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Agrip

Arfgeng heilableeding (Hereditary cystatin C amyloid angiopathy (HCCAA)) er
sérislenskur mylildissjakdémur, sem erfist 6kynbundid rikjandi og stafar af
stokkbreytingu i cystatin C geninu, CST3. HCCAA tilheyrir fidlbreyttum hopi
sjukddma sem heita cerebral amyloid angiopathy (CAA). beir eiga pad
sameiginlegt ad mylidi safnast fyrir i heilasedum midtaugakerfisins. | HCCAA
myndar stdkkbreytt cystatin C mylildi i aedaveggjum heilaslageeda—
/slagaedlinga sem leidir til heilableedinga og dauda hja ungum arfberum. pétt
HCCAA sé réttilega flokkadur sem CAA sjukdémur vegna sjukdémsmyndar
hans i heilanum, pa verda mylildisutfellingar lika i 6drum liffeerum. Markmid
pessarar rannsoknar var ad fa betri skilning & meinafreedi sjukdémsins,
sérstaklega innan sedaveggjarins, og rannsaka millistig atburda i framvindu
meingerdarinnar med pvi ad skoda liffeeri utan midtaugakerfis par sem
lokastig meingerdarinnar i midtaugakerfinu kom i veg fyrir ad haegt veeri ad
rannsaka pé peetti i slikum synum.

Fyrsta markmidid var ad skoda meingerd heilaseda i sjuklingum med pvi
ad nota krufningasyni Ur heila. Nidurstédurnar syndu mikil, og alvarleg, fravik
i byggingu eedaveggja slageeda/slageedlinga midad vid edlilegar esedar.
Breytingarnar voru medal annars pykknun & aedapeli, fjolgun myofibréblasta,
trosnud elastica, feekkun aedapelsfrumna og sléttvodvafrumna, smadrep (e.
microinfarcts) og mikil upps6fnun utanfrumuefna. Dreifing cystatin C Utfellinga
innan heilans var athugud. Su athugun syndi ad umfang CAA utfellingarinnar
i heilum allra sjaklinganna var undantekningarlaust alvarleg (e. severe) 6had
heilasveedum. Auk utfellinga innan adaveggja saust utfellingar utan vid
aedar. Einnig greindust cystatin C skellur (e. focal deposits) i heilavef, sem
ekki hefur verid lyst 4dur. Onaemissvar var i kringum aedar, og innan peirra,
en einnig kringum skellurnar. Svarid samanstod af taugatradsori (e. glial scar)
utan um slagaedar/slagaedlinga. Ummerki heilableedinga voru til stadar i 6llum
sjuklingum og saust i 6llum heilasvaedum, stadsetning peirra var po breytileg

milli sjuklinga.



I seinni hluta rannsoknarinnar faerdist aherslan fra heila yfir & liffaeri utan
midtaugakerfis. Hadsyni ar arfberum, baedi arfberum med einkenni og
einkennalausum arfberum, voru rannsdékud og borin saman vid hadsyni Ur
viomidum. Rannsdéknin leiddi i ljds cystatin C utfellingar i grunnhimnu ymissa
svaeda i hud arfbera. Magn dutfellingarinnar var meira i arfberum meo
einkenni en i einkennalausum arfberum. Cystatin C Gtfellingin i arfberunum
var i nanum tengslum vié uppsofnun & kollageni IV (COLIV). Olikt cystatin C
uppsofnuninni pa var ekki magnmunur a COLIV uppséfnun i arfberunum eftir
sjukdémsstigi, heldur var sambeerileg aukning a COLIV i hadsynum allra
arfberanna midad vid syni ar vidmidunum. Aukinn fjoldi fibréblasta greindist i
efri hluta ledurhtdarinnar i arfberunum og skodun med lagsja syndi ad
cystatin C utfellingin, sem og aukin énaemislitun COLIV, i arfberasynunum
var tengd pessum fibroblostum en ekki 6drum frumugerdum i hadinni.
Uppsofnun COLIV i heilanum og i huddinni, og sterk tengsl pess vid
fibroblasta og cystatin C utfellingar, bendir til pess ad pykknun & grunnhimnu
gerist snemma i framvindu meingerdarinnar og sé mikilveegur hluti i
framgangi hennar, sem studlad geti ad utfellingu, og mylildismyndun,
stokkbreytts cystatin C.

P6 ad HCCAA sé kerfisbundinn sjukddmur pa eru klinisku einkennin
naestum bara bundin vid midtaugakerfid. bad er vegna pess ad meingerd
sjukdémsins er mest i heilasedunum og leidir til veikari sedaveggja og
heilablaedinga. Aftur & moti var meingerdin i liffeerum utan midtaugakerfis
mildari og var sjaldan tengd kliniskum einkennum. Pessi meingerd geeti hins
vegar proast i alvarlega med tima en pad verdur sjaldan vegna pess ad
banveenar heilableedingar gerast & undan.

Lykilora:

Arfgeng heilablaeding, mylildi, cystatin C, COLIV, utanfrumuprotein,
grunnhimna.



Abstract

Hereditary Cystatin C Amyloid Angiopathy (HCCAA) is an amyloid disorder in
Icelandic families caused by an autosomal dominant mutation in the cystatin
C gene, CST3. HCCAA is classified as a cerebral amyloid angiopathy (CAA),
a group of diseases in which amyloid deposits in the walls of blood vessels in
the central nervous system (CNS). Mutant cystatin C forms amyloid deposits
within the walls of cerebral arteries/arterioles resulting in haemorrhagic
strokes in young adults. Although HCCAA is rightly classified as a CAA
disorder due to its strong cerebral presentation, amyloid deposition is
systemic and also found in other internal organs. The objectives of this study
were to increase understanding of HCCAA pathogenesis, especially within
the vessel wall itself, and to gain information about intermediate events in the
pathogenesis by studying peripheral tissues because the severity of
pathology in the CNS hindered the use of CNS samples for that purpose.

The first aim was to examine the cerebral vascular pathology of HCCAA
patients using post-mortem brain samples. The results revealed severe
changes in the architecture of the walls of cerebral arteries/arterioles, e.g.
intimal thickening, myofibroblast proliferation, a frayed elastic layer,
degeneration of endothelial and smooth muscle cell cells, microinfarcts, and
excessive accumulation of extracellular matrix constituents. The
topographical distribution of cystatin C deposition within brain areas was
assessed. The extent of the CAA deposition in the brains of HCCAA patients
was uniformly severe throughout the brain. In addition to deposition within
vessel walls, perivascular cystatin C deposits were observed and a novel
finding was that of parenchymal cystatin C focal deposits. A
neuroinflammatory response was seen around affected vessels, and the focal
deposits, consisting of glial scar formation. Hemorrhages were observed in all
patients and were found in all brain areas examined; however, their location

was varied.
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http://topics.sciencedirect.com/topics/page/Parenchyma
http://topics.sciencedirect.com/topics/page/Parenchyma

In the second part of the study the focus shifted from the brain to the
periphery. Skin biopsies from L68Q-CST3 mutation carriers, symptomatic
and asymptomatic, were studied in comparison to control biopsies. This
revealed deposition of cystatin C in the basement membranes (BMs) of
various skin structures in the carrier biopsies. The quantity of deposition in
symptomatic carriers was greater than in asymptomatic carriers. Cystatin C
deposition was closely associated with collagen IV (COLIV) accumulation in
the BMs of the same skin areas. In contrast to cystatin C deposition, COLIV
immunoreactivity did not differ by disease status but was elevated in all
carriers to the same extent compared to controls. An increased number of
fibroblasts was observed in the upper dermis of carriers and confocal
microscopy revealed that cystatin C deposition, and the enhanced COLIV
immunoreactivity, was associated with dermal fibroblasts but not other cell
types. Cumulatively, the excess deposition of COLIV in the brain, and in the
skin, and its tight association with fibroblasts and cystatin C deposition
suggests that basement membrane thickening is an early and important
event in HCCAA pathogenesis that facilitates cystatin C deposition and
aggregation.

Although HCCAA is a systemic disorder, its clinical symptoms are almost
exclusively confined to the CNS. This is due to the comparatively advanced
pathology in the brain resulting in weaker vasculature and brain
hemorrhages. In contrast, the pathology in peripheral tissues was mild or
intermediate, and rarely associated with clinical presentation. Those changes
could, however, progress to severe with time, but rarely do because they are

preceded by fatal brain hemorrhages.

Keywords:

Hereditary Cystatin C Amyloid Angiopathy, amyloid, cystatin C, COLIV,
extracellular matrix protein, basement membrane.
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1 Introduction

1.1 Amyloidosis

Amyloidosis are a heterogeneous group of diseases in which proteins that
are normally soluble assemble to form insoluble and toxic fibers that deposit
as amyloid in tissues and organs throughout the body, most commonly in
extracellular space (Chiti & Dobson, 2006a; Merlini & Bellotti, 2003).
Amyloidosis can be localized or progressive systemic diseases. They are
clinically heterogeneous because one or more organs can be involved, such
as the central nervous system (CNS), heart, kidneys, liver, pancreas, and
others (Blancas-Mejia & Ramirez-Alvarado, 2013). In localized amyloidoses,
both extracellular and intracellular amyloid deposits can occur and only in the
organ, or tissue, of precursor protein synthesis. Examples include
Parkinson's disease, Alzheimer's disease (AD) and Huntington's disease
(Chiti & Dobson, 2006a; Merlini & Bellotti, 2003). In systemic amyloidosis
deposits are predominantly extracellular and the amyloid precursor protein is
expressed and secreted at locations that are often distinct from the main sites
of deposition and can affect multiple organsftissues (Blancas-Mejia &
Ramirez-Alvarado, 2013). Examples of systemic amyloidosis are light chain
amyloidosis and familial amyloid polyneuropathy (FAP) (Blancas-Mejia &
Ramirez-Alvarado, 2013; Revesz et al., 2003).

Amyloidosis can be sporadic, familial, or transmissible and their
anatomical distribution can vary greatly (Liberski, 1993b; Pinney & Hawkins,
2012). Amyloidosis can also be a secondary condition, for instance in
patients that have undergone long term hemodialysis (Bardin et al., 1987).
Each type of amyloidosis is characterized by one distinct fibril-forming protein
and to date 31 known fibril proteins have been identified that form amyloid in
humans (Tablel) (Sipe et al., 2014). Seven of these proteins are known to
form amyloid in the CNS (Revesz et al., 2003).

Sporadic amyloidosis occurs randomly in the aging population. The most

prevalent, and well known, sporadic amyloid disease in the CNS is AD, which
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can also be familial, although that is rare (Revesz et al., 2003). Another well-
known sporadic amyloidosis is the human prion disease, Creutzfeldt - Jakob
disease (CJD), which can also be familial or acquired. However, the sporadic
form is most prevalent and accounts for about 85% of CJD cases (Puoti et
al., 2012). Familial amyloidosis is a condition where a gene mutation results
in the misfolding of a precursor protein. Examples of familial amyloidosis that
affect the CNS are Familial AD (FAD) and Hereditary Cerebral Hemorrhage
With Amyloidosis-Dutch (HCHWA-D) and Icelandic (HCHWA-I) type (Maat-
Schieman et al., 2005; Palsdottir et al., 2006). The latter is also referred to as
Hereditary Cystatin C Amyloid Angiopathy (HCCAA); this abbreviation will be
used throughout this thesis (Palsdottir et al., 2006). Transmissible
amyloidosis is caused by the infection of a pathogen, called prion. An
example of transmissible prion diseases found in the CNS are CJD and Kuru
(Liberski, 1993a).

Diagnosis of amyloidosis can be difficult and is often only made late in the
course of the disease. The diagnosis is often made by organ/tissue biopsy if
there are no underlying genetic factors responsible. Imaging techniques can
also be helpful (Pinney & Hawkins, 2012).
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1.2 Amyloid — definition and formation

The term amyloid was first coined in 1838 by Matthias Schleiden, and
subsequently used by Rudolph Virchow in 1854, to describe deposits in the
liver (Kyle, 2001; Virchow, 1854). Amyloid refers to abnormal fibril proteins
which are formed by normally soluble proteins that have converted into
insoluble fibrils which are structurally dominated by [-sheet structures.
Amyloid is deposited, mainly extracellularly in tissues and organs (Merlini &
Bellotti, 2003; Picken, 2010). As mentioned, over 31 proteins are known to
form amyloid (Table 1). Despite the differences in function, size, and
biochemical composition between these proteins in their normal form, the
amyloid fibrils formed by them share common morphological, physical and
histochemical properties (Figure 1) (Pinney & Hawkins, 2012). Once formed,
amyloid fibrils are inherently stable, insoluble, and resistant to proteolytic
degradation, which makes effective clearance of amyloid difficult (Rambaran
& Serpell, 2008).

Studies by electron microscopy show that amyloid consists of aggregated,
unbranched, twisted fibrils about 6-10 nm wide and of indeterminate length
(Chiti & Dobson, 2006a; Makin & Serpell, 2005). X-ray diffraction and other
techniques have revealed that amyloid fibrils contain highly ordered
structures which are common to all amyloid. The initial phase of amyloid fibril
formation includes the formation of dimers, trimers, and tetramers (also
known as oligomers) of the amyloid-forming protein which later make up
structures called protofilaments (Serpell et al.,, 2000). The number of
protofilaments can differ from 2-6, each 2.5-3.5 nm in diameter, and twist
around one another to form the mature amyloid fibril (Figure 1) (Chiti &
Dobson, 2006b; Rambaran & Serpell, 2008). Studies indicate that oligomers

may be toxic molecules (Lambert et al., 1998).
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Figure 1. Amyloid fibrils.
An electron micrograph of unbranched amyloid fibrils and aggregates. Bar: 1000 A.
Reprinted from (Serpell, 2000) with permission from Elsevier.

In vitro studies have shown that almost all proteins can be driven towards
amyloid formation by destabilizing their structure (Bucciantini et al., 2002).
Several factors can induce the fibril formation process, such as post-
translational modifications or genetic factors (Revesz et al.,, 2003). A well
known example of a post-translational modification is the cleavage of the
amyloid precursor protein (APP) into amyloid B protein (AB), which causes
AD (Ghiso & Frangione, 2002). Mutations in a precursor protein, resulting in
an amino acid (a.a.) substitution, can alter or influence the conversion of a
native protein into a fibrillar conformation. Examples of such mutations are
those associated with HCHWA-D and HCCAA (Revesz et al., 2003). Other
factors that enhance amyloid formation can be an increased concentrations
of proteins (molecular crowding), low pH, metal ions, and co-deposition of
amyloid-associated proteins (Revesz et al., 2003). Such amyloid-associated
proteins are, for example, apolipoprotein E (APOE), apolipoprotein J (APQOJ),
serum amyloid-P component, vitronectin, a1-antichymotrypsin, complement
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proteins, glycosaminoglycans, and extracellular matrix (ECM) proteins
(Figure 2) (Revesz et al., 2003).

Amyloid shows up as pink, homogenous, acellular deposits in hematoxylin
and eosin (H&E) slices. All amyloid deposits show specific binding to the dye
Congo red, resulting in apple green birefringence of amyloid when Congo red
stained samples are examined under polarized light in a light microscope
(Puchtler, 1965). Congo red staining has been the gold standard to determine
the presence of amyloid in tissue, but Thioflavin S can also be used, which
causes amyloid to display green fluorescence in a similar manner to Congo
red. Further diagnosis of amyloid can be made by immunohistochemistry to

determine the protein composition of the amyloid deposits (Kyle, 2001).

SOLUBLE NATIVE
PROTEIN

Post-translational modifications of

proteins
/ Mutations
PREFIBRILLAR (¢ 1version / Protein concentration
INTERMEDIATES  process $—u

\ pH and tissue factors

Metal ions

Amyloid-associated proteins

AMYLOID
FIBRILS

Figure 2. A schematic diagram of the process of amyloid formation.

Factors that influence the conversion of precursor proteins into amyloid fibrils are
shown. Reprinted from (Revesz et al., 2003) with permission from Oxford University
Press.
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1.3 Alzheimer’s disease
AD was first described by Alois Alzheimer, a Bavarian psychiatrist, in 1907. In
his report he described features of AD that are still considered diagnostic
today, both the clinical and pathological symptoms (Moller & Graeber, 1998).
AD is a progressive neurodegenerative disease that leads to dementia
and cognitive decline in millions of people worldwide (Thal et al., 2013). AD
can be either sporadic or familial (FAD). Sporadic AD is the most common
form of the disease, while the familial form is rather rare (about 5% of all AD
cases). The major risk factors for sporadic late-onset AD (onset =60 years of
age) are age and the possession of the €4 and €2 allele of the APOE gene
(Tanzi, 2012). FAD has an autosomal dominant inheritance and is associated
with mutations in either the APP gene or the PSEN1 or PSEN2 genes. These
mutations cause early-onset AD (onset <60 years of age) (Goate et al., 1991,
Tanzi, 2012). Mutations in the APP gene are rarer than mutations in the
PSEN1 or PSEN2 genes, which account for most FAD cases (Tanzi, 2012).
PSEN1 and PSEN2 encode the precursor proteins presenilin-1 and 2,
respectively, transmembrane proteins involved in normal APP processing
through their effects on y-secretase, the enzyme that cleaves APP. Mutations
in the PSEN1 or PSEN2 genes result in an increased production of the AB
protein which is more prone to oligomerization and fibril formation (Suzuki et
al., 1994a). The pathological hallmarks of AD are: (1) accumulation of AB in
parenchymal amyloid deposits and in the walls of brain vessels as CAA, (2)
neurofibrillary tangles (NFTs), and (3) neurofibrillary changes that include
neuritic amyloid plaques, NFTS, and neuropil threads (Braak & Braak, 1991;
Glenner & Wong, 1984; Hyman et al.,, 2012; Jellinger, 2002). Other
pathological features are a progressive loss of synapses and cortical
neurons, progressive brain atrophy, activation of astrocytes and microglia,
degenerative changes in the white matter, and granulovacuolar degeneration
(Braak & Braak, 1991; Glenner & Wong, 1984; Hyman et al., 2012; Jellinger,
2002). NFTs are aggregates of hyperphosphorylated and misfolded tau and
are primarily made of paired helical filaments (Figure 3). The progression of

NFTs correlates with the severity of AD and can be divided into six stages (I-
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VI) by criteria proposed by Braak and Braak, 1991 (Braak & Braak, 1991). In
stages | and Il the NFTs are mainly found in the transentorhinal region of the
brain, in stages Il and IV they are also observed in the limbic regions such as
the hippocampus, and in stages V and VI there is extensive neocortical
involvement (Braak & Braak, 1991).

Normal Alzheimer's

Figure 3. Amyloid plaques and neurofibrillary tangles in Alzheimer’s disease.
Reprinted from http://www.brightfocus.org/alzheimers/infographic/amyloid-plaques-
and-neurofibrillary-tangles with permission from the BrightFocus Foundation.

Neuritic plaques contain AB amyloid and dystrophic neurites within and
around the plaque. The plaques are often associated with immune cells such
as activated microglia and reactive astrocytes. Diffuse plaques can also be
observed in AD cases (Dickson, 1997; Itagaki et al., 1989; Rozemuller et al.,
1989).

Over 80% of AD patients have Cerebral Amyloid Angiopathy (CAA) but it
is usually mild. Capillary CAA (CAA type 1, see definition in section 1.5.2) is
more common in AD than in other CAA diseases and can cause capillary
inclusions and cerebral blood flow disturbance (Thal et al., 2009; Thal et al.,
2002a). CAA in AD rarely leads to intracerebral hemorrhages, but extensive
AB deposition and other vascular changes at later-stages can lead to CAA-

related intracerebral hemorrhages (Mandybur, 1986).
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1.4 Cerebral Vessels

Cerebral blood vessels are crucial for the normal function of the brain by
delivering an adequate supply of oxygen and nutrients to the organ. The term
“blood vessels” encompasses arteries, arterioles, veins, venules and
capillaries (Lee, 1995). In CAA, and HCCAA, the most affected vessels are
the cerebral arteries and arterioles (Gudmundsson et al., 1972; Vinters,
1987).

The wall of cerebral arteries and arterioles consists of three layers: the
tunica intima, the tunica media, and the tunica adventitia (Lee, 1995). The
tunica intima in cerebral arteries has a single layer of endothelial cells, a
basement membrane (BM) and an internal elastic lamina (IEL). The lumen of
all cerebral vessels is lined with endothelial cells which take part in controlling
vessel tone, vascular permeability, and form the blood-brain barrier (BBB)
along with astrocyte end-feet and pericytes (Ballabh et al., 2004). The BM is
a thin structure consisting mainly of collagen IV (COLIV), laminin, and
heparan sulfate proteoglycans (HSPGs) (see detailed description of BM in
section 1.7.8 (Lee, 1995; Lindblom A, 1996). The IEL contributes to the
mechanical integrity and elasticity of arteries. With age and disease, elastic
fibers can degrade and fragment leading to increased stiffness of the arterial
wall (Martinez-Lemus, 2012; Xu & Shi, 2014). The tunica media is composed
mainly of vascular smooth muscle cells (SMCs) along with some elastin and
collagen fibers. The number of SMC layers varies depending on the size of
the arteries; parenchymal arterioles, for example, contain fewer SMCs than
pial arteries (Xu & Shi, 2014). The primary function of SMCs in the media is
to control vascular diameter through cell contraction and relaxation. Each
individual SMC is surrounded by BM and the SMCs are important for
maintaining BM integrity (Stegemann et al., 2005). The outermost layer of
cerebral arteries and arterioles is the tunica adventitia which is mostly
composed of collagen fibers, fibroblasts, and associated cells. Cerebral
arteries do not contain external elastic lamina and cerebral arterioles do not

have an IEL or a tunica adventitia (Engelhardt et al., 2016).
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Cerebral veins consist of the same three layers as arteries, but are thin-
walled in comparison and have less SMC, collagen, and elastin than arteries
(Kilic & Akakin, 2008). Cerebral capillaries are only composed of endothelium
and a BM (Engelhardt et al., 2016).

1.5 Cerebral Amyloid Angiopathy

CAA is a general term used to describe a group of sporadic, and hereditary,
diseases which present with vascular amyloid deposition in the CNS (Vinters,
1987). CAA is one of the major causes of recurrent intracerebral
hemorrhages, which may contribute to cognitive decline (Vinters, 1987).

The classification of CAA disease type is based on the identity of the
amyloid forming protein involved. As mentioned, there are several proteins
that can form amyloid, however, only seven amyloid proteins have been
reported to cause CAA. These proteins are: AB, cystatin C, prion protein,
BRI2 protein (also known as integral membrane protein 2B; two different
mutations result in two different amyloid proteins), transthyretin, and gelsolin
(Biffi & Greenberg, 2011; Frangione et al., 2001; Revesz et al., 2003; Revesz
et al., 2009). There are both sporadic and hereditary familial forms of CAA
diseases. HCCAA was the first familial CAA to be described. That was in
1935 by Arni Arnason (Arnason, 1935). Sporadic CAA mostly affects the
elderly while the rarer hereditary forms, which are determined by underlying
mutations (Table 2), affect younger individuals and are generally more severe
(Yamada & Naiki, 2012). Sporadic AB-type CAA (AB-CAA) is the most
common form of CAA and is found in 10-40% of elderly individuals (> 65
years of age) and in over 80% of patients with AD (Jellinger, 2002). The
hereditary forms of CAA are: 1) Hereditary Cerebral Hemorrhage With
Amyloidosis (HCHWA): Six AB associated HCHWA types have been
discovered to date; HCHWA — Dutch, - Arctic, -Piedmont, -lowa, -Flemish,
and -ltalian; the most studied of these diseases is HCHWA-D. All these
disorders are due to different point-mutations in the APP gene on
chromosome 21 which encodes the APP. 2) FAD which is caused by
mutations in the APP gene and mutations in the PSEN1 or PSEN2 genes on
chromosome 14; the PSEN genes encode the precursor proteins presenilin-1

10
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and 2, respectively which are involved in APP precursor protein cleavage. 3)
HCCAA which is caused by a mutation in the CST3 gene on chromosome 20
that encodes the precursor protein cystatin C. 4) Familial British dementia
(FBD) and Familial Danish dementia (FND) are caused by mutations in the
BRI2 gene on chromosome 13 that encodes the precursor protein BRI2. 5)
Familial amyloidosis, Finnish type caused by mutations in the GSN gene,
which encodes the precursor protein gelsolin. 6) Gerstmann-Straussler—
Scheinker syndrome (GSS) which is associated with mutations in the PRNP
gene on chromosome 20, encoding the prion protein precursor, and 7)
Familial amyloid polyneuropathy (FAP) which is associated with a
mutation in the TTR gene on chromosome 18, that encodes the precursor
protein transthyretin (Table 2) (Biffi & Greenberg, 2011; Levy et al., 1990;
Revesz et al., 2003; Yamada & Naiki, 2012).

11
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Table 2. Sporadic and hereditary forms of Cerebral Amyloid Angiopathy.

Precursor protein Amyloid peptide Gene Chr. Disease

Amyloid precursor protein AB APP 21 Sporadic CAA
Amyloid precursor protein AB APP 21 CAAin AD
Amyloid precursor protein AB APP 21 FAD

Amyloid precursor protein AB APP 21 Down'’s syndrome
Amyloid precursor protein AB APP 21 HCHWA-Dutch
Amyloid precursor protein AB APP 21 HCHWA-Arctic
Amyloid precursor protein AB APP 21 HCHWA-Piedmont
Amyloid precursor protein AB APP 21 HCHWA-lowa
Amyloid precursor protein AB APP 21 HCHWA-Flemish
Amyloid precursor protein AB APP 21 HCHWA-Italian
Presenilin 1 AB PSEN1 14 FAD

Presenilin 2 AB PSEN2 14 FAD

Cystatin C ACys CST3 20 HCCAA

Prion protein Prp** PRNP 20 GSS

BRI2 ABri BRI2 13 FBD

BRI2 ADan BRI2 13 FDD

Gelsolin AGel GSN 9 FAF
Transthyretin ATTR TTR 18 FAP

Abbreviations: CAA: Cerebral Amyloid Angiopathy, AD: Alzheimer's disease, HCHWA:
Hereditary Cerebral Hemorrhage with Amyloidosis, FAD: Familial AD, HCCAA: Hereditary
Cystatin C Amyloid Angiopathy, GSS: Gerstmann-Straussler-Scheinker syndrome, FBD: Familial
British dementia, FBN: Familial Danish dementia, FAF: Familial Amyloidosis, Finnish type and,
FAP: Familial amyloid polyneuropathy (FAP).

1.5.1 Pathological features of CAA

Pathological changes in CAA are most commonly found in vessels of the
cerebral and cerebellar lobes and in rare instances in the basal ganglia, brain
stem, thalamus, or white matter (Yamada, 2015). CAA is observed most
often in leptomeningeal and cortical vessels, with small and medium-sized
arteries and arterioles most frequently affected; capillaries may be affected
but rarely veins (Mandybur, 1986; Vinters & Farag, 2003). The pathogenesis
of CAA begins in leptomeningeal vessels and is then subsequently observed
in cortical vessels of the neocortical areas and then in vessels of allocortical
areas and the cerebellum. In some rare cases, vessels of other brain areas
can be affected (Thal et al., 2003). Studies have shown that amyloid initially

deposits in the BM and in BMs around SMCs in the media. From there the

12




Introduction

deposition spreads to the adventitia of the vessel wall, before it gradually
extends towards the IEL and then to the endothelium of arteries/arterioles
(Carare et al., 2008; Vinters, 1987; Yamaguchi et al., 1992). In capillaries,
amyloid deposits are found within the BM and with increasing CAA severity
extending into the adjacent neuropil. As the severity of the CAA increases,
amyloid deposits can be seen throughout the entire vessel wall of small
arteries/arterioles (Biffi & Greenberg, 2011; Revesz et al., 2003; Yamada,
2015). This is followed by the degeneration of SMCs and the appearance of
other vascular degenerative changes, such as changes of the architecture of
affected blood vessels, fibrinoid necrosis, hyaline degeneration, “double-
barreling”, microaneurysm formation, and in some cases loss of endothelial
cells (Mandybur, 1986; Vinters, 1987; Vinters & Farag, 2003; Vonsattel et al.,
1991).

1.5.2 The topography of CAA

The severity, topography, and progression of CAA can be assessed by well-
defined criteria. The severity can be graded by the criteria defined by
Vonsattel et al. (Vonsattel et al., 1991) which defines three severity stages:
mild, moderate, or severe. CAA is graded mild if amyloid deposits are mainly
restricted to the outer BM with the SMC layer intact, moderate if amyloid
deposits are seen in the outer BM and between the SMCs, and severe if
amyloid deposition is extensive and observed throughout the vessel wall. The
topography and progression of CAA throughout the brain can be defined
by criteria defined by Thal et al. (Thal et al., 2003; Thal et al., 2008). These
criteria divide CAA into three stages based on distribution. In stage 1, CAA is
present in leptomeningeal, or parenchymal, vessels of neocortical areas, in
stage 2 in allocortical, cerebellar, and midbrain vessels, and in stage 3, in
subcortical nuclei such as the basal ganglia, the thalamus, the white matter,
or the lower brainstem. The third criterion defined by Thal et al. (Thal et al.,
2002a) divides CAA into two types, CAA type 1 and CAA type 2, based on
the presence of capillary involvement; capillaries are affected in type 1 but

not in type 2. The €4 and €2 alleles of the APOE gene are associated with an
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increased risk of developing AD and the €4 allele is also associated with an
increased risk for CAA (Liu et al., 2013). The APOE ¢4 allele is found to be
more common in CAA type 1 than in CAA type 2 (Thal et al., 2002a). CAA
type 2 does not evolve into CAA type 1 with time, as both type 1 and type 2,
are seen in mild and severe CAA, and the mean age of occurrence of the two
types does not differ (Thal et al., 2002a).

1.5.3 Clinical features of CAA

The clinical presentation of CAA may include lobar macro- and micro-
hemorrhages, leukoencephalopathy, ischemic infarcts, microinfarcts, white-
matter lesions, progressive cognitive decline and dementia, loss of
consciousness, headaches, seizures, and death. CAA can also be
completely asymptomatic (Biffi & Greenberg, 2011; Cadavid et al., 2000;
Mandybur, 1986; Soontornniyomkij et al., 2010; Vonsattel et al., 1991).

1.5.4 Diagnosis of CAA

The diagnosis of CAA can be made by obtaining a brain sample, at autopsy,
via brain biopsy for histological examination, or by a genetic test in the case
of a known underlying mutation. CAA pathology can be observed by H&E
staining due to the characteristic acellular, and homogenous, eosinophilic
appearance of thickened vessel walls which are visible by standard light
microscopy (Vinters, 1987). However, Congo red staining, or Thioflavin S
staining, are necessary to demonstrate amyloid deposition (Vinters, 1987).
These two staining methods, and immunohistochemistry using an antibody to
the amyloid forming protein, are used to confirm CAA. Another diagnostic tool
are the Boston criteria for CAA. A diagnosis by these criteria is based on
clinical data, imaging data showing cerebral hemorrhage or hemorrhages
with  magnetic resonance imaging or computed tomography, and
histopathologic examination. The Boston criteria divide CAA into the following
categories: definitive CAA, probable CAA with supporting pathology, probable
CAA, and possible CAA (Knudsen et al., 2001). A diagnosis of definite CAA

requires a full post-mortem examination (Knudsen et al., 2001).
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1.5.5 AB-CAA - production and clearance

The most common form of CAA in the brain is due to AB-CAA. The AB
peptide is formed by cleavage from its precursor protein, APP (Lamb et al.,
1993; Yoshikai et al., 1991). This proteolytic cleavage is performed by two
enzymes, - and y-secretase, in a pathway referred to as “the amyloidogenic
pathway” (Haass & Selkoe, 1993). After cleavage, AR can be found in
extracellular fluids such as cerebrospinal fluid (CSF), where it is abundant, or
in plasma in which its concentration is much lower (Seubert et al., 1992). An
alternative processing pathway of APP is referred to as “the anti-
amyloidogenic pathway” which prevents AB formation. In this pathway, APP
is cleaved by a-secretase, generating a truncated APP form.

The most abundant forms of A are the 40 a.a. form (AB4) and the 42
a.a. form (AB42). AB4o is more soluble than the longer AB4, form, and vascular
AR deposits are mainly composed of AB4. AB4, is more fibrillogenic, and
insoluble, and is predominantly found in amyloid plagues (Figure 4) (Dickson
et al., 1988; Suzuki et al., 1994b).

Figure 4. CAA deposits and amyloid plaques.

Adjacent brain sections from a patient with AB-CAA immunohistochemically stained
using antibodies to ABso and ABas2. (A) ABso immunoreactivity is mainly observed in
vessel walls, whereas (B) AB42 immunoreactivity is mainly observed in amyloid
plaques. Reprinted from (Yamada, 2015) with permission from the Journal of Stroke.
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The development of AB-CAA and AD is believed to result from an imbalance
between AR production and clearance. In 1992, Hardy and Higgins published
the “amyloid cascade“ hypothesis (Hardy & Higgins, 1992). According to this
hypothesis, neurodegeneration in AD is caused by excessive deposition of
AR and the accumulation of AB in the brain is the primary driving factor of AD
pathogenesis (Hardy & Selkoe, 2002; Hardy & Higgins, 1992). Results from
several studies suggest that overproduction of AB plays a major role in the
pathogenesis of AD (Cacace et al., 2016). For example, the FAD associated
mutations in APP, PSEN1, and PSEN2, result in overproduction of AB.
Furthermore, Down's syndrome individuals, with trisomy of chromosome 21
(that contains the APP gene) develop almost identical pathological hallmarks
as seen in AD (Cacace et al., 2016). In contrast, there is no firm evidence for
overproduction of AB in sporadic cases of AD. Under normal conditions, AP is
degraded by neprilysin or insulin-degrading enzyme and further clearance is
mediated through the BBB and along perivascular drainage pathways
(Preston et al., 2003; Weller et al., 2000). Weller and colleagues (Weller et
al., 2008) suggested that, rather than being due to the overproduction of AB,
the deposition of arterial AB is due to reduced AB removal from the brain via
the perivascular drainage pathway of interstitial fluid (ISF) and solutes from
the brain parenchyma along the vascular BM, a drainage pathway employed
by the brain as it does not have a conventional lymphatic system (Morris et
al., 2016). This drainage pathway was identified by studies that showed that
fluorescent tracers that were injected into mouse brains became located in
the BM of both arteries and capillaries within a few minutes from the time of

injection (Carare et al., 2008).

1.5.6 Hereditary Cerebral Hemorrhage with Amyloidosis - D

HCHWA-D was first described in 1964 and is an autosomal dominant
hereditary form of amyloidosis, like HCCAA, but is limited to the CNS
(Luyendijk et al., 1988; Luyendijk & Schoen, 1964; Maat-Schieman et al.,
2005; Wattendorff et al., 1982). HCHWA-D is clinically characterized by

recurrent strokes and dementia (van Duinen et al., 1987; Wattendorff et al.,
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1982). Genetic tests have shown that the cause of HCHWA-D is a point
mutation in the APP gene on chromosome 21 which encodes for AB, that
results in a single a.a. substitution, glutamine for glutamic acid, at residue 22
of AB (Bakker et al.,, 1991; Levy et al., 1990). HCHWA-D patients have
reduced levels of APP in their CSF; the reason is unknown (Van Nostrand et
al., 1992).

The pathological features of HCHWA-D include severe CAA, where the
most affected arteries are cerebral and cerebellar meningeal arteries and
cerebral cortical arteries (Luyendijk et al., 1988; Wattendorff et al., 1982;
Wattendorff et al., 1995). The CAA in HCHWA-D is most severe in the
occipital lobe but can affect vessels of other brain areas such as the
cerebellar cortex, thalamus, and brain stem in severe cases. The spinal cord
and its arachnoid mater have not been found to be affected by CAA in
HCHWA-D (Maat-Schieman et al., 2005; Wattendorff et al., 1995). Initial Ap
deposits have been found to be located at the junction of the media and
adventitia and can extend throughout the entire vessel wall (Maat-Schieman
et al., 2005; Maat-Schieman et al., 1996). Notable pathological changes
within affected vessels are a thickening of the vessel wall with lumenal
narrowing, vessel-within-vessel configurations, CAA associated
microvasculopathies, and amyloid deposition is accompanied with
degeneration of SMCs (Luyendijk et al., 1988; Natte et al., 2001; Natte et al.,
1998; Vinters et al., 1998). Studies have revealed that the main A isoform in
the vascular deposits is AB4o (Ozawa et al., 2002). In addition to vascular A
deposition, perivascular deposits may be found that contain AR amyloid
(Maat-Schieman et al., 2005).

