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Multiplexed antibody-based protein profiling in the pursuit of CSF biomarkers for neurodegenerative diseases

Abstract

There is a desire for a transition from generic treatments designed for the average patient, towards
more individual-based precision medicine. An increased knowledge about disease pathophysiology on
a molecular level would be beneficial for this transition. The study of proteins can contribute with
valuable insights into etiology and pathogenesis of different diseases and thereby aid the clinical

assessment of patients and guide future treatments.

Neurodegenerative disorders, such as Alzheimet’s disease, Parkinson’s disease, and frontotemporal
dementia, are characterized by a progressive loss of function, and eventually death of neurons. Neurons
allow the brain to communicate with the rest of the body, and a deteriorated function of neurons can
result in problems with mobility or mental functions. Neurodegenerative diseases progress slowly over
many years, with a long silent asymptomatic phase before symptom onset. It is hard to rebuild what is
already lost, but disease-modifying treatments might be able to slow down or halt the deterioration of
the brain. Therefore, there is a major research focus on investigating the early stages of disease

pathogenesis in order to elucidate this critical phase in disease progression.

The four papers included in this thesis focus on identifying altered protein profiles in cerebrospinal
fluid from patients with neurodegenerative diseases. For this purpose, multiplexed antibody-based
suspension bead arrays have been used. This method allows for hundreds of proteins to be analyzed in
hundreds of samples in the same assay. Paper I focuses on Alzheimer’s disease and investigates the
profiles of 200 proteins when comparing patients with controls. Six proteins were identified at altered
levels and were further investigated in relation to the progression from mild cognitive impairment to
Alzheimer’s disease. Paper II explores 100 protein profiles in relation to the core Alzheimer’s disease
biomarkers in asymptomatic 70-year-olds to elucidate patterns preceding potential disease onset. Paper
III investigates the transition to cognitive impairment in patients with Parkinson’s disease and explores
potential associations between protein profiles and cognitive assessment tests. Finally, Paper IV
explores panels of proteins in the context of frontotemporal dementia. Panels of proteins, instead of
single biomarkers, have an increased potential to capture the range of biological processes within these

types of complex and multifactorial diseases.

Neurodegenerative diseases are often heterogeneous which puts high demands on the study design
including an appropriate selection of study population. However, significant similarities are also present
which makes it advantageous to have a broad perspective and work with several neurodegenerative
disorders. This thesis presents the results from multiplexed antibody-based protein profiling as a

contribution to a better understanding of neurodegenerative diseases.



Sammanfattning

Individbaserade behandlingar med skriddarsydda medicinska insatser dr ofta mer férdelaktiga dn
generiska behandlingar framtagna f6r en genomsnittlig patient. En forutsittning for detta dr emellertid
en Okad forstéelse for sjukdomarnas patofysiologi pd molekylir niva. Studier av proteiner kan bidra till
den forstielsen och kan dirigenom ocksa i forlingningen bistd den kliniska bedémningen av patienter

och vigleda vad for slags behandling som den enskilda patienten bér erbjudas.

Neurodegenerativa ~ sjukdomar — sasom  Alzheimers  sjukdom, Parkinsons sjukdom och
frontallobsdemens karakteriseras av en fortskridande férsimring av nerveellernas funktion vilket i sin
tur resulterar i férsimrad rorlighet eller nedsatta mentala funktioner. Ovannidmnda sjukdomar utvecklas
lingsamt under manga ar och inleds med en ling tyst asymtomatisk fas. Det som férloras kan for det
mesta aldrig aterfds, men sjukdomsmodifierande likemedel har méjligheten att bromsa eller i bista fall
helt stoppa en fortsatt nedbrytning av hjirnan. Det 4r mot den hir bakgrunden som en stor del av

forskningen kring dessa sjukdomar just avser klarligga dess tidiga faser.

Foljande avhandling innefattar fyra artiklar vilka fokuserar pé att identifiera proteiner vars nivaer dr
kopplade till neurodegenerativa sjukdomar. Proteinerna analyseras med hjilp av en antikroppsbaserad
teknik vilket méjliggér analys av hundratals proteiner i hundratals prover i samma analysomgang.
Artikel I fokuserar pd Alzheimers sjukdom och undersSker profilerna av 200 proteiner i patienter
jimfort med friska individer. Sex proteiner med férhojda nivder identifierades i patienterna och
undersoktes vidare i relation till progressionen fran mild kognitiv svikt till Alzheimers sjukdom. Artikel
IT utforskar 100 proteiner i relation till de vedertagna biomarkorerna f6r Alzheimers sjukdom i
asymtomatiska 70-aringar fOr att klarligga potentiella ménster som dr mitbara innan eventuell start av
symptom. Artikel ITI utforskar 6vergangen till kognitiv svikt i patienter med Parkinsons sjukdom och
undersoéker potentiella associationer mellan proteinprofiler och kognitiva testresultat. Artikel IV
fokuserar pd att identifiera paneler av proteiner som tillsammans kan urskilja patienter med
frontallobsdemens och dess progression. Paneler av proteinet, i stillet for enskilda biomarkérer, har en

Skad potential att aterspegla dessa typer av komplexa och multifaktoriella sjukdomar.

Neurodegenerativa sjukdomar ir ofta heterogena vilket stiller h6ga krav pé studieutformningen och
urvalet av individer till studien. Det finns dock dven likheter mellan sjukdomarna vilket gor det
fordelaktigt att ha ett brett perspektiv och att arbeta tvirvetenskapligt med flera neurodegenerativa
sjukdomar. Avhandlingen presenterar resultaten fran antikroppsbaserade proteinanalyser som ett

bidrag till en bittre forstielse for dessa sjukdomar.
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Popular scientific summary

Neurodegenerative diseases, such as Alzheimet’s disease, Parkinson’s disease, and frontotemporal
dementia are characterized by a progtessive loss of function and eventually death of nerve cells in
the brain. An increased understanding of the brain and neurodegenerative diseases may enable us
to improve the treatments and theteby lessen the burden for the patients. The following thesis aims
to contribute to the understanding of neurodegenerative diseases by studying the levels of proteins

in relation to the progression of these conditions.

Proteins are important for many functions in our bodies. They provide structural support, transport
and store molecules, regulate processes and protect our bodies from pathogens. Hence, proteins
play a vital role, both when you are healthy but also when you are sick. Proteins are built up by
amino acids, following a blueprint provided by our DNA. The amino acid sequences are folded
into complex, three-dimensional structures determining the function of the protein. The proteome,
the complete set of proteins in your body, varies depending on the state of the body. This in turn
allows proteins to be used as indicators for diseases. If we for instance observe a sudden increase
of structural proteins usually present in nerve cells, this might indicate that nerve cells have been
injured. Protein profiling is the quantitative assessment of the levels of proteins at a certain point.
The protein profiles are often compared between two different groups of individuals, for example
healthy individuals and patients with Alzheimer’s disease. Protein profiling can allow for
identification of protein biomarkers, which can be used as objective indicators of health and

disease. Furthermore, protein profiling can increase the understanding of different diseases.

Protein levels can be studied using different methods. The work presented in this thesis is based
on measurements of proteins using antibodies. Antibodies have an inherent ability to bind
specifically to certain proteins, making them valuable tools in the study of proteins. The proteins
studied in this thesis have been studied using a multiplexed method allowing for many proteins to
be measured in parallel. Proteins are most often measured in blood, a common and widely available
sample material. However, in the following thesis the proteins have been measured in cerebrospinal
fluid, CSF, an attractive material when studying neurodegenerative diseases due to its proximity to
the brain. By studying proteins that are altered in CSF from patients with neurodegenerative
diseases, we aim to shed light upon the different processes that are present in the brains of these
patients. This has the potential to provide the foundation for identifications of different subgroups

of patients, diagnostic tools, as well as tailored treatment strategies.
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Aims of the thesis

To utilize multiplexed antibody-based protein profiling and develop data analysis strategies to

explore novel CSF biomarkers within neurodegenerative diseases.

Paper I
The aim with the study was to contribute to the long-term goal of a better understanding of the
Alzheimer’s disease continuum by investigating CSF levels of 200 proteins in patients with

Alzheimer’s disease, individuals with mild cognitive impairment and controls.

Paper I1
The aim with the study was to bring further insight to the processes preceding the development of
Alzheimer’s disease by exploring the association between 100 CSF proteins and the core

biomarkers for Alzheimer’s disease in a cohort of asymptomatic 70-year-olds.

Paper ITI
The aim of the study was to contribute to the assessment of potential CSF markers for cognitive
decline in Parkinson’s disease. We investigated levels of 200 proteins in CSF from patients with

early Parkinson’s disease in relation to cognitive impairment.

Paper IV

The aim of the study was to contribute to the identification of CSF biomarkers for frontotemporal
dementia. Here, patterns of 100 CSF proteins were explored to identify a panel of proteins that
together has the potential to distinguish symptomatic patients from presymptomatic mutation
carriers and mutation non-carriers. Furthermore, we explored the potential to identify a panel of

proteins able to separate presymptomatic mutation carriers from mutation non-carriers.



Preface

I started as a PhD student in 2017 and have since then analyzed a large number of proteins in
samples from many different individuals. The aim has been to identify and characterize protein

profiles that might reflect what is going on in our bodies when we develop or contract a disease.

I have a Master of Science in Engineering degree in biotechnology from KTH Royal Institute of
Technology. The education enabled me to acquire an understanding of different technologies that
are available to analyze biological samples, and different aspects related to data analysis including
interpretations of results. This set of skills is the foundation that I have continued to extend during
the last four years, where I have focused on the study of proteins in different neurodegenerative
diseases. I have been a PhD student at the Affinity Proteomics division within the Protein Science
department at KTH Royal Institute of Technology. The division is located at the Science for Life
Laboratory, SciLifeLab, which is a Swedish national center for large-scale life science research.
SciLifeLab is a joint effort between four Swedish universities: KTH Royal Institute for Technology,
Karolinska Institutet, Stockholm University and Uppsala University. The SciliifeL.ab community
enables networking and an exchange of ideas between different research groups. During my PhD
studies, I have focused on neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s

disease, and frontotemporal dementia.

During these years I have also been a part of other projects including, among others, amyotrophic
lateral sclerosis, HIV, COVID-19, immunodeficiency, and malaria. All these additional projects
have had the multiplexed bead-based assays as a fundamental component whete I have especially
been focusing on the technology and different strategies to analyze the data. My work in these areas
have further broadened my perspective and enabled me to be a part of a large network and to

collaborate with many different researchers.

This thesis covers different aspects related to the pursuit of CSF biomarkers for neurodegenerative
disorders. Given the large field of neuroproteomics, I have restricted the thesis to the concepts
that I find most interesting. Part I covers different aspects of biomarkers, sample materials,
antibodies and technologies frequently used to study proteins. Part II covers neurodegenerative
diseases and examples of relevant biomarkers. Part III includes a discussion around different

challenges regarding study design, including the selection of an appropriate cohort, experimental
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design, and data analysis strategies. Finally, part IV includes the present investigations and
summaries of the four included papers. The full versions of these papers can be found in the

appendix.

The study of disease-related protein profiles is complex and requires united efforts from many
different groups. This thesis aims to provide a few pieces to the large puzzle that I hope we will
continue to solve together.

Enjoy!

Sofia Bergstrém, October 2021
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Biomarkers

A biomarker is defined as an objective and measurable indicator of the state of the body.
Consequently, biomarkers provide insight into normal physiological states, pathological processes
as well as biological responses to therapeutic interventions (Biomarkers Definitions Working
Group, 2001). Well known biomarkers include body temperature, blood pressure and oxygen
saturation. Proteins however, serve especially well as biomarkers (Anderson, 2014). The proteome,
the complete set of expressed proteins at a certain time, is dynamic and changes in response to
various factors, including disease. For instance, the blood concentration of C-reactive protein
(CRP) increases dramatically upon an infection and can be used as a biomarker for ongoing

inflammation.

Proteins

Proteins are found throughout our bodies and cover a broad range of different functions. Proteins
can give structural support to cells, transport and store molecules, act as messengers to coordinate
processes, and proteins in the form of enzymes can facilitate chemical reactions. Antibodies are
another type of proteins, and they protect our bodies from pathogens. See section Proteomsics:
Antibodies for protein profiling applications for more details about antibodies. Proteins are composed of
20 different types of amino acids that are attached together in long chains. Our DNA holds
approximately 20,000 protein-coding genes (20,442 according to Ensembl, database version
104.38, updated March 2021 and 20,386 according to UniProt, release 2021-03 of June 2021) which
can be translated into proteins via mRNA. However, another level of complexity emerges when
taking into account products of alternative splicing, allelic variations and post translational
modifications (PTMs). This means that the same gene can give rise to many different proteoforms
(Smith, 2013). Although other forms of molecular biomarkers exist, such as DNA, RNA or

metabolite biomarkers, this thesis focuses on protein biomarkers.

Different types of biomarkers

Biomarkers can be divided into different groups depending on their application (FDA-NIH
Biomarker Working Group, 2016). Diagnostic biomatkets indicate a presence of a disease or a
condition, while prognostic biomarkers assess the probable progression of the disease.

Susceptibility or risk biomarkers indicate the potential for developing a specific disease.
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Figure 1: Biomarkers can be used to divide individuals into different groups.

Other biomarkers are related to medical interventions: Predictive biomarkers can identify
individuals that are likely to respond to a certain treatment. Pharmacodynamic or response
biomarkers indicate a positive response connected to a medical product while safety biomarkers
detect or predict an adverse effect related to a medical intervention. Lastly, repeated measurements
of monitoring biomarkers are used as an indication of the status of the disease. Identifying protein
profiles with pathophysiological importance is vital for precision medicine and its efforts to

improve the ways we predict, prevent, diagnose, and treat different diseases (Hampel, 2018b).

From clinical symptoms to underlying pathological processes

The transition of diseases from a syndromal to a biological construct, or more precisely the shift
from studying clinical symptoms and signs to study their underlying pathological processes, enables
the stratification of patients into distinct subgroups. A syndrome is a clinical consequence that can
be caused by one or more diseases which makes the definition and stratification of patients
complicated. In order to increase the understanding of the mechanisms underlying the clinical
presentations, a biological definition is necessary. Alzheimer’s disease (AD) is an example of a

disease where the identification of a set of biomarkers has enabled a transition from a syndrome-



based to a biologically defined disease (Jack, 2018). Without biomarkers, AD could only be
diagnosed in living individuals as possible or probable AD based on clinical symptoms (McKhann,
1984). An autopsy was needed to confirm the underlying pathological processes associated with
AD. However, the diagnosis of AD based on clinical assessment was found to only moderately
concord with postmortem examination (sensitivity 71-87%, specificity 44-71%) (Beach, 2012),
highlighting the need for a more distinct definition of the disease which can be obtained by the use

of biomarkers.

Furthermore, the use of biomarkers can be beneficial in drug trials. In earlier AD drug trials, only
clinical syndromes were used as a selection criteria and up to 25% of mild AD participants lacked
biomarker evidence of AD related pathology (Karran, 2014). Another phase 3 trial had similar
problems where 36% of the participants with mild-to-moderate AD at baseline did not have
detectable biomarker evidence of pathological processes associated with AD (Salloway, 2014). To
overcome this high misclassification rate, more recent AD drug trials used different types of
biomarkers to scteen for suitable participants to include in the study which increases the potential
to show efficacy (Honig, 2018; Mattsson, 2015; Sevigny, 2016; Sperling, 2014). When it comes to
neurodegenerative diseases, AD is the successful exception. No other brain proteinopathy has a
biomarker profile as well-defined, extensively characterized, and precise as the core AD

biomarkers.

