were added to the appropriate wells and incubated at room temperature in an
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orbital shaker for 90 minutes. After 90 minutes, all samples were aspirated and the wells were
washed 4 times with wash buffer. After washing, the captured C5a was detected by adding 100
pl of 0.5 pg/ml of biotin conjugated rat anti mouse C5a detection antibody (BD-Biosciences) to
each well and incubated at room temperature for 1 hour with shaking. After 1 hour, the samples
were aspirated, the wells were washed 4 times with wash buffer and 16 ng of HRP conjugated
streptavidin (KPL, Gaithersburg, Maryland) was added to each well and incubated for 30
minutes at room temperature with shaking. After 30 minutes, the samples were aspirated and the
wells were washed 5 times with wash buffer. After washing, 100 pl of substrate solution (KPL)
was added to each well, and the plate was incubated for 10 minutes or until ready judging by the
blue color in the wells. Once ready, 100 pl of stop solution (KPL) was added to each well and
the plate was read in a plate reader (Spectramax M2, Molecular Devices, Sunnyvale, CA) at 450

nm. The data were analyzed using Softmax Pro version 5.0 (Molecular Devices).

2.7. Preparation of Lung Homogenates.

Mice were instilled with purified mouse C5a (1 pg/24 grams of mouse) by O.A. as previously
described. Four hours after instillation, the mice were sacrificed and divided into two groups; in
one group the lungs were lavaged and in the other group the lungs were not lavaged. The lungs
were subsequently isolated and placed into a well in a 24 well plate containing 1 ml of complete
culture medium (RPMI 1640 + 10% FBS). The lungs were then minced using a small surgical
scissor. The minced lungs were then transferred into a 15 ml conical tube containing 5 ml of
fresh collagenase solution (1 mg/ml type IV collagenase, 25 U/ml DNase, 5% FBS and the
volume was brought up to 5 ml with RPMI). The samples were then incubated at 37°C for 45
minutes with shaking every 10 minutes. After the incubation, the tissue was broken up into

cellular suspension by passing it through an 18-gauge needle 20 times. Then the samples were
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then spun down at 1600 rpm (~515 x g) for 5 minutes. The supernatants were aspirated and the
pellets were resuspended in AFCS solution to lyse RBCs. The samples were mixed with the
AFCS solution and immediately spun at 100 rpm for 5 minutes. The supernatants were saved
and the pellets, containing large tissue aggregates, were discarded. The supernatants were
subsequently spun down at 1600 rpm for 5 minutes. The supernatants were aspirated and the
cells were resuspended in 500 pl of flow cytometry staining buffer. The samples were then
counted using an automatic cell counter (Bio-Rad), stained and analyzed by flow cytometry as

previously described.

2.8. Lung Histology.

Purified mouse C5a (1 pg/24 grams of mouse) was instilled into the lungs of DBP +/+ or DBP -/-
mice as previously described. As a control, the same volume of saline was instilled into the
lungs of DBP +/+ or DBP -/- mice. Four hours after instillation, the mice were sacrificed, their
lungs were lavaged, inflated with 10% neutral buffered formalin (NBF, Fisher Scientific,
Pittsburgh, PA), isolated and fixed in a 50 ml conical tube containing 10% NBF overnight at
room temperature. The following day, the fixed lungs were embedded in paraffin and sectioned
(5 um thick sections) onto glass microscope slides (Fisher Scientific). The slides were then
stained with hematoxylin and eosin and mounted as follows: the slides were deparaffinized by
placing them in three changes of xylene for 5 minutes each. The deparaffinized slides were then
hydrated by dipping them ten times in two changes of 100% ethanol, then 10 times in two
changes of 95% ethanol, then dipped 3 times in tap water and subsequently dipped twice in
deionized water. The slides were then stained with Mayer’s hematoxylin for 4 minutes after
which they were washed by dipping them 3 times in tap water. The slides were then destained

by dipping them 8 to 10 times in 1% acid alcohol (1% HCl in 70% EtOH). After destaining, the
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slides were washed by dipping them 15 times in tap water, then blued by dipping them 5 times in
1% ammonium hydroxide and then washed again by dipping them 3 times in tap water. The
slides were then equilibrated in 95% ethanol for 1 minute and stained in alcoholic eosin Y by
dipping them 3 times in the eosin Y solution. Following eosin Y staining, the slides were
washed by dipping them 10 times in two changes of 95% ethanol, followed by dipping them 10
times in three changes of 100% ethanol and finally by dipping them 10 times in three changes of
xylene. Coverslips were then mounted on the slides and left overnight to dry. The following

day, pictures were taken at 400x magnification using a Nikon Eclipse Ti microscope.

2.9. Isolation of Mouse Bone Marrow Neutrophils.

Mouse bone marrow neutrophils were isolated as previously described '**. Briefly, DBP +/+ or
DBP -/- mice were euthanized and their femurs and tibias were isolated. In a BSL2 tissue culture
hood, the extreme distal tip of both extremities were cut off and the bone marrow was washed
out using a 26 gauge needle and 10 ml DPBS per mouse into a 15 ml conical tube. The bone
marrow cells were then mixed and large pieces of tissue were allowed to settle down for 60
seconds after which the supernatant was carefully transferred into a new 15 ml conical tube. The
cells were then centrifuged at 1000 rpm (200 x g) for 10 minutes at room temperature. The
supernatant was aspirated and RBCs were lysed by resuspending the cells in 1 ml AFCS solution
and incubating them at room temperature for 2 minutes. After 2 minutes, 10 ml of DPBS was
added to the cells and the cells were spun down at 1000 rpm (200 x g) for 10 minutes at room
temperature. The supernatant was then aspirated and whole bone marrow cells were resuspended
in HBSS or chemotaxis buffer for migration analysis. For superoxide anion generation and
phagocytosis assays, neutrophils were enriched by treating the whole bone marrow cells in

DPBS with a three layer percoll gradient (GE, Piscataway, NJ). From the bottom to the top:
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78% percoll, 69% percoll, and 52% percoll (where 100% percoll is equal to 45 ml of percoll + 5
ml of 10x HBSS). The bone marrow cells were layered on top. The gradient was centrifuged at
1500 rpm (450 x g) in a swinging bucket rotor for 30 minutes at room temperature without
breaking. The enriched neutrophil population was collected from the 69%/78% interface and the
pellet. Cells were washed 2x with DPBS prior to use in any of the assays. Neutrophil purity was
assessed by staining the purified cells with PE conjugated anti Gr-1 antibody followed by flow
cytometric analysis. Using this procedure, neutrophils were enriched to approximately 70-80%

of all the cells (or enriched by approximately 2 fold; data not shown).

2.10. Isolation of Mouse Blood Cells.

To isolate blood leukocytes, DBP +/+ and DBP -/- mice were sacrificed and 550 pl of blood was
collected by cardiac puncture and transferred into a tube containing EDTA (Terumo Medical
Corporation). To lyse all RBCs, 5 ml of AFCS solution was added to the cells. Following a 2-
minute incubation at room temperature, 10 ml of DPBS was added and the cells were spun down
at 1000 rpm (200 x g). The supernatant was aspirated and the cells were washed once in DPBS
resuspended in flow cytometry staining buffer. The cells where then stained and analyzed by

flow cytometry as previously described.

2.11. Filter-Based Chemotaxis Assay.

The migration assay was performed as previously described '*° with some modifications.
Briefly, bone marrow cells were purified from DBP +/+ and DBP -/- mice as previously
described and resuspended at a concentration of 10 million cells per ml in chemotaxis buffer
(HBSS plus 10 mM HEPES and 1% BSA). Purified mouse C5a or chemotaxis buffer control

was loaded into the bottom chamber of a Neuroprobe 48-Well Micro Chemotaxis Chamber
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(Neuroprobe, Gaithersburg, MD). A 3-um or a 5-um cellulose nitrate filter was placed in the
middle between the top and the bottom chambers (Neuroprobe). Purified bone marrow cells
were subsequently loaded into the top chamber and the cells were allowed to migrate for 30
minutes at 37 °C and 5% CO,. After migration, the filters were removed from the
microchemotaxis chamber and fixed in 100% 2-propanol for 5 minutes. The filters were then
stained by placing them in acid hematoxylin (filtered 100 ml of Harris type hematoxylin plus 4
ml of acetic acid) for 5-10 minutes. The filters were then rinsed in distilled deionized water
(ddH,0) and destained by transferring them in acid alcohol (0.2% 6 N HCI in 70% 2-propanol)
for 2-4 minutes. The filters were then rinsed in ddH,O and blued by transferring them in bluing
agent (166.154 mM MgSO; plus 23.807 mM NaHCOs in ddH,O) for 1-2 minutes. After bluing,
the filters were rinsed in ddH»O and dehydrated by placing them in 70% 2-propanol for 1
minute, 95% 2-propanol for 1 minute and finally in 3 changes of 100% 2-propanol for 3 minutes
each. The filters were then cleared by transferring them in 100% xylenes and subsequently
mounted on a double coverslip and left to dry overnight. The next day the filters were analyzed
using a Nikon microscope by measuring the distance the cells migrated into the filter at 400x
magnification in 5 different fields of view. The data was subsequently averaged and graphed
using Prism (Graphpad Software, La Jolla, CA). The migration assay was performed using bone

marrow from three different DBP +/+ and DBP -/- mice.

2.12. Under Agarose Migration Assay.

The under agarose migration assay was performed as previously described **° with some
modifications. All plates were prepared in a BSL2 tissue culture hood to maintain a sterile
environment. A 22 x 22 mm cover slip (Fisher Scientific) was placed into a 35 mm dish (BD

Biosciences) and was washed 3x with 100% methanol. After washing, the methanol was
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allowed to evaporate for 30 minutes, the coverslips were coated with type I collagen (0.005%
collagen solution in 1% acetic acid + ddH,O, Elastin products Co. Inc., Owensville, Missouri) by
adding 3 ml of 50 ng/ml collagen solution to each plate, and incubated at 4 °C overnight. The
next morning, the collagen solution was aspirated, and each plate was washed 3 times with
DPBS. The agarose solution was prepared by mixing a preheated (70 °C) solution of 1% BSA
dissolved in 20 ml of RPMI and 10 ml of 2x HBSS (8 ml of ddH20 + 2 ml of 10x HBSS) with
5% agarose dissolved in 10 ml of ddH20. Immediately after mixing, 3 ml of the agarose
solution was added to each plate and the agarose was allowed to polymerize for 1 hour at room
temperature. After one hour, 3 holes (2.3 mm apart) were punched in duplicates in the agarose
plate using a custom-made hole punching apparatus. After the holes were punched, the agarose
was cleaned out of each well carefully using an aspirator, the plates were incubated at 37 °C and
5% CO; for 1 hour to equilibrate the pH. After one hour, any condensed liquid was aspirated
from the wells, then the chemoattractants were loaded in the top wells, the buffer controls were
loaded in the bottom wells and whole bone marrow cells or human neutrophils (20 million per
ml) were loaded in the middle wells. Mouse bone marrow cells and human neutrophils were
allowed to migrate for 4.5 and 3.25 hours respectively after which, the cells were aspirated and
1.3 ml of 2% paraformaldehyde was added to each plate to fix the cells. Pictures of migrating
cells toward the chemoattractant well and the buffer well were taken using a Nikon Eclipse Ti
microscope at 100x magnification. The pictures were analyzed using Macnification software
(Interface Design Software) and ImageJ (NIH). The net distance migrated was determined by
calibrating a measuring tool in Macnification to a picture of a stage micrometer and then
measuring the distance migrated by the cells towards the chemoattractant well and subtracting

the distance migrated towards the buffer well. The net number of migrating cells was
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determined using ImagelJ software by using the cell counter tool by subtracting the number of
cells migrating towards the buffer from the number of cells migrating towards the
chemoattractant. Each migratory condition was performed using bone marrow from 3 DBP +/+

or DBP -/- mice or human neutrophils from one donor.

2.13. Immunofluorescence of Migrating Neutrophils.

Under agarose migration assay on human blood leukocytes and mouse bone marrow cells was
performed as previously described. After migration, the plates were fixed using 2%
paraformaldehyde overnight at 4 °C. The next morning, the agarose was removed and the plates
containing the coverslips were washed 3 times with wash buffer (DPBS containing 1% BSA).
The samples were blocked by adding 2 ml of blocking buffer (DPBS containing 1% BSA and
10% FBS) in each plate and subsequent incubation with shaking on an orbital shaker for 30
minutes at room temperature. The samples were then stained by adding 2 ml of blocking buffer
containing 2 pg of chicken anti human DBP (Gallus Immunotech) and 0.4 pg of mouse anti
human S100A8/A9 (Hycult Biotech, Plymouth Meeting, PA). The samples were incubated with
the primary antibodies for 2 hours at room temperature with shaking. After 2 hours, the samples
were washed 3 times with wash buffer and then stained with alexa flour 488 conjugated donkey
anti chicken antibody and alexa flour 594 conjugated goat anti mouse antibody (Life
Technologies) for 1 hour at room temperature with shaking. After 1 hour, the samples were
washed 4 times with wash buffer, stained with DAPI (Life Technologies) diluted in wash buffer
for 10 minutes and then mounted on a glass microscope slide (Fisher Scientific) and left to dry
overnight. For mouse bone marrow cells, the cells were stained with 5 pl of alexa flour 594-
conjugated phalloidin (200 U/ml, Life Technologies) for 2 hours at room temperature followed

by washing 4 times with wash buffer and mounting on a glass microscope slide. The samples
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were then analyzed using a Nikon Ti fluorescent microscope at 200x and 1000x. To measure the
average fluorescence, gates were drawn around stained migrating cells and the average
fluorescence was determined using the Macnification software. The average fluorescence was

exported to and graphed using Prism (Graphpad Software).

2.14. Superoxide Anion Generation.

Superoxide anion generation was measured as previously described **' with some modification.
Briefly, bone marrow neutrophils from DBP +/+ or DBP -/- mice were enriched as previously
described and resuspended at a concentration of 10 million cells/ml. Two million cells were
transferred into a new microfuge tube, and incubated for 5 minutes at 37°C and 5% CO; in 600
ul HBSS containing 0.25% BSA. The cells were subsequently treated with 120 uM cytochrome
C in PBS (Sigma) and 10% DBP +/+ or DBP -/- complement activated serum or 10 ng/ml PMA
in a final volume of 1 ml of HBSS containing 0.25% BSA. The treated cells were incubated for
30 minutes at 37°C and 5% CO, with gentle shaking every 10 minutes. After 30 minutes, the
reaction was stopped by placing the tubes in wet ice for 5 minutes and subsequently centrifuged
at 1600 rpm (200 x g) for 10 minutes at 4°C. 200 pl of the supernatant was transferred into a
clear 96 well plate in duplicates and the absorbance was measured at 550 nm using a Spectramax
M2 plate reader (Molecular Devices). Nano-moles of cytochrome C reduced were obtained by

multiplying the absorbance value at 550 nm by 71.4.

2.15. Phagocytosis Assay.

Alexa flour 594-conjugated zymosan (Life Technologies) was reconstituted at a concentration of
20 mg/ml (approximately 2 x 10’ zymosan particles per mg). 0.5 mg (or 1 x 10’ zymosan

particles) was transferred to a microfuge tube and HBSS was added to obtain a final volume to 1
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ml. The zymosan particles were spun down at 9000 rpm (7500 x g) for 5 minutes and
resuspended in 0.5 ml of 12.5% DBP +/+ normal mouse serum and incubated for 30 minutes at
37°C with vortexing every 10 minutes to opsonize the particles with complement proteins. After
opsonizing, the zymosan particles were then washed twice with HBSS and resuspended at a final
concentration of 0.5 mg/ml (or 1 x 107 zymosan particles/ml) in 1 ml of HBSS. Bone marrow
neutrophils were enriched from the bone marrow of DBP +/+ and DBP -/- mice and resuspended
at a final concentration of 10 million cells per ml of HBSS. The enriched cells were then mixed
with opsonized zymosan 1:1 and incubated at 37°C and 5% CO, for 1 hour. To control for non-
phagocytosed, cell surface bound particles, certain aliquots were mixed with zymosan and
incubated on wet ice (~1°C) for 1 hour. After 1 hour of incubation, all samples were placed on
ice for 1 minute and then 100 pl of 2.5 mg/ml of trypan blue was added to quench extracellular
fluorescence. Cells were washed once with HBSS, resuspended in 0.4 ml of 2%
paraformaldehyde and flow cytometric data were collected using a BD FACS Calibur II and
analyzed using FlowJo (Tree Star Inc). This experiment was performed using bone marrow from

4 DBP +/+ and DBP -/- mice.

2.16. Purification of Human Neutrophils.

Human neutrophils were purified from whole blood as previously described . Briefly, blood
was collected from donors into EDTA containing purple top vacutainer tubes (BD Biosciences).
Blood was transferred into a 50 ml conical tube, mixed 1:1 with 3% dextran and incubated for 15
minutes at room temperature to sediment the RBCs. The leukocyte containing supernatant was
transferred into a new 50 ml conical tube, washed twice with DPBS and resuspended in 4 ml of
DPBS, layered on top of 3 ml of histopaque 1077 (Sigma). The gradient was spun down at 1300

rpm (340 x g) for 30 minutes at 15 °C without breaking. After 30 minutes, the supernatant was
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aspirated and the neutrophil containing pellet was resuspended in 2 ml of DPBS. RBCs were
lysed by adding 6 ml of sterile water to the resuspended pellet, incubating for 60 seconds and
subsequently adding 2 ml of 0.6 M NaCl. The cells were spun down and washed once with

DPBS then resuspended in HBSS.

2.17. DBP-Actin Complexes.

Lyophilized DBP and actin were resuspended in DPBS and mixed at 1:1 molar ratio in a
microfuge tube. The mixture was incubated at room temperature for 1-2 hours to generate DBP-

actin complexes prior to experimental use.

2.18. Neutrophil Treatment with Purified Proteins.

Purified human neutrophils were resuspended at a concentration of 5 million cells per ml in
HBSS. One million neutrophils in a total volume of 225 ul of HBSS containing 1 uM DBP, al
acid glycoprotein (a1 AGP), histidine rich glycoprotein (HRGP), actin, or DBP-actin complexes
were transferred into microfuge tubes and incubated at 37 °C and 5% CO, for 30 minutes. After
30 minutes, the cells were spun down at 1200 rpm (100 x g) for 5 minutes at 4 °C, the
conditioned supernatant transferred into a new microfuge tube and the pellet was fixed using 2%
paraformaldehyde for intracellular staining. The conditioned supernatants were spun down again
at 8400 rpm (6500 x g) for 10 minutes, transferred into a new microfuge tube and frozen down at
-80 °C for future analysis. To analyze conditioned supernatants for the presence of ST00A8/A9
and actin, equal volume of conditioned supernatants were loaded into a native gel and a western
blot was performed using a mouse monoclonal antibody which is specific for a conformational
epitope which is only found in the heterodimer or heterotetramer of SI00A8/A9 but not the

203

monomers (Hycult Biotech) “. To detect DBP-actin complexes, a native gel western blot was
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performed on conditioned supernatants using an anti-actin monoclonal antibody (Fisher

Scientific).

2.19. Identifying Proteins in DBP-Treated Neutrophil Supernatants.

Neutrophils were purified from whole blood and treated with 1 pM DBP, 400 pM C5a or a
combination of the two for 30 minutes at 37 °C and 5% CO, as previously described. As a
control, untreated neutrophils were incubated for 30 minutes at 37 °C and 5% CO,. After 30
minutes, the cells were spun down and conditioned supernatants were collected. To identify
DBP-neutrophil proteins complexes, the conditioned supernatants were loaded into two identical
10% native gels and subjected to electrophoresis. To identify potential proteins released by
neutrophils in response to DBP, the conditioned supernatants were loaded into two identical 10%
SDS-PAGE gels and subjected to electrophoresis. Following electrophoresis, one of the two
identical gels was transferred into a PVDF membrane and a western blot was performed using
chicken anti-DBP (Gallus Immunotech) and an HRP conjugated donkey anti chicken secondary
antibodies. The other two gels were silver stained using Pierce silver stain kit (Fisher Scientific).
The western blot performed using the native gel was utilized to identify any DBP-neutrophil
protein bands in the silver stained native gel. Silver stained protein bands which were present in
the DBP-treated but weaker or absent in the untreated samples in the SDS-PAGE gel (figure 21)
or which were potential DBP-neutrophil protein complex as assessed by the native gel were

204

identified by mass spectrometry as previously described by . Briefly, gel bands were cut out

destained, reduced, alkylated and trypsin digested (Promega, mass spectrometry grade, Madison,

%3 The digested samples were subsequently diluted in 2%

WI) as previously described by
Acetonitrile (ACN), 0.1% Formic Acid (FA) solution (Buffer A) and analyzed by automated

microcaplillary liquid chromatography-tandem mass spectrometry. Using a P-2000 CO, laser
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puller (Sutter Instruments, Novato, CA), 100-um i.d. fused silica was pulled to a 5-um i.d. tip.
Using a pressure bomb, the pulled capillaries were packed with 10 cm of 5 pm Magic C18
material (Agilent, Santa Clara, CA), placed in-line with a Dionex 3000 HPLC equipped with an
auto sampler and subsequently equilibrated in buffer A. Using the auto sampler, the digested
peptide samples were loaded into the column and separated in the HPLC using a flow rate of 300
nlL/min in a gradient of buffer A and buffer B (98% acetonitrile, 0.1% formic acid). The HPLC
was performed as follows: 100% buffer A for 5 min, 5% to 40% buffer B gradient over 30
minutes, 40% to 80% buffer B gradient over 5 minutes, 80% buffer B for 3 minutes and finally
80% buffer B to 100% buffer A over 1 minute. The eluted peptides were electrosprayed, via the
application of a 1.8 kV distal voltage, directly into a Thermo LTQ ion trap mass spectrometer
equipped with a custom nanoL.C electrospray ionization source. Full mass spectra (MS)
followed by five tandem mass events (MS/MS), which were sequentially generated from the five
most intense ions at 35% collision energy, from peptides over a 400-2000 m/z range were
recorded. Xcalibur data system (Thermo Finnigan, San Jose, CA) was utilized to control the
mass spectrometer scan function and the HPLC solvent gradients. MzXML files containing all
the data for all MS/MS spectra were obtained by extracting RAW file MS/MS spectra data using
ReAdW.exe (http://sourceforge.net/projects/sashimi). The MS/MS data were searched using
InsPecT ** against a human proteome database (Version December 23, 2011). Common
contaminants and +16 on Methionine, +57 on Cysteine modifications were added. Peptides with

a minimum p-value of 0.01 were further analyzed.

