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Chapter 1: Introduction to amyloidosis

1.1. Amyloidosis

The term amyloid comes from the discovery of the German physician Rudolf Virchow
when, in 1854, he was studying the corpora amylacea in the brain and he discovered
that they stained pale blue on treatment with iodine. He therefore concluded that the
substance underlying the evident macroscopic abnormality was cellulose and gave it
the name amyloid, derived from the Latin amylum and the Greek amylon. Later, in
1859, Friedreich and Kekule identified the presence of protein material in the deposits,
thus initially identifying amyloid as a single protein and later as a class of proteins, that
can undergo changes in their conformation leading to fibrils formation (Sipe and Cohen
2000). Nowadays, we can refer to the contemporary definition of amyloidoses as a
generic term used to describe a wide range of human diseases characterized by the
misfolding and extracellular accumulation, in the form of highly organised fibrillary
aggregates, of various proteins (Gillmore and Hawkins 2013). Suchaggr egat e s
from the failure of a specific peptide or protein to adopt, or remain in, its native
functional conformational state with subsequent reduction in the quantity of protein that
i's availabl e t o pl 4Ghitiand Bobsprh2906). Withio thd pcoteih
conformational diseases, amyloidoses represent the largest group of misfolding
diseases where specific peptides or proteins convert from their soluble functional
states into toxic and highly insoluble amyloid fibrils which can deposit in human tissues.
These diseases, although known for more than 150 years, have only recently been
increasingly recognized in the pathogenesis of many human diseases with enormous
social and medical impact and which are indeed associated with the formation of
extracellular plagues or intracellular inclusions of protein aggregates with amyloid-like

features.

1.1.2. Type of amyloidosis

To date, 37 peptides or proteins have been found to form amyloid deposits in human
pathologies (Table 1) (Chiti and Dobson 2017). Surprisingly, there are no evident
similarities among those proteins in sequence, structure, or function. Some of the

proteins involved in amyloid disease, form deposits in the central nervous system,

1

Aar i

r ol



gi

ving ri

S e

t o

neurodegener at(AhD)andohRdai ki ma6n

diseases, whereas other proteins aggregate in different tissues and are therefore

associated to non-neuropathic diseases. In particular, among the latter, half of them

form aggregates in a range of tissues, including the heart, spleen, liver, and kidney,

and give rise to systemic amyloidosis. The remaining half aggregate in one of a variety

of specific tissues, giving rise to a diverse range of conditions, named localized

amyloidosis, including for example type Il diabetes and atrial amyloidosis (Table 1).

The four most common types of systemic diseases are related to light chain (AL),
inflammation (AA), dialysis (Ab2M), and hereditary and old age (ATTR).

Annu. Rev. Biochem. 2017.86:27-68. Downloaded from www.annualreviews.org
Access provided by Universita Degli Studi di Pavia on 07/04/19. For personal use only.

Number of T'ype of
Peptide or protein name residues® Structure® Associated diseases disease®
Amyloid- 3 peptide (Af) 40 or 424 Intrinsically Alzheimer disease Neuropathic
disordered Hereditary cercbral hemorrhage with Sporadic’
amyloidosis
«-Synuclein (as)* 140 Intrinsically Parkinson discase Neuropathic
disordered Parkinson disease with dementia Spamdicf
Dementia with Lewy bodies
Multiple system atrophy
Prion protein (PrP) 208 Intrinsically Creutzfeldt-Jakob disease Neuropathic
disordered (1-102) Fatal insomnia Sporadic
All-, prion-like Gerstmann-Striussler-Scheinker Hereditary
(103-208) disease Infectious
Huntington disease-like 1 Tatrogenic
Spongiform encephalopathy with
neuropsychiatric features
New variant Creutzfeldt-Jakob discase
Kuru
Hereditary sensory and autonomic
neuropathy
Microtubule-associated 3524414 Intrinsically Pick disease Neuropathic
protein tau (T)° disordered Progressive supranuclear palsy Sporadic’
Corticobasal degeneration
Frontotemporal dementia with
parkinsonism linked to chrl7
Argyrophilic grain disease
Tangle predominant dementia
Guam Parkinson dementia complex
Frontotemporal lobar degeneration
Chronic traumatic encephalopathy
Ganglioglioma
Meningioangiomatosis
Subacute sclerosing panencephalitis
Tead encephalopathy
Tuberous sclerosis
Hallervorden-Spatz disease
Lipofuscinosis
Huntingtin exon 1 ~103-1874 Intrinsically Huntington disease Neuropathic
(HttEx1)® disordered Hereditary
ABri peptide 34 Intrinsically Familial British dementia Systemic and
disordered neuropathic8
Hereditary
ADan peptide 34 Intrinsically Familial Danish dementia Neuropathic
disordered Hereditary
Fragments of ~1004 All-3, Tg-like Light-chain amyloidosis Systemic
immunoglobulin light Sporadic’
chains®
(Continued )



Annu. Rev. Biochem. 2017.86:27-68. Downloaded from www.annualreviews.org
Access provided by Universita Degli Studi di Pavia on 07/04/19. For personal use only.

Number of Type of
Peptide or protein name residues® Structure® Associated diseases disease®

Fragments of ~1904 All-, Tg-like Teavy-chain amyloidosis (mainly Systemic
immunoglobulin heavy renal) Sporadic
chains®

Full or N-term fragments 45-1044 All-, SAA-like four-helix | AA amyloidosis Systemic
of serum amyloid A bundle Sporadic
protein (SAA)

Transthyretin (T'TR) 127 All-3, prealbumin-like Senile systemic amyloidosis Systemic¥

Familial amyloidotic Sporadic and
polyneuropathy hereditary
Familial amyloid cardiomyopathy
Leptomeningeal amyloidosis
{32-microglobulin (3,-m) 99 All-3, Ig-like Dialysis-related amyloidosis Systemic
Hereditary visceral amyloidosis latrogenic

N-term fragments of 691004 Intrinsically disordered ApoAl amyloidosis (many organs) Systemic
apolipoprotein A-T Tlereditary
(ApoAT)

C-term extended 98 Unknown ApoAIl amyloidosis (mainly renal) Systemic
apolipoprotein A-II Hereditary
(ApoAlIT)

N-term fragments of ~70 Unknown ApoAIV amyloidosis (many organs) | Systemic
apolipoprotein A-IV Sporadic
(ApoAlIV)

Apolipoprotein C-IT 79 All- &, unknown fold ApoCII amyloidosis (mainly renal) Systemic
{ApoCII) Hereditary

Apolipoprotein C-TTT 79 All-o unknown fold ApoCIIT amyloidosis (mainly renal) | Systemic
(ApoCIII) Hereditary

Fragments of gelsolin 53 or 714 Intrinsically disordered Familial amyloidosis, Finnish type Systemic

Hereditary

Lysozyme (LYS) 130 o+ B, lysozyme fold Lysozyme amyloidosis (mainly Systemic

visceral) Hereditary

Fragments of fibrinogen 45-814 Unknown Fibrinogen amyloidosis (mainly Systemic
o-chain renal) Hereditary

N-term truncated 110 o+ 3, cystatin-like Hereditary cerebral hemorrhage Systemic
cystatin C with amyloidosis, Icelandic type Hereditary

Islet amyloid polypeptide 37 Intrinsically disordered Type II diabetes Localized
(IAPP) Insulinoma Sporadic

Calcitonin 32 Intrinsically disordered Medullary carcinoma of the thyroid | Localized

Sporadic

Atrial natriuretic factor 28 Intrinsically disordered Atrial amyloidosis Localized
(ANT) Sporadic

N-term fragments of 34 Unknown Pituitary prolactinoma Localized
prolactin (PRL) Sporadic

Insulin (30 4 21 All- &, insulin-like Injection-localized amyloidosis Localized

Tatrogenic
(Continued )



“Intracellular proteins, unlike the others that are extracellular.

‘Prcdnmin:mrl_v sporadic, although hereditary forms are documented.

&Involving both the central nervous system and other organs, thus systemic but also neuropathic.

"Also forming nonamyloid deposits in light-chain or heavy-chain deposition diseases.

Lengths of the A and B chains linked by a disulfide bridge.

Number of Type of
Peptide or protein name residues” Structure® Associated diseases disease®
Medini 50 Intrinsically Aortic medial amyloidosis Localized
disordered Sporadic
Lactotransferrin 691 o+ 3, periplasmic | Gelatinous drop-like corneal dystrophy Localized
(lactoferrin) binding Sporadic
protein—like IT
Odontogenic 110-118¢ Unknown Calcifying epithelial odontogenic tumors Localized
ameloblast-associated Sporadic
protein (ODAM)
Pulmonary 35 All-, Pulmonary alveolar proteinosis Localized
& surfactant-associated transmembrane Sporadic
2y - o %
bu_g' protein C (SP-C) helical fragment
ol i
g ; = p T = =
a2 Leukocyte cell-derived 133 All-3, Renal amyloidosis Systemic
- g < T - 5 : & 5
] 'g chemotaxin-2 (LECT-2) barrel-sandwich Sporadic
ne .
28 hybrid
58
=] § Galectin 7 (Gal-7)¢ 136 All-3, Lichen amyloidosis Localized
g d o 5
<8 concanavalin Macular amyloidosis Sporadic
2 ; s
g2 A-like lectins
Z F : = = : T 2 :
g9 Corneodesmosin (CDSN) | 167, 182, Intrinsically Hypotrichosis simplex of the scalp Localized
05 5 g
& 2 2064 disordered Hereditary
1 D % = s 3
é; ; C-term fragments of 50-2004 Unknown Lattice corneal dystrophy, type 1 Localized
< & kerato-epithelin (Big-h3) Lattice corneal dystrophy, type 3A Hereditary
=
Z:3 Lattice corneal dystrophy, Avellino type
2 E] Semenogelin-1 (SGI) 439 Unknown Seminal vesicle amyloidosis Localized
0L Sporadic
& e
3R Proteins SI00A8/A9 92/113 All-o, EF Prostate cancer Localized
o0 u A
=g hand-like Sporadic
op e = — A - 7
a5 Enfuvirtide 36 Unknown Injection-localized amyloidosis Localized
5 g Iatrogenic
iz
M2 *Lengths of the processed forms depositing into the aggregates, not the precursor proteins.
2 E bStructural class and fold of the native, processed protein or peptide prior to aggregation, according to the Structural Classification of Proteins database.
A~ g “Diseases are classified as (#) neuropathic, systemic, or localized (non-neuropathic) and (5) sporadic, hereditary, iatrogenic (following medical treatment),
E % orinfectious.
< § IFragments of various lengths were reported for ex vivo fibrils.
«

JMedin is the 245-294 fragment of human lactadherin.

Table 1. Peptides or proteins responsible of extracellular amyloid deposits or intracellular

inclusions with amyloid-like features in human diseases (Chiti and Dobson 2017).

The basic mechanism in the pathogenesis of amyloidosis is abnormal folding of
proteins or misfolded proteins. Under normal circumstances, these abnormal or
misfolded proteins are degraded by the proteasome pathway intracellularly, and by the
macrophages extracellularly. In amyloidosis, these control mechanisms fail or there
may be mutations that favour misfolding, which further leads to accumulation and
aggregation to form fibrils. Some amyloid diseases are familial forms, while others are
acquired. So, the pathogenesis can be broadly categorized into two mechanisms, as
it is showed in Figure 1: normal proteins, produced in abnormal numbers or production

of normal amounts of mutant proteins.



PATHOGENESIS

Normal proteins, when produced in abnormal  Production of normal

numbers amounts of mutant proteins
Acquired mutation Chronic Inflammation Eg : Transthyretin (TTR)
Monoclonal B lymphocyte  Macrophages activation Mutation

proliferation
‘.' IL1 &IL6

Increased plasma cells
&0 e e

" . Mutant TTR
Immunoglobulin light Increased SAA protein
chains Incomplete Incomplete Aariaion
‘ proteolysis proteolysis
AL protein AA protein ATTR protein

Figure 1. Pathogenesis of amyloid diseases. From Dr Vijay Shankar S, 2017, Diseases of
Immune System, General Pathology.

