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Summary
The formation of amyloid fibrils inside the body underlies a range of diseases, including
systemic AA amyloidosis and Alzheimer’s disease. In the case of AA amyloidosis, the
acute-phase serum amyloid A (SAA1) protein is dramatically increased, truncated by
proteases and deposited as amyloid fibrils in the extracellular space of spleen, liver
and kidneys. Alzheimer’s disease, on the other hand, is the most common cause of
dementia and characterized by the deposition of amyloid beta (Aβ) protein in the brain.
Both diseases are known to involve macrophages or phagocytic active cells in the
formation of amyloid fibrils. However, the cellular mechanisms of fibril formation of AA
amyloidosis and Alzheimer’s disease have not yet been fully understood.
By using a murine AA amyloidosis cell culture model and a human Alzheimer’s disease
cell culture model, we investigate both disorders on a cellular level. We show that
murine macrophage-like J774A.1 cells as well as human differentiated THP-1 cells
form extracellular CR green birefringent amyloid deposits upon exposure to murine
SAA1 protein and human Aβ(1-40) protein, respectively. Further, during amyloid
formation, SAA1 protein is internalized by the cells via clathrin-dependent endocytosis
and trafficked to the lysosomes. Using a Förster resonance energy transfer sensor, we
observe that the SAA1 protein starts to aggregate intracellularly. For both disorders,
we find that intracellular aggregation disturbs the integrity of vesicular membranes,
leading to lysosomal leakage and, consequently, resulting in cellular death. Apoptotic
death of the cells causes the release of intracellular aggregates to the extracellular
space, where they can be detected as CR green birefringent amyloid deposits.
Subsequently, these extracellular deposits are able to seed fibrillation of extracellular
SAA1 protein. Using scanning electron microscopy, we find three main types of fibril
v

network structures, denoted amorphous meshwork, fibril bundle and amyloid star, in
Aβ amyloid deposits. In both disorders, we show that amyloid fibrils interact with
surrounding cells. In AA amyloidosis, we observe progressive clustering of the cells,
often enclosing large-sized amyloid deposits and dead cells. In Alzheimer’s disease,
however, we find fibril bundles extended into tubular invaginations of the plasma
membrane of surrounding cells and lipid assemblies of different sizes. Additionally, in
AA amyloidosis we show that non-fibrillar and fibrillar SAA1 protein can be transferred
between cultured J774A.1 cells, with the exchange occurring faster with the smaller,
non-fibrillar SAA1 protein than with the fibrillar SAA1. Experiments in which physical
interactions of cells are prevented by using a semipermeable membrane show a
significant reduction in the exchange efficiency of non-fibrillar and fibrillar SAA1
protein. Using scanning electron microscopy, we observe physical interactions
between cultured cells, which leads to the conclusion that the transfer of non-fibrillar
and fibrillar SAA1 protein depends on direct cell-to-cell interactions.
Considering the worldwide distribution, high incidence and progressive prevalence of
Alzheimer’s disease as well as the occurrence of systemic AA amyloidosis in several
mammals and its possible transmission through nourishment, the understanding of the
processes underlying Alzheimer’s disease and AA amyloidosis is highly relevant. To
achieve this, an understanding of the molecular mechanisms of amyloid formation and
cell-to-cell transmission of amyloid proteins is crucial and can potentially support the
research of other protein misfolding diseases.
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Scientific Context

Scientific Context
1. Amyloid and Amyloidoses
Amyloidoses are protein misfolding diseases characterized by the formation of fibrillar
protein aggregates and their deposition within the body. In general, amyloid fibrils are
characterized as rigid, non-branching fibrillar structures (Sipe et al., 2016). “Amyloid”
is a term derived from the Greek word “amylon” or the Latin word “amylum” and refers
to the starch-like staining characteristics of amyloid with iodide (Virchow,1854). To
date, more than 30 proteins have been identified as fibril proteins that can cause
protein misfolding diseases in humans, for example Abeta (Aβ) protein in Alzheimer’s
disease, α-synuclein in Parkinson’s disease and immunoglobulin light chain in AL
amyloidosis (see Table 1). Interestingly, some of these proteins have also been found
to cause protein misfolding diseases in animals. Such an example is serum amyloid A
(SAA), the fibril protein underlying Amyloid A (AA) amyloidosis, which is present in
mouse, cat and several other animals (see Table 1; Sipe et al., 2016). Fibril proteins
are altered and misfolded versions of their precursor proteins and occur as fibrillar
aggregates (Sipe et al., 2016). Usually, amyloid fibrils are deposited in the extracellular
space of organs and tissues (Sipe et al., 2016). However, also intracellular inclusions
with a fibrillar structure, for example neurofibrillary tangles of tau protein in Alzheimer’s
disease or Lewy bodies in Parkinson’s disease, have been described (Sipe et al.,
2016).
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Amyloidoses can be classified into localized and systemic amyloidoses. In localized
amyloidoses, the fibril protein is produced and deposited in the same organ, like in the
islets of Langerhans of the pancreas in islets amyloid polypeptide (IAPP) amyloidosis.
Systemic amyloidoses, on the other hand, are characterized by different production
and deposition sites and depositions often occur in multiple organs. AA amyloidosis
and transthyretin (ATTR) amyloidosis are classified as systemic amyloidoses (see
Table 1; Sipe et al., 2016). Besides amyloid fibrils that are disease related, some nonpathological, so-called functional amyloids, have been observed in diverse organisms,
ranging from bacteria to mammals (Maury, 2009). Among other forms, functional
amyloids have been found with functions as diverse biofilm formation, development of
aerial structures and scaffolding. In addition, they have been reported to use the
advantage of high resistance to proteolysis, the potential of self-replication and
transmission of information (Maury, 2009).

