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SUMMARY

Systemic lupus erythematosus (SLE) is an autoimndisease involving many organ
systems. The cause is not known, but a complex r@tbn of environmental and genetic
factors seems to be involved. In SLE upregulatibtye | interferons, a hyperactive B-cell
response, presence of autoantibodies against radditiclear components, increased
complement consumption, increased apoptosis aneéaksd clearance of apoptotic cells are
seen. The purpose of this thesis was to investggate of these mechanisms. The thesis is
based on four papers (I-1V).

(Papers | and Il) We found that the apoptosis imdyeffect was specific for sera from SLE
patients when comparing with sera from various @bmroups. However, the apoptosis
inducing effect was not related to SLE diseasevéigtiSerum from SLE patients was
demonstrated to induce classical caspase-depeageptosis in monocytes and lymphocytes.
The apoptosis induction was not dependent on dea#ptors but involvement of the
mitochondrial pathway was indicated.

(Paper lll) Phagocytosis of apoptotic cells by matiages and C3 deposition on apoptotic
cells were investigated in the presence of sekarlgdifferent complement proteins. We
found that complement-mediated opsonisation andqatdosis of apoptotic cells,
particularly those undergoing secondary necrosesgdapendent mainly upon an intact
classical pathway. C1qg was not more important tither classical pathway components,
suggesting a role in other pathogenetic processasdefect clearance of apoptotic cells.
(Paper IV) We evaluated the roles of serum compteraed antibodies against histones in
relation to phagocytosis of necrotic cell matebalpolymorphonuclear neutrophil
granulocytes (PMNs). Phagocytosis of necrotic nitbyy PMNs and high concentration of
antibodies against a broad spectrum of histoneglated with active SLE disease. The
specificities of these anti-histone antibodies appe determine the complement-dependent
phagocytosis.

In conclusion, sera from SLE patients have the aspto contribute to an increased load of
apoptotic cells. An efficient clearance of apomt@nd necrotic cell material is dependent on a
functional classical pathway, and autoantibodiesresy histones reflect the presence of

apoptotic or necrotic cells contributing to theaotmune process in SLE.
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INTRODUCTION

The immune system

The immune system is an integrated system of ordgessies, proteins and cells that together
protect us against foreign substances and invaatig@nisms. The first line of defence
consists of barriers such as the skin, mucous nmemely saliva, tears and the acid in the gut.
Besides the physical barriers, a number of diffepeateins, enzymes and cell types are
involved in the immune system, and these are abdifferentiate between self and non-self.
The immune response is composed of two partsntiee or nonspecific immune system and
the adaptive or specific immune system. The inmateune system is constitutively present
and ready to be mobilised upon infection, wherbasatlaptive immune system requires some
time to react. These systems work together by uanoteractions and influence each other to

create an efficient immune defence [1, 2].

The innate immune response is a defence mechah&metcognises and reacts to pathogen-
associated molecular patterns (PAMPSs), such apdigsaccharide (LPS), mannose-rich
glycan molecules exposed on microorganisms and BbiA bacteria or virus. However,
molecules released by stressed and injured huniignsaech as heat shock proteins, high-
mobility group box 1 (HMGB1), S 100 proteins and Dhay also act as pro-inflammatory
mediators and these molecules are termed damag@aissl molecular patterns (DAMPS).
Pattern-recognition receptors (PRRs) recognise P&\l DAMPs and these receptors can
be cell bound such as Toll-like receptors (TLRsixacellular, such as proteins carrying
nucleotide-binding oligomerizatiatomains (NODs) and some TLRs or soluble such as the
complement proteins [1-5]. The cells involved ie thnate immune response are phagocytic
cells such as neutrophils, monocytes and macrogregeell as the cytotoxic natural killer
(NK) cells. Upon activation, the cells release &ytes that act as signal molecules and

activate other cells involved in the immune resgdi23.

The function of the adaptive immune response @egiroy or inactivate foreign substances,
also called antigens. The adaptive immune systerongposed of specialised cells, such as B-
cells and T-cells, which account for antibody aetl mediated immunity, respectively. These
cells become activated when a specific epitopd®fntigen binds to the B-cell or T-cell
receptor. However, binding of antigen to the reces usually not sufficient to stimulate the

cells to proliferate and differentiate into an ette cell; a co-stimulatory signal provided by
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another specialised cell is often required. Majstdtompability complex (MHC) molecules
are proteins expressed on the cell surface and the&ecules are recognised by T-cells. In
most cases, T-cells only bind to the antigenis presented in complex with MHC. MHC
class | molecules are expressed on the majorityiolieated cells and MHC class Il are
expressed on antigen presenting cells such as ptages, monocytes and B-cells. MHC
also acts as a self recognition molecule. The agaphmune response also exhibits an

immunological memory [6].

Leukocytes

Polymorphonuclear leukocytes (PMNSs) are the mostraon white blood cells in the
circulation. Neutrophils, the most abundant typ®bfNs, possess a multi-lobed nucleus and
contain cytoplasmic granules. There are three tgpgsanules, azurophilic (also called
primary), specific and small granules. The granakesgenerated during cell differentiation
and are used as storage for different substanbey. dontain cytotoxic substances, neutral
proteinases, acidic hydrolases and cytoplasmic mamelreceptors. Their function is to
provide enzymes for hydrolytic substrate degradaaiod killing of bacteria, and also to
regulate various processes including inflammatiginNleutrophils rapidly engulf foreign
material that is covered with antibodies and commglet fragments but they also clean up
damaged cells or cellular debris.

Mononuclear blood cells include cells such as mgtes; macrophages and lymphocytes.
The blood monocytes possess chemotactic, pinoagtigohagocytic abilities. During
migration into the tissue the monocytes undergth@rrdifferentiation to become
macrophages, and these take part in the initiaidrcell activation by processing and
presenting antigens. Activated macrophages areateftectors and regulatory cells of the
immune response, and they achieve this by produtiffeyent substances such as cytokines
which modulate the function of other cells. Lympties circulating in the bloodstream are
mostly in the resting state but the lymphocytethalymphoid tissues and organs can be
activated directly after antigen stimulation. Thare different types of lymphocytes, T-cells,
B-cells and NK-cells. The T-cells are further dimttlinto three types of cells, helper,
cytotoxic and regulatory. T-helper cells are neefdedctivation of B-cells and they
recognise antigen processed and presented by maigeenting cells in complex with the
self molecule MHC class II. The cytotoxic T-cellsdet and destroy tumour cells and cells

infected with intracellular antigen such as vinwgjch are presented in complex with MHC
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class I. Most nucleated cells express MHC class Bny such cell that is infected with virus
or producing tumour antigens may present thesgemitogether with MHC class | and be
removed. The cytotoxic T-cells release perforinalifiorms channels in the cell membrane
of the target cell and causes death by osmotis.lyi$ie regulatory T-cells reduce the intensity
of the immune response by regulating transcriptibdifferent genes and by secreting
interleukin (IL)-10. B-cells become plasma cell®agctivation which then secrete
antibodies or become memory cells. The NK-cellsdbexpress a specific antigen binding
receptor. They have two types of receptors thheeictivate or inhibit activation. NK-cells
can bind antibody coated targets by immunoglobrdaeptors (FCR), and they also bind to
cells missing the self marker MHC class I. Also thkease of interferons (IFN) or cytokines
from virus-infected cells may activate these céllK-cells possess granules containing
perforin and granzymes, which can be released aptivation and induce cell death of the

target cell [6].

Activation of T- and B-cells

Antigen presenting cells, such as macrophages golyase antigen, degrade it and expose
fragments of the antigen on the cell surface tagethith MHC class 1l molecules. The MHC-
antigen complex binds to a T-cell receptor spetdithe presented antigen. The binding of
antigen to the T-cell receptor stimulates the esgion of IL-2 receptors and secretion of IL-2
which binds to these receptors and stimulates tbellTo proliferate. For activation of the T-
cell, a second co-stimulatory signal is neededs Ty be mediated by the binding of the
signal protein B7 on the antigen presenting cetheT-cell receptor protein CD28 [2]. Once
activated, the T-helper cells can be divided intbpopulations such as Thl, Th2 and Th17
cells depending on the cytokine signal receivedemome memory T-cells. The different
subsets of cells secrete different cytokines thgtilate the immune response. Thl cells
stimulate the cell-mediated response by secretitakimes such as gamma IFN and tumour
necrosis factor (TNF) while Th2 cells stimulate &}s to produce antibodies by secreting
cytokines such as IL-4, IL-5, IL-6 and IL-10 (Fitj). [6]. Th17 cells are a recently identified
subset of T-helper cells and these cells synthesidesecrete IL-17. IL-17 is involved in
inducing and mediating pro-inflammatory responstsvever, little is known about the
function in humans but it is implicated to be afeetor cell in autoimmune diseases [8].

Activation of B-cells occurs when the B-cell recaptecognises an antigen and binds to it.

Each B-cell has a unique receptor expressed @uiiface and this receptor is a membrane
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bound immunoglobulin. In most cases T-helper caltsivated with the same antigen as the
B-cell, are required for activation of the B-callso-called T-cell dependent activation. The
interaction between the T- and B-cells occurs betwtae CD40 ligand present on the surface
of the activated T-helper cell and the CD40 profesent on the surface of the B-cell. In the
presence of different cytokines, such as IL-4, JUE56 and IL10, the activated B-cell
differentiates into a plasma cell, producing ardiles of the same specificity as the B-cell
receptor that targets the antigen, or becomes aomyerell (Fig. 1) [6]. B-cells may also be
activated in a T-cell independent way. The antigeolved in this process is often
polysaccharides that are able to bind multiple Breeeptors and activate the B-cell directly

to secrete IgM antibodies [6].

