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ABSTRACT

Amyloidoses are rare life-threatening diseaseseaxhbyg protein misfolding of normally soluble
proteins. The fatal outcome is predominantly dueetwl failure and/or cardiac dysfunction.
Because amyloid fibrils formed by all amyloidogepioteins share structural similarity,
amyloidoses may be studied in transgenic modelseesmg any amyloidogenic protein. Here
we generated transgenic mice expressing an amyerdo variant of human apolipoprotein All,
a major protein of high density lipoprotein. Accorglto amyloid nomenclature this variant was
termed STOP78SERApoOAISTOP78SER-APOAgXpression at the physiological level
spontaneously induced systemic amyloidosis in aemwith full-length mature STOP78SER-
ApoAll identified as the amyloidogenic protein. Aloi deposits stained with Congo red, were
extracellular, and consisted of fibrils of approaiely 10 nm diameter. Renal glomerular
amyloidosis was a major feature with onset of remsufficiency occurring in mice older than six
months of age. The liver, heart and spleen weregisatly affected. Expression 8TOP78SER-
APOAZ2in liver and intestine in mice of the K line buttnie other amyloid-laden organs showed
they present systemic amyloidosis. The amyloid éangas a function STOP78SER-APOA2
expression and age of the mice with amyloid dejmosgtarting in two-month old high-
expressing mice that died from six months onwaBgsause STOP78SER-ApoAll conserved
adequate lipid binding capacity as shown by higBT8SER-ApoAll amounts in high density
lipoprotein of young mice, its decrease in cirdolatwith age suggests preferential deposition
into preformed fibrils. Thus, our mouse model faitly reproduces early-onset hereditary
systemic amyloidosis and is ideally suited to dewsd test novel therapies.

Translational Statement

Amyloidoses are presently incurable, with fataloomes at the fifth to sixth decade. We report
the first animal model spontaneously developindyearset hereditary systemic amyloidosis.
These transgenic mice will allow studies of theivo mechanisms of amyloidogenesis, which
should end up in designing new treatments thatlaiad destroy pre-existing amyloid fibrils.
These novel treatments may serve for the cliniaeg of all amyloidoses. In addition, they may
serve to test gene-silencing therapies aiming toedese production and plasma concentration of

the amyloidogenic variant protein resulting in dished amyloid burden and organ dysfunction,

thus improving quality of life in patients.
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Introduction

Amyloidoses are rare life-threatening diseasesearhbyg protein misfolding of normally soluble
proteins™. The misfolded proteins aggregate into insolulidgl$ that accumulate extracellularly
provoking organ dysfunction. Several criteria pétead identification of 36 amyloidogenic
proteins: i) Congo red (CR) staining, the gold d&ad; i) electron microscopy; iii) X-ray
diffraction; iv) chemical identification of the anayd fibril protein by sequence analysis and
mass spectrome@y® In immunoglobulin light chain amyloidosis (ALh& most common form
of clinical amyloidosis, amyloid fibrils are formébm monoclonal immunoglobulin light chains
(LC's)** rapid and efficient treatment of the hematololitiaorder prolongs patient survival
Hereditary systemic amyloidoses are autosomal damiidiseases caused by a mutation in a
circulating protein that becomes amyloidogenic;ghefix A is added to the name of the parent
protein identified in amyloid deposits, and in #resuing amyloidosfs Intriguingly, several
hereditary amyloidoses are caused by mutationpofippproteins (apo), the protein moieties of
lipoproteins: apoAT®, apoAl®*? apoClIts, apoClIt*, and by normal apoAR?. Thus,
amyloidosis due to variant apoAll is called AApoAlinyloidosis. Reactive amyloidosis occurs
under inflammatory conditions inducing overprodactof the acute phase protein serum
amyloid A (SAA). Shutting down SAA synthesis byateg inflammation results in amyloid
resorbtion®. Despite the great variety of amyloidogenic prasemyloidoses share several
features: i) amyloidogenesis requires a minimadipia concentration of the amyloidogenic
proteint™, ii) specific proteins including glycosaminoglysa(GAG), serum amyloid P-
component (SAP), apoE, apoAl, apoAlV co-aggregatk the fibrils® iii) all amyloid fibrils
share very similar structures. Obviously, proteiith a particular tertiary structure become
amyloidogenic: i.e. only a small proportion of imnmglobulin LC's is amyloidogent&, and

one type of murine apoAll (mApoAll) provokes amylokis in aged senescence-prone Mite



The fatal outcome is predominantly due to rendlifaiand /or cardiac dysfunctibf i.e. all
patients with AApoAll amyloidosi§*?and approximately 70% of patients with AL amylcih
are diagnosed with nephrotic syndrome progressirafptonic kidney disease (CKD) and
ultimately to end-stage renal disease (ESRD).

To studyin vivo amyloidogenesis and devise novel therapies, a goisdal model is need&t

In most mouse models reactive amyloidosis has mekrced by repeated injections of toxic
inflammatory-stimulating agents (e.g. silver nigratasein, lipopolysaccharide) that enhance
SAA synthesis. The amyloidogenic process is acatddrby additional administration of
amyloid enhancing factor (AEF, consisting of protébrils extracted from amyloid-laden
murine tissu€f** This implies a “seeding process” whereby smalbants of preformed fibrils
constitute nuclei initiating amyloidogenésisAlthough amyloid deposits regress through SAA
decrease, a primed state exists upon SAA reinchfétibhe usefulness of such models is limited
because the induction and extent of amyloid dejposéire unpredictable, and the spleen is the
main affected orgdhinstead of the kidney in the human disé&sEransgenic mice expressing
either human interleukin 6 (hiL-8)**or SAA?® spontaneously displayed high SAA
concentration and renal amyloiddSiBBecause the renal disease became less aggriessive
successive generations and fertility of transgemiie was low®, AEF was used to induce rapid
development of hepatic and splenic amyloiddsiEransgenic mice with doxycycline-inducible
SAA expression developed amyloidosis in the sptehliver after AEF injection and
independently of prior inflammatién After doxycycline withdrawal, SAA production deased
down to normal and amyloid deposits regressedrdstigly, reinduction of SAA
overexpression resulted in rapid amyloid depositioglomeruli leading to renal failure, while
minor cardiac amyloid deposits also occuffed@hus, current murine models overexpressing

SAA rarely develop spontaneously renal amyloidosis.



