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Characterization of neutrophil chemoattractants in inflamed synovial fluid
Method development and evaluation for the study of inflamed synovial fluid from
patients with inflammatory arthritis
LINNÉA ÖGREN
Department of Some Subject or Technology
Chalmers University of Technology

Abstract
Inflammatory arthritis is a group of inflammatory diseases mainly characterized by
inflammation in synovial cavities, eventually leading to the destruction of cartilage
and bone in joints. The complete mechanisms behind this inflammatory process are
not fully understood today, but some signs indicate that it might differ from the nor-
mal inflammatory response associated with acute inflammation. This project focuses
on signaling molecules, called chemoattractants, that are responsible for recruiting
neutrophils to the inflamed synovial fluid in patients with inflammatory arthritis.
More specifically, the aim is to develop and evaluate a possible methodology as a
first step toward identifying and characterizing the neutrophil chemoattractants. In
order to do this, the complexity of the problem can be reduced by dividing the com-
ponents of synovial fluid into fractions based on different molecular properties. Two
possible approaches were investigated here; one where the components were divided
through gel electrophoresis, and one where the components were separated using liq-
uid chromatography methods, after which their chemotactic abilities were measured
with a chemotaxis assay. The separated fractions yielded from both approaches
were then measured with liquid chromatography-mass spectrometry to obtain more
information and clues about the contents and success of separations. Based on the
results, the course of action based on liquid chromatography and chemotaxis assay
was concluded as most promising for successful separation of components and nar-
rowing of the problem, as is proposed as a first step of methodology in further search
for the neutrophil chemoattractants.

Keywords: neutrophils, chemoattractants, inflammation, synovial fluid, inflamma-
tory arthritis, chromatography, chemotaxis, mass spectrometry.
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1
Introduction

1.1 Background

The in�ammatory response plays a major role in the human body's defense system
against infection and injury. There are two types of in�ammatory processes; acute
in�ammation, which only lasts for a few hours or days, and chronic in�ammation,
which can last for months or even years. Proper regulation of the in�ammatory re-
sponse is important in order to avoid host tissue damage [1], and persistent acute in-
�ammation may develop into chronic in�ammatory conditions [2, 3]. In�ammation-
related diseases include stroke, cancer, chronic kidney disease, and autoimmune and
neurodegenerative conditions [4, 3].

In this project, the speci�c in�ammatory process associated with in�amed synovial
cavities in patients with in�ammatory arthritis (IA) is studied, a process that is not
completely understood today. IA covers a group of in�ammatory diseases including
rheumatoid arthritis (RA), psoriatic arthropathy (psA) and ankylosing spondylitis
(AS) [5], which are mainly characterized by in�ammation in the joints caused by a
dysregulated immune system [6, 7]. This eventually leads to the destruction of carti-
lage and bone in joints. In addition, in�ammatory arthritis can increase the risk for
other complications and diseases a�ecting organs such as the heart, kidneys, lungs,
eyes, skin digestive system, and nervous system if more widespread in�ammation
occurs [8, 6, 9]. For example, the risk for RA patients to develop coronary artery
disease is 1.5 to 2 times greater than for the general population [10]. About 0.5 to
1 % of the Swedish population has RA and around 0.25 % has psA [11]. Disease
onset usually occurs between 35 and 60 years, di�ering somewhat between the indi-
vidual diseases [8, 12]. There also exists juvenile versions of the conditions [8, 13, 14].

During the usual acute in�ammatory response, neutrophils � the most abundant
white blood cell in human circulation � are recruited from the blood to the site
of in�ammation in the tissue as a result of chemoattractants that are released at
the in�amed site [15, 16, 17]. Concentration variations of chemoattractants cre-
ate a chemotactic gradient which directs the motion of the neutrophils towards the
in�amed site [18], while simultaneously inducing phenotypic changes, denoted prim-
ing, of the neutrophils [19]. However, in in�amed synovial cavities of IA patients,
the chemoattractants are thought to di�er from those that regulate the acute in�am-
matory response, based on the fact that the recruitment of unprimed neutrophils
to in�amed synovial cavities has been observed [20]. Further knowledge and under-
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1. Introduction

standing of the speci�c in�ammatory process associated with IA is important for
the ultimate development of better treatment, which could greatly improve upon
the lives of those a�ected.

1.2 Aim

To gain more insight into the in�ammatory process in in�amed cavities of patients
with IA � and more speci�cally the cause behind neutrophil migration to the synovial
�uid � this project aims to develop and evaluate methods for further characterization
of the content of synovial �uid collected from patients with IA. Furthermore, the
possibility of detected components being neutrophil chemoattractants that might be
responsible for neutrophil migration to synovial cavities of IA patients, is evaluated.

1.3 Limitations

Since the aim of this thesis is to present a methodology that has the potential of
identifying neutrophil chemoattractants in in�amed synovial �uid of IA patients, the
focus of this project is quite narrow regarding the number of di�erent samples inves-
tigated. Synovial �uid from two patients is used in the examination and evaluation
of the experimental methodology. Due to the methodological nature of this thesis,
the limited number of studied samples should not a�ect the results signi�cantly.

Furthermore, the focus of this project is on one type of condition/disease, to study
the speci�c process of in�amed synovial cavities in patients with in�ammatory
arthritis.

1.4 Methods

To characterize the contents of synovial �uids in IA patients, samples of collected
�uids are �rst separated into components based on di�erent molecular properties to
simplify the problem, since synovial �uid contains a great number of proteins. The
separation was done by implementing gel electrophoresis, size-exclusion chromatog-
raphy (SEC), ion-exchange chromatography (IEC) and liquid chromatography-mass
spectrometry (LC-MS). These methods were chosen as they allow for separation,
quanti�cation and characterization of components based on various properties such
as size, hydrophilic and hydrophobic properties and mass-to-charge ratio. Further-
more, obtained fractions from SEC and IEC are investigated for their chemotactic
ability using a chemotaxis assay, to identify which separated fractions might con-
tribute most to neutrophil recruitment and therefore potentially contain neutrophil
chemoattractants.
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1.5 Social, ethical and ecological aspects

Today, several pieces are missing in the puzzle to a full understanding of the underly-
ing pathogenesis of this group of in�ammatory chronic diseases. Current treatments
aim at reducing in�ammation and subsequently reducing permanent joint destruc-
tion and pain. However, not all patients respond to treatment, and there might
also be unwanted side e�ects [8, 12]. To improve future treatments, more research
is needed to understand the mechanism underlying the disease and will be of great
value for those a�ected by IA.

This project consists of basic research on the in�ammatory process itself; treatment
is not tested or proposed, and no animal testing is conducted. However, the project
consists of handling of biological samples from human patients, why ethical permis-
sion was received for the project and all patient data was anonymized.

In addition, as there is a possibility of samples containing viruses, bacteria or other
pathogens, all samples are continuously regarded as biohazardous, and appropriate
measures are taken during the handling of waste products. Standard safety routines
for laboratory work are followed carefully.
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2
The in�ammatory process and

in�ammatory arthritis

To provide the fundamental theory underlying the motivation for this thesis, this
chapter starts by introducing the necessary parts of basic cell biology in the context
of this project. This is followed by a brief overview of the immune system and
the general procedure of the in�ammatory response. Furthermore, the spotlight is
directed towards the neutrophil, with descriptions of both its structure, function and
role in in�ammation � speci�cally its recruitment to in�amed sites. This recruitment
is guided by signaling molecules denoted chemoattractants, which are reviewed next.
Finally, an overview of in�ammatory arthritis is described, with a special focus on
neutrophils.

2.1 Brief introduction to cell biology relevant for
this report

To understand the most important concepts of in�ammation, and the speci�c in-
�ammatory process occurring in IA patients, the basic concepts and terminology of
cell biology are brie�y introduced in this section. This includes the structure and
function of cells and proteins, with an emphasis on cell signaling.

The cell is the fundamental unit of life and can be either prokaryotic or eukaryotic.
Prokaryotic cells are single-celled organisms, such as bacteria, while eukaryotic cells
can be both single-celled organisms as well as the building blocks for multicellular
organisms. Examples of eukaryotic organisms include fungi, plants and animals. In
contrast to prokaryotic cells, eukaryotic cells contain intracellular membrane-bound
organelles such as a nucleus [21].

One important function of cells is signaling, which allows for cells to respond to
the surrounding environment, which is essential for cell development, cell growth
and division, migration and apoptosis (programmed cell death), to name a few [22].
Additionally, it provides the basis for the functionality of multicellular organisms
through communication with other cells. There are di�erent types of signals, for ex-
ample autocrine, of which the same cell is both messenger and recipient, paracrine,
of which cells in the vicinity of the messenger cell are recipients, and endocrine
signaling, where signals travel to target cells further away. To receive signals from
the environment, cells have receptors integrated into the cell membrane, to which
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2. The in�ammatory process and in�ammatory arthritis

signaling molecules � ligands � bind and activate [23].