Memory
T-cell

Antigen presenting cell J&
T-cell
T-cell IL-2

CD28 receptor /

- @ — ‘ *>

Class Il receptor

IL-1
IL-6 /
Thl \

IFN-y
TNF-a < . Memory
&. B-cell \
CD40

T-cell receptor

ligand -4
MHC IL-5
Class Il CD40 IL-6

IL-10

! Plasma cell
) > <« < B-cell receptor ’ :

Figure 1.Activation of T-cell and T-cell dependent B-celtiaation.
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Specific antibodies

Specific antibodies or immunoglobulins are produgpdn B-cell activation. Their function is
to target non-self substances and display theineantimune system and to neutralise
antigens by binding to them. Each immunoglobulityscally made of two identical heavy
chains and two identical light chains linked togethy disulfide bounds creating a molecule
with a Y-like shape containing two identical antigginding sites (Fig. 2). There are five
major classes of the heavy chains, IgM, IgG, Igh) bBnd IgE of which IgG is the most
abundant in the blood and has four subclasses (llg&P, IgG3 and 1gG4) in humans. The
effector function of an antibody is defined by #tricture of its heavy chain. There are two
types of light chains, termed kappa and lambdatl@antibody is always composed of the
same variants. Both the heavy and the light cheonsist of a variable and a constant region.
The Fab (fagment atigen_binding) part of the antibody is composed of onestant and one
variable domain from each heavy and light chaire paratope, or antigen binding site, is
located in the variable region of the Fab parteththe hypervariable region, which is unique
to the particular antibody and determines the $égifor the ligand. The Fc (Agment
crystallisable) region is the part of the antibolattinteracts with cell surface receptors FCR
which are expressed on most cell types and thisii@s phagocytosis, release of cytokines

and cytotoxic molecules. The Fc region can alsiate complement activation [9, 10].

y
N\ Antigen binding site
< 4
W v
< CH 4
ér%' gl Light chain
2, 0

T Fa

0 <

g o) Heavy chain

) &

= U

Figure 2.Schematic figure of the structure of an antibodye Tieavy chain consists of three constant domains

(CH1-CH3) and one variable chain (VH). The lighaithconsists of one constant chain (CL) and onabtr
chain (VL). The antigen binding site is locatedhe Fab region and the Fc region is responsibleferaction

with effector molecules.
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Tolerance and autoimmunity

The immune defence is involved in detection andrdeson of tumour cells and foreign
invaders causing infection. For the system to fimmgbroperly it must be able to discriminate
between self and non-self molecules. Failure tthdomay result in autoimmune diseases.
All immune and blood cells develop from multi-patéematopoietic stem cells that originate
from the bone marrow and a highly diverse and ramdaay of different specificities of T-
and B-cells are produced. These cells are capalbézognising an almost unlimited number
of antigens, including self-proteins. Immature Tiscandergo final maturation in the thymus
where they go through an important process whiceks them to distinguish between self
and non-self. T-cells that recognise self-antigemesdeleted by apoptosis or become
inactivated. The selection that occurs in the thymsicalled central selection and the cells
undergo both positive and negative selection tagee T-cells that tolerate self-MHC
molecules but not self-peptides. In the positidect®n, T-cells with receptors that bind with
neither too low nor too high affinity to surface \IHnolecule on thymic epithelial cells are
selected, and the other cells die. This ensurésltiealls only recognise antigen in
association with MHC. The negative selection is raed by macrophages and dendritic
cells, which present self-peptides bound to MHC thiedcells that recognise self-peptides
bound to MHC undergo programmed cell death. Thgperal tolerance is developed after
the T-cell has matured and entered the periphdrg.cEll is regulated by regulatory T-cells
and the absence of co-stimulating signals. B-o&drance is not so tightly regulated. For B-
cell activation to occur, a T-cell with the saméigen molecule specificity as the one that
stimulates the particular B-cell is needed. Thisuees the specificity of reactions to protein
antigen selected by the immune system. In the brareow the B-cells are tested for
interaction against self-antigens and the cellsré@gnise self-antigens are either processed

for change in receptor specificity or the cells emgh programmed cell death [11, 12].

Autoimmune diseases are conditions caused by gskown of immune tolerance resulting
in immune responses to self-antigens. Low levelsutdantibodies are found in blood from
healthy individuals without causing inflammationdamage. However, an autoimmune
disease occurs when a response against self-asimesiving T-cells, B-cells or
autoantibodies induces damage systemically omp@rticular organ. Autoantibodies could
arise against novel epitopes expressed on modiéHeproteins, cross-reacting antibodies if
non-self molecules closely resemble self-antig@usoantibodies could also arise from the

exposure of hidden self-molecules that would nohdsenally exposed to the immune system,
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or as a result of hormonal component involvememipr@alance of regulatory proteins or due
to a genetic predisposition combined with environtakfactors [12]. Autoimmune diseases
can be organ specific and directly damage the oi@aet or systemic with involvement of
different self-molecules and cause disease thrtluglfiormation of immune complex. Under
normal conditions immune complexes are rapidlyrelédrom the circulation by
phagocytosis or by transportation. If the clearasystem fails, circulating immune complex
could be deposited in organs and cause inflammatia@amage, such as glomerulonephritis,

vasculitis and arthritis [13].

The complement system

The complement system is an important part oftt@une response, bridging innate and
adaptive immune mechanisms. Activities of the camn@nt system include initiation of
inflammation, opsonisation of targets to promotagutytosis, chemotaxis, lysis of cells and
clearance of immune complexes and apoptotic cefls15]. This complex system consists of
more than 30 plasma and membrane proteins thahattend are activated through a cascade
reaction. There are three main pathways by whichptement activation is initiated, the
classical pathway, the alternative pathway andatin pathway (Fig. 3). All pathways lead

to cleavage of C3 and activation of the common iteairpathway leading to assembly of the

membrane attack complex and eventually cell dewtlydis [14, 16].

-17 -
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Pathway Pathway
Mannose,
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A c4 and C <«—— MBLfficolins
Clr, Cls
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C4b2:
Cba
inflammation
C3a
inflammation C4b2a3b
\ o —_— C5b-C9
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C3bBb3b attack complex
A C3a
' inflammation
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(H,0) cs on?sbonisation
C3(H,0
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Alternative
Pathway

C3b, microbes

Figure 3.Activation of the classical, lectin and the altdivia pathways initiate C3b opsonisation on target
cells, lysis of cell by the membrane attack compglaa the release of C3a and C5a, potent chemdatitac
resulting in an inflammatory reaction, B (factor, B) (factor D), P (properdin).

The classical pathway

The classical pathway is activated by immune corgsdecontaining IgM or IgG but other
molecules such as LPS, C-reactive protein (CRRptapic cells and nucleic acids are also
able to activate this pathway (Fig. 4) [17]. Thenponents involved in the classical pathway
are C1, C4 and C2. C1 is a’Gadependent complex consisting of C1q, £dmd Cls When
the recognition molecule C1q binds to a targepr@#armational change occurs, leading to
activation of C1r which, in turn, activates Clstikated C1s cleaves C4 into a small C4a
fragment and a larger C4b fragment. The small Cdignient diffuses away while the larger
C4b fragment may attach covalently to the activatasther molecules in the vicinity. C2 is

also cleaved into two fragments by activated O1¢hé presence of Méthe larger C2a
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fragment can bind to C4b and form the classicdiyway C3 convertase C4b2a. The C3
convertase cleaves C3 into two major fragments @®@BC3b), and C3b molecules can bind
to the C3 convertase forming the C5 convertase &3lb¥vhich cleaves C5 and activates the

terminal pathway (Fig. 3) [16].

Opsonisation of the target by C3b or C4b suppagtake and clearance of antigen, apoptotic
cells and immune complexes by phagocytic cells. drheller fragments released during
complement activation, C3a and C5a are potent catgraotants and their release results in
an inflammatory reaction and the recruitment ofguwytic cells to the damage site by

increasing permeability of the capillary beds [14].

C4
@® -
/ Cda ’

Cb2

C1
molecule

/

Immune
complexes
Classical pathway
C3 convertase C4b2a

Figure 4.Complement activation of the classical pathway.

The alternative pathway

The alternative pathway, described as an antibndgpendent pathway, includes the
complement components C3, factor B, factor D amg@rdin. This pathway is initiated by
spontaneous hydrolysis of the internal thioest&Z3nto form C3(HO). Factor B binds to
C3(H,0) in the presence of Mand factor D then cleaves factor B into the fragm@&b and
Ba. The complex produced, C3(B)BDb, is also known as a fluid phase C3 converaaske

can cleave C3 into C3a and C3b. Various cell segdind C3b which then can form a
complex with factor B and after cleavage by fadagenerate the alternative pathway C3
convertase C3bBb, which is able to cleave C3 irBa @nd C3b. In this way more C3b is
generated which can activate the alternative patlon@ating an amplification loop. The C3b

formed by activation of the classical or lectintpady also initiates activation of the
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alternative pathway [16]. Properdin binds and ¢ the alternative C3 convertase but has
recently been described to also act as an init@dttre alternative pathway as well [18-20].
Activation of C3 via a C2 bypass pathway initialgdC1 or Mannan-binding lectifMBL)

but independent of C2 or MBL-associated serinegaisd (MASP)-2 has also been described
[21-24].

The lectin pathway

The lectin pathway is similar to the classical paii and is initiated by the binding of MBL
or ficolins in complex with MASP molecules (MASP2.and 3), to sugar structures like N-
acetylglucosamine and mannose present on many enigmwisms [25]. The binding is €a
dependent and activates the MASP-2 which then lemve C4 and C2, generating the C3

convertase C4b2a, the same C3 convertase as ¢fadsical pathway.

The terminal pathway

The C5 convertases (C4b2a3b and C3bBbC3b) gendmatibe different pathways cleave C5
into its active form C5b and this remains bounth#aC5 convertase. This cleavage initiates
the assembly of the membrane attack complex, Wwetbinding of C6 and finally C7 to C5b,
forming a C5b67 complex which dissociates from@3econvertase and binds to the
membrane surface. Thereafter C8 is incorporateth, @D molecules bind to form the final
membrane attack complex which leads to the formatdigores into the cell causing osmotic
swelling and cell rupture [26]. The C5a fragmemeased after cleavage acts as a potent

anaphylatoxin and chemoattractant for phagocytmils [27].

Regulation of complement activation

Activation of the complement system needs to befally regulated to protect host cells and
tissue from damage and both fluid phase and meralidannd regulatory proteins are present
at high concentrations. The balance between aiivand inhibition determines the

outcome. C1 esterase inhibitor (C1INH) controlsvation of both the classical and the lectin
pathway by binding reversibly to C1 and MASP-2, ibean also bind to activated C1r and
C1ls and inhibit their activity [28]. Factor | regtés complement activity by cleavage of C3b
and C4b using C4b-binding protein (C4BP) and faet@s soluble cofactors. C4BP also
regulates the classical pathway by dissociatingthrinits of the C3 convertase and the
alternative pathway C3 convertase is regulatetdersame way by factor H. Membrane bound

molecules acting as inhibitors of complement atiwvaeinclude membrane cofactor protein
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(MCP, CD46) and complement receptor (CR) 1 (CD@&®jch regulates the C3 activation by
its function as a cofactor protein for factor | naddd cleavage of C3b. Decay accelerating
factor (DAF, CD55) prevents the assembly of C3 @dcconvertases and may also accelerate
the disassembly of preformed convertases. CR1,hiiwds to C1qg, C3b, C4b and MBL on
opsonised targets, mediates transport of immunelexas by erythrocytes and promotes
phagocytosis [14]. The terminal pathway is reguldig clusterin and S-protein (vitronectin),
which binds to fluid phase C5b67 and inhibits teseanbly of the membrane attack complex.
Protectin (CD59) prevents binding of C9 to the Cab6omplex [29]. To date, properdin is
the only positive regulator described for completaativation, by binding to and stabilising

the alternative pathway C3 convertase.