Parenchymal deposits in the form of plagues are a part of the pathology in
HCHWA-D. The plaques can be fine or dense diffuse, coarse, or
homogenous; the ratio of the plaque types is age-related (Maat-Schieman et
al., 2000). All of the plaques types are AB,, immunoreactive, AB4o
immunoreactivity in plaques is variable and only some of the plaque type are
congophilic (Maat-Schieman et al., 1994; Maat-Schieman et al., 2000). Some
HCHWA-D patients have NFTs and dystrophic neurites with Braak stages
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ranging from I-lll (Maat-Schieman et al.,, 2004; Natte et al., 2001).
Neuroinflammation consisting of reactive astrocytes and activated microglia
can in some cases be observed around cerebrocortical CAA

New and old hemorrhages, along with infarcts, are found in the cerebral
cortex and subcortical white matter with leukoencephalopathy, hemorrhages
are rarely seen in the frontal lobes (Maat-Schieman et al., 2005). Dementia is
the second most common clinical symptom of HCHWA-D and cognitive
deterioration can develop in patients after the first stroke (Bornebroek et al.,
1999). Unnoticed micro-hemorrhages, or microinfarcts, and diffuse white
matter damage are a frequent finding in HCHWA-D and these increase with
age (Maat-Schieman et al., 2005). The mean age of stroke occurrence is 50
years and the mean survival time after the first stroke is 10 years; the mean
age at death is 60 years (Bornebroek et al., 1999).

Several proteins have been shown to co-deposit with AR in HCHWA-D,
e.g. cystatin C, ApoE, several ECM proteins, amyloid-P, and ubiquitin (Haan
et al., 1994a; Haan et al., 1994b; Maat-Schieman et al., 1996; van Duinen et
al., 1995). The APOE ¢4 allele in HCHWA-D patients does not influence the
clinical presentation, nor does it correlate with the severity of CAA or
dementia (Haan et al., 1994b; Natte et al., 2001). Demented patients show
more advanced CAA load than non-demented; however no association is

seen between dementia and plaques or NFTs (Natte et al., 2001).

1.5.7 Neuroinflammation in the CNS

The CNS has been described as an immune privileged site, as the BBB
isolates the CNS from the peripheral immune system, however, this view is
constantly under revision (Shrestha et al., 2013). Immune reactions, i.e.
neuroinflammation, occur within the CNS where they are mainly driven by
astrocytes, microglia, and macrophages (Figure 5) (Guillemin & Brew, 2004;
McGeer & McGeer, 2013). Neuroinflammation within the CNS is a prominent
pathological hallmark in AD and HCHWA-D (Maat-Schieman et al., 1997;
Maat-Schieman et al., 2004; Mandybur, 1989; Shrestha et al., 2013).

Neuroinflammation in AD is especially found in association with neuritic
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plagues, as reactive astrocytes and activated microglia cluster around, and
within, the neuritic plague (Dickson, 1997; Itagaki et al., 1989; Rozemuller et
al., 1989). Reactive astrocytes and microglia/macrophages have been
observed around some arteries and capillaries in AD and HCHWA-D;
however, the extent of the accumulation of these immune cells varies
between vessel types and the severity of the AR accumulation (Maat-
Schieman et al., 1997; Maat-Schieman et al., 2004; Mandybur, 1989;
Rozemuller et al., 2005).

Astrocyte

Astroglial foot processes

activated

74 7)) Pericyte
microglia 7 \

Brain microvascular

endothelial cell
Perivascular
macrophage
Infiltrating
macrophage

Figure 5. Immune cells in the CNS.
A simplified drawing of immune cells surrounding a normal blood vessel. Reprinted
from (Guillemin & Brew, 2004) with permission from the Journal of Leukocyte Biology.

Astrocytes have a critical role in maintaining the BBB. They cover the
endothelial cells of the BBB and are involved in the transport of proteins,
glucose, and other products cross the BBB (Batarseh et al., 2016).
Astrocytes are important for neurons and are neurosupportive as they
envelope neuronal synapses (Haydon, 2001). In their natural form astrocytes
are usually found in a resting state during which they have a star-like
appearance and are the most abundant cell type in the CNS (Kacem et al.,
1998). Astrocytes react to all forms of CNS injuries through a process
referred to as “reactive astrogliosis” (Sofroniew & Vinters, 2010). During

acute, or chronic, CNS injury, astrocytes react by proliferation and
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morphological changes. These changes result in morphologic changes, i.e. a
thicker cell body, thicker and extended processes, as well as an enhanced
expression of glial fibrillary acid protein (GFAP). Reactive astrocytes can
phagocytose and release proinflammatory cytokines and growth factors
(Batarseh et al., 2016; Kettenmann & Verkhratsky, 2008).

Microglia are considered the first line of defense in the CNS. Resting
microglia are ramified, motile, and are constantly surveilling their environment
(Nimmerjahn et al., 2005). Microglia are considered the brain’s macrophages.
However, perivascular macrophages can cross through the BBB and into the
brain (Cashman et al., 2008). When activated, microglia proliferate and their
morphology changes from a small cell body with fine processes into a large
cell body with thick processes. Microglia can phagocytose, act as antigen-
presenting cells, and, once activated, they express the major
histocompatibility = complex class ll-antigen  (HLA-DR), secrete
proinflammatory cytokines, and promote tissue repair (Kim & de Vellis, 2005;
Liu et al., 2011; McGeer et al., 1988). Aggregated AB deposits are potent
stimuli for the microglia response, as accumulation of microglia expressing
HLA-DR is seen within, and around, AR deposits (McGeer et al., 1988).
Studies on AD patients have shown that macrophages can cross the BBB but
are ineffective in the clearance of AP in neuritic plaques (Cashman et al.,
2008). In vitro studies show that microglia and astrocytes from AD patients
can phagocytose amyloid, although their ability to degrade amyloid seems to
be impaired, leading to ineffective clearance of AR (Fiala et al., 2005; Wyss-
Coray & Rogers, 2012).

It has been suggested that the neuroinflammatory response plays an early
and prominent role in AD (Cagnin et al., 2001). The literature is conflicting, as
some studies suggest that the neuroinflammatory response in AD is an
important reaction to tissue damage and tissue restoration, whereas others
suggest that it is harmful by exacerbating AB deposition and contributing to
neuronal dysfunction (reviewed in (Wyss-Coray & Rogers, 2012). As
mentioned, the amyloid cascade hypothesis proposes that abnormal

production and clearance of AR is the primary cause of AD and that
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neurodegeneration is secondarily caused by excessive deposition of AR
(Hardy & Selkoe, 2002; Hardy & Higgins, 1992). However, this has been
questioned because studies have shown that an AB plaque burden does not
correlate with the extent of the progression of dementia (Braak et al., 1998).
Alternatively, it has been suggested that the inflammatory response in AD
plays a bigger part in the pathology of the disease (McGeer & McGeer,
2013).

1.5.7.1 Glial scars
Activated astrocytes can form a so-called “glial scar”, also referred to as

reactive gliosis, at the site of a CNS injury. Astrocytes are the major cellular
component of this scar and the first cell type to be activated (Kawano et al.,
2012; Raposo & Schwartz, 2014; Sofroniew, 2009; Sofroniew & Vinters,
2010). Reactive astrocytes upregulate their expression of GFAP, become
hypertrophic, proliferate, and surround the injury site. Following CNS blood
vessel injury, the BM in the blood vessel becomes the center of the injury as
the astrocytes attach to the BM and the glial scar surrounds the blood
vessels (Stichel & Muller, 1998). Microglia are also involved by expressing
and releasing various bioactive substances along with astrocytes (Kawano et
al., 2012; Raposo & Schwartz, 2014). Microglia stimulate, and recruit,
endothelial cells and fibroblasts which contribute to the formation of the scar
(Raposo & Schwartz, 2014). Both reactive astrocytes and fibroblasts secrete
ECM proteins after CNS injury (Benarroch, 2015; Raposo & Schwartz, 2014).
Fibroblasts proliferate and secrete ECM proteins, such as, laminin, COLIV,
chondroitin sulfate proteoglycans (CSPGs), fibronectin, keratin sulfate
proteoglycans, and tenascin C (Table 3) (Bartus et al., 2012; Kawano et al.,
2012; Raposo & Schwartz, 2014; Sofroniew, 2009; Sofroniew & Vinters,
2010). Transforming growth factor-B (TGF-B) is found to be upregulated in
astrocytes during glial scar formation, TGF- being the driving factor behind
the ECM production of fibroblasts (See description on TGF-f in section 1.7.8)
(Logan et al., 1994; Raposo & Schwartz, 2014 ).

The function of the glial scar is to form a barrier between damaged and

healthy tissue and it has been shown to have numerous positive functions
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such as wound closure, neuronal protection, and repair of the BBB
(Sofroniew, 2015). However, the glial scar can also have negative effects
such as exacerbating inflammation, and it can hinder axonal regeneration
after CNS injury (Raposo & Schwartz, 2014). In addition to glial scar
formation around damaged arteries, reactive astrocytes with upregulated
GFAP expression have been found to encircle AR deposits in the form of a

glial scar in AD patients (Sofroniew, 2009)

Table 3. Glial scar.
Cells and extracellular components found in a glial scar.

Cell type Extracellular components
Reactive astrocytes BM
Microglia/macrophages COLIV
Fibroblasts Laminin
Endothelial cells Fibronectin
Oligodendrocytes CSPGs
HSPG
Keratan sulfate proteoglycan
Tenascin C
Thrombospondin

1.6 Parenchymal deposits in CNS amyloid diseases
The nomenclature for parenchymal amyloid deposits or plaques can be
confusing and varies in the literature. Terms that are used include, for
example: senile plaques, neuritic plaques, diffuse plaques and stellate
plagues. Duyckaerts et al. (Duyckaerts et al., 2009) defined a classification of
parenchymal deposits in AD which gives a good overview over the types of
parenchymal deposits found in CNS amyloid diseases. According to
Duyckaerts et al., all extracellular accumulations of amyloid-forming proteins
should be called deposits and the deposit types can be further defined based
on immunohistochemistry, H&E, Congo red, or Thioflavin S staining.
According to the outcome of these staining methods the type of deposit is
defined as focal, diffuse, or stellate.

Focal deposits are visible with H&E staining, immunohistochemistry, and
are smaller than diffuse plagues. Whether they consist of amyloid or have a

neuritic corona varies. Focal deposits can be non-amyloid and with no
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neuritic corona. Focal deposits that contain amyloid almost always have a
neuritic corona. If the amyloid-containing focal deposit is surrounded by a
clear halo, then they are said to be “cored” deposits and are also referred to
as neuritic plague. Neuritic plaques are associated with astrocytes and
microglia.

Diffuse deposits are larger than focal deposits, i.e. ranging in diameter
from 50 pum up to several hundred pum. They are not visible in H&E staining,
are Congo red negative, poorly immunoreactive and are non-neuritic. Stellate
deposits are small amyloid plaques that have not been studied extensively.
They are small, i.e. < 5 pum in diameter, and composed of few
immunoreactive granules and are likely related to astrocytes (Duyckaerts et
al., 2009).

1.7 Hereditary Cystatin C Amyloid Angiopathy

HCCAA is a rare, autosomal dominant, familial amyloid disease with high
penetrance, manifest by recurrent intracerebral hemorrhages in otherwise
healthy, normotensive young adults. The disease is caused by mutation in
the cystatin C gene (CST3) (Ghiso et al., 1986; Levy et al., 1989; Palsdottir et
al., 1988) and is restricted to Iceland with one exception (Graffagnino et al.,
1995). The disease is classified as a CAA (Palsdottir et al., 2006). Amyloid
deposition in HCCAA is systemic with the most prominent pathology in the
brain, but amyloid deposition is also found in organs outside of the CNS
(Benedikz et al.,, 1990; Lofberg et al., 1987; Palsdottir et al., 2006;
Thorsteinsson et al., 1988). Gene carriers have normal values of cystatin C
(wild type and mutant) in their plasma, but have less than half the normal
value of cystatin C in their CSF (Grubb et al., 1984a).

1.7.1 Historical background of HCCAA

The first description of the disease was in a doctoral thesis from 1935 by Arni
Arnason (Arnason, 1935). He was a country physician and noticed that many
young people in the northwest of Iceland were dying of brain hemorrhages.

Arnason included 17 families in his study, of which he found 10 families to be
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affected by the disease. There were 449 individuals in these 10 families, and
by the end of his study, 79 of them had died from cerebral hemorrhage and
59% of these 79 individuals before the age of 40. Arnason concluded that the
disease was genetic with dominant inheritance. Furthermore, he noted that
there was a tendency for lifespan reduction through generations. A second
paper about the disease was not published until 1972 by Gudmundsson et al.
(Gudmundsson et al., 1972), they confirmed the genetic nature of the disease
and that the disorder was characterized by anticipation, as indicated by
Arnason in 1935 (Arnason, 1935). They also reported clinical and
pathological features of the disease in post-mortem samples from five
individuals. They noticed that cerebral arteries in these individuals had
thickened walls and Congo red staining showed amyloid deposition.
Furthermore, they suggested there was a connection between the cerebral
amyloid deposition and hemorrhages in these five patients as none had a
history of high blood pressure and concluded that the disease could be
classified as a hereditary cerebral amyloidosis (Gudmundsson et al., 1972).
In 1983, Cohen et al. (Cohen et al., 1983) purified amyloid fibrils from
leptomeningeal vessels in post-mortem HCCAA samples and found that the
amyloid contained the protein cystatin C, formerly known as gamma-trace.
Later it was found that HCCAA is caused by a single base substitution
mutation in the CST3 gene (Ghiso et al., 1986; Levy et al., 1989; Palsdottir et
al., 1988).

1.7.2 Genetic aspects of HCCAA

Genetic tests have shown that all HCCAA patients, and carriers, that have
been investigated to date, have the same mutation in the CST3 gene and are
heterozygous for the mutated allele (Abrahamson et al., 1992; Levy et al.,
1989). The mutation is a single base substitution of thymidine (T) for adenine
(A) which is located in exon 2 of the gene. This part of the gene encodes the
hydrophobic core of the protein and the mutation results in the exchange of

leucine for glutamine at a.a. 68 of the mature form of the protein, hereafter
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referred to in this thesis as L68Q-CST3 (Ghiso et al., 1986; Levy et al., 1989;
Palsdottir et al., 1988).

1.7.3 Epidemiology of HCCAA

In total, 15 HCCAA sub-families have been identified in Iceland. Most of them
have been traced to ancestors who lived around the Breidafjordur area in the
West of Iceland (Palsdottir et al., 2008). The oldest known ancestor was born
in that region in 1686 and moved to the South of Iceland where two
subfamilies have been traced to him. At present, the mutation is still found in
five families with living carriers and patients.

Microsatellite analysis suggests that the cystatin C mutation occurred
about 18 generations ago. That corresponds to the 16th century. The
analysis was done using DNA from 36 patients and 722 non-carrier controls
using 20 microsatellites spanning 23.6 Mb on chromosome 20 (Palsdottir et
al., 2008). Family trees have been constructed with the aid of pedigree data
from the Blood bank, the Book of Icelanders (a database online,
islendingabok.is) and from parish records in the State Archive. The parish
records contain dates of birth and death and cause of death if known. Death
certificates, first issued around 1911, have also been examined. By using the
above data, a database with individuals suspected to have carried the
mutation has been compiled and the number of individuals in this database
now stands at 335 (Palsdottir, unpublished). Obligate carriers were identified
due to their position in family trees relative to individuals in which the disease
has been confirmed. Siblings of carriers with no offspring were only included
in the database if their cause of death was registered as “brain hemorrhage”
in parish records or death certificates.

At present, the average life span of carriers is approximately 30 years
when calculated based on the lifespan of carriers born after 1900. In two
families a marked tendency for longevity, compared to this average, has
been observed. Carriers in these families live longer, and acquire symptoms
later, than carriers in other families. By pooling all known families, and

comparing the life span of carriers in these families in relation to year of birth
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going back in time, it became evident that a marked reduction in lifespan
occurred in carriers during the 19th century, starting in carriers born around
1820 (Figure 6). These data, when associated with the estimated age of the
mutation, seem to suggest that the penetrance of the mutation was less
during the three centuries between the mutational event (ca. 16" century)
and the onset of lifespan reduction in the 19th century. Furthermore, this
lifespan reduction occurred in all sub-families simultaneously regardless of
the region they lived in, i.e. the West, the West Fjords, or the South of
Iceland. By 1900, the lifespan had decreased from around 65 (in ca. 1820) to
around 30 years, i.e. the present-day average. This negative selection on
lifespan sometimes resulted in offspring of carriers dying at approximately the
same time as their parents. Intriguingly, a maternal effect emerged during the
same period such that carriers who inherit the mutation from their mother die
on average 7.4 years earlier than those who inherit the mutation from their
father (Palsdottir et al., 2008).

The driving factor behind this negative selection might be the drastic
change in food habits that occurred in Iceland during the 19th century, during
which the Icelandic diet became more “European” as reflected in increased
imports of sugar, grain and salt. Furthermore, during this period the use of
immersion in acid whey as the predominant way of preventing food from
being spoiled was partially replaced by other methods. Despite this overall
reduction in lifespan of carriers, a small subset of HCCAA carriers (estimated
2-4%) lives a “normal” lifespan; the reason is unknown (Palsdottir et al.,
2008).
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Figure 6. Lifespan of carriers by year of birth.

This figure shows the relationship between the life span of L68Q-CST3 mutation
carriers and their year of birth and the reduction in life span that occurred in L68Q-
CST3 carriers during the 19th century. The observed values for females are denoted
with open squares (red), males with filled circles (blue). The x-axis shows the year of
birth of each individual and the y-axis shows the lifespan in years. Updated figure 3
from (Palsdottir et al., 2008).

1.7.4 Pathological features of HCCAA

In 1972, Guomundsson et al. (Gudmundsson et al., 1972), published the first
paper describing post-mortem brain examination of HCCAA patients. Congo
red staining confirmed amyloid deposition in the form of CAA (Gudmundsson
et al, 1972). Other post-mortem studies followed and microscopic
examination showed acellular, homogenous material and thickening of the
walls of small and medium-sized cerebral arteries and arterioles, which
narrowed their lumen, in some cases to complete occlusion. Observations
showed that veins and capillaries were not, or only minimally, affected
(Gudmundsson et al.,, 1972; Jensson et al.,, 1986; Jensson et al., 1987;
Lofberg et al., 1987). Studies by electron microscopy showed a dense
network of fibrillary material throughout the media of vessels, which were
randomly arranged in non-branching fibrils (Jensson et al., 1987). Other

vascular changes observed included fibrinoid necrosis, hyaline degeneration,
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splitting of the media and “double-barreling”, and degeneration of SMCs in
the media of the vessel wall. Finally, observations made in samples from two
HCCAA patients described monocytes/macrophages in association with
leptomeningeal and cortical vessels (Blondal et al., 1989; Gudmundsson et
al., 1972; Jensson et al., 1986; Lofberg et al., 1987; Palsdottir et al., 2006;
Wang et al., 1997; Yamada et al., 1996).

Immunohistochemical studies with cystatin C antibodies showed that
arterial cystatin C amyloid deposition was strongest in the leptomeninges, but
also present in the cerebrum, cerebellum, basal ganglia and spinal cord
(Jensson et al., 1987; Lofberg et al., 1987). The arterial deposition was more
prominent in grey matter but also found in the white matter and present
throughout the vessel wall, though the intima was sometimes free of amyloid
(Jensson et al.,, 1987; Lofberg et al., 1987; Thorsteinsson et al., 1988).
Perivascular cystatin C deposits were also found in the hippocampus and
basal ganglia (Thorsteinsson et al., 1988). Macroscopic and microscopic
examination of the brain of HCCAA patients often showed multiple, new and
old, micro- and macro-hemorrhagic lesions in both cerebral lobes, the basal
ganglia and white matter in all lobes (Jensson et al., 1987; Olafsson & Grubb,
2000; Olafsson et al., 1996).

Studies have shown that organs outside the CNS do not show any
macroscopic pathologic changes, though cystatin C immunohistochemistry
has shown deposition in vessels, and interstitial connective tissue, of
peripheral tissues such as lymph nodes, submandibular salivary glands,
seminal vesicles, spleen, and skin. The cystatin C deposition in some of
these tissues showed green birefringence after Congo red staining, i.e.
amyloid, but not all (Benedikz et al., 1990; Lofberg et al., 1987; Palsdottir et
al., 2006; Thorsteinsson et al., 1988).

1.7.5 Clinical features of HCCAA

Stroke in previously healthy young adults is the dominant clinical symptom of
HCCAA. Usually patients have a sudden appearance of stroke symptoms

with no precipitating event. The patient will often survive the first hemorrhage
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but continue to have recurrent strokes of varying severity. The hemorrhages
can lead to sensorimotor hemiparesis with or without aphasia, symptoms of
neglect, and personality changes with gradual deterioration over years and
progressive dementia (Blondal et al., 1990; Gudmundsson et al., 1972;
Jensson et al., 1987; Sveinbjornsdottir et al., 1996). In some cases patients
will suffer one or two small strokes followed by a relatively full recovery and
symptom-free period which can sometimes last for several years (Blondal et
al., 1990; Jensson et al., 1987). The overall symptoms depend on the
location of the hemorrhage and are not different to general stroke symptoms
except for their occurrence in young normotensive adults. (Blondal et al.,
1990; Gudmundsson et al., 1972; Jensson et al., 1987; Sveinbjornsdottir et
al., 1996).

1.7.6 Diagnosis of HCCAA

The diagnosis of HCCAA is based on a genetic test to see if the patients
have the L68Q-CST3 mutation and/or by post-mortem examination of the
brain with respect to cystatin C amyloid deposition. A previously used
diagnostic test was the measurement of cystatin C levels in the CSF, as
L68Q-CST3 gene carriers have abnormally low levels of CSF cystatin C
(Grubb et al., 1984a).

1.7.7 Extracellular matrix

The ECM is a well-organized network composed of collagens, elastin,
fibronectin, laminins, proteoglycans, hyaluronic acid, and several other
glycoproteins (Theocharis et al., 2016). ECM is found in all tissues and
organs where it provides structural and biochemical support to the
surrounding cells along with the interstitial matrix and the BM. The ECM
undergoes continuous remodeling during normal and pathological conditions
which is mediated by several matrix-degrading enzymes and its composition
and specific structures vary from tissue to tissue (Theocharis et al., 2016;
Zimmermann & Dours-Zimmermann, 2008). Collagen is the most abundant
ECM protein, as well as playing a major role in BMs. Its synthesis and
secretion in the ECM is mainly by fibroblasts (Theocharis et al., 2016). The
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ECM has a diverse role. It provides support, regulates tissue architecture,
and influences cell behavior, e.g. cell proliferation, migration, and cellular
phenotype. The formation of ECM is essential for various processes, e.g. the
formation of BMs, growth, wound healing, and fibrosis (Theocharis et al.,
2016; Zimmermann & Dours-Zimmermann, 2008). ECM proteins in vessels
play an important role in regulating vascular function, both in normal and
pathological circumstances. The ECM affects the stiffness and elasticity of
the vascular wall, which is primarily dependent on collagen and elastin
concentration (Xu & Shi, 2014).

The ECM in the CNS accounts for 10-20% of the total volume of the brain
and is found in extracellular spaces, perineuronal nets, perisynaptic nets, and
forms the cerebrovascular BM which plays an important role in the BBB
(Benarroch, 2015). The composition of the ECM varies between these
structures, and the ECM in the CNS has a different structure than in
peripheral tissues (Benarroch, 2015). Both glial cells and neurons contribute
to ECM formation in the CNS, and the expression of ECM proteins are
upregulated in reactive astrocytes after CNS injury (Benarroch, 2015). The
main components of the ECM in the CNS, excluding that of BM (the
components of the BM are discussed in section 1.7.8), are hyaluronic acid,
CSPGs (aggrecan, versican, neurocan, brevican, and phosphacan),
tenascin-R, and link proteins (Benarroch, 2015; Zimmermann & Dours-
Zimmermann, 2008).

An excessive deposition of ECM has been reported in various sporadic
and hereditary cerebral amyloid, and non-amyloid, vascular diseases such as
AD, CAA, HCHWA-D, cerebral autosomal dominant arteriopathy with
subcortical  infarcts and  leukoencephalopathy = (CADASIL), and
atherosclerosis (Dong et al., 2012; Kalaria & Pax, 1995; Lan et al., 2013;
Szpak et al., 2007; Tian et al., 2006; van Duinen et al., 1995; van Horssen et
al., 2001). Studies have shown that various ECM proteins are associated with
CAA and amyloid plaques in AD and HCHWA-D, where they interact directly
with, and influence, AB deposition and aggregation and could thus be actively
involved in the pathogenesis of these diseases (Castillo et al., 1997; Cotman
et al., 2000; Kalaria & Pax, 1995; Perimutter, 1994; van Duinen et al., 1995;
van Horssen et al., 2001).
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1.7.8 Basement membranes

BMs are thin sheets of specialized ECM proteins, 50 to 100 nm in thickness,
which were initially identified by transmission electron microscopy (Kalluri,
2003). They are found basolateral to all cell monolayers, e.g. epithelium and
endothelium, in the body and around fat and Schwann cells as well as
individual SMCs in veins and arteries (Hallmann et al., 2005; Kalluri, 2003).
BMs are always in contact with other cells and their function is to separate
cell monolayers from connective tissue, to separate tissue compartments,
and provide structural support to tissues. They are important in modulating
cellular signaling pathways and provide information that influences cell
proliferation, migration, and differentiation (Hallmann et al., 2005). The four
major protein components of BMs are COLIV, laminin, nidogen, and HSPGs.
Other minor protein components of the BM include: collagen XV, collagen
XVII, agrin, fibulin, BM40, and BM90 (LeBleu et al., 2007; Sorokin, 2010).

The BM proteins are large oligomeric molecules that self-assemble to
form three-dimensional networks. They are insoluble and show a tendency to
aggregate (Hallmann et al., 2005). Studies have revealed that COLIV and
laminin self-assemble into a network independently of each other. Nidogen
has been shown to bridge the two networks and interact with HSPGs and
thereby stabilize the BM network (Hallmann et al., 2005). Isoforms of each of
the BM proteins exist, which combine to form structurally and functionally
distinct BM (LeBleu et al., 2007; Sorokin, 2010). There are 6 isoforms of
COLlV, 16 isoforms of laminin, 2 isoforms of nidogen and 2 isoforms of
HSPGs (LeBleu et al., 2007; Sorokin, 2010). These different isoforms of the
ECM proteins assemble in many ways which results in protein heterogeneity
and in BMs that are not only structurally, but also functionally, distinct (LeBleu
et al., 2007; Sorokin, 2010).

The cerebrovascular BM plays an important role in the BBB, in brain
vessel development, and migration of peripheral cells into the brain (Figure
7). In addition to cerebral blood vessels, BMs in the brain surround
endothelial cells in the choroid plexus and the pial surface (Benarroch, 2015).
The predominant ECM constituents of the cerebrovascular BM are COLIV,
laminin, HSPGs, perlecan, nidogen, and agrin. The assembly of the
cerebrovascular BMs can vary, especially the assembly of laminin isoforms
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between different cerebral vessel types [reviewed in (Morris et al., 2014;
Yousif et al., 2013)]. Furthermore, SMCs, astrocytes, pericytes, and
endothelial cells all contribute to the composition of the cerebrovascular BM
[reviewed in (Morris et al., 2014)]. Cerebrovascular BMs have been reported
to control the migration and differentiation of vascular cells, contributing to the
mechanical properties of the vessel wall and possibly providing a pathway for
the clearance of solutes out of the brain (Carare et al., 2008; Engelhardt et
al., 2016; Weller et al., 1998; Weller et al., 2008).

Studies have suggested that change in cerebrovascular BM integrity and
composition affect the development of CAA and have also revealed that AR
deposits initially in the BM (Carare et al.; Perlmutter, 1994; Vinters &
Pardridge, 1986; Weller et al., 2008; Yamaguchi et al., 1992).
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Figure 7. The cerebrovasular basement membrane.

(A) A diagram of a leptomeningeal artery that shows the cerebrovascular BM
basolateral to the endothelium and around individual SMCs. (B) A micrograph of a
mouse cortical artery showing cerebrovascular BM (CVBM) basolateral to endothelial

cell (Edc) and around SMCs. Lu: lumen, Sub: subarachnoid space, Pm: pia mater.
Reprinted from (Morris et al., 2014) with permission from Frontiers.
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1.7.9 Fibrosis and TGF-g signaling

Fibrosis is characterized by excessive accumulation of ECM proteins that
results in scarring and thickening of the affected tissue or organ, and is
initially triggered by some kind of chronic injury to the normal architecture of
the tissue (Rockey et al., 2015). Fibrosis affects the architecture and function
of the underlying tissue such that connective tissues, mainly collagen,
progressively replace and destroy the normal tissue architecture. It is, in fact,
an exaggerated wound healing response that affects the normal function of
the tissue (Wynn, 2008). Vascular fibrosis involves accumulation of ECM
proteins that are normal constituents of the vessel wall. This contributes to
scar formation, increased stiffness and thickness of the vessel wall, as
vessels depend on the right quantities of ECM in their vessel wall to function
normally (Lan et al., 2013).

TGF-B is considered to be the most important ECM regulator. The TGF-f
superfamily of growth factors are the most pleiotropic and multifunctional
peptides found and are expressed by many cell types (Massague, 1998).
They have a wide range of cell functions, including ECM production, cell
differentiation, cell proliferation, and the regulation of tissue homeostasis and
repair (Massague, 1998; Piersma et al., 2015). Three different isoforms of
TGF-B are found in mammals, TGF-B1, TGF-2, and TGF-B3. TGF-31 is the
most prevalent and ubiquitously expressed isoform, while the other isoforms
have a more tissue specific expression pattern (Biernacka et al., 2011;
Massague, 1998). TGF-B1 is the predominantly expressed isoform in the
vascular wall and is expressed by fibroblasts, vascular SMCs, endothelial
cells, myofibroblasts, and macrophages (Ruiz-Ortega et al., 2007). TGF-B is
synthesized as a latent complex with the latency-associated peptide (LAP). It
is trapped in the ECM with latent TGF-B binding protein (LTB) in a larger
complex called the large latent complex (LLC). This prevents TGF-B from
making connections with TGF-B receptors. TGF-( is activated by proteolytic
cleavage of the LLC and TGF-B has a high affinity for the TGF-B receptors.
Signaling through the canonical TGF-f signaling pathway (Smad-dependent)
is thought to be the predominant signaling pathway in fibrosis (Massague,
1998). TGF-B signals through the serine/threonine receptor kinases type |
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(TBRI) and type Il (TBRII). The signaling cascade begins with the binding of
TGF- to TBRII. This interaction catalyzes the phosphorylation of TBRI. The
activated TBRI then binds, and phosphorylates, Smad proteins which
translocate into the cell nucleus (Massague, 1998, 2012). TGF-f can also
signal through alternative non-canonical (non-Smad) pathways, e.g.
extracellular signal-regulated kinase (ERK), p38 mitogen-activated protein
kinase (MAPK) and c-jun-n-terminal kinase (IJNK) (Figure 8) (Massague,
1998, 2012).

TGF-B1 is a major regulator of fibroblast phenotype and proliferation and
a potent inductor of tissue collagen deposition by fibroblasts (Massague,
1998, 2012). Locally activated tissue fibroblasts are believed to be the
primary producers of ECM in response to injury. Upon activation by TGF-f31,
fibroblasts migrate to the site of injury and transit to their active form,
myofibroblasts, which are characterized by their elevated expression of a-
SMA (Hinz, 2007).
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Figure 8. The TGF-B signaling pathway.

Activation of TGF- requires proteolytic cleavage of the LLC from TGF-B. TGF-B
binds to the receptors: TBRI and TBRII. TGF-B signals through the canonical pathway,
which is predominant in fibrosis and is Smad-dependent, but TGF- signals also
through the non-canonical Smad-independent pathways (e.g. INK, MAPK). Reprinted
from (Biernacka et al., 2011) with permission from Taylor & Francis.
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The activation and proliferation of local fibroblasts at an injury site is therefore
an important step in the fibrotic cascade (Figure 9). In addition to resident
fibroblasts, myofibroblasts can be derived from multiple sources.
Myofibroblasts can be derived from epithelial cells in a process termed
epithelial-mesenchymal transition (EMT) or from endothelial cells, in which
case the process is termed endothelial-mesenchymal transition (EndMT)
(Hinz, 2016; Kalluri & Weinberg, 2009). During EMT, epithelial cells, which
interact with the BM, lose their epithelial characteristics and acquire a
mesenchymal-like phenotype. This phenotype change is, for example,
associated with E-cadherin downregulation and upregulation of vimentin and
p63 in the same cells (Jonsdottir et al., 2015; Kalluri & Weinberg, 2009).
These phenotype changes result in enhanced ECM production, migratory
capacity, as well as resistance to apoptotic signals.(Kalluri & Weinberg,
2009).
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Figure 9. The effects of TGF- on fibroblast phenotype.

TGF-B influences the phenotype and function of fibroblasts so that they transition into
myofibroblasts and enhance ECM production. Reprinted from (Biernacka et al., 2011)
with permission from Taylor & Francis.
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1.8 Cystatins

The cystatins are a superfamily of reversible cysteine protease inhibitors
which belong to the papain (C1) and legumain (C13) families (Abrahamson et
al., 2003; Grubb, 2000; Turk et al., 2008). Among the first cystatins proteins
identified was in the egg white from chicken. Subsequent, studies revealed
that various proteins had similarities in an a.a. sequence to this chicken
cystatin. These proteins are today referred to as the cystatin superfamily
(Abrahamson et al., 2003; Barrett, 1986; Rawlings et al., 2016; Wallin et al.,
2010). In the MEROPS database (http://merops.sanger.ac.uk), the cystatin
superfamily is placed in the 125 family which is categorized into three major
protein subfamilies based on size, location, and the complexity of their
polypeptide chain (Abrahamson et al., 2003; Rawlings et al., 2016; Wallin et
al., 2010). These families are: 1) 125A or the cystatin type 1 superfamily
(also referred to as the stefin family); cystatin A and cystatin B (stefin A and
B) belong to this family. They are single polypeptide chains of about 100 a.a.
residues in length, lack a signal sequence, are unglycosylated, and do not
contain disulfide bonds. They are mainly found intracellularly in the cytosol of
many cells, but are also found in body fluids (Abrahamson et al., 1986; Wallin
et al., 2010). 2) 125B or the cystatin type 2 superfamily; cystatin C, D, E, F,
S, SA, and SN belong to this family. They consist of a single polypeptide
chain of about 120 a.a. residues in length in their mature form, have a signal
sequence for import into the secretory system, two disulfide bonds in the C-
terminal region of the polypeptide chain, and some of them can be
glycosylated. They are widely distributed throughout the body, are found
primarily in the extracellular space and in most body fluids (Abrahamson et
al., 2003; Barrett, 1986; Wallin et al., 2010). 3) 125C or cystatin type 3
superfamily (also referred to as kininogens). Three different mammalian
kininogens belong to this family: high and low molecular mass kininogens
and T-kininogens which are only found in rats. They consist of three cystatin
type 2-like domains, are glycosylated, and contain internal disulfide bonds.
These cystatins are mainly found intravascular in blood plasma, and in
amniotic and synovial fluid as a result of diffusion (Abrahamson et al., 2003;
Barrett, 1986; Ochieng & Chaudhuri, 2010; Wallin et al., 2010).
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1.8.1 Cystatin C

Human cystatin C, formerly known as gamma-trace because of its
electrophoretic gamma-motility (Hochwald et al., 1967) belongs to the
cystatin type 2 superfamily of cysteine protease inhibitors (Barrett, 1986).
Cystatin C is the most abundant, best studied, and one of the most important
extracellular cysteine protease inhibitors (Abrahamson et al., 1986;
Abrahamson et al., 1988). Cystatin C is encoded by the CST3 gene which is
located in the cystatin multigene locus on chromosome 20 in humans
(Schnittger et al., 1993). The gene is 4.3 kb in size and is composed of three
exons and two introns and has high GC content (Abrahamson et al., 1990).
The gene encodes a 146 a.a. protein. Like other cystatin type 2 proteins,
cystatin C has a signal sequence for import into the secretory system which
is 26 a.a. in cystatin C (Abrahamson et al., 1988). The mature form of human
cystatin C thus consists of 120 a.a. residues in a single polypeptide chain
(Grubb & Lofberg, 1982). Fully processed cystatin C has two internal disulfide
bonds (Grubb et al., 1984b). The natural state of cystatin C is as a monomer
(Abrahamson & Grubb, 1994). Monomeric cystatin C is a potent inhibitor of
cysteine proteases of the papain and legumain families, especially the human
papain (C1) enzymes, e.g. cathepsins B, H, K, L and S (Abrahamson et al.,
1986; Grubb, 2000; Turk & Bode, 1991), a group of proteases that are
predominantly found in lysosomes (Turk et al., 1997). Cystatin C forms a very
tight, but reversible, complex with cathepsins (Wallin et al., 2010). Cystatin C
itself is inhibited and proteolyzed by cathepsin D and elastase (Lenarcic et
al., 1991). Cystatin C has been suspected to play a role in diseases besides
HCCAA, e.g. AD, multiple sclerosis, and cardiovascular diseases (Table 4).