Multiple signaling molecules, as well as receptors, are proteins. In addition to being
involved in cell signaling processes, proteins are essential for living organisms and
are involved in and perform a vast number of di�erent tasks, such as replicating
and transcribing DNA, acting as hormones, antibodies or enzymes, transporting
molecules, repairing tissue, providing energy. Proteins are composed of amino acid
chains of di�erent lengths and orders, and are constructed based on information
contained in DNA.

2.2 The immune system

The immune system is the defense system of the human body against pathogens,
cancer cells and foreign substances. It is composed of organs, cells and proteins.
The immune system can be divided into two subsystems that cooperate closely; the
innate immune system (to which neutrophils belong) and the adaptive immune sys-
tem [24]. Where the innate immune system is more general, the adaptive immune
system has speci�c defense responses against antigens1.

Leukocytes, or white blood cells, play a vital part in the immune system. All leuko-
cytes are produced in the bone marrow, and there are multiple di�erent types of
leukocytes that all have di�erent physical properties and functions. The �ve main
types are neutrophils, eosinophils, basophils, lymphocytes and monocytes.

The adaptive immune system is slower than the innate immune system, since the
pathogens �rst have to be identi�ed, but is more e�ective due to its specialized re-
sponse. After an antigen has been encountered once, the adaptive immune system
will respond much faster upon the next encounter [24]. Immune cells that belong
to the adaptive immune system include T lymphocytes and B lymphocytes [26]. In
addition, the proteins called antibodies, or immunoglobulins, are produced during
the adaptive immune response.

As mentioned above, the innate immune system has a fast and general immune
response, and is the body's �rst line of defense [27]. It responds equally to all threats,
and is sometimes also referred to as the nonspeci�c immune system. It consists of
di�erent parts including the skin, mucous membranes, mediators of for example high
temperature and low pH, and immune system cells such as macrophages, neutrophils,
basophils, eosinophils and natural killer cells [27]. Neutrophils, which is the focus
of this project, will be covered extensively in section 2.4.

1A substance capable of activating the immune system [25]
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2. The in�ammatory process and in�ammatory arthritis

2.3 The in�ammatory process

The in�ammatory response is a vital defense system of the human body, which is ac-
tivated after some kind of tissue damage such as blunt trauma, ischemia or infectious
organisms. As explained in section 1.1, in�ammation can be either acute or chronic.
The acute in�ammatory process consists of a complex sequence of events including
activation of endothelial cells2, adhesion of leukocytes to endothelium and further
recruitment of leukocytes to the in�amed site, activation of tissue macrophages3 and
platelets (resulting in clotting), and the release of proteases and oxidants. A more
detailed description of the neutrophil recruitment during in�ammation is covered in
section 2.4. Despite the importance of the in�ammatory response, it is carefully reg-
ulated by several pro- and anti-in�ammatory mediators, to avoid host tissue damage
while still retaining an e�ective response. A prolonged acute in�ammatory response
may develop into chronic in�ammatory conditions [2, 3].

The �rst type of leukocyte to arrive at the site of in�ammation are neutrophils,
which are involved in the killing of pathogens through several mechanisms. The
structure and function of neutrophils are discussed in more detail in Section 2.4.
During the in�ammatory process, chemoattractants are released at the in�amed
site and recruit leukocytes.

2.4 Neutrophils and their recruitment in
in�ammation

The neutrophil is the most abundant leukocyte in human blood, and is an important
component of the innate immune system [28]. They are produced in the bone mar-
row and released into blood circulation when they are mature [29]. The process of
neutrophil production and release from the bone marrow is regulated by e.g. granu-
locyte colony-stimulating factor (G-CSF) [30]. Both the retention of neutrophils in
the bone marrow, and their release into the bloodstream, are dependent on the pres-
ence of di�erent chemokines of which abundances in turn are regulated by G-CSF.
The further in�uence of chemokines on neutrophils during in�ammation is described
below.
Neutrophils are so-called granulocytes, meaning they contain granules � a type of
intracellular vesicles4 � from which antimicrobial proteases can be released during
immune response [31]. These granules are represented with small circles in Figure
2.1, which is a general illustration of the intracellular structure of a neutrophil. In
addition to the granules, the multi-lobular nucleus of neutrophils is depicted in the
�gure as a dark red, large structure. This multi-lobular structure is thought to sim-
plify nuclear deformation and thus ease the cell in passing through small gaps in
endothelium and extracellular matrix [32]. In addition to degranulation, neutrophils

2A single layer of cells that line the interior of blood vessels
3A type of white blood cell that engulfs and digests pathogens
4Membrane bound sphere of �uid
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employ other mechanisms for killing pathogens; phagocytosis (engul�ng and diges-
tion as well as killing by the production of NADPH5-oxidase derived reactive oxygen
species6) and the formation of neutrophil extracellular traps (NETs) [33]. NETs are
composed of contents from granules and nuclei of neutrophils, such as DNA and
proteins [34].

Figure 2.1: An outline of the neutrophil
intracellular structure. The dark, large
structure is the multi-lobular nucleus,
while the small circles represent di�er-
ent types of granules.

Under normal homeostatic conditions,
neutrophils circulate in a resting state
in the bloodstream, but when an in-
�ammatory response is initialized they
are recruited to the site of in�amma-
tion [15, 16]. This recruitment oc-
curs as a result of the release of
so-called chemoattractants (of which
chemokines are a subgroup) at the in-
�amed site [17], whose concentration
variation creates a chemotactic gradi-
ent that directs the motion of the
neutrophils towards the in�amed site
[18]. The recruitment is initiated by
a change in the surface of endothelial
tissue, which occurs as a consequence
of stimulation by in�ammatory media-
tors released at the infected site [17,
35].

Weak, selectin-mediated interactions between neutrophils and the endothelial cells
initiate a rolling motion of the neutrophils along the endothelium [36]. Conforma-
tional changes are then induced to transmembrane integrin proteins, which interact
strongly with adhesion molecules on the endothelial cells and result in strong ad-
herence of neutrophils to the endothelium [37]. The neutrophils then transmigrate
between or through the endothelial cells towards the in�amed site, guided by a
chemotactic gradient induced by chemoattractants, that direct the motion of the
neutrophils [38]. In addition to the recruitment of neutrophils, chemoattractants of
acute in�ammation induce changes in the neutrophil phenotype - a process that is
termed priming - from an inactive state to one more prone to activation by stim-
uli [19]. The primed state is associated to multiple alterations such as exocytosis7

NET formation, adhesion, reorganization of the cytoskeleton and translocation and
expression of receptors [39].

5Nicotinamide adenine dinucleotide phosphate
6An electron transfer system
7Merging of secretory vesicles with the membrane

8
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2.5 Chemoattractants

Chemoattractants are molecules that induce directional movement of susceptible
cells. In humans, chemoattractants can be divided into four classes; chemotactic
lipids, chemokines, complement anaphylatoxins and formyl peptides [38]. Chemoat-
tractants function by binding to G protein-coupled receptors (GPCRs), which are
transmembrane proteins that interact with G-proteins8. Each individual chemoat-
tractant binds to speci�c cell receptors. Chemoattractants may be released at sites
of in�ammation either through liberation from protein, production by in�amma-
tory cells, or bacteria. Some notable chemoattractants for neutrophil recruitment
include interleukin (IL)-8, complement component 5a (C5a), N-Formylmethionine-
leucyl-phenylalanine (fMLF) and leukotriene B4.

Neutrophils, just like many other leukocytes and cells, sense chemotactic gradi-
ents caused by variations in concentrations of chemoattractants. This gradient is
detected by receptors scattered throughout the neutrophil cell membrane. This
sensing mechanism is sensitive enough such that only a small di�erence in the num-
ber of bound chemoattractants on one side of the neutrophil compared to the other
can yield directional neutrophil movement. In addition to this, the attachment of
chemoattractants to neutrophil membrane receptors may for example induce neu-
trophil priming.

2.6 Pathology of in�ammatory arthritis

As explained in section 1.1, IA is a group of systemic, in�ammatory diseases �
including RA, AS and psA [5] � mainly characterized by in�ammation in the joints
caused by a dysregulated immune system. Eventually, this leads to the destruction of
cartilage and bone in joints but could also a�ect other organs [8, 6, 9]. In this section,
more details behind the pathology and in�ammatory process of IA is described.
It is known that B cells, T cells, macrophages and neutrophils all contribute to
in�ammation of synovial �uid in RA [40], however, the complete mechanism behind
the in�ammatory process in patients with IA is not fully understood today. Existing
treatments for IA aim at reducing pain, in�ammation and other symptoms, but not
all patients respond su�ciently well to the available treatments, which might also
introduce unwanted side e�ects [8, 12].

