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Preface

Preface

In September 1967 Dr. Enno Mandema hosted the first Symposium on Amyloidosis in Groningen, The
Netherlands. Almost 45 years later, the Xllith International Symposium on Amyloidosis was held again in
Groningen, in the University Medical Center, on May 6-10, 2012. In 1967 only 46 participants from 11 countries
attended the meeting and 41 papers were presented. In 2012 there were 417 participants from 33 countries who
attended the Symposium and had the opportunity to listen to 90 oral presentations and to visit 197 poster
presentations. The scientific program included presentations on fibril formation, cell and tissue toxicity, animal
models, cell culture systems, diagnosis and typing, imaging techniques, AL- , ATTR- , and AA- amyloidosis,
treatment, design of targeted molecules, and innovative drugs.

The Symposium was opened with a short introduction by Dr. Martin van Rijswijk, being one of the first amyloid
researchers in Groningen, who enthusiastically supported clinical amyloid research by younger investigators for
many years. Dr. Van Rijswijk specially and warmly welcomed Dr. Luuk Ruinen, one of the organizers of the first
Symposium in 1967 (Figure 1). Despite serious physical disabilities that precluded him to attend later Symposia,
Dr. Ruinen remained interested in the field of amyloidosis and was actively involved in the first International
Course on Amyloidosis that was organized by Dr. Jan Marrink and Dr. Van Rijswijk in Groningen in 1986 (Figure

2). We felt it a special privilege having Dr. Ruinen with us this meeting.

AMYLOIDOSIS
amyloidosis

EMANDEMA|LRUINEN
JHSCHOLTEN|A.S COHEN

EXCERPTA MEDICA MARTINUS NIJHOFF PUBLISHERS

Figure 1. Proceedings of the 1% Symposium. Figure 2. 1% Course on Amyloidosis.

The first speaker was Dr. Arminda Magalhaes, who personally experienced the frightening situation of having
familial ATTR amyloidosis and the need to decide on liver transplantation. She soberly analyzed her current
situation, now 15 years after liver transplantation, and made it obvious to all of us that much more still needs to
be done to treat this disease and that finding an effective treatment is the real purpose of our work. The
Opening Lecture was given by Dr. Bob Kyle, our first President of the Society. Dr. Kyle described the surprising

history of amyloidosis, starting with the observation made by the Amsterdam doctor Nicolaes Fontijn, who was
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in his time a well-known poet and writer. It was fascinating to learn from Dr. Kyle how scientific knowledge of
amyloid and amyloidosis developed and accumulated during almost four centuries.

The Keynote Lecture of the Symposium was given by Dr. Jan Minch who described the augmenting role on
HIV-1 transmission of amyloid formation of prostatic acid phosphatase in semen. Dr. Munch showed that the
possible role of amyloid formation in other virus infections might have therapeutic consequences. The next day
Sir Mark Pepys started with the Enno Mandema Memorial Lecture. Sir Mark received his knighthood from
Queen Elizabeth because of his outstanding scientific work, most of it related to the field of amyloidosis. In his
lecture he shortly described a couple of developments of the last decennia lively illustrated with some personal
memories of Dr. Mandema and other key players.

The International Society of Amyloidosis formally thanked Dr. Martha Skinner for her dedicated work as
President of the Society. Dr. Skinner successfully negotiated with the publisher of AMYLOID about contract
renewal for the next years. Dr. Merrill Benson succeeded Dr. Skinner as President of the Society until the next
Symposium that will be held in his home town Indianapolis, in April 2014.

Before the meeting 24 travel awards were given to young researchers. At the last evening nine awards were
given to young researchers (<35 years) for the best oral presentation, best poster presentation, and most
promising research of each of the three days. Thursday afternoon, after closure, Dutch patients suffering from
systemic amyloidosis met for the first time. Dr. Martha Skinner and Dr. Giampaolo Merlini stayed to attend this
meeting to give lectures and to address questions.

We specially want to thank the members of the International and National Organizing Committees for choosing
speakers, reviewing abstracts, and their full support of the meeting. It is merely impossible to organize such a
meeting without such heartwarming support of so many people. In particular Mr. Harry Gubbels and his
collaborators of the Wenckebach Institute were essential. We also thank the many companies that supported
the meeting financially, such as Pfizer, our Platinum sponsor. Last, but not least, we want to thank all the
participants of the symposium (many of them young researchers) who made this symposium a success
because of their presentations and critical discussions. We hope to meet each other again in Indianapolis!

Bouke P.C. Hazenberg
Johan Bijzet

The editors: Bouke Hazenberg (left) and Johan Bijzet (right).
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OPENING LECTURE - Amyloidosis: A Brief History

Robert A. Kyle, Division of Hematology, Mayo Clinic, Rochester, MN, USA

In 1639 Nicolaus Fontanus reported the autopsy of a young man with ascites, jaundice, epistaxis and an
abscess in the liver with a large spleen filled with white stones. This may have been the first description of the
sago spleen of amyloidosis. Thomas Bartholin, discoverer of the lymphatic system in humans, described in his
Historiarum Anatomicarum Rariorum the autopsy of a female whose spleen was so hard that it could scarcely
be cut with a knife. He stated that incision of the spleen produced a sound like that of the cutting of spongy
timbers. These two autopsy reports were included among the 3000 collected in Theophili Boneti’'s Sepulchretum

|
|
|

Sive Anatomia Practica which was published in 1679 (1). (Figure 1)

T EQ PRE TR

BONETI

D.Med. Nec rion Sevenifimo quondam Principi Henricoab Aurcliz,
Longaills Duc , €. & Confilsis Medicis.
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S IVE

ANATOMIA PRACTICA;

v
CADAVERIBUS MORBO DENATIS
Proponens
HMISTORIAS ET OBSER VYATIONES OMNIYM

pene humani Corporis affetuum, iplorumq; Canfas reconditas revelans.

Qo Namine tam PATHOLOGI Genuinee, quim Nosocouta Orthodox.e fundatrixs
imo Meprcrs Yerewis acNava Prompeusrion dici merctnr.
Cum | s neceflariis.
pys OMNIUM MEDICINE ATOMIE
votis hadtenus experitum fammiq sre decerptum ace

Tomus Primus.

Sumptibus Leonardi Chouér.
> M. DC. LXXIX. pat

Figure 1. Sepulchretum sive Anatomia Practica, Theophili Boneti.
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Boneti was born in Geneva in 1620 and received his medical degree from the University of Bologna at age 23.
Deafness forced him to retire from practice at age 55 and he decided to devote the rest of his life to the
collection of medical knowledge. This resulted in his Sepulchretum which contained 1700 pages and began with
a dedication, lengthy preface and an impressive list of authors that began with Hippocrates and extended to the
current time. The cases were categorized on the basis of anatomy, but he made few comments or deductions
and arrived at no conclusions. He described many cases of pulmonary tuberculosis with accurate clinical
histories and good postmortem studies. The section on neoplasms emphasized tumors in bones. The
Sepulchretum contains a large collection of cases but is marred by the lack of judgment in grouping and
separating lesions and the absence of critical review of the cited author’'s opinion. Some feel that a patient
described by Wainewright in 1722 who had hepatomegaly and swellings in the neck and a “clay-coloured
pituitous substance” in the liver had amyloid deposition.

Antoine Portal described a substance similar to lard in the liver of an elderly person in 1789. He later described
the markedly enlarged liver of an 8-year-old boy with scrofula and stated that when exposed to heat that it

hardened like albumin.

Figure 2. George Budd (1808-1882).
By courtesy of the Wellcome Trustees

F. V. Raspail (1794-1878) froze tissues for microscopic investigation and used alcohol to firm up the tissues and
the iodine test for detection of starch. Some feel that Raspail was the founder of histochemistry. Carl Rokitasnky
noted liver enlargement from infiltration by a grey albuminous, gelatinous substance in patients with tuberculosis
or syphilis. He believed that the lardarceous or waxy livers were a type of fatty liver. However, George Budd
analyzed the liver of a patient with lardaceous changes and found that it contained 16% albumin and only 5.75%
fat (2). (Figure 2). He reported that the infiltration was albuminous and not fatty. He stated that the kidneys of
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two of his patients showed the same infiltration as in the liver. Both patients had tuberculosis involving bone.
Gairdner also reported that the fat content of the liver was not increased.

The term “amyloid” was coined in 1838 by Matthias Schleiden, a German botanist, to describe a normal
amylaceous constituent of plants. The term was used by Rudolph Virchow in 1854 because of the peculiar
reaction of the corpora amylacea of the nervous system with iodine. Virchow preferred the term amyloid to the
commonly used “lardaceous” or “waxy” changes. Virchow made the statement “only when we have discovered
the means of isolating the amyloid substance, shall we be able to come to any definite conclusion with regard to
its nature." He also described cases with involvement of the glomeruli and the afferent arteries of the kidney as
well as the digestive tract. Johann Meckel emphasized that the lardaceous changes were present not only in the
liver and kidneys but also in the aorta, arteries and intestinal wall.

Samuel Wilks very likely reported the first case of primary amyloidosis in 1856 when he described a 52-year-
old man with lardaceous viscera in whom there was no evidence of syphilis, tuberculosis, osteomyelitis or other
osseous disease (3). (Figure 3). Albuminuria was found and the patient was felt to have dropsy. The autopsy
showed hypertrophy of the heart and lardaceous changes in the spleen and kidneys. However, the patient had
had episodes of dropsy for eight years, which is much longer than one would expect in a patient with nephrotic
syndrome from primary amyloidosis. Wilks subsequently reported that five of 96 patients with lardaceous

disease had no evidence of an underlying disease and thus appears to have been AL amyloidosis.

Samuel Wilks (1824-1911)

Figure 3. Samuel Wilks.
By courtesy of the Wellcome Trustees
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The Royal Society of London appointed a Committee to report “on the nature of the so-called lardaceous
disease and as to the name by which it should be recognized.” The Committee which included Wilks believed
that the tissue was nitrogenous with 13-14% nitrogen and thus of albuminous origin. Strangely, the Committee
recommended that the term “lardaceous” could be adopted because it was widely used and well understood.

The first case of amyloidosis associated with multiple myeloma was reported by Weber in 1867. Spontaneous
fractures of the sternum with replacement by a grayish, red substance containing many small nucleated cells
were seen at autopsy. Hypertrophy of the left ventricle of the heart was noted. A 60-year-old woman with
lardaceous changes in the heart and spleen and multiple pathologic fractures was reported by Adams in 1872.

He also noted that the bone marrow was infiltrated with plasma cells and a pink gelatinous material.

AMYLOID STAINS AND FIBRIL FORMATION

André-Victor Cornil of Paris, Richard Heschl of Vienna and Rudolph Jurgens of Berlin independently reported
the use of aniline dyes for the recognition of amyloid. William Ackroyd introduced the term “metachromasia” and
this term was used by Paul Ehrlich to describe the staining reaction of amyloid. Everyone agreed that the
metachromatic stains, particularly methyl violet, were superior to the iodine sulphuric acid test. Virchow,
however, rejected the metachromatic stains for amyloid for a decade after their discovery. Congo red eventually
replaced the metachromatic stains. This is an aniline dye that was used initially for staining textiles. In 1884-
1885, a major diplomatic conference was held in Berlin to mediate trade disputes between several European
colonial powers concerning the Congo River Basin. This conference coincided with the introduction of a new
aniline dye. Because Congo was on the tip of every tongue and represented an exotic place to Europeans, it is
not surprising that the dye was given the name Congo red. However, it was not until 1922 that it was found to
bind avidly to amyloid. Five years later Divry and Florkin at the University of Liege, Belgium, described the green
birefringence of amyloid when stained with Congo red and viewed under polarizing light. A non-branching
fibrillar structure was noted under the electron microscope by Cohen and Calkins in 1959.

Amyloid deposits stained with Congo red when viewed under the electron microscope reveal fibrils. The
amyloid fibrils consist of protein A in patients with secondary amyloidosis, monoclonal kappa or lambda light

chains in AL amyloidosis, and mutated transthyretin in hereditary amyloidosis.

ORIGIN OF PRIMARY (AL) AMYLOIDOSIS

In 1931, Magnus-Levy felt that Bence Jones protein was the “mother substance” of amyloidosis (4). He
subsequently described 31 cases of multiple myeloma in which amyloid was present in the bone marrow and 18
had amyloid in other organs. He thought that the myeloma cells produced amyloid, but that it could not be
removed from the area. Consequently, amyloid together with myeloma cells broke through the bone and
involved the muscles and fatty tissue. He concluded that increased production and decreased metabolism of
Bence Jones protein was responsible for the accumulation of amyloid in various organs. Magnus-Levy predicted
that amyloid would be isolated as a pure substance and then its relationship to other proteins would be
established. Apitz in 1940 emphasized the presence of amyloid in the heart, tongue, periarticular tissues and
subcutaneous tissue in multiple myeloma in contrast to its presence in the liver, spleen and kidneys in
secondary amyloidosis. He also believed that there was a chemical difference between the amyloid associated

with chronic infection and that associated with Bence Jones proteinuria.
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The association of primary amyloidosis with multiple myeloma or a plasma cell proliferative disorder was
reported by Kyle and Bayrd in 1961 (5). Osserman et al., in 1964 suggested that Bence Jones protein played a
major role in primary amyloidosis (6). In 1971, Glenner et al., reported that the amino acid sequence of a

patient’s Bence Jones protein was virtually identical to the sequence of his amyloid protein (7).

HEREDITARY AMYLOIDOSIS

In 1929, a 52-year-old man was reported with pain and numbness of his extremities, loss of energy and
diarrhea. Three siblings had died of a similar illness. Masses of a non-nucleated, homogeneous substance were
found in the peripheral nerves at autopsy. However, familial amyloidosis was not recognized until Andrade’s
monumental report of 74 patients from multiple families in Portugal was described in 1952 (8). Thirteen years
later, Rune Andersson of Umea University, Sweden, saw a patient who had had peripheral neuropathy for 15
years whose cousin was also found to have peripheral neuropathy, vitreous opacities and amyloidosis.
Systemic amyloidosis was subsequently reported in more than 60 cases from northern Sweden. These patients
did not develop the disease until the fifth decade of life in contrast to the occurrence in the second or third
decade in the Portuguese patients. Familial amyloidosis, often in elderly patients, was reported from Kumamoto
and Nagano prefectures in Japan. The amyloid fibrils of the Portuguese, Swedish and Japanese patients
consisted of transthyretin with a methionine substituted for valine at position 30. Since then, more than 100
mutations of transthyretin have been reported. Liver transplantation has been of benefit for many patients with

familial polyneuropathy but late deposition of wild type transthyretin is a major problem.

OTHER TYPES

Senile cardiac amyloidosis often presents with congestive heart failure. In these patients the amyloid consists of
normal transthyretin. These patients usually present with congestive heart failure, but the survival is much

longer than in patients with AL amyloidosis who present with congestive heart failure.

SECONDARY AMYLOIDOSIS

Secondary (AA) amyloidosis consists of fibrils composed of protein A. This is a non-immunoglobulin protein that
is a cleavage product of normal SAA. The most common cause has been chronic infections such as
tuberculosis, leprosy or chronic osteomyelitis. Familial Mediterranean fever (FMF) is characterized by attacks of
fever and pain in the abdomen, chest or joints. More than half of patients have more than one affected family
member. The major features are proteinuria, nephrotic syndrome and renal failure. Colchicine is effective in

preventing attacks of fever and pain in patients with FMF.
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KEYNOTE LECTURE - Amyloid in semen boosts HIV-1 tra nsmission

Jan Minch

Institute of Molecular Virology, Ulm University Medical Center, Meyerhofstrasse 1, 89081 Ulm, Germany,
phone: +49 731 500 65154, fax: +49 731 500 65167, e-mail: jan.muench@uni-ulm.de

IDENTIFICATION OF AN EFFECTIVE HIV ENHANCER IN HUMAN SEMEN

Since its introduction into the human population in the first half of the 20th century by zoonotic transmission of

simian immunodeficiency viruses (SIVs) found in chimpanzees, HIV-1 has caused one of the most devastating
pandemics of modern times. To date, HIV-1 has infected more than 60 million people and caused about 20
million deaths. The great majority of all HIV-1 transmissions results from unprotected sexual intercourse and
genital exposure to semen contaminated with HIV-1 accounts for most transmissions worldwide. Thus, semen
represents the major vector for the dissemination of HIV-1 in the human population. To identify natural agents
that might play a role in sexual transmission of HIV/AIDS, we generated and screened a complex
peptide/protein library derived from human semen for novel inhibitors and enhancers of HIV infection. We found
that fragments of prostatic acidic phosphatase (PAP) drastically enhance HIV infection. The predominant form,
PAP248-286, is present in pooled semen in concentrations of 235 pg/ml, which is within the concentration range
in which we observed the strongest effects on infectivity enhancement. ThT and Congo Red staining,
transmission electron microscopy and X-ray powder diffraction then showed that these peptides form amyloid
fibrils, which were termed SEVI (Semen derived Enhancer of Viral Infection). In contrast to the inactive
monomeric peptide, SEVI fibrils capture HIV-1 particles and strongly enhance the number of productively
infected cells by promoting virion-cell attachment and fusion (Fig. 1) (1). Further tests revealed that semen also
enhances the infectivity of HIV-1, HIV-2, and SIVs independently of the viral genotype and coreceptor tropism
as well as the virus producer and target cell type (2). Semen-mediated enhancement of HIV-1 infection was also
observed under acidic pH conditions which occur in the female’s genital tract, and in the presence of vaginal
fluid (2). Interestingly, we found that the potency of semen in boosting HIV-1 infection is to some extent donor
dependent and correlates with the levels of SEVI in the individual semen samples (2). Thus, semen, the main
vehicle for HIV-1 transmission contains factors which increase the infectivity of the virus. Inhibition of this

enhancing activity may substantially reduce the rates of sexual transmission of HIV/AIDS.

MECHANISM OF SEVI MEDIATED INFECTIVITY ENHANCEMENT

Only SEVI fibrils but not the monomeric peptides enhance HIV-1 infection (1). We found that the SEVI fibrils

display a positive surface charge (3, 4) which facilitates the interaction with negatively charged membranes of
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virions and cells. A mutant form of SEVI in which lysines and arginines were replaced with alanines retains the
ability to form amyloid fibrils but is largely defective in binding virions and enhancing infection (3). In addition,
the interaction of wild-type SEVI with virions and the ability of these fibrils to increase infection are abrogated in
the presence of various polyanionic compounds. Anionic polymers also decrease the enhancement of HIV
infection mediated by semen. These findings suggest that SEVI and other amyloid fibrils identified in semen
enhance viral infection by serving as a polycationic bridge that neutralizes the negative charge repulsion that

exists between the viral and host cell membranes.

Figure 1. SEVI fibrils capture viral particles and increase virion attachment. Confocal microscopy image

showing SEVI fibrils (white), viral particles (red) and one target cell (blue). Note that all virions are bound to
fibrils which in turn bind to the membrane of the target cell thereby increasing viral attachment and infection

rates. Kindly provided by Walther Mothes, Yale University.

SEMEN CONTAINS DIFFERENT AMYLOIDOGENIC PEPTIDES ENHANCING HIV INFECTION

In our initial screen of a semen-derived peptide library which resulted in the identification of SEVI (1), we also
identified a second independent fraction with HIV-1 enhancing activity (4). Surprisingly, this fraction contained
an N-proximal fragment of PAP (PAP85-120). Similar to PAP248-286, this peptide forms positively charged
amyloid fibrils which increase virion attachment to cells. These results provide a first example for amyloid
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formation by fragments of distinct regions of the same precursor protein (4). Another type of fibril was identified
by depleting amyloid from semen using the conformation-dependent antibodies WO1 and WO2 and subsequent
mass spectrometry analysis (5). The depleted peptides mainly consisted out of a subset of semenogelin | and II
fragments. Again, the synthesized peptides formed amyloid fibrils with cationic surface charge that boost HIV-1
infection. Whereas semen samples from healthy individuals greatly enhance HIV infection, semenogelin-
deficient semen samples from patients with ejaculatory duct obstruction are completely deficient in boosting
virus infection (5). Semen thus harbors distinct amyloidogenic peptides derived from different precursor proteins

that promote HIV infection and thus most contribute to the spread of the AIDS pandemic.

COUNTERACTING SEMEN'’S ABILITY TO ENHANCE HIV INFECT ION

Compounds that inhibit amyloid formation in semen or block the ability of fibrils to promote virus infection may
represent a novel class of agents inhibiting sexual HIV-1 transmission (1). Indeed, we and others identified and
developed first "SEVI amyloid inhibitors" with different mechanisms of action that also abrogate semen
mediated infectivity enhancement (6-12). For example, a structure-based design approach using the atomic
structures of segments of amyloid as templates resulted in the generation of a non-natural amino-acid inhibitor
which blocked the formation of SEVI (6). Another compound shown to counteract SEVI-mediated enhancement
of HIV infection is the green tea polyphenol epigallocatechin-3-gallate which binds to and precipitates SEVI
fibrils (7, 8). However, its use as microbicide seems to be limited because of its variable activity against semen-
mediated infectivity enhancement (9). The aminoquinoline “surfen” (10) and certain Thioflavin derivatives (11,
12) bind SEVI fibrils and prevent their interaction with the membranes of virions and/or cells thus abrogating
SEVI's and also semen’s ability to increase HIV infection. In conclusion, microbicides incorporating inhibitors
against naturally occurring amyloidogenic viral enhancement factors in semen may prove useful in limiting the

spread of HIV-1 in the human population.

SUMMARY AND PERSPECTIVES

We and others have shown that human semen contains multiple amyloidogenic peptides derived from abundant
proteins which greatly increase HIV-1 infection and most likely promote sexual transmission of the virus. First
inhibitors of amyloid- and semen-mediated infectivity enhancement have been identified and represent a
promising novel class of microbicides. However, we are still just at the beginning to understand why these fibrils
form, what the endogenous amyloids look like and — most importantly — which physiological role they may have.
Further research in this field is highly warranted because we may not only gain new insights into the mechanism

of virus transmission but also in reproduction — which is the real purpose of semen.
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ENNO MANDEMA MEMORIAL LECTURE - Amyloidosis 1979-2 012

Sir Mark B. Pepys

Wolfson Drug Discovery Unit, Centre for Amyloidosis and Acute Phase Proteins, and UK NHS National

Amyloidosis Centre, University College London.

Figure 1. Professor Enno Mandema MD (1921-2010).

It is a pleasure and a privilege to commemorate Professor Enno Mandema, especially at this International
Symposium on Amyloidosis in his academic home of Groningen. Enno Mandema was a wonderfully charming,
intelligent and friendly colleague, a pioneering figure in the field internationally and the founder of the modern
study of amyloidosis in the Netherlands. He undertook his medical studies in Groningen between 1939 and
1948, becoming a specialist internist in 1954 and graduating PhD summa cum laude in 1956. He was a visiting
post-doctoral researcher with Professor Robert M Kark in Chicago in 1959 and in 1963, together with Nienhuis,
Mandema discovered the so-called anti-perinuclear factor, the important autoantibody now known as anti-CCP.
Mandema’s distinguished career as an internist and a world leader in amyloidosis was widely recognised. In

1975 he became an Honorary Fellow of the American College of Physicians and in 1979 a member of the Royal
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Netherlands Academy of Arts & Sciences. An outstanding international meeting on amyloidosis was held in
Groningen on his retirement in 1986 and from 1986-1993 he was the first President of the Dutch Council for
Health Research. The honour of Knighthood in the Nederlanse Leeuw was conferred on him by Queen Beatrix
and she made him the Queen’s Chamberlain for Groningen Province. In 2009 the University Medical Centre of
Groningen created a prestigious post-doctoral fellowship, the ‘Mandema Stipendium’, in his honour.

Enno Mandema’s contributions to amyloidosis comprised both his enormous enthusiasm for the subject, he
participated in all the significant meetings in the field throughout his senior career, and his invaluable legacy of
Dutch amyloidologists. He created the specialty in the Netherlands by inspiring his own students and they in
turn inspiring theirs. All have made seminal contributions to knowledge of the disease and patient care.
Mandema'’s ‘personnel legacy’ comprises Martin van Rijswijk, Jan Marrink, Sijtze Meijer, Sven Janssen, Piet
Limburg, Bouke Hazenberg, Johan Bijzet and Miek van Leeuwen (Groningen); and, Erik Gruys, Paul Hol,
Adriaan Andel, Theo Niewold, Yves Goffin, Wil Landman, Bereket Zekarias, Narin Upgarin, Jaime Rofina, S
Alsemgeest and Mathilda Toussaint (Utrecht).

| first met Enno Mandema and his charming wife Atie at the International Amyloidosis Symposium in Pévoa de
Varzim and we continued to meet at many large and small amyloid gatherings thereafter. He was always
exceptionally friendly, well informed and a thoroughly delightful colleague with whom those of us in the field

shared not only exciting science and medicine but also entertaining social activities.

Figure 2. European Society of Internal Medicine, Vienna 1984. Left to right: Martin van Rijswijk, Gunnar Husby,
Mark Pepys, Enno Mandema, Otto Wegelius, Hans Falck, Christina Wegelius, Atie Mandema, Ragnhilde
Husby.
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IAS POVOA DE VARZIM 1979 AND BEFORE

| first saw amyloid as a rare histological finding during my pre-clinical pathology studies at Cambridge in 1963
and then as a rare, obscure differential diagnosis during clinical studies in 1965-8. The field was transformed in
1968-71 by Osserman’s elegant association of amyloidosis with the plasma cell dyscrasias and then by
Glenner's seminal identification of monoclonal immunoglobulin light chains as amyloid fibril proteins. In 1974 |
started to work on C-reactive protein and discovered the close relationship with serum amyloid P component
(SAP), leading in 1979 to the demonstration with Cohen & Skinner of the calcium dependent binding of SAP to
all amyloid fibrils. | first attended an amyloidosis meeting at P6évoa de Varzim that year, where the crucial
scientific breakthrough was Costa’s discovery of transthyretin as the amyloid fibril protein in familial amyloid
polyneuropathy, but most of the meeting comprised clinical and histopathological descriptions. The only
therapies were prednisone, melphelan and colchicine and the prognosis of amyloidosis was terrible. However
the rational nomenclature based on the fibril protein type was created, which has since made a massive
contribution to understanding and managing amyloidosis patients. The nomenclature focus at the Portugal
meeting inspired Keith McAdam and | to establish a humorous ‘Alternative Nomenclature Committee’ which

reported regularly at several subsequent IAS Symposia.

IAS GRONINGEN 2012

33 years later there has been enormous progress. The clinical phenotypes and natural history are known for
almost all forms of amyloidosis. National centres of excellence in amyloidosis and international networks for
instant communication and sharing of expertise have been established. In conjunction with rapidly advancing
diagnostics and monitoring, and novel pharmaceutical and other interventions, current management provides
greatly improved survival for many patients. However many AL patients still die soon after diagnosis, there is no
effective therapy for much hereditary amyloidosis, and systemic amyloidosis remains fatal in most cases. Key
advances include identification of fibril proteins and other amyloid constituents, understanding instability,
misfolding and aggregation in amyloidogenicity, precursor product relationships and their clinical significance in
AA and AL amyloidosis especially with serial free light chain (FLC) and SAA assays, and recognition of the
variety and prevalence of hereditary amyloidosis. Diagnosis and monitoring have been and are being
revolutionised by SAP scintigraphy including CT-SPECT, cardiac MRI including new modalities such as
EQ-MRI, DPD scintigraphy, advanced immunohistochemistry, laser capture proteomic analysis and new
biomarkers of organ dysfunction such as NT pro-BNP and troponin. Therapy of AA and AL amyloidosis has
been rationalized and transformed by serial SAA and FLC monitoring, the potent biological anti-inflammatories
and improved cytotoxic chemotherapy, including the new generation of myeloma drugs. Organ transplantation
can be curative in AFib but complicated by early renal recurrence, in contrast to long graft survival in AapoAl,
while progressive cardiac amyloidosis has been disappointing after the early promise of liver transplantation for
ATTR. On the other hand elucidation of the genetics and molecular pathogenesis of the auto-inflammatory
diseases (FMF, CAPS) has led to remarkable, rational specific anti-cytokine therapy which abolishes all

symptoms and completely prevents amyloidosis.
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THE FUTURE, 2012.......

Despite all these advances, critical fundamental questions remain, the www of amyloidosis: Who? Where?
When? Little or nothing is yet known about the mechanisms of individual susceptibility, anatomical localisation
or the timing of amyloid initiation, progression and regression, nor indeed about exactly how amyloid deposition
causes disease. Nevertheless the therapeutic goals for the future are clear: early diagnosis;
maintenance/replacement of organ function; reduction of fibril precursor protein abundance and/or
fibrillogenesis; and, crucially, elimination of existing deposits. Encouragingly there is now greater interest and
much more therapeutic R&D activity in amyloidosis then ever before with many exciting and promising
approaches, including: stabilisers of amyloidogenic precursors; competition with proteoglycans/GAGs; siRNA
and ASO inhibition of precursor production; depletion of SAP and fibril proteins precursors; and antibody
therapies. Our own strategy, administration of anti-SAP antibodies after depletion of circulating SAP by CPHPC,
safely eliminates visceral amyloid deposits in mice (1) and will shortly be tested in patients. A single ‘magic
bullet’ therapy for all types of amyloidosis is very unlikely but nonetheless the future is bright and there are
genuine grounds for cautious optimism. At the same time the complexity and enormous variety of the disease
means that we should not be overconfident.
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STATE OF THE ART

Structure of amyloid fibrils: For more than 50 years it is now known that amyloid tissue deposits primarily consist
of fibrils. These fibrils can be viewed by electron microscopy (1) and X-ray diffraction additionally revealed that
they encompass a characteristic B-sheet structure that is termed cross-f (2). This B-sheet conformation forms
the structural spine of amyloid protofilaments, while one or several of these protofilaments together shape up a
mature fibril (3). Mature fibrils are usually long and straight particles that are characteristically twisted and give
rise to discernible crossovers in electron micrographs. Atomic force microscopy or transmission electron
microscopy coupled with metal side shadowing demonstrated that this twist is for most, but not all, amyloid-like
fibrils left-handed (4). In vitro prepared fibrils typically show considerable heterogeneity regarding the individual
fibril morphologies present in this sample (4). Different fibril polymorphs can arise from differences in the
number or shape of the underlying protofilaments or in their relative orientation (5). Atomic views of cross-f
structures could be provided with X-ray crystallography of peptide microcrystals (6, 7). This research revealed
an assembly of two cross-f sheets with closely interdigitating side chains. This arrangement was termed a steric
zipper (6), and analysis of different peptide microcrystals revealed steric zipper structures, which varied in -
sheet architecture (parallel or anti-parallel B-sheet) and relative packing of the two cross-§ sheets (7). Electron
cryo microscopy and three-dimensional image reconstruction enabled insights how the cross-f structure
composes the protofilament core (8), but it has not so far enabled analysis of residue-specific details. To obtain
such information and to identify the amino acid residues forming the fibril -strand structure, hydrogen exchange
coupled with solution state nuclear magnetic resonance (NMR) spectroscopy (9) as well as solid-state NMR can
be used (10, 11). The latter technique even provided atomic structures (10, 11). The most detailed biophysical
data is currently available on fibrils that were formed inside the test tube. Further research will be necessary to
clarify whether fibrils occurring in diseased tissues share all the properties that could so far be clarified for these
in vitro fibrils.
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Mechanism of fibril formation: When fibril formation is monitored with light scattering or thioflavin T fluorescence
two phases become evident, termed lag phase and growth phase (12). This biphasic behavior was initially
identified to occur with fibrils forming from pure peptides inside the test tube, but more recent evidence reports
similar growth kinetics for the formation of single amyloid plaques in a cell culture model (13). The observation
of biphasic growth was initially explained with a nucleation-polymerization mechanism, where monomers initially
assembly to form a fibrillation nucleus (lag phase). This nucleus then sparks of the rapid formation of large
quantities of fibrils (growth phase) (12). Indeed, addition of preformed fibrils to monomeric peptide was shown to
be able to seed the formation of fibrils and to eliminate any observable lag phase (12). Careful biophysical
analysis of fibril growth reactions carried out under systematically varied growth conditions revealed that
nucleation and growth do not suffice in explaining the observable data and that secondary events, such as fibril
fragmentation reactions or branching events must be involved (14). The extension of fibrils from such seeds
could be visualized at a single particle level and in real time with fluorescence microscopy (15). Atomic force
microscopy and other techniques additionally revealed the morphology of structural intermediates preceding
mature fibrils, such as oligomers and protofibrils (16). Recently, even atomic resolution data of toxic oligomers

prepared from a peptide fragment from aB crystallin could be provided, revealing a B-barrel architecture (17).

PERSPECTIVES

In the recent years, several laboratories, all around the world were intensively occupied in identifying folding and
misfolding intermediate that prime the formation of fibrils. The theory that assigns to folding instability a key
pathogenic role in many amyloid diseases is largely confirmed. This paradigm is strengthen by results obtained
by innovative real time spectroscopy that, in some cases, can reveal structural details of the partially folded
state of a globular protein in amyloidogenic conformation (18). Many efforts are now focused in providing, for a
large variety of amyloidogenic proteins, conditions of fibrillogenesis compatible with the physiologic
environment. However so far a deep gap still exists between a detailed knowledge of the molecular events
occurring in vitro in non-physiological conditions under the relatively short time frame of hours and days and
what happen in vivo, in the interstitial space of the target organs, where the amyloid proteins make the amyloid
deposits on a time frame of a few decades. An important link between the theory that assigns a pathogenic role
to folding instability and the mechanism of the disease in vivo could be provided by the identification of the
forces capable to perturbate in vivo the folding state of protein and overcome the energetic barrier normally
protecting the protein native state from its dragging into the fibrillogenic pathway. Conditions of fibrillogenesis
requiring a very high temperature, a very low pH of the presence of organic solvents are probably too far from
the physiologic conditions, but a source of energy sufficient to locally break the native conformation could be
derived by the combination of the shear forces of the fluid dynamics in the interstitial space and the denaturing
forces at the interface of hydrophobic and hydrophilic surfaces. The efficacy of the combination of shear forces
and hydrophobic interactions in promoting structural perturbation and consequently priming the amyloid
conversion is well demonstrated in the case of the new amyloidogenic variant of f2-m D76N (19). In other cases
it has been shown that shear forces compatible with in vivo environment can significantly accelerate the amyloid
fibrils formation (20). In the near future we expect and intensive work in reproducing in vitro a certain level of
complexity of the architecture and fluid dynamics of the interstitial space where amyloidogenesis occurs in vivo.
The formation of amyloid fibrils in vivo is most likely in equilibrium with oligomeric conformers whose formation
is a prerequisite for fibrils formation. We have hypothesized that once the fibrils are formed in the interstitial
20
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space, the amyloid material can favour the oligomerization of soluble amyloidogenic protein precursors (21). In
fact the occupancy of the interstitial space by the net of the amyloid fibres could dramatically modify the
architecture, the composition and the parameters of the fluid dynamics typical of the normal interstitial space. In
particular, the increased molecular crowding can affect the colloidal stability of the amyloid precursors and can
increase the area occupied by hydrophobic surfaces and finally could increase the turbulence and shear forces
of the fluid. Such a concatenation of events and the strict interconnection between amyloid fibrils and pre-fibrillar
species could provide reconciliation between theories assigning a prevalent pathogenic role to the amyloid fibrils
or to the oligomeric pre-fibrillar species. The hypothesis that important pathologic aspects of disease are based
on the catastrophic interplay between different protein conformers urgently needs an experimental validation.
We can be cautiously optimistic on our possibility to shed light on this crucial issue of the molecular mechanism
of the disease. This heterogeneous scientific community has already proved the peculiar capacity of successful
multidisciplinary approach in which different disciplines provide basic analytical tools, consistent biological

models of the disease and essential clinical and molecular information on the patients.

REFERENCES

Cohen & Calkins Nature 183, 1202 - 1203 (1959)

Eanes & Glenner J Histochem Cytochem 16, 673-677 (1968)
Serpell Biochim. Biophys. Acta 1502, 16-30 (2000)
Goldsbury et al. J. Struct. Biol. 130, 217-231 (2000)
Fandrich et al. Prion 3, 89-93 (2009)

Nelson et al Nature 435, 773-778 (2005)

Sawaya et al Nature 447, 453-457 (2007)

Jimenez et al. EMBO J. 18, 815-821 (1999)

Luhrs et al. PNAS 102, 17342-17347 (2005)

Jaroniec et al. PNAS 101, 711-717 (2004)

Wasmer et al. Science 319, 1523-1526 (2008)

Harper & Lansbury Annu. Rev. Biochem. 66, 385-407 (1997)
Friedrich et al. PNAS 107, 1942-1947 (2010)

Xue et al. PNAS 105, 8926-8931 (2008)

Ban et al. J. Biol. Chem. 281, 33677-33683 (2006)

Morgado & Fandrich Curr. Opin. Colloid. Interface Chem. 16, 508-514 (2011)
Laganowsky et al. Science 335, 1228 (2012)

Neudecker et al. Science 336,362-6 (2012)

Valleix et al. N. Engl. J. Med. 24:2276-83 ( 2012)

Webster et al. J. Phys. Chem.B. 11, 2617-2626 (2011)
Bellotti & Chiti Curr. Opin. Struct. Biol. 6,771-779 (2008)

© ® N o gk~ w DN PRE

NN BP B R R R E R R R R
P O © ®® N o o~ w DNk O

21



Xllth International Symposium on Amyloidosis

Structure of mature A  fibrils investigated by electron cryo-microscopy
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ABSTRACT

Electron-cryo microscopy (cryo EM) represents a powerful tool to investigate the structure of AR fibrils. Based
on this methodology, we have achieved structural resolutions of 1-2 nm for several A fibril morphologies. In a
few cases, even sub-nm resolution was possible. Our analysis illuminated the shape of the AB protofilament and
the way how it is assembled from amyloid cross-f sheets. This assembly was also found to be conserved within
a range of different A fibril morphologies, which were derived from either AB(1-40) or AB(1-42) peptides. Their

comparison provided new information on the structural basis of amyloid fibril polymorphism.

INTRODUCTION

Fibril formation from A peptide is thought to act as the key trigger of Alzheimer’s disease (AD) [1]. It involves
the formation of many different peptide assemblies [2] with mature fibrils representing the terminal end products
of the reaction. These fibrils can occur in multiple fibril morphologies, but for none the atomic structure could so
far be provided [3]. Different biophysical methodologies produced different structural models, often assuming a
U-shaped conformation of the peptide [4].

To further analyze the structure of mature AR fibrils, we have used cryo EM combined with three-dimensional
(3D) image reconstruction. This methodology combination involves the freezing of particles into a thin layer of
ice to retain the native fibril 3D shape. Previous work where cryo EM was used to analyze highly symmetrical
viral capsids yielded spatial resolutions of close to 0.3 nm [5]. In the case of amyloid-like fibrils derived from
insulin and SH3 domain the principle feasibility of the technique was demonstrated and first 3D reconstructions
could be provided [6,7]. During the past 10 years, we have obtained improved methods of helical particle
reconstruction to investigate the global fibril structure of AB(1-40) fibrils as well as AB(1-42) filaments. This

article provides an overview on the most important results obtained throughout this work.
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METHODS

To obtain a 3D density map from amyloid fibril micrographs we used an improved helical reconstruction based
on single particle methods [8]. For this reconstruction the fibrils were divided into segments and each was
treated as independent single particle. Derived from the helical amyloid fibril structure additional constraints for
each segment were applied. This improved the alignment of the segments by controlling the degrees of
freedom. Further improvement was achieved by correcting for the contrast transfer function of the electron

microscope (amplitude and phase correction), and by optimizing the helical symmetrization of the patrticle.

RESULTS

Cryo-EM was used to reconstruct the 3D architecture of different AB(1-40) fibril polymorphs. We found that most
analyzed fibrils (11 out of 12) display two-fold symmetry [9]. Only one of these fibrils was not compatible with a
two-fold symmetry and had to be reconstructed without symmetry assumption. All reconstructed fibrils varied
considerably in their crossover distances, widths and cross-sectional shapes. The fibrils could not be readily
clustered into a few well-resolvable morphology types. Instead, they represented an almost continuous
spectrum of many different fibril morphologies.

These data were obtained by reconstructing individual fibrils, limiting the resolution to 2 nm or lower. To
improve resolution, we averaged over a large number of morphologically similar filaments, resulting in a
structural resolution of better than 1 nm. The feasibility of this approach was first demonstrated for a sample of
AB(1-40) fibrils [10, 11]. The examined fibril morphology consisted of two equally shaped protofilaments, while
each protofilament was constructed from two sandwiched cross-f sheets. The cross-sectional dimensions of the
protofilament sandwich were ~2.5 x 9 nm [11], incompatible with previous models of AR fibril structures, which
assumed a U-shaped peptide fold.

The basic substructure of this AB protofilament is conserved for different AR fibril morphologies, suggesting
that they arose from different combinations of similarly structured protofilaments [12]. Therefore, different fibril
morphologies may either differ in the number, relative orientation or substructure of the underlying
protofilaments. This notion was supported by data showing that structurally analogous protofilaments occur with
fibrils formed from either AB(1-40) and AB(1-42) peptide [13]. Hence, the C-terminal extension of AR peptide by
two residues has only small effects on the protofilament assembly. Cryo-EM finally enabled analysis of the
nanoscale flexibility parameters of AR fibrils [14]. This analysis revealed the significant bending rigidity of AR
fibrils, which might be important in diseased tissues, where the deposition of rigid fibrils impairs naturally flexible

and elastic tissue functions.

CONCLUSIONS

The structure of A fibrils is more complex than anticipated from previous studies, and our analyses clearly
reveal a structural assembly that differs from earlier proposals. However, further work will be required to
establish the structural details of this assembly and whether AB peptide might not be able to adopt

fundamentally different fibril types.
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The unifying structural feature of amyloid fibrils is the cross-B conformation, differentiating this structure from
natively folded polypeptide chains. While diagnosis of amyloid diseases and development of therapeutic
strategies critically rely on the recognition of this conformation with specific molecules such as Congo red, the
molecular basis by which amyloid fibrils are recognized is only partially understood. This is specifically the case
for the recently emerging group of conformation-specific antibodies.

Here, we address this question by biophysical analysis of the B10 antibody fragment, which was recently
shown by dot blotting to recognize a large panel of different amyloid and amyloid-like fibrils in a conformation-

specific manner. Hence, it differentiates A fibrils from soluble AR oligomers or disaggregated AR peptide.
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Figure 1. a) B10 sequence. Blue: positive charge, yellow: uncharged, underlined: not visible in crystal structure.
b) Alanine scanning mutagenesis of B10. Apparent Kp values of single B10 mutants to to AB(1-40) fibrils were

determined with surface plasmon resonance. Gray region: apparent Kp value of unmodified B10.
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BASIC B10-CDR RESIDUES INTERACT WITH ACIDIC RESIDUE S IN FIBRILS

Analyzing the complementarity determining regions (CDRs) of B10 we assumed that this conformational
specificity depends on positively charged residue within the B10 antigen binding site. Alanine scanning
mutagenesis of these positively charged amino acids results in significant increase of the apparent Kp value
measured by surface plasmon resonance (SPR) whereas mutation of uncharged residues has no influence (Fig.
1).

To confirm the influence of electrostatic interactions on amyloid fibril binding by B10 we measured SPR under
different running buffer conditions. Additives inhibiting ionic interactions had the strongest effect compared to 2
M urea or 20% ethanol. Moreover, we carboxyl-modified or amino-modified different fibrils. Measuring the
B10AP binding by dot blot we find that masking of negatively charged groups in amyloid fibrils strongly abrogate
B10-fibril interaction. Due to these findings we assume that ionic interactions between positively charged

residues of B10 and negatively charged residues of amyloid fibrils are crucial.

B10 SHOWS CLOSE PROPERTIES TO A PATTERN RECOGNITION RECEPTOR

Furthermore B10 also recognizes the highly regular and polyanionic biopolymers heparin and DNA. This
specificity is also conserved in natural amyloid receptors from the innate immune system, the pattern
recognition receptors. Such a receptor is the receptor for advanced glycation end products (RAGE). Therefore
we mapped out the extent of similarity between B10 and RAGE.

Using SPR analysis we measured strong binding affinity of RAGE-VC1 fragment to AB(1-40) fibrils whereas no
interaction occurs with disaggregated AB(1-40) peptide (Fig. 2a). Dot blot experiments with RAGE-VC1 show
binding to all B10-positive fibrils, while B10-negative fibrils were not detected by RAGE-VC1. RAGE further
relates to B10, as it binds its ligands through basic residues and displays also a strongly positive electrostatic
surface potential, closely matching that of B10 (Fig. 2b). Moreover binding of the RAGE-VC1 fragment to AR(1-
40) amyloid fibrils can compete with B10AP. These data establish that the binding mechanism of B10 is
effectively the same as the one that is characteristic of a typical and naturally occurring pattern recognition
receptor.

These data imply that the antigen specificity of B10 is based on a pattern recognition mechanism. This
mechanism involves the binding of a highly regular and anionic surface pattern which is presented by many but
not all amyloid fibrils and reflects the highly ordered and regular structure of these biopolymers. These results
enable a broad range of further studies on the molecular mechanism of amyloid fibril formation, their structure

and the targeting of amyloid fibrils by conformation sensitive antibodies.

PROPOSED MODEL OF B10 BINDING TO AMYLOID FIBRILS

B10 binding depends on a pattern recognition mechanism, that involves specific electrostatic interactions with a
highly ordered and regular arrangement of negatively charged chemical groups on the surface of amyloid fibrils.
Such an anionic pattern characterizes the surface of some, though not all, amyloid fibrils and is a consequence

of the specific conformational architecture of these proteinaceous filaments.
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Figure 2. a) Surface plasmon resonance curves of RAGE-VC1 and B10AP binding to AB(1-40) peptide (black)
or AB(1-40) fibrils (green-yellow). b) Electrostatic surface representation of B10 and RAGE-VCL1. Blue: positive
charge, red: negative charge.

REFERENCES

1. Habicht et al. (2007) Proc. Natl. Acad. Sci. U.S.A. 104, 19232-19237
2. Haupt et al. (2011) J Mol Biol 408, 529-540.
3. Hauptetal. (2011) J Mol Biol 405, 341-348.

27



Xllth International Symposium on Amyloidosis

Sensitive Histochemical Staining of Different Polys accharide Complexes Associated with

Amyloid fibrils
Levente Csoka®, Thomas R. Appel®, Anett Eitner®, Josef Makovitzky®*

a) University of West Hungary, Institute of Wood and Paper Technology, Sopron,Hungary

b) Niederséachsisches Internatsgymnasium, Bad Bederkesa, Germany

c¢) Friedrich Schiller University, Institute of Anatomy Il, Jena, Germany

d) Heidelberg, Dep of Neurpathology,University Heidelberg and Inst for Legal Medicine, University Freiburg,
Germany

BACKGROUND

Biomolecules, cells and tissues are complex structures, built from chemically different subunits. Biological
structures are not regular, and they are not inherently birefringent. Thus, biologically complex structures have a
weak or latent optical anisotropy (birefringence) in the native or fixed unstained state. To investigate their
ultrastructure, various topo-optical staining reactions can intensify the weak birefringence of ordered subunits of
complex biological structures. On the other hand insoluble fibrillar deposits in different tissues are thought to be
a final consequence of systemic amyloidosis. The unstable monoclonal immunoglobulin light chains are
responsible for the primary amyloidosis. To examine the complex fibrillar structure of amyloid in human brain,
bacterial cellulose, chitosan and alginic acid polysaccharide materials were selected and comparative

investigated.

MATERIAL AND METHODS

Three samples polysaccharides (microbial cellulose, chitosan and alginic acid) were chosen as well-
characterized control for structural components of amyloid fibrils. The specimens were subjected to the following
topo-optical staining reactions: staining with the toluidine blue with post precipitation (Romhanyi 1963), 1,9
dimethyl methylene blue staining reaction acc. Médis 1974 (Makovitzky 1984). The aldehyde-bisulfite toluidine
blue (ABT-)reaction (Romhanyi et al., 1975) or, aldehyde-bisulfite-dimethyl-methylene blue eaction (ABD-r,
Makovitzky 1984, Makovitzky and Richter 2009) are a specific reaction for the linear ordered OH groups of the
sugar molecules. Also in its glycosaminoglycan (GAG)-specific variant “chemically intensified basophilic
reaction”, the two steps anisotropic PAS-reaction (CIBR, Mddis 1991), is specific for linearly ordered vicinal OH
groups in the C2 and C3 position of uronic acid. The “critical electrolyte concentration” method is selective
(CEC) for acidic groups like carboxyl and sulphate in GAGs (Mddis 1991, Richter 2005). Congo red and Rivanol

staining reaction has been applied acc. to Romhanyi (1).
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RESULTS

The 3 unstained samples of bacterial cellulose, chitosan and alginic acid in water or gum Arabic medium gave

low anisotropic effect and the sign of the birefringence respect to the length is linear positive.

Table 1 summarizes the signs of topo-optical reactions in stained form and in native, unstained form.

sample Topo-optical staining reactions
Unstained ABT-r ABD-r Congo red Rivanol
Sign of birefringence / linear positive + or linear negative -
Bacterial + - - + No staining
cellulose
Chitosan + - - + +
Alginic acid + - - + +

Table 1. Differences between bacterial cellulose, chitosan and alginic acid with topooptical staining reactions.

Bacterial cellulose ABT staining reaction  Bacterial cellulose ABD staining

reaction at pH 1.2

The bacterial cellulose, chitosan and alginic acid (from brown algae) give with ABT/ABD- reaction an inversive
topo-optical reaction.(Csoka et al., 2012).

Human amyloid deposits, which were thought to have a similar structure and staining behavior as cellulose,
also have a positive ABT-or ABD- reaction based on examination (Makovitzky 2003; Richter 2005; Appel et al.,
2003, 2005). The amyloid fibrils are not homogeneous but heterogeneous, and have a highly ordered structure
in oriented fashion: the center is formed by a glycoprotein core (AP), helical structures of chrondroitin and
heparin sulphate surround this core and a filament network of protein (AA or AL and others) constitute the
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surface of the fibril (Inoue et al. 2002, Makovitzky, 2005). Prolonged methylation of amyloid fibrils causes
conversion of hydroxyl radicals to methyl ether and thus these OH groups are responsible for the toluidine blue
binding in orthochromatic staining. Hydroxyl groups of carbohydrates bound to protein and glycoproteins of
amyloid fibrils.

Since chitin is a highly insoluble molecule (chitosan is soluble) and a substrate for glycan-protein interactions,
chitin-like polysaccharides within the Alzheimer disease (AD) brain could provide a scaffolding for amyloid-38
deposition. As such, glucosamine, which is part of the structure of the polysaccharides chitosan and chitin, may
facilitate the process of amyloidosis, and/or provide neuroprotection in the AD brain (Castellani et al. 2007;
Sotgiu 2008).

CONCLUSIONS

These data indicate that the presented polysaccharide complexes, glycosaminoglycans and sulphate groups by
histochemical methods can be used for further amyloid research on in vitro fibrils prepared with and without
GAGs and on ex vivo fibrils. Glucosamine, which is part of the structure of the selected polysaccharides
chitosan and chitin, may facilitate the process of amyloidosis, and/or provide neuroprotection in the Alzheimer

disease brain.
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BACKGROUND

Former results on post mortem tissue-isolated human amyloid fibrils showed a protein fibril co-localised with
strong acidic groups, interpreted as chondroitine and/or heparan sulphate attached to the amyloid fibrils (1, 2).

In the three dimensional amyloid model of Inoue et al. (2002), amyloid has a highly ordered structure in an
oriented fashion: the center is formed by a glycoprotein core (AP), helically structures of chondroitin and
heparan sulfate surround this core, a filament network of protein (AL or others) constitutes the surface of the
fibril (cited in 3, 4, 5, 6).

The aim of this study was to compare the occurrence of different chemical components in a variety of animal

amyloid deposits: derived from dog, cat, cow, mouse, goose, chicken and marten.

METHODS

Tissue samples from seven different species were fixed with 4% formalin in PBS pH 7.4 and paraffin-
embedded. Sections (2-5 um) of the following amyloidotic tissues were investigated: dog - kidney, spleen, liver;
cat — pancreas; marten - kidney, spleen; cow — kidney; mouse - liver, intestine, spleen, heart, lung (AA and
AapoA ll); goose - liver, intestine (7).

We have demonstrated sugar moieties in all amyloid deposits selectively with the ABT-reaction (8). Sialic acid
and O-acyl sialic acid were demonstrated with a specific reaction (9). The glycosaminoglycan components have
been visualized in the amyloid deposits by the chemically intensified basophilic reaction (CIBR, 10, 5) and by
the critical electrolyte concentration (CEC) method (10). The protein core was demonstrated with 0.1% aqueous
solution of Congo red, Thiazin red, Eosin, Pinacyanol, Pinacyanol chloride, N,N’-Diethylspeudoisocyanine-
chloride (PSI), Toluidine blue, 1,9-Dimethyl-methylene blue and Rivanol.
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RESULTS

The unstained amyloid deposits show — embedded in water or in gum Arabic — an anisotropy,the sign is linear
positive to the length.

After Congo red, Thiazin red, Eosin, Pinacyanol, Pinacyanol chloride and N,N’-Diethylspeudoisocyanine
chloride (PSI) we registered an additive topo-optical staining reaction, i.e. the original sign is not changed but
the intensity increased. The dyestuff molecules are oriented parallel to the surface. After Toluidine blue, 1,9-
Dimethyl methylene blue and Rivanol staining, the sign of the anisotropy becomes linear negative, the dye
molecules are oriented perpendicular to the surface. The latter is an inversive topo-optical staining reaction.

In the mammalian amyloid of cat (AIAPP), cattle (AL), dog (AA), marten (fibrinogen) and mouse (AA and
AapoAll) we found strong acidic groups in linear order, but only weak acidic groups in avian amyloid (both AA).
Our observation differs from those of Peperkamp (1997), who demonstrated highly sulphated GAGs
(heparin/heparan sulphate) in joint amyloid fibrils of chicken with the Alcian blue CEC method (11).

Furthermore, we observed a gradation of the topo-optical reaction intensity in murine and canine amyloid with
changing polarization colour from strong red orange at 0.1 M MgCl, to hardly noticeable pink at 1.0 and 1.8 M
MgCl,. However, the topo-optical staining reaction appeared with stable strong positive results in the cases of
cat, marten and cow, as well as in the above mentioned human amyloid (Kroeger et al., 2006).

After diegestion with hyaluronidase, chondroitinase AC and B we found an optimally oriented Congo red
binding and more intensity compared to the controls (12).

The amyloid deposits from AA type (dog, mouse, goose and chicken) are sensitive to potassium
permanganate or performiate treatment followed by pronase or trypsin (4-8 h), the Congo red, Thiazin red and
Eosin induced anisotropy is abolished. However, the cat, cattle, marten and mouse (AapoAll) amyloid is
resistent to this treatment.

Picture 1. Mouse jejunum Amyloid staining: Eosin. a) light microscopic picture 80X, b) polarization optical

picture 80X
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Picture 2. Goose jejunum amyloid after KMnO4 -Trypsin digestion 8 h, staining with Congo red. a) light
microscopic picture 80X, b) polarization optical picture 80X

Table 1. Results of KMnO./trypsin or HCOOOH/trypsin pretreatment followed by Congo red staining

animal amyloid type KMnO4/trypsin HCOOOH/trypsin
Cow AL resistant resistant
Dog AA sensitive sensitive
Cat AIAPP resistant resistant
Marten Afibrinogen resistant resistant
Mouse AA sensitive sensitive
AapoAll resistant resistant
Goose AA sensitive sensitive
Chicken AA sensitive sensitive

In the amyloid deposits of all cases the linearly ordered OH groups of the sugar and sialic acid / or O-acyl sialic
acid molecules are perpendicularly ordered to the surface of the amyloid fibrils. The sugar chains are oriented
parallel to the surface.

With the CIBR we found similar positive topo-optical reactions in all species including human, with intensive
violet metachromasy in light optic. The linear negative sign of anisotropy indicates a perpendicular orientation of

the toluidine blue or 1,9-Dimethyl methylene blue dye molecules.

CONCLUSIONS

There are differences in quality and quantity of linearly ordered acidic groups which are interpreted as GAG
components: heparan and keratan sulphate (strong acidic group SO.%) are missing in goose and chicken
amyloid. Mouse and dog exhibit all four components but with less intensity than cow, marten, cat and human

amyloid.
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The polysaccharide chains are orientated parallel to the length of the amyloid fibrils, their vicinal OH groups

are orientated perpendicularly to the length of the fibril. In all species sialic acid and O-acyl sialic acid are

detectable with a perpendicular orientation of their vicinal OH groups.