2.20. Intracellular Staining for Flow Cytometry.

Treated neutrophils were fixed in 2% paraformaldehyde for 30 minutes at 4 °C, then spun down

and permabilized by washing twice with 1x BD perm/wash buffer (BD Biosciences). The cells
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were then blocked with 1.2 pg of non-immune human IgG for 15 minutes on ice and stained with
600 ng of anti-S100A8/A9 (Hycult Biotech) for 30 minutes on ice. After 30 minutes, the cells
were washed twice with 1x BD perm/wash buffer and stained with 40 ng of APC conjugated
goat anti mouse IgG (Biolegend) for 30 minutes on ice. After 30 minutes, the cells were washed
twice with 1x BD perm/wash buffer and then resuspended in 2% paraformaldehyde. Flow
cytometric data were collected using a BD FACS calibur II flow cytometer and analyzed using

FlowJo (Tree Star Inc.).

2.21. BIAcore SPR of U937 cells.

U937 cells were purchased from ATCC and cultured in RPMI containing 1x
penicillin/streptomycin and 10% FBS at 37 °C and 5% CO,. They were passaged three times a
week. The interactions between cells and DBP were evaluated as described in '** using a
BIAcore 2000 (BIAcore AB, Upsala, Sweden). Full-length native DBP was covalently coupled
to a CMS5 sensor chip using N-ethyl-N-(dimethylaminopropyl) carbodiimide / N-
hydroxysuccinimide (EDC/NHS) according to the manufacturer’s instructions. The surface of
the CMS5 sensor chip was activated with EDC/NHS for 20 min before adding either DBP (5 uM)
10 mM sodium carbonate buffer, pH 5.0. Excess NHS was deactivated for 20 min using 1 M
ethanolamine, pH 8.5. The efficiency of DBP coupling was determined by injecting 5 pg/ml
affinity-purified goat anti-human DBP into the flow cell at 10 pl/min at 22°C. U937 cells were
pretreated with 10 pg of rabbit anti-actin polyclonal antibody (Sigma), 10 ug of rabbit IgG or
buffer (untreated) for 30 minutes at 37 °C. The cells were then spun down and re-suspended in
HBSS prior to SPR analysis. Cell-DBP binding interactions were determined by injecting
untreated, anti-actin or IgG pretreated cell suspensions at a flow rate of 5 pul/min at 22 °C in

HBSS containing 0.005% Tween 20. The sensor chip was stripped and regenerated using 0.8 M
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glycine (pH 2.0) containing 0.6 M NaCl. The regeneration conditions were adjusted to achieve a
subsequent binding response that was within 10% of the initial (first injection) binding value. A
blank sensor chip that was EDC/NHS-activated and ethanolamine blocked was used as a
background reference in all experiments. Net resonance response units (RU) were determined by
subtraction of the background values using BIAevaluation software version 4.1. Figure 28b in
the chapter 2 section 1 shows a representative sensorgram of response units versus time. All

experiments were performed twice to verify results.

2.22. HL-60 cells culture, treatments and differentiation.

HL-60 cells were cultured in RPMI containing 1x penicillin/streptomycin and 10% FBS at 37 °C
and 5% CO,. They were passaged three times a week. To differentiate HL-60 cells, cells were
plated at a concentration of 1 million per ml and treated with 1.3% DMSO (w/v) in the presence
or absence of 1 uM DBP, 1 uM DBP-actin complexes, 100 ng/ml LPS, 1 uM 25-OH D3 or 1 uM
DBP + 1 uM 25-OH Ds for 5 days at 37 °C and 5% CO,. After 5 days, the cells were split into
two microfuge tubes, spun down, and one of the tubes was stained with PE conjugated anti CD88
and alexa flour 647 conjugated anti-CD44 and analyzed by flow cytometry. The other tube was
flash frozen for future lysate analysis. To control for LPS contamination in the DBP stock, HL-
60 cells were differentiated in the presence of 50 ng/ml of Polymyxin B (Sigma), treated with 1
uM DBP or 100 ng/ml LPS, or left untreated. To examine the functionality of bovine DBP in
FBS, HL-60 cells were treated with 1 uM DBP, 1 uM 25 OH-D3, 1 uM DBP + 1 uM 25-OH D;
and then incubated for 5 days at 37 °C and 5% CO,. The cells were then stained with PE
conjugated anti-CD88 and alexa flour 647 conjugated anti-CD44 and analyzed by flow

cytometry.
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2.23. Flow cytometry staining and analysis of HL-60 cells.

HL-60 cells were differentiated and treated as previously described. The cells were then spun
down and resuspended in 100 pl of flow cytometry staining buffer, and blocked by incubating
the cells with 1.2 pg of non-immune human IgG on ice for 15 minutes. After 15 minutes, the
cells were stained with 10 ul of PE conjugated anti-human CD88 and 200 ng of alexa flour 647-
conjugated anti-human CD44 in a total volume of 200 ul of flow cytometry buffer for 15
minutes on ice. To control for background non-specific staining, the cells were stained with PE
conjugated mouse IgG and alexa flour 647-conjugated mouse IgG. After 15 minutes, the cells
were washed twice with 1 ml of flow cytometry staining buffer and fixed in 2%
paraformaldehyde. Flow cytometric data were acquired using a BD FACS calibur II and the data

were analyzed using FlowJo.

2.24. Western blot analysis of HL-60 cell lysates.

HL-60 cells were differentiated and treated as previously described. The cells were spun down
and lysed in 1.5 M Tris buffer containing 1% Triton X-100 and protease/phosphatase inhibitor
cocktail (Cell Signaling, Danvers, MA) for 15 minutes on ice. The lysed cells were then spun
down at 13, 000 rpm to pellet any non solubilized fragments and the cell lysate was transferred
into a new microfuge tube. A Lowry protein assay was performed on all the lysates and the
protein concentration was normalized to the lowest protein concentration detected by adding
more lysis buffer. Equal volume and concentration of proteins was loaded into an SDS-PAGE
gel, and a western blot was performed using anti phospho IKK a/B (Cell Signaling). The
membrane was subsequently re-blotted using anti phospho p38 MAPK (Cell Signaling) and anti

GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA).
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3. Chapter 1: The role of DBP in neutrophil chemotaxis in vivo

3.1. The DBP -/- mouse

Several groups have shown that DBP functions as a chemotactic cofactor in vitro for the
complement activation peptide C5a *>*>!1>17118126 "byt this role of DBP in vivo has not been
determined. Therefore, to investigate the role of DBP in neutrophil chemotaxis in vivo, frozen
sperm from DBP -/- mouse was acquired from Dr. Nancy Cooke from the University of
Pennsylvania and the mouse line was re-derived by in vitro fertilization of a wild-type (DBP+/+)
female C57BL/6 mouse. The DBP +/- heterozygotes were bred to generate DBP -/- and DBP
+/+ homozygotes. As we were establishing the DBP -/- and DBP +/+ colonies, we noticed that
the DBP -/- mice were leaner than both DBP +/+ littermates and DBP +/+ mice purchased from
Jackson Labs. On average, DBP -/- mice weighed approximately 8% less than DBP +/+ mice as
determined by weighing 34 DBP +/+ mice and 21 DBP -/- mice (figure 1). Otherwise, there was

no other major phenotypic difference between DBP +/+ and DBP -/- mice.
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3.2. DBP is required for the optimal migration of neutrophils to the site of
inflammation in vivo.

DBP is an in vitro chemotactic cofactor for several cells types, but most notably
neutrophils, migrating to complement activation peptides C5a and C5a des Arg (the stable
circulating degradation product). However, its in vivo relevance in chemotaxis has never been
studied. To this end, a C5a induced alveolitis model was developed (figure 1) and used to
determine whether DBP is a chemotactic cofactor for neutrophil migration into the site of
inflammation in vivo. To determine an optimal concentration of C5a that will induce alveolitis in
mice without causing death, a pilot experiment was performed with different concentrations of
C5a instilled into the lungs of the mice. Results showed that using 1 pg C5a per 24 gram mouse
there was both 100% survival and a significant recruitment of neutrophils into the lung (data not
shown). Thus, 1 pg of C5a or less was used for all of our subsequent experiments. To study the
role of DBP in neutrophil recruitment in an alveolitis model, mice were instilled with 1 or 0.25
pg of purified C5a. Each mouse was weighed beforehand and the amount instilled into the lung
was adjusted based on a 24-gram mouse. At different time points after instillation, mice were
euthanized, and their lungs were lavaged. The cellular content in the bronchoalveolar lavage
(BAL) was quantified using an automated cell counter. The BAL cells were then stained with
PE-conjugated anti-Gr-1 (a neutrophil marker) and FITC-conjugated anti-F4/80 (a macrophage
marker) and analyzed by flow cytometry to determine the total number of neutrophils and

macrophages in the BAL (Figure 1).

To test for the presence of DBP in the inflamed lungs, equal volume of BAL fluid (BALF)
was loaded into an SDS-PAGE gel and blotted with an anti-DBP antibody (figure 2). As

predicted, DBP was only detected in BALF from DBP +/+ mice (figure 2 lanes 1-3). BALF
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DBP was of a similar molecular weight as serum DBP from DBP +/+ mice (figure 2 lane 8)
suggesting that the protein did not undergo any major modifications and was not degraded. This
suggests that DBP is present at the site of inflammation where it can be in contact with
inflammatory cells and that it does not undergo any major modifications or degradation in the

alveolar spaces of the inflamed lungs.

The cellular content in the BAL from the DBP +/+ and DBP -/- mice was analyzed 2.5, 4,
6, 24 and 48 hours after instillation of 1 pg of purified mouse C5a or 4 hours after instillation of
0.25 pg of purified mouse C5a. As a control, DBP +/+ and DBP -/- mice were instilled with the
same volume of PBS. Starting at 2.5 hours, we observed more BAL leukocytes in the BALF of
DBP +/+ mice as compared to DBP -/- mice treated with 1 pg of C5a, but this difference did not
reach statistical significance (figure 3A). However, at 4, 6, and 24 hours there was a
significantly higher number of total BALF leukocytes observed in the BALF of DBP +/+ as
compared to DBP -/- mice (figure 3A). PBS treated mice had very few cells in their BALF. The
C5a-induced injury model was transient and reversible since we had 100% survival and 48 hours
after C5a instillation the total number of BALF leukocytes was comparable to the PBS treated
mice (figure 3A and data not shown). A similar trend was observed 4 hours after the instillation
of a lower concentration of C5a (0.25 pg per 1 gram of mouse, figure 3B). These results indicate

that DBP may play a role in leukocyte recruitment into an inflammatory site in vivo.

C5a is known to be chemotactic to both neutrophils and monocytes. Therefore, to
determine the differential cellular types recovered from the BALF of mice instilled with 1 ug of
C5a, total BALF leukocytes were stained with the neutrophil and monocyte marker, Gr-1, and
the macrophage marker, F4/80. Neutrophils are known to express very high levels of Gr-1,

while monocytes express intermediate to low levels of Gr-1. Thus, neutrophils were defined as
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Gr-1 high cells, and monocytes were defined as Gr-1 medium to low cells. Macrophages were
defined as F4/80 positive cells. There was a significant decrease in the number of neutrophils
recovered from the BALF of DBP -/- mice as compared to DBP +/+ mice at 4, 6 and 24 hours
after the instillation of C5a (figure 4a and data not shown). There was no significant monocyte
recruitment at these time points as evident by the lack of Gr-1 medium to low population. A
higher number macrophages was recovered from the BALF of DBP -/- mice as compared to
DBP +/+ mice 4 and 6 hours after the instillation of C5a, however this increase did not reach
statistical significance. This suggests that the decrease in the total BAL leukocytes observed in

the DBP -/- mice was due to a decrease in the number of neutrophils recruited to the lungs.

To evaluate the morphology of the inflamed lungs, histological analysis of DBP +/+ and
DBP -/- lungs 4 hours after the instillation of 1 pug of C5a was performed (Figure 5). The lungs
of PBS treated DBP +/+ (top left) and DBP -/- (bottom left) were identical. However, C5a
treated DBP +/+ lungs (top right) contained more leukocytes (as evident by the nuclear stain) and
the alveolar lumen was thicker as compared to C5a treated DBP -/- lungs (bottom right), which
contained slightly more cells than the PBS treated lungs with no significant difference in the
alveolar lumen thickness. This supports the previous results and suggests that DBP may play a

role in cellular recruitment to an inflammatory site.

The BALF cellular analysis (figures 3 & 4) clearly demonstrated that there were
significantly fewer cells in the DBP-/- mice. However, since this data only measures cells
recovered by lavage, it could have been possible that C5a induced similar numbers of neutrophils
to the lungs of both mouse strains, but in the DBP-/- mice, cells were trapped in the lung
interstitium. Histological analysis (figure 5) did not show this but this question was further

addressed by homogenizing lungs both before and after lavage. Lungs from DBP +/+ and DBP -
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/- mice were isolated 4 hours after instillation with 1 pg of C5a, digested and homogenized to
generate a cellular suspension and cells were analyzed as previously described. As shown in
figure 6, both DBP -/- lavaged (left panel) and non-lavaged (right panel) lungs contained
significantly less neutrophils as compared to DBP +/+ lungs. PBS treated lungs from DBP +/+
mice contained slightly more neutrophils compared to saline treated lungs from DBP -/- mice,
but this did not reach statistical significance (data not shown). These results clearly show that
there is a recruitment defect in the DBP-/- mice, confirming the previous data and indicating that
DBP is required for the optimal recruitment of neutrophils in a C5a induced alveolitis model of

inflammation.
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Figure 1 C5a induced alveolitis model.

8-10 week old DBP +/+ or DBP -/- mice were weighted and then instilled with C5a (1 pg or 0.25
ug per 24 g mouse) via the oropharyngeal aspiration method. The mice were then allowed to
recover then sacrificed at 2.5, 4, 6, 24 and 48 hours and their lungs lavaged. In selected mice the
lungs were inflated with 10% neutral buffered formalin (NBF) and prepared for histological
analysis. Total cell number in the BAL was measured using an automatic cell counter and the
cell types were determined by staining with anti Gr-1 and anti F4/80 to identify neutrophils and
macrophages respectively. The weight shown above is the average weight of 34 DBP +/+ and 21

DBP -/- mice.
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Figure 2 DBP was only detected in the BAL and serum of DBP +/+ mice.

To check for the presence of DBP in the BALF of DBP -/- or DBP +/+ mice, cell-free BALF
recovered from the lungs of mice treated with 1 pg of C5a, was separated using SDS-PAGE and
blotted with a chicken anti-DBP antibody (lanes 1-6). To test for the presence of DBP in blood,
DBP +/+ and DBP -/- mice were euthanized, blood was collected by cardiac puncture and
allowed to clot to generate serum. Serum was separated by SDS-PAGE and blotted with a

chicken anti-DBP antibody (lanes 8 & 9).
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Figure 3 Total number of BAL leukocytes in the BALF.

BALF was recovered from the lungs DBP +/+ or DBP -/- mice instilled with 1 pg (A) or 0.25 pg
(B) of C5a per 24-gram mouse. Red blood cells were lysed and BAL leukocytes in the BALF
were counted using an automated cell counter. Shown above is the mean number of BAL
leukocytes as determined from 4-5 DBP +/+ or DBP -/- mice from each time point. Statistical

analysis was performed using ANOVA with a multiple comparisons post-test. * represents p <

0.01.
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Figure 4 Differential BAL cell count.

Shown above is the average number of neutrophils and macrophages in the BAL of 4-5 DBP +/+
and DBP -/- mice instilled with 1 pg of C5a per 24-gram mouse. BAL leukocytes were stained
with PE conjugated anti Gr-1 and FITC conjugated anti F4/80 and analyzed by flow cytometry.
The total number of neutrophils (A) and macrophages (B) were calculated by multiplying the
total number of BAL cells with the percent of cells that were Gr-1 and F4/80 positive

respectively.
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Figure 5 Histological analysis of lavaged lungs.

3 DBP +/+ or DBP -/- mice were instilled with 1 ng C5a. As a control, 2 mice were instilled
with the same volume of PBS. Four hours later, the mice were sacrificed, their lungs were
lavaged, inflated with 10% NBF, dissected out of the mouse, fixed and paraffin embedded. The
lungs were then sectioned and H & E stained. Photos of the stained sections were taken using a
Nikon Ti microscope at 400x magnification. The top two pictures are representative of lavaged
lungs from a DBP +/+ mouse instilled with PBS (left) and C5a (right). The bottom two pictures

are representative of lavaged lungs from a DBP -/- mouse instilled with PBS (left) and C5a

(right).
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Figure 6 Total number of neutrophils in the lung.

Shown above is the average number of neutrophils in the lung of 5 DBP +/+ and DBP -/- before
and after lavage. 1 pug of C5a was instilled into the lungs of DBP +/+ and DBP -/- mice. After 4
hours, the lungs were lavaged in half of the mice. All of the lungs were then isolated, minced
and homogenized to create a single cell suspension. The cells were counted, stained with PE
conjugated anti Gr-1 antibody and the percentage of Gr-1 high expressing cells was determined
by flow cytometric analysis. The total number of neutrophils was calculated by multiplying the

total number of lung cells by the percentage of Gr-1 high cells.
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3.3. Exogenously added DBP can partially reverse the observed phenotype in
DBP -/- mice.

If DBP is required extrinsically to augment neutrophil migration in vivo, one would
hypothesize that adding DBP to the site of inflammation would induce more neutrophil
recruitment into the lungs of DBP -/- mice after the instillation of C5a. Currently, purified
mouse DBP is not available, so to test this hypothesis we utilized DBP containing (DBP +/+) or
lacking (DBP -/-) serum. Complement activated serum (25%) from a DBP +/+ or DBP -/- mouse
was instilled into the lungs of both DBP +/+ and DBP -/- animals. 4 hours after instillation, the
mice were sacrificed, their lungs were lavaged, and the BAL cells were processed and analyzed
as previously described. The level of C5a/C5a des Arg (measured by ELISA) generated in DBP
+/+ and DBP -/- complement activated sera was essentially identical (figure 7b). There was no
significant difference in the total number of BALF neutrophils detected in BALF from DBP +/+
mice treated with either DBP +/+ or DBP -/- complement activated serum. However, there was
an increase in the total number of BALF neutrophils detected in the BALF of DBP -/- mice
treated with DBP +/+ complement activated serum as compared to DBP -/- mice treated with
DBP -/- complement activated serum (figure 7a). This suggests that adding DBP extrinsically to
the site of inflammation can partially rescue the phenotype previously observed in the DBP -/-

mice by inducing more neutrophil recruitment into the site of inflammation.
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Figure 7 Exogenously adding DBP into the lungs of DBP -/- mice increase neutrophil
recruitment into the lungs.

Complement activated serum from DBP +/+ and DBP -/- mice was diluted 1:4 in PBS and
instilled into the lungs of DBP +/+ and DBP -/- mice. After 4 hours, the mice were sacrificed,
the lungs were lavaged and the BAL cells were counted using an automated cell counter. To
calculate the percentage of Gr-1 high neutrophils, BAL cells were stained with PE conjugated
anti Gr-1 antibody and analyzed by flow cytometry. The total number of BAL neutrophils was
calculated by multiplying the total number of BAL cells with the percent of cells that were Gr-1
high. Panel A shows the average number of BAL neutrophils from 4-6 DBP +/+ and DBP -/-
mice. Panel B shows the concentration of C5a/C5a des Arg in the DBP +/+ and DBP -/-

complement activated sera as determined by a C5a sandwich ELISA.
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3.4. There is a significant increase in the surface expression of CD11b on DBP

-/- BALF neutrophil 4 hours after the instillation of C5a.