Complement receptors expressed on different geiylay a role in the regulation of
complement, and binding of complement to the remeptluences other cellular function

such as phagocytosis of immune complexes and agpopétls. CR2 (CD21) expressed on B-
cells binds to iC3b or C3d and binding of C3d opsed antigen to CR2, when antigen is also
bound to B-cell receptor, results in B-cell activatand proliferation [30]. The complement
receptors CR3 (CD11b/CD18) and CR4 (Cd11c/CD18)rgeto the family of integrins and
these receptors are also involved in the wasteodamf apoptotic cells by mediating
phagocytosis of iC3b opsonised targets [31]. Theeealso several receptors described for
C1q. Calreticulin in complex with CD91 binds to ttalagen-like region of C1qg and this
interaction is involved in clearance of apoptottis[32]. The gC1q receptor binds to the

globular region of C1q [33].

Complement deficiency

Deficiency of complement proteins can be inherdedcquired. Deficiencies are rare but
impaired complement function is associated witleatibns and autoimmity, especially
systemic lupus erythematosus (SLE). MBL-deficierscthe most common inherited defect
among the complement proteins resulting in incréasisceptibility to infections especially in
early childhood [34]. Homozygous deficiency of ttaanplement components in the classical
pathway (C1, C4 and C2) is associated with pyogeméctions, but also with risk of
development of SLE [35]. Alternative pathway dedinty states and deficiencies of
components in the terminal pathway are all assediaith an increased risk of invasive

infections caused by predominantly Neisseria sgeéiequired deficiencies may result from
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decreased production or increased consumptionmpl@nent components caused by

activation, but autoantibodies against complemenipgonents can also contribute [35, 36].

Programmed cell death

Programmed cell death is a physiological processrgtl for the development of all
organisms and for maintenance of homeostasis bgwiegn unwanted cells, but is also
involved in pathological conditions including imnalagical diseases and cancer [37, 38].
Programmed cell death is a complex, controlledyagirocess involving both biochemical
and morphological changes that are dependent aalsignd activities within the dying cells.
During this process, the plasma membrane remaiastiantil the dying cell is phagocytosed
[39]. Apoptosis is a form of programmed cell deduit, cell death can occur in a non-
apoptotic way and still be a physiological respofse the cell to be defined as apoptotic,
morphological features such as cell shrinkage,mlatmm condensation, nuclear fragmentation
and membrane blebbing, with the maintenance of mamnebintegrity, should be fulfilled [40-
43]. Another form of cell death is necrosis, a pa&ume death caused by physical or chemical
damage to cells, such as infections, toxins omta@aut occurs suddenly without the actions of
enzymes, and includes cell rupturing and displagsimpflammatory properties (Fig. 5) [44].

A cell is considered dead when it has lost thegiritye of its plasma membrane, or the cell,
including its nucleus, has undergone complete feagation or has been engulfed by a

nearby cell [43].

The term apoptosis and its morphological charastiesi were described in 1972 by Kerr,

Wyllie and Currie [40]. Apoptosis can be dividedlinlifferent phases such as initiation,
regulation, execution and clearance. The initiapbase is dependent on cell type and the
apoptotic stimuli. The two major initiation pathveagf apoptosis are the external death
receptor pathway and the internal mitochondriahywaly, which are dependent on death
inducing signals. In the regulation phase, proteaseh as caspases, a group of proteases that
become activated in response to cell death stinpatijcipate in an enzymatic cascade leading
to termination of the life of the cell [42, 45, 4€laspases are synthesised as inactive

zymogens with little or no protease activity. Theayn be divided into two groups according to
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their active function; the initiator caspases 29,810, and 12 and the effector caspases 3, 6
and 7. If the ‘point of no return’ is reached, tiedl is executed and undergoes an organised
degradation. Apoptotic cells express phagocytickeraron their cell membrane and are
rapidly phagocytosed without induction of an inflaattory response [47-49]. This is in
contrast to necrosis which is a passive procesactaised by cellular and nuclear swelling

and cell rupture leading to an inflammatory resgons

The nucleus, endoplasmic reticulum (ER), Golgi appes and lysosome also play an
important role in the initiation and regulationpgbgrammed cell death [50]. Once a cell gets
a death signal the most likely outcome is a prognachcell death, however, there are options
to arrest the process.

No inflammation

Viable cel ® g
/ Apoptotic cell:
*Single cell
*Energy dependent

*Cell shrinking

*Membrane integrity maintained
*Activation of proteases
*Regulated

4-------------

Inflammation

VN
S~

Necrotic cell:

*Lots of cells

*Energy independent

*Cell swelling

*|oss of membrane integrity
*Not regulated

¢|_eaking of cell components

Figure 5.Apoptosis versus necrosis
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The external pathway

The death receptors are transmembrane proteinsdetpto the TNF receptor superfamily.
They contain an intracellular death domain (DD)atihtan activate the death cascade or
initiate a kinase pathway that turns on gene espgagrolonging the life of the cell [51, 52].
The TNF receptor family contains several membeastiigger apoptosis, the mechanisms of
action of Fas and TNF receptor 1 (TNFR1) are tret eleicidated. Binding of soluble or
membrane bound ligands to the extracellular dorafithe death receptors causes receptor
trimerisation and aggregation of the cytoplasmicsD@hen apoptosis is trigged by Fas
ligand, Fas becomes activated and forms a compitextiae adaptor protein FADD (Fas
associated death domain) [53, 54]. This recrugsaghoptosis initiating protease procaspase 8
or 10 and the death-inducing signalling complexS0) is formed [55, 56]. This complex
triggers the intracellular signalling cascades thdtice apoptosis. This step can be regulated
by cFLIP (cellular FADD-like interleukin-1-conventy enzyme inhibitory protein), which is
an inactive homologue of caspase 8 and prolongsuhaval of the cell [57]. By proteolytic
cleavage of procaspase 8 at a specific aspartaesidue, a large and a small subunit are
released which associate to form heterodimers songatwo active sites. Caspase 3, the
substrate for active caspase 8, is activated invtaxgs. The first mechanism involves direct
cleavage of procaspase 3 to yield activated caspasghbich, in turn, stimulates other effector
caspases resulting in cleavage of structural agulaory intracellular proteins and DNA
fragmentation, and finally cell death. The secorethanism is indirect activation where
caspase 8 cleaves the pro-apoptotic protein Bidiwthien can translocate to the
mitochondria where it triggers cytochrome c releasentually leading to activation of
caspase 3 (Fig. 6).

TNF produced by activated T-cells and macrophagésa inflammatory response, is able to
activate the TNFR1 receptor. The TNFR1 recepta gch similar way as the Fas pathway
but it needs the adaptor molecule TRADD (TNFR-Ieagded DD) [58] before the FADD
complex is formed, and procaspase 8 or 10 is rect(Fig. 6).
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Figure 6.Apoptosis induced by the death receptors Fas arfehN

The interaction of TNF with its receptors can aldabit apoptosis by activation of nuclear
factor.B (NF-B), causing an up-regulation of the expressioregtgal anti-apoptotic

proteins, which results in a prolonged cell surl[8d].

TNF-related apoptosis inducing ligand (TRAIL) idalo activate five different receptors.
Two of the receptors, TRAIL-R1 and TRAIL-R2, comtain intracellular DD and they are
capable of inducing apoptosis but are mainly exyae®n transformed cells. The other three
receptors (TRAIL-R3, TRAIL-R4 and TRAIL-R5) are ascreceptors with no or non-

functional DD and cannot induce apoptosis [59].
The internal pathway

The mitochondrial pathway is a central regulatoapdptosis and acts as a local sensor of

cellular stress, growth factor deprivation, irrdiia and for the absence of survival signal.
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The mitochondrial pathway is triggered and reguldig proteins belonging to the Bcl-2
family, which possesses both anti-apoptotic andgmaptotic activity [60, 61]. Bcl-2 family
members control cell death by regulating the reedsytochrome ¢ and other proteins from
the mitochondrial intermembrane space into thespjtf62, 63]. The Bcl-2 family members
contain specific homologous regions, called Bcbblogy (BH) domains and all members
have one to four of these domains. They have blassified on the basis of their structural
similarities, resulting in four categories of BHdains (BH1 to BH4) and according to
functional criteria as either pro- or anti-apoptd64, 65]. Pro-apoptotic proteins contain
BH1, BH2 and BH3 type domains such as Bax and Bhaky act by perturbing the
mitochondria outer membrane allowing release @rmembrane space proteins and ions.
The proteins with only BH3 type domains, such a$ Biad and Bim are also pro-apoptotic;
they inhibit the activity of the anti-apoptotic peons and promote activity of the BH1-BH3
pro-apoptotic proteins. The proteins with anti-aptip properties contain all four BH type
domains. Examples are BchAd Bcl-x and they protect cells from death by stabilising th
mitochondrial outer membrane. The pro-apoptoticBtamily proteins are located in the
cytosol or associated with the cytoskeleton. Afteleath signal, the pro-apoptotic Bcl-2
family members undergo a conformational changedhables them to target and integrate
into membranes [66]. The anti-apoptotic Bcl-2 meratae initially integral membrane
proteins found in the mitochondria, ER or nucleanmbrane. They can inhibit the activation
of the pro-apoptotic Bcl-2 family members througmerisation with them [67]. The pro-
apoptotic Bcl-2 family members are inserted int® dluter mitochondrial membrane where
they form channels probably together with othetgirs and mitochondria lipids. This
formation of specific pores in the outer membrah#e mitochondrion is reversible in
respect to mitochondrial function but it triggether death signals by the release of proteins
and ions [63]. Another pathway results in the lolssiitochondrial membrane potential by
opening permeability transition pores (PT). Thera collapse in the electrochemical gradient
across the mitochondrial membrane which resulexjunlibration of ions between the matrix
and cytoplasm, osmotic swelling of the mitochondmatrix, rupture of the mitochondrial
outer membrane and the release of proteins andTowesPT pathway occurs mainly in
response to the release oftfaom ER, and Bcl-2 members are also involved in the

regulation of C&' release from the ER.