Familial forms of amyloid-related diseases are generally associated to specific

mutations within the gene encoding the peptide or protein that converts into amyloid
deposits (Table 1) (Chiti and Dobson 2017). The pathogenicity of these mutations is
linked with the increasing propensity of the protein to aggregate (Figure 2). There are,
for example, more than 100 mutations linked to hereditary forms of transthyretin
amyloidosis that are known to lead to destabilization of the native tetrameric form of

the protein, resulting in an enhanced population of amyloidogenic monomers.
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Gene duplication, triplication, or expansion,
o causing a higher concentration of protein or

expanded amyloidogenic sequence

(A, HttEX1, as)

Pre-mRNA
Mutations causing alternative splicing of
pre-mRNA to form an mRNA coding for a more
amyloidogenic protein (mutations of 1)
mRNA

Mutations causing premature stop of translation,
resulting in unfolded fragments (mutations
of CDSN, PrP)
Mutations causing late stop of translation, resulting
° in additional amyloidogenic unfolded fragments
(mutations of ABri, ADan, ApoAll)
fragment Mutations changing
_______ o proteolytic cleavage,

Unfolded
protein 5 j % O
forming more amyloidogenic
lI fragments (AB)
o __
___________ e Mutations increasing
intrinsic aggregation rate
Sariisil (AB, T, PrP, ApoAl, as)
artia —
folde(\/‘/i — Aggregates
protein

Mutations destabilizing the folded state,
° causing higher concentrations of amyloidogenic
partly folded states (TTR, LYS, cystatin C, PrP, p,-m)

Proteolyzed

|
S

Mutations destabilizing the folded state, resulting
0 in proteolytic cleavage and formation of unfolded
amyloidogenic fragments (mutations of ApoAl)

N\
L
Folded
protein
Mutations decreasing the folded state
° affinity for its ligand, causing proteolytic
cleavage and formation of unfolded
[ X amyloidogenic fragments (gelsolin)
, b ~
b . s ~ P 4
. / s S 9
") @ Mutations causing detachment
> I from partner protein or molecule
\ f (t, ApoAl)
Folded protein bound to its Folded protein
target molecule bound to its ligand
(e.g., protein, lipids, etc.) (e.g., Ca?*)

1.1.3. Composition of amyloid fibrils

Figure 2. Schematic
representation of the
different mechanisms of
action by which
mutations  associated
with hereditary amyloid
diseases can cause
protein aggregation and
its associated
pathological states.
Numbers 1 to 10 show a
mechanism of action
along with the names of
the mutated peptides
and proteins for which
the mechanism is
described in the
literature  (Chiti and
Dobson 2017).

Despite the heterogeneity of the various proteins involved in amyloid diseases, all of

them produce morphologically, structurally, and tinctorially indistinguishable fibrils.

Amyloid fibrils, whether extracted from patients or generated in the laboratory, are

thread-like structures typically 7713 nm in diameter, as observed by electro-

microscopy (EM) or atomic force microscopy (AFM) techniques, and often microns in

length (Chiti and Dobson 2017). They generally contain 2i 8 protofilaments, each

approximately 2i 7 nm in diameter, which often twist around each other or associate

laterally as flat ribbons 2i 7 nm high and up to 30 nm wide. The fibrils possess a cross-

b structure, in which b-strands are oriented perpendicularly to the fibril axis and are
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assembled into b-sheets that run the length of the fibrils. This kind of structure has
been detected with recent support from Fourier transform infrared spectroscopy, solid-
state nuclear magnetic resonance (ssNMR), X-ray crystallography and scanning

transmission electron microscopy (STEM) measurements (Figure 3).
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Figure 3. Molecular structure models of amyloid fibrils aided by packing constraints derived
from STEM measurements. a) HET-s prion structure (Wasmer et al. 2008). b) Ab fibril
structures (Paravastu et al. 2008). ¢) Amylin fibril structure (Kajava, Aebi and Steven 2005).
d) Amylin fibril structure (Wiltzius et al. 2008); adapted with permission from The Protein
Society. e) Ure2p (Kajava et al. 2004).

The existence of such ultrastructure of the fibril allows the regular intercalation and
binding of dyes such as thioflavin-T (ThT), Congo red (CR), or their derivatives,
conferring a diagnostic optical property to amyloid such as apple-green birefringence
under polarized light microscopy (Figure 4d-f). Congo Red (CR) has been used as a
diagnostic test for the presence of amyloid in tissue sections for several decades. It is
likely that both the hydrophobic and the electrostatic components of the structure of
CR are critical for its binding to proteins (Figure 4a-c). However, analysis of scientific

data from recent studies shows that CR staining alone is not sufficient for confirmation



of the amyloid nature of protein aggregates in vitro or for diagnosis of amyloidosis in
tissue sections (Yakupova et al. 2019). The following three features: a fibrillar
morphology, cross-b structure, and characteristic tinctorial properties, are universally

accepted as the hallmarks of amyloid structure, and any given protein aggregate needs

to display all of them to be classified as such.

B pleated sheet
NAAAA polypeptide backbone
@ side-chain
e hydrogen bond
Congo red
SO, 50;

-®

NH, NH,

electrostatic attraction

y A L
Kumar et al: Robbins & Cotran Pathologic Basis of Disease, Sth Edition.
Copyright € 2009 by Saunders, an imprint of Elsevier, Inc. Al rights réserved

Figure 4. The main hypothetical models of the binding of Congo Red (CR) to amyloids. a) Dye
binding mediated by hydrogen bonding between primary hydroxyl groups of the peptide chain
(similar to the polysaccharide chain) and the amino groups of CR (PUCHTLER and SWEAT
1962). b) CR molecule could bind to positively charged amino acid residues along the peptide
chains (Klunk, Pettegrew and Abraham 1989). ¢) Polar contacts drive CR binding (Reinke and
Gestwicki 2011). Figure a,b,c were adapted from Yakupova et al. 2019. d) Cross-b-pleated
sheet conformation of amyloid fibrils with CR binding. e) Polarized light and f) bright-field image
of amyloid fibrils stained with CR. Adapted from Kumar et al. 2009.

In addition to fibrillar material, amyloid deposits contain a number of non-fibrillar
components that interact with amyloid fibrils and are incorporated into the deposits in
their native folded state. The influence of a number of the non-fibrillar components in
amyloid-related diseases is well established; however, the mechanisms underlying

these effects are poorly understood (MacRaild et al. 2004).



Among the various components, we can mention the presence of:
V Glycosaminoglycans (GAGs), as heparin and proteoglycans, which can be
found strongly bound to the fibrils. GAGs seem to promote fibrils growth and
stabilization, possibly due to the highly negatively charged sulphate groups
(Kisilevsky 1992). Together with laminin, collagen-1V, and fibronectin,
proteoglycans are part of the extracellular matrix and constitute the carbohydrate
content of natural amyloid. These components facilitate the initial steps of fibrils
nucleation by creating a scaffold for further fibril assembly.
V Amyloid P Component (SAP). It is a plasma glycoprotein synthetized by the
liver, able to bind reversibly (Kd ~ 1 umol/l) to all types of amyloid fibrils with a
calcium-dependent mechanism, lacking from affinity towards the protein in their
native state. SAP is an oligomeric protein, composed of 5 identical subunits of
23,500 Da, not-covalently bound to form a pentameric structure (Coker et al.
2000). SAP protects fibrils towards proteolysis and phagocytosis both in vivo and
in vitro (Tennent, Lovat and Pepys 1995). In human and healthy plasma we can
find about 100 mg of SAP (20-30 mg/l), while in patients affected by amyloidosis,
the amount of SAP reaches up to 20 g. Therefore, it is possible to use ?3|-labelled
SAP as an important tool for diagnostic for amyloid imaging (Gillmore, Hawkins
and Pepys 1997).
V Collagen, that provides a scaffold for amyloid fibrils to attach on and expand in
size.
V Apolipoprotein A-IV, which has currently been defined as a cause of renal
amyloidosis following its deposition in the kidneys (Bois et al. 2017).
V Metal cations, such as Zn?*, Fe3*, and Cu?*, probably released from metallo-
proteins during inflammatory responses, are associated with amyloid plaques

because of their ability to accelerate fibril formation.



1.1.4. Molecular mechanisms of amyloid formation

The hypothetical mechanism that leads toward the formation of amyloid fibrils has been
widely studied and investigated by many researchers. In general, the process
underlying the conversion of a normally soluble peptide or protein into an aggregated
state in fibrils derives from important conformational changes of tertiary or quaternary
structures or of the active site of the protein (Bellotti, Mangione and Stoppini 1999).
The dynamic pathway that leads towards the formation of not native-like structures can
proceed in parallel with the physiological process of protein folding or alternatively to
that.

Moreover, it involves nucleation and growth steps (Knowles et al. 2009, Arosio,
Knowles and Linse 2015). In the simplest type of nucleated polymerization mechanism,
monomers that are completely or partially disordered can convert into nuclei through a
thermodynamically unfavourable process that takes place early in the lag phase
(Figure 5); fibrils then grow from these nuclei through the addition of monomers (Chiti
and Dobson 2017). Such nuclei can be thought of as the smallest structures that are
able to initiate fibril elongation, or the smallest species in which the rate of further
monomer addition exceeds that of monomer release (Morris, Watzky and Finke 2009).
Nuclei have even been suggested to be monomeric species that adopt a well-defined
conformation able to aggregate rapidly (Figure 5).

The lag phase in amyloid fibril formation can be drastically shortened through the
addition of preformed fibrils by using the iseedi ngo mechani s
(Harper and Lansbury 1997).

A significative role in the mechanism of the self-assembly process of amyloid fibrils is
played by prefibrillar species (often termed oligomers), which are thought to represent
the most pathogenic species in the diseases associated with amyloid fibril formation
(Chiti and Dobson 2017). A representative class of oligomers that have been well
characterized are the one related to Abao/ Aba2 peptides (Choi et al. 2019, Chen and
Mobley 2019). When aggregation is initiated by intrinsically disordered systems, the
initial oligomers appear at first to adopt a disordered structure with more highly

organized oligomers appearing later (Bleiholder et al. 2011).
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Figure 5. Mechanisms of amyloid fibril formation. a) Possible mechanisms of nucleus
formation starting from a globular or intrinsically disordered protein (IDP). The vertical boxes
refer to different stages of the amyloid fibril formation process, and different models of
aggregation are shown horizontally, including nucleated polymerization (brown arrows),
nucleated conformational conversion (blue arrows), and native-like aggregation (green
arrows). The vertical box on the right refers to secondary processes, such as secondary
nucleation (top) and fibril fragmentation (bottom). b) Time courses of aggregation of the
amyloid-b peptide (Abs2) monitored with thioflavin-T fluorescence at different peptide
concentrations and analyzed using a global fitting procedure (left) derived from a model that
considers primary nucleation, elongation, dissociation, fragmentation, and secondary

nucleation as key microscopic steps (right). ¢) Schematic representation of the structural
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rearrangements occurring during oligomer formation. Amyloidogenic segments are colored in
green. As aggregation proceeds (left to right) a set of structural rearrangements takes place;

the bottom arrow shows the parameters that increase. Modified from Chiti and Dobson 2017.

Such early aggregates are typically small in size, do not bind amyloid-specific dyes,
and do not exhibit a significant content of b-sheet structure and compactness. As
aggregation proceeds, such oligomers undergo structural earrangements into species
that are stabilized by b-sheet structure, that are generally antiparallel, and with weak
binding to ThT and CR. Only later do species appear with a highly regular in-register

parallel cross-b structure and fibrillar morphology (Chiti and Dobson 2017).

Since my PhD work has mainly been focused on the study of two amyloidogenic
proteins: tr amgrbdgoulingltrepantedahe correBponding aggregation

mechanisms of those protein in the following paragraphs 1.2 and 1.3 respectively.
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1.2. Transthyretin and related amyloidosis

Wild-type transthyretin (WT TTR) is a human plasmatic protein of 55 kDa that was
firstly discovered in 1942 in the cerebrospinal fluid (Kabat, Moore and Landow 1942).