Animal models for hereditary transthyretin amyl@dofailed to reproduce familial amyloidotic
polyneuropath$f?’. To our knowledge, other models of hereditary andylses have not been
reported. Thus, an efficient animal model of haweglisystemic amyloidosis resembling the
human pathology was needed, with early onset ahakkitargeting of amyloidosis. To create
such a model, we chose as a transgdP@®A2carrying the STOP78 to Serine mutation resulting
in production of a carboxyl terminal 21 amino aeidension of mature human apoAll
(hApoAll); STOP78SER-APOAZrriers present with systemic amyloidosis, witijonamyloid
deposits in kidney glomeruli provoking renal fadtfr Five different single nucleotide changes
resulting in four different amino acid replacemenitshe STOP codon, have been described in
patients with the same renal amyloidd%t8222%(Supplementary Table S1)Because all
amyloidogenic proteins identified thus far form daig fibrils with great structural similaritiés

4 transgenic mice expressing any amyloidogenioaimathould be good models to study the
mechanisms of amyloidogenesis and to devise antréesments for all amyloidosgs

According to the established amyloid nomenclattire hApoAll variant is termed STOP78SER-

ApoAll in plasma and AApoAll in amyloid deposits

RESULTS

Generation of STOP78SER-ApoAI | -transgenic mice

The STOP78SER-APOAPRansgene was obtained by site-directed mutagenésie 3-kilobase
genomic clone of thAPOA2gene (2911/12045) comprising the endogenous pesffiensuring
STOP78SER-ApoAll production mainly in the livéand a little in the intestifie
(Supplementary Figure S). Two transgenic lines with plasma concentratiohSTOP78SER-

ApoAll either at the physiological level of normt@\poAll (K line) or 2 times higher (F line)



spontaneously developed systemic amyloidosis. Thee¥vith plasma STOP78SER-ApoAll
concentration 2-3 times lower than normal did retelop amyloidosis. To study solely the
effects of STOP78SER-ApoAIl, all lines were baclesed onto the apoAll-knock-out
(KO)/C57BL/6 backgrountt*3 Importantly, 100% of K and F mice developed syste
amyloidosis in most organs testggures 1 and 2) Hemizygous F mice (STOP78SER-
ApoAll: 60-70 mg/dl) and K mice (STOP78SER-ApoA30-40 mg/dl) developed amyloidosis
from 2 and 3-4 months onwards, respectively. Andgdsis progressed more rapidly in the
homozygous states, homozygous F mice often dyied &g7 months. Macroscopically, the liver,
heart and spleen were classified in four sevetédges(Supplementary Figure S2a,b)
(Supplementary Table S2) The kidneys appeared normal in most mice, exicegdme severely
affected mice where small dark-red areas suggestediplete perfusiofSupplementary

Figure S2c left)
Tissue specific expression of STOP78SER-APOA?2

In K and Y miceSTOP78SER-APOARas solely expressed in liver and intes(ifigure 3). In F
mice, STOP78SER-APOARas highly expressed in liver and intestine, lhst @ctopically in
kidney and, very little, in stomach. This ectopipression may stem from random insertion of
the transgene in the genome of the F founder moeaea kidney-specific promoter and/or
enhancer. Thus, K mice with physiological plasm®8T8SER-ApoAll concentration are good
models of hereditary systemic amyloidosis since BT&SER-ApoAIl is not synthesized in
kidney, heart, spleen and stomach that have sultstamyloid deposits. F mice also display
systemic amyloidosis in heart and spleen that deyrthesize STOP78SER-ApoAll, whereas in

kidney endogenous STOP78SER-ApoAll production natridbute to amyloid deposits.

Characterization of the amyloidogenic protein:



A) At thenucleotide and amino acid levels
DNA sequencing verified the nucleotide sequendelbfength matureSTOP78SER-APOA2
(Supplementary Figure S3) Biochemical characterization of the amyloid filpiiotein yielded
the amino acid sequence of full-length mature STEHER-ApoAII (without the pre- and
propeptides) including the 21 amino acid carbogyirtinal extensionTwo amino acid residues
differed from normal apoAll: Ser59 (replacing Glg38sulted from the generation o5aé site
in Exon 4 (cf. Supplementary Methods), and Leu6#bg most likely from a polymerase chain
reaction (PCR) anomaly during production of thesgene construct. Neither Glu59 nor Leu64
are conserved amino acids in apoAll of humans, sy mice and rats. The presence of Ser59
and Phe64 in a different hApoAll mutant did notulesn amyloidosis (A.D. Kalopissis and M.
Chabert, data not shown), showing that neither aragid was implicated in amyloidogenesis.
Therefore, amyloidosis in our STOP78SER-ApoAll sgenic mice was related to the carboxyl

terminal extension, which is the cause of the hudiagase.

B) By Proteomic analysis
Full-length mature hApoAll including the STOP tori8e mutation and the 21 amino acid
carboxyl-terminal extension was identified in amgldeposits of kidneys, liver, heart and spleen
of an F mouseTable 1), with sequence coverage from 68 to 9Sapplementary Figure S4)
Comparably to human amyloidos&sconsiderable amounts of apoE and lower amounts of
vitronectin, clusterin, complement C3, apoB100,&ipip and apoAl were present in the deposits,
but SAP was absent. Neither fibril-AApoAll nor fibassociated proteins were detected in

corresponding areas of Y mice.

Histochemistry



The amyloid deposits were consistently extracellatal stained with CR={gure 1a,b) with a
typical red-green birefringence observed underrpd light Figure 1aPol). The most affected
organs were the kidneys, liver, heart, and splaemyloid deposits were: i) abundant in kidney
glomeruli and intertubular spaces of the F mousd,ia glomeruli of the K mouse; ii) greater in
the liver of the F compared with the K mouse, dismizing the plates of hepatocytes. The renal
medulla was totally devoid of amyloid deposits iarkl K micg(Supplementary Figure S5)
Amyloidosis was never detected in any organ of ¥enfrigure 1¢). Figure 2 shows extensive
amyloid deposits in the F mouse, in the adrenaldjlatomach, duodenum, jejunum and ileum,
and less abundant in the colon. The brain, ey&sasagland, lung, urinary bladder, striated
muscle and testicle were devoid of amyloid fibrds,was the ovary (not shown). The absence of

amyloid in testicles and ovaries may explain themad fertility of transgenic mice.