Protein misfolding diseases are frequently discussed as prion-like diseases with the
potential of protein transmission (Aguzzi, 2009). Prions are “proteinaceous infectious
particles” that are associated with the transmissible spongiform encephalopathies such
as scrapie in sheep, bovine spongiform encephalopathy in cattle, feline spongiform
encephalopathy in cats and Creutzfeldt-Jakob disease and kuru in humans (Prusiner,
1982). These diseases are characterized by the misfolding of the cellular prion protein
(PrPC) into a β-sheet rich infectious, transmissible isoform (PrPSC), which is an
aggregate and causes spongiform changes in the brain, followed by neuronal loss
(Prusiner, 1982). The initial misfolding event can be a spontaneous process, caused
by mutations, or initiated by transmission of misfolded isoforms from affected

2

Scientific Context

individuals (Aguzzi and Calella, 2009). The misfolded prion protein PrPSC can also lead
to misfolding of the cellular prion protein PrPC, replicating the infectious agent through
a templated conformational change (Prusiner, 1998).

Table 1: List of amyloid forming proteins and their precursors (modified in accordance
to Sipe et al., 2016).

fibril protein
Aβ
Atau
Aα-Syn
APrP

precursor
protein
amyloid
precursor protein
(βAPP)
tau
α-synuclein
prion

localized (L) or
systemic (S)

target organs

species

L

CNS

human, dog,
sheep, wolverine

L
L
L

CNS
CNS
CNS
islets of
Langerhans,
insulinomas
all organs, usually
except CNS
heart, ligaments,
tenosynovium

AIAPP

islet amyloid
peptide (amylin)

L

AL

immunoglobulin
light chain

L, S

ATTR

transthyretin

S

AA

serum amyloid A

S

Aβ2M

β2-microglobulin

S

AApoAI

apolipoprotein AI

S

all organs, except
CNS
musculosceletal
system
heart, liver,
kidneys, testins,
PNS, larynx, skin

human
human
human
human, apes, cat,
racoon
human, cat,
horse
human, vervet
monkey
human, mouse,
cat, dog, duck,
guinea pig, etc.
human
human, dog

The three common features of amyloid fibrils are: fibrillar morphology, cross-β structure
and tinctorial properties. In amyloid fibrils, the polypeptide chains are oriented
perpendicular to the main fibril axis and the backbone hydrogen-bonds are parallel to
the main fibril axis (Eisenberg and Jucker, 2012). They usually comprise 2 to 8
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protofilaments, which mostly twist around each other and have a diameter of
approximately 10 nm and a length of up to several microns (Chiti and Dobson, 2017).
Furthermore, they exhibit a high β-sheet content, measured by circular dichroism
spectroscopy, and a cross-β diffraction pattern, with spacings at 4.7 Å and
approximately 10 Å, measured by X-ray diffraction (Sipe et al., 2016). Amyloid fibrils
bind the dye Congo red (CR) and exhibit a green birefringence under polarizing light,
which is often used in histological analyses. In addition to CR, amyloid fibrils also bind
the fluorescence dye Thioflavin T (ThT), which is commonly used to monitor fibril
formation in vitro (Sipe et al., 2016). Despite the fact that fibrils display a set of common
structural features, structural polymorphisms of fibrils have been observed in fibrils
formed in vitro (Meinhardt et al., 2009) and in fibrils extracted from tissue samples from
humans and animals (Annamalai et al., 2016).

Monitoring fibril formation in vitro, typically with ThT fluorescence measurements, has
revealed that the fibrillation process is based on a nucleation-dependent
polymerization mechanism (Haper and Lansbury, 1997). The conversion of peptides
or proteins into fibrils starts with a lag phase, which is followed by a rapid growth phase
and a subsequent stationary plateau phase (Chiti and Dobson, 2006). The lag phase
represents the time required for the formation of nuclei, which are then elongated
rapidly by the addition of monomers in the growth phase (Chiti and Dobson, 2006).
During the fibrillation reaction, protein monomers first form oligomers, i.e. clusters of
small numbers of proteins without fibrillar appearance, which then become protofibrils
with β-sheet structure and, finally, form mature amyloid fibrils (Chiti and Dobson, 2006).
In addition to this nucleation-dependent fibril formation mechanism, secondary events,
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such as fibril fragmentation, branching and heterologous nucleation, recently have
been demonstrated to also have a strong influence on fibril formation (Xue et al., 2008;
Knowles et al., 2009).