Widtype TTR was originally namimnfastertharmdlbbminmi n o

on electrophoresis gels in native conditions. Its current name derives from its role of
transporter of thyroid hormone thyroxine (T4) and retinol-binding protein bound to
retinol (ROBBINS, RALL and PETERMANN 1957). Transthyretin is mainly synthetized
by the liver, by the choroid plexus and retinal pigment epithelium, and it is then secreted
into the blood stream reaching a plasmatic concentration of 0.1-0.4 mg/ml (3.6 €M),
and in the cerebrospinal fluid with a concentration of 0.017 mg/ml (0.36 €M), and in
the eye. A minor si idlsobifletsofyangerhans. iTransthayretm
has the shape of a non-glycosylated globular protein with the size of 70 A x 55 A x 50
A; itis a stable tetramer, composed of four identical monomers (Figure 6). Each subunit
has a primary sequence of 127 amino acids. A dimer is generated by the interaction
between two monomers that is stabilized through hydrogen bonds. Two dimers, slightly
rotated, originate the folded homo-tetramer, which is stabilized through hydrophobic
interactions between the loops that connect the beta-sheets (Blake et al. 1978). The
tetramer structure is characterized by the presence of a central channel inside which
two identical binding sites for T4 and T3 hormones are located.

Over 100 mutations codify for protein variants of the wild-type TTR
(http://amyloidosismutations.com/attr.html), causing familial amyloidosis, although
they have a rare incidence (Dwulet and Benson 1987). Some of those mutations are
not related to amyloid disease, such as P102R and T119M; some others on the
contrary can influence the binding with thyroxine (G6S, A109T) (Sipe 1992).

Figure 6. Crystallographic structure of human TTR
(Richardson 2014).
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TTR-related amyloidosis affects approximately 10,000 people worldwide (Benson and
Kincaid 2007, Mangione et al. 2014), even if the incidence of the pathology was longer

underestimated, because of poor diagnostic tools (Nencetti and Orlandini 2012).

Until now, four types of TTR-related amyloidosis have been reported (Table 2):
1. Senile systemic amyloidosis (SSA). Wild-type TTR is intrinsically amyloidogenic and

tends to form microscopic and clinically silent amyloid deposits in the heart, in the lungs
and in the blood vessels wall of the majority of elderly people (Westermark et al. 1990,
Kolstoe et al. 2010).

2. Familial amyloid cardiomyopathy (FAC). Some mutations of TTR, such as V122I

variant, have been associated with cardiac amyloidosis (Saraiva 1995). Around 4% of
the African-American population carries this mutation, which is although also found in
African and Afro-Caribbean ethnic groups.

The clinical phenotype is characterised by the presence of extensive amyloid deposits
in the heart. A recent study highlighted a higher incidence of heart failure amongst the
carriers of the mutation, although the mortality appeared comparable to that of non-
carriers over long-term follow-up (Quarta, Falk and Solomon 2015).

3. Familial amyloid polyneuropathy (FAP) represents the most frequent form of

inherited amyloidosis. It is a lethal autosomal dominant disorder in which amyloid
deposits mostly in the peripheral nervous system (PNS). One of the most diffused
mutations causing this disease is V30M TTR, where a valine at position 30 is replaced
by a methionine. This mutation is commonly found in the Portuguese, Japanese and
Swedish population (Saraiva et al. 1984, Tawara et al. 1983, Dwulet and Benson 1984,
Westermark et al. 1990, Saraiva 1995).

4. Central nervous system selective amyloidosis (CNSA) which is another disease

related to TTR mutations. It is a rare form of amyloidosis caused by the A25T TTR
variant (Sekijima et al. 2003).
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Clinical Age of TTR Type Geographical

Classification Appeareance Area of Impact
WTTTR ] Worldwide (elderly
o Cardiomyopathy WT TTR )
amyloidosis =60 population)
African-
. Americans,
FAC Cardiomyopathy =65 V1221 TTR
African, Afro-
Caribbean
_ Europe (mainly
Peripheral
FAP 30-80 VIOMTTR Portugal and
neuropathy
Sweden), Japan
Peripheral
neuropathy
FAFP =50 MNon V30M Worldwide
and/for
cardiomyopathy
A25T, ]
CNSA CNS amyloidosis =50 Worldwide (rare)
D18G TTR

Table 2. The most common TTR amyloidosis and age of onset (Nencetti and Orlandini 2012).

Among TTR variants, my work has been focused on S52P, V30M and V122] variants,
which were already mentioned previously. The S52P TTR variant has been identified
in an English family at the UCL Centre for Amyloidosis and Acute Phase Proteins at
the Royal Free Hospital. This variant is associated with the most aggressive clinical
phenotype so far described for familial TTR amyloidosis. It is indeed responsible for a
severe form of autosomal-dominant hereditary systemic amyloidosis characterised by
early onset (Mangione et al. 2014). The patients, who are heterozygous for the specific
mutation, developed autonomic dysfunction and polyneuropathy in the third decade,

followed by cardiomyopathy, euthyroid multinodular goiter and sicca syndrome.

The mechanism that underline TTR fibrillogenesis has been studied for many years.
The first mechanism was proposed by Kelly and his group in 1992 and consist in the
dissociation of TTR tetramer that leads to the release of the full-length monomer (Colon
and Kelly 1992). | n Kel |l yés met hod, the monomer
exposure to denaturing conditions like acidic pH (Figure 7). Even tho

mechanism has been accepted worldwide, some crucial issues remain opened. First,
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by moving backt o physi ol ogi cal conditions, t he
return soluble. This is extremely different from what observed with ex vivo fibrils that,
once formed, do not revert to their soluble precursors. Furthermore, the amyloid-like
material obtained in vitro after prolonged incubation at low pH is mostly amorphous
and contains only a small proportion of amyloid-like fibrils when analysed by EM and
AFM. Congo red staining also suggests low abundance of amyloid fibrils. Finally, the
presence of TTR fragments in ex vivo amyloid deposits (Thylén et al. 1993, lhse et al.
2013) cannot be explained by this mechanism where fibrils are only composed of full-
length TTR.

. B 3R
—A—— I%] T [%|§] Figure 7. Model of Monomer-TTR
e [|>]m D (e  Amyloidogenesis (Hurshman et al.

small, soluble large 2004)
aggregates aggregates
o
< X
y
T T T T
) A 3 e
8 58
), 98

Reaction coordinate

Recently, the group of Professor Bellotti have identified a previously unrecognised
mechano-enzymatic mechanism in which shear stress and proteolysis play a key role
towards the formation of amyloid fibrils (Marcoux et al. 2015). In presence of shear
stress and in physiological conditions 49-127 fragment, generated after the proteolysis,
is released from the tetramer and triggers rapid fibril formation. In this case, the fibrils
formed has a similar morphology of the one found in ex vivo samples.

In particular, in the work of Marcoux and colleagues, biochemical analysis performed
on ex vivo fibrils showed that the main components were the 49-127 TTR fragment
originated only from the variant in combination with both variantand WT TTR full-length
monomers. The specificity of the cleavage site suggested that the protease

responsible for proteolysis in vivo could be a trypsin-like serine protease.

16



By exposing native S52P TTR to very low-dose trypsin, under physiological conditions,
the same 49-127 fragment, observed in the ex vivo fibrils, was detected. By monitoring
the aggregation, it was discovered that WT TTR and some amyloidogenic variants
were actually susceptible to trypsin cleavage with the exception of the non-pathogenic
T119M variant that it is known to be protect from aggregation of amyloidogenic isoform
in the patients.

In each case, Congo red birefringence and electron microscopy analysis confirmed the
presence of amyloid fibrils and SDS-page analysis confirmed the presence of the
truncated fragment 49-127 (Figure 8). In the presence of trypsin alone, agitation alone
or in the absence of trypsin, none of the proteins were cleaved and maintained their
solubility .

Indeed trypsin, even though effective in vitro in priming TTR amyloidogenesis by
selective proteolysis of the loop interconnecting strands C and D, is unlikely to
represent the culprit protease responsible for proteolysis of TTR in vivo. In fact, it is
uniquely synthesised by the liver and, once secreted, it is compartmented in the small
bowel lumen. Considering that TTR is a circulating plasma protein, it is extremely likely
that the enzyme associated with the formation of the amyloidogenic fragment is located

in the extracellular matrix and/or in the plasma.

During my phD, |1 6ve been actively involved i
active in vivo. In the work recenlty published by our research group (Mangione et al.
2018), we conducted a bioinformatics search for systemically active tryptic proteases
with appropriate tissue distribution, using the MEROPS database (Rawlings, Barrett
and Finn 2016), which is a manually annotated database with information on more than

4000 peptidases classified according to families and clans.

17



A12, S52P TTR L55P TTR V122I TTR V3IOM TTR WTTTR TMMTTR
1.0
& s &
08F &
8 3
gosf 3
@@
fos §
8 4+ on
202-
0
[ ! [ ! g 3 0 3 g 3 [ !
Y2 e | s |- ((-mper (-eoe e | -epee

L9-1 27

4

1

i

O CR-birefringence © SDS-PAGE @

!

= b g ARV
‘ '-‘»' .A -
»«M

TEM

Figure 8. Effect of trypsin on the amyloidogenesis of S52P, L55P, V122I, V30M, WT, and
T119M TTR variants. a) Aggregation was quantified as spectrophotometric turbidity at 400 nm
of samples incubated in PBS pH 7.4 at 37°C for 72 h with magnetic bar agitation in the absence
(open bars) or presence (solid bars) of trypsin at an enzyme:substrate ratio of 1:200. Each bar
shows mean + SD of three replicates. b) Selective proteolytic cleavage of TTR was monitored
by SDSi PAGE under reducing conditions, stained with Coomassie Blue. ¢) Amyloid was
identified by light microscopy of Congo red-stained specimens viewed under crossed polarized
light (scale bar, 10 ¢ M). d) Negatively stained transmission electron microscopy (TEM) (scale

bar, 100 nm) of TTR samples treated with trypsin as described above (Marcoux et al. 2015).

From a pool of potential candidates, we were able to identify plasmin, on the basis of
its structural similarity with trypsin, which selectively cleaves human TTR between
residues 48 and 49 under physiological conditions in vitro. The effects of heparin and
seeds were also confirmed in the presence of the newly identified enzyme.

Our findings, which are reported in Chapter 2.2., suggest that physiological fibrinolysis
is likely to play a critical role in TTR amyloid formation in vivo.
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Finally, in Chapter 2.3., | reported some results on the comparative analysis of
structure and function structural of fibrils derived from different procedures of
fibrillogenesis or extraction. In particular, in order to investigate the similarities between
different type of fibrils, | measured their thermodynamic stabilities because this

parameter is totally based on the structure and specific intermolecular interactions.
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1.3. b2-microglobulin and related amyloidosis

- Dialysis-Related Amyloidosis

b2-microglobulin (b2-m) is the extracellular non-covalently bound light chain of class |
major histocompatibility complex (MHCI), a membrane bound protein assembly
present on the membrane of all the cells and involved in immune recognition by T cells.
It is a small, 99-residue, protein (11.8 kDa), presenting in nearly all nucleated cells and
most biological fluids, including serum, urine, and synovial fluid. Its secondary structure
consists of seven b-strands (A,B,C,D,E,F,G), which are organized into two b-sheets
linked by a single disulfide bridge, presenting a classical b-sandwich typical of the
immunoglobulin domain (Fig. 9) (Eichner and Radford 2011). The connecting loop
between D and E strands (DE loop) has been proposed to be a critical region in the
process of b2-m aggregation (Eichner and Radford 2011). Indeed, this region makes
contact with the MHCI heavy chain, but it has a great conformational variability in
solution and different crystallographic structures.

In normal conditions, serum bz-m, is filtrated through the renal glomeruli to the urine,
then reabsorbed and degraded by the renal tubular epithelial cells. It can occur that
serum b2-m concentration increases in patients suffering from renal insufficiency and
in haemodialysis patients reaching up to 30 to 50 times more than those in healthy
subjects (Naiki et al. 2016).

