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Plasmin activity promotes amyloid deposition in a
transgenic model of human transthyretin
amyloidosis
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Cardiac ATTR amyloidosis, a serious but much under-diagnosed form of cardiomyopathy, is
caused by deposition of amyloid fibrils derived from the plasma protein transthyretin (TTR),
but its pathogenesis is poorly understood and informative in vivo models have proved elusive.
Here we report the generation of a mouse model of cardiac ATTR amyloidosis with trans-
genic expression of human TTR322P. The model is characterised by substantial ATTR amyloid
deposits in the heart and tongue. The amyloid fibrils contain both full-length human TTR
protomers and the residue 49-127 cleavage fragment which are present in ATTR amyloidosis
patients. Urokinase-type plasminogen activator (uPA) and plasmin are abundant within the
cardiac and lingual amyloid deposits, which contain marked serine protease activity; knockout
of ay-antiplasmin, the physiological inhibitor of plasmin, enhances amyloid formation.
Together, these findings indicate that cardiac ATTR amyloid deposition involves local uPA-
mediated generation of plasmin and cleavage of TTR, consistent with the previously
described mechano-enzymatic hypothesis for cardiac ATTR amyloid formation. This
experimental model of ATTR cardiomyopathy has potential to allow further investigations of
the factors that influence human ATTR amyloid deposition and the development of new
treatments.
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ARTICLE

he systemic amyloidoses are a group of diseases in which

globular proteins misfold and aggregate to form insoluble

amyloid fibrils, which are deposited in the extracellular
space where they disrupt tissue structure and organ function.
Eighteen amyloid-forming proteins have been identified in
human amyloidoses!, deposited in various and sometimes char-
acteristic anatomical locations. One of these, transthyretin (TTR),
is an abundant homotetrameric plasma protein which binds
thyroxine and retinol binding protein. Deposits of ATTR amyloid
derived from wild-type TTR are common in older individuals,
most notably in the heart, but also the pulmonary vasculature,
flexor retinaculum and ligamentum flavum?~7. The prevalence of
ATTR amyloid deposits found at autopsy is ~25% in individuals
beyond age 80 years2?, but the frequency and spectrum of
clinically significant disease caused by this type of amyloid is only
beginning to become clear. Whilst minor deposits in an otherwise
normal heart may merely be an incidental phenomenon, modest
deposits may nevertheless contribute to cardiac dysfunction in
combination with additional common pathologies such as aortic
valve stenosis®~12. Until recently, substantial deposition of ATTR
amyloid in the heart causing a symptomatic cardiomyopathy in
its own right, causing intractable heart failure and life-threatening
arrhythmias, was very rarely recognised. However, remarkable
advances in cardiac magnetic resonance imaging!® and repur-
posing of radionuclide bone tracers that yield highly characteristic
images!41> now enable reliable non-invasive diagnosis'® of car-
diac ATTR amyloidosis without recourse to heart biopsy, and
have revealed that the prevalence of ATTR cardiomyopathy is
substantial, especially in older men!7-18, In contrast to these
diagnostic advances, quality of life remains poor, survival short
and development of treatment is in its infancy!”.

Whereas wild-type ATTR amyloidosis is a disorder of older
people, many point mutations in the TTR gene are associated
with dominantly inherited susceptibility to forms of the disease
that can develop at any time from early adult life onwards!®-23.
The most prevalent pathogenic allele, encoding TTRV122L, is
carried by 3-4% of African American individuals, is widespread
in Africa and black populations generally, and is associated with a
much increased incidence of cardiac ATTR amyloidosis®4. Most
other amyloidogenic TTR mutations are associated with poly-
neuropathy in addition to cardiomyopathy, with variable visceral
and other tissue involvement.

Key outstanding questions are the in vivo mechanisms of
ATTR amyloid formation, including the basis for its characteristic
deposition in certain anatomical locations and its marked male
preponderance. A tractable experimental model of ATTR amy-
loidosis that closely reflects the human disease will enable these
and other important phenomena to be investigated in vivo, as
well as elucidating novel therapies.

Here, we report the generation of a mouse model of cardiac
ATTR amyloidosis with transgenic expression of human
TTRS>2P, We selected this particular TTR variant following our
clinical experience with a British family in whom this mutation
was associated with the highly penetrant development of ATTR
amyloidosis leading to death with cardiomyopathy during the
third decade?>. Many aspects of the reproducible formation of
amyloid in this experimental model mirror key features of clinical
ATTR amyloidosis, including the progressive accumulation of
substantial amyloid deposits in the myocardium. The properties
of the model provide strong support for the proposed mechano-
enzymatic mechanism of ATTR amyloid formation2>-27. Using
the model, we confirm the dependence of amyloidogenesis on
both fibril seeding and proteolytic cleavage of TTR, identify
amyloid deposits as sites of abnormal proteolytic activity, and
show that plasmin activity promotes ATTR amyloid deposition
in vivo.