Thresholds for biomarkers on the continnous scale

There are some types of qualitative biomarker tests designed to only specify the presence or
absence of a particular indicator. For instance, the standard pregnancy test measures a specific
hormone produced by cells surrounding the embryo upon fertilization, thus providing a simple
positive or negative result. However, most biomarkers are already present in normal states, but
their levels are altered upon a disease state. This means that the biomatker will be measured on a
continuous scale, but it will often be classified into a positive or negative result to facilitate
communication and understanding. However, the continuous scale may reveal additional
information that could not be captured using the dichotomous threshold-based thinking. A
threshold indicating the range of normal states can still be determined in order to relate the
observed values to this reference level, which can be useful as long as values close to the cut-off is
treated with care and interpreted propetly. Furthermore, the selected threshold can be tailored to

individual studies depending on the application and circumstances.
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Figure 2: Schematic results of an analysis of the levels of a biomarker in a set of individnals divided into three groups.
The y-axis represents the measured concentration of the protein, and each dot represents the result from one individual.
The dashed line indicated the pre-selected threshold which divides the samples into positive or negative for a specific
marker. 1t is common to dichotomize biomarfker results to facilitate communication, but additional information might

be included in the continnous scale.

It is however not a trivial task to determine suitable thresholds. The suitable reference level may
vary based on for example age and sex. Hospitals may use different reference levels depending on
the method that was used to measure the protein. Additionally, the threshold is sometimes updated
within the same hospital due to drifts in the measurements. To overcome these types of
variabilities, the way the protein is measured needs to be standardized. Moreover, suitable reference

materials can be used to homogenize the results obtained from different hospitals.

In conclusion, biomarkers are tools that have the ability to track changes that occur in our bodies.
They provide invaluable insight into health and disease and can inform decision-making and
improve clinical practice. Furthermore, panels of several biomarkers have the potential to reflect
the complex and multifactorial nature of neurodegenerative disorders. Panels may accommodate
an increased resolution between related diseases and different disease phenotypes. In addition to
the discovery of biomarkers that are useful in the clinics or during drug development, identifying
proteins with altered levels in different disease groups might shed light on the underlying biology
and pathological processes preceding the symptom onset. The aim to identify proteins that can aid

in the understanding of a disease is an important part in the search for disease-associated proteins.



Cerebrospinal fluid for biomarker research

Disease-associated proteins can be secreted or leaked from affected tissues and end up in body
fluids where they can be measured. Body fluids include, among others, blood detived samples
(plasma and serum), cerebrospinal fluid (CSF), urine (Marimuthu, 2011), tear fluid (Adigal, 2021),
and saliva (Boroumand, 2021). As many as 15,000 different proteins have been detected in different
types of body fluids (Huang, 2021) which highlights the potential to find disease-associated
proteins in this type of sample material. The suitable body fluid should ideally accommodate
sufficient levels of the protein of interest in relation to the sample matrix to enable detection, and
the collection procedure should be minimally invasive. The collection of body fluids is often less
invasive than tissue biopsies, another biological media suitable for biomarker measurements,

though the degree of invasiveness varies between different types of fluids.

Blood is a widely used sample material

Blood-derived samples are easily accessible and a widely used sample material for biomarker
research. Biomarkers that are detectable in blood can be used as screening tools in primary care
and are suitable for longitudinal sampling (Blennow, 2018). Two common types of blood-derived
samples include plasma and serum. Plasma is prepatred by the addition of an anticoagulant, such as
EDTA, heparin, or citrate. Serum on the other hand is prepared by allowing the blood to clot,
followed by a centrifugation where the blood clots are removed. One obstacle with protein analysis
in blood derived samples is that some proteins are present in high concentrations while others are
present at very low concentrations. The dynamic range of proteins in plasma is at least 10 orders
of magnitude which constitutes challenges for detection of low abundant proteins (Anderson,
2002). Moreover, blood is a systemic fluid, and its circulatory system spans the entire body. The
substantial blood volume may extensively dilute potential biomarkers and thereby prevent their
detection. To enable detection of disease-related proteins, a body fluid in proximity to the tissue

or organ of interest can be preferable.

Adpantages of CSF as sample material

CSF is an attractive biofluid to study in the context of neurodegenerative diseases due to its
proximity to the brain. There is a free exchange of molecules between the brain and the CSF but
only a fraction of these proteins enters the blood stream. The main functions of CSF, a colorless

fluid surrounding the brain and the spinal cord, are to protect the central nervous system from
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injury by shielding the brain from external force, remove waste products, and provide the brain
with nutrients. CSF is mainly formed in the choroid plexus of the ventricles (Johanson, 2008) and
its volume in the body is estimated to be approximately 150 ml (Blennow, 2012). The total protein

concentration in CSF is approximately 0.5 mg/ml, making it 100-fold lower compared to plasma.

A single layer of ependymal cells forms the brain-CSF barrier (Brat, 2018). The batrier is highly
permeable and enables proteins to enter the CSF from the extracellular space in the brain (Blennow,
2012). Blood-derived proteins are also present in CSF, but both the blood-CSF barrier and the
blood-brain barrier limit the passage of proteins from blood to CSF. It is estimated that
approximately 20% of the proteins in CSF are synthesized in the brain, and the remaining 80% are
blood-derived (Thompson, 1995), though this ratio might change upon pathological conditions.
The brain-derived proteins present in CSF are especially interesting to study in the context of
neurodegenerative disorders. These proteins have the potential to reflect the status of the brain,
and their concentration in CSF will change upon acute brain injury, but also as an effect of
pathophysiological processes in the brain, as the ones observed in dementia (Blennow, 2012).
Brain-derived proteins can be present in blood, but often at lower concentrations compared to
CSF. Furthermore, if the protein is expressed outside the central nervous system as well, it may be
challenging to determine whether the observed altered levels in blood reflects what is happening

in the brain or not (Zetterberg, 2019a).
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Figure 3: Advantages with blood and CSF as sample material for neuroproteonsics.



The CSF proteome has been investigated in several studies and over 6000 proteins have been
identified in total (Huang, 2021). However, the number of identified proteins varies between
different studies. The variability may be connected to several factors including the selected
experimental procedure as well as to the chosen degree of certainty. For example, one study
investigated the normal CSF proteome using a sample pool of 11 individuals and a mass
spectrometer-based assay which included depletion of abundant proteins. They observed 2630
non-redundant proteins and more than half were based on at least two peptide identifications

(Schutzer, 2010).

Challenges with CSF as sample material

CSF is collected by lumbar puncture which is regarded as a relatively invasive procedure
(Niemantsverdriet, 2015). However, a multicenter study determined that lumbar puncture can be
safely performed in memory clinics, and with a low complication rate (Duits, 2016). Serious
complications were very rare, they observed complications requiring medical intervention in 1% of
the individuals that underwent lumbar puncture, while most complaints were mild and commonly
included post lumbar puncture headache or back pain. Furthermore, consensus guidelines and
recommendations for lumbar puncture procedutes have been compiled, to further reduce
complication rates (Engelborghs, 2017). Some patients may be teluctant towards a lumbar
puncture, but the procedure is often more tolerable than expected. Moreover, a high acceptance
rate of lumbar puncture has been observed (92%) (Duits, 2016). However, due to its invasive
nature, repeated lumbar puncture for CSF collection may be restricted which makes longitudinal
studies difficult.

When designing a study, it is important to select an appropriate control group. Different types of
comparison groups can be used but they affect which conclusions that can be drawn from the
analysis. Sometimes the disease group is compated to a group of healthy individuals. It can be hard
to recruit healthy individuals to CSF studies for example due to the relative invasiveness of the
collection procedure which can constitute obstacles connected to ethical concerns. Furthermore,
it is not uncomplicated to define “healthy normal individuals”, and this is often not the group of
individuals which is the most interesting to compare with. Individuals with neurodegenerative
disorders are often old, and a comparison with young healthy 20-year-olds will probably not reveal
the most interesting disease-relevant differences. Consequently, the control group in CSF studies
often consists of individuals with other types of complaints or neurological diseases, different from

the investigated disease group. Different types of compatison groups can be used, to facilitate
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analysis regarding different parts of the research question. The properties of the control subjects,
as well as the disease group of interest, should preferably be clearly described, including potential
inclusion and exclusion criteria. It is preferred that all individuals are well-characterized, and that
extensive demographic and clinical information is available. This is important in order to control
and be aware of potential confounding factors, see section Szudy design: Experimental design for more
details. Cognitively unimpaired individuals can be followed for a couple of years after sample
collection to investigate whether signs of cognitive decline appear which might be relevant for the

study.

The study of the CSF proteome has potential to increase the knowledge of the pathophysiological
abnormalities present in patients with neurological disorders. The collection procedure of CSF is
more invasive than a blood draw but there is a major advantage of the proximity to the organ of
interest. There are several available platforms to analyze proteins in biofluids in a high-throughput
manner, see the section Proteomics: Protein profiling technologies for more details. Consequently, the
main limiting factor for protein profiling is not the sample throughput but the availability of large

and appropriate sample sets.



Antibodies for protein profiling applications

Antibodies are a part of the adaptive immune system that aims to protect the body from pathogens.
The Y-shaped proteins recognize and bind to encountered pathogens in order to neutralize or
climinate them. The inherent ability of antibodies to specifically bind to certain proteins makes
them a frequently used tool when exploring the human proteome. Antibodies are used as affinity

reagents in many different biotechnological applications, including immunoassays.

The structure of antibodies

In mammals, there ate five different classes of antibodies, also known as immunoglobulins (Ig):
IgG, IgA, IgD, IgE and IgM, where both IgG and IgA can be further divided into subclasses. IgG
is the most abundant antibody isotype in blood and is the most frequently used antibody class for
research. Antibodies are composed of two copies of identical heavy chains and two copies of
identical light chains. The chains are connected by disulfide bonds and each chain can be divided
into constant and variable regions. The constant region depends on the class of the antibody, while
the variable region varies depending on which specific antigen it will bind. Three hypervariable
regions (complementatrity-determining regions, CDRs) constitute the actual antigen-binding site
that recognizes the epitope on the targeted protein (Lipman, 2005). The strength of the interaction
between the antibody and the antigen is referred to as the affinity of the antibody.

The recognized epitope can be continuous (linear) or discontinuous (conformational). A linear
epitope consists of a consecutive stretch of amino acids, while a conformational epitope is located
at different parts of the sequence and is brought into proximity when the protein is folded. The
distinction is not absolute, for example a conformational epitope may include short segments of
adjacent residues (Van Regenmortel, 2009). Antibody-based protein assays often include some type
of denaturation procedures. Therefore, the antibodies generated for such applications often have
to recognize the unfolded version of the protein. This might indicate that linear epitopes play a
more prominent role under these circumstances compared to for example antibodies used for

therapeutic purposes where the native protein should be recognized (Berglund, 2008).

Monoctonal and polyclonal antibodies

There are two main types of antibodies available for researchers: monoclonal and polyclonal

antibodies. Polyclonal antibodies are a mixture of several antibodies recognizing different epitopes
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Figure 4: A schematic view of an antibody.

on the same protein, while monoclonal antibodies constitute one single species that recognizes the
same epitope. Polyclonal antibodies are produced by the immune system of a host animal such as
rabbit, goat, or sheep, as a response to an injected immunogen. A mixture of B-cell clones
contributes to the response and give rise to the certain batch of polyclonal antibodies which
can be obtained from the blood of the animal. The antibodies can be purified using bacterial
proteins with antibody-binding properties, such as Protein A and Protein G. Another option is to
purify the antibodies using the same immunogen that gave rise to the response, which results in a
polyclonal mixture of mono-specific antibodies (Hjelm, 2011). The polyclonal antibodies are
predisposed to vary between batches, since the immune response will vary between different
animals. Repeated immunizations in separate animals can generate similar but not identical epitope
patterns (Hjelm, 2012). To overcome this variability, Kéhler and Milstein developed the foundation
for monoclonal antibody production using the hybridoma technology. Here, the antibodies atre
detived from a single B-cell parent clone, immortalized by the fusion with myeloma cells which
enables long-term generation of antibodies recognizing one single epitope (Kohler, 1975).
Monoclonal antibodies have a low batch-to-batch variability and generally lower background noise.
However, the production of polyclonal antibodies is faster and less expensive. Furthermore, the
success rate of polyclonal antibodies seems to be higher in applications where denaturation of

proteins is involved, for example by heat or detergents.
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The Human Protein Atlas

The advantages, feasibility, and wide range of possible applications of polyclonal antibodies have
been demonstrated by the Swedish-based Human Protein Atlas project (HPA) (Uhlén, 2005;
Uhlén, 2010). This proteome-scale initiative has the aim to map expression levels and localizations
of all human proteins. HPA uses various omics technologies, including antibody-based methods.
HPA produces (Lindskog, 2005; Nilsson, 2005), characterizes and verifies (Sjoberg, 2016; Sjoberg,
2012; Stadler, 2012) polyclonal rabbit antibodies in a gene-centric and systematic manner. The HPA
antibodies are validated based on the validation principles proposed by The International Working
Group for Antibody Validation (Uhlén, 2016). The current version of HPA (version 20.1, released
2021-02-24) contains 26,941 antibodies targeting 17,165 unique proteins. The antibodies are
subsequently used in different types of immunoassays to explore the human proteome, both levels
and localizations, in different tissues, cells, and organs. The efforts by the HPA program have
resulted in several open-access knowledge resources available at www.proteinatlas.org, including
The Tissue Atlas (Uhlén, 2015), The Cell Atlas (Thul, 2017), The Pathology Atlas (Uhlén, 2017),
The Blood Atlas (Uhlén, 2019b), The Human Secretome (Uhlén, 2019a), and The Brain Atlas
(Sjostedt, 2020). Furthermore, The Single Cell Type Atlas was published earlier this year which
enables reseatchers to explore the expression of protein-coding genes in different cell types
(Karlsson, 2021).

The HPA antibody production pipeline starts with the in silico identification of an amino acid
sequence within the protein of interest that has a low sequence homology to other proteins. These
50-150 amino acid long sequences are called Protein Epitope Signature Tags (PrESTSs). The PrEST
is fused with a dual tag containing an albumin-binding protein (ABP) and a polyhistidine-tag (Hise)
and produced in Escherichia coli. After purification and control procedures, the protein fragment is
used for rabbit immunization. The resulting polyclonal antibody serum is purified by depletion of
antibodies specific for the HissABP-tag and capture of antibodies specific for the PrEST (Hober,
2008). The specificity of the generated antibodies is evaluated using protein microarrays comprised
of an array of PrESTSs spotted onto an epoxy coated glass slide (Nilsson, 2005). Antibodies that
pass the protein microarray evaluation are further evaluated using Western blot and are
subsequently used to map protein localization in cells and tissues. Several PrEST's can be designed
for each protein, resulting in different polyclonal antibody sets targeting different parts of the

protein of interest.
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Abntibody validation

A functional antibody must bind the intended target and have a low cross-reactivity. However,
antibodies are context dependent making it important to identify the right antibody for the right
type of application. Therefore, it is important that antibody validation is caried out in an application
and context dependent manner (Uhlén, 2016). An antibody can be extensively validated for one or
several applications, but still need additional validation procedures if the intended use is too
different from the validated applications (Taussig, 2018). An antibody that works in Western blot,
does not necessarily work in immunoprecipitation, or immunohistochemistry, just to give a few
examples. Additionally, the relative concentration difference between the intended target and
potential off-target proteins will affect the specificity of an antibody and thereby its performance
(Algenis, 2014). This means that an antibody-pair which identifies the intended protein in CSF in
a sensitive and specific manner when using a sandwich assay setup, does not necessarily perform
as well in plasma. Furthermore, every new batch of antibodies might need to go through validation
procedures, as observed in an immunofluorescence setting (Skogs, 2017). This makes antibody
validation a complex and laborious task that needs to be tailored for each intended application.
Several online resources are available that catalogue the available antibodies, including validation
data. One such portal is the Antibodypedia (Bjotling, 2008), available at www.antibodypedia.com,
where both antibody providers and users can contribute with validation results. The resource
currently contains information about more than four million antibodies from 95 providers

(updated September 2021).
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Protein profiling technologies

The advances in high-throughput and multiplexed technologies for measuring proteins in
biological samples including CSF or blood have resulted in numerous suggested biomarkers.
However, most of these biomarkers are pofential biomarker candidates. There is a long process from
the initial discovery of a candidate marker to a clinical setting, and this procedure will result in
failure for most candidates. Even when the biomarker has been established, further evaluation and
characterization of the biomarker is needed. Some proteins that are not suitable to act as clinical

biomarkers may still be of importance to elucidate the pathophysiological processes of a disease.