Upon release of cytochrome ¢ from the mitochondf&8j it forms a complex with apoptotic

protease activating factor 1 (Apaf-1) in combinatwith either ATP or dATP. Apaf-1
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oligomerises and associates with procaspase $heieaspase activation and recruitment
domain (CARD). This complex, called the apoptosoimaple to activate caspase 3 and cell
death occurs [69, 70]. The formation of the apomtes is regulated by inhibitors of apoptosis
(IAPs) that prevent the formation of the complekeile are at least five different IAPs which
are released from the mitochondria and they aclitegtly inhibiting the caspases. They are
removed by Smac/DIABLO (Second mitochondria actvaif caspase/Direct IAP binding
protein with low pl) a protease also released ftbenmitochondria in a coordinated fashion
release with cytochrome c before the formatiorhefapoptosome takes place. Bid is
activated through the death receptor pathway andctvate the mitochondrial pathway by
translocation to the mitochondria and through caxaiion with Bax induce pores in the
outer membrane [71, 72]. An additional activatoapbptosis is ceramide. Ceramides are
lipid molecules and are found in high concentraiwithin the cell membrane and they are
pro-apoptotic molecules which act to induce apdptby initiating cytochrome c release from
the mitochondria (Fig. 7) [73].

Caspase 8

DNA damage
Granzyme B
Calpain p53
Cathepsm Bl Blm and Bad l

D I tBid

Cytochrome ¢ o / Htr2/Omi

Smac . ° o l ROS
#‘— IAPs AIF and Endonuclease G \

Dysfunction in the
mitochondria

N

Apoptosome

Necrosis like Autophagy
programmed cell
Procaspase 3 death ¢
0 Cathepsin
Caspase 3

Figure 7.Apoptosis via the internal mitochondrial pathway.
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Programmed cell death can take many forms butlhfutlf# the criteria of apopotosis.
Htr2/Omi, a serine protease released from the indodria, participates in both caspase
dependent and independent programmed cell deathtbg of its ability to function as an
inhibitor of IAPs and as a general protease. Apsiptmducing factor (AlF) and
Endonuclease G, both released from the mitochorairsable to translocate to the nucleus
and cause programmed cell death by a caspase mtEpgeDNA-fragmentation of chromatin,
resulting in high molecular weight DNA fragmentg[./Mitochondria outer membrane
permeabilisation can be induced by reactive oxygpaties (ROS), Garelease, and an
accumulation of misfolded proteins from the ER.f@a#ks are cysteine proteases that
naturally occur as inactive pro-enzymes. Howevethe presence of high Eaoncentration
they become activated and participate in apoptogiated by glucocorticoids or irradiation
[75].

In normal cells, the p53 tumour suppressor pragepresent at very low levels. The main
function of p53 is to regulate the cell cycle, butesponse to cellular stress, such as DNA
damage, hypoxia and oncogene activation, the p&iipris up-regulated and the cell
undergoes cell-cycle arrest. This allows for DNAwrepaired, or if that fails the cell dies by
apoptosis. The pro-apoptotic Bcl-2 family membaeatgin, Bax, is up-regulated in response to
DNA damage and increased p53 levels. Furthermlioeeanti-apoptotic Bcl-2 family

members are transcriptionally repressed by p53istrgption of genes that increase
production of ROS, an activator of the mitochonldajgoptotic pathway, is induced by p53

and p53 may also up-regulate Fas, inducing Fasateztiprogrammed cell death.

Granzyme B and perforin (see page 13) is abledode apoptosis in target cells by entering
the cell through a non-specific ion pore compodgaedorin [76]. Granzyme B can also

initiate apoptosis by cleavage of Bid, caspased3caispase 7.

Cathepsins are proteases involved in the digesfiapoptotic cells. Cathepsins are located in
the lysosome which is responsible for proteoly$ismmlocytosed and autophagocytosed
proteins at low pH. Destabilisation of the lysosbmambranes by oxidants, pore formation
through the Bcl-2 family members or shingosingismsomotropic detergent, results in
release of cathepsins to the cytosol where theycadell death through proteolytic effects in
the cytoplasm and the nucleus, or cleavage of ®adhepsin is also able to activate caspases

by direct cleavage and shares many substrateDMth repair enzyme poly(ADP-ribose)
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polymerase (PARP), Bid and caspases [77-80].

Autophagy

In healthy cells, autophagy is a process whered¢helegrades old and damaged organelles
within the cell, acting like a cell survival pathyvbut under certain circumstances it acts as an
alternative cell-death pathway [81]. During staimator in hormone deprived cells, the
material can be recycled. The damaged organekesragulfed by autophagosomes created by
donated membranes from the ER that surrounds ganelle. The autophagosomes fuse with
the lysosomes and form autophagic vacuoles. Lysesamontain digestive enzymes and are
responsible for degrading old and damaged organeilthin the cell. Autophagy can be

triggered by the same signals as apoptosis aresigitbed as a backup system of apoptosis.

The execution

Caspase-activated deoxyribonuclease (CAD) is tlekease that degrades the genomic DNA
between the nucleosomes into approximately 180 paiséragments, which, when DNA is
analysed, appears as a DNA ladder and is a mavkapbptosis. The nuclease CAD exists as
an inactive complex (ICAD) with no DNase activityliving cells. However, ICAD becomes
activated upon caspase 3 mediated cleavage arehtamthe nucleus and degrade the
chromosomal DNA [82]. The nuclear shrinkage anddiuglis caused by caspase mediated
cleavage of laminin, a network of protein filamestsrounding the nuclear periphery that
maintains the shape of the nucleus and mediatesaciions between chromatin and the
nuclear membrane [83-87]. Cleavage of PAK2, a merbthe p21l-activated kinase family
mediates the active blebbing observed in apoptetis [88]. Caspases also cleave the
cytoskeleton proteins fodrin and gelsolin causogslof cell shape [89]. The DNA repair
enzyme PARP is cleaved by caspases with the subiselpss of its DNA repair activity [90].
DNA topoisomerase Il, a nuclear enzyme essentidDfdA replication and repair, could also
be inactivated by caspases leading to DNA damage.
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Phagocytic clearance of dying cells

Phagocytosis of apoptotic cells is a very complecedure, but under normal conditions it is
a fast and a non-inflammatory process preventipgpexre of self-molecules. The uptake of
apoptotic cells actively suppresses the releapeminflammatory molecules and promotes
the release of anti-inflammatory molecules [91, 92le cell that is about to die sends out so-
called “find-me” signals such as lysophosphatidglote. For the recognition by the
phagocyte, the apoptotic cell displays so-calleat-fae” signals on its surface. These can be
pre-existing molecules, modified existing molecukeswell as the appearance of molecules
on the cell surface such as phosphatidylserine, (#8¢h is normally located on the inner
leaflet of the plasma membrane. At the same tiraesthcalled “do not eat-me” signals are
down regulated, shed or internalised [48, 93, B¥ny different recognition molecules on the
phagocyte orchestrate the clearance of apoptdtesaech as scavenger receptors (SR-A,
LOX-1, CD68, CD36, CD14), lectin receptors (CD91retculin), intergrin receptors
(vitronectin receptoav/f3, CR3 and 4) and ATP-binding cassette transpddiffierent

bridging molecules such as trombospondin, Gas-6GNE8 and complement factors such as
C1lq, MBL, ficolins, properdin and C3 have also baeplicated as significant players in this
process [31, 94]. The binding of complement compts& apoptotic cells can take place
directly to the apoptotic cell surface, but they edso act as bridging molecules between the
phagocyte and the apoptotic cell (Fig. 8) [95]. Thenplexity in studying and defining
apoptotic cells as early apoptotic or secondaryateccells has led to some lack of clarity in
the understanding regarding the role of complementponents in the phagocytosis of
apoptotic cells. C1qg, MBL and properdin bind to piatic cells late in the death process and
enhance their phagocytosis [31, 96-103], but big@ihC1q, MBL and properdin to early
apoptotic cells is also described [104, 105]. Dgiapoptosis the membrane bound regulatory
proteins are either internalised, down-regulatedetached from the cell surface, which
makes it favourable for C3b binding to the cellface [16, 106], but at the same time fluid
phase C4BP and factor H regulate complement amivéiiom extensive lysis of the

apoptotic cell [100].
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Figure 8.Complement components can bind directly to apaptalls or act as bridging molecules between

the phagocyte and the apoptotic cell.

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a chronlammiatory, relapsing, autoimmune
disorder. Manifestations are diverse and affectynmagan systems such as the skin, joints,
kidneys, nervous system, heart and lungs by caurisitagnmation and organ damage. The
disease may vary from mild to severe and fatal@mdmon symptoms include fatigue, fever,
arthritis, rash, vasculitis and sensitivity to sght. SLE is 6-8 times more common among
women than among men and onset usually occurs betthe ages of 10-50 years and with
an incidence of 4.8/100 000 per year in southerad&w [107]. Both the innate and the

adaptive immune systems contribute to the pathodegy in the disease.

The cause is not known, but a complex combinatfayeaetics and environmental factors
seems to be involved. UV-light, virus infectionaiher infectious agents, hormones and
drugs may result in the disordered immune resptiregdypifies SLE. Environmental
influences on the expression of disease manifestgtre clearly seen in SLE but no clear
evidence has been found that an environmentaldriggnvolved in the initiation of the

disease [108, 109]. SLE is influenced by many dgeriattors and the MHC class Il and class
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lll genes show strong association with SLE. The Mg#Des located on chromosome 6 are
involved in the immune response by participatinghm recognition of self and non-self but
also the complement genes C2, C4 and factor Braox@ded by this region. C4 is encoded by
two closely linked genes, which have minor diffexes, producing two isotypic variants, C4A
and C4B and null alleles of C4A are associated ®ltk. A single nucleotide polymorphism,
identified in the gene of integrin alpha M (ITGAM),subunit of the CR3 receptor (CD11b)
involved in binding of iC3b, has shown strong asstan with SLE. Several other genetic
variations are seen in SLE such as a general upategn of IFN-inducible genes, termed the
type | IFN signature [110]. Genetic factors seemlay a role in the development of SLE and

environmental factors may trigger the disease megeally susceptible subjects.