There are several factors which can cause the reduction of neutrophil recruitment into the
inflamed lung of DBP -/- mice, such as less neutrophils in the blood or bone marrow, reduced
surface expression of the chemoattractant receptor, C5aR (CD88), or reduced surface expression
of adhesion molecules required for cellular rolling, adhesion to endothelial cells or trans-
endothelial migration through the vascular bed. To this end, the surface expression of several
adhesion molecules (CD11b, CD11c, CD18 and CD44) was quantified by flow cytometry on
BAL neutrophils (figure 8). Four hours after the instillation of 1 pug of C5a, the surface
expression of CD11b and CD11c was significantly higher in BAL neutrophils from DBP -/- as
compared to DBP +/+ neutrophils (figure 8a and 8b respectively). However, at all other time
points, there was no significant difference in the surface expression of both integrins. There was
also no significant difference in the surface expression of CD44 (a DBP receptor) and CD18 in
BALF neutrophils collected 4 hours after the instillation of C5a (figure 8c and data not shown).
It is known that the peak recruitment of neutrophils into tissues occurs 4-6 hours after the initial
insult; a process that is highly dependent on the CD11b/CD18 induced trans-endothelial
migration. It is estimated that in neutrophils approximately 95% of CD11b/CD18 is stored in
intracellular granules, which are partially exocytosed upon the binding to immobilized
chemoattractants on endothelial cells . This exocytosis, in addition to the shear force of blood
circulation, then induces tight binding of rolling neutrophils to endothelial cells followed by
trans-endothelial migration. The increased surface expression of CD11b on the surface of DBP -
/- neutrophils in the BAL 4 hours after the initiation of inflammation, suggests that DBP -/-

either have deregulated granule exocytosis, integrin endocytosis and/or integrin shedding.
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with PE conjugated anti Gr-1 to identify the neutrophil population, APC conjugated anti CD11b
(A) and PE/Cy7 conjugated anti CD11c (B). In a separate experiment, at the 4-hour time point,
BAL cells were stained with PE conjugated anti Gr-1 to identify the neutrophil population and
APC conjugated anti CD44 (C). The cells were then analyzed by flow cytometry. Gr-1 high
neutrophils were gated and their surface expression of CD11b (A), CD11c (B) and CD44 (C)

was determined. * represents p <0.012.
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3.5. There is a significant decrease in the number of DBP -/- bone marrow

neutrophils.

As previously mentioned, a decrease in the number of blood or bone marrow neutrophils in
DBP -/- mice can lead to reduced neutrophil recruitment to a site of inflammation. Therefore, to
compare the number of neutrophils in the blood, 5 DBP +/+ and DBP -/- mice were sacrificed,
blood was collected by cardiac puncture and placed into a microfuge containing EDTA to
prevent clotting. The red blood cells where then lysed using hypotonic buffer, the leukocytes
were washed once with PBS, counted using an automated cell counter, then stained with anti-
GR-1 and analyzed by flow cytometry. Blood neutrophils were defined as Gr-1 high expressing
cells with a high side scatter (figure 9c, gated population). There was no significant difference in
the number of total white blood cells (figure 9a) or the blood neutrophils (figure 9b) between

DBP +/+ and DBP -/- mice.

To determine the number of neutrophils in the bone marrow, 5 DBP +/+ and DBP -/- mice
were sacrificed, the femurs and tibias were isolated and bone marrow cells were flushed out of
the isolated bones. Red blood cells were lysed using hypotonic buffer and whole bone marrow
cells were washed once in PBS and stained with anti Gr-1. Due to the lack of a distinct Gr-1
high population, bone marrow neutrophils and pre-neutrophilic cells were defined as Gr-1
positive cells (figure 10c, gated population). There was no significant difference in the total
number of bone marrow cells between DBP +/+ and DBP -/- mice (figure 10a). However, there
was a significant decrease in the number of Gr-1 positive cells (figure 10b) and the surface
expression of Gr-1 on DBP -/- bone marrow cells as compared to DBP +/+ bone marrow
neutrophils suggesting that there is a significant decrease in the number of bone marrow

neutrophils in DBP -/- mice relative to DBP +/+ mice (figure 11b).
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Figure 9 Analysis of blood leukocytes.

Shown above is the average number of blood leukocytes and neutrophils from 5 DBP +/+ and
DBP -/- mice. Blood was obtained from DBP +/+ and DBP -/- mice by cardiac puncture. Red
blood cells were lysed using hypotonic buffer and the number of blood leukocytes was
determined using an automated cell counter (A). The cells were then stained with PE conjugated
anti Gr-1 antibody. Neutrophils were identified by gating a population of cells that showed a
high surface expression of Gr-1 and a high side scatter (C). The total number of neutrophils was
calculated by multiplying the total number of blood leukocytes with the percentage of cells that

were Gr-1 high and SSC high (Gated population in panel C) (B).
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Figure 10 Analysis of bone marrow cells.

Shown above is the average number of whole bone marrow cells and bone marrow neutrophils
from 5 DBP +/+ and DBP -/- mice. Bone marrow cells were isolated from femurs and tibias of
DBP +/+ and DBP -/- mice. Red blood cells were lysed using hypotonic buffer and the number
of bone marrow cells was determined using an automated cell counter (A). The cells were then
stained with PE conjugated anti Gr-1 antibody and analyzed by flow cytometry. Neutrophils
were identified by gating a population of cells that were positive for Gr-1 (C). The total number
of neutrophils was calculated by multiplying the total number of bone marrow cells with the

percentage of cells which were Gr-1 positive (gated population in panel C) (B).
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3.6. There is a significant decrease in the side scatter, the surface expression

of Gr-1, CD88 and CD44 on DBP -/- bone marrow neutrophils.

Blood and bone marrow neutrophils from DBP +/+ and DBP -/- mice were further
characterized by staining them with anti Gr-1, anti CD11b, anti CD11¢, anti CD18, and anti
CD44. Flow cytometric analysis revealed that, in addition to the decrease in the number of Gr-1
positive cells, the average fluorescence of cell surface Gr-1 in DBP -/- bone marrow neutrophils
was lower than the average fluorescence of DBP +/+ bone marrow neutrophils (figure 11a &
11b). Furthermore, we noticed that a granular population of Gr-1 high bone marrow cells was
lost in 4 out of the 5 DBP -/- mice as judged by the decrease in the side scatter (figure 11a, mice

2-5, arrows).

Next, the surface expression of CD88 (C5a receptor) on bone marrow neutrophils was
determined by staining purified whole bone marrow cells from 5 DBP +/+ and DBP -/- mice for
Gr-1, to identify the bone marrow neutrophil population, and CD88 (figures 12). In the bone
marrow of 4 out of 5 DBP -/- mice, there was an approximate 50% reduction in the percentage of
Gr-1+ cells that stained positively for CD88 as compared to the bone marrow of DBP +/+ mice
(figure 12a, mice 2-5). There was also a significant decrease in the surface expression of CD88,
as determined by the decrease in the mean fluorescence staining of CD88, on DBP -/- bone
marrow neutrophils as compared to DBP +/+ bone marrow neutrophils (figure 12b). This is in
contrast to what was observed in the blood, where there was no difference in the surface

expression of CD88 between DBP -/- and DBP +/+ blood neutrophils (figure 12c¢).

The surface expression of CD44 (a DBP receptor) on bone marrow and blood neutrophils

was determined by staining DBP +/+ and DBP -/- bone marrow cells with anti Gr-1 and anti-
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CD44. Bone marrow neutrophils of 4 out of 5 DBP -/- mice had diffuse CD44 staining as
compared to DBP +/+ bone marrow neutrophils, which were uniformly stained for CD44 (figure
8a). This heterogeneity in CD44 staining observed in the bone marrow neutrophils from DBP -/-
mice resulted from a decrease in the surface expression of CD44 on a subpopulation of Gr-1 +
neutrophils (figure 8a). This heterogeneity in cell surface CD44 expression was also evident
from the significant decrease in the mean fluorescence intensity of CD44 in bone marrow
neutrophils from DBP -/- mice when compared to DBP +/+ mice (figure 13b). This is in contrast
to what was observed in the blood, where there was no difference in the surface expression of

CD44 between DBP -/- and DBP +/+ blood neutrophils (figure 13c¢).

Finally, the surface expression of CD11b, CD11c and CD18 on blood and bone marrow
neutrophils was determined. The was a significant decrease in the surface expression of CD11b
on bone marrow neutrophils from DBP -/- mice as compared to DBP +/+ mice, as evident by the
decrease in the CD11b mean fluorescence intensity staining on DBP -/- bone marrow neutrophils
relative to DBP +/+ bone marrow neutrophils (figure 14a). However, there was no significant
difference in the surface expression of CD11c or CD18 on the bone marrow neutrophils from
DBP -/- and DBP +/+ mice (figure 14b and 14c¢ respectively). There was no significant
difference in the surface expression of CD11b, CD11c and CD18 on blood neutrophils from
DBP -/- and DBP +/+ mice (figure 14d, 14e and 14f respectively). Collectively, this data
suggests that the DBP might play a role in the differentiation and maturation of neutrophils in the
bone marrow, a function that might be compensated for upon the entry of bone marrow

neutrophils into the blood.
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Figure 11 Analysis of the bone marrow cells by flow
cytometry.

The Gr-1 staining distribution of Gr-1 positive (A) bone
marrow cells from 5 DBP +/+ and DBP -/- mice against the
side scatter. Bone marrow cells were isolated from femurs
and tibias of DBP +/+ and DBP -/- mice. Red blood cells

were lysed using hypotonic buffer and the cells were then

stained with PE conjugated anti Gr-1 antibody. The cells were analyzed by flow cytometry.

Panel B shows the average Gr-1 mean fluorescence intensity from 5 DBP +/+ and DBP -/- mice

as determined using FlowJo (Tree Star Inc.).
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Figure 12 C5aR (CD88) expression on mouse neutrophils.
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Bone marrow and blood cells were isolated from 5 DBP +/+ and DBP -/- mice. Red blood cells

were lysed using hypotonic buffer and the remaining cells were stained with PE conjugated anti

Gr-1, to identify the neutrophil population, and FITC conjugated anti CD88. The gates were

drawn using the isotype control such that the isotype controls were negative for CD88 staining.

The percent of bone marrow cells that stained positive for CD88 (A) was determined by plotting

the Gr-1 positive cells in a dot plot for CD88 (x-axis) against the side scatter (y-axis). Panels B

and C show the average mean fluorescence intensity for bone marrow CD88 and blood CD88

respectively from 5 DBP +/+ and DBP -/- as determined using FlowJo (Tree Star Inc.).
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Figure 13 CD44 expression on mouse neutrophils.

Bone marrow and blood cells were isolated from 5 DBP +/+ and DBP -/- mice. Red blood cells
were lysed using hypotonic buffer and the remaining cells were stained with PE conjugated anti
Gr-1, to identify the neutrophil population, and APC conjugated anti CD44. The gates were
drawn using the isotype control such that the isotype controls were negative for CD44 staining.
The distribution of cell surface CD44 expression on Gr-1 positive bone marrow cells was
determined by plotting the Gr-1 positive cells on a dot plot for CD44 (x-axis) against the side
scatter (y-axis) (A). The average mean fluorescence intensity for bone marrow (B) and blood

(C) neutrophil CD44 from 5 DBP +/+ and DBP -/- was determined using FlowJo (Tree Star

Inc.).
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Figure 14 The surface expression of integrins on bone marrow and blood neutrophils.

Bone marrow (A-C) and blood cells (D-F) were isolated from 5 DBP +/+ and DBP -/- mice. Red

blood cells were lysed using hypotonic buffer and the remaining cells were stained with PE

conjugated anti Gr-1, to identify the neutrophil population, APC conjugated anti CD11b (A and

D), PE/Cy7 conjugated anti CD11c (B and E) and FITC conjugated anti CD18 (C and F). The

average mean fluorescence intensity for bone marrow neutrophil CD11b (A), CD11c (B) and
CD18 (C) and blood neutrophil CD11b (D), CD11c (E) and CD18 (F) from 5 DBP +/+ and

DBP-/- was determined using FlowJo (Tree Star Inc.).
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3.7. There is an intrinsic migratory defect in the bone marrow neutrophils of
DBP -/- mice.

The initial characterization of bone marrow cells suggests that there might be an intrinsic
defect in the bone marrow neutrophil pool of DBP -/- mice. To determine whether this potential
defect might lead to a functional defect in neutrophil chemotaxis, ex vivo chemotaxis assays were
performed to purified C5a and to DBP +/+ and DBP -/- complement activated sera. Two
different chemotaxis assays were utilized, a filter-based modified Boyden type chamber assay,
and the under agarose chemotaxis assay on collagen coated coverslips. In the modified Boyden
type chamber assay, cells migrate through a cellulose nitrate filter in three dimensions and the
distance the cells migrate into the filter is measured using a microscope. In the under agarose
chemotaxis assay, cells migrate on type I collagen under a layer of agarose in two dimensions
toward a chemoattractant or a buffer control. The net distance and the net number of migrating
cells can then be determined as described in the materials and methods. As shown in figure 15,
there was no significant difference in the distance migrated by DBP +/+ and DBP -/- bone
marrow neutrophils to purified mouse C5a in the modified Boyden type chamber assay.
However, when bone marrow neutrophils were allowed to migrate on collagen coated coverslips
in the under agarose chemotaxis assay, there was a significant increase in the net distance
migrated by DBP +/+ and DBP -/- cells to DBP +/+ complement activated serum as compared to
DBP -/- cells migrating to DBP -/- complement activated serum (figure 16¢). There was no
significant difference in the migration of DBP +/+ cells to either DBP +/+ or DBP -/-

complement activated sera.

One of the strengths of the under agarose chemotaxis assay is the ability to determine the

net number of migrating cells. As shown in figure 16a and 16b, there was a significant reduction
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in the net number of migrating DBP -/- bone marrow neutrophils as compared to DBP +/+ bone
marrow neutrophils to both DBP -/- and DBP +/+ complement activated sera. This suggests that
DBP -/- bone marrow neutrophils might have an intrinsic defect in migration, which can be

partially rescued by the addition of DBP, as shown in figure 16c.
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Figure 15 Modified Boyden type chamber migration of bone marrow neutrophils.

Bone marrow cells were isolated from femurs and tibias of 3 DBP +/+ and DBP -/- mice. The
cells were then resuspended in HBSS containing 10 mM HEPES and 1% BSA at a concentration
of 10 million cells per ml. The cells were then loaded into a 48 well micro chemotaxis chamber
(Neuroprobe) and allowed to migrate into a cellulose nitrate filter containing 3 or 5 pm pores to
10 nM C5a for 30 minutes at 37 °C. After 30 minutes, the filters were stained, mounted onto a
double slide and the distance the neutrophils migrated into the filters was determined using a
microscope at 400x magnification. The distance migrated was measured in 10 different fields at
400x magnification for each treatment and mouse. Shown above is the average distance

migrated by bone marrow neutrophils from 3 DBP +/+ and DBP -/- mice.
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Figure 16 Under agarose migration of bone marrow neutrophils.

Bone marrow cells were isolated from femurs and tibias of 3 DBP +/+ and DBP -/- mice. The
cells were then resuspended in HBSS at a concentration of 20 million cells per ml, loaded into
the middle well in an under agarose plate and allowed to migrate to 5% DBP +/+ or DBP -/-
complement activated serum or HBSS (control) for 4.5 hours at 37 °C. After 4.5 hours, the
plates were fixed with 2% paraformaldehyde and pictures of neutrophils migrating towards the
complement activated serum containing well (A) and HBSS were taken using a Nikon Ti
microscope at 100x magnification. The distance migrated was measured by using the
measurement tool in Macnification (Interface Design Software). The number of migrating cells
was determined by using the cell counter tool in ImageJ (NIH). The net number of migrating
cells was calculated by subtracting the number of migrating cells towards the buffer from the
number of migrating cells towards the complement-activated serum (B). The net distance
migrated was calculated by subtracting the distance migrated to the buffer from the distance
migrated towards the complement activated serum (C). Shown above is the average net distance
migrated and net number of migrating cells from bone marrow neutrophils of 3 DBP +/+ and

DBP -/- mice.
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3.8. There is a polarization defect in the bone marrow neutrophils of DBP -/-

mice.

Polarization in the direction of a chemotactic gradient is the first step in the process of cell
migration. To determine the polarization of migrating bone marrow neutrophils, the location of
polymerized actin and the morphology of migrating cells was analyzed. DBP +/+ bone marrow
neutrophils were allowed to migrate on collagen or BSA coated cover slips to DBP +/+ or DBP -
/- complement activated serum for 4.5 hours. The cells where then fixed and the agarose was
removed. The cells were permabilized and stained with Phalloidin to visualize F-actin and
analyzed under a fluorescence microscope at 1000x magnification. There was no significant
difference in phalloidin staining in DBP +/+ bone marrow neutrophils migrating on BSA coated
coverslips to either DBP +/+ or DBP -/- complement activated sera (figure 17d). However, when
cells were allowed to migrate on collagen coated coverslips, there was a significant increase in
phalloidin staining, or F-actin polymerization, of DBP +/+ bone marrow neutrophils migrating to
DBP -/- complement activated serum as compared to cells migrating to DBP +/+ complement
activated serum (figure 17 a-c). In addition, the morphology of the cells migrating to DBP -/-
complement activated serum showed more uniform and less polarized distribution of F-actin (fig.
17 b) as compared to cells migrating to DBP +/+ complement activated serum (fig 17a), which
displayed a more polarized morphology. This suggests that DBP may play a role in neutrophil

polarization during migration to complement activated serum.

A subsequent experiment was performed using both DBP +/+ and DBP -/- bone marrow
neutrophils migrating to +/+ or -/- complement activated serum on collagen-coated coverslips.
DBP -/- bone marrow neutrophils migrating to DBP -/- complement activated serum were

unpolarized and many had regions of F-actin formation but with a uniform subcellular
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distribution (figure 18a). Polarization in DBP -/- bone marrow neutrophils was partially restored
when cells migrated to DBP +/+ complement activated serum (figure 18b). When DBP +/+ bone
marrow neutrophils migrated to DBP -/- complement activated serum, they had a similar
phenotype as DBP -/- bone marrow neutrophils migrating to DBP +/+ complement activated
serum as evidenced by the partial polarization (figure 18c). However, when DBP +/+ migrated
to DBP +/+ complement activated serum, most of the cells were polarized, with polarized F-actin
formation only at protrusions extending out of the migrating neutrophils (figure 18d). This
suggests that DBP might play a role in cellular polarization during chemotaxis to complement
activated serum, and supports the alveolitis and under agarose chemotaxis results indicating that
DBP -/- bone marrow neutrophils might have an intrinsic defect in chemotaxis which can be

partially rescued by the exogenous addition of DBP during chemotaxis.
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Figure 17 Neutrophils have a more polarized morphology when migrating in the presence
of DBP.

Bone marrow neutrophils were purified from a DBP +/+ mouse and resuspended in HBSS at a
concentration of 20 million cells per ml. 0.5 million cells were loaded into a collagen coated or
BSA coated coverslip in an under agarose chemotaxis plate, and the cells were allowed to
migrate to either DBP +/+ or DBP -/- complement activated serum or HBSS (control). After 4.5
hours, the cells were fixed in 2% paraformaldehyde overnight. The agarose was then discarded
and the cells were permabilized and F-actin stained with alexa flour 594-conjugated phalloidin
(Life Technologies). The coverslips were then mounted on to a microscope slide and analyzed
using a Nikon Ti fluorescent microscope at 1000x magnification, shown above. (A) Shows a
representative of DBP +/+ bone marrow neutrophils migrating to DBP +/+ complement activated
serum. (B) Shows a representative of DBP +/+ bone marrow neutrophils migrating to DBP -/-
complement activated serum. To quantify the average phalloidin fluorescence on neutrophils
migrating on collagen (C) or BSA (D), 96 or more cells were individually highlighted and the
average fluorescence was calculated using the Macnification software program. This experiment

was performed twice using the bone marrow from 2 DBP +/+ mice.
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Figure 18 DBP -/- bone marrow neutrophils have a polarization defect during chemotaxis.

Bone marrow neutrophils were purified from one DBP +/+ or DBP -/- mouse and resuspended in
HBSS at a concentration of 20 million cells per ml. 0.5 million cells were loaded into a collagen
coated coverslip in an under agarose chemotaxis plate, and the cells were allowed to migrate to
DBP +/+ or DBP -/- complement activated serum or HBSS (control). After 4.5 hours, the cells
were fixed in 2% paraformaldehyde overnight. The agarose was then discarded and the
coverslip was stained F-actin with alexa flour 594-conjugated phalloidin (Life Technologies),
then mounted on to a microscope slide and analyzed using a Nikon Ti fluorescent microscope at
1000x magnification, shown above. Three representative pictures of DBP -/- bone marrow
neutrophils migrating towards DBP -/- (A) or DBP +/+ (B) complement activated sera and of
DBP +/+ bone marrow neutrophils migrating towards DBP -/- (C) or DBP +/+ (D) complement
activated sera are shown above. This experiment was performed twice using the bone marrow of

2 DBP +/+ mice and once using the bone marrow of 1 DBP -/- mouse.
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3.9. DBP -/- bone marrow neutrophils generated a reduced amount of

superoxide anions as compared to DBP +/+ bone marrow neutrophils.