I mmunohistochemistry

Figure 4 illustrates the increase in amyloid burden witk agK and F mice. In young mice part
of STOP78SER-ApoAIl (greerkigure 4a) was internalized at the apical surface of kidney
proximal tubules, and part already deposited ada@cdin glomeruli and peritubular spaces

(Figure 4a,c) Indeed, normal apoAft and apoAi*=°

are internalized in proximal tubules and
degraded in lysosomes. At the intermediate andrambchstages, STOP78SER-ApoAll was not
reabsorbed but formed great aggregates in glomamdliperitubular spacéBSigure 4a,c,d) In Y
mice STOP78SER-ApoAll was not retained in glomeanid was internalized in proximal
tubules; the little immunostaining is due to theylew STOP78SER-ApoAll concentration
(Figure 4b).

Interestingly, mouse apoAl (mApoAl, red) was intdired at the apical surface of proximal

tubules at the early (mice F1 and Fjure 4c)and little in advanced stage (mouse Hgure



4d), whereas in some severely affected mice mApoA mat internalized (mice F4 and F5,
Figure 4d).

At the early stage, very little amyloid depositedracellularly along hepatocytes,
cardiomyocytes, and spleen capillariEgure 4a). At the intermediate stage, amyloid deposits
were present along large hepatic vessels and smaks; they were abundant between
cardiomyocytes but scarce along spleen capillafiethe advanced stage, the liver, heart and
spleen were filled with amyloid deposits.

To ascertain that amyloidosis was solely due td&Slh®P to Serine mutation of hApoAll, parallel
analyses were conducted in transgenic mice with pigsma levels of either hApoAll (Lambda,
A, ine®*>9 or STOP78SER-ApoAll (F line). Human apoAll is flyesized in the liver of

mice®, catabolized in the kidn&Y and present in punctate form suggesting vesic¢tdasport.

In A mice which never develop amyloidosis, hApoAll: wex retained in kidney glomeruli but
was internalized at the apical surface of proxitahlles, essentially in the S1 segment adjacent
to glomeruli(Figure 5a), was totally absent in the he@ifigure 5b); was present in the
endoplasmic reticulum of hepatocytes near nucldisatreted in the space of Diggure 5c);
was little present along some spleen capillary nmramgs(Figure 5d). In F mice STOP78SER-
ApoAll formed thin/thick lines suggesting aggregatend: accumulated in kidney glomeruli and
intertubular spaces, and was not internalized axipral tubulegFigure 5a), deposited
extracellularly between cardiomyocytes and endatheglls, forming thin or thick line@~igure
5b); was not detected in hepatocytes but formed times in the space of DisgEigure 5c¢);
formed abundant aggregates in extravascular spdtks spleen red puli-igure 5d). The liver
and spleen with extensive amyloid deposits becawatly enlarged due to their abundant

capillary networks.
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Electron microscopy

In the K mouse extensive amyloid fibrils accumulagatracellularly disorganizing capillary
structure Figure 6d). The fibrils accumulated in: kidney glomerulitiween endothelial cells of
capillaries and podocytes, and in intertubular espathe space of Disse of the liver, between
hepatocytes and endothelial cells; the heart, veardiomyocytes and endothelial cells; the
extravascular space of the spleen red pulp. Thegae were devoid of amyloid deposits in Y
mice (Figure 6b). We observed typical fibrils of indeterminate ldmgapprox. 10 nm in

diameter, composed of twisted protofibtit{Supplementary Figure S6)
Kidney dysfunction

Y mice displayed normal renal functi@iRigure 7). Creatinine was significantly increased in
serum and decreased in urine of K and F mice, coedpaith C57BL/6 mice. In serum, urea was
significantly higher in F mice, while in urine itag significantly decreased in F and K mice
compared with wild-type ones. Urinary protein camtcation was significantly lower in F and K
mice versus wild-type ones. Finally, the proteieatmine ratio was significantly lower only in
serum of F mice. Thus, glomerular amyloidosis pka¢brenal insufficiency as in the human

disease, at ages above 6 and 5 months for K ande; raspectively.

L ow-grade inflammation

Because amyloidosis causes renal insufficiencynafteompanied by inflammatidhwe
measured two plasma inflammation markers, CCL2/M@&rLCXCL1/KC(Table 2). Both
markers were significantly increased in K, F, amdrein Y mice, as compared with mice without
amyloidosis (KOAII, and line§, 3, A expressindAPOAZ%332*3%§ CCL2/MCP-1 is increased in

hemodialysis patients, far above the values of Yard F mic&. The low-grade inflammation of
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K and F mice may be related to kidney dysfunctioa tb amyloidosis, and that of Y mice to the

presence of STOP78SER-ApoAII.

STOP78SER-ApoAll in plasma and high density lipoprotein

Plasma STOP78SER-ApoAIl did not decrease with agéinice, but drastically decreased in K
and F micgFigure 8), suggesting STOP78SER-ApoAll deposition into andyfdorils the
amounts of which increased with a@égure 4).

Because apoAll is an apolipoprotein of high denkityprotein (HDL), we analyzed HDL
apolipoprotein compositions of five patients witApgoAll amyloidosis®*2 STOP78SER-
ApoAll conserves Cys6 and forms a 20 kDa-homodi@igure 9a,b). The patient’s HDL
carried similar amounts of dimers 17 kDa-hApoAlt&8.5 kDa-STOP78SER-
ApoAll/hApoAll, but trace amounts of 20 kDa-STOP'EHSApoAIL. To determine whether
STOP78SER-ApoAll has a diminished lipid binding aeipy, we analyzed HDL-STOP78SER-
ApoAll contents of K and F mice aged 4 to 7 mor(tigure 9¢). In young K mice, HDL carried
high STOP78SER-ApoAll amounts, whereas in 7-momthrtice STOP78SER-ApoAll
decreased and apoAl was the major apolipoprotsim aormal humans and mice. In F mice
aged 4 and 5 months, HDL carried high STOP78SERANmmMounts, whereas at 6 and
especially 7 months, STOP78SER-ApoAll decreasedapiod\| was the major apolipoprotein.
The observation that HDL of young K and F mézgried high amounts of STOP78SER-ApoAll
clearly indicates that STOP78SER-ApoAll conservedcuate lipid binding properties. Thus,
the age dependent decrease of STOP78SER-ApoAIDIn (Figure 9) and serunfFigure 8) is
probably related to preferential deposition of STOBER-ApoAIl onto preformed amyloid
fibrils. HDL of Y mice carried low STOP78SER-ApoAdimounts, as expected from its low

plasma concentratioffrigure 9b,d).
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DISCUSSION