The diagnosis of SLE is based on clinical manitesta together with immunological
abnormalities. For case definition in clinical res#h, classification criteria, American
College of Rheumatology (ACR) are used [111]. Theranifestations included in the ACR
criteria are malar rash, discoid rash, photosetisitioral ulcers, arthritis, serositis, renal
disease, neurological disorder, haematological festaition (leukopenia, lymphopenia and
thrombocytopenia), immunologic disorder (anti-DN#itiaodies, anti-Smith autoantibodies
and anti-cardiolipin antibodies) and anti-nucleatitzodies. The presence of anti-cardiolipin
antibodies is seen in the antiphospholipid syndrarieh may occur in isolation or in
association with connective disease, particulatl §112]. The most common clinical
manifestations of this syndrome are venous orialtirombosis and recurrent fetal loss.
For diagnosis of SLE, the presence of four or nudthe ACR criteria is required. Disease
activity can be measured by the validated SLE Bisdectivity Index 2000 (SLEDAI-2K)
[113].

There is no cure for the disease; treatment of Sli& relieve symptoms and protect from
organ damage by decreasing inflammation in the bodg disease is heterogeneous and
varies from person to person as well as in perstmperiods of flare followed by periods of
remission. The symptoms and organ system involwnedsaverity of the disease decide which
drug to be used. Anti-inflammatory drugs, glucommitls and immune suppressive treatment

may be used.

The production of autoantibodies is antigen-driged dependent on T-cell and hyperactive

B-cell responses, generating circulating immune meres causing damage by deposition in
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organs and activation of the complement system.alib@antibodies produced are directed to
components of the cell nucleus including dsDNA, RKAtones, nucleosomes and small
nuclear ribonucleoproteins (SnRNPs) [109, 114, 105 of the first described laboratory
abnormalities associated with the SLE diseaseeis Ehcell phenomenon. In 1948 Hargraves
et alobserved PMNSs in bone marrow preparations thaehgdlfed large masses of material
containing cell nuclei and autoantibodies agaimstrtuclei [116]. It has later been recognised
that autoantibodies against histone 1 are invoaretithe presence of complement is required
for the formation of LE cells [117, 118].

A fast and efficient removal of dying cells anditiremnants are of importance for protection
against exposure to these autoantigens. Cellslihdty apoptosis are rapidly taken up by
neighbouring cells or by specialised phagocytet siscmacrophages [119]. The uptake of
apoptotic cells by the macrophages leads to relefameti-inflammatory substances like IL-
10 and transforming growth factor beta (T@fand pro-inflammatory mediators like 1L-2
and TNFe are suppressed [91, 120]. SLE patients show aniregclearance of apoptotic
cells [121, 122], an accelerated apoptosis of &#8-126] andfurthermore, an apoptosis
inducing factor is present in the serum of SLEguas [127-130]. The waste and disposal
theory of SLE postulate that ineffective clearantapoptotic cells and cell debris leads to
the initial break in self tolerance. Apoptotic calaterial is most likely the main source of
autoantigens in SLE; the increased amount of pialieanitoantigens could be an important
disease mechanism (Fig. 9) [109, 131, 132]. In knatmouse models involving molecules
in the clearance of apoptotic cells, such as DN&=&ium Amyloid P component (SAP), Clq
and IgM all showed development of classical sym@omSLE [133-135].

Type | IFNs have many effects on the immune sysiethmost of them promote immune
response. In SLE, besides the presence of hypesd@icell response, autoantibodies against
modified nuclear components, increased complenamwmption, decreased clearance of
apoptotic cells, an ongoing production of type N#Hs seen. Elevated levels of serum l&N-
a cytokine belonging to the family of type | IFNgve been shown in SLE and the elevated
levels correlate with both disease activity andesiy. Immune complexes containing RNA

or DNA may activate plasmacytoid dendritic cellat(rral IFN-producing cells) to produce
IFN-a, this is mediated by the involvement ofyFeceptor, TLR-7 or TLR-9 [136]. C1q is
shown to inhibit the immune complex induced IeN¥oduction by the plasmacytoid
dendritic cells [137].
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Deficiency of proteins in the classical pathwayomplement activation, C1q, C4 and C2 are
associated with the development of SLE. A clearanahy exists where more than 90% of
C1q deficient individuals, 75% of C4 deficient iadiuals and about 20% of C2 deficient
individuals develop SLE. Among the patients defitie C1q and C4 an equal gender
distribution of disease is seen but in the C2 dsificindividuals, SLE is more common
among women [35, 138, 139]. Acquired deficiencyaged with antibodies against C1q or
due to complement activation is also commonly seeang patients with SLE [140]. The
components in the classical pathway are all neéatesh efficient phagocytosis of apoptotic
cells [102] but C1q is also important for the regidn of cytokines and IFN-production
induced by DNA containing immune complexes [13 eTTomplement system mediates two
sides in the pathogenesis of SLE; complement ideteéor an efficient phagocytosis of
immune complexes and apoptotic cells but at theedame it mediates inflammation and

tissue damage. This is called the Lupus Paradadk][14

Increased Impaired complement Complement
apoptosis function activation
T inflammation and
/ organ damage
Complement
consumption '\ T
Impaired clearance of Immune complexes
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Autoantibodies

\ Modified nuclear —_—"

antigens

Figure 9 Impaired complement function contributes to ardased clearance of apoptotic cells leading to

exposure of autoantigens, such as modified nucle@ponents and formation of immune complexes cgusin
complement activation, inflammation and organ daen&f)/-light and virus infection can cause increased

apoptosis.
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PRESENT INVESTIGATION

Aims
Paper I: To confirm and extend observations ofldelfactors in serum from SLE patients

with capacity to induce apoptosis in normal cefid aell lines.

Paper II: To characterise mechanisms involved éngjoptosis induced by serum from SLE

patients.

Paper lll: To investigate the relative importané¢he different complement activation
pathways regarding clearance of apoptotic cells.

Paper IV: To analyse the presence of autoantib@jesist histones in serum from SLE
patients and measure phagocytosis of necrotic rabhtethe presence of serum from SLE

patients by polymorphonuclear leukocytes.

Papers | and Il

A most likely source of autoantigens in SLE is aptip cells, and due to decreased clearance
of such cells increased immune response is seean\tiiis study was started, evidence
suggested that an apoptosis inducing factor wasepten serum from SLE patients [127]. It
was originally observed that sera from SLE patieffisct monocytes, resulting in decreased
phagocytosis, spreading and cell adherence [1d4Hapers | and Il we study the ability of
serum from SLE patients to induce apoptosis orewdfit cells and the mechanisms behind it.
Serum induced apoptosis was studied by using seaimSLE patients with both active and
inactive disease. Serum from patients with othémieumune diseases such as rheumatoid
arthritis (RA) and primary systemic vasculitis,anfious diseases such as mononucleosis
(Epstein-Barr virus infection) arfstreptococcus pneumoniaepticaemia and sera from

healthy individuals were also used.
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Routine laboratory tests included serum concewoimatof CRP, complement proteins (C1q,
C3 and C4), and anti-dsDNA antibodies. In additiofi,blood counts were performed on the
SLE patients.

Peripheral blood mononuclear cells were obtaineohfiresh heparinised blood samples from
different healthy donors, and purified monocyted mphocytes were used. The
monocytoid U937 cell line and lymphocytoid Jurkatdll lines E6-1, A3, | 2.1 (FADD
mutant of A3), SFF\Vheoand SFFVicl-2 (overexpressing Bcl-2) were used. The cells were
incubated with serum from patients and from thetrmds, and the serum induced apoptosis
was detected by measuring binding of Annexin VA4ftusothiocyanate (FITC) and propidium
iodide (P1I) to the cells with flow cytometry. Twd.E sera with a high apoptosis inducing
effect were depleted of IgG by absorption on protgisepharose and two sera were heat

inactivated at 56°C for 30 minutes to inhibit coempkent activation.

Monoclonal antibodies against Fas (ZB4) and TNFRewssed in experiments designed to
block apoptosis via the death receptor pathwaycalid were also pretreated with pan-
caspase and caspase-8 inhibitors when evaluatnigiblvement of caspases in the serum
induced apoptosis. The apoptosis inducing effetEAvas defined as percentage of
apoptotic cells induced by the test serum minugp#reentage of apoptotic cells induced by
the negative control. Caspase activity during seindguced apoptosis was measured by flow
cytometry using the kits CaspaTag™Caspase-3 (DE€B3paTag™Caspase-8 (LETD),
CaspaTag™Caspase-9 (LEHD) (Intergen Company, NescfeA, USA) and Caspase-8
FLICA (FAM-LETD-FMK), Caspase-9 FLICA (FAM-LEHD-FMK(Immunochemistry
Technologies, LLC, Bloomington, MN, USA).

Results

This study showed that apoptosis was induced im@dependent manner in monocytes and
lymphocytes from healthy donors by supplementirmggiowth medium with 20% of serum
from SLE patients. The Annexin V binding to theleg@receded PI reactivity supporting the
idea that serum from SLE patients induces apoptogisnot primary necrosis. Morphological
studies with light and confocal microscopy showsat serum induced apoptosis on normal
cells incubated with serum from SLE patients diggtha classic apoptosis with shrunken
cells, nuclear condensation and formation of agapbmdies. This was confirmed by flow

cytometry by distribution of the cells in forwarddaside scatter properties (reflecting size
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and structure, respectively) and by Annexin V higdiCaspase 8 and caspase 9 activity
measured over time mirrored each other with aresmed activity already apparent after 4h.
The caspase activity could be reduced significaipi0.05) by the caspase inhibitors after 6h
incubation of cells with SLE serum, but no effegttbe caspase inhibitors was seen after 16h
incubation. No decrease in the AIE of serum fronie Platients was seen when using
antibodies blocking the death receptor pathwayicatohg that death receptor independent
pathways are more important than death receptaramt ones.

Serum induced apoptosis was also seen when ugikagtJu937 and FADD-deficient cell
lines, but with the cell line over-expressing BelaXsignificant decrease (p<0.05) of serum
induced apoptosis was seen, indicating the invobrerof the mitochondrial pathway.
Depletion of IgG from serum and heat inactivatiéiserum did not have any effect on the

AIE, demonstrating that it was independent of Ig@ aomplement activation.

The observed serum induced apoptosis was not seem using sera from other autoimmune
diseases, infectious diseases or healthy indivedidralrthermore, no differences were seen

between sera from SLE patients with active or inadlisease.