Results

Transgenic expression of TTRS2P in mice. We generated
transgenic mice by pronuclear microinjection of a construct
linking the human genomic sequence encoding the TTRS52P
variant to an albumin enhancer/promoter cassette?8, to maximise
expression of the human TTRS>2P transgene in hepatocytes.
Three transgenic mouse lines expressing human TTR were
established, named O5, N1 and N4. Mixed TTR tetramers con-
taining protomers of both mouse and human TTR generated
in vitro, or by co-expression in vivo, are more stable than native
human TTR (refs. 2%30), which could potentially inhibit their
potential to form amyloid. We therefore additionally bred the
human TTRS>2P transgene onto the mouse ttr knockout back-
ground. The circulating concentrations of transgene-encoded
human TTR in these lines of mice, after breeding onto the mouse
ttr knockout background, ranged from being comparable to the
normal human range in line O5, to >10-fold greater, in line N4
(Fig. 1a). A minor, reduced mobility band of human TTR was
detected on prolonged exposure of western blots of sera from
human TTR%2P transgenic mice but was absent from control
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Fig. 1 Human TTR protein in the circulation of TTRS52P transgenic mice.
a Human TTR concentrations in the sera of transgenic mice were measured
by electroimmunoassay calibrated with isolated pure human wild-type TTR;
non-transgenic mice gave no signal in this assay. Results (individual values,
mean and SD) are presented for male and female transgenic mice of three
independent lines that were also homozygous for a mouse ttr null allele
(n =26, 29 and 14 for male mice of lines O5, N1 and N4, respectively, and
n=24, 23 and 19 for female mice of lines O5, N1 and N4, respectively). The
reported ranges of TTR concentrations in healthy adult women and men®4
are indicated in pink and blue, respectively. b N-glycosylation of human TTR
in serum of human TTRS52P transgenic mice demonstrated by western blot
probed with anti-human TTR antiserum. Transgenic mouse serum was
treated with PNGaseF (lanes 7 & 8) under denaturing conditions for 1 or
24 h, as indicated; lanes 10 and 11 contained serum samples treated
identically except for the omission of the PNGaseF enzyme, and lanes 5 and
12 contained untreated serum. The asterisk indicates the N-glycosylated
human TTRS52P protein. Other lanes contained recombinant human TTR
(R), human serum (Hu), wild-type mouse serum (WT), mouse ttr knockout
serum (KO) or molecular weight protein markers (m). The signal in lane 9
is a result of spillover from an adjacent lane. This experiment was not
repeated. Source data are provided as a Source Data file.
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mouse and human sera. The band disappeared after PNGaseF
treatment showing that it was N-glycosylated TTR (Fig. 1b), as
previously reported for other amyloidogenic human TTR
variants31:32, Native circulating TTR is not normally glycosylated.
The atypical glycosylation targets misfolded intracellular TTR in
the secretory pathway for degradation®! but some glycosylated
TTR escapes into the circulation32, Its presence in our mice is
consistent with the known marked instability of native human
TTRS52P,

Lack of spontaneous ATTR amyloid deposition. The tissues of a
total of 59 human TTRS52F transgenic mice taken at various ages
were comprehensively studied by histochemical staining with
alkaline alcoholic Congo red, viewed in intense cross polarised
light. Amongst these mice, including 9 male and 9 female 22-26-
month-old mice of line O5, and 6 male and 6 female 18-20-
month-old mice of line N4, amyloid was present in only a single
24-month-old line O5 animal. However, the abundant deposits in
the heart, liver, spleen and tongue of that animal were not ATTR
amyloid, but were identified as mouse apolipoprotein AIl
(apoAll) amyloid both through immunohistochemical staining
(Supplementary Fig. 1) and proteomic mass spectrometry. Thus
despite the extremely amyloidogenic nature of human TTRS>2P in
patients and in vitro, along with abundant transgenic expression,
no spontaneous ATTR amyloid deposition was detected in
any mouse.

Seeded deposition of ATTR amyloid. Seeding markedly pro-
motes amyloid fibril formation in vitro and the augmenting role
of minute amyloidotic organ extracts, so-called ‘amyloid enhan-
cing factor’, in accelerating systemic AA amyloidosis in mice
in vivo is well characterised®3. To seed deposition of ATTR
amyloid, we administered by intravenous injection to TTRS>2P
transgenic mice tiny quantities of amyloid extracted from the
spleen of a patient with ATTRS52P amyloidosis. At 4-11 months
thereafter, 39 of 51 treated line O5 mice had isolated, small, but
unequivocal, amyloid deposits in the heart and/or tongue (Fig. 2a
and supplementary table 1), though no amyloid was detected in
any other site. The amyloid deposits in the transgenic mice were
extracellular, located mostly between the muscle fibres and
adjacent to blood vessels, and typically were greater in the tongue
than in the heart. Consistent with the identification of amyloid by
pathognomonic Congo red staining, extracellular deposits with
the characteristic ultrastructural features of amyloid fibrils were
confirmed by electron microscopy, demonstrating unbranched
fibrils of ~10 nm diameter and indeterminate length (Fig. 2a).