We report a novel transgenic mouse model of huneaeditary systemic amyloidosis due to
circulating STOP78SER-ApoAll, with the kidneys tin@jor affected organs. Amyloid fibrils
deposited primarily in renal glomeruli and peritldnspaces but not in medullary interstitium,
comparably to the human dise#s€ and unlike AApoCH and AApoAIV*® amyloidoses. Renal
insufficiency was observed in transgenic mice asagpove 5-6 months. The physiological
plasma STOP78SER-ApoAIll concentration of hemizydgdumsice was sufficient to induce
amyloidosis, as in the human dis€d2é K mice expresSTOP78SER-APOAGhIy in the liver
and intestine, and not in the kidney, heart andesplvith heavy amyloid burden. Moreover, the
amyloid fibril protein was the secreted form oflfiength mature STOP78SER-ApoAll (without
the pre- and pro-peptides), as in human pafigitsThus, K mice are an appropriate model of
hereditary systemic amyloidosis.

The deposits also contained fibril-associated jmetas in human biopsies (apoE, apoAl,
apoClll, apoB, vitronectin, clusterin) with the eption of SAP®. The role of these proteins is
unknown, but they are not necessary for amyloidegiersince mice deficient in SAPapoE!*2
or apoAf? develop amyloidosis. SAP is an acute phase reaictanice™, and is indeed present
in transgenic mice with high SAA expressibrThe absence of SAP in amyloid fibrils of our
STOP78SER-ApoAll-transgenic mice could stem from itk of high inflammatory state.
Indeed, our mice displayed low-grade inflammatisimofvn by the small elevation of
inflammation markers CCL2/MCP1 and CXCL1/KC), pb$girepresenting a compensatory
response to amyloidosis.

Patients with AApoAll amyloidosis have proteinurggotemia and finally renal failure, in the

fifth/sixth decad&”*? but serum and urine parameters have been reffortedry few patients.
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In transgenic mice above 6 months of age, creatisignificantly increased in the serum and
decreased in the urine, indicating onset of remalfficiency. Notably, F mice with higher
STOP78SER-APOAgxpression were more affected than K mice. Howdvansgenic mice did
not display proteinuria, and urinary protein cortcaion was lower than in controls. A possible
explanation is that glomerular filtration was presgively blocked by increasing amyloid
deposits with age. This is corroborated by decibagernalization of apoAl in kidney proximal
tubules in older mice, and absence of apoAl in $exerely affected 7 month-old F mice (Figure
4d). A limitation of this study is that our transgelines are congenic, not co-isogenic, to
C57BL/6 due to backcrossing to the KOAII/C57BL6 bground, and thus contain portions of
chromosome 1, surrounding the targeted mouse Ajpoa8, which are still 129S4/SvJ4&"*°
Therefore, we cannot exclude that passenger mogati@y contribute to the kidney dysfunction
of F and K mice. Furthermore, the four groups afemivere not totally matched in age, with a
higher percentage of older mice in F and Y lines.

The decrease in sera and HDL of STOP78SER-ApoAdl fasction of age raised the question of
a diminished lipid binding capacity. However, HDLyowung K and F mice carried high
STOP78SER-ApoAll amounts, the STOP78SER-ApoAll-Hirhount decreasing in older mice.
Therefore, STOP78SER-ApoAll conserves adequate bpiding capacity. Probably, part of
newly secreted STOP78SER-ApoAll rapidly aggregates amyloid fibrils in young mice,

while another part associates with HDL and remadrike circulation. Later in life, increasing
amounts of newly secreted STOP78SER-ApoAll aregpesitially driven into preformed fibrils,
in accord with the “seeding process” theory. Similecreases in the serum concentration of
amyloidogenic apolipoproteins have been describguitients with hereditary systemic

amyloidosis due to the variants apoAl-IéWand apoClIl-D25V*.
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The molecular mechanism(s) of amyloid formation asdeterminants are largely unknown. An
established concept is initiation of protein midfaly by short 4- to 10-residue segments, termed
amyloid “hot spots”, with high propensity f@Braggregation. By use of the consensus prediction
algorithm AMYLPREP2® hApoAll was shown to have two amyloid “hot spoitstesidues 10-
18 and 60-788. However, hApoAll is not amyloidogenic in humamsiaransgenic micgigure

5). The additional “hot spot” in residues 79-87 of @xerminal extensiofl of STOP78SER-
ApoAll may trigger amylogenicity. Contrary to hApdAtype C mApoAll is amyloidogenic in

its mature and pro-apoAll fornis senescence-prone mice, with an autosomal reeessi
transmissioh’ '8 Murine apoAll was predicted to have two major &ity“hot spots” in residues
6-16 and 48-65. The difference in amyloidogenicity between mApbanhd hApoAll is
unexplained at present. Interestingly, AApBAApPoAII12122829 and AApoCIIE*amyloidoses
are caused by some full-length variant proteinsfyopeptides issued from some proteins by
protease cleavage (i.e. several amino-terminaigepbf apoAi®, and the amino-terminal

amino acid-peptide of SAR).

In conclusion, expression &iTOP78SER-APOARIth a carboxyl terminal, 21 amino acid
extension is the obvious cause of amyloidosis mti@nsgenic mice. K mice display systemic
amyloidosis, since STOP78SER-ApoAIl is producethmliver and intestine and not in tissues
with great amyloid deposits such as kidney, haaltspleen, and amyloid deposits contain the
secreted STOP78SER-ApoAIl form. Despite ect@Pl©OP78SER-APOApression in kidneys,
F mice with higher plasma STOP78SER-ApoAll concaidn develop amyloidosis early in life
and may serve to test new therapeutic molecules.absence of amyloidosis in low-expressing
Y mice suggests a threshold for aggregation andldigenesis, and justifies therapies using

gene-silencing therapies to lower production of midpgenic proteind>2 This novel mouse

15



model of hereditary systemic amyloidosis faithfulyproducing the human patholdgy?2%%°
with the additional advantages of early onset oflaidosis and great fertility should be very
useful to researchers. Importantly, the great stratsimilarity of amyloid fibrils formed by all
amyloidogenic proteirig' opens the way to usage of this model to sindgvo amyloid

formation and to devise and test treatments foaralloidoses.

METHODS

Generation and maintenance of transgenic mice

The generation, maintenance and identificatiorhefthree transgenic lines Y, K and F are
described in Supplementary Methods.