8Proteins that mediate their e�ect by binding the nucleotides guanosine triphosphate (GTP)
and guanosine diphosphate (GDP) in the cell membrane
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Figure 2.2: An illustration of the anatomy of a synovial joint, showing the synovial
�uid inside the joint cavity, the articular cartilages, synovial membrane, articular
capsule and bones.

Synovial �uid is located in the cavities of so-called synovial joints. It is a viscous
�uid whose main function is to reduce friction between bones during movement. In
patients with IA, an excess amount of synovial �uid is produced by the synovial
membrane due to swelling and thickening of the synovial membrane, resulting in
joint pain and sti�ness. Synovial �uid normally has a similar protein content as
blood plasma, but also contains proteins secreted from for example the articular
cartilage and synovial membrane [41]. Figure 2.2 illustrates the anatomy of a syn-
ovial joint.

Previous studies have identi�ed several hundred proteins in synovial �uid, with a
somewhat varying proteome for di�erent diagnoses [42], and as always with biology,
there are individual �uctuations of types and amounts of components. Addition-
ally, the chemoattractants IL-15, IL-8, monocyte chemotactic protein (MCP)-1 and
macrophage in�ammatory protein (MIP)-1� alpha have been found in synovial �uid
of RA patients [43], where IL-8 and MIP-1� are involved in neutrophil recruitment.

The recruitment of neutrophils to the synovial �uid in IA patients is thought to
di�er from the normal process prescribed to the acute in�ammatory process. One
indication of this is the fact that neutrophils that have migrated to synovial �uid
have been found to display a phenotype resembling that of resting peripheral blood
neutrophils [20], in contrast to neutrophils recruited in an acute in�ammatory re-
action which display a primed phenotype. Since all known chemoattractants (such
as IL-8) induce priming, this may indicate a relatively low concentration of known
chemoattractants and that other, possibly unknown, chemoattractants are present
in the synovial �uid of patients with IA that recruits neutrophils to the synovial
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�uid without inducing priming.

In contrast to acute in�ammation, which is an innate immune response, chronic
in�ammation includes activation of both the innate and adaptive immune systems.
However, the role of neutrophils has been found to be deleterious, and increased
evidence points to neutrophils playing a role [44], and have been found as activated
phenotypes in for instance in�amed synovial cavities of patients with RA [45].
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3
Theory and principles of the

experimental methods

Now that all necessary background information has been provided, it is time to
move on to the implemented methods. As a reminder, this thesis aims to develop
and evaluate methods for future characterization of neutrophil chemoattractants in
in�amed synovial �uid from IA patients. As explained in section 2.6, the synovial
�uid contains at least several hundred di�erent proteins, meaning the search for
chemoattractants in the �uid is like looking for a needle in a haystack. In addi-
tion to the di�culty of simultaneously detecting and identifying several hundred
proteins in a sample, the possibility of unknown neutrophil chemoattractants being
present makes full understanding impossible that way. To simplify the problem and
thoroughly dissect the in�ammatory process, the components can be separated into
di�erent parts based on di�erent molecular properties, thus reducing the number of
di�erent molecules in each fraction.

This chapter describes the working principles and set-ups for the implemented meth-
ods. In the two initial sections, the methods used to separate the synovial �uid com-
ponents � gel electrophoresis and liquid chromatography � are introduced. The liquid
chromatography section encompasses multiple di�erent chromatographic techniques
employed in this project; SEC, IEC and reversed-phase high-performance liquid
chromatography (RP-HPLC). They are all based on the same principle and setup,
but di�er in some aspects of speci�cations and applications and will therefore be
described in separate subsections. RP-HPLC is not implemented independently in
this project, but is part of subsequent LC-MS measurements. In addition to the dif-
ferent chromatographic techniques, detection through ultraviolet (UV)-spectroscopy
is reviewed in the liquid chromatography section.

The principles underlying LC-MS, Boyden chamber assay and �ow cytometry, which
were used to further analyze the properties of the sample contents, are presented
next. LC-MS can analyze sample components in a more detailed manner by measur-
ing the mass-to-charge ratios of detected molecules. Furthermore, Boyden chamber
assay together with �ow cytometry can be used to assess the chemotactic potential
of a sample, in other words its ability to attract neutrophils. The materials and
method speci�cations applied in this project, including settings and conditions used
for the di�erent measurements, are described in Chapter 4.
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3.1 Gel electrophoresis

Gel electrophoresis is a widely employed method used to separate protein mixtures
with high resolution [46]. To separate the proteins by size, a negatively charged
detergent is added to the sample, which denatures and binds to the proteins in such
a way that each protein obtains a similar mass-to-charge ratio. This means that
proteins of resulting high charge have a high mass, and vice versa. The sample
proteins then move through a porous gel matrix by applying an electric �eld, where
smaller molecules move faster than larger ones. Size separation is thus obtained.
Reducing agents can also be added to the sample prior to the electrophoresis, in
order to ease separation by disrupting potential disul�de bonds between proteins
[47].

There are di�erent types of gels that can be used, where polyacrylamide gels have
the most suitable pore sizes for protein separation. As detergents, sodium dode-
cyl sulfate (SDS) is usually applied. The proteins are denatured (altered in native
structure) and stretched out in the process [47], which might result in an alteration
of the biological functions of the proteins.

After running the electrophoresis, the protein distribution on the gel can be visual-
ized by staining the proteins. There are multiple methods for this, such as coomassie
blue, silver and �uorescent staining [48]. In this project, coomassie blue is employed,
which displays a blue color when binding to proteins [49]. When applied to a gel,
bands will appear at the locations of proteins.

3.2 Liquid chromatography

Figure 3.1: The set-up for liquid chromatography. The mobile phase (pumping
solvent) is pumped through a column together with the sample to be studied. In
the column, the components are separated into fractions that exit at di�erent times.
The di�erent fractions are detected through absorption spectroscopy, and are then
either collected or disposed of as waste.
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There are several types of liquid chromatography, of which SEC, IEC and RP-
HPLC (in the context of LC-MS) are employed in this project. In all types of liquid
chromatography methods, the sample to be analyzed is pumped through a column
packed with particles, also referred to as the stationary phase. In addition to the
stationary phase, there is a so-called mobile phase; a solvent that is pumped through
the column together with the sample. The components of the sample separate into
fractions due to their di�erent retention times (the time it takes for a certain com-
pound to exit the column), depending on interactions with the stationary phase,
mobile phase and other sample molecules.

The fractions that exit the column are then detected by a detector before either
being collected for further analysis or disposed of as waste. Figure 3.1 illustrates
a general scheme of the setup for liquid chromatography. A common choice for
detecting the fractions is UV absorption spectroscopy, which is employed in this
project.

3.2.1 Size-exclusion chromatography

SEC is a chromatographic technique that, just as gel electrophoresis, separates pro-
teins and other molecules based on size. The sample is transported through a
column �lled with porous beads, typically made of dextran, agarose, or polyacry-
lamide polymers, of which pore sizes determine how long a molecule remains within
a pore. Smaller molecules will remain longer than larger ones due to having access
to a bigger column volume, compared to the larger molecules which cannot enter
into the beads. This is illustrated in Figure 3.2. Larger molecules will therefore
elute �rst followed by molecules of decreasing size. One advantage of SEC over size
separation with gel electrophoresis is the possibility to preserve the proteins' biolog-
ical properties.

Figure 3.2: An illustration of the motion
of sample and mobile phase molecules in
relation to the stationary phase beads
(with di�erently sized pores) used in
SEC.

It should be noted that the size separa-
tion by SEC is not necessarily based on
molecular size, the hydrodynamic volume
� the volume of a molecule when in a
solution � also a�ects their �ow behav-
ior [50]. The hydrodynamic volume is
dependent on molecular weight, but also
on the interaction between the molecule
and the solvent. The method assumes
all molecules to have the same, symmetri-
cal shape, which often is an adequate as-
sumption. In the case of protein separa-
tion, they are usually assumed to be glob-
ular proteins. However, an asymmetrical
molecule will elute faster than symmet-
rical molecules of similar mass. For the
application of SEC in this project, this is
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not a problem since it is not important
how separation is obtained, only that it
is.