To exclude the possibility that the minuscule quantities of
administered ex vivo amyloid material could confound the
findings, non-transgenic control mice receiving the identical
injection of ATTRS>2P amyloid were analysed. No Congophilic
amyloid was detected in the tissues of any of 22 mice at times
ranging from 2 weeks to 7 months after injection. Furthermore,
no human TTR was detected in the hearts, tongues, livers or
spleens of two mice analysed 2 weeks after injection by western
blotting, even with over-exposure, under conditions which readily
detect TTR in ATTR amyloidotic tissues. These data show that
the amyloid observed in the transgenic mice was newly deposited
and not an artefact resulting from the injection of ATTR
amyloid seeds.

Seeding of line N4 mice with patient-derived ATTRS52P
amyloid resulted in more rapid and far more extensive amyloid
deposition than observed in line O5 mice (Fig. 2b and
Supplementary Fig. 2), as anticipated because of the >10-fold
greater circulating concentration of human TTRS>2P in the N4
line. One month after injection of ATTRS>2P amyloid fibrils, two

of five seeded mice had positive amyloid histology and, after an
additional month, all seeded mice analysed contained amyloid in
heart and tongue (n =20), typically in small, isolated patches.
The amounts and distribution of amyloid deposition in heart and
tongue increased progressively over time (Supplementary Fig. 2).
The histological appearance of mouse and human ATTRS>2P
cardiac amyloid were closely similar (Supplementary Fig. 3), and
the deposits contained proteoglycans and serum amyloid P
component (SAP), as expected (Supplementary Fig. 4). Amyloid
deposits were also found in numerous other sites (Supplementary
Figs. 5-7), including skeletal muscle, all regions of the gastro-
intestinal tract, thyroid glands and, in small amounts, in
subcutaneous and visceral fat. Amyloid was frequently observed
in nerve bundles within the tongues of seeded mice from
6 months after seeding. By contrast, in sciatic nerves, while
amyloid was present in the epineurium, it was almost completely
absent from within nerve bundles, even up to 12 months after
seeding. Specks of amyloid were detectable in spleens and kidneys
from 6 months after seeding, though the amounts of amyloid in
these organs remained very small even 12 months after seeding.
The amyloid deposits were not associated with local inflamma-
tion, and amyloid was absent from liver, paralleling human
disease.

In the ATTR amyloid-injected TTRS52P transgenic mice, the
distribution of amyloid was clearly distinct from those observed
in murine AA and AApoAIl amyloidosis, the types of
amyloidosis that occur naturally, both of which feature prominent
splenic amyloid as well as hepatic amyloid. Consistent with this,
immunohistochemical staining of adjacent sections of the
amyloidotic tissues from 19 line O5 and 15 line N4 seeded
transgenic mice, using antibodies to human TTR, mouse SAA
and mouse apoAll, confirmed that the amyloid deposits were
composed of human TTR in every case (e.g. Fig. 3).

Proteomic mass spectrometry analysis of amyloid deposits
obtained by laser capture microdissection of tissue sections,
further confirmed the amyloid fibril type as TTRS>2P in each of
the six amyloidotic animals analysed (Table 1). Neither mouse
apolipoprotein AII nor serum amyloid A protein was identified in
any sample, further ruling out AApoAIl and AA amyloidosis.
Proteins comprising the typical ‘amyloid signature’ detected in
proteomic analysis, and used to aid diagnosis of amyloidosis34-3,
were present in each of the amyloidotic animals, along with other
proteins that are also known to be amyloid-associated (Table 1).
These findings independently confirm the presence of ATTR
amyloid in the mice analysed.

Specificity of seeding. Seeding with ATTR amyloid material
extracted from transgenic mouse tissues was also able to initiate
ATTR amyloid deposition in otherwise untreated TTRS>2P
transgenic animals. Fifteen line N4 transgenic mice were injected
with extracts of heart or tongue from an amyloidotic line N4
mouse, in which amyloid deposition had been triggered by
administration of patient-derived ATTRS>2P amyloid material.
Four months later, every mouse that had received extracts of
ATTR amyloid-containing mouse heart (7/7) or tongue (8/8) had
abundant amyloid deposits in both heart and tongue, but not in
spleen or liver. In contrast, there was no ATTR amyloid
deposition in any site in any line N4 mouse four months after
administration of extracts of mouse AA amyloid (0/8), demon-
strating that seeding was amyloid type specific.