Accumulation of amyloid fibrils from bz-microglobulin was first recognized as a
characteristic osteoarticular complication in long-term haemodialysis (HD) patients,
and cal-tebdatield amyl oi dosil9®8B5( HFA)MI tlarkke €&k, yic
(Gejyo et al. 1985) showed that the constituent of amyloid deposits of patients treated
with chronic haemodialysis was the protein b2-m (Figure 10).

Remarkably, b2-m amyloid deposition is localized mainly in joints, bones and
ligaments, causing destructive arthropathy, bone cysts and carpal tunnel syndrome. In
patients heamodialyzed from a long time, b2-m fibrils also deposits in general visceral
tissues, like heart, gastrointestinal tract and lungs, and smaller deposits may be seen

in medium-sized blood vessels.
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Figure 9. a) Representation of human MHC-I that shows the heavy (U1, U2, U3 in red) and the
light chain (b2-m in blue). Pro5, Prol4, Pro32, Pro72 e Pro90 residue (in green) and the disulfid
bond among Cys25-Cys80 residue (in yellow) are highlighted. b) Representation of soluble
native structure of b,-m that shows A (6-11), B (21-28), C (36-41), D (50-51), E (64-70), F (79-
83) e G (91-94) b-strands. From Eichner T et al., 2011. PDB code: 3MYJ.

The presence of species in non-native conformation, derived from physiological
dynamic conformational fluctuations of the native bz-m, is likely to be required for
trigger the aggregation process (Eichner and Radford 2011). Persistent high
concentrations of b2-m is a required but not sufficient condition to cross the energetic
barrier necessary to obtain the first stable oligomeric species. Indeed other
environmental factors are involved in triggering the aggregation process in vivo. These
species have a high tendency to bind and interact with collagen, in particular type |
collagen, which has been found in all natural fibril deposits and is important in vitro too
to promote b2-m fibrillogenesis in physiological-like conditions (Relini et al. 2006). In
addition, other components of extracellular matrix present in osteo-articular tissues,
like glycosaminoglycans, might facilitate amyloid formation. Moreover heparin, a drug
of the family of glycosaminoglycans, commonly administered to dialyzed patients as
anticoagulant, has been reported to stabilize b2-m oligomers and strongly enhance the
formation of b2-m amyloid fibrils in the presence of type | collagen (Relini et al. 2008).
Finally, many evidences suggest that proteolytic event in the first amyloid nuclei
generates proteolysis species, which have a higher affinity for collagen and are
thermodynamically more instable than WT b2-m (Giorgetti et al. 2005). This isoform is
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able to accelerate the exponential growth phase of the aggregation process. In
particular, the proteomic analysis of natural b2-m fibrils has shown that 30% of the total
protein content in this deposits is constituted by the proteolysed form of b2-m lacking
the first six residues at the N-terminus, named giN6 b2-m (Stoppini et al. 2000). gN6
has a higher thermodynamic instability than wild-type b2-m and a strong tendency to
aggregate, even at physiological pH (Esposito et al. 2000).
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Figure 10. Schematic of the key processes which result in the pathological symptoms
experienced in DRA (Eichner and Radford 2011).
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- D76N bz-microglobulin-Related Amyloidosis

In 2012, the group of Professor Bellotti and Dr. Valleix (Cochin Institute of Paris)
discovered and described the first natural variant of b2-m in a French family. This
variant presents a single amino acid substitution in position 76 from the negative
charged aspartate of wild-type protein to the uncharged asparagine (D76N b2-m),
causedfroma singl e base substituti ®@2aMgere&BBeY A ( GA®
11). Patients are heterozygous for this mutation and their main clinical symptoms are:
slowly progressive bowel dysfunction, by alternation of diarrhoea and constipation,
which leads over time to a strong weight loss (up to 20 kg in two years), persistent
sicca syndrome and subsequent autonomic neuropathy. These manifestations are due
to extensive visceral amyloid deposits composed only by the full-length D76N variant
with a strong involvement especially of spleen and adrenal glands. No visceral amyloid
deposits were found in the nervous system or in salivary glands (Valleix et al. 2012).

D76N b2-m is responsible for a hereditary, systemic form of amyloidosis surprisingly
completely different from DRA. Indeed, patients carrying the mutation have normal
circulating concentrations of b2-m (0.2 €M) and normal renal function. The late onset
of the disease and the slowly progressive clinical course are consistent with the low
plasma concentrations of bz2-m. Finally, in amyloid deposits no wild-type or gdN6 b2-m

isoforms were observed.

Figure 11. Crystal structure of D76N
Variant bo-microglobulin.a) Ribbon
representation of the D76N variant. b)

Close-up view of the Ei F loop (residues

70 to 80) shown in Panel A, superimposed
on the wild-type b.-microglobulin structure
(bluei green). Residues belonging to the

D76N variant are yellow, and Tyr78

belonging to wild-type b.-microglobulin is

bluei green; hydrogen (H) bonds are

N-terminal /

shown as dashed lines. c) Surface

electrostatic potential of the EiF loop

region in the D76N variant (top) and in
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wild-type bz-microglobulin (bottom); circles indicate the mutated residue. Blue represents
positively charged regions, and red negatively charged regions (Valleix et al. 2012).

The Asp76Asn bz-microglobulin variant is thermodynamically unstable and remarkably
fibrillogenic in vitro under physiological conditions. Indeed, the crystal structure of the
D76N variant at 1.40 A resolution provided clues to explain its reduced stability and its
increased fibrillogenic potential (Figure 11). The amide group of Asn76 establishes a
new hydrogen bond with Tyr78, which moves closer to residue 76 providing a hydrogen
bond to the amide nitrogen of Thr73. In addition, the theoretical isoelectric point of the
mutant shifts from 6.05 to 6.40 due to the loss of the negative charge of Asp76 (Valleix
et al. 2012).

In particular, the globular native fold transition to the fibrillar state is primed by exposure
to a hydrophobic-hydrophilic interface under physiological intensity shear flow (Figure
12, (Mangione et al. 2013).
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Figure 12. Fibrillogenesis of D76N and wild type b>-m. a) The time course of aggregation of
D76N b2-m (red) and wild type (black) was monitored under stirring conditions by fluorescence
emission of ThT (using 445 and 480 nm as excitation and emission wavelengths, respectively).
Proteins were dissolved at 40 b>-m in 25 mM sodium phosphate buffer, pH 7.4 at 37 °C.
Aggregation experiments were monitored in the presence of air-water (filled circles) and
Teflon-water interfaces (empty circles). b) Tapping mode AFM images of different stages of
aggregation of D76N b,-m carried out under stirring conditions and in the presence of an air-

water interface. Oligomers formed after 1 h, prefibrillar aggregates coexisted with oligomers
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after 2 h, filaments were observed after 8 h, and fibril clusters were observed after 24 h. Scan
size, 1 bo-m; Z range, 15 (times 0 and 24 h), 8 (times 1 and 2 h), and 3 nm (time 8 h). a.u.,
arbitrary units (Mangione et al. 2013).

As you can see in Fig. 12, the formation of D76N b2-m amyloid fibrils in vitro is
enhanced by fluid agitation and exposure to a hydrophobic surface in physiological
buffers. In contrast, fibrillogenesis of wild type bz-m is extremely slow under
physiological conditions, being minimal or absent after 100 hours of incubation
(Mangione et al. 2013).

Within the extracellular space where amyloid is deposited in systemic amyloidosis, the
interstitial fluid flows over the extensive surfaces of the fibrous network of elastin,
collagen, and proteoglycans, the high hydrophobicity of which play a key role in
promoting local unfolding of globular proteins. If a mutation reduces the stability of b2-
m (i.e. D76N mutation), the shear stress in the extracellular matrix of visceral organs
such as liver, spleen, kidney, and heart is sufficient to unfold the unstable variant and
prime a cascade of events as represented in Fig.13.

Hydrophobic surface Fryaro = (dE,, ./ dd) = (- 2*Y (a - a,) exp (-d/D, ,..))/ D, .,

Hydro

Interstitial space

L e———

Figure 13. Schematic picture of the hypothetical events occurring in the interstitial space
where globular soluble proteins undergo fibrillar conversion. Native globular proteins flow
through a network of fibrous proteins (i.e. collagen and elastin) and GAGs. These matrix
proteins expose hydrophobic patches with which the native globular proteins collide. At the

interface between the hydrophobic surface and the aqueous fluid, proteins are exposed to
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forces sufficient to perturb the folded state. The exposure of normally buried hydrophobic
elements further facilitates the interaction with the hydrophobic matrix, local accumulation of
partially folded globular conformers reaching a condition of supersaturation. Supersaturation
is the precondition for protein aggregation and loss of solubility. Even minimal changes in the
intensity of the shear flow can break the very labile soluble state of partially folded proteins
when they reach the condition of supersaturation. If supersaturation is not reached, the simple
unfolding of the proteins does not imply a fibrillar conversion and the protein can properly refold

and escape from the aggregation (Stoppini and Bellotti 2015).
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1.4. Caenorhabditis elegans as a model system for systemic amyloidosis

1.4.1. General biology and anatomy of Caenorhabditis elegans

In 1963, Sydney Brenner sent a letter to Max Perutz, the chairman of the Medical
Research Council's Laboratory of Molecular Biology, proposing a nematode (round

worm), Caenorhabditis briggsae, as a usef ul t ool i n order

probl ems of mo |(Brenined 2802). Laterp He angwed his focus on the
related nematode Caenorhabditis elegans (C. elegans) because the elegans strain
grew better than the briggsae isolate in Brenner's laboratory (Félix 2008).

C. elegans is a free-living, transparent nematode that lives in temperate soll
environments but it can be most easily be isolated from rotting vegetable matter, which
contains an ample supply of their bacterial food source (Barriere and Félix 2014). In
the laboratory it can be cultivated on agar plates and it needs Escherichia coli (E. Coli)
bacteria as a food source (Cassada and Russell 1975).

Most of its population (99.5%) are self-fertile hermaphrodites, only 0.05% are male. C.
elegans hermaphrodites are about 1 mm in length and 50 pm in diameter and
essentially are females whose gonads temporarily produce sperm before they produce
oocytes. Male individuals, on the contrary, have a single-lobe gonad with a tail
specialized for the mating with hermaphrodites (Fig. 14a). The hermaphrodite
individuals possess five autosomes and two sex XX chromosomes, the male ones
have the XO karyotype (Reinke et al. 2004). Generally, males arise infrequently in the
germ line (0.1%). The number of males can increase after mating (50%) or in adverse
and stressful conditions such as high temperature, overcrowding or lack of food. This
facilitates sexual reproduction, allowing genetic recombination, thereby increasing the
probability that the progeny will adapt to the changed environmental conditions. The
number of cells in C. elegans is always the same for each individuals and is about 959
somatic cells with 302 neurons for the hermaphrodite individuals and about 1031 cells
with 381 neurons for the male ones (White J et al. 1988)

One attractive feature of C. elegans is that despite its simplicity, it has defined tissues.
The animal is often described as a series of concentric tubes (Fig. 14). The outer layer
of cells, the epidermis, encloses a pseudo-coelomic fluid-filled cavity housing the main

organ systems. Just inside the epidermis are the bands of muscle, which control
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movement of the organism, as well as the ventral and dorsal nerve cords that innervate
the muscles. The muscles receive input from the neurons by sending muscle arms to
motor neuron processes that run along the nerve cords or reside in the nerve ring. The
obliquely striated body wall muscles are organized into strips in four quadrants, two
dorsal and two ventral, along the whole length of the animal. Non-striated muscles are
found in the pharynx and around the vulva, intestine and rectum.