3.2.2 Ion-exchange chromatography

IEC is another chromatographic technique that separates molecules based on net
surface charges. There are two types of IEC; anion-exchange chromatography to
separate negatively charged molecules, and cation-exchange chromatography to sep-
arate positively charged molecules [51]. To achieve these separations, the column
in anion-exchange chromatography employs positively charged resins inside the col-
umn, while cation-exchange chromatography instead has negatively charged resins.
The molecules in the sample form ionic or electrostatic interactions with oppositely
charged stationary resins and are captured in the column, and both electrostatic
charge, charge density and surface charge distribution in�uence the interactions.

After having captured the sample molecules in the columns based on either negative
or positive net surface charge, the molecules can be eluted by applying a mobile
phase with a gradually increasing ionic strength [51], in other words from lower to
higher salt concentration. The ions formed in the salt solution can then replace the
bonds between the sample molecules and the stationary phase resins, consequently
releasing the captured molecules from the column. When the salt concentration
increases, more strongly bounded molecules can be eluted.

3.2.3 Reversed-phase high-performance liquid
chromatography

RP-HPLC is the �nal liquid chromatography method implemented in this project.
It operates on the same principle as SEC and IEC, but separates molecules based
on hydrophobicity and operates under higher pressure. Hydrophobicity is a physical
property of molecules that implies being repelled from polar molecules due to their
non-polarity. If a molecule is attracted to water (or any other polar substance),
it is instead called a hydrophilic molecule. A well-known example of hydrophobic
molecules are oils, which do not mix with water and instead create a phase separa-
tion. Hydrophobic interactions are important for many biological functions such as
protein folding and the formation of cell membranes [52].

In this context, �reversed-phase� refers to a mode of action where a hydrophobic
stationary phase and polar or moderately polar mobile phase is used, instead of
the normal-phase HPLC setting which instead applies a hydrophilic column and
non-polar mobile phase solvent [53, 54]. This means that for RP-HPLC, the most
hydrophilic molecules will elute �rst, while the least polar molecules will be re-
tarded by interactions with the stationary phase and exit the column at later times.
Columns used for RP-HPLC usually have a stationary phase composed of silica with
attached hydrophobic alkyl chains [55, 56]. In this project, a C4 column (composed
of butyl groups) was used for the LC-MS measurements, which is recommended for
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separation of proteins.

The mobile phase solvent and sample are continuously pumped through the column
using high pressure. This is where HPLC di�ers from traditional liquid chromatog-
raphy, which instead relies on the force of gravity to move the mobile phase and
sample through the column. The use of high pressure is bene�cial in order to speed
up measurement times. The column pressure decreases with increased column tem-
perature, which in turn reduces tear on the column. In addition, higher temperatures
yield shorter retention time for analytes.

Di�erent modes of action for mobile phase elution can be applied, such as isocratic
or gradient elution. Gradient elution, in which the mobile phase is continuously
altered during the measurement, is most often applied when the sample molecules
have a wide range of retention times [57, 58]. The gradient shape can be either
linear, segmented linear or non-linear, where linear is most common due to simpler
optimization and operation, and can involve mixtures of two or three di�erent sol-
vents [59]. In contrast, isocratic elution implies the use of a mobile phase mixture
that does not change composition over time [58]. In this project, linear gradient
elution is implemented.

For gradient elution in RP-HPLC, the initial mobile phase solvent is composed of
mainly the more polar solvent (usually water), with a gradually increasing propor-
tion of the less polar solvent (usually an organic compound) throughout the analysis.
The reason for this is to continuously increase the elution strength (the capacity of
the mobile phase to remove analytes from the stationary phase) during the run.

3.2.4 Detection by ultraviolet absorption
spectroscopy

The components that exit the columns in the chromatographic techniques described
above are usually detected through UV absorption spectroscopy, which measures
light absorbance for electromagnetic radiation in the ultraviolet range. The ab-
sorbance,A, of a compound can be related to its inherent absorption properties and
concentration through Beer Lambert's law,

A = log10
I 0

I
= l

X

i

" i (� )ci (3.1)

whereI 0 and I are the intensities of the light beam before and after traveling through
the sample, respectively,l is the optical path length, " i (� ) is the molar attenuation
coe�cient of compound i for wavelength � , and ci the concentration of compound
i [60]. The intensitiesI 0 and I are the properties measured during UV absorption
spectroscopy. The value of" i (� ) determines how strongly a material absorbs light
at a speci�c wavelength. Equation 3.1 implies that a compound can be detected by
measuring absorbance for a wavelength where its value of" is high.
When used with chromatographic techniques, detection by UV-spectroscopy yield
a graph of absorption over time for the liquid that exits the column for speci�ed
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wavelengths, in order to detect di�erent fractions of components that pass through.
The positions of distinct peaks indicate the retention time of an identi�ed fraction
of compounds. Proteins usually display high absorption for UV-light at around 280
nm, a property which originates from the aromatic amino acids tryptophan and
tyrosine [61, 62]. Proteins can also be detected by measuring 214 nm absorption,
due to absorbance by peptide bonds [63].

One drawback of Equation 3.1 is that deviations from the described relationship
are expected if a non-monochromatic light source is used, due to the molecules
absorbing light of multiple wavelengths at di�erent proportions. In this project,
polychromatic light sources were used, but since almost all proteins contain segments
and parts (namely tryptophan, tyrosine and the peptide bonds) that absorb in a
similar pattern regardless of the protein itself, it does not interfere with the aim of
detecting proteins.

3.3 Liquid chromatography-mass spectrometry

LC-MS consists of an high performance liquid chromatography (HPLC) instrument
coupled to a mass spectrometer, which allows for mass-to-charge ratio (and subse-
quently absolute mass) analysis of the di�erent fractions separated in HPLC. LC-MS
has numerous applications in biotechnical, pharmaceutical, food and environmental
areas, to name a few. Additionally, mass spectrometry in itself is a central tool in
biology, chemistry and physics.

In LC-MS, the HPLC instrument and mass spectrometer are coupled through an
interface, which is necessary to transfer sample components from the HPLC column
to the ionizer of the mass spectrometer. This is necessary due to the incompatibility
of the two instruments, since the mobile phase of HPLC is a pressurized liquid while
the mass spectrometer requires high vacuum.

As previously mentioned, mass spectrometry measures the mass-to-charge ratio of
detected molecules. The principle of mass spectrometry is based on ionizing analyte
molecules, from which resulting ions and charged molecules move through an electric
�eld and hits a detector. The mass-to-charge ratio can be determined in di�erent
ways depending on the type of mass spectrometer. In this project, a quadrupole
time-of-�ight mass spectrometer is used, which combines quadrupole and time-of-
�ight mass analyzers. The setup of the quadrupole consists of four parallel metallic,
conducting rods between which an alternating voltage is applied.

The mass and charge of each molecule determine the trajectory through the center
of the rods, and only ions with a stable trajectory will hit the detector. The mass
spectra are produced based on the time-of-�ight for the molecules hitting the detec-
tor. Prior to sample molecules entering the mass spectrometer, they are ionized by
an ion source. In this case, electrospray ionization was implemented as ion source;
a technique that only causes very little fragmentation, meaning the whole molecules
are most often ionized and detected.
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3.4 Boyden chamber Assay

Boyden chamber Assay is a technique used for measuring leukocyte chemotaxis, �rst
proposed in 1962 by Stephen Boyden [64]. In other words, it measures the extent
of directional migration of leukocytes to a sample due to a chemotactic gradient. In
principle, the method measures cell migration through a porous membrane from one
chamber compartment to another that contains the sample with possible chemoat-
tractants; see Figure 3.3 for an illustration of the set-up. The upper chamber consists
of a serum-free medium, which is designed for cell culture.

For measuring neutrophil migration, a pore size of 3� m is suitable since it is small
enough for neutrophils to be able to pass through only by means of active migration
(they can pass through gaps as small as 2� m [65]) and not through di�usion since
the neutrophil diameter is around 9-15� m [66]. After some incubation time, the
cells on the lower side of the membrane are collected and counted [64] using �ow
cytometry.

Figure 3.3: A sketch of the Boyden chamber assay used for chemotaxis measure-
ments. The chamber is divided into two compartments by the porous membrane
that allows for active, directional cell migration.

3.5 Flow cytometry

Flow cytometry is a technique with many applications for studying cells and other
particles. For instance, it can be used to count particles, sort particles, measure
size, granularity, �uorescence and more [67]. It is a widely used technique with
applications in science as well as in medicine as a diagnostic tool. When used in
combination with Boyden chamber assay, both cell size and granularity are of in-
terest in order to identify the quantity of a speci�c cell type, in this case neutrophils.