Identification of a biomarker is usually divided into several phases, with an initial discovery phase
followed by a long validation phase. The processes typically begin with the analysis of many
proteins and continues with further assessment using a targeted approach of a few selected proteins
during the validation phase. This emphasizes the need for different types of methods to measure

proteins, depending on the specific requirements for the specific stage of biomarker development.

The large-scale study of proteins, proteomics, is a promising approach for the discovery of
potential biomarker candidates. Proteomic technologies can be divided into two main approaches:
mass spectrometry-based proteomics and antibody-based proteomics. My work, as the title
indicates, focuses on antibody-based proteomics where antibodies are used to capture and measure
proteins. Mass spectrometry-based proteomics, on the other hand, measure the mass-to-charge
ratio of protein-derived ions. However, the fields are not completely separated, antibodies can be
used in combination with mass spectrometry, for example as an enrichment step. Proteomic
approaches can further be divided into targeted knowledge-based approaches and an untargeted
discovery approaches. Mass spectrometry-based proteomics is leading when it comes to the
untargeted discovery approach, but several antibody-based methods have enables analysis of large

protein panels, which increases the ability to do broad screenings.

Mass spectrometry

Simplified, a mass spectrometer consists of three parts: an ion source, a mass analyzer, and an ion
detector. The generation of ions can be done in different ways, and the two main methods for
ionization (Nadler, 2017) are electrospray ionization (ESI) (Fenn, 1989) and matrix-assisted laser
desorption ionization (MALDI) (Karas, 1988). There are different types of mass analyzers,
including the quadrupole, orbitrap, and time-of-flight (TOF) among others. A tandem mass
spectrometry workflow is often utilized (MS/MS) and different types of mass analyzers can be
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combined to take advantage of their different strengths (Aebersold, 2003). The complexity of the
sample is often reduced prior to the analysis in the mass spectrometer to increase the multiplexing
capacity. A coupled liquid chromatography MS system is widely used within proteomics to enable
detection of a higher number of proteins. To further reduce the complexity of the sample,
additional procedures can be performed prior to the analysis. This can be done on a protein level
for example by size or by using antibodies for either depletion of high-abundant proteins or for
enrichment of the proteins of interest. The sample can also be pre-fractionated on a peptide level

by liquid chromatography.

Shotgun mass spectrometry can be used to discover new potential biomarker candidates, but the
approach has limitations connected to its sensitivity. A typical workflow includes enzymatic protein
digestion, often by trypsin, followed by separation using liquid chromatography and MS/MS
measurements of the peptides (Picotti, 2013). When using a data-dependent acquisition (DDA) a
stochastic selection of a limited number of precursor peptides is made. The selection is usually
intensity-based which means that it is difficult to consistently measute low abundant proteins and
different proteins can be identified between different runs. Data-independent acquisition (DIA) on
the other hand performs MS2 quantification of the entire MS1 spectrum. This makes the data more
difficult to analyze but this strategy enhances the coverage and overcomes some of the problems
with missing values present in DDA proteomics. Targeted mass spectrometry approaches,
including selected or multiple reaction monitoring (SRM/MRM) as well as parallel reaction
monitoring (PRM), can be used for quantification of a predefined list of protein targets, which
enables the detection of proteins with lower abundance (Borras, 2017). Heavy protein or peptide
standards can be analyzed in parallel to the endogenous peptides to enable absolute quantification.
Every target needs some assay development, but this approach enables a more robust

quantification.

The main advantage with mass spectrometry is the more direct identification of proteins, compared
to immunoassays which require affinity reagents. The ability to utilize an untargeted discovery
approach in beneficial, but the sample throughput can be comparably low in these types of setups.
Targeted mass spectrometry approaches are beneficial as validation procedures for both untargeted
mass spectrometry findings as well as findings from antibody-based methods. Advances in mass
spectrometry technologies have the potential to overcome some of its disadvantages and thereby
further complement immunoassays. However, despite this, antibody-based protein profiling is still

vety attractive due to the easier transition into assays suitable for a clinical setting.
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Important properties of immunoassays

The main advantage with antibody-based proteomics is the sensitivity, it is possible to identify low
abundant proteins. Sensitivity relates to the assay’s ability to identify the analyte within the sample
matrix, while specificity relates to the assay’s ability to distinguish between the intended target and
other components. Different assays have different intrinsic detection limits. The limit of detection
can be extremely low if methods able to detect single molecules are used (Dong, 2017).
Additionally, the sensitivity of an immunoassay depends on the affinity of the antibody. Sensitive
assays for protein detection commonly use two antibodies in one way or another. Usually one
antibody captures the protein of interest, while a second antibody enables detection. The
requirement of two antibodies recognizing the same protein enhances the specificity of the assay.
However, potential cross-reactivity of secondary antibodies limits the number of proteins that can

be analyzed simultaneously, and different platforms have tackled this problem in various ways.

Sandwich Suspension Bead-based Proximity Digital
ELISA bead array sandwich extension assay ELISA

o

Figure 5: Different antibody-based protein profiling technologies. The blue object indicates the protein of interest.

16



Part I: Proteomics

Sandwich ELLS A

The enzyme-linked immunosorbent assay (ELISA) was developed 50 years ago (Engvall, 1971) and
is still widely used in many different formats in diagnostic and research laboratories. This
immunoassay utilizes two different antibodies to measure the protein of interest, one capture
antibody and one detection antibody. The capture antibodies are coated into the wells of a
microtiter plate and diluted samples can subsequently be added. The intended target will bind to
the capture antibodies and detection is enabled through e.g. biotinylated antibodies and a
streptavidin-coupled enzyme. Next, a substrate is added which results in a color shift that can be
measured. Commonly, one protein is measured per ELISA and the assay takes place in a 96-well
microtiter plate. Some wells are dedicated for controls and a standard curve, which means that
around 80 samples can be measured in the same assay. However, many commercial kits

recommend all samples to be analyzed in duplicates, which further limits the throughput.

Suspension bead array

It is attractive to use multiplexed immunoassays which enables the analysis of a higher number of
proteins in the same assay. Multiplexing increases the number of proteins analyzed per sample
volume, it reduces expenses per measured protein, and it saves time. This is especially important

for research, whereas a single plex assay may be sufficient in a clinical setting.

Using suspension bead arrays (Higgmark, 2013; Pin, 2019; Schwenk, 2008) hundreds of proteins
can be analyzed in hundreds of samples in the same assay run. The dual-dimensional multiplexing
capacity is enabled through direct labeling of whole samples with biotin, and a single binder setup.
In a single binder assay, the generation of a signal only requires interaction between the capture
antibody and the labelled protein, compared to sandwich assays where both a capture antibody and

a detection antibody are required.

The suspension bead arrays use antibody coupled beads and a flow cytometer-based system to
measure proteins in plasma, serum, CSF and other biofluids. Capture antibodies are coupled onto
carboxylated magnetic color-coded beads using carbodiimide ctrosslinker chemistry and can
subsequently be pooled to form the suspension bead array. Next, the bead array is incubated with
biotinylated, diluted, and heat-treated samples in a microtiter plate and the read-out is performed

using a streptavidin-coupled fluorophore as the reporter system in a FLEXMAP 3D instrument
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Figure 6: The suspension bead array workflow. The selected antibodies are coupled to color-coded magnetic beads,
and subsequently mixed to form the suspension bead array. The suspension bead array is distributed into every well
in a 384-well plate. The CST samples are randomized into 96-well plates, and 15 ul per sample is labelled with
biotin. The labelled samples are further diluted, heat treated and combined with the suspension bead array in the
384-well plate. A streptavidin conjugated fluorophore is added, and the readout is performed in a FLEXMAP
3D instrument (Luminex Corp). One laser identifies the color-coded beads, and one laser detects the reporter
Sluorgphore. The median signal per bead identity per well results in the relative guantification of that protein.
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(Luminex Corp). The beads are subjected to two different lasers, one that detects the bead identity
and thereby the capture antibody and one laser that detects the reporter fluorophore and thereby
the signal that corresponds to the relative quantification of the protein. This method allows for
measurements of up to 500 proteins per bead array, restricted by the number of different color-
coded beads available. The samples are analyzed in microtiter plates with 96 or 384 wells per
analysis. The use of suspension bead arrays allows for a high degree of flexibility regarding the
specific combinations of proteins that can be analyzed in the same assay. The protein selection can
be tailored in detail to the specific research focus in each project via selection of capture antibodies

to be included in the suspension bead array.

Due to its multiplexing capacity and high sample throughput, the investigations presented in this
thesis all employed suspension bead array assays as the main antibody-based protein profiling
method. Our standard operating procedure enables measurements of 384 proteins per bead array,
in 384 CSF samples (Pin, 2019). Another advantage with the suspension bead arrays is the low
sample consumption. For CSF protein profiling, 15 ul raw sample (3 ul for plasma) is biotinylated.

This is enough for measurements of more than 2000 proteins, divided into six bead arrays.

Bead-based sandwich assays

Multiplexed and high-throughput protein profiling assays are attractive for discovery and screening
applications. These types of proteomic technologies may result in potential biomarker candidates
and thorough validation is needed to confirm the observed patterns and to further characterize the

protein profiles.

A sandwich-based setup can be used to add support for on-target binding. However, the
development of a working sandwich-assay is time consuming and laborious. It is not trivial to
identify two antibodies able to bind to the intended protein at the same time. Furthermore,
extensive optimization and characterization of the antibody-pairs are needed. The development of
a working sandwich assay is specific for each potential biomarker candidate and the effort needed
therefore multiplies when several proteins are to be validated (Bendes, 2021). Bead-based
technology can be employed with a sandwich-based setup similar to sandwich ELISA. For bead-
based sandwich assays, the capture antibody is immobilized onto magnetic beads instead of the
wells in a microtiter plate. Optimization of bead-based sandwich assays include assessment of the
optimal sample dilution, a suitable assay buffer, as well as sufficient incubation time and

concentration of the detection antibody.
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A procedure for systematic and parallel development of bead-based sandwich assays for a panel of
proteins has been developed, using the single-binder suspension bead arrays as a foundation
(Bendes, 2021). Recently, a large systematic effort to develop bead-based sandwich assays was
presented (Haussler, 2019). Different combinations of 624 antibodies were investigated, targeting
209 proteins within the plasma secretome. Out of 1791 unique antibody pairs, 20% successfully
detected the recombinant protein as well as the protein in a plasma sample in a dilution dependent
manner. This highlights the need to assess different capture and detection antibody combinations
when developing a working sandwich assay. The specificity is higher in a sandwich assay compared
to a single binder assay, but the ability to multiplex is lower. Each well can only hold one sample

and one or a few detection antibodies.

Proxcimity extension assay

Other immunoassays that also utilizes several antibodies to detect each protein include the
proximity litigation assay (PLA) and the proximity extension assays (PEA) (Assarsson, 2014;
Fredriksson, 2002). These assays enable quantification of hundreds of proteins simultaneously and
circumvents the inherent cross-reactivity problems in other multiplex dual-recognition assays. Each
of the used antibodies have a DNA oligonucleotide attached which enables amplification of the
signal. If the oligonucleotides are in proximity after sample dilution, due to being bound to the
same protein, they can undergo DNA ligation (PLA) or DNA polymerization (PEA). The objective
is to form amplifiable reporter DNA strands for read-out via either a quantitative real-time PCR
or by Next Generation Sequencing. Proximity assays are very sensitive. They can measure proteins
at the subpicogram per ml range, despite the low sample volume needed (1pl) (Landegren, 2021).
The standard panels from Olink, based on PEA technology, enable the analysis of 92 proteins in
the same assay, with a sample throughput of approximately 90 samples. However, both the

multiplexing capacity and the sample throughput is increased with the new Olink Explore platform.

Digital ELISA

The Simoa from Quanterix (Rissin, 2010) is an ultrasensitive assay that utilizes a single molecule
counting technology which enables detection of proteins at subfemtomolar concentrations. The
samples are incubated with antibody-coupled beads and biotinylated detection antibodies.
Subsequently, a streptavidin-coupled enzyme capable of generating fluorescent product is added
and detected via fluorescent imaging when the substrate has been mixed with the beads. The

concentrated bead mixture is loaded onto the Simoa disk surface, where each well is only large

20



Part I: Proteomics

enough to hold one bead. The low reaction volume in each well enables detection of the fluorescent
product, due to the high local concentration. The protein level is determined by counting the
number of wells where a signal is detected relative to the number of wells that holds a bead. Usually,
one protein is analyzed per Simoa assay, and the sample throughput is similar to a regular sandwich
ELISA: 96 wells are available and should hold the standard cutve, controls and the samples to be

analyzed.

Other protein profiling technologies

There are other protein profiling platforms available, all with their different advantages. Simple Plex,
developed by ProteinSimple, is an automated sandwich immunoassay technology that consists of
microfluidic cartridge-based assays that are analyzed using the Ella instrument (Aldo, 2016). Meso
Scale Discovery uses electrochemiluminescence for detection and can be multiplexed by the use of
distinct electrode regions with different capture antibodies. Furthermore, the aptamer-based
proteomic platform called SomaScan from Somal.ogic can measure up to 7000 proteins in a single

sample by utilizing slow off-rate modified aptamers (Gold, 2010).

Selection of appropriate protein profiling technology

To summatize, thete are various available tools and strategies which have the potential to facilitate
the pursuit of biomarkers within neurodegenerative diseases. The suitable antibody-based platform
depends on the desired sample throughput, the desired level of multiplexing, automation
requirements, the available sample volume, whether absolute quantification is necessary or if
relative quantification is enough and the desired degree of sensitivity. Furthermore, many of the
commercially available multiplexed kits are comprised of a pre-selected panel of proteins, for
example the Neurology panel from Olink which includes the analysis of 92 neuro-related proteins.
A more flexible approach may be preferred to accommodate the analysis of the specific

combination of proteins selected for a study.
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Neurodegenerative disorders include, among others, Alzheimer’s disease (AD), Parkinson’s disease
(PD), and frontotemporal dementia (FTD). These diseases are characterized by a progressive loss
of function, and eventually death of neurons. The location of the atrophy in the brain is relevant
and reflected in the presented clinical symptoms. Furthermore, the above-mentioned diseases all
have aggregates of specific proteins in the brain, and neuroinflammation with more or larger glial

cells may be present.

Neurodegenerative disorders have a profound impact on the quality. Symptoms include memory
decline, impairment of cognitive abilities, problems with speech, swallowing and breathing, as well
as impaired mobility and unvoluntary movements. Neurodegenerative disorders can also result in

sleep problems and mood changes. These disorders generally reduce life expectancy.

Cognitive decline occurs in normal aging as well, but without impairing the ability to perform
activities connected to daily living (Harada, 2013). The pathologic decline is characterized by a
more prominent deterioration at a faster rate. Different types of cognitive tests can be used to
assess the state of an individual, such as the widely used Mini Mental State Examination (MMSE)
(Folstein, 1975), the Montreal Cognitive Assessment (MoCA) (Nasreddine, 2005), and the
comprehensive Repeatable Battery for the Assessment of Neuropsychological Status (RBANS)
(Randolph, 1998). They all have different advantages and disadvantages, but there are also customs

involved where one test may be used more frequently in a specific setting for consistency reasons.

An understanding of the studied diseases is necessary for biomarker research. This chapter will

briefly cover some aspects of the brain, the studied diseases, and a few important CSF biomarkers.
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The brain

The intrinsic complexity and large regional variability of the brain makes it especially challenging
to fully comprehend. Different regions of the brain hold different functions. Neurodegenerative
disorders can affect different areas of the brain which is reflected in the presented symptoms.
Despite its complexity, the brain is predominantly comprised of two different cell types: neurons
and glia. However, these two cell families consist of many members with highly specialized
functions (Brat, 2018). An understanding of the different regions and different cell types in the
brain can be advantageous for biomarker research, both when selecting which proteins to study

but also when interpreting the obtained results.

Brain regions

The main regions of the brain are the brain stem, the cerebellum, and the cerebrum. The brain
stem is vital for basic functions like breathing, swallowing, digestions, sleep, and heart rate.
Additionally, the brain stem connects the brain to the spinal cord and is important for filtering and
routing information from sensory and motor nerves. The cerebellum is located in the lower back

of the brain and is primarily important for motor control and coordination.