The procedures followed were in accordance withitirtgnal regulations for the care and use of
laboratory animals. The Ethics Committee gave fablar opinions #Ce5/2012/028 and
APAFIS#6010-2016070718347485 v3. All transgeniedilhave been deposited at the
MIGRATECH® database of Inserm (Institut Nationalldé&santé et de la Recherche Médicale)
with the following numbers: MT0564, Mouse modelsfofiyloidosis for STOP78SER-ApoAll-

transgenic mice, and MTO513, MTO502, MTO471, ApdAfimanized transgenic mice.

Amyloid fibril extraction and biochemical analysis of amyloid protein, Direct DNA Sequence
Analysis, RNA extraction and Real time-polymerase chain reaction, Blood sampling and
biochemical analyses, | mmunohistochemistry, Electron microscopy

See Supplementary Methods

Tissue sampling and histological analyses

16



Following blood drawing, intracardiac vascular wiaghwas performed with 20 ml 0.1 M
phosphate buffer (PB) and then with 15 ml 4% paraéddehyde (PFA) in 0.1 M PB. The tissues
were quickly removed, rinsed in PB, and cut.

Details for CR staining and immunohistochemistry iar Supplementary Methods.

Mass spectrometry-based proteomic analysis

Proteomic analyses were performed in kidney, liiegrt and spleen of one F and one Y mouse
aged 7 months. Proteins were extracted from amyepbsits identified by CR staining and laser
microdissected. Tryptic peptides were separatecdop-liquid chromatography coupled to
nanospray ionisation tandem mass spectrometryeipswere identified by searching mouse
protein database (SwissProt) with experimental dsitag Mascot. Search for STOP78SER-
ApoAll required that the sequence be incorporatea the database. The spectral count metric
used to rank the proteins according to their nedaéibundance in the sample corresponds to the
spectral count values from Proline software.

Details are in Supplementary Methods

Lipoproteins and apolipoproteins

Lipoproteins were prepared from pooled sera froheadt 10 mice/group, supplemented with
0.005% gentamycin/1 mM EDTA/0.04% Na-azide, 0.02&tholate and protease inhibitors,
and subjected to sequential ultracentrifugafiori3etails of ultracentrifugation conditions, SDS-
PAGE and Western blotting of HDL from patients arahsgenic mice are in Supplementary

Methods.

Statistical analysis
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Statistical calculations were carried out usinggBiRad Prism 5.02. The statistical tests used for
each experiment are indicated in the legend ottieesponding table or figurB.values <0.05

were considered statistically significant.
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SUPPLEMENTARY MATERIAL
Supplementary Methods

Generation and maintenance of transgenic mice
Amyloid fibril extraction and biochemical charadgation
Direct DNA sequence analysis

RNA extraction and RT-PCR

Blood and urine sampling and biochemical analyses
Immunohistochemistry

Electron microscopy

Mass spectrometry-based proteomic analysis

Lipoproteins and apolipoproteins

Supplementary Figures

Figure S1.Generation of pUCAPOA2 with the STOP to SER mutation.

Step 1: Generation of pUC19-Exorspé

Step 2:Generation of pUC19-Exon 4 Stopless

Step 3: Generation of full-length pUCBFOP78SER-APOA2

Abbreviation: E1 to E4: Exons 1 to 4.

Figure S2.Macroscopic alterations of organs due to amyloidosi

The kidneys (K), liver (L), heart (H) and spleen (&7 month-old wild-type C57BL/6 and

hemizygous F mice were photographed following drdiac washinga) The four organs from

a C57BL/6 (left) and an F mouse (right)) The four organs from two F mice) Enlargement

of the kidneys of the two F mice ib)( Note that the liver, heart and spleen of tranggmice

were larger and the liver often distorted, as caegbéo the same organs of the wild-type mice.
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In most cases, the kidneys of transgenic mice apde®rmal, as ina) and p) on the right. In
very few mice, one or both kidneys displayed smatk areas suggesting incomplete perfusion,
as the left kidney inky).

Figure S3.Nucleotide and amino acid sequences of full-lenghApoAll in amyloid

deposits.

The genomic DNA was extracted from splenic tissu @xons 3 and 4 of tReAPOA2gene

were directly sequenced. Amyloid fibrils were extetl from tissues of K and F mice and
biochemically characterized. These analyses regi¢heamino acid sequence of full-length
AAPOA2cDNA with the 21 amino acid carboxyl terminal enden. The protein sequence is
presented in single letter code below each codao. dmino acid residues differed from the
normal hApoAll sequence: Glu59 was replaced by $esbsite directed mutagenesis in order to
generate &pé site. The substitution of Leu64 by Phe64 was pbiypdue to a PCR anomaly,
which occurred during production of the transgerunstruct. The STOP78 to SER mutation was
obtained by generation of a restriction siteSad, so that the STOP codon TGA was mutated to
AGC coding for SER78, while CTC coded for the fallng SER79.

The modified nucleotides are represented in bloé,the modified amino acids in red. The red
lines indicate the tryptic peptides that were seqged; the green lines are tryptic peptides found
in the same digest and found to overlap the otbguences. The pre- and pro-peptide were not
found in AApoAll of any amyloid deposits since thegre cleaved by specific proteases: the
prepeptide cotranslationally, and the propeptide dditer secretiot.

Figure S4. Sequence coverage of AApoAll in proteomianalysis of amyloid fibrils.

Mass spectrometry-based proteomic analyses weferpexd in kidney, liver, heart and spleen of
one F and one Y mouse aged 7 months. An area dd@®@m2 of congophilic amyloid deposits

was selected by laser microdissection for eachroof& mice. Y mice which do not develop
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amyloidosis served as a control, and comparabbesarere dissected from each organ. Proteins
were extracted, digested into tryptic peptides, sephrated by nano-liquid chromatography
coupled to nanospray ionisation tandem mass speetrg. The amino acid sequence of the pre-
and pro-peptide of hApoAll and AApoAll (a total BB amino acids) is highlighted in turquoise,
and was not taken into account for the calculatibtine sequence coverage. Indeed, the pre- and
pro-peptides are hydrolyzed by intracellular anttaoellular proteases, respectively, and only
the mature hApoAll (77 amino acids) or STOP78SERA (98 amino acids) are secreted by
hepatocytes.

The 21 amino acid extension of AApoAll is highlighdtin yellow, and the sequence coverage in
red bold type.