The sensitivity of AA amyloid for KMnO, oxidation, and/or performiate oxidation combined with trypsin or

pronase digestion varies between species. In order to identify secondary AA amyloidosis by sensitivity to

pretreatment, the most reliable method is performiate trypsin or performiate pronase digestion.
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BACKGROUND

Former results on post mortem tissue-isolated human amyloid fibrils and on human amyloid deposits showed a
protein fibril co-localised with strong acidic groups, interpreted as chondroitine and/or heparan sulphate
attached to the amyloid fibrils (1,2,3).

In the three dimensional amyloid model of Inoue et al. (2002), amyloid has a highly ordered structure in an
oriented fashion: the center is formed by a glycoprotein core (AP), helically structures of chondroitin- and
heparan sulfate surround this core, a filament network of protein (AA, AL or others) constitutes the surface of
the fibril ( 4, 5, 6, 7).

AIM

Our aim was to evaluate whether the fibril constituents discussed above can be demonstrated in brain amyloid
deposits in Alzheimer's, Creutzfeldt-Jakob diseases and Down syndrome. Furthermore, we were interested

whether additional topo-optical reactions provide more information or not.

METHODS

Formalin-fixed (4% formaldehyde in PBS pH 7.4) and paraffin-embedded brain sections (2-5 pm) of Alzheimer,
Morbus Down and Creutzfeld-Jakob were investigated with various topo-optical staining reactions. Synthetic
amyloid 13 (1-40 and 1-42) fibrils served as control. Our topo-optical staining reactions are an indicative method
of linearly ordered functional groups. The aldehyde bisulfite toluidine blue reaction (ABT-r acc. Romhanyi et al.,
1975) is specific for linearly ordered vicinal OH groups in carbohydrates. Also its glycosaminoglycan (GAG)-
specific variant “chemically intensified basophilic reaction”, the two step anisotropic PAS-reaction (CIBR, Mddis

1991), is specific for linearly ordered vicinal OH groups in the C2 and C3 position of uronic acid. The sialic acid
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specific reaction indicates sialic acid (Makovitzky 1984) and the “critical electrolyte concentration” method (CEC)
denotes acidic groups like carboxyl and sulphate in GAGs (Mddis 1991, Richter 2005).

RESULTS

The sign of the anisotropy on unstained sections with amyloid (amyloid deposits, amyloid plaques and blood
vessels affected by amyloid angiopathy) in water or gum arabicum is linear positive to the length.

The stained brain sections showed amyloid fibrils (deposits), AR amyloid plaques and blood vessels affected
by amyloid angiopathy. Brain sections and controls were stained with Congo red, Thiazine red, N,N’-diethyl
pseudoisocyanine chloride (PSI), pinacyanol, pinacyanol chloride, toluidine blue, 1,9-dimethyl methylene blue
and rivanol for protein core. All samples including controls were positive in all cases. Depending on whether the
dye molecules aggregated parallel or perpendicular to the longitudinal axis, the angle of the polarised light was
affected positively (Congo red, PSI, pinacyanol, pinacyanol chloride) or negatively (toluidine blue, 1,9-dimethyl
methylene blue and rivanol).

The sugar-specific ABT and sialic acid reactions were positive for amyloid plaques and blood vessels. Based
on our analysis the linearly ordered OH—groups were perpendicularly oriented to the longitudinal fibril axis.

The CEC and CIBR reactions were positive on amyloid plaques and blood vessels at all ionic strengths
pointing to strong acidic groups like sulphate or phosphate. Synthetic AB fibrils (control) were negative.

All amyloid fibrils, amyloid plaques (primitive and diffuse) and blood vessels affected by amyloid angiopathy
were resistant to potassium permanganate/trypsin, permanganate/pronase, performic acid/trypsin and performic

acid/pronase digestion (24-48 hours).

Table 1. Results of anisotropic (topo-optical) staining reactions

linearly Linearly linearly ordered linearly linearly ordered
ordered ordered sugars vicinal OH- ordered OH-  acidic groups
protein / vicinal OH- groups in C2-C3  groups of (Critical electrolyte
groups position of sialic acid concentration,CEC,
(Congo red (ABT-reaction uronic acid 0.1M, 0.5M, 1M,
and others) i.e. anisotropic  (CIBR i.e. for (sialic acid 1.8M)
PAS) GAGSs) specific
reaction)
Amyloid plaques + + + + +
Amyloid fibrils + + +
Blood vessel by + + + + +
Amyloid
angiopathy

In amyloid plaques the CEC and CIBR induced birefringence disappeared after 6-8 h digestion with heparinase
I, 1, Il and/or hyaluronidase, chondroitinase AC and B. Only the birefringence of the protein core remained
behind showing a linear positive sign after CEC reaction embedded in gum arabic or water. After enzyme
digestions and staining with Congo red, the intensity of birefringence increased, and the measured retardation

differences were increased, too.
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DISCUSSION

Allsop et al. investigated isolated senile amyloid plaques with Congo red and observed birefringence, moreover
amino acid compositions of isolated plague cores were assigned (10). Wisniewski et al. described the
morphological spectrum of amyloid deposits in Alzheimer's disease (11). Amyloid fibrils were found as large
areas of diffuse depositions in the neuropil, ribbon-like infiltration in the subpial layer of the cerebral cortex,
furthermore, as granular deposits in the white matter, as diffuse deposits in the molecular layer of the
cerebellum and the basal ganglia and as star-shaped deposits in the cerebellar Purkinje cell layer. In our
investigations hippocampus tissue was used.

In their investigations Yamada et al., Snow et al., Castillo et al. and McLaurin et al. unambiguously proved that
in Alzheimer type amyloid deposits the protein core is surrounded by GAGs and the GAGs have an important
role in amyloid synthesis (12-16). Snow reported the presence of GAGs by alcian blue CEC reaction (13). We
think that the CEC reaction from Madis, Appel et al. and Richter is a more selective method to investigate GaG
components, since by polarisation the CEC reaction gives information about the linearly ordered structure of
GAGs (8,1,5).

Our results with toluidine blue and 1,9 dimethyl methylene blue under light microscopy show metachromasy. At
pH 7.4 the sign of birefringence is linear negative to the length, an inversive topo-optical reaction. At pH 3.6 the
sign of birefringence is linear positive, which is an additive type topo-optial reaction. Congo red, Thiazine red,
PSI, pinacyanol and pinacyanol chloride stained amyloid with linear positive sign of birefringence; the binding
dye molecules are parallel oriented to the surface. Toluidine blue, 1,9 dimethyl methylene blue and rivanol
stained amyloid with linear negative sign of birefringence, the binding dye molecules are oriented perpendicular
to the surface.

The pretreatments (potassium permanganate or performic acid) of trypsin and pronase digestion show no
effect in Alzheimer brain samples. This indicates that the amyloid deposits are solid and structurally highly
ordered. The resistance to oxidative pretreatment is common to all “primary” amyloid deposits that do not
contain serum amyloid A protein (17). Snow suggested that brain AR amyloid was resistant to potassium
permanganat/performiate trypsin/pronase digestion because of the stabilizing effect of GAGs (18).

Our results show that after Heparinase, Hyaluronidase and Chondroitinase digestions the CEC and CIBR
induced anisotropy disappeared. We only found the original protein’s core birefringence. The sign is linear
positive to the length, which is the same as in synthetic pure A fibrils. A similar phenomenon was observed on
collagen and described by Németh - after enzymatic removal of GAG components from collagen fibers (19).
According to his assumption, GAG components possess a stabilizing effect on collagen fibers. Bruinsma et al.
characterized the pathological lesions as A plaques consisting mainly of aggregated AR protein, whose
aggregation is affected by heparin sulphate proteoglycans (20).

Ariga et al. emphasised the role of proteoglycans and GAGs in Alzheimer disease and in other similar clinical
cases (21). According to Ariga et al. the AB protein binds to many biomolecules, including lipids, proteins and
proteoglycans. Proteoglycans play an important role in amyloid formation, increasing the neurotoxicity of A
protein. The proteoglycan binding site in the 13-16 amino-acid region (His-His-GIn-Lys) of amyloid R represents
a unique target for inhibition of amyloid fibril formation. GAG binding accelerates fibril formation and maintains
the fibril stability.
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The results of our various reactions are in accordance with the amyloid model of Snow et al. (13,18).

Zschiesche and Jakob reported the PAS positivity of amyloid plaques in the brain of various animals (22). We

have shown the sialic acid positivity of human brain Af plagues. Asn-linked carbohydrates (sialic acid specific

reaction) were demonstrated in brain amyloid plaques and blood vessels with amyloid angiopathy, but not in

synthetic amyloid f fibrils. This is somehow surprising, since AR should not be glycosylated. It shows that brain

amyloid deposits are composed of multiple constituents, not restricted to A{ only.
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ABSTRACT

We have previously shown that amyloid fibrils in ATTRVal30Met amyloidosis can have either of two
compositions, with or without truncated ATTR, and that the fibril composition type seems to be intra-individual
consistent. We have also demonstrated that the fibril types are correlated to phenotypic differences found
among these patients. We have now investigated the fibril composition in patients with other mutations than
Val30Met in the TTR gene. The fibril type was determined by western blot for 56 patients having one of 26
different mutations. All patients, except two with TTRY114C, had fibrils with fragments. We thereby show that
ATTR amyloid fibrils containing fragmented ATTR species are very common, and probably even the rule, while
fibrils composed of only full-length ATTR likely is an exception. More studies focusing on the fragments and

their possible role in pathogenesis are therefore needed.

INTRODUCTION

Familial ATTR amyloidosis is caused by a mutation in the transthyretin (TTR) gene. So far over a hundred
different TTR mutations have been reported, and most of these render the protein more amyloidogenic [1]. The
main tissue sites affected are the sensorimotor and autonomic nervous system as well as the heart, but
dysfunction of other organs, like kidneys and eyes may also occur [2]. The clinical phenotype varies depending
on the specific mutation, but interestingly, large variations are also found between patients carrying the same

mutation [1, 3].
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For most mutations, only one or a few patients or families are known, and they are scattered around the world.
In contrast, relatively large amount of patients carrying the Val30Met mutation are known, and many of these
patients, but not all, are found in endemic areas in Japan, Portugal and Sweden. Thus, most studies on familial
ATTR amyloidosis has been carried out on this group of patients.

It has been noted that the Val30Met patients can roughly be divided into two phenotypic groups [3]. In the
endemic areas in Portugal and Japan, most patients have an early onset, while many of the patients in the
endemic area in Sweden, as well as patients found outside the endemic areas, have a late onset. Detailed
clinicopathological investigations of the two groups have shown numerous differences in amyloid deposition
sites as well as symptoms. The late onset group is for example characterized by massive myocardial amyloid
deposition, leading to increased ventricular wall thickness and restrictive cardiomyopathy, while the cardiac
deposits in the early onset group mainly are limited to the subendocardial layer, thereby causing conduction
disturbances.

We have earlier shown that two different compositions are seen for amyloid fibrils in ATTRVal30Met
amyloidosis patients; in some individuals the tissue contained large amounts of N-terminally truncated ATTR in
addition to the full-length protein (denominated fibril type A) while in others only full-length ATTR were found
(denominated fibril type B) (Figure 1A) [4]. From our study, as well as a recent report from Japan [T. Oshima,
unpublished], it seems likely that the fibril type is intra-individual, so that the same fibril type is consistently found
in different organs for each patient. We have also shown that the presence of two fibril compositions offers an
explanation for the two phenotypic groups, as they are strongly correlated, with fibril type A found in patients
with late onset and cardiac enlargement and fibril type B found in early onset patients without cardiac
enlargement (Figure 1B) [5]. The fibril types also seem to differ in propensity to incorporate wtTTR, which likely
is important for the outcome after liver transplantation [6, 7].

We have now continued by investigating the fibril composition in patients suffering from ATTR amyloidosis

caused by other mutations than the Val30Met mutation.
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Figure 1. A) The two fibril composition types shown by western blot analysis. Left lane shows a fibril
composition of type A, right lane shows type B. B) Correlation between fibril composition and age of onset (left

graph) and thickness of the interventricular septum of the heart (right graph) in Val30Met patients.
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METHODS

Fifty-six patients carrying one of 26 different mutations in the TTR gene were included. Fibril composition was
determined by western blot using an in-house produced antiserum that detects C-terminal fragments. Adipose

or cardiac tissue was used for the analysis.

RESULTS
All patients had a fibril composition with fragmented ATTR, except two patients, both of whom carried the
TTRTyr114Cys mutation.

DISCUSSION

The fact that fragmented ATTR species can be found in large amounts in, and even be the main constituent of,
amyloid fibrils in both sporadic and familial ATTR amyloidosis have been known for many years [8, 9].
Nevertheless, in most studies of today, the fragments are not considered. This is especially evident for in vitro
studies, where almost all studies are investigating only full-length TTR. This situation is probably a consequence
of a combination of two factors. Firstly, the most commonly used commercial antibodies do not recognize the
fragmented ATTR species in western blot [5]. Secondly, as mentioned above, the by far most studied group of
patients are those carrying the Val30Met mutation and living in endemic areas, and these patients do indeed
have fibrils composed of only full-length ATTR.

From the present study, it can be concluded that a fibril composition consisting of not only full-length but also
fragmented ATTR is very commonly occurring and may even be the general rule in familial ATTR amyloidosis.
In a previous study, we have also shown that amyloid fibrils from patients with senile systemic amyloidosis (in
which wild-type TTR is forming the deposits), have a composition with fragmented ATTR [4]. Therefore, it
seems as if most studies on ATTR amyloidosis have been carried out on a patient group that may not be very
representative of ATTR amyloidosis in general. It is now time to start paying attention to the fragmented
species. Even though we do not know yet if they are part of the pathogenesis, we do know that they have

diagnostic value, as they are correlated to clinical phenotype.
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Molecular Mechanisms of  B.-Microglobulin Amyloid Fibril Formation
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Recently, the relationship between various amyloidoses and chaperones is gathering attention. In patients with
dialysis-related amyloidosis, a,-macroglobulin (a2M), an extracellular chaperone found in B,-microglobulin (32-
m) amyloid deposits, forms a complex with f2-m in the blood, but the molecular mechanisms and biological
implications of the complex formation remain unclear. Here, we found that a2M inhibited the B2-m fibril
formation at a neutral pH in the presence of sodium dodecyl sulfate (SDS), a model for anionic lipids.
Intriguingly, SDS dissociated tetrameric a2M into dimers with increased surface hydrophobicity and both
tetrameric and dimeric a2M interacted with SDS-denatured 2-m. At a physiologically relevant acidic pH and in
the presence of heparin, 02M was also dissociated into dimers, and both tetrameric and dimeric a2M interacted
with B2-m, resulting in the fibril growth inhibition. These results suggest that both tetrameric and dimeric a2M

may play an important role in controlling f2-m amyloid fibril formation.

INTRODUCTION

We previously developed the thioflavine-T (ThT) method (1) and established a nucleation-dependent
polymerization model of amyloid fibril formation (2). f2-m is a major component of amyloid fibrils deposited in
dialysis-related amyloidosis. The 32-m amyloid fibril formation is thought to be induced by partial unfolding of
B2-m. We found that f2-m amyloid fibrils are formed at a neutral pH in the presence of SDS (3). Moreover, we
proposed that in B2-m-related amyloidosis, many amyloid-associated molecules including glycosaminoglycans,
proteoglycans and lipids partially unfold f2-m, catalyze its subsequent nucleus formation and stabilize the 32-m
fibrils formed (2). Although many groups have proposed the mechanisms by which 32-m amyloid fibrils are
formed under physiological conditions, the biological machineries to inhibit the 32-m amyloid fibril formation are
poorly understood.

a2M is an abundantly secreted glycoprotein present in human plasma and is a homotetramer that is formed by
non-covalent association of two disulfide-bonded dimers. a2M has been found to be associated with
extracellular amyloid deposits in various amyloidoses (4). Recently, a2M has been shown to inhibit the amyloid
fibril formation and amorphous aggregation of various proteins and has been described as an extracellular
chaperone (5). In patients with dialysis-related amyloidosis, a2M is identified in the amyloid deposits (6) and

forms a complex with 2-m in the blood (7). However, it is unclear whether a2M affects the 32-m amyloid fibril
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formation. In this study, we first examined the effect of a2M on the formation of 32-m amyloid fibrils. We next
assessed the interaction of a2M with B2-m. Our results provide new insights into the effect of a2M on B2-m

amyloid fibril formation and the mechanism of a2M-p2-m interaction.

METHODS

Seed B2-m amyloid fibrils used for the growth reaction were prepared from the patient-derived f2-m amyloid
fibrils by the repeated growth reaction at pH 7.5 with recombinant human B2-m. Seeds were prepared by
sonication of the amyloid fibrils. The seed-dependent growth reaction mixture containing 30 pg/ml seeds, 25 uM
32-m, 0-25 uM a2M or bovine serum albumin, 50 mM phosphate buffer (pH 6.3 or 7.5), 100 mM NacCl, 0.5 mM
SDS or 100 pg/ml heparin, and 0.05% NaN; was incubated at 37 °C with or without agitation. Amyloid fibril
formation was monitored by ThT method and transmission electron microscopy (8). a2M-f32-m interaction was

monitored by enzyme-linked immunosorbent assay, analytical ultracentrifugation and Western blotting (8).

RESULTS

First, we examined the effect of a2M on the seed-dependent growth of f2-m amyloid fibrils at pH 7.5 monitored
by ThT fluorescence assay (Figure 1). In the absence of a2M, ThT fluorescence increased without a lag phase.
In the presence of a2M at molar ratios of 1:200-1:20 to 2-m, a concentration-dependent inhibitory effect was
observed. Next, to assess quantitatively the binding of B2-m to o2M, we performed enzyme-linked
immunosorbent assay. The binding affinity between a2M and 32-m in the presence of SDS was higher than that
without SDS. Analytical ultracentrifugation and Western blotting revealed that SDS dissociated tetrameric a2M
into dimers with increased surface hydrophobicity and both tetrameric and dimeric a2M interacted with SDS-
denatured 2-m. At a physiologically relevant acidic pH and in the presence of heparin, a2M was also

dissociated into dimers, and both tetrameric and dimeric a2M interacted with f2-m, resulting in the fibril growth

inhibition.
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Figure 1. Effect of a2M on the seed-dependent growth of f2-m amyloid fibrils.

DISCUSSION

We revealed that a2M inhibits the f2-m amyloid fibril formation. Moreover, we demonstrated that tetrameric and
dimeric a2M interact with SDS-denatured B2-m. Under conditions where native 2-m is denatured, tetrameric

a2M is converted to dimers to favor the hydrophobic interaction with denatured B2-m with exposed hydrophobic
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surfaces. These results suggest that a2M plays an important role in controlling the abnormal aggregation of

unfolded proteins in the extracellular space (Figure 2). Further understanding of the function of a2M may help

the development of the therapeutics and prophylaxis of dialysis-related amyloidosis and other protein deposition

diseases.
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Figure 2. A model for the molecular mechanism of 32-m amyloid fibril formation in vivo.
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Atomic-level structural investigation of the key conformational intermediates of amyloidogenesis remains a
challenge. Here we demonstrate the utility of nanobodies to trap and characterize intermediates of B2-
microglobulin (32m) amyloidogenesis by X-ray crystallography. For this purpose, we selected five single domain
antibodies that block the fibrillogenesis of a proteolytic amyloidogenic fragment of 2m (AN6B2m). The crystal
structure of AN6B2m in complex with one of these nanobodies (Nb24) identifies domain swapping as a plausible
mechanism of self-association of this amyloidogenic protein. In the swapped dimer, two extended hinge loops —
corresponding to the heptapeptide NHVTLSQ that forms amyloid in isolation — are unmasked and fold into a
new two-stranded antiparallel B-sheet. The B-strands of this sheet are prone to self-associate and stack
perpendicular to the direction of the strands to build large intermolecular 3-sheets that run parallel to the axis of
growing oligomers, providing an elongation mechanism by self-templated growth.

INTRODUCTION

The autoaggregation process of amyloidogenic proteins may be described as a dynamic equilibrium between
diverse structural species that occurs in very uneven amounts and time frames. Fibril formation in vivo usually
takes several years, and the intermediate species are short living and highly unstable. The identification and
characterization of oligomers preceding the formation of fibrils is of particular interest because of an increasing
awareness that these species are likely to play a critical role in the pathogenesis of protein deposition diseases
(1). Here we demonstrate the utility of camelid heavy chain antibodies (nanobodies/Nb) consisting of a single
domain for the structural investigation of prefibrillar intermediates of 32-microglobulin (32m) amyloidosis (2). In

patients suffering from renal failure, the f2m concentration increases up to 60-fold leading to the formation of
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insoluble amyloid fibrils causing dialysis-related amyloidosis (DRA) (3). In amyloid deposits extracted from DRA
patients, up to 25-30% of the constituting $2m corresponds to a truncated isoform lacking the six N-terminal
amino acids (AN6B2m). This isoform has a higher tendency to self-associate in vitro than the intact protein, and
unlike wild-type B2m, is able to form amyloid fibrils at physiological pH.(4).. In this study, we selected
nanobodies that block the fibrillogenesis of AN6B2m. We found that one nanobody traps a domain-swapped
dimer of AN6B2m in the crystal, that shows several properties ascribable to prefibrillar intermediates of f2m

fibrillogenesis, providing previously undescribed insights in this process with implications for DRA.

RESULTS
NANOBODIES EFFICIENTLY BLOCK B2m FIBRILLOGENESIS.

Camel and llamas immunized with B2m and AN6B2m in order to generate antibodies able to stabilize early
intermediates along the pathway of 32m fibrillogenesis. We have then selected eight nanobodies with Kp in the
nanomolar to micromolar range for 32m and AN6B2m variants. Nbs were tested as inhibitors of AN6B2m
fibrillogenesis by incubating AN6B2m in the presence or absence of an equimolar amount of each nanobody.
Fibrillogenesis was monitored by measuring the increase of the thioflavin T (ThT) fluorescence, by Electron
Microscopy (EM) imaging, and by SDS-PAGE (Fig. 1).
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Figure 1. The effect of Nbs on  AN6R2m fibrillogenesis . (A): Fibril growth kinetics were monitored by
measuring the increase in ThT fluorescence. Nb108 is a 32m-unrelated nanobody used as negative control. (B):
To visualize remaining soluble protein, samples were centrifuged and their supernatant was analyzed by SDS-
PAGE. (C): EM images of the samples after 124 hours of incubation. (D): Affinities of nanobodies for $2m and

AN6B2m as measured by Surface Plasmon Resonance.(5)
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CHAPERONE-ASSISTED CRYSTALLIZATION OF AN6B2m

Five nanobodies, able to inhibit f2m fibrillogenesis, were tested as cocrystallization chaperones of prefibrillar
intermediates. Despite extensive screening, diffracting crystals were obtained only from AN6B82m-Nb24 complex
with the hanging drop vapor diffusion method. Low temperature X-ray diffraction data of the crystallized
ANG6B2m-Nb24 complex extended to 2.2A resolution. The coordinates of full-length monomeric B2m (1BMG)
were used as a search model to solve the crystal structure of AN6B2m by molecular replacement. The crystal
structure of AN6B2m-Nb24 complex reveals that AN6B2m exchanged identical subdomains between two
monomers to form a 3D swapped dimer (Fig 2A). Each domain is composed of six B-strands contributed by one
subunit and one swapped C-terminal B-strand (strand G: residues 91-94, f2m numbering) contributed by the
other (Fig. 2B). The short NHVTLSQ peptide (residues 83—-89) serves as the hinge loop. In the monomer, the
closed conformation of the hinge loop connects strands F and G. In the domain-swapped dimer the hinge

adopts an extended conformation, lengthening the F strand by four amino acids (Fig. 2B).
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Figure 2. (A) Focus on the domain-swapped dimer of AN6B2m. (B) Sequences and topology diagrams of 2m
and domain-swapped AN6B2m. The hinge loop is included in dashed boxes.(5)

DISCUSSION

In this study we have trapped and characterized the structure of the amyloidogenic $2m variant AN6B2m. Its
crystal structure in complex with Nb24 identifies a swapped dimer as a plausible structural nucleus that may
serve as a mold for the self-templated growth of 32m fibrils. We speculate that the self-association of two 32m
monomers by domain swapping generates a dimeric intermediate with an exposed stacking prone antiparallel 8-
sheet. The domain-swapped dimer serves as a structural nucleus for intermolecular B-sheets that run parallel to
the axis of the growing oligomer. Within the oligomer, a transition from stacked dimers to a runaway domain-
swapped oligomer can lead to open ended protofibrils that grow by binding open monomers.

Our data demonstrate that Nbs are powerful tools able to inhibit the fibrillogenesis process and stabilize highly
unstable protein like AN6B2m. These Nbs can be used as a medicament or in the prevention and/or treatment

of DRA and result in being precious tools for the study of protein aggregation pathways (5).
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ABSTRACT

We proposed that the abnormally high propensity of the A6 light chains to aggregate as amyloid fibrils is driven
by sequence elements that can be identified by their capacity to form amyloid-like fibril autonomously. To test
this hypothesis we used limited proteolysis/MALDI-TOF analysis combined with site-directed mutagenesis and
identified four fibril-forming fragments in the A6 recombinant variable domain 6aJL2. The fibrillogenic fragments
are located in CDR-1 and also in a number of B strands that are structural related to this loop in the native
folding. Based on these data we propose a possible mechanism of fibrillogenesis for the variable domain of the
light chains.

INTRODUCTION

Light chain derived (AL) amyloidosis is a misfolding disease characterized by the extracellular deposition of a
monoclonal free light chain in form of insoluble fibrillar aggregates. Due to its systemic nature, the clinical
picture of AL amyloidosis is dominated by the signs and symptoms of dysfunction of the organs targeted by the
deposits, being the heart, kidneys, liver, digestive tract, and peripheral nervous system the most frequently
affected. Despite the substantial advances in diagnosis and therapeutic management made during the last
decade, AL amyloidosis remains as an incurable disease with a poor prognosis. Changing this tendency will
require the development of more effective therapies based on new principles, a goal that will be greatly
facilitated by deciphering the structural factors driving the mechanism of amyloidogenesis of the light chains. [1]
The particular structural features that render A6 light chains highly amyloidogenic remain unknown. We propose
that the abnormally high propensity of this family of immunoglobulins to aggregate as amyloid is driven by
discrete regions of the variable domain that can be recognized by their ability to aggregate as amyloid-like fibrils
autonomously. To test this hypothesis we used limited proteolysissMALDI-TOF analysis and site-directed
mutagenesis to identify fibril-forming fragments of the recombinant protein 6aJL2, a recombinant A6 variable

domain with the germline sequence of the gene segments 6a and j12.
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METHODS

Six pint mutants to Asp of 6aJL2 at positions A31, S31a, N31b, Y32, V33 and Q34 were generated by
conventional PCR, using mutagenic synthetic oligonucleotides. The DNA segments encoding 6aJL2 proteins
and the six point-mutants were cloned in pET27b vector (Novagen, Merck-Millipore) and expressed in E. coli
BL21(DE3). Bacterial expression and purification of the recombinant proteins 6aJL2, 6aJL2-R25G and the
above mentioned single mutants were performed as describe elsewhere. [2] Proteolysis was performed with
Sequencing Grade Modified Trypsin (Promega, Madinson, WI) that was added to the protein solution (3.0 mg/ml
in Tris-HCI 100mM pH 8.0) with a final trypsin:protein ratio at 1:200 (w/w). The sample was incubated overnight
at 37 °C without shaking. After completion of proteolysis, the mixture was subsequently incubation at 37 C with
constant shaking (500 rpm-Thermomixer Eppendorf Confort). After completion of fibrillogenesis, the aggregates
were examined under electron microscope (E.M.) and spectroscopically characterized (ThT fluorescence,
intrinsic fluorescence, and circular dichroism). The aggregates were harvested by centrifugation, washed twice
in PBS and resolubilized in GdnHCI 6.0 M. The fibrillogenic peptides were purified by reverse phase high-
performance liquid chromatographic (RF-HPLC) using a Vydac 218TP54 C18 analytical column. The fractions
were collected manually and the identity of each peptide fragment was determined by mass spectrometry
(MALDI-TOF).

Cross-seeding experiments were performed by co-incubating 6aJL2 fibrils fragmented by sonication (seed)
with soluble monomers of the six point-mutants to Asp mentioned above. The monomer to seed w/w ration was
10:1. The experiment was performed according was describe previously. [3] Computational analysis of the
6aJL2 sequence to predict fibril forming segments was performed with the structure-based algorithm ZipperDB
(http://services.mbi.ucla.edu/zipperdb/). [4]

RESULTS AND DISCUSSION

Proteolysis of 6aJL2 with trypsin and the subsequent overnight incubation at 37 C with constant shaki ng ended
up with the formation of aggregates having both, fibrillar morphology under the electron microscopy, and the
spectroscopic characteristics of amyloids. Four fragments were isolated and identified from the aggregates.
(Fig. 1) One of them was composed of two peptides -Thr18-Arg25 and Thr80-Lys103- linked by the disulfide
bridge Cys23-Cys88. The other three components were peptides Ser26-Arg39, Ser26-Arg54 and Phe62-Lys79.
Kinetic experiments revealed that the fastest aggregating components were peptides Ser26-Arg39 and Ser26-
Arg54. Fragment Thr18-Arg25-C23-C88-Thr80-Lys103 readily formed fibrils when incubated alone, but not if
previously reduced with dithiothreitol. None of the two peptides composing this fragment aggregated as fibrils
when incubated separately. Peptides Ser26-Arg39 and Phe62-Lys79 did not form fibrils when incubated

independently, but did aggregate as fibrils when co-incubated.
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Figure 1. The extensive proteolysis of 6aJL2 protein with trypsin and the subsequent overnight incubation at 37
C with constant shaking ended in fibrillar aggrega tes formation with the characteristics of amyloid. A) Reverse-
Phase High Performance Liquid Chromatographic (RF-HPLC) analysis of the aggregates collected at different
times of incubation. The inset represents the time course of: 1) ThT fluorescence intensity variation of the
experimental sample [solid circles in blue color] and 2) AU nm Variation of the component with sequence
26SSGSIASNYVQWYQQRs, [solid squares in black color]. B) Electron micrograph showing the fibrillar
morphology of the aggregates collected at the end of the incubation. Panels C-E. Spatial location of the

fibrillogenic fragments in the crystallographic structure of 6aJL2 (PDB ID 2WO0K).

Proteolysis with trypsin of mutant 6aJL2-R25G —where Arg25 is substituted by Gly- and the subsequent
incubation of the product in the conditions described above led to formation of fibrillar aggregates composed by
three fragments. One of them was composed of two peptides -Thr18-Arg39 and Thr80-Lys103- linked by the
disulfide bridge Cys23-Cys88. The second fragment represents a variant of the former, in which peptide Thr18-
Arg54, instead of Thrl8-Arg39, was the component disulfide bridged to peptide Thr80-Lys103. The third
component was peptide Phe62-Lys79. When the same experiment was performed in the presence of 10 mM
dithiothreitol, fibrillar aggregates with ThT-binding capacity were also recovered from the sample, being the
peptides Thr18-Arg39, Thr18-Arg54 and Phe62-Lys79 the most abundant components of the aggregates. Co-
incubation of the six single mutants to Asp with wild-type seed resulted in fibrillar aggregates formation, but in a
quantity that varied depending of the mutated position. Proteins 6a-A31D and 6a-N31bD produced aggregates
in a quantity equal to 30% and 40%, respectively, of that produced by the self-seeding of the wild-type
(reference). Proteins 6a-S31aD and 6a-Q34D elongated the wild-type fibril seeds more efficiently, producing
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60% and 70%, respectively, of the aggregates of the reference. Protein 6a-Y32D elongated the wild type fibril
seeds as efficiently as the wild-type monomers, indicating that the Asp residue introduced at position 32 didn’t
modify its fibril elongation capacity. Mutation V33D seems to have been highly destabilizing in 6aJL2, as it is
suggested by the almost null bacterial expression of the mutant. The results of cross-seeding experiments
suggest that some amino acids of the segment spanning from A31 to Q34 are part of the core of the 6aJL2
fibrils, or at least are structurally related to it.

The structure-based algorithm ZipperDB identified several small stretches of six amino acids in length with the
suitable pattern to form steric zipper-type structures. The stretches overlap in such a way that give rise to three
long hot spots. One of them spans along of edge strand B. A second hot-spot spans along the CDR-1 and the
edge strand C. The third hot-spot spans from the beta strand E to the beta strand D, including the loop
connecting both strands. A number of individual stretches are located dispersed along the beta strand F, CDR-3
and edge strand G.

CONCLUSION

We conclude that the lambda 6 light chains have discrete segments with the ability to form amyloid-like fibril
aggregates in vitro autonomously. The experimental and theoretical data suggest the existence of at least two
amyloidogenic hot-spots in the region comprising the beta strand B, the CDR1 loop and the beta strand C.
Based on these data, we posit that the structural core of the AL fibril in formed mainly by the above mentioned
regions of the variable domain, although other regions, as the 3 strand D and E could be also involved. Besides,
we postulate that structural rearrangements of the N-terminal segment and the loop comprising the region
Pro40-Asp60, with the subsequent solvent exposition of the amyloidogenic hot-spots identified in this study, are

a key step of the mechanism of amyloid aggregation of the light chain variable domain. [3]
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ABSTRACT

ApoA-I is the major protein of high-density lipoproteins (HDL) that remove excess cell cholesterol and prevent
atherosclerosis. In hereditary amyloidosis, mutations in apoA-l residue segments 26-107 and 154-178 cause
deposition of the 9-11 kDa N-terminal proteolytic fragments as fibrils in vital organs. The 2.2A resolution X-ray
crystal structure of the C-terminal-truncated human A(185-243)apoA-l suggests a novel mechanism for
amyloidogenesis. All 19 known amyloidogenic mutations occupy key positions within the largely helical four-
segment bundle (residues 1-120, 144-184). All mutations probably destabilize the bundle structure in free apoA-I,
enhancing its proteolysis. Many mutations place a hydrophilic or Pro group in the hydrophobic lipid-binding a-
helical face, promoting apoA-I dissociation and proteolysis. Importantly, segment L44-S55 adopts an extended [3-
strand-like conformation whose exposure upon bundle destabilization probably initiates a-helix-to-B-sheet
conversion in amyloid. Hence, the amyloidogenic mutations probably destabilize lipid-free and HDL-bound apoA-

| promoting its proteolysis, with segment L44-S55 forming a template for the cross-B-sheet conformation.

INTRODUCTION

HDL, a.k.a. “Good Cholesterol”, are nanoparticles comprised of lipids and specific proteins, mainly apolipo-
protein A-I (apoA-l, 243 a. a.). HDL remove cholesterol from peripheral cells to the liver for excretion via the
reverse cholesterol transport (RCT) pathway. Over 90% of plasma apoA-I circulates on HDL, yet ~5% is present
in a transient monomeric lipid-poor / lipid-free form. Dissociation of lipid-poor / free apoA-l from HDL promotes
HDL biogenesis and benefits RCT, yet overproduction of this labile species increases apoA-l cata-bolism.
Moreover, dissociated apoA-l can misfold in amyloidosis. Hereditary apoA-I amyloidosis (AApoA-l) is an
autosomal dominant disorder in which mutant apoA-l is cleaved between residues 80-110 and the N-terminal 9-
11 kDa proteolytic fragments deposit as fibrils in vital organs (kidney, liver) causing organ failure (1). Little is
known about the pathogenic pathway of apoA-l misfolding, from native ~80% a-helical to highly B-sheet
structure in amyloid. Despite low levels of plasma HDL and apoA-l, AApoA-lI patients show no increase in
atherosclerosis. This suggests that: a) apoA-l and HDL remove cholesterol more efficiently in these patients

which, we posit, results from HDL destabilization by apoA-lI mutation; b) amyloid deposition is not due to protein
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overproduction but results from the destabilization of the solution structure of mutant apoA-lI (2). We take
advantage of the 2.2A resolution crystal structure of the C-terminal-truncated protein, A(185-243)apoA-I (3), to

postulate a novel molecular mechanism of protein destabilization and misfolding in AApoA-I (4).

RESULTS AND DISCUSSION

All 19 AApoA-I mutations found in humans are clustered in two residue segments, 26-107 (inside the deposited
9-11 kDa fragment) and 154-178 (outside this fragment) (1, 2). The A(185-243)apoA-I crystal structure contains
all 19 sites of these mutations, providing an excellent model for elucidating the structural basis for AApoA-I. By
mapping the AApoA-I mutations on the crystal structure, we showed that they correspond to key positions within
the four-segment bundle that was observed in the crystallographic dimer of A(185-243)apoA-I (Figure 1).

Each of the AApoA-I mutations disrupts the bundle packing and hence, is expected to destabilize lipid-free
apoA-I monomer. Moreover, most mutations place a hydrophilic or Pro group in the hydrophobic lipid-binding
face of the amphipathic a-helices in apoA-l; this is expected to destabilize HDL and shift the population
distribution, from HDL-bound to lipid-poor / lipid-free apoA-I that is labile to proteolysis. The resulting 9-11 kDa
N-terminal proteolytic fragments are unfolded in solution (5) since they lack at least 1.5 segments from the 4-
segment bundle (Figure 2C). The unfolding of the bundle increases solvent exposure of L44-S55 groups. In the
crystal structure, these groups adopt an extended B-strand-like conformation (Figure 1B, C), which is unique in
this highly a-helical protein. We postulate that increased solvent exposure of L44-S55 upon destabilization of
the four-segment bundle initiates a-helix to B-sheet conversion in amyloid (Figure 2C, D). This idea is further
supported by the amino acid sequence analysis showing that L44-S55 is the only segment in apoA-I with high
amyloidogenic propensity (http://services.mbi.ucla.edu/zipperdb/protein/21449, courtesy of Dr. Donald
Puppione, UCLA) and by the recently demonstrated ability of the tryptic fragment apoA-1(46-59) to form amyloid
fibrils (5).

apoA- dimer 2-folgaxis

[strand
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Molecule ! ﬂ
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Figure 1. Crystal structure of the N-terminal-truncated human apoA-I (residues 1-184) (3) showing locations of
19 know amyloidogenic mutations (A) and L44-S55 extended segment with a 3-strand-like geometry (B, C). (A)
Amyloidogenic mutations (yellow spheres) mapped on the structure of the crystallographic dimer of A(185-

243)apoA-l. The mutations cluster in two regions of the four-segment bundle (green circles): bottom cluster
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(L60R; L64R; L60-F71 del/ 60V-61T ins; E70-W72 del; F71Y; N74K frame shift (fs); L75P; L90P; K107 del;
L170P; R173P; L174S; A174S; L178H) and middle / top cluster (G26R; E34K; W50R; A145 fs; H155M fs).
Based on the biochemical character and location in the structure, each mutation is expected to destabilize the
four-segment bundle and thereby increase the solvent exposure of the L44-S55 segment. We postulate that a
similar four-segment bundle is formed by monomeric lipid-free apoA-I1 in solution (B) via the domain swapping
around the central repeat 5 (arrow) (3). L44-S55 (red) is the only extended segment in the crystal structure that
adopts a non-helical conformation; its main chain @/ { angles are consistent with the pB-strand-like geometry, as

shown in the Ramachandran plot (C).

AMYLOIDOGENIC PATHWAY
C. ~10 kD proteolytic fragment,

B. Amyloidogenic mutation D. Intermolecular

destabilizes apoA-l monomer|
and promotes proteolytic

unfolds, increasing solvent
exposure of the extended
strand L44-s55

B-sheet formation,
amyloid deposition

cleavage at residues 80-100

A. Mutation destabilizes
HDL and promotes
apoA-l dissociation

E. ~18 kDa fragment (e.g. apoA-I
Fin mutation) may be partially
folded and have a partially
protected strand L44-S55.

F. Protein
degradation

DEGRADATIVE PATHWAY
Figure 2. Hypothetical amyloidogenic and degradative pathways for in vivo processing of mutant apoA-l.  A:
Mutation reduces the apoA-I affinity for lipid and thereby shifts the population distribution from HDL-bound to
lipid-poor / free apoA-I monomer. B: In the amyloidogenic pathway, the four-segment bundle in apoA-I in
solution is destabilized by the mutation that disrupts the packing of repeats 2-4, including residues 81-120
(purple), rendering them labile to proteolysis. C: The resulting ~10 kDa proteolytic fragment is missing
approximately 1.5 helical segments from the four-segment bundle and hence, is unfolded in solution (6); this
increases solvent exposure of the extended strand L44-S55 (red) that is primed for the B-sheet formation. D:
L44-S55 strands initiate intermolecular cross-f-sheet conformation in amyloid. E: In the degradative pathway,
larger (~18 kDa) proteolytic fragment is probably at least partially folded in a bundle, which renders protection to
the segment L44-S55 and thereby favors degradation (F) over intermolecular B-sheet formation.
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Amyloid-beta peptide (AB) is the major constituent of Alzheimer's disease plaques, which deposit in the brain
extracellularly resulting in neuronal loss. The studies of AB interaction with different amphiphile molecules are
important to better understand the alterations and aggregation process of the peptide. They will also contribute
to screen for molecules that can inhibit amyloid fibril formation. Fluoroorganic compounds are of big interest in
medical applications due to the unique properties of the fluorine atom. In this study, ABu.42 Was incubated with
micelles of perfluorooctanoic acid (PFOA), an anionic fluorinated amphiphile. The results were compared with
the study of ABu.4z aggregation in the presence of anionic micelles and non-ionic micelles, sodium dodecyl
sulfate (SDS) and octyl 3-D-glucopyranoside (OG), respectively. The results demonstrated that the charge of
the micelles can significantly influence the aggregation of AB-42).

INTRODUCTION

AB peptide forms a large amount of extracellular deposits and several scientists believe that the aggregation of
this peptide is the primary cause driving Alzheimer’s disease (1). The most abundant forms of the peptide have
40 and 42 amino acids (2). The sequence of 42 amino acids is the major component of amyloid plaque core
deposits. The aggregation of AB can be affected by various factors as for example solvent hydrophobicity, pH,
peptide concentration, temperature, ionic strength, metal ions and type of micelle interactions. Physiological AR
in monomeric form is benign, but its aggregated forms, particularly the oligomeric species, are neurotoxic (3).
The studies of AR interaction with different amphiphile molecules are important to better understand the
aggregation process of AB. In this work, the interaction of the anionic fluorinated surfactant PFOA with AB.42) is
described. This surfactant was chosen because fluoroorganic compounds have unique properties that make
them suitable for biomedical applications. Fluor increases the chemical stability and the bioavailability of
molecules, and modulates their physicochemical properties such as lipophilicity or basicity (4). Few fluorinated
compounds have already been studied in regard to protein misfolding and organofluorine compounds were

established as effective inhibitors of AB 1.4 fibrillogenesis (5).

METHODS

ABs2 (amyloid-B peptide 1-42, purity > 95%, MW 4514.14, Selleck Chemicals) was dissolved in HFIP
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(1,1,1,3,3,3-hexafluoro-2-propanol, = 99.8%, Sigma-Aldrich) at 1 mg/mL. The solvent was then evaporated and
the peptide film was dissolved in DMSO (dimethyl sulfoxide for molecular biology, 99,9%, Sigma-Aldrich) at 9
mg/mL. PFOA (perfluorooctanoic acid, 96%, Sigma-Aldrich), SDS (sodium dodecyl sulfate, = 98.5%, Sigma-
Aldrich) and OG (octyl B-D-glucopyranoside, = 98%, Sigma-Aldrich) were prepared in Hepes buffer
10 mM, pH 7.4 (HEPES hemisodium salt, = 99%, Sigma-Aldrich). A peptide (100 pM) was incubated at 37°C
with PFOA, SDS and OG for 6 days and the samples were analyzed by transmission electron microscopy
(TEM), using uranyl acetate (2%) as negative staining, and by thioflavin T (ThT) binding assay. An aliquot of 25
uL of each sample was mixed with 175 uL of filtered ThT 50 uM solution and the fluorescence was measured

using a Perkin ElImer LS 50B fluorescence spectrometer.

RESULTS

The aggregation of AB42 was studied in the presence of PFOA above its critical micelle concentration (CMC).
The CMC of PFOA in 10 mM Hepes buffer is 12.2 mM (6). TEM analysis demonstrated that AB.42) aggregates
into amyloid fibrils in the presence of 18.8 mM of PFOA, similarly to what is observed for the peptide incubated

alone (Figure 1).

Figure 1. TEM images of AB42 incubated at 37°C. A) AB1-42) alone at 0 hours; B) AB-42 alone after 6 days; C)
AB-42) With PFOA (18.8 mM) after 6 days. The scale bar corresponds to 200 nm.

A significant binding to ThT is observed for AB..42 incubated alone at 37°C for 6 days (Figure 2). The mixture of
AB.42) and PFOA shows an increase of the ThT fluorescence intensity. This means that the presence of PFOA

micelles accelerates the AB.42 aggregation (Figure 2).

Normalized ThT Fluorescence Intensity

08 AR (1-42) alone
0.6 AB (1-42) + PFOA
(above CMC)
0.4
02
0.0
1day 3 days 6 days

Figure 2. Effect of PFOA micelles on AB:-42 fibril content as monitored by ThT fluorescence at 37°C.
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For comparison, the aggregation of AB.4z was also studied in solutions of other anionic micelles (SDS) and

non-ionic micelles (OG). TEM analysis demonstrated that SDS retards or even inhibits the aggregation of the

o § KBTS

Figure 3. TEM images of AB 142 incubated with micelles at 37°C for 6 days. A) AB142) With SDS (14.0 mM); B)

AB-42 With OG (28.8 mM). The scale bar corresponds to 200 nm.

DISCUSSION

Anionic SDS micelles inhibit the aggregation of A4z peptide. The surfactant micelles interact with AB.42

through electrostatic interactions and the surrounding micelles induce an electrostatic repulsion between the

peptide molecules. OG and PFOA are not able of inhibiting the structural changes and aggregation of the

peptide. Uncharged micelles cannot prevent the peptide-peptide ion-pairing interactions. In the case of the

fluorinated anionic micelles, these interactions could also not be prevented, as PFOA is a weak acid. As in this

study, a previous work with ABu-2g and charged surfactants demonstrated that the inhibition of amyloid fibril

formation is highly dependent on the surface charge of micelles (7).
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ABSTRACT

Amyloidosis is a protein misfolding disease characterised by the extracellular deposition of insoluble fibres.
Serum amyloid P component (SAP) is a disc shaped plasma protein universally associated with amyloid
deposits; it has a potent molecular chaperone activity and has been reported to both inhibit and promote
fibrillogenesis depending upon its oligomeric state. In vivo — in the presence of calcium ions — SAP exists as a
pentamer, but in the absence of calcium ions it forms a stable decamer. Here we report the X-ray structure of
the SAP decamer which shows that the two pentamers stack B-face to B-face. This suggests that these two
activities reside on opposing faces of the structure. Using an insulin fibrillation assay we have confirmed the

previous observations that the SAP decamer inhibits fibrillogenesis and that the SAP pentamer promotes it.

INTRODUCTION

All amyloid deposits contain significant quantities of serum amyloid P-component (SAP); it stabilises amyloid
fibres in vitro and contributes to amyloidogenesis in vivo (1). SAP is a homo-pentameric protein with five Mr
25,462 protomers assembled non-covalently with cyclic symmetry in a disc with two planar faces (2). The B
(binding) face carries a double calcium binding-site on each subunit through which SAP interacts with amyloid
fibres. The opposite, A-face, bears five prominent a-helices.

In the absence of calcium, human SAP forms stable decamers composed of pairs of SAP pentamers. This is
not the in vivo form, but calcium-free SAP has often been used in in vitro experiments to circumvent the auto-
aggregation of SAP that occurs in vitro in the presence of calcium ions. Janciauskiene demonstrated that
calcium-free SAP could prevent the Alzheimer's peptide AB 1-42 forming fibers (3), whereas Hamazaki
demonstrated that in the presence of calcium SAP promotes AB aggregation (4).

We have previously reported that SAP has molecular chaperone activity in vitro; enhancing the regain of
enzymatic activity of chemically denatured LDH on dilution of the denaturant and protecting the native enzyme
from agitation-induced denaturation (5). These effects were observed in both the presence and absence of

calcium and were not inhibited by small molecule ligands for SAP that block the amyloid recognition site.
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METHODS

SAP was purified by previously published procedures (6) and concentrated to 10mg/ml in 20mMTris/HCI buffer
containing 140mM sodium chloride and 5mM EDTA. Crystals were grown at 4°C by the hanging drop method in
50mM MES pH5.5, 12% PEG 4000 and 6% isopropyl alcohol. Crystals were vitrified by transfer to a 50:50
mixture of Paratone-N and paraffin oil prior to rapid immersion in liquid ethane. X-ray data was collected at the
ESRF. The data were indexed, integrated and scaled with XDS and XSCALE (7). Structure determination was
carried out using the CCP4 suite of programmes (8).

Insulin fibrillogenesis was initiated by continual inversion of zinc free insulin (1 mg/ml) solutions on a revolving
tube mixer. Thioflavin-T fluorescence spectra were measured (excitation wavelength 442 nm) after six days to
quantify the relative amounts of cross- fibres according to published methods (9). Fibrillogenesis experiments
in calcium free conditions were conducted in 20mM TRIS pH 8,150mM NaCl, 0.1% NaNs. Fibrillogenesis
experiments with calcium ions were conducted in 20mM TRIS pH 8, 600mM NaCl, 2mM CacCl,, 0.1% NaNs, in
order to avoid auto-aggregation of SAP (0.2 mg/ml).

RESULTS

The crystal structure shows a decamer with two pentameric rings stacked B-face to B-face (figure 1.). No
calcium ions are present and a loop comprising of residues 134-150, which is normally stabilised by calcium

ions, is displaced and binds in the grove between two subunits on the opposite ring, stabilising the decamer.

Figure 1. The calcium free SAP decamer viewed from the side to show the stacking of the two pentamers. The
upper pentamer is shown as a cartoon illustrating the secondary structure elements; the molecular surface of
the lower pentamer is shown in white. Residues 134-151 of each subunit (coloured yellow) are displaced from
the B-face and bind in a grove between two subunits on the opposite ring. The inset shows the detail of the loop
movement. The position of the loop in the native pentamer is shown in blue and its position in the calcium free
decamer is shown in green. Curved black lines are drawn between equivalent residues in each loop.
Electron density for this loop is complete in four of the ten subunits and the two rings are slightly tilted with

respect to each other, suggesting a high degree of conformational flexibility.
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In the light of the decamer structure we have revisited the effect of SAP on amyloidogenesis. We used an
insulin fibrillation assay that we have developed and monitored the quantity of fibres formed using Thioflavin-T
fluorescence. In the presence of calcium, SAP pentamers increased fibrillation by 52%, but in the absence of

calcium ions, the SAP decamer reduced fibrillation by 55%

DISCUSSION

The calcium-free SAP decamer was previously assumed to be an A-face to A-face decamer (10). This caused
difficulty in the interpretation of our observation that the chaperone activity of SAP is independent of calcium.
The crystal structure of calcium-free SAP presented here shows a B-face-to-B-face decamer with the protease
sensitive loops from the calcium-binding site extended to clasp the opposite pentamer.

Although the calcium-free decamer is not physiological, it allows us to separate the chaperone activity from the
pro-fibrillation and fibril binding activity on the B-face — which is obscured in the decamer. In its native
pentameric form both activities will be present. SAP is therefore an extracellular chaperone with two distinct
chaperone activities; the chaperone activity seen in the decamer and a pro-fibrillation activity associated with

the calcium binding site.
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HOW DOES AMYLOID CAUSE CELL INJURY?

To date two fundamental mechanisms have been proposed, and there may be others to be discovered in the
future. One is based on the gross and microscopic appearance of amyloid as described at organ and tissue
levels respectively [1]. The other is based on more recent work stemming primarily from observations in tissue
culture.

Organs infiltrated with substantial quantities of amyloid, regardless of type, become firm and lose their flexibility
which may affect their physiological function. An example is the heart whose ability to fill and propel blood may
be significantly impaired by the rigidity imposed by the presence of amyloid. At a histological level amyloid is
generally deposited along the stromal architecture in the extra-cellular matrix between blood vessels and
parenchymal cells [1]. This may impair the transfer of nutrients to, and of metabolic and functional products
from, these parenchymal cells affecting their physiological function. An example is adrenal insufficiency in cases
of severe systemic AA amyloidosis. Histological observations also suggest that amyloid deposits surround
parenchymal cells and constrict the space about these cells [1]. These ways by which amyloid potentially alters
cell viability and function were first suggested many decades ago, long before we obtained some understanding
of the fibrillary nature of amyloid and the potential mechanisms by which such fibrils are generated. Although
these older perspectives are no longer in fashion there is little experimental evidence that rules them out.

Alternative proposals have arisen in the last 20 years based on tissue culture data. Attempts to determine
whether large amyloid deposits, as seen histologically, had toxic properties vis a vis cells in cell culture proved
disappointing. In contrast oligomeric units (small aggregates, not necessarily fibrillar) of amyloidogenic proteins
did adversely influence cell viability [2,3]. It was therefore proposed that it was small fibrils/oligomers, rather
than the large amyloid aggregates formed in vivo that were responsible for cell toxicity and altered cell viability
and physiology in vivo. This conclusion is only partly true, and the exclusion of the effects of large deposits is
premature. The anatomic relationship of large aggregates to cells in culture is in no way analogous to amyloid
seen in the extra-cellular matrix between cells, and between cells and capillaries, in vivo. Nevertheless, there is
ample evidence that oligomers do have an effect on cell viability in culture and in vivo. An interesting example is
impaired cardiac function in AL amyloid and its positive correlation with the plasma level of free amyloidogenic
light chains rather than the amyloid load in the heart [4]. When treatment reduces this free light chain load

cardiac function tends to improve. More recent studies have revealed that amyloidogenic monomers can form
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beta barrels and they, as well as oligomers, can insert themselves into cell membranes (plasma membranes
and intracellularly) altering cell permeability, or creating membrane pores, and impairing mitochondrial and
endoplasmic reticulum function with devastating consequences [2,3]. It may well be that both oligomers as well
as large deposits are operative in vivo but only one can be demonstrated in culture. The in vivo roles of large

deposits and oligomers are not mutually exclusive.

HOW DOES AMYLOID GET TO THE RELEVANT TISSUES AND CE LLS?

Deposition of amyloid may occur at, or close to, the site where the amyloidogenic precursor is synthesized, or at
a site remote from its site of synthesis.

1) At the site of synthesis fibrillogenesis may occur within the cell or extra-cellularly. Examples of the former
are fibrils found within the light chain synthesizing cells in multiple myeloma, phosphorylated tau fibrils found in
neurons containing neurofibrillary tangles and amyloid-like fibrils seen in various species of yeast. In all these
situations the oligomers can adversely influence the cells as described above. Examples of the latter are AIAAP
amyloid deposits found in the islets of Langerhans in type 2 diabetes and AR deposits in the central nervous
system in Alzheimer's disease. The IAPP form of amyloid is also instructive for several additional reasons. IAPP
fibrils may also be found in the B-cells of the islets [5], their site of synthesis, and throughout the islets though
not beyond its confines. If the iapp protein, or its initial fibrils, can diffuse beyond its cell of origin in the islets why
does it not also diffuse to and involve the immediately adjacent exocrine portions of the pancreas? What are the
factors that restrict its deposition to the islets? This question also recurs in “extracellular amyloid deposition
remote from the site of synthesis” but in a somewhat different but more important context.

2) Extracellular amyloid deposition remote from the site of synthesis of the protein precursors occurs in many
forms of systemic amyloidoses such as AA, AL, ATTR and AApoAl. Though there are many examples that can
be discussed only AA and ATTR will be considered, as together they identify a series of questions that are not
being addressed in studies of in vitro fibril formation. Furthermore these questions raise concerns about some of
the conclusions reached by such in vitro studies.