Parietal lobe

Frontal lobe

Occipital lobe

Temporal lobe Cerebellum

Brain stem

Figure 7: The brain can be divided into three major structures: the brain stem, cerebellum, and cerebrum. The
cerebrum can be further divided into four major lobes: the frontal, temporal, parietal, and occipital lobes.

25



The cerebrum is important for integration and comprehension of all the received information. The
cerebrum is comprised of the left and the right hemisphere. The hemispheres can in turn be divided
into four lobes: the frontal, temporal, parietal, and occipital lobes. The frontal lobes are important
for personality and emotions, but also for planning and executing movements, and higher level
executive functions including attention, impulse control and critical thinking. The temporal lobes
are important for sensory processing, including hearing, smell, and taste. Additionally, these lobes
are important for language and speech. Like the temporal lobes, the parictal lobes are also involved
with processing of sensory information. Finally, the occipital lobes are located in the back of the

brain and are primarily involved in vision.

The brain can be further divided into different specialized regions where some are especially
relevant for neurodegenerative diseases. The brain atrophy associated with Alzheimer’s disease
initially starts in the hippocampus. This area is important for memory functions and is located deep
in the temporal lobes. The substantia nigra is a part of the basal ganglia which is important for

motor control and affected in Parkinson’s disease.

Neurons

Neurons, also called nerve cells, are a fundamental component of the brain and the rest of the
nervous system. Neurons transmits information, such as sensory input from the external
surrounding and send motor commands to our muscles. They are the effectors of the nervous

system and communicate by chemical and electrical means.

Neurons are spindly looking with a long part called the axon leading away from the cell body, also
known as the soma. The axon is responsible for transmitting the received information from one

neuron to the next, or from the neuron to a muscle cell. Myelin sheaths located around the axon

Dendrites

Axon terminal

Cell body

Myelin sheaths

Figure 8: A schematic overview of a neuron.
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allow quick transmission of signals along the nerve cell to the axon terminal where the information
can be transmitted to other cells via synapses. Dendrites, the bushy part close to the cell body, are
the receivers of synaptic impulses from other axons. The complex network of neuronal synapses
is the functional unit of neurotransmission in the brain. There are many different subgroups of
neurons that vary both in shape and in size, and they have different degrees of vulnerability to

injury and pathological processes (Brat, 2018).

Glia

When the glial cells first were identified it was suggested that their function solely was to act as
nerve glue. Since then, it has become clear that glial cells ate more versatile than first assumed and
that they possess a wide range of vital functions. The full spectra of their functions remain to be
further explored. The main types of glial cells are astrocytes, oligodendrocytes, and microglia.
Simplified, microglia can be regarded as the phagocytotic cells of the nervous system while
oligodendrocytes produce the myelin that encapsulates the axon. Astrocytes have a star-like shape
and a broad range of functions. Their most important functions include the maintenance of
homeostatic balance of neurotransmitters and ions, contributions to the blood-brain barrier and

interaction with neurons at tripartite synapses (Jakel, 2017).

Microglia

\
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X

Figure 9: The brain is mainly comprised of two different cell types called neurons and glia. The glial cells can be

Surther divided into different groups and the major types of glia includes astrocytes, microglia and oligodendrocytes.
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Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder clinically characterized by progressive
deterioration of memory and cognitive functions, until eventually becoming incapacitating. The
pathogenesis is believed to start decades before onset of clinical symptoms (Aisen, 2017). The
neuropathology in AD includes extracellular beta amyloid (AB) plaques, neurofibrillary tangles
composed of truncated and phosphorylated forms of the protein tau (p-tau), and neuronal loss
(Jack, 2018). Amyloid pathology and tau pathology are the pathological hallmarks of AD while
neuronal injury or neurodegeneration are not specific for AD and may derive from a variety of

diseases.

AD is mainly a sporadic condition with a multifactorial etiology, but there are also familial cases.
Genes connected with dominantly inherited familial AD include amyloid beta precursor protein
(APP), presenilin 1 (PSENT), and presenilin 2 (PSEN2). This type of familial AD is very rare and
represents less than 1 % of all AD cases (Masters, 2015). Furthermore, essentially all individuals
with Down syndrome (trisomy 21) eventually develop AD probably due to the lifelong
overexpression of APP, located on chromosome 21, which results in a constant overproduction
of AR (McCarron, 2017). When AD affects younger individuals (usually below 65 years old) it is
called eatly onset AD and this form of AD is not as common as late onset AD. Late onset (usually
after 65 years old) AD is probably multifactorial and includes multiple susceptibility genes (Van
Cauwenberghe, 2016). For many years the ¢4 allele of apolipoprotein E (APOE e4) was the only
identified strong genetic risk factor in both early and late onset familial AD, but the knowledge
regarding the genetic architecture of AD has made significant advances and an increasing number
of other genetic risk loci have now been identified (Schwartzentruber, 2021; Van Cauwenberghe,
2016). However, these additional genetic risk loci are not associated with the same magnitude of
risk increase as APOE e4.

In 2018 the National Institute on Aging (NIA) and the Alzheimer’s Association (AA) proposed a
biological classification system for AD, exc/usively based on biomarkers. The research framework
was based on the amyloid, tau, neurodegeneration (ATN) system, utilizing AD biomarkers for the
research definitions of the disease (Jack, 2018). Each pathologic process can be measured by both
CSF and imaging biomarkers. A biomarkers include amyloid positron emission tomography
(PET) and CSF AB42 or AB42/ AB40 ratio. Tau pathology biomatkers include tau PET and CSF
p-tau. Lastly, biomarkers for neurodegeneration or neuronal injury include CSF total tau (t-tau),

fluoro-deoxyglucose (FDG) PET and anatomic magnetic resonance imaging (MRI), but these
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biomarkers are not specific for AD. Almost 15 years ago, the International Working Group (IWG)
proposed AD to be a clinical-biological entity and suggested diagnostic criteria for research to be
revised in order to include in vivo biomarkers in combination with specific clinical phenotypes
(Dubois, 2007). Additionally, the definition was extended to include prodromal stages. In 2010 the
definitions were refined and extended to include a broader spectrum of the AD continuum
(Dubois, 2010). The year after, working groups established by NIA-AA proposed tevised clinical
diagnostic critetia for both mild cognitive impairment and dementia due to undertlying AD
pathology (Albert, 2011; McKhann, 2011). Furthermore, a third working group from NIA-AA
proposed criteria for three different stages of the preclinical phase of AD, intended for research
settings (Sperling, 2011). In 2014 the IWG research diagnostic criteria were further refined
(Dubois, 2014), but the classification systems proposed by NIA-AA and IWG still deviated on
several points. In a preclinical AD paper from 2016, symptoms were no longer required for an AD
diagnosis (Dubois, 2016). The same year an exclusively biomarker-based classification system was
introduced which was independent from clinically defined diagnostic groups: the ATN system
(Jack, 2016). This ATN system is the reseatch framework that was further described in 2018 (Jack,
2018). The three binary categories within the ATN system results in eight possible profiles, e.g.
A+T+N- or A+T-N-, where no assumptions regarding the temporal ordering of the AD
neuropathological changes are made. However, this definition might not be ready for a clinical

setting, especially when it comes to asymptomatic biomarker positive individuals (Dubois, 2021).

The aim of the diagnostic advances throughout the years has been to expand the coverage to
include criteria that capture the full AD continuum from asymptotic to the severe stages. Especially
the preclinical stage of the disease progression has been the subject of an increasing interest due to
its potential for effective preventive interventions. The rapid progress in the field, and the massive
efforts to harmonize diagnostic definitions have made this transition possible and has improved
the characterization of the different disease stages. However, it is not always feasible to measure
the AD core biomarkers in participants in a study, and research on mild cognitive impairment and
dementia without biomarker classifications will henceforth continue to play an important role in
the efforts to elucidate the AD continuum (Jack, 2018). For biomarker research, it is important to
be aware of which diagnostic criteria that has been applied in order to compare the results from
different cohorts and to draw relevant conclusions. Furthermore, pure AD pathology is not
common, instead multiple proteinopathies are usually present which complicates the definitions

(Dubois, 2021).
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Until recently, there have been two types of drugs for Alzheimer’s disease: cholinesterase inhibitors
and glutamate regulators. Acetylcholine is a chemical messenger in the brain that helps nerve cells
to communicate. AD patients have decreased levels of acetylcholine, and cholinesterase inhibitors
prevent the breakdown of this important chemical messenger. Glutamate is another messenger in
the brain, but the death of nerve cells associated with AD results in excessive amount of this
neurotransmitter. Glutamate regulators, N-methyl-D-aspartate (NMDA) receptor antagonists,
regulate the activity of glutamate and blocks the toxic effects caused by the increased levels. These
types of drugs may help to lessen or stabilize symptoms, but they do not affect the course of the
disease (Kumar, 2015).

Aduhelm (aducanumab) was approved by the U.S. Food and Drug Administration (FDA) in June
2021 as the first new treatment for AD since 2003. Even more exceptional, it is the first drug to
get approved which is directed towards the underlying pathophysiology of AD. Aducanumab is an
immunotherapy that targets AB and aims to reduce the plaques in the brain. The new drug was
approved under the FDA’s accelerated approval pathway and requires a follow-up study to verify
the anticipated clinical benefit (The Food and Drug Administration (FDA), 2021). However, the
decision is controversial with an unusual route to approval based on the re-evaluation of data after
two halted phase III trials. The approval of this putative disease-modifying therapy triggered an
extensive debate in the scientific community regarding the limited evidence of efficacy, and the
decision’s impact on future drug trials for neurodegenerative diseases (Mullard, 2021; Perlmutter,
2021). Furthermore, this approval will generate a need for ATN classification of patients using

widely assessable and inexpensive biomarkers (Blennow, 2021).
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Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease. The disorder is
characterized by Lewy bodies, mainly composed of aggregated synuclein alpha, and degeneration
of dopaminergic neurons in substantia nigra pars compacta. However, the pathology is believed to
include other regions as well, vatious neurotransmitters and other protein aggregates (Kalia, 2015).
Symptoms include parkinsonian motor symptoms with bradykinesia including either rest tremor,
rigidity, or both, connected to the dopamine deficiency within the basal ganglia. Additionally, non-
motor manifestations are often present and may include sleep dysfunction, autonomic dysfunction,
and depression or anxiety (Postuma, 2015). The diagnosis requires motor symptoms, but a long
prodromal phase prior to onset of motor manifestations may be present. This prodromal phase

can include non-motor manifestations (Berg, 2015).

Furthermore, PD is associated with cognitive decline at a higher degtee compared to the general
eldetly population (Aarsland, 2001). Cognitive impairment can be present at different levels, from
PD with mild cognitive impairment to PD dementia (PDD). Several cognitive domains can be
affected by the decline, including executive functions, problem solving, attention, and memory
(Aarsland, 2021). However, the rate and pattern of cognitive decline in PD patients varies, from
onset a few years after diagnosis up to several decades post PD symptom onset (Svenningsson,
2012). Coexisting AD pathology is common in PD patients with cognitive impairment. All PDD
patients have Lewy pathology, but around 50% also have A plaques. Moreover, out of the subjects
with AR plaques, two-thirds have p-tau depositions (Aarsland, 2021).

Synuclein alpha is a presynaptic protein and the main component of the intraneuronal inclusions,
the Lewy bodies, in PD patients. Dementia with Lewy bodies (DLB) is also characterized by Lewy
body pathology, accompanied by dementia before or within the first year after onset of motor
symptoms (McKeith, 2017). Hence, PDD and DLB are very similar, but separated based on the
temporal dynamics of the occurrence of dementia and motor symptoms. However, this definition

is somewhat debated.
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Frontotemporal dementia

Frontotemporal dementia (FID) is a group of neurodegenerative disorders characterized by a
degeneration of the frontal and temporal lobes, typically with an earlier onset compared to AD.
Approximately 70% of the cases are sporadic. The majority of the genetic cases are accounted for
by autosomal dominant mutations in progranulin (GRN), microtubule-associated protein tau
(MAPT) and the chromosome 9 open reading frame 72 (C901/72). An increasing number of genes
have been associated with autosomal dominant FTD, including mutations in TANK-binding
kinase 1 (TBKT7) (Freischmidt, 2015).

Both genetic and sporadic FID include several neuropathological subtypes, where the protein
aggregates most commonly are comprised of TAR DNA-binding protein 43 (TDP-43) or tau. The
sporadic cases have approximately equal numbers of individuals with TDP-43 proteinopathies and
taupathies. TDP-43 proteinopathies are most common in the genetic cases, associated with
mutations in GRIN or C90rf72 expansions, as well as mutations in other less common genes.
Taupathies (mutations in MAPT) are the second most common neuropathological subtype in
genetic FTD, but other proteinopathies are also present (Greaves, 2019). Some patients have
inclusions containing FUS protein, but this is less common compared to inclusions with tau or
TDP-43. The pathogenic variants of GRN are associated with a 50% reduction of GRN which can
be detected in both CSF and plasma (Swift, 2021). The presence of TDP-43 pathology has also
been investigated in AD patients using immunohistochemistry in several studies, and inclusions

were identified in approximately one-fourth to half of the patients McGrowder, 2021).

The clinical presentations of FTD are heterogeneous and include behavioral vatiant FID (bvFTD)
(Rascovsky, 2011) with a progressive deterioration of personality including emotional blunting,
apathy and loss of empathy, as well as primary progressive aphasia (PPA) (Gorno-Tempini, 2011)
which includes progressive problems with speech production or comprehension difficulties.
Furthermore, FTD can present itself together with problems in motor functions, for example as
amyotrophic lateral sclerosis (FTD-ALS) (Strong, 2017) or different types of parkinsonism, for
example corticobasal degeneration (CBD) (Armstrong, 2013) or progressive supranuclear palsy
(PSP) (Hoglinger, 2017). This large variability across the FTD spectrum requires large sample sets

and creative approaches for efficient studies.
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CSF biomarkers in clinics and research

Well-validated biomarkers that can aid the clinical assessment and improve the accuracy of
differential diagnosis are desired. Additionally, proteins with altered disease associated levels might
improve prognostic assessment and predict treatment response. Furthermore, identifying proteins
with altered levels might elucidate the pathogenesis of different neurodegenerative diseases, and

thereby provide further insights about similarities and differences.

AD has a set of well-established CSF biomarkers that successfully can indicate the presence of
underlying pathology that are central to the biological definition of the disease: decreased CSF
levels of AB42, and increased CSF levels of t-tau and p-tau (Jack, 2018). These core AD CSF
biomarkers are incorporated into the research definition of the disease and can be used in clinical
practice. Furthermore, CSF concentration of the core AD markers show high sensitivity and
specificity in predicting conversion from mild cognitive impairment to AD (Hansson, 2000).
Additionally, a fourth biomarker, neurofilament light polypeptide (NfL. or NEFL), which indicates
neuroaxonal damage can be used in clinical practice to support a diagnosis of AD or mild cognitive

impairment (Zetterberg, 2021).

Biomarkers for A pathology

The aggregation of AB42 in the brain of AD patients results in a reduced CSF concentration of the
protein (Olsson, 2016; Strozyk, 2003). CSF AB42 is a widely accepted biomarker for AD (Blennow,
2010), and as mentioned previously incorporated into the research definition of the disease (Jack,
2018). To uniform thresholds and homogenize results obtained from different diagnostic assays,
reference materials and methods for CSF AB42 have been standardized and ate now used to

calibrate several commercial immunoassays (Boulo, 2020).

An increasing body of evidence supports that the use of a ratio of AB42/AB40 is supetior to AB42
concentration alone for detecting amyloidosis since it adjusts for between-individual differences in
total AB production (Hansson, 2019). AB40 is the most abundant isoform of AB in CSF and the
approach to normalize the aggregation prone AB42 based on this substitute for total AB
concentration has been shown to improve the diagnostic capacity. The standardization and
establishment of reference materials for CSF AB40 is ongoing and is hopefully completed soon
(Zetterberg, 2021).
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The amyloid PET scan was an important advance that enabled in vivo detection of fibrillar plaques
by the use of radioactive tracers (Klunk, 2004). Amyloid PET scans are well-validated and a number
of AB tracers are approved for clinical use in several countries (O'Btien, 2015; Rabinovici, 2019;
Schmidt, 2015). However, CSF AB42/AB40 ratio concord well with PET results, independent on
used ligand (Hansson, 2019). Furthermore, PET scans use radiation, are only available in
specialized research centers, and are mote expensive than CSF analysis and will therefore not be
used as a screening tool of the general population. Moreover, CSF analysis enables future additional

analyses due to the ability to store the samples which is an important advantage.