Cystatin C is produced at a constant rate and secreted by most nucleated
cells (Abrahamson et al., 1986; Grubb, 1992) and is ubiquitously expressed
in virtually all organs of the body and found in most body fluids (Abrahamson
et al., 1986). Its concentration is particularly high in seminal plasma (~50
mg/l) and CSF (~5.8 mg/l) (Grubb et al., 1983; Lofberg & Grubb, 1979). The
majority of cystatin C in the CSF is produced by the choroid plexus (Tu et al.,
1992) and cystatin C is also highly abundant in brain tissue (Hakansson et
al., 1996). Cystatin C levels in the CSF are five times higher than in plasma
(Grubb, 1992).
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1.8.2 The cystatin C variant - L68Q-CST3

The cystatin C variant, L68Q-CST3 differs from wild-type cystatin C in more
than just the a.a. substitution. The L68Q mutation makes the mutated cystatin
C protein less structurally stable and more prone to dimerization and
aggregation compared to wild type cystatin C which is stable as a monomer
(Abrahamson & Grubb, 1994). The mutated protein forms dimers and
amyloid fibrils easily in vitro and in vivo. Wild-type cystatin C can be induced
to dimerize

under special conditions, e.g. elevated temperature, low pH or with mild
chemical denaturation (Abrahamson & Grubb, 1994; Bjarnadottir et al., 2001,
Ekiel & Abrahamson, 1996; Nilsson et al., 2004; Wahlbom et al., 2007).
Cystatin C dimers are present in the CSF and blood plasma of HCCAA
patients, whereas only the monomer form is found in these fluids from
healthy controls (Bjarnadottir et al., 2001).

Cystatin C amyloid isolated from HCCAA post-mortem samples showed
that the protein in the amyloid deposits lacks the first ten a.a. from the N-
terminus of the mature form (Cohen et al., 1983; Ghiso et al., 1986). The
mutated protein retains its inhibitory function against proteases in vitro and
the removal of the N-terminal amino acids is most likely due to post-
translational modification as DNA studies have shown that the gene is intact
in HCCAA patients (Abrahamson et al., 1987; Abrahamson et al., 1990). The
truncation does not seem to affect the proteins stability nor does it lead to
higher forms of aggregates and it has not been shown to have a relevance to
the disease (Gerhartz & Abrahamson, 2002). Cystatin C isolated from
monocytes and CSF from HCCAA patients, and from transfected kidney
cells, consist of full length and intact protein (Asgeirsson et al., 1998; Lofberg
et al., 1987; Olafsson et al., 1990; Wei et al., 1998). One study on wild-type
cystatin C from CSF suggested that this truncation of cystatin C could be a
storage related artefact rather than due to physiological or pathological

processing of the protein (Carrette et al., 2005).
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1.8.3 Cystatin C structure

The monomeric form of cystatin C consists of a five stranded antiparallel 3-
pleated sheet wrapped around a 5-turn a1-helix; the N-terminal subdomain of
the protein in predominantly in a-helical form and the C-terminal
predominantly B-sheet (Figure 10A) (Bode et al., 1988). The connectivity
within the B-sheet is: (N)-B1-(a1)-p2-L1-B3-(AS)-p4-L2-(C). The inhibitory
epitope in the cystatin C protein against proteases of the papain family
includes the N-terminal peptide Serl-Val10 and two B-hairpin loops, L1 and
L2, aligned in a wedge-like fashion at one side of the molecule and the AS
structure, which is a broad “appending structure” positioned at the opposite
end of the B-sheet harbors the inhibitory epitope for proteases of the
legumain family (Figure 10A) (Alvarez-Fernandez et al., 1999; Bode et al.,
1988).

The dimerization of cystatin C occurs by three-dimensional domain
swapping (Janowski et al., 2001) such that cystatin C refolds to produce a
perfectly 2-fold symmetrical domain swapped dimer (Figure 10B). The
swapped structural element consists of the a-helix and the two flanking
strands, B1 and p2. Cystatin C domain swapping causes a loss of the (-
hairpin loop L1 and, therefore, the loss of inhibitory activity against C1 type
proteases (Ekiel & Abrahamson, 1996; Ekiel et al., 1997). An in vitro study on
wild-type and L68Q cystatin C showed that the mutation not only leads to an
enhanced tendency for dimerization but also increased amyloid fibril
formation compared to the wild-type (Wahlbom et al., 2007). Electron
microscopy analysis in this study showed that the mutated cystatin C fibrils
showed a higher tendency for interconnection compared to the wild-type and
that the cystatin C oligomers are “doughnut’-shaped. The oligomers showed
a higher rate of fibrillization than the monomeric form, which indicates that the
oligomers are intermediates in the transformation to amyloid fibrils (Wahlbom
et al., 2007). Some studies suggest that oligomers are more physiologically

toxic than the mature amyloid fibrils (Baskakov et al., 2002).
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Figure 10. The structure of human cystatin C.

(A) The structure of monomeric cystatin C. (B) Domain-swapped dimer of cystatin C,
red dot showing the L68Q mutation. Modified from (Janowski et al., 2001) with
permisson from Nature Publishing Group.

1.8.4 Cystatin C and A

Cystatin C has been found to co-localize with AR amyloid in amyloid-laden
vascular walls and plaques in the brains of patients with AD, HCHWA-D,
Down’s syndrome, and cerebral infarction (Haan et al., 1994a; Itoh et al.,
1993; Maruyama et al., 1990; Vinters et al., 1990) and in vitro studies have
demonstrated high affinity binding between cystatin C and AB (Sastre et al.,
2004). Patients with brain vessel amyloid consisting of co-localized AR and
cystatin C are more prone to subcortical hemorrhages and have more severe
vessel amyloid deposition (Maruyama et al.,, 1990). In these deposits,
cystatin C is soluble whereas AR is fibrillary (Maruyama et al., 1992). Co-
localization of cystatin C and AB has also been observed in the brains of

transgenic mice that overexpress human APP (Levy et al., 2001) and in APP
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transgenic mice crossbred with transgenic mice overexpressing human
cystatin C (Kaeser et al., 2007). In the brains and plasma of these crossbred
mice, cystatin C binds to soluble AB and inhibits its fibril formation (Kaeser et
al., 2007). In humans, cystatin C binds to AB in the brain and CSF of both
control and AD patients; thus, cystatin C and AB can interact prior to AB
aggregation, suggesting that cystatin C plays a role in inhibiting AR fibril
formation (Sastre et al., 2004) and furthermore, that cystatin C inhibits
formation of AB oligomeric assemblies (Mi et al., 2009). Several studies have
shown that polymorphisms within the CST3 gene lead to an increased risk of
developing AD and accelerate disease progression in AD patients, e.g. the
B/B polymorphism in CST3 results in a less efficient cleavage of the signal
peptide and reduced secretion of cystatin C (Benussi et al., 2003). This
reduced level of cystatin C could result in less inhibition of A fibril formation
and thus increase the risk of AD (Benussi et al., 2003; Sastre et al., 2004).
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2 Aims

There was a lack of basic research on the pathological changes in HCCAA
and the aetiology of HCCAA pathology required clarification. The first aim of
this study was to increase the understanding of the pathogenesis in HCCAA
with post-mortem brain samples, with special emphasis on structural changes
within the arterial wall, as well as to examine the surrounding brain tissue.
The results from this part of the study created a foundation for further
understanding of the disorder and for the subsequent evaluation of the skin
biopsies and other peripheral tissues in the second part of the study.

The second aim was to gain information about intermediate events in the
pathogenesis of the disease and cell types by studying peripheral tissues,
with special emphasis on the BM protein COLIV and its close association

with cystatin C.
Specific aims:

e Examine in detail the cerebral vascular pathology of HCCAA by
routine staining methods and immunohistochemical staining for
markers normally found within the arterial wall.

e Analyse the cystatin C distribution in the CNS, its severity and
topography using well defined criteria, which have been applied to
other CAA diseases, as well as the distribution of cystatin C
deposition in regard to hemorrhages.

e Examine the neuroinflammatory response to cystatin C deposition
within the CNS.

e Examine the BM and its association with cystatin C deposition, as
studies in other CAA disease have suggested that BM play an
important part in the pathogenesis of those disorders.

e Evaluate intermediate events in HCCAA pathogenesis in peripheral
tissues and identify the cell type responsible for the production of

deposited cystatin C.
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3 Material and methods

Detailed descriptions of materials and methods are present in each paper (I-
). In this section | discuss the quantification method used on
immunohistochemistry data in more detail. An overview of the antibodies

used in the study can be found in Table 5.

3.1 Ethics statement

All necessary permits for the use of post-mortem samples from the brain and
peripheral tissues of deceased HCCAA patients and controls, skin biopsies
from L68Q-CST3 carriers and controls, and records associated with samples
as well as medical information, were obtained from the National Bioethics
Committee, reference numbers 04-046-S2 and 15-060-S1.

3.2 Peripheral samples (Unpublished)
Peripheral samples from three deceased patients, aged 31-57, were used
and control samples from the same organs from three patients, aged 32-62.

Samples were taken from the heart, tonsil, kidney, liver, lungs and stomach.
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3.3 Quantification of histological immunostaining

Bright field images of histological brain sections immunostained with a
COLIV, laminin, or AGC1 (a aggrecan marker) antibodies (Paper I) were
captured with a Zeiss Axioplan 2 microscope, coupled to an AxioCam (Carl
Zeiss, Jena), at a resolution of 1300 x 1030 pixels using a Zeiss Plan
Neofluar x10/0.3NA objective (Carl Zeiss, Jena). Bright field images of
histological brain sections immunostained with a GFAP (an astrocyte
marker), CD68 (cluster of differentiation 68, a macrophage marker), or IBA1
(ionized calcium-binding adaptor molecule 1, a microglial marker) antibodies
(Paper 1) and skin biopsy sections immunostained with a cystatin C or
COLIV antibodies (Paper I1ll) were captured with a Nikon Eclipse 50i
microscope, equipped with a Nikon DS-Fil digital camera and a Nikon Digital
Sight DS-U2 camera controller, at a resolution of 2560 x 1920 pixels using a
Nikon x10/0.3NA objective for brain sections and using a Nikon x4/0.3NA
objective for skin biopsy sections. Before image capture, the Kohler
illumination was carefully adjusted on the microscope and the camera was
calibrated for uniform field shading and white balance to ensure consistent
color fidelity of the acquired images. Accurate color representation is of
pivotal importance for the subsequent image analysis.

To quantify immunostaining, RGB color images were imported in ImageJ
(http://rsbweb.nih.gov/, v1.47) for image analyses. For the quantification of
COLIV, laminin and AGC1 deposition load within leptomeningeal arteries
(Paper 1), a region of interest (ROI) was drawn to outline the boundary of ten
randomly chosen arteries in the stained sample (Figure 11A). For
quantification of GFAP, CD68 and IBA1 immunostaining within and around
arteries, an ROl was drawn by measuring randomly chosen arteries from
cerebral grey and white matter in each cortical section (five arteries were
measured in each sample), both vertically and horizontally and making an
oval ROI surrounding the artery by adding 150 um in every direction to the
vertical/horizontal measurements (Figure 11B). For quantification of cystatin

C and COLIV immunostaining in carrier and control skin biopsies, a
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rectangular ROl was drawn from the peripheral edge of the epidermis and

well down into the dermis (Figure 11C).

A Artery B Artery C Skin biopsy

1 ROI (red) § ROI(red) 1ROI (red)

Epidermis »

150umI

Epidermi
pidermis

um

(A
i

l 150um

Figure 11. Region of interest (ROI).

(A) ROI was drawn to outline the boundary of the artery, to measure the COLIV;
laminin and AGC1 deposition load within the vessel wall. (B) ROl was drawn by
measuring each artery both vertically and horizontally and making an oval ROI
surrounding the artery by adding 150 pm in every direction to the vertical/horizontal
measurements. (C) A retangular ROl was drawn from the peripheral edge of the
epidermis and well down into the dermis.

After import into ImageJ, the RGB images were transformed to the CIELAB
color space which was used to replicate on the computer the colors created
by the brown dye (Diaminobenzidine [DAB]) in all of the immunostainings.
Channel a* or channel b* (different between immunostainings, see Papers I-
IIl) was selected, which yielded a much higher contrast between the signal
staining and differential staining or section background (an example of brain
arterial cystatin C staining is illustrated in Figure 12). This was experimentally
confirmed to be much superior to using any of the RGB channels (Figure 12).
The selected channel a* or b* was thresholded, using the automated
threshold function of ImageJ and fine-adjusted to correspond to all stained
areas in the section, ensuring a minimal bleed through of differentially stained
structures. Thresholded areas were marked in red by ImageJ. Using the

thresholded image, the pre-selected ROIs were re-introduced, and the
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percentage area fraction covered by the threshold was calculated. The

resulting number reasonably describes the staining load.

Luminance

Figure 12. An example of image analysis.

Color image acquired on the microscope (top picture), split to its RGB channels (red,
green, blue) and to its LAB components following the CIELAB colour transformation.
The greatest contrast is yielded by a* and b* component of the CIELAB. Structures
that are not of interest are excluded on the a* and b* channels as they contain
different chromatic components, which are transformed to lower intensities in the
CIELAB color space but would otherwise be present in the RGB.
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4 Results

In this chapter the data presented in the published papers, appended to the
thesis, will be summarized and unpublished data that are relevant to the
results in the papers will be presented. The order in which the results are
presented is not necessarily the same as in the papers. The Results chapter
is divided into four main sections, 4.1 HCCAA brain pathology, 4.2 HCCAA
skin pathology, 4.3 HCCAA pathology in peripheral organs (unpublished
data), and 4.4 Proliferation and differentiation of fibroblasts in brain arteries

(unpublished data).

4.1 HCCAA brain pathology

All brain samples were immunostained with a cystatin C antibody to confirm
HCCAA. Leptomeningeal arteries have been shown to be the first arteries
affected in AB-CAA (Thal et al., 2003). In order to compare the pathological
profile of vessels in HCCAA patients and controls (Paper |), leptomeningeal
arteries were chosen because samples from this tissue were available in
autopsy material from all patients included in that study. However,
examination of samples from other brain regions showed that the
pathological changes seen in the leptomeningeal vascular walls of HCCAA
patients were also observed in vessels in other brain areas as well. Because
of this, hereafter in this section (4.1), the vascular changes described and
discussed refer to vessels in all brain areas of post-mortem HCCAA samples.
The characteristic pathological vascular changes, described below, were thus
observed in all HCCAA brain samples, from all areas examined, i.e. sections
from the cerebrum, cerebellum, midbrain, and thalamus (samples studied in

Paper | and II).
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4.1.1 General tissue structure

H&E staining revealed pink, acellular, homogenous deposits and thickening
of the walls of most arteries and arterioles in the brain of patients. This was
especially evident in the walls of small and medium-sized arteries and
arterioles (Figures 13A-D). Veins and capillaries were not, or minimally,
affected (Figure 1 in Paper Il). In the most affected arteries/arterioles the
lumen was sometimes completely occluded due to amyloid. Vessels with a
“double-barrel” lumen and vessels that had undergone fibrinoid degeneration,
or necrosis, were also observed. Another pathological hallmark observed in
the HCCAA brain samples were infarcts (Figure 13E) and a novel finding was
the that of microinfarcts which were observed in 34.6% of HCCAA patients
examined in the study, as described in Paper Il (Figure 13F below and Table
1 in Paper II). Of the brain areas, the most advanced pathological changes
were observed in leptomeningeal arteries, however, arteries/arterioles in
other brain areas, such as the cerebrum, thalamus, midbrain and cerebellum,

were also highly affected (Figure 13).

7

Figure 13. H&E staining of HCCAA vessels.
(A-D) Characteristics of pathological vascular changes of HCCAA, e.g. acellular,
hyalinized amyloid deposits with thickening of the vascular wall, and arteries/arterioles
with “double-barrel” lumen. (A) In the leptomeningeal space, (B) In the molecular
layer of the cerebellum. (C) In the midbrain and, (D) In the thalamus. (E) An infarct in
the thalamus. (F) A microinfarct in the cerebrum. Scale bars: 50 pm on all figures.
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Verhoeff's elastica staining revealed that the elastic layer in arteries of
HCCAA patients was frayed. This was especially evident in smaller arteries
(Figures 14A-B below and Figure 1 in Paper I). This observation also drew
attention to the intima, which in some arteries was abnormal and thickened
(Figure 14B below and Figure 1 in Paper ). Examination of the endothelial
layer of arteries/arterioles (CD31 immunoreactivity) showed that it was
sparser, and less distinct (Figures 14C-D below and Figure 1 in Paper I), than
in the control samples, in which the endothelia formed a continuous layer
lining the lumen. Endothelial attenuation was more evident in HCCAA
arteries/arterioles that had a substantially thickened arterial wall (Figures
14C-D below and Figure 1 in Paper I). The arterial SMC layer in HCCAA has
been reported to be affected (Wang et al., 1997), which concurs with the
findings presented in this thesis, i.e. a degeneration of the media of the
arterial wall with a significant loss of SMCs, especially in small arteries and

arterioles (Figures 14E-F below and Figure 1 in Paper ).

1
Figure 14. Pathological vascular changes in HCCAA arteries/arterioles.
(A) A frayed elastic layer (arrows) in leptomeningeal arterioles. (B) Intima thickening
seen with Verhoeff's elastica staining (arrows depict the intima) in an arteriole of the
thalamus. (C) A sparser and less distinct endothelial layer in a cortical artery (CD31
immunoreactivity). (D) Degeneration of the endothelial layer (CD31 immunoreactivity)
in affected leptomeningeal arterioles compared to a less affected arteriole (denoted
with an asterisk) in the same image with a relatively intact endothelial layer. (E)
Degeneration of the vascular SMC layer in cortical arteries (a¢SMA immunoreactivity).
(F) A cortical artery and arteriole with few vascular SMCs (aSMA immunoreactivity).
Scale bars: 50 um on all figures.
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4.1.2 Hemorrhages

Hemorrhages were observed in all brain areas, variable between patients. As
described below, the availability of samples from particular brain areas
(cerebrum, cerebellum, midbrain, and thalamus, Table 6) was variable
between patients. Hemorrhages were not observed in tissues outside the

brain.

Table 6. Hemorrhages.
An overview of the location of hemorrhages observed in the HCCAA post-mortem
brain samples studied.

Cerebrum Cerebellum Midbrain Thalamus

In 24 of 26 patients | In 8 of 10 patients | In 6 of 6 patients In 5 of 5 patients

In the cerebrum, hemorrhages were observed in both grey and white matter
(cerebral samples from 24 of 26 patients), although more frequently in the
grey matter. In the cerebellum, evidence of hemorrhages were found in the
molecular layer, and in the leptomeningeal space, in cerebellar samples from
8 of 10 patients. In the midbrain (samples from 6 patients) and the thalamus
(samples from 5 patients), remnants of hemorrhages were found in all
patients. Arteries/arterioles in the leptomeningeal space in all brain areas
showed evidence of hemorrhages (Figure 15A). Hemorrhages in the
cerebellum and thalamus of HCCAA patients had not been documented in

the literature (Figures 15B-C) prior to this study.
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Figure 15. Hemorrhages in HCCAA.
(A) Evidence of hemorrhage in the leptomeningeal space. (B) Hemorrhage in the

midbrain, near the tectum. (C) Evidence of hemorrhages in the thalamus. Scale bars:
50 pm on all figures.

4.1.3 Vascular cystatin C deposition in the brain

In all brain areas examined (cerebrum, cerebellum, midbrain, and thalamus)
in the HCCAA patients, cystatin C deposition was observed in almost all
arteries and arterioles (Figures 16 and 17). Cystatin C deposition was not
observed in the controls (Figure 1 in Paper I). The distribution of cystatin C
deposition, and the CAA severity, was assessed topographically in all of the
brain samples. It should be noted that compared to the cerebrum, a lower
number of samples were available from other brain areas, i.e. from the
cerebellum, midbrain, and thalamus (Table 1 in Paper II). Cystatin C
immunostaining revealed that cystatin C deposits were present in all layers of
the vessel wall of affected arteries/arterioles (Figures 16A-B and Figure 17).
However, in a few arteries the intima, or part of it, was devoid of cystatin C
deposition (Figure 16C). As previously mentioned, the intima in many
affected vessels was of abnormal thickness (Figure 16C).

Z >
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Figure 16. Cystatin C deposition.

(A) Cystatin C deposition in the entire vessel wall of leptomeningeal
arteries/arterioles. (B) Cystatin C deposition in the entire wall of an artery in the
midbrain. (C) An artery in the thalamus with cystatin C immunoreactivity in the media
and adventitia but not in the intima (intima denoted by arrows). Scale bars: 50 um on
all figures.
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Perivascular cystatin C deposition around affected arteries was seen in some
of the patients and, in some cases, it was observed in all brain areas
examined (Table 1 in Paper Il). While cystatin C deposits in the vascular wall
showed apple-green birefringence when viewed under polarized light
following Congo red staining, perivascular deposits around affected arteries
did not (Figure 2 in Paper Il), suggesting that, in contrast to the deposits

within vascular walls, they did not contain fully formed amyloid.

(A) Cystatin C immunoreactivity in leptomeningeal arteries and in arteries at the
surface of the cerebral cortex. (B) Cystatin C immunoreactivity in leptomeningeal
arteries in the sulcus and in the molecular layer of the cerebellum. (C) Cystatin C
immunoreactivity in arteries in the granular layer and (D) in the white matter of the
cerebellum. (E) Cystatin C deposition in arteries and perivascular deposition in the
tectum of the midbrain. (F) Cystatin C deposition in arteries in the superior colliculus
of the midbrain. (G) Cystatin C immunoreactivity in arteries with prominent
perivascular deposition and focal deposits in the thalamus, close to the ventricle. (H)
Cystatin C immunoreactivity showing perivascular cystatin C deposition in the
thalamus, adjacent to the lateral ventricle. Figure reprinted and modified from
(Snorradottir et al., 2015) with permission from Elsevier. Scale bars: 50 um on all
figures.
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4.1.4 CAA severity

According to criteria defined by Thal et al. (Thal et al., 2002a), CAA severity
in the brain can be classified into CAA type 1 and type 2 dependent on
capillary involvement, i.e. capillaries are affected in type 1 but not in type 2.
The CAA pathology can further be defined into three stages; mild, moderate,
and severe, according to criteria defined by Vonsattel et al. (Vonsattel et al.,
1991). A detailed description of these criteria is provided in section 1.5.2 of
the Introduction. By applying these criteria to the HCCAA brain samples, the
CAA pathology was classified as CAA type 2, i.e. capillaries were not
affected in HCCAA. Furthermore, the CAA pathology was graded as “severe”
in the cerebrum, cerebellum, midbrain, and thalamus of all patients examined
(Figure 17).

4.1.5 Extracellular matrix accumulation in association with
cystatin C deposition

The distribution of the extracellular matrix proteins COLIV, laminin, and the
chondroitin sulfate proteoglycan aggrecan (AGC1l), was examined in
leptomeningeal vessels of HCCAA samples and compared to that of controls
in the comparative study described in Paper | (Figure 2 and Table 1 in Paper
I). The leptomeninges were chosen for this comparison because samples
from this tissue were available in autopsy material from all the patients and
controls included in that study, whereas this was not always the case for
samples from other brain areas. However, similar changes in ECM
distribution were also observed in vessels in all other brain areas studied
from HCCAA patients and will also be addressed in this thesis.

Masson’s trichrome staining revealed extensive collagen staining in
vessel walls of HCCAA patients. This staining also showed a sparse, or
absent, SMC layer and an acellular appearance of the wall of the most
affected arteries/arterioles, especially in arterioles (Figure 18A).
Immunostaining with a COLIV antibody showed extensive, and intense,
COLIV immunoreactivity in vessel walls of patients (Figures 18B-D)

compared to controls, where such immunoreactivity was restricted to the BM
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(Figure 2D in Paper I). The COLIV immunoreactivity in the vessels of HCCAA
patients was present in all layers of the wall, i.e. the intima, media, and
adventitia. In contrast to cystatin C immunoreactivity, which was sometimes
absent from the intima (as described above), COLIV immunoreactivity was
invariably present in the intima (Figures 18B-D). Quantitative analyses of
COLIV immunoreactivity in leptomeningeal arteries of HCCAA patients and
controls showed a significant increase of the immunoreactivity in the patients

(Figure 6 in Paper I).

Figure 18. Collagen accumulation in HCCAA vessels.

(A) Masson‘s trichrome staining showing collagen accumulation in leptomeningeal
vessels. (B) COLIV Immunoreactivity in leptomeningeal vessels, showing COLIV
accumulation throughout the entire vessel wall. (C) COLIV accumulation in an
arteriole (arrow) in the cortical grey matter. (D) COLIV accumulation in an artery (blue
arrow) and arterioles (black arrows) in the midbrain in contrast to normal COLIV
immunoreactivity in the capillaries that are evenly distributed in the sample. Scale
bars: 50 um on all figures.
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The distribution of cystatin C and COLIV immunoreactivity in HCCAA
arteries/arterioles was similar such that cystatin C deposition was always
accompanied with COLIV accumulation (Figure 19). COLIV immunoreactivity
in the capillaries of HCCAA patients was normal (Figures 18C-D) and,
similarly, cystatin C deposition was not observed in the capillaries. This
indicated a close association between COLIV accumulation and cystatin C

deposition in arteries/arterioles of HCCAA patients.

AA"""-' v v";~ ” -"'“B.>'.,;.

Figure 19. Cystatin C and COLIV association in HCCAA patients.
(A-B) Serial sections of the same vessels. (A) Cystatin C immunoreactivity in a
cortical artery and in leptomeningeal arteries. (B) COLIV immunoreactivity in the
same arteries shown in panel (A). Scale bars: 50 pm on both figures.

Immunohistochemical staining for laminin showed thicker laminin structures
in the BMs of arteries/arterioles in patients than in controls (Figure 20A below
and Figure 2 in Paper I). Quantitative analyses of laminin immunoreactivity
confirmed that difference (Figure 6 in Paper I). Finally, AGC1 was distributed
throughout the arterial wall of patients (Figure 20B), whereas no staining was
visible in arteries of controls (Figure 2 in Paper I). Quantitative analyses of

the AGC1 immunoreactivity was performed (Figure 6 in Paper I).
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Figure 20. Laminin and AGC1 in HCCAA brain.

(A) A cortical artery and arteriole in the cerebrum with thick laminin structures.

(B) Cortical arterioles in the cerebrum with AGC1 accumulation in their vessel walls.
Scale bars: 50 um on both figures.

4.1.6 Parenchymal cystatin C immunoreactive focal deposits

Parenchymal cystatin C deposits were observed in some of the patients
(Table 1 in Paper Il). These deposits were found in all brain areas (Figure
21), but their location varied between patients in which they occurred. All of
the deposits detected were in close regional association with areas
containing severely affected arteries. The deposits showed strong cystatin C
immunoreactivity, were visible by H&E staining, and were associated with
neuroinflammation (Figure 4 in Paper Il). However, they did not show
birefringence under polarized light following Congo red staining (Figure 2 in
Paper 1l). The size of the focal deposits was in the range of 30-50 pm in
diameter. According to criteria defined by Duyckaerts et al. (Duyckaerts et al.,
2009) (described in section 1.6 of the Introduction), these features of the

deposits showed that they could be defined as focal deposits.
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Figure 21. Focal deposits.

Cystatin C immunoreactive focal deposits in the: (A) cerebrum, (B) cerebellum and,
(C) thalamus. (D) Higher magnification image of cystatin C immunoreactive focal
deposits in the thalamus. (E) Higher magnification image of a focal deposit in the
midbrain. Scale bars: 50 um on all figures.

4.1.7 Neuroinflammation in association with cystatin C
deposition
The distribution of immune cells (Paper IlI) was examined in all brain areas,
i.e. cerebrum, thalamus, midbrain and cerebellum, of HCCAA patients by
immunostaining with antibodies against GFAP (an astrocyte marker), IBA1 (a
microglia marker), CD68 (a macrophage marker), and HLA-DR (an immune
signalling molecule). For comparison, the immunoreactivity of GFAP, CD68,
and IBA1 was quantified in cortical sections from HCCAA patients and
controls.

Reactive astrocytes were observed in all brain samples from HCCAA
patients. These astrocytes were immunoreactive for GFAP and had
characteristics of hypertrophic/gemistocytic astrocytes, i.e. a thicker cell body

and thicker, extended, processes (Figure 22).
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Figure 22. GFAP immunoreactivity in HCCAA.
(A) GFAP immunoreactivity showing reactive astrocytes with thick cell bodies and
extended processes (arrows) around an amyloid-laden artery in the thalamus. (B) A
reactive astrocyte in higher magnification, showing characteristics of a hypertrophic
astrocyte (arrows). Scale bars: 50 um on all figures.

Reactive astrocytes were in close association with cystatin C deposition in
arteries (Figure 23). The number of activated astrocytes was increased
around affected arteries/arterioles and the astrocytes encircled them with a
compact “glial scar’ (Figure 23B). Activated microglia/macrophages were
also found within the glial scar (Figure 23C). In some cases, astrocyte
processes were seen within perivascular cystatin C deposits surrounding
arteries (Figure 5C in Paper II). In contrast, GFAP immunoreactivity in control
brain samples was weak and astrocytes were found in small numbers
scattered throughout grey and white matter (Figure 5 in Paper ll).
Quantitative analysis of GFAP immunoreactivity in cortical sections showed
that the increase in immunoreactivity around arteries in patients was

significant compared to controls (Figure 6 in Paper II).
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Figure 23. A glial scar.
(A-C) Serial sections of the same artery (center) and arteriole (left) in the midbrain:
(A) Cystatin C immunoreactivity. (B) GFAP immunoreactivity showing a glial scar
around the vessels. (C) CD68 immunoreactivity (macrophages) around the vessels
and within the glial scar. Scale bars: 50 um on all figures.

In addition to astrocytes and microglia cells, ECM proteins are also a part of
glial scars in the CNS (Raposo & Schwartz, 2014). As described above in
section 4.1.5, the accumulation of ECM proteins in HCCAA arteries/arterioles
was observed. A glial scar was always found around affected vessels and
these vessels also showed accumulation of ECM proteins within the vessel

wall, an example of this is shown in Figure 24

(A-C) Serial sections of the same midbrain artery: (A) Cystatin C deposition. (B)
GFAP immunoreactivity showing a glial scar. (C) COLIV accumulation. (D-F) Serial
sections of the same cerebral artery: (D) Cystatin C deposition. (E) GFAP
immunoreactivity showing a glial scar. (F) AGCL1 deposition. Scale bars: 50 um on all
figures.
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Microglia close to affected arteries and around focal deposits in patients
displayed morphologic features of activated microglia, i.e. enlarged cell
bodies with thick, and short, processes (Figure 25). In contrast, IBA1l
immunoreactive microglia in controls displayed a ramified morphology and
were evenly distributed in both the grey and white matter. Quantitative
analyses on the cortical sections showed that the increase in IBAL
immunoreactivity around arteries in patients was significant compared to
controls (Figure 6 in Paper Il). Immune cells in the affected amyloid-laden
arterial wall (in the media and adventitia) of HCCAA patients which had
morphologic characteristics of both activated microglia and macrophages
were immunoreactive for IBA1 as well as HLA-DR; this was determined by
double staining for the both markers. (Figure 7 in Paper ).
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Figure 25. Microglia response in HCCAA.

(A) IBA1 immunoreactivity showing a microglial response (examples shown with
arrows) around, and within, an affected arteriole in the midbrain. (B) IBAl positive
microglia (examples shown with arrows) adjacent to affected leptomeningeal vessels.
Scale bars: 50 um on both figures.

CD68 immunoreactive cells, i.e. macrophages, were present around, and
within, affected amyloid-laden arteries (Figures 26A-B). As observed for the
other immune cell markers discussed above, CD68 immunoreactivity was
stronger around/within arteries with perivascular deposits. “Gaps” could be
seen in the cystatin C immunoreactive areas where CD68 positive
macrophages were located, suggesting that the macrophages were
attempting to clear cystatin C deposits (Figures 26C-E). CD68
immunoreactive cells were also detected in infarcts after hemorrhages. In

contrast, the distribution of macrophages in control brain samples was not
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clustered, as seen in patient samples (Figure 5 in Paper Il). Quantitative
analyses of cortical sections showed that the increase in CD68
immunoreactivity around arteries in patients was significant compared to

controls (Figure 6 in Paper II).

Figure 26. Macrophages in HCCAA.

(A) Cystatin C immunoreactivity in an artery in the midbrain. (B) Same artery as in
panel (A) showing CD68 immunoreactivity around, and within, the vascular wall. (C)
Cystatin C immunofluorescence staining (green fluorescence) in vessels with
perivascular deposits in the thalamus. The arrows in the picture point to “gaps” In the
cystatin C staining. (D) CD68 immunoreactivity (red fluorescence) showing
macrophages (examples indicated by the arrows). (E) A merged picture showing both
cystatin C and CD68 immunoreactivity which shows that some of the macrophages
were situated within the “gaps” of the cystatin C immunoreactivity. Scale bars: 50 pm
on all figures.
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In addition to vessels, immunoreactivity for GFAP, IBA1, and CD68 was seen
around, and within, focal deposits, and the immune cells around the deposits
displayed similar characteristics of activation as the cells around vessels
(Figure 27).

Nl
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Figure 27. Focal deposits and neuroinflammation.

(A) A focal deposit visible by H&E staining (centre). (B-D) Serial sections of the same
focal deposit showing: (B) Cystatin C immunoreactivity, (C) GFAP immunoreactivity,
and (D) CD68 immunoreactivity. (E) Cystatin C immunoreactivity of focal deposits
(upper left) and an affected artery (lower right) in the midbrain. (F) Same area as in
(E) showing GFAP immunoreactivity and activated astrocytes. Figure modified and
reprinted from (Snorradottir et al., 2015) with permission from Elsevier. Scale bars: 50
pum on all figures.

4.2 HCCAA skin pathology

Skin deposition of cystatin C in HCCAA was initially described by Benedikz et
al. (Benedikz et al., 1990). In this study, skin biopsies were chosen because
of the mild or intermediate stage of the disease in peripheral tissues and,
therefore, the possibility of gaining information about early pathological
changes during HCCAA pathogenesis compared to the end-stage pathology
found in the brain samples. Skin biopsies from L68Q-CST3 carriers and
controls were used to perform a detailed comparison of general tissue
structure, cell type distribution in the skin, as well as cystatin C and COLIV
immunoreactivity. The L68Q-CST3 carriers were divided into two categories:

symptomatic or asymptomatic. Carriers were termed symptomatic if they had
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been hospitalized due to cerebral hemorrhage/hemorrhages and
asymptomatic if they had no record of cerebral hemorrhage before the time of

biopsy.

4.2.1 General tissue structure of HCCAA skin

The examination of H&E stained skin biopsies from the central back of L68Q-
CST3 carriers did not show the characteristic vascular pathology observed in
CNS arteries/arterioles, i.e. acellular, homogenous, arterial walls in dermal
arteries and arterioles. However, H&E staining did reveal increased cell
numbers in the upper dermis, right below the epidermis, in carrier skin
biopsies (Figure 1 in Paper IlI). Mild inflammation was detected in biopsies
from two of fourteen carriers included in the study (data not shown). Apart
from this, no major deviations from the structure of normal skin (controls)
were seen in the L68Q-CST3 carrier skin biopsies (Figure 28) and the

carriers did not show any clinical symptoms from the skin.

)
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Figure 28. H&E stained skin sections.

(A) H&E stained control skin biopsy showing the epidermis and dermis. (B) H&E
stained skin biopsy from a carrier showing proliferation of cells in the dermis right
below epidermis (arrows). Scale bars: 50 um on all figures.

4.2.2 Cystatin C deposition in skin biopsies

Cystatin C deposition was observed in skin biopsies from all the L68Q-CST3
carriers, but the degree of the deposition, i.e. its quantity as well as the extent

of its distribution, varied between carriers. In contrast, no cystatin C
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immunoreactivity was observed in the skin biopsies from controls with the
staining protocol used.

In symptomatic carriers, the cystatin C deposition was most evident in the
BM between the epidermis and dermis, but was also present in BMs around
dermal arteries, arterioles, veins, hair follicles, sebaceous glands, fat/sweat
glands, and arrector pili muscles (Figure 29 below and Figure 1 in Paper IlI).
In asymptomatic carriers, the deposition was not as extensive as in the
symptomatic carriers, i.e. cystatin C immunoreactivity was seen in the same
structures but to a lesser extent (Figure 1 in Paper Ill), and in three of the six
asymptomatic carriers it was only observed in the BM between the epidermis
and dermis (Figure 29C). Cystatin C deposition in dermal vessels was seen
in both arteries/arterioles and in veins, whereas the brain veins were not, or
only minimally, affected. The cystatin C deposits in Congo red stained carrier
biopsies did not show apple-green birefringence under polarized light, which
showed that the deposits were not in an amyloid form.

A quantitative comparison of cystatin C immunoreactivity between
asymptomatic and symptomatic carriers revealed that there was an
association between disease status within the central nervous system and
the quantity of cystatin C immunoreactivity in skin biopsies, i.e. the cystatin C
deposition in skin biopsies from symptomatic carriers was significantly

elevated compared to that of asymptomatic carriers (Figure 2 in Paper I11).

Figure 29. Cystatin C deposition in skin biopsies from L68Q-CST3 carriers.