Early hypotheses pointed to amyloid fibrils as the toxic species in protein misfolding
diseases, since the massive deposition of fibrils lead to steric rigidity and physical
impairments of the affected organs. For instance, this has been reported to be the case
in systemic amyloidoses, like AA amyloidosis (Pepys, 2006). However, approximately
20 years ago, it was shown that not the fibrils themselves, but oligomer species, such
as annular or spherical protofibrils or other small intermediates, could be the culprits in
the neuronal malfunction of, for example, Alzheimer’s and Parkinson’s disease
(Caughey and Lansbury, 2003).

2. Alzheimer’s Disease and Aβ Protein
In 1906, the neuropathologist Alois Alzheimer reported a new disease that causes
progressive memory impairment, disordered cognitive function, altered behavior
(including paranoia, delusions and loss of social appropriateness) and a progressive
decline in language function (Alzheimer, 1907). These symptoms are mostly found in
patients with Alzheimer’s disease. The onset of Alzheimer’s disease is usually later
than the age of 60 and after that age, the incidence and prevalence increases
dramatically with advancing age (Selkoe et al., 2001). The disease is caused by protein
misfolding and characterized by the deposition of extracellular amyloid plaques,
predominantly composed of Aβ(1-40) and Aβ(1-42) fibrils (Masters et al., 1985), and
5
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by

the

occurrence

of

intracellular

neurofibrillary

tangles

consisting

of

hyperphosphorylated tau protein (Grundke-Iqbal et al., 1986). The amyloidogenic
peptides, which mainly consist of Aβ(1-40) and Aβ(1-42), are generated by sequential
cleavage of the amyloid precursor protein by proteases, including α, β and γ secretase
(Selkoe, 1996; Selkoe and Hardy, 2016). Aβ proteins also occur in healthy people, but
in this case, the misfolded variants are normally degraded by cells via mechanisms
involving proteasomes or autophagy. The physiological function of Aβ protein still
remains unclear, but some studies suggest a regulatory function in synapses, while
others propose a neuroprotective function (Kamenetz et al., 2003; Giuffrida et al.,
2009). In most cases, deposited amyloid plaques in Alzheimer’s disease patients could
be associated with age-related conditions (Selkoe, 1996), while in approximately 1%
of the cases genetic mutations in the Aβ precursor protein or its processing enzymes
lead to early onset Alzheimer’s disease (Goate et al., 1991; Goedert and Spillantini,
2006).

Aβ proteins and amyloid plaques occur extracellularly, but experimental data showed
intracellular localization of Aβ (Gouras et al., 2000; Grundke-Iqbal et al., 1989) and Aβ
protein being internalized by endocytosis- and phagocytosis-competent cells (Friedrich
et al., 2010). Further, the fibril formation was suggested to take place in multivesicular
bodies and to induce cellular death (Friedrich et al., 2010). However, it remains unclear
why intracellular fibril formation appears to be toxic to the cells.

6
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3. AA Amyloidosis
AA amyloidosis is characterized by massive fibril depositions of the apolipoprotein
serum amyloid A mainly in the spleen, liver and kidneys (Röcken and Shakespeare,
2002). The disease occurs in mammals as well as birds and shows a worldwide
distribution (Westermark et al., 2015). AA amyloidosis was probably the most common
form of systemic protein misfolding disease for hundreds of years until the 1970s
(Westermark et al., 2015). The disorder occurs as a secondary complication of a strong
persistent or recurrent inflammation that increases the SAA blood level by
approximately 1000-fold (up to 1 mg/ml) (Röcken and Ernst, 2006). While nowadays
AA amyloidosis is associated with chronical inflammatory disorders like rheumatoid
arthritis, Crohn’s disease or familial Mediterranean fever (Westermark et al., 2015),
previously, AA amyloidosis was often associated with tuberculosis (Westermark and
Nilsson, 1984). Successful treatment of chronic autoimmune diseases has led to a
decrease of AA amyloidosis prevalence in the Western world, but it is still considered
an issue in countries with a high incidence of infectious diseases such as tuberculosis,
leprosy and malaria (Westermark and Westermark, 2008). Furthermore, new cases
with no underlying disorder have been reported (Schönland et al., 2012).