The cells of the nervous system are arranged into ganglia in the head and tail. C.
elegans neurons are mainly located in the head around the pharynx (Figure 14). In the
body, a continuous row of neuronal cell bodies lies at the midline, adjacent to ventral
hypodermis. In addition, there are two small posterior lateral ganglia on the sides as
well as some scattered neurons along the lateral body. The processes from most
neurons travel in either the ventral, or the dorsal nerve cord and project to the nerve

ring in the head (Wormatlas).
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Figure 14. C. elegans anatomy. Major anatomical features of a hermaphrodite a) and male b)
viewed laterally. a) The dorsal nerve cord (DNC) and ventral nerve cord (VNC) run along the
entire length of the animal from the nerve ring. Two of the four quadrants of body wall muscles
are shown. b) The nervous system and muscles are omitted in this view, more clearly revealing
the pharynx and intestine. c) Cross-section through the anterior region of the C. elegans
hermaphrodite (location marked with a black line in a) showing the four muscle quadrants
surrounded by the epidermis and cuticle with the intestine and gonad housed within the

pseudocoelomic cavity. Images modified from those found at www.wormatlas.org.
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Within the pseudocoelom are:

a digestive system. Food (bacteria) enters the anterior of the animals and
passes through the pharynx, a two-lobed neuromuscular pump that grinds the
food before it is passed on to the intestine for digestion (Figurel4b, (You and
Avery 2012). The pumping behaviour of the animals depends on the availability
and the quality of the food; for example, animals pump more when hungry and
less when full (Avery and Shtonda 2003). The C. elegans intestine is attached
to the posterior pharynx and consists of 20 large, polyploid epithelial cells
arranged in pairs that form a tube running the length of the animal.

an excretory system which is involved in osmoregulation and in secretion of
glycoproteins thought to make up a replenishable surface coat over the
epicuticle. The excretory cell is the largest cell in the animal, with excretory
canals running the length of the body that are connected to an
excretory/secretory pore on the ventral side of the head.

a reproductive system, which in hermaphrodites consists of functionally
independent anterior and posterior arms. Each arm is reflexed with an ovary
that is distal to the vulva, a more proximal oviduct, and a spermatheca
connected to a common uterus centred around the vulva. The gonad forms an
ovotestis that first produces haploid amoeboid sperm that are stored in the
spermatheca and then produce much larger oocytes (Fig. 14A). The adult
uterus contains fertilized eggs and embryos in the early stages of development.
Vulval contractions, mediated by the hermaphrodite-specific neurons, are
required for egg laying.

The male gonad is a single reflexed organ extending anteriorly from its distal
tip, then posteriorly to connect via the vas deferens to the cloaca near the anus
(Fig. 14B). As with the hermaphrodite ovary, the germ-line nuclei are mitotic
near the distal end. Meiotic cells in progressively later stages of
spermatogenesis are distributed along the gonad to the seminal vesicle, in
which spermatids are stored for release during copulation. Male-specific
neurons, muscles, and hypodermal structures are required for mating with
hermaphrodites (Riddle DL et al. 1997).
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Figure 15. Nematode body plan with cross sections. a) Posterior body region: body wall (outer
tube) is separated from the inner tube (alimentary system, gonad) by a pseudocoelom. Orange
lines indicate basal laminae. b) Section through the middle of head. c) Section through
posterior body. (DNC) Dorsal nerve cord; (VNC) ventral nerve cord. d) Section through
posterior head. e) Section through posterior body. (DNC) Dorsal nerve cord; (VNC) ventral

nerve cord. f) Section through tail, rectum area. From Wormatlas.

In addition, C. elegans has six cells in the pseudocoelomic cavity (Fig. 16), called
coelomocytes, which act as scavengers in the body cavity (Grant and Sato 2006).
These cells behave similarly to vertebrate macrophages, are highly active in
endocytosis, and are thought to sort through and clear material in the pseudocoelomic
cavity of the animal. C. elegans, like many other small animals, does not have a
specialized respiratory or circulatory system. The nematode worm depends on
diffusion of gases for supply of oxygen to its tissues. The outer tube is covered by the
collagenous, extracellular cuticle, which is secreted by the underlying hypodermis
(Riddle DL et al. 1997). At each of the four larval molts, a new cuticle of stage-specific

composition is secreted, and the old cuticle is shed.
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Figure 16. Coelomocytes in the adult hermaphrodite. Three pairs of coelomocytes reside in
the pseudocoelomic cavity. Four of these cells are on the ventral side. Two of these (ccPR and
CCAR) are situated close to the head, whereas the other two (ccPL and ccAL) are close to
midbody, anterior to vulva. The remaining pair (ccDR and ccDL) is located dorsally in the
posterior body. An epifluorescent image of a transgenic animal expressing the reporter gene
unc-122::GFP in coelomocytes is overlayed on the DIC image of the whole animal, seen from
the right side. (Inset, left) A magnified DIC image, right lateral view, of ccDR (arrow) between
intestine (In), distal gonad (DG), and body wall (Bw). The nucleus contains a nucleolus (white
arrow). Arrowhead points to a vesicle within the cell. (Inset, right) Magnified epifluorescent

image of the same cell; the vesicle is seen as translucent. (N) Nucleus. From Wormatlas.

1.4.2. Life cycle and lifespan

The life cycle of C. elegans, similar to others nematodes, comprises an embryonic
stage, four larval stages (L1-L4) and adulthood (Fig. 17). At the end of each larval
stage, a new cuticle, of stage-specific composition, is synthesized and the old one is
shed (Cassada and Russell 1975). During this period, pharyngeal pumping ceases and
the animal enters a brief lethargus. The average development time and lifespan are
strictly related to the temperature of incubation of worms. In general, C. elegans is able
to grow and reproduce between 12-25°C; higher temperatures are considered stress
conditions that can be tolerated for a short time. Embryogenesis takes approximately
16 h at 20°. A virtually impermeable eggshell is made after fertilization, allowing the
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embryo to develop completely independent of the mother. However, embryos are
usually retained within the hermaphrodite until about the 24-cell stage at which time
they are laid (Corsi, Wightman and Chalfie 2015). The worms begin to eat and develop
through the four larval stages. Approximately 16 hr after the L4 molt at 25°C (Figure
17a), adult hermaphrodites start producing progeny for a period of 2-3 days until they
have utilized all of their self-produced sperm; additional progeny can be generated if
the sperm-depleted hermaphrodite mates with a male. An individual hermaphrodite is
capable of producing more than 300 progeny during its life. After the reproductive
period, hermaphrodites can live several more weeks before dying of senescence. The
total generation time from egg to adult worm is only of about 3 days and the lifespan
of about 3 weeks (Cassada and Russell 1975).
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Figure 17. a) C. elegans life cycle at 25°C. Worms are drawn approximately to scale. b).
Micrographs of laid eggs, larval stages and adults (Erkut C. 2014: C. elegans life cycle and
developmental stages).
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In stress conditions, such as lack of food, overcrowding and high temperature, the L1-
Ll2ani mal s wi | | enter an alternative | ife cyc
Ger man means fil asunfavaugablg condinons irhprovehTdes dauer is
capable of living for 3i 6 months in a dormant state (Fielenbach and Antebi 2008). Its
cuticle completely surrounds the worm and seals up the mouth preventing the animal
from eating and thereby arresting development. The cuticle confers enhanced
resistance to chemicals to the worm, providing with greater protection against
environmental stresses and caustic agents. When the dauer larvae are transferred
onto plates with bacteria, they lose their mouth plugs, molt, and continue their

development as slightly different L4 larvae (Corsi et al. 2015).

1.4.3. Genome and Proteome

C.eleganswas chosen as a model for biological re:
Brenner (Brenner 1973) and it has been extensively studied with regard to its genetics
and development. It was the first complete eukaryote to have its genome sequenced
(C. elegans Sequencing Consortium, 1998) and in which cell lineage, which is invariant
between animals, has been established. The sequence of all five autosomes and the
single sex chromosome was first published on Science in 1998 (C. elegans
Sequencing Consortium, 1998). Although the genome of this worm is substantially
smaller than that of humans (it consists of about 100 million base pairs, H.sapiens
genome is about 3,000 million base pairs), C. elegans has nearly as many genes
(about 20,000 genes, while humans have 23.000 genes) (Hillier et al. 2005). Those
genes (~15% of total) coding for proteins in C. elegans are organized in operons and
this can perhaps explain in part why the genome of worms is 30-fold smaller than its
human equivalent while having a similar number of genes. Indeed, in contrast to other
eukaryotes, worms use operons in which a single promoter regulates upstream the
transcription of a group of genes in a single filament of m-RNA in order to induce the
co-expression of genes (in other eukaryotes each single gene have a promoter
sequence). A second explanation could be that the C. elegans genome contains a

smaller portion of non-coding DNA (DNA that does not code for proteins). Moreover,
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despite the evolutionary distance of C. elegans from humans and its simplicity, a
significant genetic overlap between the two organisms has been reported. Depending
on the bioinformatics approach used, C. elegans homologues have been identified for
601 80% of human genes (Kaletta and Hengartner 2006).

The genome database of C. elegans is available worldwide, providing a working
framework for researchers including those with interests in human genes. In order to
diversify its proteome, C. elegans is able to perform both post-transcriptional
modifications both post-translational modifications (Hulme and Whitesides 2011).
Recently, a repository of C . e | epotaim ldndses, which form one of the largest
protein families found in all species, catalysing the reversible phosphorylation of
proteins and representing key therapeutic targets in drug development, has been
created by UniProt Knowledgebase. The C. elegans kinome is composed of 438
kinases and almost half of them have been functionally characterized (Zaru et al.
2017).

Moreover, C. elegans has proven to be an exceedingly useful genetic model system
for the study of how proteostasis works (Fig. 18). Namely, it has been used to study
molecular chaperone function, identify genetic pathways that regulate aging, and even
express intrinsically aggregation-prone disease-associated proteins as a means to
perturb the protein folding environment and investigate how the C. elegans

proteostasis machinery responds (Kikis, Gidalevitz and Morimoto 2010).

Disease-Associated

~ Proteins Expressed
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Metastable
Proteins

Figure 18. Using C. elegans models of protein folding to study the regulation of proteostasis.

The figure shows how two different types of folding sensors, disease-associated aggregation-

34



prone proteins and metastable endogenous proteins (shown in blue), have been used to

uncover the proteostasis network, reveal how natural variation and genetic background

modulate the protein folding environment, reveal how proteostasis declines during aging, and

identify small molecule regulators of proteostasis (shown in red). Black lines connect the two

categories of folding sensors to the research areas in which each was employed as a tool
(Kikis 2016).

1.4.4. Applying C. elegans to study human diseases

Many advantages in manipulating C. elegans allow its use as an animal model:

T

It has small size and can be cultivated on agar plates in small incubators; it can be
preserved in liquid nitrogen.

Since the life-cycle (Fig. 17) and the lifespan is short, it is an appropriate model in
order to observe quickly results of experiments (Kim, Kim and Park 2017) and it is
suitable for the study of age-related diseases. The average worm gives rise to
about 300 progeny; thus, one worm can produce about 100,000 offspring within a
week.

C. elegans show transparency, facilitating the study of cellular differentiation and
other developmental processes in the intact organism. It is possible to observe
each w o r ntéllghrough the light microscope in a non-invasive way and cellular
events, such as mitosis or cytokinesis, can be followed in real-time. Furthermore,
its transparency allows the use of fluorescence markers in vivo too.

The anatomy is simple but some tissues are conserved in C. elegans such as the
muscle, nervous, intestinal system.

Despite the small number of neurons, the C. elegansdnervous system shows 118
types of neuronal cells making the worm extremely diversified. Moreover, it uses
the most known neurotransmitters such as acetylcholine, GABA, glutamate,
dopamine and serotonin that are implied in different human diseases. Indeed,
those neurotransmitters have key functions for the motility, nutrition, mating, egg
laying and for search for food behaviours that are phenotypic features easy to
observe and quantify in order to study neuronal pathways.

As already mentioned, the complete lineage of every cell in the C. elegans has

been determined, which allows a fate map of this organism to be accurately
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drawn at any stage of it's development, something that can't be found in any
vertebrate.

T I'tds possi bl evormt models nwghi some human disorders by
microinjection of ectopic genes. Some C. elegans mutants have shown to mimic
morphological and/or functional defects, which are encountered in some aspects
of human disease (Culetto and Sattelle 2000).