(A) Cystatin C immunoreactivity in a symptomatic carrier in the BM between the
epidermis and dermis (arrows, BM) and in the BMs around dermal vessels. (B)
Cystatin C immunoreactivity in an asymptomatic carrier showing less extensive
cystatin C deposition in the BM (arrows) between the dermis and epidermis and in the
BMs of other structures. (C) Cystatin C immunoreactivity restricted to the BM between
the epidermis and dermis in an asymptomatic carrier. Figure modified and reprinted
from (Snorradottir et al., 2017) with permission from Nature Publishing Group. Scale
bars: 50 um on all figures.
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4.2.3 COLIV immunoreactivity in skin biopsies

The extensive COLIV accumulation in HCCAA brain arteries/arterioles, and
its close association with cystatin C deposition, raised the question whether a
similar effect could be seen in the skin of carriers and HCCAA patients. As
expected, due to its expression in skin, the skin biopsies from both L68Q-
CST3 carriers and controls were immunoreactive for COLIV, which was
present in the BM between the epidermis and dermis, as well as in BMs of
dermal arteries, arterioles, veins, fat/sweat glands, hair follicles, sebaceous
glands, and arrector pili muscles. As described in section 4.2.2, these were
the same areas in the skin where cystatin C deposition was observed in the
L68Q-CST3 biopsies, manifesting the close association between COLIV and
cystatin C deposition in HCCAA previously observed in the CNS (Figure 30
below and Figure 3 in Paper Il1).

There was a difference in the extent of COLIV deposition in the carrier
biopsies compared to the controls. This difference was especially evident in
the BM between the epidermis and dermis (Figure 30). In carriers the COLIV
immunoreactivity in this region was more extensive, i.e. it was spread to
some degree up into the epidermis and further down into the dermis (Figure
30B). In the controls COLIV immunoreactivity in this area consisted of a thin,
and relatively well defined, line marking the border between the dermis and
epidermis (Figures 30C-D). Quantitative analysis of COLIV immunoreactivity
showed that there was a significantly elevated COLIV immunoreactivity in the
carrier biopsies versus controls (Figure 2 in Paper Ill). However, there was no
significant difference between COLIV immunoreactivity between symptomatic

and asymptomatic carriers (Figure 2 in Paper IlI).
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Figure 30. COLIV immunoreactivity in skin biopsies.

(A) COLIV immunoreactivity in a skin biopsy from a carrier, showing COLIV in the BM
between the epidermis and dermis and in the BMs in vessels (asterisk), sebaceous
glands (SG), and sweat glands. (B) A higher magnification image of a region from
panel (A) showing COLIV immunoreactivity in the BM between the dermis (D) and
epidermis and the extended, and more diffuse COLIV distribution and how it extends
down into the dermis. White arrows point to density of COLIV immunoreactive cells
(fibroblasts) and black arrows to thread-like collagen structures. (C) COLIV
immunoreactivity in a control biopsy, showing a normal distribution and magnitude of
COLIV immunoreactivity in the same structures as in panel (A). (D) A higher
magnification image of panel (C) showing the BM region between the dermis and
epidermis. Figure modified and reprinted from (Snorradottir et al., 2017) with
permission from Nature Publishing Group. Scale bars: 50 um on all figures.
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4.2.4 The association between cystatin C deposition and COLIV

As mentioned, the COLIV immunoreactivity, and Masson’s trichrome staining,
in the carrier skin biopsy samples showed that the distribution of COLIV was

very similar to that of the cystatin C deposition (Figure 31).

skin biopsies.

(A) Masson’s trichrome stain of sweat glands showing collagen staining (blue) in the
BM (arrows). (B) COLIV immunoreactivity in the BM of sweat glands (arrows). (C)
Cystatin C immunoreactivity (deposition) in the BM of sweat glands (arrows). (D)
Masson’s Trichrome staining of the BM between the epidermis and dermis, showing
accumulation of collagen (darker blue) in this area (arrows). (E) COLIV
immunoreactivity in the BM between epidermis and dermis, confirming that the
collagen deposition in (D) contains COLIV. (F) COLIV immunoreactivity in the BM
between epidermis and dermis of a control, showing a thin, relatively well defined line.
Scale bars: 50 um on all figures.
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Analysis by confocal immunofluorescence microscopy confirmed that there
was a close association between cystatin C deposition and COLIV in the
carrier skin biopsies. In many cases, the association between the two
proteins was to the degree of co-localization, i.e. an overlap of fluorescent
markers (Figure 32 below and Figure 3 in Paper lll), and in those instances

where the proteins were not co-localized they were in close proximity.

Figure 32. The association between cystatin C deposition and COLIV in L68Q-
CST3 skin biopsies.

(A) Cystatin C deposition in the wall of a vein. (B) COLIV immunoreactivity in the BM
of the same vein. (C) The merged image shows spatial overlap (co-localization, i.e. a
yellow color) of the red fluorescent label of cystatin C and of the green fluorescent
label of COLIV.

In the study, the spatial overlap of fluorescent markers (co-localization) was
assessed such that, in the software for the confocal microscope, a region of
interest (ROI) was selected to generate an intensity profile graph for the
fluorescence channels. The example shown in Figure 33 shows the intensity
profile of the red fluorescence (cystatin C) and the green fluorescence
(COLIV) in the ROI defined by the white line in Figure 33A. The close
association of the generated profiles (Figure 33B) indicates that the location
of cystatin C and COLIV immunoreactivity in the BM of the vessel was in

close proximity.
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Figure 33. An example of an intensity profile analysis with regards to the spatial
overlap of cystatin C and COLIV immunoreactivity in the skin of a carrier.

(A). A region of interest (ROI) was defined (indicated by the white line) that extended
through a vessel (fluorescent markers: white: DAPI, green: COLIV, and red: cystatin
C). (B) The intensity profile for the fluorescent markers in the ROI shows that there
was a spatial association of the green (COLIV) and red (cystatin C) fluorescent
markers.

4.2.5 Cystatin C and COLIV deposition were associated with
fibroblasts in the skin

Certain cell types that are present in the walls of cerebral arteries are also
present in the skin. Therefore, analyses of cell types that associate with
cystatin C and COLIV in the skin might give important information regarding
pathogenesis within arteries in the brain. Analyses with confocal
immunofluorescence microscopy and immunohistochemistry were used to
study the association of cystatin C and COLIV with cell types found in skin
(Paper lll). As mentioned, H&E staining showed a proliferation of cells in the
upper dermis, right beneath the BM between the epidermis and dermis in
carrier skin biopsies. These proliferating cells were positive for vimentin (a
fibroblast marker) and had the morphological characteristics of stimulated
fibroblasts, i.e. an enlarged cell body (Figure 34). Furthermore, these cells
were negative for p63, whose expression is restricted to epithelial cells of
stratified epithelia in normal skin, as well as negative for both the epithelial
cell adhesion molecule E-cadherin and aSMA, which is a smooth muscle cell

marker (Figure 4 in Paper 1l1).
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Figure 34. The proliferation of fibroblasts in L68Q-CST3 skin biopsies.

(A) An image of a control biopsy showing vimentin immunoreactivity (green
fluorescence) of fibroblasts in the upper dermis (blue fluorescence: DAPI). (B) An
image of a similar area in a carrier biopsy showing an increased number of vimentin
immunoreactive fibroblasts with enlarged cell bodies. (C) An image of a control biopsy
showing the normal distribution of fibroblasts (vimentin immunoreactivity) in the
epidermis and upper dermis. (D) A carrier biopsy showing an increased number of
fibroblasts (vimentin immunoreactivity) with expanded cell bodies (arrows) in the
epidermis and upper dermis. Figure reprinted and modified from (Snorradottir et al.,
2017) with permission from Nature Publishing Group. Scale bars: 50 pm on all figures.
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The analyses performed by confocal immunofluorescence microscopy
highlighted the close association between fibroblasts, cystatin C deposition
and COLIV (Figure 35), and in some cases cystatin C and COLIV seemed to
be intracellular in fibroblasts (Figure 5 in Paper III).

DAPI-white / Vim-blue / CysC-red F DAPI-white / Vim-blue / COLIV-green G DAPI-white / CysC-red / COLIV-green H Merged - all markers
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Figure 35. Close association of fibroblasts, COLIV and cystatin C.

(A-H) High magnification images showing immunofluorescence staining (white: DAPI,
blue: vimentin, green: COLIV, and red: cystatin C) of a vein demonstrating the close
association of vimentin, COLIV, and cystatin C deposition in the BM and showing cells
that were immunoreactive for all three markers (arrows in H).

An ROI was defined in the vein shown in Figure 35 to assess the co-
localization of the fluorescence channels with fluorescence associated with
fibroblasts (vimentin immunoreactivity, blue), cystatin C (red) and COLIV
(green). This profile shows the close association between these three

markers (Figure 36).
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Figure 36. Intensity profile analysis of the spatial overlap of cystatin C,
COLIV and vimentin in the wall of a dermal vein of a L68Q-CST3 carrier.

(A). An ROI was defined (indicated by the white line) that extended through the
wall of a vein (fluorescent markers: white: DAPI, blue: vimentin, green: COLIV, and
red: cystatin C). (B) The intensity profile generated for the ROI shows that there
was a close association of the blue (vimentin), green (COLIV) and red (cystatin C)
fluorescent labels.

TGF-B can stimulate collagen production in fibroblasts through a SMAD-
dependent signalling cascade. One step in this cascade is the
phosphorylation of SMAD2/3 (Massague, 1998, 2012). The increased COLIV
immunoreactivity in the carrier skin biopsies could be due to elevated TGF-3
stimulation in fibroblasts. The immunoreactivity of pSMAD2/3 was examined
in the skin biopsies with confocal immunofluorescence microscopy (Paper
III). The nuclei of fibroblasts in biopsies from carriers and controls were
immunoreactive for pSMAD2/3 (Figure 37). The difference between the
pSMAD2/3 immunoreactivity between carriers and controls was therefore
mainly because of the denser population of fibroblasts in the carrier biopsies

compared to the controls (Figure 6 in Paper Il1).

76



Results

Carrier: DAPI-blue / Virﬁ-gregn B Carrier: DAPI-blue / pSMAD2/3-red)| C

Figure 37. pSMAD2/3 immunoreactivity fibroblasts in a skin biopsy from a
L68Q-CST3 carrier.

Immunofluorescence staining (blue: DAPI, green: vimentin, and red: pSMADZ2/3) of a
carrier showing vimentin positive fibroblasts with pSMAD2/3 immunoreactivity in the
nucleus. Figure reprinted and modified from (Snorradottir et al., 2017) with permission
from Nature Publishing Group. Scale bar: 50 um on all figures.
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4.3 HCCAA pathology in peripheral organs (unpublished)

4.3.1 General tissue structure

When it came to peripheral tissues, relatively few post-mortem samples were
available compared to the CNS and the skin. Furthermore, appropriate
controls were difficult to obtain. Thus, at present, the association between
cystatin C, collagen, and COLIV in peripheral HCCAA tissues has yet to be
pursued further then described here in this section.

Post-mortem samples from peripheral tissues of three patients were
examined. These tissues were: heart, liver, kidney, lung, tonsil, and stomach.
H&E staining of sections from these samples showed normal tissue
architecture, except in the case of one patient in which fibrotic changes were

detected in the heart.

4.3.2 Cystatin C deposition in organs outside the CNS

Cystatin C deposition in organs outside the CNS in HCCAA patients, such as
lymph nodes, submandibular salivary glands, seminal vesicles, spleen, and
skin, has been described before in the literature (Benedikz et al., 1990;
Lofberg et al., 1987; Palsdottir et al., 2006; Thorsteinsson et al., 1988) but it
has not been previously addressed in the heart, liver, lung, or stomach.
Cystatin C deposition in the three patients examined was most profound in
the heart and of the peripheral tissues examined, Congo red staining of
cystatin C deposits only displayed green birefringence under polarized light in
samples from the heart and stomach (Figure 38). Cystatin C
immunoreactivity in the heart was observed in vessels (arteries and veins) in
connective tissue of focal interstitial fibrosis. In lungs and liver, the deposition
was only present in vessels. In kidney, cystatin C immunoreactivity was found
in vessels and tubular-interstitial tissue. In stomach and tonsil, deposition was
found in vessels, interstitial tissue, and perivascular connective tissue.
Examples of cystatin C immunoreactivity in these peripheral tissues are

shown in Figure 39.
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Figure 38. Cystatin C amyloid in the heart.
(A) Cystatin C deposition in vessels and in connective tissue. (B) Birefringence in

polarized light in a Congo red stained heart section shows that the cystatin C deposits
contain amyloid. Scale bar: 50 um on both figures.

Figure 39. Cystatin C deposition in peripheral tissues from HCCAA patients.

(A) Cystatin C deposition in vessels in the liver. (B) Cystatin C deposition in vessels in
the stomach. (C). Cystatin C deposition in vessels and in connective tissue of focal
interstitial fibrosis of the heart. Scale bars: 50 um on all figures.
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4.3.3 Collagen accumulation in peripheral tissues

As in the CNS and skin, there was an association between cystatin C
deposition and collagen in the peripheral tissues examined, i.e. the
distribution of cystatin C deposition and that of collagen was very similar.
Masson’s trichrome staining showed that the collagen distribution within the
tissues was the same as that of the cystatin C deposition. This was especially
evident in the heart. Furthermore, Masson’s trichrome staining of the heart

showed focal interstitial fibrosis in one patient (Figure 40).
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Figure 40. Cystatin C deposition and collagen accumulation in the heart of an
HCCAA patient.

(A) Cystatin C deposition in vessels and connective tissue. (B) Masson’s trichrome
staining showing fibrosis (blue). Scale bars: 50 um on both figures.

4.4 Proliferation and differentiation of fibroblasts in brain
arteries (Unpublished)

The results from the skin described in Paper lll, i.e. the close association
between cystatin C, COLIV and fibroblasts, coupled with the close
association of cystatin C and COLIV immunoreactivity in brain
arteries/arterioles (Paper 1) and in peripheral tissues (section 4.3 of this
thesis), raised the question whether similar changes as those observed in the
skin might also be found in some brain arteries despite the advanced
pathology in the brain. Therefore, all of the brain sections from Papers | and
Il, were examined again to look for arteries/arterioles which displayed a
slightly less advanced pathology, i.e. with the intima free of cystatin C
deposition. Samples from 30 HCCAA patients were examined. The number

of sections from each patient was variable as was the availability of samples
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from different areas. Throughout all the samples examined (55 sample
sections), only 30 arteries were found and of these there was one large artery
where cystatin C deposition was only present in the BM (Figure 41). As
described above, the CAA pathology in HCCAA was invariably severe and,
overall, arteries in which cystatin C deposition were not found throughout the
entire vessel wall were a very rare finding. When observed, however, this
was almost always such that the intima was free, or partially free, of

deposition.

Figure 41. Cystatin C deposition in less affected HCCAA arteries.

(A) In 30 HCCAA patients, one large leptomeningeal artery in the cerebrum was
found in which cystatin C deposition was only present in the BM (arrows). (B) Cystatin
C immunoreactivity in a midbrain artery with part of the intima free of cystatin C
deposition. Scale bars: 50 pm on both figures.

Vessels in which the intima, or part of the intima, was free of cystatin C
deposition had an abnormally thick intima which appeared to contain a
proliferation of cells with fibroblast morphology; fibroblasts are not normally
found in the intima (Figure 41B and Figure 42). As described in the
Introduction (section 1.4) the intima of normal cerebral arteries/arterioles
consists of one layer of endothelial cells which is supported by the IEL and
the BM (Ballabh et al., 2004). As previously mentioned, many affected
arteries in HCCAA have abnormally thick intima as seen before with
Verhoeff's elastin staining and cystatin C immunostaining (Figure 14B in
section 4.1.1 and Figure 41B above). By examining sections of arteries in
which the intima was devoid of cystatin C deposition, the cystatin C
deposition in these arteries was close to the BM/IEL and extended from the

BM/IEL through the media and adventitia, whereas the intima was free of
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deposition (Figure 42). Figure 42 shows an artery with cystatin C deposition
reaching from the BM/IEL (blue arrows) and into the media/adventitia, with
the intima free of cystatin C and containing proliferating cells. The cells found
in thickened intima devoid of cystatin C deposition had an elliptical nucleus
and were immunoreactive for a-SMA, which is also a marker for
myofibroblasts (Figure 42C). In Figure 42C (a-SMA immunoreactivity), a few

a-SMA negative endothelial cells can be seen (red arrow pointing to one)

lining the lumen.

Figure 42. Cystatin C deposition and fibroblasts in an HCCAA artery.

(A-C) Serial sections of the same HCCAA artery in the thalamus: (A) Cystatin C
immunoreactivity in the media and adventitia and a thickened intima free of cystatin C
(black arrows) with a proliferation of cells (black arrows) and the deposition stops at
the BM/IEL (blue arrows). (B) H&E stain showing the proliferation of cells in the
thickened intima (black arrows) and the BM/IEL (blue arrows). (C) The proliferating
cells were immunoreactive for a-SMA (black arrows). The red arrow points to an
endothelial cell that does not show a-SMA immunoreactivity. Scale bars: 50 um on all
figures.

In the advanced stages of cystatin C deposition, it extended towards the
intima and the endothelial cells, as seen in Figure 43 which shows more
advanced deposition which has reached past the BM/IEL (blue arrows) and
further into the intima compared to the larger leptomeningeal artery, with less
advanced pathology in Figure 42. Furthermore, fewer cells were present in
the intima in the artery shown in Figure 43 (black arrows) than in the larger
artery in Figure 42. Arteries in which the intima were free of cystatin C
deposition were COLIV immunoreactive throughout their entire wall (Figure
43), as were other affected vessels. This suggests that the COLIV expansion
happened before the cystatin C deposition. Furthermore, COLIV

immunoreactivity was found within the same area as the proliferating a-SMA
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immunoreactive cells which were most likely the source of the COLIV

accumulation (Figure 43).

Figure 43. Cystatin C deposition and COLIV accumulation.

(A-D) Serial sections of the same HCCAA artery in the midbrain: (A) Cystatin C
immunoreactivity showing that part of the intima was free of cystatin C deposition, but
contained proliferating cells (arrows). (B). H&E stain showing the IEL (elastica, blue
arrows), a very thickened intima, cells in the innermost part of the artery (black arrow)
where there was no cystatin C deposition (as shown in (A)) and an acellular
appearance of other parts of the arterial wall. (C) a-SMA immunoreactivity in the
proliferating cells of the intima (arrows). (D) COLIV immunoreactivity throughout the
entire vessel wall, black arrows point to COLIV immunoreactivity in the intima and
blue arrows point to the IEL. Scale bars: 50 um on all figures.
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Arteries/arterioles with cystatin C immunoreactivity in the entire vessel wall
had a relatively acellular appearance compared to arteries/arterioles in which

the intima, or part of it, was free of cystatin C deposition (Figure 44).

A

Figure 44. Cystatin C and smooth muscle cells in HCCAA.

(A) Cystatin C immunoreactivity in two vessels in the midbrain with cystatin C
deposition through the entre vessel wall. (B) aSMA immunoreactivity in the same
vessels as in (A) showing that there are few smooth muscle cells left in the vessel
walls. Scale bars: 50 pm on both figures.
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5 Discussion

HCCAA is classified as a CAA disorder because of its strong cerebral
presentation. Mutant cystatin C forms amyloid deposits in the walls of
cerebral arteries resulting in cerebral hemorrhages and premature death in
young adults. The average life expectancy of carriers is 30 years although a
small subset of carriers (estimated 2-4%) lives longer; the reasons are
unknown (Palsdottir et al.,, 2008; Palsdottir et al., 2006). This study was
performed to advance understanding of details of the pathogenesis of
HCCAA, both in the CNS as well as in peripheral tissues, as well as to
evaluate the intermediate events during the progress of HCCAA
pathogenesis and, in addition, to identify cell types involved in the disease.

The study showed that pathological changes were most severe within the
CNS and consequently the clinical symptoms appear to be associated with
alterations to the blood vessels and parenchyma of the brain. Although the
most advanced pathological changes are found within the CNS, the
pathology in HCCAA is systemic and characterized by the presence of
cystatin C deposits, and Congo red birefringent amyloid, in peripheral tissues
of patients as well as in the brain, as shown in this study and those of others
(Benedikz et al., 1990; Lofberg et al., 1987; Palsdottir et al., 2006;
Thorsteinsson et al., 1988).

The material used for this study were brain samples available from
autopsies, post-mortem peripheral tissue samples, and skin biopsy samples
from L68Q-CST3 carriers. Detailed analyses were performed on the
pathology of the arterial wall and associated changes in the post-mortem
brain samples showing the end-stage pathology of the disease. Although
these samples gave important results regarding the pathology, the lack of
intermediate pathological changes in the samples made interpretation of the
sequence of pathological events difficult.

There is no functional animal model of HCCAA. Transgenic mice have

been produced that express the L68Q-CST3 variant under the control of the
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neuron specific Thy-1 promoter (Kaeser et al., 2007) as well as the human
CST3 promoter (Pawlik et al., 2004), but neither model showed cystatin C
amyloid deposition or cerebral hemorrhages. In this study, skin biopsy
samples were chosen to try to evaluate intermediate events in the
pathogenesis of HCCAA. This tissue type was chosen because it had been
previously shown that carriers have cystatin C deposits in various structures
of the skin (Benedikz et al., 1990). Another reason was the relative ease of
access and non-invasive nature of sampling, thus facilitating a comparative
study of carriers and controls using samples of the same size and from the
same location (upper back).

It was hypothesized that cell types that could be responsible for cystatin C
production, and therefore its deposition, in the brain were probably found
within the arterial wall, or its vicinity. Furthermore, because cystatin C
deposition is systemic, it was likely that such cell types were to be found
systemically throughout the body and not limited to the CNS. Due to the end
stage pathology of the brain samples it was difficult to use them to address
this question. In the brain samples, almost all arteries/arterioles were
severely affected by amyloid deposition and consequently cell death.
However, a few arteries (n=30) were identified with a slightly less advanced
pathology which had an increased number of fibroblasts in the intima. In
contrast to the brain, the skin biopsies had very mild, or intermediate, HCCAA
pathogenesis. Therefore, they gave important information about HCCAA
pathogenesis and its association with at least one cell type that could be
linked to cystatin C deposition and COLIV accumulation in the skin and in the

vasculature in the brain, notably fibroblasts.

86



Discussion

5.1 General tissue structure in HCCAA

The prominent pathological CAA changes described in this study were found
within, as well as peripheral to, the vascular wall of brain vessels and were
similar to pathological features that have been described in other CAA
diseases (Attems et al., 2010; Biffi & Greenberg, 2011; Maat-Schieman et al.,
2005; Tian et al.,, 2004; Yamada & Naiki, 2012) and features previously
described for HCCAA, i.e. the cystatin C deposition and SMC degeneration
(Blondal et al., 1989; Cohen et al.; Gudmundsson et al., 1972; Lofberg et al.,
1987; Wang et al., 1997).

The pathological changes were: amyloid deposition in the form of CAA,
intimal thickening, degeneration of SMCs and other cells in the vessel wall as
most of the walls displayed an acellular appearance. In the few arteries
where the intima was free of amyloid there appeared to be cell proliferation
within the intima. Other pathological features observed were degeneration of
the endothelia, fragmentation of the elastic layer, parenchymal cystatin C
focal deposits, infarcts, hemorrhages, microinfarcts, vessels with a “double
barrel” lumen, fibrinoid necrosis, accumulation of ECM proteins and a
neuroinflammatory response around affected arteries as well as cystatin C
deposition in the parenchyma.

These changes were most pronounced in arteries/arterioles in the
leptomeningeal space, although arteries in other brain areas were also
severely affected and displayed all of the pathological features mentioned
above. Furthermore, these pathological hallmarks were invariably observed
in samples from all the HCCAA patients, thus highlighting the severity of the
disease. The severity of the pathology in the post-mortem brain samples, i.e.
an end-stage pathology, made it difficult to determine a sequence of events
during pathogenesis.

Overall, the peripheral tissues from HCCAA patients and L68Q-CST3
carriers did not show pathological changes in normal tissue architecture and
there was no apparent tissue damage or functional disturbance of the tissue
as seen in the brain. However, a proliferation of fibroblasts in the upper

dermis of carrier skin biopsies was seen and fibrosis was evident in the heart
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of one patient with relatively late-onset HCAA, which affected normal heart
function.

In the skin biopsies, the vessel walls were normal with an intact SMC
layer despite cystatin C deposition and COLIV accumulation. The
pathological vascular changes we observed in cerebral arteries/arterioles, in
contrast to the observation of normal vessel wall structure in the peripheral
tissues, indicated an association between cerebral vascular amyloid
deposition, and perhaps ECM accumulation, with the pathological changes in
the cerebral arteries/arterioles such as the loss of SMCs and other cerebral
vascular cells, degeneration of the endothelia and fragmentation of the elastic
layer. The peripheral tissues of HCCAA patients had a less advanced
pathology than seen in the CNS, but it is likely that this pathology could
progress to a more severe stage with time, and higher age, as cystatin C and
COLIV deposition accelerated.

Hemorrhages and infarcts were widely distributed in the brain samples
from the HCCAA patients and were found in all brain areas examined. Macro-
hemorrhages were found in the midbrain and thalamus, which are areas of
the brain in which such hemorrhages are rarely found in AB-CAA diseases
and only in severe cases of HCHWA-D and sporadic AB-CAA (Wattendorff et
al., 1995; Yamada & Naiki, 2012). The study revealed that HCCAA brain
vessels affected by CAA, even in relatively young individuals, were severely
damaged to an extent that undoubtedly weakened the overall structure of the
vessel and consequently led to predisposition towards cerebral infarction and
cerebral hemorrhaging, which explains the young age at death of HCCAA
patients. In contrast to the brain, hemorrhages or infarcts were not found in
the peripheral tissues. The more widespread nature and higher occurrence of
hemorrhages in the young HCCAA patients compared to other CAA diseases
could to some extent be due to the nature of cystatin C itself. For example,
patients with AB-CAA, in which there is a co-localization of wild-type cystatin
C and AB in affected vessels, have an increased likelihood of fatal subcortical

hemorrhages (Maruyama et al., 1990).
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5.2 Cystatin C deposition
Cystatin C deposition and distribution were examined in post-mortem brain
samples from HCCAA patients and in peripheral tissues from HCCAA
patients and L68Q-CST3 carriers.

5.2.1 Cystatin C deposition in the brain

Cystatin C deposition and its distribution in the brain were assessed in the
leptomeningeal space, cerebrum, cerebellum, thalamus, and midbrain. The
deposition was most severe in small arteries and arterioles and was seen in
both grey and white matter in all brain areas examined. Veins and capillaries,
on the other hand, were not, or only minimally, affected. Arteries/arterioles in
the leptomeningeal space showed the highest level of cystatin C deposition;
however, arteries/arterioles in other brain areas also showed severe cystatin
C deposition. Cystatin C immunoreactivity was found in all layers of the walls
of almost all medium- and small-sized arteries and arterioles, some of which
were completely occluded due to cystatin C amyloid. Perivascular cystatin C
deposition was also seen around many affected arteries/arterioles.

The severity of cystatin C deposition within the vessel wall was assessed
using criteria defined by Vonsattel et al. (Vonsattel et al., 1991) (see
description of these criteria in section 1.5.2 in the Introduction). The
application of this severity scale showed that the CAA in HCCAA was severe,
i.e. deposition was observed almost or completely throughout the vessel wall.
The distribution of the cystatin C deposition was assessed using criteria
defined by Thal et al. (see definition in section 1.5.2 in the Introduction) (Thal
et al., 2003; Thal et al., 2008) by which the progression of CAA (AR)
throughout the brain is divided into three stages based on distribution where
stage 3 refers to the most widespread distribution. As the cystatin C
distribution in the HCCAA patients was such that it was seen in all of the
brain areas mentioned above, the progression of CAA in HCCAA was
determined to be stage 3 according to these criteria.

Severe CAA amyloid deposition in the midbrain, thalamus, and in white

matter arteries/arterioles, along with hemorrhages in these brain areas, as
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described for HCCAA in this study, is rarely seen in other CAA diseases
except in severe cases (Maat-Schieman et al., 1996; Yamada & Naiki, 2012).
The young age at death of the HCCAA patients from which samples were
examined in this study (mean age at death 36 years based on all brain
samples used in the study), with some patients younger than 30 years at
death, underlines the rapid disease progression of HCCAA and its severity
compared to the other CAA types, even the other familial types such as
HCHWA-D.

A very minor fraction of arteries (30 arteries in total of all arteries in all the
patient sample sections) were observed in which the intima was devoid,
either completely or to a degree, of cystatin C deposition; this was never
observed in arterioles. In these arteries, the deposition adhered to the BM as
well as being present in the media and adventitia. In some of them the
cystatin C deposition had extended past the BM and partially into the intima.
A close examination of the sample material from all the patients revealed one
large leptomeningeal artery in which cystatin C deposition was only present
by the BM with no deposition in other parts of the vascular wall. Apart from
this deposition the artery appeared structurally normal.

Taken together, these observations suggest that cystatin C deposition
starts in the BM, and perhaps in the BM surrounding SMCs, from which it
then extends into the media and adventitia, and then in the final stages of
deposition it progresses into the intima and endothelia. These findings are
similar to those described for AB-CAA (Carare et al.; Perlmutter, 1994;
Vinters & Pardridge, 1986; Yamaguchi et al., 1992; Zarow et al., 1997). The
progression of arterial cystatin C deposition in HCCAA could therefore be as

shown in Figure 45.
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Figure 45. A schematic picture showing the hypothetical progression of
cystatin C deposition in HCCAA.

(A) A normal cerebral artery showing the layers of the arterial wall. (B) Initial cystatin
C deposition in the BM and in the BM around SMCs. (C) Intermediate stage of
cystatin C deposition with deposition adhering to the BM, as well as in the media and
adventitia, with the intima free of deposition. (D) End-stage cystatin C deposition with
deposition throughout the entire vessel wall and in some cases perivascular.

5.2.2 Cystatin C deposition in the peripheral tissues

Cystatin C deposition was also observed in all the peripheral tissues
examined from HCCAA patients, i.e. heart, lung, kidney, tonsil, liver, and
stomach. In these organs, the deposition was mostly found in vessels, both
arteries and arterioles, as well as in veins and venules. In some of the
peripheral tissues cystatin C deposition was found within the interstitial tissue
and connective tissue. This was especially evident in fibrotic tissue in a heart
sample from one patient.

In the skin biopsies cystatin C immunoreactivity was most prominent in
the BM between epidermis and dermis and was also found in the BM of
vessels, as well is BMs around various structures in the skin, i.e. sebaceous
glands, sweat glands, and arrector pili muscles. The location of cystatin C
deposits in the skin concurred with that described previously by Benedikz et
al. (Benedikz et al., 1990).

Benedikz et al. commented in their paper that individuals that had a longer

history of the disease showed more cystatin C deposition. The results of the
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study described here provided quantitative confirmation of this suggestion,
i.e. symptomatic carriers had significantly higher levels of cystatin C
immunoreactivity in their skin than asymptomatic carriers. The fact that the
quantity of cystatin C deposition in skin was associated with the progression
of the disease in the CNS shows that skin biopsies could be used to assess
disease progression and could, therefore, be of use in the evaluation of
therapeutic interventions.

In contrast to cerebral arteries/arterioles, in which cystatin C deposition
was severe, the deposition in dermal vessels was mainly observed in their
BMs, although in some cases it was observed throughout the entire wall of
veins. Occluded vessels were never observed. Based on this observation,
and that the SMC layer in the dermal vessels was intact and no other major
abnormalities in the vessel wall structure were noticed apart from cystatin C
deposition and COLIV accumulation, the deposition in the skin could be
described as mild, or moderate, if one were to transfer the CAA criteria

defined by Vonsattel et al. (Vonsattel et al., 1991) to the vessels in the skin.

5.2.3 Cystatin C deposition in the form of focal deposits

Parenchymal focal deposits were observed in all HCCAA brain areas
examined. This was a novel observation in HCCAA. The focal deposits were
always found close to regions with affected arteries and were most prominent
in the thalamus, a brain area that was found to be highly affected in the
HCCAA patients and in which many arteries/arterioles had perivascular
cystatin C deposits. This indicated that focal deposit distribution correlated
with the severity of the CAA pathology.

The distribution of AB deposits in the brains of AD patients has been
categorized into five phases by Thal et al. (Thal et al., 2002b) dependent on
the extent of distribution within the brain. In phase 1, Ap deposits are found
exclusively in the neocortex. As the disease progresses, additional brain
areas are affected and phase 5 represents the most severe stage of
pathology. In phases 4 and 5 deposits are present in the brain stem and

cerebellum. Thal et al. also showed that phases 4 and 5 represent fully
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developed AB amyloidosis in AD, i.e. the final stage of a process that starts
with phase 1 and ends with phases 4 and 5.

In HCCAA, focal deposits were observed in both the brain stem and
cerebellum, i.e. similar to phases 4 and 5 of AB deposition, underlining the
severity of the cystatin C deposition and advanced CAA disease status in the
young patients. The focal deposits did not show birefringence under polarized
light after Congo red staining, i.e. they did not contain fully formed amyloid.

According to criteria defined by Duyckaerts et. al (Duyckaerts et al.,
2009), focal deposits can be non-amyloid or amyloid. Amyloid focal deposits
usually have a neuritic corona and are surrounded by a clear halo and are
referred to as cored deposits or neuritic plaques. The cystatin C deposits in
HCCAA are referred to as non-amyloid focal deposits and cannot be referred
to as cored deposits. Neurons have not been shown to be affected in HCCAA
and, therefore, it is unlikely that the focal deposits in HCCAA evolve to cored

deposits.

5.2.4 Cystatin C amyloid

Amyloid formation in amyloid diseases involves the transformation of a
soluble monomeric protein into insoluble amyloid fibrils, the intermediate step
in this process is the formation of oligomers of different sizes, as has been
shown with experiments on the cystatin C protein (Abrahamson & Grubb,
1994; Bjarnadottir et al., 2001; Wahlbom et al., 2007). These studies have
shown that L68Q cystatin C has an increased tendency to form dimers and
can also produce higher oligomeric forms (Abrahamson & Grubb, 1994;
Bjarnadottir et al., 2001; Wahlbom et al., 2007).

In the HCCAA brain samples, cystatin C deposits in cerebral
arteries/arterioles showed green birefringence after Congo red staining, i.e.
they contained amyloid. In contrast, the perivascular deposits and the focal
deposits did not. Of the peripheral organs examined in this study, only the
cystatin C deposits in the heart and stomach of one patient had reached
amyloid form (as determined by Congo red staining). This patient was older

at death than the average lifespan of carriers. Furthermore, other studies
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have shown that cystatin C deposition in post-mortem samples from
peripheral tissues can reach amyloid form, as demonstrated with Congo red
staining (Lofberg et al., 1987; Palsdottir et al., 2006; Thorsteinsson et al.,
1988).

Taken together, this indicates that the deposits of cystatin C, which did not
show birefringence under polarized light after Congo red staining, could
consist of different oligomeric forms. This concurs with the study of Benedikz
et al. (Benedikz et al.,, 1990) which observed amyloid-like threads using
electron microscopy in 13 of 21 skin biopsy sections from carriers/patients
which all showed cystatin C deposition. Therefore, the non-birefringent
cystatin C deposits found could be described as a midway step towards
forming amyloid, compared to the complete cystatin C amyloid form present

in the cerebral arteries/arterioles.

5.3 Extracellular matrix changes in HCCAA

This results of this study showed that accumulation of the ECM proteins
laminin, COLIV, and AGC1 were present in the cerebral vascular walls of
HCCAA patients and that this was a part of the HCCAA pathogenesis. The
distribution of cystatin C deposition was very similar to, and tightly associated
with, COLIV accumulation in the BMs of cerebral arteries/arterioles as well as
in the BMs of various structures in carrier skin biopsies. This was especially
evident in the BM between the epidermis and dermis.

There are multiple reports about changes in ECM composition in AD, AB-
CAA, and HCHWA-D (Kalaria & Pax, 1995; Tian et al., 2006; van Duinen et
al., 1995; van Horssen et al., 2001). The results presented in research
reports are conflicting regarding the type of ECM proteins involved, the
maghnitude of their accumulation, and what role they play in these diseases.
Studies have shown that COLIV, nidogen, and HSPG are associated with
CAA and amyloid plaques in AD and HCHWA-D where they interact directly
with, and influence, AR deposition and aggregation and could thus be actively
involved in the pathogenesis of these diseases (Cotman et al., 2000; Kalaria
& Pax, 1995; Perlmutter, 1994; van Duinen et al., 1987; van Horssen et al.,

2001). AGC1 has been documented to facilitate aggregation of AR (Ariga et
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al., 2010) and a protective role of AGC1 has been reported such that neurons
with AGC1 in their perineuronal net are protected against the pathological
processes of AD and show enhanced recovery after neural injury (Morawski
et al., 2012). Other studies have shown that the BM proteins COLIV, laminin,
HSPG, and nidogen interact with A and can inhibit its fibrillization (Bronfman
et al., 1998; Castillo et al., 1997; Cotman et al., 2000; Kiuchi et al., 2002;
Merlini et al., 2011). It has also been suggested that increased laminin in the
BMs of vessels affected by CAA is a response to the vascular damage,
resulting in BM thickening, thereby giving it increased strength (Merlini et al.,
2011). There are differences in the type, and magnitude, of ECM proteins
that are deposited in these diseases. For example, there are different types
of HSPG subtypes involved with AR in AD compared to HCHWA-D (van
Horssen et al., 2001).