AA amyloidosis clinically presents itself with renal symptoms, especially proteinuria,
which often occurs as the first clinical symptom (Röcken and Shakespeare, 2002).
However, a definitive diagnose of systemic amyloidoses can only be made after
biopsies and analysis of the tissue. In the past, tissue samples were obtained by
biopsying the rectum, whereas, more recently, biopsies of abdominal adipose tissue
are performed (Westermark et al., 2015). Analysis using CR green birefringence under
7
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a polarizing microscope can confirm the presence of amyloid fibrils while the type of
disease can often be revealed by an analysis with specific antibodies (Schönland et
al., 2012). The deposition of AA amyloid fibrils usually starts in the spleen and liver and
can expand to the kidneys, adrenal gland, gastrointestinal tract, intestines, peripheral
nervous system, skin and respiratory system (Lachmann et al., 2007). Amyloid
deposits are the main causative agent of AA amyloidosis and consist of AA proteins,
serum amyloid P component, glycosaminoglycans and lipids (Elimova et al., 2004;
Gellermann et al., 2005; Pepys, 2006). In human AA amyloidosis two unexplained
phenotypes have been observed. The most common one is characterized by massive
deposition in the glomeruli and only moderate involvement of the vascular part of the
kidneys, while more rare cases (approximately 10%) show deposition predominantly
in the renal medulla and vessel walls (Westermark and Westermark, 2010).
Interestingly, only the glomerular variant causes proteinuria (Westermark and
Westermark, 2010). Treatment of AA amyloidosis is usually based on corticosteroids,
cytostatic drugs and monoclonal antibodies against cytokines, in order to reduce the
inflammation caused by the primary diseases (Okuda et al., 2014).

Especially, AA amyloidosis is considered as protein misfolding disease with prion-like
properties (Aguzzi, 2009). Transmission of AA amyloidosis has been reported to occur
between members of the same species, as it has been the case with captive cheetahs
Acinonyx jubatus (Zhang et al., 2008) or island foxes Urocyon littoralis (Gaffney et al.,
2016). Moreover, it has also been shown that fibrils extracted from liver and feces of
cheetahs (Zhang et al., 2008), bovine fibrils (Cui et al., 2002) and duck or goose
derived extracts (Solomon et al., 2007) promote amyloid formation in the AA mouse
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model. So far, no transmission to humans has been observed, but the risk still remains.
Studies have shown that there can be amyloid deposits in food products, as for
example in commercial foie gras and pâté, which are produced under force-feeding
conditions (Solomon et al., 2007), in growing egg-laying hens treated with multiple
types of vaccination (Murakami et al., 2013) and in adult cows (Tojo et al., 2005).
Hence, studying the mechanism of amyloid formation, the molecular process of
transmission and investigating the molecular basis of the transmissible agent in AA
amyloidosis are of considerable public interest.

4. Serum Amyloid A (SAA) Protein
AA fibrils consist of AA proteins, which are C-terminal truncated versions of SAA, the
precursor protein in AA amyloidosis. SAA circulates in the blood, mainly bound to the
third fraction of high-density lipoprotein (HDL; Benditt and Eriksen, 1977; Coetzee et
al., 1986). The SAA protein family is evolutionary conserved, with orthologs in animals
ranging from sea cucumber to birds and mammals (Uhlar and Whitehead, 1999). SAA
proteins can be divided into two groups: acute phase and constitutively expressed SAA
proteins. The expression of the acute-phase SAA proteins is significantly increased
upon inflammatory stimulus, while the expression of the constitutively SAA proteins is
constant. The human SAA genes SAA1 and SAA2 and the murine SAA genes Saa1,
Saa2 and Saa3 encode for acute-phase proteins, while the human SAA4 and murine
Saa4 encode for constitutively expressed proteins (see Table 2; Sipe et al., 1999). The
human SAA3P and the murine Saa-ps1 represent pseudogenes, i.e. genes for which
no mRNAs or proteins have been identified so far (Uhlar and Whitehead, 1999).
9
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The SAA proteins consist of approximately 103 to 122 amino acids, with the murine
SAA1 consisting of 103 amino acids and having a size of approximately 12 kDa (Uhlar
and Whitehead, 1999). Recently, the crystal structures of human SAA1 and murine
Saa3 proteins have been determined, it was found that the monomers form an updown-up-down cone-shaped four-helix bundle structure with the C-terminal tail
wrapped around the helix bundle, stabilizing the monomers by providing a number of
interactions (Derebe et al., 2014; Lu et al., 2014). The human SAA1 protein naturally
occurs as hexamer, whereas the murine Saa3 protein was found to form a tetrameric
structure (Derebe et al., 2014; Lu et al., 2014). Further, differences are that helix 1 of
Saa3 is longer, while Saa1 contains a more hydrophobic N-terminus (Derebe et al.,
2014; Lu et al., 2014). Through synthesis of each single helix and a fibril formation
assay using ThT fluorescence, helix 1 and 3 of SAA1 were confirmed as the
amyloidogenic regions of human SAA1 protein (Lu et al., 2014). These structural
insights could explain the tendency of SAA1 to form amyloid fibrils, while Saa3 remains
non-amyloidogenic (Sun and Ye, 2016). Furthermore, the study assumed lipid and
glycosaminoglycan binding sites within the human SAA1 sequence (Lu et al., 2014).
In vitro studies resembling nearly physiological conditions revealed that SAA readily
self-assembles into partially folded oligomers, containing dimers, tetramers, hexamers,
and octamers (Wang et al., 2011; Takase et al., 2014, Frame and Gursky, 2016).
Structure of SAA strongly depends on environmental conditions. Lipid-free SAA1
protein was shown to possess a random-coil-like structure at 37°C (Patke et al., 2013;
Jayaraman et al., 2015), while shifting the temperature to 4°C or addition of SDS or
HDL increases the α-helical content (McCubbin et al., 1988; Patke et al., 2013;
Jayaraman et al., 2015).
10
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Table 2: List of human and mouse genes and proteins of SAA (modified in accordance
to Uhlar and Whitehead, 1999).