The precursor to AA amyloid, serum amyloid A (SAA), is synthesized primarily in the liver and during an
inflammatory reaction its plasma concentration may increase 1000 fold. However, the deposition of SAA as AA
amyloid occurs first in the spleen and specifically the perifollicular zone within this organ. This is the filtering
zone within the spleen and one can argue that high concentrations of SAA may lead to the formation of
oligomers in the plasma which are then cleared by the spleen. If it is true that oligomer formation is the common
pathway of amyloid precursors to amyloid deposits then other amyloid precursors which exist in plasma should
also follow this deposition pattern and be found in the perifollicular zone in the spleen. This however is not the
case. Transthyretin (TTR), the precursor to ATTR, is also made primarily in the liver but its anatomic distribution
as amyloid appears to be a related to particular mutations, or lack of mutations, involved. Wild-type TTR is seen
mainly in the heart later in life, the peripheral nervous system is the preference of one mutation and in another it
is the leptomeninges. The spleen is rarely involved in ATTR. If oligomers play the role proposed from in vitro
studies they must then be generated not in the plasma but in the micro-locale where they are deposited. We
know very little about these micro-environmental factors and how they may determine which organ is targeted
by the different amyloidogenic proteins and in particular why single amino acid substitutions in a specific

amyloidogenic protein changes the organs targeted.
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POTENTIAL FACTORS INFLUENCING TISSUE TARGETING

The fact that single amino acid substitutions can change the tissue site of amyloid deposition suggests that
some of the information determining this deposition resides in the amyloid protein itself. But, with what does the
amyloidogenic protein interact? Though possible, it is unlikely that the ionic composition of interstitial fluid in the
tissue stroma varies significantly from one anatomic locale to another which suggests that our attention should
focus on larger molecular entities with which the amyloidogenic may interact. At least two possibilities come to
mind. 1) Protein:Protein interactions in a ligand:receptor nature as one may see in antigen:antibody binding,
and 2) Protein:Glycosaminoglycan, particularly heparan sulphate (HS) interactions for which there is a
substantial literature in amyloid research [6]. Though HS has a common repeating disaccharide backbone there
is ample variation in its pattern of sulphation and epimerization to account for differences between tissues.
Furthermore, these structural variations also change with age and physiological states. Precisely how proteins

bind/interact with HS and where the specificities lie awaits additional research.

TISSUE TARGETING AND THE MECHANISM OF AMYLOID FORMA TION AND CELL INJURY

A consideration of the general determinants that govern which tissues are targeted by which amyloidogenic
proteins is an aspect that, at present, is not being, or cannot be, assessed in vitro. Just as “large deposits” when
assessed in culture lose their relationship to cells, capillaries and stroma as seen in vivo, the behaviour of
oligomers in vitro do not necessarily indicate how and where these are formed in vivo. They are not likely to be
formed in the blood stream as, being particulate, they would then all have a similar tissue distribution, which
they do not. This suggests that oligomers are formed locally and are therefore subject to the same factors that
determine specific tissue distribution of amyloids. If so is the process really different than the formation of large

deposits, or are they just different stages of the same process?
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ABSTRACT

Responses of cells to newly synthesized misfolded proteins have been extensively studied in bacteria, yeast
and mammalian cells. Cellular self-protection from the toxic effects of protein aggregates is an ancient process
and has evolved to meet the needs of metazoans. It is easy to understand how extreme degrees of protein
misfolding can exceed the cell's capacity for self-defense and result in cell damage and disease. With the
acquisition of specialized systems for secretion and compartmentalization of cellular functions the mechanisms
have become more differentiated. We now recognize cytoplasmic chaperones, chaperones of the endoplasmic
reticulum and specific mitochondrial.chaperones. Yet in the systemic amyloidoses proteins that have the
capacity to misfold and aggregate transit the synthesizing cell, circulate and do their damage at a distant tissue
site. For TTR we propose that successful chaperoning in the synthesizing hepatocyte by an active unfolded

protein response reduces the occurrence of deposition in the heart.

INTRODUCTION

Diseases associated with protein misfolding may be manifested by loss of normal function or a gain of toxic
function. The loss of function states may be related to distortion of an active site or the inability of the misfolded
molecule to transit the cell to reach its normal functional compartment or both. In contrast the amyloidoses are
disorders characterized by a gain of toxic function, which may or may not be accompanied by actual diminished
function of the substrate protein. In neurodegenerative disorders such as Parkinson’s and Huntington’s diseases
the aggregated synuclein or huntingtin are visible as cellular inclusions, which makes sense since the proteins
misfold and aggregate intracellularly presumably very close to the time of synthesis. It is possible to accelerate
experimental models of these disorders by making elements of the intracellular chaperone system defective.
The pathologic phenotype can be ameliorated by decreasing the abundance of aggregates by transfecting the
synthesizing cells with genes encoding known chaperones (1;2). In the systemic amyloidoses, notably those
related to TTR deposition, intracellular inclusions are never seen in the synthesizing hepatocytes (although that
may not be true for choroid plexus epithelial cells), and the variants are secreted, circulate and deposit at a

distance from the liver in the heart, gastrointestinal tract, peripheral nerves and connective tissue. It has been
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shown in tissue culture studies, that the most unstable variants, TTR D18G, for example, are not secreted (3).
However, patients producing D18G protein do not have hepatic inclusions (4). The tissue culture studies
strongly indicate that much of the protein is degraded by endoplasmic reticulum associated degradation
(ERAD). All these patients have a characteristic oculo-leptomeningeal clinical picture related to the in situ
deposition of the mutant TTR in the leptomeninges where it is synthesized by choroid plexus epithelium and
leptomeningeal cells of the same cell type (5). However some of these patients have peripheral deposits in the
skin, kidneys, ovaries, heart, spinal ganglia and cutaneous lymphatics, suggesting either that the mutant
proteins are synthesized and secreted locally (by kidney, skin or Schwann cells) or by the liver and reach the
site of deposition through the circulation (4;6). The latter is consistent with studies showing that cultured
hepatoma cells are more capable of secreting D18G than cultured BHK cells or choroid plexus epithelium in the
absence of thyroxine (T4) (3). These studies illustrate that the mechanisms engaged in defense against the
toxicity of aggregated proteins may vary both qualitatively and quantitatively among various cell types.

We have previously described a mouse strain that is transgenic for 90 copies of the wild type human TTR gene
that develops age dependent human TTR deposition in the heart and kidneys beginning at about one year of
age (7). We have used the model to explore some aspects of the pathogenesis of human TTR deposition and
performed the current studies in an attempt to determine if there is a significant hepatic protein homeostatic
response to the extreme overproduction of an amyloidogenic protein and whether the response had any impact
on the distal deposition of the TTR aggregates. We also wished to analyze the molecular response of a bona
fide deposition target tissue for changes that enabled deposition or were associated with resistance to the

process.

METHODS

We performed microarray transcriptional analyses of RNA pools from livers and hearts of male mice transgenic
for approximately 90 copies of the wild type TTR gene that were 3 and 24 months old (8). Pools contained equal
amounts of RNA for each experimental condition. Comparisons were made with age and gender matched
control mice as well as between transgenic mice with and without histologically documented cardiac deposition
of human TTR.

RESULTS

None of the mice had cardiac deposition at three months of age. At 24 months about half the animals showed
cardiac TTR deposition. In most instances the deposition was non-fibrillar but some animals showed classic

Congophilic deposits with the characteristic birefringence under polarized light.

HEPATIC TRANSCRIPTION

Livers from 3 month old transgenic mice showed almost 400 genes that were more highly transcribed than in
the non-transgenic mice and 258 genes that were in lower abundance. Thirty-two genes involved in some
aspect of inflammation were increased, while ten were decreased. There was no evidence of a specific antibody
or T-cell response. Genes encoding an anti-oxidant response as well as genes encoding mitochondrial proteins
were increased. There was a small increase in genes involved in apoptosis but a considerable increase in

genes encoding matrix proteins such as extracellular matrix protein 1, biglycan, secreted acidic cysteine rich
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protein and procollagen X1V, alpha 1 among others. Several p38 associated Map kinases were also more highly
expressed including ERK1. Most interesting from our perspective was the increased transcription of genes
regulated by Xbpls, the initiator of the unfolded protein response. These included Derlins 1 and 2 and the
secretory transporters SEC24c, SSr2 and Spcs2. In addition the HSP40 homolog Dnajbl, the cytoplasmic
chaperone Cct3 and a number of components of the proteasome-ubiquitin system.

More striking were the differences in liver transcript abundance between mice in which there were documented
cardiac deposits and those in which such deposits could not be detected. In the mice showing cardiac
deposition there was almost no evidence of activation of any of the elements of protein homeostasis, except for
an increase in Tribbles 3 a protein thought to be a negative feedback inhibitor of the ATF4 pathway. There was
a small relative increase in the number of inflammatory genes transcribed all of which appeared to be interferon
driven. In the livers of the mice without cardiac deposition there was increased expression of Xbpl, which on
gtPCR analysis was the spliced form, there were increases in cytoplasm chaperone associated molecules
including Dnajbl and Dnaja4, AHA1 a co-chaperone of HSP90. Interestingly the mice without cardiac deposition
also had lower levels of both human and murine TTR mRNA, lower levels of hepatic transcription in general and
lower serum TTR levels, all of which have been reported in the context of the unfolded protein response in

simpler experimental systems.

CARDIAC TRANSCRIPTION

In the hearts of the young transgenics approximately 250 genes were increased and 300 were decreased
relative to the age matched wild type mice. The most striking difference was in the number of inflammation
associated genes showing an increase relative to the non-transgenic mice (40 increased, 4 decreased). In
contrast to the liver there was a suggestion of a specific inmune response in these mice with increases in both
Ig and some T-cell receptor genes. There were decreases in genes encoding mitochondrial proteins, cardiac
structural genes and surprisingly genes encoding proteasome components and three genes involved in
autophagy LC3, Rabl1b and cathepsin D.

In the hearts of the two year old mice there were striking differences between the transcripts in the presence of
TTR deposits and those transgenics in which there was no cardiac deposition. In the hearts with deposition
more than 500 transcripts were increased relative to the hearts without deposition while only one hundred and
thirty were decreased. In the hearts without deposition only 140 genes showed a relative increase but 60 of
them were inflammation associated with no evidence for specificity of the response. There was no evidence of a
stress or anti-oxidant response in those hearts. In the hearts with deposition there was a profound oxidative
stress response with increases in cytosolic chaperones, proteins regulated by HSF1, ER-associated FK506
binding proteins, peptidylprolyl isomerases, proteasome element encoding genes, many elements of the
ubiquitin system and some autophagy related proteins. Genes involved in apoptosis were increased as were a
set of genes involved in glutathione metabolism. Twenty three genes involved in inflammation were more highly
expressed in these hearts including genes encoding Ig heavy chains, light chain and J-chain, suggesting an
adaptive immune response perhaps diminished from that seen in the hearts from the younger transgenics prior
to deposition. Ribosomal and mitochondrial gene transcripts were highly increased with substantial
representation of genes involved in fatty acid metabolism and energy generation. There was also a collection of

transcripts that are related to the response to hypoxia including Hif2 alpha, and Vegf A.
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DISCUSSION

The experiments reported here represent a concerted attempt to systematically apply molecular techniques to
an organismal model of systemic amyloidosis. Prior studies have examined the expression of particular proteins
as either amyloid precursors or responders to the process of amyloidogenesis in vivo (9;10). More detailed
studies have generally been performed in isolated cell culture systems, which are easier to manipulate but may
not be entirely relevant to what takes place in vivo. We have been able to examine the systems biology of both
the TTR synthesizing tissue and that of the major target tissue for TTR deposition. While our analyses may be
compromised by the fact that we have examined mixed cell populations the experimental design and the
strength of the signals obtain allow us to draw some tentative conclusions. We must express the additional
caveat that it is not clear that the response to over-expression of the relatively stable wild type TTR molecule is
necessarily the same as that seen in the presence of an unstable mutant TTR, particularly as unstable molecule
as TTR D18G, which has been studied by two groups and shown to be subject to ERAD activity in cultured BHK
and CHO cells (3;11). Importantly the prior studies clearly showed differences in the proteostatic capacity of
cells of different origins.

That being said we believe that our experiments reveal several interesting features of the response to over-
expression of a protein that has a tendency to dissociate to yield an amyloidogenic subunit. Prior to the time
there is any tissue deposition the synthesizing cells display transcriptional evidence of an inflammatory and anti-
oxidant response, increased transcription of extracellular matrix genes and clear evidence of activation of genes
involved in the unfolded protein response. With aging maintenance of the UPR, as defined by increased
abundance of Xbpls, decreased transcription and lower serum TTR concentration, appears to be associated
with the absence of cardiac TTR deposition. The mice with cardiac TTR deposition show no evidence of a
sustained UPR or ERAD response, transcription of a set of interferon responsive genes and some evidence of
an anti-oxidant response. It is not clear if the apparent lack of response represents active suppression (via
Tribbles 3) or a diminished capacity to maintain an effective UPR because of the effects of aging or oxidative
damage secondary to lifelong exposure to over-production of a potentially amyloidogenic protein.

The cardiac response to the over-expressed TTR transgene is manifested early by a robust inflammatory
response, which is largely non-specific. In the mice that do not develop deposition the inflammatory
transcriptome persists however in the presence of TTR deposits the nature of the inflammatory response is
narrowed with more evidence of specificity. There is evidence of an HSF1 driven stress responses with
increases in both cytoplasmic and ER-associated chaperones. Xbpl transcription is increased but there is no
apparent increase in the spliced form that drives the UPR. Mitochondrial gene transcriptional activity is
increased reflecting increased energy demands associated with in increase in transcription of genes associated
with the response to hypoxia.

In summary we believe that “chaperoning at a distance” in which the quality control system of the liver prevents
the secretion of the misfolded or potentially misfolded TTR is at least partially responsible for protecting the
heart from TTR deposition. While we cannot discern what determine which livers will be able to perform the
function throughout life we can detect the response. However that does not appear to be the only factor
involved. It is clear that the transcription pattern of the hearts of the young transgenics differs from that of mice
not expressing the transgene in a very profound way. Surprisingly the response is inflammatory and reflects
either an intrinsic anti-inflammatory capacity of the cardiac transcriptome or a population of inflammatory cells
that is either resident in or traversing the heart. In any case it must be a response to something in the circulation
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most likely some form of TTR in a partially misfolded state or complexed to some other molecule. We have not

yet identified the entity. It is possible that a similar molecule circulates in humans with TTR tissue deposition.
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ABSTRACT

Transthyretin (TTR) is an amyloidogenic protein involved in senile systemic amyloidosis. The interaction
between heparan sulfate proteoglycan (HSPG) and TTR is a key-phase for the development of amyloid
deposits. A novel biochromatographic approach was developed to measure the thermodynamical data for the
binding of a commercial TTR (TTRc) and a senile TTR (TTRs) to HSPG in a wide temperature range and at
different pH of the medium. The TTRc (or TTRs)-HSPG binding was enthalpically driven. The negative values of
thermodynamic data showed that van der Walls and hydrogen bonds were preponderant in the association
mechanism. At pH= 6, the strongest value obtained for TTRs (AHTTRc= - 11.9 kJ.mol*, AHTTRs= -8.1 kJ.mol™)
suggested a conformational change between TTRc and TTRs in the binding mechanism. This conformational
change may enhance more favorable electrostatic interactions between the sulfate groups of HSPG and the

basic amino acids of TTRs.

INTRODUCTION

Human transthyretins (TTR) is a plasmatic protein transports the thyroxin (T4) and the retinol binding protein
carrier. TTR is a tetrameric B-sheeted structure and TTR misfolding and aggregation is known to be associated
with amyloid diseases (ATTR) [1] as senile systemic amyloidosis (SSA). SSA is constituted by insoluble fibrils
made of proteins and other constituents as heparan sulfate proteoglycan (HSPG). HSPG is a major component
of extracellular matrices and interacts with a multitude of proteins. HSPG has been found in almost all amyloid
deposits [2] and is known to accelerate fibril formation in vitro. Little is known about the in vivo TTR-HSPG
interactions. In order to better understand the association mechanism TTR-HSPG, a novel biochromatographic

column was developed to evaluate the thermodynamlc data of this binding.
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METHODS

A novel stationary phase based on HSPG was developed for HPLC. HSPG was immobilized on NH2-silica
spherical particles (3 pm) into a 50 mm*4,6mm column. The mobile phase consisted of a phosphate buffer
pH=7.4 (0.01 M) [3, 4]. TTRs was obtained by extraction from cardiac tissue [5] provided by an American patient
with senile cardiac amyloid. TTRc was provided by Sigma Aldrich France. The phosphate buffer was prepared
by mixing equimolar solutions of mono- and dibasic sodium phosphate to produce the desired eluent pH
adjusted to values equal to 7.4, 7, 6.5, 6 and 5.5. The experiments were carried out over the temperature range
5-35T and at 214 nm detection wavelength. For each pH value, 20 pL of TTR in PBS pH 7.4 was injected and

the retention factors k' were determined.

RESULTS

The association constant TTR-HSPG represented by the retention factor k' (Figure 1.) was calculated. The
corresponding Van't Hoff plots were all linear suggesting no temperature dependence in the association
mechanism. The TTRc (or TTRs)-HSPG binding was enthalpy driven. The negative values of the
thermodynamic data (Table 1.) demonstrated that van der Walls and hydrogen bonds were preponderant in the
association mechanism. At pH= 6, the highest value for TTRs (AHTTRc= - 11.9 kJ.mol*, AHTTRs= -8.1
kJ.mol™") suggested a conformational change between TTRc and TTRs. This difference was explained by more
favorable electrostatic interactions due to protonation of a histidine residue (pKa = 6.04) which interacted with
the sulfate groups of HSPG.
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Figure 1. Temperature dependence of the In k' values of TTR (a: TTRc, b: TTRs) at pH=7.4

DISCUSSION AND CONCLUSION

This biochromatographlc approach allowed us to study interactions between heparan sulfate proteoglycan and
transthyretin. Van der Waals and hydrogen bonds governed this association mechanism. Differences observed
between TTRs and TTRc at pH= 6 were due to a histidine residue protonation which enhanced more favorable

electrostatic interactions for TTRs.
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Table 1. Thermodynamic parameters for the binding of TTRs or TTRc to HSPG (AH® ( kJ/mol);
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AS* (no unit))

pH AH{TTRS) AS*(TTRs) AH{TTRC) AS*(TTRc)
7.4 -9 -2.4 -13.5 -5.1
7 -11.2 -3.5 -13 -4.6
6.5 -12.4 -4 -12.3 -4
6 -8.2 -2.5 -11.9 -3.4
5.5 -9.7 -2.5 -9 -1.7
AKNOWLEDGEMENTS

| would like to thank all Dr. Benson'’s lab team for teaching me amyloidosis and extraction.

REFERENCES

a r w N E

79

Magy-Bertrand N. La Revue de Médecine Interne. 2007; 28 :306-13.
Kisilevsky R, Ancsin J.B, Szarek W.A, Petanceska S, Amyloid. 2007; 14 (1): 21-32.

Excoffon L, Andre C, Magy-Bertrand N, Limat S, Guillaume Y.C. Chromatographia. 2009; 70:1569-73.
Andre C, Excoffon L, Magy-Bertrand N, Limat S, Guillaume Y.C. Chromatographia. 2010; 72:1035-41.
Liepnieks J.J, Kluve-Beckerman B, Benson M.D. B. B. A. 1995; 1270 (1): 81-86.




Xllth International Symposium on Amyloidosis

Biochemical Characterization of Leptomeningeal Amyl oid in Hereditary Transthyretin

Amyloidosis

Juris J. Liepnieks®, Merrill D. Benson™?

'Department of Pathology and Laboratory Medicine, Indiana University School of Medicine, Indianapolis, IN
USA
“Richard L Roudebush-Veterans Affairs Medical Center, Indianapolis, IN USA

ABSTRACT

The majority of the mutations in the transthyretin (TTR) gene associated with hereditary TTR amyloidosis result
in cardiac and peripheral nervous system involvement. About a dozen TTR gene mutations, however, result in
amyloid deposition in the leptomeninges. Plasma TTR synthesized by the liver is the source for cardiac and
peripheral nerve TTR amyloid, and TTR synthesized by the choroid plexus is the source for leptomeningeal
amyloid. Amyloid protein was isolated from the leptomeninges of heterozygous Val30Gly, Gly53Arg, and
Tyrl14Cys TTR patients and biochemically characterized to determine if differences exist in the leptomeningeal
TTR deposits compared to other organs. In all three cases, essentially all of the leptomeningeal amyloid TTR
was derived from variant TTR. In contrast, cardiac and peripheral nerve TTR amyloid usually contain 50-70%
variant and 30-50% wild-type TTR. These results suggest that differences may exist in the processing pathway
of TTR to amyloid deposits in heart and leptomeninges.

INTRODUCTION

Over 100 mutations in the transthyretin (TTR) gene are associated with hereditary TTR amyloidosis (1). The
majority result in peripheral nervous system and cardiac involvement. However, about a dozen TTR gene
mutations are characterized by amyloid deposition in the leptomeninges with little, if any, deposition in visceral
organs. What determines the differences in organ targeting by the various TTR mutations is unknown. TTR is
synthesized by the liver, choroid plexus, and retinal pigment epithelium. Plasma TTR synthesized by the liver is
the source for peripheral nerve and cardiac amyloid. TTR synthesized by the choroid plexus is the source for
leptomeningeal amyloid. To elucidate whether differences exist in the leptomeningeal TTR amyloid deposits
compared to other organs such as nerve and heart, we have biochemically characterized the amyloid protein in

the leptomeninges of TTR patients.
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METHODS

Isolation of Amyloid Protein: Brain tissues were obtained at autopsy from three patients heterozygous for the

Val30Gly, Gly53Arg, or Tyrl14Cys TTR mutation and stored at -80° C. Amyloid protein was isolated as
previously described (2). Leptomeninges were dissected from brain tissue, and amyloid fibrils were isolated by
repeated homogenization in 0.1 M sodium citrate, 0.15 M sodium chloride and centrifugation. Isolated fibrils
were solubilized in 6 M or 8 M guanidine hydrochloride, 0.5 M Tris, pH 8.3 containing 1 mg EDTA/mI| and 10 mg
dithiothreitol/ml, alkylated with iodoacetic acid, and centrifuged. The supernatant was fractionated on a
Sepharose CL6B column equilibrated and eluted with 4 M guanidine hydrochloride, 25 mM Tris pH 8.3. Pooled
fractions were exhaustively dialyzed against water and lyophilized.

Characterization of Amyloid Protein: Sepharose CL6B pools were analyzed by SDS-PAGE using a Tris-Tricine

system, and were electrophoretically transferred to polyvinylidene difluoride membrane (3). Samples were
digested with trypsin in 0.1 M ammonium bicarbonate, and the resulting peptides were fractionated by reverse-
phase HPLC on a Synchropak RP8 column eluted with an acetonitrile gradient in 0.1% trifluoroacetic acid in
water. Samples were analyzed by Edman degradation analysis on an Applied Biosystems Procise 491 cLC

protein sequencer using the manufacturer's standard cycles.

RESULTS

SDS-PAGE analysis of the Sepharose CL6B pools of the amyloid protein from the Val30Gly and Gly53Arg
leptomeninges showed several prominent bands in the 7-12 kDa region and a weak band at 15 kDa
corresponding to intact TTR. Edman analysis of the 7-12 kDa bands after transfer to PVDF indicated major
sequences starting with residues 49 and 52 of TTR suggesting that the amyloid TTR was highly proteolyzed
around the residue 49 region. Edman analysis of the 15 kDa band indicated sequences starting with residues 1,
3, and 5 of TTR. SDS-PAGE analysis of the pools from the Tyr114Cys leptomeninges showed a prominent
band at 15 kDa and weak bands in the 8-11 kDa area. Edman analysis of the 15 kDa band showed sequence
starting with residues 1,3, and 5 of TTR, while the 8-11 kDa bands showed major sequences starting with
residues 49 and 52 of TTR. These results indicate that the Tyr114Cys leptomeningeal amyloid is composed
mainly of intact TTR with minor amounts of proteolysis in the residue 49 region.

The relative amount of wild-type and variant TTR in the leptomeningeal amyloid was estimated from the
recovery of tryptic peptides containing residues 22-34 of TTR with wild-type Val30 or variant Gly30 from trypsin
digests of the pools from the Val30Gly TTR patient, from the recovery of tryptic peptides containing residues
104-127 of TTR with wild-type Tyr114 or variant Cys114 from trypsin digests of the pools from the Tyr114Cys
TTR patient, and from the recovery of tryptic peptides containing residues 49-70 of TTR with wild-type Gly53 or
variant Arg53 from trypsin digests of the pools from the Gly53Arg TTR patient. For the Val30Gly and Tyr114Cys
TTR patients, no tryptic peptides containing the wild-type residue were found, only peptides with the variant
residue. For the Gly53Arg patient a very minor amount of peptide with wild-type Gly53 was found besides the
peptides with variant Arg53 (< 3% wild-type Gly53 and = 97% variant Arg53). These results indicate that the
leptomeningeal TTR amyloid in these three patients was derived exclusively or almost exclusively from variant
TTR.
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DISCUSSION

Leptomeningeal amyloidosis is a rare central nervous system manifestation of hereditary TTR amyloidosis.
Clinical manifestations include ataxia, spasticity, seizures, dementia, subarachnoid hemorrhage, and impaired
consciousness. TTR mutations in exons 2, 3, and 4 have been reported associated with leptomeningeal
amyloid. Our previous studies of cardiac and peripheral nerve tissues from hereditary TTR amyloid patients
heterozygous for the TTR mutation have shown that the amyloid TTR is significantly proteolyzed in the area
around residue 49 in both tissues (4-6). The Val30Gly and Gly53Arg TTR amyloid in the leptomeninges showed
similar extensive proteolysis in this region while the Tyr114Cys TTR amyloid showed minor proteolysis. Cardiac
TTR amyloid contained both wild-type and variant TTR with the variant predominating, 50-70% variant and 30-
50% wild-type TTR (4,5). Similarly nerve TTR amyloid contained both wild-type and variant TTR with the variant
predominating, 60-65% variant and 35-40% wild-type TTR (6). In contrast, the leptomeningeal amyloid was
composed entirely or almost entirely of variant TTR, 97-100% variant and 0-3% wild-type TTR. These results
suggest that differences may exist in the processing pathway of TTR synthesized by the liver to cardiac and
peripheral nerve amyloid deposits, and of TTR synthesized by the choroid plexus to leptomeningeal amyloid

deposits.
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ABSTRACT

To evaluate the pathological circumstances among various tissues of familial amyloidotic polyneuropathy (FAP)
patients with liver transplantation (LT), we investigated histopathological features and wild-type (WT)
transthyretin (TTR) proportions of amyloid deposition in various tissues of 11 autopsied FAP ATTR V30M
patients (4 patients died over 10 years after LT and 7 without LT). Patients with LT showed severe amyloid
deposition in heart and tongue and WT TTR ratios of amyloid deposition were over 90% in most tissue sites.
WT TTR ratios of amyloid in heart and tongue were higher than those in other tissue sites of the patients without

LT. Pathological features of FAP after LT may be different from those of the patients without LT.

INTRODUCTION

It has been widely accepted that liver transplantation (LT) halts the symptoms of familial amyloidotic
polyneuropathy (FAP) patients who had been carefully selected for LT (1, 2), while in some FAP patients, LT
reportedly failed to prevent progression of cardiac amyloidosis (2). However, pathological features of FAP
patients with LT are still unknown (3). In this study, to evaluate the pathological features of FAP patients with
LT, we investigated histopathological features and amyloid components in autopsied FAP patients with and
without LT.

METHODS

We evaluated 4 autopsied FAP ATTR V30M patients who had survived more than 10 years after LT. The other
33 patients who had undergone LT were still living. We also studied 7 non-LT FAP ATTR V30M patients who
were autopsied at Kumamoto University Hospital (4, 5). Tissue samples were embedded in paraffin, serially

sectioned at a thickness of 4 um, and placed on microscope slides. Amyloid deposition was assessed by
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alkaline Congo-red staining, and examined under polarized light to detect the presence of green birefringence.
In addition, we examined amyloid fibrils in heart by electron microscopy. Post-morten heart samples were fixed
with 4% paraformaldehyde and 1% glutaraldehyde solution, and then fixed with 1% OsO, and embedded in
Epon. Ultrathin sections were stained with 4% uranyl acetate and lead citrate, and examined with transmission
election microscope.

Transthyretin (TTR) composition of amyloid deposits (ratio of WT to mutated TTR) was examined in frozen
tissue specimens. In order to remove soluble component from frozen specimens (100 mg wet weight), we
homogenized the tissues in phosphate-buffered saline (PBS) and centrifuged at 14,000 g for 10 min repeatedly.
This process was repeated until the supernatant value of A280 by optical density method was 0.2 or less.
Remaining pellet and 20% acetonitrile containing 0.1% trifluoroacetic acid incubated for 5 hours at room
temperature and centrifuged. Supernatants were lyophilized. Lyophilized proteins were analyzed by 12.5%
polyacrylamide gel and stained by silver staining method. A band at 15 kDa (TTR monomer) was cut from gels
and digested with trypsin. The peptides were examined by surface-enhanced laser desorption/ionization time-of-
flight mass spectrometry. The relative amounts of WT and mutated TTR were estimated from the height of
peaks derived from tryptic peptides of amino acid residue 22-34, which contained the mutated amino acid
position 30.

Table 1. Information of 11 autopsied FAP ATTRV30M patients

Patient Patient Patient Patient Average of
1 2 3 4 7 patients
With LT Without LT
Sex M M F M M (4 patients)/
F (3 patients)
Age of onset 26 27 41 47 42
(years old)
Duration from onset to 3 1 6 2 NA
LT (years)
Age of death 42 44 57 59 52
(years old)
Duration from LT 13 16 10 10 NA
to death (years)
From onset to death 16 17 16 12 10
(years)
Main causes of death Arrhythmia, Hepatic Cardiac Cardiac
alcohol-induced failure failure failure
malnutrition (rejection),
and electrolyte Sepsis
abnormality

M: male, F: female, NA: not available.

RESULTS

Patients with LT showed severe amyloid deposition in several tissue sites, such as heart, tongue and spinal
code, while, less amyloid deposition was observed in other tissue sites, such as thyroid gland, glomerulus of
kidney, peripheral nerve and gastrointestinal tract. On the other hand, amyloid deposits were severe in most
tissue sites of the patients without LT. Electron microscopic examination revealed differences in morphology of
cardiac amyloid fibrils in greater detail: long, straight fibrils were arranged in parallel in the patients without LT,
whereas short, rigid fibrils were haphazardly arranged in the patients with LT.
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WT TTR ratios of amyloid deposition were over 90% in most of tissue sites of the patients with LT, except for
the spinal cord (below 25%), while WT TTR ratios of amyloid deposition were below 50% in the patients without
LT.

DISCUSSION

Histopathological and morphological features of amyloid deposits in the FAP patients long after LT were
different from those in the patients without LT, and were similar to senile systemic amyloidosis (SSA) (6). Mass
spectrometric analyses revealed that the patients long after LT suffer from amyloid deposits mostly derived from
WT TTR, which was secreted from the normal liver graft, in systemic tissue sites except for the spinal cord.
Those results agree with several other studies (7, 8).

Amyloid formation in FAP patients with LT might differ from those in the patients without LT. Although FAP
patients without LT develop amyloid deposits are mainly derived from mutated TTR, amyloid deposits in the
patients after LT are mainly derived from WT TTR. This amyloid formation pathway may be similar to SSA and

may also associate with old mutated TTR amyloid deposits before LT.
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Fighting familial amyloidosis using an impaired ER- stress response yeast strain
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Hereditary amyloidosis are rare and lethal disorders mostly caused by mutations in transthyretin (TTR), a
plasma protein associated with an autosomal dominant neurodegenerative disorder called Familial Amyloidotic
Polyneuropathy (FAP).The aim of this study was to develop a yeast model of TTR expression in conditions of
impaired endoplasmic reticulum (ER) stress response. Although expression of TTR variants in a wild type yeast
strain did not affect cell growth, expression of TTR L12P in Ahacl and Airelknock-out strains caused total
growth arrest. To validate the sensitivity of Ahacl and Airel to ER stress response, a reporter vector expressing
GFP under the control of the yeast ER stress promoter KAR2 was used. GFP signal was decreased in these
two strains as compared to the wild type strain, indicating that ER stress response machinery is impaired. This
yeast model provides the basis of a screening tool for the identification of compounds able to modulate ER

stress response pathway in FAP.

INTRODUCTION

Amyloidosis are a group of diseases caused by the deposition of insoluble and toxic proteins in tissues (1).
Hereditary amyloidosis are mostly caused by the extracellular accumulation of a mutated plasma protein, TTR
that causes deposits specially in peripheral nervous system (PNS), being FAP the most common disease (2). The
Portuguese form of FAP is associated with the mutation Val30Met. It has been reported that extracellular
accumulation of nonfibrillar TTR aggregates resulting in cell dysfunction and death triggers calcium homeostasis,
inflammatory and apoptotic pathways and ER stress. These molecular mechanisms appear to be involved in
various neurodegenerative diseases including FAP (3). ER stress is generally caused by the expression and
accumulation of misfolded proteins in the ER lumen and this process is termed ER quality control. In order to
respond to the ER stress caused by the accumulation of misfolded proteins, cells activate a mechanism known as
unfolded protein response (UPR). It is known that TTR can pass the quality control of the ER; however the
molecular mechanism involved remains to be elucidated (4). In this work yeast was used as a model organism,
which has been already validated for neurodegenerative diseases such as Alzheimer's and Parkinson’s.
Moreover, BIOALVO detains a patented technology based on yeast named GPS D’ platform (5). In yeast, the
IRE1 pathway is the only UPR mechanism. Focusing on ER stress molecular mechanisms and IRE1 pathway
genes, knock-out (KO) deletion strains for ER stress associated genes were selected (Airel, Ahacl, Agcn2and

Amnll) to express TTR (WT, Val30Met and Leul2Pro) and were used to evaluate their potential to become a
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yeast-based platform for the screening of compounds that modulate TTR toxicity with therapeutic application in
FAP disease, the main goal of this work.

METHODS

The TTR Leul2Pro and TTR Thr119Met cDNA were kindly provided by Prof. Maria Jodo Saraiva. These two
TTR mutants together with three other TTR variants (wild type, Val30Met and Leu55Pro) were cloned in an
episomal yeast vector under the control of galactose promoter. All variants were cloned without the signal
peptide in order to keep the protein inside the cell. To evaluate the toxic effect caused by the expression of TTR
variants in an ER stress response impaired system, ER stress associated genes in yeast cells were selected
through the Saccharomyces Genome Database (SGD). These selected genes were: HAC1, IRE1, GCN2 and
MNL1. The wild type BY4741 strain and the ER stress response KO strains were transformed with the TTR
variants. All strains were grown overnight in synthetic complete media (SC) supplemented with necessary
carbon sources and until the ODgoo nm reached the mid-log exponential phase. The media used included
rafinose, glucose or galactose, depending on the experiments. Yeast cell viability assays in solid and liquid
media were performed. Growth and fluorescence were monitored for 40h, measuring the OD and GFP signal
every 4 hours on Victor 3V microplate reader (Perkin Elmer). Protein extraction was performed using a SDS
sample buffer. TTR protein was detected by immunoblotting with anti-pre albumin antibody (DAKO) and GAPDH
antibody was used as loading control.

RESULTS

In order to study the yeast growth effect caused by the expression of different TTR variants, cell viability assays
in solid and liquid media were performed. The results obtained showed that expression of all TTR variants in the
wild type yeast strain BY4741 did not affect cell growth; however TTR Leul2Pro expression in Ahacl and Airel
deleted strains caused total growth impairment, both in solid and liquid media (Figure 1). Interestingly,
immunoblotting analysis revealed that this TTR variant was the least expressed, suggesting a toxic effect of the
TTR Leul2Pro even at low protein levels.

VECTOR '@ & % & 3 e e & Fil Alrel AHacl
TIRWT @ & % =2 = e o % -
vipm ® & = = . - o & 5 & {(\ o dt—_‘\
L12P_colz 4 oo un \é‘g— m‘ﬁ@- &
L12P_cold | I i le e &% > A7
................................... Erressnnsnnnsssnenrenes TTR> . -
VECTOR (@@ . 2 = (@@ 5 . »
rwrkaie b ®a 45 ¢ D ————
vaipm @ & = W * ®2 4 a GAPDH
L12P L 8 & .

Figure 1. Expression of TTR Leul2Pro causes growth impairment in Alrel and AHacldeleted strains.

Immunoblotting result showed that this TTR variant is the least expressed in both yeast strains.

The ER stress response sensitivity in the yeast strains deleted for ER stress genes was then evaluated. KO
strains were transformed with an ER stress-responsive vector containing an EGFP reporter gene under the

control of KAR2 promoter, inducible by tunicamycin, a compound that prompts ER stress. Cell viability assays
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in liquid media revealed that the wild type BY4741 and deleted (Airel, Ahacl, Agen2 and Amnll) yeast strains
have the same growth in media without tunicamycin. However, in the presence of tunicamycin the deleted strains
Airel and Ahacl show minimal growth when compared with the wild type. The normalized GFP curves showed
that BY4741 strain responds to tunicamycin, as the GFP level increased compared to the basal level GPDH

(without tunicamycin). Conversely, for the deleted strains Airel and Ahacl the basal level of normalized GFP is
much lower than the basal level of wild type strain. Moreover, both deleted strains show that the presence of

tunicamycin does not affect the normalized GFP level.

DISCUSSION

The choice of evaluating ER stress mechanism upon expression of TTR in yeast cells is based on strong
evidence showing that this mechanism underlies the neurotoxicity observed in FAP (3). This work describes a
cellular model based on Saccharomyces cerevisiae for screening compounds that modulate TTR toxicity in an
ER stress response impaired system. We started by expressing all TTR variants (WT, Val30Met, Leu55Pro,
Leul2Pro and Thrl19Met) in wild type BY4741 yeast strain and evaluating the resulting phenotype by cell
viability assays. TTR expression of all variants did not affect cell growth and immunoblotting results showed
that all variants are detected at different protein levels. Focusing on ER stress molecular mechanisms, knock-
out deletion strains for ER stress associated genes were selected (Airel, Ahacl, Agcn2and Amnll) to express
TTR (WT, Val30Met and Leul2Pro) and cell viability in solid and liquid media were evaluated in these strains.
TTR expression in Agcn2 and Amnll KO strains induced no growth alterations, but TTR Leul2Pro expression
in Airel and Ahacl KO strains caused total growth arrest (Figure 1). As observed for the wild type BY4741
strain, all TTR variants were expressed at different levels in the four KO strains, being Leul2Pro the least
expressed variant, suggesting a toxic effect even at low protein levels. To validate the ER stress sensitivity of
these strains, an ER stress vector containing a GFP reporter gene under the control of the yeast ER stress
promoter KAR2 was used. In the Airel and Ahacl KO strains the presence of the ER stress inducer
tunicamycin did not affect the normalized GFP level compared to the wild type strain, suggesting that both
deleted strains are ER stress response impaired. These Airel and Ahacl yeast strains expressing TTR
Leul2Pro will be used as a screening tool for the identification of compounds that modulate ER stress

response pathway in FAP disease.
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In Familial Amyloidotic Polyneuropathy, the amyloid deposition of mutant transthyretin TTR V30M can lead to
renal complications. An unexplored mechanism is the toxicity of oligomeric TTR aggregates. A subset of renal
progenitor cells (RPC) in the adult human kidney can induce regeneration of podocytes and tubular structures of
the nephron, which can be critical for preventing irreversible renal failure. We assessed whether RPC are
vulnerable, in vitro, to TTRV30M oligomers. RPC proliferation was reduced by 16.3+9.7% and 32.6+6.3% after
48 and 72 hours, respectively, in the presence of the oligomers. However, oligomers did not induce apoptosis or
alterations in cell cycle to any significant extent, and did not influence RPC differentiation into podocytes. From
this first attempt, we can say that TTRV30M oligomers inhibit RPC proliferation but do not influence their

capacity to differentiate into mature podocytes, and thus should not compromise tissue regeneration.

INTRODUCTION

Familial Amyloidotic Polyneuropathy Type | (FAP-I) is an autosomal dominant disease characterized by
systemic extracellular amyloid deposition of a mutant transthyretin, TTR V30M [1], affecting particularly the
peripheral nervous system. Renal complications can also occur, including nephrotic syndrome and end-stage
kidney failure [2]. An unexplored mechanism is the toxicity of early oligomeric TTR aggregates [3].

A subset of renal progenitor cells (RPC) with self-renewal and multidifferentiation potential exist at the urinary
pole of Bowman's capsule in the adult human kidney [4]. These resident progenitor cells can induce
regeneration of podocytes and tubular structures of different portions of the nephron, which can be critical for
preventing irreversible renal failure, and could be useful in cell therapies.

We intend to evaluate the influence of oligomeric TTRV30M aggregates on proliferation and differentiation of

RPC in order to understand if their regenerative potential could be compromised.
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METHODS

Recombinant human TTRV30M was produced using an E. coli expression system and purified by affinity, ion
exchange and gel filtration chromatographies. Oligomerization was induced as described by Lindgren et al, and
assessed by chemical cross-linking and thioflavin T assay.

Viability and proliferation of RPC were evaluated by MTT assay. RPC were treated with soluble and oligomeric
TTRV30M for 24, 48 and 72 hours. The results were represented as the ratio: (ODsample —
ODblank)/(ODcontrol —Odblank). Average values and SD were calculated from triplicate determinations.

Fluorescence-activated cell sorting (FACS) analysis of annexin V and propidium iodide was used to assess
induction of apoptosis. Staining with propidium iodide was used for cell cycle analysis. RPC were tretated with 3
puM of oligomeric TTRV30M for 48 and 72 hours.

RPC differentiation into podocytes in vitro was induced with VRAD medium: DMEM-F12, 0,5% FBS, vitamin
D3 and all-trans retinoic acid. For the non differentiation controls, cells were treated with EBM 0,5% FBS. The
oligomeric TTRV30M was diluted in the correspondent media at a final concentration of 3 puM. Cells were

stimulated for 24 and 48 h. Relative expression levels of the nephrin gene were measured by real time pcr.

RESULTS

The proliferation of RPC treated with oligomeric and soluble TTRV30M for 24 hours was not significantly
affected, except for the highest protein concentration (Figure 1A). The treatment with 3 uM oligomeric TTRV30M
for 48 and 72 hours reduced RPC proliferation, respectively, 10 and 33%, when compared to the controls.
Soluble TTRV30M reduced 25% the proliferation of RPC after 72 hours, what may reflect the natural instability
of the tetramer caused by the V30M mutation.

RPC from different patients were treated with 3 uM TTRV30M. On average, the oligomeric TTR reduced RPC
proliferation, respectively, 16.3+9.7% and 32.6+6.3% after 48 and 72 h (Figure 1B).
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Figure 1. Viability of RPC exposed to TTRV30M, measured by MTT assay. A - RPC treated with 0,5 uM, 1,5
UM and 3 uM TTRV30M for 24, 48 and 72h; B - RPC treated with 3 uM TTRV30M for 24, 48 and 72h; results
are shown as mean with indicated standard deviation of triplicate samples from three independent assays.

FACS analysis showed no significant differences between the control and the cells exposed to the TTRV30M

oligomers, either for apoptosis or cell cycle progression, either at 48 and 72h (data not shown).
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Relative expression levels of the nephrin and the housekeeping gene GAPDH were measured by real time pcr.
The results varied between experiments, but on average we obtained similar results between the controls and

the cells exposed to TTRV30M aggregates (Figure 2).
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Figure 2. Differentiation of renal progenitor cells into podocytes. Assessment by quantitative RT-PCR of fold
increase mMRNA levels for the podocyte marker nephrin and the housekeeping gene GAPDH.

DISCUSSION

The mutant TTRV30M reduced proliferation and metabolic viability of renal progenitor cells. However, the FACS
analysis of annexin V and propidium iodide did not show induction of apoptosis or necrosis to any significant
extent. Also, cell cycle progression was not significantly influenced by the oligomers. The expression level of the
nephrin gene, a marker for podocytes, showed no alterations relatively to controls, so the inherent capacity of
these progenitor cells to differentiate into podocytes was apparently not affected by the oligomers.

Further studies are needed to elucidate the mechanisms of toxicity in the kidney, particularly the role of
oxidative stress. From this first attempt, we can say that TTRV30M oligomers inhibit the proliferation of renal
progenitor cells but do not influence their capacity to differentiate into functionally mature podocytes, and thus

should not compromise tissue regeneration.
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ABSTRACT

Pre-fibrillar, oligomeric forms of transthyretin (TTR) may be important in TTR cardiac amyloid pathology. We
investigated the response of cardiac cells to TTR oligomers and the effect of doxycycline on observed changes.
Rat cardiomyocyte (H9C2) cells were treated with native and oligomeric TTR; wild-type and mutant forms (TTR-
V30A, -L55P, or -V122l) associated with amyloidotic cardiomyopathy were tested. To generate oligomeric TTR,
proteins were incubated at 80 T for 4 hours. Cell viability, assessed after 48 h treatment, was significantly
decreased in cells treated with aggregated (4 hours) forms of TTR-V30A and -L55P. Cells treated with mutant
TTR heated for 4 hours in the presence of doxycycline at 50:1(dox: TTR) showed significantly increased viability
compared to cells treated with oligomers/no drug. These data suggest that aggregated forms of TTR-L55P and -
V30A have a potent effect on cardiac cell viability and provide evidence that doxycycline may inhibit formation of

amyloidogenic TTR oligomers.

INTRODUCTION

Aggregation of transthyretin (TTR) can lead to amyloid fibril formation and deposition, which frequently occurs in
the myocardium. Pre-fibrilllar, oligomeric forms of TTR may be important in TTR cardiac amyloid pathology. It
has previously been shown that doxycycline disrupts TTR amyloid fibrils in an FAP mouse model (1,2).
Furthermore, Ward et al. have recently reported that doxycycline blocks immunoglobulin light chain (LC)
amyloid formation in vitro, disrupts the structure of ex vivo LC fibrils, and inhibits amyloid deposition in vivo in a
transgenic mouse model of AL amyloidosis (3). Based on this evidence, we investigated the ability of
doxycycline to modulate cardiotoxicity in cells treated with cardiac-associated, amyloidogenic forms of TTR
including wild-type, L55P, V30A, and V122I.

METHODS

Oligomer formation assay. Recombinant TTR (rTTR) proteins were solubilized in PBS at 0.4 mg/mL and
incubated in presence or absence of doxycycline (1:50 molar excess). Mixtures were incubated at 80 C for 4

hours. Aliquots were removed at timed intervals (0 - 4 hours) for cell studies and electrophoretic analysis.
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Congo red binding analysis. Solutions of 0.4 mg/mL rTTR in PBS were incubated at 80 € for 1 week. Following
incubation, samples were centrifuged at 25000 x g for 10 minutes. Each pellet was reconstituted in 10 yM
Congo red. Absorbance was monitored in a wavelength scan from 350 to 700 nm.

Electrophoretic analysis. Oligomer formation samples were cross-linked with 25% glutaraldehyde and
electrophoresed on 10% SDS-PAGE reducing gels and stained with GelCode Blue Stain (Pierce).

Cell culture studies. Rat cardiomyocyte (H9C2) cells were treated with native and oligomeric forms of rTTR.
TTR proteins tested included wild-type, L55P, V30A, and V122I. The rTTR solution (0.2 mg/mL) was heated for
0 or 4 hours in the presence or absence of doxycycline at 50 molar excess of drug. Cell viability was assessed

after 48 hour treatment using an ApoToxGlo kit (Promega). Data was analyzed using ANOVA and unpaired two-
tailed t-test; statistical significance was p < 0.05.
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Figure 1. (A) Cells treated with TTR-L55P oligomers from 4 hours (t=4) at 80 T have significantly decreased
viability (p<0.01), which is recovered when doxycycline is present (p<0.01) (B) No significant decrease in
viability in cells treated with wild-type TTR (C) Cells treated with TTR-V30A heated for 4 hours at 80 C (t=4)
were significantly less viable (p<0.05) than cells treated with native (t=0) TTR; this effect was significantly
recovered when doxycycline was present (D) Cell viability was not significantly decreased with the TTR-V122|

mutant. Viability was increased (p<0.01) in the heated sample when doxycycline was present.

RESULTS

As is shown in Figure 1, cardiac cell viability was significantly lowered when cells were treated with TTR-L55P
and -V30A oligomers (t=4 hours). TTR-V122| and wild-type showed minimal effects. Moreover, cells treated with
TTR-L55P, -V30A, or -V122] samples heated in the presence of doxycycline showed significantly increased cell
viability compared to those treated with TTR oligomers (p<0.01). As is shown in figure 2, SDS-PAGE analysis
revealed that doxycycline inhibited TTR oligomer formation in the heat-mediated amyloid oligomer formation
assay. A decreased presence of TTR high molecular weight species, as well as, an increased amount of

monomeric TTR was noted in the presence of doxycycline. Moreover, we showed by surface plasmon
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resonance (SPR) that there is a concentration-dependent interaction between doxycycline and wild-type, as well
as L55P-TTR (data not shown).
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Figure 2. SDS-PAGE analysis of the TTR samples. Compared to 0 hour timepoints (left lane), after 4 hours at
80 °C (middle lane), there are HMW (H) species present in the (A) TTR-L55P, (B) -wt, (C) —=V30A and (D) —
V122| samples; these species are much less abundant when TTR proteins are heated in the presence of
doxycycline (right lane). In addition, an increased amount of monomeric forms (M) of TTR is observed when
doxycycline was present in —L55P and —wt samples, as well decreased tetrameric (T) and dimeric (D) forms of
the TTR-V30A and -V122|

DISCUSSION

These results provide evidence that TTR oligomers generated by thermal denaturation are toxic to
cardiomyocytes and cause a decrease in viability. Interestingly, the aggregated forms showing the strongest
effect on viability were the mutants with earlier disease onsets in the patient population (L55P and V30A). In
addition, our data suggests that doxycycline prevents the formation of amyloidogenic, pre-fibrillar forms of TTR.
It is possible that doxycycline promotes the formation of amorphous TTR aggregates or dissociation of
aggregated forms of TTR, driving the equilibrium back toward monomeric forms. Alternatively, the drug may act

by directly preventing monomeric forms to self-associate into TTR oligomeric species.
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ABSTRACT

In AL amyloidosis, cardiac involvement is common and is the leading cause of death (1). Using the nematode
Caenorhabditis elegans, whose pharynx is considered an orthologous of the vertebrate heart (2), we developed
a behavioral test to assess the cardiotoxic potential of amyloidogenic LC. This test was based on the evaluation
of the ability of LC to reduce the muscular pumping contractility of the nematode’s pharynx. Results indicate that
the pumping rate was significantly impaired only in nematodes fed with cardiotoxic amyloidogenic LC, whereas
LC with different organ tropism had no effect. The C. elegans was here used, for the first time, as a model to

investigate the tissue-specific toxicity of LC.

INTRODUCTION

Systemic amyloidoses are protein misfolding diseases characterized by the widespread interstitial deposition of
proteins as amyloid fibrils, which leads to alteration of organ architecture and cellular toxicity. Cardiac
involvement is common and is the leading cause of death (1). In vitro evidence indicate that soluble, prefibrillar
amyloidogenic LC, rather than fibrils themselves, may be directly cardiotoxic (3-5). In order to investigate the
tissue-specific toxicity of LC, we designed a new in vivo assay in the model organism Caenorhabditis elegans.
The pharynx of this invertebrate nematode is considered to be evolutionarily related to the vertebrate heart
because its muscles cells have autonomous contractile activity reminiscent of cardiac myocytes. Besides, both
organs rhythmically and continuously contract for all the life of the organism and their contraction relies on
similar electrical circuitry which can continue in the absence of neuronal input (2,6).

Our Caenorhabditis elegans-based behavioural test evaluates the cardiotoxic potential of amyloidogenic LC,

on the basis of their ability to reduce the muscular pumping motions of the nematode’s pharynx.

98



Cell Toxicity and Amyloid Tissue Targeting

METHODS

Monoclonal LC were isolated from patients’ 24 hours urine collection. In parallel to cardiotoxic amyloidogenic
LC, non-cardiotoxic amyloidogenic LC and non-amyloidogenic LC were purified, as controls. The cardiotoxicity
of LC was assessed in each patient from clinical, biochemical and instrumental parameters (7). Urine proteins
were purified by ion-exchange chromatography, the homogeneity of the isolated species was assessed by SDS-
PAGE and immunoblotting. N2 ancestral nematodes were fed with soluble LC (100 pg/mL) for 2 hours,
transferred onto fresh NGM agar seeded with E. coli and the pharyngeal motion was measured (in terms of

beats per minute) 20 hours after exposition.

Table 1. Clinical and laboratory characteristics of patients with AL amyloidosis and controls included in the
study. MM1 and MM2 patients were affected by multiple myeloma without amyloidosis. Subcutaneous
abdominal fat biopsy was performed in all cases; negativity to Congo red staining was assessed only in MM1

and MM2 patients.

Patient Gender, Main iFLC BNP cTnl IVS
code age organ  (mg/L)  (ng/L) {ng/mL} (mm)
involved
H1 M, 73 Heart X, 683 866 0.20 15
H2 M, 47 Heart A, 477 707 0.16 19
H3 M, 54 Heart A, 839 411 0.22 17
H4 M, 72 Heart X, 383 1926 1.19 15
K F, 69 Kidney A, 228 36 <0.04 10
ST F, 55 Soft tissues | A, 1220 43 <0.04 12
MMl F, 72 Myeloma | %, 6130 42 <0.04 9
MmM2 M, 64 Myeloma | A, 5410 60 <0.04 9
i 5
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Figure 1. The pumping rate measured in N2 worms after exposure to the different light chains. Values are the
meansis.d., n=10. **p<0.01 vs control, Student’s T-test.
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RESULTS

Eight different LC with different organ tropism were tested (Table 1).

The pumping rate was significantly impaired of 15-20% (p<0.05, Student’s t-test) only in nematodes fed with the
cardiotoxic amyloidogenic LC, whereas solutions containing non-cardiotoxic amyloidogenic LC and non-
amyloidogenic LC had no effect (Figure 1).

CONCLUSIONS

The C. elegans was here used, for the first time, to investigate the tissue-specific toxicity of LC. This nematode-
based assay is a promising surrogate model for investigating the heart-specific toxicity of amyloidogenic light
chains, and could be used for assessing the mechanisms of disease and for a rapid screening of the biological
effects of LC.
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Ataxin 3 amyloid aggregates interacting with rat ce rebellar granule cells induce

dysregulation of calcium homeostasis
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ABSTRACT

Several human neurodegenerative diseases are associated to the expansion over a defined threshold of a
polyglutamine (poly Q) encoding triplet in the relative genes. Affected individuals have repeats in the 36-180
range, while normal individuals have between 6 to 39 glutamine repeats. Aggregates of the proteins with
expanded poly(Q) display amyloid-like morphological and biophysical properties. Actually, early oligomers have
been identified as the primary species responsible for the events associated to deregulation of biochemical
homeostasis and in particular to the damage arising from abnormal neuronal ca®" signaling. We studied the
correlation between the Ca®'signaling, due to the interaction between neurons and aggregates and the
properties of the aggregates. So we investigated the changes in the intracellular ca®' levels produced by
oligomers formed by variants of Ataxin 3 in cerebellar granule cells. We used two expanded forms of ataxin 3: a
pathological protein variant, a non pathological protein and a truncated variant to compare the effects produced

by aggregates with different morphological features,

INTRODUCTION

Ataxin 3 (ATX3) is a 43 kD cytosolic protein containing an N-terminal Josephin domain (JD) and a poly(Q)
expansion in the C-terminal region. In the present work we used a non-pathological ATX3 form (ATXQ26), a
pathological expanded form (ATXQ55), and a variant truncated at residue 291 lacking the poly(Q) expansion
(ATX/291A). While all these forms aggregate into soluble amyloid assemblies which persist under aggregating
conditions at 37 C, only ATXQ55 aggregates into bu ndles of elongated mature fibrils after 48 h of incubation
).

In this work we analyzed the relation between the morphological properties of ATX aggregates containing
normal or pathological poly(Q) expansions and the abnormal Ca®'signaling resulting from the interaction of
these aggregates with neuronal cells. In particular, we investigated the changes in the intracellular ca®' levels
following their interaction with rat cerebellar granule cells. Morphologically different aggregates of ATXQ55 were
characterized at various incubation times by AFM analysis, whereas ATXQ26 and ATX/291A aggregates

displayed a similar morphology over the entire aggregation time. The reported results suggest that ATXQ26,
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ATXQ55 and ATX/291A oligomers elicited qualitatively similar time-dependent intracellular Ca2+ responses,
however with dissimilar“efficacy”, the latter being remarkably reduced in cells exposed to ATXQ26. At longer
times of ATXQ55 aggregation preceding full fibril presence a quite different time-dependent response was
observed. Furthermore, while cell interaction with ATXQ55, ATXQ26 and ATX/291A oligomers involved both
glutamatergic receptors and GM1 monosialoganglioside-rich membrane domains, the interaction with ATXQ55
pre-fibrillar aggregates resulted in membrane disassembly by a mechanism involving only the GM1 ganglioside.
Interestingly, we found that neural cell apoptosis resulted from cell exposure to ATXQ55 and ATX/291A
aggregates while ATXQ26 was substantially harmless to the cells. The importance of GM1 for ATX aggregate
toxicity was confirmed by cell protection against ATXQ55 and ATX/291A toxicity upon ganglioside depletion.