Figure S5. Absence of amyloid deposits in renal mata.

The kidneys were obtained from the same 7 month=pland Y mice described Figure 1.

Ten pm-thick kidney sections were stained with Goregl (CR), counterstained with
hematoxylin/eosin, and viewed by optical microscapyg under strong polarized light.
Characteristic images of optical microscopy arenshdmages under polarized light were
negative and are not shown.

In the photomicrograph of the K mouse the cortegdulla and papilla are indicated by dashed
lines drawn across each area.

C cortex; DT, distal tubule; H, loop of Henle; Medulla; P, papilla; PT, proximal tubule

Scale =100 pm

Figure S6. Typical amyloid fibrils in liver and spleen.

The liver and spleen of the 7 month-old K mouse@\shin Figure 2) were viewed by electron

microscopy at 10 000 magnification. Extracellularyéoid deposits appeared as rigid non-
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branching, randomly arranged fibrils ranging fronto&1 nm in external diameter. Fibrils were
twisted and of indeterminate length.

SUPPLEMENTARY TABLES

Table S1. Amyloidogenic human apolipoprotein All mdations

Table S2. Classification of macroscopic alterationsf organs from STOP78SER-ApoAll-
transgenic mice

Supplementary material is linked to the online \erof the paper at www.kidney-

international.org.
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FIGURE LEGENDS

Figure 1. Major amyloid deposits in kidney, liver,heart and spleen

Several tissues were prepared from hemizygous Thyad mice (4 F, 4 K and 4 Y mice) as
described in Methods under “Tissue sampling antbgical analyses”. Macroscopically, the
following stages were observed: i) F mice: heaot 8, liver 4, spleen 4; ii) K mice: heart 2 or 3
or 4, liver 3 or 4, spleen 3; iii) Y mice: heartl@er 0, spleen 0. As explained in Supplementary
Figure S2, the kidneys of the above mice had a abappearance: stage 0.

Tenum-thick sections of kidney, liver, heart, and spleere stained with Congo red (CR),
counterstained with hematoxylin/eosin, and viewgajtical microscopy and under strong
polarized light (Pol.). Characteristic images oédn(heart 3, liver 4, spleen 4), one K (heart 3,
liver 3, spleen 4), and one Y mouse are shoa)k-(mouse;lf) K mouse; ¢) Y mouse, devoid
of amyloid deposits.

All photomicrographs contain scale bars. Arrowhedelsict amyloid deposits.

Figure 2. Amyloid deposits in several organs

Tenum-thick sections of organs from three 7 month-oldiEe (the same as in Figure 1) and one
K mouse (also studied in Figure 1), were staindtl @ongo red (CR), counterstained with
hematoxylin/eosin, and viewed by optical microscdplgaracteristic images of one F mouse
(heart 3, liver 4, spleen 4) are showa). Qrgans with amyloid depositd))(Organs without
amyloid deposits.

All photomicrographs contain scale bars. Arrowhedelsict amyloid deposits.

Figure 3. Tissue specific expression &TOP78SER-APOA2
Total RNA was extracted from 8 tissues of 4 morithfg K, Y expressing TOP78SER-APOA2

and KOAII mice not expressingTOP78SER-APOAAfter reverse-transcription to cDNA,
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STOP78SER-APOADNA was amplified by PCR. The length of PCR praidus 177 bp,
showing absence of contamination of mMRNAs by gencddNA. STOP78SER-APOABRNAS
are present in the liver and intestine of Y, K, &nahice, but not in tissues of KOAII mice used
as negative controls. Ectopic expressio®0OP78SER-APOA&as detected in the kidney of F

mice, and a very small one in the stomach.

Figure 4. Aggravation of amyloidosis with age

The kidneys, liver, heart and spleen were prepfioed hemizygous F and K mice at ages 2, 5, 7
or 8 months (three F and three K mice at each age)from three 7 month-old Y mice. The
tissue preparations are described in Methods ufidgsue sampling and biological analyses”.
Macroscopically, the following stages were observed month-old F and 3 month-old K mice:
heart 0, liver 0, spleen 0; ii) 5 month-old F mibeart 2 or 3, liver 2 or 3, spleen 3; iii) 5 month
old K mice: heart 1 or 2 or 3, liver 2 or 3, spléear 3; iv) 7 month-old F mice: heart 3 or 4, live
3 or 4, spleen 4; v) 7 month-old K mice: heart 3ar 4, liver 3 or 4, spleen 4; vi) 8 month-old F
mice: heart 3 or 4, liver 4, spleen 4; vii) 8 mootl K mice: heart 3 or 4, liver 3 or 4, spleen 4;
viii) 7 month-old Y mice: heart 0, liver 0, sple@nAll kidneys studied had a normal appearance
(see explanation in Supplementary Figure S2).

Six um-thick sections of kidney, liver, heart, and spleéF and K mice were immunostained
with: (a, ¢) anti-hApoAll specific antibody coupled to CY2 égn fluorescence)b) anti-human
apoAll antibody/CY2 (green fluorescence) and antiuse apoAl (mapoAl) antibody/CY3 (red
fluorescence), and viewed by confocal microscompr@sentative images are illustrated.

(a) “Early stage”: a 2-month old F mouse; “Intermeeliatage”: a 5-6 month-old K mouse;

“Advanced stage”: a 7 month-old F mouds); Kidney section of a 7 month-old Y mouse, devoid
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of amyloid deposits;d) kidney sections of two 2 month-old F mice (F1 &2d early stage); (d)
kidney sections of three 7 month-old F mice (F3,Fs} advanced stage).
All photomicrographs contain scale bars. Arrowsidegiomeruli, white arrowheads AApoAIl

(green), and yellow arrowheads mapoAl (red).

Figure 5. Absence of amyloidosis in transgenic mia@xpressing normal humanAPOA2

The kidneys, liver, heart and spleen were prepfoed three 7 month-old transgenic F mice
highly expressing TOP78SER-APOAgNd from three 7 month-old Lambdg (nice highly
expressindAPOAZ°3® The tissue preparations are described in Methadsr “Tissue sampling
and biological analyses”. Macroscopically, thedaling stages were observedAimice: heart
0, liver 0, spleen 0; ii) F mice: heart 3 or 4¢li\8 or 4, spleen 4. All kidneys studied had a
normal appearance (see explanation in SupplemeRiguye S2).