The sample with cells is pumped to a �ow cell where the so-called sheath �uid di-
rects the cells by forming an outer liquid shell around the cell sample �uid. The
sample is directed through the �ow cell such that the cells pass by the light beam
one by one, due to the sample having a higher pressure than the sheath �uid [68].
Figure 3.4 displays the set-up of a �ow cytometer.
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A light source illuminates the sample traveling through the �ow cell, and the out-
going light is detected by detectors and converted to electronic signals that are
ampli�ed and processed [68]. Di�erent cellular properties can be deduced by an-
alyzing di�erent outgoing light; forward scattered light to measure cell size, side
scattered light to measure granularity (amount of intracellular granules) or intracel-
lular complexity, and �uorescent light to determine other properties.

Figure 3.4: The set-up of a �ow cytometer. The cell sample is guided through the
�ow cell with the help of sheath �uid such that only one cell at a time passes the
light illuminated from the light source. Outgoing light from the sample hits the
detectors and is converted to electronic signals which are then ampli�ed.

To count the number of cells of a speci�c cell type, forward scattered light and side
scattered light can be combined in a 2-dimensional scatterplot which in principle
shows the size versus granularity of the detected cells. The number of counts for
a speci�c cell type can then be approximated by excluding all detected cells which
have a di�erent granularity, size, or granularity-size-ratio than expected for the cell
of interest.
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Materials and methods

The theory and principles of the methods used in this project were covered in chap-
ter 3. In this chapter, the materials and speci�c conditions used for these methods
are described, starting with the sample preparation that was performed before all
experiments. Furthermore, the step-by-step methodology is reviewed.

As stated previously, the complexity of the problem of searching for chemoattrac-
tants among several hundred, or more, other molecules was reduced by separation
of synovial �uid components. A general overview of the methods applied to achieve
this was provided in chapter 3, but in practice these methods were divided into two
di�erent approaches; one which uses gel electrophoresis as a basis for component
separation (denoted approach one) and one which relies on liquid chromatography
methods (denoted approach two). An overview of the step-by-step structure for
methods used is presented in Figure 4.1. The description of the methodology is thus
divided into two sections, one for each approach.

Figure 4.1: An overview of the methodology implemented in this project.

4.1 Sample preparation

The cells in the synovial �uid samples were spun down and removed prior to the start
of the project, and cell-free synovial �uids were provided by the supervisors. Syn-
ovial �uid from two di�erent patients was used; one with � 90 % (with RA diagnosis)
neutrophils and one with � 5 % neutrophils (with monoarthritis diagnosis), of the
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total leukocyte population in the �uid before �ltering out the cells (as determined
based on �ow cytometry plots, which can be found in Appendix A). This allowed
for a more detailed investigation of which components might attract neutrophils to
a larger degree, since a higher concentration of neutrophils could indicate a higher
presence of chemoattractants, or a di�erent chemoattractant composition.

Before conducting measurements, the synovial �uids were treated with hyaluronidase
from bovine testes (Sigma-Aldrich, #H3506) to digest the highly viscous hyaluronic
acid, which is present in high concentration in synovial �uid [69]. The reason for this
is to increase the solubility of the synovial �uid, which is a necessity for the chromato-
graphic measurements (SEC, IEC and RP-HPLC). The hyaluronidase treatment was
executed in accordance with protocols [70, 71], by preparing a fresh solution of 1
mg/mL hyaluronidase in phosphate-bu�ered saline (PBS) which was added to the
synovial �uid in a 1:11 ratio. The samples were incubated in an Eppendorf Ther-
momixer at 37 � C, with 550 revolutions per minute (rpm), for 30-60 minutes, before
being centrifuged for 20-30 minutes in Grant Combi-spin Centrifuge PCV-2400 or
for 10 minutes in an Eppendorf Centrifuge 5418 R with16000relative centrifugal
force (rcf). The supernatants were transferred to new tubes and used for further
experiments.

4.2 Approach one: Separation by gel
electrophoresis

This approach is based on the separation of components in the synovial �uid samples
on the basis of size using gel electrophoresis. This method may alter the biological
functions of the proteins, including the chemoattractants of interest, why further
measurements on the chemotactic activity of the samples are not considered. In-
stead, the contents are directly examined using LC-MS. This approach may be one
potentially reliable choice in the aspiration for identifying neutrophil chemoattrac-
tants, since molecules identi�ed by LC-MS can be tested for chemotactic activity in
a later stage by directly running chemotaxis experiment on recombinant varieties of
those molecules.

4.2.1 Gel electrophoresis

The hyaluronidase-treated synovial �uid samples were diluted in distilled water (that
was pre-heated to 37� C to match the temperature of the synovial �uid) to the de-
sired dilution. The sample was then centrifuged for another 20-30 minutes in Grant
Combi-spin Centrifuge PCV-2400, and its supernatant was used for the gel elec-
trophoresis.

The gel electrophoresis was performed with SDS sample bu�er with 0.1 M dithio-
threitol (DTT) (to make it reducing). 5 � l of sample was mixed with 2.5� l of sample
bu�er and 2.5 � l of 0.2 M DTT-solution (to make sample bu�er reducing), and 10
� l of the mixture was loaded in each well. In addition to the sample mixtures, 10� l
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of Precision Plus Protein Dual Color Standards protein ladder (Bio-Rad, #1610374)
was loaded to one of the wells. The experiment was run with an applied voltage of
90 V and a current of 400 mA on the gel for approximately 55 minutes.

The gel was then put in a �xing solution overnight, in order to �x the proteins in the
gel to prevent smearing, after which it was stained in a staining solution for around
2.5-3 hours. Finally, the gel was destained in 10 % acetic acid (and 90 % distilled
water) until the protein bands were distinct.

The �xing solution used was prepared according to:

ˆ 7.708 g ammonium acetate

ˆ 100 ml acetic acid

ˆ 500 ml methanol

ˆ 400 ml distilled water

The staining solution was made with:

ˆ 50 ml acetic acid

ˆ 0.126 g Coomassie Brilliant blue R

ˆ 449.875 ml distilled water

4.2.1.1 Preparative gel electrophoresis for LC-MS

To divide the sample into di�erent size fractions, as well as remove proteins of sizes
too large for the RP-HPLC column used in LC-MS (proteins� 100 kDa), prepar-
ative gel electrophoresis was conducted. The methodology of the preparative gel
electrophoresis is identical to the analytical gel electrophoresis, but fractions of the
resulting gels are cut out and collected and the staining procedure di�ers somewhat.
To maximize the amount of sample that can be recovered from the gel, a gel on which
a higher volume of sample can be loaded was used. As a sample bu�er lithium do-
decyl sulfate (LDS) with 0.1 M DTT was used. LDS has the same functional group
� dodecyl sulfate � as SDS.

The gel electrophoresis was performed with identical procedure and conditions as
the analytical gel electrophoresis, with the exception of loading� 48� l of 50 %
sample, 25 % LDS sample bu�er and 25 % 0.2 M DTT. After having incubated
the gel in �xing solution overnight, the ladders were cut out and removed from the
rest of the gel, and put in staining solution. The ladders were then re-aligned with
the unstained portion of the gel, and each well with sample in the unstained gel
was cut into 4 di�erent mass intervals; <15 kDa, 15-25 kDa, 25-37 kDa, 37-50 kDa
approximately, using a razor blade.
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4.2.1.2 Protein extraction from gel

Proteins were extracted from each small cut-out gel piece by �rst crushing the gel
pieces using a pestle, after which 500� l extraction bu�er was added. The extraction
bu�er was made according to:

ˆ 0.0790 g Tris-HCl
ˆ 0.0881 g NaCl
ˆ 0.0028 g ethylenediaminetetraacetic acid (EDTA)
ˆ 10 ml distilled water

The �nal solution had a pH value of � 4:6. The tubes with crushed gel and extrac-
tion bu�er were then incubated in an Eppendorf Thermomixer overnight, with 30
� C and 550 rpm.

To achieve a higher protein concentration in the samples for the LC-MS measure-
ments, the sample fractions of recovered synovial �uid proteins from gel electrophore-
sis were lyophilized (freeze-dried) in a Martin Christ Alpha 1-2 LDplus freeze-dryer,
with -60 � C and � 0:02 mbar. For this, the samples were taken directly from a
-80 � C freezer, since the samples have to be frozen before the lyophilization. After
lyophilization, the freeze-dried protein samples were re-diluted in 50� l PBS (re-
sulting in the samples being concentrated 10 times from the initial volumes of 500
� l).

4.3 Approach two: Separation by liquid
chromatography

The second approach consists of separation based on several chromatographic meth-
ods, which can be managed with conditions that preserve the biological function of
proteins. This allows for measuring the chemotactic activity of fractions to illumi-
nate which fractions are of the highest interest for the purpose of this study. To
separate the contents of the synovial �uid samples into fractions with di�erent com-
ponents, SEC and IEC were employed, after which a chemotaxis assay was used to
measure the chemotactic activity of obtained fractions from SEC and IEC. Just as
for approach one, the fractions are also examined using LC-MS.