mouse

human

species

gene
SAA1
SAA2
SAA3
SAA4

protein
SAA1
SAA2
pseudogene
SAA4

Saa1
Saa2
Saa3
Saa4
Saa-ps1

Saa1
Saa2
Saa3
Saa4
pseudogene

expression
acute phase
constitutively
acute phase
constitutively
-

SAA1 protein has been reported to have multiple physiological functions. First, being
bound to HDL and replacing apolipoprotein AI during an acute-phase response
(Coetzee et al., 1986), SAA1 is involved in the reversed cholesterol metabolism,
transporting cholesterol from peripheral cells to the liver (Uhlar and Whitehead, 1999;
Röcken and Shakespeare, 2002). In addition, SAA1 also plays multiple roles in
immune reactions, possessing both pro- and anti-inflammatory properties. It stimulates
the release of chemokines, granulocyte colony-stimulating factor (G-CSF; He et al.,
2003; He et al., 2009), and proinflammatory cytokines (Lee et al., 2006). Furthermore,
SAA1 has also been reported to be involved in the activation of the NF-κB transcription
factor and the NLRP3 inflammasome, leading to the release of IL-1β, a
proinflammatory cytokine (Niemi et al., 2011). On the other hand, SAA1 is also involved
in anti-inflammatory modulation, stimulating the release of anti-inflammatory cytokines
(Lee et al., 2006; Song et al., 2009) and reducing the local inflammatory response to
Acinetobacter baumannii pneumonia (Renckens et al., 2006).
11
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During inflammation, the acute-phase response is induced, leading to increased
production of IL-1, IL-6 and tumor necrosis factor-α (TNF-α; Röcken and Shakespeare,
2002). Upregulation of these proinflammatory cytokines stimulates SAA1 synthesis in
the liver and during an acute-phase response, the plasma concentration of acutephase SAA1 rise up to 1000-fold (Röcken and Shakespeare, 2002). Therefore, SAA1
protein is considered as biomarker for inflammation (Malle and De Beer, 1996).
Furthermore, in the course of an acute-phase response, the hepatic catabolism of
SAA1 is also affected, being reduced by approximately 15% and after longstanding
inflammation even by 30% (Gollaher and Bausserman, 1990). Consequently, the
significant increase of SAA1 levels in the serum arises from the increased synthesis of
SAA1, as well as from the reduced degradation by the liver.

The predominant component of AA fibrils are AA proteins, which are proteolytic
fragments obtained by the cleavage of the SAA1 protein (Röcken et al., 2006). The
most commonly reported AA protein is SAA(1-76), which is the most abundant variant
and predominantly present inside the glomeruli of human AA amyloidosis patients,
while the rare “vascular” type of AA amyloidosis is associated with AA proteins, which
are terminated at amino acid residue 45 or 85 (Westermark and Westermark, 2010).
To date, it is still a matter of debate whether SAA1 fragmentation takes place before,
during or after fibril formation. Several studies have investigated proteases that are
involved in AA amyloid formation or degradation. For example, cathepsin B has been
shown to generate the SAA(1-76) fragment (Röcken et al., 2006), whereas elastase
and cathepsin D have been found to generate non-amyloidogenic AA fragments, and
were therefore proposed to prevent AA amyloid formation (Silverman et al., 1982; Van
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der Hilst et al., 2009). Cathepsins are usually located in the lysosomes of cells, which
leads to the suggestion that the formation of AA amyloid fibrils requires the presence
of cells.

In 1927, Smetana already found a relation between the reticulo-endothelial system and
the formation of amyloid (Smetana, 1927). Later, with the aid of using electron
microscopy, amyloid fibrils were reported to be associated with reticuloendothelial cells
and cellular invaginations to contain ordered amyloid fibrils (Shirahama and Cohen,
1975). In order to study cellular mechanisms of SAA protein and AA fibril formation,
mouse models or cell culture model systems that predominantly involve macrophages
are necessary (Kluve-Beckerman et al., 1999; Kollmer et al., 2016; Claus et al., 2017a,
Claus et al., 2017b).