Figures 16-18 suggests that DBP -/- bone marrow neutrophils might have an intrinsic
defect in chemotaxis. Therefore, other neutrophil functions, such as superoxide anion generation
and phagocytosis, were examined to determine whether the intrinsic defect observed in DBP -/-
bone marrow neutrophils was specific to chemotaxis. The capacity of bone marrow neutrophils
to generate superoxide anions was determined by stimulating DBP +/+ and DBP -/- bone marrow
neutrophils with a receptor dependent stimulus, 10% DBP +/+ or DBP -/- complement activated
serum, or a receptor independent stimulus, 10 ng/ml of PMA, followed by incubation with
Cytochrome ¢, which becomes reduced upon exposure to superoxide anions. The amount of
reduced Cytochrome ¢ was detected using a fluorescent plate reader as described in the materials
and methods. Unstimulated cells were used as a control. There was no significant difference in
the amount of reduced Cytochrome ¢ between DBP +/+ and DBP -/- bone marrow neutrophils
stimulated with DBP +/+ or DBP -/- complement activated sera. However, there was a slight but
significant reduction in the amount of reduced Cytochrome ¢ when either neutrophils were
stimulated with DBP -/- complement activated serum versus DBP +/+ complement activated
serum (figure 19a). This suggests that DBP may play a role in the activation of NADPH oxidase
and the generation of superoxide anions in bone marrow neutrophils. To test the full superoxide
anion generation capacity of DBP +/+ and DBP -/- bone marrow neutrophils, PMA, a strong
receptor independent stimulus, was used. There was a significant reduction in the amount of
Cytochrome ¢ reduced by DBP -/- bone marrow neutrophils as compared to DBP +/+ neutrophils
stimulated with PMA. This suggests that the capacity to generate superoxide anion is deficient

in DBP -/- bone marrow neutrophils.
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Figure 19 Superoxide anion generation by bone marrow neutrophils.

Bone marrow neutrophils from 3 DBP +/+ and DBP -/- mice were enriched. The cells were then

stimulated with 10% DBP +/+ or DBP -/- complement activated serum (A), 10 ng/ml of PMA

(B) or HBSS buffer as a control (controls in A and B) in the presence of 120 uM of Cytochrome

¢ for 30 minutes at 37 °C. The reaction was stopped by placing the cells on ice for 5 minutes and

spinning the cells down at 4 °C. The supernatant was transferred into a 96 well plate and the

absorbance was measured at 550 nm using a plate reader (Spectramax M2, Molecular Devices).

Nano moles of reduced Cytochrome ¢ were calculated by multiplying the absorbance at 550 nm

by 71.4. Panel A and B shows the average of Cytochrome ¢ reduced from 3 DBP +/+ and DBP -

/- mice.
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3.10. There was no difference in the phagocytic capacity of DBP +/+ and DBP

-/- bone marrow neutrophils.

The phagocytic capacity of bone marrow neutrophils was determined next. DBP +/+ and
DBP -/- bone marrow neutrophils were incubated with alexa flour 594 conjugated complement
opsonized zymosan for 1 hour at 37 °C. The extracellular bound zymosan was quenched by the
addition of trypan blue and the cells were analyzed by flow cytometry. To control for any non-
quenched cell surface bound zymosan, cells were mixed with alexa flour 594 conjugated
complement opsonized zymosan and incubated on ice for 1 hour. As shown in figure 20, there
was more zymosan fluorescence in neutrophils incubated at 37 °C as compared to neutrophils
incubated on ice, indicating that at 37 °C, cells phagocytosed the opsonized zymosan. However,
there was no significant difference in the amount of phagocytosed zymosan by DBP +/+ or DBP
-/- bone marrow neutrophils. This suggests that the phagocytic capacity in DBP -/- neutrophils

was not affected by the absence of DBP.
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Figure 20 Phagocytosis of opsonized zymosan by bone marrow neutrophils.

Bone marrow neutrophils were isolated from 4 DBP +/+ and DBP -/- mice. The cells were then
mixed 1:1 with alexa flour 594 conjugated zymosan, which was complement opsonized in DBP
+/+ serum for 30 minutes at 37 °C. The cells were incubated with the opsonized zymosan for 1
hour at 37 °C. To control for non-phagocytosed, cell surface bound zymosan, cells were
incubated with opsonized zymosan for 1 hour at 1 °C. Non-phagocytosed zymosan was
quenched by adding trypan blue. The cells were washed once with HBSS and then analyzed by
flow cytometry. The difference in fluorescence intensity between cells incubated at 1 °C and at
37 °C represents fluorescence from phagocytosed zymosan particles. The fluorescence intensity
observed at 1 °C represents fluorescence from cell surface bound zymosan particles. Shown
above is the average geometric mean fluorescence intensity from enriched bone marrow

neutrophils purified from 4 DBP +/+ and DBP -/- mice.
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4. Chapter 2

4.1. DBP may amplify inflammation by inducing the release of SI00A8/A9

from neutrophils.

In the first chapter evidence was presented that shows DBP may play a role in neutrophil
differentiation, development and chemotaxis. However, a mechanism by which DBP exerts its
function on neutrophils is not known. In this chapter, a mechanism will be proposed which will

describe how DBP can exert both extrinsic and intrinsic functions on neutrophils.

4.1.a. S100A8 and S100A9 are released by neutrophils in DBP treated conditioned

neutrophil supernatants as determined by mass spectrometric analysis.

DBP has been previously shown to bind and subsequently shed from the cell surface of
neutrophils; both binding and shedding are required for its chemotactic cofactor function.
However, whether this binding and subsequent shedding induces any changes in neutrophil
granular exocytosis or secretion of any neutrophil proteins has not been determined. To this end,
a proteomic approach was utilized to address this question. Purified human neutrophils were
treated with DBP for 30 minutes at 37 °C, centrifuged and the conditioned supernatants were
collected. As a control, neutrophils were incubated with the same volume of buffer at 37 °C for
30 minutes and the cell-free supernatant was collected. The conditioned supernatants were
separated by SDS-PAGE and visualized by silver staining. Analysis of the silver stained gel
revealed 4 protein bands, which were of lower molecular weight than DBP but with a higher
intensity in the DBP treated neutrophil supernatant as compared to the control (figure 21). These
bands were cut out, trypsin digested and their protein content was identified by mass

spectrometric analysis. The mass spectrometric results are shown in table 1. According to table
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1, many neutrophil proteins were detected in both the control DBP treated conditioned
supernatants, including lactate dehydrogenase which is a marker for cellular death. However,
there were only two proteins in this analysis that has been previously shown to play a role in
cellular migration, cellular polarization, actin polymerization and superoxide anion generation in
neutrophils, STO0A8 and S1I00A9. As shown in figure 21 and table 1, bands 5 (DBP treated
conditioned supernatant) and 6 (control conditioned supernatant) contained SI00A8 and S100A9
as detected by mass spectrometry. The intensity of band 5 is higher than band 6, suggesting that
there is more protein in band 5 as compared to band 6 and that DBP might induce the secretion

of these proteins.
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Figure 21 S100A8 and S100A9 are secreted from neutrophils treated with DBP as
determined by mass spectrometric analysis of neutrophil conditioned supernatants.

Neutrophils were purified from whole blood and resuspended in HBSS. The cells were treated
with 1 uM DBP or PBS as a control for 30 minutes at 37 °C and 5% CO,. The cells were then
spun down at 4 °C and the conditioned supernatants were loaded into an SDS-PAGE gel and
subsequently silver stained. Four bands that had a higher intensity in the DBP treated
supernatants (left lane) as compared to the control treated supernatants (right lane) were cut out,

and their protein contents were identified by mass spectrometry.

83



Table 1

sp|P02774|VTDB_HUMAN Vitamin D-binding protein GC 44.10% 12 26 il 26
sp|P60709]ACTB_HUMAN Actin, cytoplasmic 1 ACTB 42.70% ) 3 11 13 6 5
17PM_#3_ALBU_BOVIN 42.80% 51 1

17PM_#11_CAS1_BOVIN 22.40% 9 3 2 4
sp|P05109|S10A8_HUMAN Protein S100-A8 S100A8 32.30% 6 6
sp|P05164|PERM_HUMAN Myeloperoxidase MPO 7.90% 6 6
sp|P06702|S10A9_HUMAN Protein S100-A9 S100A9 56.10% 5 6
sp|P12429|ANXA3_HUMAN Annexin A3 ANXA3 24.10% 3 8

17PM_#11_CAS2_BOVIN 13.10% 5 3

sp|P02788|TRFL_HUMAN Lactotransferrin LTF 7.20% 2

sp|P04075|ALDOA_HUMAN Fructose-bisphosphate aldolase 6.30% 4 3
A ALDOA

sp|Q5D862|FILA2_HUMAN Filaggrin-2 FLG2 2.80% 7

sp|P20930|FILA_HUMAN Filaggrin FLG 1.40% 6
sp|P02765|FETUA_HUMAN Alpha-2-HS-glycoprotein AHSG 3.50% 4

sp|P20160|CAP7_HUMAN Azurocidin AZU1 8.00% 2 2

sp|P30740|ILEU_HUMAN Leukocyte elastase inhibitor 7.90% 1 2
SERPINB1

17PM_#12_CASB_BOVIN 8.50% &

sp|P00338|LDHA_HUMAN L-lactate dehydrogenase A chain 5.70% 1 2

LDHA

17PM_#6_TRFE_BOVIN 2.60% 2

sp|P04083|ANXA1_HUMAN Annexin A1 ANXA1 6.90% 2

Table 1 Neutrophil proteins identified in DBP treated neutrophil conditioned supernatants

by mass spectrometry.
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4.1.b. DBP induces the formation of S1I00A8/A9 heterodimers/heterotetramers in human

neutrophils.

S100A8 and S100A9 are abundant cytosolic proteins that are predominantly expressed as a
heterodimers, SI00A8/A9, in neutrophils. There is some evidence showing that ST00AS8 and
S100A9 can form homodimers, with a significantly reduced half-life as compared to the
heterodimers. Upon cytosolic calcium elevation, the two heterodimers bind to each other
forming a heterotetramer. To determine the role of DBP in the formation of cytosolic
S100A8/A9 heterodimers and/or heterotetramers, purified human neutrophils were treated with
DBP for 30 minutes at 37 °C. The cells were then spun down, fixed, permabilized and stained
with a monoclonal antibody, 27E10, which recognizes a neo-epitope found only in the
heterodimer and the heterotetramer, but not homodimers or monomers **. As shown in figure
22, neutrophil treatment with DBP induced the formation of SIO0A8/A9 heterodimers and/or
heterotetramers, as evident by the doubling in the percentage of cells which were positive for
S100A8/A9 (figure 22, compare the right panel to the left panel) and by an average 2 fold
increase in the mean fluorescence intensity in the DBP treated samples (data not shown). Non-
permabilized neutrophils were negative for SIO0A8/A9, suggesting that the observed induction
of SI00A8/A9 heterodimers and/or heterotetramers was intracellular (data not shown). This
suggests that DBP might induce the formation of SI00A8/A9 heterodimers and/or

heterotetramers in human neutrophils.
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Figure 22 DBP induces the formation of S100A8/A9 heterodimers/heterotetramers in

human neutrophils.

Neutrophils were purified from whole blood and resuspended in HBSS. The cells were treated

with 1 uM DBP or DPBS as a control (untreated) for 30 minutes at 37 °C and 5% CO2. The

cells were then spun down at 4 °C, the supernatant was transferred into another microfuge tube

and the cells were fixed in 2% paraformaldehyde for 30 minutes at 4 °C. The cells were

permabilized using 1x perm/wash buffer (BD biosciences) and stained with mouse anti human

S100A8/A9 monoclonal antibody (27E10, Hycult biotech) followed by APC conjugated goat

anti mouse IgG (Biolegend). Flow cytometric data were collected using a BD FACS calibur II

and the data were analyzed using FlowJo (tree stars Inc.). Shown above is a representative of the

side scatter versus ST00A8/A9 staining dot blot of sham treated and DBP treated cells. This

experiment was performed 5 times in neutrophils obtained from one donor.
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4.1.c. DBP-actin complexes are generated by DBP treated neutrophils and subsequently

induce the release of S100A8/A9.

S100A8/A9 is considered to be a DAMP once secreted *°7, with many pleotropic functions
in neutrophils. DBP induces the formation of SIO0A8/A9 heterodimer and/or heterotetramer in
neutrophils (figure 22), and its secretion (figure 21 and table 1). Previously, it has been shown
that the binding of DBP and subsequent shedding is required for its chemotactic cofactor

117,118,208
7118208 wwWe therefore

function, a process that is dependent on the degranulation of neutrophils
hypothesized that the shedding of DBP is required for its chemotactic cofactor function because
DBP might complex with neutrophil protein(s), and this complex is the active chemotactic
cofactor. To test this hypothesis, cells were treated with DBP for 30 minutes at 37 °C. As a
control, cells were treated with C5a, a combination of DBP and C5a or PBS as a negative
control. After treatment, the cells were spun down and the conditioned supernatants were loaded
onto a native gel, subjected to electrophoresis and blotted with anti-DBP. As shown in figure 23,
DBP treated neutrophil supernatant, three DBP containing bands were observed. To identify the
protein content in these bands, the native gel was re-run and silver stained, these three bands
were cut out, trypsinized and subjected to mass spectrometric analysis. Mass spectrometric

analysis revealed that, the bottom band contained DBP only; the middle band contained DBP,

lactoferrin, NGAL and defensin; and the top band contained DBP, actin and albumin (figure 23).

DBP is a known G-actin binding protein. Previously, it has been shown that cell surface
actin is a binding site for DBP in neutrophils and U937 cells; this interaction is needed for its
chemotactic cofactor function (figure 28b and McVoy et al, manuscript in preparation). Mass
spectrometric analysis shown in figure 23 suggests that, in addition to the binding of DBP to cell

surface actin, DBP-actin complexes might be subsequently shed from DBP treated neutrophils.
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Since actin is predominantly a cytosolic protein, which is only known to be released from
necrotic cells, it was hypothesized that the generated DBP-actin complexes may be the inducers
for SI00A8/A9 release from neutrophils. Therefore, to determine whether DBP-actin complexes
induce the release of SI00A8/A9 from neutrophils, DBP-actin complexes were prepared in vitro
with purified DBP and actin and were subsequently incubated with purified human neutrophils
for 30 minutes at 37 °C. After 30 minutes, neutrophils were spun down, the condition
supernatants were loaded into a native gel, subjected to electrophoresis and blotted with anti
S100A8/A9 monoclonal antibody (27E10). As shown in figure 24, DBP-actin complexes were
potent inducers of the release of SI00A8/A9 from neutrophils obtained from 4 different donors.
This confirms our hypothesis, and suggests that DBP-actin complexes are generated basally from
neutrophils and that these complexes subsequently induce the release of SI00A8/A9 from

neutrophils.
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Figure 23 DBP-actin complexes are generated in conditioned supernatants of neutrophils
treated with DBP.

Neutrophils were purified from whole blood and resuspended in HBSS. The cells were treated
with 1 uM DBP, 400 pM C5a + 1 uM DBP, 400 pM C5a or PBS for 30 minutes at 37 °C and 5%
CO,. After 30 minutes, the cells were spun down at 4 °C and the conditioned supernatants were
loaded into native gel, transferred to a PVDF membrane and a western blot was performed using
chicken anti human DBP antibody (Gallus Immunotech). Three DBP containing bands were
detected in the native gel western blot. To determine the identity of the proteins in these bands,
the conditioned supernatants were loaded into a native gel, subjected to electrophoresis and silver
stained. The bands were cut out and identified by mass spectrometry. The protein content of all

the DBP containing bands is shown above.
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S100A8/A9

Figure 24 DBP-actin complexes are potent inducers of S100A8/A9 release from human
neutrophils.

Neutrophils were purified from whole blood obtained from four donors and resuspended in
HBSS. The cells were treated with 1 uM DBP, 1 uM DBP-actin complexes, or DPBS as a
control (untreated) for 30 minutes at 37 °C and 5% CO,. The cells were then spun down at 4 °C
and the conditioned supernatants were loaded into native gel, transferred to a PVDF membrane
and a western blot was performed using a mouse anti human S100A8/A9 monoclonal antibody

(27E10, Hycult biotech) shown above.
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4.1.d. DBP-actin complex generation and the release of SI00A8/A9 by neutrophils are

specific for DBP.

The C5a chemotactic cofactor function of DBP has been previously shown to be very
specific in vitro °*. To determine whether the generation of extracellular actin and the
subsequent release of SIO0A8/A9 was specific to DBP, neutrophils were incubated for 30
minutes at 37 °C with two plasma proteins which are of a similar size and charge as DBP:
histidine rich glycoprotein (HRGP) and a1 acid glycoprotein (a1 AGP). In addition, HMGBI1
BoxA mutant was used as an irrelevant protein control and DBP-actin complexes as the positive
control. The cell free conditioned supernatants were collected, loaded into a native gel,
subjected to electrophoresis and blotted with the monoclonal antibody 27B10 to detect
S100A8/A9. After detecting SIO0A8/A9, the membrane was re-blotted with anti-actin to detect
the generated DBP-actin complexes from neutrophils. As shown in figure 25, DBP induced the
secretion of actin, presumably as DBP-actin complexes, and S100A8/A9 (figure 25, lane 2).
DBP-actin complexes induced the secretion of a higher amount of SI00A8/A9 as compared to
what was observed to be induced by DBP, confirming our previous results (figure 25, lane 3).
However, HRGP, a1 AGP and HMGB1 boxA mutant did not induce the secretion of actin or
ST100A8/A9 (figure 25, lanes 4-6 respectively) suggesting that the secretion of actin and

S100A8/A9 by neutrophils is specific for DBP.
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Figure 25 Specificity of actin and S100A8/A9 release from human neutrophils.

Neutrophils were purified from whole blood and resuspended in HBSS. The cells were treated
with 1 uM DBP, DBP-actin complexes, HRGP, a1 AGP, HMGB1 BoxA mutant or DPBS
(Untreated) for 30 minutes at 37 °C and 5% CO,. The cells were then spun down at 4 °C and the
conditioned supernatants were loaded into native gel, transferred to a PVDF membrane and a
western blot was performed using a mouse anti human S100A8/A9 monoclonal antibody
(27E10, Hycult Biotech), shown at the top panel. The blot was then re-blotted with mouse anti

actin antibody (Fisher Scientific), shown at the bottom panel.
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4.1.e. DBP-actin complexes were detected in vivo in the BALF of DBP +/+ mice after the

induction of alveolitis by C5a.

All of the previous experiments were performed in vitro, and thus the in vivo relevance for
the generation of DBP-actin complexes by inflammatory cells is not known. Therefore, to
determine whether DBP-actin complexes are generated in an inflammatory setting, BALF was
collected from DBP +/+ and DBP -/- mice 4 hours after instillation of purified C5a, spun down
and the cell free BALF was loaded into a native gel, subjected to electrophoresis and blotted with
a polyclonal anti-DBP antibody. As a control for the migration of uncomplexed DBP, sera from
DBP +/+ and DBP -/- mice were loaded and blotted for DBP. As expected, DBP was only
detected in the BALF and serum of DBP +/+ mice. Unexpectedly, most of the DBP in the BALF
was complexed with another protein, as evident by the upward shift in the DBP band, as
compared to the normal mouse serum control (figure 26). This upward shift is very similar to the
shift observed when purified DBP-actin complexes, prepared in vitro, or DBP +/+ serum spiked
with actin are blotted for DBP in a native gel. This suggests that DBP-actin complexes might be
formed in large amounts during inflammation in vivo, and suggests that these complexes may

then subsequently amplify inflammation by inducing the release of SI00A8/A9 from neutrophils.
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Figure 26 DBP-actin complexes are generated in an inflammatory model of alveolitis in
vivo.

Three DBP +/+ (lanes 1-3) and DBP -/- (lanes 4-6) mice were instilled with 1 pg of C5a per 24
gram of mouse. After 4 hours, the mice were sacrificed and their lungs were lavaged with HBSS
containing 5 mM EDTA. The BALF was spun down and the cell free supernatants were loaded
into a native gel and subjected to electrophoresis. As a control for unbound DBP, normal mouse
sera from one DBP +/+ and DBP -/- mouse were also loaded into the native gel. The gel was

transferred to a PVDF membrane and blotted with chicken anti human DBP, shown above.
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4.1.f. DBP binds to migrating neutrophils, a process which might be partially dependent

on the surface expression of actin during migration.

As previously mentioned, DBP is a chemotactic cofactor for the chemotaxis of neutrophils
to C5a, a function which requires the cell surface binding and subsequent shedding of DBP by
neutrophils. However, all of the previous experiments to analyze binding and shedding of DBP
by neutrophils were performed in suspension and not with migrating or adherent cells. The
binding and localization of DBP on a polarized migrating neutrophil is not known. Therefore, to
answer this question, the under agarose chemotaxis assay was utilized. Purified human
neutrophils were loaded on collagen coated coverslips in an under agarose plate and allowed to
migrate to C5a or formylated peptides in the presence or absence of DBP for 3.25 hours at 37 °C.
The cells were then fixed, the agarose was discarded and the coverslips were stained with a
polyclonal anti DBP antibody followed with alexa flour 488-conjugated secondary antibody.