Blood collection is less invasive than lumbar puncture, and there has been extensive efforts to
enable detection of amyloidosis in plasma or serum. The plasma concentration of AB42 in a healthy
individual is around 20 pg/ml compared to the concentration in CSF which is around 800 pg/ml.
The low concentration in plasma puts high demands on precision and sensitivity of a method, and
this was fulfilled with the breakthrough on analytical capability using a SIMOA AB42 assay
developed in 2011 (Zetterberg, 2011). Additionally, in 2014 two MS based methods (MALDI-TOF
and SRM) were presented which successfully measured plasma AB after enrichment with an

immunoprecipitation-based method (Pannee, 2014).

However, even though plasma AB42/AB40 levels accurately detect brain amyloidosis, the accuracy
is higher in CSF (Schindler, 2019). The reduction of AB42/AB40 plasma levels in individuals with
cerebral AB pathology is 10-20%, compared to 40-60% in CSF (Hansson, 2021). Nevertheless,
there are several advantages of using a plasma-based test in addition to the lower cost and
availability. For example, when assembling a cohort of patticipants with positive PET scans,
individuals can be screened beforehand using AB42/AB40 plasma levels which may reduce the
number of PET scans needed (Schindler, 2019).

Phosphorylated tan and total tan

The AD-related increase of CSF levels of tau phosphorylated at threonine 181 (p-taul81, often
just referred to as p-tau) reflecting tau pathology is well established (Blennow, 2010; Olsson, 2016).
The increased p-tau in CSF is highly specific and can differentiate AD from other non-AD
dementias, including other tauopathies (Blennow, 2018; Hanes, 2020; Janelidze, 2020b).

Tau is important for the stability of neuronal axons and in microtubule binding, and the

pathological alterations of tau lead to neuronal dysfunction (Holtzman, 2016; Mandelkow, 2012).
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Tau is truncated and phosphorylated in the AD brain, which leads to aggregations of the protein
into neurofibrillary tangles and increased levels of p-tau in CSF. Increased levels of t-tau in CSF
on the other hand reflects neuroaxonal injury or degeneration (Zetterberg, 2017). Tau inclusions
are present in neurons or glial cells in other neurodegenerative disorders as well, including some
groups of FTD patients, and in atypical parkinsonism including progressive supranuclear palsy
(PSP) and corticobasal degeneration (CBD) (Irwin, 2016). However, the changes in these non-AD
tauopathies are not reflected in CSF by the currently used assays (Zetterberg, 2021).

An ultrasenstive assay for p-taul81 in plasma was published in 2017 based on a modified version
of the t-tau assay from Quanterix Simoa (Tatebe, 2017) and increasing evidence supports that the
AD-specific pattern for p-tau seen in CSF is also present in plasma (Janelidze, 2020a; Karikari,
2020; Lantero Rodriguez, 2020). Furthermore, plasma p-taul81 has been observed to increase with
disease severity (Karikari, 2020) and enabled discrimination between AD and FTD (Benussi, 2020;
Thijssen, 2021; Thijssen, 2020). Cutrently the studies of blood-based AD biomarkers are done in
highly specialized research centers. Further studies are needed in consecutive patient populations
and at primary care settings to reveal their utility and diagnostic accuracy in routine clinical care
(Blennow, 2021). For plasma t-tau, only mild associations with AD hallmarks have been observed
with large overlap between diagnostic groups (Mattsson, 2016) and t-tau does not correlate

between plasma and CSF (Zetterberg, 2013) despite the use of ultrasensitive SIMOA assays.

Tau has many phosphorylation sites and other tau species in addition to p-taul81 have been
investigated, including tau phosphorylated at threonine 217 (p-tau217) or tau phosphorylated at
threonine 231 (p-tau231). They have been observed to be increased in CSF eatly in the discase
progtession and to discriminate between AD and other neurodegenerative disorders (Hanes, 2020;
Janelidze, 2020b; Karikari, 2021; Suarez-Calvet, 2020). Recently, these trends of additional p-tau
species have also been observed in plasma, including p-tau217 (Mattsson-Carlgren, 2020a;
Palmqvist, 2020) and p-tau231 (Ashton, 2021b). Further studies performed in the same cohort by
the same methods are needed to investigate the potential pathophysiological differences between
the p-tau species (Blennow, 2021). Moreover, the introduction of PET ligands for pathological tau
have enabled image-based biomarkers in addition to p-tau in CSF or plasma (Bischof, 2021;
Cecchin, 2021; Villemagne, 2015).

Different ratios of the core AD biomarkers have also been investigated and may increase the

diagnostic utility. CSF p-tau/ AB42, t-tau/AB42 or AB42/AB40 has a better concordance with
amyloid PET than AB42 alone (Hansson, 2018b; Mattsson, 2017; Schindler, 2018; Wang, 2016)
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However, a perfect concordance between CSF biomarkers and amyloid PET scans is not expected.
Recent studies suggest that abnormal levels of core AD markers in CSF are present before amyloid
PET positivity, and that these individuals likely have early AD brain pathology that eventually will
result in a positive amyloid PET scan (Palmqvist, 2016; Vlassenko, 2016).

Furthermore, CSF profiling revealed evidence of AD pathology (either tau or amyloid) in almost
half (46%) of the individuals in a population-based study, constituted of cognitively unimpaired
70-year-olds from Gothenburg (Kern, 2018). However, some of these individuals will not become

symptomatic during their lifetime (Sperling, 2011).

Neurofilament light

Neurofilaments are specific cytoskeletal proteins of neurons. The cylindrical neurofilaments are
important for neuronal morphology and axonal caliber and contain several subunits: neurofilament
light polypeptide (NfL. or NEFL), neurofilament medium polypeptide (NfM or NEFM) and
neurofilament heavy polypeptide (NfH or NEFH) (Hoffman, 1987). When axonal degeneration or
injury occurs, NfL is released to the extracellular space which results in an increase in CSF (Khalil,
2018). The light form is the backbone of neurofilaments and the most abundant subunit. NfL is
the most studied subunit with increased levels in CSF in several neurological disorders, including
AD, FTD, ALS, multiple sclerosis (MS), and in atypical parkinsonian disorders such as progressive
supranuclear palsy (PSP), corticobasal syndrome (CBS) and multiple system atrophy (MSA), as well
as in traumatic brain injury (TBI) (Bridel, 2019; Gaetani, 2019). The increased levels of NfL in
plasma or CSF is a marker of neuroaxonal damage (Khalil, 2018; Norgren, 2003). However, NfLL
is also released from axons in healthy individuals, in an age dependent manner (Ashton, 2021a;

Quiroz, 2020), highlighting the need for age related cut-offs.

The concentration of NfL in plasma is 50-100 times lower compared to CSF (Alagaratnam, 2021).
Recent advances in ultrasensitive immunoassays enabled reliable quantification of NfL in plasma
or serum due to the increased sensitivity gained from the Simoa assay (Disanto, 2017; Kuhle, 2016;
Lewczuk, 2018; Sanchez-Valle, 2018; van der Ende, 2019a; Weston, 2017), and a recent systematic
review and meta-analysis found a pooled correlation coefficient of 0.72 (Pearson correlation)
between NfL in blood derived samples and CSF (Alagaratnam, 2021). The ability to measure NfL
in this less invasive sample material further increases the usefulness of this marker in the initial
screening of patients with a potential neurodegenerative disease. There are already available tests

for plasma NfL in clinical practice in Sweden, France, and the Netherlands (Zetterberg, 2021).
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For familial AD, NfL levels increase (both in CSF and in plasma) many years before expected
symptom onset which might reflect the early neurodegenerative processes (Preische, 2019; Weston,
2019) which indicates its utility as a biomarker for predicting AD. Furthermore, elevated CSF NfL
levels in elderly without cognitive impairment has been observed to be associated with an increased

risk of developing mild cognitive impairment (Kern, 2019).

Increased NfL levels are not disease specific, but have a massive potential as a marker for neuronal
injury to indicate or reject neurodegeneration for patients with cognitive symptoms, for example
to differentiate depression in older adults from neurodegenerative disorders. This disease-
unspecific marker is sometimes used in the clinical practice to provide support for a
neurodegenerative condition (Mattsson-Carlgren, 2020b). Furthermore, the same increase is not
observed in PD as in atypical parkinsonian groups (Ashton, 2021a) indicating its potential to
distinguish between these conditions. Furthermore, monitoring NfL level changes has a potential
in prognostic assessment and disease monitoring, for example as a predictor of a decrease in
cognitive (AD, FTD and PD) or motor (ALS, atypical parkinsonian disorders) functions (Gaetani,
2019). FTD urgently needs diagnostic and prognostic markers, and NfL has been suggested to be
a promising biomarker for assessing FTD severity and prognosis (Benussi, 2020) and that plasma

NfL could be an important endpoint in clinical trials (Rojas, 2021).

To further improve NfLL as a biomarker suitable for a clinical setting, a standardized reference
material would be beneficial as well as large studies on healthy individuals to determine age specific

reference values.

Expanding the biomartker toolbox

It would be advantageous to increase the number of biomarkers associated with neurodegenerative
disorders to reflect additional ongoing pathological processes, such as CSF biomarkers able to
indicate TDP-43 pathology. This has so far not been accomplished (Swift, 2021). TDP-43 is
expressed by many tissues throughout the body, and it has been suggested that the TDP-43
detected in CSF mainly is blood-derived (Feneberg, 2014). Assays detecting the pathological form
of TDP-43 is desired (Zetterberg, 2019b).

Some degree of dysfunction or alteration of the synapses is a pathogenic event in several

neurodegenerative disorders (Taoufik, 2018; Torres, 2017). This might be one of the earliest

features of disease pathology and progtression and the reduction in synaptic activity and density
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might even precede neuronal loss (Masliah, 2001). The study of synaptic proteins in CSF has the
potential to reflect synaptic dysfunction and has therefore become an important area of research
within neurodegenerative disorders (Camporesi, 2020). Among others, synaptic proteins studied in
the context of neurodegenerative disorders include the postsynaptic neurogranin (NRGN) and
presynaptic growth associated protein 43 (GAP43), synuclein alpha (SNCA), synaptosomal-
associated protein 25 (SNAP25), and synaptotagmin-1 (SY'T1), all with elevated levels in patients,
as reviewed by (Camporesi, 2020; Colom-Cadena, 2020; McGrowder, 2021). Furthermore,
neuronal pentraxins (NPTX1, NPTX2 and NPTXR) are emerging as promising synaptic markers,
as reviewed by (Gémez de San José, 2021). Their levels are reduced in several neurodegenerative
disorders, including AD (Galasko, 2019; Libiger, 2021; Lim, 2020; Nilsson, 2021), FTD (Barschke,
2020; Remnestil, 2020; van der Ende, 2019b; van der Ende, 2020) and DLB (Boiten, 2020; van
Steenoven, 2020), which is an advantageous pattern in addition to the increased synaptic markers.
Some of the synaptic markers are only observed in AD and not in other neurodegenerative
disorders (Clarke, 2019), which may indicate that the pathology associated with AD results in the
highest synaptic damage (Camporesi, 2020).

One neuropathological feature of AD is the activated glia and neuroinflaimmation. Proteins
reflecting astrocytosis may thereby play an important role in the neurodegenerative biomarker
toolbox. Astrocytes tend to localize in close proximity to amyloid plaques which may reflect the
relevance of astroglial activation in the pathogenesis (Medeiros, 2013). Glial fibrillary acidic protein
(GFAP) is an astrocytic cytoskeletal protein and may serve as a marker for astrocytic activation and
neuroinflammation. Increased levels have been observed in both CSF and blood detived samples
in AD (Asken, 2020; Chattetjee, 2021; Cicognola, 2021; Elahi, 2020; Oeckl, 2019; Pereira, 2021;
Verberk, 2020). Furthermore, increased plasma GFAP has been observed in genetic FTD among
GRN mutation carriers, but not in C9orf72 or MAPT mutation carriers (Heller, 2020). Other
emerging glial markers include chitinase 3-like 1 (YKIL-40) and soluble triggering receptor
expressed on myeloid cells 2 (STREM2), where YKI-40 is involved in activation of the innate
immune system and TREM2 is expressed by microglia (Dhiman, 2019; McGrowder, 2021).
Furthermore, glial cells are involved in the regulation of neuronal plasticity and a deepened
understanding of how glial cells communicate with neurons, as well as how different glial cells

interact with each other would be beneficial (Sancho, 2021).
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Biomarker development is a long and complex process. Many published biomarker studies are not
reproducible and only a few biomarkers have reached the clinics. The reproducibility challenge and
the low number of identified clinically relevant biomarkers can often be explained by inadequate
study designs, where some important factors and potential confounders are not taken into
consideration. Here, the term study design is used to reflect the whole study process: from selection
of study subjects, sample collection and handling, experimental procedures as well as data analysis.
Recognition of factors that might lead to variations in the results (both random and systematic) is
essential. The importance of well-designed studies to avoid proteomic efforts with inclusive results,
and to improve reproducibility of findings has received increased attention (Caruso, 2020;
Hansson, 2018a; Maes, 2015; Mattsson-Carlgren, 2020b; McShane, 2017). These are crucial

considerations in order to better prioritize proteins for further biomarker assessment.
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Figure 10: A study design includes several different aspects including experimental design and data analysis strategies.
The experimental design starts with a hypothesis or a topic to be explored. A suitable cohort and sample material is
selected as well as the preferred experimental setup which will result in raw data. After the raw data has been
generated it is time for the data analysis. Data wrangling includes cleaning and standardization of the data which is
Jollowed by quality control. Results can be obtained during the subsequent data analysis which hopefully will lead to

some research findings that will be communicated.
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Experimental design

During the experimental design process a hypothesis is formulated, an appropriate study
population is chosen and a suitable experimental setup is selected. The research question can be
specific with a focused idea. However, proteomics enables the research question to be broad and
unspecific: Are there detectable altered levels of proteins between the compared groups of individnals? (Cairns,
2011). These types of explorative studies can be used to create more specific research questions

that will be further examined in additional studies.

Well-designed cohorts facilitate appropriate interpretations of the analyzed protein profiles. Both
reproducibility and generalizability of the findings might be hampered if extensive inclusion and
exclusion criteria are used, compared to a consecutive or random recruitment (Mattsson-Carlgren,
2020b). The control group should preferably be as similar to the studied group as possible, for
example regarding age and sex. To avoid unknown systematic differences, it is desired to recruit all
individuals in a cohott, both patients and controls, during the same petiod at the same center,
utilizing consistent sample collection and handling procedures (Mattsson-Carlgren, 2020b). Several
centers can recruit individuals to obtain a larger cohort, but preferably both patients and controls
are recruited at each center. This is easier said than done in a real world setting with specialized
clinics that handle patients with a specific disease, and where studies often are conducted
retrospectively using stored samples collected in routine clinical care settings or as a part of another

study addressing other research questions (McShane, 2017).

Another important consideration is the number of included samples and individuals, there is a
relationship between the power of a study and the accuracy of the research finding. When pursuing
smaller effects, the sample size needs to be larger. The larger sample sets boost the power in order
to be able to identify true disease associated alterations (Button, 2013). Suboptimal cohort designs
with small sample sizes might lead to an overestimation (or underestimation) of biomarker

performance (Ioannidis, 2008).