5. Animal and Cell Culture Models in AA Amyloidosis
A unique property of AA amyloidosis is the availability of highly relevant model
systems, including in vitro aggregation systems, cell culture models, mouse and other
animal models. Historically, AA amyloidosis has been induced by repeated injections
of chemical or biological compounds including casein, silver nitrate, Freund’s adjuvant,
turpentine or lipopolysaccharide (LPS) in mice, which result in long-lasting
inflammatory stimuli (Skinner et al., 1977; Uhlar and Whitehead, 1999). The
compounds stimulate the production of IL-1, IL-6 and TNF-α, which in turn lead to an
increased synthesis of SAA1 and, consequently, to the deposition of AA fibrils.
Currently, the initiation of AA amyloidosis is based on the induction of inflammation

13
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using silver nitrate in non-transgenic standard mice (Axelrad et al. 1982, Ganowiak et
al. 1994, Lundmark et al., 2002). After three weeks, AA amyloid deposition can occur
spontaneously (Ganowiak et al., 1994). An additional injection of amyloid enhancing
factor (AEF) concomitant with the first inflammatory stimulus shortens the lag phase of
amyloid formation from a period of weeks to days (Ganowiak et al., 1994; Lundmark
et al., 2002). This model is limited by the variability of the animals’ response to the
silver nitrate and by the loss or removal of AA deposits in case of decreased SAA1
levels, which has recently been demonstrated to occur (Nyström and Westermark,
2012). In addition, other mouse models are tested such as the inbred strains CBA/J,
A/J and SJL/J (Sipe et al., 1993). A commonly used model is the transgenic human IL6 (huIL-6) mouse model, where the mice constitutively produce IL-6, resulting in a longstanding inflammation (Wall et al., 2005; Kennel et al., 2014). Thus, the SAA1 level is
always increased and the mice can develop AA amyloidosis spontaneously as they
age or the disease can be further triggered by an initial AEF injection (Wall et al., 2005;
Kennel et al., 2014). However, the increase of amyloid deposition is ongoing and leads
to death after 6 to 10 weeks, likely caused by kidney failure (Wall et al., 2005).
Importantly, there are also mouse models that display resistance to AA amyloid
induction, for example inbred CE/J mice, which, instead of expressing the two major
acute-phase proteins SAA1 and SAA2, express only a single isoform (designated
SAA2.2), which is not able to deposit (Sipe et al., 1993). Furthermore, AA amyloid
formation could be antagonized in vivo by administration of clodronate-liposomes, a
cytotoxic drug that is specifically recognized and engulfed by macrophages (Lundmark
et al., 2013; Kennel et al., 2014). These observations further strengthen the importance
of macrophages in the formation of AA amyloidosis.
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Mononuclear phagocytes are part of the immune system and consist of phagocytic
cells, primarily monocytes and macrophages, which recognize and remove particulates
(Wynn et al., 2013). It has been shown that macrophages infiltrate amyloid deposits in
vivo (Takahashi et al., 1989) and SAA1 protein has been located in lysosomes of
murine monocytoid cells (Chronopoulos et al., 1994). Researcher have introduced a
cell culture system of AA amyloidosis, based on the addition of SAA1 protein to primary
murine intraperitoneal macrophages, which led to the formation of extracellular
CR-positive amyloid deposits (Kluve-Beckerman et al., 1999). Addition of murine SAA1
protein and HDL to macrophage-like cell cultures, such as murine J774A.1 cells or
murine IC-21 cells (Kluve-Beckerman et al., 1999; Elimova et al., 2004; Kollmer et al.,
2016), or incubation of human peripheral blood mononuclear cell (PBMC) cultures with
human SAA1 (Ishii et al., 2013), led to amyloid formation as well. Comparable to mouse
experiments, amyloid formation can be accelerated by addition of AEF to the cells
(Elimova et al., 2004). The amyloid deposits consist of extracellular fibrils, lipids,
glycosaminoglycans and serum amyloid P component (Elimova et al., 2004;
Gellermann et al., 2005, Kollmer et al., 2016) and therefore resemble the key features
of AA amyloid deposits in vivo. In order to test the specificity of macrophages, L-cells,
a murine cell line derived from connective tissue, have been cultured under amyloid
forming conditions, but no CR-positive amyloid deposits could be found (KluveBeckerman et al., 1999). Furthermore, intraperitoneal cells isolated from BALB/c mice,
which are known to lack T cells, were able to form amyloid deposits (Kluve-Beckerman
et al., 1999).
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In order to elucidate the pathogenesis, treatment and prevention of a disease, an in
vivo model is required that at least reflects the prominent characteristics of the disease.
In the case of neurodegenerative protein misfolding disorders, such as Alzheimer’s
disease, there is hardly a mouse model that can reflect the entirety of the disease.
Instead, AA amyloidosis provides the advantage that mouse and cell models are
available and highly relevant to the human pathogenic conditions.