Effects of ttr genotype and sex on amyloid deposition. The 39
line O5 mice which developed human TTR amyloid included
mouse ttr wild-type animals as well as mice heterozygous or
homozygous for the mouse ttr gene knockout (supplementary
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Fig. 2 Amyloid in seeded mice of lines O5 and N4. Amyloid demonstrated by the pathognomonic red-green birefringence of Congo red stained sections
viewed by polarising microscopy under intense illumination; background white birefringence was generated by myofibrils. The full extent of the amyloid is
readily appreciated in the Congo red fluorescence images. a Minor but unequivocal amyloid deposits in the heart and tongue of a male line O5 mouse
7 months after seeding, representative of the maximum amyloid loads in mice of this line (n =53 amyloidotic mice). The electron micrograph shows the
unbranching ~10 nm diameter morphology characteristic of genuine amyloid fibrils. b Copious amyloid deposits in heart and tongue of a line N4 transgenic
male mouse 6 months after seeding. ¢ Low magnification Congo red fluorescence images showing the typical extent of amyloid deposits in heart and
tongue of line N4 transgenic mice seeded 6 months prior to sample collection. b, ¢ are representative of typical amyloid loads in mice of this line analysed
6-7 months after seeding (n=10). Scale bars: a, 100 um (light micrographs) and 500 nm (EM); b, 100 um; ¢, Tmm.
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Fig. 3 Immunohistochemical demonstration of ATTR amyloid in the transgenic model. To determine the amyloid type, heart (a) and tongue (b) were
stained with anti-human TTR, anti-mouse apoAll or anti-mouse SAA antisera, as indicated, followed by alcoholic alkaline Congo red. Bright field images
show the immunohistochemical signal (brown), and faint red Congo red stained amyloid in a representative amyloidotic line N4 mouse (n=15). The
amyloid deposits exhibited the characteristic red-green birefringence when viewed by polarising microscopy. The coincidence of TTR signal and amyloid,
together with the absence of apoAll and SAA signal, demonstrates that the amyloid is of ATTR type. In places, the intense anti-TTR staining obscured the
Congo red staining, the extent of which is clearly visible in the closely adjacent sections stained for apoAll and SAA. Scale bar, 100 um (a) and 200 um (b).
hTTR human TTR, mApoAll mouse apolipoprotein A2, mSAA mouse serum amyloid A protein.

table 1), so mouse TTR evidently had no discernible effect on
amyloid deposition. A sex difference in amyloid deposition was
apparent in line O5 mice, with amyloid present in 34 out of 37
males but only 5 out of 14 females (supplementary table 1). In
contrast, 2 months after seeding of line N4 mice, which express
>10-fold more human TTR than line O5, amyloid was found in
hearts and tongues of all mice of both sexes (n =10 each sex),
though the amount of amyloid deposited in males was greater
than in females. In both lines O5 and N4, the concentration of
human TTR was lower in females than in males, by 50% and 30%,
respectively (P < 0.0001 for both lines, two-tailed Mann-Whitney
test; Fig. 1), so these findings are consistent with the well-
established relationship between the amyloid precursor protein
concentration and efficiency of amyloid deposition, though they
do not rule out an effect of gender operating through another
mechanism. To separate possible effects of sex from effects of
TTR concentration, we directly compared amyloid deposition in
line N1 females and line O5 males. The concentrations of human
TTR in line N1 females were greater than in line O5 males
(P =0.0005, two-tailed Mann-Whitney test; Fig. 1). Nevertheless,
when analysed 4 months after seeding, a greater proportion of
line O5 males contained amyloid than females of line N1 (6 of 8
line O5 male mice vs 1 of 8 female mice; supplementary table 2,
P =0.041, Fisher’s exact test), indicating that there may indeed be
an effect of gender that is independent of the human TTR
concentration.

TTR cleavage and amyloid deposition. In most cases of human
ATTR amyloidosis, the amyloid fibrils contain a mixture of intact
TTR protomers and a C-terminal proteolytic cleavage fragment
comprising TTR residues 49-127 (ref. 37). This observation led to
the discovery that cleavage of native TTR at the 48-49 peptide
bond, dramatically destabilises the tetrameric assembly leading,
under agitation, to the formation of abundant authentic TTR
amyloid fibrils in vitro?>26. The predominant form of human
TTR detected in western blot analysis of homogenates of tissue
from the seeded amyloidotic transgenic mice was the full-length
TTR protomer (Fig. 4). However, in homogenates of amyloidotic
heart and tongue, the 49-127 fragment was always present as a

minor component. To separate soluble and insoluble material
(containing native TTR and TTR amyloid, respectively), the
homogenates were fractionated by centrifugation. While full-
length TTR protomers were present in both fractions, the residue
49-127 fragment was exclusively present in the insoluble fractions
of the homogenates of amyloidotic heart and tongue, demon-
strating that it is an integral component of the amyloid fibrils
themselves. These findings are consistent with the pivotal
importance of the specific cleavage at the 48-49 peptide bond in
the pathogenesis of TTR amyloid deposition. The 49-127 frag-
ment was not detected in livers from amyloidotic mice, nor in
heart, tongue or liver of old transgenic mice that had not been
seeded, all of which lacked detectable amyloid (Supplementary
Fig. 8). Mouse TTR was detected in supernatants of amyloid-
containing heart and tongue homogenates, and was thus soluble,
but was absent from the insoluble fractions, showing that it was
not present in the amyloid fibrils.