METHODS

Full length ATX(Q55), ATX(Q26) and the truncated form. ATX /291A were purified as described previously (1)
provided by the group of prof Paolo Tortora, University of Milano-Bicocca. togliere

Cell culture. Cerebellar granule neurons were prepared from 8-days-old Sprague-Dawley rats following the
procedure of Levi and collaborators (2) In particular, the cells were studied from the 6th to the 10th day in vitro.
By contrast, in the experiments on immature neurons, the granules were used after the 1st or the 2nd day.

Fluorescence Measurements. The neuronal cells were incubated with Oregon Green AM ester (Molecular
Probes, Eugene, OR) observed with a Nikon Eclipse TE300 inverted microscope. The fluorescence signal,
including real time changes of the internal calcium concentration in cells exposed to protein aggregates, was
detected using a Hamamatsu digital CCD camera with appropriate filters (Nikon lItalia, Florence, Italy). The
images were acquired with the Simple PCI software (Compix Imaging Systems, Hamamatsu Corp., Sewickley,
PA). Measurements in the presence of antagonists of glutamatergic receptors were performed using CNQX
and APV (Sigma Chemical Co., St Louis, MO, USA).

Sialic acid cleavage from membrane GML1. Cerebellar granule cells were starved by incubation with DMEM
serum-free media for 3.0 h at 37 C. Then cells wer e left for 2.0 h in the presence of a mixture composed of V.
cholera (11,7 mU, Sigma Aldrich) and C. perfringens (100mU, Sigma Aldrich) neuraminidase.

Atomic force microscopy. ATX was aggregated at a 1.0 mg/ml-concentration in PBS at 37 . Samples for
AFM inspection were prepared as described previously (1). Tapping mode AFM images were acquired as
described in (3).

RESULTS

Isolated globular particles, identified as protein oligomers, were imaged using tapping mode atomic force
microscopy at early stages of ATXQ55 aggregation, whereas the first bundles of fibrils appeared after 24 h and
became very abundant after 48 h. A different behavior was found for ATXQ26 and ATX291A, which did not
form fibrils at our experimental aggregation times.

A fast increase, followed by a slower decrease, of the fluorescence intensity of cerebellar granule cells loaded
with Oregon Green upon exposure to ATXQ55 oligomers was recorded, indicating a sudden rise, followed by a
slower drop, of the intracellular free Ca®* . The mean time associated to the fluorescence signal was 61+8 s and

the signal reached its maximal value after about 20 s (Figure 1).
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Figure 1

Figure 1a and 1b show a representative image of neuronal cells exposed to ATXQ55 oligomers aged 4 h and a
typical time course of the average fluorescence intensity of the same exposed cells, respectively. We have
indicated this behavior as type 1 response. The lower part of Figure 1b shows three time-dependent

fluorescence images of granule cells loaded with Oregon Green.

H

Figure 2

Beside type 1 response, we recorded another type of fluorescence response in the same cells exposed to
ATQ55 aggregated for longer times (14, 24 or 48 h); in these cases, we also noticed a much shorter spike-like
response (type 2 response) characterized by a mean time of 13 + 1 s (Figure 2a). The occurrence of either
response was dependent on the morphology of differently aged aggregates. In fact, after 14 h, AFM inspection
showed a complex morphology of the aggregates: in addition to isolated globular oligomers, coalesced
oligomers (Fig. 2b) and large clusters of aggregates (inset)were also found. Fig. 2c shows the fibrillar structures
found after 48 h, while the inset shows the insoluble fibrillar fraction recovered by sample treatment with SDS
and centrifugation. To check whether the type 2 fluorescence response was related to the presence of fibrils or
to pre-fibrillar assemblies like those shown in Fig.2b, we separated the soluble and insoluble fraction of 24 h-
aged aggregates by centrifugation. The results indicated that while the soluble fraction still elicited both type one
and type two responses, the insoluble fraction, composed mainly by fibrillar aggregates, was completely
inactive. This suggests that the soluble aggregates of ATXQ55 display a significant correlation between
aggregate structure (oligomeric or pre-fibrillar) and the fluorescence signal.

To better elucidate the contribution of the poly(Q) tract to the modification of the membrane permeability to
Ca® in aggregate-exposed cells, we also investigated the fluorescence response of neuronal cells exposed to
ATXQ26 and to ATX/291A, aggregated at 37 T for different lengths of time . Normal ATXQ26 and ATX/291A
aggregates produced only type 1 response. These results suggest that type 2 response is related to the

presence of pre-fibrillar assemblies representing a later aggregation stage than that of isolated oligomers.
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We repeated the fluorescence experiments by exposing the cells to ATXQ55 aggregates in the presence of 10
UM CNQX, which hinders membrane depolarization thus maintaining the NMDA-R block by the Mg2+ ions.
When the cells were exposed to 24 h aged ATXQ55 aggregates in the presence of CNQX, the efficacy of cell
response W(F) value (defined as the product of % of responding cells and the relative intensity of the
fluorescence response) decreased by about 80%. A minor decrease of W(F) (about 30%), was recorded in the
presence of APV (an NMDA-R competitive antagonist). Effects qualitatively similar to type 1 response were
obtained by exposing the cells to ATX/291A or ATXQ26 aggregates in the presence of APV or CNQX. No
significant changes of W(F) were detected when the cells were exposed to ATX Q55 variants aged 24 h in the
presence of Ccd*", a Ca*'voltage dependent (VDCCs) channel blocker, while an effect was observed when the
cells were exposed to ATXQ55 aged 6h or to ATXQ26 aged 24h.These results are summarized in Table 1. In
contrast with these results, no significant changes of type 2 response were detected in the presence of CNQX,
APV or Cd** | suggesting that this response, due to pre-fibrillar aggregates, is not related to any interaction of
ATXQ55 pre-fibrillar structures with glutamatergic receptors or VDCCs.

To further elucidate the mechanism of interaction of ATX aggregates with the cell membrane, we treated
mature granule cells, with a mixture of neuraminidases to specifically cleave the GM1sialic acid component. We
found that in neuraminidase-treated cells the aggregate-driven Ca®" influx was noticeably reduced and type 2

response elicited by the pre-fibrillar ATXQ55aggregates was completely abolished (Table 1).

Table 1
Condition A@?ii y o) 5’&5&) AT3/291a | AT3Q26
Type 1 Type 2 | AW/W (%) | AW/W (%)
cd? 0 0 0 -65+ 5
APV -41+9 0 49+7 -56 = 10
CNQX -82+14 0 59+7 44+ 11
Ganglioside -
depleted | -41:12 1004 | -75+13 33+2
cells
DISCUSSION

The results show that the "efficacy” W(F) was almost independent of the aggregation time in the case of
ATXQ26 and ATX/291A aggregates, in agreement with the persistence of the oligomeric aggregates of these
variants over the investigated aggregation times. In contrast, ATXQ55 showed a more complex behavior, due to
the the changes of aggregate morphology at different aggregation times. When large oligomeric assemblies
were widespread in the sample the highest values of Ca2+ influx was observed, whereas when oligomers,
prefibrillar and fibrillar structures co-existed with a parallel decrease of oligomer abundance, W(F) value
declined. As the isolated fibrillar fraction did not produce any fluorescence response, the type 2 response is due
to cell interaction with individual prefibrillar structures, imaged at longer aggregation times.

It is likely that the presence of the expanded poly(Q) tract of 55 consecutive glutamine residues dramatically

favors irreversible aggregation and fibril growth.
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Increasing evidence has shown that lipid rafts play a crucial role in amyloid associated neurodegenerative
diseases (reviewed in 9). Our results indicate that GM1depletion significantly reduced type 1 response in cells
exposed to ATX oligomers. Therefore, we conclude that interaction of amyloid oligomers with glutamatergic
receptors requires that membrane rafts are integer. In particular, we confirm that GM1, and its sialic acid
moiety are required for most favorable interaction of the cell membrane with amyloid oligomers, as previously

reported for oligomers of other peptides/proteins.

REFERENCES

A. Natalello, et al. (2011) PLoS ONE 6, €18789.

Robello et al.(1993) Neuroscience 53(1):131-8.1993

S. Campioni, et al(2010) Nature Chem. Biol. 6, 140-147
Kayed R. et al. (2003) Science. 300(5618):486-9,;

Demuro A, et al. (2005) J. Biol. Chem. 280, 17294-17300
Bucciantini et al. (2002) Nature. 416(6880):507-11

S. Baglioni, et al.( 2006) J. Neurosci., 26: 8160-8167
Pellistri et al. (2008) J Biol Chem. 283(44):29950-60
Malchiodi-Albedi, F. et al. Int. J. Alz. Dis.2011, 906964, 1-17

© © N o g DR

105



Xllth International Symposium on Amyloidosis

106



SECTION Il

ANIMAL MODELS AND CELL CULTURE
SYSTEMS







Animal models and cell culture systems
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Animal models have long been used to study amyloid pathogenesis, and cell culture systems are being used
with increasing frequency. AA amyloidosis can be induced in laboratory animals via establishment of chronic
inflammation and mimicked in macrophage cultures by providing cells with either SAA-enriched HDL or lipid-free
recombinant SAA. Transthyretin amyloidosis (ATTR), however, does not occur naturally in species other than
man and cannot be experimentally induced. Therefore, transgenic mice carrying human TTR genes, either wild-
type or variant, have been developed and are actively being used in studies of ATTR. In addition to AA and
ATTR amyloidoses, other types including AL and AB,M as reported in this session, are now being studied using
a diversity of models, e.g., pluripotent stem cells, Drosophila melanogaster, and C. elegans. The State of the Art
and Perspectives talks for this session focus on TTR and AA amyloidoses, respectively, as these two types

have been the most extensively investigated in animal models and cell culture systems.

ANIMAL MODELS AND CELL CULTURE SYSTEMS OF ATTR AMYL OIDOSIS

Mice models: Transgenic TTR rodent models for human mutant TTR have been useful to address different
questions related to: (i) formation and resolution of deposits; (ii) molecular mechanisms of pathogenesis; (iii) “in
vivo” modulating factors which allow the development of novel therapies.

To study age related TTR deposition in the heart, a feature of senile systemic amyloidosis, transgenic mice
was generated over- expressing human wild type TTR. Most animals older than 18 months presented TTR
amyloid deposits in the heart and kidney. At early ages animals had diffuse non-fibrillar deposits in the same
organs (1).

Several groups produced transgenic mice carrying the human ttr V30M gene with and without the
endogenouse mouse TTR as models for familial amyloidotic polyneuropathy (FAP). Generally, amyloid was
observed starting at age 6 months; at 24 months the pattern of amyloid was similar to that observed in human
autopsy cases of FAP, with exception of amyloid presence in the choroid plexus and in peripheral and
autonomic nervous systems (2). Other transgenic animals with constructs for different TTR mutants, such as
TTR L55P (3) or 184S (4) were also generated. The L55P model presented early non-fibrillar TTR deposition
starting at age 1-3 months, and later, at age 4-8 months; mice presented fibrillar deposits in the gastrointestinal
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(GI) track and skin; however, no evidence for TTR deposits in the peripheral and autonomic nervous system
was found.

In 2010, a new FAP mouse model (hnTTR HSF1) was generated, carrying the human TTR V30M in a heat
shock transcription factor 1 (HSF1) knock- out background (5). hTTR HSF1 transgenic mice presented early
and extensive TTR deposition and for the first time non-fibrillar deposits were observed in the autonomic and
peripheral nervous system. The TTR/HSF-1 model allows different studies not possible with previous models.
Sural-nerve biopsies, on which most of the pathological analyses in FAP have been performed, represent a
restricted portion of the peripheral nervous system, and it is clearly possible that TTR deposits in ganglia, or
more proximally in nerve trunks could be responsible for distal nerve fiber loss. The possibility to analyze dorsal
root ganglia (DRG) with deposition in the TTR/HSF-1 mouse model is invaluable, and permits a close evaluation
of events occurring in sensory and autonomic neurons responsible for neurodegeneration and in the
assessment of therapies. For instance, increased inflammatory stress in DRG and nerve, as studied by
expression of interleukin 1- Beta and a reduction in unmyelinated nerve fibers were observed, as in human
patients, indicating that HSF-1-regulated genes are involved in FAP, modulating TTR tissue deposition. MMP9
apparently is a good biomarker for the presence of TTR amyloid as suggested by gene arrays of amyloid ladden
FAP tissues. Data from studies on TTR transgenic mice recapitulate the human situation as only mice with
amyloid deposits displayed increased levels and activity of MMP-9 as compared to younger animals without
fibrillar deposits (6).

Inhibition of aggregate formation and/or disruption of pre-formed TTR deposits has been sucessfuly
approached in the V30M TTR transgenic mice. Thus, it was recently shown (7) that combined cyclic drug
administration of doxycycline and taurodexocolic acid TUDCA, resulted in significant reduction in TTR
deposition and associated tissue markers in the TTR V30M transgenic mouse model. The observed synergistic
effect of doxycycline/TUDCA within the range of human-tolerable quantities prompted their application in FAP,
particularly in the early stages of disease.

The above described mice models have not yet addressed how do organs/systems function, namely liver,
heart, kidney, Gl tract and the peripheral and autonomic nervous systems. Thus, there are some limitations to
their use. Besides, intra and interspecies (with humans) variability occurs due to (i) differences in tissue
composition, architecture and barriers; (ii) ligands, endogenous counterparts and metabolism; (iii) environment;
(iv) genetic background; (v) diet.

Alternative models include Insects, Nematodes and cell culture methodologies, which have on their own
important limitations, such as (i) the use of synthetic material; (ii) up-regulation/suppression of genes under
culture conditions; (iii) intra vs extracellular aggregation; (iv) absence of normal ligands; (v) absence or primitive
extracellular matrix; (vi) absence or significant differences of specialized systems as the immune and nervous
systems (e.g., myelin).

Drosophila_model: Transgenic flies, expressing the clinical amyloidogenic L55P TTR variant and the
engineered variant TTR-A (TTRV14N/V16E) as well as the wild-type protein, were generated, all in secreted
form. Within a few weeks, both mutants but not the wild-type TTR demonstrated a time-dependent aggregation
of misfolded molecules. This was associated with neurodegeneration, change in wing posture, attenuation of
locomotor activity including compromised flying ability and shortened life span. In contrast, expression of wild-
type TTR had no discernible effect on either longevity or behavior (8). The TTR flies are amenable for drug

screening purposes.
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Cellular systems: A cellular system was created using transfected cells expressing L55P TTR, precluding
isolation of the target protein and representing a more physiological in vitro approach to study inhibitors of
amyloidogenesis (9). Aggregated L55P accumulates in conditioned media and is retained in a filter;

quantification of the retained material is indicative of the anti-amyloidogenic properties of the drugs under study.

ANIMAL MODELS AND CELL CULTURE SYSTEMS OF AA AMYLOI DOSIS

Animal models: AA amyloidosis occurs naturally in many species and can be experimentally induced by
establishing chronic inflammation via injection of such agents as casein, LPS, Freund’'s adjuvant, and silver
nitrate plus amyloid-enhancing factor (AEF). Animals used for amyloid induction include rabbits, hamsters, mink,
and most commonly mice. In addition, transgenic mice overexpressing IL-6 spontaneously develop AA
amyloidosis, and transgenic mice in which mouse SAA1.1 production is controlled by doxycycline develop AA
amyloidosis in the absence of predisposing inflammation. Amyloid pathogenesis in all of the animal models
closely mimics the natural history of the human disease. Animals very reproducibly show amyloid deposition
sequentially in spleen, liver, intestine, and kidneys. These models, especially the casein (classic) and silver
nitrate plus AEF (accelerated) models, have contributed invaluably to our understanding of both AA amyloidosis
and serum amyloid A (SAA), the precursor protein of AA fibrils. Seminal findings discovered and/or verified in
the mouse model include: AA amyloidosis develops secondary to inflammation; SAA is the precursor to and
constituent of AA fibrils; SAA is a hepatically-derived plasma protein carried on HDL; SAA production is
stimulated by inflammatory cytokines TNF, IL-1, and IL-6; AA amyloid deposition is nucleation-dependent; and
glycosaminoglycans (GAGs), heparan sulfate in particular, co-deposit with AA fibrils. The mouse model
continues to serve as the gold standard in which to test new compounds for efficacy against amyloid

development and progression.

Table 1. Cell culture systems in use for AA amyloid research

Cell type SAA AEF Reference
Mouse peritoneal me, primary | Mouse rSAA1.1 +/- 11
Human fibroblast, primary Mouse rSAAL.1 + 12
Mouse me, J774 cell line Mouse SAA-HDL + 13
Human PBMC Mouse rSAAL.1 +/- 14
Human PBMC Human rSAAL - This meeting
Human fibroblast, primary Human rSAA1 - This meeting

Cell culture systems: Cell culture systems offer an alternative approach for studying amyloid pathogenesis.

Over ten years ago, Shirahama and colleagues showed that peritoneal macrophages from amyloidotic mice
cultured in acute phase (SAA-rich) serum developed amyloid-like deposits associated with macrophage clusters
(10). Since then, amyloid formation has been demonstrated in several types of cell culture systems maintained
in SAA-supplemented medium (Table 1). Neither the addition of SAA to cultures nor the process of AA
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amyloidogenesis is cytotoxic. The amount of amyloid, identified as Congo red-stained, green birefringent

material, is directly proportional to SAA concentration and duration of incubation with SAA and is accelerated

and augmented by AEF. The insoluble material extracted from cultures comprises both full-length SAA and N-

terminally intact, C-terminally processed SAA fragments. Amyloid formation in cell cultures is accompanied by

increased GAG production. Furthermore, SAA interaction with GAGs, heparan sulfate in particular, has been

shown to be a critical step in amyloidogenesis (13). Until now, all culture systems have utilized highly

amyloidogenic mouse SAAL.1. In this session, an all human cell culture system is presented for the first time.

Conversion of human SAA 1.1, 1.3, and 1.5 into amyloid is demonstrated in human PBMC cultures maintained

in serum-free medium without the use of AEF.
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Anti-amyloid drug development using Drosophila as a model
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Drosophila offers an attractive model for drug development which can reduce the use of vertebrates and cut
costs. In addition, the wealth of genetic information and tools available for the fruit fly are highly conducive for
such endeavors. Our recent work on developing inhibitors of amyloid assembly exemplifies the power of using
Drosophila. Recently, we and others have identified a key role of aromatic residues in the molecular recognition
and self-assembly of various amyloidogenic proteins [1]. The interaction between molecules containing aromatic
residues, referred to as aromatic (Te1) stacking, involves attractive non-covalent interactions, including
electrostatic, hydrophobic and Van der Waals interactions between planar aromatic rings, which are believed to
provide selectivity as well as stability to the interacting molecules. This notion has gained direct evidence from
high-resolution structural studies and is supported by theoretical studies and molecular dynamics simulations.
Indeed, the amyloidogenic potential of aromatic residues is significantly higher than that of aliphatic amino acids
[2].

The concept of aromatic stacking suggested to us a new approach to control the self assembly of
amyloidogenic proteins for therapeutic purposes. Specifically, novel small molecules could be designed to
contain an aromatic core that would target and bind the aromatic residues in the amyloidogenic monomer, and a
moiety that would confer steric hindrance and thus prevent, or suppress, the very early steps of the molecular
recognition required for the assembly of the monomers into pathogenic amyloid species. To that end we
rationally designed a library of small aromatic aggregation inhibitor molecules, based on naphthoquinon-
tryptophan hybrids. Quinones were chosen as a steric hindrance motif, since previous work has shown their
potential as anti-cancer, anti-viral and anti-amyloid agents. They are small, easy to synthesize and related
compounds can cross the blood-brain barrier. Tryptophan was chosen as an aromatic recognition motif since,
among the aromatic moieties it was ranked as the residue with highest amyloidogenic potential [2]. Our work has
supported this conclusion via an un-biased analysis, using peptide array technology, that has clearly indicated a
significantly higher affinity of tryptophan-modified recognition module in the molecular association of the islet
amyloid polypeptide [3].

Two of the compounds from the library, 1,4-naphthoquinon-2-yl-L-tryptophan (hereafter termed NQTrp) and Cl-
1,4-naphthoquinon-2-yl-L-tryptophan, hereafter termed CI-NQTrp (MW 360-400; see [4]) were found to be most
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effective using in vitro, ex-vivo and in vivo assays in their ability to inhibit the assembly of AB into oligomers and
fibrils. The compounds inhibited efficiently, in a dose dependent manner, the assembly of synthetic AR1-42
monomers into either toxic oligomers AB species, even at a molar ratio as low as 5:1 of AB:inhibitor (IC50 =
50nM), or into fibrils, even at very low concentration of 1.25 uM [4]. Their affinity towards the smaller A
assemblies, measured by fluorescence anisotropy, was ca. 90 nM. It is noteworthy that this IC50 value is
markedly lower than those for other aromatic AR inhibitors reported in the literature. NMR studies, CD
spectroscopy and molecular modeling confirmed that the compounds bind the aromatic residues in AB [4, 5]. As
an initial functional assay we showed that they protected cultured neuronal cells from the cytotoxic effect of Ap
oligomers, while having no toxic effect on these cells on their own [5].

To examine the effect of the compound in the intact organism we first tested it in transgenic Drosophila
expressing AR throughout their nervous system, which serve as a canonical model for AD [6]. Feeding these
transgenic flies with either compound in their culture medium throughout their life cycle resulted in a dramatic
rectification of their behavioral defects (i.e. abnormal locomotion) and their reduced longevity, both of which have
been amply shown to correlate well with other AD symptoms of these flies. This restoration was accompanied by
a marked reduction in the level of Ap assemblies in extracts and in histological preparations of their brains. The
compounds had no effect on control normal flies nor did they have other adverse effects [4].

The encouraging results in flies, obtained in a relatively short period of time, provided an impetus for studies in
mammals. In preparation for testing the compounds in rodents we examined their ability to cross the blood-brain-
barrier (BBB). We employed an established ex-vivo model of BBB based on a co-culture of primary cultures of
porcine brain endothelial cell in contact with rat brain glial cells. Passage of the compounds (measured by
HPLC) was 3.3 times higher than that of the standard used - FITC-labeled dextran [5].

We next examined the effect of the compounds on an acute transgenic AD mouse model, carrying five familial
AD mutations (5XFAD), which displays early plaque formation (at 2 months of age), impaired cognition and
neuronal death as in human AD patients [8]. Two months old 5XFAD mice were injected, every other day,
intraperitoneally, with 50 mg/kg by weight of either compound in PBS, or with PBS alone for a period of 4
months, after which their behavior and brain Af load were examined. Cognitive tests (New Object Recognition,
Fear Conditioning) showed marked amelioration of their memory [5]. This was accompanied by 91% reduction of
the toxic AP species (56*) in their brain extracts compared to vehicle-treated 5XFAD mice. A 40 % reduction of
total non-soluble AB was also seen. Immunostaining of frontal hippocampus from these mice corroborated these
results, showing a significant reduction in both p-sheet-specific Congo-Red staining (45% reduction) and in
staining with an AB-specific, 6E10 antibody (39% reduction) of compound-treated vs. vehicle treated 5XFAD
mice [5]. Formal toxicity assays remain to be done. Yet, casual inspection of the treated flies and mice indicated
no adverse effects; Rotarod tests showed no decline in locomotion among treated mice compared to control.
Initial toxicological studies showed that even at a dose of 350 mg/Kg, injected subcutaneous, every other day to
2-months old wild type mice for a period of four weeks had no harmful influence on their weight or mobility
(manuscript in preparation).

We have further demonstrated that NQTrp and CI-NQTrp have a more general anti-amyloid effect. Specifically,
they are able to efficiently inhibit the in vitro aggregation of other amyloidogenic proteins including a-synuclein,
islet amyloid polypeptide, lysozyme, calcitonin, and insulin [8]. We have begun to test them in Drosophila models

available for some of these proteins.
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Drosophila has also been useful for us for examining natural substances as candidate inhibitors of AR assembly.
We identifed a natural substance, based on cinnamon extract (CEppt), which markedly inhibited the formation of
toxic AB oligomers and prevented the toxicity of A towards neuronal PC12 cells. When administered to AD
model flies, the cinnamon extract rectified their reduced longevity, fully recovered their locomotion defects and
totally abolished tetrameric species of AB in their brain. Based on these encouraging results we administered
CEppt orally to the 5XFAD mice. This treatment resulted in marked decrease in 56 kDa AR oligomers, reduction
of plaques and improvement in cognitive behavior [9].

Drosophila proved to be useful also for studying peptidomimetics as anti-amyloid agents. Our work on a-
synuclein in Parkinson’s disease (PD) exemplifies this [10]. Using unbiased systematic peptide array analysis,
we identified molecular interaction domains within the 3-synuclein polypeptide that specifically binds a-synuclein.
When we added such peptide fragments to a-synuclein significantly reduced both amyloid fibrils and soluble
oligomer formation in vitro. We next designed a retro-inverso analogue of the best peptide inhibitor with the goal
of developing it into candidate drug. We found that this peptide shows indistinguishable activity as compared to
the native peptide, yet, in contrast to the native peptide, it is stable in mouse serum and penetrates a-synuclein
over-expressing cells. The interaction interface between the D-amino acid peptide and a-synuclein was mapped
by Nuclear Magnetic Resonance spectroscopy. As a test in the intact organism we administered the retro-
inverso peptide to an established Drosophila model of PD, expressing mutant A53T a-synuclein in the nervous
system. This resulted in a significant recovery of the behavioral abnormalities of the treated flies and in a
significant reduction in a-synuclein accumulation in the brains of the flies [10]. This paves now the way for testing
this peptidomimetic in rodent models of PD.

Taken together, these studies and comparable reports by other labs call for expanding the use of Drosophila as

a model for drug development, in particular for amyloid diseases.
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Recent studies stress the involvement of heparan sulfate as a modulator of transthyretin (TTR)
amyloidogenesis. To study in vivo the role of glycosaminoglycans in TTR deposition, we created a novel local
delivery system into mice sciatic nerve using heparin/chitosan (CH) nanoparticles. To address drug release and
diffusion throughout nerve tissue, fluorescently labeled CH and heparin were used. Our results show maximal
absorption throughout the nerve extracellular matrix (ECM) and minor inflammatory reaction. Using this system,
heparin/CH nanopatrticles were locally applied into sciatic nerve of TTR V30M transgenic mice, heterozygous for
the heat shock factor 1 (HSF1). Fifteen days after nanoparticle application, both heparan sulfate and TTR
deposition were significantly increased in treated nerves, indicating that proteoglycan enhanced TTR deposition.

INTRODUCTION

Familial amyloidotic polyneuropathy (FAP) is a human autosomal dominant neurodegenerative disorder
characterized by extracellular deposition of mutant TTR aggregates and amyloid fibrils, particularly in the
peripheral nervous system. It is well known that ECM remodeling contribute to the progress of this disease;
some ECM-related genes are upregulated in human nerve biopsies of FAP patients carrying the most prevalent
TTR mutation V30M [1]; and in tissues from FAP transgenic mice models [2]. One of those is biglycan that was
found overexpressed at early stages before amyloid deposition, as compared to normal nerves [1,2]. Neutrophil
gelatinase-associated lipocalin (NGAL), chondroitin sulfate and matrix metalloproteinase-9 (MMP-9) are
upregulated only when TTR fibrils are already present, all colocalizing in later stages with amyloid deposits [1,2].

Heparan sulfate proteoglycans were identified as components of amyloid deposits in amyloid-related disorders
[3], indicating that ECM remodeling occurs continuously until the later stages of disease. Moreover recent in
vitro studies and in vivo studies in a Drosophila model indicate the potential involvement of heparin and heparan
sulfate proteoglycans as enhancers of the amyloidogenic cascade, prompting TTR fibrillogenesis [4,5].
Therefore, in the present work we evaluate in vivo how changes in glycosaminoglycans type and distribution
could alter the tissue metabolism promoting TTR fibrillogenesis and deposition in a mouse model, through the

development of a novel local nanoparticle delivery system, based on CH.
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METHODS

Heparin/CH nanoparticles were generated as previously described [6]. Nanoparticles characterization regarding
size, polydispersity index and ¢ potential was carried out using dynamic light scattering and its morphology
assessed by transmission electron microscopy (TEM).

Fourteen months-old TTR V30M transgenic mice used lacked endogenous TTR and were heterozygous for the
HSF1 [7]. Wild-type animals were also used to optimize the delivery system. Mice were anesthetized with a
premixed solution containing ketamine and medetomidine and surgeries performed in aseptic conditions. Briefly,
the sciatic nerve was exposed in the mid-thigh and dissected free from the surrounding tissue. Heparin/CH
nanoparticles were applied under the left nerve and the right nerve served as the sham nerve, receiving
uncoupled CH nanoparticles. Mice were sacrificed at different time points (5, 10, 15, 30, 45 days) and tissues
were analyzed by confocal scanning microscopy, using fluorescein-labeled heparin and rhodamine-labeled CH
(CHROX). Immunofluorescence was performed with frozen sciatic nerve sections, for collagen IV, PGP 9.5 and
S-100. Immunohistochemistry to detect TTR deposition in nerve tissue, heparan sulfate levels and inflammatory

mediators, such as activated macrophages, TNF-a and IL-13, was performed using paraffin sections.

RESULTS

Heparin/CH nanopatrticles characterization and release in time

Heparin/CH nanoparticles had in average 198 nm in size, a monomodal population was obtained and with a
positive net charge of 28.7 mv. They were spherical in shape, as determined by TEM.

To study the release kinetics of heparin from CH we used CHROX mixed with fluorescein-labeled heparin and
analyzed the unprocessed nerve with confocal scanning microscopy. Ten and 15 days after nanoparticles
application, we found regions of heparin staining without CHROX colocalization suggesting continuous heparin
release (Fig.1). Fifteen days after surgery was chosen for subsequent analysis since maximal intensity of
fluorescence was detected. After 30 days only weak green staining was visible, while at day 45 no signal was
identified.

Heparin CH Merge Sham nerve

o

n< oo

Figure 1. Heparin release to the ECM, as a function of time. Regions of heparin staining without colocalization

with CH are shown by the arrows. Sham nerve received uncoupled CH. Scale bar 50 pm.

Heparin localization into the tissue and inflammatory response

Using fluorescein-labeled heparin and markers for nerve components, such as for ECM (collagen V), axons
(PGP 9.5) and Schwann cells (S-100), colocalization was found between heparin and collagen IV. This result

indicates that heparin has been released to the ECM.
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The inflammatory response was assessed by immunohistochemistry for proinflammatory markers, such as
activated macrophages, TNF-a and IL-1B. Only a minor inflammatory reaction was detected and decreased with

time, most likely related to CH, since it was also present in sham nerves.

Effect of heparin on TTR deposition

Heparin/CH nanoparticles were applied into the sciatic nerve of TTR transgenic mice to study the effect of
heparin on TTR deposition, in vivo. After 15 days nerves were analyzed by immunohistochemistry and the
levels of heparan sulfate and TTR were both significantly increased in heparin treated nerves as compared with
sham (Fig.2).
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Figure 2. Heparin/CH nanoparticles application to sciatic nerve of TTR transgenic mice, increased TTR

deposition.

DISCUSSION

Highly sulfated GAGs have been implicated as TTR fibrillogenesis promoters in some in vitro studies [4,5]. To
evaluate the in vivo influence of heparin/heparan sulfate on TTR deposition, a novel local delivery system to the
nerve tissue was developed. Some technical challenges must be satisfied as heparin needs to be efficiently
absorbed by the tissue, the procedure must be minimally invasive and the release sustained in time. Therefore,
a nanoparticle delivery system based on CH, as the vehicle material, was optimized. Heparin, due to its high
negative charge, interacts strongly with CH forming stable nanoparticles by polyelectrolyte complexation, with
slow release properties. Smaller size and positive zeta potential allows higher penetration into the tissues
escaping from cellular barriers and increasing the resistance to degradation.

So, this optimized local delivery system allows the release of drugs that could prompt nerve regeneration, as
previously described [6], can be a therapeutic strategy regarding neurodegeneration allowing the functional
evaluation of the animals with tests for nociception, electrophysiology or walking tract analysis, and finally
permits the delivery of components prompting or inhibiting TTR fibrillogenesis to animal models of disease.
Moreover, this work demonstrates that changes in proteoglycan type and distribution could possibly account for
alteration of the physical properties of tissues, increasing TTR deposition in vivo. This new and versatile
nanoparticle delivery system opens novel avenues in the field of neuropathology, in the design of suitable

animal models and therapeutic strategies targeting directly the nerve tissue.
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ABSTRACT

In mouse senile amyloidosis, apolipoprotein A-Il (apoA-I1) forms extracellular amyloid fibril deposits (AApoAll)
throughout the entire body, excluding the brain. Heavy amyloid deposition in the heart is a characteristic feature
of this disease. Heat shock factor 1 (HSF1) is known to regulate the expression of a set of heat shock proteins
(Hsps) that suppress the formation of protein aggregates. We induced amyloidosis through injection of AApoAll
fibrils. We found that extracellular deposition of AApoAll induces expression of Hsps, and HSF1 deficiency
results in the insufficient induction of Hsps expression in the heart. Compared with wild-type mice, the degree of
AApoAIll amyloid deposition was significantly increased in the heart of HSF1-deficient mice. During the
accelerated progression of cardiac amyloidosis, Hsfl deficiency caused the deteriorating loss of the cytoskeletal
protein a-actin, as well as cardiac contractile dysfunction associated with hypertrophic changes. Over-

expression of human HSF1 reduced amyloid deposition in the heart.

INTRODUCTION

There are two evolutionarily conserved pathways, the heat shock response (HSR) and unfolded protein
response in the endoplasmic reticulum, that maintain the protein-folding homeostasis or proteostasis. The HSR
is characterized by induction of heat shock proteins (Hsps), which are known as molecular chaperones and play
an important role in protein folding and degradation. Heat shock factor 1 (HSF1), which binds to DNA at a
specific site of the Hsp gene promoter region called the heat shock element (HSE), is a major determinant in
this pathway. This pathway is required for acquisition of thermotolerance and protection of cells from various
pathological diseases, such as neurodegenerative and other degenerative diseases. We hypothesized that (1)

extracellular deposition of amyloid fibrils might induce HSR; (2) defective HSF1 might accelerate the
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extracellular fibril deposition by inhibiting the expressions of Hsps; and (3) enhancing HSR might decelerate

amyloid deposition.

MATERIALS AND METHODS

To test this hypothesis, we crossed mice lacking the Hsfl gene (Hsf1”)! or transgenic mice expressing an
activated form of human HSF1 (hHSF1ARDT(g) with R1.P1-Apoa2® mice with amyloidogenic Apoa2° for the
present study?. AApoAll fibrils were isolated from the liver of an R1.P1-Apoa2® mouse with severe amyloidosis
induced by injection of AApoAll fibrils, using Pras’ method with some modifications®. A single dose of 1 ug of
sonicated AApoAll fibrils were injected into the tail veins of 2-month-old mice. After 2 or 4 months, the treated
mice were sacrificed. Half of each tissue from the whole body was fixed in 10% neutral buffered formalin and
the other half was stored at —-80 C for future use. Amyloid deposition was identified in Congo red-stained
sections under polarizing microscopy and immunohistochemically with antiserum against AApoAll. The intensity
of the amyloid deposition was determined semi-quantitatively using the amyloid index (Al) as a parameter®.
Amyloid fibrils in cardiac tissue were identified by transmission and immunolabeled electron microscopy.
Cardiac function was assessed with echocardiography (GE Yokogawa Medical System, Tokyo, Japan) as
previously described*. Hearts were viewed at the level of the papillary muscles in the short axis. In M-mode
tracings, the average of three consecutive beats was used to measure the following parameters: interventricular
septum thickness, left ventricular end-diastolic dimension (LVEDd), end-systolic dimension (LVESd) and
fractional shortening (LVFS), which was calculated as follows: (LVEDd - LVESd)/LVEDd x 100%.

RESULTS

We induced amyloidosis through injection of AApoAll amyloid fibrils. After 2 and 4 months, we found that
extracellular deposition of amyloid fibrils induces expression of Hsps (Hsp70, Hsp40 and Hsp27), and HSF1
deficiency results in the insufficient induction of Hsps expression, especially in the heart. Compared with wild-
type mice, the degree of AApoAll amyloid deposition was significantly increased in the heart of HSF1-deficient

mice (Figurel).
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Figure 1. Comparison of amyloid deposition in Hsf1"- and Hsf1*'* mice.
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Bundles of amyloid fibrils deposited in the endomysiums and capillaries of cardiac muscles were observed in
transmission electron micrographs. Abundant gold particles labeling AApoAll fibrils were seen at endomysiums
of cardiac muscles by immuno-electronmicroscopy. Two-month-old Hsf1”* (n=6) and wild-type (n=6) mice were
injected with 1 pg AApoAll fibrils and euthanized at 2 months after injection. The grade of amyloid deposition
was determined in 7 major organs (heart, liver, spleen, tongue, stomach, intestine, skin) and Al was
determined?.

During the accelerated progression of cardiac amyloidosis, Hsfl deficiency caused the deteriorating loss of the
cytoskeletal protein a-actin in the heart, as well as cardiac contractile dysfunction associated with hypertrophic
changes (Table 1). Transgenic mice express an active form of human HSF1 (hHSF1ARD) only in the heart.
There was a significant difference in the degree of amyloid deposition in the heart between the transgenic mice

and the wild-type mice.

Table 1. Echocardiographic analysis in Hsf1*'* and Hsf1"- mice with/without AApoAll-injection

Mouse Strain Hsf1” (n=8) Hsf1" (n=8) Hsf1** (n=8) Hsf1**(n=7)
AApoAll injection - + - +
IVS (mm) 0.73+0.05 2 ¢ 0.95 +0.09 P 0.75+0.02 d 0.75+0.04
LVEDd (mm) 2.8+0.1%9 25+0.1f 3.4+0.2h 3.3+0.1
LVFS (%) 45+ 21K 32+31 49+1"! 47+1

Each value represents the mean + S.E. IVS, interventricular septum; LVEDD, left ventricular end-diastolic
dimension; LVFS, left ventricular fractional shortening
avs. b, p<0.01; cvs. d, p<0.01; e vs. f, p< 0.05; g vs., p< 0.001; i vs. j, p< 0.001; k vs. |, p< 0.001.

DISCUSSION

Many studies have pointed out the importance of Hsps and HSF1 as protective effectors during
neurodegenerative or other degenerative diseases with intracellular accumulation of misfolded proteins. Here,
we studied the role of Hsfl and Hsps in protection against deposition of systemic and extracellular amyloid
fibrils using mouse AApoAll amyloidosis, in which heavy amyloid deposition in the heart is characteristic®. We
can induce constant amyloidosis in a relatively short period in mice by “transmission” caused by injection of
exogenous amyloid fibrils®. We show that absence of HSF1 induces severe extracellular cardiac AApoAll
deposition and results in cardiomyocyte damage and cardiac dysfunction. But it is unclear how to activate HSF1
to stimulate the expression of Hsps or HSR by extracellular amyloid deposition. Our results demonstrate that
HSF1 is a potential pharmacological target in amyloidosis, and its activation may be viewed as a novel
therapeutic strategy for a variety of cardiac amyloidoses.
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In murine senile amyloidosis, misfolded serum apolipoprotein A-Il (apoA-1l) deposits as amyloid fibrils in a
process associated with aging, and type C apoA-Il (APOA2C) is known as an amyloidogenic protein. Previously,
we showed that N- and C-terminal sequences of apoA-Il are critical for polymerization into amyloid fibrils. Here,
we demonstrated that congenic mouse strains carrying type F apoA-Il (APOA2F), which contains 4 amino acid
substitutions in the amyloidogenic regions of APOA2C, were absolutely resistant to amyloidosis, and that N- and
C-terminal peptides of APOA2F did not polymerize into amyloid fibrils in vitro. Thus, we have succeeded in
suppressing amyloid deposition in amyloid-susceptible mice by treatment with the APOA2F C-terminal peptide.
APOA2F C-terminal peptide might inhibit the conformational changes required for polymerization of
amyloidogenic N- and C-terminal apoA-Il sequences into amyloid fibrils. We provide a hew model system for

investigating inhibitory mechanisms against amyloidosis in vivo and in vitro.

INTRODUCTION

Apolipoprotein A-Il (ApoA-Il) is the most important protein associated with murine senile amyloidosis, as it is the
precursor of amyloid fibrils (AApoAll) (1-3). Seven alleles of the apoA-Il gene have been found among inbred
strains of mice (4), each inbred laboratory mouse strain has a single type apoA-Il protein and the pathological
findings of senile amyloidosis in strains with type A, B, or C apoA-Il (APOA2A, APOA2B, and APOA2C) have
been investigated (2, 5-8). For example, C57BL/6J strain has APOA2A and exhibits a moderate incidence of
mild amyloid deposition with aging, and BALB/c strain has APOA2B and exhibits a low incidence of slight
amyloid deposition. In contrast, the SAMP1 strain has APOA2C and spontaneously exhibits a high incidence of
severe systemic amyloid deposition with aging. We previously reported a unique mechanism in which N- and C-
terminal peptides of apoA-Il associated into amyloid fibrils in vitro (9). The N-terminal sequence from positions 6

to 16 of apoA-Il is critical for polymerization into amyloid fibrils. The C-terminal sequence from positions 48 to 65
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of ApoA-Il is also necessary for nucleation, but not for the extension phase. Interestingly, both sequences are
common and there is no substitution in them among APOA2A, APOA2B and APOA2C.

We hypothesized that some amino acid substitutions in these amyloidogenic sequences of apoA-Il might
inhibit the polymerization of apoA-ll into amyloid fibrils. Type F apoA-ll (APOA2F) contains 4 substitutions in the
N- and C-terminal peptides relative to APOA2C (4). So, we evaluated the incidence of amyloidosis in mice
having APOA2F, and compared it with those in mice having APOA2A or APOA2C in vivo. We analyzed the
ability of N- and C-terminal peptides of APOA2F to polymerize into amyloid fibrils in vitro. Then, we investigated

whether the C-terminal sequence of APOA2F had inhibitory effects on senile amyloidosis in vivo.

METHODS

Experiment 1 - We developed two strains of congenic mice that have type F apoA-Il originating from Mus
Spretus in the genetic backgrounds of C57BL/6J and R1.P1-Apoa2° using standard procedures. Two-month-old
mice were injected intravenously with 100 pg of sonicated AApoAll prepared by using methods described
previously (3). The mice were sacrificed at arbitrary intervals until 11-month-old. Several organs were collected
from these mice and used to detect amyloid deposition. Plasma was collected from 2-month-old mice that had
fasted for 12-16 h and was used the levels of apoA-I and apoA-Il in HDL, HDL particle size, and total- and HDL-
cholesterol levels (3, 8).

Experiment 2 - We investigated that the polymerization of synthetic partial peptides of APOA2F into amyloid
fibrils using methods described previously (9). The reaction mixtures, which contained 50 uM peptides, 100 mM
NaCl in 50 mM buffer (pH 2.5), were incubated with agitation at 300 rpm at 37°C, and were used for several
analyses as ThT binding assay, microscopic analyses using TEM and LM, CD analysis, and LC-MS/MS. For CD
analysis, the solvent for peptides used hexafluoroisopropanol instead of DMSO.

Experiment 3 - We used Apoa2° transgenic mice, which were developed as an amyloidosis-susceptible strain
in our laboratory (8). The C-terminal peptide in 5% DMSO (1 mM) or 5% DMSO were filled in sterile osmotic
pumps. Two-month-old transgenic mice were anesthetized and were implanted osmotic pumps into their
abdominal cavities. One day after the implantation, mice were injected intravenously with 5 pg of sonicated
AApoAIl fibrils. After 27 days, several organs were collected and used to detect amyloid deposition.

Ethics statement - All in vivo experiments were carried out in accordance with the Regulations for Animal
Experimentation of Shinshu University.

Statistical analysis - The Mann-Whitney U-test was used to analyze the amyloid index for AApoAll deposition.
The Tukey-Kramer method for a multiple comparison was performed to test for any significant differences in

various pair-wise comparisons in blood biochemical parameters.

RESULTS AND DISCUSSION

We detected amyloid depositions in mice with the either Apoa2® or Apoa2° alleles, but none of the homozygous
Apoa2"f mice showed amyloid depositions anywhere in the body (Figure 1). In addition, none of the
homozygous Apoazf’f mice showed spontaneous amyloid deposition until 13 month-old, even though

c/f

heterozygous Apoa2™ mice had amyloid deposition in several organs at the same period and homozygous

Apoa2°’c mice had severe amyloid deposition. From those findings, we found that mice with homozygous

127



Xllth International Symposium on Amyloidosis

Apoa2™ were absolutely amyloidosis-resistant. And, the APOA2F did not affect the contents of apoA-I and
apoA-II proteins and the plasma lipid profiles.

We examined the polymerization of APOA2F into amyloid fibrils by using partial synthetic peptides in vitro.
APOA2F peptides could not polymerize into amyloid fibrils, and C-terminal peptide of APOA2F was a strong
inhibitor against the polymerization of amyloidogenic APOA2C peptides. And, the single amino acid substitution
at position 62 of APOA2C (c48/65(N62K)) did not polymerize into amyloid fibrils. From those findings, we
hypothesized that APOA2F C-terminal peptide might inhibit the onset of amyloidosis on mice. Interestingly,
amyloidosis-susceptible mice treated with the c48/65(N62K) showed the onset of amyloidosis, but their amyloid
depositions were lower than those in mice treated with the others (Figure 2). We cannot explain the molecular
inhibitory mechanism in detail, but C-terminal peptides of APOA2F might inhibit the conformational changes
required for polymerization into amyloid fibrils from our CD-spectra data using several partial peptides of apoA-
Il

We provide a new model system for investigating inhibitory mechanisms against amyloidosis in vivo and in

vitro, and believe that this system will be useful for the development of novel therapies.

Amyloid Index

Apoa? allele

9 6 After injection (month)
B6.SPRET-Apoa2’ R1.SPRET-Apoa2f
f/f

Figure 1. Mice with homozygous Apoa2” were absolutely amyloidosis-resistant. Each bar shows the mean.

Numbers in parentheses represent amyloid positive mice/total mice examined.
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Figure 2. A single substitution C-terminal peptide of APOA2C (c48/65(N62K)) suppressed amyloid deposition in

Vivo.
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ABSTRACT

Avian amyloidosis is a type of systemic amyloid-A (AA) amyloidosis, and occurs most frequently in waterfowl
such as Pekin ducks. In chickens, AA amyloidosis is observed in relatively older birds. However, outbreaks of
systemic amyloidosis in flocks of young layers are known to be induced by repeated inflammatory stimulations,
such as those resulting from multiple vaccinations with oil-emulsified bacterins. We found irregular fatal disease
outbreaks of AA amyloidosis in growing white hens in a large scale poultry farm. The outbreak in the farm was
observed within three weeks after vaccination. Therefore, we histologically examined the many young white
hens with AA amyloidosis in the poultry farm and characterized etiological factors of chicken AA amyloidosis.
Outbreak of chicken AA amyloidosis in the poultry farm seems to be potentially associated with administration of
multiple vaccines.

INTRODUCTION

Avian amyloidosis, also referred to as systemic AA amyloidosis, is observed in older birds, where the condition
develops secondarily to inflammatory disorders such as tuberculosis. Avian amyloidosis occurs most frequently
in waterfowl, particularly Pekin ducks. A similar condition in chickens, where the disease is known as amyloid
arthropathy, is associated with infection by Enterococcus faecalis. Several reports suggest that outbreaks of
systemic amyloidosis in young layer flocks are induced by repeated inflammatory stimulations, such as
injections with casein or vaccinations with oil-emulsified bacterins.

We encountered irregular outbreaks of fatal disease in growing hens in a large-scale poultry farm.
Postmortem examinations revealed the presence of AA amyloidosis in the carcasses of these young chickens.
AA outbreaks in this farm occurred after administration of a combined vaccine. Therefore, we investigated the
possible relationship between avian AA amyloidosis and the vaccination program, including characterizing
etiological factors of the disease and possible treatments, the use of antibiotics, and/or varying the vaccine
components.
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CASE HISTORY & METHODS

The poultry farm T is a large-scale farm, which raises a total of about 200,000 white growing hens per year. In
each farming term, 44,000 chickens were farmed. Chickens were introduced in farm T at the age of about 70
days, subcutaneously or intramuscularly inoculated with the multiple vaccines in pectoral muscle at 90-days and
shipped to an egg-laying farm at about 130 days. From February 2010, the mortality of chickens increased in
farm T (about 2.0%). The chickens deceased from February 2010 to June 2011 were examined in the following
ways.

»  Historical analysis in farm T

»  Analysis of pathological condition of chicken amyloidosis

»  Verification of the treatment effect of antibiotics

RESULTS

Chicken amyloidosis was observed within 20 to 30 days after one-time co-administration of vaccines. In group
No.7, the total number of deceased animals was 711 out of 44,000 chickens (1.6%). Of these deceased
animals, 130 carcasses were examined macroscopically, histologically, and immunohistochemically. Treatment

with antibiotics reduced the number of chicken deaths.

Table 1. Surveillance of mortality, vaccine inoculation, and experimental treatment at poultry farm T

Group yfos. Moth-year _ Medicgt!or} _Overall mortality Incide_nce_ c_)f _chickens with
No. chickens starting of farming by antibiotic in a group amyloidosis in dissected group
1 32,000 Feb. 2010 - 1.1 -

2 32,000 Apr. 2010 - 1.2 -

3 32,000 Jun. 2010 - 2.0 -

4 32,000 Aug. 2010 - 1.7 -

5 32,000 Aug. 2010 - 1.4 -

6 44,000 Dec. 2010 - 1.8 -

7 44,000 Feb. 2011 - 1.6 22/25 (88%)

8 44,000 Apr. 2011 + 0.7 3/40 (7.5%)

To estimate the relationship between occurrence of chicken amyloidosis and vaccination, 25 chickens were
inoculated with the vaccines according to vaccination program as the monitoring group, while 5 chickens were
kept as the control group without vaccination. The histopathological observation revealed the development of
AA amyloidosis in 22 of the 25 animals inoculated with vaccines, while AA amyloidosis was not observed in 5
control chickens. In 22 chickens with AA amyloidosis, inflammatory lesions in the pectoral muscles were more

severe than those seen in chickens without amyloidosis

DISCUSSION

Outbreaks of chicken amyloidosis previously have been reported primarily in colored chickens. However, in this
study, the outbreak developed in growing hens of the Julia-Lite (white) breed. Furthermore, these chickens

developed AA amyloidosis within 20 days after a single vaccine injection, even though young Sonia and Boris-
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Brown (colored) hens raised at the same poultry farm didn’'t develop AA amyloidosis (data not shown). In most
previous reports, AA amyloidosis was observed in chickens or other animals over a month after the
administration of multiple (repeated) inflammatory stimulations. Our results suggest that the Julia-Lite breed
may have greater susceptibility to AA amyloidosis following inflammatory stimulation.

Chickens administered antibiotics exhibited decreased mortality, suggesting that prophylactic administration
of antibiotics after vaccination is effective in reducing mortality due to AA amyloidosis. Generally, amyloidosis is
a disease caused by chronic inflammation, as seen in rheumatoid arthritis and various bacterial infections. In
this study, chicken amyloidosis presumably was enhanced by inflammation from purulent myositis with bacterial
infection at the pectoral muscle site of injection. Administration of antibiotics is assumed to have reduced
bacterial infection and thereby weakened inflammatory stimulation, leading to a reduction in the incidence of
amyloidosis.

In the monitoring group, three of 40 chickens (7.5%) exhibited AA amyloidosis. This percentage is higher than
mean mortality in group No. 8. The result suggests that some of the chickens that survived to harvest (i.e., were
not found dead) may have been harboring AA amyloidosis. Furthermore, in the three necropsied chickens that
exhibited amyloidosis, amyloid deposits were observed in each lesion-containing pectoral muscle. These
observations suggest that chickens with systemic amyloid deposits may have been shipped to egg farms as
layers. Given recent reports of cross-species transmission of AA amyloidosis (by ingestion of amyloid in edible

meat), further surveys of chicken AA amyloidosis in laying hens are recommended.
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Serum amyloid A (SAA) is an acute-phase reactant associated with high-density lipoproteins (HDLSs) in plasma
(1). SAA is produced by the liver where its synthesis is under the control of inflammatory cytokines, including
interleukin-1, interleukin 6 and tumor necrosis factor. During episodes of inflammation the SAA levels become
substantially elevated due to an increased hepatic production (0.001 — 1mg/ml), thus increasing the SAA
content of HDL (HDL-SAA) (2). The amount of other protein constituents of HDL, such as apolipoprotein A-I
(ApoA-l), is concomitantly reduced. This altered, but physiological relevant lipoprotein, has an increased binding
affinity for macrophages that is dependent on heparan sulfate (HS), a sulfate polysaccharide expressed on cell
surfaces and in the extracellular matrix (3).

During longstanding inflammatory conditions, SAA can accumulate and deposits in organs, primarily in the
spleen, liver and kidneys, causing AA-amyloidosis (4). The development of the disease is a progressive
process, often associated with persistent or reoccurring acute inflammation such as rheumatoid arthritis and
familial Mediterranean fever (5). AA-amyloidosis is relatively rare compared to other types of amyloid disorders,
but often severe due to functional failure of affected organs. Although a sustained increase in circulating SAA is
a prerequisite for the disease, only a proportion of the patients with persistent inflammatory conditions develop
this form of amyloidosis. Thus, factors other than circulating SAA concentration must be critical for the
generation of AA-amyloid.

AA-amyloidosis can be induced in mice by intravenous injection of amyloid fibrils (also known as amyloid
enhancing factor, AEF) in combination with an inflammatory stimulation by subcutaneous injection of silver
nitrate. This causes AA-amyloid within 24 hours in affected organs (6). Experiments with this model have
revealed an intimate structural and temporal relationship between AA-amyloid and HS in situ, suggesting a role
for HS in the pathogenic process (7).

Our lab previously showed that transgenic mice overexpressing heparanase, an HS degrading enzyme, are
resistant to experimental induction of AA-amyloid. Organs of the transgenic mice with high heparanase
expression selectively escaped amyloid deposition, demonstrating a decisive role for HS in the pathogenic

process. Gel chromatographic analysis of isolated HS revealed a pronounced reduction in the average chain
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length of the heparanase-overexpressing organs (i.e. liver and kidney) (8). Taken together, this study indicates
that the HS chain-length is critical for the aggregation of SAA and its subsequent deposition as AA-amyloid. The
present study aimed to investigate the molecular basis of this finding.

THE POLYSACCHARIDE LENGTH IS CRITICAL FOR THE BINDI NG ACTIVITY TO ACUTE-PHASE HDL

HDL particles were isolated from normal (HDL) and inflamed mouse plasma (HDL-SAA) by sequential density
flotation. The apolipoprotein content in respective HDLs was analyzed with SDS-Urea PAGE and, as expected,
the HDL-SAA contained high amount of SAA whereas it was essentially absent in regular HDL. We found that
heparin (a commonly used analogue of HS) efficiently promoted the formation of amyloid fibrils when incubated
with HDL-SAA at mildly acidic conditions; an effect that is likely exerted through a pH-sensitive motif on SAA (9).
This conversion of SAA, from a lipid-associated protein to an amyloid structure, is considered to be a central
issue in the pathogenesis of AA-amyloidosis.

To examine the binding of HS/heparin to HDL-SAA we employed surface plasmon resonance (SPR)
spectroscopy. HDL-SAA was immobilized onto a Biacore CM5 sensor chip and heparin was injected over the
surface at different pH-conditions. As observed for the aggregation experiment, the heparin and HDL-SAA
interaction required mild acidic condition (pH 5.0). Unexpectedly, the heparin binding generated a negative cure,
which is rarely observed in SPR-analysis. Characterization of the interaction revealed that the polysaccharide
influenced the stability of HDL-SAA, and that the negative binding curve represented a direct dissociation of
SAA from the lipoprotein.

To further investigate the molecular basis of this finding, we examined the binding of short heparin fragments
(e.g. 6-mers) with HDL-SAA. Shorter heparin fragments interacted transiently with the lipoprotein and did not
induce SAA dissociation. Further, injection of oligosaccharides with different chain-lengths revealed that only
structures exceeding 12-14 sugar units in length were capable of inducing SAA dissociation. This size-
dependent effect was further illustrated by examination of HDL-SAA aggregation; heparin efficiently promoted

aggregation, while 6-mers failed to induce aggregation.