1 Without doubt, however, the greatest advantage of C. elegans is that gene function
can be downregulated systematically by RNAI. Injection of double-stranded RNA
or the feeding of bacteria carrying constructs making double-stranded RNA (Fig.
19) results in specific inhibition of the gene so targeted (Timmons, Court and Fire
2001). As well as revealing a model for genetic resistance to viral infection, this
RNAI methodology has resulted in screens of every gene in the genome for a

variety of different phenotypes, but especially for aging (Lee et al. 2003).

The nematode C. elegans has been proposed not only as a useful tool in order to
mimic human diseases and for the investigation the pathological molecular mechanism
(Culetto and Sattelle 2000), but also it has been proved to be suitable for the
identification of new possible drug candidates and for the functional characterization
of pharmacological targets (Kaletta and Hengartner 2006).

As already mentioned, since it is a small animal and it can proliferate quickly, it is a
suitable model for the screening of small molecules with therapeutic activity.

At first glance, the nematode C. elegans may not be the most appropriate choice for
investigating the efficacy of putative drugs. It is clear that the pathological conditions
in worms are extremely different from the ones developed by humans. However, most
of the diseases are caused by genetic, biochemical or physiological processes related
to both endogenous factors (such as mutations) both exogenous (such as pathogens).
Clinical manifestations of a pathology are specific for each species and can follow
different modalities; on the contrary, the molecular processes that underlie the
pathology are mostly preserved among different species. Indeed, as previously
underlined, C. elegans shares with the mammals lots of molecular mechanisms and
the preservation of those seems to be more significant with respect to the preservation

of morphological features or symptoms (Carretero, Solis and Petrascheck 2017).
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Figure 19. RNA interfering process in C. elegans. Credits to Sarah Tronnes.

Step 1. Transformation of the plasmid encoding dsRNA of interest into the (DE3) strain of E.
coli bacteria that will express the double-stranded RNA. The bacteria also contains an IPTG
inducible gene for T7 DNA polymerase, which transcribes the dsRNA in the plasmid. Step 2.
After feeding the worms with the transformed HT115 (DE3) bacteria, dsRNA is taking up by C.
elegans intestinal cells and processed into short interfering RNAs (siRNAs). RNAI can induce

both post-transcriptional and transcriptional gene silencing.
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C. elegans model cannot completely mimic the physio-pathology of a specific human
disease; it is necessary to define the modalities and the potential restrictions of the
model in order to validate it assuring the consistency between the animal model and
the specific aspects of the human pathology (Kaletta and Hengartner 2006). Thanks
to the advantage to exploit molecular similarities using orthologues genes, which cause
different phenotypes in different species, it is possible to study pathological disease
that do not exist in C. elegans. For example, Osteogenesis Imperfecta is caused by
mutations in the gene of human collagen (COL1A1 and COL1A2). Despite the fact that
C. elegans does not present bone tissue, a mutated form of collagen expressed by the
worm is related to a particular phenotype, thus suggesting that the genetic defect can
be studied also in the absence of the tissue affected by the pathology (Johnstone,
Shafi and Barry 1992).

In the view of performing drug screening on C. elegans, a crucial factor to take into
account is the bioavailability of drugs in worms. In fact, to reach their putative target,
molecules should be able to pass the cuticle and the intestinal coating of nematodes,
which represent a significant physical barrier for the majority of chemicals (Burns et al.
2010) (Fig. 20). A possible strategy for obtaining a selective permeability of the cuticle
is to create transgenic nematode strains presenting an impaired cuticle (Gravato-
Nobre et al. 2005). Once the drug reaches the target, it has to overcome the regulatory
mechanisms of cells and tissues in order to determine a measurable pharmacological
effect. Those conditions indicate that not all the molecules with in vivo activity are able
to trigger an action in C. elegans. It is interesting noting that, since drugs can interact
simultaneously with multiple objectives, it is possible to identify synergic or off-target
effects by performing in vivo assays on C. elegans (Kaletta and Hengartner 2006).

It is therefore necessary to take into account that the use of C. elegans in order to
evaluate the efficacy of putative drugs can have some limitations. A significant portion
of the screened molecules could be not effective because they cannot reach the target.
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Figure 20: Drug entry route into C. elegans. The simplified body plan of a C. elegans adult
hermaphrodite. Drugs have been reported to enter C. elegans via three distinct routes:
ingestion; uptake through the skin; and uptake via exposed sensory neuronal endings. Uptake
by ingestion is a relatively slow process that involves several distinct steps. a) Chemosensory
neurons help to choose appropriate food sources. Compounds with unpleasant smell or taste
might be avoided and not taken up effectively. b) The drug is taken up by aspiration through
the pharynx. The activity of this feeding organ depends on satiety or food availability and is
controlled by various neurotransmitter systems. c) Once the drug has entered the intestinal
lumen, it has to be absorbed by intestinal cells. The apical side facing the lumen is covered by
microvilli, increasing the absorption surface. Indeed, the intestinal cells express many transport
proteins such as P-glycoproteins and peptide transporters. d) From the body cavity the drug is
distributed rapidly throughout the body. €) The drug reaches its target. In this example, the
drug binds to receptors at a synapse in the central nervous system, evoking a behavioural

response such as reduced feeding activity (Kaletta et al., 2006).
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1.4.5. Automated systems for C. elegans phenotyping

The recent developments in science, such as entire genome sequencing, DNA
microarrays, miniaturization, informatics and robotics have drastically changed the

approach of drug discovery. One of the technique that has been employed is High

Throughput Screening (HTS) and consists in random screens of compounds to find

hits showing an activity or an affinity on a selected target and/or in a model considered
representative of a disease (Spring 2005). Two different approaches can be followed

(Figure 21). The first one consist in performing in vitro experiments for the screening

of molecules directed towards a specific target. The second one is based on the

screening of molecules able to revert a pathological phenotype in a model able to

mi mic the disease. I n this case, I tds not ne
approach can be useful in order to understand better which are the molecular
mechanisms of the disease. For that particular purpose, C. elegans has been shown

to be a useful model. Despite the fact it is a simple organism, it can offer a level of

complexity, which is higher than cell cultures, and it allows the study of
pharmacological targetsthatc oul d not be studied on isol atec
to make transgenic C. elegans st r ai ns, I tds possible to exp
mutated genes related to diseases) in the worms, the expression of the proteins may

leadtoa pathol ogical phenotype in the nematod
mapping the pathology. ltds i mportant to hawv
or a motility defect (Carretero et al. 2017).

Because of the ease of manipulating C. elegans and the possibility of growing them in

96-well plates, we can use nematodes in high-throughput screening (HTS) (Ma et al.

2018).

Indeed, many molecules that have been shown to be effective in in vitro cell cultures,

do not show any potency in vivo or they seems to be toxic (Giacomotto and Ségalat

2010). The use of C. elegans could prevent this kind of error.

The phenotypic characterization of C. elegans transgenic models consist in the

performing of behavioural assays based on the evaluation of various parameters such

as lethality, larval growth impairment, paralysis, abnormal morphology.
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Figure 21. Whole-animal screening and drug discovery process. (1, black lines) show a
schematic view of the different stages which came upon a drug discovery process based on
traditional HTS. In the absence of target or in complex mechanism, screen can hardly set up.
(2, blue line) An alternative may come from phenotypic chemical screens with small animal
models like C. elegans, D. melanogaster and D. rerio. (3, red line) Identification of hits in these
models may reveals new molecular mechanisms and targets. The target could be further used
in traditional HTS. (4) C. elegans, D. melanogaster and D. rerio may also bridge the gap
between traditional high-throughput screening and validation in mammalian models. HTS, High
Throughput Screening (Giacomotto and Ségalat 2010).

The manual count of those parameters can be very time-consuming and error-prone
leading to non-replicable results. In order to facilitate the phenotypic screening of C.
elegans strains many automated assays have been developed in the recent years (Fig.
22).

C. elegans is an excellent candidate for whole organism-based high-throughput
screening (HTS). Itis possible to model complex human diseases that can not be easily
reproduced in vitro or in unicellular models and drug efficacy and absorption,
distribution, metabolism, excretion or toxicity (ADMET) characteristics can be
simultaneously evaluated at the initial stages of the drug discovery pipeline (O'Reilly
et al. 2014).

The first evaluation made by HTS was conducted in 2006 by Kwok and colleagues
(Kwok et al. 2006); in this work, starting from 14100 small molecules, researchers have

identified 308 compounds able to induce readable phenotypes in C. elegans. Although
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this was the first example of a large-scale drug screen using C. elegans, the screen
still relied on agar plates, and phenotypes were scored visually. In 2006, Lehner and
colleagues developed an all-liquid workflow to facilitate HTS in C. elegans in a 96-well

format (Lehner, Tischler and Fraser 2006).

A First drug screen performed

100 compounds 88,000 compounds 364,000 compounds
Single plates All-liquid workflow 1536 well plates
1974 2007 201
l 1 L 1 L
1970 2006 2010 Present
14,100 Compounds Fully automated
24 well agar plates HCS I
\ 4
2018: INVAPP/Paragon
B Agar based Liquid based Automated SySte m fOf
Single plate 24-Well 96-Well 384-Well 1536-Well C. el egans phenOtypmg

(Partridge et al, Int J
Parasitol Drugs Resist.
2018)
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Figure 22. Historical timeline of C. elegans-based drug discovery. C. elegans was first used
for drug testing in 1974 but not as a tool for HTS until recently. a) Timeline shows major
milestones. In 2018, a new automated system, for C. elegans phenotyping, has been
developed by Partridge and his collaborators (Partridge et al. 2018). b) Common instruments
currently used for phenotypic assessment of C. elegans (O'Reilly et al. 2014).

In 2010, Gosai and his colleagues (Gosai et al. 2010) have developed an automated

platform, which combines fluorescence microscopic analysis with an imaging
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acquisition software for quantifying protein accumulation within the intestinal cells of C.
elegans, expressing the mutant form of human Ul-antitrypsin fused with GFP. With this
system, a pilot screen of about 1,280 compounds was conducted and the researchers
identified 33 hit compounds that significantly reduced the intracellular accumulation of
misfolded protein aggregates.

Recently, a new system was developed by Mathew and his group, named
A Wo r mS dMatheéw, Mathew and Ebert 2012) which employs a traditional flatbed
scanner for imaging NGM plates where worms grow and study mortality, movement,
fecundity and size of the nematodes. The method uses light stimulus from the scanner
rather than physical stimulus to induce movement. With two sequential scans, using a
specific algorithm able to find the differences between images, it is possible to quantify
the induced phototactic response.

However, many others automated system for C. elegans phenotyping and drug
screening have been developed and reported in literature in the recent years, a part

from those already discussed.

During my PhD, thanks to the collaboration with UCL, | had the chance to employ and

become familiar with the platform devel oped

INVAPP/Paragon system, for the characterization of wo r mmodility and growth
(Partridge et al. 2018). The system will be described in details in the following
paragraph and in the chapters 3 and 4.

- INVAPP/Paragon automated system

The group of Professor David Sattelle with whom we have a collaboration, has recently
developed (Fig. 22) a high-throughput and automated system for screening libraries of
small molecules for their effect on the motility and growth of diverse parasites. A
schematic of the INVAPP hardware is shown in Figure 23. This system is composed
by a high resolution camera (Andor Neo, resolution 2560x2160, with a line-scan lens
(Pentax YF3528) that permits the acquisition of images of 96 well plates or agar plates
where worms are cultured. The plates are positioned on a plate holder and they are
illuminated from above by a led sorgent (Figure 23a). Several images of the plates are
acquired at the maximum speed of acquisition of the camera (maximum frame rate 100
frames per second) using t he e NMes/agre-r
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https://micro-manager.org/

manager.org/). The desirable movie frame length, duration of filming depends on the

particular organism under study, and if worms are grown in liquid or in solid on agar
plates. For my C. elegans experiments, | usually took 200 frames movies at different
times of larval development of the worms. Then by using a set of MATLAB scripts,

available at https://github.com/fpartridge/invappparagon, the videos are processed by

counting the number of motile pixels. A pixel is identified as motile if its variance over

time is higher than a fixed threshold (typically those greater than one standard

deviation away from the mean variance, see Figure 23b). An example of this
thresholding model is shown in Fig. 23c, which shows analysis of a 96-well plate

containing adult, wild-type C. elegans. Dark pixels are those that have been

determined to be motile. Once the motility threshold has been applied to the data,
oOmotil ed pixels ar e gthesmageredly dergss thewidthandby di v
height of the image, with plateColumns and plateRows parameters used to specify the
number of wells in the plate i mage. Finally,
guantification of the motility which is express as the movement index parameter (Figure

23d). This parameter depends on how many worms are present in a well and on the

size of the worms. We therefore have some information about the motility, growth of

worms. As it is shown by Figure 23d, the quantified movement index increases as

worms develop from L1 to adult stage.