To investigate the relationship between amyloid deposits and
proteolytic activity, we performed in situ zymography assays on
hearts and tongues of amyloidotic and control mice, which
revealed much greater protease activity in amyloidotic tissues
(Fig. 5a). The protease activity was less extensively distributed
than the amyloid, but it precisely co-localised with amyloid in
both hearts and tongues, showing that amyloid was a site of active
proteolysis. The protease activity was insensitive to EDTA, but
the zymography signal was quantitatively inhibited by a cocktail
of aprotinin, pefabloc and PMSF (Fig. 5b). This indicates that the
protease(s) responsible for the amyloid-associated activity was a
serine protease, and rules out the possibility that the cryptic
metalloprotease activity of TTR (refs. 383%) was responsible for
the signal. On the basis of bioinformatic and in vitro studies, the
serine protease plasmin has been identified as a candidate
physiological protease for TTR cleavage leading to amyloid
deposition2740, Active plasmin comprises two polypeptides
(heavy and light chains) generated by cleavage of the inactive
proenzyme, plasminogen. Western blot analysis (Fig. 6a, b)
showed the presence of plasmin heavy and light chains in hearts
and tongues of amyloidotic mice, while in control mouse hearts
and tongues, they were not detected, or were much less abundant
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Fig. 5 Amyloid-associated protease activity. Protease activity in heart and
tongue was visualised by in situ zymography using DQ-gelatin substrate
overlaid on unfixed cryosections. a protease activity was readily detected in
hearts and tongues of amyloidotic mice, but not of control mice. b the
amyloid-associated protease activity was insensitive to inhibition by EDTA,
but was completely inhibited by a cocktail of serine protease inhibitors
(aprotinin, PMSF and Pefabloc SC). The protease activity was associated
with amyloid deposits, but the activity was not as extensively distributed as
the amyloid (Fig. 2¢). Scale bars: 250 um (a); 1Tmm (b). Data are
representative of a minimum of two technical replicates of two biological
replicates.

plasminogen activator (uPA) (Rijken and Lijnen*3). Tranexamic
acid (TXA) is a drug which suppresses fibrinolysis by inhibiting
tPA-mediated plasminogen activation, and which is commonly
used e.g. during surgery and for treatment of menorrhagia**. To
test the potential of TXA to inhibit amyloid deposition, groups of
10 male line N4 transgenic mice were seeded and treated with
TXA in their drinking water continuously for 2 months starting
2 days before seeding, or one or two months after seeding, and

compared with contemporaneous groups of seeded mice main-
tained on water. None of these treatments with TXA had any
detectable effect on the extent of amyloid deposition (P = 0.123;
P =0.6787; P=0.3097, respectively; two-tailed Mann-Whitney
tests), showing that tPA-mediated plasminogen activation is not a
major driver of amyloid deposition in the transgenic model.
Consistent with this, no difference was observed in the amount
and pattern of immunohistochemical staining for tPA in
amyloidotic and control tissues (Fig. 8a and Supplementary
Fig. 9). In contrast, much greater uPA staining was observed in
amyloid-containing heart and tongue (Fig. 8a) compared with
control tissues (Supplementary Fig. 9), with strong staining
specifically co-localised with amyloid (Fig. 8a). Western blot
analysis showed that amyloidotic hearts and tongues contained
more uPA than control tissues and contained cleaved uPA,
indicating that the uPA had been activated (Fig. 8b, c).

Discussion

There has long been a need for a robust, reproducible and
tractable experimental model of human ATTR amyloidosis for
investigation of pathogenetic mechanisms as well as therapeutic
approaches and diagnostic methods, and this need remains
despite many attempts in a variety of systems*°. Previous human
TTR transgenic mouse models have succeeded in expressing the
protein but have been associated with only minor ATTR amyloid
formation, even after attempted seeding0->4. Although more
substantial amyloid deposits have been reported, these have all
occurred in aged mice, and have not rigorously been confirmed to
be of ATTR rather than apoAlI or AA types, both of which may
develop ‘spontaneously’ in ageing experimental mice®%>1:55-9 In
marked contrast, the mice reported here consistently accumulate
genuine, Congophilic, human TTRS>2P amyloid fibrils, pre-
dominantly in the heart and tongue. While lingual amyloid is
usually not observed or reported in ATTR amyloidosis, it is a
well-documented feature of the disease in some patients>00-63,
The model recapitulates key features of the human disease: its
delayed onset, the presence of the TTR residue 49-127 proteolytic
fragment in the amyloid fibrils, the predilection for amyloid
deposition in sites of continuous or frequently repeated
mechanical activity, and the greater prevalence of cardiac ATTR
amyloidosis in males.

In all forms of amyloidosis, the kinetics of amyloid deposition
depend on the supply of the respective amyloid precursor protein,
and very high-level expression of TTR in line N4 mice here was
associated with the most abundant amyloid deposition. There was
a striking non-linear relationship between circulating TTR con-
centrations in the mice and the amounts of ATTR amyloid
deposited. The difference in amyloid loads between comparably
treated mice of lines N4 and O5 far exceeded the 10- to 20-fold
difference in TTR concentrations between them, by at least an
order of magnitude. This suggests that modest TTR concentration
differences may have disproportionate effects on the rates of net
amyloid deposition. The ~20% higher circulating TTR con-
centrations in men than in women® may therefore be an
important factor in the higher incidence of cardiac ATTR amy-
loidosis in men, but other findings in the mouse model suggest
that there may be additional gender effects that are independent
of TTR concentration, the nature of which are as yet unknown.