A dysfunction of proteolytic systems within the cell has been implicated as
a causative factor in ECM remodelling in several diseases including AD,
ischemic stroke, atherosclerosis, and amyotrophic lateral sclerosis
(Bengtsson et al., 2005; Kurzepa et al., 2014; Lukaszewicz-Zajac et al., 2014;
Mroczko et al.,, 2014; Rivera et al., 2010; Sukhova et al.). Cysteine
cathepsins are important in ECM remodelling and regulation of BM function.
They are also able to degrade, for example, AGC1, COLIV, and laminin
(Fonovic & Turk, 2014). Matrix metalloproteinases (MMPs) are a group of
proteinases that take part in the degradation of ECM proteins, e.g. collagens,
proteoglycans, elastin or fibronectin, in normal physiological processes such
as wound healing, and are inhibited by tissue endogenous inhibitors (TIMPS)
(Rivera et al., 2010). The concentration of MMP-9, also known as type IV
collagenase, has been shown to be significantly lower in the CSF of AD
patients compared to controls (Mroczko et al., 2014). Lower concentrations of
MMP-9, which degrades COLIV, could therefore result in COLIV
accumulation. Cystatins have been found to stabilize and protect MMPs
(Ochieng & Chaudhuri, 2010). Another study has shown that cystatins, e.g.
cystatin C, can protect MMP-9 from autolytic degradation (Ray et al., 2003).

Moreover, studies have shown that the balance between cystatins, MMPs,
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TIMPs, and cathepsins is important for the regulation of ECM remodelling
(Bengtsson et al., 2005; Ochieng & Chaudhuri, 2010; Sukhova et al.). A
dysregulation of other MMPs has also been found in AD, which could affect
other ECM proteins (Horstmann et al., 2010). Therefore, the balance
between MMPs, cystatin C, and cathepsins could be important for the ECM
remodelling in HCCAA. The L68Q-CST3 mutation could affect that balance.
In conclusion, the association of COLIV, laminin, and AGC1, with HCCAA
pathogenesis could possibly influence cystatin C deposition and aggregation,
play a protective role, or each ECM protein could play a different role in the
pathogenesis of HCCAA. The close association between COLIV and cystatin
C in all of the samples examined, from different tissue types, indicates that
COLIV influences the cystatin C deposition. However, the role of each ECM
protein in HCCAA needs further investigation. One possible reason for the
accumulation of these ECM proteins could lie in a dysfunction of proteolytic
systems. These factors require further clarification and would make an

interesting basis for further investigation into HCCAA pathogenesis.

5.3.1 Basement membrane abnormalities in HCCAA

BM alterations and increased thickness of BMs are evident in HCCAA with
accumulation of COLIV and a thicker laminin layer in cerebral
arteries/arterioles and accumulation of COLIV in BMs in the carrier skin
biopsies. This suggests that BM abnormalities are systemic in HCCAA.

There are many studies that suggest that cerebrovascular BMs, along
with ECM proteins, play a role in the deposition of amyloid proteins in CAA
due to biochemical, anatomical, and morphological alterations of BMs
(Carare et al.,, 2008; Kalaria & Pax, 1995; Perlmutter, 1994; Weller et al.,
2008; Zarow et al., 1997). Reports are not in complete agreement regarding
changes in the ECM proteins in cerebrovascular BMs in CAA diseases.
COLIV was found to be increased by 55% in the cerebrovascular BMs of AD
subjects (Kalaria & Pax, 1995) and an increased BM thickness, with 20%
higher COLIV levels, has been reported in a transgenic AD mouse model

(Bourasset et al., 2009). Other studies have, however, reported moderate, or
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normal levels of COLIV in AD, HCHWA-D, and in a transgenic mouse model
of the London APP mutation (Van Dorpe et al., 2000; van Duinen et al., 1987;
Zhang et al., 1998) a decrease in COLIV in AD has even been reported
(Christov et al., 2008). van Horssen et al. investigated HSPG in the BMs of
AD and HCHWA-D patients and found that it had increased (van Horssen et
al., 2001). Increased laminin staining in the leptomeningeal BM of arteries
with CAA changes has been demonstrated at an early stage of Ap deposition
in transgenic arcAf mice (Merlini et al., 2011) and lower levels of laminin in
cerebral capillaries of an aged wild-type mouse have been reported (Hawkes
etal., 2011).

The inconsistencies between these reports and the results presented
here, and between diseases, might be partly explained by underlying factors,
e.g. different disease-causing mutations, age of study subjects, or the identity
of the depositing protein.

A recent study showed that an increase in the levels of the ECM
components COLIV, perlecan, and fibronectin, occurs in early stages of AD in
subclinical AD patients, with no significant difference in the levels of these
ECM proteins between subclinical AD and AD patients (Lepelletier et al.,
2015). The study showed that COLIV expression did not increase further as
the disease progressed following the subclinical stage and that the increase
in vascular COLIV was in agreement with a previous study on AD patients
made by Kalaria et al., cited above; both studies reported similar increases in
COLIV (~ 55%) (Kalaria & Pax, 1995; Lepelletier et al., 2015).

A study performed on a mouse model of HCHWA-D, created by
overexpression of human E693Q APP, showed thickening of the
cerebrovascular BM with amyloid fibrils found within the BM (Herzig et al.,
2004) and overexpression of TGF-B1 in transgenic mice results in thicker
BMs which precedes the development of murine CAA (Wyss-Coray et al.,
2000).

Arteries/arterioles in all brain areas examined in HCCAA patients were
severely affected, i.e. in the cerebrum, cerebellum, thalamus, and midbrain.

In sporadic AB-CAA and AD, cortical and leptomeningeal vessels are
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primarily affected and only in rare severe cases are vessels in the basal
ganglia, brain stem, thalamus, or white matter, affected (Yamada, 2015). It
has been suggested that the association of AB distribution with these
particular brain areas in AB-CAA and AD is due to differences in the ECM
composition of the cerebrovascular BMs between brain areas as well as the
influence of age on the cerebrovascular BMs, resulting in increased thickness
(Hawkes et al., 2013). A study by Hawkes et al. (Hawkes et al., 2013)
showed that the thickness of cerebrovascular BMs increased with age in wild-
type mice in the same brain areas in which CAA pathology is observed in AD
mouse models. In support of this, a study in AD patients showed significant
correlation between COLIV and AP immunoreactivity, i.e. AR
immunoreactivity was seen in vessels with increased levels of COLIV,
perlecan, and fibronectin (Lepelletier et al., 2015).

Taken together, the results from these studies were in line with the results
presented here in this thesis, i.e. the increased content of the BM proteins
COLIV and laminin. In HCCAA, COLIV accumulation in cerebral
arteries/arterioles was present throughout the entire vessel wall. This was
also the case in in the relatively rare arteries that had a slightly less advanced
cystatin C deposition, i.e. in which the intima was free, or partially free, of
cystatin C deposition. The intima in these arteries was COLIV
immunoreactive.

The results of this study suggest that COLIV accumulation in cerebral
arteries/arterioles in HCCAA precedes cystatin C deposition. The results from
the skin biopsies support this hypothesis. In the carrier skin biopsies, the
quantity of cystatin C deposition was dependent on whether they were from
symptomatic or asymptomatic carriers, i.e. the results suggested that the skin
deposition was increasing as the disease progressed. In contrast, the COLIV
immunoreactivity was elevated in biopsies from symptomatic and
asymptomatic carriers to the same extent, i.e. regardless of disease status,
suggesting that the increase might have reached a “fixed level”, before that of

cystatin C, or that it had been elevated to a similar degree in the carriers from
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the outset. This result was interpreted such that the cystatin C deposition was
occurring into this fixed environment created by the elevated COLIV.

The results presented in this thesis show that abnormalities in
cerebrovascular BMs were not restricted to certain brain areas in the
patients, nor were the cystatin C deposition and BM changes found in the
skin biopsies of carriers limited to vessels. Cystatin C deposition, and COLIV
immunoreactivity, in the L68Q-CST3 skin biopsies was observed in BMs, and
the initial deposition in asymptomatic carriers occurred in the BM between
epidermis and dermis. COLIV and cystatin C immunoreactivity in affected
HCCAA arteries/arterioles, and in the carrier skin biopsies, showed a very
similar staining pattern and distribution, indicating a close association
between cystatin C deposition and BM proteins. Veins were found to be
minimally or not affected in HCCAA brain samples, whereas cystatin C
deposition in the skin biopsies was systematically observed in the walls of
veins/venules; this was also seen in veins in some of the peripheral tissues
examined. In addition, cystatin C deposition in venous sinuses of the spleen
of HCCAA patients has been described (Palsdottir et al., 2006). The reason
for this difference between veins in the CNS and peripheral tissues could lie
in the fact that CNS veins have very little BM relative to veins in the periphery
(Hawkes et al., 2014), which could be why veins were minimally affected in

the brain.

5.3.2 Protein elimination failure angiopathy in HCCAA

The results reported in this thesis indicate that initial cystatin C deposition in
HCCAA occurs in the altered BM and/or in the BM around SMCs in affected
cerebral arteries/arterioles as well as in BMs in various structures throughout
the body. Furthermore, this study also suggests that BM abnormalities are an
early event, and key step, in HCCAA pathogenesis which precedes the
cystatin C deposition.

Multiple lines of evidence support the proposition that AR accumulation in
AD-CAA occurs along the altered and thickened BM of vessels during

drainage of ISF and that the affinity of BM proteins for AR influences the
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development of CAA (Carare et al., 2008; Hawkes et al., 2011; Kalaria & Pax,
1995; Weller et al., 2000; Weller et al., 2008; Zarow et al., 1997). Dextran
that was injected intracerebrally into both wild-type mice and a transgenic AD
mouse model was found to co-localize with laminin in the BM, strongly
supporting the association of solutes in the perivascular drainage with the BM
(Carare et al.,, 2008; Hawkes et al., 2011). Studies performed on aging
mouse brains suggest that one of the causes of AB-CAA is failure of AB
elimination from the CNS by impaired perivascular drainage of ISF along
structurally altered cerebrovascular BMs termed protein elimination failure
angiopathy (PEFA) (Bell & Zlokovic, 2009; Carare et al., 2008; Hawkes et al.,
2011; Weller et al., 2008). PEFA has also been shown to occur in other
amyloid and non-amyloid diseases that show protein accumulation in
cerebral vascular walls, for example in CADASIL and prion diseases (Carare
et al., 2013). Finally, Herzig et al. (Herzig et al., 2004) found that neuronal
overexpression of human E693Q APP in mouse models of HCHWA-D
caused extensive CAA and associated CAA vascular degenerations, with
amyloid fibrils found within the cerebrovascular BM. Therefore, cell types
found outside the cerebrovascular wall could also contribute to the amyloid
deposition.

Cystatin C is found in high concentrations in the CSF of healthy
individuals, whereas L68Q-CST3 carriers, and HCCAA patients, have
significantly lower levels of cystatin C in their CSF (Grubb et al., 1983;
Lofberg & Grubb, 1979). Impaired perivascular drainage of ISF could be a
factor in HCCAA pathogenesis due to altered BM structure. As already
discussed, the BM could provide a scaffold facilitating the deposition and
aggregation of cystatin C in the cerebrovasculature. The levels of cystatin C
in the CSF of HCCAA patients could be affected by this and it could have an
impact on why fewer dimers were detected in the CSF of HCCAA patients
compared to the plasma (Bjarnadottir et al., 2001), i.e. the dimers could be
more prone to deposition in the BMs. The combination of this scenario in the

CNS and cells found within and/or even outside the vascular wall contributing

100



Discussion

to the cystatin C deposition, could be the reason for the severe pathology

observed in the brain compared to peripheral tissues.

5.4 Cystatin Cin relation to cell types and distribution

This systemic distribution of cystatin C deposition, shown in this study, in
conjunction with data presented by others (Benedikz et al., 1990; Lofberg et
al., 1987; Palsdottir et al., 2006; Thorsteinsson et al., 1988), suggested that
the cell type, or cell types, responsible for cystatin C deposition in HCCAA
was not limited to the CNS. The systemic nature of HCCAA could be due to
the fact that cystatin C is ubiquitously expressed in all tissues and body fluids
(Abrahamson et al., 1986; Grubb, 1992). The reason why the deposition and
pathological changes are most pronounced in the CNS, and the clinical
appearance seems to be confined to the CNS, could be, as mentioned
above, due to the particularly high concentration of cystatin C in normal CSF
(Grubb et al., 1983; Lofberg & Grubb, 1979). CSF cystatin C is produced by
the choroid plexus (Tu et al., 1992) and has been shown to be expressed in
other cells within the brain tissue, e.g. neurons, astrocytes, endothelial cells,
and microglial cells (Hakansson et al., 1996; Kaur & Levy, 2012). In this
context, it may be mentioned that a neuronal involvement, or cystatin C
deposition within neurons, has not been observed in HCCAA, neither in this,
nor other, studies on the disease.

In AB-CAA, primary cultures of SMCs isolated from the vasculature of AD
patients have been found to produce extracellular deposits of AR (Frackowiak
et al., 2005). Wang et. al (Wang et al., 1997) suggested that SMCs could be
the cell type responsible for the cystatin C amyloid in cerebral
arteries/arterioles in HCCAA (Wang et al., 1997). The results from the carrier
skin biopsies in this thesis indicate that SMCs are not associated with
cystatin C deposition and analysis by confocal immunofluorescence
microscopy did not indicate a causal relationship between SMCs and cystatin
C deposition in the skin. Furthermore, aSMA immunoreactivity did not differ
between carrier and control skin biopsies. In contrast, extensive SMC death
was observed in the cerebral vascular wall of small and medium sized

arteries and arterioles in HCCAA patients. Solubilized cystatin C amyloid has
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been shown to be toxic to cerebrovascular SMCs (Vilhjalmsson et al., 2007).
Taken together, the results of this study suggest that SMCs are not the major
cell type responsible for cystatin C deposition in HCCAA and that the
degeneration of cerebral vascular SMCs might be due to cystatin C amyloid
toxicity. SMCs in the vascular wall are surrounded by BM, and the affinity of
cystatin C for BM and its initial deposition in the BM, could play a part in the
degeneration of SMCs.

Cystatin C is a secreted protein (Abrahamson et al., 1986; Grubb, 1992).
The endoplasmic reticulum (ER) is responsible for folding and initial post-
translational modifications of secreted and transmembrane proteins mediated
by ER resident proteins, for example, and chaperones protein disulphide
isomerases and peptidyl prolyl isomerases (Tanjore et al., 2012). Aberrations
in protein folding, e.g. due to mutations, can lead to the accumulation of
misfolded proteins in the ER. This activates the “unfolded protein response”
(UPR) to conserve ER function (Tanjore et al., 2012). ER stress has emerged
as a direct causal factor of fibrosis in disorders such as idiopathic pulmonary
fibrosis (IPF), liver fibrosis, and renal fibrosis (Chiang et al., 2011; Lenna &
Trojanowska, 2012; Tanjore et al., 2012; Tanjore et al., 2013). The precise
molecular mechanisms linking ER stress and fibrosis have not been defined,
but severe, or chronic, ER stress can have several outcomes, e.g. activation
of cell death pathways, inflammatory signalling, or phenotype shift (e.g. EMT)
of the stressed cells, possibly to a cell type better able to cope with the
stress, e.g. fibroblasts (Tanjore et al., 2013).

The results presented in this thesis, show that there was a convincing
association between cystatin C deposition, COLIV accumulation and
fibroblasts, both in the skin and in the brain (see also section 5.5). The
expression of mutant cystatin C protein might cause ER stress in cells of
carriers. Relevant to this, reports from cell based studies have shown
intracellular retention, and accumulation, of mutant cystatin C compared to
the wild-type (Benedikz et al., 1999; Bjarnadottir et al., 1998; Thorsteinsson
et al., 1992). With respect to EMT due to ER stress, several cell types could

go through a phenotype shift into fibroblasts due to ER stress, e.g. vascular
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SMCs, and endothelial cells and then fibroblasts could differentiate into

myofibroblasts.

5.5 HCCAA and fibroblasts
The skin biopsies revealed a close association between cystatin C, COLIV,
and fibroblasts. This association between the proteins was so close that
confocal microscopy sometimes showed them to be completely co-localized.
Furthermore, in the few brain arteries that showed a less advanced HCCAA
pathology, activated fibroblasts (myofibroblasts) were found in the intima
which was devoid of cystatin C deposition but displayed COLIV
accumulation. Finally, analyses of peripheral tissues, i.e. heart, liver, kidney,
lung, tonsil, and stomach, also revealed that cystatin C deposition was
affiliated with collagen accumulation. This indicated a close relationship
between fibroblasts, cystatin C deposition, and COLIV accumulation in
HCCAA pathogenesis in all organs.

Fibroblasts are present in every tissue of the body and in vessels (Baum
& Duffy, 2011; Lee, 1995). In the heart, for example, fibroblasts can be over
60% of the total cell population (Baum & Duffy, 2011). Fibroblasts are the
primary producers of ECM proteins and are important for the maintenance
and production of the ECM; during wound healing collagen becomes the
main product of activated fibroblasts (Baum & Duffy, 2011; Hinz, 2007).
Collagen has been found to be the major component of the ECM in which it
provides a scaffold that binds other proteins and proteoglycans (Kanta,
2015). The stimulation of fibroblasts by, for example, TGF-B results in their
differentiation into myofibroblasts. Myofibroblasts produce excess collagen
which leads to collagen accumulation and fibrosis (Baum & Duffy, 2011; Hinz,
2007). Studies have shown that during the process of differentiation from
fibroblasts into myofibroblasts there is an intermediate stage in the process
during which the fibroblasts take on a proto-myofibroblast phenotype.
Myofibroblasts are characterized by their elevated expression of a-SMA,
while fibroblasts and proto-fibroblasts do not show expression of a-SMA
(Hinz, 2007).

TGF-B has been found to be the main factor that stimulates the fibroblast
differentiation process and is an important ECM regulator in fibroblasts
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(Blobe et al., 2000). TGF-B signals through the cell surface receptors TBRI
and TBRII, with signalling beginning with the binding of TGF-3 to TBRII which
then binds to the TRRI receptor (Massague, 1998, 2012). TGF-f is produced
in many cell types of the body, including fibroblasts, myofibroblasts,
macrophages, endothelial cells, and epithelial cells (Hinz, 2010). In the
vascular wall it is expressed by fibroblasts, vascular SMCs, endothelial cells,
myofibroblasts, and macrophages (Ruiz-Ortega et al., 2007).

Several origins of tissue/vascular fibroblasts and myofibroblasts have
been proposed (Figure 46): 1) By proliferation and differentiation of local
fibroblasts and SMCs into fibroblasts and myofibroblasts. 2) Endothelial and
epithelial cells can transition into myofibroblasts through EnMT and EMT
processes, respectively. 3) The recruitment and transition of bone-marrow
derived cells into fibroblasts (Hinz, 2016; Kalluri & Weinberg, 2009).

Local Residing Mesenchymal Cells Fibroblast

Proliferation »

L

l; Differentiation !
Fibroblast \ Myofibroblast
sMc DW

EMT ;
0(0/0/0(0/8) /_—' V2
- - 7 —— a-sm-actin
(®® & | &) < focal adhesion
Endothelium /
Bone Marrow

— .
Progenitor \ Fibroblast
Bone Marrow Cells

Endothelial Cells

Figure 46. Probable sources of fibroblasts and myofibroblasts.

Fibroblasts and myofibroblasts can originate by differentiation of both local and bone-
marrow derived cells. Figure reprinted from (Yeager et al., 2011) with permission from
Pulmonary Circulation.
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The denser population of fibroblasts in the L68Q-CST3 skin biopsies
showed nuclear pSMAD2/3 immunoreactivity but were not immunoreactive
for a-SMA, suggesting that they were not myofibroblasts. However, their
increased number relative to the control biopsies, their morphology, and the
pSMADZ2/3 immunoreactivity, suggests that they were activated fibroblasts,
possibly proto-myofibroblasts. In contrast, the fibroblasts detected within the
intima of cerebral arteries/arteriole were a-SMA immunoreactive, suggesting
that they were myofibroblasts. As discussed above, the pathological changes
in the brain are of a much more advanced nature than in the skin and other
peripheral tissues, which could explain why myofibroblasts were observed in
the brain but not in the skin.

Recent studies on the fibrotic lung disease IPF have shown that ER
stress, along with activation of the UPR, is present in alveolar epithelial cells
in the disease. This was first observed in the familial form of the disease
(Tanjore et al., 2012; Wolters et al., 2014). The ER stress, and subsequent
UPR, results in EMT and activation of TGF- through the SMAD-dependent
signalling cascade. This results in differentiation of epithelial cells into
fibroblasts and then into myofibroblasts, i.e. EMT, which is associated with E-
cadherin downregulation and upregulation of, for example, a-SMA, p63, and
vimentin (Figure 47) (Jonsdottir et al., 2015; Wolters et al., 2014).
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Figure 47. ER stress and EMT in Idiopathic pulmonary fibrosis.

Pro-fibrotic characteristics of epithelial cells in idiopathic pulmonary fibrosis (IPF) due
to ER stress. Genetic mutations leads to ER stress. The ER stress leads to TGF-8
activation and EMT. Figure reprinted from (Wolters et al., 2014) with permission from
Annual Reviews.

Keloid, a skin disease with hypertrophic areas of fibrosis following trauma,
is another example of a fibrotic disease characterized by EMT changes (Yan
et al., 2015). Studies have shown that in Keloid, these phenotype changes
occur with enhanced TGF-B1 expression and SMAD3 phosphorylation (Yan
et al., 2015). The results presented here showed that the expression of E-
cadherin and p63 immunoreactivity in L68Q-CST3 carrier biopsies and
control biopsies did not differ; however, upregulation of vimentin was seen in
fibroblasts in the carrier skin biopsies and aSMA immunoreactivity was seen
in fibroblasts in the thickened intima of affected HCCAA arteries. Therefore,
unequivocal evidence of EMT was not detected in the carrier skin biopsies;
however, the detection of putative myofibroblasts in the pathologically more
advanced brain samples indicated the activity of EMT processes in the
pathogenesis. Finally, studies on IPF have revealed different fibroblast
phenotypes in the disorder, as the myofibroblast phenotype is not durable

and requires constant TGF-B stimulation (Wolters et al., 2014).

Studies on fibroblasts from IPF patients have shown that if cathepsin B is

inhibited by cystatin C then the differentiation of fibroblasts to myofibroblasts,
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and the expression of a-SMA, was diminished. This inhibition of cathepsin B
had an effect on the TGF-B signalling in fibroblasts through decreased
SMAD2/3 phosphorylation (canonical pathway) with no effect on the non-
canonical (non-SMAD) pathways, i.e. MAPK and JNK (Kasabova et al.,
2014). Studies on heart fibroblasts have shown the same, i.e. cystatin C
inhibits cathepsin B and therefore the accumulation of collagen and
fibronectin (Xie et al., 2010).

Studies in fibroblasts have shown that cystatin C directly affects the
binding of TGF-B to TBRRII by interacting physically with TBRII and preventing
its binding to TGF-B and, therefore, affecting the TGF- signalling cascade
(Sokol & Schiemann, 2004). Cystatin C has also been found to inhibit
EMT/EnMT, the migratory and invasive properties of the epithelial/endothelial
cells, and differentiation of fibroblasts by antagonizing SMAD-dependent
TGF-f signaling (Sokol et al., 2005).

L68Q-CST3 carriers are heterozygous, i.e. produce both the wild-type and
the mutant cystatin C (Olafsson & Grubb, 2000). Indications of abnormal
processing, intracellular accumulation, and reduced secretion of mutant
cystatin C in primary cells and cell lines have been described (Benedikz et
al., 1999; Bjarnadottir et al., 1998; Thorsteinsson et al., 1992). This might
lead to a lowering of the amount of extracellular cystatin C in L68Q-CST3
compared to healthy subjects that are homozygous for the wild-type allele. As
previously mentioned, cystatin C levels in the CSF of HCCAA carriers and
patients is lower than that of healthy individuals, whereas their plasma
cystatin C levels do not differ (Bjarnadottir et al., 2001; Grubb et al., 1984a).

To summarize, the quantification and distribution of COLIV
immunoreactivity in the skin biopsies and the cerebral arteries/arterioles
showed that COLIV accumulation is probably an early event in HCCAA
pathogenesis, suggesting that activation of fibroblasts is also an early event.
The origin of the fibroblasts found in the skin and the cerebral arteries could
be from multiple sources within the tissue and the vascular wall, e.g. from
local or remote fibroblasts, SMC or EMT/EnMT processes. If the L68Q-CST3

carriers or HCCAA patients have lower extracellular levels of cystatin C, as
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several lines of evidence suggest might be the case, it could result in up-
regulation of cathepsins and TGF-B. The up-regulation of cathepsins and
TGF-B through SMAD-dependent signalling might therefore promote the
proliferation and differentiation of fibroblasts, EMT/EnMT processes,
excessive collagen accumulation, and a lower rate of collagen degradation
could, thereby, result in changes in the ECM components of BMs and their
thickening. The abnormalities in the BMs could provide a scaffold for the
cystatin C deposition. This could also be the case in other cell types, e.g.
SMC and endothelial cell.

In conclusion, the pathology of HCCAA does not seem to consist of “full-
blown” fibrosis, but rather of some intermediate degree of fibrosis consisting
of proto-myofibroblasts and therefore a lack of clear EMT signs in relation to
keloids and IPF. It might be possible to detect such markers in CNS arteries
that still retain some cells in their walls and this could be one avenue of

further research into the pathology of HCCAA.

5.6 Neuroinflammation

The study revealed severe astrocytosis with compact glial scar formation
around affected cerebral arteries/arterioles with activated microglia and
macrophages. A reactive inflammatory response was also found in the tissue
surrounding focal deposits. An inflammatory response towards cystatin C
deposition in peripheral tissues, i.e. the skin and the other peripheral tissues
examined, was not obvious except for mild inflammation in the skin biopsies
from two carriers.

The results of some AD studies suggest that the neuroinflammatory
response in AD is an important reaction to tissue damage, whereas others
suggest that it is harmful by exacerbating AB deposition and contributing to
neuronal dysfunction [reviewed in (Wyss-Coray & Rogers, 2012)]. AB itself
can trigger a neuroinflammatory response by binding to microglial receptors
and microglial cells have been shown to internalize AB; the same has been
shown for astrocytes (Paresce et al., 1996; Rogers et al., 1992; Yan et al.,
1998). However, studies have also shown that microglia and astrocytes are

ineffective in AR clearance (Cashman et al., 2008; Fiala et al., 2005; Wyss-
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Coray & Rogers, 2012). When the results of this thesis are viewed in light of
these AB associated results, it appears likely that microglia and astrocytes in
HCCAA respond to cystatin C amyloid in the same manner.

Most of the focus on neuroinflammation in AD has been on the
neuroinflammatory response to plagues and the correlation between the
progression of AD and the inflammatory response (ltagaki et al., 1989;
Rozemuller et al., 2005; Rozemuller et al., 1989). Many studies have
indicated that neuroinflammation occurs in the early stages of AD and that it
contributes to disease progression and severity, and in fact might drive the
pathological process in AD (Heneka et al., 2015; McGeer & McGeer, 2013).
Neuritic plaques contain fibrillar AR, are associated with microglial cells and
astrocytes, and are congophilic (Dickson, 1997; Itagaki et al., 1989;
Rozemuller et al., 1989). Diffuse plaques, on the other hand, are low-fibrillar,
non-congophilic, and are not associated with microglial cells or astrocytes.
This, along with in vitro studies on AR and inflammation, indicates that a
certain degree of fibrilization is needed to activate the neuroinflammatory
response (Eikelenboom & Veerhuis, 1996). This could be the case in HCCAA
where there is a prominent inflammatory response in the brain towards
affected vessels and focal deposits even though the deposits were non-
congophilic, i.e. not with a full amyloid form. However, the state of amyloid
progression in cystatin C focal deposits and perivascular deposits in the brain
could be of a higher degree of fibrillization compared to the non-congophilic
deposits in the skin biopsies to which no evidence of an inflammatory
response was found.

As mentioned, glial scar formation was found around affected cerebral
arteries/arterioles in the HCCAA patients. The attenuation of endothelial cells
in severely affected arteries/arterioles suggests a disturbance in the function
of the BBB. As detailed in the Introduction, the formation of a glial scar is how
the CNS responds to an injury. The first cells to react are astrocytes, which
proliferate, become hypertrophic with thick extended processes, and
surround the damaged area with a thick, compact, scar. The scar formation

protects the surrounding, healthy, tissue from the damaged area,
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reconstitutes the BBB, restricts inflammation, and preserves neural tissue
(Burda et al., 2016; Kawano et al., 2012; Sofroniew, 2009, 2015). In addition
to astrocytes, other cells and components play an important part in the scar
formation, i.e. microglia and fibroblasts, and the BM and ECM proteins. The
activated astrocytes and the fibroblasts interact to form a compact scar and
both cell types show upregulated expression of ECM proteins. The glial scar,
therefore, also contains a fibrotic scar which is formed by ECM proteins such
as COLIV, laminin, and CSPGs (Burda et al., 2016; Kawano et al., 2012;
Raposo & Schwartz, 2014; Sofroniew, 2009, 2015). The results of the
research for this thesis show that in HCCAA there were pathological changes
in BMs in the brain and skin vessels and in BMs around other structures of
the skin, and, furthermore, that these changes occur early in the
pathogenesis of the disease. In the brain, excessive accumulation of COLIV,
laminin, and the CSPG protein AGC1 was observed in the walls of affected
vessels. The extreme nature of this deposition could therefore be because of
glial scar formation and the early accumulation of the BM proteins.

The neuroinflammatory response in the HCCAA is probably due to both
the BBB disruption and the severe cystatin C amyloid deposition. As noted,
inflammation was not found in the less advanced peripheral tissues of
HCCAA patients and L68Q-CST3 gene carriers, which could indicate that
inflammation is perhaps not an early event or the driving factor in HCCAA
pathogenesis, but rather a severe brain inflammatory response to a severe
arterial pathology and cystatin C deposition consisting of aggregates in a

higher degree of fibrilization than found in the peripheral tissues.

5.7 Similarities with other CNS diseases

In addition to similarities with other CAA disease, similar changes to the brain
vascular pathological features of HCCAA, described here, are also found in
non-amyloid diseases such as Hutchinson—Gilford Progeria Syndrome
(HGPS), Marfan’s syndrome, and CADASIL. Although the vascular pathology
is similar between these diseases their overall clinical symptoms are
different. HGPS is an extremely rare premature aging disease caused by
mutations in the LMNA gene (reviewed in (Capell et al., 2007)) and CADASIL
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is the most common form of hereditary stroke disorder which is caused by
mutations in the Notch 3 gene (Joutel et al., 2000). The cause of death in
both diseases is often due to stroke. The overlap of the pathological features
of HCCAA described in this study and HSPG and CADASIL include
degeneration of vascular SMCs, ECM accumulation (including COLIV),
intimal thickening, fragmentation of the elastic layer, degeneration of the
endothelia and thickening of the BM (Dong et al., 2012; Stehbens et al.,
2001; Stehbens et al., 1999; Szpak et al., 2007). Furthermore, CADASIL
shows accumulation of granular osmophilic material, produced by SMCs and
pericytes in the vascular wall, which infiltrate towards the BM and accumulate
there due to PEFA (Lewandowska et al., 2011). Marfan’s syndrome is a
systemic disorder of connective tissue which affects the cardiovascular
system the most with aortic aneurysms. It is caused by mutations in the
FBN1 gene which encodes fibrillin-1, a glycoprotein component of the ECM.
Mouse models of the disease show that the aorta has abnormal thickening in
the media with increased collagen deposition, fragmentation of elastic fibres,
and elevated pSMAD2/3 immunoreactivity due to increased TGF-§ signalling
(Habashi et al., 2006).

The similarities in vascular pathology between HCCAA and unrelated non-
amyloid disorders support the results presented in this thesis that the COLIV
accumulation is probably a primary event in HCCAA pathogenesis, as
indicated by the results obtained from the carrier biopsies and, furthermore,
that the excessive ECM accumulation could be the cause of some of the
vascular pathological changes in HCCAA in addition to the amyloid
accumulation. The effect of the L68Q-CST3 mutation could be such that it
causes an overproduction of ECM proteins, and their accumulation, thereby
instigating amyloid deposition and aggregation in the arterial wall rather than
vice versa. Some studies have shown that excessive ECM material in vessel
walls are associated with an increased degeneration of SMCs and that this is
unrelated to amyloid deposition, indicating a relationship between the ECM
accumulation and SMC degeneration (Lan et al., 2013; Szpak et al., 2007)

On the other hand, as mentioned before, toxic effects of cystatin C amyloid
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on SMC in vitro have been described (Vilhjalmsson et al., 2007), and similarly
toxic effects of AR amyloid on SMCs and endothelia (Fossati et al., 2012). In
the peripheral tissues of HCCAA patients, the vessel pathology was still mild,
with only mild or moderate cystatin C deposition and COLIV accumulation but
no other vascular abnormalities. Taken together, this indicates that the
vascular degeneration in cerebral vessels of HCCAA patients could be due to
a combination of cystatin C deposition, ECM accumulation, and the toxicity of
the amyloid. The vascular pathology in the peripheral tissues could progress

with time and a longer “disease period” in HCCAA patients.
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6 Conclusions

Despite past publications about HCCAA pathology prior to this study, there
was a lack of detailed basic research on the vascular pathological changes in
HCCAA and the aetiology of HCCAA pathology required clarification. The
main objectives of this study were to increase the understanding of HCCAA
pathogenesis, especially the cerebrovascular pathology as the clinical
symptoms appear to be mostly associated with alterations to cerebral
arteries/arterioles, i.e. cerebral hemorrhage/hemorrhages. Another aim of the
study was to gain information about intermediate events in the pathogenesis
of HCCAA and cell types involved by studying peripheral tissues.

This study showed that cerebrovascular alterations are a prominent
feature in the pathogenesis of HCCAA and include severe CAA, loss of
important vascular elements with or without BBB disturbance, i.e.
degeneration of endothelial cells in some affected arteries/arterioles, changes
in vessel wall ECM content with subsequent alterations to the
cerebrovascular BM, fragmentation of the elastic layer and degeneration of
SMCs. The loss of fundamental elements in the anatomy of the
cerebrovascular wall affects the stiffness and elasticity of the vascular wall,
and can therefore affect arterial flexibility. The normal function of vessel walls
is dependent on the right quantities of ECM and SMCs. Therefore, it is likely
that the combined effects of amyloid deposition, ECM accumulation and other
vascular structural changes in cerebral arteries/arterioles cause a general
weakening of the vessel wall that results in the severe early-onset
hemorrhages seen in HCCAA.

The results from the second part of the study indicated that BM alterations
consisting of COLIV accumulation are probably an early event in HCCAA
pathogenesis in association with activation of fibroblasts and, furthermore,
that fibroblasts are one of the cell types responsible for both cystatin C
deposition and COLIV accumulation. Moreover, the results showed that the

ECM accumulation was more extensive in the cerebral vasculature compared
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to the vessels in peripheral tissues, which could be due to both the changes
in the composition of the cerebrovascular BM and the contribution of ECM
proteins which are secreted by cells involved in cerebrovascular glial scar
formation in the brain. These significant alterations to the BM of HCCAA
arteries/arterioles could lead to impaired perivascular drainage and thereby
influence cystatin C build-up by trapping it in the arterial wall, as well as
reducing arterial elasticity which is necessary for efficient perivascular
drainage.

Overall, the aims of the study were met and the results represent a
significant advancement in the understanding of HCCAA pathology and
pathogenesis. These results provide a platform for future studies of the
disorder, and will hopefully aid in the development of therapeutic

interventions for the patients.
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to a group of disorders collectively called cerebral amyloid
angiopathies (CAA), which are characterised by amyloid
deposition, mainly in small and medium-sized arteries of
the central nervous system (Biffi and Greenberg, 2011;
Yamada and Naiki, 2012), most frequently in the leptome-
ningeal and cortical arteries. A number of different proteins
(Yamada and Naiki, 2012) can be deposited as amyloid but the
most common is the Alzheimer's disease (AD) associated
protein, amyloid-p (AB). There are both sporadic and heredi-
tary forms of CAA. The former are mostly diagnosed in the
elderly while the rarer hereditary forms, caused by under-
lying mutations in the genes coding for the respective
amyloid forming protein in each disease, affect younger
individuals and are generally more severe in their presenta-
tion, e.g. HCCAA and Hereditary Cerebral Haemorrhage with
Amyloidosis-Dutch type (HCHWA-D). Sporadic CAA is asso-
ciated with AD-related pathology and more than 80% of AD
patients have CAA (Jellinger, 2002; Jellinger and Attems, 2006).
Both sporadic and hereditary forms of CAA result in varying
degrees of cerebral haemorrhages (Gilbert and Vinters, 1983;
Vinters and Gilbert, 1983), microhemorrhages and microin-
farcts with associated cognitive decline and dementia (Biffi
and Greenberg, 2011; Ghiso et al., 2010; Grinberg and Thal,
2010; Soontornniyomkij et al., 2010; Yamada and Naiki, 2012).