There was no correlation between SLEDAI and the é&iEnonocytes or lymphocytes using
serum from SLE patients. Patients with low C1q antbiw C4 levels had notably higher AIE
on both monocytes and lymphocytes. This was alep && serum with low C3 levels, but in
this case the correlation was less pronounced.l&@fe€5a in cell culture supernatants
correlated with the AIE on monocytes but much legh AIE on lymphocytes. The serum
concentration of anti-dsDNA antibody correlated lagavith AIE on monocytes and
between anti-cardiolipin antibody levels and lympyte apoptosis a correlation was also
found. Levels of TNFe in cell culture supernatants, but not in the sevaielated with the
AIE on both monocytes and lymphocytes.

Paper Il
Inherited deficiencies in complement componentthefclassical pathway are associated with
a high risk for development of SLE. Therefore, pa¢ghways involved in complement

activation by apoptotic cells were studied usingisefrom individuals deficient in the
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complement proteins C1q, C2, C4, C3, properdinMBd. Normal human serum and a pool
of sera from ten different healthy individuals watso used. Serum reagents lacking C1qg and
factor D or factor D only were prepared as previpdsscribed [143]. The serum used for
C1q and factor D depletion was also deficient oftMBurified complement proteins C1q,

C2, C4, factor D and properdin were available mltdboratory and published methods for
purification had been used [144-148]. RecombinaBLNYMBL) was kindly provided by
Professor J. C. Jensenius (Aarhus, Denmark).

For the generation of macrophages, peripheral bhoodocytes were obtained from fresh
heparinised blood samples from healthy donors.riibeocytes were cultured for 5 days in
RPMI 1640 media, containing 10% normal human segentamycin and amphotericin
allowing the monocytes to differentiate into madrages (MDM). Apoptotic cells were
obtained by treating Jurkat cells with staurosparinelding approximately 50% early
apoptotic cells and 50% late apoptotic cells, dahtthe cells were labelled with CFS-E. The
labelled apoptotic cells were allowed to interathwhe MDMs in the presence of different
serum. The MDMs were collected and RPE-cy5 anti-Cidvas added. Engulfment of
labelled apoptotic Jurkat cells by the MDMs waslgsed by flow cytometry.Cells positive
for both CD14 and CFS-E were considered as apopteti-engulfing MDMs and the number
of those cells were calculated as a percentageedbtal number of CD14-positive cells. For
measuring complement deposition on apoptotic cilescells were incubated with different
deficient sera or reagents. Complement activatias assessed by measuring C3 deposition
using antibodies against C3 fragment, with spatyffor C3d, followed by incubation with
specific antibodies (anti-mouse) conjugated withiqaerythin before analysed by flow

cytometry.

Results

Sera from individuals deficient in classical patgjweamponents (C1qg, C2 and C4) all showed
a decreased phagocytosis of apoptotic cells. WHdim@ back the missing complement
component, the phagocytosis increased to a lemglagito that of normal human serum. The
lectin and the alternative pathway did not influepbhagocytosis of apoptotic cells, since sera
lacking MBL, properdin or factor D showed equaldbvof phagocytosis as normal human
serum. The C3 deficient serum showed decreasel$ leivphagocytosis of apoptotic cells but

increased after reconstitution with C3 albeit mothte same level as normal human serum.
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Sera from healthy controls and sera with low MB\els supported C3 deposition on
apoptotic cells over a wide range of serum conegiotrs (2.5-40%). The effect increased
with increasing serum concentration and was mavaqunced on secondary apoptotic cells.
Serum deficient in the classical pathway only sheb®@8& deposition in high serum
concentrations, indicating involvement of the altgive pathway. Experiments with MBL-
deficient serum further depleted of C1qg and faBt@upported the predominance of the

classical pathway regarding C3 deposition on apgmptells.

Paper IV

Autoantibodies directed against autoantigens, sgafiucleic acid and nucleic acid associated
proteins, are common in SLE, and apoptotic andatieccells are known to expose these
autoantigens. Phagocytosis of necrotic material) (&€ apoptotic cells by
polymorphonuclear leukocytes (PMNs) were studiethépresence of serum samples
collected consecutively over several years fronSILE patients (n=798). Routine laboratory
testing of complement proteins (C1q, C3 and C4)amddsDNA antibodies had previously

been performed on serum from these SLE patients.

Sera from 64 SLE patients selected for time pahtigh and low disease activity estimated
by SLEDAI-2K [113] and sera from individuals de#ait in the complement proteins C1q,
C2, C4 and properdin were also used. Purified cempht proteins C1q, C2, C4, and
properdin were available in the laboratory and wesed to restore deficient sera. These
proteins had previously been purified accordingublished methods [144-148]. As controls,

sera from 100 healthy blood donors were used.

Peripheral blood mononuclear cells (PBMC) were iolet from fresh heparinised blood
samples from healthy donors and PMNs were isolayadkensity gradient centrifugation
according to the manufacturer’s protocol. Engulfir@iNC or apoptotic cells by the PMNs

in the presence of serum was analysed by flow cgtgnand two assays for phagocytosis
were used. One of these assays measured phageaftogicrotic cell material (PNC assay)
and the other assay measured phagocytosis of apogts (PAC assay)he NC material
was generated by incubating PBMC for 10 min at 783€ apoptotic cells were generated by

treatment with staurosporine. Autoantibodies adgdirstones were measured by ELISA. Two
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different ELISAs were developed, one detectinglatties against only histone 1, the linker
histone, and a second in which a mix of histone&,(B and 4), of which 2, 3 and 4 belong to
the core histones, was used as antigen.

Results

Using flow cytometry, PMNs containing necrotic sedind apoptotic cells could be detected.
Increased levels of phagocytosis of NC and apaptatis were seen in the presence of serum
from SLE patients. Of the 19 SLE patients, 17 shibimereased levels of phagocytosis of NC
at some time point and this was not seen in thhyeeontrols. The phagocytosis of NC was
dependent on antibodies and a functional complesystém, shown by decreased levels in
the PNC assay after depletion of IgG and heat ivetain of sera.

To further establish the importance of the complatnsgstem for an efficient phagocytosis of
NC, different sera from complement deficient indivals were used, and anti-histone
antibodies were added to promote phagocytosis of$é€a with deficiencies within the
classical pathway (C1q, C2 or C4) all showed aradearease in phagocytosis of NC in the
presence of anti-histone antibodies when compareditmal human serum (NHS)
supplemented with anti-histone antibodies. Afteorestitution of the missing complement
protein in the presence of anti-histone antibodles phagocytosis of NC equalled that of
anti-histone antibody-supplement NHS. The seruniciett of properdin showed an equal
capacity to promote phagocytosis of NC as the laistone antibody-supplemented NHS and
no change was seen after reconstitution with pcbper

Anti-histone antibody levels measured by ELISA shdwa good correlation with the ability

to phagocytose NC. Classification of the anti-mstantibodies in the 19 SLE patients’ sera
by SDS-PAGE and Western blot showed that 10 sert@arwed autoantibodies against more
than one histone, 5 sera contained autoantibodesast only histone 1, and the remaining 4

patient sera did not have detectable levels ofaanitioodies against any of the histones tested.

Among the patients who were positive in the PNGgswith antibodies against more than
one histone, we found a trend of decreased coratents of the complement proteins C1q,
C3 and C4 not seen in sera with only antibodieshagaistone 1. A similar trend was seen in
the correlation between antibodies against histandshe complement components C1q, C3
and C4.
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Individual values of area under curve divided bijofw-up time (AUC) in each of the 19
longitudinally followed patients were calculateddahe patients were divided into groups
based on the presence and specificity of antibddi@sstones. Sera containing antibodies
against more than one histone had increased gadtivihe PNC assay as compared to serum
containing antibodies against only histone 1 (p£D.8era containing antibodies against
more than one histone were also higher in the P&@yaas compared to sera without
detectable anti-histone antibodies (p=0.008). Ni@i@inces in AUC values were seen when
comparing phagocytosis of NC in serum containingpadies against histone 1 with serum
negative in the PNC assay. A trend towards dectdeasmecentrations of C3 and C4 was seen
in the group containing antibodies to more thanlustne as compared to sera containing
antibodies to only histone 1 or without anti-histantibodies, but this was not statistically
significant. Patients with antibodies to a broagjgectrum of histones also had autoantibodies
against DNA. In the 64 patients where serum santpdsbeen selected for time point of low
and high disease activity, a clear relation oféased phagocytosis of NC and high levels of
autoantibodies against histones was seen at timé gfchigh disease activity.

Discussion and future perspectives

SLE is a complex disease and the cause is unkresnn, most other autoimmune diseases.
Multiple genetic factors interacting with environmal factors seem to play a role in
development of SLE and both the innate and thetagajpnmune systems contribute to the
pathology seen in the disease. Apoptotic cells heen suggested to be a major source of
autoantigens in SLE since clustering and conceatraf lupus autoantigens in the suface
blebs of apoptotic cells have been demonstrated] [ELE patients show an impaired
clearance of apoptotic cells, which may resultririrecreased exposure of autoantigens [149].
The formation of autoantibodies gives rise to dating immune complexes causing damage

by deposition in many organ systems and activaisfa@omplement.

In Paper | we showed that the apoptosis inducifextin sera from SLE patients was not
related to non-specific inflammatory events argegms to be specific for SLE and still no
difference was seen between active and inactiveades Others have shown accelerated Fas-
dependent apoptosis of monocytes and macrophages3tE patients [124], and increased
apoptosis of CD34stem cells exposed to SLE serum has also beenedd@28]. We have
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further investigated the correlation between seinduced apoptosis and expression of Fas on
freshly prepared cells from SLE patients and noetation was found. However, when using
serum from SLE patients, with the capacity to irelapoptosis, and autologous cells, the
serum also induced apoptosis on these cells (uighelol data). The presence of a pro-
apoptotic mechanism in serum from SLE patientsccdrease the load of autoantigens and
influence the efficiency of clearance of apoptatdls. The apoptosis inducing effect was not
dependent on IgG and complement activation. Thigates that IgG containing immune
complexes are not directly involved and cell desthot caused by complement activation but
still split products of complement activation colie involved. The relationship seen between
the concentrations of the complement protein incthesical pathway and serum induced
apoptosis could not be seen when we extended théerof samples analysed (unpublished
data). It has been described that purified autbadies such as anti-dsDNA and anti-
cardiolipin antibodies do induce apoptasivitro [150, 151]. Even if only a weak correlation
was seen between the presence of these autoaeshal serum induced apoptosis, and
removal of IgG by protein G absorption did not urghce the serum induced apoptosis, further
studies regarding the presence of autoantibodissruimm are of interest. Ongoing studies with
a larger cohort regarding correlation between sengluced apoptosis and different diseases

manifestation are in progress.