Soutces of bias can be introduced in different phases of a proteomic analysis which might reduce
the reliability of the results. These potential confounders include both preanalytical, analytical and
biological variability. Biological factors are connected to the individual, such as age, sex, medication
and diet. Additionally, there is a possibility of variability connected to the circadian rhythm or

seasonal influences which might confound the interpretation (Caruso, 2020; Lim, 2018). Women
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Figure 11: Different types of potential confounders can be introduced in different stages of a stud).

have another level of variability connected to their menstrual cycle which may influence their
protein levels (Birse, 2015; Bradley, 2018). Preanalytical factors are linked to sample handling and
processing, such as collection tube characteristics, storage temperature, storage volume and the
number of freeze-thaw cycles (Hampel, 2018a). It is important to reflect on potential confounders,
but it is difficult to separate the different factors from each other without specific experiments
addressing a particular set of preanalytical factors. Sample handling procedures ptior to analysis is
preferably standardized to avoid as many potential preanalytical confounders as possible. Some
neurodegenerative subgroups are rare, which makes multicenter studies essential. Standardized
operating procedures are an important tool to overcome these types of potential confounders.
However, if a biomatker is too prone to be influenced by preanalytical factors, it might not have
the robustness required for clinical practice. Nevertheless, identification of disease-relevant protein
alterations has the potential to increase the knowledge of disease etiology and pathogenesis which

may shed light on potential strategies for prevention as well as suitable therapeutics.

In addition to standardized protocols, well characterized and structured cohorts with associated
clinical and demographic information is also of importance. This enables assessment of potential
biological confounders, such as medication, genetic factors, presence of co-morbidities, and allows
further subdivisions within diagnostic groups. Such stratifications might be necessary to uncover
differences in underlying mechanisms or associations to the pathogenesis of the disease. All types
of factors that might influence the protein profiles should preferably be collected and included in

the analysis.
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AB42 exemplifies a protein known to be influenced by several preanalytical factors (Hansson,
2018a). For example, the measured AB concentration is affected by the type of collection tube due
to adsorption onto tube walls. This variability puts demands on the use of suitable tubes to reduce
unspecific binding, and to standardize the collection tube to obtain comparable measurements
between different centers (Bjetke, 2010; Fourier, 2015; Perret-Liaudet, 2012). However, the use of
the ratio of AB42/AB40 reduces the intetference of several preanalytical factors and is thetefore
morte robust in this regard (Gervaise-Henry, 2017; Vanderstichele, 2016; Willemse, 2017).

In addition to the preanalytical and biological variables, the outcome of the analysis varies
depending on several analytical factors. The sample composition can for example be altered by
depletion, enrichment, and fractionation. Furthermore, different factors such as heating, enzyme
digestion, dilutions and buffer components can affect the obtained results. Depletion, enrichment,
fractionation, and enzyme digestion are more associated within mass spectrometry-based methods.
For the antibody-based suspension bead arrays utilized to profile proteins in CSF within the
presented investigations, no such procedures have been applied. However, the buffer composition
is of importance, and a buffer supplemented with albumin and IgG is used during sample labeling
with biotin to avoid bias related to the potentially varying levels of these high abundant proteins.
This creates a more similar ratio of protein content and biotin across samples. Furthermore, the
dilution factor affects the output and have been optimized to enable detection of many proteins.
The selected dilution factor is not optimal for all proteins but enables a high-throughput and
multiplexed setup. According to our standard operating procedure, all samples are heat treated at
56°C for 30 minutes before incubation with the suspension bead array. This has been observed to
increase the measured signals for many antibodies generated within the Human Protein Atlas
(Haggmark, 2013).

The prevalence of other assay-related confounders can be reduced if a proper randomization of
the samples is performed. However, a complete randomization can lead to an unbalanced
distribution and thereby introduce additional confounding factors (Burger, 2021). Randomization
can be stratified to ensure balance of importance parameters. A proper stratified randomization
enables reduction of potential batch effects through suitable normalization strategies (McShane,
2017). The constrained randomization can be based on several variables, such as diagnostic group,
age, and sex. However, in a longitudinal study it is preferred to treat all samples belonging to the
same individual as similar as possible, since the aim is to compare differences within the same

subject (Burger, 2021).
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In conclusion, there are many challenges connected to experimental design. Confounders have the
potential to bias the interpretation of the generated data. Whereas the technical variability should
be as small as possible, some degree of biological variability can be maintained in order to be able
to generalize the results onto the population of interest (Altman, 2015). An appropriate

experimental design is the foundation to obtaining meaningful and relevant results.
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Workflow and reproducible data analysis

After the raw data has been generated, there is often a long process before meaningful
interpretations can be obtained. The data workflow includes data wrangling (cleaning and
standardization), quality control of the data, and the actual data analysis where results can be
obtained. Lastly, the workflow includes interpretations and communication of the obtained

conclusions.

The first step of the workflow is data wrangling, where the raw data is cleaned and transformed
into a suitable format. This process may include merging multiple data sources into a single data
set, and at the same time remove variables that are unnecessary or irrelevant for a certain study.
The appropriate data structure depends on the project and the planned downstream analysis. Data
wrangling also includes cleaning, for example identification of gaps and standardization of variables
to enable efficient downstream analysis. An example of a common cleaning step when working
with clinical data from several cites is to unify the sex identifiers. One hospital might use
female/male, another F/M and a third 0/1 including a code key (for example 0 = female, 1 =
male). However, other variables are not as straightforward to standardize. Different cohorts may
for example use different definitions of mild cognitive impairment and might use different
exclusion and inclusion criteria. This adds another dimension of complexity to the analysis, and it
is important to handle these types of complicating factors properly. Furthermore, this part of the
workflow can include an evaluation whether the data is within the expected range and to identify
extreme outliers. Another thing to be aware of is when 0 is a possible value within a variable that
also contains gaps. Sometimes “0” is automatically added into blank cells, which can result in a
massive error in the data. It is a good idea to make sute that all zeros are intended and to add NA
or similar when data is missing. It could also be relevant to make sure that suitable names (short,
descriptive, and consistent) are used for the variables. Data wrangling can be time-consuming, but
a comprehensive initial examination, cleaning and organizing of the data makes the rest of the

workflow more efficient.

In an optimally designed project this part of the workflow would be done once. After this step, a
complete overview of the included variables would be obtained. However, in an actual research
setting this is often not the case. Data that was missing in the beginning of a project might become
available later due to various reasons, for instance by tracking down data in patient journals or
finalized analyses of additional markers, such as measurements of AD core markers at another site.

The cohort data is often continuously updated and refined. Different strategies can be applied to
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avoid exclusion of individuals due to gaps in important variables. Every individual could be
valuable, especially if CSF is already available and ready for analysis. Therefore, individuals with
gaps in their meta-data can be included in the experimental analysis when the missing data is
expected to become available. Additionally, the data workflow can be structured to enable the
incorporation of additional information in a later stage of a project, for example by re-running the

initial part of data wrangling, quality control and subsequent downstream analysis.

A software environment that can track all steps in the analysis is preferable over manual updating
in for example an excel sheet with a point-and-click user interface. There is a considerable risk of
copy-paste errors when updating the information manually, and it is in practice impossible to
properly document all the steps that have been performed. Instead, it is easier to follow the
progression by using a programming-oriented environment where every step is outlined in code in
a linear fashion. The choice of programming language depends on the project, but both R and
Python are commonly used languages for data analysis within life science. The free, open source R
(R Core Team, 2020) is a language with a massive set of packages for data formatting, statistical
modelling, machine learning and visualizations. The language is surrounded by a large community
and many statistics and machine learning papers are accompanied by an R package which enables

immediate access to new statistical techniques and implementations.

By using R for the data analysis, the workflow becomes more reproducible and transparent.
Another person should be able to look at the code and understand it, including yourself in a year
or only in a month. However, this might be challenging if the code is not accompanied by proper
documentations and descriptions. A strategy to aid the understanding of the code, as well as
facilitating a reproducible data analysis, is to use dynamic documents whete the output is directly
generated from the underlying data and code. Dynamic documents can combine code, results
including rendered figures, as well as contextual narrative that includes information about why the
analysis was performed in a certain way. The explicit link between code, output, and the reasoning
behind, can make it easier to understand a workflow. However, it is important to remember that
these types of documents do not guarantee reproducible research, but it is an important step
towards it (Xie, 2015). Already in 1984, Donald Knuth published the basis for these types of
dynamic documents, the /terate programming paradigm (Knuth, 1984).
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“Let us change onr traditional attitude to the construction of programs:
Instead of imagining that onr main task is to instruct a computer what to do,
let us concentrate rather on explaining to human beings what

we want a computer to do.”

- Donald Knuth 1984

This emphasizes the necessity to cleatly explain code and thereby increase the transparency and
comprehensibility. R Markdown is an example of a tool that includes both code and text in one
file that can be used to analyze data as well as generate reports that are reproducible (Allaire, 2021;
Xie, 2018; Xie, 2020). Information about the environment, comprising of information about
operating system, R version, and loaded packages including versions, can easily be added to the

generated report.

Another advantage with a structured, clear, and reproducible workflow is the ability to reuse and
reputrpose code. The research progress accelerates if you don’t spend time writing things that you
already have written elsewhere. It saves time. The DRY principle (Don’t Repeat Yourself) was
coined in 1999 by Andrew Hunt and David Thomas (Hunt, 1999) and highlights the advantages
of reusing code as often as possible which makes the code easier to understand and maintain. The
first person to benefit from this is yourself, since it becomes easier to reuse code written in a
previous project or in another part of a project. An important part of the R language is the ease of
constructing user-defined functions which can automate common tasks and allow for reuse of
code. It is good practice to consider writing a function whenever something needs to be written
more than twice. Functions can be created using function() or be obtained from the many packages
available through The Comprehensive R Archive Network (CRAN).

Furthermore, it is ecasier to make sute that a data analysis workflow is reproducible and
understandable if the project is self-contained and relative links are used (Xie, 2015). It is preferable
if all the files connected to a certain project, including raw data, sctipts, patient information, figures,
and reports among other files, are well-organized into appropriate folders. It is vital to keep the
original raw data files intact (read-only). All these things make it easier to share your analysis and
make sure that it is understandable and transparent. Even if it is not possible to make the complete
project publicly available, for example due to confidentiality issues regarding the clinical
information connected to the included individuals, the use of self-contained projects enables

collaborators to access and reproduce the analysis.
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Lastly, another aspect to consider is where the code connected to a study is stored. It should at
least be backed up in a second location in addition to the used computer, but it is even better if the
code is stored in a space shared within the team. However, the best practice is to let the code live
within a version control system, for example GitHub. This enables tracking of changes and

simplifies code collaborations (Stoudt, 2021).
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Quality control and normalizations

All types of assays have some intrinsic sources of variability. Analytical variation can be reduced
but never completely removed. There are different tools and strategies that can be used to assess
the quality of the data. Quality control is essential to detect bias and is an important step to ensure
meaningful and reliable results. Different types of control measures can be included in the
experimental design to enable assessment of the analytical factors that might affect assay
performance. The quality control spans both sample and protein dimensions and include both

common tasks as well as assay specific evaluations.

Intra-assay validation strategies can assess the variation of the data obtained from different wells
located on the same assay plate. This part of the quality control can be used to to ensure that the
data obtained from different wells containing the same sample are as similar as possible. Intra-assay
variation can be assessed by calculating the coefficient of variation, defined as the standard
deviation divided by the mean, between replicated samples in the same assay. This is usually done
per protein and can be used as a filtering strategy of proteins when the technical variation is
determined to be too high. Sometimes, every sample is analyzed several times, for example in
triplicates, in the same assay. This enables the variation to be assessed for each and every sample.
However, this is not efficient when analyzing hundreds of samples. The intra-assay variation can
instead be assessed by analyzing dedicated replication samples, for example three replicates per 96-
well microtiter plate. It is a tradeoff between analyzing as many individual samples as possible but
still be able to accurately evaluate the quality of an assay. Depending on volume availability, the
technical replicates can consist of one sample, or a pool of samples, from the same study. If the
sample volume is scarce within the cohort, a sample collected from another individual that is similar
to the study population can be used, since it is used to assess the overall intra-assay variability of
an assay and not the quality of the samples (Tworoger, 2006). The technical replicates are preferably
included in the experimental procedure as early as possible to ensure that the entire process is
represented. Furthermore, inter-assay variability can be assessed to determine the reproducibility
of an assay performed on different days. All samples, or a subset of them, are re-analyzed and the
precision is measured. This quality control procedure ensures that the obtained data is consistent

over time.
Other types of controls that can be included in the experiments include negative and positive

controls. These types of controls can be included both on a protein level and a sample level. The

signal background can be assessed by including negative controls in the form of blank wells. The
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content of a blank well is preferably as similar as possible to the sample wells, with the only
difference that the sample is omitted. In the case of a suspension bead array assay, the blank wells
are included already in the initial step where the samples are labeled with biotin. A secondary use
of blank wells, when working with microtiter plates, is to use them as a verification that the
intended plate was included in the correct spot and in the right orientation. This should be carefully
controlled in the laboratory, but it is useful to use the blanks to confirm that all plates wete analyzed
as planned. For suspension bead arrays, the controls on a protein level include bare beads that are
used to control unspecific binding to the surface of the beads. Additionally, positive controls in
the form of sample loading controls can be included. The loading control beads have an antibody
immobilized which target a high-abundant protein in the measured samples, and make sure that all

sample transfers have been performed correctly.

One problem with the identification of biologically relevant associations may be connected to
sample sets with limited numbers of included individuals. However, what number of individuals
that constitutes a “large sample set” is context dependent. The prevalence of a disease is one factor
that may influence what is regarded as many samples, as well as similar studies in the same field.
For example, fewer individuals can be regarded as many when studying FTD, compared to AD.
Moreover, the utilized protein profiling technology further determines what constitutes a large
sample set. The sufficient number of included individuals depends on the homogeneity of the
sample set and the questions to be answered. All protein profiling platforms have an intrinsic limit
to the number of samples that can be analyzed in the same analysis round. If more samples are to
be analyzed, they need to be divided into different batches. However, non-biological differences
are likely to occur between the different batches of data, and these differences ought to be
minimized (Hong, 2016). Data normalization can be used to diminish unwanted variation while
maintaining the quality of the data, as long as a proper randomization has been performed to make
sure that the groups are balanced between batches. The selected normalization strategy needs to
be adapted depending on the dimensions on the data batches. Hong et al. 2016 developed a strategy
suitable for diminishing batch effects based on the dimensions and characteristics of data generated
using the suspension bead array. This enables the analysis of larger sample sets that span several
assay batches. Moreover, variation introduced due to different sources of systematic bias can also
include vatious types of instrument drift. A deep understanding of the experimental procedures
and technologies that were used to generate the data improves the ability to identify and diminish

introduced variation.
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Dimensionality reduction methods can be used to extract information from a multidimensional
data set and visualize the distribution of the data. The aim with the technique is to increase the
interpretability while preserving as much of the variability as possible. Due to its unsupervised
nature, it can be used for exploration and quality control by visualizing potential patterns in the
data. Unexpected patterns can be investigated further, for example if one batch cluster alone, while
all other batches cluster together. The dimensionality reduction methods can be divided into two
main types: linear and non-lineat. Principal component analysis (PCA) is a linear dimensionality
reduction method that has been widely used for many years. PCA finds new uncorrelated variables
called principal components, based on the input variables. The first principal component describes
the largest variance in the dataset, and the following principal components are ordered based on
how much variance they describe. This enables representations of the data based on the first
principal components which by definition will describe the most variance in the dataset. A scree
plot can be used to visualize the degree of variance that the principal components describe, and
can be used to determine how many principal components that are relevant to extract in order to
retain a certain amount of variance (Cattell, 1966). A predefined petcentage of explained variance
can also be used to determine how many principal components to keep. This is a common but
rather subjective strategy that depends on the circumstances and objectives. However, usually a
plane is used to visualize the multidimensional space, constructed by the first two principal
components. To describe the quality of this graphical representation of the dataset, each principal
component can be complemented with information regarding how much of the variance in the
dataset it captures, usually as a percentage of the total variance. In addition to linear dimensionality
reduction techniques there are non-linear alternatives. In 2018, a new non-linear dimensionality
reduction method was published, named uniform manifold approximation and projection (UMAP)
(Mclnnes, 2018). It has been suggested that UMAP outperforms linear dimensionality reduction
methods, as well as another non-linear method called t-distributed stochastic neighbor embedding
(t-SNE) (Maaten, 2008) since UMAP has been found to better preserve the global structure of the
data. One disadvantage with t-SNE is that only distances within the same cluster is meaningful. It
is not certain that distances are correctly preserved in the low-dimensional space when points are
far apart in the high-dimensional space (Trozzi, 2021). This means that it is hard to say whether
two clusters located closer to each other are more similar compared to two clusters located further

apart in the low-dimensional graphical representation of the data.
Different types of dimensionality reduction methods, both linear and non-linear, can be applied to

investigate potential confounders in a dataset. Due to the different properties of the methods, it

can be a good idea to explore the dataset using several approaches. These types of low-dimensional
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graphical representations of a dataset can be used to ensure that the individuals are not clustered
based on for example sex, delivery plates, experimental plates, or other parameters such as the site
where the samples were collected (in the case of a multicenter study). Some types of non-
biologically relevant variation can be handled using different normalization strategies, but
sometimes a group of study subjects need to be filtered out. And in the worst case: the entire
dataset can be failed due to the existence of large non-relevant variance that will prevent detection

of disease-relevant differences.
Identifying potential sources of non-disease relevant variability and striving for the prevention or

reduction of their effects will optimize biomarker studies. This will hopefully lead to an increased

understanding of the studied diseases.
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Data analysis and visualizations

In addition to a suitable experimental design, and subsequent proper quality control, it is vital to
ensure a statistically sound data analysis that takes the undetlying assumptions of a certain test into
account. During this phase results are obtained, figures are generated, and interpretations can be

made.