The coverslips were then mounted onto a microscope slide and fluorescent pictures were taken at
200x magnification using a fluorescent microscope. As shown in figure 27a, migrating
neutrophils were strongly positively for DBP only when DBP was exogenously added. We also
noticed that when DBP-actin complexes were added to migrating neutrophils, the intensity of
DBP on migrating neutrophils decreased (figure 27a, compare the fluorescence intensity of DBP
on cells migrating with DBP and DBP-actin). The average fluorescence intensity of 250 or more
cells indicated that there was an approximate 50% reduction in the average fluorescence intensity
of DBP on cells migrating in the presence of DBP-actin complexes as compared to cells
migrating in the presence of DBP (figure 27b). This suggests that the actin-binding site on DBP
might contribute to the binding of DBP to migrating neutrophils, and that cell surface actin may

be the docking site for DBP on migrating neutrophils.
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To determine the presence of cell surface actin on migrating neutrophils, neutrophils were
allowed to migrate under agarose as previously described, then fixed, stained with anti-actin
followed by an alexa flour 488 conjugated secondary antibody and the cover slips were mounted
on microscope slides. Fluorescent pictures were then taken at 1000x magnification using a
fluorescent microscope. Cells migrating to C5a in the absence of DBP were positive for cell
surface actin suggesting that migrating neutrophils do express cell surface actin (figure 28a, top
row). However, when cells were migrating in the presence of DBP, there was a substantial
decrease in the cell surface actin staining on migrating neutrophils (figure 28a, middle row).
This suggests that the binding of DBP to migrating neutrophils may have either masked the actin
epitope from detection by the anti actin antibody or that DBP might have induced the shedding

of cell surface actin from migrating neutrophils.

DBP has been previously shown to bind to the human lymphoma cell line U937 cells
transfected with the C5aR (CD88) '**'*"'** | DBP also has been shown to augment the
chemotaxis to C5a in these cells . Therefore, to study the requirement of cell surface binding of
DBP to leukocytes, surface plasmon resonance (SPR) chips were coated with DBP, and the
binding of U937 cells was measured by Biacore SPR in the presence or absence of blocking
antibodies. Untreated cells bound to the immobilized DBP as previously described (figure 28b,
red line). However, when cells were treated with an anti-actin antibody, there was a large
reduction in the binding of U937 cells to immobilized DBP (figure 28b, black line). This
reduction was specific to the anti-actin antibody as the binding of non-immune IgG treated U937
cells to DBP was similar to untreated cells (figure 28b, compare red line to the blue line). This
indicates that cell surface actin mediates the binding of DBP to U937 cells, and cell surface actin

may contribute to DBP binding on migrating neutrophils.
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Figure 27 DBP binds to migrating human neutrophils.

Neutrophils were purified from whole blood and resuspended in HBSS at a concentration of 20
million cells per ml. 0.5 million cells were loaded into a collagen coated coverslip in an under
agarose chemotaxis plate, and the cells were allowed to migrate to 1 nM C5a, I nM C5a + 1 uM
DBP or 1 nM C5a + 1 uM DBP-actin for 3.25 hours at 37 °C. As a control, the cells were
allowed to migrate to HBSS, 1 uM DBP or 1 uM DBP-actin. After 3.25 hours, the cells were
fixed in 2% paraformaldehyde overnight. The agarose was then discarded and the coverslips
were stained with chicken anti human DBP (Gallus Immunotech) followed by alexa flour 488-
conjugated goat anti chicken antibody (Life Technologies). As a control, the cells were stained
with non-immune chicken IgG followed by alexa flour 488-conjugated goat anti chicken
antibody. The coverslips were then mounted and analyzed using a Nikon Ti fluorescent
microscope at 200x magnification, shown above. To quantify the average fluorescence of DBP
staining, 250 or more cells were individually highlighted and the average fluorescence was
determined using Macnification (Interface Design Software). Part A was repeated twice and the
quantitation shown in part B was done by calculating the average DBP fluorescence on 252

migrating cells or more from one of the two experiments.
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Figure 28 Migrating neutrophils express cell surface actin. DBP binds to cell surface actin
on U937 cells.

A) Actin is expressed on the cell surface of migrating neutrophils. Neutrophils were purified

from whole blood and resuspended in HBSS at a concentration of 20 million cells per ml. 0.5
million cells were loaded into a collagen coated coverslip in an under agarose chemotaxis plate,
and the cells were allowed to migrate to 1 nM C5a or I nM C5a + 1 uM DBP for 3.25 hours at
37 °C. As a control, the cells were allowed to migrate to HBSS, or 1 uM DBP. After 3.25 hours,
the cells were fixed in 2% paraformaldehyde overnight. The agarose was then discarded and the
coverslips were stained with mouse anti actin monoclonal antibody (Fisher Scientific) followed
by alexa flour 488-conjugated donkey anti mouse antibody (Life Technologies). As a control,
the cells were stained with non-immune mouse IgG followed by alexa flour 488-conjugated
donkey anti mouse antibody. The coverslips were then mounted on a microscope slide and
analyzed using a Nikon Ti fluorescent microscope at 1000x magnification, shown above. B)

DBP binds to cell surface actin on U937 cells as assessed by Biacore surface plasmon resonance.

DBP was coupled to a biacore CM5 sensor ship using N-ethyl-N-(dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS). As a control, a flow cell was activated in the
absence of any protein and subsequently deactivated. Undifferentiated U937 cells were
pretreated with rabbit anti-actin polyclonal antibody (Sigma), rabbit IgG or buffer (untreated) for
30 minutes at 37 °C. The cells were then spun down and re-suspended in HBSS prior to injection
into the DBP coated and the control biacore cells at a flow rate of 5 pl/minute. The binding
curve was generated using BiaEvaluation software (GE Healthcare) and graphed using Prism

(GraphPad Software). Shown above is a representative of two experiments.
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4.1.g. S100A8/A9 binds to migrating neutrophils and colocalizes with DBP on protrusions

extending out of migrating neutrophils.

The previous results have showed that DBP binds to the surface of migrating neutrophils,
and that DBP-actin complexes are shed from neutrophils. After shedding of the DBP-actin
complexes, these complexes can then induce the secretion of SI00A8/A9 from neutrophils as
shown in figures 24 & 25. However, the binding of the secreted SI00A8/A9 on migrating
neutrophils and its localization is not known. Therefore, the under agarose chemotaxis assay was
utilized to determine the capacity of migrating neutrophils to bind to SI00A8/A9, and the
location of the bound S100A8/A9 on polarized neutrophils relative to DBP. Neutrophils were
allowed to migrate under agarose as previously described, fixed and stained with anti DBP and
anti SI00A8/A9 (27E10) antibodies followed by an alexa flour 488 conjugated (DBP) and alexa
flour 594 conjugated (SI00A8/A9) secondary antibodies. The cover slips were then mounted on
microscope slides and fluorescent pictures were acquired at 200x magnification using a
fluorescent microscope. All migrating neutrophils stained positively for SIO0A8/A9 (figure 29,
red color in the first three panels from the top). When DBP was exogenously added, DBP and

S100A8/A9 colocalized on 50-70% of the migrating neutrophils (figure 29, two middle panels).

To identify the regions on migrating neutrophils where DBP and SI00A8/A9 localize,
neutrophils were allowed to migrate to formylated peptides, fixed and stained anti DBP and anti
S100A8/A9 (27E10). As previously shown, DBP induces the formation of SIO0A8/A9 in
neutrophils (figure 22). Therefore, to determine the location of intracellular ST00A8/A9 relative
to the cell surface bound DBP; some samples were permabilized prior to staining with anti DBP
and anti SI00A8/A9 antibodies. After staining, the cells where mounted on to a microscope

slide and analyzed using a fluorescent microscope at 1000x magnification. As shown in figure
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30a, in both permabilized and non-permabilized, there was strong colocalization between DBP
and S100A8/A9 on protrusions extending out of migrating neutrophils. Interestingly, all the
cells stained with ST00A8/A9, but there was a subset of cells that stained negatively for DBP.
Protrusions extending out neutrophils were observed to be F-actin rich (figure 30b, arrows), and
thus this suggests that DBP and/or ST00A8/A9 might be capable of inducing the polymerization
of actin and thus may affect neutrophil polarization or migration. Additionally, not all migrating
neutrophils stained positively for DBP, suggesting that DBP might only affect a subset of

migrating neutrophils.
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Figure 29 S100A8/A9 binds to and colocalizes with DBP on a subset of migrating
neutrophils.

Neutrophils were purified from whole blood and resuspended in HBSS at a concentration of 20
million cells per ml. 0.5 million cells were loaded on a collagen coated coverslip in an under
agarose chemotaxis plate, and the cells were allowed to migrate to 1 nM C5a, I nM C5a + 1 uM
DBP or 1 nM C5a + 1 uM DBP-actin for 3.25 hours at 37 °C. As a control, the cells were
allowed to migrate to HBSS, 1 uM DBP or 1 uM DBP-actin. After 3.25 hours, the cells were
fixed in 2% paraformaldehyde overnight. Then, the agarose was discarded and the coverslips
were stained with chicken anti human DBP (Gallus Immunotech) and mouse anti human
S100A8/A9 (27E10, Hycult Biotech) antibodies followed by alexa flour 488 conjugated goat anti
chicken and alexa flour 594 conjugated donkey anti mouse antibodies (Life Technologies). As a
control, the cells were stained with non-immune chicken and mouse IgG followed by alexa flour
488-conjugated goat anti chicken and alexa flour 594-conjugated donkey anti mouse antibodies.
The coverslips were then mounted on a microscope slide and analyzed using a Nikon Ti
fluorescent microscope at 200x magnification, shown above. The pictures taken above are

representative from 3 separate experiments performed using neutrophils from 1 donor.
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Figure 30 DBP and S100A8/A9 colocalize on protrusions extending out of migrating
neutrophils.

Neutrophils were purified from whole blood and resuspended in HBSS at a concentration of 20
million cells per ml. 0.5 million cells were loaded on a collagen coated coverslip in an under
agarose chemotaxis plate, and the cells were allowed to migrate to 10 nM fNLP + 1 uM DBP for
3.25 hours at 37 °C. As a control, the cells were allowed to migrate to | pM DBP. After 3.25
hours, the cells were fixed in 2% paraformaldehyde overnight. Then, the agarose was discarded
and the coverslips were stained with chicken anti human DBP (Gallus Immunotech) and mouse

anti human S100A8/A9 (27E10, Hycult Biotech) antibodies followed by alexa flour 488
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conjugated goat anti chicken and alexa flour 594 conjugated donkey anti mouse antibodies (Life
Technologies) (A). As a control, the cells were stained with non-immune chicken and mouse
IgG followed by alexa flour 488-conjugated goat anti chicken and alexa flour 594-conjugated
donkey anti mouse antibodies. In panel B, the cells were permabilized and stained with alexa
flour 594-conjugated Phalloidin. The coverslips were then mounted on a microscope slide and

analyzed using a Nikon Ti fluorescent microscope at 1000x magnification, shown above.
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4.2. DBP may be required for optimal neutrophil differentiation in the bone

marrow.

The alveolitis results presented in chapter 1 indicate that DBP is required for the optimal
recruitment of neutrophils into an inflammatory site in vivo. Ex vivo analysis of DBP -/- bone
marrow neutrophils revealed reduced chemotaxis, superoxide anion generation and a decrease in
the side scatter and the surface expression of CD88, CD44 and CD11b as compared to DBP +/+
bone marrow neutrophils. These results suggest that there might be an intrinsic defect in the bone

marrow neutrophil pool of DBP -/- mice.

4.2.a. Culturing HL-60 cells with DMSO for 4-5 days induces the differentiation and

surface expression of CD88.

To study neutrophil differentiation in the presence or absence of DBP, a promyelocytic cell
line, HL-60 cells, was utilized. HL-60 cells have previously been reported to differentiate into
myelocytes, metamyelocytes and banded neutrophils in response to DMSO treatment for 3 to 5
days. To confirm HL-60 differentiation into neutrophil like cells, HL-60 cells were treated with
1.3% (w/v) DMSO, and starting from day 0 (DO, the day of the treatment), cells were removed
from the culture dish and stained with PE conjugated anti CD88 (C5aR), a differentiation marker

which was previously shown to be expressed only by differentiated HL-60 cells **°

, and analyzed
by flow cytometry. As a control for background staining, cells were stained with a PE
conjugated isotype control antibody. As shown in figure 31a, starting from day 2 after the
addition of DMSO, there were two major populations of HL-60 cells, a large population with

low side scatter, and a small population with high side scatter. The small population increased

progressively until day 4, were it was the major population. Cellular survival analysis by
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annexin V and PI staining indicated that the small population was composed of dead cells (both
apoptotic and necrotic) and the large population to be composed of live cells (data not shown).
Therefore, for all subsequent experiments, the live population was gated and analyzed for the
surface expression of several markers such as CD88 and CD44. Undifferentiated HL-60 cells
(day 0) were negative for cell surface CD88 and remained negative after the addition of DMSO
until day 3 (figure 31c). Peak cell surface expression of CD88 was observed at days 4 and 5 after
the addition of DMSO (figure 31c). The isotype control antibody stained cells were negative for
PE fluorescence (figure 31b) suggesting that the CD88 staining observed on differentiated HL-60
cells was specific. Due to the strong induction of CD88 expression on the surface of

differentiated HL-60 cells at day 5, these cells were used for all subsequent experiments.
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Figure 31 DMSO differentiation of HL-60 cells.

Two million HL-60 cells were differentiated with 1.3% DMSO in RPMI 1640 + 5% FBS for 5
days at 37 °C and 5% CO,. Every day, starting from the day DMSO was added to the cells (Day
0) and ending on the fifth day, cells were removed from the culture dish and stained with alexa
flour 594-conjugated mouse anti human CD88 (Biolegend) or alexa flour 594-conjugated non-
immune mouse IgG. Flow cytometric data were acquired using a BD FACS Calibur II flow
cytometer. The data was then analyzed using FlowJo. Panel A shows a dot plot of the forward
and side scatter of HL-60 cells undergoing differentiation from day 0 to day 5. Panel B shows a
dot plot of the side scatter and the CD88 fluorescence staining of the isotype control stained
cells. Panel C shows a dot plot of the side scatter and the percentage of cells that stained positive

for CD88 from day 0 to day 5.

110



4.2.b. Bovine DBP in FBS is not functional.

To study the role of DBP in the differentiation of HL-60 cells, cells must be grown and
differentiated in medium containing no or non-functional DBP. DBP binds to 25 OH D3 (5 x 10
¥ M) with a higher affinity than to 1, 25 (OH), D; (4 x 107 M). Therefore, the binding of DBP to
25 OH D; was utilized to determine the functionality of bovine DBP in FBS. HL-60 cells have
been previously shown to differentiate upon exposure to as little as 5 nM of 1, 25 (OH), Ds.
However, their response to 25 OH Ds, the more stable vitamin D metabolite, is not known.
Preliminary experiments using 1 uM 25 OH Djs indicated that this vitamin D metabolite can also
induce the surface expression of CD88 on HL-60 cells (data not shown). Therefore, to determine
the functionality of bovine DBP in FBS, HL-60 cells were differentiated with 1 uM 25 OH Ds, in
the presence or absence of exogenously added DBP for 5 days at 37 °C. After 5 days, the cells
were stained with PE conjugated anti CD88 and APC conjugated anti CD44 antibodies and
analyzed by flow cytometry. As a control, untreated cells incubated for 5 days at 37 °C, were
stained and analyzed by flow cytometry as previously described. As shown in figure 32, only a
few untreated HL-60 cells expressed cell surface CD88. 25 OH D; induced the expression cell
surface CD88 on HL-60 cells (figure 32, top row, middle dot plot). 25 OH Djs treated HL-60
cells also acquired the ability to migrate to purified C5a on collagen coated coverslips in an
under agarose chemotaxis assay (data not shown). However, when HL-60 cells were incubated
with DBP and 25 OH Ds, the percentage of cells which stained positively for CD88 was similar
to the percentage observed in untreated cells (figure 32, compare the right panel to the left
panel). The isotype control antibody stained cells were negative for PE and APC fluorescence

(figure 31b) suggesting that the CD88 and CD44 staining observed on HL-60 cells was specific.
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This suggests that by binding and sequestering 25 OH D3, exogenously added DBP was capable
of blocking its differentiation inducing function. This also suggests that bovine DBP in FBS
used in the culture medium was not functional because it failed to bind to, sequester and block
the induction of HL-60 cellular differentiation by 25 OH Ds. Therefore, one can utilize DMSO
differentiation of HL-60 cells in the presence or absence of exogenously added DBP as a model

for studying the role of DBP in neutrophil differentiation in the bone marrow.
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Figure 32 Bovine DBP is not functional.

Shown above is the percentage of cells that stained positively for CD88 and CD44 after 5 days of
culture with DBP or 25 OH D; (Vitamin D). Two million HL-60 cells were plated in RPMI

1640 + 5% FBS in the presence of 1 uM DBP, 25-OH D3 or DBP + 25 OH Ds for 5 days at 37

°C and 5% CO,. After 5 days the cells were stained with alexa flour 594-conjugated mouse anti
human CD88 and alexa flour 647-conjugated mouse anti human CD44 (Biolegend). As a
control, cells were stained with alexa flour 594 and 647-conjugated mouse IgG. Flow cytometric
data were acquired using a BD FACS calibur II flow cytometer and the data were analyzed using
FlowJo (Tree Stars Inc.). The CD88 and CD44 positive gates were determined using the isotype

control samples, which were negative for both fluorescent signals (figure 31b).
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4.2.c. Differentiated HL-60 cells in the presence of DBP, DBP-actin complexes and LPS
had higher surface expression of CD88 and CD44 as compared to untreated differentiated

cells.

As previously shown, bone marrow neutrophils from DBP -/- mice might have an intrinsic
migratory defect. In addition, human neutrophils treated with DBP for 30 minutes generated
DBP-actin complexes, which then subsequently induced the release of SIO0A8/A9. This
suggests that DBP-actin complexes might be basally generated from neutrophils and that these
complexes can induce the basal release of SI00A8/A9. Therefore, in addition to the lack of DBP
in the DBP -/- mouse, one would hypothesize that there will be no basally generated DBP-actin
complexes and a reduced basal level of ST00A8/A9. Thus, the intrinsic defect observed in the
bone marrow neutrophils of DBP -/- mice might be due to the lack of DBP-actin complexes and
reduced levels of exogenous S1I00A8/A9. To determine the role of DBP and DBP-actin in
neutrophil differentiation, HL-60 cells were differentiated for 5 days at 37 °C with DBP, DBP-
actin complexes or 100 ng/ml LPS, a positive control and the prototypic TLR4 agonist. As a
negative control, undifferentiated and untreated DMSO differentiated HL-60 cells were
incubated at 37 °C for 5 days. The cells were then stained with PE conjugated anti CD88 and
APC conjugated anti CD44 antibodies and analyzed by flow cytometry. Differentiating HL-60
cells with DMSO for 5 days induced a significant increase in the percentage of cells expressing
cell surface CD88 and in the mean fluorescence intensity of CD88 staining (figure 33a and 33b).
The percentage of CD88 positive cells and the mean fluorescence intensity of CD88 staining
increased gradually with the differentiation of HL-60 cells in the presence of DBP and DBP-
actin complexes as compared untreated differentiated HL-60 cells (figure 33a and 33b). The

percentage of CD88 positive cells was also increased when HL-60 cells were differentiated in the
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presence of LPS (figure 33a) but the mean fluorescence intensity was similar to the mean

fluorescence intensity observed in untreated differentiated HL-60 cells.

Differentiation of HL-60 cells with DMSO induced a slight decrease of CD44 expression
in a sub population of cells (figure 33a and 33c). However, when HL-60 cells were
differentiated in the presence of DBP, DBP-actin or LPS, there was a significant increase in the
mean fluorescence intensity staining for CD44 as compared to undifferentiated and untreated
differentiated HL-60 cells (figure 33¢). Furthermore, DBP, DBP-actin complexes and LPS
treatment induced an increase in the side scatter of the differentiated cells as compared to the
side scatter of untreated differentiated HL-60 cells (figure 33a and 33d). A similar
differentiation phenotype was also observed when HL-60 cells were differentiated in the
presence of 10 ng/ml LPS (data not shown). These data suggests that exogenous DBP and DBP-
actin complexes can alter the differentiation of HL-60 cells by inducing higher cell surface CD88
and CD44 expression and by increasing cellular granularity (as evident by the increase in side
scatter). However, the same phenotype was also observed when cells were differentiated in the
presence of LPS, suggesting that the phenotype observed in the presence of DBP and DBP-actin

complexes might be due to endotoxin contamination in our DBP stock.
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Figure 33 The surface expression of CD88 and CD44 on HL-60 cells differentiated in the
presence of DBP, DBP-actin or LPS.

Shown above is the percentage of HL-60 cells that stained positively for CD88, and CD44 after 5
days of DMSO induced differentiation in the presence of DBP, DBP-actin or LPS. Two million
HL-60 cells were plated in RPMI 1640 + 5% FBS and differentiated with 1.3% (w/v) DMSO in
the presence of 1 uM DBP, DBP-actin or 100 ng/ml LPS for 5 days at 37 °C and 5% CO,. Asa
control, undifferentiated HL-60 cells were incubated at 37 °C and 5% CO; for 5 days. After 5
days, the cells were stained with alexa flour 594-conjugated mouse anti human CD88 and alexa
flour 647-conjugated mouse anti human CD44 (Biolegend) antibodies. To control for non-
specific staining, cells were stained for alexa flour 594 and 647-conjugated mouse IgG. Flow
cytometric data were acquired using a BD FACS calibur II flow cytometer and the data was
analyzed using FlowJo (Tree Stars Inc.). The CD88 and CD44 positive gates were determined
using the isotype control samples, which were negative for both fluorescent signals (figure 31b).
The experiment was repeated three times. Shown above is a representative scatter plot from one
of the three replicates. The fold change in mean fluorescence intensity for CD88 (B) and CD44
(C) in differentiated cells relative to undifferentiated cells was determined using FlowJo. The

mean side scatter was also determined using FlowJo (D).
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4.2.d. Polymyxin B does not block the HL-60 differentiation phenotype induced by DBP.