6. Cellular Mechanism of Amyloid Formation
To date, the cellular mechanisms of amyloid formation of AA amyloidosis or
Alzheimer’s disease are not completely understood. However, several aspects of the
mechanisms have been investigated. Among other aspects, it is known that Aβ peptide
can be internalized through the mechanism of clathrin-mediated endocytosis by
phagocytic active cells, such as human primary macrophages, human neuroblastoma
SH-SY5Y cells, differentiated human monocytic THP-1 cells or murine macrophagelike J774A.1 cells (Friedrich et al., 2010). The peptide is further trafficked to
multivesicular bodies (Friedrich et al., 2010) or to lysosomes (Hu et al., 2009) for
amyloid formation and, subsequently, intracellular fibrils distort the cell membrane in
such a way that the fibrils can be released from the cells to the extracellular space
(Friedrich et al., 2010). Aβ amyloid deposits that were formed in cell culture resemble
in vivo Aβ amyloid deposits in several aspects. Both appear as CR green birefringent
under polarizing light, consist of fibrillar structures, which are recognized by a specific
Aβ

antibody,

and

comprise

common
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glycosaminoglycans and lipids (Gellermann et al., 2006; Friedrich et al., 2010). Further,
the time-consuming formation of amyloid is associated with cellular toxicity
(Gellermann et al., 2006; Friedrich et al., 2010). A lot of details are already known, but
amongst others, the mechanism of cellular toxicity and the structural morphology of Aβ
amyloid deposits remain unclear.

Exposure of primary peritoneal macrophages to murine SAA1 protein leads to
extracellular amyloid deposits (Kluve-Beckerman et al., 1999). The formation of
amyloid in cell culture requires the presence of metabolic active cells, indicating that
SAA1 interacts with the cells before or during amyloid formation (Kluve-Beckerman et
al., 1999). Fluorescently labeled SAA1 protein can be internalized into intraperitoneal
macrophages (Kluve-Beckerman et al., 2001). Several studies identified cell surface
receptors on different cell types as potential SAA1 receptors. For example, the Nformyl peptide receptor 2 (FPR2; Migeotte et al., 2006), CD36 and SR-B1 (class B
scavenger receptors) have been suggested to be SAA1 receptors and aid in SAA1
protein internalization (Baranova et al., 2010). It was further demonstrated that SAA1
activates toll-like receptor 2 and 4 (He et al., 2009; Sandri et al., 2008) and both soluble
and fibrillar SAA1 have shown to participate in the activation of the receptor for
advanced glycation end products (RAGE; Yan et al., 2000; Okamoto et al., 2008). Colocalization of intracellular SAA1 with LDL, but not with transferrin, suggest that SAA1
traffics through endosomes and lysosomes for degradation rather than for recycling
(Kluve-Beckerman et al., 2001). The role of proteases in AA amyloidosis is still a matter
of debate, but especially cathepsins have been shown to have a high impact on
generation of AA proteins (Röcken et al., 2006). Genetic knock-out of lysosomal
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proteases modulates the development of AA amyloidosis in mice, so that cathepsin K
deficient mice produce more amyloid deposits, while cathepsin L deficient mice show
a reduced amyloid formation (Röcken et al., 2006). Furthermore, matrix
metalloproteinases MMP-1, 2 and 3 have been detected in AA amyloid deposits (Müller
et al., 2000) and elastase has been found to generate non-amyloidogenic AA
fragments, suggesting that it prevents AA amyloid formation (Silverman et al., 1982).
However, at the end of fibril formation, extracellular CR green birefringent AA amyloid
deposits are present, which reflect the in vivo condition to a high degree (Elimova et
al., 2004; Gellermann et al., 2005; Kollmer et al., 2016). Using electron tomography,
investigation of the structural morphology of the fibrils in AA amyloid deposits revealed
three predominant structures, denoted fibril meshwork, fibril bundles and amyloid stars
(Kollmer et al., 2016). Further, the fibrils are frequently infiltrated by lipid inclusions and
different types of fibril-lipid interaction have been observed (Kollmer et al., 2016).
Analysis of the fibrils revealed cellular toxicity, suggesting that amyloid fibrils disrupt
cell membranes and therefore cause cell death (Kollmer et al., 2016). Some aspects
of the amyloid formation in systemic AA amyloidosis are already investigated, but the
whole cellular mechanism cannot yet be explained, especially the question whether
amyloid formation starts inside the cell still remains unclear.