Six um-thick sections of kidney, liver, heart, and spleé F and Lambda mice were
immunostained with anti-hApoAll antibody (recogmigiequally AApoAll and hApoAll)
coupled to CY2 (green fluorescence) and vieweddmfaral microscopy. Representative images
are shown.

(a) Kidney; () Heart; €) Liver; (d) Spleen.

All photomicrographs contain scale bars. Arrowsidegiomeruli, white arrowheads AApoAll

amyloid aggregates in K and F mice, and blue areaslk hApoAll in Lambda mice.

Figure 6. Electron microscopic analysis of amyloidleposits

The kidney, liver, heart, and spleen from a 7 manithK mouse (macroscopic stages: heart 4,
liver 3, spleen 4, kidney 0), and a 7 month-old ¥use (all macroscopic stages 0) were viewed
by electron microscopy. Characteristic images hoave. @) K mouse, two magnificationsh)

Y mouse, devoid of amyloid fibrils.
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Because the scale bars under the photomicrograph®&ey small, we added the magnifications.
Arrowheads depict amyloid deposits.
Kidney: P, podocyte; PT, proximal tubule; C, capillary; M@esangial cell; E, endothelial cell;

GBM, glomerular basement membrane; BS, Bowman space
* Characteristic image of pedicell fusion

Liver: SD, space of Disse; N, nucleus; M, mitochondrRER, rough endoplasmic reticulum; E,
endothelial cell; SC, sinusoid capillary; G, glyeog BC, bile canaliculus; ER, erythrocyte
Heart: CM, cardiomyocyte; E, endothelial cell; M, mitoctarion; N, nucleus; PM, plasma
membrane; BM, basement membrane; C, capillary

Spleen: LC1, intravascular leucocyte; LC2, extravascutaicbcyteM®, extravascular
macrophage; E, endothelial cell; C, capillary; ERfravascular erythrocyte; ER2, extravascular

erythrocyte

Figure 7. Kidney dysfunction is present in K and Rransgenic mice

Urea, creatinine, and total proteins were assayseéiia and urine of wild-type C57BL/6, F, K
and Y mice. All transgenic mice were hemizygouse plotein/creatinine ratios were calculated
in serum and urine, and the number of mice (n) issdown under each genotype of the bottom
graphic. The results were analyzed by the non patrésyKruskal-Wallis one-way ANOVA test.
When a significant effect of the genotype on aalalg was established, the non parametric
Dunn’s multiple Comparison test was used to comffasevariable between each transgenic line
and the control C57BL/6 mice. The individual datah@ four variables were presented in scatter
dot plots, with different colors depending on tige af the mice: green for mice under 5 months

of age; yellow for mice aged between 5 and 6 mom#édsfor mice over 6 months of age.
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Statistically significant differences between tigesic and wild-type mice are indicated by bars:
* p< 0.05, ** p< 0.01, *** p< 0.001.

C57, C57BL/6 mice.

Figure 8. Decrease in serum STOP78SER-ApoAll conceation as a function of age and
amyloid burden

For each mouse, STOP78SER-ApoAll was assayed tati@ge one month and upon sacrifice at
ages ranging from 2 to 10.5 months. Results wepeessed as mean + SD. Data were analyzed
by the one phase decay non-linear regression. @&and K mice fitted the one phase decay
non-linear regression model. STOP78SER-ApoAll ahite did not decrease with age. The

number of mice used at each time point is indicatgzhrentheses.

Figure 9. Biochemical characterization of STOP78SER\poAIll in HDL of patients and
transgenic mice

HDL were isolated by ultracentrifugation from plasof five patients with AApoAll
amyloidosis and sera of transgenic mice. Patieart$ed either the STOP to Serine or the STOP
to Glycine or the STOP to Arginine mutatti? (a) 15% SDS-PAGE andj Western blotting
of human HDL using an anti-hApoAll antibody;) (15% SDS-PAGE of HDL of hemizygous K
and F mice;d) 15% SDS-PAGE of HDL of hemizygous and homozygéusice aged 5
months. The same HDL-protein amount was depositedlf samples in the same gel {1&/lane
in a, ¢, d and 6ug/lane inb).

(&) Lane 1, human HDJ(Hs); lane 2, Sd (LMW); lane 3, purified hapoAl (Algnes 4 to 8,
patients 1 to 5; lane 9, purified hApoAll (All).

(b) Lane 1, Sd (LMW); lanes 2 to 6, patients 1 téabe 7, purified hApoAll (All); lane 8, HDL

of Y mice carrying apoAl and STOP78SER-ApoAll.
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(c) Lane 1, HDL from Lambda\j mice carrying essentially hApoAf*® lane 2, purified
hapoAl (Al); lane 3, Sd (LMW); lanes 4 to 7, HDlofn K mice aged 4, 5, 6, and 7 months,
respectively; lanes 8 to 11, HDL from F mice age8,46, and 7 months, respectively; lane 12,
Sd (LMW); lane 13, purified hApoAll (All).

(d) Lane 1, HDL from Lambda\] mice; lanes 2 and 3, HDL from homozygous and hggaas
Y mice, respectively; lane 4, purified hapoAl (Aldne 5, Sd (RPN800V); lane 6, HDL from
Beta 8) mice carrying hApoAll and apoA}=®

The low molecular weight (LMW) standards (Sd) usedle: i) LMW (Bio-Rad) corresponding,
from top to bottom, to: 94, 66, 45, 31, 21.5, addikDa; ii) RPN800V (Bio-Rad),
corresponding, from top to bottom, to: 250, 16,115, 50, 35, 30, 25, 15, and 10 kDa.