To determine whether the differentiation phenotype observed when HL-60 cells were
differentiated in the presence of DBP was due to endotoxin contamination, Polymyxin B, an
antibiotic that binds to and sequesters LPS, was utilized. HL-60 cells were differentiated in the
presence of Polymyxin B alone or Polymyxin B with DBP or LPS. The cells were then stained
with PE conjugated anti CD88 antibody and analyzed by flow cytometry. There was no
significant difference in the percentage of cells which were CD88 positive or in the side scatter
of the differentiated HL-60 cells when the cells were differentiated in the presence of Polymyxin
B and LPS suggesting that the Polymyxin B sequestered and inhibited LPS and confirming the
specificity of the phenotype observed when cells were differentiated in the presence of LPS.
However, when cells were differentiated in the presence of DBP, there was an increase in the
percent of CD88 positive cells and in the side scatter of the differentiated cells suggesting that
the phenotype observed in figure 33 was not due to endotoxin contamination in the DBP stock

solution (figure 34 middle panel).
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Figure 34 Polymyxin B does not inhibit the increased surface CD88 expression induced by
DBP in differentiating HL-60 cells.

Shown above is the percentage of cells which stained positively for CD88 after 5 days of culture
with Polymyxin B, Polymyxin B + DBP, and Polymyxin B + LPS. Two million HL-60 cells
were plated in RPMI 1640 + 5% FBS and differentiated with 1.3% DMSO in the presence of 50
ng/ml Polymyxin B, 50 ng/ml Polymyxin B + 1 uM DBP or 50 ng/ml Polymyxin B + 100 ng/ml
LPS for 5 days at 37 °C and 5% CO,. After 5 days, the cells were stained with alexa flour 594-
conjugated mouse anti human CD88 antibody (Biolegend). As a control, cells were stained for
alexa flour 594-conjugated mouse IgG. Flow cytometric data were acquired using a BD FACS
Calibur II flow cytometer and the data were analyzed using FlowJo (Tree Stars Inc.). The CD88
positive gate was determined using the isotype control sample, which was negative for PE
fluorescence (figure 31b). The experiment was repeated twice, shown above is a representative

of one of the two experiments.
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4.2.e. HL-60 differentiation in the presence of DBP leads to a higher basal activity in the

NF-kB and the MAPK pathways.

When HL-60 cells are differentiated in the presence of DBP and LPS, there was an
increase in the percentage of cells, which were CD88 positive, in the surface expression of CD44
and CD88 and the side scatter of the differentiated cells. This suggests that DBP and LPS might
induce the observed differentiation phenotype using a similar mechanism. LPS is known to bind
to and signal through TLR4-MD2 complex, which in turn activates the NF-kB and the MAPK
pathways. Therefore, we hypothesized that DBP might induce higher basal activity of the NF-
kB and the MAPK pathways in differentiating HL-60 cells as compared to untreated
differentiated cells. To test this hypothesis, HL-60 cells were differentiated in the presence or
absence of DBP in triplicates for 5 days at 37 °C. After 5 days, cells were pelleted, and lysed.
The protein was quantified in the cellular lysates, and equal amount of protein was loaded into an
SDS-PAGE gel and subjected to electrophoresis. As a control, undifferentiated HL-60 cells
were grown for 5 days at 37 °C and then processed as previously described. The SDS-PAGE gel
was transferred into a PVDF membrane and blotted with anti phospho-IKK /B followed by anti
phospho-p38 MAPK followed by anti GAPDH antibodies. Undifferentiated HL-60 cells had
low levels of phospho-IKK /B and phospho-p38 MAPK (figure 35, first 3 lanes). When the
cells were induced to differentiate by DMSO for 5 days, the level of phospho-IKK o/ and p38
MAPK detected was increased relative to what was observed in undifferentiated cells, suggesting
higher basal activity of the NF-kB and the MAPK pathways during differentiation (figure 35,
middle 3 lanes). However, when HL-60 cells were differentiated in the presence of DBP, there
was a substantial increase in the level of phospho IKK o/B and p38 MAPK detected as compared

to untreated differentiated HL-60 cells (figure 35, compare the middle 3 lanes to the last 3 lanes).
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This observed increase was not due to a difference in the amount of protein loaded as evident by
the equal amount of GAPDH observed on the same gel (figure 35, bottom). This suggests that
DBP might induce the differentiation phenotype observed in figure 33 by inducing higher basal

activity of the NF-kB and the MAPK pathways during differentiation.
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Figure 35 Cells differentiated in the presence of DBP have higher basal level NF-kB and
MAPK activity.

Shown above is western blot analysis for phospho IKK o/, phospho p38 MAPK and GAPDH of
undifferentiated HL-60 cells and differentiated HL-60 cells in the presence or absence of DBP in
triplicates. Two million HL-60 cells were plated in RPMI 1640 + 5% FBS, and then
differentiated with 1.3% DMSO in the presence or absence of 1 uM DBP for 5 days at 37 °C and
5% CO,. As a control, undifferentiated HL-60 cells were incubated at 37 °C and 5% CO, for 5
days. After 5 days, the cells were pelleted and lysed in the presence of protease/phosphatase
inhibitors (Cell Signaling). The protein in the lysates was quantified and equal amount of protein
was loaded into an SDS-PAGE gel, subjected to electrophoresis, transferred on to a PVDF

membrane and blotted for phospho IKK o/8, then for phospho p38 MAPK and then for GAPDH.
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4.2.f. Differentiated HL-60 cells release S100A8/A9 in response to DBP-actin complexes.

As previously shown, human neutrophils treated with DBP for 30 minutes generated DBP-
actin complexes, which then subsequently induced the release of ST00A8/A9. S100A8/A9 has
been previously shown to bind to and signal through TLR4-MD2 complex in bone marrow cells,

monocytes and T-cells *>**'%

. Therefore, we hypothesized that the increase in basal activation
of the NF-«xB and the MAPK pathways observed in figure 35 might be due to the basal secretion
of ST00A8/A9 when HL-60 cells are differentiated in the presence of DBP. To test this
hypothesis, the capacity of HL-60 cells to respond to DBP-actin complexes by secreting
S100A8/A9 was first determined. Intracellular staining for SI00A8/A9 using a monoclonal anti
S100A8/A9 antibody (27B10) indicated that undifferentiated HL-60 cells did not express
S100A8/A9, but upon DMSO differentiation, 50-60% of the cells were positive for SIO0A8/A9
(data not shown). To determine whether HL-60 cells responded to DBP and DBP-actin
complexes by secreting SI00A8/A9, HL-60 cells were treated with 25 OH D3, DBP or DBP + 25
OH D3 in the presence or absence of DMSO for 5 days at 37 °C. As a control, untreated
undifferentiated and DMSO differentiated cells were incubated for 5 days at 37 °C. The cells
were then spun down, washed once with DPBS and resuspended in HBSS at a concentration of 5
million cells per ml. The cells were then treated with DBP, actin or DBP-actin complexes for 30
minutes at 37 °C. As a control, untreated cells were also incubated for 30 minutes at 37 °C. The
cells where then spun down, the conditioned supernatants were collected, loaded into a native
gel, subjected to electrophoresis and blotted with a monoclonal anti-SI00A8/A9 antibody
(27B10). As shown in figure 36a, undifferentiated HL-60 cells, in the presence or absence of

DBP or DBP + 25 OH Dj; did not secrete SIO0A8/A9 in response to DBP or DBP-actin

complexes. This was expected due to the lack of SI00A8/A9 expression by undifferentiated HL-
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60 cells. When HL-60 cells were differentiated by the addition of 1 uM 25 OH D3, or DMSO in
the presence or absence of 25 OH D3, DBP or DBP + 25 OH D3, DBP-actin complexes induced
the release of SI00A8/A9 (figure 36a and 36b). Actin treatment of differentiated HL-60 cells
was also observed to induced the release of SI00A8/A9 from HL-60 cells, however, the intensity
of the detected SI00A8/A9 in response to actin was lower in most samples than the intensity
observed in response to DBP-actin complexes. Additionally, the secreted SI00A8/A9 in
response to actin was observed at several molecular weights, which might be due to the binding
of SI00A8/A9 to different length F-actin polymers *'°. Only the HL-60 cells that were
differentiated in the presence of DBP responded to DBP by releasing SI00A8/A9 (figure 36b).
All DBP treated HL-60 cells generated DBP-actin complexes (data not shown). This data
suggests that differentiated HL-60 cells can both generate DBP-actin complexes and respond to

DBP-actin complexes by releasing ST00A8/A9.
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Figure 36 Differentiated HL-60 cells secrete S100A8/A9 when treated with DBP-actin
complexes.

HL-60 cells were grown in complete medium (RPMI 1640 + 5% FBS) treated with or without 1

uM 25-OH D3, DBP or DBP-25-OH D3 in the absence (A) or presence 1.3% (w/v) DMSO (B)
for 5 days at 37 °C and 5% CO,. After 5 days, the cells were spun down, resuspended in HBSS
and treated with 1 pM DBP, actin or DBP-actin complexes for 30 minutes at 37 °C and 5% CO,.
After 30 minutes, the cells were spun down and the conditioned supernatants were loaded into a
native gel and a western blot was performed using mouse anti human S100A8/A9 monoclonal
antibody (27E10, Hycult Biotech). This experiment was performed three times. Shown above is

a representative blot from one of the experiments.
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4.2.g. TLR4 signaling is required for the survival of HL-60 cells during differentiation.

The results presented in figure 36 suggest that HL-60 cells can both generate DBP-actin
complexes and respond to these complexes by releasing SI00A8/A9. Since SI00A8/A9 is a
known TLR4-MD?2 ligand, it was hypothesized that the observed phenotype when HL-60 cells
are differentiated in the presence of DBP was due to secretion of SI00A8/A9 and a basal
stimulation of TLR4. This was supported by the observed increase in the basal activity of the
NF-«B and the MAPK pathways (figure 35). To further test this hypothesis, TLR4 was
specifically inhibited using a peptide derived from a vaccinia virus protein (A46), VIPER . HL-
60 cells were differentiated in the presence or absence of DBP and LPS for 5 days at 37 °C. To
inhibit TLR4 signaling during differentiation, the cells were differentiated in the presence of 20
uM of VIPER. To control for any non-specific effects of the peptide treatment, cells were
differentiated in the presence of another peptide, CP7, derived from the same vaccinia virus
protein, which has been previously shown to not interfere with TLR signaling *'".
Undifferentiated HL-60 cells were used as a baseline control. Inhibiting TLR4 activity during
differentiation led to the death of all HL-60 cells, independent of DBP and LPS treatment (figure
37a, middle row, gated population represents the live cell population). However, the CP7 control
peptide did not affect cellular differentiation, the phenotype observed in the presence of DBP and
LPS or cellular viability (figure 37a and 37b). This suggests that TLR4 activity is required for
HL-60 cell survival during differentiation. An alternative approach must be taken to determine
whether the phenotype observed when cells are differentiated in the presence of DBP is due to an

increase in the basal activity of TLR4.
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Figure 37 Inhibiting TL.R4 activity leads to HL-60 cell death during differentiation.

Two million HL-60 cells were plated in RPMI 1640 + 5% FBS for 5 days or differentiated with
1.3% DMSO with our without 1 pM DBP or 100 ng/ml LPS for 5 days at 37 °C and 5% CO,. To
inhibit TLR4 activity, all samples were treated with 20 uM of the peptide VIPER (Imgenex, San
Diego, CA). As a control, cells were treated with 20 pM of the peptide CP7 (Imgenex). After 5
days, the cells were stained with alexa flour 594-conjugated mouse anti human CD88
(Biolegend) or mouse IgG isotype control (Biolegend). Flow cytometric data were acquired
using a BD FACS Calibur II flow cytometer and analyzed using FlowJo (Tree Stars Inc.). The
CD88 positive gate was determined using the isotype control sample, which was negative for PE
fluorescence (figure 31b). The experiment was repeated twice, shown above is a representative
of one of the two experiments. Panel A shows the forward versus side scatter of the HL-60 cells
and panel B shows CD88 fluorescence staining versus side scatter on a dot plot and the

percentage of cells which were positive for CD88.
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Increased
sensitivity to C5a

Figure 38 Proposed model.

Shown above is a proposed model for DBP’s chemotactic cofactor function. Activated
neutrophils express cell surface actin, which, in conjunction with CD44, induces the binding of
DBP to the cell surface (1). Surface bound DBP and actin are then shed as DBP-actin complexes
(2). DBP-actin complexes then induce the secretion of cytosolic SIO0A8/A9 from neutrophils
(3-5), which bind to and activate TLR4 in an autocrine/paracrine fashion (6). TLR4 activation
down regulates C5L2, a C5a decoy receptor and a down regulator for C5aR (7). Finally, the
down regulation of C5L2 by TLR4 increases the sensitivity of C5aR for C5a, which increases the

chemotaxis of neutrophils to suboptimal concentrations of C5a (8).
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5. Discussion

5.1. A potential mechanism behind DBP’s chemotactic cofactor function.

S5.1.a. DBP might exert its chemotactic cofactor function through the generation of DBP-

actin complexes and subsequent secretion of SI00A8/A9.

DBP has been shown to be a chemotactic cofactor for neutrophils in vitro by several

groups >? 11119126 " Tg exert its chemotactic cofactor function, DBP binds to the surface of

118,124-128,208

neutrophils and subsequently is shed in a process that is dependent on neutrophil

elastase '%12¢

. However, the reason why DBP needs to both bind and shed from the cell surface
to induce the chemotactic cofactor function is not known. The model proposed is that DBP by
itself is not the active chemotactic cofactor but an essential upstream molecule needed to
generate this activity (figure 38). The model is supported by current and previous published data:
1) step one is that DBP binds to actin on the surface of activated and/or migrating neutrophils
(figures 27, 28 and McVoy et al, manuscript in preparation). 2) Step two is that the DBP-actin
complex is shed into the extracellular environment. 3) Step three is that the DBP-actin
complexes re-bind to a yet to be identified neutrophil receptor. 4) Step four is that DBP-actin
binding induces a calcium flux that induces formation and release of the calcium dependent
cytosolic complex SIO0A8/A9. 5) Step five is that ST00A8/A9 interacts with its receptor TLR4
to generate a chemotactic cofactor signal. Thus, in this model, STO00A8/A9 is the actual
chemotactic cofactor and there is abundant evidence to support this premise since it has been

shown that this complex functions to facilitate cell migration '>>-17%163:163212213

The following is a summary of the experimental evidence that gave rise to this model.

First, DBP binding partners were investigated by incubating neutrophil with purified DBP for 30
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minutes at 37 °C to generate conditioned supernatants. These conditioned supernatants were
then subjected to native gel (non-denaturing) electrophoresis and blotted for DBP. Two potential
DBP-neutrophil protein complexes were observed and identified by mass spectrometry (figure
23). One of the proteins was actin, a known DBP binding protein '®'°*'%11 " Since the binding
of DBP to the surface of leukocytes has been shown to be partially dependent on cell surface
actin (figures 27, 28 and McVoy et al, manuscript in preparation), and actin is an intracellular
protein that is generally released during necrotic cell death, it was speculated that DBP-actin
might be the active chemotactic cofactor that is generated by neutrophils during inflammation.
This model also states that DBP produces its effect on neutrophils indirectly, by inducing the
release of another pro-inflammatory chemotactic cofactor protein from neutrophils. A mass
spectrometric approach was taken to identify this protein in conditioned supernatants from DBP
treated neutrophils. As shown in figure 21 and table 1, only one secreted neutrophil protein
identified in the conditioned supernatant has been previously implicated in neutrophil

chemotaxis, superoxide anion generation, and polarization, a complex of SIO0AS and S100A9.

S100A8/A9 is a heterodimer that makes up approximately 40% of all cytosolic proteins

in neutrophils '*"'**

. Upon the elevation of cytosolic calcium, SIO0A8/A9 has been shown to
form calcium bound heterotetramers '°"'*2. As previously mentioned, in addition to DBP-actin
complexes, SIO0A8 and SI00A9 also were detected in mass spectrometric analysis in DBP
treated neutrophil conditioned supernatants, so the role of DBP and DBP-actin complexes in
S100A8/A9 formation and secretion was determined. DBP induced an approximate 2 fold
increase in the amount of SI00A8/A9 heterodimer/heterotetramer detected in neutrophils (figure

22) and induced the secretion of the complex into the conditioned supernatant (figure 24).

However, DBP-actin complexes were much more potent in inducing the secretion of SIO0A8/A9
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from neutrophils than DBP (figure 24) suggesting that the observed S100A8/A9 released by
DBP treated neutrophils was in response to the generated DBP-actin complexes. Neutrophils
treated with actin were also induced to secrete SI00A8/A9, but to a lesser extent in most donors
(data not shown), suggesting that actin portion of the DBP-actin complex may be the main
inducer of SI00A8/A9 release from neutrophils. However, under physiological conditions
extracellular actin is bound to DBP and so all of the experiments presented were performed with
the physiologically relevant DBP-actin complexes. Moreover, DBP-actin complexes were
observed in BALF of DBP +/+ mice after the induction of inflammation supporting the
hypothesis that DBP-actin complexes are generated during inflammation (figure 26). It is
important to point out that in this analysis, the antibody detects both the heterodimeric and
heterotetrameric forms of SI00A8/A9, so it is not known whether DBP induces the formation of
the heterodimeric or heterotetrameric form. However, since all of the assays were performed in
HBSS containing both calcium and magnesium, one would hypothesize that the detected

S100A8/A9 in the conditioned supernatants is in a heterotetrameric form.

The C5a chemotactic cofactor function of DBP was previously shown to be very specific
for DBP **. Therefore, the specificity of secretion of extracellular actin and S100A8/A9 to DBP
was determined. As shown in figure 25, the generation of DBP-actin complexes and the release
of ST00A8/A9 were specific to DBP because other proteins with a similar molecular weight and
charge as DBP, such as HRGP and a1 AGP, did not induce the secretion of actin or SI00A8/A9
from neutrophils (figure 25). This also suggests that the actin secreted from DBP treated
neutrophils is most likely specific to DBP and is not due to cell death, since there was no actin
detected in HRGP and a1 AGP treated neutrophils (figure 25, bottom panel). By performing

annexin V and PI staining of untreated and DBP treated neutrophils, there was no significant
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difference in the percentage of annexin V or PI positive neutrophils between the two groups
(data not shown) also suggesting that the observed generation of DBP-actin complexes was not

due to the liberation of actin from necrotic cells.

5.1.b. DBP binds to migrating neutrophils in a process that is partially dependent on cell

surface actin.

For DBP to exert its chemotactic cofactor function it first must bind to neutrophils.
However, all previous experiments performed to study the binding of DBP to neutrophils utilized

118,124-128,208 Therefore, to

non-activated cells in suspension or neutrophil membrane fractions
study the binding of DBP on migrating cells under agarose, migrated neutrophils were fixed,
stained with anti-DBP and the surface bound DBP was visualized using fluorescence
microscopy. As shown in figure 27a, exogenously added DBP bound to migrating neutrophils.
However, to our surprise, approximately 65% of migrating neutrophils were positive for DBP
staining (data not shown) suggesting that there may be a subset of neutrophils possessing a
putative DBP receptor or binding site. DBP has been shown to bind to a CSPG on the surface of
neutrophils '*°, which was later identified to be CD44 '**'*’_ In addition to CD44, there is
evidence that cell surface actin is required for the tight binding of DBP to neutrophils and U937
cells (McVoy et al, manuscript in preparation). To determine whether cell surface actin
contributes to the binding of DBP to migrating neutrophils, cells were allowed to migrate in the
presence of DBP-actin complexes. As shown in figure 27a and 27b, the intensity of DBP staining
on migrating neutrophils was lower when neutrophils were allowed to migrate in the presence of
DBP-actin complexes instead of DBP alone. This suggests that the actin-binding site on DBP is

required for the optimal binding of DBP to migrating neutrophils. It should be noted that when

DBP is mixed with actin to make DBP-actin complexes, only 60-80% of the DBP becomes
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complexed with actin (data not shown). This suggests that uncomplexed DBP is present when
neutrophils migrate in the presence of DBP-actin complexes. Therefore, some of the observed
DBP staining in the DBP-actin complex treated migrating neutrophils might be due to the
presence of free DBP and thus these data might under estimate the importance of DBP’s actin
binding site and cell surface actin in the binding of DBP to migrating neutrophils. Cell surface
actin expression on migrating neutrophils was confirmed (figure 28) by immuno-fluorescent
staining of non-permabilized migrated neutrophils for actin. The observed cell surface actin was
substantially decreased when cells were migrating in the presence of DBP presumably due to the
masking of actin or the shedding of actin by DBP (figure 28a, compare the middle and the top
panels). The requirement for cell surface actin in the binding of DBP to leukocytes was further
confirmed by utilizing SPR showing that anti-actin pre-treated U937 cells had a substantial
reduction in binding to immobilized DBP (figure 28b). These results are in agreement with the
results of Zhang et al, which showed that the actin binding site in DBP is required for optimal
binding of DBP to U937 cells '** and suggests that DBP binds to the cell surface of migrating
neutrophils and that this binding is partially dependent on the actin binding site on DBP and the

surface expression of actin by migrating neutrophils.