In Paper Il we showed that serum from SLE patiemdsaces a classical caspase dependent
apoptosis, independent of death receptors but lkest involving the mitochondrial

pathway. Classical apoptosis is characterized $tyndt morphological changes such as
compact chromatin condensation. Other criteria siscbaspase activity and maintenance of
membrane integrity should also be fulfilled [43helserum induced apoptosis could be
reduced when the pan-caspase inhibitor Z-VAD fmk wsed together with serum, indicating
a caspase dependent apoptosis. Activity of caspas#icates involvement of the death
receptor pathway and activity of caspase 9 indgceteolvement of the mitochondrial
pathway, but caspase 8 also has the possibilagtivate caspase 9 via tBid-mediated
cytochrome c release. However, we saw both caspard caspase 9 activity occurring
simultaneously. These unexpected findings havelsso described when anti-cancer drugs
are targeting the mitochondrial pathway where css8ais activated in the absence of death
receptors [152]. In this situation caspase 8 isigi to function as an executioner caspase in
the mitochondrial pathway [153] and it has alsorbéescribed that caspase 3 mediates

feedback activation on upstream caspases suclspasea8 [154]. A reduction of the
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apoptosis inducing effect was seen when using & Bsler-expressing cell line as compared
to corresponding vector control cells, indicatihg tnvolvement of the mitochondrial
pathway. No reduction of the serum induced apoptwsais seen when using a FADD-
deficient cell line or when blocking the death gtoes Fas and TNE:- This indicates that the
death receptor pathway is not involved in SLE semuiiced apoptosis, but it cannot be ruled
out that a novel FADD-independent death receptomnslved. Furthermore, the balance
between pro- and anti-apoptotic stimuli may detisedestiny of the cell and the different
death pathways may co-exist. The factor in serudndgmg apoptosis has not yet been
identified, current findings suggest involvementaiegatively charged protein, and further

investigations are ongoing.

In Paper Ill we investigated the role of complemeantpsonisation of apoptotic cells.
Homozygous deficiency of the classical pathway congmts C1q, C4 or C2 is associated
with an increased susceptibility to SLE. Nearlyiadlividuals with C1q deficiency develop
SLE, often at a young age, whereas C4-deficienviedals develop SLE less often, with
individuals deficient in C2 even less so [35]. Wewed that the complement components of
the classical activation pathway are all imporfantan efficient phagocytosis of apoptotic
cells and the main contributor to opsonisation 8ffagment on these cells. Thus, the strong
association between C1qg-deficiency and SLE is palyly explained by the role of C1q in
the clearance of apoptotic cells. We studied thakeof apoptotic cells by monocyte derived
macrophages in the presence of complement-defisegat The clearance of apoptotic cells
was shown to de dependent upon the classical pgtbinx@mplement activation, whereas
neither a functional lectin nor alternative pathweas necessary. These findings are in
accordance with most other reports within this aede area [31, 155]. However, in our
experimental setup, we could not see any differéeteeen serum from individuals deficient
in C1q, C4 or C2. This finding indicates that comgnts of the classical pathway appear to
be equally important in the clearance of apoptoeits, which contradicts the hypothesis of a
hierarchical role for classical pathway complememtgeins with regard to their role in
clearance of apoptotic cells [156]. Elevated lewdlserum IFNe seen in SLE patients have
been proposed to have a significant role in thbqmnesis of the disease and our group
recently described a novel function of C1q in thgulation of immune complex induced
production of IFNe.. These findings suggest another role for C1q amtribute to the
explanation of why C1qg-deficiency is such a strasl factor for the development of SLE
[137].
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The results obtained in this study using complerdeficient sera and sera depleted of C1q
and factor D showed that activation of complemegnaoptotic cells resulted in deposition of
C3 fragments, which was dependent mainly upon esical pathway. Deposition of C3
fragments through classical pathway activation seen at low serum concentrations, and
was most pronounced on secondary necrotic celis.i$lin agreement with results from
other investigators [96, 98]. The partly discrepamdings compared with previous studies
with regard to complement pathways in opsonisadioth phagocytosis of apoptotic cells
could be due to the serum concentration used,lboat@ different cell types and cells at
different stages of apoptosis. In our experimdmispan sera from complement-deficient
individuals were used, which could be another irtgpardifference. Nevertheless, our
experiments strongly indicate that activation @& thassical pathway is beneficial for the
phagocytosis of cells undergoing apoptosis, esheoBthose also being secondarily

necrotic.

The major source of autoantigens in SLE, as meati@bove is thought to be apoptotic cells.
These autoantigens may be processed in a wayeabatmitopes will emerge to which the
immune system is not tolerant and autoantibodiesherefore formed against nuclear
antigens which are frequently seen in SLE patiélits. presence of PMNs containing
phagocytosed nuclear material is also seen in $hks.is described as the LE cell
phenomenon and was one of the first described d&wyr findings associated with SLE
[116]. In Paper IV we evaluate the roles of commatrand antibodies against histones in
relation to phagocytosis of necrotic cell mateffdC) by PMNs. We found that
autoantibodies against histones were associatédngh capacity of PMNs in phagocytosis
of NC and also that the classical complement payioeatributed to an efficient
phagocytosis. Serum deficient of C1q, C2 or C4latlwed decreased capacity to promote
phagocytosis of NC in the presence of antibodiesnag histones but no differences were
seen when using serum deficient of properdin aspemed to normal serum with antibodies
histones added. In SLE patients a broad anti-hestggactivity was associated with
complement consumption and clinical manifestatsunsh as vasculitis and
glomerulonephritis. It has been suggested thabiést is the major autoantigen in SLE for
the generation of LE cells [118, 157]. However, fidings suggest that the LE cell
phenomenon is dependent on antibodies againsnkigt@specially in combination with
antibodies against histone 1 or histone 2. Theeptiwith antibodies to more than one

histone also had antibodies against dsDNA indigadifbroad spectrum of autoantibody
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specificities. This suggests that not exclusiveitpantibodies against histone 1 but also
autoantibodies against other nuclear proteins, D&, perhaps autoantibodies against
nuclear ribonucleoproteins could be able to indutagocytosis by PMNSs. It has been
described that antibodies are able to penetraddiinhg cells and interact with their

respective antigen, which may affect intracelld@ilarctions as well as induction of apoptosis
[158]. This could lead to exposure of more autamerts and generation of a broader spectrum

of autoantibodies if the apoptotic cells are natperly cleared from the system.

Possibly, the activation of the complement systeansn the patients with a broader
autoantibody profile reflects a higher density otibd antibodies making it more favourable
for C1 to bind resulting in complement activatiédm Fc receptor-mediated phagocytosis of
antibody-coated nuclear material seems not to fieisnt; instead a cooperative binding of
complement fragments to receptors expressed on Fdé&lns to be necessary for an efficient

phagocytosis. Further studies will be carried egiarding this issue.

Influence on phagocytosis of apoptotic cells by PAMiNthe presence of autoantibodies with
different specificities will be studied. To furthelarify the association between the
specificities of autoantibodies against histones @mical findings, more patients will be
included in the study.

In this thesis, some of the mechanisms believdztimportant in the pathogenesis of SLE
have been addressed. The ability of serum from |&ttents to induce apoptosis could
contribute to impaired clearance of apoptotic ¢elifsincreased load of autoantigens, and the
formation of autoantibodies. Also low concentratairthe complement classical pathway
components could cause impaired clearance of afjoptdls and as a consequence, more
apoptotic cells may expose autoantigens. Autoadiésoagainst histones are important for
the uptake of the damaged cells in PMNs and magatethe presence of apoptotic cells in the
circulation. The autoantibodies may form circulgtimmune complexes, and deposition of
these complexes in various organs may propagatdglammatory response with complement
activation leading to complement consumption. Toraglement consumption which leads to
low concentrations of the components of the clasgathway may, in turn, contribute to
impaired clearance of apoptotic cells.
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Conclusions

Sera from SLE patients induce apoptosis in mongael lymphocytes from normal
healthy donors, as well as in the monocytoid ¢ed 1937 and the T-cell line Jurkat.
The apoptosis inducing effect is not related to-apecific inflammatory events and
seems to be specific for SLE but is not a markedigease activity.

The apoptosis inducing effect is not dependeng@ domplexes or complement
activation.

Sera from SLE patients induce a classical caspgsendient apoptosis, independent of
death receptors but most likely involving the mitondrial pathway.

Deficiency of the factors C1q, C4 or C2, of thessiaal complement activation
pathway, resulted in an equally decreased abdiphtagocytose apoptotic cells.
Activation of the classical complement pathway se#obe the most important
contributor of opsonisation of C3 fragments on dptp cells and is required for an
efficient phagocytosis of apoptotic and necrotiltsce

The strong association between C1g-deficiency aliS only partly explained by
the role of C1q in the clearance of apoptotic cells

Phagocytosis of necrotic material by PMNs is depehdn the presence of IgG and
on the classical complement activation pathway.

Broad anti-histone antibody reactivity is stronghsociated with increased
phagocytosis of necrotic material by neutrophilsedse activity and with

complement consumption.
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POPULARVETENSKAPLIG SAMMANFATTNING PA
SVENSKA

Systemisk lupus erythematosus (SLE) ar en kroruséimun sjukdom, det vill sdga en
sjukdom dar immunforsvaret angriper kroppens egemad och fororsakar inflammation.
SLE kan drabba manga av kroppens organsystem séwnteder, njurar, hjarta, karl,
lungor och det centrala nervsystemet. Sjukdomsersak okand men tros bero pa en
samverkan mellan gener och miljéfaktorer. Immureyst ar involverat i sjukdomsprocessen
pa manga satt, bl. a. finns en 6kad produktionraiki@ppar mot manga naturligt
forekommande strukturer i kroppens celler dariblarud DNA, sa kallade autoantikroppar.
Granulocyter vilka aktivt tagit upp delar av celikér, i regel i komplex med antikroppar
riktade mot cellkarnornas komponenter, bland amm@thistoner kan beskrivas som LE-
celler. Detta LE-cellsfenomen &r associerat med &tlitredan 1948 beskrev M. Hargraves
en mikroskopbaserad metod for att detektera deska.c

Komplementsystemet bestar av ett 30-tal I6sliger @lembranbundna proteiner, vilka utgor
en viktig del avimmunsystemet. Vissa komplemegtitant fungerar som opsoniner, d.v.s.
marker ut frammande d&mnen (antigen), vilket undndor fagocyter (celler som ater upp)
att ta upp (fagocytera) dessa amnen och oskadigtgin, vidare kan komplement ocksa vid
aktivering gora hal pa cellen sa att den forstéimnplementsystemet kan aktiveras via tre
vagar, den klassiska vagen, den alternativa vagemestinvagen. Bristfallig funktion av
komplementsystemet ar associerad med sjukdomenspleEiellt defekter av proteiner
involverade i den klassiska vagen. Vid brist avatay dessa proteiner 6kar risken for att
utveckla SLE och en rangordning finns dar ca 90v9peasoner med brist av C1q utvecklar
SLE, 75 % vid brist av C4 och 10 % vid brist av €2.0kad aktivering av
komplementsystemet kan ocksa ses vid sjukdomenfi@iniforallt vid sjukdomsskov.