HS INDUCED DISSOCIATION LIKELY INVOLVES TWO BINDING SITES ON ACUTE-PHASE HDL

Inspection of the SPR-data suggested that an additional HDL-associated component, to which HS/heparin
binds, is involved in the SAA dissociation process. Since ApoA-l is the other major protein constituent of HDL-
SAA, we considered whether simultaneous binding of HS/heparin to ApoA-I and SAA would be required for SAA
dissociation. Accordingly, HS was found to bind normal HDL abundant in ApoA-l. This interaction was only
observed at mild acidic pH, consistent with the condition at which HS/heparin-mediated SAA displacement
occurred. Furthermore, molecular modeling revealed that the putative binding motifs of SAA and ApoA-I each
correspond to that of a heparin 6-mer (31.8 A). Thus, a heparin structure of 12-14-mer provides two such sites,
enabling simultaneous binding to the two HDL-SAA components. In comparison, a fragment of 6-mers can only
accommodate one motif. Notably our study does not exclude the possibility that the HS/heparin-mediated
displacement of SAA occurs through co-binding of HS/heparin to SAA and other HDL-associated
apolipoproteins (e.g. ApoE, ApoC). Such an interpretation warrants consideration since HS/heparin binding sites

have been identified on ApoE.

134



Animal models and cell culture systems

Taken together, this study suggests that HS structures that exceeding a certain minimal length induces

separation of SAA from the lipoprotein. Our results point to a novel role of HS in AA-amyloidosis, in which an

optimal chain length of the polysaccharide is required for separation of SAA from HDL-SAA. This concept is

consistent with earlier in vivo findings (8) and introduces a novel mechanistic concept in inflammatory (AA)

amyloidosis.

REFERENCES

1. Benditt, E.P and Eriksen N. (1977) Proc Natl Acad Sci U S A 74, 4025-4038

2. Gabay C., and Kushner, I. (1999) N Engl J Med 340, 448-454

3. Tam SP, Kisilevsky R, Ancsin J.B. (2008) PLoS One 3(12):e3867

4.  Westermark G.T., and Westermark P. (2009) FEBS Lett 583, 2685-2690

5. Gillmore J.D., Lovat L.B, Persey M.R, Pepys M.B, and Hawkins P.N. (2001) Lancet 358, 24-29

6. Axelrad M.A, Kisilevsky R., Willmer J., Chen S.J. and Skinner M. (1982) Lab Invest 47, 139-146

7. Snow A.D., Willmer J., and Kisilevsky R. (1987) A close ultrastructural relationship between sulfated
glycosaminoglycans and AA amyloid fibril. Lab Invest 57, 687-698.

8. LiJ.P, Galvis M.L., Gong F., Zhang X., Zcharia E., Metzger S., Vlodavsky ., Kisilevsky R., and Lindahl U.
(2005) Proc Natl Acad Sci 77, 6551-6555

9. Elimova E., Kisilevsky R., and Ancsin J.B. (2009) Faseb J 23, 3436-3448

135



Xllth International Symposium on Amyloidosis

Transthyretin deposition in cultured cells

M. Ueda,*? B. Kluve-Beckerman,' J.J. Liepnieks,* M. Mizuguchi,® Y. Ando,? and M.D. Benson*

1Department of Pathology and Laboratory Medicine, Indiana University School of Medicine, Indianapolis,
Indiana, USA. *Department of Diagnostic Medicine, Graduate School of Medical Sciences, Kumamoto

University, Kumamoto, Japan. ®Faculty of Pharmaceutical Sciences, University of Toyama, Toyama, Japan.

ABSTRACT

It remains to be fully elucidated how transthyretin (TTR) makes amyloid in tissues and causes organ damage.
The aim of this study is to investigate TTR deposition on cell morphology and viability. Recombinant TTR were
expressed in E. coli and purified. TTR aggregates were formed in vitro by pretreating TTR in 100 mM acetate
buffer, pH 4.0. Aggregate preparations were centrifuged to generate pellet and supernatant fractions or used
without fractionation. Smooth muscle cells were cultured with the various TTR preparations. TTR aggregates in
non-fractionated pretreated preparations, as well as resuspended pelleted material, deposited on the surface of
cells. The deposits stained weakly with Congo red but were not birefringent. Western analyses of cell lysates
revealed that both non-treated TTR and TTR pretreated at pH 4.0 bound to cells. No decrease in viability was
noted for cells incubated with nontreated and treated TTR.

INTRODUCTION

Background. Mutant (MT) forms of transthyretin (TTR) cause autosomal dominant hereditary systemic
amyloidosis.*? In addition, wild-type (WT) TTR causes senile systemic amyloidosis, a sporadic disease seen in
the elderly.® Although destabilization of TTR tetramers is widely believed to be a critical step in TTR amyloid
formation, it remains to be fully elucidated how TTR makes amyloid in tissues and causes organ damage. The
aim of the study is to investigate TTR deposition in cell culture and examine effects of deposition on cell
morphology and viability.

METHODS

Recombinant wild-type and mutant (Val30Met) TTR were expressed in E. coli and purified by ammonium sulfate
precipitation and DEAE and Sephacryl S-100 chromatography. TTR aggregates were formed in vitro by
pretreating TTR in 100 mM acetate buffer, pH 4.0, for 30 min. Aggregate preparations were centrifuged to
generate pellet and supernatant fractions or used without fractionation (Figure 1). Cultures of smooth muscle

cells (glomotel cells) were incubated with the various TTR preparations for 6 days. Congo red staining and
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immnohistochemical staining using an anti-TTR antibody (DAKO, Glostrup, Denmark) were performed. Cell
lysates were examined by western analysis using the anti-TTR antibody. Cell viability was measured by MTS

assay.

1. Non-treated TTRs
Add to culture medium\¥ e Culture for 6 days

2. Treated TTRs
Incubate TTRs in test tube

with 100 mM acetate buffer, pH 4.0 Add to culture medium

d at 37 °C for 30 min to 1 day - S
> Culture for 6 days

3. Treated TTRs, followed by centrifugal separation

Incubate TTRs in test tube Add to culture medium
Supernatant

with 100 mM acetate buffer, pH 4.0 (soluble TTR) 9 Culture for 6 days
d at 37 °C for 30 min to 1 day 6
Centrifugal separation  Pelet Add to culture medium
13,000 rpm, 15 min insoluble TTR
( ) S Culture for 6 days

Figure 1. Preparations of TTR for cell culture studies.

RESULTS

TTR aggregates in non-fractionated pretreated preparations, as well as resuspended pelleted material,
deposited on the surface of cells (Figure 2A). The deposits stained weakly with Congo red (Figure 2B) but were
not birefringent (Figure 2C). Western analyses of cell lysates revealed that both non-treated TTR and TTR
pretreated at pH 4.0 for 30 min bound to cells.

MTS assay revealed that viability of cells cultured with pretreated TTR was almost same as cells cultured with
non-treated TTR in both wild-type and Val30Met TTR.

Figure 2. Congo red staining and immnohistochemical staining

(A) Immunohistochemical staining using the anti-TTR antibody in glomotel cells cultured with the pretreated TTR
Val30Met. (B) Congo red staining in glomotel cells cultured with the pretreated TTR Val30Met. (C) Congo-red
staining under polarized light.
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DISCUSSION

TTR pretreated with acidic buffer in a test tube made deposits of TTR aggregates on the cells, while it is still
unclear how TTR binds to cell surface. Those aggregates did not show birefringent under polarized light. This
result suggests that TTR aggregates on the cells are different from amyloid deposits in the patients. To

determine how TTR makes amyloid on the cells, further investigations should be performed.
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ABSTRACT

Induced pluripotent stem cells (iPSCs) provide an unprecedented opportunity to model and to develop therapies
for human genetic diseases in the genetic context of the patient. We have generated iPSC lines from a
hereditary transthyretin amyloidosis (ATTR) patient heterozygous for the leucine-55-proline mutation. We
demonstrate the successful modeling of this multi-systemic disease through the directed differentiation of ATTR-
iPSC into both disease effector cells (hepatocytes) and peripheral target cells (cardiomyocytes, neurons).
ATTR-iPSC derived target cells display oxidative stress and increased apoptosis when exposed to aberrant
TTR protein produced by ATTR-iPSC hepatocytes, thus recapitulating aspects of the disease in vitro.
Furthermore, the deleterious effects of ATTR hepatic supernatants were negated in the presence of known
small molecule stabilizers of TTR such as diflunisal, thus validating the iPSC-based system as a suitable

platform for small molecule drug testing.

INTRODUCTION

Induced pluripotent stem cell (iPSC) technology was first discovered in 2006 by the group of Shinya Yamanaka,
who elucidated the combination of four factors, Oct4, Sox2, Klf4 and C-Myc whose overexpression was
sufficient to reprogram somatic cells to pluripotency [1]. The generation of iPSC from patients with inherited
diseases provides an unprecedented opportunity to study the effects of genetic abnormalities and disease
progression. The derivation of unlimited quantities of the genetically relevant cell types targeted and affected in
patients allows investigation of the cellular, molecular, and epigenetic events involved in multi-systemic genetic
disease such as hereditary TTR amyloidosis (ATTR). Although most cases of ATTR are due to the autosomal
dominant presence of a single base-pair mutation in hepatic serum protein transthyretin [2], the damage is seen
extrinsically in the peripheral nervous system and heart [3], highlighting the need for a model that can

recapitulate the multi-system complexity of the disease.
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We have generated ATTR patient-specific iPSCs and used directed differentiation protocols to generate cells
of hepatic, neuronal and cardiac lineages, modeling the three major tissue types involved in this lethal disease.
Our data recapitulate clinical trial findings that certain small molecule TTR stabilizers can inhibit TTR fibril

formation in vivo, validating this system as a platform for the testing of therapeutics.

RESULTS

Creation of disease-specific iPSCs; A lentiviral vector containing the four genes in a single “stem cell
cassette” -known as STEMCCA- has been created and characterized by our group [4,5], and has been shown
to be able to be highly efficient at generating “fully reprogrammed” iPSCs from transduced patient skin
fibroblasts and peripheral blood cells. Using the STEMCCA system, we have generated multiple iPSC lines from
an ATTR patient dermal fibroblast sample heterozygous for the L55P mutation, the most clinically aggressive
disease-causing variant of the TTR gene [6] which targets the heart and the peripheral nerves in addition to
other tissues.

The resultant ATTR-iIPSCs were karyotypically normal and expressed a panel of associated pluripotency
markers including Oct4, SSEA-4, Tral-60 and Tral-81. Importantly, the ATTR-iPSC clones were able to give
rise to tissue derivatives of all three germ layers in teratoma formation assays in immunocompromised mice,
indicating that the cells were functionally pluripotent.

Directed differentiation of ATTR-iPSCs to cellula r lineages affected in ATTR; Using growth factor
dependent, directed differentiation methodologies, ATTR-iIPSCs were pushed towards the hepatic, cardiac and
neuronal cell lineages for utilization in downstream disease modeling experiments.

Hepatic-lineage cells derived from ATTR-iPSCs were capable of glycogen storage, a property of bona fide
hepatic cells, and they expressed a panel of hepatic markers such as alpha-fetoprotein, albumin and also the
disease-affected gene transthyretin. Importantly, for the use of these cells in downstream experiments, western
blot analysis of hepatic supernatants revealed that these cells produced and secreted TTR protein.

Cardiac and neuronal lineage cells derived from the ATTR-iPSCs also displayed hallmarks of their respective
lineages as assessed by immunofluorescence and gene expression analysis, displaying upregulation of genes
such as Thx5 and cardiac troponin for the cardiac cells and neuronal class Il B-Tubulin (Tujl) and homeobox
protein HB9 for neuronal cells. Functionally, ATTR-IPSC derived cardiac cells were capable of spontaneous
contraction while neuronal cells were capable of labeled TTR uptake, a property of neuronal cells in vivo [7].

Assessment of damage to ATTR-target tissues; Having successfully derived the cellular lineages involved
in ATTR, we then focused on the modeling of the disease in an in vitro setting, by dosing the “ATTR target” cells
with supernatants from iPSC-derived hepatic cells (both control and ATTR). Flow cytometry of viability dye-
stained cells revealed that compared to control, both neuronal and cardiac cells reacted adversely to ATTR
hepatic supernatants (ATTR-hs), with an overall decrease in the number of live cells. Preliminary gene
expression analysis of dosed ATTR-neuronal cells also revealed that cells exposed to ATTR-hs had
comparatively higher levels of genes typically upregulated in response to aberrant protein folding and cellular
stress, such as heat-shock 70 family proteins and heme oxygenase 1.

Amelioration of damage with TTR stabilizing molec  ules; Having ascertained that hepatic supernatants
containing the L55P variant of TTR had a deleterious effect on cell survival, we next investigated whether it was
possible to rescue this effect through the addition of known small molecule stabilisers of aberrant tetrameric
TTR,; diflunisal and flufenamic acid [8,9]. The addition of either of these compounds to ATTR-hs had a protective
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effect on both neuronal and cardiac cell survival compared to cells exposed to ATTR-hs alone, indicating that
the stabilization of aberrant TTR in the supernatant was sufficient to prevent the toxic effects observed with
ATTR-hs.

DISCUSSION

Pluripotent stem cells are a useful tool for disease modeling as it is possible, through directed differentiation, to
study the lineages of interest in vitro. iPSCs, which are derived from patient-specific cells, further this by
allowing the study of genetic diseases in the context of the genetic background of the patients. For a disease
such as ATTR, in which a degree of clinical variability has been observed in patients with the same genetic
variants in the TTR gene, it may provide insights into the underlying causes of disease manifestation. Using our
versatile iPSC system, we have recapitulated aspects of ATTR in vitro through the exposure of directed-
differentiated tissues to hepatic supernatants containing aberrant TTR. We have also demonstrated that known
small molecule stabilizers of the TTR tetrameric structure can overcome the deleterious effects of aberrant TTR
in this system, therefore validating this system as a potential platform in which to study the effects of novel

therapeutics for the disease.
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Diagnosis, typing and imaging

STATE OF THE ART: Diagnosis and typing of amyloidi  n the Amyloid Registry Kiel

C. Rocken

Department of Pathology, Christian-Albrechts-University, Kiel, Germany.

Amyloid is a pathologic fibrillar aggregation of polypeptides in a cross-B-sheet conformation. Amyloidoses are
caused by the deposition of amyloid and may occur as cerebal and extracerebral diseases. More than 29
different amyloid proteins have been identified. Inspection of a Congo red-stained tissue section by polarization
microscopy is the gold standard for diagnosing amyloid. Subsequent classification of the amyloid is mandatory
and is increasingly supported by molecular biological analyses. This led to the discovery of several hereditary
amyloid diseases in Germany. The correct classification of amyloid is of paramount importance. This helps to

assess the prognosis and tailors patient treatment.

DIAGNOSING AMYLOID HISTOLOGICALLY

Amyloid can only be diagnosed by the inspection of a tissue specimen either by light microscopy or electron
microscopy. Even 150 years after the first description of amyloid by Rudolf Virchow, no clinical, laboratory or
imaging technology has replaced the analysis of a tissue sample, putting the histopathologist in a central
position for recognizing and diagnosing amyloid. While amyloid is defined by the presence of proteinaceous
deposits with specific tinctorial properties, amyloidosis denotes the disease state caused by the deposition of
amyloid. Amyloid can be unapparent without clinical and/or histological evidence of a resulting disease.

On an H&E-stained tissue specimen, amyloid appears as a homogeneous eosinophilic mass. Following Congo
red staining, amyloid shows a typical apple green birefringence when viewed in polarized light between crossed
polars. Electron microscopically, amyloid consists of non-branching linear fibrils with an average diameter of 10
nm. Several alterations in human tissue can mimic amyloid, including various forms of scaring, which are far
more common than amyloid in the routine surgical pathology service. Thus, prior to diagnosing amyloid, it is
necessary to consider this differential diagnosis, and | strongly recommend to constantly remind clinicians and
surgical pathologists of this orphan disease.

When amyloid is suspected, Congo red staining in conjunction with polarization microscopy is the gold
standard. The light source of the microscope has to be set at maximum power and the crossed polarization
filters should darken the field almost completely. Amyloid then shows the characteristic and diagnostic apple
green birefringence. However, there is ample evidence that the intensity of the birefringence varies between
different types of amyloid, commonly being weaker in AL and certain forms of ATTR amyloid. In these settings,

amyloid can be missed when the Congo red staining and polarization microscopy are not properly applied.
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Recognizing tiny deposits can be difficult at times and are prone to sampling errors. Application of step sections

and/or fluorescence microscopy to the Congo red-stained sections may increase the sensitivity.

CLASSIFICATION OF AMYLOID IMMUNOHISTOLOGICALLY

Once a diagnosis has been reached, amyloid has to be classified. The vast majority of tissue specimens studied
in surgical pathology have been fixed in formalin and embedded in paraffin (FFPE). Thus, classification
technologies should be applicable to these specimens. Immunohistochemistry is a standard technique, which, in
general, can be applied robustly to FFPE-tissue specimens (1). It is available in almost any Department of
Pathology (University Hospital, Community Hospital, Private Practice) and as such has the broadest distribution.
However, while immunodetection of common cellular and tissue antigens, such as cytokeratin or vimentin, is
straight forward, classification of amyloid is more sophisticated for the following reasons:

1) Many amyloid proteins have undergone conformational and post-translational modifications. Therefore,
antibodies raised with the cognate native, physiologically folded precursor proteins may not yield
antibodies suitable for the recognition of amyloid proteins.

2) All amyloid proteins derive from physiological, autologous precursor proteins, which may still be present in
the test tissue bearing the risk of “false positive”, although specific, immmunolabeling not identical with the
amyloid protein.

3) Amyloid is deposited loosely in the tissue and serum proteins regularly diffuse into the amyloid deposits
further corroborating immunohistochemical classification.

4) Amyloid is a rare disease of diverse origin and classification requires a large battery of different antibodies
(Table 1), which will only be used rarely making classification of amyloid in a routine diagnostic laboratory
uneconomical.

Thus, advanced immunohistochemical classification of amyloid should be carried out in specialized units, which
have special expertise with the classification of amyloid and are able to make classification economical (1). This
also applies to more advanced proteomics based classification systems of amyloid (see A. Dogan, this

Proceedings book).

THE AMYLOID REGISTRY KIEL

The Amyloid Registry Kiel is a central pathology service unit for the diagnosis and classification of amyloid in
Germany. We receive samples from clinicians and referring surgical pathologists from all over Germany. Mostly
FFPE-tissue samples are submitted to the registry after the referring surgical pathologist has diagnosed
amyloid. On a routine basis, we apply nine different antibodies to every specimen using serial sections of which
one is stained with Congo red. Immunolabelling is done with fully automated immunostainers using also on slide
positive and negative controls (Figure 1). In addition to that many more mostly non-commercially available
antibodies are kept on stock and are applied to the tissue specimens depending on the origin and type of
amyloid to be considered (Table 1). The Amyloid Registry Kiel now houses more than 2000 cases of amyloid
with an annual increment of about 450 new cases. This unique collection has enabled a new sort of systematic
studies investigating the prevalence and histoanatomical distribution of the diverse types of amyloid in tissue
biopsies. This ultimately improves recognition and classification of amyloid, since the deposition patterns vary

among the different types of amyloid improving significantly clinico-pathological diagnosis.
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Table 1. Antibodies used by the Amyloid Registry Kiel for the classification of amyloid

Antibody

Commercial /
non commercial

mono- / polyclonal

Manufacturer / peptide sequence
used for immunisation

Amyloid-P Komponent C P DakoCytomation, Glostrup, Denmark
AA-Amyloid C M (clone mc;) DakoCytomation, Glostrup, Denmark
AB-Amyloid C M (clone 6F/3D) DakoCytomation, Glostrup, Denmark
. . C Novocastra, Newcastle upon Tyne,
32-Mikroglobulin P England
Calcitonin C M (clone SP17) Thermo Fisher Scientific, U.S.A.
hDYSF5a (Dysferlin) C P NH,-CTTPRKLPSRPPPHY-CONH,
hDYSF-5b (Dysferlin) C P NH,-CRKRSAPTSRKLLSDK-CONH,
hDYSF-6 (Dysferlin) C P NH,-AGQTKRTRIHKGNSC-CONH,
Gelsolin C M (clone GS-2C4) Sigma-Aldirch, Deisenhofen
Insulin C M (HB125) BioGenex, U.S.A.
Lactoferrin C P DakoCytomation, Glostrup, Denmark
A-Leichtkette C P DakoCytomation, Glostrup, Denmark
AL1 (\-Leichtkette) N P Native ALy,v Amyloidproteine (10)
N NH,-ISCSGSSSNIGSNTV-CONH,
. and
AL3 (\-Leichtkette) P NH-QRPSGVPDRFSGSKSGTS-
CONH; (11)
. N NH; — CLFPPSSEELQANKATLV —
AL7 (A-Leichtkett: P
(A-Leichtkette) CONH,
K-Leichtkette C P DakoCytomation, Glostrup, Denmark
AK1 + AK2 (k-light chain) N P ggﬂﬁ?MTQSPSSLSASVGD'
AK3 + AK4 (k-light chain) N P NH,-CFIFPPSDEQLKSGTA-CONH,
Fibrinogen C P DakoCytomation, Glostrup, Denmark
Fibl (Fibrinogen) N P NH,-EKVTSGSTTTTRRSC-CONH,
. oo N NH,-CQNLASSQIQRNPVLIT-
Fib2 (Fibrinogen) P CONH,
N NH-EKVTSGSTTTTRRSC-CONH,
Fib3 (Fibrinogen) P and NH,-CQNLASSQIQRNPVLIT-
CONH,
N NH,-DEPPQSPWDRVKDLAC-
. . CONH; and NH,-
Apolipoprotein A-| P CVLKDSGRDYVSQFEG-CONH,
(12)
Apolipoprotein A-ll C P Biodesign International, U.S.A.
Transthyretin C P DakoCytomation, Glostrup, Denmark
Transthyretin (TTR3) N p NH,-FHEHAEVVFTANDSGPRRYT-
CONH;
Lysozyme C P DakoCytomation, Glostrup, Denmark

C: commercial; N: non commercial; P: polyclonal; M: monoclonal

HEREDITARY AND RARE LOCAL AMYLOIDOSES IN GERMANY

Although the first medical report on hereditary amyloidosis by Ostertag stems from Germany (2), most types of

hereditary amylodoses were subsequently identified in Japan, North America, Portugal, Sweden and the United

Kingdom. Except for hereditary ATTR amyloidosis, other forms of extracerebral hereditary amyloidoses did not

seem to occur in Germany. Therefore we carried out a systematic search for hereditary type amyloidoses in

Germany and since then discovered hereditary forms of amyloid caused by mutations of the apolipoprotein Al-

(3), dysferlin- (4), fibrinogen- (5), lysyozme- (6), and oncostatin M receptor-gene (7). We also studied the
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prevalence of TTR-gene mutations in a consecutive series of surgical pathology specimens (8). The central
collection and classification of amyloid also led to the re-discovery of the local Alns amyloid caused by the
injection of recombinant insulin in insulin-dependent diabetics (9), which was thought to have disappeared.
These studies elegantly demonstrate the fundamental problem of orphan diseases in our health care systems:
These rare diseases need to be specifically sought by specialized health care professionals, otherwise they will
be missed.

Figure 1. Renal AA amyloidosis (note the on slide positive control in the left upper corner consisting of a tissue

micro array with AA-, AL-, and ATTR amyloid, and liver without amyloid).

AMYLOID IN ORGAN BIOPSIES

The Amyloid Registry Kiel and its predecessor at the Charité Berlin (2006-2009) allowed the systematic
investigation of the prevalence of amyloid types in different organ biopsies. While these studies do not reflect
the true prevalence of the diverse amyloidoses and their respective organ distributions, it mirrors the clinico-
pathological background in which amyloid is diagnosed. This is influenced by the clinical presentation of the
disease and the subsequent diagnostic procedures undertaken to reach a diagnosis. Amyloid is often not the
first differential diagnosis considered by either the general practitioner or the specialized physician. We explored
systematically the prevalence of the diverse types of amyloid in large patient series of kidney biopsies (233
patients) (13), liver biopsies (46 patients) (14), heart biopsies (283 patients) (15) and in biopsies of the
respiratory tract (144 patients). Interestingly and as expected, the pattern of amyloid types varies among the
different organ biopsies. In kidney biopsies, AL and AA amyloidosis are most prevalent and in addition to that
almost any systemic hereditary type of amyloidosis affects in the kidney. In liver biopsies almost 90% of the
cases harbor AL amyloidosis, whilst cardiac biopsies obtained from the ventricles enclose either AL (53%) or
ATTR (45%) type. Biopsies obtained from the airways and lung show AL amyloid in 78% of the cases (Figure
2).
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Figure 2. Prevalence of amyloid types in biopsy specimens

SUMMARY (BULLET POINTS)

*  Amyloid is a rare disease and considering it in the differential is half way.

. Novel detection technologies for amyloid should be broadly applicable without necessitating specific
technology.

. Combination of clinical information, histology, immunhistochemical classification and molecular typing
is mandatory and state of the art.

. Protein biochemistry (mass spectrometry) is evolving and will improve diagnosis.
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Digitally reinforced Hematoxylin-eosin slides: Firs t clue in detection of amyloid depositions

B. Pehlivanoglu, B. Doganavsargil, B. Sarsik, M. Sezak, S. Sen

Ege University Faculty of Medicine, Department of Pathology, Bornova, Izmir, Turkey

Amyloid has an amorphous, eosinophilic appearance on Hematoxylin-eosin and Congo-red is the gold standard
for diagnosis. In this study, we searched the potential power of digitalized Hematoxylin-eosin slides to detect
amyloid depositions. Ninety-one upper gastrointestinal endoscopic biopsy specimens of 75 patients with
amyloidosis and 20 consecutive control cases without gastric amyloidosis were reevaluated blindly using
Olympus BX51 polarising microscope equipped with DP21 camera with stand alone system. Depositions which
show green birefringence on HE with digitalized microscopy were considered as positive and results were
confirmed using Congo-red. The sensitivity, specificity, positive and negative predictive values were estimated
as 85%, 96%, 99% and 65%, respectively. We concluded that digitalized HE sections can be used as a fast
search method for diagnosis of amyloidosis. Further investigation is needed on this matter. However, as the

technique improves, it may predict the positivity of Congo-red.

INTRODUCTION

Various stains have been used for detection of amyloid fibrils in histologic specimens to date and Congo red has
been established as the gold standard for diagnosis (1, 2). Currently, Hematoxylin-eosin (HE) is the most widely
used stain in pathology practice and amyloid has an amorphous, eosinophilic appearance on HE, giving the
pathologist the first clue to suspect amyloidosis. We recently realized that the Toluidine-blue stained amyloid
deposits show birefringence in digitally photographed (digitally reinforced) sections. In this study, we searched

the potential power of this technique to detect amyloid depositions in HE stained slides.

METHODS

Ninety-one upper Gl endoscopic biopsy specimens of 75 patients (41 male and 34 female) with amyloidosis and
20 control cases without gastric amyloidosis were reevaluated blindly using Olympus BX51 polarising
microscope equipped with DP21 camera with stand alone system. Average age was 47.5 + 14, 8 (range 10-79
years-old). Depositions which show green birefringence on HE with digitalized microscopy were considered as
positive and results were correlated with Congo-red staining results and distribution of amyloid deposition by

nonparametric tests.
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RESULTS

Amyloid deposition was seen on HE in 67 specimens (Figures 1 and 2) and confirmed by Congo red except for
one “false positive” case. In 12 cases no depositions were distinguished on HE although they were visible in
Congo red stained sections (False negative). Ten biopsies were excluded as they were unqualified for
evaluation of amyloidosis. A total of 22 specimens including the control group did not show birefringence either
on HE or Congo red (true negative). The sensitivity, specificity, positive and negative predictive values were
estimated as 85%, 96%, 99% and 65%, respectively.

Amyloid deposition was most frequently encountered in vasculary walls (73,6%) followed by muscularis
mucosa (65,3%) and lamina propria (41,3%).Thirty cases (40%), 36.6% of which also had renal involvement,
showed extensive vascular, muscular and stromal amyloid deposition. Four patients had rheumatoid arthritis,
seven had ankylosing spondylitis, five had familial Mediterranean fever (FMF), one had Behcet’s disease and

one patient had Reiter syndrome. Stromal involvement was only seen in widely distributed cases.

Figure 1. Amyloid depositions in duodenum

A) Ordinary Hematoxylin-eosin section (x10), B) digitally reinforced polarized Hematoxylin-eosin.

Figure 2. Vascular amyloid depositions. A) Ordinary Hematoxylin-eosin section, B) digitally reinforced

polarized hematoxylin-eosin
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DISCUSSION

Various stains have been used to detect amyloid in tissues however, detection of Congo red stained deposits
that show green birefringence under polarized light has become the gold standard for diagnosis of amyloidosis
(1, 2). But, staining method may change the sensitivity and specificity of Congo red staining (3) and pathologists
may require ancillary studies such as histochemistry and immunohistochemistry for definitive diagnosis and
histotyping of amyloidosis. However HE stained section maintains its value as the first step of evaluation and
amorphous, eosinophilic appearance of amyloid must be differentiated from other changes as sclerosis or
hyalinization. It has been reported that unstained amyloid fibrils may show birefringence (4). We realized that
HE stained deposits show the very same green birefringence under polarized light (5). The camera system
attached to the polarizing microscope allows more powerful polarization, providing a polarization degree that
one could not see through binoculars but only on the monitor. It is also noteworthy that collagen and smooth
muscle fibers displayed birefringence of white yellow tint that is different from amyloid depositions in some
cases which is of help in evaluating especially muscular deposits. This technique gives the pathologists the
opportunity to confirm their preliminary diagnosis to preserve tissue and reduce the laboratory workload by
eliminating the need for additional sectioning

In conclusion, digitalized HE sections can be used as a fast search method for diagnosis of amyloidosis. To
our knowledge, there is no other study reported in the literature on HE polarization of amyloid fibrils but further

investigation is needed to prove its value in prediction of Congo-red positivity.
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Digitally reinforced Toluidine blue can safely be u sed for detection of amyloid
depositions

S. Sen, B. Sarsik, B. Pehlivanoglu, M. Sezak, B. Doganavsargil

Ege University, School of Medicine, Department of Pathology, Izmir, Turkey

Gastrointestinal (Gl) amyloidosis is not infrequent however; Gl endoscopic biopsies can be too small for
additional stains such as Congo red. In our center, a metachromatic dye, Toluidine-blue, is used as a reflex
stain for H.pylori detection. We searched its potential value in detection of amyloidosis, applying a recently
introduced technique “Digitally reinforced polarization” for visualization of amyloid deposits. Ninety-one upper Gl
biopsy specimens of 75 patients were blind-reviewed by using polarising microscope equipped with a digital
camera. Of the 91 biopsies, 70 showed typical birefringence with Toluidine-blue in digital images. One case was
considered as false positive and the number of false negative cases was 8. The sensitivity, specificity, positive
and negative predictive values were estimated as 90%, 96%, 99% and 74%, respectively. We concluded that
digitally reinforced Toluidine-blue can be used safely in diagnosis of amyloidosis, particularly in laboratories

which use Toluidine-blue routinely.

INTRODUCTION

The term amyloidosis refers to a heterogeneous group of diseases characterized by the deposits of amyloid
protein fibrils and Congo red is required for definitive diagnosis. Gastrointestinal (GI) amyloidosis is a universal
finding in systemic amyloidosis and characterised by extracellular deposition of amyloid proteins in the mucosa,
submucosa, and muscularis propria. However, Gl endoscopic biopsies can be too small in size for additional
stains. In our center, Toluidine-blue, is used as a routine reflex stain for H.pylori detection. Toluidine blue is a
metachromatic dye producing orthochromatic blue staining of most amyloid deposits and stained amyloid
deposits also show a specific birefringence (1).

In this study, we evaluated Toluidine-blue stained amyloid deposits showing birefringence in digitally
photographed (digitally reinforced) sections in addition to expected metachromasia and we searched its

potential value in detecting amyloid depositions in upper Gl biopsies.

METHODS

Ninety-one upper Gl (oesophagus, stomach and duodenum) endoscopic biopsy specimens of 75 patients with
known amyloidosis, proven by Congo red stain and twenty consecutive patients without gastric amyloidosis

(control group) were included the study. All Toluidine-blue stained sections were evaluated and photographed
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by using Olympus BX51 polarising microscope equipped with DP21 camera with stand alone system and blind-
reviewed. Details of the digital photography and evaluation techniqgue were described elsewhere (2).
Depositions which show magenta-red green birefringence with Toluidine blue were considered as amyloid
positive (Figure 1). Results were confirmed using Congo red staining according to Pucthler (3) with evaluation in

polarized light (Figure 2).

RESULTS

Seventy of the 91 biopsies showed metachromasia and green birefringence with Toluidine blue. Ten Toluidine
blue sections were unqualified for diagnosis of amyloid deposits. Collagen and smooth muscle fibers also
displayed birefringence, however they showed yellow white tint, which was different from amyloid depositions.

One biopsy was considered as false positive and the number of false negative biopsies was 8. No positivity
was found in the control group. The sensitivity, specificity, positive and negative predictive values were
estimated as 90%, 96%, 99% and 74%, respectively.

Figure 1. A: Ordinary bright field illumination of Toluidine Blue stained sections. Amyloid depositions shows
metachromasia (pale violet - blue in colour) (x10). B: Polarized view of the same section. When polariser was
rotated until the background gets dark, amyloid deposited places showed magenta-red-green tint ion

(anomalous colours) while other parts were dark (x10).

DISCUSSION

Most pathologists identify amyloid depositions with Congo red and make the definitive diagnosis based on green
birefringence with anomalous color changes (4). Although Congo red is the golden standard for visualization of
amyloid deposits it can be affected from the type of fixative, fixation time, section thickness, age of the patients’
slides or even age of amyloid deposits (5). Amyloid can also be demonstrated by metachromatic or
polychromatic dyes. However these extra stains require serial sections and have the risk of losing area of
interest especially in small biopsies as we have seen in some cases of our series. Recently we showed that
Hematoxylin-eosin and/or other metachromatic stains may also show amyloid depositions under polarized light
(2, 6). This polarization can efficiently be reinforced by a digitalized camera and easily be detected in those
captured images. Anomalous color changes with Toluidine-blue polarization exhibit a wide spectrum between

red and green which is different from collagen and smooth muscles polarization tint. In this study, we evaluated
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reflex Toluidine-blue stained sections for H.Pylori detection to reveal amyloidosis. High values of sensitivity,
specificity, positive and negative predictive were found, suggesting that it may predict amyloidosis when Congo
red cannot be performed.

CONCLUSION

We concluded that digitally reinforced Toluidine-blue can be used safely in diagnosis of amyloidosis, particularly
in laboratories which use Toluidine-blue routinely, by eliminating the need for extra Congo red stain, thus

providing opportunity to conserve tissue samples.

A B
Figure 2 : Comparison of digitally reinforced polarized amyloid depositions, A) Hematoxylin eosin, B) Toluidine
blue, C) Congo red X10

Table 1. Patients’ characteristics in the upper gastrointestinal tract amyloidosis

Type of Amyloidosis Number of Antecedent disease
cases
AA (secondary) Amyloidosis 56
Chronic Rheumatic Disease 23
FMF and periodic fever 16
Inflammatory bowel disease (Crohn'’s disease.) 2
Chronic Infection 5
Malignancy 1
Undefined 9
AL Amyloidosis 6
Multiple Myeloma 5
Plasma Cell Dyscrasia 1
Hereditary Amyloidosis 1
Unknown 12
Total 75
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Diagnosis of amyloid in frozen sections

Maria M. Picken

Department of Pathology, Loyola University Medical Center, Chicago, USA.

Amyloidosis is perceived as being rarely seen in surgical pathology and there is a paucity of data
regarding its diagnosis on frozen sections.

This report presents 7 patients with unsuspected amyloidosis who were diagnosed at the time of frozen
section. There were 4 females and 3 males, with ages ranging from 52 to 72. Two patients presented with
laryngeal mass, one with ocular mass, two other patients with hematuria and two patients with intractable
gastrointestinal bleeding. Four patients underwent surgical exploration with frozen section evaluation and
planned immediate staging procedure based on frozen section diagnosis; three patients underwent a biopsy
evaluated with frozen section for sample adequacy. Frozen sections demonstrated acellular deposits of
amorphous material. Congo red stain performed on frozen and paraffin sections confirmed the presence of
amyloid. Subsequent studies demonstrated localized amyloid in 5 patients and systemic amyloidosis (AL x 1

and senile ATTR x 1) in 2 patients.
N

Figure 1. Laryngeal localized amyloid, H&E stained section; Congo red stained section confirmed the presence
of amyloid (not shown). Subsequent abdominal fat biopsy was negative for amyloid and bone marrow biopsy
was negative for plasma cell dyscrasia; serum free light chains levels and the ratio were within normal limits.

There was no evidence of systemic amyloidosis and there was no recurrence after local treatment (follow-up 12

months).
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Figure 2. Ocular localized amyloid (AL-lambda). H & E stained section (upper figure) and Congo red stained
section viewed under polarized light (lower figure). Subsequent abdominal fat biopsy was negative for amyloid
and there was no evidence of systemic amyloidosis. There was no evidence of plasma cell dyscrasia in bone

marrow biopsy and serum free light chain levels and ratio were within normal limits.
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Figure 3. Urinary bladder biopsy with amyloid in the lamina propria (H&E stained section, upper figure). Lower

panel - Congo red stained slide viewed under polarized light (left) and Congo red stain under fluorescence light

(Texas red filter, right). Amyloid typing demonstrated AL-lambda (not shown). There was a local recurrence 14
months after initial local treatment. There was no evidence of systemic amyloidosis.

CONCLUSION

Diagnosis of amyloid at the time of frozen section evaluation allowed the avoidance of unnecessary extended
surgery and, hence, had a significant impact on patient management.
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Diagnosis of amyloid in urine cytology specimens

Maria M. Picken

Department of Pathology, Loyola University Medical Center, Chicago, USA..

Amyloidosis is perceived as being rarely seen in surgical pathology and there is a paucity of data regarding its
diagnosis in cytology preparations. This report presents the detection of unsuspected amyloid in cytology
specimens.

Patient 1. A 51 year old male presented with hematuria and underwent cystoscopy with bladder barbotage for
cytology and a bladder biopsy. Thinprep cytology slides demonstrated benign urothelial cells and small clumps
of amorphous material, which was subsequently shown to be amyloid by Congo red stain. Subsequently-
available biopsy slides confirmed the presence of vascular and interstitial amyloid in the lamina propria; no
amyloid was seen in the deep muscle. Amyloid typing demonstrated the presence of amyloid derived from the
lambda light chain — AL-lambda. There was no evidence of systemic amyloidosis or underlying plasma cell
dyscrasia. Figure 1 below demonstrates a pauci-cellular specimen with Congo red positive and birefringent
material diagnostic of amyloid.

Figure 1. Amyloid seen in urine cytology. Thinprep, Congo red stain viewed under polarized light.
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Patient 2. A 54 year old female with systemic AL-lambda amyloidosis presented with difficulty voiding and
urine retention. Urine cytology and a urinary bladder biopsy were submitted to Surgical Pathology. Urine
cytology showed a pauci-cellular specimen and small clumps of amorphous material, which was subsequently
shown to be amyloid by Congo red stain. Urinary bladder biopsy showed amyloid deposits in the lamina propria
and in the deep muscle. Amyloid typing of the bladder biopsy confirmed the deposits to be of the AL-lambda

type.

CONCLUSION

This report illustrates the feasibility of amyloid detection in cytology thinprep preparations.
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Diagnosing and typing early amyloidosis using Congo red fluorescence and

immunohistochemistry - Preconditions for its succes s; a short review

H. Michels®, H. Maier-Boetzel® and R.P. Linke?

Y German Center of Pediatric and Adolescent Rheumatology, Garmisch-Partenkirchen, Germany

2 Reference Center of Amyloid Diseases, Martinsried, Germany

Diagnosing amyloid needs the expertise of special | aboratories since amyloidosis is not a single disease. It
has been separated into approximately 30 different classes based on the different proteins deposited in patients
in diverse varieties of the amyloidoses. Among each of the amyloid classes identified by the presence of a
single amyloidotic protein a large variety of clinical pictures and genetic variants can occur. These additional
clinical variants within one amyloid class lead to a total of by far more than 500 different amyloid diseases with
many clinical overlaps between the classes (1). Due to the heterogeneity of this amyloid complex, diagnosing of
amyloid is not of minor importance. Since each amyloid class needs a different therapy, precise amyloid
classification is indispensible for therapeutic reasons. In addition, diagnosis and classification has to be
performed very early in the course of the diseases since the majority of the amyloidoses follow a relentless,
progressive course without intervention. Therefore, the full diagnosis of amyloidosis should be made only in an
expert laboratory. Here, some of the major facts for achieving a reliable diagnosis and routine classification of
amyloid will be reviewed shortly. This article is restricted to immunohistochemical (IHC) classification applying
appropriate antibodies (2, 3), although mass spectrometry (MS) in two variants is also in use (4, 5). The first

results of a blinded comparison of the two methods (IHC versus MS) have been published (3).

The very early full diagnosis of amyloidosis is the most important factor in many amyloid diseases for
initiating and achieving a most successful therapy (6). The full diagnosis includes the detecting of amyloid, its
typing and staging. As the first step the awareness of an experienced clinician is crucial. The second step
represents the performance of appropriate biopsies very early during the onset of the disease. The third step for
succeeding in diagnosing early amyloid includes the very careful microscopic examination of Congo red stained
(Puchtler et al., cited in 1) tissue sections in an expert laboratory experienced in the diagnosis of amyloid. This
evaluation includes the microscopic inspection in bright light, in polarized light and in fluorescent light, the latter
operates with increased sensitivity using Congo red as a fluorochrome. Congo red fluorescence is mandatory
when no amyloid had been detected by the classical Congo red staining method (1). Since the case of
negativity for amyloid in a single tissue section does not exclude the presence of amyloidosis in the patient, a
fourth step is needed. It will include the examination of 10 — 20 more sections cut from the same tissue block
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and examined likewise in order to exclude or minimize the sampling error (1) When amyloid has been detected,
the fifth step includes routine amyloid typing using IHC employing amyloid antibodies (2-4) which have been
proven to be appropriate for this purpose (www.amymed.net). In case of unclear results, in a sixth step, the
double staining with the Congo red pre-staining followed by an immunohistochemical overlay is the method of
choice. For evaluation and recognition of the diagnostic reaction on such double stained sections, the switching
of the light source between bright and fluorescent light is crucial for recognition of the precise congruence of the

fluorescent and the immunohistochemical marker stain at the same site (1-3).

The time lag between the clinical awareness and the bio  ptic proof is still a major drawback for initiating a
timely therapy. The delay of bioptic diagnoses by missing the microscopic identification, in spite of the clinician’s
suspicion, has been documented and can indeed become serious. In AA amyloidoses the lag between the
awareness of the clinician and the morphologic proof of amyloid on tissue sections was measured in retrospect
on eight patients with an average of 2.9 years delay in retrieved tissue blocks from children with juvenile
rheumatoid arthritis and related juvenile inflammatory diseases. As a consequence of this delay most of the
young patients developed a fatal disease (Michels and Linke, cited in 6). Today, AA-amyloidosis in rheumatoid
arthritis has almost vanished due to cytostatics (7) and the very efficient modern anti-inflammatory therapeutics.
In AL amyloidosis, this gap between suspicion by the clinician and the morphologic proof was reported as being
1.5 years (9) and, in ATTR amyloidoses (with point mutation), this gap was reported as being on the average of

3.5 years (9). However, in our own experience, this gap can sometimes double in cases without point mutations
(unpublished). We also diagnosed by IHC a non-amyloidotic immunoglobulin deposit disease in a patient that
had progressed over the past 5 years, since no diagnosis could be made in spite of many tests in different

medical specialities and no treatment was therefore indicated until our final bioptic diagnosis (unpublished).

The bioptic amyloid diagnosis is indispensible for all amyloid types. Other markers such as blood
constituents, preceding diseases or genetic traits can be regarded as risk factors. While they can indicate that a
special amyloid type is more or less likely, they can never be a substitute for a full diagnosis. This full diagnosis
can only be obtained from a biopsy since whether a risk factor had caused a given amyloidosis or not can only

be identified by the amyloidotic protein deposited in tissures of the patient (1).

Classification of amyloidosis  in order to identify the chemical nature of the amyloidotic protein causing the
given amyloid disease is most often performed by way of IHC (8). However, this method demands some
considerations concerning the antibodies used and some practical experience in order to provide a reliable
diagnosis. For this achievement, some decisive points need to be considered for getting a reliable IHC
diagnosis.

The first point relates to reliability of an available antibody which must detect all members of a given amyloid
class. A “cross-over” to other amyloid classes must be minimal. Antibodies of this quality have been published
(2-3) and are available (www.amymed.net).

The second point is that amyloid is never a clean substance in chemical terms, since, as an extracellular
substance, it is perfused by the extracellular fluid containing various constituents which can stick to the amyloid
and obscure the true nature of the underlying amyloidotic protein (10). This fact haunts all routine methods by

which amyloid is being classified today including in particular also MS as derived in our Ringstudies | and Il (3).

164



Diagnosis, typing and imaging

Therefore, amyloid has been called “Schlammfang” (meaning sewage trap) in the old German literature.
Extracting the amyloid fibrils first circumvents largely these impurities but is too laborious as a routine method in
most laboratories. Very helpful for suppressing unspecificity in IHC was the discovery that epitopes of
amyloidogenic proteins are resistant towards formalin-fixation while the epitopes of the adsorbed proteins are
much less resistant (3). This blockage of unspecificiy is even more pronounced by plastic embedding used for
immunoelectron microscopy and has lead to the term “differential fixation” (3).

The third point relates to the optimal ratio of the signal-to-background staining as defined by the optimal
dilution of the first antibody and the of the secondary amplification system. Every antibody used for amyloid
typing needs to be tested separately on its respective prototype tissue section before it can be employed for
typing of amyloid. (This standardization has already been performed on the available set of 10 individual
standard antibodies which are included in the “amY-kit” of amYmed.)

The fourth point relates to the validation of immunohistochemical results when the IHC typing of amyloid had
been performed correctly. One should be aware of the fact that amyloid is not a clean substance (see above)
and that various reactivities of the background can show up. With a single antibody it is difficult to proof the
correct amyloid type as the diagnostic one since the reactivity can also be related to an impurity. In order to
evaluate the reactivity as the diagnostic one, one needs to compare the different reactivities in order to be able
to distinguish the diagnostic from the unspecific one (2, 3).

The fifth point is experience. This is a decisive point for success since there is not always a single reactivity.
With time and practice the distinction between the diagnostic reactivity and the unspecific one will become clear
and published illustrations in reference 3 (Fig. 1-16) may assist. To start with IHC, prototype amyloids are useful
in order to adjust the particular IHC system in an institution. In case of any question, one could ask experienced

laboratories for assistance (10).

Comparison of IHC and MS during an international blinded study (Ringstudy I) has shown that both methods
used for typing of amyloid today have a similar specificity but that IHC has a significantly higher sensitivity (3,
see Linke, Westermark, Solomon in this issue) and that both methods have to be used for precise typing of
amyloid in tissue sections. To overcome some unreactivities of IHC, MS can be applied. To overcome the
insensitivity of MS (when a tissue sample is described as “inappropriate for MS”), IHC can be used. The
insensitivity of MS is found particularly in biopsies prone to sampling error, i.e. those involving small biopsies or
biopsies with very little amyloid. Such biopsies are also taken during the initial phases of amyloidosis with the
clinician’s first awareness. These biopsies with marginal amounts of amyloid can get an immediate full diagnosis

by IHC. Other differences between the two methods IHC and MS will be presented elsewhere.

TAKE HOME LESSONS

1. Amyloid detection demands an expert examiner for arriving at the correct conclusions when problems arise,
since lack of experience is the most severe pitfall (10).
2. The Congo red staining method is not an easy one. Its execution and evaluation requires training in an expert
laboratory. In any case, a tissue section with amyloid should be stained in parallel to demonstrate the validity of
the test.
3. A negative amyloid diagnosis derived from one tissue section is always inconclusive. The sampling error has
to be considered and it needs to be made unlikely or even excluded by examining more tissue sections (1).
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4. The green anisotropy (green polarization color) of amyloid is only a special case. In thicker sections the
amyloid can turn yellow, orange or even red and, in thinner sections, the color can become light bluish. All of
these different colors between bluish and red are “specific for amyloid” (J.H. Cooper, cited in 1).

5. The Congo red fluorescence is more sensitive than the classical Congo red staining and needs to be used in
cases with very little amyloid.

6. The IHC amyloid typing is easy, fast, very sensitive and precise when performed in an expert laboratory. It
requires a series of positive controls in order to validate the performance of the antibodies applied.

7. The IHC amyloid typing needs an appropriate set of special antibodies.

8. The evaluation needs some training since one amyloid — one antibody is insufficient for a precise diagnosis
because IHC typing includes the diagnostic reaction which reveals the amyloid type and the exclusion of all
other amyloids. This “dual proof” is unique to IHC, it increases the precision considerably, and identifies amyloid
double types.

9. The antibody set “amY-kit” of amYmed does not only recognize the amyloid type, but it can also stain non-
amyloidotic constituents and can diagnose non-amyloidotic protein storage diseases.

10. An unclear IHC reactivity can be overcome by a double staining with Congo red first followed an IHC
overlay. The congruence between the Congo red signal and strong IHC signal defines the diagnostic reactivity
when reactivities against the other amyloids are unreactive or inconsistently reactive.

11. The blinded comparisons with MS have reliably proven the precision of the cited IHC method for amyloid
typing (1-3).
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An indirect ELISA for transthyretin quantification in fat tissue of patients with ATTR
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BACKGROUND

Detection of Congo red positive amyloid deposits in tissue is still the gold standard to detect amyloidosis in the
routine setting. However, it heavily depends on quality of staining, the microscope, and experience of observers.
Quantification of ATTR in fat tissue may be diagnostic for detection of ATTR amyloidosis similar to AA
amyloidosis [1, 2]. Besides the diagnostiv value, the tissue concentration of ATTR amyloid may also be useful
as a measurent of the amyloid load of fat tissue, in this way possibly reflecting the severity of amyloid
deposition during the course of the disease in a patient with systemic ATTR amyloidosis.

The diagnostic performance was studied of an indirect transthyretin (TTR) ELISA for detection and

characterization of transthyretin-derived (ATTR) amyloid in subcutaneous fat tissue.

METHODS

Fat tissue specimens were analyzed of 49 consecutive patients (29 men and 20 women) with ATTR
amyloidosis, 204 controls (21 AA, 46 AL, 22 localized amyloidosis, and 115 non-amyloidosis controls), and 20
carriers of 6 TTR mutations (M30V, G47E, V71A, C114T, V94A, and E89K).

The amount of amyloid was graded semi-quantitatively in Congo red-stained specimens (0-4+) [2]. A minimum
of 30 mg fat tissue was used for the quantification of amyloid. Fat tissue was washed 3x with PBS and amyloid
was extracted from tissue in 1 ml TRIS pH 8 + 6 M guanidine overnight at room temperature. The solution was
centrifuged at 10,000 g for 10 min, and the supernatant was collected.

The TTR concentration was measured using a newly developed indirect TTR-ELISA. In short: Microtitre plates
(Corning) were coated with samples, diluted 1:100 — 1:6400. Rabbit anti-human TTR antibodies (Dako, 1:4000)
were used in combination with goat anti-rabbit Ig-HRP (SBT, 1:4000), followed by a color reaction with TMB.

RESULTS

Intra-assay variability coefficient was 4.1% and the interassay variability coefficient 7.7%. The lowest level of

detection was 0.01 ng/mg. The mean TTR concentration in controls was 0.10 ng/mg fat tissue with a 98%
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interval (mean + 2.33 SD) ranging from 0.01 to 4.0 ng/mg fat tissue. The TTR concentration of patients with
ATTR amyloidosis (mean 16.2 ng/mg fat tissue; 95% interval 0.04 - 7180 ng/mg fat tissue) was higher than
controls (p <0.0001). See Figure 1. The TTR concentration of 4.38 ng/mg fat tissue was chosen as cut-off value
(upper limit of 99% of the controls) and 36 of all 49 ATTR patients were identified resulting in overall sensitivity
for finding patients with ATTR amyloidosis of 73% (95% CI, 59-85%). If the six ATTR patients without any
amyloid detected by Congo red staining in fat aspirates were excluded, 36 of 43 ATTR patients having amyloid
in fat tissue were identified resulting in sensitivity for this Congo red positive group of 84% (95% ClI, 69-93%).
See Figure 2. All but one of the 204 controls had TTR values below the cut-off value resulting in specificity 99%
(95% CI, 97-100%). All 20 carriers had values below the cut-off value. ANOVA showed a linear trend between
TTR and amyloid grades (Figure 3). All ATTR patients with grade 3+ and 4+ were identified.
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Figure 1. TTR concentrations in fat tissue of patients with ATTR amyloidosis, of carriers of a TTR mutation,of
controls with AA, AL, and localized amyloidosis, of disease controls (neuropathy and cardiomyopathy), of

patients with chronic polyarthritis (cpa) and of patients with other diseases (unk).
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Figure 2. ROC curve of the TTR ELISA with the cut-off value of 4.0 ng/mg fat tissue and AUC 0.91.
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Amyloid grade in fat tissue of ATTR patients

Figure 3. TTR concentration in fat tissue of controls and of patients with ATTR amyloidosis, subdivided by the

severity of amyloid deposition in fat tissue as recognized in the Congo red stain.

CONCLUSIONS

Measuring the TTR concentration in fat tissue appears to be useful for detecting ATTR patients. In patients with
3+ or 4+ amyloid in fat tissue, the TTR concentration of fat tissue is a highly sensitive method for characterizing
the amyloid as ATTR-type.
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INTRODUCTION

Renal amyloidosis is a detrimental disease caused by the deposition of amyloid fibrils, in which renal impairment
may follow. Clinically evident renal involvement occurs mainly in AL, AA and some hereditary amyloidosis. It
presents usually as proteinuria or nephrotic syndrome and renal failure. We report a case of a patient whose
kidney biopsy disclosed the coexistence of protein AA and immunoglobulin light-chain derived protein in amyloid

deposits.

CASE REPORT

A 73-year-old male, sculptor, complaining of asthenia, peripheral oedema, decreased urine output and foamy
urine was admitted to our hospital. Previous history of hypertension, dyslipidemia, arrhythmia and hyperuricemia
was present. Twenty years ago he was treated for boutonneuse fever (Rickettsia conorii) and was
asymptomatic thereafter. He denied past medical history of rheumatoid disease, inflammatory bowel disease or
chronic infections like tuberculosis. On admission he had nephrotic syndrome and severe renal failure,
beginning of haemodialysis on admission. Analytical evaluation disclosed hypoalbuminemia 1.6 g/dL,
proteinuria 20.19 g/24h, negative VDRL, TPPA reactive, 32-microglobulin 42908 mcg/L (1090-2530), increased
free light chain lambda 157 mg/dL (0.57-2.63), serum ratio free kappa / free lambda <0.01 (N 0.26-1.65) and
immunoelectrophoresis with incomplete lambda monoclonal gammopathy. Renal ultrasound showed preserved
renal size and morphology, with a diffuse slight increase of parenchymal echogenicity bilaterally. Chest X-ray
had no significant changes. Echocardiography had no signs compatible with infiltrative miocardiopathy Bone
marrow biopsy revealed interstitial marrow infiltration by plasmacytoma / multiple myeloma, without amyloid
infiltration. Immunophenotyping showed 1.3% plasma cells. Kidney biopsy was performed. Green birefringence
was observed with Congo red staining under polarized light. The immunohistochemistry staining was
extensively positive for lambda immunoglobulin light chains in glomerular and intersticial regions, and in some
points, also for AA amyloid (minor expression in glomeruli and intersticium). The patient was treated with 4
cycles of chemotherapy (bortezomib and dexamethasone), with normalization of serum free light chains. There
was no recovery of renal function despite treatment. Eight months after diagnosis he is alive and there’s no

evidence of progression of monoclonal gammopathy, in periodic surveillance.
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DISCUSSION

In the present case we report the finding of AA amyloid as a minor constituent of amyloid deposits in a patient
with AL amyloidosis. One possible explanation is that AA amyloid deposition was already present before the
development of plasma cell disease, but we didn't depict a cause although we can’t exclude professional
exposure or a previous treated infectious disease. As far as we know, the significance of protein AA in AL
amyloidosis is unknown. In 1983 Falck and Westermark reported protein AA in kidney sections from five out of
14 cases of primary and myeloma associated amyloidosis, all having an immunoglobulin light chain derived
protein as a major subunit(1). They discussed that there might be some common pathogenetic mechanism

working in both AL and AA type of systemic amyloidosis(1).