S.1.c. Purified DBP-actin or DBP-actin treated neutrophil conditioned supernatants are

not chemotactic to neutrophils.

As previously mentioned, neutrophils treated with DBP were observed to generate DBP-
actin complexes and subsequently release SI00A8/A9. Murine S100A8 and S100A8/A9 have
been previously shown to be chemotactic to mouse neutrophils and monocytes in vitro and in

212-215

Vivo . However, the role of ST00A8/A9 in human neutrophil chemotaxis has been

controversial. Newton et al observed no significant chemotaxis of human neutrophils to purified
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S100A8 and S100A9 '®. However, Ryckman et al showed that SI00A8, SI00A9 and
S100A8/A9 were potent chemoattractants for human neutrophils '®. This discrepancy between
the two studies was thought to be due to the oxidative inactivation of SI00A8 by hypochlorite
21 Since DBP-actin complexes were observed to induce the release of SI00A8/A9 from
neutrophils, chemotaxis assays were performed to determine whether the DBP-actin treated
neutrophil conditioned supernatants were chemotactic or whether DBP-actin treatment of
neutrophils enhanced neutrophil chemotaxis to C5a. We did not detect any significant
chemotaxis to DBP-actin treated neutrophil conditioned supernatants using the modified Boyden
chamber and under agarose chemotaxis assays (data not shown). We also did not observe any
difference in the chemotaxis of neutrophils to 1 nM C5a in the presence or absence of DBP-actin
complexes (data not shown). S100A8/A9 has been shown to be a potent chemoattractant for
human neutrophils only at the narrow concentration range of 10"*to 107'°M '**2!* " Therefore,
the lack of chemotactic activity in the conditioned supernatants might be due to a concentration
of ST00AS8/A9 in these supernatants that was outside the reported chemotactic range.
Alternatively, S100A8 in the conditioned supernatant might be inactive due to oxidative
modification and thus no chemotaxis was observed to the conditioned supernatants. In addition
to inducing neutrophil chemotaxis, SIO0A8/A9 has been shown to play a major role in

neutrophil trans endothelial migration '*>'*

, through its induction of neutrophil degranulation
164 : o 165 - o i 155
, surface expression and activation of CD11b °, and microtubule polymerization °°.

Therefore, by inducing the release of SI00A8/A9, DBP-actin complexes may play a role in the

trans endothelial migration of neutrophils in inflammation.
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5.1.d. S100A8/A9 binds to migrating neutrophils and colocalizes with DBP on F-actin rich

protrusions extending out of the migrating cells.

S100A8/A9 has been shown to bind to CSPGs, carboxylated glycans, RAGE, CD36 and
TLR4 on endothelial cells, bone marrow cells, and several cancer cell lines 2*'>°-161:16¢.
However, the binding of SI00A8/A9 to migrating neutrophils has never been investigated or
visualized. Like S100A8/A9, DBP has also been observed to bind to the CSPG on neutrophils
125127~ As shown in figure 29, the majority of migrating neutrophils (~80%) stained strongly for
S100A8/A9 suggesting that the heterodimer/heterotetramer binds to migrating cells. There was a
subset of migrating neutrophils where DBP and S100A8/A9 staining colocalized and at high
magnification (1000x), DBP and S100A8/A9 were observed to colocalize on F-actin rich
protrusions extending out of the migrating neutrophils (figure 30a) suggesting that DBP and/or

S100A8/A9 might induce F-actin polymerization, thus potentially play a role in neutrophil

chemotaxis.

McVoy et al has previously shown that DBP binds to a CSPG on neutrophils, CD44 '*7,
which was later confirmed by Trujillo et al'**. Since SI00A8/A9 has also been previously
shown to bind to a CSPG ', and S100A8/A9 colocalizes with DBP on migrating neutrophils, it
is possible that ST00A8/A9 might bind to CD44. The activation of CD44 is known to induce the
recruitment and phosphorylation of the actin binding proteins, ezrin/radixin/moesin (ERM), to its
intracellular domain that subsequently leads to actin polymerization at pseudopods *'"*'®.

Therefore, by binding to CD44, DBP and/or S100A8/A9 might induce actin polymerization and

subsequently play a role in cellular polarization and/or chemotaxis.

136



S.1.e. The chemotactic cofactor function of DBP is specific to C5a: A potential role of

S100A8/A9 and TLR4.

Collectively, the data presented indicate that DBP-actin complexes are generated from
DBP treated neutrophils, and that these complexes subsequently induce the release of
S100A8/A9. In vitro, the chemotactic cofactor function of DBP has been shown to be specific to
C5a**. Additionally, this chemotactic cofactor function of DBP was only observed at
suboptimal concentrations of C5a and C5a des arg (10-100 pM and 100-1000 pM respectively),
suggesting that DBP increases the sensitivity of C5aR to C5a and C5a des arg °*>°>!''> 117118126
S100A8/A9 has been previously shown to directly bind to and activate TLR4 ****'°*. TLR4
activation in peripheral blood mononuclear cells has been recently shown to increase the
sensitivity of C5aR to low concentrations of C5a by down regulating the activity of C5L2, a

negative regulator of C5aR >

. Therefore, by inducing the secretion of SI00A8/A9 from

migrating neutrophils and thus activating TLR4, DBP might increase the sensitivity of C5aR to
C5a and C5a des arg and thus augment chemotaxis of neutrophils to suboptimal concentrations
of these chemoattractants. Therefore, the specificity of DBP’s chemotactic cofactor function to

C5a and C5a des arg might be due to the specific down regulation of C5L2 by the secreted

S100A8/A9 through TLR4 in migrating neutrophils.

5.2. DBP’s chemotactic cofactor function is observed in vivo.

5.2.a. DBP is required for the optimal recruitment of neutrophils into the alveolar spaces

in a C5a induced alveolitis model of acute inflammation.

To study the role of DBP in the chemotaxis of neutrophils in vivo, an alveolitis model

was developed. The complement activation peptide, C5a, has been previously shown to induce
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alveolitis in rats ***?**, C5a is known to be a very potent cellular activator, capable of activating
several cell types including endothelial cells, macrophages, neutrophils, dendritic and mast cells

223’224). The presence of C5a in the lungs has been shown to induce the

(for reviews, see
secretion of CXC and CC chemokines, cytokines and the induction of expression of adhesion
molecules, cytokines and chemotactic factors by endothelial cells 2*****>22¢ Activated
endothelial cells then apically present chemotactic factors, such as KC in mouse and IL-8 in

71-73 . . . .o .
7 which induces secretory vesicle and secondary granule exocytosis in rolling

human,
neutrophils and the up regulation of CD11b/CD18 "7°. The binding of neutrophils to
endothelial cells may also lead to the secretion of SI00A8/A9 "7, which also acts on rolling
neutrophils by inducing the exocytosis of CD11b/CD18 containing secretory vesicles, and
secondary granules '®*. The up-regulation and activation of surface CD11b/CD18 on neutrophils
will then lead to the tight adhesion of rolling neutrophils on endothelial cells and trans

endothelial migration '>>'*%,

To induce alveolitis, purified mouse C5a was instilled directly into the lungs of DBP +/+
and DBP -/- mice by oropharyngeal aspiration. In vitro, the chemotactic cofactor function of
DBP was observed only at suboptimal concentrations of C5a; therefore to determine the role of
DBP in neutrophil chemotaxis to C5a in vivo, two doses of C5a were used, a “high” dose 1 pg
per 24 grams of mouse and a “low” dose 0.25 pg per 24 grams of mouse. Results shown in
figures 3 and 4 suggest that DBP is required for the optimal recruitment of neutrophils into the
alveolar spaces 4, 6, and 24 hours after the instillation of 1 pg of C5a and 4 hours after the
instillation of 0.25 pg of C5a. To rule out the possibility that the reduced numbers in the DBP-/-
mice were due to cells trapped in the lung interstitium, lavaged and non lavaged lungs were

homogenized 4 hours after the instillation of 1 pg of C5a to obtain a single cell suspension and
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the number of neutrophils in the whole lung of DBP +/+ and DBP -/- mice was determined
(figure 6). There was a significant reduction in the total number of neutrophils in the
homogenized lungs of DBP -/- mice as compared to the lungs of DBP +/+ mice pre and post

lavage indicating a migration defect into the lung.

Histological analysis of the lungs was performed 4 hours after the instillation of C5a to
confirm our previous results and to determine the extent of inflammation in the lungs. Results,
shown in figure 5, show that C5a treated lungs from DBP +/+ mice contained more leukocytes,
hemorrhage and interstitial edema as compared to C5a treated lungs from DBP -/- mice. This
suggests that there was less inflammation in the lungs of DBP -/- mice as compared to the lungs
of DBP +/+ mice. To confirm this observation, we examined the vascular leakage by measuring
the protein concentration in the BALF from C5a treated DBP +/+ and DBP -/- mice. There was
a significant reduction in the protein concentration in the BALF from DBP -/- mice as compared
to the BALF from DBP +/+ mice (data not shown), suggesting that there was less vascular
leakage in DBP -/- mice as compared to DBP +/+ mice in response to the instillation of C5a into
the lungs. These data suggest that in addition to its role in neutrophil chemotaxis, DBP might

play a role in the amplification of inflammation in vivo.

DBP-actin complexes are generated from human neutrophils in vitro (figure 23 and 25)
and during inflammation in our alveolitis model in vivo (figure 26). DBP-actin complexes were
shown to induce the release of SI00A8/A9 from neutrophils (figures 24 and 25). SI00A8/A9 is
known to be an inflammatory amplifier (for a review see *°") due to its capacity to amplify the
production of pro-inflammatory cytokines from macrophages '*, attract neutrophils '**'>*!%,
activate endothelial cells '** and induce trans endothelial migration of neutrophils and monocytes

135138 " The lack of DBP-actin generation and subsequent S100A8/A9 release from neutrophils in
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DBP -/- mice might explain the observed decreased inflammation in the histological analysis of

the inflamed lungs of DBP -/- mice.

5.2.b. DBP reconstitution in the alveolar spaces during inflammation partially rescues the
inflammatory phenotype in DBP -/- mice by increasing the number of migrated neutrophils

into the alveolar spaces.

The DBP-actin-S100A8/A9 model described above suggests an extrinsic role for DBP in
vivo. Therefore, it was hypothesized that the reconstitution of DBP at the inflammatory site in
DBP -/- mice would induce greater neutrophil recruitment and inflammation. To test this
hypothesis, DBP +/+ or DBP -/- complement activated sera were instilled into the lungs of DBP
+/+ or DBP -/- mice. Results from this experiment showed that reconstituting DBP increased the
number of neutrophils recruited into the lungs of DBP -/- mice 4 hours after instillation, however
this increase did not reach statistical significance (figure 7a) suggesting only a partial rescue.
This observed increase in the number of neutrophils recruited in response to DBP +/+
complement activated serum was not due to a difference in the level of C5a/C5a des arg between
the two sera as determined by ELISA (figure 7b). In our experimental model, alveolitis was
induced for 4 hours, which may not be long enough to reverse a potential intrinsic defect in DBP
-/- mice. Therefore, the partial rescue observed in figure 7a suggests that DBP exerts an extrinsic
function during acute inflammation, but the lack of a full rescue also indicates that there might
be an intrinsic defect in one or more inflammatory cell(s) in the DBP -/- mouse. This observed
extrinsic function may be due to its capacity to induce the generation of DBP-actin complexes
and subsequent S100A8/A9 release which is a known neutrophil chemoattractant and an inducer

of trans endothelial migration '>>'¢%163212-214,
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5.3. Bone marrow neutrophils from DBP -/- mice exhibit intrinsic defects.

5.3.a. Reductions in the numbers of bone marrow neutrophils and their surface expression

of CD88, CD44 and CD11b in DBP -/- vs. DBP +/+ mice.

The generation of DBP-actin and subsequent formation and secretion of ST00A8/A9
complexes from neutrophils provides a potential mechanism where DBP can influence
development and differentiation of neutrophils in the DBP -/- mouse. There is approximately
twice the amount of ST00A8/A9 detected in human neutrophils treated with DBP as compared to
untreated neutrophils (figure 22), suggesting that there might be a reduced amount of
S100A8/A9 in bone marrow neutrophils of DBP -/- mice as compared to DBP +/+ mice. This
decrease in SI00A8/A9 might be responsible for the development of a potential intrinsic defect.
Unfortunately, this cannot be tested easily due to the lack of a mouse SI00A8/A9 specific
antibody or a commercially available mouse S100A8/A9 ELISA. However, this hypothesis is
supported by results published by Mantiz et al where they show that in the ST00A9 knockout
mouse, there was a reduction in the number of Gr-1 positive neutrophils in the bone marrow,
suggesting a role of SI00A8/A9 in neutrophil differentiation and maturation '>*. A reduction in
the blood or bone marrow neutrophil count in the DBP -/- mice as compared to DBP +/+ mice
might lead to the observed reduction in neutrophil recruitment to the lungs of DBP -/- mice in the
alveolitis model. Therefore, the total number of white blood cells, blood neutrophils, bone
marrow cells and bone marrow neutrophils was determined from five different DBP +/+ and
DBP -/- mice. There was no significant difference in the total white blood cell, blood neutrophil
(figure 9) or whole bone marrow cell count (figure 10a) but there was a significant reduction in
the number of bone marrow neutrophils in DBP -/- as compared to DBP +/+ mice (figure 10b).

Furthermore, analysis of bone marrow neutrophils revealed that DBP -/- bone marrow
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neutrophils had lower side scatter, expressed less Gr-1, CD88 and CD44 as compared to DBP
+/+ bone marrow neutrophils (figures 11-14). There were no observed differences in the
expression of any of these proteins on blood neutrophils. This further supports our previous
observations indicating that there might be an intrinsic defect in DBP -/- bone marrow

neutrophils.

5.3.b. Evidence of an intrinsic defect in integrin exocytosis and/or recycling and
chemoattractant receptor recycling in DBP -/- bone marrow derived BAL neutrophils 4

hours after the initiation of inflammation.

In mice, lymphocytes make up approximately 88%, monocytes make up 1-4% and
neutrophils make up 8-10% of white blood cells in circulation **’. In contrast, in human,
lymphocytes make up 20-40%, monocytes make up 2-8% and neutrophils make up 50-65% of all
WBC in circulation. Mice compensate for the small number of neutrophils in their blood by
utilizing bone marrow neutrophils during inflammation, a process that has been shown to peak at
3-4 hours after the initiation of inflammation and to be dependent on the secretion of ST00A8/A9

into the circulation 2"’

. Therefore, a functional defect in the bone marrow neutrophil pool can
lead to reduced neutrophil recruitment to an inflammatory site in mice. To examine the
possibility of an intrinsic defect, BAL neutrophils were first characterized by quantifying the
surface expression of the adhesion molecules CD11b, CD11c and CD44. As shown in figure 8,
there was a significant increase in the surface expression of CD11b and CD11c on the BALF
neutrophils from DBP -/- mice as compared to DBP +/+ mice 4 hours after the instillation of C5a

into the lung. However, there was no observed difference in the surface expression of these

integrins at the any other time point examined (2.5, 6, and 24 hours). Surface expression of
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CD44 on neutrophils was not altered after the instillation of C5a. In addition, preliminary data
shows that there was a substantial reduction in the surface expression of CD88 on the surface of
DBP -/- BAL neutrophils as compared to DBP +/+ BAL neutrophils 4 hours after the instillation
of C5a (data not shown). A similar trend was observed with CXCR2 when KC was instilled into
the lungs of DBP +/+ and DBP -/- mice (data not shown). Since the peak recruitment of bone
marrow neutrophils to the site of inflammation occurs at 4 hours after the initiation of
inflammation, these results suggest that there might be a defect in granular exocytosis, receptor

internalization and/or recycling in the bone marrow neutrophil pool of DBP -/- mice.

To maintain polarized chemotaxis, neutrophils must recycle their adhesion molecules and
chemoattractant receptors so that there are free receptors and integrins available to sense and
respond to the chemoattractant gradient. In neutrophils, approximately 95% of CD11b/CD18
integrins are localized in secretory vesicles and secondary granules . Additionally, it has been
previously shown in several cell types that integrins are internalized upon binding to their ligands
and trafficked into sorting endosomes where they are subsequently trafficked into lysosomes for
degradation or into recycling endosomes for recycling on the plasma membrane ',
Directional exocytosis of integrin containing granules and polarized recycling of integrins

84229231
520 and are

towards the leading edge of migrating neutrophils has been previously shown
thought to play a role in the polarized chemotaxis of neutrophils. Similar to integrins,
chemoattractant receptors such as CD88 and CXCR2 have been previously shown to be
internalized upon ligand binding and subsequently degraded or recycled back to the plasma

232-235

membrane . The recycling of chemoattractant receptors is thought to be important for

persistent directional migration.

143



Manitz et al have reported a defect in CD11b exocytosis and/or recycling in the ST00A9 -
/- mouse, as evident by the reduced amount of cell surface CD11b after the stimulation of bone
marrow neutrophils with IL-8 '**. The reduced CD11b surface expression observed in SI00A9 -
/- bone marrow neutrophils may also be due reduced microtubules polymerization, as reported by
133 since microtubules are known to be major regulators for endosomal and granular trafficking
236239 - A5 previously discussed, DBP was observed to induce a 2-fold increase in the amount of
intracellular ST00A8/A9 in human neutrophils, and similar to the SIO0A9 -/- mouse, there was a
reduction in the number of bone marrow neutrophils in DBP -/- mice as compared to DBP +/+
mice. In the alveolitis model of inflammation at the 4-hour time point, DBP -/- BALF
neutrophils expressed higher levels of the integrins CD11b/CD18 and CD11¢/CD18 suggesting
that, similar to what was observed in the SI00A9 -/- mouse, DBP -/- bone marrow neutrophils
might have increased granular exocytosis or a defect in integrin internalization and recycling.
Additionally, DBP -/- BAL neutrophils also had a substantial reduction in the surface expression
of the chemoattractant receptors used for migration suggesting that these neutrophils might have
an intrinsic defect in receptor recycling. These data suggest that DBP -/- bone marrow
neutrophils might not be capable of persistent migration towards a chemoattractant due to the

loss of the surface expression of chemoattractant receptors and the non-polarized integrin

exocytosis and recycling during chemotaxis.

5.3.c. Evidence of an intrinsic defect in the migration of DBP -/- bone marrow neutrophils.

To further confirm the presence of an intrinsic defect in DBP -/- bone marrow
neutrophils, bone marrow neutrophils were functionally characterized utilizing two chemotaxis

assays, one adhesion dependent and the other independent. A modified Boyden chamber
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chemotaxis assay was is largely adhesion independent, cells migrate in three dimensions through
a cellulose nitrate filter, which separates the neutrophils from the chemoattractant in the bottom
chamber. The distance migrated into the 120 pum thick filter is measured using a microscope at
400x. This assay does not measure the number of cells which specifically respond to the
chemoattractant, it only measures the distance migrated by the cells in a relatively short time (30
minutes). However, this assay is very sensitive in measuring cell movement towards a weak or
small gradient of a chemoattractant. In contrast, in an under agarose chemotaxis assay, cells
migrate in two dimensions over type 1 collagen coated coverslips. The assay was designed such
that the cells can freely migrate to either buffer or chemoattractant containing wells. This assay
analyzes both the net distance and number of migrating cells. Migration in this assay is highly
dependent on adhesion to the substratum and polarization towards a chemoattractant is readily
observed. In addition, this assay can be used to study polarization by staining the migrated cells
with phalloidin to visualize F-actin, making this assay a powerful tool to study neutrophil

polarization and chemotaxis.

Results using the Boyden chamber chemotaxis assay showed that there was no difference
in the distance migrated between DBP +/+ and DBP -/- bone marrow neutrophils to purified C5a
(figure 15) or to DBP +/+ or DBP -/- complement activated sera (data not shown). However, in
the under agarose chemotaxis assay, there was a significant decrease in the net distance migrated
by DBP -/- bone marrow neutrophils to DBP -/- complement activated serum and in the net
number of migrated cells to both complement activated sera (figure 16). The reduction in the
distance migrated was partially reversed when the cells were allowed to migrate to DBP +/+
complement activated serum (figure 16¢). This data suggests that there is an intrinsic migratory

defect in DBP -/- bone marrow neutrophils, which can be partially reversed by extrinsic DBP.
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As previously mentioned, preliminary analysis of the chemoattractant receptors on DBP -
/- and DBP +/+ BAL neutrophils revealed that there might be a chemoattractant receptor-
recycling defect in DBP -/- BAL neutrophils. Ex vivo analysis of bone marrow neutrophil
migration was performed using two different chemotaxis assays, the modified Boyden chamber
assay, where neutrophils are allowed to migrate for 30 minutes, and the under agarose
chemotaxis assay, where neutrophils are allowed to migrate for 4.5 hours. Due to the difference
in the duration of migration in both assays, optimal receptor recycling will be more important for
sustained neutrophil chemotaxis in the under agarose chemotaxis assay as compared to the
shorter modified Boyden chamber chemotaxis assay. Therefore, the lack of a migratory
phenotype in the modified Boyden chamber chemotaxis assay might be due to the short duration
of the assay. In addition, the observed reduction in the net number of migrating neutrophils in
the under agarose chemotaxis assay might be due to a defect in chemoattractant receptor
recycling, specifically CD88, in DBP -/- bone marrow neutrophils which would prevent

sustained chemotaxis to C5a due to the depletion of CD88 from the cell surface.