4.3.1 Size-exclusion chromatography

The sample preparation for SEC follows the same procedure as for the gel elec-
trophoresis experiment.

For the measurement, an ÄKTA chromatography system was used, with the column
Superdex 75 10/300 GL, with 13� m average particle size, column volume 23.562
ml. The column can separate molecules in size range 3 kDa to 70 kDa. As a running

24



4. Materials and methods

bu�er, PBS (pH 7.4) was used, with a �ow rate of 0.500 ml per minute. Approxi-
mately 0.3 ml of sample was injected. Detection of the eluted solution was set at
280 nm and 214 nm, and collection of the eluted solution was done in a well-plate,
with 0.5 ml collected in each well.

This measurement was done for both the synovial �uids (the one with initially 90
% neutrophils, as well as the one with initially 5 % neutrophils).

4.3.1.1 Gel electrophoresis of fractions from size-exclusion
chromatography

To examine if the size separation was successful, gel electrophoresis was run for all
fractions with peaks in the UV-spectra.

In preparation for the gel electrophoresis, 15� l of each sample was mixed with 5� l
of 4x Laemmli sample bu�er (Bio-Rad, #1610747) which has DTT added from be-
fore to make it reducing, and the mixture was boiled in 98� C for about 1.5 minutes.
Each well was loaded with 8� l of the boiled mixtures or protein ladder Precision
Plus Protein Unstained Standards (Bio-Rad, #1610363), according to the set-up.

A Mini-PROTEAN TGX Stain-Free Precast Gel (Bio-Rad, #456-8096) with poly-
acrylamide gradient of 4-20 % was used, with running bu�er 10x Tris/Glycine/SDS
bu�er (Bio-Rad, #1610772) diluted 10 times. The electrophoresis was run for 30
minutes with 200 V and 400 mA. The gels were then stained using SimplyBlue SafeS-
tain (Thermo Fischer Scienti�c, #LC6065), which is a coomassie blue stain.

4.3.2 Ion-exchange chromatography

Due to small proteins sticking to the larger one and eluting together with them
during the SEC (see Results section 5.2.1), IEC was performed in order to try sep-
arating the proteins from each other.

To achieve this, the sample was initially run through two succeeding columns, one
column (HiTrap Q XL column) to capture anions and one (HiTrap SP XL column)
to capture cations, of 1 ml column volume each. As a running bu�er, 25 mM Tris-
HCl (pH 7.2) with 1 mM DTT was used. The reason for the inclusion of DTT is to
reduce disul�de bonds that are often formed between proteins. A �ow rate of 1.000
ml per minute was applied. Even though in principle all proteins should get stuck
in the columns, the eluting solvent was collected and saved.

The sample that was injected for this initial run was a solvent of total 50 ml com-
posed of eluting solvent collected from a previous SEC run where approximately 0.3
ml treated synovial �uid (IEC was only performed for the 90 % neutrophils synovial
�uid due to time restrictions) sample was injected, with a running bu�er of PBS
with 1 m KCl that were later dialysed in a SnakeSkin Dialysis Tubing (Thermo
Fisher Scienti�c, #88244) placed in 2 l of 25 mM Tris-HCl with magnetic stirring
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for 70 minutes, in room temperature.

To collect the proteins captured in the two columns, two additional runs were per-
formed, one for each column, where linear gradient running bu�er was used, starting
with low salt concentration and successively increasing to elute proteins with higher
a�nity for the column (in principle more charged proteins). To achieve this, two
di�erent bu�ers were used, one with 25 mM Tris-HCl and 1 mM DTT (denoted A)
for low salt concentration, and one with 25 mM Tris-HCl, 1 M NaCl and 1 mM
DTT (denoted B) for high salt concentration. The linear gradient was implemented
as follows:

1. Five column volumes of 100 % A, 0 % B.
2. Five column volumes of 95 % A, 5 % B.
3. Ten column volumes of linear gradient from 95 % A, 5 % B to 0 % A, 100 %

B.
4. Five column volumes 0 % A, 100 % B.
5. Three column volumes of 100 % A, 0 % B.

A �ow rate of 1.000 ml per minute was applied. The eluted solvent was collected
in well-plates with 0.5 ml collected in each well, with detection at 280 nm, 214 nm
and 254 nm.

4.3.2.1 Gel electrophoresis of fractions from ion-exchange
chromatography

To verify separation of smaller proteins from larger proteins, gel electrophoresis was
run with identical conditions and procedure as for the gel electrophoresis after SEC
(see Section 4.3.1.1). This was done for each well in the IEC with a distinct peak, and
for every other well for places in the spectra with constantly high absorption.

4.3.3 Chemotaxis assay

The chemotaxis assay experiment is dependent on the usage of fresh, isolated cells.
Therefore, this section �rst covers how neutrophils were isolated from blood prior to
the chemotaxis assay, after which the set-up and running conditions of the Boyden
chamber assay and subsequent counting by �ow cytometry are described. The whole
chemotaxis assay experiment was performed two di�erent times, with two di�erent
sample set-ups, to include all fractions of interest in the experiment.

4.3.3.1 Isolation of neutrophils

Initially, the erythrocytes (red blood cells) had to be separated and removed from
the blood. This was done by mixing fresh blood with physiological saline (0.9 %
NaCl) with 2% dextran T500 (Pharmacosmos, #6962) which induces erythrocyte
aggregation [72]. Physiological saline has the same osmotic pressure as blood, which
also contains 0.9 % NaCl, a necessity to maintain viable conditions for the cells [73].
The mixture rested at 1 g for� 25 � 30 minutes to let the erythrocytes sediment
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to the bottom, yielding a clear separation from the supernatant (which contains the
leukocytes).

The supernatant is then centrifuged in an Beckman Coulter Allegra X-12R (Rotor
SX4750) with 900 rpm, 4� C, for 10 minutes. After this, the pellet is kept while the
supernatant is removed. Any remaining erythrocytes are lysed (broken down).

To separate the mononuclear leukocytes (monocytes and lymphocytes) from the
polymorphonuclear leukocytes of interest, 15 ml Ficoll-paque (GE-Healthcare Bio-
Sciences), was gently added to the bottom of the tube. The solution was then
centrifuged once more in Beckman Coulter Allegra X-12R (Rotor SX4750) with
1200 rpm, 4 � C, for 30 minutes. Ficoll-paque has a density between that of the
mononuclear cells and the polymorhponuclear cells, and can thus be used to sepa-
rate the two cell types by adding it to the sample of interest and centrifuging. This
places the granulocytes (and potential remaining erythrocytes) in the pellet, with a
Ficoll-paque layer between that and a layer of mononuclear cells. There will also be
an uppermost phase of supernatant. Everything but the pellet was removed.

The solution was then washed with 35 ml Krebs-Ringer Glucose phosphate bu�er
(KRG) and centrifuged in Beckman Coulter Allegra X-12R (Rotor SX4750) with 900
rpm, 4 � C, for 10 minutes. KRG was made with 120 mM NaCl, 4.9 mM KCl, 1.7
mM KH 2PO4, 8.3 mM NaH2PO4, 1.2 mM MgSO4 and 10 mM glucose in distilled
water (pH 7.3). The cells in the resulting pellet were then resuspended in KRG
with 1 mM CaCl2, and neutrophil purity and yield were analyzed with Sysmex KX-
21N Hematology Analyzer. The obtained neutrophil purity was 94.9 % for the �rst
experiment, and 91.5 % for the second. The solution with cells was �nally diluted
with KRG with 0.3% bovine serum albumin (BSA) (Sigma-Aldrich, #A9647-50G)
to a concentration of� 2 � 106 cells per ml.

4.3.3.2 Boyden chamber assay

A Boyden Chamber Assay was employed to measure the chemotactic capacity of
di�erent synovial �uid fractions divided based on protein sizes. For this, only the
fractions obtained from the SEC was used and not the ones obtained from the
preparative gel electrophoresis, since intact biological properties is a necessity to
accurately measure the chemotactic potential of the proteins.
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1 2 3 4 5 6 7 8 9 10 11 12
A Spont ! ! 100% ! ! fMLF ! ! SF 90% ! !

control (10 nM)
B SF 90% SF 90% SF 90% SF 90%

H ! ! SEC ! ! SEC ! ! SEC ! !
B6-B7 B8 B9-B10

C SF 90% SF 90% SF 90% SF 90%
SEC ! ! SEC ! ! SEC ! ! SEC ! !
B11 B12 C1 C2

D SF 90% SF 90% SF 90% SF 90%
SEC ! ! SEC ! ! SEC ! ! SEC ! !