Tens of thousands of compounds or conditions can therefore be readily screened per

day.
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Figure 23. The INVAPP /Paragon movement index algorithm is a fully-automated high-
throughput system able to determine motility and growth rate. a) Schematic of the INVAPP
setup b) Principle of the algorithm: thresholding of moving pixels by statistical analysis of
variance of each pixel through time. Histogram shows the distribution of pixel variance over
time. Data was from obtained from a movie of all wells in a single 96-well plate containing wild-
type C. elegans. The distribution is obtained by counting the number of pixels that fall into each
bin of log pixel variance over time. Blue vertical line indicates mean pixel variance. The green
vertical line indicates mean plus standard deviation of pixel variance; the blue shaded portion
of the histogram indicates pixels that e&ceed t
Image of 96-well plate containing C. elegans adults processed by the INVAPP/Paragon
movement index system. Dark pixels are those categorized as moving by the algorithm. d)
Increasing the number of C. elegans worms per well leads to increase in reported movement
index. Boxplot bars indicate 95% confidence interval. Dataset contains 16 wells per group from
a single 96-well plate. €) Movement index algorithm is able to quantify C. elegans growth in
96-well plates. Movement index increases with growth. Synchronised L1 population refed on
day 0. Decrease in movement index in 25 °C group on Day 4 reflects completion of the C.
elegans lifecycle and exhaustion of the bacterial food source. Boxplot notches indicate 95%
confidence interval, n=192 wells of worms for each of the 20 °C and 25 °C groups. (Partridge
et al. 2018)

During my PhD project, thanks to the collaboration with Professor David Sattelle, | had
the chance to employ this new automated system of C. elegans phenotyping for
carrying out experiments on the characterization of worm transgenic strain and

appropriate controls. Using this system, | performed two kinds of experiments with
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different outcomes (Fig. 24). The first one involved the measurement of motility of
aged-synchronized transgenic worms that were grown at 20 or 25°C as appropriate for
the C. elegans strain under test. Measurements were made in agar NGM or in liquid in

96-well plates (Figure 24a). In order to assess only the motility of adult worms, progeny

werer emoved by constantly filteri ngr(Faldn)l t

A second approach was deployed when growth and progeny proliferation of
nematodes needed to be evaluated (Figure 24b). In the latter case, the experiments
were conducted on agar plates and only three worms at the L4 larval stage were
introduced onto each plate. The aim of this experiment was to follow the growth
development of progeny in order to detect possible larval impairment in transgenic

strains expressing amyloidogenic proteins.

1) PREPARATION OF WORMS: 2) IMAGING OF THE PLATES: 2) RIELABORATION OF VIDEOS:

a) MOTILITY ASSAY

Plates are imaged at different days Videos are processed using MatLab
Synchronized worms at L1 larval stage of adulthood and movies are scripts (Partridge FA et al., 2018).
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Figure 24. Scheme of the experiments conducted using the INVAPP/Paragon system for C.
elegans automated phenotyping. 1) C. elegans are grown on agar plates or in liquid in 96-well
plates and incubated at 20-25°C. 2) Subsequently plates are imaged as described in Partridge
et al., 2018 and 3) movies are analysed using MatLab scripts. The movement index parameter
is calculated as reported giving information on motility 3a) and growth dynamics of transgenic

worms 3b).
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1.5. Current animal models for systemic amyloidosis

The description of the molecular events that are involved in human diseases, including
protein misfolding diseases, has not be completely clarified yet. However, the
comprehension of these mechanisms is essential for planning possible prophylactic
and therapeutic strategies. Therefore, the availability of a complex biological system,
in which reproduce and recapitulate the pathological process of interest, has become

extremely urgent.

Many efforts have been made in order to establish murine models for many of the
systemic amyloidoses, but the pattern of amyloid deposition and toxicity does not
mirror the human disease. The earliest model of systemic amyloidosis was then one
proposed by McAdam and Sipe in 1976 (McAdam and Sipe 1976), which was widely
used as the first in vivo demonstration of fibril seeding, in which, introduction of
preformed fibrils from a sick animal into a healthy one, accelerated fibrillation. The
inflammation inducible murine AA model presents amyloid deposition over time, but
the inflammatory stimulus must be reintroduced to maintain amyloid deposits or they

will be slowly cleared.

Similar attempts have been conducted in order to model ATTR amyloidosis in mice but
those models have not been as successful as scientists would desire (lbrahim et al.
2019). Despite recent success in the generation of mouse models with amyloid
deposits in the nerves (Kan et al. 2018, Li et al. 2018), discrepancies in key physiologic
and behavioural features of ATTR amyloidosis were seen (Ibrahim et al. 2019). Based
on the development of those animal models, there have been several mechanism-
driven therapeutic targets identified leading to the approval of Patisiran (Adams et al.
2018) and Tafamidis (Lamb and Deeks 2019) for the management of this disease.
Finally, in 2018, Madhivanan and colleagues generated and characterized invertebrate
models of the transthyretin amyloidoses that faithfully recapitulate cell-non-
autonomous neuronal proteotoxicity by expressing human TTR in the C. elegans

muscle (Madhivanan et al. 2018, Blancas-Mejia and Ramirez-Alvarado 2013).

Recently, Mishra and colleagues, (Mishra et al. 2019) have developed a transgenic
zebrafish model in which a a-light-chain derived from a patient with AL amyloidosis is
conditionally expressed in the liver under the control of the Gal4 upstream activation

sequence enhancer system.
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Figure 25. Current models available for studying ATTR amyloidosis. Various models for ATTR
amyloidosis are depicted in this figure, including invertebrate, cell and vertebrate models. Key
phenotypes and findings from these models are indicated with proper references (Ibrahim et
al. 2019).

My research group, as | already mentioned before, has a long experience in studying
in vitro b2-microglobulin amyloidogenesis. For this pathology too, no efficient animal

models are so far available.

Zhang and co-workers recently engineered a mouse model to express human wild type
b2-m but, despite its high plasma concentrations in mice, no b2-m amyloid deposits
were found, even after further injection of amyloid fibrils (Zhang et al. 2010). The group
of Professor Bellotti have tried to generate transgenic mice expressing D76N variant,
but unfortunately, they were unable to demonstrate the deposition of amyloid although
we had evidence of a different tissue localization of wild type protein and the variant

(unpublished).

In the absence of a suitable animal model of b2-m related amyloidosis, my research
group decided to explore the possibility of expressing the protein as a transgene in C.
elegans and then exploring whether it was possible to reproduce some crucial events
associated with its self-aggregation. In collaboration with Luisa Diomede, Professor

Bell otti ds group €.s dlegdmd madél eerpressity ehumbn ira-s t
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mi croglobulin and others two amyl oidogenic

cells of the worms (Diomede et al. 2012). They showed that the expression of wild type
full-length b2-m, per se, affects the physiology of the worm and this is consistent with
the intrinsic amyloid propensity and toxicity of normal b2-m. However, the expression
of the two more amyloidogenic species highly enhanced the damage to the biological
cycle of the worms in this C. elegans model. The harm caused by b2-m was detected
in term of larval growth impairment, reduction in the lifespan and motility (Fig. 26a-c-
d). Moreover, a statistically significant inverse correlation was observed between the
concentration of b2-m oligomers and larval growth (Fig.26b). Finally, an increased
concentration of the reactive oxygen species was measured in all the C. elegans
strains and, particularly in those expressing the P32G and giN6 b2-m variants (Fig.
26e). Thus, it is perfectly consistent with the involvement of the mitochondrial function
and efficiency in the mechanism of toxicity of the amyloid aggregates generated by
several amyloidogenic peptides and proteins.
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Figure 26. Behavioural phenotypes of transgenic C. elegans strains. a) Larval growth of
control worms (Vector), wild type i ,-m expressing worms (WT) and nematodes expressing

P32G or truncated form of i .-m (DN6). One hundred synchronized eggs were placed into fresh
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NMG plates and the number of L1/L2, L2/L3 and L4/adult worms were scored after 24, 48 and
72 hours, respectively. Data are expressed as percentage of total worms in the plate at each
time point and are given as mean of three independent experiments (N = 300). b) Correlation
between oligomers of i ,-m and reduction in growth rate of transgenic C. elegans strains.
Percentage of adult worms of each transgenic strain, scored after egg synchronization, was
correlated to the amount of Al1-positive oligomeric assemblies detected by dot blotting. Data
of both graphic axes represent mean of three independent experiments. ¢) Kaplan-Meier
survival curves of transgenic hermaphrodite adult nematodes. Animals were placed in plates
starting from L4, cultured at 20°C and transferred to fresh plates for each consecutive other
days. Survival rate was scored every day and expressed as percent of survival. Plots are
representative of three independent experiments (N = 30). d) Body bends in liquid of transgenic
worms. At least three independent assays were performed (N = 100 animals for each group).
Data are given as mean of number of body bends/min + SE, *p,0.05 and **p,0.01 vs. the vector,
6%0.01 vs. WT, according to one-way ANOVA. e) Superoxide anions production in control
worms (Vector), wild type b>-m expressing worms (WT) and in nematodes expressing P32G
or truncated form of b.-m (DN6). Age-synchronized worms were collected in PBS containing
1.6 ml of 1% Tween 20 and colorimetric NBT assay was carried out. Results show the fold
increase in superoxide production calculated as NBT absorbance/mg of proteins (% NBT)
compared to Vector; *p,0.05 vs. vehicle and ¢,0.05 vs. WT, according to one-way ANOVA.
Error bars indicate SD (Diomede et al. 2012).

After the discovery in 2012 of the first natural variant D76N b2-m, my group tried to
engineer C. elegans expressing this natural variant but because of its high
amyloidogenic propensity and toxicity, the production of a transgenic strain
constitutively expressing this isoform was not possible. For this reason, a temperature
inducible system was used in order to allow protein expression only after up-shifting
the temperature of incubation of worms from 16°C to 23-25°C, avoiding its toxicity in
the embryonic stage (Faravelli and Raimondi et al. 2019, under revision by Scientific
Reports). Furthermore, to achieve a correct extracellular localization of b2-m in worms,
we have replaced the human b2-m signal peptide with the signal peptide of the

endogenous sel-1 protein (Grant and Greenwald 1997).

Thus, one of the main aims of my PhD work was to characterize this animal model to
determine the extent to which it recapitulates some aspects of D76N b2-m related

amyloidosis. The work | undertook in characterising this strain is reported in the
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manuscript submitted to Scientific Reports in Chapter 3. This represents the first
animal model that recapitulates some aspects of D76N b2-m amyloidosis, and also
permits exploitation of the advantages offered by the C. elegans animal model.
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1.6. Aim of the project

My PhD work has been focused on the investigation of the molecular mechanism
under |l ying the ¢ onv e rasnicoglobulmnfand ttransthyretin,od ei n s,

pathogenic amyloid fibrils.

In order to understand the process that leads toward the aggregation and to investigate
the toxicity of the different key actors of fibrillogenesis and deposition of amyloid fibrils,
a comprehensive approach, which employs models of increased level of biological
complexity, has been chosen.

Indeed, despite large investments in drug development, the overall success rate of
drugs during clinical development remains low. One remarkable explanation is the
existing gap between models used in preclinical research and and the complexity of
the disease in patients.