AA amyloidosis is arguably the best model of a prion-like disease of a protein
misfolding disease with prion-like properties that does not involve the brain. Thus,
research has been focusing on investigations of the transmissibility of AA amyloidosis
in order to find evidence of a prion-like mechanism. Since the late 1960s, it has been
known that injections of splenic material from amyloidotic mice into recipient mice lead
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to the transfer of AA amyloidosis (Ranlov, 1967). Early characterization of the
transmissible agent resulted in the coinage of the term amyloid enhancing factor (AEF;
Axelrad et al., 1982). As described above, the injection of AEF effectively accelerates
amyloid formation and reduces the disease onset from a period of weeks to days
(Kisilevsky, 2005). To date, the transmissible agent is not completely biochemically
characterized and it is a matter of debate whether the SAA1 protein, AA fibrils or
intermediates are associated with the seeding activity of AEF. Previous studies have
shown conflicting results, such as the seeding active species being a low molecular
weight glycoprotein (Keizman et al., 1972) or a high molecular weight component
(Axelrad et al., 1982). It was reported that AEF activity is associated with ubiquitin
(Chronopoulos et al., 1992), tumor necrosis factor (Abankwa and Ali-Khan, 1988),
serin protease activity (Abankwa and Ali-Khan, 1988) or an antigen-DNA complex
(Kisilevsky et al., 1995). More recently, it has been shown that AEF preparations
containing amyloid fibrils (Lundmark et al., 2002) or oligomers (Senthilkumar et al.,
2008) enhance AA amyloid formation in mice. In vitro formed fibrils of islet amyloid
polypeptide (Ganowiak et al., 1994) and transthyretin (Ganowiak et al., 1994) have
also been demonstrated to exhibit AEF activity. In addition, extraction of peritoneal
macrophages or peripheral blood monocytes from AA amyloidotic mice and their
injection into inflamed recipient mice can transfer the disease from animal to animal
(Shirahama et al., 1990; Sponarova et al., 2008), suggesting that the active component
resides, at least partially, in or outside of macrophages or monocytes. However, none
of the studies investigated a possible cellular transfer of SAA1 protein or fibrils from
cell to cell, which remains to be elucidated.
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Objectives of the Thesis
Fibril formation and their deposition in the body is the basis of amyloid diseases, which
include neurodegenerative diseases such as Alzheimer’s disease and systemic
amyloid diseases such as AA amyloidosis. AA amyloidosis is based on the fibrillation
of the serum protein SAA1, which mainly affects the spleen, liver and kidneys. While
Alzheimer’s disease is characterized by the deposition of Aβ protein in the brain.

This thesis presents the results of investigations of the formation and propagation of
amyloid deposits from SAA1 protein and the structure and toxicity of Aβ deposits. With
the application of cell biological and protein biochemistry techniques, the following
topics and questions were investigated:

1. Cellular mechanism of the fibril formation from SAA1 protein
i.

By which uptake mechanism is SAA1 internalized into J774A.1 cells?

ii.

Does the aggregation of SAA1 start intracellularly?

iii.

In which compartment of the cell does SAA1 aggregate?

iv.

By which mechanism are intracellular aggregates released to the
extracellular space?

2. Cellular transfer of SAA1 protein from cell to cell
i.

Is fibrillar and non-fibrillar SAA1 protein transferrable from cell to cell?

ii.

Does the transfer of SAA1 depend on direct cell-to-cell contacts?

3. Amyloid plaque structure and cell surface interactions of β-amyloid fibrils
i.

How is the fibril network structure of Aβ amyloid plaques organized?

ii.

Do Aβ fibrils interact with surrounding cells?
20
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iii.

Does the formation of Aβ fibril lead to membrane damage and cellular
toxicity?

The results of this thesis provide insights in the cellular mechanism of amyloid
formation of Alzheimer’s disease and systemic AA amyloidosis. Interestingly, several
other localized and systemic amyloid diseases, such as prion disease, AL and IAPP
amyloidosis, have also been reported to involve mononuclear phagocytes. Thus, our
insights in intracellular fibril formation, cellular toxicity and amyloid fibril morphology
could

be

compared

and

assigned

to

other

amyloidoses,

especially

to

neurodegenerative diseases, which are highly relevant as they are of progressive
prevalence.
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In this study, we determine the fibril network structure and interactions of Aβ fibrils
within a cell culture model of Alzheimer’s disease using scanning transmission electron
microscopy. The extracellular Aβ amyloid deposits consist of three predominant types
of fibrillar structures, denoted amorphous meshwork, fibril bundle and amyloid star. We
find all fibrillar structures to be infiltrated by lipid inclusions and, interestingly, some
fibrils to present strong interactions with surrounding cells. Importantly, we show that
the formation of amyloid deposits destroys the integrity of intracellular membranes
which causes lysosomal leakage and cell death.
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This study investigates the cellular mechanism of fibril formation from SAA1 protein in
an AA amyloidosis cell culture model. Fibril formation involves six steps: the
internalization of SAA1 protein, the aggregation within the lysosomes, lysosomal
leakage, the formation of cellular clusters, the release of intracellular aggregates into
the extracellular space as a consequence of cellular death, and, finally, the seeding of
fibril formation of extracellular SAA1 by the extracellular aggregates. We further show
that binding of SAA1 to HDL blocks fibril formation in vitro and decelerates the
internalization of SAA1 protein and the formation of amyloid deposits.
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Summary of research paper 3
This study shows that non-fibrillar as well as fibrillar SAA1 protein can be transferred
between cultured macrophage-like J774A.1 cells depending on physical interactions
between the cells. The exchange occurs faster with non-fibrillar SAA1 protein, but can
be reduced significantly if the cells are separated by a membrane that prevents direct
cell-to-cell contacts. Further, increasing the medium volume of the cell cultures does
not alter the exchange efficiency. Scanning electron microscopy reveals the presence
of direct physical interactions between the cultured cells.
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