VApOAII: abbreviation for variant STOP78SER-ApoAll
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Table 1. Proteomic analysis of amyloid deposits

F mouse (MS/MS)

Y mouse (MS/MS)

_ L Gene

Accession number Description name | Kidne | Live | Hear | Splee| Kidne | Live | Hear | Splee

y r t n y r t n
sp|P08226|APOE_MOUSE Apolipoprotein E Apoe 27 45 19 156 0 1 0 0
§p|P02652m|APOA2m_HUMA aIzZZSSER-Apollpoprotem All APOA2 8 16 5 30 0 0 0 0
sp|P29788|VTNC_MOUSE Vitronectin Vtn 13 6 12 3 0 0 0 0
sp|Q06890|CLUS_MOUSE Clusterin Clu 20 5 8 7 0 0 0 0
sp|P01027|CO3_MOUSE Complement C3 C3 3 1 7 1 0 0 0 0
Sp|E9Q414|APOB_MOUSE Apolipoprotein B100 Apob 18 0 1 6 0 0 0 0
sp|P33622|APOC3_MOUSE | Apolipoprotein CIII Apoc3 3 1 2 2 0 0 0 0
sp|Q00623|APOA1_MOUSE | Apolipoprotein Al Apoal 5 1 1 0 0 0 0 0
sp|Q02566|MYH6_MOUSE Myosin-6 Myh6 0 0 193 0 0 2 175 0
sp|Q91Z83|MYH7_MOUSE | Myosin-7 Myh7 0 0 | 124 0 0 2 | 117 O
Sp|A2ASS6|TITIN._MOUSE Titin Ttn 0 0 108 0 0 0 129 0
sp|P60710|JACTB_MOUSE Actin, cytoplasmic 1 Actb 6 2| 4 21 12 29 12 22 23
sp|Q03265|ATPA_MOUSE | ATP synthase subund, Atpsal | 15 | o | 42| o | 23 | 19| 26 | 3
mitochondrial
ATP synthase subunit beta,

sp|P56480|ATPB_MOUSE mitochondrial Atp5b 14 0 36 0 22 22 29 4
sp|Q61292|LAMB2_MOUSE Laminin subunit beta-2 Lanh 13 0 2 0 16 0 0 0
sp|P01029|CO4B_MOUSE Complement C4-B C4b 16 0 00 2 0 0 0
sp|P68134|ACTS_MOUSE Actin, alpha skeletal muscle |Actal 13 3 39 4 15 6 36 10
sp|P57780|ACTN4_MOUSE Alpha-actinin-4 Actn4 0 6 18 0 17 1 4 2
sp|P07724|ALBU_MOUSE Serum albumin Alb 4 7 30 7 2 3 1
sp|P01942|HBA_MOUSE Hemoglobin subunid Hba 2 2 2 30 5 2 2 9
sp|P20152|VIME_MOUSE Vimentin Vim 23 1 5 0 17 D O 4
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sp|P68372|TBB4B_MOUSE Tubulin beta-4B chain Tubh4 12 0 18 6 11 8

sp|Q61001|LAMAS5 MOUSE Laminin subumit5 Lamab 17 0 24 0 0
Basement membrane-specific

sp|Q05793|PGBM_MOUSE heparan sulfate proteoglycan coregHspg2 6 2 18 0 3
protein

sp|P10649|GSTM1_MOUSE Glutathione S-transferasd Mu | Gstm1 2 0 8 10 3

sp|P02088|HBB1 MOUSE Hemoglobin subunit beta-1 b-bib 1 14 7 2 1

sp|Q8C196/CPSM_MOUSE | Sarbamoyl-phosphate synthase | ., ) 0 0 o| 67 o
[ammonia], mitochondrial

sp|Q8VDD5|MYH9_MOUSE | Myosin-9 Myh9 8 1 26 ) 10

Congophilic areas of the kidney, liver, heart apléen of one F and similar areas of one Y mousd @gaonths were subjected to mass

spectrometry-based proteomic analysis. Proteins wientified by searching mouse SwissProt dataJasa&lentify amyloid fibril AApoAll, the

sequence of the hum&POA2 withthe STOP78 to Serine mutation was incorporatedtimng database. Notably, proteins typical of amive

tissue were identified in both F and Y mice (myeS8jmimyosin-7, and titin in the heart; laminin sult@a5 in the kidney).

MS/MS, number of total peptide spectra identifieddach protein, corresponding to their relativeramance in the samples.
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Table 2. Increase in serum inflammation markers irtransgenic mice expressingT OP78SER-APOA2

no hApoAll normal hApoAll STOP78SER-ApoAII
KOAII BETA (B) DELTA (8) LAMBDA (A) Y K F
CCL2/MCP-1 56 +4 69+8 77+12 675 163 +18 170+ 12 233 +19
(pg/ml) (15) a (15) a (15) a (15) a (10) b (30) b (29) b
CXCL1/KC 136 £18 129+ 16 148 + 28 163 £ 27 237 £ 78 249 + 31 319+24
(pg/ml) (15) a (15) a (15) a (15) a (8)a, c (30)a, c (29) b, c
hApoAll 0 21.1+1.14 43.8+44 63.5+6.9 225%+1.6 529+19 65226
(mg/dl) (13) a (12) a, c (12) b, c (10) a (27) b, c (27) b, c

Both cytokines, hApoAll and STOP78SER-ApoAll haveeh assayed in the serum of fed mice. The apoAitidet mice (KOAII) have been
described in reference 32 and the transgenic BndsA expressing norma#POAZ2in references 30 and 36. Data are presented as Mea
S.E.M. with the number of mice in parentheses.dath sets were verified for Gaussian distribut®ecause Bartletts's test showed that
variances differed significantly, we used the namametric Kruskall and Wallis's one way Anova thst established a significant effect of the
genotype (p<0.0001) on each metabolic variable (Z@XCL1, hApoAll and STOP78SER-ApoAll). We theredshe non-parametric Dunn's
test for post-hoc multiple comparisons between ggo&or each variable: two data sharing at leastetter are not statistically different; two

data not sharing the same letter are statisticifiigrent (at least p<0.05).
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KOAII mice, mice deficient in endogenous apoAll; C Chemokine Ligand 2, also named MCP-1, Mono@8itemoattractant Protein 1;

CXCL1, Chemokine (C-X-C motive) Ligand 1, also naht&C in mice.
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A transgenic mouse model reproduces human hereditary systemic

amyloidosis

Transgene: VApoAIl Amyloid deposits in kidney glomerull cause kldney dysfunction

the amyloidogenic variant of )
human apolipoprotein All with
the STOP->Ser mutation

Arrows: glomeruli

Arrowheads:
amyloid deposits

Transgenic lines:

@ontaneous development of
amyloidosis as a function of
VApOAII expression level and

age of the mice
) high expression:
/d)nset at 2-3 months Systemic amyloidosis:
_ vApoAll, produced by liver and
" normal expression: intestine, forms amyloid deposits in
onset at 3-4 month/s kmost organs (shown: heart, spleen)

/d low expression q No amyloidosis CONCLUSIOI\_I: : :
L ' Novel transgenic model, ideally suited to

J
devise and test novel therapies for

kldney hereditary systemic amyloidoses
) Chabert et al, 2019
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Congo red staining VApoAIl (immuno- Electron microscopy
(polarized light) histochemistry) Heart
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