Figure 1. Glomerulus from renal biopsy stained with congo red showing orange red amyloid in the glomeruli (A).
The characteristic "apple-green" birefringence of amyloid is apparent when examined by polarization

microscopy (B).
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Figure 2. Immunohistochemistry staining showing positivity for lambda immunoglobulin light chains in
glomerular and interstitial regions (A). Immunohistochemistry staining showing positivity for AA amyloid (minor

expression in glomeruli and intersticium) (B).
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ABSTRACT

In order to specifically detect the AA amyloid, antibodies specific to AA76, the common species of AAs, were
developed. Two established monoclonal antibodies reacted with AA6 solely, not with intact SAA. In
immunohistochemistry, the antibodies stained AA deposits well, not with SAA leaked from vessels. Reactivity of
the antibodies to AA fibrils were reduced largely by degenerative treatments, suggested that the antibodies
might react with a fibril-specific structure. The antibodies should seek usefulness for diagnosis and investigative

studies.

INTRODUCTION

AA amyloidosis occurs in patients with chronic inflammatory disease such as rheumatoid arthritis. In this
disorder, the degradation products of SAA, a representative acute phase reactant, deposits in several organs.
Degradation take place in plenty sites of SAA molecule. The most common site is between 76 and 77 residue of
SAA. The carboxyl-terminal part disappears and the remaining amino-terminal part, named AA76, constitutes
the amyloid fibrils. Detection of this specific peptide would be useful for both investigative and clinical
examinations for AA amyloidosis. In this study, we established the monoclonal antibodies specifically
recognizing AA76.

METHODS

Rat was immunized with the peptide corresponding to carboxyl terminus of AA76 and lymphocytes from the rat
were fused with mouse myeloma cell line. Hybridoma was grown in the selective medium and clones producing
designated monoclonal antibodies were established. Designated reactivity of monoclonal antibodies was
positive for the immunized peptide and negative for peptides shorter or longer than the immunized one. The
obtained antibodies were compared in immunohistochemistry mainly with already established antibody, SAA30,
which reacts with intact SAA%,

RESULTS

Two clones were obtained by the initial screening. Basically, the characteristics of both was not different. The
new antibodies reacted with AA amyloid deposits in tissues from AA amyloid patients well, not with SAA leaked
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from vessels (Fig.1). Reactivity of the new antibodies to AA fibrils were reduced largely by degenerative
treatments, those were, SDS, urea, guanidine. One of the new antibodies lost reactivity by trypsin treatment of

specimens.

Figure 1. Gastric mucosa, which was denied AA amyloidosis, from patients with rheumatoid arthritis was
immunohistochemically stained with the clone SAA30 (left) and the new antibody (right). The new antibody did
not react with SAA leaked from the vessels.

DISCUSSION

The new antibodies may recognize the structures specific to fibril formation. Anyway, AA76 may be a species
appeared specifically during amyloidogenesis. The present new antibodies can specifically detect, though in the
limited, AA76. The antibodies should seek usefulness for diagnosis and investigative studies.
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ABSTRACT

Amyloid deposits are heterogeneous matrices composed principally of protein fibrils, amyloid P component, and
heparan sulfate proteoglycans (HSPG). We have identified a series of heparin-binding, polybasic peptides that
specifically co-localize with amyloid deposits in tissue sections and in vivo using the murine models of AA and
ApoA2c amyloidosis. We originally hypothesized that amyloid binding was mediated by the amyloid-associated
HSPG, but now we have demonstrated that certain of these peptides bound synthetic amyloid fibrils in the
absence of HSPG.

Our data demonstrate that the peptides bound to synthetic fibrils via ionic interactions of the lysine or arginine
side chains. Furthermore, the avidity of the reactivity was dependent on the fibril type suggesting that each fibril
might possess a distinct “electrostatic fingerprint”. This fingerprint is defined by the density and juxtaposition of

electronegative side chains exposed on the fibril surface.

INTRODUCTION

Small (31-mer) heparin-reactive peptides, such as p5 and p5R, have been shown to bind specifically to murine
AA amyloid deposits in vivo by using single photon emission computed tomographic (SPECT) imaging and
micro-autoradiography (1) presumably due to the presence of bio- or electrochemically distinct heparan sulfate
proteoglycans associated with the amyloid (2). In contrast, the peptides did not bind to healthy tissues or organs
that were devoid of amyloid. Other reagents such as the camelid antibody, B10, have been shown to bind to
synthetic amyloid fibrils via electrostatic interactions in the absence of HSPG (3). We, therefore, hypothesized
that the polybasic peptides p5 and p5R might bind synthetic fibrils in a similar fashion. This would likely require
a linear array of acidic side chains spaced favorably along the length of the fibril, similar to the pattern of charge
distribution seen in heparin. Based on these requirements and the fact that different fibrils have different
structures and thus charge signatures, we posited that certain fibrils would possess optimal binding
characteristics for the p5 peptides and others would be less favorable. Thus, binding of the peptides defines an
amyloid-specific phenotypic characteristic represented as a distinct “electrostatic fingerprint” associated with
each fibril.
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METHODS

Synthetic biotinylated polybasic peptides designated p5 and p5R, AB(1-40) and islet amyloid polypeptide were
synthesized by FMOC chemistry (Yale School of Medicine). The A6Wil light chain variable domain (V) was
prepared as a recombinant protein and purified as previously described (4).

Peptide p5 — GGGYS KAQKA QAKQA KQAK AKAQ AKQAK Q

Peptide p5R — GGGYS RAQRA QARQA RQAQR AQRAQ ARAR Q

The sequence integrity of the peptides was confirmed by mass spectrometry. Peptides p5 and p5R were also
purchased with a biotinylated-glycine residue at position 1. The secondary structure of peptide p5 was predicted
using the web-based prediction algorithm iTASSER (5)

Binding to tissue amyloid was assessed using formalin-fixed, paraffin-embedded (FFPE) tissue sections
obtained at autopsy (with informed consent) from patients with light chain (AL) amyloidosis. Biotinylated peptide
was added to the tissue at ~10 pg/mL and visualized by addition of streptavidin-conjugated horseradish
peroxidase and diaminobenzidene. Synthetic fibrils were prepared from AB(1-40), IAPP or VA6WiIl proteins as
previously described (1). Reactivity of the biotinylated p5R with synthetic fibrils was assessed by using
increasing concentrations (100 pL of peptide at 1 pM — 0.1 nM) of peptide. Binding was measured by the
addition of europium-conjugated streptavidin followed by enhancing solution and measuring time-resolved

fluorescence emission (Wallac)

RESULTS

The secondary structure of peptide p5 (and p5R) was predicted to be a-helical with the 8 basic lysine side
chains arranged linearly in 2 discrete “rows” along the length of the peptide (Fig. 1A). The mean charge spacing
of lysine residues at positions 6, 9, 16, 23, and 30 was found to be 11 A which is less than the linear spacing of
sulfate moieties in the crystal structure of heparin (~ 17 A; PDB# 1HPN).

The biotinylated peptides p5 and p5R were found to bind specifically to many forms of tissue amyloid in FFPE
tissue samples including the most common visceral forms of amyloid diseases — TTR, AA, and AL (e.g. Fig. 1B).

Figure 1. The heparin-binding peptide p5 adopts an a-helical configuration and binds tissue amyloid. (A)
The secondary structure of p5 was predicted to be a-helical with 2 linear arrays of charged lysine
residues (blue). (B) Histochemical detection of ALA amyloid in FFPE using biotinyl-p5.

Based on these data, we assessed the reactivity of p5R with a panel of synthetic fibrils composed of AB(1-40),
IAPP or A6Wil. The p5R bound with relatively high affinity to each of the synthetic fibrils with estimated
concentration at 50% binding (ECso) of 50 nM, ~125 nM and ~190 nM for the AB(1-40), A6Wil and IAPP fibrils,
respectively (Fig. 2).
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In contrast, p5 peptides in which the basic arginine or lysine residues had been substituted with glycine or
leucine were completely unreactive with the synthetic fibrils and tissue amyloid (data not shown).

250
AR(1-40)

200 -

rvV?6wil

150 A

100 -

50 A

Peptide concentration (-Log [M])

Figure 2 . Biotinylated peptide p5R binds synthetic amyloid fibrils with varying relative affinity.

DISCUSSION

The poly-basic peptides p5 and p5R bound certain synthetic amyloid fibrils due to the presence of an
electronegative “fingerprint” on the fibril. It has been shown that the reactivity of the camelid mAb B10 with some
fibrils (but notably not AL) resulted mainly from electrostatic interactions. We posit that many ligands with an
appropriate poly-basic motif will bind amyloid fibrils and that there may be an optimal charge distribution for
each fibril type of ligand-fibril interaction. Custom peptides could be optimized for fibril reactivity based on the

aforementioned determinants.
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ABSTRACT

The alkaline Congo red staining method has, for almost half a century, been the gold standard of amyloid
diagnosis. Unfortunately, the method is both laborious and requires great skill to achieve proper diagnosis. In
this study we are presenting an alternative method that is compatible with immunofluorescence typing. We used
a novel dye, h-FTAA, designed and synthesized by us. The dye belongs to the novel class of conformation
sensitive dyes known as Luminescent conjugated oligothiophenes (LCOs). We examined 37 different cases of
systemic amyloidoses from various tissues. It was found that h-FTAA binds to amyloid with higher sensitivity
and greater selectivity than Congo red, as was determined by both fluorescence- and light polarization
microscopy. Due to the methods ease of use and performance compared to Congo red, it is concluded that h-
FTAA is a better first choice for screening of systemic amyloidoses.

h-FTAA Congo red h-FTAA(MayersHTX) Congo red

iray,

Lamp output: 10% Lamp output: 10% Lamp output: 10% Lamp output: 100%
Exposure: 15 ms Exposure: 15 ms Exposure: 100 ms Exposure: 350 ms
Figure 1. Fluorescence intensity comparison of h-FTAA and Congo red. The immense intensity of h-FTAA

compared to Congo red allows for usage of cheaper optical components in the microscope setup.

INTRODUCTION

Presently Congo red staining is the gold standard for screening and diagnosis of amyloidoses. Under ideal

conditions amyloid stained with Congo red, viewed with linearly polarized light between crossed polarizers, will
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display a green (anomalous) color. However due to inherent drawbacks of both the dye and the microscope
technique — a laborious staining process and following microscopy diagnosis of the amyloid calls for a highly
skilled and experienced pathologist (1).

Previously the luminescent conjugated polythiophenes/oligothiophenes (LCPs/LCOs) PTAA and p-FTAA have
successfully been utilized for the detection and typing of systemic amyloidoses as well as the localized
amyloidoses and prion proteinopathies, both ex vivo and in vivo (2-4). The LCOs constitute a novel set of
fluorophores that selectively binds to amyloidotic deposits and upon doing so changes its spectral signature,

hence the color of the dye (5)

METHODS

In this study we have limited ourselves to a simple setup of equipment common to most histolabs. We employed
wide-field fluorescence and bright-field polarization microscopy for detection of amyloid deposits in
immunohistochemically confirmed systemic amyloidoses cases. 37 cases in total, comprising ATTR, AA, AL-A,
AL-k systemic amyloidoses from various tissues were used to benchmark the LCO dye h-FTAA against Congo
red using only 5x and 10x objective lenses. After deparaffinization and rehydration of FFPE-sections;
consecutive sections were stained with either Congo red according to the modified Puchtler method (1); or h-
FTAA (2mg/L solution in PBS for 30 min). Also the compatibility of h-FTAA to concomitant immunofluorescence

labeling was assed.

RESULTS

Wide-field fluorescence imaging of systemic amyloidosis deposits stained with h-FTAA and Congo red showed
that h-FTAA was immensely brighter than Congo red even though stained at 1000-fold lower concentration
(Figure 1). In contrast to Congo red whose sensitivity in fluorescence mode is compromised by the lack of
selectivity, h-FTAA showed unrivalled selectivity and sensitivity towards amyloidotic deposits. Also, due to the
conformation sensitive properties of the dye, different morphologies of the amyloid deposits could be uncovered
(Figure 2.a) AA-Spleen). However Congo red staining of amyloid can achieve acceptable selectivity if
polarization microscopy is used, usually at the price of reduced sensitivity. Polarization microscopy examination
of ATTR diagnosed heart tissue stained with either Congo red or h-FTAA confirmed once again that h-FTAA
was the more sensitive of the two as well as having similar or better selectivity. It was also found that h-FTAA is

compatible with immunofluorescence allowing immuno sub-typing as diagnostic tool.

DISCUSSION

There is a great need of a novel class of amyloid specific ligands that can address both fundamental scientific
as well as clinical diagnostic needs. The unique properties and versatility of the LCOs has allowed them
entering the correlative multimodal domain of biomedical imaging, such as the intrinsic LCO-fluorescence
(Intensity, Hyperspectral, and Lifetime) in conjunction with LCO-PET, -MRI, -EPR and -EM ligands.

However, the aforementioned techniques require access to well equipped core facilities and is thus not easily
available. Therefore, with the limitation of a standard fluorescence and light polarization microscope, we wanted
to investigate whether the new LCO dye, h-FTAA, could be used as an alternative to Congo red — the present,

but cumbersome, standard for amyloid diagnosis. In this study we have demonstrated that the very easy to use
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dye, h-FTAA, can detect amyloid deposits with outmost sensitivity and selectivity. It is our belief that h-FTAA is a

better first screen alternative for suspected cases of amyloidosis than Congo red.
) b
ALA - Kidney AA - Spleen ATTR -Heart

h-FTAA
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h-FTAA
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Figure 2. a) Fluorescence comparison of h-FTAA and Congo red selectivity and sensitivity toward systemic
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h-FTAA
-10°

amyloid deposits, revealing favorable outcome for h-FTAA. Also due to the conformational sensitive properties
of h-FTAA, the dye reports on the underlying structural heterogeneity of the amyloid deposits. b) Polarization
light micrographs of h-FTAA bound to ATTR in heart tissue. Partial uncrossing of the polarizer & analyzer yields
characteristic colors.
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ABSTRACT

There are many types of amyloid, which are classified according to the protein precursor from which the fibrils
are derived. Accurate identification of amyloid type is critical in every case since therapy is type-specific. At the
UK National Amyloidosis Centre (NAC), all biopsy specimens containing amyloid, the vast majority of which are
formalin fixed, are routinely stained with a panel of 11 antibodies to determine the amyloid fibril protein. In ~20-
25% cases however, immunohistochemistry (IHC) fails to prove the amyloid type and further tests are required.
Laser capture microdissection and mass spectrometry (LDMS) is a powerful tool for identifying proteins from
formalin-fixed, paraffin embedded tissues. We undertook a blinded comparison of IHC (NAC) and LDMS (Mayo
Clinic) in 142 consecutive biopsy specimens from 38 different tissue types.

INTRODUCTION

When a patient is referred to the NAC their diagnostic tissue block is re-stained with Congo red and a panel of
antibodies to confirm amyloid and determine the fibril type before the patients attends clinic. Histology and
immunohistochemistry is widely available for determining the amyloid type. It is fairly quick and is the preferred
method in clinical practice.1 However it has variable sensitivity and specificity (figure 1). Other methods for
identifying the amyloid fibril protein include electron microscopy (EM) with immunogold and proteomic analysis.
EM and Immunogold, although used in some centres, is not widely available in the UK and is a specialised
technigue requiring expert knowledge and equipment. Using proteomic analysis (LDMS) the amyloid fibril
protein can be identified in only a small quantity of formalin fixed tissue, making it an attractive diagnostic tool.?
However, it is relatively novel and until now, has been used mainly as a research tool.

Our aim was to compare IHC carried out at the NAC and LDMS performed at Mayo Clinic to evaluate the

potential role of LDMS in routine clinical practice.
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METHODS

One hundred and forty two consecutive formalin fixed paraffin wax embedded biopsies received as part of
routine clinical practice at the NAC were processed in the usual way but, in addition, an extra 10 um section was
cut onto a Director Slide™ and sent to the Mayo Clinic without any associated clinical information. The standard
protocol at the NAC consists of cutting 22 serial sections from a single block, of both 2um and 6um thickness,
for Congo red and IHC staining. IHC was performed with a panel of 11 antibodies (table 1) using the Shandon
Sequenza™ system, without antigen retrieval, the exception being 6M Guanidine for TTR staining. Primary
antibodies were incubated overnight at 4<C, identified with IMMPRESS™ (Vector Laboratories) polymer
detection kit and metal enhanced DAB. Interpretation was carried out initially without any clincial information by
two people idnependently. Data obtained from proteomic analysis at the Mayo Clinic was compared with IHC
from the NAC.

Table 1. Antibodies used routinely at the NAC

Antibody Raised in Dilution Cat No Source Absorbe  d by
P- component Rabbit 1:200 A0302 DAKO Human SAP
AA (REU 86.2) Mouse 1:100 2232MREU | Euro Diagnostica | Human SAA
Kappa Rabbit 1:20000 A0191 DAKO human serum
Lambda Rabbit 1:20000 A0193 DAKO human serum
Lyzozyme Rabbit 1:1000 A099 DAKO Pure antigen
Fibrinogena chain | Sheep 1:300 CA1023 Cambiochem human plasma
TTR Rabbit 1:4000 A002 DAKO Pre-albumin
Insulin Mouse 1:20 NCL-insulin | Novocastra

apoAl Goat 1:4000 PBA0313 Genzyme HD Lipo-Protein
B 2 Microglobulin | Rabbit 1:500 A0072 Dako

Lect2 Goat 1:600 AF722 R&D Systems

All human serum is from a normal pool

RESULTS

Thirty-eight different tissues were biopsied, most commonly kidney (30%). There was 100% concordance
between IHC and LDMS with respect to identification of the amyloid fibril protein among 108 biopsies in which
there was diagnostic IHC staining. Thirty-four of 142 (24%) cases did not stain immunospecifically such that the
amyloid type was not confirmed by IHC alone. LDMS was diagnostic in 25 of these 34 cases (74%), confirming
AL (lambda) and AL (kappa) type amyloid in 7 and 10 cases respectively. The amyloid fibril protein was heavy
chain (AH) in 3 cases, apolipoprotein A4 in 3 cases and atrial natriuretic factor (ANF) in 2 cases. Reasons for
failure to identify the amyloid fibril protein in 9 cases were s follows: insufficient amyloid remaining in the
specimen (2 cases), technical failure (1 case), and interpretation not conclusive (6 cases; although fibril protein
‘suggested’ in 3).

DISCUSSION

IHC is available in any laboratory, it is easy to adapt, can be performed on the bench without any specialist
housing and is relatively low cost but expertise is required for interpretation. In this study we found that when
IHC was definitive, there was 100% concordance with LDMS findings. However, only 76% of cases gave

definitive results by IHC. LDMS requires specialist accommodation for two large pieces of equipment, both
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purchase and running costs are high, and availability is limited to specialist centres. As with IHC, expertise is
required to analyse and interpret the data. In this study we found that running both IHC and LDMS
simultaneously resulted in positive identification of the amyloid fibril protein in 94% of biopsies compared to 76%
by IHC alone (18% additional pick-up rate).

Although LDMS is labour intensive and expensive, it is an excellent diagnostic tool which should be considered

whenever the IHC is not conclusive.
s

P

Figure 1. An example of non diagnostic IHC.
Showing Congo red staining, green birefringence and weak patchy IHC staining with AA and lambda.

ACKNOWLEDGEMENTS

Thank you to all colleagues at the National Amyloidosis Centre. With special thanks to Rose Coughlan, George

Chennell, Ania Baginska, Graham Taylor and Nigel Rendell.

REFERENCES

1. Puchtler, H., Sweat, F., Levine, M., on the binding of Congo red by amyloid. Journal of Histochemisrty and

Cytochemistry 1962. 10:355
2. Vrana JA., Gamez JD., Madden BJ., Theis JD., Bergen HR 31, Dogan A. Classification of amyloidosis by

lasser dissection and mass spectrometry based proteomic analysis in clinical biopsy specimens. Blood
2009,114:4957-4959

185



Xllth International Symposium on Amyloidosis

Classification of Amyloidosis, Comparison of Two Le ading Routine Methods:

Immunohistochemistry and Mass spectrometry - Proced ure and First Results

R.P. Linke ¥, P. Westermark 2, A. Solomon ®

Y Reference Center of Amyloid Diseases amYmed, Martinsried, Germany

? Dept. of Immunology, Genetics and Pathology, Uppsala University, Uppsala, Sweden

IHuman Immunology and Cancer Program ,University of Tennessee Graduate School of Medicine, Knoxuville,
TN 37920

ABSTRACT

Amyloid typing can be achieved in different ways. The two leading procedures for routine typing of amyloidosis
are immunohistochemistry (IHC) using amyloid antibodies and mass spectroscopy (MS).These two methods
have been compared here in a blinded fashion (Ringstudy I). The largely unselected fixed paraffin sections from
three laboratories were coded. This study encompassed 14 rounds of exchanges during the years 2002-2009.
The codes were broken at stages when a block of these studies had been concluded until the final code was
broken in 2009. A total of 145 samples were exchanged, including repetitions. The overall comparison of IHC
versus MS reveals a definitely higher sensitivity of IHC with approximately 90% versus MS with approximately
50%, but a similar specificity. This study documents the strength and the failures of both methods and reveals

that both methods are needed for classifying amyloidosis correctly.

INTRODUCTION

The amyloid diseases are pathogenically very diverse among the different patients. This variety is based mainly
on the different chemical nature of the amyloidogenic proteins deposited. Therefore, every individual
amyloidosis which has been identified first using Congo red needs to be classified using tissue sections in order
to provide reliable information to the clinician concerning the chemical amyloid type as a solid fundament for
therapeutic decisions (1). Amyloid typing can be performed in different ways, including immunochemistry (IHC),
amino acid sequence or by mass spectrometric (MS/MS) analysis (2). For routine immunohistochemical amyloid
typing on formalin-fixed paraffin tissue sections, commercial and in house-made anti-amyloid antibodies are
used (3). Since an independent comparison of IHC and MS/MS has never been done, scientists at three
institutions have agreed in 2002 to perform such a comparison: the origins of samples are abbreviated here with
the first letter of the authors' names (L, W, S, see Table 1). Here, we describe the procedure and the first

results. An abstract had been presented in Kumamoto in 2011 (4).
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MATERIAL AND METHODS

In the early agreement: Two authors (S and L) meeting at the FASEB-Conference on Protein Folding in

Snowmass/CO in 2002 agreed to compare the immunohistochemical method using homologous antibodies
directed against amyloidogenic proteins (5-7) with the (at this time) newly published method using MS (2). In
order to conduct such a collaboration sufficient amyloid prototype samples were needed and W, who also
attended the same conference, could be interested in joining this collaboration and later could provide needed
amyloid prototypes. At this conference this project was initiated by defining the mode of exchange, the blinding
of the study and the distribution of work which needed to be carried out.

Exchange of samples: The samples were not selected by any criterion such as the kind of preceding disease,

amyloid type, size, type of organ, biopsy or autopsy. From autoptic paraffin blocks 4 mm broad rims or 6 mm
broad triangles were sawed using a small hand saw with a fine blade as shown in Figure 1. Other samples were
large autoptic samples or small standard biopsies. The contributions of samples were as follows: W contributed
43 samples (all were amino acid sequenced), S contributed 11 samples (the typing was performed using amino
acid sequencing and/or MS/MS), and L contributed 48 samples (some were amino acid sequenced, others
typed after micro-extraction and immunochemical identification, and others using immunohistochemistry
followed by genetic analysis and/or clinical evaluation (see prototypes in 7) as summarized in Table 1.

Processing of coded samples and typing: All sample fragments from W (see Fig. 1) were re-imbedded in

paraffin. Paraffin sections were prepared of all samples on charged glass slides. For IHC, approximately 4 um
thick sections were prepared. The sections for MS were of approximately 8-10 um thickness. The number of
paraffin sections per patient for MS was dependent on the size of the tissue. So, from autoptic samples usually
10 paraffin sections per paraffin block were prepared for MS while from tissue fragments and from routine
biopsies 15-30 sections were provided. The number of sections for IHC amyloid typing was 11 sections per
patient, whereby one section was used for the diagnosis of amyloid using Congo red and the other 10 sections
for classifying the amyloid by a panel of 10 commercial standard antibodies (“amY-kit", www. amymed.net).

The two methods for typing the various amyloids used for comparison have been described in detail before that
is IHC (3, 5-7, including the review 7) and MS/MS (2).

[ Figure 1. The procedure by which tissue fragments have been

A - I. B generated from larger tissue blocks, schematically. Black (A, B),

A ’ ' B formalin-fixed and paraffin-embedded tissues. Small black dots

1 1 indicate the primary direction of motion of the sawing blade with

< N / " the result of generating two kinds of fragments with dimensions of

o o I i B’ B approximately 6x6/2 mm? (A) and 4x4mm?® (B). The arrows

[ Jaf d N T indicate the subsequent processing of the tissue fragments up to
- - the final tissue sections as shown in A/A” and B'/B”.

Breaking the code: Decoding of the blinded samples after the typing had been executed on three different
occasions that was the time when a block of experiments had been completed. We used two varieties of
breaking the code that is by crossing the data either in person (twice) or by letter. The first decoding was done
at the X" International Symposium on amyloidosis in Tours/France in 2004 in person by crossing a closed
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envelope containing the data obtained by either of the two partners (L and S) in the presence of a trusted
witness. The last decoding was performed by letter in the fall of 2009 by sending each of the closed envelopes

with the data for being crossed to a person trusted by the examiners in this study.

FIRST RESULTS AND DISCUSSION

Evaluation of the results: For a summary of the samples employed, see Table 1. The first step was to diagnose
amyloid using Bennhold’s Congo red method as modified by Puchtler et al. (cited in 1). When no amyloid could
be microscopically detected including the green birefringence in polarized light (in some samples of S or W),
more sections (5-20) were examined likewise in order to exclude the sampling error. When no amyloid could be
found in a larger number of sections a new specimen of the same patient was requested from the supplier and,
in some cases, amyloid could be detected. Therefore, more than one specimen was examined for some
patients. The second step represented the typing of amyloid by either of the two methods followed by a
comparison of the data. The results of this study were placed schematically into two categories: a: data “as
expected” from the known amyloid type; b: data “different from the expected ones” including a variety of
statements which will be not discussed here. These inconsistent data and statements will not fulfil clinical
standards for a specific therapy anyway. The third step was the comparison of the two methods IHC and MS. In

some cases more than one amyloid was present while each amyloid was counted separately.

Table 1. Typing of amyloid: Samples exchanged in Ringstudy | by S, Solomon; W, Westermark; and L, Linke

Project Provider Examiner-Method* | Number of samples** Number of samples with
amyloid
A L S - MS 48 48
B S - IHC 11 10
C W - IHC 43 38
D W S - MS 43 38
Total 145 134

* Methods of amyloid typing: MS, mass spectrometry; IHC, immunohistochemistry using appropriate antibodies

The 38 prototype samples with amyloid of W were typed in agreement with the known chemical type in 14
cases (36.8%) by MS and in 34 cases (89.5%) by IHC. Laboratory S provided 10 samples with amyloid which
were typed in line with the known amyloid type in 9 cases (90%) by IHC. Laboratory L provided 48 samples
containing 53 amyloids which had been typed in all (100%) by IHC in agreement with in part chemical and/or
clinical data (5-7), and the amyloids were typed as expected in 29 cases (54%) by MS. In general, most failing
MS examinations did not produce any definitive data thus indicating a lower sensitivity. The overall specificity
between of the two methods is statistical not different. This will be discussed in detail elsewhere since the
severity of the unexpected amyloid types is of a different calibre between the methods IHC and MS. It should be
noted, however, that the MS studies were performed without prior laser dissection, known to increase the

sensitivity (8). In summary: The advantage of IHC in these series is not only the ease of its performance, but
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mainly its higher sensitivity and the utilization of the crucial morphologic dimension (7, 9), which allows the
identification of the different amyloidogenic proteins in situ directly and by this avoiding very severe
misdiagnoses. The advantage of MS is the presentation of amyloidogenic proteins as a guide for their
identification which cannot be typed by IHC since antibodies may not be available yet. So, during this Ringstudy
I, MS was crucial in the discovery of Semenogelin | amyloid (10). Therefore, both methods seem to be
indispensible and can complete one another for amyloid typing, with IHC for the known amyloids and those

which cannot be typed by MS, and MS for the novel amyloids and those which cannot be typed by IHC (4).
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Correct determination of amyloid type is crucial for diagnosis, treatment and prognosis of amyloid disease.
Current antibody-based amyloid typing methods have restricted capability to check a long list of different
amyloid proteins. In this respect, proteomic identification of amyloid proteins by mass spectrometry seems to be
promising. However, this approach is used in a few amyloid research centers, partially due to complex and time-
consuming sample preparation procedures. In this study we present a new, simple procedure for proteomic-
based amyloid typing. In contrast to the previously reported amyloid recovery from tissue methods, amyloid
proteins were extracted using volatile solvent which might be easily removed by lyophilization, thus allowing
efficient concentration of the extracted material. The extracted proteins were separated using one-dimensional
SDS-electrophoresis and identified by mass spectrometry. The applied methodology allowed a successful

determination of amyloid type, shown here in five tested biopsy samples.

INTRODUCTION

The well recognized drawbacks of antibody-based amyloid typing techniques prompted the development of new
antibody-free chemical methods. During the last decade several proteomic approaches involving protein
identification by mass spectrometry were developed and found to be promising for the unbiased classification of
amyloid proteins in biopsy specimens. In these techniques, selection of an appropriate sample preparation
mode is critical. Some reports describe amyloid protein extraction and purification using HPLC (1) or two-
dimensional electrophoresis (2). Of special interest is a capture of amyloid deposits from tissue by a laser
microdissection technique with a following mass spectrometry-based proteomic analysis (3). At present this
method is considered as a gold standard for amyloid typing. These methods, however, are complex and
expensive and still not available for clinical laboratories. The aim of our study was the development and

application of a more simple and available procedure for amyloid typing by using proteomic technologies.

METHODS

Amyloid protein containing tissue components were extracted from a few milligrams of fresh-frozen biopsy
specimens with 20% acetonitrile - 0.1% trifluoroacetic acid solution (4). The extracted proteins were lyophilized

and run on 10-20% polyacrylamide gels.The electrophoretically separated proteins were electroblotted onto
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PVDF membranes and stained with Commassie Blue. Alternatively, gels were directly stained with Coomassie
blue. Since all major amyloid subunits are proteins smaller than 30 kDa, the revealed protein bands of the
MW<30 kDa were excised for further analysis.

The proteins in each gel/membrane slice were reduced with 2.8 mM DTT (60°C for 30 min), modified with 8.8
mM iodoacetamide in 100 mM ammonium bicarbonate (in the dark, room temperature for 30 min) and digested
in 10% acetonitrile and 10 mM ammonium bicarbonate with modified trypsin (Promega) overnight at 37°C. The
resulting tryptic peptides were resolved by reverse-phase chromatography on 0.075 X 200-mm fused silica
capillaries (J&W Scientific, USA) packed with Reprosil reversed phase material (Dr Maisch GmbH, Germany).
The peptides were eluted with linear 95 minutes gradients of 7 to 40% and 8 minutes at 95% acetonitrile with
0.1% formic acid in water at flow rates of 0.25 pl/min. Mass spectrometry was performed by an ion-trap mass
spectrometer (Orbitrap, Thermo) in a positive mode using repetitively full MS scan followed by collision induced
dissociation (CID) of the 7 most dominant ion selected from the first MS scan. The mass spectrometry data was
analyzed using the Sequest 3.31 software (J. Eng and J.Yates, University of Washington and Finnigan, San

Jose) searching against the human section Uniprot database.

RESULTS

Figure 1 demonstrates the typical electrophoretic profiles of the amyloid-containing tissue extracts. The
prominent protein bands of MW<30kDa (indicated by arrows) were excised for protein identification by mass
spectrometry. The identified sequences belonged not only to amyloid proteins, but also to other tissue
components and contaminating serum substances of a similar molecular weight. Proteins identified in the
excised band were checked for the presence of sequences matching the particular amyloid protein type and its
characteristic molecular weight. The amyloidogenic sequences detected in 5 patients with amyloidosis (samples
#1 - 5) are shown in Box 1. The identified sequences indicated to AA amyloidosis in the samples #1 and #2, AL-
lambda amyloidosis (#3), AL-kappa amyloidosis (#4), and transthyretin amyloidosis (#5). These results were in
concordance with the previous typing of the same cases using Western blotting and N-terminal

microsequencing (5).

#1 #3 #5

Figure 1. Electrophoretic profiles of amyloid-containing tissue extracts (patients ## 1, 3, 5)

191



Xllth International Symposium on Amyloidosis

Box 1. Samples #1 — 5: amyloidogenic sequences

Sample #1, 8 kDa (liver): Human Serum amyloid Apro  tein (SAAL)
EANYIGSDK

EANYIGSDK

EANYIGSDKYFHAR

GPGGVWAAEAISDAR

RGPGGVWAAEAISDAR

GPGGVWAAEAISDAR

Sample #2, 8 kDa (thyroid): Human Serum amyloid Ap  rotein (SAAL)
EANYIGSDK

EANYIGSDKYFHAR

GPGGVWAAEAISDAR

SFFSFLGEAFDGAR

Sample #3, 14 kDa (spleen): Human Immunoglobin lamb  da-like
polypeptide 5
VTVLGQPK

Sample #4, 15 kDa (fat): Human Immunoglobulin kappa  light chains
SGTASVVC(+57.021)LLNNFYPR

DSTYSLSSYLTLSK

VDNALQSGNSQESVTEQDSKDST
TVAAPSVFIFPPSDEQLESGTASV

ASQIGSYLNWYQQEPGKAPK

LLIYAASNLLSGVPSR

DIQM(+15.996)AQSPSSLSASVGD

ASQIGSYLNWYQQEPGK

FSGSGSGTDFTLTISSLQPEDFAT

Sample #5, 14 kDa (heart): Human Transthyretin
AADDTWEPFASGK
TSESGELHGLTTEEEFVEGIYK

DISCUSSION

In this study, we have demonstrated the utility of a new procedure for typing of amyloid proteins by proteomic
approach. In contrast to the previously reported amyloid extraction methods (1, 2), we employed volatile
extraction solvent which might be easily removed by lyophilization, thus allowing efficient concentration of the
extracted material. For separation and purification of the extracted proteins, we applied a widely used SDS-
electrophoresis technique, while the reported amyloid protein purification methods were more complex and
included HLPC (1) or 2-dimensional electrophoresis (2).

The procedure we have used to extract and separate the amyloid proteins, is also applicable for amyloid typing
by Western blotting and N-terminal sequence analysis, which enables the amyloid typing by different
biochemical techniques. Such comprehensive examination of biopsy specimens may be particularly useful when
solving “difficult” cases.

In conclusion, we present here a new proteomic-based amyloid typing method by employing a simple and

inexpensive sample preparation procedure applicable in most clinical laboratories.
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ABSTRACT

Correct identification of the protein that is causing amyloidosis is crucial for clinical management. We assessed
combining specific sampling of amyloid deposits by LCM and analysis of tryptic digests by tandem MS
proteomic analysis in 23 cases of amyloid deposition. LCM was performed on 10um sections of formalin-fixed
paraffin embedded tissue stained with Congo Red. Proteins were digested with trypsin and peptides were
analysed using a Chip CUBE-QTOF. Database searching utilized the NCBInr human protein database. The
amyloid subtype was able to be determined in all 23 cases. Proteins identified included immunoglobulin light
chain (localised amyloid n=3, systemic AL n=8), transthyretin (senile amyloid n=5, hereditary ATTR n=2), serum
amyloid A2 (AA n=2), fibrinogen alpha chain (AFib n=1), TGFp (corneal lattice amyloid n=1) and semenogelin
(seminal vesicle amyloid n=1). In conclusion, LCM and tandem MS allows correct typing of amyloid deposits in

clinical biopsy samples.

INTRODUCTION

Amyloid deposits comprise extracellular aggregates of amyloid fibrils embedded in a matrix containing other
proteins such as serum amyloid P protein and other proteoglycans and apolipoproteins. Over 20 amyloidogenic
precursor proteins have been identified and correct identification of the amyloidogenic protein is crucial for
clinical management. Amyloid subtyping by immunchistochemistry is limited outside of centres of expertise.
Immunohistochemistry can suffer from both low sensitivity and specificity, but perhaps the greatest factor is lack
of pathologist expertise with the various immunostains due to the rarity of this disease.

Direct chemical identification of the protein composition of the amyloid deposits has previously been limited
due to limited protein biochemistry sequencing methods, complex protein extraction, contaminating proteins
from surrounding normal tissues and limited informatics and databases. Many of these limitations have now
been overcome with tandem mass spectrometric techniques. We aimed to improve the diagnosis of amyloidosis
subtype by combining specific sampling of amyloid deposits by LCM and analysis of tryptic digests by tandem
MS proteomic analysis.
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METHODS

Ten micron sections were cut from formalin fixed paraffin embedded tissue onto Arcturus PEN membrane glass
slides. Tissue sections were deparaffinised and stained with Congo red. The stained sections were rinsed and
thoroughly air-dried. Congo red positive areas were dissected using an Arcturus LCM system.

Amyloid regions were processed according to the Stratagene FFPE protein extraction protocol. Briefly, LCM
samples were incubated with FFPE solution, at 90°C for 10mins, followed by 60°C for 120mins and alkylation
with 200mM of IAA for 30mins. Samples were diluted 10 times with 50mM ammonium bicarbonate and 10%
acetonitrile for overnight digestion with 0.1ug/ul trypsin at 37°C. Trypsin inactivation was achieved by acidifying
samples with 0.1% formic acid.

Amyloidogenic peptides were analysed with HPLC coupled Chip-cube 6250 QTOF (Agilent). Samples were
desalted on the enrichment column of G4240-62010 HPLC chip for 12sec prior to a 20 minute gradient from 5%
to 50%B. Solvent A composition was 0.1% formic acid, solvent B was 0.1% formic acid, 90% acetonitrile. HPLC
loading pump was set to 2.5% B, flow rate of 3ul/min while analytical pump was set to 5%B and flow rate of

0.3ul/min. Mass spectrometer was programmed to acquire 8 MS and 4MS/MS spectra/sec with dynamic

exclusion after 2 MS/MS and released after 0.2min.

Mass spec data was analysed using Spectrum Mill search engine against NCBInr human database with
carbamidomethylation cysteine as fixed modification, and oxidized methionine, pyroglutamic acid N-term, and
deamidated asparagine as variable modifications. Protein identification cut-offs were protein score > 11, peptide
score > 10 and % scored peak intensity >60.

RESULTS

Twenty-three clinical biopsy samples were analysed. Nineteen cases had a well characterised amyloid subtype
and in 4 cases the diagnosis was not definitive. Biopsy sites included gastrointestinal tract (n=6), heart (n=5),
renal (n=3), liver (n=1), bladder (n=1) and various other sites (foot, breast, tongue, mesentery, orbit, cornea,
seminal vesicle). While LCM was successful in all cases, use of an ultraviolet laser and mounting of tissue on
membrane coated slides provided the cleanest and most consistent capture of targeted tissue. The amyloid
subtype was able to be determined in all cases. An example of the tandem MS readout is given in Table 1

(senile cardiac amyloidosis) and the various amyloid fibrils identified are listed in Table 2.

Table 1. Example of tandem mass spectrometry readout

Sample Size Protein score % coverage Species Databa se Entry name
Heart 600000 49.59 20 Human NCBInr transthyretin
Heart 600000 38.99 8 Human NCBInr vitronectin
Heart 600000 29.59 8 Human NCBInr pre-SAP component
Heart 600000 15.05 2 Human NCBInr apolipoprotein A-1V
Heart 600000 12.51 2 Human NCBInr apolipoprotein E
Heart 600000 11.78 5 Human NCBInr beta-globin

Various other proteins are identified by tandem MS in amyloid extracts. Of particular interest is the presence of
proteins typically known to be co-located in amyloid deposits which helps confirm that the microdissected tissue

is amyloid. Typical amyloid-associated proteins were identified in the following number of cases: SAP (n=14),
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apolipoprotein A4 (n=13), vitronectin (n=16), apolipoprotein E (n=14) and clusterin (n=11). Various types of

collagen were frequently present (n=12) and various, presumably contaminating, keratins were identified (n=15).

Table 2. Amyloid fibril type identified by LAM and tandem MS

Amyloid type Protein identified N
AL immunoglobulin light chain 11
Systemic (8)
Localised ©)
AA SAA 2
ATTR transthyretin 7
Senile 5)
Hereditary 2)
AFib fibrinogen alpha chain 1
Corneal TGFb 1
Seminal vesicle semenogelin 1

One of the diagnostically challenging cases had: extensive gastrointestinal amyloidosis and no evidence of
clonal light chain disease; negative kappa, lambda, SAA and transthyretin immunohistochemistry; and negative
genetic studies. Tandem MS revealed immunoglobulin lambda light chain type. The second diagnostically
challenging case had: isolated renal amyloidosis with a positive SAA stain, an IgG kappa paraprotein and kappa
restricted serum free light chains. Tandem MS revealed serum amyloid A2 protein but no immunoglobulin. The
third case had: cardiac, neurological and gastrointestinal involvement; and equivocal immunohistochemistry.
Tandem MS demonstrated transthyretin and genetic studies showed an A97S ATTR mutation. The final case of
interest had: isolated renal amyloidosis and no evidence of clonal light chain disease; negative kappa, lambda
and SAA immunohistochemistry. Tandem MS demonstrated fibrinogen alpha chain and genetic studies showed
a Val526 mutation.

DISCUSSION

This study illustrates the usefulness of tandem MS based approaches for subtyping of amyloid deposits. Our
series adds to the pioneering work of the Mayo Clinic pathology department where nearly all cases of
amyloidosis can be correctly classified by a combination of laser microdissection and mass spectrometry—based
proteomic analysis (1). Other groups have successfully examined amyloid typing without LCM, either through
proteomic analysis of subcutaneous adipose tissue (2) or via novel sample preparative techniques (3). We plan
to pursue further method optimisation including improved definition of co-locating proteins in amyloid deposits,
additional database and bioinformatic interrogation and defining formal analysis and reporting methodology.

In conclusion, we have demonstrated that LCM and tandem MS can successfully identify the fibril composition
of amyloid deposits in clinical biopsy samples. Tandem MS based analysis is likely to become the new gold

standard in the diagnosis of amyloid subtype.
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ABSTRACT

Recently, it has been shown that some of amyloid associated molecules are co-localized with transthyretin
(TTR) amyloid deposit and may play important roles in TTR amyloidosis. However, the role of these molecules
is still largely unknown. In this study, we attempted to identify key molecules in TTR amyloid-laden tissues by
using liquid chromatography tandem mass spectrometry (LC-MS/ MS).

Congo red-positive areas in autopsy tissue specimens from familial amyloid polyneuropathy (FAP) patients
were analyzed by LC-MS/ MS. In addition, serum samples of FAP patients were also analyzed to determine the
existence of identified molecules.

LC-MS/ MS analysis revealed that clusterin was co-localized with TTR amyloid deposit. Moreover, serum
clusterin levels of FAP patients was significantly higher than that of healthy volunteers. In present study, LC-MS/
MS analysis identified clusterin as an amyloid associated molecule in FAP, and it was shown that clusterin may

play important roles in the pathogenesis of FAP.

INTRODUCTION

Familial amyloidotic polyneuropathy (FAP) induced by amyloidotic transthyretin (TTR), is characterized by
systemic accumulation of amyloid fibrils [1]. Despite a number of in vitro studies of TTR-related amyloidosis,
many questions, including where and how amyloid fibrils form in vivo and what is the impact of amyloid
deposition on tissues, remain unanswered. Recently, it has been shown that some of amyloid associated
molecules, such as serum amyloid P component, apolipoprotein E, and proteoglycans, are co-localized with
TTR amyloid fibrils and may play important roles in TTR amyloid fibril formation [2]. However, the role of those
co-localized molecules with TTR amyloid deposition is still largely unknown. In this study, we focused on the
amyloid associated molecules and attempted to identify key molecules in TTR amyloid-laden tissues from FAP
patients by using liquid chromatography tandem mass spectrometry (LC-MS/ MS) [3].
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MATERIALS AND METHODS

Autopsy tissue specimens from FAP patients were analyzed in this study. Four micro-meters formalin-fixed
paraffin embedded (FFPE) sections were deparaffinized and stained by Congo red. Positive areas were
collected by needle dissection and digested with Liquid Tissue (Expression Pathology, Inc., Gaithersburg, MD,
USA) and trypsin. The digests were analyzed by LC-MS/ MS (LCQ DECA XP plus; Thermo Fisher scientific,
Sunnyvale, CA 94085, USA) [3]. To evaluate the existence of molecules co-localized with TTR amyloid deposits
in heart, lung, stomach, tongue, kidney and bladder from FAP patients, immunohistochemical staining was
performed with anti clusterin antibody.

Serum samples of 25 FAP patients (18 of early onset cases and 7 of late onset cases; 16 males and 9
females) were collected. We measured serum clusterin levels in each sample by enzyme-linked immunosorbent
assay kit (Biovendor Laboratory Medicine Inc), and the mean levels was compared with those of 32 healthy
volunteers. Moreover, we assessed the correlation between each serum clustetrin level and the clinical indices,

such as age of the onset, duration of the disease, and the severity of sensory and autonomic neuropathies.

RESULTS

As the result of LC-MS/ MS analysis of the site positive for Congo red in peripheral nerves collected from FFPE
sections, various proteins were identified. These protein lists showed that only known amyloid associated
molecules, including apolipoprotein E, apolipoprotein A-IV, but also many unknown amyloid associated
molecules. In those amyloid associated molecules, we focused on clusterin.

First, in heart, lung, stomach, tongue, kidney and bladder from FAP patients, Congo red-positive site, the
staining site of TTR and the staining site of clusterin were clearly matched.

Next, we evaluated serum clusterin concentrations in FAP patients, carriers and healthy volunteers. Mean
serum clusterin level of all 25 FAP patients was significantly higher than that of 32 healthy volunteers (P<0.05).
Whereas, serum clusterin concentrations did not correlate with sex or age.

Furthermore, no significant correllation was found between clusterin concentrations and duration of the
disease, however, lower serum level of clusterin tended to be associated with more severe autonomic
dysfunction in FAP patients.

DISCUSSION

In this study, we have demonstrated that clusterin was co-localized with TTR amyloid deposition. Clusterin is
extracellular molecular chaperone, and recently reported that clusterin related to amyloid fibril formation and
increased plasma clusterin concentrations are associated with severity of Alzheimer's disease [4,5]. Therefore,
clusterin also may associate with TTR amyloidosis.

To test this possibility, we investigated localization of clusterin in various targeted tissues and serum clusterin
concentrations in FAP. Clusterin was co-localized with TTR amyloid deposits in systemic organs of FAP
patients.

LC-MS/ MS analysis identified clusterin as an amyloid associated molecule in FAP. Clusterin may play
important roles in the pathogenesis of FAP. Therefore, LC-MS/ MS may be a useful system to identify novel

amyloid associated molecules.
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ABSTRACT

Diagnosis and subtyping of amyloidosis are critical for prognostic and treatment. Subtyping has been recently
demonstrated combining laser capture microdissection (LCM) and mass spectrometry. Here we show that
ultrasonic treatment could help for the completion of enzymatic proteolysis followed by mass spectrometry
analysis which is an emerging proteomic technique, directly on raw biopsy samples even without LCM and to

get closer to the clinical routine application for amyloidosis.

INTRODUCTION

Amyloidosis is a disease where insoluble deposits of specific proteins occur in tissues. Different classes of
amyloidosis have been reported and their diagnostic relies on the identification of the associated proteins: up to 10
proteins can be targeted using histochemical approaches. Currently, Congo red staining is the golden standard for
the diagnosis of amyloidosis based on apple-green birefringence follow-up by subtyping using antibodies. However
they can be inconclusive on certain cases due to the competence of the pathologist and the quality and availability
of the dye, antibody and microscopy, leading to a lack of information about the underlying etiology. Subtyping has
been recently demonstrated combining laser capture microdissection (LCM) and mass spectrometry (1). However,
the LCM is not available in every clinical department, requires a specialist and can be time-consuming. Here we
report a new sample treatment directly on paraformaldehydefixed slices using an ultrasonic probe to complete the
enzymatic proteolysis in 60s instead of 15 hours incubation (2). Ultrasonic treatment combined to our data
processing allows performing diagnosis and subtyping of different type of tissues: kidney, accessory gland salivary,
lung, testicle, spleen.

METHOD

Paraformaldehyde-immobilized tissues (Bouin/AFA) from patients and controls were directly proteolyzed with an
ultrasonic probe. Proteolytic peptide mixtures were analyzed by nanoLC-MS/MS (LTQ-FT Ultra, ThermoFisher
equipped with TriVersa NanoMate chip-based nanosource, Advion) after nanoLC optimization (U3000 Dionex).
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RESULTS

Ultrasonic tryptic treatment on fixed raw tissues allowed performing subtyping of amyloidosis. The results were
compared with data obtained with immunohistopathology using the whole series of antibodies for amyloidosis
diagnosis.

It is a non targeted approach. Abundance of the protein were evaluated according to (3) taking into account the
area of the three most intense peptides. Only biopsies containing Apolipoprotein E (named ApoE) and Serum
amyloid P component (named SAMP) which are common to all amyloid deposits, were considered as potential
amyloid candidate. Finally amyloidosis were classified according to the relative intensity of amyloidogen protein.
Some significant examples from kidney tissues illustrate our results. The results are visualized with sector

diagrams representing the relative intensities of amyloid proteins.
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Figure 1. Biopsies of (A) negative controls, (A) AA amyloid patient.
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Figure 2. Biopsy of amyloid AL (A) raw tissue (50% amyloid), (B) Laser Capture Microdissected LCM tissue
(95% amyloid)

No pure negative controls could be assayed because biopies come always from patients and are aimed to identify
a pathology. Non amyloid diseased kidney does not present SAMP and ApoE (fibrils biomarkers), even if
amyloidogen protein could be detected (Igk and LysC) (1A). Their presence could be explained by inflammatory
phenomenon or tissue dammage (eg. minor glomerular lesions). The controls are non amyloid pathologies. As
shown in this example when amyloid deposits represents more than 80% of the tissue the diagnostic and the
classification are clear (Figure 1B). When the percentage goes below 50%, amyloid diagnostic is clear but

classification lacks some robustness (Figures 2A) even if the amyloid type is correct: here we analyzed a raw
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biopsy without focalising on amyloid fibrils and without slicing. On the opposite LCM treatment on the same

sample could offer preparation above 95% where the classification is unambiguous (Figure 2B).

DISCUSSION

This strategy opens the way for a rapid and accurate amyloidosis subtyping directly from raw clinical samples and
allows to avoid at the most the laser capture microdissection step which is highly time-consuming. This is of
particular interest for classes that could not be distinguished by the classical histochemical analysis. Our next step
will be to validate our approach to different amyloidoses and tissues with clinicians.

The whole analysis lasts 1 day for enzymatic treatment and roughly 10 slices are required and lasts 1 day for
triplicate LC-MS/MS and roughly 1 slice of 10um is required. In order to increase cohorts for a realistic clinical
application we intend to automatize the first step. Miniaturization is required to decrease sample consumption of
the first treatment (only 10% of the sample is actually analyzed).

We want to characterize specificaly the isofoms of protein involved. One example is ATTR addressed either by
bottom-up (4) or top-down (5) strategies, where the transthyretin isoform can discriminate between senile

systemic amyloidosis and familial thranthyretin amyloidosis.
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Amyloidosis affecting lymph nodes is uncommon. Lymph node involvement with amyloid may occur in the
setting of systemic amyloidosis or as a condition localized to the lymph nodes. Why some amyloid remains
localized is yet unknown. We speculated that the composition of the amyloid with these two presentations may
differ. Therefore, we undertook this study to detect differences in the lymph node amyloid proteome in localized
and systemic amyloidosis using a mass spectrometric-based proteomic analysis. We identified all patients with
lymph node biopsy proven amyloidosis seen at the Mayo Clinic, Rochester between May 1971 and October
2011. Clinical and laboratory data of these patients was abstracted. Using laser microdissection/tandem mass
spectrometry, we analyzed the composition of amyloid in lymph nodes where the block was available. Fourty
four patients with lymph node biopsy proven amyloidosis were identified. Table 1 shows the clinical and
laboratory features of these patients. We were able to obtain mass spectrometric analysis in 30 of the 44
patients. Preliminary analysis demonstrated the presence of heavy chain amyloid (AH) in all localized cases
where as only 9 of the systemic cases had AH deposits (p 0.004). Other significant differences were also seen
in vimentin and clusterin deposits although this did not meet statistical significance. Mass spectrometry has
made a definitive discrimination between amyloid precursor proteins possible. Further exploration of the amyloid
proteome may allow for differentiation between localized and systemic presentations with important clinical

implications.

INTRODUCTION

Amyloidosis involving lymph nodes (LN) is uncommon but may be seen in association with IgM monoclonal
protein®? and low grade lymphoproliferative disease, especially lymphoplasmacytic lymphoma and extranodal
marginal zone lymphoma.*® The clinical pattern in LN immunoglobulin-derived amyloidosis (AID) may be
restricted to LN alone (site of amyloid production) or may be disseminated to cause classic amyloid syndromes,
or systemic amyloidosis.® Why some amyloid remains localized to the site of production where as others
disseminate is yet unknown. We speculated that differences in the amyloid proteome between these two forms

and attempted to find these using mass spectrometry (MS)-based proteomic analysis.
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METHODS

44 cases of LN amyloidosis were identified using the Dysproteinemia database. Each case was defined as
follows; Localized- amyloidosis restricted to LN, single or multiple groups; Systemic- LN amyloid with associated
classic amyloid syndromes, or involvement of organs or bone marrow.

The methods for MS have been previously published.” Laser microdissection was performed in Congo-red
areas of formalin-fixed paraffin-embedded lymph node blocks. Two samples were analyzed per case. The
dissected tissue was digested into tryptic peptides and analyzed using nano-flow liquid chromatography
electrospray tandem mass spectrometer. The results were queried using the Swiss-Protein database and
assigned peptide and protein probability scores in Scaffold (Proteome Software, Portland, OR).

Protein identifications were accepted if they could be established with a 290% probability, at a 90% confidence
interval. The spectral count indicates the total number of spectra assigned to each protein and may be utilized

as an indicator of relative abundance. A spectral count greater than 8 was considered clinically significant.

RESULTS

Figure 1 shows a representative scaffold overview of the 30 cases where mass spectrometric analysis was
available.

Tables 1 and 2 show the clinical and laboratory features of the 44 cases of lymph node amyloidosis. Forty ones
cases had immunoglobulin-derived amyloidosis (AID) with 1 each of AA, ACalcitonin and ATTR. One patient
had AID + ATTR (Systemic #1).

Localized AID; 1 had AH (localized #4, fig 1) and 5 had AH/AL Systemic AID; 11/22 had AL, 11/22 had AH/AL.

Finding AH deposits was significantly associated with localized AID (6/6) versus systemic AID (11/22); p-value
0.03.

Patients with localized AID had better clinical outcomes with less treatment, including observation (fig 2).

205



Xllth International Symposium on Amyloidosis

Table 1. Features of Lymph node amyloidosis

Localized , N=14 Systemic, N=27 p-value
Gender, male (%) 10 (72) 14 (52) 0.2
Age at diagnosis, years 63 62 0.8
Fatigue (%) 2 (14) 18 (67) 0.002
Weight loss (%) 2(14) 11 (41) 0.08
Lower extremity edema (%) 1(7) 8 (30) 0.1
Paresthesia (%) 2 (14) 8 (30) 0.3
Dyspnea on exertion (%) 3(21) 14 (52) 0.06
Hemoglobin, g/dI 14.2 12.6 0.1
Creatinine, mg/dl 1 1 0.8
Albumin, g/dI 3.7 3 0.004
Beta2 microglobulin, mcg/ml 1.9 2 0.3
Circulating monoclonal protein N=8 (of 13) N=24 0.04
Urine protein, g/24h 0.09 (0.005-0.4) 0.2 (0.04-8.7) 0.01
Treatment NS
None 6 6
Surgery 2
Chemotherapy 6 16
Autologous stem cell transplant 0 4
Number dead at last follow up 5 16 0.02
Median overall survival, years 10.6 4.3 0.04

Table 2.
Protein # of cases where protein found
Localized, N=6 (%) Systemic, N=22(%)
Apolipoprotein A1 6 (100) 20 (91)
Apolipoprotein A4 6 (100) 21 (95)
Apolipoprotein E 6 (100) 22 (100)
Serum Amyloid P 6 (100) 21 (95)
Ig light chain
K 3 (50) 7(32)
A 4 (66) 17 (77)
Ig heavy chain
a 2(33) 2(9)
v 5 (83) 10 (45)
" 3 (50) 4(18)
Clusterin 4 (66) 16 (73)
Vimentin 2(33) 16 (73)
Vitronectin 6 (100) 22 (100)
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CONCLUSIONS

We found that 61% of lymph node immunoglobulin-derived amyloidosis involving lymph nodes have AH amyloid
deposits. Localized cases with lymph node AID appear to have higher quantities of AH amyloid.