HCCAA is caused by a mutation in the cystatin C gene,
CST3 (Palsdottir et al., 1988) which has only been found in
Iceland (population approximately 322,000 as of January 1st
2013 (Statistics Iceland)) with one exception (Graffagnino
et al., 1995). Cystatin C is a secreted type 2 cysteine protease
inhibitor that is present in all body fluids with highest
plasma and cerebrospinal fluid
(Abrahamson et al., 1986). In mutant cystatin C, leucine is
replaced by glutamine at position 68 of the mature protein
resulting in decreased stability of the mutant protein and an
increased tendency to dimerise and form aggregates com-
pared to wild type cystatin C which is stable as a monomer
(Abrahamson and Grubb, 1994). In HCCAA patients, amyloid
consisting of mutant cystatin C (Ghiso et al., 1986) is detected
in the walls of cerebral arteries and arterioles and also, to a
lesser extent, in peripheral tissues such as in skin, glands,
lymph nodes, and lymph vessels (Benedikz et al., 1990;
Thorsteinsson et al.,, 1988). The L68Q mutation has high
penetrance and mutation carriers suffer fatal intracerebral
haemorrhages in their late twenties, on average, predomi-
nantly in the cerebral cortex, but also in the white matter of
all lobes and in the basal ganglia region (Lofberg et al., 1987).
A small subset of HCCAA carriers (estimated 1-2%) lives a
“normal” lifespan (Palsdottir et al., 2008); the reason is
unknown. In addition to the association of mutant cystatin
C with HCCAA, co-localisation of wild-type cystatin C with Ap
has been described, e.g. in AD, and studies show that wild-
type cystatin C can inhibit Ap oligomerization and fibril
formation; furthermore, it can protect neurons from Ap
toxicity (Kaur and Levy, 2012).

Although the disease causing mutation has been identi-
fied, the aetiology of HCCAA pathology is not clear. In
contrast to several other CAA disorders there is no transgenic
mouse model with the disease phenotype; transgenic mice
expressing the mutant CST3 gene do not accumulate amyloid
or show other pathological characteristics (Kaeser et al., 2007;

amounts in seminal

Mi et al., 2007). However, detailed knowledge of the end stage
pathology could provide valuable clues regarding which
research avenues to pursue in the study of HCCAA pathogen-
esis. Previous reports on the pathology of HCCAA have
described hyalinization and thickening of the walls of cere-
bral arteries and arterioles and amyloid accumulation (Congo
red staining) with extensive immunostaining for cystatin C
(Blondal et al., 1989; Cohen et al., 1983; Gudmundsson et al.,
1972; Lofberg et al., 1987). In addition, Wang et al. (1997)
described smooth muscle cell (SMC) loss in cerebral arteries
of HCCAA patients.

The primary aim of this study was to examine in detail
how the integrity of the vessel wall of leptomeningeal arteries
and arterioles is affected by L68Q cystatin C amyloid deposi-
tion. We also examined the relationship between cystatin C
amyloid and arterial extracellular matrix (ECM) constituents
because the latter have been found in amyloid deposits in AD
and HCHWA-D, and studies have suggested that they are
actively involved in the pathogenesis of these diseases
(Perlmutter, 1994; van Duinen et al., 1995; van Horssen
et al., 2001; Zarow et al., 1997).

2. Results

In all the patients included in the study, we confirmed
previously reported pathological characteristics of HCCAA,
i.e. hyalinization and thickening of the walls of cerebral
arteries and arterioles and Congo red staining of amyloid in
the walls of cerebral arteries with extensive immunostaining
for cystatin C (Blondal et al., 1989; Cohen et al, 1983;
Gudmundsson et al., 1972; Lofberg et al., 1987). In most
arteries and arterioles cystatin C amyloid extended through
the entire vessel wall (Fig. 1A). This was most evident in
smaller vessels; however, in larger arteries amyloid deposits
were sometimes restricted to the media and adventitia with
the intima free of amyloid, as demonstrated in Fig. 1C, which
shows a cortical artery in the cerebrum. In line with a
previous report from a study of 6 HCCAA cases (Wang et al.,
1997) we saw, in all cases, degeneration of the media with a
significant loss of SMC (Fig. 1D) which were replaced with
cystatin C amyloid and ECM constituents as demonstrated by
immunohistochemical analyses, detailed below. The degree
of SMC loss was greater in the smaller than in the larger
muscular arteries. Elastin staining, both Verhoeff's elastin
staining (Fig. 1K and L) and immunohistochemical staining
with an elastin antibody (data not shown), revealed a frayed,
and sometimes split, elastic layer in the leptomeningeal
arteries, especially in the smaller arteries. An intact elastic
layer was more often seen in larger arteries. Examination of
the elastic layer drew attention to thickening of the intima in
some arteries as demonstrated in Fig. 1C. The endothelial
layer of the leptomeningeal arteries in the patients was
affected, i.e. endothelial staining was less distinct and more
sparse (Fig. 1G-J), compared to the immunostaining in con-
trols (Fig. 1F) which showed a continuous layer. Because of
the nature of the endothelial layer, i.e. a thin cell layer that
can be affected by tissue processing, we examined the
staining in serial sections, examples of which are shown in
Fig. 1GJ. Throughout the patient samples the degree of
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Fig. 1 - (A) Cystatin C amyloid was detected in HCCAA arteries by immunostaining with a cystatin C antibody, whereas
arteries from a control individual (B) immunostained in the same manner revealed no cystatin C reactivity. (C) A cortical artery
from the cerebrum that shows cystatin C reactive amyloid deposits in the media and adventitia while the intima (arrow) is
free of amyloid. Immunostaining for smooth muscle actin in vascular SMC in HCCAA arteries (D) showed a significant loss of
this cell type, especially in smaller arteries, whereas in controls immunostained in the same manner (E) the SMC layer was
intact. The endothelium was affected in HCCAA arteries as demonstrated by CD31 immunostaining of serial sections from
two patients (G,H and I,J) compared to intact endothelia in arteries from a control immunostained in the same manner (F).
Figures G and H show two arteries (centre) with attenuated endothelia; in contrast, a vein (indicated by an asterisk, *) has an
intact endothelial layer. Figures I and ] show two arteries (centre) in which the endothelial layer is almost entirely absent as
well as arteries at the surface of the cortex that are variably affected. Two examples of Verhoeff's elastin staining in HCCAA

patients (K,L), which show examples of fragmentation of the elastic layer (arrows), that was especially seen in smaller

arteries. Scale bar: 50 pm on all figures.

endothelial attenuation varied such that it was greater in
arteries with a substantially thickened wall, such as shown in
Fig. 11 and J.

Examination of ECM constituents in arteries of HCCAA
patients with Masson's trichrome stain revealed extensive
collagen (blue) staining (Fig. 2A) throughout the leptomenin-
geal wall. Consistent with the results presented in Fig. 1D,
this staining method also showed that SMC (red) were sparse
or absent (Fig. 2A). Further characterisation of the type of
collagen in the arteries was performed revealing strong
arterial reactivity for collagen IV (COLIV, Fig. 2C). COLIV is

the major ECM component of the basement membrane
(Zhang et al., 2003) consistent with the COLIV immunostain-
ing in the controls (Fig. 2D). However, the distribution of
COLIV reactivity in the arteries of patients was both more
intense and extensive than in the controls, i.e. it was present
in all layers (intima, media and adventitia) (Fig. 2C). This
difference was statistically significant (P<0.0001, Fig. 3A) as
determined by quantitative analyses of COLIV immunostaining
in the patients and controls. Immunostaining for the basement
membrane protein laminin, showed similar laminin distribu-
tion in HCCAA patients and controls (Fig. 2G and H), however,
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Fig. 2 - Masson's Trichrome staining of leptomeningeal arteries in HCCAA patients showed extensive collagen deposition
(blue) (A) throughout the thickened arterial wall compared to arteries from controls stained in the same manner (B).
Immunostaining for COLIV in HCCAA leptomeningeal arteries showed COLIV deposition throughout the arterial wall (C).

In contrast, COLIV immunostaining in the controls was normal (D). Inmunostaining for AGC1 in HCCAA showed AGC1
deposition throughout the arterial wall (E) compared to control arteries which were devoid of AGC1 (F). Inmunostaining for
laminin revealed a significantly thicker morphology of laminin in HGCAA arteries (G) compared to arteries from controls (H).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the laminin structures were significantly thicker in the patients
(P<0.0001, Fig. 3B). Taken together, the laminin and COLIV
immunostaining results indicate significant abnormalities in
the basement membrane structure of affected arteries in
HCCAA patients. On the basis of unpublished observations
from our studies on dermal fibroblast cultures from carriers of
the CST3-L68Q mutation we examined the distribution of the
chondroitin sulphate proteoglycan aggrecan, AGC1, in HCCAA.
Immunohistochemical staining revealed that AGC1 was dis-
tributed throughout the arterial wall of HCCAA patients (Fig. 2E),
whereas no staining was seen in arteries of controls (Fig. 2F).
Quantitative analysis of AGC1 immunostaining showed that its
extent within the arterial wall was similar to that of COLIV
(Fig. 3Q).

3. Discussion

This study revealed that, in addition to previously described
deposition of cystatin C amyloid and SMC loss, there were
extensive changes in the walls of affected leptomeningeal
arteries in HCCAA patients characterised by degeneration of
the endothelia, fragmentation of the elastic layer, an extended

laminin distribution, and extracellular matrix deposition. These
changes were consistently seen in all 28 patients.

Several of our observations concur with the vascular
pathology reported in other cerebral amyloid angiopathies.
SMC loss is observed in AD-CAA and HCHWA-D where it is
most pronounced in small and medium sized leptomeningeal
arteries, as was the case in HCCAA (Attems et al., 2010;
Biffi and Greenberg, 2011; Kawai et al., 1993; Maat-Schieman
et al, 2005; Szpak et al., 2007; Yamada and Naiki, 2012).
Degeneration and changes of the endothelium have been
described in AD-CAA (Fossati et al., 2011; Kalaria and Hedera,
1995; Soffer, 2006), CAA in idiopathic PD (Bertrand et al., 2008),
and in a London APP mutant transgenic model (Van Dorpe
et al., 2000). Fragmentation, or irregularities, of the elastic
layer have been described in AD-CAA (Tian et al., 2004) and in
the London APP mutant transgenic model (Van Dorpe et al,,
2000), mentioned above. A thickening of the basement mem-
brane of CAA arteries is evident in AD (Perlmutter, 1994;
Zarow et al., 1997), and increased laminin staining, as
detected in the HCCAA patients, has been demonstrated
specifically in the vascular basement membrane of leptome-
ningeal arteries with CAA at an early stage in transgenic
arcAp mice (Merlini et al., 2011). At later stages this increase is
also seen in other arteries, but in this as in other A mouse
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Fig. 3 - Box and whisker plots that show the results from quantitative analyses of COLIV, laminin and AGC1 immunostaining
in leptomeningeal arteries. The whiskers show the 10th percentile and the 90th percentile. Values that fall above the 90th
percentile and below the 10th percentile are presented as open circles. (A) The plot shows the % of COLIV immunostaining
(per RO], as defined in the experimental procedures) in leptomeningeal arteries of 10 controls (median (50th percentile)=30.0,
n=100 (measurements)) and 28 HCCAA patients (median=>56.5, n=280 (measurements)). The % COLIV staining in the patients
was significantly higher than in the controls (P<0.0001, Mann Whitney U-test). (B) The plot shows the % laminin
immunostaining per ROI in leptomeningeal arteries of 10 controls (median=2.7, n=100 (measurements)) and 28 HCCAA
patients (median=8.3, n=280 (measurements)). The % laminin staining in the patients was significantly higher than in the
controls (P<0.0001, Mann Whitney U-test). (C) The plot shows the % of AGC1 immunostaining per ROI in leptomeningeal
arteries of 28 HCCAA patients (median=48.4, n=280 (measurements)). No AGC1 staining was detected in arteries of controls.

models (Hawkes et al., 2011), the leptomeningeal arteries are
the first to be affected by CAA. In these transgenic mice the
laminin staining co-localised with CAA in the vessels. Lami-
nin expression was shown to be upregulated in AD (Bell and
Zlokovic, 2009). In the light of this it has been suggested
(Merlini et al., 2011) that increased laminin expression is in
response to vascular damage and that the resulting thicker
basement membrane strengthens the vessel wall; the same
could apply to HCCAA. In addition, it has been demonstrated
that laminin interacts with A and can inhibit its fibrillization
and neurotoxicity, thus adding another benefit to increased
laminin expression in response to amyloid (Merlini et al,
2011; Morgan et al., 2002).

There was extensive AGC1 and COLIV reactivity in affected
leptomeningeal arteries of the HCCAA patients. Within the
central nervous system, AGC1 is found in the perineuronal
net (PN), a component of the neural ECM formed around
specific neurons which are reactive for parvalbumin. Studies
have shown that neurons with aggrecan PN are protected
against pathological processes of AD, suggesting a protective
role for AGC1l (Morawski et al., 2012). Regarding COLIV
deposition in CAA, the literature is conflicting. Zhang et al.
(1998) reported moderately intense staining of COLIV and
laminin in heavily amyloid-laden vessels in AD-CAA and
CAA, and Kalaria and Pax (1995) described an increase in
COLIV in the basement membrane of cerebral microvessels of
AD patients, most of which were also immunoreactive for Ap.
van Duinen et al. (1995) investigated extracellular matrix
deposits associated with amyloid in HCHWA-D and found

weak staining of COLIV and laminin in amyloid laden
arteries. In contrast, others do not see differences in COLIV
reactivity in CAA, e.g. Van Dorpe et al. (2000) did not find
increased COLIV deposition in their transgenic mouse model
of the London APP mutant mentioned above, that apart from
this exhibits general CAA pathological characteristics. Finally,
areduction in arterial COLIV has been documented, e.g. in AD
(Christov et al., 2008) and CAA of idiopathic PD (Bertrand
et al.,, 2008). Tian et al. (2006) studied COLIV reactivity and
SMC loss in AD patients. Although they detected significant
amounts of COLIV in some of the patients, their conclusion
was, that the relationship between COLIV and CAA, or SMC
loss, was not consistent and that the alterations in COLIV
may be unrelated to amyloidosis. This may explain the
discrepancies between CAA forms regarding COLIV, i.e. other
underlying factors that differ between disorders affect COLIV
deposition.

Studies indicate that ECM proteins have an affinity for Ap,
and vascular extracellular matrix components such as
heparan sulphate proteoglycan, laminin, and COLIV have
been identified in senile plaques and in vessels of AD and
HCHWA-D patients suggesting that they could play a role in
amyloid deposition (Kalaria and Pax, 1995; Narindrasorasak
et al.,, 1992; Perlmutter, 1994; van Duinen et al., 1995; van
Horssen et al., 2001; Vinters et al., 1998; Zarow et al., 1997).
There is evidence that the accumulation of vascular amyloid
in AD-CAA occurs along the basement membrane of arteries
during drainage of interstitial fluid (ISF) due to trapping
by extracellular matrix constituents (Weller et al., 2000;
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Yamaguchi et al., 1992). In the light of this, it is possible that
the expansion of COLIV, and laminin, in cerebral arteries in
HCCAA, i.e. from the basement membrane to other layers of
the vessel wall, along with the deposition of the proteoglycan
AGC1, which is documented to facilitate aggregation of
amyloid (Ariga et al., 2010), results in the sequestration and
accumulation of cystatin C amyloid in HCCAA due to similar
mechanisms as in AD-CAA.

Other than the similarities in pathology with other CAA
disorders there are also interesting similarities between the
HCCAA pathology described here and vascular pathology
profiles that have been described in non-amyloid diseases,
such as Hutchinson-Gilford Progeria Syndrome (HGPS, MIM
#176670) and Cerebral Autosomal Dominant Arteriopathy
with Subcortical Infarct and Leukoencephalopathy (CADASIL,
MIM #125310). HGPS is an extremely rare premature aging
disease caused by mutations in the LMNA gene (reviewed in
Capell et al.,, 2007). HCCAA does not share the prominent
physical features of HGPS; however, the cause of death in
HGPS is often due to stroke and there are similarities in the
cardiovascular pathology of HGPS (Capell et al., 2007) and the
vascular pathology of HCCAA observed in our study. Both
diseases share a severe loss of vascular SMC in the medial
layer of arteries of all sizes, intimal thickening, replacement
of vascular SMC with fibrous material, including COLIV,
fragmentation of the elastic layer, and thickening of the
basement membrane (Stehbens et al., 1999, 2001). Further-
more, dermal fibroblasts from HGPS patients have been
shown to overexpress the AGC1 gene, ACAN (Csoka et al.,
2004; Lemire et al., 2006), suggesting that AGC1 distribution
may be altered in both HGPS and HCCAA. In CADASIL
patients, deposition of COLIV has been described in leptome-
ningeal arteries and white matter arteries and capillaries,
along with SMC loss and damage of the endothelia and the
distribution of COLIV is similar to that demonstrated here in
HCCAA (Dong et al., 2012; Szpak et al., 2007).

The overlap in vascular pathology between HCCAA and
unrelated non-amyloid disorders raises the question of
whether some of the pathological characteristics of HCCAA
described here, e.g. the COLIV and AGC1 deposition, are
primary events (in the aetiology of HCCAA) instigating amy-
loid deposition in the arterial wall rather than vice versa.
Some reports suggest that amyloid toxicity is the reason for
SMC death (Fossati et al., 2011; Mok et al., 2002, 2006) and
endothelial cell death (Fossati et al., 2011), and indeed toxic
effects of cystatin C amyloid on SMC in vitro have been
described (Vilhjalmsson et al., 2007). However, because the
vascular pathology of the non-amyloid diseases mentioned
above are so similar to that in HCCAA, we believe the
similarities warrant further examination. Specifically because
studies have shown that degeneration of SMC and endothelia
in familiar AD, and collagen accumulation, is observed in
vessels with and without amyloid (Szpak et al., 2007), sug-
gesting that excess ECM accumulation, specifically COLIV,
could be a factor in the SMC loss observed in HCCAA.

Our observations show the end stage of HCCAA and the
aetiology of the pathology remains to be determined, but our
results suggest that excess deposition of COLIV, laminin and
AGC1 could play a vital role in generating the pathology for
example by facilitating amyloid deposition along the arterial

basement membrane as has been shown for A deposition in
AD-CAA. Finally, it is likely that the combined effects of
amyloid accumulation and ECM deposition along with the
degeneration and loss of SMC, endothelial cells and the
elastic layer cause a general weakening of the arterial wall
and changes in vascular permeability that result in vessel
rupture and the severe early-onset haemorrhages seen
in HCCAA.

4. Experimental procedures
4.1. Tissue samples

All necessary permits for use of patient and control samples
in this study, and the records associated with patient sam-
ples, were obtained from the National Bioethics Committee
and the Data Protection Authorities in Iceland. Formalin fixed
and paraffin-embedded sections (5pm) from brain autopsy
samples were obtained from the Department of Pathology,
National University Hospital, Reykjavik, Iceland. HCCAA
patient samples were from 28 individuals (Table 1) aged
21-79 years (median=31), 14 females and 14 males; HCCAA
diagnosis was confirmed with Congo red staining and cysta-
tin C immunoreactive amyloid. Control samples (Table 1)
were obtained from 10 individuals aged 27-82 years (med-
ian=40), 7 females and 3 males, with no signs of amyloid
angiopathy. Because of the rarity of the disease (69 deaths
over the last 50 years) the HCCAA samples used in this study
were from autopsies performed during a period spanning 43
years. We chose to compare the leptomeningeal artery
between patients and controls due to the nature of the
material studied, i.e. in the archives, post mortem samples
from leptomeninges were consistently available from all the
patients included in this study, whereas sample material
from other brain areas varied. Therefore, it was possible to
compare leptomeningeal arteries between all 28 patients and
10 controls, whereas this was not the case for arteries in
other brain regions.

4.2.  Immunohistochemistry

Paraffin was cleared from tissue sections by standard proce-
dures. Endogenous peroxidase was blocked by incubation in
3% H,0,. Pre-treatment of samples for epitope retrieval was
required for some of the antibodies used (Table 2). Sections
were then immunostained with either the PAP method
(DAKO) or with the Vectastain ABC Elite kit (Vector Labora-
tories) (Table 2). Haematoxylin and eosin staining, Verhoeff's
elastic staining, and Masson's trichrome staining were per-
formed according to standard procedures.

For the PAP method, unspecific protein binding was
blocked for 20 min with 10% normal goat serum for mouse
monoclonal antibodies or 10% swine serum for rabbit poly-
clonal antibodies. Incubations with primary antibodies were
performed overnight at 4 °C. Appropriate antibody dilutions
(Table 2) were determined in preliminary experiments. After
incubation with a primary antibody, sections were incubated
with one of the following secondary antibodies: goat anti-
mouse or swine anti-rabbit (DAKO) for 30 min at room
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temperature. Finally, the sections were incubated with
mouse PAP complex or rabbit PAP complex (DAKO). Staining
with the Vectastain ABC Elite kit, used for mouse monoclonal

Table 1 - An overview of the HCCAA patient and control
samples used in the study. The table shows the gender

(female (F) or male (M)) of the patients and controls as
well as their age at death.

Case Gender Age at death
HCCAA patient 1 M 31
HCCAA patient 2 F 36
HCCAA patient 3 M 22
HCCAA patient 4 M 23
HCCAA patient 5 M 38
HCCAA patient 6 F 29
HCCAA patient 7 M 36
HCCAA patient 8 M 49
HCCAA patient 9 M 33
HCCAA patient 10 F 52
HCCAA patient 11 M 79
HCCAA patient 12 M 33
HCCAA patient 13 F 24
HCCAA patient 14 M 61
HCCAA patient 15 M 29
HCCAA patient 16 M 30
HCCAA patient 17 F 30
HCCAA patient 18 F 31
HCCAA patient 19 F 25
HCCAA patient 20 F 42
HCCAA patient 21 F 32
HCCAA patient 22 F 30
HCCAA patient 23 M 28
HCCAA patient 24 F 27
HCCAA patient 25 F 34
HCCAA patient 26 F 41
HCCAA patient 27 M 26
HCCAA patient 28 F 21
Control 1 F 37
Control 2 F 45
Control 3 M 82
Control 4 M 57
Control 5 M 75
Control 6 F 43
Control 7 F 32
Control 8 F 27
Control 9 F 32
Control 10 F 27

antibodies (Table 2), was performed according to the manu-
facturer's protocol. Sections were washed between steps with
Tris buffer (0.5M, pH 7.6).

All sections were incubated with 3,3’ diaminobenzidine
(DAB) solution (DAKO) for 1-5min. Sections were counter-
stained with haematoxylin for 5min followed by washing
with tap water for 10 min. Finally, sections were dehydrated
with 100% ethanol and xylol followed by coverslipping with
mounting medium (Pertex, Histolab). Images were acquired
with a Nikon Eclipse 50i microscope equipped with a Nikon
DS-Fil digital camera and a Nikon Digital Sight DS-U2 camera
controller. Image panels were constructed using the GNU
Image Manipulation Program (GIMP 2.8.2).

4.3.  Quantification of immunostaining

COLIV, laminin, and AGC1 immunostaining within leptome-
ningeal arteries of the patients and controls was quantified
by semi-automated image analysis in the Image] program
(http://rsbweb.nih.gov/, v1.47). Bright field images of sections
were captured on a Zeiss Axioplan 2 microscope, coupled to
an AxioCam camera (Carl Zeiss, Jena), at a resolution of
1300 x 1030 pixels using a Zeiss Plan Neofluar x10/0.3NA
objective (Carl Zeiss, Jena). Before image capture, Kohler
illumination was carefully adjusted on the microscope and
the camera was calibrated for uniform field shading and
white balance, to ensure consistent colour fidelity of the
acquired images.

RGB colour images of the sections were imported to
ImageJ. Ten arteries of various sizes were randomly chosen
in each section, and a region of interest (ROI) was drawn to
outline the boundary of each artery. The RGB image was
transformed to the L* a* b* colour space (CIE 1976, CIELAB)
(Chen et al., 2012) which was used to replicate the colours
created by the orange-brown dye (DAB) of the immunostain-
ing. The b* channel was selected for analyses because it
yielded a higher contrast between the signal staining and
differential staining, or section background, than the other
two CIELAB channels. It was experimentally confirmed to be
superior to any of the RGB channels or the other two CIELAB
channels. The b* channel was thresholded using the auto-
mated threshold function of Image] and fine-adjusted to
correspond to all stained areas on the section, ensuring a
minimal bleed through of differentially stained structures.
Using the thresholded image the preselected ROIs corresponding

Table 2 - Antibodies used for immunohistochemistry in the study. The table shows details of the primary antibodies used

for immunohistochemistry experiments and the staining kits used for each antibody.

Target protein Company Species Method Pre-treatment Antibody dil.
Aggrecan Millipore, AB1031 Rabbit polycl. Vectastain kit Citrate buffer (pH 2.5) 1:100

CD31 DAKO, M0823 Mouse monocl. PAP (DAKO) EnVision™ FLEX® 1:10
Collagen IV SIGMA, C1926 Mouse monocl. Vectastain kit Citrate buffer (pH 6) 1:500
Cystatin C DAKO, A0451 Rabbit polycl. PAP (DAKO) None 1:500

Elastin SIGMA, E4013 Mouse monocl. Vectastain kit Proteinase K° 1:10
Laminin SIGMA, 18271 Mouse monocl. Vectastain kit Citrate buffer (pH 6) 1:200
Smooth muscle actin DAKO, M0851 Mouse monocl. PAP (DAKO) Citrate buffer (pH 6) 1:50

@ EnvisionTM FLEX, High pH, DAKO, K8000.
® protease XVII, SIGMA P8038 1 pgmL L
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to specific arteries were re-introduced and the percentage
area fraction covered by the threshold was calculated. The
resulting number characterises the immunostaining load in
the vessel and was subsequently used to quantitatively
investigate differences in the degree of immunostaining
between arteries in patient and control samples. The percen-
tage of immunostained area per total ROI was calculated as
described above for 10 arteries in all patient (n=28) and
control (n=10) samples. Statistical analyses were performed
on combined values from the patients and controls with the
Mann-Whitney U test (Statview v5.0.1 software).
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Hereditary Cystatin C Amyloid Angiopathy (HCCAA) is an amyloid disorder in Icelandic families
caused by an autosomal dominant mutation in the cystatin C gene. Mutant cystatin C forms
amyloid deposits in brain arteries and arterioles which are associated with changes in the arterial
wall structure, notably deposition of extracellular matrix proteins. In this post-mortem study we
examined the neuroinflammatory response relative to the topographical distribution of cystatin
C deposition, and associated haemorrhages, in the leptomeninges, cerebrum, cerebellum,
thalamus, and midbrain of HCCAA patients. Cystatin C was deposited in all brain areas, grey
and white matter alike, most prominently in arteries and arterioles; capillaries and veins were
not, or minimally, affected. We also observed perivascular deposits and parenchymal focal
deposits proximal to affected arteries. This study shows for the first time, that cystatin C does not
exclusively form CAA and perivascular amyloid but also focal deposits in the brain parenchyma.
Haemorrhages were observed in all patients and occurred in all brain areas, variable between
patients. Microinfarcts were observed in 34.6% of patients. The neuroinflammatory response was
limited to the close vicinity of affected arteries and perivascular as well as parenchymal focal
deposits. Taken together with previously reported arterial accumulation of extracellular matrix
proteins in HCCAA, our results indicate that the central nervous system pathology of HCCAA is
characterised by the formation of a glial scar within and around affected arteries.
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1. Introduction

Hereditary Cystatin C Amyloid Angiopathy (HCCAA), also called
hereditary cerebral haemorrhage with amyloidosis - Icelandic
type (HCHWA-I), is a rare, fatal, autosomal dominant amyloid
disease with high penetrance, caused by a mutation in the
cystatin C gene (CST3) (Blondal et al., 1989; Ghiso et al., 1986;
Palsdottir et al., 1988, 2008) which has almost exclusively been
found in Iceland (Graffagnino et al., 1995). HCCAA is a cerebral
amyloid angiopathy (CAA) (Palsdottir et al, 2006) and its
pathology is characterised by deposition of cystatin C amyloid
in the walls of cerebral arteries and arterioles along with
associated changes in arterial wall structure and composition,
notably loss of smooth muscle cells and accumulation of
extracellular matrix (ECM) proteins (Snorradottir et al., 2013).
Mutant cystatin C is one of several proteins (Yamada and
Naiki, 2012) known to form amyloid in the body. The most
common is Alzheimer's disease associated protein amyloid-p
(Ap) which is also the most frequent amyloid forming protein
associated with CAA (Biffi and Greenberg, 2011). Sporadic
CAA caused by Ap is fairly common with a 10-40% incidence
in elderly individuals (Biffi and Greenberg, 2011). Examples of
other diseases with AB-associated CAA are Alzheimer's dis-
ease (AD), in which over 80% of patients have CAA (AD-CAA)
(Vinters and Gilbert, 1983), and Hereditary Cerebral Haemor-
rhage With Amyloidosis — Dutch type (HCHWA-D) which is
caused by a point mutation within the Ap region of the
amyloid precursor protein APP (Maat-Schieman et al., 2005).
HCCAA typically has an early onset of severe recurrent
cerebral haemorrhages in young adults. Most carriers suffer
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brain haemorrhages in their twenties leading to paralysis or
dementia; the average age at death is 30 years (Gudmundsson
et al, 1972; Palsdottir et al., 2008). However, a minority of
carriers live longer due to unknown reasons (Palsdottir et al.,
2008). Severe cerebral haemorrhages, comparable to those in
HCCAA, are also seen in AD-related CAA (Ap), sporadic CAA
(AB), and HCHWA-D (AB), however, their onset in these dis-
orders is typically later in life than in HCCAA, e.g. around 40-60
years of age in the hereditary disorder HCHWA-D (Wattendorff
et al,, 1982) and in individuals over 60 years of age in AD-
related CAA and sporadic CAA (Gilbert and Vinters, 1983).

To this day, not much was known about cerebral inflam-
matory changes in HCCAA. Yamada et al. (1996) described the
activation of macrophage cells around leptomeningeal and
cortical vessels in two HCCAA patients that were included in
a study which documented similar changes in cases of
sporadic CAA (AB). The aim of our study was to get a more
detailed understanding of the nature of cystatin C deposition
in the brain of HCCAA patients, specifically regarding topo-
graphical distribution and severity grading in the parench-
yma and to give a better insight into the reaction of the
central nervous system to this cystatin C deposition.

Previous reports (Jensson et al., 1987; Lofberg et al., 1987;
Thorsteinsson et al., 1988) have addressed aspects of cystatin
C deposition in the central nervous system (CNS) of HCCAA
patients and associated haemorrhages. In summary, these
studies revealed that arterial cystatin C deposition was
strongest in the leptomeninges, but also present in the
cerebrum, cerebellum, basal ganglia and spinal cord. Overall,
they agreed that deposition was present to a lesser extent in
vessels of the white compared to grey matter. Haemorrhages

i)

Fig. 1 - Capillaries were not, or minimally, affected in the HCCAA patients. (A) CD31 immunostain of the molecular layer in a
cerebellar section from a patient showing CD31 immunoreactive capillaries (an example indicated by the arrow) and artery
(asterisk). (B) Cystatin C immunostain from an adjacent section of that in (A) that shows a lack of cystatin G immunoreactivity
in capillaries whereas the artery (asterisk) is cystatin C immunoreactive. Figures (C) (CD31 immunostain) and (D) (cystatin C
immunostain) are higher magnification images of the same sections showing the same capillary as was indicated with the
arrows in figures (A) and (B), as well as other capillaries in its surroundings. Scale bars: 50 pm on all figures.
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Fig. 2 - Congo red staining of thalamus. (A) Cystatin C immunostain of a region adjacent to the lateral ventricle in the
thalamus that shows arterial cystatin C deposits as well as focal deposits and perivascular deposition. (B) Congo red staining
of an adjacent section to that seen in (A) that shows Congo red staining of focal deposits (arrows). (C) The deposits in the artery
showed green birefringence when viewed under polarised light, but the perivascular deposits and focal deposits did not.

were described in the cerebral cortex and basal ganglia, but
also for some cases in the white matter. Thorsteinsson et al.
(1988) specifically note perivascular cystatin C deposits in the
hippocampus and basal ganglia.

Our results concur in general with previous studies
regarding the topography of cystatin C distribution in HCCAA,
but add important details, notably the novel observation of
parenchymal focal cystatin C deposits which were observed
in proximity to affected arteries in all brain areas examined
as well as the observation of microinfarcts in 34.6% of the
patients. We systematically evaluated capillary involvement
and found that capillaries were either not, or minimally
affected, suggesting that HCCAA can be classified as a type
2 CAA according to the classification suggested by Thal et al.
(2002a). We addressed the severity of CAA due to cystatin C
amyloid deposition in all patients examined in this study and
found that, irrespective of age or brain area (grey or white
matter), the severity of CAA in arteries and arterioles could be
classified as stage 3 (Vonsattel et al.,, 1991). The neuroin-
flammatory response consisted of activated astrocytes and
microglia/macrophages located around, and within, amyloid
deposits in affected arteries as well as parenchymal deposits.
Little or no neuroinflammatory reaction was detected in the
parenchyma except around focal cystatin C deposits.

2. Results
2.1.  General vascular pathology

Cystatin C deposition was systematically detected in almost
all arteries, in all brain areas examined, but overall the most
affected were smaller arteries and arterioles. Capillaries were
either not, or minimally, affected (Fig. 1), as were veins.
Throughout the brain cystatin C deposits were detected in
all layers of the vessel wall of affected arteries/arterioles.
Deposits within arterial walls showed birefringence when
viewed under polarised light (Fig. 2C). The lumen ranged from
relatively open in some arteries to completely occluded in
smaller arteries/arterioles; an example of this can be seen in
Fig. 3A and B. H&E staining revealed acellular thickening of
the walls of small and medium-sized arteries and arterioles,
and less often veins, by an amorphous, intensely eosinophi-
lic, homogenous material. Affected vessels with a “double

barrel” lumen were often observed with cystatin C deposition
in both the outer and the inner walls of such “double barrels*.
These changes, associated with advanced amyloid angiopa-
thy, were found mainly in leptomeningeal arteries. In some
cases amyloid-laden vessels had undergone fibrinoid degen-
eration, or necrosis.

2.2.  Topographical distribution of cystatin C deposition

The topographical distribution of cystatin C deposition, and
the severity of CAA, was assessed in samples from 26
patients (Table 1). While samples from the cerebrum were
available from all patients, the availability of sample material
from the cerebellum, midbrain, and thalamus varied between
patients (Table 1). Therefore, compared to cerebrum, the
topographic assessment of cystatin C deposition in cerebel-
lum, midbrain, and thalamus was only possible on a rela-
tively small proportion of these 26 patients.

2.2.1. Cerebrum

Cystatin C immunoreactive amyloid was detected in lepto-
meningeal arteries in the cerebral sulci and in the leptome-
ningeal space as well as in arteries/arterioles in the grey and
white matter. The cystatin C deposition was most pro-
nounced in medium and small sized arteries and arterioles
in the leptomeninges and in the cerebral cortex (Fig. 3A).
Haemorrhages were observed in the grey matter of 24 out of
26 patients and occasionally in the white matter (data not
shown). Perivascular cystatin C deposition was observed
around arteries in the parenchyma. These deposits, although
stained by Congo red, did not show birefringence under
polarised light (Fig. 2A-C).

2.2.2.  Cerebellum

Cystatin C immunostaining was detected in the leptomenin-
geal arteries/arterioles and in arteries in the molecular layer,
granular layer, and white matter (Fig. 3B-D). The deposition
was most severe in the leptomeningeal vessels and in the
vessels of the molecular layer (Fig. 3B and C). Perivascular
deposits were a frequent finding (Fig. 3B). Remnants of
haemorrhages were observed in the molecular layer of 8
(out of 10) patients.



152 BRAIN RESEARCH 1622 (2015) 149-162

Fig. 3 - Cystatin C amyloid deposition in samples from the cerebrum, cerebellum, midbrain and thalamus in HCCAA. Cerebrum: (A)
Cystatin C immunoreactivity in arteries at the surface of the cerebral cortex in the sulcus and in leptomeninges. Cerebellum (B-D):
(B) Gystatin C immunostain showing extensive cystatin C deposition in arteries of the leptomeninges, sulcus, and in the molecular
layer and prominent perivascular amyloid deposits. (C) Cystatin G immunostaining of arteries in the granular layer, and in the
white matter (D). Midbrain (E,F): (E) Severe amyloid deposition in arteries of the tectum. (F) Amyloid deposition in arteries in the
superior colliculus. Thalamus (G,H): (G) Cystatin C immunostain of a region close to the ventricle showing arteries with prominent
perivascular amyloid and focal deposits. (H) Cystatin C immunostain of a region adjacent to the lateral ventricle in the thalamus
showing perivascular amyloid deposition. Microinfarcts (I-K): (I) H&E stain of a cerebellar section showing a microinfarct. (J) H&E
stain of a section from the cerebrum showing a microinfarct. (K) CD68 immunostain of a section adjacent to that shown in (J)
showing activated macrophages within the microinfarct. Scale bars: 50 pm on all figures.