Apoptos, en form av programmerad celldod, &r nédigifor utvecklande och
uppratthallande av multicellulara organismer oam $orsvarsmekanism. Det ar en aktiv
process som ar beroende av signaler eller akeviteten déende cellen och framkallar inte
nagot inflammatoriskt svar, i motsats till nekrasmsar en passiv celldod orsakad av skada
vilken ger upphov till ett inflammatoriskt svar. gjptos kan aktiveras externt genom

receptorsignal eller internt via mitokondrien soénfdsatter pro-apoptotiska amnen. Kaspaser
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ar en grupp enzymer som normalt finns i inaktinfpmen som aktiveras vid apoptos och da
kan bryta ner eller aktivera andra proteiner odlenddrbereds for dod. Vid programmerad
celldod forandras cellen, nya molekyler expone@alimembranet, sa att fagocyterande
celler kéanner igen och omedelbart kan ta upp dahettf snabbt omhéndertagande av de
apoptotiska cellerna undviks att de intracellukwenponenterna exponeras for
immunsystemet. Patienter med sjukdomen SLE habrsé@rfrad formaga att ta bort déende
celler, vilket leder till en 6kad méangd av kvarvada apoptotiska celler. Dessa apoptotiska
celler blir da tillgangliga for immunsystemet ool doende cellerna ar troligtvis huvudkallan

for exponering av autoantigen som bidrar till biidat av autoantikroppar.

Avsikten med detta projekt var att utvidga och bieskdet tidigare fyndet att serum fran
patienter med sjukdomen SLE inducerar apoptos élber ¢ran friska givare. Vi ville aven
studera komplementsystemets paverkan vid borttagawlapoptotiska eller doda celler
genom att anvanda sera med komplementbrist ochrsiilidedeponering av C3 pa de doende
cellerna. Vidare var avsikten att undersoka refetiromellan autoantikroppar riktade mot

histon och formagan att fagocytera doda celler.

Metoder: Flodescytometri &r en teknik dar man darikaah mata och identifiera olika celler
genom att lata cellerna skickas en och en genolasenstrale. Det reflekterande och
avbojande laserljuset registreras och omvandlasleitriska signaler som ger ett matt pa
cellens storlek och form. Cellerna kan dven marked olika cellspecifika markorer till vilka
det ar kopplat olika @amnen, fluorokromer som utsérjds vid olika vaglangder och pa sa
satt kan olika subpopulationer identifieras. Cell@n ocksa undersokas med
konfokalmikroskop, hér utnyttjas laserljus for ladhstruera tredimensionella bilder.
Laserljuset flyttas dver provet och endast detdjms ar i fokus skickas till detektor och
ovrigt ljus filtreras bort, detta gor det mojligt &a bilder i flera optiska plan. Férekomst av
antikroppar kan métas med ELISA (enzyme-linked imoaorbent assay), principen for
denna metod ar att kla en plastplatta med antigarefter tillsatter man det prov man vill
undersdka och med hjalp av en enzymatisk reak@onnkan mata inbindning av antikroppar

till den bekladda plattan.

Delarbete linduction of apoptosis in monocytes and lymphodyyeserum from patients with
systemic lupus erythematosus — an additional mashato increase autoantigen loatl?

detta arbete studerade, bestyrkte och uttkadesereationen av att det i serum fran SLE-
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patienter finns en l6slig faktor som har formagdratucera apoptos i celler fran friska givare
och denna formaga att fororsaka apoptos relatetdddmiska och immunologiska data.
Annexin V (AV) binder till fosfatidylserin exponeraa cellytan pa apoptotiska celler och
propidiumjodid (P1) binder till DNA. Levande, apapiska och nekrotiska celler kan
sarskiljas genom att mata AV- och Pl-inbindningddller med flodescytometri. Vi odlade
celler fran friska givare i narvaro av serum frarESatienter och inbindning av AV och Pl
mattes. Resultaten visar att serum fran SLE-patiditorsakar primart apoptos och inte
nekros av dessa celler. For att undersoka om figttanen aven fanns vid andra
sjukdomstillstdnd undersokte vi sera fran patiented andra autoimmuna sjukdomar sa som
reumatoid artrit, vaskulit och infektionssjukdonsamt friska kontroller. Formaga att
inducera apoptos i celler fran friska givare vaiktifér sjukdomen SLE, men ingen skillnad
kunde ses mellan aktiv och inaktiv sjukdom. Salddesle vi visa att sera fran SLE-patienter
har formaga att inducera apoptos i celler ochetnd formaga verkar vara specifik for SLE-

sjukdomen. Denna egenskap skulle kunna bidrartilexd exponering av autoantigen.

Delarbete IISLE serum induces classical caspase-dependentag®pdependent of death
receptors | detta arbete gick vi vidare och forsokte kagaisera pa vilket satt serum fran
SLE-patienter initierar apoptos. Med konfokalmikeogi kunde vi konstatera att de
apoptotiska cellerna hade ett typiskt klassisk &abproende apoptotiskt utseende, det vill
saga att kromosomerna vilka innehdller DNA ochgirohade sammanpressats och
apoptotiska cellkroppar hade bérjat bildads. Andelpoptotiska celler minskades vid
blockering av kaspasaktivitet. Daremot paverkadtsden apoptosinducerande effekten vid
blockering av dodsreceptorvagen. Bcl-2 ar ett aptptotiskt protein vilket hAmmar apoptos
via mitokondrievagen. Vi understkte om en celldispm overuttrycker Bcl-2 kunde hamma
apoptos fororsakad av sera fran SLE-patienter.ighiftkant minskning kunde ses vilket
indikerade att denna vag ar inblandad. Saledesekuinkbnstatera att sera fran SLE-patienter

inducerar en klassisk kaspasberoende apoptos olokeree dodsreceptorer pa friska celler.

Delarbete Ill:Complement classical pathway components are albrtapt in clearance of
apoptotic cellsHar studerade vi fagocytos av apoptotiska celéirvaro av
komplementdefekta sera. Genom att satta upp eadtytiometerbaserad metod dar
makrofager (fagocyterande celler) inkuberades npegtatiska celler i narvaro av serum
kunde vi mata antalet apoptotiska celler som fatgrays av makrofagerna. Resultaten visade

att den fagocyterande formagan férsamrades likeketydd franvaro av C1q, C2, C4 eller
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C3 i serum, vilket indikerar att aktivering av aleamponenter i den klassiska vagen ar av lika
stor betydelse for en effektiv fagocytos av apagpkat celler. Detta innebéar att den starka
kopplingen mellan brist pa C1q och SLE inte enkart forklaras med den minskad formaga
att fagocytera apoptotiska celler. Vi undersoktelé@osition av C3-fragment pa de
apoptotiska cellerna i narvaro av komplementdedekiim. | dessa forsok mojliggjordes
matning av C3-deposition bade pa tidigt apoptotdiEer (AV-positiva/Pl-negativa) och sent
apoptotiska celler (bade AV- och Pl-positiva). R&gan visade inbindning av C3-fragment
pa apoptotiska celler och denna inbindning var dsakligen beroende av aktivering via den
klassiska vagen. Inbindning av C3-fragment kundepsebade tidigt och sent apoptotiska
celler men var mest uttalat pa sent apoptotiskarc&n viss inbindning av C3 till
apoptotiska celler kunde detekteras i narvaro amgtementdefekta sera i hdg koncentration,
vilket indikerar att C3-deposition via alternativ@gen mest fungerar som en forstarkning av

aktivering via den klassiska vagen.

Nagon skillnad i brist pa den klassiska vagensadi@mponenter och utvecklandet av
sjukdomen SLE kunde inte ses i dessa forsok utamaréalla komponenterna i den klassiska
vagen lika viktiga. Dessa experiment visade att dementberoende opsonisering med C3-
fragment pa doende celler ar viktig for att faedfektivt borttagande av dessa celler och
darmed en minskad exponering av autoantigen. Sa)wleh starka associationen mellan SLE
och brist av C1q kan inte enbart forklaras av adinG1q har i borttagandet av apoptotiska
celler utan &ven andra forklaringar som exempedgtering av cytokiner via C1q skulle

kunna paverka denna association.

Delarbete 1V:Specificity of anti-histone antibodies determinesplement-dependent
phagocytosis of necrotic material by polymorphoeraclleukocytes in the presence of serum
from patients with SLE. The LE cell phenomenorsied.Syftet med detta arbete var att
mata forekomst av autoantikroppar riktade mot histo serum fran patienter med sjukdomen
SLE och att undersdka om granulocyter fagocytegaratiskt material i narvaro av serum
fran SLE-patienter eller serum fran komplementdefékdivider. Tva olika ELISA-metoder
utvecklades for att kunna méata antikroppar moohidt och antikroppar mot en mix av
histoner (1, 2, 3 och 4) och en flodescytometemaasmetod anvandes for att méata fagocytos
av nekrotiskt material. Dessa metoder utvarderadegamférdes med varandra och med
kliniska data. Resultaten visade en god korrelati@tian de olika metoderna och att

forekomst av antikroppar mot histon framfér alltieroppar mot flera olika histoner framjar
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fagocytos. Forutom narvaro av antikroppar behoetiefingerande komplement system, dar
den klassiska vagen aktiveras, for att pa ett éffekatt fagocytera det antikroppskladda
nekrotiska materialet. Antikroppskoncentration ds&tt starkt samband med
sjukdomsaktivitet. Saledes kunde vi hér visa atbett spektrum av autoantikroppar mot
flera histoner framjar fagocytos av nekrotiskt mialé narvaro av den klassiska vagen. Att
mata antikroppar riktade mot histoner i serum B&-patienter skulle kunna vara ett satt att

pavisa narvaron av doende celler, vilka kan biiliratt 6kat autoimmunsvar.
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