Other proteins such as the apolipoproteins A-l, A-IV, E, serum amyloid P, clusterin, vimentin and vitronectin
are also consistently seen in cases of lymph node AID. Further exploration of patients with AH and AH/AL

amyloidosis in terms of their natural history and prognosis is warranted.
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ABSTRACT

Tandem MS methods, including LTQ-CID, LTQ-HCD-Orbitrap and TOF/TOF, provide information on both the
amino acid sequences and the post-translational modifications (PTMs) of proteins extracted from small amounts
of human fat tissues. In this report, we present our analyses of a fat sample from a patient with AL amyloidois
demonstrating immunoglobulin light chain (LC) proteins with extensive C-terminal truncation. Even without
access to the cDNA-derived sequence of Ig LCs, it was still possible to perform de novo sequencing and PTM
analysis with TOF/TOF MS/MS and with HCD fragmentation followed by detection in the Orbitrap.

INTRODUCTION

For the systemic amyloidoses of immunoglobulin (Ig) light chains (LCs), we have found that deposited LCs are
extensively processed, especially at the C-terminus, leading to fragment patterns that differ from patient to
patient (1, 2). We are presently using high performance primary mass spectrometry (MS) and tandem (MS/MS)
methods to compare LC fragments in amyloid deposits from fat biopsies.

METHODS

The fat biopsy described herein (F10-118) was obtained from a 59-year old male and showed extensive
deposition of Ig lambda (A) LC by Congo red staining. No amyloidogenic LC gene sequence information was
available.

Protein extraction from the fat tissue was performed according to published protocols (1). Extracted proteins
were subjected to 2D-gel electrophoresis. Isoelectric focusing (IEF) was performed on 17-cm strips in the pH
range from 3 to 10. Finally, the PAGE gel was stained with GelCode® Blue (Pierce). Immunoblot analysis with
anti-human Ig ALC antibodies was used to detect LC proteins and protein fragments that retained the constant
region. In-gel digestion of immunoreactive gel spots was performed with trypsin Promega Gold (Promega) (3).
Dried peptides were sequentially analyzed with 1) a Reflex IV™ MALDI-TOF MS (Bruker Daltonics) operated in
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the positive ion, reflectron mode, 2) a MALDI-TOF/TOF ultraflextreme™ MS (Bruker Daltonics) and 3)
LC/MS/MS (both CID and HCD) in an LTQ-Orbitrap™ MS (Thermo Fisher Scientific) with a TriVersa
NanoMate™ system (Advion Biosciences). The MS/MS data was deconvoluted using Xtract™. Data sets were
analyzed with MASCOT™ and the results were checked manually.

RESULTS

The fat biopsy obtained from a 59-year-old male showed extensive amyloid deposition (3+ score by Congo red
staining) and Ig ALC proteins by immunohistochemistry. In patients with AL amyloidosis, each amyloid LC
protein sequence is unique, especially in the variable region; lack of the LC gene and deduced protein
sequences presented a significant obstacle in this work. Mass fingerprinting search on the MALDI-TOF MS data
(Fig. 1) of a gel spot 18 (observed at 30 kDa) indicated a strong score for Ig ALC constant region. LC/MS/MS
and MALDI-TOF/TOF MS data confirmed the peak assignments. Sequences for some variable region peptides
were also assigned and aligned with germline gene IGLV1-51. MALDI-TOF/TOF MS revealed the oxidation of
Trp (W) to kynurenine and N-formylkynurenine (1, 4).

la ALC CONSTANT REGION

1 QPKAAPSVTL FPPSSEELQA NKATLVCLIS DFYPGAVTVA WKADSSPVKA
51 GVETTTPSKQ SNNKYAASSY LSLTPEQWKS HRSYSCQVTH EGSTVEKTVA
101 PTECS
RED: sequence coverage in Spot 18, 43ADSSPVK# observed in LC/MS/MS, but not in MALDI MS
GREEN: coverage combining different spots
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Figure 1. MALDI-TOF MS characterization of Ig LC species in AL fat sample
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DISCUSSION

Spots 18 (observed at 30 kD), 13 (at 27 kD) and 22 (at 23 kD) were detected by immunoblot assay against Ig
ALC; spots 8 and 11 were not. Full-length LC protein usually has MW ca. 25 kD. Considering PTMs and the
unique primary sequence of this full-length LC, spot 18 appears to be the full-length amyloid deposited LC
protein.

As the MW decreased, the abundances of the peaks for constant region (C) peptides, e.g., C 4-22 m/z
1985.91, diminished. The serially truncated products from this peptide appear at m/z 1431.73 [4-17], 1544.79 [4-
18], 1672.87 [4-19], 1743.87 [4-20] and 1858.05 [4-21], in the spectra of spots 8 and 11. These assignments
were confirmed by tandem MS data.

HCD dissociation in the LTQ-Orbitrap of spot 11 provided sequence assignments for some variable region
peptides found at, e.g. m/z 841.42, 1813.99 and 2338.23.

Unassigned peaks may originate from the variable region, or may be constant region peptides that have PTMs,
including truncations. Digestion with additional proteases and/or acquisition of more tandem MS data should

facilitate their analysis.

ACKNOWLEDGEMENTS

This research is supported by NIH grants P41 RR10888/GM 104603, S10 RR15942 and S10 RR20946 and the
BUMC Amyloid Treatment and Research Program. We thank Bruker Daltonics for access to the Bruker

ultraflextreme™. YL thanks a Finkielsztein Travel Grant for funding her conference participation.

REFERENCES

1. F Lavatelli, DH Periman, B Spencer, T Prokaeva, ME McComb, R Théberge, LH Connors, V Bellotti, DC
Seldin, G Merlini, M Skinner, CE Costello. Mol. Cell. Proteomics 2008, 7, 1570-1583.

2. LH Connors, Y Jiang, M Budnik, R Théberge, T Prokaeva, K Bodi, DC Seldin, CE Costello, M Skinner.
Biochemistry, 2007, 46, 14259-14271.

3. DH Perlman, EA Berg, PB O’Connor, CE Costello, J Hu. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 9020-
9025.

4. F Lavatelli, F Brambilla, V Valentini, P Rognoni, S Casarini, DD Silvestre, V Perfetti, G Palladini, G Sarais.
Biochim. Biophys. Acta. 2011, 1814, 409-419.

211



Xllth International Symposium on Amyloidosis

123

lodine-123 metaiodobenzylguanidine ( I-MIBG) for the evaluation of cardiac sympathetic
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ABSTRACT

Cardiac amyloidosis is rare and may lead to potentially life-threatening restrictive cardiomyopathy. Amyloid
depositions impair the function of sympathetic nerve endings. lodine-123 metaiodobenzylguanidine (***I-MIBG)
can detect innervation changes. Sixty one patients with biopsy proven amyloidosis underwent general work-up,
echocardiography and 'I-MIBG scintigraphy. Early (15 min) and late (4 hrs) heart-to-mediastinum ratio (HMR)
and wash-out rate were determined. Mean late HMR of all patients was 2.3 + 0.75, mean wash-out rate was 8.6
+ 14%,. Late HMR was lower (2.0 + 0.70 versus 2.8 + 0.58, p<0.001) and wash-out rates were higher (-3.3
9.9% vs 17 + 10%, p<0.001) in patients with echocardiographic parameters for amyloidosis. In ATTR patients
without echocardiographic parameters of amyloidosis, HMR was lower than in other types (2.0 £ 0.59 vs 2.9 +

123

0.50, p=0.007). So, MIBG and echocardiography are complementary. Also, ~I-MIBG scintigraphy can detect

cardiac denervation in ATTR patients before echocardiographic parameters are present.

INTRODUCTION

Cardiac involvement of amyloidosis eventually leads to a type of cardiomyopathy in which ventricular filling is
restricted, resulting in symptoms and signs of heart failure. Amyloidosis is the most common cause of this co-
called ‘restrictive cardiomyopathy’ (1). Transthoracic echocardiography plays an important role in the evaluation
of cardiac manifestation of amyloidosis. Nowadays it is the modality of choice for the evaluation of amyloid
deposition in the heart (2). However, with this technique, the diagnosis of cardiac amyloidosis is often
established at a late time point. Disturbance of myocardial sympathetic innervation may play an important role in
this remodelling process, and may even lead to sudden death due to fatal arrhythmia (2). Amyloid deposits
impair the function of myocardial sympathetic nerve endings.

A scintigraphic imaging modality using iodine-123 labelled metaiodobenzylguanidine (**I-MIBG) is a validated
method to evaluate sympathetic innervation in the heart and has also been used in patients with amyloidosis (3-

5). "®I-MIBG, an analogue of norepinephrine (NE), enters the sympathetic nerve terminals through a specific
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“uptake-1 mechanism”. Unlike NE,

I-MIBG is stored in granules in the nerve terminals and not catabolised.
So, "®I-MIBG indirectly visualises the effect of amyloid deposition in the myocardium (6).
The purpose of this study was to evaluate if 23 MIBG scintigraphy is able to identify cardiac sympathetic

denervation in patients with different types of early stage amyloidosis.

METHODS

A total of 61 consecutive patients (30 women, 31 men) with systemic amyloidosis underwent ***|-MIBG
scintigraphy between June 2007 and August 2011. Diagnosis of amyloidosis was based on detection of amyloid
in a biopsy site typically involved in systemic amyloidosis, such as the abdominal fat tissue, kidney or nerve.
History and physical examination were used to determine the presence of polyneuropathy. All patients
underwent the usual tests including 12-lead electrocardiogram (ECG), dynamic electrocardiogram (Holter
investigation), radionuclide multiple gated acquisition (MUGA) for left ventricular ejection fraction (LVEF),
autonomic function testing using bedside manoeuvres, heart rate variability analysis, echocardiographic

examination before the

I-MIBG scintigraphy. At 15 min (early image) and 4 h (late image) after administration
of 185 MBq **I-MIBG, a 10-min static acquisition was performed in anterior view of the chest. Heart-to-
mediastinum activity ratio (HMR) was measured three times, and the average of measurements was taken into
account. Cardiac ***|-MIBG wash-out rate was defined as percentage change in activity from the early to the late
images within the LV ROI as follows: ((Heary-Hiate)/Heary) X 100%.

For "®I-MIBG imaging, 9 age-matched consecutive normal volunteers were scanned to form a healthy control
database. All subjects were in good health and did not take medication, especially no tricyclic antidepressants

or other sympathicomimetics that can interfere with ***I-MIBG uptake.

RESULTS

The mean age of all patients was 62 + 8.8 years. For the 9 healthy controls (6 women and 3 men), the age was
not significantly different: 52 + 17 years. Of all 61 patients, 39 were diagnosed with AL type amyloidosis, 11 with

AA type, and 11 with ATTR type. Table 1 summarizes the results of the ***

I-MIBG scans in the different patient
subgroups and the healthy control subjects. In all patients the late HMR was significantly lower (mean 2.3 + 0.75
versus 2.9 + 0.58, p<0.005) and the wash-out rate was significantly higher (mean 8.6 + 14% vs. -2.1 + 10%,
p<0.05) than in healthy controls. The HMR was significantly lower in patients with ATTR type amyloidosis (1.7 +
0.52) than in the other subgroups ((2.5 £ 0.75 in AL and 2.4 £ 0.75 in AA, p< 0.05). In ATTR patients the HMR
was significantly lower than in healthy controls (p< 0.001).

The late HMR was significantly different between patients with (2.0 + 0.70) and without (2.8 + 0.58)
echocardiographic parameters for amyloidosis, defined as sparkling and LV wall thickness > 11 mm, p<0.001.
Also, the wash-out rate was significantly higher in these patients, -3.3 + 9.9% versus 17 + 10% p<0.001.

In ATTR patients without echocardiographic parameters of amyloidosis, HMR was lower than those patients
with other types (2.0 £ 0.59 vs 2.9 + 0.50, p=0.007). Furthermore, wash-out rates were higher in these patients:
11 +1.4% vs -4.6 = 9.3%, p=0.03
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Table 1. ®|-MIBG findings

Frequency, mean + SD
Healthy controls AL AA ATTR
Late HMR 2.9+0.58 2.5+0.75 2.4+0.75 1.7+0.52
Wash-out rate -2.1+10 7.0+14 59+14 18+8.3
Wash-out rate > 20% (n) 0 7 2 6

DISCUSSION

The current study shows that the sympathetic denervation, determined by diminished late 2 MIBG uptake in
HMR and elevated wash-out rate, is prominent in patients with echocardiographic parameters for amyloidosis.
Furthermore, this study shows that HMR is lower and wash-out rates are higher in patients with amyloidosis
compared to healthy control subjects. In ATTR patients cardiac denervation can be found even before

123

echocardiographic parameters are present. So, ~I-MIBG scintigraphy and echocardiography should be

performed in a routinely matter.

123

The use of **|-MIBG is studied most intensively in patients with FAP. The *?)I-MIBG results in this study are

generally less aberrant than those in prior studies (3-5, 7). Not only do the healthy controls have higher HMR

than those in previous studies, our amyloidosis patients also show higher **

I-MIBG uptake and less wash-out.
The most important explanation of the large difference lies in the use of collimator type. The prior studies all
used low-energy collimators (LE), whereas in this protocol a medium-energy collimator (ME) was used.

A point of interest is the role of "?I-MIBG scintography in the predictive potential for sudden cardiac death in
patients with heart failure and even the predictive value of appropriate implantable cardioverter-defibrillator

(ICD) therapy.
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ABSTRACT

Cardiac involvement is a major clinical feature and determinant of outcome in AL and ATTR amyloidosis, for
which better diagnostic methods are required. We report *™Tc-3,3-Diphosphono-1,2-Propanodicarboxylic Acid
(®™Tc DPD) scintigraphy in 171 patients with suspected cardiac amyloidosis. Patients received 700 MBq *"Tc
DPD, and planar whole body images were acquired after 5 minutes and 3 hours, along with cardiac SPECT-CT.
Myocardial uptake was scored as grade 0-3 based on the amount of cardiac uptake and proportionate reduction
in bone signal. Cardiac uptake occurred in all 76 patients with ATTR amyloidosis who fulfilled consensus criteria
for cardiac involvement, but in only 16 (55%) of those with AL (p<0.0001); myocardial uptake was also present
in eight other ATTR patients who did not meet the consensus criteria. This study confirms the utility of *™Tc

DPD scintigraphy in cardiac amyloid imaging, most specifically for amyloid of ATTR type.

INTRODUCTION

Diagnosis of cardiac amyloidosis has been defined by the international amyloidosis consensus criteria (1) and
typically relies on echocardiography demonstrating increased wall thickness in the absence of another cause.
Echocardiographic diagnosis of amyloidosis is characteristic in advanced disease but can be difficult in early
stages and is unable to differentiate between the AL and TTR type (2).

Uptake of diphosphonate compounds by the heart in cardiac amyloidosis has been recognised anecdotally for

over 30 years and has been confirmed by small studies using technetium-99m (**"

Tc) labelled phosphate
derivatives including pyrophosphate (PYP), methylene diphosphonate (MDP) and hydroxy diphosphonate
(HDP) (3-5). More recently, “"Tc labelled 3,3-diphosphono-1,2-propanodicarboxylic acid (DPD) has been
reported to have a much greater and more reliable affinity for cardiac amyloid. In 2002 Puille et al (6) reported
cardiac uptake of *™Tc-DPD in 8 patients with ATTR-FAP whilst more recently Rapezzi et al in 2011 (7) looked
at 45 patients with TTR and 34 with AL related amyloid cardiomyopathy. Myocardial uptake was seen in all TTR
patients but in only 11 (32%) of the AL patients. The aim of this study was to further evaluate the role of M.

DPD scintigraphy in imaging TTR vs AL cardiac amyloidosis as well as other amyloid types.
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METHODS

700 MBq of *™Tc-DPD was given to 171 patients with suspected cardiac amyloid involvement between June
2010 and December 2011. Whole body (WB) sweeps were performed at 5 minutes and 3 hours post injection
followed by either a gated or non-gated single photon emission computed tomography (SPECT)-CT of the heart.
The delayed 3 hour WB sweep images were scored as grade as 0-3 using a modified version of the grading
system as described by Perugini et al (8) whereby grade 0 indicated no cardiac tracer uptake on planar or
SPECT-CT, grade 1 was mild cardiac uptake (less intense than bone), grade 2 was moderate cardiac uptake
(with some bone attenuation) and grade 3 was strong cardiac uptake (with little or no bone signal). Figure 1
illustrates the grading system used. Planar (heart/whole body ratio) and SPECT-CT (total heart counts /average
sternum counts per voxel) quantitation was also performed. Final diagnosis of amyloidosis was supported where
possible by biopsy histology, proteomics, SAP scintigraphy, cardiac MRI, and DNA analysis.

{a} GradeO Grade 1 Grade 2 Grade 3
* >
fe t - T t - . - ~

«

(b)

Figure 1. Demonstrating (a) grading system for cardiac tracer uptake on delayed whole body scans, (b) short

axis view showing distribution of *™Tc-DPD within the myocardium and a (c) fused SPECT-CT image of the

thorax confirming localisation of the tracer to the heart.

RESULTS

One hundred and seventy one patients were included in this study. The amyloid types were: TTR — 90 (53%),
AL - 34 (20%), Apolipoprotein Al - 4 (2%), AA — 3 (2%), Fibrinogen Aa-chain (Glu526Val) - 2 (1%), Lysozyme
(Asp67His) - 1 (0.5%) and Gelsolin (Asp214Asn) — 1 (0.5%). Amyloid type could not be confirmed in 5 (3%)
cases and 31 (18%) patients were subsequently found not to have systemic amyloidosis. Of the 90 patients with
TTR amyloidosis, 38 (42%) patients had senile TTR amyloidosis and 52 (58%) had familial TTR amyloid.

ATTR mutations were as follows: Vall22lle (n=16), Thr60Ala (n=11), Val30Met (n=10), Gly47Val (n=4),
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Glu54Gly (n=3), Ser77Tyr (n=2), Gly47Arg (n=1), Glu89Lys (n=1), lle84Ser (n=1), llel07Phe (n=1), Phe33Val
(n=1) and Ser77Phe (n=1). Of the 4 Apolipoprotein Al patients, mutations in Leu60Arg and Arg173Pro were
present in 2 patients respectively.

Table 1 summarises the main *™Tc-DPD scintigraphic findings. Of those TTR (ATTR plus STTR) patients with
a positive scan, 88% were grade 2 or above whilst 94% of positive AL patients were only grade 1. All patients
(n=76) with TTR related cardiac involvement by consensus criteria had cardiac uptake of *"Tc-DPD compared
to only 16/29 (55%) of AL patients (p<0.0001). Eight patients (one wild-type) with no cardiac involvement by
current consensus criteria had cardiac uptake of ®"Tc-DPD. One patient with cardiac AA and 3 with cardiac
apolipoprotein Al amyloidosis had myocardial DPD uptake. Amyloidosis was ultimately excluded in 31 patients,
all of whom had normal *™Tc-DPD scans. Abnormal *™Tc-DPD uptake into the liver and spleen each occurred
in only 4% of cases, in contrast to the high frequency of visceral amyloidosis demonstrated on SAP
scintigraphy. Using SPECT-CT imaging confirmed cardiac uptake that was not evident on planar scans in 6
patients.

Myocardial DPD uptake according to grade 1/2/3 was associated with median LV wall thickness of 14/16.5/17
mm, LV ejection fraction of 56/49.5/46%, and NT pro-BNP of 295/295/354 pMol/L respectively. Differentiation
between AL and TTR types using SPECT-CT was better than the planar method mainly due to the fact that
regions of interest drawn over the heart on whole body images will include counts from overlying structures such

as the sternum, ribs and spine.

Table 1.
Amyloid type n Grade of cardiac uptake (n) Cardiac uptake / Cardiac uptake /
(%) in pts with in pts without
0 1 2 3 cardiac cardiac
involvement * involvement *
TTR (FAP + Wild 90 6 10 59 15 76176 8/14
Type) (53) (100%) (57%)
AL 34 18 15 1 0 16/29 0/5
(20) (55%)
Apolipoprotein Al 4(2) 1 3 0 0 3/3 0/1
(100%)
AA 3(2) 2 1 0 0 1/1 0/2
(100%)
Others 4(2) 0 0 0 0 0/0 0/4
(AFib, ALys, AGel)
Unknown 5(3) 2 1 2 0 3/4 0/1
(75%)
No Amyloid 31 31 0 0 0 0/0 0/31
(18)

* As defined by International Consensus Criteria (Gertz et al 2005, Am. J. Hematol. 79: 319-328)
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DISCUSSION

In our experience, %™

Tc-DPD scintigraphy has 100% sensitivity for TTR cardiac amyloidosis of both senile and
hereditary types compared to just 55% for AL cardiac amyloid thus confirming the utility of this imaging method.

The intensity of tracer uptake in the heart and soft tissue pattern can both support the diagnosis of TTR versus
AL cardiac amyloidosis. Imaging using SPECT-CT not only allows for more accurate quantitation by eliminating
counts from overlying bony structures but also demonstrated cardiac tracer uptake in 6 patients which was not
evident on the planar scan. Myocardial uptake of **"Tc-DPD was also seen in one patient with cardiac AA and
three with apolipoprotein Al amyloidosis which is a novel finding.

It would appear that ®"Tc-DPD scintigraphy is the most sensitive method for detecting TTR cardiac amyloid
and therefore we see its future role as a screening tool for both senile cardiac amyloidosis in the elderly and for

asymptomatic carriers of TTR mutations.
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ABSTRACT

Cardiac involvement predicts outcome in systemic AL amyloidosis and influences therapeutic options. Current
methods of cardiac assessment do not quantify myocardial amyloid burden. We used Equilibrium Contrast
Cardiovascular Magnetic Resonance (EQ-CMR) to quantify the cardiac interstitial compartment, measured as
Extracellular Contrast Volume (ECV), hypothesising it would reflect amyloid burden.

Sixty patients with systemic AL amyloidosis (65% male, median age 65 years) underwent conventional clinical
CMR including late enhancement, EQ-CMR, and clinical cardiac evaluation including ECG, echocardiography,
assays of NT-proBNP and Troponin T, and functional assessment comprising the 6 minute walk test (EMWT) in
ambulant individuals. Cardiac involvement in the amyloidosis patients was categorised as definite, probable or
none suspected by conventional criteria. Findings were compared to 82 healthy controls.

ECV was significantly greater in patients than healthy controls (0.25 vs 0.40, P < 0.001), and correlated with
conventional criteria for characterizing the presence of cardiac involvement, the categories of none, probable,
definite corresponding to ECV of 0.276 vs 0.342 vs 0.488 respectively (P<0.005), ECV correlated with cardiac
parameters by echocardiography (e.g. TDI S-wave R? 0.27, P<0.001) and conventional CMR (e.g. indexed LV
mass R? 0.31, P<0.001). There was also significant correlations with NT-proBNP (R® 0.47, P<0.001) and
Troponin T (R® 0.28, P=0.006). ECV was associated with smaller QRS voltages (R®> 0.33, P<0.001), and
correlated with poorer performance in the 6MWT (R? 0.13, P=0.03).

Myocardial ECV measurement appears to be the first non-invasive test to quantify cardiac amyloid burden.

INTRODUCTION

Cardiac involvement is frequent, a principal driver of prognosis, and can be the presenting feature of the
disease [1]. Whilst a constellation of ECG, echocardiographic and biomarker findings becomes increasingly
diagnostic and prognostic as cardiac amyloidosis progresses, evaluation of early stage cardiac involvement can
be challenging. Confounding features are often present, commonly including left ventricular hypertrophy (LVH)

and abnormal diastolic function associated with renal failure, diabetes or hypertension [2,3]. Definitive diagnosis
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of cardiac amyloidosis, which has critical implications for choice of chemotherapy and management generally,
requires cardiac biopsy which is invasive and prone to sampling error. There are currently no non-invasive tests
that can quantify cardiac amyloid deposits. New imaging modalities such as DPD and CMR scans are showing
promise but neither is quantitative. We have lately developed a new quantitative technique, Equilibrium Contrast
Cardiovascular Magnetic Resonance (EQ-CMR) that measures the myocardial extracellular volume fraction i.e.
the interstitial space within the heart. Here, we hypothesise that the technique would also be an effective

method for quantifying cardiac amyloid burden, the proteotypic interstitial protein deposition disorder [4].

METHODS

EQ-CMR involves three steps: 1) a standard gadolinium bolus followed by constant infusion to eliminate
contrast kinetic effects and achieve an equilibrium contrast state throughout the body; 2) signal intensity (T1)
measurement pre and post contrast equilibrium using CMR; and 3) a direct measure of blood volume of contrast
distribution, by taking a complete blood count, equating the blood volume of contrast distribution to one minus
the hematocrit. The volume of distribution in the myocardium, also known as the extracellular volume, ECV, is
then calculated as: ECV = (1-Hematoctit) X (ARLmyocardium / AR1pi0oq) Where AR1is (1/T1 pre contrast - 1/T; post
contrast). EQ-CMR was performed on a 1.5T magnet (Avanto, Siemens, 16 channel coils) with T1 assessment
as previously described [5].

Sixty consecutive consenting patients with systemic (primary) AL amyloidosis who were assessed between
2010-11 at the National Amyloidosis Centre (Royal Free Hospital, London UK) and in whom there no exclusions
to CMR (GFR<30mls/minute; presence of non MR compatible devices, known atrial fibrillation) were recruited.
Four patients who were found to have atrial fibrillation/flutter after they had consented were not excluded. The
probability of cardiac involvement was categorised into definite or no cardiac involvement based on international
consensus criteria published by Gertz et al [6]. An additional category of possible involvement was created for
patients with cardiac abnormalities in whom there were confounding features.

Healthy subjects (n=82) were recruited through advertising in hospital, University and general practitioner
surgeries. All had no history or symptoms of cardiovascular disease or diabetes, a normal 12-lead ECG and
normal clinical CMR scan. All patients and healthy controls underwent 12 lead ECG. Patients additionally
underwent assays of cardiac biomarkers (NT-proBNP and Troponin T), echocardiography, SAP scintigraphy
including measurement of total body amyloid load, and a 6-minute walk test, although this was not possible in
some patients(n=23, 38%) mainly due to other comorbid factors (e.g. arthritis, postural hypotension, peripheral
neuropathy) and patient choice. NYHA class and ECOG status were also assessed using a standard

guestionnaire.

RESULTS

The mean ECV in patients with systemic amyloidosis was significantly elevated compared to healthy controls
0.400 (range 0.200-0.609) vs 0.254 (range 0.161-0.323), P<0.001. Mean ECV increased between groups from
healthy controls to AL with no suspected cardiac involvement (ECV 0.276 (range 0.200-0.345), P<0.005),
possible cardiac involvement (0.342 (range 0.239-0.479), P<0.005) and definite cardiac involvement (0.488
(range 0.423-0.609), P<0.005). There was no increase in ECV with age in the healthy controls. Other results are
summarized in table 1.
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Table 1. ECV correlations with cardiac structure and function, biomarkers and ECG changes

ECV compared against: R ° P-value
LV Structure
LV mass 0.27 P<0.001
Indexed LV mass 0.31 P<0.001
Septal thickness 0.31 P<0.001
LA area 0.16 P=0.002
Indexed LA area 0.24 P<0.001
LV systolic Function
Ejection Fraction 0.34 P<0.001
MAPSE 0.34 P<0.001
LV end-systolic volume 0.27 P<0.001
Indexed LV end-systolic volume 0.31 P<0.001
TDI-S wave 0.27 P<0.001
LV Diastolic Function
E:E’ 0.22 P<0.001
IVRT 0.13 P=0.03
E-Deceleration time 0.23 P<0.001
RV Structure & Function
RV end-systolic thickness 0.16 P=0.005
TAPSE 0.25 P<0.001
Functional Assessment
6-minute walk test 0.13 P=0.03
Biomarkers
Serum NT-pro BNP (logBNP) 0.47 P<0.001
Troponin T 0.28 P=0.006
ECG
ECG Limb Lead mean voltage 0.33 P<0.001
ECG chest lead mean voltage 0.09 P=0.02

DISCUSSION

Amyloidosis is the exemplar of an interstitial disease, the quantity of amyloid in the extracellular space
amounting to kilograms in some patients. Cardiac involvement is a major cause of morbidity and mortality,
particularly in AL type, but there are currently no non-invasive methods to quantify it. Here, the extracellular
volume (ECV) was measured using EQ-CMR in systemic AL amyloidosis. ECV was massively elevated in the
patients with definite cardiac involvement but also significantly higher in patients where conventional clinical
testing suggested no cardiac involvement, and was significantly elevated in a quarter of patients with no LGE.
ECV tracked a wide variety of markers of disease activity such as cardiac function and blood biomarkers, linked
to patient’s functional performance, and strongly correlated with limb lead ECG complex sizes. These data
suggest that ECV measurement is picking up infiltration earlier than conventional testing and is a direct measure
of the amyloid burden with potential utility in early diagnosis, disease monitoring, and, potentially, as a much
needed cardiac surrogate endpoint for the various promising new therapies for amyloidosis currently in

preclinical development and early phase clinical trials.
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Radioimmunoimaging of Patients with AL Amyloidosis

K.J. Wells,*?® 3. wall,*? S. Kennel,*? A. Solomon*

"Human Immunology and Cancer Program, Department of Medicine, University of Tennessee Graduate School
of Medicine, Knoxuville, TN, USA; *Molecular Imaging and Translational Research Program, University of
Tennessee Graduate School of Medicine, Knoxville TN, USA; *Department of Radiology, University of

Tennessee Graduate School of Medicine, Knoxville, TN, USA.

Heretofore, there has been no radiographic means in the USA to visualize AL amyloid deposits. In this regard,
we have reported that our amyloidolytic fibril-specific mAb, 11-1F4, when labeled with 1-124, could image by
PET/CT hepatic, splenic, nodal, or bone marrow deposits in 11 of 18 subjects (1).

Figure 1. Left: MIP (maximum intensity projection) showing liver, spleen, and bone marrow (arrow) uptake of
124/.11-1F4; Right: immunohistochemical analysis of amyloid-containing bone marrow from same patient using

11-1F4 as the primary reagent (ABC technique, original magnification, x200)

METHODS

On the basis of these results, an additional 19 individuals, all of whom were tested and found to be HAMA
negative, were placed on study (HAMA also was performed 30 and 60 days post imaging). Patients were pre-
medicated with a saturated solution of potassium chloride (SSKI) 48 hrs prior to administration of the

radiopharmaceutical and then, for another 8 days. Whole body PET/CT imaging was obtained 2 and 5 days post
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124/.11-1F4 infusion of 1 mg mAb 11-1F4 labeled with 2 mCi (74 MBq) ***| using a Siemens mCT scanner (5 min
per bed position) with low dose CT for attenuation correction. To increase the sensitivity of true count detection,
the time of PET acquisition in the last 15 individuals was extended by 35 min for the kidneys and, additionally, a
dedicated 35 min cardiac-gated acquisition was obtained. Organ—specific uptake was defined as that greater
than mediastinal blood pool on day 5 and results were correlated with clinical evidence of organ involvement, as
well as with Congo-red staining and immunohistochemical studies using mAb 11-1F4 of available biopsy

materials (Figure 1) or fat aspirates.

Table 1. Results of Radioimmunoimaging using ***I-mAb 11-1F4/PET/CT and Immunohistochemistry (IHC) with
11-1F4 as the Primary Reagent in Patients with AL Amyloidosis

Light Light

Chain Organ PET/ HC* Chain Organ PET/ HC*

Isoty Affected* CT* isotype Affected* CT*
K K 0 NT A H,L,S S,LN,ST + (Lu)
A LN LN + (Lu) A I 0 0
A K 0 + (BM) A HL,S 0 + (BM)
A Lu 0 + (Lu) K I,L,S,H LS.IBMA  +()
A K 0 0 (K) A H,L,K,BM,I L,S.BM,A  + (BM)
A F 0 NT A H,K S NT
K H | +(F) A T,H,I 0 +(T)
A K 0 + (K) A L,K,H S 0 (K)
K H,I,L,S L,S NT A K,H H 0 (K)
A TLS 0 0(T) A K,H,S H,S 0 (K)
A L,K,BM L,S,BM + (BM) A K,H,S 0 NT
K HLS L,S + (GB) K SC,PV,S ST +(ST)
A K L,S 0 (K) A LN 0 + (LN)
A K,L,LN L,S,BM 0 (K) K H,T,SC,I K 0 (BM)
A HK,LS S + (K) A H,IL L,S,LN + (1)
A | 0 0() A H,K K,S +(L,S)
A K S,BM + (BM) A H,S S| 0 (H)
A H,BM I + (BM) Py H,K 0 NT
A K 0 0 (K)

*NT, no tissue; BM, bone marrow; F, fat; GB, gall bladder; heart; I, intestine; K, kidney; L, liver; Lu, lung;

LN, lymph node; PV, perivascular; S, spleen; SC, subcutaneous; ST, soft tissue; T, tongue

RESULTS

Of the 37 patients who have taken part in the study, organ- or tissue-specific uptake occurred in 22 (60%). In

these cases, the spleen was visualized in 16 instances, the liver in 8, bone marrow in 5, lymph node in 3,
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adrenals in 2, soft tissue in 2, intestine in 4, kidneys in 2, and heart in 2 (multiple positive sites were present in
13 subjects). A summary of the radioimmunoimaging results, light chain isotype, sites of organ involvement (as
determined clinically), and immunohistochemical results are provided in Table 1. As shown, 14 subjects
demonstrated radiotracer uptake in the same clinically-involved organ or tissue. Further, of the 16 patients with
splenic uptake, none had evidence of hypersplenism (thrombocytopenia) and only 3 had splenomegaly in the
absence of right heart failure, thus suggesting detection of subclinical amyloid involvement of the spleen. No
liver uptake was seen in 8 of these 16.

Imaging results also were compared to immunohistochemical studies of Congo-red positive, amyloid-
containing tissue biopsies or fat aspirates (when available) using the 11-1F4 mAb (Table 1). In 13 subjects,
there was correlation between positive visualization and immunohistochemistry (in 6 instances, in the same
organ [e.g., intestine, soft tissue, bone marrow, and spleen]). One patient, who had focal splenic uptake more
intense than that seen in the liver, died 6 mo post-imaging. In this case, post-mortem quantification of
congophilic material present in the spleen and liver revealed the former to contain 8.9% amyloid compared to
7.0% in hepatic tissue, findings that correlated proportionally with the degree of radiotracer uptake seen in these
organs in the imaging studies.

Amyloid-containing kidney biopsy specimens were available for immunohistochemical analyses in 9 of the 18
patients with renal amyloid deposits (as demonstrated by biopsy or clinically by the presence of significant
proteinuria). These studies revealed that in only 2 instances did 11-1F4 react with the pathologic material
present in the biopsy tissue. Interestingly, in 5 of the remaining 7 that were negative using this methodology,
organs other than kidney (i.e., liver, spleen, bone marrow, heart) were visualized by ***I-11-1F4 PET/CT. We
posit that the lack of the antibody’s reactivity in the kidney resulted from proteolysis or inaccessibility of the
antibody’s N-terminal epitope or, possibly, that its concentration was too low for immunodetection.

Fifteen subjects, 12 of whom had clinical evidence of cardiac involvement, had 35 min cardiac-gated
acquisitions. Visualization of the myocardium by PET/CT was demonstrated in 2 cases and in 1 of these,
positive uptake of the antibody corresponded to areas of abnormal late gadolinium enhancement seen in the left
vertricular wall on cardiac MRI.

Using the earlier described protocol, 3 individuals underwent repeat 124_11-1F4 PET/CT imaging after an
interval of at least 12 mo. Semi-quantitative analyses using Siemen’s software were performed whereby liver
and spleen contours were defined and organ volume, as well as mean radiotracer activity in the organ of
interest, calculated, thus leading to determination of total amyloid burden. One patient exhibited, respectively,
20% and 58% increases in splenic and hepatic amyloid loads (13 mo post initial study with treatment limited to
only 2 mo during this time due to drug intolerance), a finding that correlated with clinical evidence of disease
progression. In the second subject, 50% decreases in both hepatic and splenic amyloid loads were seen (26
mo post initial study), during which time the patient had excellent clinical response to bortezomib therapy with
normalization of the free light-chain ratio and improvement in severity of congestive heart failure symptoms. As
for the third individual, who (after the initial study) had undergone cardiac transplant with high dose melphalan
therapy, followed by stem cell transplant resulting in a sustained and complete 13 mo serologic and bone
marrow response, an 80% reduction in hepatic and splenic amyloid was seen on repeat imaging (33 mo post
initial study). Interesting, in the follow-up study, there additionally was radiotracer uptake in the testes and
kidneys. We posit that during the first imaging, the majority of **/I-11-1F4 bound to the significant amount of

amyloid present in the liver.

225



Xllth International Symposium on Amyloidosis

CONCLUSION

Our trial suggests that AL deposits, which are not yet evident clinically, may be identified using this sensitive
technology. Further, amyloid burden may be assessed via visual and semi-quantitative methods and this
information used to indicate therapeutic response. Most importantly, because this antibody can effect
amyloidoysis, positive imaging results could be utilized to identify AL patients as candidates for passive

immunotherapy using the chimeric version of 11-1F4, now under production for a Phase 1 clinical trial.
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The amyloidophilic peptide p5 binds rapidly and sta bly to visceral amyloid in vivo:

A potential radiotracer for PET/CT imaging

Emily B. Martin®, Stephen J. Kennel*?, Tina Richey', Alan Stuckey?, Dustin Osborne?, and Jonathan S. Wall*?

Departments of *Medicine or *Radiology, University of Tennessee Graduate School of Medicine, Knoxville, TN

ABSTRACT

Amyloid deposition in visceral organs contributes to the progression of clinical manifestations in a variety of
diseases. We have developed a probe, designated p5, for non-invasive molecular imaging to monitor the organ
distribution and extent of amyloid deposits. The purpose of this study was to determine the pharmacokinetics of
radioiodinated-p5 in a murine model of AA amyloidosis. Dynamic PET/CT imaging with time activity data and
static SPECT/CT scans were used to show the distribution, clearance and stability of p5 in diseased and healthy
animals. Image analysis suggested that radioiodinated-p5 localized rapidly with amyloid-laden tissue and could
be imaged for up to 72 hours. In healthy individuals, where the peptide did not encounter amyloid, the
radiotracer was taken up in the kidney within 7 minutes of injection and was dehalogenated, freeing radioactive
iodide to the circulation. The specific binding of amyloid and the accelerated loss of radioiodide from unbound

peptide contribute to make p5 an excellent imaging agent for amyloidosis.

INTRODUCTION

Early detection of amyloid deposits can assist with prognostication and add value to the determination of each
individual's course of treatment. Other than Congo red staining of biopsy-derived tissues, there is no method in
the US to determine the distribution of amyloid in vivo. Since biopsies sample only localized areas, the extent of
whole body amyloid burden generally remains undetermined. Molecular imaging has the potential to determine
whole body distribution non-invasively.

To this end, we have developed a polybasic, synthetic peptide, designated p5 that specifically binds amyloid

h *# or | and used the products in PET/CT or

deposits in vitro and in vivo (1). We radiolabeled p5 wit
SPECTICT studies. The gold standard for imaging amyloid deposition is planar scintigraphic imaging of I-SAP
(2). This method accurately visualizes the distribution of amyloid in many, but not all, visceral organs; however,
it is not available to patients in the US. Herein, we use dynamic PET/CT scans to describe the uptake,
distribution and dehalogenation of radioiodinated-p5 in a murine model of systemic AA amyloidosis and in
healthy (WT) mice. The data suggest that p5 could be a valuable tool for imaging amyloidosis and monitoring

response to therapy in patients.
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METHODS

Animals: Three female H2-L%hulL-6 Tg BALB/c mice (AA) and 3 healthy (WT) female BALB/c mice were used
for dynamic PET imaging, and 3 AA and 3 WT mice were also used at each time point in the extended SPECT
study. AA was induced by iv injection of amyloid enhancement factor (100 pg) at 6 wk of age, and mice were
imaged at 6-8 weeks post induction (3). This protocol was approved by the University of Tennessee Institutional
Animal Care and Use Committee.

Procedure: The p5 peptide was radiolabeled with *?*| or *®| and purified as previously desctibed (1). Doses
were formulated such that each mouse received a total volume of 200 pL (5 — 10 pg peptide; 200 uCi) ivin the
tail vein. Dynamic PET imaging was performed using mice under isoflurane anesthesia, injected with **1-p5 iv 5
sec after the start of image acquisition to ensure that the initial uptake time points were captured. SPECT/CT
scans on mice injected with ***l p5 were acquired post mortem at various time points (2 h, 4 h, 8 h, 24 h, 48 h
and 72 h) post injection. After acquiring images, organs were harvested for biodistribution measurements.

Analysis: Image analysis was performed on the 2D Inveon Research Workplace software (Siemens). Regions
of interest (ROI) encompassing multiple slices of the CT image were drawn over the vena cava, heart, liver,
spleen, kidneys, stomach and thyroid each mouse . Time activity curves were generated for each organ to

show the uptake and clearance of ***I-p5.

RESULTS

The dynamic behavior of ***|-p5 was depicted via image analysis of PET/CT data acquired over a 2 h period.
The time activity curves indicated that the radioiodinated peptide was quickly lost from the blood pool in both
diseased and healthy mice. In diseased mice, "**I-p5 bound rapidly to amyloid-laden organs, namely the liver
and the spleen. In WT mice, the peptide was taken up by the kidneys (peak time ~ 7 min) and rapidly
dehalogenated. The liberated radioiodide entered the blood stream and was sequestered by the thyroid and
stomach (Fig. 1). Note that the blood pool is cleared rapidly for both diseased and healthy mice. It is also
evident that the peptide accumulated in the amyloid-laden liver tissue and not in healthy liver tissue.
Dehalogenation of the peptide in the WT animals was indicated by the rapid loss of activity from the kidney after
~7 min. The lack of renal uptake in the AA mice suggests that the peptide has been sequestered in organs

afflicted with amyloid prior to its dehalogenation.
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Figure 1. Time activity curves for both AA and WT mice. These representative curves demonstrate the blood

pool clearance (heart), accumulation (liver) and dehalogenation (kidney) of 2

I-p5 in vivo.
Summed frames of the dynamic PET/CT scans through 120 min show the liberated radioiodide in only the
stomach (St) and the thyroid (T) of WT mice (Figs. 2A and 2B). In contrast, the ?*I-p5 in AA mice was observed
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mainly in the liver (L) and spleen (Sp). SPECT/CT imaging and biodistribution was used to determine longer
term pharmacokinetics. The'*|-p5 remained bound to amyloid deposits in vivo for up to 72 h post-injection (Fig.

2C). Micro-autoradiographs were acquired to ensure that *

I-p5 was localized to amyloid deposits, and the
presence of peptide correlated with Congophilic regions within the tissue samples (data not shown). These data
indicate that the radioiodinated p5 remained stably bound to amyloid deposits which is an advantageous

property for an imaging agent.

30 min 120 min 30 min 120 min 2h 72 h

Figure 2. Representative images of p5 distribution in mice. (A & B) PET/CT images of **I-p5 at 30 and 120 min
in AA and WT mice, respectively. (C) Static SPECT/CT images of ***|-p5 indicate that there is preferential

125
f

binding of ~I-p5 to amyloid-laden liver and spleen at more than 72 h post injection.

DISCUSSION

In vivo dynamic molecular imaging studies indicate that p5 binds rapidly and stably to amyloid deposits. Kinetic

analyses revealed that the peak renal uptake time of **

I-p5 in WT mice was 7 min, where it was dehalogenated
quickly. In contrast, the peptide bound to amyloid deposits in diseased mice was not significantly dehalogenated
and was detectable for up to 72 h. The long target resident time is an advantage for the peptide as an imaging
agent because it allows for clearance of free radiotracer from the blood pool before a scan is acquired. With less
background activity, the presence of amyloid deposition can be detected more easily, and the level of certainty
to the distribution of the radiotracer will be enhanced. These studies add value to peptide p5 as an imaging

agent for the non-invasive detection of amyloidosis in vivo.
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AL amyloidosis

STATE OF THE ART AND PERSPECTIVES: Biology, clinica | presentation and assessment of

prognosis of AL amyloidosis: update from the XIII | nternational Symposium on Amyloidosis

M.A. Gertz and G. Merlini

Division of Internal Medicine, Mayo Clinic, Rochester, MN, USA and Amyloidosis Research and Treatment

Center, Foundation IRCCS Paliclinico San Matteo, Department of Molecular Medicine University of Pavia, Italy

BIOLOGY OF THE CLONE

Light chain amyloidosis (AL) is caused by a small or modest, relatively indolent, plasma cell clone synthesizing
misfolded light chains. These abnormal light chains display a pathologic conformation prone to aggregation and
become toxic for cells and tissues, producing devastating systemic damage. Serum free light chains can be now
measured also using a novel commercial nephelometry assay (1). Lambda light chains are more prone to
misfold than are k light chains, and certain subgroups have been reported to be preferentially associated with
specific organ targeting (eg, IGVL1-44 with heart involvement). Several lines of evidence indicate that amyloid
light chains can be directly cardiotoxic, although amyloid deposits may compress the microvasculature reducing
the myocardial blood flow and coronary vasodilator reserve (2). Cytogenetic aberrations of the plasma cell clone
and CCND1 overexpression may influence prognosis, or predict response to different chemotherapies. The
analysis of the major cytogenetic aberrations in AL amyloidosis patients treated with melphalan-dexamethasone
as first-line therapy showed that gain 1921 is an independent predictor of poor survival (3). AL amyloidosis
clone has fewer chromosomal aberrations compared with multiple myeloma, and the clone may be more
manageable by chemotherapy. Increased sensitivity to proteasome inhibitors of amyloidogenic plasma cells
compared to myeloma plasma cells has been reported (4) and may account for the high response rates

observed with bortezomib-based regimens.

THE IMPORTANCE OF EARLY DIAGNOSIS

Early diagnosis is essential in AL amyloidosis in order to anticipate irreversible organ damage and restore the
organ function, thus improving quality of life and extending survival. Heart involvement is the main determinant
of survival. When heart failure becomes symptomatic the degree of the myocardial damage is already advanced
and irreversible in more than half of the patients and the survival is restricted to less than 6 months (median).
Advanced heart involvement at diagnosis is responsible for the persistently poor prognosis in a substantial
proportion of patients enrolled in two prospective studies from UK and Italy reported at this Symposium (5, 6). It
is therefore very important to exploit early “red flags” that may allow a timely detection of amyloid organ damage
and to start chemotherapy promptly. Table 1 lists the most common early red flags that may direct the clinician

toward the correct diagnosis. The cardiac biomarker, natriuretic peptide type B, is very sensitive to amyloid
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heart damage, and the elevation of its serum levels can anticipate by several months the echocardiographic
signs and clinical manifestations. This biomarker should be measured also during the follow-up of individuals
with MGUS in order to detect early the development of AL amyloidosis cardiomyopathy. In patients who
presents with advanced cardiac damage, cardiac transplantation may provide prolonged survival when
performed in patients without other severe organ involvement, and when hematological response is obtained
before or after cardiac transplantation, as reported by a French study reporting the outcome of 17 AL patients

who underwent cardiac transplantation (7).

Table 1. Early “red flags” for suspecting AL amyloidosis

Organ or syndrome | Presentin Early “red flags”

Heart 70% NT-proBNP >332 ng/L (100% sensitivity)
BNP >73 ng/L (89% sensitivity)

Kidney 70% Urinary alb./creat. >300 mg/g
eGFR <50 mL/min per 1.73 m?

Liver 22% Elevation of ALP or yGT

PNS 14% Neuropathic pain and loss of sensitivity to temperature
Erectile dysfunction

ANS

Soft tissues 13% Carpal tunnel syndrome

PROGNOSIS

One should ask why refined measures of prognosis in light chain amyloidosis are needed. The amyloid
community owes it to our patients that we are able to counsel realistic expectations of outcome. The
amyloidosis community owes it to themselves since it is impossible to compare outcomes across phase |l trials
because of the heterogeneity of patients being entered at different centers. In amyloidosis phase Il trials are
expensive and difficult to complete. The majority of therapeutic trials have been single-arm phase Il; and
investigators still are unable to weigh the relative merits of the most commonly used regimens including:
melphalan-dexamethasone,  cyclophosphamide-thalidomide-dexamethasone, = melphalan-dexamethasone-
lenalidomide, cyclophosphamide-bortezomib-dexamethasone, bortezomib-dexamethasone, and stem cell
transplantation. It would be important to identify those patients who are destined to do poorly and would be
expected to fail all forms of therapy. These patients should be excluded from clinical trials because they have
the potential to obscure a therapeutic signal associated with an active regimen. Survival for 40% of patients has
not improved since 1960, with one-third dying within 6 months of diagnosis. Appropriately designed clinical trials
would do well to exclude such patients.

The most common cause of death in amyloidosis is cardiac failure or sudden death. Predictors that refine the
extent of cardiac involvement are quite useful. Cardiac biomarkers in the last 5 years have rapidly become the
prognostic measures of choice for monitoring amyloidosis. Independent predictors of death include gender,
BNP, troponin T, the presence of pleural effusion, E/A ratio, RV systolic pressure, and RV strain rate of the
middle segment. At the Groningen Symposium, mid-wall fractional shortening was shown to be prognostically

important. In a multivariable model, mid-wall fractional shortening and NT-proBNP were the only factors that
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predicted survival. Currently, the NT-proBNP and the troponin T referred to as the Mayo staging system
separates patients into three independent groups based on troponin T > 0.035 and NT-proBNP > 332.

t(11;14) is an adverse prognostic factor in light chain amyloidosis patients. Patients who had a gain 1921
(22% of patients) had a median overall survival of 9 months; t(11;14) and hyperdiploidy were mutually exclusive
findings. Gains of 1921 favored hyperdiploidy. A three-point staging system based on whether the dFLC was >
or < 18 mg/dL, the troponin T was > or < 0.025, and the NT-proBNP was > or < 1800 has been developed. The
4 stages had median survivals of 94, 40, 14 and 6 mos. Systolic blood pressure is a powerful measure of early
mortality in amyloidosis and patients can be further subdivided by their systolic blood pressure. BNP levels rise
with renal failure; and when the BNP is elevated due to kidney failure, it no longer appears to be prognostic in
predicting survival. One must separate those patients whose BNP is elevated due to cardiac failure from those
in whom the level is elevated because of a decreased creatinine clearance. In this study, the median overall
survival was 7.1 months; but patients without echocardiographic evidence of involvement with an elevated BNP
had a 2-year overall survival of 80%. An NT-proBNP >8000 with a systolic blood pressure of <100 constituted
high-risk disease and they separated Mayo stage 3 patients into 3 groups with median survivals of 25, 6, and 3
months, respectively. Using an NT-proBNP of >10,000 with an involved free light chain level of >50 mg/dL,
predicted treatment-related mortality for non-transplanted patients.

In conclusion, a consensus does not yet exist as to the next-generation staging system for amyloidosis.
Fluorescent in situ hybridization, free light chain assay, new echocardiographic parameters, systolic blood
pressure, uric acid, extreme elevations of the NT-proBNP are all capable of refining the currently existing Mayo
staging system. Further discussions among investigators to help refine our prognostic measures are warranted.
It is possible that a multiple stepwise classification based on NT-proBNP rather than a single cutoff will need to

be explored.
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Acquired cutis laxa should be considered one of the cutaneous manifestations of plasma

cell dyscrasia: a case report and review of the lit ~ erature
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ABSTRACT

The acquired form of cutis laxa has been associated to various conditions. We focused on the association
between cutis laxa and plasma cell dyscrasias. We describe in details the case of a 39 years old woman who
recently afferred to our Department and we review 31 cases described in the literature. From our experience
and from the literature it's evident that being aware of this association is helpful either for the treatment of this

devastating skin disease and for an earlier diagnosis and treatment of the underlying plasma cell disorder.

INTRODUCTION

Cutis laxa is a group of rare diseases all characterized by:

- clinically widespread laxity of the skin resulting in premature ageing appearance;

- histologically decreased number and/or absence of elastic fibers in the dermis.

It is usually a diffuse disease, the skin laxity begins on the face and neck and progresses in a cephalo-caudal
direction. In rare cases it can be localized at the acral sites (fingers), at the eyelid (dermatochalasis) or as
isolated plaques (anetoderma).

Cutis laxa can be inherited or acquired. Acquired cutis laxa has been associated to several medical conditions
and medications. Half of the cases are associated with an inflammatory dermatosis. The association with
plasma cell dyscrasias/B cells lymphomas producing monoclonal protein is frequently reported.

Two main hypothesis have been proposed to explain cutis laxa in these diseases:

1) monaclonal proteins deposition on elastic fibers may induce an inflammatory and macrophagic reaction that
destroy elastic fibers;

2) structurated deposits of monoclonal component (amyloid, heavy and ligth chains deposits, fibrils) per sé may
induce elastic fibers’ destruction.

In regards to this hypothesis, it is interesting what has been observed in gelsolin-amyloidosis induced cutis
laxa. Cutis laxa is a principal clinical manifestation of gelsolin amyloidosis and is dramatic in elderly. In this form
it has been demonstrated that amyloid P protein associated to elastic fibres (as a microfibrillar sheath-

associated protein) plays an important role as a matrix for amyloid deposition and elastic fibres distruction. This
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pathogenetic mechanism could be shared by cutis laxa associated to other types of amyloidosis such as AL

amyloidosis.

CASE REPORT

A 39 years old woman with a two years history of urticaria and angioedema (treated with different drug
association) and one year history of cutis laxa (mainly involving face, neck, axillae, upper arms, groins and
thighs) was admitted with nephrotic syndrome and rapidly progressive uremia. Monoclonal component was
detected in serum and urine (SIFE: IgAk; UIFE: k; sFLCk 1576 mg/l; /A ratio 44.6). A renal biopsy revealed
LCDD and cast nephropathy with segmental crescents and fibrinoid focal necrosis in > 50 % of the glomeruli. A
bone marrow biopsy revealed 7% of monoclonal plasma cell with k restriction. A skeleton X-ray did not reveal
osteolytic lesions.

Histology of the involved skin showed normal epidermis and cutaneous appendages, a superficial perivascular
lymphocytic infiltrate with histiocytes and foreign body giant cells. Orceina stain for elastic fibers demonstrated
the lost of fine elastic fibers in the papillary dermis, fragmentation, shortening and a marked reduction in elastic
fiber number in the reticular dermis. There was also prominent elastophagocytosis by histiocytes. These
histologic findings were consistent with the diagnosis of cutis laxa. Immunohistochemistry studies were
performed for k, A, IgG, IgM, IgD, and IgA. There was deposition of IgA, with slight deposition of IgM, around the
elastic fibers in the reticular dermis. Stains for 1gG, IgD, kappa, and lambda were negative.

After haematology treatment (PEX, BDex, and two subsequent HDM/SCT) the patient achieved complete
haematologic remission; she partially recovered renal function (last eGFR 25 cc/m’) and achieved complete

remission of urticaria and angioedema and stabilization of cutis laxa lesions.

.
Figure 1: the 39 years old patient before (A), at time of the diagnosis (B) and after the end of the

haematological treatment.
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Figure 2 : A: elastophagocytosis (Hematoxylin-Eosin stain); B: immunohistochemistry: deposition of IgA

around the elastic fibers in the reticular dermis.

REVIEW OF THE LITERATURE

Since 1976, 31 cases of acquired cutis laxa associated with monoclonal gammopathy have been reported.
Associated plasma cell disorders were multiple myeloma (12 pts), AL amyloidosis (6 pts), LCDD (1 pt), HCDD
(3 pts), MGUS (4 pts), lymphocytic lymphoma (2 pts) and cutaneous lymphoplasmacytoid lymphoma (1 pt).
Glomerulonephritis recently recognized as possibly associated with monoclonal gammopathy were present in 2
pts.