The generated data can be used to draw conclusions about the population of interest. The research
question might be to investigate whether there are altered levels of a certain protein in a specific
disease group compared to the control group, for example Are the levels of amyloid beta altered in CSF
Srom patients with AD compared to individuals that are cognitively intact? Statistical hypothesis testing is a
common approach to tackle this question. It starts by the formulation of a null hypothesis. In
statistics, it is easier to disprove than to prove a hypothesis. Therefore, the focus is often on a null
hypothesis: There is no difference of amyloid beta levels in CST between AD cases and controls. The most
common way to evaluate this statement is to compute a p-value. The p-value describes the
probability of obtaining a value as least as extreme as the observed, given that the null hypothesis
is correct. Since the p-value is connected to a probability, inference about the null hypothesis can be
incorrect. The probability of rejecting the null hypothesis when it is true is called the type I error
rate and is commonly set to 0.05. However, this is an arbitrary convention and other cut-offs can
be justified depending on the circumstances. The second type of errors, type II etror, is connected
to failure to reject a false null hypothesis. The null hypothesis is rejected if the computed p-value
is smaller than the accepted type I error rate. Different types of tests can be used to calculate p-
values. The appropriate test depends on whether the data is normally distributed and the number
of groups that will be compared. For example, a t-test can be used when two groups are to be
compared if the data is known to follow a normal distribution. On the other hand, nonparametric
methods can be used if the data is not normally distributed, such as Wilcoxon rank sum test also
known as Mann-Whitney U test (when comparing two groups) and Kruskal-Wallis test (when

comparing several groups).

There is an increased risk of false-positive findings when a large number of protein profiles are
analyzed. This risk can be reduced by correction for multiple comparisons and there are several
different strategies available (Noble, 2009), including Bonferroni correction and correction by the
Benjamini-Hochberg procedure (Benjamini, 1995). The previous is a more conservative correction
than the latter and simply multiplies all p-values with the number of comparisons. The suitable

approach to handle multiple comparisons can be complex and context dependent. It depends on
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the goal of the comparison and the cost of identifying a false positive compared to a false negative.
If the goal is to be exploratory, to identify interesting patterns that will be further investigated in
other settings, the p-values can be used as a ranking system: as a measure of the strength of evidence
for rejecting the null hypothesis (Amrhein, 2017). In this case, a stringent correction for multiple
comparisons becomes less critical. For example, it might be possible to be less stringent in a
discovery cohortt, if a more stringent approach is used for the validation cohort (Mattsson-Catlgren,
2020b).

Furthermore, it is important to remember that a statistically non-significant result does not prove
that there are no differences between two groups. It does not prove the null hypothesis. Nor does
a significant p-value prove that there is a difference. However, this is a common misconception and
half of almost 800 examined articles nevertheless claim #o difference or no effect due to a statistically
non-significant result (Amrhein, 2019). There is a huge, but sometimes overlooked, difference
between: the protein levels were not found to be different and the protein levels were found to not be different.
Furthermore, two studies do not conflict, just because one obtained a statistically significant result,
while the other did not. This might be due to a lack of power in the second study, for example by

an insufficient sample size.

Absence of evidence is not evidence of absence.

- Douglas G Altman and ] Martin Bland 1995

One way to overcome these problems is to make sure to include additional information describing
the data from which a significant p-value was obtained. This includes appropriate figures which
display the data points behind the numbers, for example by adding beeswarms to boxplots (Ho,
2019). Additionally, the credibility of the result will increase if the data is explored and reported in
different ways where the p-value is just one part of a bigger picture. Additionally, the actual p-value

should be presented instead of p<<0.05 or just the phrase “statistically significant”.

Unsupervised methods can be used to identify subgroups in the dataset. A number of unsupervised
dimensionality reduction methods were discussed in the previous section Study design: Quality control
and normalizations, including PCA, t-SNE and UMAP, as a mean to quality control the data. The
same methods can be used to investigate potential disease-relevant subgroups. There is a large

heterogeneity in different neurodegenerative disorders and the identification of disease-relevant
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subgroups has the potential to increase our understanding of the diseases. Another unsupervised
approach is to identify subgroups by different types of clustering methods. Two examples are K-
means clustering, where a predefined number of clusters is pursued, and hierarchical clustering,
where the number of clusters are not defined in advance. No response variables are used in the
clustering, but if they are available, they can be used to visualize the distribution of for example
cases and controls. It can be a difficult problem to determine how many clusters to choose, both
in K-means clustering but also retrospectively in hierarchical clustering. Another aspect that needs
to be handled is which measure of closeness to use. There are several linkage methods, including
complete (largest dissimilarity), single (smallest dissimilarity), average (the average of the
dissimilarities) and centroid (the dissimilarity between the centroids of two clusters). Additionally,
there are different methods to calculate the distance, or the dissimilarity, between the observations.
One classical distance measure is Euclidean distance, but correlation-based distances can also be
used, such as Pearson correlation distance. All these things can influence the clustering result
drastically. Unsupervised learning is useful for exploring the data and understanding the variation
and structure within it. However, it can be hard to interpret it since there are no “truth” to compare
the result with. Maybe a number of subgroups are identified within a specific disease, but it can be

hard to evaluate if the clusters are meaningful or not (Hastie, 2017).

In supervised learning, a labelled dataset is used to train a model to accurately predict the
classification (for example case or control) in a new dataset. Different supervised learning
algorithms can be used, including random forest (Breiman, 2001) and the least absolute shrinkage
and selection operator (LASSO) (Tibshirani, 1996). The learning algorithm needs to be able to
generalize from the training data to cotrectly classify a new dataset. An ovetfitted model fits very
well to the training data but perform pootly on the next dataset, the model is not able to accurately
predict new data. To avoid overfitting, the tradeoff between bias and variance can be used. A model
with high bias might be too simple and neglect to capture relevant features. A model with low bias
on the other hand, can lead to overfitting where the model follows individual points too closely
which is connected to a high variance in the algorithm. To capture all relevant features without

overfitting the data, the optimal tradeoff between bias and variance is assessed.

Supervised machine learning consists of two distinct parts: model selection including optimization
followed by a subsequent evaluation of the performance of the model. The data used for assessing
the performance of the model needs to be separated from the rest of the data, an independent test
set is required. The first part, model selection and optimization, include vatiable selection and

tuning of hyperparameters. Cross-validation is a standard way to tune hyperparameters in a model
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to avoid overfitting (Guyon, 2003). One strategy is £-fold cross validation where the training data
is divided into £ bins of equal size. For a five-fold cross validation, the data is split into five bins
and five iterations are used for the tuning. In the first iteration, four bins are regarded as the training
data and the fifth is the validation data. In the next iteration another bin is used as the validation
data, and so on until each bin has been used as the validation set. The results from the different

iterations are combined to form the selected model.

Next the prediction performance needs to be assessed and thereby also the separation capacity of
the selected model. This part is done using the independent test data that was set aside in the
beginning of the workflow. One way to assess the prediction performance is to use a receiver
operating characteristics (ROC)-curve with corresponding area under the curve (AUC). An AUC
of 1 corresponds to a perfect model, while 0.5 is a result from a non-informative classifier. The test
data used for assessing the accuracy of the model should be as independent as possible, preferably
from an independent cohort. However, when only one dataset is available, a fraction of the data
can be dedicated for testing the model. The fraction used for training the data is usually larger (such
as 4/5 or 2/3) than the fraction used for testing (1/5 or 1/3), but the exact number depend on
application and total sample size. Enough samples are needed to successfully train the model, but
a sufficient number of samples is also needed to test the model. The partitioning should be done
before any analysis, to avoid leakage of information from the test to the training set. However,
possible systematic bias in a cohort will still be present and might affect the results if the test set
belong to the same cohort as the data used for model selection and optimization (Mattsson-

Catlgren, 2020Db).

To reduce the complexity of a model and to inctease interpretability, it can be useful to use different
feature selection techniques that identify informative variables in a dataset. Most feature selection
methods can be divided into three major groups: filter-based, wrapper-based, and embedded
methods. When using a filter-based method, the features are ranked based on a selected metric, for
example p-values, and a selected cut-off is used to identify relevant variables. However, if a
univariate scoring metric is used, potential multivariate patterns will not be considered. Specific
combinations of variables might result in the best separation capacity, and this is not recognized
by a method that scores the vatiables individually and independently. Additionally, the selected
variables might be redundant, and it is possible that a smaller subset would achieve the same
performance. A wrapper-based feature selection method attempts to identify a subset of
informative variables by an iterative process. Different strategies can be applied, for example a

greedy search strategy which can be divided into forward selection and backward elimination. In forward

58



Part III: Study design

selection variables are assessed and added one by one if they improve the model. The strategy is
greedy since the strategy does not re-evaluate previous decisions of inclusion or exclusion of a
variable in regard to new information obtained (Guyon, 2003). Embedded feature selection
methods include algorithms that have built-in feature selection strategies. LASSO (Tibshirani,
1996) is an example of an embedded feature selection method which aims at reducing the
complexity of the model and thereby increase the generalizability. LASSO performs L1
regularization where unimportant coefficients shrink to zero and are thereby excluded which
simplifies the model. Combinations of several proteins have the possibility to reflect a complex
disease more precisely than single biomarkers. Small individual differences between two groups
can together result in a successful separation. A variable can even be useless by itself but contribute
to the separation when combined with other variables. Machine learning algorithms can recognize

hidden patterns in multidimensional data and are thereby useful for feature selection tasks.

In conclusion, many strategies can be applied to explore and learn from the data. Different
techniques can be used to extract important patterns from which interpretations can be made and
conclusions can be drawn. However, different types of validation procedures are necessary to
assess the characteristics of the identified profiles. Other protein profiling technologies can be used
to verify the observed protein profiles in the same cohort. Furthermore, biological verification

includes the analysis of additional independent cohorts to confirm the observed patterns.
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The aim with the four studies included in this thesis is to identify and characterize potential disease-
relevant proteins within neurodegenerative diseases. A better understanding of the protein
alterations linked to neurodegenerative conditions will contribute to an increased knowledge of the
disease development and identification of potential subgroups. CSF was selected as sample material
due to its proximity to the brain and potential to reflect the molecular pathophysiology connected
to these diseases. The study of proteins with potential disease relevance may ultimately enhance
the ability to diagnose and treat these devastating conditions. However, since these diseases often
are complex and multifactorial, this is a challenging mission that requires a united effort from many

researchers, but the present investigations nevertheless represent a contribution towards this goal.

The antibody-based suspension bead array assay is an important pillar of these four studies. This
procedure to analyze proteins in a multiplexed and high-throughput fashion was developed in 2008
using blood-derived samples (Schwenk, 2008). The suspension bead atray, as previously discussed,
allows hundreds of proteins to be analyzed in hundreds of samples in the same assay. This is
enabled through direct labeling of whole samples with biotin, and antibodies coupled to colos-
coded beads. A streptavidin-conjugated fluorophore enables detection of binding events, bead by
bead, using a Luminex instrument. The procedure has been further refined and applied in many
publications since (Arner, 2015; Ayoglu, 2014; Bachmann, 2014; Bedri, 2019; Bystrom, 2014,
Bystrém, 2018; Bystrom, 2017; Darmanis, 2013; Dodig-Crnkovié, 2020; Drobin, 2019; Drobin,
2020; Drobin, 2013; Higgmark, 2014; Higgmark, 2012; Hamsten, 2015; Hong, 2020; Iglesias, 2021;
Lourido, 2017; Lourido, 2021; Manberg, 2021; Mikus, 2017; Mikus, 2021; Neiman, 2013; Neiman,
2011; Qundos, 2016; Qundos, 2013; Razzaq, 2021; Reuterswird, 2018; Schwenk, 2010a; Schwenk,
2010b; Schwenk, 2011; Strandberg, 2020). Additionally, the procedure has been adjusted to
measure proteins in other types of biofluids, including CSF (Andersson, 2019; Bystrom, 2014;
Higgmark, 2013; Higgmark, 2016; Higgmark-Manberg, 2017; Lindblad, 2021; Paslawski, 2021;
Pin, 2019; Remnestal, 2016; Remnestal, 2020), cervicovaginal secretions or lavage (Manberg, 2019;
Réhl, 2021), dried blood spots (Dezfouli, 2020; Hamsten, 2015) and bronchoalveolar lavage (BAL)
(Hamsten, 2016).

The set of proteins to be analyzed needs to be determined in the beginning of each study. Even
though the suspension bead array format enables the study of hundreds of proteins in the same
assay, the proteins need to be selected ptior to the analysis. This is an important step that is essential
for the entire study. We select proteins based on the specific research focus of the study using a
foundation of knowledge about the disease. The list often includes proteins identified previously

from other internal neurodegenerative protein profiling efforts, as well as interesting pathways or
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mechanisms and is complemented with published candidates identified through literature search.
When the protein list is compiled, the next step is to select high-quality and well-characterized
antibodies to profile the proteins. This is another crucial component of the presented studies, and
the vast majority of the selected antibodies were polyclonal rabbit antibodies from the Human

Protein Atlas project (HPA, www.proteinatlas.org).

One important thing to highlight is that all four studies are cross-disciplinaty collaborations and
include contributions from several groups with different expertise. These types of united efforts
are beneficial for studies investigating disease-related protein alterations. Medical doctors with the
clinical point-of-view and well-defined cohorts are needed, as well as people with expertise in
advanced technological instruments and data analysis strategies. The interpretation of the results
will improve if people with several different backgrounds provide their perspective and contribute

with their specific knowledge.

In Paper I we investigated proteins connected to the presence and progression of AD in four
different cohorts. In Paper II we explored protein profiles in relation to the core AD CSF
biomarkers in an asymptomatic elderly cohort to elucidate the pathological processes preceding
AD development. Paper III focuses on dementia connected to PD, here we investigated the
protein profiles in relation to different cognitive screening tests. In the last paper, Paper IV, we
analyzed proteins in a genetic FTD cohort, to investigate the ability of a combined panel of proteins
to reflect disease progression. The full versions of the present investigations are included in the

appendix, but the following chapter will cover short descriptions of the studies.
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Paper I
Multi-cohort protein profiling reveals higher levels of six brain-
enriched proteins in Alzheimer’s disease patients

AD is the neurodegenerative disease with the most well-studied set of core CSF biomarkers: t-tau,
p-tau and AB42. These biomarkers have a precise specificity and sensitivity and provide
diagnostically relevant information already at eatly disease stages (Blennow, 2019). However,
additional biomarkers representing other pathophysiological processes would be beneficial,
especially additional biomarkers with altered levels before symptom onset. Identifying the patients
that will develop Alzheimer’s disease is crucial and will be even more important when disease

modifying treatments are available.