C3-C6 C7-C12 D1 D2-D4
E SF 90% SF 90% SF 90% SF 90%

SEC ! ! SEC ! ! SEC ! ! SEC ! !
D5 D6-D7 D8-D10 D11

F SF 90% SF 90% SF 90% SF 90%
SEC ! ! SEC ! ! SEC ! ! SEC ! !
D12 E1-E2 E3-E4 E5-E8

G SF 90% SF 90% SF 90% SF 90%
IEC SP ! ! IEC SP ! ! IEC SP ! ! IEC SP ! !
A6-A7 A10-A11 B2-B3 B6-B7

H SF 90% SF 90% SF 90% SF 90%
IEC SP ! ! IEC SP ! ! IEC SP ! ! IEC SP ! !
B10-B11 C2-C3 C6-C7 C10-C11

Table 4.1: The set-up on the chemotaxis plate for an assay of size-exclusion chro-
matography fractions (wells B4 to F10) and ion-exchange chromatography anion
fractions (wells G1-H10) of the synovial �uid with initially 90 % neutrophils. Sam-
ples of naive synovial �uid (well A10) and hyaluronidase-treated synovial �uid indi-
cated by an H (well B1), both diluted 1:4 in KRG + 0.3 % BSA, were also measured.
All size-exclusion chromatography and ion-exchange chromatography anion fractions
were collected from 90 % synovial �uid treated with hyaluronidase.

The samples were run in triplicates in order to obtain higher certainty and guard
against potential errors in one or more of the wells due to the vulnerability of the
method. This can be seen in the set-up in Table 4.1, where the measured samples
are noted. The �rst three triplicates correspond to positive and negative controls as
references for chemotaxis. For the �rst triplicate, a bu�er without chemoattractants
is loaded in the bottom well, to act as a negative control for spontaneous migration.
This is followed by a positive control, where cells are loaded directly in the bottom
well instead of the top of the membrane, where a bu�er without cells is added on top
of the membrane. Finally, a triplicate with 10 nM of the neutrophil chemoattractant
fMLF is used.

Pure synovial �uid samples, untreated and treated with hyaluronidase, respectively,
were also measured for chemotactic ability as references. They were diluted 1:4 in
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KRG with 0.3% BSA prior to transfer to the 96-well plate. Unlike previous sample
preparation for hyaluronidase treatment, the hyaluronidase-treated sample was in-
cubated in a 35� C room on a rotary shaker for 80 minutes before centrifugation,
due to the lack of access to an Eppendorf Thermomixer.

1 2 3 4 5 6 7 8 9 10 11 12
A Spont ! ! 100% ! ! fMLF ! ! SF 90% ! !

control (10 nM)
B SF 90% SF 4% SF 4% SF 4%

H ! ! ! ! H ! ! SEC ! !
B4-B5

C SF 4% SF 4% SF 4% SF 4%
SEC ! ! SEC ! ! SEC ! ! SEC ! !
B6 B7 B8-B9 B10-C2

D SF 5 % SF 5 % SF 5 % SF 5 %
SEC ! ! SEC ! ! SEC ! ! SEC ! !

C3-C7 C8-C11 C12-D1 D2
E SF 5 % SF 5 % SF 5 % SF 5 %

SEC ! ! SEC ! ! SEC ! ! SEC ! !
D3 D4-D5 D6-D7 D8-D10

F SF 5 % SF 5 % SF 5 % SF 5 %
SEC ! ! SEC ! ! SEC ! ! SEC ! !

D11-E1 E2 E3-E6 E7-E8
G SF 90% SF 90% SF 90% SF 90%

IEC ! ! IEC Q ! ! IEC Q ! ! IEC Q ! !
elution B6-B7 B8-B9 B10-B11

H SF 90% SF 90% SF 90% SF 90%
IEC Q ! ! IEC Q ! ! IEC Q ! ! IEC Q ! !
B12-C1 C2-C3 C4-C5 C6-C7

Table 4.2: The set-up on the chemotaxis plate for an assay of size-exclusion chro-
matography fractions (wells B10 to F10) and ion-exchange chromatography elution
(well G1) as well as ion-exchange chromatography cation fractions (wells G2-H10)
of the synovial �uid with initially 90 % neutrophils. Samples of naive synovial �u-
ids (well A10 and B4) and hyaluronidase-treated synovial �uids, indicated by an H
(wells B1 and B7), both diluted 1:4 in KRG + 0.3 % BSA, were also measured.
All size-exclusion chromatography fractions are collected from 5 % synovial �uid
treated with hyaluronidase, while the ion-exchange chromatography elution as well
as ion-exchange chromatography cation fractions are collected from 90 % synovial
�uid treated with hyaluronidase.

30 � l of each sample was added into the wells of the chemotaxis plate, using a multi-
channel pipette. The 3� m �lter membrane was then applied, making sure that the
membrane makes contact with all sample droplets. Finally, 30� l of cell suspension
with in total � 6 � 104 neutrophils was added on top of the membrane for each well
except for the positive control wells A4-A6, onto which KRG with BSA was added.
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The cover lid was applied and the plate was incubated with 37� C and 5 % CO2 in
a Forma Steri-Cycle CO2 Incubator (Model 371, Thermo Scienti�c) for 90 minutes.
After incubation, the cover lid and membrane were carefully removed, and the cells
that had migrated to the bottom of the wells were collected through repeated wash-
ing with 0.48 mM EDTA to detach adherent cells.

To preserve the collected neutrophils in a life-like state for the next day's counting,
the cells were �xated with paraformaldehyde (PFA) to a �nal concentration of 2
%. In short, �xation by PFA hardens the cell surface [74]. The �xated cells were
counted in a CytoFLEX S �ow cytometer (Beckman Coulter). A total volume of 30
� l was recorded for each sample, with a �ow rate of 30� l per minute. The software
FlowJo v10.9.0 was used to analyze the data.

Figure 4.2: The gate used for all samples to include only granulocytes is shown in
the upper right �gure. All particle counts (for the positive control sample from the
�rst chemotaxis set-up, in this case) are also shown as an example of which cells the
gate include and exclude. The red dots represent counts included in the gate while
the grey detections are excluded. The left �gure is the resulting SSC-FSC plot when
only the counts inside the gate are displayed.

A scatter plot was produced for all detections by the �ow cytometer, with the value
of side-scattered light (SSC) versus the value of forward-scattered light (FSC) for
each particle. The total number of counts is not of interest here, since that includes
all types of cells (since 100 % neutrophil purity was not obtained during the iso-
lation of neutrophils from blood) and other particles such as dirt, in addition to
neutrophils. Therefore, a gate was applied to mark an area in the SSC-FSC plot
corresponding to the properties of neutrophils, to exclude all other particles which
are not of interest here.
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Neutrophils are quite large in comparison to other leukocytes � generating quite a
high FSC value � and have a high granularity � yielding a high SSC value. The gate
was therefore applied to include only the larger and high granularity cells detected.
The same gate was used for all samples, and is presented in the upper right picture
in Figure 4.2, which also displays the cells that are excluded and included for that
particular sample (the positive control of the �rst chemotaxis run).

4.4 Liquid chromatography-mass spectrometry

The LC-MS measurements were run on a Waters Acquity UPLC system (Waters,
Milford, MA, USA) with a Waters 2998 photodiode array (PDA), coupled with a
Waters SYNAPT G2-Si HD-MS spectrometer. The measurements were run with
60� C column temperature, with an ACQUITY UPLC Protein BEH C4 1.7 � m (2.1
mm x 50 mm) column.

For the mobile phase composition, a mixture of distilled water with 0.1 % formic
acid, denoted A, and acetonitrile (ACN) with 0.1 % formic acid, denoted B, was
implemented with a step-wise linear gradient, for seven minutes in total, according
to:

1. Two minutes with 100 % A, 0 % B.
2. 2.3 minutes of linear gradient from 100 % A, 0 % B to 40 % A, 60 % B.
3. 0.3 minutes with 40 % A, 60 % B.
4. 0.6 minutes of linear gradient from 40 % A, 60 % B to 10 % A, 90 % B.
5. One minute of 10 % A, 90 % B.
6. 0.2 minutes of linear gradient from 10 % A, 90 % B to 90 % A, 10 % B.
7. 0.6 minutes with 90 % A, 10 % B.

The formic acid is included to provide protons for the LC-MS analysis [75]. A �ow
rate of 0.400 ml per minute was used. Steps 6 and 7 were executed in order to
prepare the instrument for the next measurement.