2.2.3. Midbrain

Vascular cystatin C amyloid deposits were found in all cases,
most severe in the tectum and the colliculi of the superior
cerebellar peduncle (Fig. 3E and F, respectively). Cystatin C
immunoreactive arteries were also observed in the

tegmentum, substantia nigra and cerebral peduncle. Perivas-
cular deposits were frequently observed and many small
arteries/arterioles in the regions mentioned had a completely
occluded lumen. Remnants of haemorrhages were seen in all
6 patients.
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Fig. 4 - Cystatin C focal deposits in the cerebrum, cerebellum, thalamus, and midbrain. (A) Cystatin C focal deposits at the
surface of a sulcus of the cerebrum; an artery with associated haemorrhage is located in the centre of the image. (B) Cystatin C
focal deposits in the cerebellum proximal to a sulcus and affected arteries. (C) Cystatin C focal deposits in the thalamus
proximal to the ventricle and affected arteries. (D) H&E stain of a region surrounding a focal deposit in the superior colliculus
of the midbrain. Adjacent sample sections with the same deposit as shown in (D) were immunostained for cystatin C (E), GFAP
(F), and CD68 (G) revealing a strong astrocytic response around the focal deposit as well as numerous macrophages around
and within. (H) Cystatin C immunostaining of the tectum of the midbrain showing an affected artery and several focal
deposits close to the artery (upper left corner). (I) An adjacent section of the same area as in (H) immunostained for GFAP
demonstrating that in areas with affected arteries and associated focal deposits, the astrocytic response was more
widespread than in regions where amyloid deposition was confined to the arterial walls, in which case the astrocytosis was
limited to the close vicinity of the arteries. Scale bars: 50 pm on all figures.

2.2.4. Thalamus

In all five patients large haemorrhages were found and there
were perivascular cystatin C deposits around most of the
affected arteries (Fig. 3G and H). In addition, cystatin C deposi-
tion was observed in small and medium sized arteries in the
choroid plexus, these deposits showed birefringence when
stained with Congo red and viewed under polarised light.

2.2.5. CAA severity

Capillaries in the patients were either not, or minimally,
affected (Fig. 1). Thal et al. (2002a) suggested a classification of
CAA into CAA type 1 and type 2 dependant on capillary
involvement, where capillaries are affected in type 1 but not
type 2. The lack of capillary involvement in HCCAA would
classify it as a CAA type 2. According to criteria defined by

Vonsattel et al. (1991) the severity of CAA can be divided into
three stages: mild, moderate and severe. By applying these
criteria the CAA in the cerebrum, cerebellum, midbrain, and
thalamus was graded as “severe” in all the patients. Examples
of this are shown for cerebrum in Fig. 3A (examples indicated
by arrows), cerebellum in Fig. 3B (example indicated by
arrow), midbrain in Fig. 3E (example indicated by arrow),
and thalamus in Fig. 3G (example indicated by arrow).

2.2.6. Microinfarcts

Microinfarcts were found in 9 of 26 patients (aged 29-57,
median=32, two males and seven females, see Table 1 and
Fig. 31-K). The number of microinfarcts per section was
variable between patients and ranged from 1 to 7 (Table 1).
Microinfarcts were present in both grey and white matter and
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Fig. 5 - The association of reactive astrocytes and microglia with arterial cystatin C amyloid. (A) A section from the cerebrum
immunostained for cystatin C that contains two focal deposits, and in close vicinity to them are two unaffected (cystatin C
negative) capillaries (arrows). In addition the image contains two affected (cystatin C positive) arterioles. (B) A cortical artery in
the grey matter of the cerebrum with cystatin C immunoreactvity throughout the entire vessel wall and deposition extending
into the parenchyma. (C) An image of the same artery as in (B) that shows GFAP-positive hypertrophic astrocytes surrounding
the artery and co-inciding with regions of parenchymal cystatin C deposition and astrocytic processes within the cystatin C
deposition (arrows). (D) A cortical artery in the white matter of the cerebrum showing cystatin C immunoreactive deposition
within the arterial wall and in the surrounding parenchyma. (E) The same artery as in (D) with reactive astrocytes around the
artery and numerous GFAP-positive astrocytes in the surrounding parenchyma. (F) Leptomeningeal and cortical arteries with
cystatin C immunoreactive amyloid. (G) An adjacent section to the one shown in (F), immunostained for GFAP, showing
numerous GFAP-positive astrocytes located in the cerebral cortex adjacent to leptomeningeal arteries in a sulcus. (H) A limited
number of GFAP-positive astrocytes detected in cerebral cortex adjacent to leptomeningeal arteries in a sulcus of control
individual. () An artery in the white matter of the cerebrum in a patient with cystatin C-immunoreactive amyloid. (J)
Immunostaining for IBA1 shows reactive microglia and “rounded” macrophage-like cells around the same artery as in (I). (K)
CD68 reactive cells around the same artery as shown in (I) and (J). Scale bars: 50 pm on all figures.
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were observed in the cerebrum of eight patients, the cere-
bellum of two patients and the midbrain of two patients
(Table 1). The sizes of the microinfarcts in all cases ranged
from 1 to 2 mm. Microinfarcts with and without cavities were
found. Because we were using archived samples from autop-
sies we had a limited number of blocks per brain region per
individual, which varied between patients (data not shown).
In some sections, large ischemia-related infarcts as well as
new and old haemorrhages made it difficult to evaluate the
presence of microinfarcts. Therefore, we could not determine
the presence of microinfarcts in such samples. The number
of identified microinfarcts (Table 1) should be viewed in light
of these limitations.

2.2.7. Focal cystatin C deposits

A novel observation was the detection of focal parenchymal
cystatin C deposits. These deposits showed strong cystatin C
immunoreactivity (Fig. 4A) and were visible by H&E staining
and after Congo red staining, however, they did not show
birefringence under polarised light (Fig. 2A-C) whereas cysta-
tin C deposits in the walls of arteries located in the same
areas did (Fig. 2C). The deposits were approximately 30-50 pm
in diameter and could therefore be defined as “focal deposits”
according to Duyckaerts et al. (2009). In contrast to “diffuse
deposits”, ranging from 50 pm to several hundred micro-
metres, focal deposits are visible after H&E staining
(Duyckaerts et al., 2009).

Focal deposits were detected in the superficial layers of
the cerebral cortex adjacent to the cerebral sulci and lepto-
meningeal space (Fig. 4A) in 5 of 26 patients (aged 25-57,
median=30, three females and two males; see Table 1). They
were also observed in the superficial molecular layer of the
cerebellum (Fig. 4B) (three out of ten patients (aged 29-31,
median=30, two males and one female; see Table 1)). In the
thalamus, numerous focal deposits were observed (four of
five patients, age 25-40, median=29.5, three males and one
female; see Table 1) adjacent to the ventricular system
(Fig. 4C). Finally, in the midbrain, focal deposits were
observed in the tectum of one out of six patients (male, 30
years), most prominently in the superior colliculi (Fig. 4D and
E). In all the brain regions mentioned above the focal deposits
were most prominent in association with severely affected
arteries especially in the superficial layers of the cerebral
cortex, in the molecular layer of the cerebellum, in the
paraventricular regions of the thalamus, and adjacent to
the aqueduct in the midbrain.

2.3. Neuroinflammatory response

Reactive astrocytes were detected based on increased expres-
sion of glial fibrillary acidic protein (GFAP), hypertrophic
processes and enlarged cell bodies (Sofroniew and Vinters,
2009). Activation of microglia was determined by cell mor-
phology and immunostaining for ionised calcium-binding
adaptor molecule 1 (IBA1), major histocompatibility complex
class II-antigen (HLA-DR), and CD68.

2.3.1. GFAP immunoreactivity
In the control individuals, GFAP-positive astrocytes were
detected in small numbers. These astrocytes were scattered

in the grey and white matter and were weakly GFAP immu-
noreactive with fine cytoplasmic processes (Fig. 5H). In all
HCCAA samples examined in this study, a build-up of GFAP-
positive reactive astrocytes was observed in association with
cystatin C deposition, both around arteries (Fig. 5B-G) and
focal deposits (Fig. 4E-I). This applied to both white (Fig. 5D)
and grey matter (Fig. 5B). The increase in GFAP immunor-
eactivity in the vicinity of patient arteries was significant
(P<0.0001, Fig. 6A) compared to GFAP reactivity around
arteries in the control samples as determined by quantitative
analyses on cerebral samples from 21 patients and 9 controls
(Table 1). Reactive astrocytes in the patients had character-
istics of hypertrophic/gemistocytic astrocytes, i.e. thick pro-
cesses and enlarged cell bodies (Fig. 5C and G). Overall, the
degree of GFAP reactivity in the patients increased close to
affected arteries and relative to the extent of cystatin C
deposition, i.e. prominent deposition was associated with
prominent astrocytosis. Astrocytes farther away from
affected arteries were not hypertrophic (data not shown). As
shown in Fig. 5C, reactive astrocytes encircled affected
arteries forming a “glial scar” separating them from the
surrounding tissue. GFAP immunoreactivity of astrocytes
was strong in areas with perivascular deposition and focal
deposits, and in some cases astrocyte processes were
detected within the parenchymal deposits, an example of
which can be seen when the GFAP immunoreactivity in
Fig. 5C is compared to the cystatin C distribution of the same
artery in Fig. 5B.

2.3.2. IBA1 and HLA-DR immunoredctivity

IBA1 immunoreactive microglia in the control samples were
evenly distributed in the grey and white matter and displayed a
ramified morphology with a relatively small cell body and fine
processes (data not shown). In the HCCAA samples, IBA1
immunoreactive microglia were located around amyloid depos-
its of affected arteries (Fig. 5] and 7D), in the cerebral cortex
adjacent to leptomeningeal blood vessels in the sulcus (Fig. 7E)
and around focal deposits (data not shown). The intensity of
IBA1 immunostaining around arteries in patient samples was
significantly increased compared to controls (P<0.0001, Fig. 6B)
as determined by analysis of arteries in cerebral samples from
21 patients and 9 controls (Table 1). The microglia proximal to
affected arteries displayed features of activated microglia, i.e. a
large cell body with thick, short processes (Fig. 5] and 7E). In
contrast, microglia in parenchymal regions of patients, farther
away from affected arteries, had morphological characteristics
similar to those seen in the controls.

Cells in the media and adventitia of patient arteries were
immunoreactive for HLA-DR (Fig. 7C), whereas there was no,
or only sporadic, HLA-DR reactivity in arteries of controls
(data not shown). Microglial cells in patients that were
immunoreactive for IBA1 were also HLA-DR-positive as
demonstrated by double staining for IBA1 and HLA-DR
(Fig. 7D). These IBA1/HLA-DR positive cells had the morpho-
logical appearance of both activated microglial cells and
macrophages (Fig. 7D-E).

2.3.3. CD68 immunoreactivity
CD68 positive cells in the patients were clustered around and
within amyloid-laden arteries as shown on adjacent sections



BRAIN RESEARCH 1622 (2015) 149-162 157

A B C
P < 0.0001 P <0.0001 P <0.0001
— — —
40 20 2
O Controls O Controls O Controls
O HCCAA g O HCCAA o O HCCAA °
5 5 . 5 o o I
£ 301 r< 151 o o £
© © ©
o 8 o o
© 8 © © °
° 8 ° g o 15 r
o} o} 7}
£ £ £
£ 20 A r £ 10 8 =
1] 1] - 1]
g g g o
; ; g 8 £ 107 5
E E ° E °
X 10 1 I X 5 - xR
o 5 - ° L
0 o] o]
GFAP IBA1 CD68

Fig. 6 - Results from quantitative analyses of GFAP, IBA1 and CD68 immunostaining around affected arteries in the cerebrum.
Box and whisker plots that show the results from quantitative analyses of GFAP, IBA1 and CD68 immunostaining in patient
and control samples. The whiskers show the 10th percentile and the 90th percentile. Values that fall above the 90th percentile
and below the 10th percentile are presented as open circles. (A) The plot shows the % of GFAP immunostaining (per ROI, as
defined in the experimental procedures) around cerebral arteries of 9 controls (median (50th percentile)=4.3, n=45
(measurements)) and 21 HCCAA patients (median=9.7, n=105 (measurements)). The % GFAP staining in the patients was
significantly higher than in the controls (P <0.0001, Mann-Whitney U-test). (B) The plot shows the % IBA1 immunostaining per
ROI around cerebral arteries of 9 controls (median=1.9, n=45 (measurements)) and 21 HCCAA patients (median=4.7, n=105
(measurements)). The % IBA1 staining in the patients was significantly higher than in the controls (P<0.0001, Mann-Whitney
U-test). (C) The plot shows the % CD68 immunostaining per ROI around cerebral arteries of 9 controls (median=1.2, n=45
(measurements)) and 21 HCCAA patients (median=3.2, n=105 (measurements)). The % CD68 staining in the patients was
significantly higher than in the controls (P<0.0001, Mann-Whitney U-test).

(Fig. 7A and B). CD68 positive cells were also observed around 3.1.  Topography of arterial cystatin C deposition

focal deposits (Fig. 4E and G). The increase in CD68 immunor-

eactivity around arteries observed in patients compared to We detected cystatin C deposition in leptomeningeal arteries
controls was significant (P<0.0001, Fig. 6C) as determined by as well as in arteries of the grey and white matter in the
analysis of arteries in cerebral samples from 21 patients and 9 cerebrum, cerebellum, thalamus, and midbrain. Capillaries
controls (Table 1). A higher degree of CD68 reactivity was were not, or minimally affected which is in agreement with
observed around arteries with severe CAA or parenchymal the results of Blondal et al. (1989). The detection of CAA

deposits. Numerous CD68 positive macrophages were detected (cystatin C amyloid, ACys) in the thalamus and midbrain of
in infarcts after haemorrhages and around leptomeningeal HCCAA patients in this study is a novel observation, whereas
arteries (data not shown). In contrast to the clustered distribu- CAA in the basal ganglia, leptomeninges, cerebrum and
tion around arteries in HCCAA, CD68 reactive cells were scat- cerebellum has previously been described (Jensson et al,
tered in the parenchyma of control samples (data not shown). 1987; Lofberg et al., 1987). The distribution of CAA in HCCAA

differs from that described for vascular Ap in HCHWA-D
where it is mainly seen in meningocortical vessels of the
cerebral hemispheres and only rarely in vessels of the
cerebellum, hippocampus, basal ganglia and brain stem, but
in contrast to HCCAA, almost never in vessels of the white
matter (Maat-Schieman et al., 1996). The distribution of CAA
in HCCAA also differs from that of vascular A in sporadic
CAA where it is mainly found in the leptomeningeal and
1987; Lofberg et al., 1987; Thorsteinsson et al., 1988). However,  cortical vessels of the cerebral lobes and cerebellum and is
we decided to perform a detailed analysis of the topography uncommon in the basal ganglia, thalamus, brainstem and
of cystatin C deposition, and associated haemorrhages, on white matter (Yamada and Naiki, 2012).

the samples available (Table 1), with regard to: (i) its associa- As described by Thal et al. (2003, 2008) the progression of
tion to neuroinflammation and (ii) the relative severity of CAA (Ap) throughout the brain can be divided into three
CAA in different brain regions. stages based on distribution. In stage 1 CAA is detected in

3. Discussion

The distribution of cystatin C deposition in HCCAA has been
addressed, to some extent, in the literature (Jensson et al.,
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Fig. 7 - The association of activated microglia with arterial cystatin C amyloid. (A) Cystatin C immunoreactivity in arteries and
arterioles of a patient in the white matter of the cerebrum. The lumen of arterioles (top left) were completely occluded. (B)
Numerous CD68 immunoreactive macrophages in association with the cystatin C amyloid in the arteries shown in (A). (C)
Immunostaining for HLA-DR that shows reactive microglia around a patient artery in the cerebral white matter and (D) double
immunostaining of the same artery for IBA1 (blue) and HLA-DR (red) showing that the activated IBA1 positive microglia are
also HLA-DR positive. (E) IBA1 positive microglia in the cerebrum of a patient located close to leptomeningeal vessels in a
sulcus with large cell bodies and thick and short processes. Scale bar: 50 pm on all figures.

leptomeningeal and neocortical vessels, in stage 2 in allocor-
tical and midbrain vessels, and in stage 3 it is present in the
basal ganglia, thalamus and in the lower brainstem, too. In
this study, CAA (ACys) was present in all thalamic samples
available (5 patients). Four of these patients were younger
than 30 years of age (Table 1). Stage 3 CAA in such young
individuals underlines the rapid disease progression in
HCCAA compared to the other CAA types.

Applying the severity scale by Vonsattel et al. (1991) defining
the CAA related changes within the arteries themselves (e.g.
degree of amyloid deposition and smooth muscle cell loss) the
CAA (ACys) in all HCCAA cases in this study would be classified
as “severe”. Cystatin C immunoreactivity was invariably pre-
sent in all layers of the walls of medium and small sized
arteries and arterioles, irrespective of the area under examina-
tion (leptomeninges, cerebrum, cerebellum, thalamus, or mid-
brain), accompanied by severe smooth muscle cell loss.

3.2.  Location of haemorrhages

Haemorrhages were found in all areas of the brain examined,
variable between patients (Table 1). Haemorrhages in the
cerebellum and thalamus were not specifically mentioned in
previous studies on HCCAA (Jensson et al., 1987; Lofberg et al.,
1987; Thorsteinsson et al., 1988). This distribution of haemor-
rhages in HCCAA is more widespread than described in Ap-
related HCHWA-D and sporadic CAA. In HCHWA-D haemor-
rhages are predominantly found in the cerebral cortex, the
subcortical white matter, and may also be found in the

leptomeninges (Wattendorff et al., 1995). In sporadic CAA
(Ap), haemorrhages are found in the cerebral lobes but
usually not found in the basal ganglia, thalamus and pons,
because these areas are usually only affected in severe cases
(Yamada and Naiki, 2012).

With respect to this more widespread nature of haemor-
rhages in HCCAA, it is interesting to note that wild-type cystatin
C (non-amyloid) in some cases co-localises with Ap in vascular
(and parenchymal) amyloid deposits (Levy et al.,, 2001). This co-
localisation in AB-CAA has been reported to increase the like-
lihood of fatal haemorrhages in both sporadic Ag-CAA and
HCHWA-D cases (Itoh et al., 1993; Maat-Schieman et al., 1997;
Maruyama et al,, 1990; Vinters et al., 1990). As suggested by
Winkler et al. (2001), this indicates that the identity of the
depositing proteins in the vessel wall is an important determi-
nant of haemorrhage likelihood. Relevant to this, patients with
Familial British Dementia (FBD) or Familial Danish Dementia
(FDD) which show vascular deposits of Bri- or Dan-amyloid (ABri
or ADan), respectively, do not necessarily suffer severe haemor-
rhages (Vidal et al., 1999, 2000). Therefore, it may be speculated
that the more widespread occurrence of haemorrhages seen in
HCCAA might to some extent be due to the nature of cystatin C
itself, in addition to the severity of its deposition.

3.3.  Microinfarcts
Microinfarcts in HCCAA have not been described before. We

found microinfarcts in 9 of 26 patients in the cerebrum,
cerebellum and midbrain, variable between patients (Table 1).
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Microinfarcts have been associated with CAA in the literature
(Olichney et al., 1997; Soontornniyomkij et al., 2010), especially
severe CAA (Soontornniyomdkij et al., 2010). There are, however,
some conflicting reports regarding this association. Ellis et al.
(1996) did not find a significant correlation between CAA and
microinfarcts, but rather a correlation between CAA, haemor-
rhages and ischemia-related infarcts. Studies by Thal et al.
(2002a) and Kovari et al. (2013) both concluded that microin-
farcts in CAA could not be attributed to CAA alone but also to
other associated mechanisms. Soontornniyomkij et al. (2010)
have suggested that these conflicting results could be due to
differences in criteria used to grade the severity of CAA.

As discussed, the CAA in all 26 patients included in this
study could be classified as severe. The percentage of patients
with confirmed microinfarcts was 34.6%, which could be an
underestimate due to complicating factors in some of the
samples which made it difficult to evaluate the presence of
microinfarcts, e.g. large ischemia-related infarcts and new and
old haemorrhages. Furthermore, because we were using
archived samples from autopsies we had a limited number of
blocks per brain region per individual, which varied between
patients. Due to this, it is difficult to state unequivocally from
this data whether there is a direct association between micro-
infarcts and severe CAA in HCCAA. However, it should be noted
that microinfarcts have been classified as associated with age-
related complications, independent of CAA, such as hyperten-
sion, atherosclerosis, and microembolisms (Kovari et al., 2013).
The data from the study described here shows microinfarcts in
relatively young individuals (median=32 years), thus they can
hardly be classified as age-related, suggesting a link between
the severe CAA in these patients and the microinfarcts.

3.4.  Focal parenchymal cystatin C deposits

A novel observation in this study was the presence of parench-
ymal focal cystatin C deposits in all regions examined, most
prominently in the thalamus (Fig. 4C). This observation was
striking, given the relatively young age of the patients. The
deposits were always in the close vicinity of affected arteries
(Fig. 4A). While the cystatin C deposits in vessel walls showed
birefringence under polarised light after Congo red staining,
neither perivascular nor parenchymal deposits showed such
birefringence, suggesting that they may not contain cystatin C
as completely formed amyloid fibrils and have therefore not
reached the stage of being “cored” plaques. The distribution of
parenchymal deposits in the brain of Alzheimer's patients is
used to grade the clinical stage of the disease into five phases of
increasing clinical severity (Thal et al., 2002b). According to this
grading, the most advanced stages, ie. phases 4 and 5, are
characterised by deposits in the brainstem and cerebellum,
respectively. In this study focal deposits were observed in 4 of
5 available samples (age range 2540, Table 1) from the thalamus
and 3 of 9 available samples (age range 29-31, Table 1) from the
cerebellum. Applying these criteria to the clinical progression in
those HCCAA patients, the progression would be classified as
phases 4 and 5. However, the deposits were always closely
associated with affected arteries suggesting that their distribu-
tion correlates with the severity of CAA (Thal et al., 2003, 2008)
already discussed. Irrespective of which classification is used, the

advanced stage of cystatin C deposition in these young patients
accentuates the speed of the disease progression in HCCAA.

3.5.  The neuroinflammatory response to cystatin C
deposition

Studies on other amyloid disorders that can have a CAA
component, e.g. AD, have mostly focused on CNS reactions
around the prominent parenchymal amyloid deposits
(Eikelenboom et al., 2006; Itagaki et al., 1989; Loeffler et al.,
2008; Wyss-Coray and Rogers, 2012). Inflammatory processes
occur early during the course of AD (Eikelenboom et al., 2006)
and reactive astrocytes, microglia, complement proteins, and
cytokines have been shown to cluster around and within
amyloid plaques and near neurofibrillary tangles (Itagaki
et al., 1989; Loeffler et al., 2008). In general, reactive astrocytes
play a part in damage control after CNS injury by surrounding
the lesion, proliferating, and becoming hypertrophic, result-
ing in the formation of a glial scar (Sofroniew, 2009; Sofroniew
and Vinters, 2009). This response is aimed to seal off the
damaged area and thus preserve less affected tissue and the
blood-brain barrier (Sofroniew, 2009).

We observed consistent astrocytosis around arteries in
HCCAA, with and without perivascular deposition, in all regions
examined. This pathology differs to some extent from that seen
in AD-CAA (Ap) and HCHWA-D (Ap). In AD-CAA gliosis is not
consistently observed around arteries in which Ap is limited to
the arterial wall, but is rather observed around arteries sur-
rounded by perivascular amyloid (Mandybur, 1989). In HCHWA-
D gliosis has mainly been described around cerebrocortical
arteries (Maat-Schieman et al., 1996, 2004). The consistency
and extent of reactive astrocytes observed in the relatively
young HCCAA patients underlines the aggressive nature of the
vascular damage in this disease compared to the other forms of
CAA (Ap), which affect older individuals. This could indicate
that the astrocytes in HCCAA are reacting to both the cystatin C
deposition and disruptions of the blood-brain barrier. The latter
is in line with our previous observation of endothelial attenua-
tion in arteries of HCCAA (Snorradottir et al., 2013).

CD68 and IBAl-positive cells were clustered around
amyloid-laden arteries and within focal deposits in the
HCCAA patients. As reviewed by Eikelenboom et al. (2008)
this is similar to the microglial response detected around
affected arteries and capillaries in HCHWA-D and so called
‘vascular AD’ with microcapillary angiopathy, but differs from
AD where activated microglia are limited to the amyloid
plaques, i.e. absent around amyloid-laden vessels. In vitro
studies suggest that microglia from AD patients can phago-
cytose amyloid, although their ability to degrade amyloid
seems to be impaired (Fiala et al., 2005). There are reports on
Ap peptides being internalised by astrocytes and astrocytic
hypertrophic processes degrading Ap-containing plaques and
thus preventing the deposition of extracellular Af in AD
(Wyss-Coray and Rogers, 2012). Together with our results,
this suggests that the microglia and astrocytes in HCCAA
respond to cystatin C amyloid in a manner similar to that
observed in the immune response to Ap in AD.
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3.6. Conclusions

Glial scar formation involves the deposition of ECM proteins
at the site of injury, such as collagen IV and laminin, that are
secreted by fibroblasts at the site of damage (Kawano et al.,
2012). Proteoglycans are also associated with such fibrotic
changes (Bartus et al., 2012).

We have previously reported that there is an excessive
deposition of ECM proteins, notably collagen IV, laminin, and
the proteoglycan aggrecan in HCCAA vessels (Snorradottir et al.,
2013). Here we report the presence of reactive astrocytes,
activated IBA1/HLA-DR positive microglia and CD68 positive
macrophages in association with affected arteries in HCCAA.
Thus, the arterial pathology seen in HCCAA has the distinguish-
ing features of a glial scar. The attenuation of endothelia in
amyloid laden arteries (Snorradottir et al., 2013), along with the
nature of the glial response described here, suggests that the
glial scar is a response to blood-brain barrier disruption, as well
as to the amyloid deposition itself, in an attempt to restore the
integrity of the barrier and limit the extent of damage.

Our results revealed that cystatin C deposition in HCCAA is
always spatially associated with arteries, i.e. parenchymal focal
deposits were never seen in areas with no arteries. In this respect
it is relevant that cystatin C deposition in HCCAA patients is not
limited to the central nervous system. It has been observed in
several peripheral tissues (Benedikz et al., 1990; Olafsson et al.,
1996). This could be due to the fact that cystatin C is widely
expressed throughout the body (Abrahamson et al., 1990). Taken
together with the fact that cystatin C deposition in the CNS is
either limited to arteries, or regions proximal to arteries, this
supports an origin of cystatin C amyloid from the cell types
within the arterial wall itself, e.g. adventitial fibroblasts or
smooth muscle cells, as previously shown by Wang et al.
(1997). The spreading of cystatin C into the parenchyma in the
form of perivascular deposits and focal deposits could be due to
“overload” within the arterial walls as a result of impaired
removal by perivascular drainage, thus supporting the scenario
suggested by Weller et al. (1998) that amyloid build-up in CAA
(Ap) is due to failure in perivascular drainage of amyloid forming
proteins via the arterial walls. As we have previously reported
(Snorradottir et al., 2013) there is a significant alteration in the
basement membrane of HCCAA arteries, accompanied by accu-
mulation of extracellular matrix proteins that could both influ-
ence arterial cystatin C build up by trapping amyloid, as well as
reducing arterial elasticity which is necessary for efficient
perivascular drainage (Kalaria et al., 1996). This would thus result
in a similar scenario as has been determined in normal ageing i.
e. decreased efficiency in perivascular drainage due to basement
membrane thickening which in turn enhances age-related Ap
deposition in CAA (Kalaria et al., 1996; Weller et al., 1998).

4. Experimental procedure
4.1. Samples

Formalin fixed and paraffin-embedded sections (5pm) from
brain autopsy samples were obtained from the Department of
Pathology, Landspitali National University Hospital, Reykjavik,
Iceland. Permits for use of patient and control samples in this

study were obtained from the National Bioethics Committee and
the Data Protection Authorities in Iceland. HCCAA is a very rare
disease, even in terms of the small Icelandic population (325,671
on January 1st 2014 (Statistics Iceland)). We used archived
material from autopsies performed over a period of 48 years.
The tissue samples used (Table 1) were from the leptomeninges,
cerebrum, cerebellum, midbrain, and thalamus. The availability
of samples from these areas varied between individual patients
examined (Table 1). The topography of cystatin C deposition was
evaluated in samples from the cerebrum, cerebellum, midbrain
and thalamus of these 26 patients. Cerebellar samples were
available from 10 patients (aged 25-57, median=30.5; 3 males
and 7 females), midbrain samples from 6 patients (aged 27-41,
median=30.5; 1 male and 5 females) and thalamus samples
from 5 patients (aged 2540, median=29; 3 males and 2
females). The neuroinflammatory response was evaluated in
cerebral samples from 21 patients (9 females and 12 males,
median age=32). The control samples (Table 1) used throughout
the study were from 9 individuals (4 females and 5 males,
median age=45) with no signs of amyloid angiopathy and from
the same brain areas as the HCCAA brain samples.

4.2.  Immunostaining

The procedures for immunostaining with the PAP (DAKO) and
Vectastain ABC Elite kit (Vector laboratories) were as previously
described (Snorradottir et al., 2013). The details of the antibodies
that were used for immunostaining are provided in Table 2.
Double staining with antibodies against IBA1 and HLA-DR was
performed with the Multivision Polymer Detection System (Lab-
Vision) according to the manufacturer's protocol. Haematoxylin
and eosin (H&E) staining, Perls' Prussian blue staining, and
Congo red staining were done using standard methods.

4.3. Quantification of CD68, GFAP, and IBA1
immunostaining around arteries

GFAP, CD68 and IBA1l immunostaining in the patient and
control samples was quantified by semi-automated image
analysis in the Image] software (http:/rsbweb.nih.gov/,%
20v1.47). Brightfield images of each cortical section were
captured on a Nikon Eclipse 50i microscope, equipped with a
Nikon DS-Fil digital camera and a Nikon Digital Sight DS-U2
camera controller, at a resolution of 2560 x 1920 pixels using a
Nikon x10/0.3NA objective. RGB colour images of the sections
were imported to Image]. Five arteries of various sizes from
cerebral grey and white matter were randomly chosen in each
cortical section. Each artery was measured from its outer
boundaries, both vertically and horizontally. An oval region
of interest (ROI) surrounding the artery was defined by adding
150 ym in every direction to the vertical/horizontal measure-
ments. Further processing was performed as previously
described (Snorradottir et al., 2013); it should be noted that
for these analyses the a* channel was selected for analyses,
because it yielded a higher contrast between the signal and
differential staining or section background than the other two
CIELAB channels. For statistical analyses the difference
between patients and controls (5 arteries per each patient
(n=21) and control (n=9)) was assessed using the Mann-
Whitney U test in the Statview v5.0.1 software.
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Table 2 - Antibodies used in the study.

Target protein Company, catalogue nr. Species Pre-treatment Method Dilution and incubation
CD31 DAKO, M0823 Mouse monoclonal EnVision™ FLEX® PAP 1:10 for 30 min at RT®
CD68 DAKO, M0876 Mouse monoclonal Citrate buffer, pH 6.0 PAP 1:200 overnight at 4 °C
Cystatin C DAKO, A0451 Rabbit polyclonal None PAP 1:500 for 60 min at RT”
GFAP DAKO, Z0334 Rabbit polyclonal None PAP 1:250 for 60 min at RT”
HLA-DR DAKO, M0746 Mouse monoclonal Citrate buffer, pH 6.0 Vectastain kit 1:25 overnight at 4 °C
IBA1 Wako, 19741 Rabbit polyclonal Citrate buffer, pH 6.0 Vectastain kit 1:1000 for 60 min at RT®

The table shows what primary antibodies were used for immunostaining in the study, as well as the staining kits and experimental conditions

used for each antibody.
@ EnVision™ FLEX, High pH, DAKO, K8000.
Y RT: room temperature.

4.4.  Evaluation of microinfarcts

The evaluation of microinfarcts was based on a method
described by Soontornniyomkij et al. (2010). Briefly, H&E
stained sections were screened for microinfarcts (<5 mm)
by light microscopy with a 10x lens and their presence
confirmed with a 20 x lens. When a microinfarct was found
its presence was further confirmed in an adjacent CD68
immunostained section. The number of microinfarcts per
patient sample were counted (Table 1).
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Pathological changes in basement membranes and
dermal connective tissue of skin from patients with
hereditary cystatin C amyloid angiopathy

Asbjorg Osk Snorradottir'?, Helgi J Isaksson?, Saevar Ingthorsson®?, Elias Olafsson>®, Astridur Palsdottir' and
Birkir Thor Bragason'

Hereditary cystatin C amyloid angiopathy (HCCAA) is a genetic disease caused by a mutation in the cystatin C gene.
Cystatin C is abundant in cerebrospinal fluid and the most prominent pathology in HCCAA is cerebral amyloid angiopathy
due to mutant cystatin C amyloid deposition with associated cerebral hemorrhages, typically in young adult carriers.
Analyses of post-mortem brain samples shows that pathological changes are limited to arteries and regions adjacent to
arteries. The severity of pathological changes at post-mortem has precluded the elucidation of the evolution of
histological changes. Mutant cystatin C deposition in carriers is systemic and has, for example, been described in the skin,
suggesting similar pathological mechanisms both in the brain and outside of the central nervous system. The aim of this
study was to use skin biopsies from asymptomatic and symptomatic carriers to study intermediate events in HCCAA
pathogenesis. We found that cystatin C deposition in minimally affected samples was limited to the basement membrane
(BM) between the dermis and epidermis. When the deposits were more advanced, they extended to other BM regions in
the skin. Our results showed that the immunoreactivity of the BM protein COLIV was increased to a similar extent in all
carrier biopsies and cystatin C deposits were in close association with COLIV. The density of fibroblasts in the upper dermis
of carrier skin was increased, whereas the distribution of other cell types examined did not differ compared with control
biopsies. COLIV and cystatin C immunoreactivity in carrier biopsies was closely associated with the fibroblasts. The results
of this study, in conjunction with our previous results regarding pathological BM changes in leptomeningeal arteries of
patients, suggest that BM changes are early and important events in HCCAA pathogenesis that could facilitate cystatin C
deposition and aggregation.

Laboratory Investigation advance online publication, 9 January 2017; doi:10.1038/labinvest.2016.133

Hereditary cystatin C amyloid angiopathy! (HCCAA; Online
Mendelian Inheritance in Man entry 1051505 also referred to
as hereditary cerebral hemorrhage with amyloidosis-Icelandic
type (HCHWA-1)>?) is a very rare autosomal dominant
genetic disease caused by a single base substitution mutation
in the gene of the secreted cysteine protease inhibitor cystatin
C, CST3.4° The disease is classified as a cerebral amyloid
angiopathy (CAA). The disease-causing mutation has only
been found in Iceland (population ~ 332 750 as of 1 January
2016 (Statistics Iceland)) with one exception.” It results in the
exchange of leucine for glutamine at amino acid 68 of the
protein and will hereafter be referred to as L68Q-CST3.
Mutant cystatin C forms amyloid deposits in the walls of

cerebral arteries resulting in fatal cerebral hemorrhages in
young adults.8-10

The arterial pathology underlying cerebral hemorrhages in
HCCAA is observed in brain arteries and arterioles both in the
white and gray matter and is characterized by extensive
changes in the composition and structure of the arterial
walls.>!? In addition to deposition of cystatin C amyloid, these
changes include severe smooth muscle cell loss, accumulation
of extracellular matrix proteins, eg, the basement membrane
proteins collagen IV (COLIV) and laminin, attenuation of the
endothelial layer and associated neuroinflammation in
proximity to affected arteries.”!® These changes result in
rupture of arteries/arterioles causing cerebral hemorrhages of
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various degrees and microinfarcts, often presenting as partial
paralysis, dementia, and personality changes. The cause of
death is usually due to cerebral hemorrhage.

Our previous results'® have shown that the extent of the
CAA pathology observed in post-mortem brain samples from
patients is invariably ‘severe’ throughout the brain, as per the
criteria defined by Vonsattel et al.!' The lack of moderate and
intermediate pathological changes in such post-mortem
samples has made it difficult to decipher the sequence of
events leading to the end-stage pathology. Unfortunately,
there is no animal model of the disease. Transgenic mice have
been produced that express the mutant allele under the
control of the neuron-specific Thy-1 promoter!? as well as the
human CST3 promoter!> but neither model developed
HCCAA pathology.

HCCAA is a systemic disorder in that cystatin C is not only
deposited within the central nervous system (CNS) of patients
but also deposited in peripheral tissues such as lymph nodes,
submandibular salivary glands, seminal vesicles, spleen, and
skin, suggesting that similar pathological mechanisms are at
play in the periphery as in the CNS.814-16

Our previous results'® show that the pathological changes
in post-mortem HCCAA brain samples are always spatially
associated with arteries, consisting of the damage within the
wall itself, the neuroinflammatory reaction to this damage,
and in some cases perivascular amyloid and focal deposits in
the parenchyma around arteries. We and others'®!7 have
suggested that the cerebral cystatin C amyloid in HCCAA
might originate from cells in the arterial wall itself. However,
the extensive vascular damage in cerebral post-mortem
samples makes it difficult to conclude about the cell types
involved from such tissue samples.