In 17 patients the M-protein was IgG, in 3 pts IgA, in 2 pts IgM (both with lymphocytic lymphoma), free k in 1 pt
and free A in 2 pts. The M-protein light chain was k in 12 pts and A in 12 pts. In 7 pts urticaria/angioedema
preceded or accompained cutis laxa. 25 pts underwent biopsies of the acquired cutis laxa involved areas: in 6
cases, all in AL amyloidosis group, biopsy revealed the presence of amyloid deposition.

In 14 cases skin histology revealed the presence of immunoglobulin of the same Ig class of the M-protein

found in the serum.

CONCLUSION

Acquired cutis laxa should be considered one of the cutaneous manifestations of plasma cell dyscrasia and we

suggest searching a possible underlying plasma cell dyscrasia in all the new cases of acquired cutis laxa.

Elastic fibers destruction in these patients could be induced directly by the M-protein, through the induction of an

inflammatory and macrophagic reaction, or by AL amyloid or other monoclonal protein structured deposits.

It is important to be awared of this association in order to achieve two important goals:

1) to recognize and treat earlier the haematologic disease (cutis laxa may precede even of years the
diagnosis of hematological disease);

2) to stop the progression of cutis laxa lesions through the treatment of the haematologic disease.
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Table 1.
Skin biopsy
features in
clinical diagnosis of Monoclonal addiction to preciding
Authors, year pt hematological disease component diminution and urticaria/
9 P fragmentation of |angioedema
elastic fibers
Hashimoto K et al, Arch multiole mveloma 109G
Dermat, 1975 pie my 9
fg?g etal, Arch Dermat, F, 44 | multiple myeloma IgGk IF: negative yes
Cho SY et al, Cutis, 1980 | F, 46 | multiple myeloma 1gG IF: Ig(zboerlselasnc yes
Hu H et al, Arch Dermat, lymphocytic . . .
1084 2 pts lymphoma IgM A; IgM k IF: negative
Ting HC et al, BrJ . . .
dermatol, 1984 F, 45 | multiple myeloma free A IF: negative
Voigtlander V et al, Ann amyloidosis IgGk amyloid
Dermatol Venereol, 1985 Y 9 y
Newton JA et al, Clin Exp . 1gG in 1974 not .
Derm, 1986 M,31 amyloidosis confirmed later amyloid yes
- o - -
Hunziker T et al, Hautarzt, M a1|? Gn with nephrotic MC
1986 syndrome
Gonnering RS et al, I
Ophthalmic Surg, 1987 M, 65 AL amyloidosis IgGk no
Tsuji T et al, Arch Dermat,
1087 F, 41 low C3 MPGN
'Yoneda k et al, Arch M,71; . . .
Dermat, 1990 M 62 multiple myeloma 1gGk; 1gGA amyloid
Niemi KM et al, Arch . .
Dermat, 1993 M, 55 MGUS IgGk immunotactoid
cutaneous
Machet MC, 1995 M, 44 | lymphoplasmacytoid yes
lymphoma
McCarty MJ, Cutis, 1996 M, 62 | multiple myeloma IgGk IF: negative
Krajnc | et al, Hautarzt, IF: IgGA+C1g+C3
1996 M, 49 MGUS I9GA on elastic fibers
Nikko A, Am J IF: 1gG on elastic
Dermatopathol, 1996 M, 40 MGUS IgGA fibers
Gupta A et al, Cutis, 2002 | F, 62 | multiple myeloma
Dicker T et al, Austral Journ localized amyloidosis .
Dermat, 2002 F, 59 (tongue) gGK amyloid
Tan S et al, J Cutan Med IF: 1gG on elastic
Surg, 2003 M,50 HCDD IgGA+A fibers no
Fremont G et al, Ann . EM: elastho-
Dermatol Venereol, 2007 F,59 | multiple myeloma IgGA phagocytosis no
Appiah YE et al, J Am Acad —— .
Dermatol, 2008 F, 64 AL amyloidosis free amyloid
. IF: 1gG on elastic
Harrington C et al, J Am . . .
Acad Dermatol, 2008 F, 38 HCDD negative fibers; elasth_o— yes
phagocytosis
Fernandez de Larrea C et M. 52 MGUS; Fibrillar 1aGA IF: 1gG on elastic
al, Eur J Haematol, 2009 ' Glomerulopathy 9 fibers
leukocytoclastic
Turner RB, J Am Acad M, 29 multiple myeloma, IgAA vasculitis of small yes

Dermatol, 2009

MPGN

vessel in the
superficial dermis
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Ferrandiz-Pulido C et al, — AL amyloidosis+A
IArch Dermat, 2010 M, 63 AL amyloidosis free A light chain

. . Immunogold: Ab
Maruani A et ali, ActaDerm| \, 34| MGus, LCDD IgGA anti-A on elastic no
\Venereol, 2010 )

fibers

New HD et al, Arch Dermat, . elastho-
5011 M, 48| multiple myeloma 1gGA and IgAk phagocytosis
Kim DP, Dermatol Online J, multiple interstitial foamy
2011 F, 85 myeloma,MIDD gGK cells no
Alexander MP, Am J multiple a heavy chain on
Kidney Dis, 2011 F, 29 myeloma,HCDD IgAK elastic fibers yes
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ABSTRACT / INTRODUCTION

No previous research has been undertaken in Australia into how AL amyloidosis patients gain information about
their disease and treatment. This qualitative study was designed to identify: How patients and carers gained
information at diagnosis and six months later. How useful that information was, how this information was used to
make decisions about treatment. What information would have been useful at diagnosis? Suggestions from

patients and carers about the most useful ways of delivering information.

PATIENTS AND METHODS

Patients and carers were recruited from participants on the Australasian Leukaemia and Lymphoma Group
(ALLG) MM8 study (a prospective clinical trial of risk-adapted melphalan in patients with AL amyloidosis).

Patients and carers were offered the opportunity to take part separately in a 45-minute recorded interview by
phone or in person at diagnosis and 6 months later. 11 patients (6 male and 5 female, aged 48 to 75) and 7
carers consented to be interviewed. 3 patients had no carers. 1 carer declined.

At 6 months 5 patients had died. 1 had dropped out of the trial, 5 patients and 5 carers were re-interviewed. In
all 22 interviews were conducted. Because of the poor quality of 5 recordings these were not used making. 17
recordings were transcribed.

Longitudinal qualitative methodology using semi-structured interviews was used. Interview audio recordings
were transcribed and analysed by SATURATE Qualitative Computer Aided Analysis software. Transcript coding

was developed, driven by the exact words of the participants.
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RESULTS

All patients and carers expressed feelings of relief at receiving a diagnosis but quickly gave way to feelings of
shock, confusion, fear, bewilderment and loneliness on learning that they or their loved one was suffering from a
very serious disease. Patients words at diagnosis, “Doctor did not give hope of a cure”, "Decision to undergo
treatment simplified to choosing life or death”. "Living now with a lifetime illness”, “Not initially aware that | might
go into remission”. “l did not want to know about the disease hoping | did not have it".

Was the initial communication between you and your doctor useful? Majority of comments were favourable.
Most doctors conveyed information verbally, occasionally accompanied by drawings or written notes and
downloads from the web. Patients comments; “Information from haematologists useful”, “The doctor’'s advice
was down to earth and in layman’s terms”, "Haematologist very direct and honest about seriousness of my
disease”, “Specialist explained the disease could not be cured but could be managed”. “Doctor downloaded
information from the web”, “The specialist drew a diagram so | could understand”, “Downloads from the Mayo
Clinic and London were given to me”, “Information given was timely and incremental

Negative communication; The over worked doctor didn’t look up from the desk”, “Heart specialist was vague
and not receptive to questions”, “I had trouble reading all the written materiel about the trial and Amyloidosis”,
“Not given hope of a cure”, “Each member of the medical team communicated differently”. Carers made similar
comments.

Where did patients gain information from other than their doctors? From various sources: other health
professionals, The Web, Other patients, Support groups, Published information. Participant's comments
“Education from nursing staff more cancer orientated”, “Nurses administering chemotherapy offered information
about Amyloidosis” “Hospital staff very good at explaining the procedures such as the Stem cell transplant”,
"Some staff compared amyloidosis with myeloma".

Was Information from the web used? All participants used information from the web. Participants comments
“Amyloidosis web sites very useful especially for communicating with patients in the USA and UK”, “Used
information from the web to ask questions”, “Family and friends learnt from the internet”, “Internet information
provided hope that treatments had improved”, “Good for researching treatments”, "l received my first information
from downloads my daughter got from the web”, "The only information given by the doctor were downloads of
information from London and the Mayo”, “The web sites did not give hope”, "Information from the web only

general and not particularly helpful”, “Have to sort the good from the bad”.

Information from pamphlets, written Information and support Groups. Participants comments; “At diagnosis |
was not told about support groups”, “Not given any pamphlets on Amyloidosis”,” “No pamphlets seen around the
hospitals”. Six months after diagnosis some patients were receiving the Leukaemia Foundation’s Amyloidosis
News, other written information and attending support groups. Patient's comments®, “Amyloidosis News useful
as it was purely about Amyloidosis”, “Amyloidosis News offered hope”, "I needed positive stories”, "Became
better informed by reading Amyloidosis News and attending Leukaemia Foundation Amyloidosis support

groups”

How useful was information in assisting participants to make decisions about treatment at diagnosis? Patients
found it was difficult to use information because of lack of information about their, shock and sometimes

because they felt too unwell to read information.
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Patient and carer comments “Treatment happened so quickly | had no time to dwell on illness”, “Many tests prior
to staring the trail were tiring”, “ Some confusion with the trial materiel”, “Given information about the trial but
nothing about Amyloidosis”, "Information confusing”, “Printed information at hospital inadequate”.

By 6 months patients and carers had gained information from the web site, their doctors and other sources and
were understanding their disease and treatment much better...

Patients comments. "I have spoken to other patients and compared notes”, "Relationship with the specialist
had developed”, "I learnt on the job by asking questions”, “Leukaemia Foundations Amyloidosis News was
useful in explaining amyloidosis to others", "Information on the web useful post diagnosis”.

What did the participants feel was the most effective way of being offered information and receiving
information? Patient and carer comments “Verbal communication with doctors should be accompanied by
written notes about their own treatment”, “Great need for an Australian booklet giving general information about
amyloidosis that can be read again and again”, “The need for honest information written with hope”, “Doctors
need to encourage patients and carers to ask questions”. "Talking with team of doctors together and not
individually very beneficial”, “Patients need to be informed of support groups, information on ways of dealing

with emotional problems”, “Loneliness and depression should be recognised and support or treatment offered.

CONCLUSION

This study provides the first systematic assessment of the information needs of Australian AL Amyloidosis
Patients and their carers at diagnosis and 6 months later. It shows that the participants knew nothing about
Amyloidosis at diagnosis in fact they had never heard the word. All patients felt shocked and frightened and
were often feeling ill or exhausted because of the many tests and the emotional upset. Therefore any input into
decision-making at diagnosis was difficult. Patients and carers felt that information about the their disease and
treatment needed to delivered verbally accompanied by hand written notes and diagrams. They expressed the
need for Australian booklets and videos about Amyloidosis written in simple language giving hope. Participants
recommended that the emotional effects of diagnosis and treatment should be acknowledged and information
on support services offered. By six months patients and their carers had obtained much more information

allowing them to feel more in partnership with the treating team.

The Leukaemia Foundation Australia has used information from this study to produce the booklet

Understanding Amyloidosis launched in December 2010.
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ABSTRACT

We have been proposing that excessive fibrinolysis as a hallmark of AL amyloidosis. To elucidate mechnisms
underlining fibrinolysis, expression of uPA was investigated in primary samples.

uPA was more abundantly expressed in organs in AL amyloidosis than those in familial amyloidosis 30 to 100
times. Moreover, uPA receptor (UPAR) expression was found more than 100 times in organs from AL
amyloidosis comparing to familial amyloidosis. Expression of u-PA was induced by addition of amyloid fibrils in
HepG2 cells. Abundant expression of uPA and uPAR at organs in AL amyloidosis cases suggests conversion of
plasminogen to plasmin occurs at amyloid lesion. Induction of u-PA gene by amyloid fibrils may lead to vicious
cycle leading to production of plasmin which may disrupt extracellular matrix at amyloid lesion thus possibly
enhancing organ damage. Further analysis of fibrinolysis should elucidate unknown mechanisms regulating

progression of amyloidosis and lead to development of unique therapeutic approach.

INTRODUCTION

Fibrinolysis is a phenomenon identified as degradation of fibrin clot subsequently happens from coagulation.
Usually, fibrinolysis takes place after fibrin clot formation by conversion of plasminogen to plasmin which was
followed by up-regulation of plasminogen activator. However, there have been some report showing excessive
fibrinolysis in primary amyloidosis (1, 2). We also found that excessive fibrinolysis underwent in AL amyloidosis
although no extensive coagulation was observed (Fig. 1) (3).

To understand the mechanisms regulating excessive fibrinolysis, we looked at expression of urokinase type

plasminogen activator.
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Figure 1. Concentration of PIC (plasmin/plasmin inhibitor complex) was elevated in AL amyloidosis comparing

to myeloma cases without AL amyloidosis.

METHODS

Plasma cells were purified by using anti-CD138 antibody-coated immunomagnetic beads from bone marrow

samples. Gene expressions were analyzed by real time PCR. In some experiments, mRNA was extracted from

fresh frozen organs from amyloidosis cases. Paraffin embedded samples were utilized for immunostaining of

uPA. Amyloid fibrils were extracted from tongue of AL amyloidosis case. Induction of uPA or uPAR was

analyzed by incubating HepG2 cells with amyloid fibrils.

RESULTS

Expression of uPA was detected at low levels in plasma cells from both MGUS and Amyloid cases.

Interestingly, uPA was more abundantly expressed in organs in AL amyloidosis than those in familial

amyloidosis at 30 to 100 times. Moreover, uPAR-expression was found more than 100 times in organs from AL

amyloidosis comparing to familial amyloidosis (Fig. 2). Expression of u-PA was slightly induced by addition of

amyloid fibrils in HepG2 cells (approximately 1.5 tumes).
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Figure 2. Expression of uPA and uPA-receptor (PLAUR) was higher in organs from AL amyloidosis comparing

to FAP cases.
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DISCUSSION

Abundant expression of uPA and uPAR at organs in AL amyloidosis cases suggests conversion of plasminogen
to plasmin occurs at amyloid lesion. Induction of u-PA gene by amyloid fibrils may lead to vicious cycle leading
to production of plasmin which may disrupt extracellular matrix at amyloid lesion thus possibly enhancing organ
damage. Further analysis of fibrinolysis should elucidate unknown mechanisms regulating progression of

amyloidosis and lead to development of unique therapeutic approach.
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ABSTRACT

The presence of a monoclonal immunoglobulin (M-lg) in the serum is a common occurrence in AL amyloidosis
patients. Standard serum protein electrophoresis (SPE) remains the gold-standard technique for detecting and
measuring M-lg. However, quantification of low level M-lg (e.g., <2g/L) is inaccurate by SPE, making the
technigue unsuitable for serial monitoring. Specific inmunoassays have been produced that quantify Ig'k/Ig’A
(heavyl/light chain, HLC) in serum. Here we report the use of the HLC assays as an aid in identifying and

quantifying monoclonal proteins in AL amyloidosis patients.

INTRODUCTION

Patients with AL amyloidosis usually have subtle underlying clonal plasma cell dyscrasias that result in the
presence of a monoclonal immunoglobulin (M-lg) in the serum. The identification and quantification of
monoclonal proteins is important for the diagnosis and monitoring of the disease. Standard electrophoresis
technigues have traditionally been used for identifying and measuring monoclonal proteins. However, the
expressed monoclonal proteins can be difficult to detect by SPE in up to 20% of AL amyloidosis patients
because of low expression levels of the paraprotein (1). Immunofixation electrophoresis (IFE) is more sensitive
than SPE but it is a non-quantitative approach and therefore not valid for measuring paraprotein levels.

Alternatively, new antibodies recognising epitopes spanning the junctional regions between bound kappa or
lambda light chains and their respective heavy chain partner (HLC) allow accurate and specific quantification of
serum IgGk and IgGA, IgAk and IgAA, and IgMk and IgMA. Furthermore, these molecules can be grouped in
pairs (i.e., IgGk/IgGA, 1gAK/IgAN and IgMk/IgMA) to calculate HLC ratios that provide indication of monoclonality
2).
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METHODS

The study included 151 patients with AL amyloidosis in whom a serum M-Ig was detectable by SPE and/or IFE
at time of diagnosis, as assessed at the UK National Amyloidosis Centre. HLC (IgG/IgA/IgM) ratios were
measured retrospectively on a BN™II System nephelometer (Siemens, Munich, Germany) using stored sera
from the above patients. HLC IgGk/A normal range: 0.98-2.75; IgAK/A normal range: 0.80-2.04; and IgMk/A
normal range: 0.96-2.30. For sensitivity and specificity studies, all 151 AL amyloidosis patients were compared
to 20 healthy control samples. Receiver operator characteristic (ROC) analysis was performed using SPSS 19.0

software for Windows.

Table 1. (A) Comparison of SPE and HLC measurements for the detection and quantification of monoclonal
immunoglobulins (M-lg). HLC ratio identified correctly the same number of IgG, and more IgA and IgM patients,
than SPE. Further, in all three 1gG, IgA and IgM monoclonalites, more patients had an abnormal HLC ratio than
could be quantified by SPE densitometry. (B) Comparison of SPE and HLC sensitivity for the quantification of
M-Ig in 151 AL amyloid patients.

A B
Numberof | Abnormal SPE Quantifiable HLC ratio
Patients HLCratio positive by SPE

Total

All 151 136 (90%) | 129(85%) 103 (70%) Normal Abnormal
Non-
1gG 101 91(90%) 91 (90%) 71(70%) . 13 35 48
quantitative
SPE
IgA 32 29(91%) 23(72%) 17 (53%) Quantitative 2 101 103
1gM 18 16 (89%) 15 (83%) 15 (83%) Total 15 136 151
RESULTS

The median age of patients was 70 years (range, 35-85 years) with 95 (63%) males. IFE analyses to
characterise the serum M-lg band showed that 101 patients displayed a monoclonal 1gG, 32 patients had a
monoclonal IgA, and in 18 patients the monoclonality was due to elevated IgM. Of the 101 IgG patients, 91
(90%) had an abnormal HLC ratio and positive band by SPE, but this was quantifiable by SPE densitometry in
only 71 (70%) cases. Of the 32 IgA patients, 29 (91%) presented an abnormal HLC ratio and 23 (72%) had a
positive band by SPE, which could be quantified in 17 (53%) patients. Of the 18 IgM patients, 16 (89%) had an
abnormal HLC ratio, and 15 (83%) had a positive band by SPE that in all cases could be quantified using
densitometry. Overall, 136/151 (90%) patients had an abnormal HLC ratio compared to 129/151 (85%) in whom
monoclonal bands were detected by SPE (Table 1A), thus demonstrating the increased sensitivity of HLC
versus SPE for the detection of monoclonal gammopathies in AL amyloidosis.

Next, we compared SPE and HLC sensitivities for the quantification of M-Ig in AL amyloid patients.
136/151(90%) patients had abnormal HLC ratios compared to 103/151 (70%) patients with quantifiable SPE.
Cross-tabulation of normal and abnormal HLC ratios versus quantitative and non-quantitative SPE showed that
out of 151 patients, 101 were correctly identified by both methods whereas 13 patients were missed by the two
approaches. Importantly, 35 patients were identifiable by HLC alone and 2 patients were identifiable by SPE
alone. The 2 patients detected by SPE and missed by HLC assays were: 1) an IgGA patient with 3.6 g/L M-Ig.
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Total 1gG levels were 6.1 g/L, HLC IgGk levels were 3.7 g/L and HLC IgGA levels were 2.6 g/L; and 2) an IgGA
patient with 1 g/L M-1g. Total IgA levels were not available, HLC IgAk levels were 0.11 g/L and HLC IgAA levels
were 0.13 g/L.

The improved sensitivity of HLC measurements relative to SPE was further confirmed when both variables
were compared using bioinformatics. Receiver operator characteristic (ROC) analysis including all 151 patients
and 20 healthy controls showed that HLC ratios had a greater sensitivity than SPE for the detection and
quantification of intact immunoglobulin in AL amyloidosis (area under curve (AUC): HLC ratio = 0.95 v
quantifiable SPE=0.84) (Figure 1).
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Figure 1. Receiver operator characteristic (ROC) analysis comparing the sensitivity and specificity of HLC ratios
and quantifiable SPE (QSPE). Area under curve (AUC): HLC ratio = 0.95 v quantifiable SPE (QSPE) = 0.84.

DISCUSSION

The presence of a monoclonal protein in the serum and urine of patients is a common feature in the initial
screening for AL amyloidosis patients. However, the underlying monoclonality can be missed in up to 20% of
cases when assessed with standard electrophoretic methods, particularly when the protein is present al low
concentrations. The introduction of the free light chain (FLC, Freelite™) assay has greatly improved the
management of patients with AL amyloidosis, as recognised by its inclusion in international guidelines for
monitoring the disease (3). However, patients with low levels of M-lg and normal FLC cannot be properly
monitored thus hindering assessment of treatment responses and preventing their inclusion in clinical trials (3,
4).

Our results demonstrate that HLC measurements have a greater than/equal to sensitivity for the detection and
a greater sensitivity for the quantification of M-Ig’s in AL amyloid patients compared to SPE / SPE densitometry.
In all, 90% of patients were identified that had an abnormal HLC ratio versus 85% with a detectable monoclonal
band by SPE, which was quantifiable in 70% of patients. Furthermore, while 35 patients with an abnormal HLC
ratio were non-quantifiable by SPE densitometry, only 2 patients with quantifiable SPE displayed normal FLC
ratios. These were an IgGA patient with a below-normal IgGk value by HLC, and an IgAA patient with 1 g/L M-lg

as determined by SPE densitometry (i.e. expression below level of confidence necessary for accurate detection)
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and below-normal IgAk and IgAA values that rendered a borderline normal ratio, which would undoubtedly have

raised suspicion among clinicians.

In summary, HLC assays have greater sensitivity and quantitative potential than SPE in AL amyloidosis.

Management of patients with AL amyloidosis relies on accurate assessment of patients’ clonal disease

responses to treatment. SPE is a relatively insensitive tool in this patient group and HLC may provide a more

sensitive alternative. Further longitudinal studies are needed to determine the role of HLC analysis for this

purpose.
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ABSTRACT

Here we report on the prognostic utility of heavy/light chain (HLC, measured using Hevylite™) measurements in
AL amyloidosis patients with and without abnormal free light chain ratios (FLC, measured using the Freelite™
nephelometric assay). Normal FLC and HLC ratios were associated with improved overall survival (OS)
compared to patients with an abnormal FLC or HLC ratios. Furthermore, patients with both an abnormal FLC
and HLC ratio had the poorest outcome. We conclude that HLC measurements provide additional prognostic

information in AL amyloidosis and may be useful in the design of strategies for patient management.

INTRODUCTION

Newly diagnosed AL amyloidosis patients usually present with abnormal serum FLC concentrations which have
been shown to be predictive of survival outcome (1, 2). FLC measurements have been instrumental in
improving detection and monitoring of AL amyloidosis patients, which has contributed to improvements in
survival rates (3, 4). However, approximately 5-20% of patients present with normal FLC ratio. We have recently
shown that novel nephelometric assays that are specific to junctional epitopes between the light chain (k and A)
and their heavy partners (heavy/light chain; HLC) are of prognostic value in patients with normal FLC ratios (5).
Here, we report a risk stratification model utilising HLC and FLC, and demonstrate this can be used to stratify

patients in two independent populations.

METHODS

HLC (IgG, IgA and IgM) were measured in two series of patients with AL amyloidosis, population A: 147
unselected patients, and population B: 146 patients selected such that a higher-than-average percentage of
patients within the population had normal FLC ratios (normal FLC / total number patients; population A: 46/147

(31%), population B: 105/146 (72%)). HLC ratios were measured on a BN™II System nephelometer (Siemens,
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Munich, Germany) using stored sera from the above patients. HLC IgGk/A normal range: 0.98-2.75; IgAK/A
normal range: 0.80-2.04; and IgMk/A normal range: 0.96-2.30. Statistical analyses were performed using SPSS
v19.0 software for Windows.

RESULTS

In both populations, abnormal FLC ratios were associated with poorer overall survival (OS) at 36 months
(population A: Hazard Ratio (HR)=2.2, p=0.037; population B: HR=2.1, p=0.006) (Figure 1). Individually, IgG,
IgA or IgM HLC ratios were not associated with OS in either population. However, a model based on combining
presence (or not) of abnormal HLC and FLC ratios as a risk factor (O=both normal, 1=either one abnormal and
2=both abnormal) showed significant discriminatory power. Population A: patients with no risk factors (normal
FLC and HLC ratios, n=23) had significantly better OS than patients with 1 or 2 risk factors (abnormal FLC
and/or HLC ratios, n=123, p=0.04). At 36 months, mortality was only 9% in patients with no risk factors
compared to 47% in patients with 1 or 2 risk factors (Figure 2A). Population B: patients with no risk or 1 risk
factor (n=127) had significantly better OS than those with both abnormal FLC and HLC ratios (n=21, p=0.007).
At 36 months, the mortality was 34% in patients with O or 1 risk factors and 67% mortality in patients with 2 risk

factors (Figure 2B).
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Figure 1. Cox regression survival analysis of (A) population A and (B) population B. FLC ratios
were measured in presentation sera and overall survival (OS) of patients with normal FLC ratios
(green lines) were compared to those with abnormal FLC ratios (red lines; A and B). Abnormal
FLC ratios were significantly associated with shorter OS in both populations (population A,
HR=2.2, p=0.037 and population B, HR=2.1, p=0.006).

DISCUSSION

Both baseline absolute FLC levels and abnormal FLC ratios are prognostic of overall long-term survival in AL

amyloidosis patients (1, 2). Survival may be dependent on a number of factors such as type of treatment and
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amount of dose, as well as the baseline FLC characteristics of the specific population under study (1, 6). Here,
we have confirmed that an abnormal FLC ratio at presentation is predictive of a poorer outcome in two different
cohorts, an unselected population of AL amyloidosis patients and a second, selected population with a higher-
than-average percentage of patients with normal FLC ratios. Our results validate the importance of FLC
measurements in newly diagnosed AL amyloidosis patients and demonstrate the robustness of FLC
measurements as prognosticators of survival across heterogeneous populations of patients.

We also show that HLC ratios in combination with FLC measurements strengthen the evaluation of patients by
allowing their better risk stratification. The observation that baseline HLC ratios are prognostic is novel. Whether
its absolute levels also are, as demonstrated for FLCs, remains to be tested. However, when considering that
the prognosis of the disease is currently determined by the levels of cardiac biomarkers and FLCs, and that over
30% of AL amyloidosis patients die within one year of diagnosis (7), the prognostic value of HLC measurements
at presentation, as reported here, could represent an important additional tool to better predict survival
outcomes in the AL amyloidosis population and, consequently, aid clinicians in adopting personalised treatment
strategies.

In conclusion, a combination of HLC and FLC ratios provide useful prognostic information in patients with AL
amyloidosis; those with both normal HLC and FLC ratios have excellent outcomes. The clinical utility of this

model needs to be confirmed in larger unselected AL amyloidosis populations.
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Figure 2. Risk stratification model based on abnormal free light chain (FLC) and heavy/light
chain (HLC, Ig’k/Ig’A) ratios. (A) In a population of 147 unselected AL amyloidosis patients
(population A), the patients with no risk factor (both FLC and HLC ratios normal, green line) had
significantly longer overall survival (OS) compared to patients with 1 or 2 risk factors (abnormal
FLC and/or HLC ratios, red line) (HR=4.2, p=0.04). (B) In population B, the patients with no risk
or 1 risk factor (normal FLC and/or HLC ratios, green line) had significantly longer OS compared
to patients with 2 risk factors (abnormal FLC and HLC ratios, red line) (HR=2.3, p=0.007).
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ABSTRACT

Traditionally serum free light chain (FLC, Freelite™), serum protein electrophoresis (SPEP) and urinary
electrophoresis (UPEP) with confirmation by immunofixation (IFE) have been used to identify monoclonal
immunoglobulin (M-lg) production in patients with AL amyloidosis. Here we report on the utility of Ig’k/Ig’A (HLC)

assays for the detection of M-Ig in AL amyloidosis patients.

INTRODUCTION

International guidelines for the detection of monoclonal immunoglobulin (M-lg) recommend a simple algorithm
utilising serum protein electrophoresis (SPEP) and serum free light chains (FLC) quantified using the Freelite™
nephelometric immunoassay. Whilst this algorithm is sensitive enough to detect almost all monoclonal
gammopathies, where AL amyloidosis is suspected 24hr urine analysis is required (1); highlighting the difficulty
associated with the detection of clonality in this disease (2). In this study we evaluate the potential of novel
nephelometric assays measuring intact immunoglobulin heavy and light chains in serum and their associated

ratios as tools to identify monoclonal immuoglobulins alongside the Freelite assay (3).

METHODS

Serum from 92 AL amyloidosis patients (4 FLCk, 15 FLCA, 3 IgAk, 8 IgAA, 7 IgGk, 21 IgGA, 2 IgMk, 2 IgMA, 30
non-detectable M-1g, 62/92 serum positive, 71/92 urine positive) were retrospectively analysed using IgGk/IgGA,
IgAK/IgAA and IgMk/IgMA immunoassays. Results were compared to historic SPEP, immunofixation (IFE),

Freelite and urine electrophoresis (UPEP) results.
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RESULTS

Results for individual assays and various assay combinations are presented in table 1. M-Ig was identifiable by
IFE in 62/92 patients (28 1gG, 11 IgA, 4 IgM, 19 FLC, and 30 patients with negative IFE), by FLC in 77/92
patients (23/28 IgG, 8/11 IgA, 2/4 IgM, 19/19 FLC, and 25/30 IFE negative patients), by HLC in 57/92 patients
(25/28 1gG, 9/11 IgA, 4/4 IgM, 10/19 FLC, and 9/30 IFE negative patients), and by UPEP in 71/92 patients
(26/28 1gG, 10/11 IgA, 2/4 1gM, 16/19 FLC, and 17/30 IFE negative patients). Of the 7 IgAA patients positive by
UPEP, 2 patients were positive for intact IgAA and negative for BJP. Similarly 2/7 IgGk and 3/19 IgGA patients
with positive UPEP, had intact IgGk and IgGA respectively and were negative for BJP (table 1).

A screening panel of UPEP and IFE identified 79/92 (86%) patients (28/28 IgG, 11/11 IgA, 4/4 IgM, 19/19 FLC,
and 17/30 IFE negative patients). In comparison, UPEP, IFE and FLC detected 89/92 (97%) patients (28/28
1gG, 11/11 IgA, 4/4 1gM, 19/19 FLC, and 27/30 IFE negative patients). Similarly, a screening panel of UPEP,
FLC and HLC identified 89/92 (97%) patients (27/28 1gG, 11/11 IgA, 4/4 IgM, 19/19 FLC, and 28/30 IFE
negative patients) (table 1). Importantly, this analysis shows that HLC was able to assigned clonality in an IFE-

negative sample that was missed by all other assays.

Table 1. Sensitivity of UPEP, FLC, HLC, and IFE screening panels for detection of M-Ig in 92 AL amyloidosis
patients. An algorithm using the traditional and recommended tests (UPEP, FLC, and IFE) and a screening
panel incorporating the newly developed immunoassays for the quantification of serum Ig'x/Ig’A (UPEP, FLC,
and HLC) both identified 89/92 patients. There was concordance for 7/7 1gGk, 3/3 IgAK, 8/8 IgAA, 2/2 IgMk , 2/2
IgMA, 4/4 FLCK, and 15/15 FLCA patients. UPEP, FLC, and IFE identified an additional IgGA patient (highlighted
with a green box), while UPEP, FLC, and HLC identified clonality in an IFE negative patient (highlighted with a

red box).
ICFIE-H»:Isizi/gned n FLC HLC UPEP IFE FLC+IFE UPEP+IFE FLC+HLC  UPEP+FLCHIFE UPE P+FLC+HLC
FLCk 4 4 3 4 4 4 4 4 4 4
FLCA 15 15 7 12 15 15 15 15 15 15
IgAK 3 2 2 3 3 3 3 3 3 3
IgAA 8 6 7 72 8 8 8 8 8 8
lgGk 7 5} 6 7™ 7 7 7 e 7 7
IgGA 21 18 19 19¢ 21 21 21 19e 21 20
IlgMk 2 1 2 1 2 2 2 2 2 2
IgMA 2 1 2 1 2 2 2 2 2 2
IFE Negative 30 25 9 17 0 27 17 27 27 28
Total 92 77 57 71 62 89 79 87 89 89

a2/7 positive forIgA Aand negative for BJP

b2/7 positive forIgG kand negative for BJP

¢ 3/19 positive forIgG Aand negative for BIP

d|FE identified IgG k; FLC and UPEPidentifieda A-clone, highlighting the difficulty in interpreting IFE when dealingwith subtle clones
e Biclonal patient (IgG  MIgAKk); IFE missed IgA k clone; HLC identified both clones
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DISCUSSION

SPEP and IFE are highly skilled techniques and require time and interpretation to determine clonality; this is
particularly the case in diseases of subtle expression such as AL amyloidosis. A rapid automated addition to
electrophoresis techniques would be a valuable tool and would obviate the need for interpretation. Here we
report on a screening algorithm using automated nephelometric assays for the identification of intact
immunoglobulin clones. The HLC measurements and the inferred ratios can identify and quantify low level M
production in patients with AL amyloidosis, including those with multiple clones. Additionally, abnormal HLC
ratio identified 1 patient in whom no clonal abnormality was detectable by traditional tests. An algorithm utilizing
HLC, FLC, and UPEP achieved the same sensitivity as the traditional tests and may be a quantitative
alternative. Further work is required to assess the utility of HLC assays compared to bone marrow assessments

and in patient monitoring.
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BACKGROUND

Systemic AL amyloidosis is caused by deposition of misfolded free immunoglobulin light chains. Most patients
have an underlying plasma cell dyscrasia. Risk stratification of AL amyloidosis is difficult. Cardiac biomarkers,
N-terminal fragment of brain natriuretic peptide (NT-proBNP) and cardiac troponin-T, form a valuable staging
system for AL amyloidosis. Serum free light chain level at presentation is also an independent prognostic
marker and the Mayo group have recently proposed a revised staging system which incorporates free light
chains along with cardiac biomarkers. In patients with myeloma, the light chain level correlates, to a degree,
with the plasma cell burden and in monoclonal gammopathy of uncertain significance, with a higher risk of
disease transformation. In patients with systemic AL amyloidosis, although the free light chains are an
independent prognostic marker, the mechanism by which the light chain burden contributes to the poor
prognosis — rapid disease progression or poor response to therapy or other mechanisms — remains unclear.

We report the outcomes of patients with systemic AL amyloidosis presenting with high serum free light chains

at the UK National Amyloidosis Centre.

PATIENTS AND METHODS

This retrospective study was done at the National Amyloidosis Centre (NAC), London, UK. It included all
patients in the NAC database seen between July 2007 and December 2011 who had presenting involved serum
free light chain (iIFLC) > 500 mg/L. The presence of systemic amyloidosis was confirmed by characteristic
Congo red staining and birefringence in a tissue biopsy. Amyloid of AL type was confirmed by
immunohistochemistry with staining by appropriate antibodies and absence of mutation in genes for hereditary
amyloidosis. The organ involvement was defined according to the 2005 amyloidosis consensus criteria, with the
additional use of 123I-labeled serum amyloid P component (SAP) scintigraphy. Responses were defined as per
2010 revised consensus criteria. Patients were seen at the NAC for initial diagnostic evaluation and at then
followed up at 6 monthly intervals. The treatment was given at the referring hospitals at the discretion of the

referring haematologist.
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RESULTS

A total of 95 patients were included in this study.

The median age of the patients at diagnosis was 65 years (range 59-90). The organ involvement was: cardiac
in 61 (64.2%), renal in 68 (71.6%), and liver in 21 (22.1%). 20 out of 42 (47%) patients with baseline bone
marrow data had >10% plasma cell infiltration. Baseline Mayo staging was: stage 1 — 7%, stage 2 — 35% and
stage 3 - 58%, compared with stages 1/2/3 of 18%, 42% and 40% respectively in the ALchemy prospective

cohort of patients with all levels of iFLC included.

Table 1. Organ Involvement

Organ Involved Cardiac Kidney LLiver

N (%) 61 (64.2%) 68 (71.6%) 21 (22.1%)

At diagnosis, the median NT-proBNP was 715 pMol/L (range 13 - 12945) and the median creatinine was 115
pmol/L (range 35 - 1124).

Table 2. Mayo Stage (1)

Mayo Stage 1 2 3
Current High iFLC Cohort 7% 35% 58%
Alchemy Cohort (2) 18% 42% 40%

81 patients were included in an intention to treat analysis, of whom 5 died or became too ill to proceed. On an
intention to treat basis, 28 out of 81 (34%) patients achieved haematological response — 16 out of 81 (20%) with
very good partial response (VGPR) or complete response (CR). This overall response rate and CR/VGPR rate
was much less than we reported in our unselected Alchemy cohort where the overall response rate was 57%
and VGPR/CR of 33%.

% patients
Ay

Overall Response ‘ CRNVGPR ‘ PR
Figure 1. Haematological response to chemotherapy.
Patients with high presenting FLC have a double hit - greater abundance of the amyloid fibril precursor protein

and inferior treatment responses — possibly contributing to poor outcomes in this group of patients. The median

overall survival for all patients in our study group was 18 months (Figure 2A). Patients with cardiac involvement
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had significantly worse outcomes (Figure 2B); the median survival time for patients with cardiac involvement
was 12 months, and for patients without cardiac involvement, the median was not reached (Figure 2C). The two
year survival for cardiac involvement and without cardiac involvement was 39% and 68% respectively
(p=0.011). The median survival for patients who showed a haematological response to chemotherapy was 33
months, whereas non-responders had a median survival of 4.5 months (p<0.0001) (Figure 2D). Median survival
for Mayo stage 1 and 2 versus Mayo stage 3 was 25 months and 8 months respectively (p=0.002)

B — Overall survival for patients with and without

A - Overall survival cardiac involvement (p = 0.011)

OS for patients with cardiac involvement

Overall Survival

No cardiac invavlement

Survival
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Median - 18 months

Log rank p =0.011
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C — Overall survival for patients with and
without a haematological response to
chemotherapy D - Overall survival by Mayo disease stage
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=0002
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Figure 2. Survival Curves

CONCLUSION

A high proportion of patients presenting with iFLC >500 mg/L have stage 3 disease and higher bone marrow
plasma cell burden. Compared to serial unselected AL patients, there is a 20% increase in stage lll disease in
those high iFLC and very few such patients present in early stage disease. The abundant precursor may lead
to rapid amyloid accumulation accounting for quick progression to advanced disease. The higher clonal burden

may be associated with resistance to treatment with only a third of the patients achieving a clonal response.
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ABSTRACT

We developed guidelines for patient selection for SCT in AL. Patients were reviewed in 2 cohorts: those who
underwent transplantation before and after July 1, 2009. A second comparison was undertaken among patients
who died before day 100. There were 410 in the earlier group and 89 in the later group. After July 1, 2009, fewer
transplant recipients had Mayo stage Ill cardiac involvement. Mortality through day 100 was 10.5% (43/410) in
the earlier group and 1.1% (1/89) in the later group. One-quarter of patients with NT-proBNP > 5,000 pg/mL,
died by 10.3 months. When the serum troponin T level was > 0.06 ng/mL, 25% died at 3.7 months. Mayo
staging is predictive for survival but not useful for selecting transplant recipients. Patients with serum troponin T
levels > 0.06 ng/mL or NT-proBNP levels > 5,000 pg/mL (not on dialysis) should not be considered acceptable
candidates for stem cell transplantation.

INTRODUCTION

Immunoglobulin light chain amyloidosis results from the deposition of immunoglobulin fragments in visceral
organs. The deposition of amyloid fibrils leads to dysfunction of the organs and the death of the patients. When
stem cell transplantation was introduced, few effective alternative treatments were available. At that time,
combination therapy with melphalan and prednisone was the primary non transplant option, with median
survival of only 18 months. In the single prospective randomized study, stem cell transplantation was not
superior to conventional therapy with melphalan and dexamethasone. However, this study had serious patient
selection issues insofar as the treatment-related mortality associated with transplant was 24%. A high mortality
rate with stem cell transplantation is no longer acceptable because lower-risk alternatives, including
lenalidomide-based and bortezomib-based therapies, have been introduced. Any attempt to advance the field of
stem cell transplantation requires highly refined selection criteria so that patients can be offered stem cell

transplantation safely. The purpose of this study was to determine the appropriate criteria for transplant centers
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that see small numbers of these patients to identify those patients who can receive transplants without
excessive risk.

PATIENTS & METHODS

The study performed 2 patient comparisons. Patients who received transplants between March 8, 1996, and
June 30, 2009, were compared with those who received transplants between July 1, 2009, and December 31,
2011, to determine differences between the 2 groups. The second study compared all transplant recipients who
died from any cause before posttransplant day 100 with those who survived beyond day 100 to determine
features predictive of early death. The standard baseline evaluation of patients included immunofixation of
serum and urine. An echocardiogram was performed in all. All transplant recipients received at least 1.98x10°
CD34 cells/kg. Apheresis was performed by standard techniques. Patients were conditioned, infused, and
monitored on an outpatient basis. Hospitalization occurred only in the event of a fever that could not be
controlled with outpatient antibiotics, mucositis, or dehydration. Supportive care was standard for transplant
after myeloablative. Growth factors were not administered after stem cell infusion. The criteria for hematologic
and organ responses have been previously published. NT-proBNP and troponin levels were incorporated into
organ response criteria, as defined by consensus, for patients for whom these values were available.
Differences between groups were analyzed using the Kruskal-Wallis rank sum test for continuous variables and
the Fisher exact test for discrete variables. All probabilities reported are 2-tailed. Significance was defined as

P<.05. Survival was based on the Kaplan-Meier method.

RESULTS

Before July 1, 2009, 410 patients underwent autologous SCT. Forty-three of these patients died before
posttransplant day 100 (10.5%). After July 1, 2009, 89 patients underwent transplantation, with 1 death before
day 100 (1.1%). After July 1, 2009, there was a significant reduction in patients with Mayo stage Il cardiac
involvement, a slightly lower serum creatinine level, and a slightly lower pretreatment involved free light chain
level. In the earlier group, the NT-proBNP level in the highest decile was > 6,537 pg/mL, whereas in the later
group, the highest decile had an NT-proBNP level > 4,023 pg/mL, reflecting the increased reluctance of our
group to perform transplants on patients with extreme elevations of NT-proBNP.

During this 30-month period, 6 patients with an NT-proBNP level higher than 5,000 pg/mL received
transplants. Two of these patients, however, were on dialysis, which can have a profound effect on the level of
NT-proBNP, and 1 of these 2 was not believed to have cardiac amyloidosis. Four of the 6 are alive, 1 having
died 9.6 months after transplant of a severe upper gastrointestinal tract hemorrhage following dialysis, related to
heparin administration. 43 patients who received their transplants before July 1, 2009, died before
posttransplant day 100. These patients were compared with longer-term. The comparison revealed significant
differences between the 2 groups in Mayo stage, clinically defined cardiac involvement, septal thickness, and
levels of creatinine, troponin T, free light chain, albumin, and BNP. The NT-proBNP level was > 5,000 pg/mL in
41 patients. Their median survival was 27 months, but 10 (25%) of them had died by 10.3 months.

We reviewed the transplant recipients whose serum creatinine level was higher than 1.8 mg/dL and who were

not on chronic stable dialysis at the time of transplantation. Thirty-four patients were identified, 5 of whom died
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before posttransplant day 100. However, 21 of these patients are still alive. The median survival for the entire
group has not been reached, and 60% were alive at 72 months, the longest now at 170 months.

Thirty-seven had troponin T levels higher than 0.06 ng/mL. Nine had died at 3.7 months, and at the time of this
writing, 24 of 37 have died. The median survival of these patients with high troponin was 26.1 months. We

identified 72 Mayo stage Il patients in this study, and 31 (43%) survive at 5 years

DISCUSSION

The value of stem cell transplantation for the treatment of amyloidosis remains controversial. Its use is more
common in the United States than in Great Britain, where only 1% of amyloidosis patients receive transplants.
Investigators reviewed 421 patients and demonstrated a significant decline in treatment-related mortality over
time. Mortality among 297 patients who received transplants between 1994 and 2003 was 13.8%. A similar
group of 124 patients who received transplants from 2004 through 2008 had treatment-related mortality of 5.6%.
This declining mortality is in accord with what we are currently seeing. They also noted that BNP levels were
predictive of mortality at 100 days. To justify stem cell transplantation, criteria need to be established so that
centers that see only a few of these patients annually can select those who can receive transplants. We believe
that the criterion that would lead to exclusion of patients destined not to tolerate high-dose therapy is a serum
troponin T level higher than 0.06 ng/mL. However, we now add the criterion of an NT-proBNP level higher than
5,000 pg/mL. We believe the mortality rates seen with an NT-proBNP level higher than 5,000 pg/mL make stem
cell transplantation unacceptable. We do not believe the serum creatinine is a clear criterion for exclusion. The
Mayo staging system is useful in predicting survival both in patients who receive high-dose therapy as well as
standard-dose therapy at diagnosis. However, the cutoffs for the stages are serum troponin less than 0.035
ng/mL and NT-proBNP less than 332 pg/mL. Although these criteria clearly separate patients into 3 groups with
very significant differences in survival, this does not mean that the Mayo amyloidosis staging system is a useful
tool to select patients for stem cell transplantation. Patients with advanced cardiac amyloidosis are destined to
do poorly. The early mortality rate for patients with amyloidosis seen at Mayo Clinic has not improved in nearly
40 years. Excluding patients with Mayo stage Il from participation in clinical trial protocols or stem cell
transplantation appears to be too stringent, and many patients who have moderate cardiac involvement may
benefit stem cell transplantation. In this study, we identified 72 Mayo stage Il patients, and 31 (43%) survive at
5 years. Clearly, the majority of patients that we would exclude from transplant selection would be Mayo stage
I, but the converse is not true. The majority of patients with Mayo stage Il disease can have a very good
outcome after stem cell transplantation. Ten patients (11%) with Mayo stage Ill disease received transplants
after July 1, 2009. Although the follow-up is short, the 1-year survival is 80% (8/10).

In conclusion, we believe the most rational approach is to exclude patients from transplantation based on their
cardiac biomarker status, eliminating those patients whose troponin T is higher than 0.06 ng/mL or NT-proBNP
level higher than 5,000 pg/mL. These patients should be considered for less toxic therapy.
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INTRODUCTION

Light chain amyloidosis is the commonest form of amyloidosis in the western world. Most patients with AL
amyloidosis have an underlying clonal plasma cell dyscrasia. AL amyloidosis associated with IgM paraprotein is
rare (5%) and is usually associated with Waldenstrom’s macroglobulinaemia (WM) or low grade non-Hodgkin
lymphoma (NHL) and only rarely with a plasma cell dyscrasia.

Response to alkylating agents is poor and there is no established standard of treatment. We report here the
treatment and outcome of 150 patients with IgM-associated AL amyloidosis.

METHODS

This retrospective study was done at the National Amyloidosis Centre (NAC), London, UK. It included all
patients in the NAC database who had a detectable IgM paraprotein. The presence of systemic amyloidosis
was confirmed by characteristic Congo red staining and birefringence in a tissue biopsy. The organ involvement
was defined according to the amyloidosis consensus criteria (1) with the additional use of 123I-labeled serum
amyloid P component (SAP) scintigraphy (2). Responses were defined as per 2010 revised consensus criteria
including dFLC response.

Patients were seen at the NAC for initial diagnostic evaluation and at then followed up at 6 monthly intervals.

The treatment was given at the referring hospitals at the discretion of the referring haematologist.

RESULTS

A total of 150 consecutive patients were evaluated between 1988 and 2011, accounting for nearly 6 % of all
patients with confirmed AL amyloidosis on the NAC database. There were 98 males and 52 females with a
median age 66 yrs (range 46-89). The median number of organs involved was 2 (range 1-6). Amyloid was
localized only to lymph nodes in 7 (5%) patients. Systemic AL amyloidosis requiring therapy was present in 137

(91%) patients. Underlying diseases and organ involvement are resumed in figure and table 1, respectively.
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Figure 1. Underlying disorders

In the treated patients’ cohort, all except 1 were evaluable for survival and 125 had available frontline regimen
data. Six patients did not have time to receive any treatment. More than 90% were evaluable for haematological
response. sFLC ratio was abnormal in 83/119 evaluable patients with baseline dFLC>50 in 66 (48%) cases. A
variety of frontline chemotherapy regimen were used: oral Chlorambucil/Melphalan in 57 patients (46%),
Rituximab-based chemotherapy in 28 (22%) including R-CVP in 9, FCR in 7, RCD in 5, R-CHOP in 3, Purine
Analogs- based chemotherapy in 9 (7%) including Fludarabine in 5, FC in 4, CTD in 8 (6%), VAD in 8 (6%),
CHOP or CVP in 5 (4%), High Dose Melphalan (HDM) with ASCT in 2 (2%) and CVD (bortezomib) in 2 (2%).
Only 44 (35%) patients achieved hematologic response (=PR); 41 (33%) had a PR, 1 (<1%) had a VGPR and 2
(<2%) had a CR. The 2 patients with CR were treated with CVD. Median time to next treatment was 10 months
with a better outcome for frontline HDM.

Table 1. Organ involvement (%)
Renal 59
Heart 31

Liver (on SAP) | 41

Lymph nodes | 27%

Lung 5%

Considering all lines of therapy (>2 regimens in 60 patients), 47 patients received at some stage during their
disease course Rituximab (R, R-CHOP, RCVP, RFC, RCD), 36 Purine Analogs (FC, RFC), 6 Bortezomib (CVD)
and 5 HDM. 39 patients were mainly exposed to Multiple Myeloma (MM) like regimen (oral or IV Melphalan,
CTD, VAD). Main treatment regimen exposure were: MM like chemotherapy in 39 patients (29%), R-CHOP or
R-CVP in 23 (17%), FC in 16 (12%), FCR in 15 (11%), oral chlorambucil in 10 (7%), CVD (Bortezomib) in 6
(4%), HDM/ASCT in 5 (4%), and CHOP or CVP in 3 (2%).
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Regarding response rates, 45 % of patients achieved hematologic and dFLC >PR including CR in 3 patients

(2%; 2 CVD, 1 HDM), dFLC-VGPR in 6 (4%), PR in 48 (38%), and dFLC-PR in 27 (22%). Median follow-up from
date of referral was 24 months.
Median OS ( for the 150 patients) was 37 months (Fig. 2) with a survival advantage for patients receiving HDM,
CVD (median OS not reached) and FCR (78 mo) compared to (R)CHOP/CVP, FC or MM like regimens (median
OS 42, 31 and 32 months, respectively). The responders had a better survival with a median OS of 69 vs. 21
months for non responders (Fig. 3). There were too few patients in each chemotherapy group to further
subgroup analysis.

Survival Function
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Figure 2. Overall survival

Survival Functions

Cum Survival

oS

Figure 3. Overall Survival according to response
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SUMMARY AND CONCLUSIONS

The presenting features of IgM associated amyloidosis are similar to amyloidosis with non-IgM paraprotein,
though lymph node and lung involvement are more common. The response to “conventional” treatment used to
be poor. There is no consensus about the best chemotherapy regimen, though patients treated at some stage
during the disease course with bortezomib, HDM and FCR appear to have a survival advantage. New and novel

combinations need to be studied into prospective studies to improve responses and survival.
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INTRODUCTION

AL amyloidosis is caused by misfolding and deposition of particular monoclonal immunoglobulin (Ig) light chains
as extracellular insoluble fibrillar deposits. The most common involved organs are the kidney, liver, heart and
nervous system (1). AL amyloidosis is usually associated with clonal B-cell disorders (2). Many patients with AL
have only a lambda light chain in the serum (27%). When a whole serum monoclonal component can be
identified, it is much more commonly either IgG or IgA than IgM or IgD (3). Indeed, remarkably few patients with
AL amyloidosis consequent on serum IgD paraprotein have been reported. Only 53 such patients were
identified among the very large experience of AL amyloidosis at the Mayo Clinic over a 41-year period (4). In
their series, IgD AL amyloidosis patients seem to have a distinct disease phenotype, with lower incidence of
cardiac and renal involvement. Their overall survival does not appear to be different from other AL amyloidosis

patients. The purpose of this review is to corroborate, within our experience, this particular phenotype.

METHODS

This retrospective study was done at the National Amyloidosis Centre (NAC), London, UK. It included all
patients in the NAC database who had a detectable IgD paraprotein by electrophoresis and immunofixation.
Although the recognition of IgD monoclonal component may be challenging, it is roughly a systematic assay, in
our institution, in case of isolated FLC on immunofixation. The organ involvement was defined according to the
amyloidosis consensus criteria (5) and Cardiac Mayo Clinic staging (6) with the additional use of 123I-labeled
serum amyloid P component (SAP) scintigraphy (7). Responses were defined as per new amyloidosis criteria
with dFLC evaluation. dFLC-VGPR was defined as a reduction of involved dFLC from baseline greater than
90%. Patients were seen at the NAC for initial evaluation and then followed up at 6 monthly intervals for

evaluation of clonal disease and organ responses whenever possible.

RESULTS

Among 2861 patients with AL amyloidosis seen between 2000 and 2012, serum IgD monoclonal protein was
isolated in 20 (0.7 %) patients with a majority of IgD lambda isotype (90%). There were 11 males and 9 females
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with a median age of 64 years (51-84). Nine patients (45%) had underlying multiple myeloma of who 2 required
specific therapy. Disease characteristics and laboratory findings are described in table 1.

A variety of frontline chemotherapy regimen were used: CTD in 7 patients (35%), VAD in 4 (20%), oral /IV
melphalan in 3 (15%), high dose melphalan followed by ASCT in 3 (15%), and CVD (bortezomib) in 1 (5%).
Four patients (20%) did not receive any treatment.

Overall haematological response rate was 56% in the 16 patients who received treatment with complete (CR)
and partial (PR) responses reported in 5 (31%) and 4 (25%) patients, respectively.

Overall dFLC response rate was 63% including dFLC-CR in 3 (19%) patients and dFLC-VGPR in 4 (25%)
patients. Six (32%) patients needed further therapies for progressive disease.

Table 1. Disease characteristics and laboratory findings

ORGAN INVOLVEMENT n, (%)
Renal 15, (75)
Heart 12, (60)

Mayo stage Il/lll | 5/4, (25/20)
Liver (on SAP) 4, (20)
Peripheral Nerve 4, (20)
Autonomic Nerve 3, (15)
LABORATORY FINDINGS Median, (range)
Serum IgD levels 1.5g/L (1-3.5)

Serum lambda light chains levels | 540 mg/L (53-6000)

Serum kappa light chains levels 387 mg/L (122-651)

24-hour proteinuria 2.8 g (0.5-14.8)
Albumin levels 33 g/L (19-47)
NT-proBNP levels 405 pMol/L (131-3558)
Troponin T levels 0.04 pg/l (0.01-0.19)
ALP levels 110 UI/L (44-203)

At data cut-off (10/01/2012), 14 over 20 (70%) patients are dead, of whom 7 (35%) died within 12 months of
diagnosis. Median follow-up from referral was 22 months (2-93).

Although the estimated median overall survival (OS) was not significantly different between IgD and non-IgD
patients (see Figure 1), the OS at 2 years was 39%, and 26% at 4 years for IgD patients compared to 46% and
37%, respectively for all non-IgD patients seen over the same time period.

Of note, 3 patients died at 30, 56 and 67 months from diagnosis, respectively, because of multiple myeloma

progression for 2 of them and prostatic cancer for 1.

SUMMARY AND CONCLUSIONS

IgD associated AL amyloidosis is a rare occurrence, predominantly of the lambda subtype, that causes the
typical amyloidosis disease. Compared to the Mayo Clinic cohort, higher proportion of patients presented with
renal and cardiac involvement which, in our experience, is similar to non-IgD associated AL amyloidosis.
The haematological responses appear similar to non-IgD patients (8).

Early survival of IgD patients appears similar to that of non-IgD patients, probably related to the light chain, and

not the complete M-protein, driving both the disease and prognosis as previously reported in AL amyloidosis (9).
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Figure 1. Overall survival
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