The critical evaluation of the predictive validity of animal models is essential to address
the clinical question. Reversely, clinical bedside findings that were not predicted by
animal testing should be back translated and used to refine the in vivo models
(Denayer T et al. 2014). Considering this situation, we can affirm that the process of
modern medicine has the features of a ring in which patients are both at the starting
point as well as at the end of the pathway. (Figure 27). Molecular caracterization of the
disease for diagnostic purpose provide essential information for a personalized
treatament and offer a wealth of precious biological information for reproducing in vitro
the mechanism of the disease. The continuum between precision and transational
medicine represents the major novelty of modern medicine and constitutes the major

propelling strenght toward the discovery of new more effective therapies.

The medical and biological approach to amyloid diseases in the last decade is an
excellent example of the coniugation between precision and translational medicine.
This a very fascinating revoultion in medical science and in my PhD work | undertook
my project on two pathogenic proteins, i 2-m and TTR inspired by the aim to make

bridges between clinical and experimental medicine (Figure 28).
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Figure 27. The schematic process of modern medicine (provided by Professor Vittorio Bellotti).

The first task of my PhD work has been focused on the in_vitro study of the

fibrillogenesis mechanisms of different TTR isoforms. In particular, as | reported in
Chapter 2, taking into account the biocompatible mechano-enzymatic mechanism of
aggregation proposed by our group (Marcoux et al. 2015), | investigate the ability of
putative ligands to inhibit the mechanism of aggregation of TTR (see Chapter 2.1.
(Verona et al. 2017). 1 t 6 s wor t hin a fecemt wdrkepubtished tn Journal of
Biological Chemistry (Mangione et al. 2018), we reported the identification of the
putative protease responsible for proteolytic cleavage in vivo. Finally | had the chance

to study and characterize the stability of both ex-vivo and both in vitro-made

transthyretindés fibrils (see Chapter 2.

The second part of my project consisted in the performing of in vivo experiments on a

transgenic C. elegans strain espressing D76N b2-m, that rappresent the mosts toxic
b2-m isoform responsible of a familiar amyloidosis (Valleix et al. 2012). Some of the
data obtained from the characterization of this new animal model has been reported in
Chapter 3.1. and in the paper submitted to Scientific Reports and actually under a

second revision (Faravelli and Raimondi et al. 2019).

Some others experiments are still on-going and they are described in details in Chapter
3.2.
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Finally, thanks to the skills acquired in C. elegans manipulation and thanks to the
collaboration with Professor David Sattelle at UCL in London and Professor Ersilia De
Lorenzi in Pavia, | have also had the opportunity to be actively involved in research
projects investigating other amyl oi dogeni c

transgenic C. elegans strains.
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Figure 28. Fibrillogenesis carried out on two amyloidogenic proteins: transthyretin and
b.-microglobulin. In the upper part of the figure are reported the achievements obtained on
TTR amyloidogenesis in vitro: a new biocompatible tool for drug discovery and the
identification of culprit protease in mechano-enzymatic fibrillogenesis. In the lower part, the
peculiar features of the new C. elegans model expressing the pathogenic b-microglobulin are

summarized.
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Chapter 2: In vitro studies of systemic amyloidosis

As already mentioned in Chapter 1, the first part of my PhD was focused on the
investigation of protein aggregation in vitro. In particular, 6 ve had the chan

contribute to two scientific papers.

In our first work, reported in paragraph 2.1, we investigated the inhibition of
transthyretin amyloidogenic isoforms by small ligands (Verona et al. 2017). The study
was based on the discovery of the previously unrecognised mechano-enzymatic
mechanism in which shear stress and proteolysis play a key role towards the formation
of amyloid fibrils (Marcoux et al. 2015). Indeed, in presence of shear stress and in
physiological conditions 49-127 fragment, generated after the proteolysis, is released
form the tetramer and triggers rapid fibril formation. This pathway of aggregation is
efficiently inhibited only by ligands that occupy both binding sites in TTR. Among the
monovalent ligands, Tolcapone, which is bound with similar high affinity in both TTR
binding sites escaping the usual negative cooperativity, is the best candidate.
However, mds84, a bivalentligand of TTRO s u per st a b {Kblstog et al.2010)a mi | vy
is more potent than the monovalent ligands probably because of its additional
interactions of its linker within the TTR central channel. In particular, my contribution in
the work has regarded the experiments on the expression of recombinant V122|
transthyretin variant and experiments on the fibrillogenesis of V1221 TTR in the

presence of ligands.

In our second paper, reported in paragraph 2.2, we showed our data on the
identification of the putative protease responsible for proteolysis of transthyretin in vivo
(Mangione et al. 2018). In a comprehensive bioinformatics search for systemically
active proteases with tryptic specificity, plasmin was selected as the leading candidate.
Indeed, plasmin selectively cleaves TTR in vitro between residues 48-49, releasing full
length and truncated protomers that rapidly aggregate via nucleation and elongation
into genuine amyloid fibrils. Nonetheless, those findings demonstrate that physiological
fibrinolysis is likely to play a critical pathogenic role in TTR amyloid formation.
Specifically, my work was focused on the experiments of expression and purification
of recombinant TTR variants, proteolysis and fibrillogenesis of TTR variants and WT
TTR in presence of plasmin or others proteases, preparation of amyloid seeds from
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S52P TTR with plasminand | 0 v e exmenneniscshoavidg the effect of seeds
on plasmin-mediated S52P TTR fibrillogenesis.

Finally, | have been actively involved in the comparatively analysis of the
thermodynamic stability of natural and in vitro made TTR fibrils. The opportunity of
using a method suitable for making fibrils presenting properties most similar to the

natural ones is a major goal because the availability of natural source is very limited.
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2.1. filnhibition of the mechanoenzymatic amyloidogenesis of transthyretin: role
of ligand affinity, binding cooperativity and occupancy of the inner channelo .

Verona G. et al. Sci rep 2017.

SCIENTIFIC REPg}RTS

OPEN Inhibition of the mechano-
enzymatic amyloidogenesis
of transthyretin: role of ligand
s @ffinity, binding cooperativity and
e occupancy of the inner channel

Guglielmo Verona?, P. Patrizia Mangione'?, Sara Raimondi?, Sofia Giorgetti?, Giulia Faravelli?,
Riccardo Porcari?, Alessandra Corazza®?, Julian D. Gillmore*, Philip N. Hawkins*, Mark B.
Pepys®*, Graham W. Taylor(®* & Vittorio Bellotti(® 2

Dissociation of the native transthyretin (TTR) tetramer is widely accepted as the critical step inTTR

. amyloid fibrillogenesis. It is modelled by exposure of the protein to non-physiological low pH in vitro

. and isinhibited by small molecule compounds, such as the drug tafamidis. We have recently identified

 anew mechano-enzymatic pathway of TTR fibrillogenesis in vitro, catalysed by selective proteolytic
cleavage, which produces a high yield of genuine amyloid fibrils. This pathway is efficiently inhibited
only by ligands that occupy both binding sites in TTR. Tolcapone, which is bound with similar high

. affinity in both TTR binding sites without the usual negative cooperativity, is therefore of interest. Here
we show that TTR fibrillogenesis by the mechano-enzymatic pathway is indeed more potently inhibited

. bytolcapone than by tafamidis but neither, even in large molar excess, completely prevents amyloid

- fibril formation. In contrast, mds84, the prototype of our previously reported bivalent ligand TTR
‘superstabiliser’ family, is notably more potent than the monovalent ligands and we show here that this
apparently reflects the critical additional interactions of its linker within the TTR central channel. Our

. findings have major implications for therapeutic approaches in TTR amyloidosis.

. The seminal observation that the native non-covalent TTR homotetramer dissociates at low pH into dimers and
© monomers that self-assemble into amyloid fibrils' is the basis for the current, widely accepted model for TTR
- amyloid formation. However low pH treatment of both wild type and amyloidogenic TTR variants produces
mostly heterogeneous amorphous aggregates with a very low yield of authentic amyloid fibrils showing pathog-
: nomonic green birefringence in polarized light after Congo red staining, characteristic fibrillar electron micro-
. scopic appearance and the cross-f3 X-ray fibre diffraction signature. Ex vivo TTR amyloid deposits, especially
in the heart, usually contain a substantial proportion of the C-terminal TTR fragment generated by proteolytic
. cleavage at Lys48-Thr492. Following this observation we have identified and characterized a novel mechanism of
TTR amyloid fibrillogenesis mediated by selective tryptic cleavage at residue 48. The highly amyloidogenic TTR
C-terminal residue 49-127 polypeptide is released, catalysing amyloid fibril formation in vitro, and the whole
process is strongly enhanced by biomechanical forces™ *. Abundant authentic amyloid fibrils are produced with

. pathognomonic features indistinguishable from natural ex vivo fibrils.
Compounds able to stabilize TTR, intended for use as drugs to treat and prevent systemic ATTR amyloidosis,
. have hitherto been identified exclusively by their capacity to inhibit TTR dissociation and aggregation induced
by low pH in vitro. However, we have found that inhibition of the mechano-enzymatic pathway of TTR amyloid
fibrillogenesis at physiological pH, ionic strength and temperature requires occupation of both thyroxine binding

. Wolfson Drug Discovery Unit, Centre for Amyloidosis and Acute Phase Proteins, University College London, London,
NW3 2PF, UK. 2Department of Molecular Medicine, Institute of Biochemistry, University of Pavia, Via Taramelli
. 3b, Pavia, 27100, Italy. *Department of Medical and Biological Sciences (DSMB), University of Udine, Piazzale
Kolbe 4, 33100, Udine, Italy. “National Amyloidosis Centre, University College London, London, NW3 2PF, UK.
. Correspondence and requests for materials should be addressed to V.B. (email: v.bellotti@ucl.ac.uk)
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Figure 1. Comparative effect of tolcapone on proteolysis and fibrillogenesis of V122I TTR. (A) Chemical
structures of tolcapone and tafamidis together with the TTR binding palindromic ligand, mds84.

(B) Aggregation of 18 uM V1221 TTR in the presence of 0, 9, 18, 36 and 72 uM of tolcapone, tafamidis and
mds84 respectively in PBS pH 7.4 at 37 °C with fluid agitation was carried out after addition of trypsin at an
enzyme:substrate ratio of 1:200. Selective proteolytic cleavage was monitored at 96 h by SDS-PAGE under
reducing conditions (Supplementary Fig. S1). Intensities of the electrophoretic bands corresponding to

the intact protomer in the whole mixture were normalized to 100% for the same band of the protein before
addition of trypsin. The solid lines represent the nonlinear fit to the experimental mean (SD) of three replicates
using GraphPad Prism v5. Two way ANOVA gave a P value < 0.001 for tafamidis vs mds84 at 9 and 18 uM;

for tolcapone vs mds84 at 9uM. (C) Aggregation of 18 uM V1221 TTR was quantified as spectrophotometric
turbidity at 400 nm normalized to 100% for aggregation of the protein in the absence of ligands. We know from
previous work that TTR aggregation in this system is in the form of authentic amyloid fibrils**. All data shown
represent mean (SD) of three independent experiments, and *** represents P < 0.001.

sites in each native TTR tetramer. This is most efficiently achieved by bivalent ligands, exemplified by the palin-
dromic compound mds84°, that is spontaneously bound simultaneously and pseudo-irreversibly in both sites.
SantAnna and colleagues® have recently reported that tolcapone is a potent inhibitor of TTR dissociation and
aggregation under denaturing conditions. They attribute its efficacy to occupation of both binding pockets with
similar high affinity in contrast to the notable negative cooperativity observed with thyroxine itself and other
monovalent ligands, including the TTR stabiliser drugs, tafamidis”® and diflunisal’, which are now in clinical use.
This important observation prompted us to test the capacity of tolcapone to inhibit mechano-enzymatic amyloi-
dogenesis of TTR using the V1221 variant which is the most prevalent cause of hereditary cardiac amyloidosis'’.

Results and Discussion

We compared tolcapone with tafamidis” ® and the experimental bifunctional compound, mds84° (Fig. 1A). When
stirred with V122I TTR at 37 °C in PBS in the presence and absence of trypsin for 96 h, all three ligands inhibited
proteolytic cleavage of the protein in a dose-dependent manner (Fig. 1B and Supplementary Fig. 1). At molar

SCIENTIFIC REPORTS | 7: 182 | DOI:10.1038/541598-017-00338-x 2
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