Human ATTR amyloidosis is almost never diagnosed before
the third decade, even in individuals with the most ‘aggressive’
TTR gene mutations, including TTRS52P, TTRVI22l and
TTRV3OM, the most prevalent amyloidogenic TTR mutations
globally, are incompletely penetrant in some families and may not
cause disease even in individuals homozygous for the pathogenic
allele, while wild-type ATTR amyloidosis is exclusively a disease
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Fig. 6 Association of plasmin(ogen) with amyloid deposits. a, b Western blots probed with an affinity-purified anti-plasminogen (PLG) antiserum,
comparing amyloidotic and control heart (a) and tongue (b) from three different mice. The amounts of plasmin heavy and light chains in amyloidotic hearts
and tongues was greater than in the control tissues. GAPDH was used as a sample processing control for the tissue extracts. ¢, d Adjacent tissue sections
of heart (¢) or tongue (d) of amyloidotic and control non-amyloidotic mice were probed with an affinity-purified anti-plasminogen antiserum, or stained
with Congo red. ¢ In amyloidotic heart, the pattern of immunoreactivity closely parallels the distribution of amyloid deposits. In control heart, the signal is
much lower and almost exclusively within the vasculature. d In control tongue, moderate immunoreactivity is evident in connective tissue, consistent with
the presence of plasminogen in the extracellular space. In amyloid-containing tongue, additional strong immunoreactivity was evident in the same
distribution as the amyloid seen here, for example, surrounding muscle fibres (circled), in the adventitia of an arteriole (arrowhead), and within a small
nerve (asterisk). Images in ¢ and d are representative of findings in three different mice. Scale bar: 100 um. Source data are provided as a Source Data file.

of late middle age and beyond. Very long term, abundant
expression of amyloidogenic TTR alone is thus not necessarily
sufficient to initiate TTR amyloid fibrillogenesis in vivo in
humans. Similarly, even lifelong very abundant expression of the
highly amyloidogenic human TTR$2P variant did not produce
amyloid in the transgenic mice. The efficacy of isolated amyloid
fibrils as seeds for in vivo amyloidogenesis was first demonstrated
in 1984 in murine systemic AA amyloidosis®® and has been
demonstrated in vitro for all known amyloid fibril forming
proteins?7-06-69, The efficacy of ex vivo human TTRS2P fibrils in
initiating amyloid deposition in the present transgenic mice
therefore strongly suggests that a stochastic seeding event, whe-
ther internally or externally derived, plays a key role in the human
disease. The events that initiate amyloid deposition in the human

disease are unknown and are a particularly intractable problem,
though relevant information is likely to emerge in future, e.g.
from genetic and epidemiological studies of susceptibility to
ATTR amyloidosis. Our new model has potential for validation of
such findings and, because spontaneous amyloid deposition does
not occur in the mice, may enable factors that promote the
initiation of ATTR amyloid deposition to be distinguished from
those that modify disease progression alone.

Even after seeding with authentic ex vivo human TTRS>2P
amyloid fibrils, the appearance of amyloid deposition in the mice
was delayed and progression was slow, just as in clinical ATTR
amyloidosis. Although we found that mice of lines O5 and N1 did
reproducibly accumulate amyloid, the deposits were very small
and sparsely distributed, even many months after seeding. In line
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Fig. 7 Effect of ay-antiplasmin deficiency on amyloid deposition. Amyloid
deposition was enhanced by a,-antiplasmin deficiency (P =0.0068,
Mann-Whitney test, two-tailed). Estimates of lingual amyloid content
(individual values, mean and SD) are shown for male line N4 human
TTRS52P mice that were wild-type (control) or homozygous for an as-
antiplasmin knockout allele (n =10 each group). The tissues were collected
2 months after amyloid deposition was seeded by injection of human
TTRS52P amyloidotic spleen homogenate. Similar results were obtained
when comparing ay-antiplasmin deficient (homozygous knockout) with
control heterozygous ay-antiplasmin knockout male mice (P=0.0047,
Mann-Whitney test, two-tailed, n =7 controls, 6 knockouts). Source data
are provided as a Source Data file.

N4, by contrast, the first amyloid deposits appeared within
4 weeks, and from 2 months were readily detectable, particularly
in males, and clinically significant amounts accumulated over
subsequent months. For many uses of the model, a fortuitous but
important advantage of the lack of any spontaneous amyloid
deposition is that injection of exogenous ATTR amyloid seeds
synchronises the commencement of amyloid deposition, elim-
inating variability that would result from stochastic endogenous
seeding. The finding that ATTR amyloid-containing transgenic
mouse tissue can be used to seed deposition removes the
requirement for seeding with very limited availability of patient-
derived amyloid.

The S52P substitution in human TTR increases the suscept-
ibility of the protein to tryptic cleavage of the 48-49 peptide
bond, generating the residue 49-127 fragment that is typically a
prominent component of human cardiac ATTR amyloid
deposits>>37. In contrast with the intact protein, partially cleaved
TTRS%2P readily forms amyloid in vitro?>. Other amyloidogenic
variants tested, as well as wild-type human TTR, are not sus-
ceptible to this limited proteolysis unless they are also subjected
to shear stress>>26. Once cleaved in these mechano-enzymatic
conditions, they also readily form amyloid fibrils in vitro at
physiological pH and salt concentration®, yielding fibrils with
very similar morphology and biophysical properties to natural
ex vivo human ATTR amyloid fibrils?640. Clinical wild-type
ATTR amyloid presents almost exclusively with cardiac amyloi-
dosis, which is often presaged by carpal tunnel syndrome due to
deposits in the flexor retinaculum and/or flexor tenosynovium?®,
and is usually accompanied by amyloid in skeletal muscle!4. The
accumulation of amyloid in these sites of mechanical stress is
consistent with a mechano-enzymatic mechanism for amyloid
formation. Several findings presented here support this hypoth-
esis and identify plasmin as a physiological protease that

contributes to ATTR amyloid deposition: the presence of abun-
dant serine protease activity within amyloid deposits, increased
ATTR amyloid deposition resulting from a,-antiplasmin defi-
ciency, the presence of immunoreactive plasminogen/plasmin in
amyloid deposits, and the accumulation of plasmin heavy and
light chains in amyloid-containing hearts and tongues.