5.3.d. DBP -/- bone marrow neutrophils present an intrinsic defect in their polarization

during chemotaxis.

CD11b and CD1Ic are integrins required for neutrophil tight adhesion to endothelial cells
and subsequent trans endothelial migration. They are normally expressed as heterodimers with
the common 8 integrin, CD18. Approximately 95% of neutrophil CD11b is expressed in
secretory vesicles and secondary granules 7, which is exocytosed during inflammation in
response to neutrophil activation by chemoattractants. As previously mentioned, it is thought
that the exocytosis and the endosomal recycling of these integrins occurs in a polarized fashion

54229 "and thus a defect in exocytosis or recycling can lead to unpolarized CD11b or CD11c
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surface expression on neutrophils. The cross linking of CD11b/CD18 by antibodies has been
previously shown to induce actin polymerization, suggesting that actin polymerization occurs at

the site of adhesion of CD11b/CD18 to endothelial cells or to matrix proteins *>*°

. This suggests
that polarized granular exocytosis and integrin recycling may play a role in cellular polarization
during chemotaxis, where actin is induced to polymerize at the leading edge of migrating cells.
As shown in figure 8, there was an increase in the surface expression of CD11b and CD11c on
DBP -/- BAL neutrophils 4 hours after the instillation of C5a into the lung that may be due to a
defect in the exocytosis of granular CD11b and CD11c or in the recycling of these integrins. In
the under agarose chemotaxis assay, cells were allowed to migrate on type 1 collagen, a process
which has been previously shown to be dependent on the surface expression of CD11b/CD18 **.
Therefore, a defect in the polarized exocytosis and/or recycling of CD11b/CD18 might lead to
unregulated, unpolarized actin polymerization and ultimately a defect in cellular migration in the
under agarose assay. As shown in figure 17, higher non-polarized actin polymerization was
observed when DBP +/+ bone marrow neutrophils were allowed to migrate to DBP -/-
complement activated serum as compared to cells migrating to DBP +/+ complement activated
serum on type 1 collagen coated cover slips. Morphological analysis indicated that cells
migrating in the absence of DBP were not as well polarized as cells migrating in the presence of
DBP (figure 17a). When DBP -/- bone marrow neutrophils were allowed to migrate to DBP -/-
complement activated serum, there was a striking difference in the morphology of the migrating
neutrophils under these conditions as compared to the morphology of DBP +/+ bone marrow
neutrophils. Most of the observed DBP -/- bone marrow neutrophils were round, with F-actin

present at all poles and with no clear polarized morphology (figure 18a). This is in contrast to

DBP +/+ bone marrow neutrophils migrating in the absence of DBP where only a few cells

147



showed a round morphology but most cells had increase non-polarized actin polymerization
(figure 18c). When DBP -/- bone marrow neutrophils were allowed to migrate to DBP +/+
complement activated serum, there was a partial restoration of polarization in most of the
migrating neutrophils. This phenotype was similar to the phenotype observed when DBP +/+
bone marrow neutrophils were allowed to migrate to DBP -/- complement activated serum
(compare figures 18b and 18c) suggesting only a partial reversal of the polarization defect by
exogenous DBP. When DBP +/+ bone marrow neutrophils were allowed to migrate to DBP +/+

complement activated serum, all of the cells showed a polarized morphology with polarized actin

polymerization. However, only a small subset of DBP -/- bone marrow neutrophils migrating to

DBP +/+ complement activated serum had a similar polarized phenotype. This suggests that the
polarization defect in some DBP -/- bone marrow neutrophils is partially reversed by adding

extrinsic DBP (compare figures 18b, right panel, and 18d).

The lack of polarized actin polymerization in DBP -/- and DBP +/+ bone marrow
neutrophils migrating in the absence of DBP may be due to non-polarized granular exocytosis
and/or integrin recycling. As shown in figure 18, it is clear that addition of exogenous DBP can

partially restore polarization in DBP -/- neutrophils, confirming the previous results observed in

the alveolitis model of inflammation and the under agarose chemotaxis assay. Partial restoration
of polarization by DBP might be due to generation of DBP-actin complexes by migrating
neutrophils and the induction of SI00A8/A9 formation and secretion. Intracellular SIO0A8/A9
can then increase microtubule polymerization and thus enhance endosomal trafficking, which
enhances integrin recycling. As previously mentioned, mouse S100A8/A9 has been previously
shown to be chemotactic to mouse neutrophils in vitro and in vivo *'**">. Therefore, DBP-actin

induced secreted SI00A8/A9 can bind to migrating neutrophils and induce chemotaxis.
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5.3.e. Superoxide anion generation by DBP -/- bone marrow neutrophils is defective.

In addition to neutrophil migration, SI00A8/A9 has been shown to play an important role
in the optimal generation of superoxide anions by NADPH oxidase '"*'"*. Since DBP was
observed to induce the formation of ST00A8/A9 in human neutrophils one would hypothesize
that if the same is true in bone marrow neutrophils, DBP might influence the superoxide anion
generation capacity in DBP +/+ and DBP -/- bone marrow neutrophils. To induce superoxide
anion generation in bone marrow neutrophils the receptor dependent stimulus complement
activated serum (C5a) was utilized. There was no difference in the generation of superoxide
anions between DBP +/+ or DBP -/- bone marrow neutrophils. However, there was a slight
increase in the amount of superoxide anions generated when DBP +/+ or DBP -/- bone marrow
neutrophils were treated with DBP +/+ complement activated serum as compared to DBP -/-
complement activated serum, suggesting that DBP can extrinsically influence the generation of

superoxide anions (figure 19a).

The activation of NADPH oxidase is known to be dependent on the translocation of

several of its components from neutrophil granules to the plasma membrane (reviewed in **")

This process is dependent proper granular trafficking and exocytosis. As previously discussed,
DBP -/- bone marrow neutrophils might have a defect in granular and endosomal trafficking.
Therefore, one would hypothesize that if DBP -/- bone marrow neutrophils were stimulated to
produce superoxide anion with a strong receptor independent stimulus, one would observe
reduced levels in these neutrophils as compared to DBP +/+ cells. When DBP +/+ and DBP -/-
bone marrow neutrophils were treated with 10 ng/ml PMA, there was a significant reduction in
the amount of superoxide anions generated in DBP -/- compared to DBP +/+ cells, supporting

this hypothesis and suggesting that there might a defect in granular and endosomal trafficking in
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DBP -/- bone marrow neutrophils. Alternatively, a decrease in intracellular ST00A8/A9
formation in DBP-/- bone marrow neutrophils may lead to reduced NADPH oxidase activity and

subsequently to the reduction in superoxide anion generation in these cells.

5.3.f. DBP +/+ and DBP -/- bone marrow neutrophils have a similar phagocytic capacity

for complement-opsonized zymosan.

Phagocytes, including neutrophils, monocytes, macrophages and dendritic cells, make up
a class of immune cells that are known for their high capacity to phagocytose antigens
(pathogens). Phagocytosis is greatly enhanced by the opsonization of pathogens by either
antibodies or complement proteins. To study phagocytosis, complement opsonized zymosan or
IgG coated beads are used. In macrophages, microtubules are required for the phagocytosis of
complement opsonized zymosan and sheep erythrocytes coated with iC3b, but not IgG coated
sheep erythrocytes or beads *****. As previously discussed, it is hypothesized that DBP -/- bone
marrow neutrophils may have reduced intracellular SIO0A8/A9 and thus reduced microtubules
polymerization. Therefore, opsonized zymosan was utilized to compare the phagocytic capacity
of DBP +/+ and DBP -/- bone marrow neutrophils and to determine whether DBP -/- bone
marrow neutrophils had any defect in microtubule dependent phagocytosis. As shown in figure
20, there was no observed difference in the phagocytosis of opsonized zymosan particles
between DBP +/+ and DBP -/- bone marrow neutrophils suggesting that the intrinsic defect
observed in DBP -/- bone marrow neutrophils does not affect their capacity to phagocytose

complement opsonized zymosan.
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5.4. HL-60 cells as an in vitro model for bone marrow neutrophil

differentiation to dissect DBP's mechanism of action.

5.4.a. DMSO induces the differentiation of HL-60 cells after 5 days.

To further study the role of DBP in neutrophil differentiation and development, the
promyelocytic cell line HL-60 cell was utilized to study differentiation in the presence or
absence of DBP. HL-60 cells can be induced to differentiate into myelocytes, metamyelocytes
and banded neutrophils by treating them with 1.3% DMSO for 3-6 days *>°*. The
differentiation of HL-60 cells was confirmed by assessing the surface expression of the C5a
receptor, CD88. As shown in figure 3 1c, optimal differentiation of HL-60 cells was observed
after 4-5 days of incubation with 1.3% DMSO. However, at days 4 and 5, only 5-10% of the
differentiated HL-60 cells were viable as assessed by annexin V and PI analysis (figure 31a and
data not shown). HL-60 cell death after differentiation has been previously observed ***, and is
thought to be due to the down regulation of the anti apoptotic protein bcl-2 during differentiation
243246 Therefore for all of the subsequent experiments were performed by differentiating cells

for 5 days with DMSO followed by flow cytometric analysis where the live cellular population

was gated and analyzed.

5.4.b. Bovine DBP in FBS was inactivated by the incubation of FBS at 4 °C for 2-3 weeks.

Due to the long duration of time required for the differentiation of HL-60 cells into
neutrophil like cells (5 days), the cells must be differentiated in 5% FBS to ensure survival.
However, FBS contains a large amount of bovine DBP. Therefore, to study HL-60 cellular

differentiation in the presence or absence of DBP, bovine DBP had to be removed or inactivated.

151



The latter was achieved by incubating FBS at 4 °C for 2-3 weeks prior to its use for HL-60
differentiation as evident by the inability of bovine DBP to bind to, sequester and block the
induction of differentiation of HL-60 cells by 25 OH Ds. Therefore, exogenously added DBP
during the differentiation of HL-60 cells to neutrophil-like cells can be used as a model to study

the differentiation of bone marrow neutrophils in the DBP -/- mouse.

5.4.c. DBP, DBP-actin complexes and LPS increase the surface expression of CD88

and CD44 and side scatter of differentiating HL-60 cells.

As previously shown and discussed, DBP-actin complexes are generated basally by
human neutrophils, which then induce the release of SI00A8/A9. Therefore, DBP may affect
neutrophil differentiation indirectly by inducing SI00A8/A9 heterodimer/heterotetramer
formation and release from differentiating or blood neutrophils. SI00A8/A9 is known to bind to
and signal through TLR4 **, which has been shown to be expressed on hematopoetic stem cells
and granulocyte/macrophage progenitors (GMPs) **” and HL-60 cells ***. In addition,
S100A8/A9 has been shown to bind to and signal through the ubiquitously expressed RAGE '®.
A role of ST00A8/A9 in neutrophil differentiation is supported by the observation that there was
a decrease in the number of neutrophils in the bone marrow of S100A9 knockout mice ',
Therefore, to study the role of DBP, DBP-actin and TLR4 in HL-60 cellular differentiation, HL-
60 cells were differentiated in the presence or absence of DBP, DBP-actin or 100 ng/ml of LPS.
As shown in figure 33, DBP, DBP-actin complexes and LPS increased the percentage of cells
which stained positively for cell surface CD88, increased the surface expression of the adhesion

molecule CD44 and increased the side scatter of differentiated HL-60 cells relative to untreated

differentiated cells (figure 33a and 33d). This observed difference in differentiation phenotype is
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very similar to that observed in the bone marrow of DBP +/+ and DBP -/- mice (figures 11-13).
Therefore, this suggests that DBP might play a role in the differentiation of HL-60 and bone

marrow cells into neutrophils.

Treatment of HL-60 with LPS, DBP and DBP-actin during differentiation induced a
similar differentiation phenotype suggesting that the phenotype observed with the addition of
DBP and DBP-actin during differentiation might be due to endotoxin contamination in the
purified DBP stock. As shown in figure 34, this possibility was excluded because Polymyxin B
only inhibited the action of LPS but not DBP on differentiating HL-60 cells suggesting that that
the DBP and DBP-actin induced differentiation phenotype was not due to endotoxin

contamination in the purified DBP stock.

5.4.d. DBP enhances the activation of NF-kB IKK signalsome and p38 kinases in

differentiating HL60 cells.

Treatment of HL-60 with 100 ng/ml or 10 ng/ml (data not shown) of LPS induced a
similar differentiation phenotype as when cells were differentiated in the presence of DBP or
DBP-actin complexes, suggesting that the LPS signaling receptor TLR4 might play a role in the
induction of this phenotype. DBP-actin complexes induce the secretion of SI00A8/A9, a TLR4

- ¢ 22,23,168
agonist “

. Therefore, to determine the potential activation of TLR4 by DBP during
differentiation of HL-60 cells, the activation (phosphorylation) of NF-kB and MAPK pathways,
two pathways which are known to be activated by TLR4 (for a review see °), was determined by
western blot analysis of cell lysates from HL-60 cells. As shown in figure 35, there was a

substantial increase in the amount of phospho IKK o/ and phospho p38 MAPK detected in DBP

treated differentiated HL-60 cells as compared to untreated differentiated HL-60 cells suggesting
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that DBP may induce or maintain the differentiation phenotype in part by sustaining the activities
of NF-kB and MAPK activating kinases. There are many known activators of the NF-xB and
MAPK pathways so it is not known if TLR4 activation triggered these pathways. However,
since a similar differentiation phenotype was observed when HL-60 cells were exposed to DBP
or LPS, a known TLR4 activator, it was speculated that the activation of the NF-kB and MAPK
pathways observed in Figure 35 was due to the indirect activation of TLR4 by DBP through

S100A8/A9.

S5.4.e. DBP treated differentiating HL-60 cells generate DBP-actin complexes, express
S100A8/A9 and are induced to release the S100A8/A9 heterodimer/heterotetramer in

response to DBP-actin complexes.

To further test the proposed TLR4 activation by DBP during differentiation, the
expression of ST00A8/A9, the capacity of HL-60 cells to generate DBP-actin complexes and the
capacity of DBP-actin to induce the secretion of SI00A8/A9 from differentiated HL-60 cells was
determined. Undifferentiated and differentiated HL-60 cells were treated with DBP for 30
minutes at 37°C and the conditioned supernatants were analyzed by native gel electrophoresis for
the presence of DBP-actin complexes and SIO0A8/A9. S100A8/A9 was not detected in
undifferentiated HL-60 cells, but after 5 days of DMSO differentiation, HL-60 cells expressed
intracellular ST00A8/A9 (data not shown). Surprisingly, both undifferentiated and differentiated
HL-60 cells generated DBP-actin complexes when treated with DBP (data not shown). This
suggests that DBP-actin complexes are generated by HL-60 cells before the induction of
S100A8/A9 expression. Finally, the response of undifferentiated and differentiated HL-60 cells

to DBP-actin complexes was then determined. As expected, when cells were differentiated with
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vitamin D, DMSO, or DMSO + vitamin D, DBP or DBP + vitamin D, DBP-actin induced the
release of SI00A8/A9 from these cells (figure 36a and 36b) indicating that differentiated HL-60
cells are capable of responding to DBP-actin complexes by releasing SI00A8/A9. As previously
observed with primary human neutrophils, actin treated differentiated HL-60 cells also released
S100A8/A9 suggesting that actin may be the main stimulus for the induction of ST00A8/A9
release from both neutrophils and HL-60 cells, independent of DBP. However, as previously
discussed, the generation of DBP-actin complexes from neutrophils was dependent on the
exogenous presence of DBP (figure 23 and 25). Actin released from necrotic cells is quickly
depolymerized by the extracellular actin scavenger system and bound to DBP in circulation
105,106,109,110

. Therefore, in a physiological setting extracellular actin is bound to DBP so the

results observed in response to DBP-actin complexes are thought to be physiologically relevant.

5.4.f. TLR4 activity is required for the survival of differentiating HL-60 cells.

TLR4 signals through MyD88 dependent and independent signaling pathways. To the
best of my knowledge, TLR4 knockout bone marrow neutrophils were never characterized, and
thus role of TLR4 in the maturation and differentiation of bone marrow neutrophils remains
unknown. However, an intrinsic migratory defect was observed in bone marrow neutrophils
from MyD88 knockout mice due to decreased surface expression of chemoattractant receptors
after peritoneal migration of these cells, suggesting a receptor recycling defect similar to what
was observed in the DBP -/- mouse **’. This suggests that TLRs might be required for optimal
differentiation of bone marrow neutrophils in mice. Therefore, to examine the requirement of
TLR4 in the differentiation of HL-60 cells in the presence of DBP and LPS; TLR4 was

specifically inhibited using a specific TLR4 inhibitory peptide, VIPER, which was derived from
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the vaccinia virus protein, A46. VIPER has been shown to specifically inhibit both MyD88
dependent and independent signaling pathways of TLR4 by directly binding to the TLR4
adaptors Mal and TRAM *''. This observed inhibition of TLR4 was specific to VIPER because
there was no observed inhibition of TLR4 (or any other TLRs) using a different peptide, CP7,
from the A46 protein of a similar length as VIPER. Therefore, to examine the requirement of
TLR4 for the DBP and LPS induced differentiation phenotype, HL-60 cells were treated with 20
uM of VIPER, to inhibit TLR4, or CP7, to control for any non-specific effects due to the peptide
treatment, during differentiation in the presence or absence of DBP and LPS. To my surprise,
there was no cellular survival after 5 days of differentiation of HL-60 cells in the presence of the
VIPER peptide (figure 37a). However, differentiated HL-60 cells treated with the control
peptide, CP7, were similar to untreated differentiated HL-60 cells suggesting that the cellular
death observed in the VIPER treated cells was not due to non-specific toxicity of the peptide
treatment (figure 37a, compare the top row to the bottom row). CP7 did not inhibit the
differentiation phenotype exerted by DBP or LPS in HL-60 cells (figure 37b). These data
suggest that TLR4 activity is required for the survival of HL-60 cells during differentiation.
However, the role of TLR4 in the induced differentiation phenotype observed when HL-60 cells

are differentiated in the presence of DBP or LPS is not known.

Collectively, these results suggest that when HL-60 cells are differentiated in the
presence of DBP, DBP-actin complexes are generated. When differentiating HL-60 begin
expressing S100A8/A9, the DBP-actin complexes will then induce the release of SIO0A8/A9,
which subsequently acts in an autocrine/paracrine fashion by binding to and stimulating TLR4.

TLR4 stimulation might enhance cellular survival, induce the production of secondary granules
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(as evident from the increase in the side scatter) during differentiation and induce higher surface

expression of receptors required for optimal neutrophil function.

6. Summary and Conclusion

To summarize, using an alveolitis model of inflammation in DBP +/+ and DBP -/- mice,
DBP was required for the optimal recruitment of neutrophils to the site of inflammation. The
exogenous addition of DBP in the lungs of DBP -/- mice, or in ex vivo chemotaxis assays
partially reversed the phenotype observed in the DBP -/- mice, suggesting that in addition to an
extrinsic role of DBP on neutrophils, there was an intrinsic defect in DBP -/- neutrophils. A
potential defect in surface expression CD11b, CD44 and CD88 was identified in the bone
marrow neutrophil pool of DBP -/- mice. Functionally, DBP -/- bone marrow neutrophils had a
polarization and a migratory defect. The defect in the surface expression of CD44 and CD88
reproduced in HL-60 cells differentiated in the absence of DBP, suggesting a role for DBP in
neutrophil differentiation. A potential mechanism was then determined by showing that DBP
treatment of human neutrophils induced the generation of DBP-actin complexes, which in turn
induced the secretion of a pro-inflammatory protein, SI00A8/A9. DBP-actin complexes were
generated in the BALF of DBP +/+ mice after the induction of alveolitis. In addition, DBP
bound to the cell surface of migrating neutrophils, a process that was partially dependent on cell
surface actin on the migrating cells. Finally, ST00A8/A9 was observed to bind to the surface of
migrating neutrophils. Both DBP and S100A8/A9 colocalized at F-actin rich protrusions
extending out of the migrating neutrophils suggesting a potential role of these two proteins in

neutrophil polarization and migration.
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In conclusion, DBP is required for the optimal differentiation of neutrophils in the bone
marrow and the optimal migration of neutrophils to the site of inflammation in vivo. DBP might
exert its function during inflammation by inducing the generation of DBP-actin complexes at
inflammatory sites, which in turn leads to the release of the inflammatory amplifier, SI00A8/A9
from migrating neutrophils. This would in turn lead to the amplification of inflammation by
activating endothelial cells and macrophages and by recruiting more neutrophils to the site of

inflammation.
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