For the mass spectrometer part of the set-up, it was con�gured for the detection of
compounds with mass-to-size ratios of 100 - 4000 Da, however with lower sensitivity
approximately for mass-to-charge ratios of 100 - 500 Da.
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5
Results and discussion

In this chapter, the results from the implemented methods introduced in chapters 3
and 4 are �rst presented and discussed individually, one approach at a time and one
implemented method at a time. As the aim of this project is to develop and evalu-
ate methods for identi�cation and characterization of chemoattractants in in�amed
synovial �uid from patients with IA, the results are mainly discussed in regards to
the success of the method rather than the results themselves. However, in some
cases the results themselves are also quite interesting and will in those cases be dis-
cussed. This chapter concludes with a section analyzing all results in combination,
in order to fully evaluate the two approaches (separation by gel electrophoresis and
separation by liquid chromatography).

5.1 Approach one: Separation by gel
electrophoresis

The results from the experiments conducted as part of the approach involving sepa-
ration by gel electrophoresis are presented in this section, accompanied by associated
discussions. First, the results from the initial gel electrophoresis measurements are
presented, where the sample composition in terms of protein sizes was loosely ex-
amined in preparation for the preparative gel electrophoresis procedure. The results
from the LC-MS measurements of extracted proteins from di�erent bands cut out
from the gel are then presented and discussed.

5.1.1 Gel electrophoresis

To examine the size distribution of synovial �uid components and investigate ap-
propriate dilutions, initial gel electrophoresis measurements were performed before
proceeding with running gel electrophoresis in preparation for protein extraction.

Figure 5.1 displays the gel from gel electrophoresis of both synovial �uids, with the
protein ladder in the center. Both synovial samples were run with dilutions 1:3
and 1:7 in distilled water, in order to investigate concentration dependencies on the
result. A too low concentration yields too few proteins for bands to appear, while
too high a concentration might clog the pores in the gel, blocking smaller proteins
from traveling further. The values of the protein ladder are indicated to the right
of the sample wells.
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The majority of proteins present in the synovial �uid samples seem to be of large
sizes between 37 kDa and 250 kDa. The 1:3 sample dilutions show more small
protein bands, and are therefore considered more optimal for further investigation
of smaller proteins (of which most known chemoattractants are). Comparing the two
synovial �uids, the overall contents seem quite similar, although the 90 % synovial
�uid seems to have some bands under 20 kDa that are not as visible for the 5 %
synovial �uid.

Figure 5.1: The gel from electrophoresis of the synovial �uid with 90 % neutrophils
and 5 % neutrophils, respectively (prior to cell removal). Of each sample two di�er-
ent dilutions are shown; a 1:3 ratio of sample versus distilled water and a 1:7 ratio
of sample versus distilled water.

Based on the results, a dilution of 1:3 in distilled water was chosen for the prepar-
ative gel electrophoresis. No direct results were obtained from the preparative gel
electrophoresis since the gel was not stained in that case, but indications of those re-
sults can be found in the LC-MS measurements, which are presented next in section
5.1.2.

5.1.2 Liquid chromatography-mass spectrometry of fractions
from gel electrophoresis

After running the preparative gel electrophoresis, where di�erent pieces of non-
stained gel were cut out, proteins were extracted and freeze-dried for further anal-
ysis using LC-MS. Due to time restrictions, freeze-drying and subsequent LC-MS
measurements were only performed for the 90 % synovial �uid. The results from the
LC-MS are presented in the forms of total ion chromatograms and UV-absorption
at 280 nm, over time. The total ion chromatogram is composed of the summed
intensities of all detected masses by the mass detector for each time.
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Figure 5.2 displays detection for the extracted proteins with sizes <15 kDa and 15-
25 kDa, respectively, from the gel with the 90 % synovial �uid, with the total ion
chromatogram in (a) and UV-absorption at 280 nm in (b). A blank measurement
(of pure PBS), conducted just before the measurement of the samples with <15
kDa proteins, is also included as a background reference. No measurements were
performed on proteins extracted from the 5 % synovial �uid, due to space restrictions
(for the freeze-dryer) and limited time for this project.

(a) (b)

Figure 5.2: The total ion chromatogram in (a) and UV-absorption at 280 nm in (b)
for proteins extracted from gel electrophoresis of the 90 % synovial �uid, with size
ranges <15 kDa, 15-25 kDa, 25-37 kDa and 37-50 kDa, as well as the PBS (blank)
measurement run before the <15 kDa sample.

For both the total ion chromatogram and the UV-absorption at 280 nm, almost
all visible peaks are common between the di�erent protein samples, but in di�er-
ent intensities. All the peaks that are not visible in the blank measurement could
indicate proteins extracted from the gels, however, since the peaks are visible for
all samples, this is probably not the case. Since gel pieces corresponding to di�er-
ent size ranges were cut from the gels, the di�erent pieces should contain di�erent
proteins. This could indicate the presence of some contamination from for example
the extraction solution (and reagents used to prepare it), which was used for all the
samples. The peaks that are also visible for the PBS sample could be attributed to
column contaminations.

Overall, the LC-MS results do not show promise for the separation with gel elec-
trophoresis. There is a possibility for the method to work if there were no contami-
nations in the samples. However, the whole protein extraction procedure might also
have to be revised.
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5.2 Approach two: Separation by liquid
chromatography

Moving on from the separation using gel electrophoresis, this section comprises the
results and discussion of each experimental method belonging to the approach based
on separation with chromatography. First, the results for the fractions obtained
from SEC are presented and discussed, whereupon the gels from gel electrophoresis
of di�erent collected fractions are presented. Following this, the same is repeated for
the results from the IEC. The chemotaxis assay experiments, where the chemotactic
ability of fractions collected from both SEC and IEC was investigated, are then
discussed. Finally, results from the LC-MS measurements are presented, �rst for
the SEC fractions, then for the IEC fractions. Both LC-MS sections present total
ion chromatograms and UV-absorption at 280 nm, followed by a more detailed
analysis of compounds through dissection of the obtained mass spectra for peaks of
interest.

5.2.1 Size-exclusion chromatography

Initially, size separation of synovial �uid components was attempted using SEC. The
UV-absorption at 280 and 214 nm are presented in Figures 5.3 and 5.4 for the syn-
ovial �uids initially containing 90 % neutrophils and 5 % neutrophils, respectively.
These wavelengths were chosen due to the high protein absorption (as explained in
section 3.2.4). The UV absorption is plotted as a function of eluted volume from
the column. The grey vertical lines separate the wells where the eluting solvent is
collected (of which well labels are indicated at the bottom).

(a) (b)

Figure 5.3: UV-absorption as a function of eluting volume from the column for SEC
of � 0:3 ml hyaluronidase treated 90 % synovial �uid. The absorbance is measured
at wavelengths 280 nm and 214 nm. Figure (a) shows the entire spectrum, while
(b) is magni�ed for the segment between 15 and 30 column volumes.
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(a) (b)

Figure 5.4: UV-absorption as a function of eluting volume from the column for SEC
of � 0:35 ml hyaluronidase treated 5 % synovial �uid. The absorbance is measured
at wavelengths 280 nm and 214 nm. Figure (a) shows the entire spectrum, while
(b) is magni�ed for the segment between 15 and 30 column volumes.

The proteins elute with decreasing sizes as a function of volume. In Figures 5.3 (a)
and 5.4 (a), it is clear that the majority of sample contents elute between 10 and 15
ml and indicate relatively large sizes, while smaller proteins only give rise to very
small peaks.

For both synovial �uids, there is some separation occurring, based on the di�er-
ent peaks. However, the �rst peaks are very large and could imply either that the
samples are composed of a lot of similarly sized, relatively large proteins, or that
proteins of other sizes aggregate with the larger proteins and elute together with
those.

The UV-absorption over time for the two synovial �uids is very similar but exhibits
a few di�erences. This occurs mainly in the zoomed-in area, but is also somewhat
visible at the end of the initial large peak, where the spectrum for the 90 % synovial
�uid exhibits a small bump that is not visible on the spectrum for the 5 % synovial
�uid. The spectrum for the 5 % synovial �uid is somewhat shifted to the left, which
might be a result of a higher sample volume being injected (around 0.35 ml com-
pared to 0.3 ml), but could also be attributed to di�erences in sample composition.

In addition to this shift, it is possible to note some more di�erences in elution for the
zoomed-in part of the plot, where the 5 % synovial �uid exhibits more individual
peaks and seems somewhat more separated. Due to the shift on the x-axis, it is
di�cult to determine directly which fractions di�er between the two synovial �uids.

One limitation of the SEC method is not being able to derive the sizes of the
molecules eluted and collected in the di�erent fractions, but instead only approxi-
mate estimations and comparisons between di�erent fractions can be made.
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