Most proteases, including plasmin and uPA (but not tPA) are
synthesised as inactive zymogens which require specific activation,
and protease activity is normally rapidly terminated by specific
protease inhibitors, augmented by abundant general protease inhi-
bitors. Active plasmin is generated by cleavage of plasminogen,
normally by tPA or uPA. In fibrinolysis, tPA and plasminogen both
bind to fibrin clots bringing them into close proximity, thereby
promoting cleavage of plasminogen by tPA, to yield active plasmin.
Tranexamic acid, a widely used medicine, inhibits plasmin activation
by tPA by inhibiting the binding to fibrin. The lack of a detectable
effect of tranexamic acid on amyloid deposition in the mouse model
indicates that this pathway of plasmin activation did not contribute
appreciably to amyloid formation. In contrast, the accumulation of
cleaved uPA in amyloid is consistent with local uPA-mediated
generation of plasmin at the sites of amyloid deposition. Plasmi-
nogen activation by uPA is known to be required for normal tissue
remodelling, including in myocardial infarct healing’!72, skeletal
muscle regeneration’374 and vascular wound healing”>~77. Fur-
thermore, uPA and plasmin have also been shown to mediate the
development of cardiac hypertrophy and fibrosis induced by
experimental treatments such as transverse aorta constriction
(widely used as a model for aortic stenosis), hypoxia or pharma-
cologically induced hypertension’8-82, Thus, uPA-mediated plas-
minogen activation is known to have normal physiological functions
and pathogenetic roles at sites of ATTR amyloid deposition. This is
consistent with TTR being cleaved (and deposited in amyloid) as a
result of spill-over of normal physiological uPA/plasmin activity.
Both uPA and vitronectin, a prominent component of all amyloid
deposits, bind with high affinity to urokinase receptor (uPAR),
forming a ternary complex®384, uPAR exists as a GPI-linked cell
surface molecule and may be shed from the cell surface, as so-called
soluble uPAR (suPAR), which has been proposed as a prognostic
biomarker for a wide range of conditions®. This raises the intriguing
possibility that, once the first amyloid deposits appear, these inter-
actions specifically concentrate uPA in amyloid and create a local
proteolytic environment within ATTR amyloid deposits which
accelerates the further conversion of circulating TTR into amyloid.

Methods

Transgenic mice. Following site-directed mutagenesis®® to create the S52P
mutation, the transgene construct was built by Gibson assembly®” of an albumin
enhancer/promoter cassette?S with the human TTRS52P gene. Following sequence
verification, the transgene fragment was isolated from the plasmid vector and
microinjected into pronuclei of 1-cell eggs. Transgenic mice were identified by PCR
with primers ACCCAAGGCTTTTGCCTAAT and ATTGCTTCCCATTTGACT
GC. Generation of the mouse ttr and Serpinf2 (a,-antiplasmin) knockout mice
were described previously*!:38. The mice were maintained on the C57BL/6]
background, and all TTRS52P transgenic mice were hemizygous for the transgene.
Line N4 on the a,-antiplasmin knockout background has been deposited in the
European Mutant Mouse Archive with accession code EM:13232.

In each line, the human TTRS52P transgenic mice were consistently smaller than
non-transgenic control mice (Supplementary Fig. 10) but the reasons for this are
not known. TTR binds and transports thyroid hormones but, although both total
T4 and free T4 were increased in the transgenic mice (Supplementary Fig. 11a, b),
TSH concentrations were normal (Supplementary Fig. 11¢). The growth reduction
is therefore probably not attributable to disturbance of thyroid function. The avid
specific binding of retinol binding protein (RBP) and TTR in the plasma retains the
low molecular weight RBP, and thus its transported retinol, in the circulation. The
concentrations of RBP and retinol are very low in t#r—/~ mice (Supplementary
Fig. 11d and Episkopou et al.8%) but expression of human TTRS?P partially
restored RBP concentration towards normal (Supplementary Fig. 11d), so the
reduced growth is probably not due to retinol deficiency.