In the initial phase, 216 proteins were analyzed in CSF from individuals from two separate cohorts
from the AETIONOMY project, a European consortium focusing on PD and AD. Six proteins
were observed at increased CSF levels in AD compared to controls in both cohorts, namely
amphiphysin (AMPH), aquaporin 4 (AQP4), cAMP-regulated phosphoprotein 21 (ARPP21),
growth-associated protein 43 (GAP43), neurofilament medium polypeptide (NEFM), and
synuclein beta (SNCB). An interesting group to study in the context of AD is individuals with mild
cognitive impairment (MCI). SNCB had significantly increased levels already in the MCI group
compared to controls. However, MCI is a diverse group, and we decided to divide the group based
on t-tau, p-tau and AB42 levels to reduce the heterogeneity and could thereafter identify increased
levels of AMPH, AQP4, ARPP21, GAP43 and SNCB in the MCI subgroups with high t-tau or p-
tau compared to controls (Figure 1). Next, we investigated these proteins potential association
with the core AD biomarkers and found a strong cotrelation between both t-tau and p-tau and the
same five proteins, while the correlations to NEFM were weak. Furthermore, the correlations to
AB42 were weak or moderate for all six proteins. Biological verification in two additional Swedish

cohorts was performed, and we identified concordant trends for all six proteins.

One of the cohorts included follow-up information about potential conversion to AD for the
individuals in the MCI group. Ten of these individuals had converted to AD after sample collection,
with conversion times ranging from less than 2 years up to 11 years post lumbar puncture. We
identified a correlation between the protein levels of AMPH, AQP4, ARPP21, GAP43 and SNCB

and the number of years left to conversion.
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In conclusion, six proteins were observed with increased levels in CSF from patients with AD
compared to controls. The patterns of AMPH, AQP4, ARPP21, GAP43, NEFM and SNCB was

extensively replicated and might reflect eatly disease-related changes in the brain. Their potential

role in AD pathogenesis will be continuously investigated.
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Figure 1: A. Heatmap per cobort visualizing the p-values obtained per protein for the comparison between AD, controls and
varions MCI subgronps. White color indicates a p-valne above 0.05. B. Protein profiles of GAP43 in cobort 1. The MCI
group is divided based on CSF concentrations of t-tan and p-tau. C. Correlations between GAP43 levels and respectively -
tau and p-tan, in the MCI individuals in cobort 1. D. Protein profiles of GAP43 in cohort 2. The MCI group is divided
based on the levels of t-tau, p-tan, and Ap42. E. Correlations between GAP43levels and respectively t-tan and p-tan, in the
MCI individnals in cobhort 2.

65



Paper II:
Association of CSF proteins with tau and amyloid § levels in
asymptomatic 70-year-olds

A better understanding of the early pathophysiological processes preceding AD symptom onset is
needed. In this study, we investigated the CSF protein profiles of 104 proteins, measured using the
suspension bead arrays, in relation to the core AD CSF markers: t-tau, p-tau and AB42, to further
characterize the molecular mechanisms behind AD. The included individuals were asymptomatic
70-year-olds recruited from the H70 Gothenburg Birth Cohort Studies (Kern, 2018; Rydberg
Sterner, 2019).

Significant correlations were found between 63 of the studied proteins and the concentration of t-
tau, p-tau or/and AB42. Both SNCB and GAP43 were among the proteins with the strongest
cotrelation to t-tau and/ot p-tau (SNCB, t-tau tho = 0.80; GAP43, p-tau tho = 0.78) and neuronal
cell adhesion molecule NRCAM) displayed the strongest cortelation with AB42 out of the studied
proteins (tho = 0.33), followed by neuronal pentraxin-1 (NPTXT1, rho = 0.32).

To explore if the correlation between the studied proteins and the core AD markers changed in
the preclinical stage of AD, the individuals were dichotomized in two different ways. First, they
were divided based on their AB42/AB40 ratio, with a cut-off point determined by the bimodal
distribution. Six proteins showed significantly increased levels in the amyloid-positive individuals:
GAP43, SNCB, brain acid-soluble protein 1 (BASP1), rabphilin-3A (RPH3A), dimethylarginine
dimethylaminohydrolase-1 (DDAHT1) and aquaporin 4 (AQP4).

Additionally, 33 out of the 63 proteins with a correlation to t-tau showed a significantly different
slope between the amyloid-positive and the amyloid-negative groups. One of these proteins was
neural cell adhesion molecule L1-like protein (CHL1), with the largest association to t-tau levels in
the amyloid negative group (Figure 1). When investigating the correlation to p-tau, 24 proteins
had a significantly different slope between the two groups. No protein had a significantly different

slope when comparing the correlations between the proteins and AB42 levels.
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Figure 1: Associations with the core AD CSF biomarkers for individuals dichotomized based on CSF
Ap42/ AB40 ratio. A) Heatmap visnalizing the spearman correlation between each group and all three established
biomarkers. Grey indicates a non-significant correlation. B) The association between CHLT levels and t-tan
concentration where both amyloid positive (A+) and amyloid negative (A-) individuals displayed a significant
correlation. C) The association between CHLT and t-tan revealed significantly different slopes between the amyloid
status groups. D) The association between NRCAM levels and AP42 concentration. A significant correlation was
observed within the amyloid negative individuals (A-) but not in amyloid positive individnals (A+). E) The
association between NRCAM levels and AP42 concentration did not reveal significantly different slopes between the
amyloid status groups.
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Next, the individuals were divided based on their CDR score but no significant difference in
protein levels could be observed between the two groups, neither for the AD core biomarkers nor
the other studied proteins. Furthermore, we investigated the studied proteins in relation to other
suggested markers: NfL, NRGN as well as APOE e4 carrier status.

In conclusion, more than half of the studied catefully selected proteins correlated with at least one
of the core AD biomarkers. Interestingly, when dividing the individuals into two groups based on
their AB42/AB40 ratio, where amyloid-positive individuals potentially represent the preclinical
stage of AD and amyloid-negative represents normal aging, 33 proteins displayed a significant
difference in the slopes between the two groups when correlating the proteins with t-tau, p-tau and
AB42 levels. Two groups could be identified from these 33 proteins: a group of transmembrane
proteins and a group of proteins involved in or connected to synaptic vesicle transport. Further
studies are needed to investigate if these proteins are involved in, or affected by, tau or amyloid

pathology present in AD.
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Paper I1I:
Cerebrospinal fluid levels of kininogen-1 indicate eatly cognitive
impairment in Parkinson’s disease

Cognitive impairment is a common component in PD (Aarsland, 2021; Emre, 2007) and protein
markers to predict PD dementia are needed. To provide insights into the protein profiles associated
with cognitive petformance in PD, we analyzed CSF from idiopathic PD patients without overt
dementia from the AETIONOMY project, a European multicenter consortium focusing on PD
and AD. Levels of 216 proteins were analyzed using an antibody-based suspension bead array. The
cognitive function of the patients was assessed with three different cognitive scales: Repeatable
Battery for the Assessment of Neuropsychological Status (RBANS), Montreal Cognitive
Assessment (MoCA) and Mini-Mental State Examination (MMSE). The main focus was the
RBANS total index scores, and the patients were divided into two groups based on the cut-off for

average cognition in healthy individuals of the same age, i.e. a score of 90.

Fourteen proteins were identified with different levels between the group with low RBANS (<90)
and the group with high RBANS (>90) based on Wilcoxon rank sum test. When adjusting for
potential confounders, including age, sex, disease duration as well as lifestyle and clinical
parameters, three proteins remained significant. These three proteins, a disintegrin and
metalloproteinase with thrombospondin motifs 1 (ADAMTSI), kallikrein-6 (KLKO6) and
kininogen-1 (KNG1), were all observed at higher levels in the patients with low RBANS score
(Figure 1).
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Figure 1. Protein profiles for ADAMTS1, KLK6 and KNG1 in CSF from PD patients with low and high
RBANS total score, respectively.
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After further evaluation, KNG1 was determined to be most stable and had the strongest
association to the cognitive status, i.e. high or low RBANS. Furthermore, KNG1 was also observed
to have an association with MoCA total score, but not with MMSE total score. An increasing body
of evidence demonstrate that MoCA outperforms MMSE when it comes to identifying PD-related
mild cognitive impairment or dementia (Dalrymple-Alford, 2010; Hoops, 2009; Mazancova, 2020;
Skorvanek, 2018; Zadikoff, 2008), which might explain this pattern.

In conclusion, higher CSF levels of KNG1 were observed in PD patients with low RBANS scores.

Further evaluation in larger cohorts is needed to assess its potential as a marker for cognitive decline
in PD.
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Paper IV:

A panel of CSF proteins separates genetic frontotemporal
dementia from presymptomatic mutation carriers: a GENFI
study

When investigating the early disease processes in FID, it can be useful to study the genetic form
of FTD due to the autosomal dominant inheritance pattern. The study of genetic FTD enables the
stratification of the included individuals into three groups: individuals with symptomatic genetic
FTD (affected mutation carriers, AMC), individuals with mutations in disease associated genes but
without symptoms (presymptomatic mutation carriers, PMC), and one group without mutations in
these genes (mutation non-carriers, NC). The individuals (n = 221) were recruited as a part of the
GENetic Frontotemporal dementia Initiative (GENFI) study (Rohrer, 2015). Participants that
were enrolled in GENFI had a 50% risk of FTD due to a pathogenic mutation in a first degree

relative.

We analyzed the levels of 111 proteins in CSF samples from the included individuals, using the
suspension bead array assay. The first objective was to identify a panel of proteins that could
separate affected (AMC) from unaffected individuals, where unaffected included both PMC and
NC. The second objective was to identify a panel that could separate PMC from NC. To identify
such panels, we utilized two machine learning based algorithms: Random Forest and Least absolute

shrinkage and selection operator (LASSO).

When comparing affected and unaffected individuals, we identified a panel of proteins that
successfully separated the two groups. The panel included four proteins: neurofilament medium
polypeptide NEFM), aquaporin 4 (AQP4), neuronal pentraxin 2 (NPTX2) and neurosectretory
protein VGF (VGF). The panel was further evaluated using PCA and hierarchical clustering, as

well as the proteins univariate difference between the two groups (Figure 1).
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Figure 1: Affected vs unaffected. Y ellow and circles = affected individuals (n = 39), blue and triangles = unaffected
individnals (n =174). Four proteins (NEFM, AQP4, NPTX2 and V'GF) selected by both Random forest and
LASSO when comparing affected and unaffected individnals. A) Violin plots for the four proteins with p-values
Sfrom Wilcoxcon rank sum test. B) A PCA plot based on the four selected proteins. C) A hierarchical clustering
based on principal component 1 and 2.

The next step was to investigate a panel with the potential to separate PMC from NC. Since both
these groups consist of individuals without symptoms, the differences on a protein level are
presumably smaller compated to the group of individuals that presented symptoms (AMC). We
decided to focus the analysis on PMC with an expected future or present TDP-43 pathology and
with less than ten years left until expected symptom onset, based on the mean age at disease onset

per genetic group (Moore, 2020).

We identified five proteins, namely TAR DNA binding protein 43 (TARDBP), kininogen 1
(KNG1), heparin binding EGF like growth factor (HBEGF), myelin basic protein (MBP), and
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calsyntenin-1 (CLSTNT1), in addition to progranulin (GRN), that contributed to the separation
between PMC and NC. However, the models had a lower prediction capacity than the model
optimized for separating affected from unaffected individuals and additional studies and cohorts

are needed to validate and further characterize these profiles.

In conclusion, the multivatiate approach was fruitful and by using a machine learning based feature
selection, additional patterns can be identified that improve the separation capacity. We successfully
identified a panel that separated affected from unaffected individuals (consisting of NEFM, AQP4,
NPTX2 and VGF) and we identified promising proteins for a panel separating PMC and NC, but
this panel needs further work. Continued evaluation will elucidate the potential association of these

proteins to FTD pathogenesis.
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Concluding remarks

I have learnt a lot the last four years. But I have also experienced that the study of proteins in
different diseases is more difficult and complex than I would ever have imagined. The time spent
studying proteins has however strengthened my belief that proteins have a lot of things to tell us

about the state of our bodies. As long as we are able to accurately decipher the protein profiles.

Due to its proximity to the brain, CSF is an attractive body fluid to work with when it comes to
neurodegenerative disorders. I think that this is the body fluid with the highest potential to identify
and characterize disease-relevant proteins for these diseases. However, when a potential biomarker
has been well-validated in several CSF cohorts using different protein profiling technologies, it is
advantageous if a plasma-based assay for the protein in question can be developed to increase
availability and utility. Nevertheless, some proteins will be hatd to translate into blood-tests, for

example due to their presence in additional cell types outside the brain.

I would argue that the major bottleneck for further breakthroughs is the availability of large well-
characterized and standardized CSF cohorts. There are several advanced protein profiling
technologies available that enable a high sample throughput. The capacity of the suspension bead
array technology that we have utilized in all four papers included in the present investigation, has
been challenged these last 1.5 years due to the COVID-19 pandemic. Last year we developed a
serological test based on several SARS-CoV-2 proteins (Hober, 2021). For this setup, the viral
antigens were immobilized onto the surface of the beads, in order to detect the presence of
antibodies to SARS-CoV-2 in plasma and setum. So far, we have analyzed more than 160,000
samples and several papers have been published based on data from these suspension bead arrays.
Even if those numbers are beyond reach in a CSF-based neurodegenerative diseases setting, they
still highlight the possibility and feasibility of investigating large sample sets when using the

suspension bead array setup.

I would like to highlight eight proteins from the present investigations: NEFM, GAP43, SNCB,
AMPH, NPTX2, VGF, AQP4, and KNG1. Several proteins, combined into a panel, have an
increased potential to accurately reflect the state of heterogenous neurodegenerative diseases. The
protein levels often overlap between different sample groups, and by analyzing a panel of proteins
an enhanced discriminatory ability can be obtained. NEFM is a subunit of neurofilaments and was

observed at increased levels in AD (Paper I) as well as in FTD (Paper IV) compared to controls.
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Further studies are needed to investigate the potential added value of measuring NEFM in addition
to the neuroaxonal damage marker NfL. Several of these eight proteins are associated with
synapses: GAP43, SNCB, AMPH, NPTX2, and VGF. Higher levels of GAP43, SNCB, and AMPH
were observed in AD compared to controls (Paper I) and correlate with tau levels in both AD
(Paper I) and in asymptomatic elderly (Paper II). NPTX2 and VGF are also associated with
synaptic function, but their levels were decreased in FTD in Paper IV. This pattern with some
proteins that are present at increased levels and other proteins at decreased levels is advantageous.
AQP4 is an astrocytic protein and higher levels were observed both in AD (Paper I) and FTD
(Paper IV) compared to controls. Furthermore, higher levels of AQP4 were identified in
asymptomatic but amyloid-positive individuals compared to amyloid-negative individuals in Paper
II. Finally, increased levels of KNG1 were observed in PD patients without overt dementia but
with low RBANS and MoCA total score (Paper III).

These eight proteins need, as always, further characterization and validation in additional cohorts
to further elucidate their potential association to the pathogenesis in neurodegenerative diseases.
Furthermore, the patterns need validation using other protein profiling technologies. The
suspension bead array patterns of GAP43 and NEFM concord with an in-house developed PRM
assay (Andersson, 2019), a commercial ELISA was used to confirm the suspension bead array
profile of KNG1 (Paper III), and we have developed bead-based sandwich assays which provided
support for on-target binding for NEFM (Remnestil, 2020), SNCB, AQP4, and AMPH (Paper I).
We will continue to investigate these eight proteins in several cohorts. Currently, we are evaluating
their pattern in additional AD and FTD cohorts, but also in an ALS cohort, to enable comparisons

between different diseases.

Proteins reflecting additional pathological processes, including synaptic dysfunction as well as
neuroinflammation, will likely in the future be added to the current set of clinically used biomarkers:
AB, tau and NfL. Furthermore, disease-relevant proteins that do not reach the biomarker status
might still help us to disentangle the underlying mechanisms and provide us with a deepened
understanding of the wide range of pathological processes present in neurodegenerative diseases.
To achieve this, we need appropriate study designs with large and well-characterized cohorts,
advanced protein profiling technologies, and suitable data analysis strategies. This thesis covers
selected aspects of these topics related to the pursuit of CSF biomarkers for neurodegenerative

diseases.
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