Benedikz et al'® described skin deposition of cystatin C in
L68Q-CST3 carriers. The aim of the study described here was
to extend on this knowledge and perform a detailed
immunohistochemical comparison of skin biopsies from
carriers with those from healthy controls to determine
whether carrier skin biopsies could provide information
about the progression of pathological changes in HCCAA
with an emphasis on identifying the cell type responsible for
cystatin C tissue deposits.

MATERIALS AND METHODS

Tissue Samples

The samples used in this study were acquired by informed
consent. The acquisition and use of the samples was
according to permits (04-046-S2 and 15-060-S1) from the
National Bioethics Committee in Iceland. All samples were
processed at the Department of Pathology, Landspitali
National University Hospital, Reykjavik, Iceland. Punch skin
biopsies (4 mm, central back, one per individual) were
obtained from 14 HCCAA L68Q-CST3 carriers (7 males
and 7 females, aged 22—67 years, median = 34 years; Table 1)
and 11 healthy controls (4 males and 7 females, aged 28-68
years, median = 42 years; Table 1). Of these 14 carriers, 8 were

Table 1 An overview of the individuals from which skin
biopsies were obtained for the study

Age Gender Disease status
Carrier 27 M S
Carrier 48 M S
Carrier 51 F S
Carrier 53 M S
Carrier 33 M S
Carrier 27 F S
Carrier 22 M S
Carrier 22 F S
Carrier 61 M A
Carrier 67 M A
Carrier 45 F A
Carrier 29 F A
Carrier 23 F A
Carrier 35 F A
Control 31 F
Control 30 M
Control 57 F
Control 42 M
Control 68 F
Control 46 F
Control 39 F
Control 64 F
Control 65 M
Control 30 F
Control 28 M

Abbreviations: F, female; M, male.

Symptomatic (S) carriers were defined as those who had suffered one or
more cerebral hemorrhages leading to hospitalization at the time of biopsy.
Asymptomatic (A) carriers had not been hospitalized due to hemorrhages
before biopsy. Age refers to the age of the sample donor at the time of
sampling.

symptomatic and the remaining 6 asymptomatic (Table 1).
The category symptomatic was defined as cerebral hemor-
rhage leading to documented hospitalization before the time
of biopsy. Asymptomatic carriers had not been hospitalized
due to cerebral hemorrhage before biopsy. All tissue samples
were formalin-fixed and paraffin-embedded. They were cut
into 1.5um sections for hematoxylin and eosin (H&E)
staining and 5 ym serial sections for immunohistochemistry,
immunofluorescence confocal microscopy, and Congo red
staining. H&E staining was done using standard methods.

Immunohistochemistry

Sections were de-paraffinized and rehydrated in xylene and
ethanol. They were then immunostained using the EnVision
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Table 2 Antibodies used in the study
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Target protein Company Species Pretreatment Antibody dil.
Collagen IV Sigma, C1926 Mouse monocl. monocl. Proteinase K* 1:500
Cystatin C Sigma, HPA013143, (HPA013143) Rabbit polycl. None 1:100
E-cadherin BD, BD610921 Mouse monocl. TE buffer, pH 9.0 1:100
pSMAD2/3 Santa Cruz, sc-11769 Rabbit polycl. TE buffer, pH 9.0 1:200
p63 Dako, M7317 Mouse monocl. TE buffer, pH 9.0 1:50
Smooth muscle actin Abcam, ab7817 Mouse monocl. TE buffer, pH 9.0 1:100
Vimentin Dako, M7020 Mouse monocl. TE buffer, pH 9.0 1:500

Abbreviations: dil.,, dilution; monocl.,, monoclonal; polycl., polyclonal.

The table shows details of the primary antibodies used for immunohistochemistry and immunofluorescence experiments.

®Protease XVII, Sigma, P8038, 1 ug/ml.

Detection System Peroxidase/DAB, Rabbit/Mouse kit (Dako,
K4065). Pretreatment of samples for epitope retrieval was
required for some of the antibodies used (Table 2). Incuba-
tions with primary antibodies were performed at room
temperature for 30 min. Antibody dilutions (Table 2) were
determined in preliminary experiments. After incubation with
a primary antibody, sections were incubated with EnVision
FLEX/HRP. Sections were washed between steps with Tris-
buffered NaCl solution with Tween 20, pH 7.6 (Dako, S3306).
All sections were incubated with 3,3'-diaminobenzidine
solution (Dako, K4065) for 10 min. Sections were counter-
stained with haematoxylin for 5min followed by washing
with tap water for 10 min. Finally, sections were dehydrated
with 100% ethanol and xylol followed by coverslipping with
mounting medium (Pertex, Histolab). Images were acquired
with a Nikon Eclipse 50i microscope equipped with a Nikon
DS-Fil digital camera and a Nikon Digital Sight DS-U2
camera controller. Image panels were constructed using the
GNU Image Manipulation Program (GIMP 2.8.10).

Immunofluorescence Microscopy

Sections were de-paraffinized and rehydrated in xylene and
ethanol. Pretreatment of samples for epitope retrieval was
required (Table 2). Sample sections were blocked with 5%
goat serum and stained using two or three primary antibodies
in conjunction. Samples were incubated with primary
antibodies overnight at 4 °C except for combinations includ-
ing the COLIV antibody that were incubated for 1 h at room
temperature. The primary antibody combinations were as
follows: (a) anti-cystatin C and anti-COLIV; (b) anti-cystatin
C and anti-vimentin; (c) anti-cystatin C and anti-a smooth
muscle actin; (d) anti-cystatin C and anti-E-cadherin; (e)
anti-cystatin C and anti-p63; (f) anti-cystatin C, anti-COLIV,
and anti-vimentin; and (g) anti-vimentin and anti-pSMAD2-
/3. The details of the antibodies used are provided in Table 2.
Following incubation with primary antibodies, the sections
were further incubated (1h at room temperature), as
required, with DAPI (1:2000, Sigma-Aldrich, D9542) and
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one or more of the following secondary antibodies: 1:1000
Alexa Fluor 647 goat anti-rabbit IgG (Life Technologies,
cat#A11247), 1:1000 Alexa Fluor 488 goat anti-mouse IgG
(Life Technologies, cat#A11008), 1:1000 Alexa Fluor 488 goat
anti-mouse IgGl (Life Technologies, cat#A21121), 1:1000
Alexa Fluor 488 goat anti-mouse IgG2a (Life Technologies,
cat#A21131), or 1:1000 Alexa Fluor 546 goat anti-mouse
IgG2a (Life Technologies, cat#A21133). The sections were
then washed with buffer and water, air-dried, and cover-
slipped with Fluoromount™ (Sigma-Aldrich, F4680) and
sealed. Between all the above-mentioned steps in the sample
processing, sections were washed with ImmunoFluorescence
IME buffer pH 7.5 (0.1% TX-100, 0.15 M NaCl, 5 mM EDTA,
and 20mM HEPES, pH 7.5). Immunofluorescence was
visualized and captured using an Olympus FV1200 confocal
laser scanning microscope. Image panels were constructed
using the GNU Image Manipulation Program (GIMP 2.8.10).

Quantification of Cystatin C and COLIV Immunostaining
in Skin Biopsies

Cystatin C and COLIV immunostaining in the patient and
control biopsies was quantified by semi-automated image
analysis using the Image] software (http://rsbweb.nih.gov/,v1.
47) and a method previously described.”!? Bright-field images
of a section from all individuals were captured on a Nikon
Eclipse 50i microscope equipped with a Nikon DS-Fil digital
camera and a Nikon Digital Sight DS-U2 camera controller at
a resolution of 2560 x 1920 pixels using a Nikon x 4/0.3NA
objective. RGB color images of the sections were imported to
Image]. On each image, a rectangular 1300 X 1300 pixels
region of interest (ROI) was defined. The ROI was positioned
so that one edge was placed at the periphery of the epidermis
ensuring that the ROI extended over the epidermis and well
into the dermis. Subsequent processing yielding the % area
coverage of cystatin C or COLIV immunoreactivity within
each ROI was performed as previously described.>!? Statis-
tical analyses on quantitative data were performed with
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Figure 1 Increased density of cells in the upper dermis of L68Q-CST3 carrier biopsies and the distribution of cystatin C immunoreactivity in biopsies
from symptomatic and asymptomatic carriers. (a, b) Hematoxylin and eosin (H&E) staining of a control biopsy (a) that shows normal epidermis and
upper dermis in contrast to a carrier biopsy (b) showing an increased number of cells in the upper dermis (arrows). Examples of cystatin C
immunoreactivity in symptomatic carriers: (c) strong cystatin C immunoreactivity in the basement membrane (BM, arrows) between dermis and
epidermis (asterisks indicate vessels in the upper dermis with cystatin C immunoreactive BMs), (d) cystatin C immunoreactivity in the BM of a vein
(arrow) and arteries (asterisk) in the hypodermis, (e) in the BM (arrows) surrounding a sebaceous gland (SEB) in the dermis, (f) in the BM (arrow) around
sweat glands (SG) in the hypodermis, and (g) associated with an arrector pili (AP) muscle. Examples of cystatin C immunoreactvity in asymptomatic
carriers: (h) relatively weak and diffuse cystatin C immunoreactivity in the BM between the dermis and epidermis (arrows), and (i) moderate cystatin C
deposition in the BM between the dermis and epidermis (arrows) and in the BM of a vessel (asterisk) in the dermis. Scale bars: 50 um in all figures.

GraphPad Instat. The box plot was prepared in StatView
v5.0.1.

RESULTS

Skin Structure in Carriers and Controls

One skin biopsy per individual (Table 1) was taken from the
central back. Examination of H&E-stained sections did not
reveal any major deviations from normal skin tissue structure
(epidermis/dermis) in the samples from the carriers com-
pared with controls except that there was an increased cell
density in the upper dermis of carrier skin, right below the
epidermis (Figures la and b). H&E staining revealed mild
inflammation in biopsies from two carriers. Focusing on
arteries, which are the most affected structures in brain tissue

of HCCAA patients,”!? H&E staining of carrier skin biopsies
did not reveal pathological changes in dermal arteries/
arterioles akin to the acellular, homogenous, arterial walls
observed in post-mortem brain samples from HCCAA
patients.

Cystatin C Deposition in Carrier Biopsies was Associated
with Basement Membranes

Cystatin C immunoreactive deposits were observed in skin
biopsies from all the carriers, examples are shown in
Figures 1c—i, whereas biopsies from controls were all negative
with the cystatin C antibody dilution used for the immuno-
histochemistry (data not shown). Congo red staining of the
carrier skin biopsies did not show birefringence under
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polarized light (data not shown), suggesting that the cystatin
C deposits did not contain fully formed amyloid.

The extent of cystatin C distribution in the skin biopsies
differed between symptomatic and asymptomatic carriers in
that it was more widespread in the former. In symptomatic
carriers, cystatin C immunoreactivity was observed in the
basement membrane between the epidermis and dermis
(Figure 1c) extending down into the dermis and up into the
epidermis (Figure 1c). It was present in basement membranes
of dermal arteries, arterioles and veins (Figures 1c and d),
sebaceous glands (Figure le), hair follicles, fat/sweat glands
(Figure 1f), and arrector pili muscles (Figure 1g).

In contrast to cerebral arteries, in which cystatin C
immunoreactivity extends through all layers of the arterial
wall and the arteries are often occluded,™® cystatin C
immunoreactivity in dermal vessels was mainly observed in
their basement membrane (arteries) but in some cases
throughout the entire wall of veins (Figures 1c and d), which
are minimally affected in the brain; occluded vessels were
never observed.

In three of the six asymptomatic carriers, cystatin C
immunoreactivity was exclusively observed in the basement
membrane between the epidermis and dermis (example
shown in Figure 1h) with no immunoreactivity around the
skin structures mentioned above with respect to the
symptomatic carriers. However, in the remaining three
asymptomatic carriers, immunoreactivity was observed
around these structures but to a lesser extent than in the
symptomatic carriers (Figure 1i).

A quantitative comparison of cystatin C immunoreactivity
between asymptomatic and symptomatic carriers revealed
significantly higher levels of immunoreactivity in the latter
group (P<0.0001, unpaired t-test, Figure 2, left panel). There
was no significant correlation between the age of carriers and
cystatin C immunoreactivity (P=0.99, Pearson r==0.003).

COLIV Immunoreactivity was Increased in Carrier
Biopsies

The distribution of COLIV immunoreactivity in the biopsies
was similar to that of cystatin C immunoreactivity in the
symptomatic carriers, ie, it was present in dermal arteries,
arterioles, and veins, in the basement membrane between
the epidermis and dermis and around hair follicles, fat/sweat
glands, sebaceous glands, and arrector pili
(Figures 3a—e).

Quantitative analyses showed that COLIV immunoreactiv-
ity was significantly elevated in both asymptomatic and
symptomatic carriers compared with controls (P<0.001 and
P<0.001, respectively, ANOVA with Tukey’s post test
(Figure 2, right panel)). There was, however, no significant
difference in COLIV immunoreactivity between the asympto-
matic and symptomatic carriers (P>0.05, ANOVA with
Tukey’s post test (Figure 2, right panel)). Within the carriers,
there was no significant correlation between the amount
of cystatin C and COLIV deposition (P=0.72, Pearson

muscles
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Figure 2 A box and whisker plot that shows the results from quantitative
analyses of cystatin C and COLIV in carrier and control biopsies. The
whiskers show the 10th percentile and the 90th percentile. Values that
fall above the 90th percentile and below the 10th percentile are
presented as open circles. Left panel: the plot shows the % cystatin C
immunoreactivity per region of interest (ROI) in skin biopsies of six
asymptomatic carriers (light gray box, median (50th percentile) =0.75)
and eight symptomatic carriers (dark gray box, median =2.04). The %
cystatin C staining per ROl in the carrier biopsies was significantly higher
than that in the controls (P<0.0001, unpaired t-test). Note: there was no
cystatin C immunoreactivity in the control biopsies (n=11) thus no box is
shown for the controls. Right panel: the plot shows the % COLIV
immunoreactivity per ROI in biopsies of 11 controls (empty box,
median = 1.84), 6 asymptomatic carriers (light gray box, median=4.77),
and 8 symptomatic carriers (dark gray box, median=4.52). The % COLIV
immunoreactivity per ROI of the asymptomatic and symptomatic carriers
was significantly higher than that of the controls (P<0.001 and P<0.001,
respectively (ANOVA with Tukey’s post test)). The % COLIV
immunoreactivity per ROl was not significantly (NS) different between
asymptomatic and symptomatic carriers (P>0.05 (ANOVA with Tukey’s
post test)). A full color version of this figure is available at the Laboratory
Investigation journal online.

r=-0.104), suggesting that COLIV immunoreactivity did not
increase with cystatin C deposition, ie, disease progression.

In the biopsies from the carriers, the elevated COLIV
immunoreactivity was especially evident in the basement
membrane between the epidermis and dermis (Figure 3b).
Whereas the distribution of COLIV immunoreactivity in this
region of the control biopsies consisted of a thin, relatively
well defined, line (Figure 3d), the COLIV immunoreactivity
in this area of the carrier biopsies was more extensive and
diffuse, ie, it extended to some extent into the epidermis and
more extensively down into the dermis, surrounding nuclei in
the upper dermis (Figure 3b), indicating changes in basement
membrane structure between the epidermis and dermis in the
carrier biopsies.

Analysis by confocal immunofluorescence microscopy
confirmed the close spatial association between cystatin C
and COLIV deposition in the carrier biopsies implied by the
standard immunohistochemistry data. This was especially
evident in vessel walls and the upper dermis, and was
sometimes to the degree of overlap of fluorescent markers
(co-localization; Figures 3e—g). Even when the location of the
two proteins was not completely co-localized in vessels,
cystatin C was in close proximity slightly peripheral to COLIV
(Figure 3g).
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Figure 3 The distribution of COLIV immunoreactivity in skin biopsies from L68Q-CST3 carriers and controls. (a) COLIV immunoreactivity in the skin of a
carrier. This low-magnification image shows the overall distribution of COLIV immunoreactivity in the basement membrane (BM, arrow) between the
epidermis and dermis as well as in the BM of vessels (examples shown with asterisks) and sebaceous glands (SG). (b) An image taken of the same
sample as in a at a higher magnification showing extensive COLIV immunoreactivity in the BM between the dermis (D) and epidermis (E) as well as an
increased density of COLIV immunoreactive cells (white arrows) in the upper dermis and thread-like collagen immunoreactive structures (black arrow).
(c) A low-magnification image of COLIV immunoreactivity in the skin of a control. The image shows COLIV immunoreactivity in the same areas as in the
carrier (a) but to a lesser extent. (d) An image taken of the same sample as in ¢ (same magnification as in b) that shows a thin and well-defined BM
between the dermis (D) and epidermis (E) in comparison with that of the carrier in b. This image also shows fewer cell nuclei in the upper dermis of
the control, compared with the carrier sample shown in b. (e-g) Immunofluorescence staining of a carrier biopsy: (e) COLIV immunoreactivity in cells of
the upper dermis (D), BM of vessels (arrows), and arrector pili (AP) muscle, (f) cystatin C immunoreactivity in the upper dermis and in the BMs of the
same vessels and the arrector pili muscle indicated in e. The merged image (g) shows spatial overlap (co-localization) of the green fluorescent label of
COLIV and the red fluorescent label of cystatin C giving a yellow color (examples indicated by asterisks). Scale bars: 50 um in all figures.

Cystatin C and COLIV Deposition in Carrier Biopsies was
Associated with Fibroblasts

The distribution of cell types in the biopsies, in relation to the
cystatin C and COLIV deposition, was examined using

muscle actin (aSMA), which is a smooth muscle cell marker,
the epithelial cell adhesion molecule E-cadherin, and p63
whose expression is restricted to epithelial cells of stratified
epithelia in normal skin.

immunohistochemistry and confocal immunofluorescence
analyses with antibodies to cell-type markers, ie, antibodies
to vimentin, which is a known fibroblast marker, a-smooth

As mentioned, there was an increase in cell density in the
upper dermis of the carrier biopsies. These cells were
immunoreactive for vimentin (Figures 4a—d), but not for
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Figure 4 Increased density of vimentin-positive cells in the upper dermis of L68Q-CST3 carriers biopsies. (a) Vimentin (green fluorescence)
immunofluorescence staining (blue fluorescence: DAPI) in the upper dermis of a control biopsy. (b) An image of a similar area (as in a) in a carrier
biopsy highlighting the increased number of vimentin-positive cells. (c) Vimentin immunoreactivity in the epidermis and upper dermis of a control
biopsy. (d) Vimentin immunoreactivity in the epidermis and upper dermis of a carrier showing a different morphology (arrows) of the vimentin-positive
cells compared with controls. (e) p63 immunoreactivity in the epidermis and upper dermis of a control biopsy. (f) p63 immunoreactivity in the same
area in a carrier biopsy. (g) E-cadherin immunoreactivity in the epidermis and upper dermis of a control biopsy. (h) E-cadherin immunoreactivity in the
same area of a carrier biopsy. (i-1) Immunofluorescence staining of a carrier biopsy showing that aSMA immunoreactivity was limited to vessels

(I, arrows) and arrector pili (I, AP) muscle in the dermis and did not co-localize with cystatin C. Scale bars: 50 um in all figures.

p63, E-cadherin, or aSMA (Figures 4e-1), indicating that they
were fibroblasts. E-cadherin and p63 immunoreactivity in
carrier and control biopsies was restricted to the epidermis,
and aSMA immunoreactivity in the carrier biopsies was
limited to the smooth muscle cells of dermal arteries/
arterioles and arrector pili muscle cells (Figure 41) as in the
controls (data not shown). Vimentin-positive cells in the
upper dermis were also COLIV positive, as was the case
around vessels (Figures 5a—c), accentuating the identity of
these cells as fibroblasts.

Morphologically, the fibroblasts in the upper dermis were
characterized by an enlarged cell body and the vimentin
immunostaining highlighted thicker processes extending
from the cell bodies (Figure 4d) compared with vimentin-
positive cells in the same area of the controls (Figure 4c). In
addition to the upper dermis, cells with a fibroblast marker
phenotype were, in general, observed in all cystatin C and
COLIV-positive areas of the carrier biopsies and in some
instances cystatin C immunoreactivity seemed to be intracel-
lular in such cells (Figures 5a—c).
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pSMAD2/3 Immunoreactivity in Carrier Biopsies

The involvement of TGFf signaling in the stimulation of
extracellular matrix protein production is well documented, '8
and TGFp signaling has been associated with fibrotic
connective tissue disorders of the skin.!° Relevant to the
increased density of fibroblasts and COLIV deposition in the
carrier biopsies, TGFS has been linked to enhanced
proliferation of adult skin fibroblasts.?

Phosphorylation of SMAD2/3 is a well documented down-
stream event in the TGF# signaling pathway.!® We examined
pSMAD2/3 immunoreactivity in the carrier and control
biopsies to see whether we could detect evidence of elevated
TGEFp signaling in the carrier biopsies. Our results showed
that nuclei of the extended fibroblast population in the carrier
biopsies were immunoreactive for pSMAD?2/3 (Figures 6a—f).
Similar immunoreactivity was, however, also observed in the
sparser fibroblast population in the same area of the control
skin biopsies (Figures 6g—i). Thus, although there was a
difference in the extent of nuclear pSMAD2/3 immuno-
reactivity between the carrier and control biopsies, this was


http://www.laboratoryinvestigation.org

Basement membrane pathology in HCCAA skin
AO Snorradottir et al

‘Carrf@r: DAPI-white / Vim-blue / COLIV-green
“o» ¥

-
f

®
ted

"Carrf@r: DAPI-white / Vim-plue | CysC-red
“o»

"Carrf@r: DAPI-white / COLIIV-green | CysC-ped/
b

Figure 5 Co-localization of cystatin C, COLIV, and vimentin in skin biopsies of L68Q-CST3 carriers. (a—c) Immunofluorescence staining showing a close
association between vimentin, COLIV, and cystatin C immunoreactivity. The arrows and asterisk indicate examples of cells and a vein (respectively) with

a spatial overlap of all three fluorescent labels. Scale bars: 50 um in all figures.

mainly due to the denser fibroblast population in the upper
dermis of the carrier biopsies compared with the controls.

DISCUSSION

Cystatin C Deposition in Carrier Biopsies

Because of its strong cerebral presentation HCCAA is rightly
classified as a CAA disorder. However, our results (Palsdottir
et al® and data not shown) and those of others'>!®?! show
that, although the most advanced pathological changes are
found in the CNS, the pathology in HCCAA is not confined
to the CNS, but is systemic and characterized by the presence
of cystatin C deposits and Congo red birefringent amyloid in
peripheral tissues of patients as well as in the brain. This
suggests that the cell types involved in the pathogenesis of
HCCAA are not limited to the CNS.

The study described here was performed on a peripheral
tissue, skin, which was chosen because cystatin C deposits
have been described previously by others in the skin of
HCCAA patients and carriers,'® due to ease of access and the
relatively non-invasive nature of sampling, and also because
cell types, similar to those that are present in walls of cerebral
arteries and we have suggested!® could be responsible for the
production of the cystatin C that forms amyloid, are also
present in skin, suggesting that this tissue type could provide
data relevant to the understanding of HCCAA pathogenesis.

The location of cystatin C deposits in the skin of L68Q-
CST3 carriers examined in this study concurred with that
described previously by Benedikz et al'® Those authors
commented that cystatin C deposition seemed to be more
extensive in individuals that had a longer history of the
disease. The results of our quantitative analysis reported here
confirmed this and showed a statistically significant difference
in the quantity of cystatin C deposition dependent on disease
status, ie, symptomatic carriers had significantly higher levels
of cystatin C immunoreactivity than asymptomatic carriers,
indicating that the extent of cystatin C deposition in the skin

of carriers to some extent mirrors the progression of the
disease in the CNS that can be variable.

Cystatin C deposits in the carrier skin biopsies examined in
this study did not show green birefringence after Congo red
staining, suggesting that the deposits did not consist of fully
formed amyloid that is invariably observed in cerebral arteries
of HCCAA patients. This is similar to the results described by
Benedikz et al;'® however, they observed amyloid-like threads
by electron microscopy analyses in some of the skin biopsies
they examined from HCCAA patients.

Congo red birefringent cystatin C amyloid has been
described in post-mortem samples from peripheral tissues
of patients other than skin, ie, in vessels of lymph nodes,
spleen, adrenal cortex, and submandibular salivary
glands®1>2! as well as in the interlobular connective tissue
of submandibular salivary glands. These observations show
that cystatin C deposits progress to amyloid form in the
periphery as well as in the CNS, and that cystatin C amyloid
in patients is not necessarily confined to vessel walls. Due to
the lack of Congo red birefringence in the skin biopsies
examined in this study, we concluded that the pathological
situation in the carrier biopsies could be described as mild to
intermediate and might therefore provide data relevant to
early/intermediate events in HCCAA pathogenesis.

There was no correlation between age and cystatin C
deposition within the carrier cohort that contained samples
from individuals from 22 to 67 years old (Table 1). Our
genealogy database shows that the average lifespan of carriers
born since 1900 is 31 years (median = 29 years).?? The upper
10th percentile is 249 years and the lower 10th percentile
<20 years. We have arbitrarily defined late-onset carriers as
those whose lifespan falls in the top 10th percentile and early-
onset carriers as those that present with symptoms < 35 years
of age. The carrier cohort involved in this study contained
samples from both late- and early-onset carriers. Results from
our previous work!? have led us to conclude that despite the

Laboratory Investigation | Volume 00 2017 |


http://www.laboratoryinvestigation.org

Carrier: DAPI-blue / Vim-green

Carrier: DAPI-blue / Vim-green

Control: DAPI-blue / Vim-green

Basement membrane pathology in HCCAA skin
AO Snorradottir et al

Carrier: DAPI-blue / pSMAD2/3-red

Carrier: DAPI-blue / pSMAD2/3-red

Control: DARI-blue / pSMAD2/3-red

Figure 6 Fibroblasts with nuclear pPSMAD2/3 immunoreactivity in skin biopsies of L68Q-CST3 carriers and controls. Inmunofluorescence staining (blue:
DAPI, green: vimentin, and red: pSMAD2/3) of a carrier (a—f) and control biopsy (g—i) showed that vimentin-positive fibroblasts in both carriers and
controls displayed pSMAD2/3 immunoreactivity in the nucleus. The difference in pPSMAD2/3 immunoreactivity between the carrier and control biopsies
was due to the increased density of fibroblasts in the carriers (a) compared with controls (g). (d—f) Images taken of a carrier biopsy at higher
magnification showing nuclear pSMAD2/3 immunoreactivity in vimentin-positive fibroblasts. Scale bars: 50 um in all figures.

delayed onset of symptoms, late-onset carriers succumb to the
same end-stage pathology as those with an early onset.
Therefore, rather than negating the effects of the mutation,
there seem to be some factors, internal or external, that can
retard the pathological process. Thus, we would not
necessarily have expected a correlation between age and
cystatin C deposition in the carrier skin biopsies examined in
the present study.

| Laboratory Investigation | Volume 00 2017

Cystatin C Deposition and the Basement Membrane

Examination of the skin biopsies from the carriers showed
that cystatin C immunoreactivity in three asymptomatic
carriers was exclusively observed in the basement membrane
region between the dermis and epidermis, suggesting that
initial deposition occurs in that area. In correlation with
disease progression, cystatin C immunoreactivity in the
carrier biopsies became more intense and widespread,


http://www.laboratoryinvestigation.org

Basement membrane pathology in HCCAA skin
AO Snorradottir et al

extending down into the upper dermis surrounding structures
within the dermis, ie, arteries, veins, glands, and arrector pili
muscle, and also extending to some extent up into the
epidermis. The deposition, in both symptomatic and
asymptomatic carriers, was closely linked to the distribution
of the basement membrane collagen COLIV that in turn was
closely linked to the expanded population of dermal
fibroblasts, whereas there was a lack of a systematic
association of cystatin C or COLIV with the markers p63,
E-cadherin, or aSMA.

We have previously described extensive basement mem-
brane abnormalities in cerebral arteries/arterioles of HCCAA
patients, characterized by deposition of COLIV as well as
other extracellular matrix proteins.” The results from that
study raised the question whether the deposition was primary,
instigating amyloid deposition, or a reactive response to
amyloid deposition and/or vascular damage. However, the
severity of the pathology in the post-mortem brain samples
made it impossible to conclude about the matter.

Our results showed that in contrast to the cystatin C
immunoreactivity that differed between asymptomatic and
symptomatic carriers, there was what could be termed a
‘fixed” elevation of COLIV immunoreactivity in the carrier
biopsies tightly associated with cystatin C deposition and
fibroblasts. That is, cystatin C immunoreactivity increased
with disease progression, ie, asymptomatic vs symptomatic,
but not COLIV immunoreactivity.

The structure of the basement membrane between the
epidermis and dermis is formed by several proteins, such as
COLIV, that are contributed by the keratinocytes of the
epidermis and dermal fibroblasts.?> Some of the proteins are
exclusively expressed by either cell type; COLIV is contributed
by both.”> Our results did not reveal differences in the
structure of the epidermis in carrier biopsies compared with
controls, but an increase in the density of dermal fibroblasts,
which would suggest that the elevation of COLIV immunor-
eactivity in this region of the carrier biopsies, was associated
with the increased density of dermal fibroblasts.

Extracellular matrix proteins, such as COLIV, have been
detected in amyloid deposits in Alzheimer’s disease (AD) and
the CAA disorder Hereditary Cerebral Hemorrhage with
Amyloidosis—Dutch type (HCHWA-D), and studies have
suggested that they are actively involved in the pathogenesis of
these diseases.>48 A recent study by Lepelletier et al*® found
that changes in ECM components, ie, COLIV, perlecan and
fibronectin, occur in early stages of subclinical AD and that
subsequent to the subclinical stage, COLIV expression did not
increase further as the disease progressed. Furthermore, they
observed correlation between Af and COLIV staining. Our
results suggests a similar scenario in HCCAA to that described
by Lepelletier et al®® for COLIV and Ap in AD, ie, COLIV
deposition in HCCAA could be an early event in the
pathogenesis of the disease, caused by an increased density
of dermal fibroblasts, that forms a scaffold facilitating the
deposition and aggregation of cystatin C and subsequent

amyloid formation, but does not itself increase as the disease
progresses.

Our conclusions based on the results presented here, and
our previously reported results,” are that rather than there
being a specific cell type responsible for production of the
cystatin C that forms amyloid, a key step in the pathogenesis
of HCCAA are basement membrane changes that form a
scaffold that promotes deposition and aggregation of cystatin
C, which is ubiquitously expressed throughout the body.*® In
the skin, these basement membrane changes are associated
with an increased density of dermal fibroblasts.

Dermal Arteries and Veins in Carrier Biopsies

Cystatin C amyloid deposition in brain arteries is invariably
accompanied by severe smooth muscle cell loss,”!” and Wang
et al'’ suggested that they could be an origin of vascular
amyloid in HCCAA. Our results showed that the distribution
of aSMA immunoreactivity did not differ between carrier and
control biopsies and they did not indicate a causal relation-
ship between smooth muscle cells and cystatin C deposition.

It has been reported that solubilized cystatin C amyloid is
toxic to cerebrovascular smooth muscle cells.’® Smooth
muscle cells in arteries/arterioles are surrounded by basement
membrane; therefore, the smooth muscle cell death observed
in cerebral arteries and arterioles in HCCAA might be due to
the combination of this toxicity and the affinity of cystatin C
for basement membrane.

Interestingly, cystatin C deposition in the skin biopsies was
systematically observed in the walls of veins/venules. Such
deposition is rarely observed within the CNS where veins and
venules are minimally, or not, affected.’® However, immu-
noreactivity in venous sinuses of the spleen of HCCAA
patients has been described.® The reason for this difference
between the CNS and the periphery could be the tight
association of cystatin C deposition with the basement
membrane collagen COLIV and the fact that veins/venules
in the periphery differ from those in the CNS in that the latter
have very little basement membrane (reviewed by Hawkes
et al?).

Similarities with Other Skin Disorders

There are some similarities between the pathological profile of
the L68Q-CST3 biopsies and that described in the literature
for connective tissue disorders of the skin, eg, systemic
sclerosis, keloids, and hypertrophic scars. Specifically, these
disorders are also characterized by excess collagen production
and an increased density of dermal fibroblasts (reviewed by
Canady et al'®). However, there are no reports of macroscopic
clinical changes in the skin of HCCAA carriers and whereas
the other skin disorders are characterized by disturbances in
immune parameters and/or inflammation, we did not observe
inflammation in the carrier biopsies (except mild inflamma-
tion in two cases) and the biopsy sites on the carriers could
not be associated with any previous wounds.
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A recent study on keloids described epithelial-to-
mesenchymal transition (EMT) changes in the disorder.>
EMT of the skin is associated with E-cadherin downregulation
in skin epidermal cells (epithelia) with concomitant upregu-
lation of, eg, vimentin and p63 in the same cells.>*3¢ As
already mentioned, analyses of the distribution of E-cadherin
and p63 immunoreactivity in L68Q-CST3 carrier biopsies did
not reveal deviations from that observed in the controls. Cells
that were immunoreactive for these markers were mainly
located in the epidermis and we did not systematically observe
an increased induction of mesenchymal characteristics in
these cells, ie, vimentin immunoreactivity. Thus, we did not
see unequivocal evidence of EMT in the epidermis of the
HCCAA carrier samples.

Myofibroblasts are an activated fibroblast type that can be
derived by EMT from several cell types, e.g., fibroblasts, and
are characterized by upregulated aSMA expression and
enhanced ECM production.’” They are generally observed
in normal wound healing and in association with classic
fibrosis such as fibrotic connective tissue disorders of the
skin®$3% and various other tissues.’” The morphology of the
fibroblasts in the upper dermis of carrier biopsies, ie, their
enhanced vimentin immunoreactivity as well as the increased
density of these cells and their association with COLIV
deposition, raised the question whether they were myofibro-
blasts. Their lack of aSMA immunoreactivity, however,
suggested that they did not fall into this category but does
not rule out the possibility that they were proto-
myofibroblasts.>”

Cystatin C and TGFf
Cystatin C has been reported to antagonize TGFf signaling by
binding to the TGEp type II receptor (TGFSRII) preventing its
interaction with TGFf and affecting signaling downstream of
the receptor.*®*! Therefore, changes in extracellular cystatin C
levels could potentially affect signaling through TGEFpRIL
Studies on the processing of mutant and wild-type human
cystatin C in primary cells and cell lines have reported
intracellular retention, and accumulation, of the mutant
protein*™ and extracellular instability due to proteolysis.*>
Cumulatively, this would be expected to result in lower
amounts of extracellular cystatin C in tissue heterozygous for
the L68Q-CST3 mutation compared with wild type, as is indeed
the case in cerebrospinal fluid (CSF) of carriers that have less
than half the normal value of cystatin C in their CSF.2

TGEF-f initiates its pro-fibrotic action on fibroblasts by
binding to TGFARII whose interaction with TGESRI results in
the phosphorylation of the latter and subsequent activation of
SMAD2/3 by phosphorylation. Phosphorylated SMAD2/3
then forms a complex with SMAD4 that shuttles to the
nucleus and stimulates the transcription of several genes, eg,
those of collagen.20:4748

We examined the distribution of pSMAD2/3 in the skin
biopsies from the carriers and controls. The results showed that
the denser population of fibroblasts in the carrier skin biopsies
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displayed nuclear immunoreactivity for pSMAD2/3. As
expected, due to the normal ongoing nature of cell signaling
processes, similar immunoreactivity was also observed in the
sparser fibroblast population of the control biopsies.

The results from the pSMAD2/3 immunostaining and the
deposition of COLIV and the increased density of fibroblasts
in the carrier biopsies observed in this study, coupled with
lower extracellular levels of cystatin C suggested above and
the association of cystatin C with TGFSRII, suggest that
similar to fibrotic disorders of the skin,!? it is possible that
TGEf could be a factor in the proliferation of dermal
fibroblasts in the skin of carriers, and the expansion of COLIV
deposition, as a direct consequence of expression of the
mutant CST3 allele. This aspect requires further study.
However, when compared with other skin diseases with a
similar fibrotic phenotype, it would seem that the patholo-
gical changes in HCCAA occur at a much slower rate than in,
eg, trauma-induced disorders such as keloids.

CONCLUSIONS
The results of the present study suggest that basement
membrane changes facilitate cystatin C deposition in the skin
of L68Q-CST3 carriers. We have previously described
advanced basement membrane abnormalities in leptomenin-
geal arteries of HCCAA patients,” notably, COLIV and
laminin deposition, in association with cystatin C amyloid.
Taken together, the results reported here and those of the
previous study suggest that basement membrane changes are
early and important events in HCCAA pathogenesis.
Cystatin C is ubiquitously expressed throughout the body
and it is one of the most abundant proteins in normal CSF.*’
Basement membrane changes, notably, COLIV deposition,
could be pivotal in the pathogenesis of the disease by affecting
arterial function in the CNS and, therefore, perivascular
drainage of cystatin C resulting in arterial accumulation of
cystatin C and eventually amyloid formation. This scenario
would be similar to that of sporadic CAA, which is associated
with reduced perivascular drainage of Af due to age-related
arteriosclerosis.>
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