For seeding of amyloid deposition, extracts of TTR amyloid-containing spleen
from an ATTRS52P patient or heart or tongue from an ATTRS52P amyloidotic
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Fig. 8 Relationship between plasminogen activators and amyloid. a Adjacent sections of human TTR>2P amyloid-containing heart and tongue stained
with Congo red to show amyloid or probed with anti-tPA or anti-uPA affinity-purified antisera (representative of results seen with six mice). The patterns
of anti-tPA immunoreactivity were indistinguishable from those of normal control tissues (Supplementary Fig. 9). The amyloid deposits in heart and tongue
were strongly immunoreactive when probed for uPA. Additional strong immunoreactivity in tongue was observed in mast cells, indistinguishable from that
seen in normal control tissue (Supplementary Fig. 9). b, ¢ Western blot showing greater amounts of uPA in amyloidotic hearts (b) and tongues (¢) than in
controls (n =3 amyloidotic and 3 control mice). Amyloidotic tissues contained more pro-uPA, the precursor of active uPA, as well as the heavy chain of
active uPA; the antibody used for this analysis does not react with uPA light chain. GAPDH was used as a sample processing control for the tissue extracts.
Scale bar: 50 um (heart); 100 um (tongue). Source data are provided as a Source Data file.

mouse were prepared by homogenisation in 50 volumes sterile phosphate buffered
saline and slow speed centrifugation (1000 x g 10 mins). to pellet any remaining
tissue fragments. Limited amounts of human ATTR amyloid-containing tissue
suitable for use to seed amyloid deposition are available on request.

Mice were maintained at 20 °C to 24 °C, 45 to 65% relative humidity and a
12:12 h light:dark cycle. All animal studies were ethically reviewed and approved by
the UCL Royal Free Campus Animal Welfare and Ethical Review Body and carried
out in accordance with the provisions of the United Kingdom Animals (Scientific
Procedures) Act 1986. The amyloid-containing human spleen tissue was donated
with informed written consent (in accordance with the Helsinki Declaration), and
was used in accordance with approval granted by the Ethics Committee of the
Royal Free Hampstead NHS Trust.

Biochemical assays. Human TTR in mouse sera was quantified by electro-
immunoassay in 1% w/v agarose gels prepared in barbitone-EDTA buffer pH 8.6
using monospecific rabbit anti-human TTR antiserum (Dako A0002), calibrated
with pure wild-type human TTR. We found that quantification of human TTR in
the serum of transgenic mice by electroimmunoassay was sensitive to the presence
of mouse TTR protein, resulting in overestimation of the human TTR con-
centration. Comparison of western blot assay and analysis of sera from line O5
human TTR transgenic mice on the wild-type, hemizygous and homozygous mouse
ttr knockout backgrounds, demonstrated that the overestimation was due to the
known formation of mixed mouse-human TTR tetramers?%3°. Mouse TTR evi-
dently interferes in electroimmunoassay of human TTR, which is dependent on
electrophoretic mobility and immunoprecipitation of the native protein®, but does
not interfere in western blotting where these variables are eliminated (Supple-
mentary Fig. 12a, b).

Tissue was homogenised using a TissueLyser II (Qiagen) in 10 volumes (w:v)
ice-cold homogenization buffer (10 mM Tris-Cl; 10 mM EDTA; 140 mM NaCl;
0.1% NaN; pH8.0, with addition of Roche Complete Protease Inhibitor Cocktail to
1x and PMSF to 1.5 mM immediately prior to use). Fractionation of soluble and
insoluble material was performed by 4 sequential centrifugation steps (13,500 x g;
30 mins; 4 °C); at each step, after removal of the supernatant and addition of the
starting volume of homogenization buffer, pellets were re-homogenised. Under
these conditions, the soluble TTR was quantitatively removed after the second
round of centrifugation.

Proteins were electrophoresed on NuPAGE Novex 12% or 4-12% Bis-Tris gels
alongside a pre-stained protein standard (SeeBlue Plus2, Life Technologies, UK)
using MES-SDS buffer (50 mM MES, 50 mM Tris base, 0.1% SDS, 1 mM EDTA,
pH 7.3). After SDS-PAGE electrophoresis, the gel was transferred to polyvinylidene
difluoride (PVDF) membranes. Blots were probed for TTR with 3.1 pg/ml sheep
anti-human TTR (The Binding Site, Birmingham, UK), using HRP-labelled rabbit
anti-sheep (1:2000; Dako P0163) secondary antibody. Plasminogen and plasmin
were probed for using 0.42 ug/ml rabbit anti-mouse plasminogen (Molecular
Innovations ASMPLG-GF-HT) and HRP-labelled Goat Anti-Rabbit secondary
antibody (1:2000; Dako P00048). Urokinase/uPA was probed using 0.8 pug/ml
mouse anti-uPA (Santa Cruz sc-59727) and Clean-Blot™ IP Detection Reagent
(HRP) (Thermo-Fisher 21230) as secondary. GAPDH was probed using rabbit
monoclonal anti-GAPDH (1:1000; Cell Signaling Technology), and HRP-labelled
Goat Anti-Rabbit secondary antibody (1:2000; Dako P00048). ECL reagent
(RPN2109) and Hyperfilm ECL (28-9068-36) were used for detection.

De-glycosylation was performed with PNGaseF (New England Biolabs)
essentially as recommended by the manufacturer: 0.4 ul of serum (~20 pug of total
protein) was denatured in 10 pl glycoprotein denaturating buffer (0.5% SDS,
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40 mM DTT) at 100 °C for 10 min. After addition of GlycoBuffer 2 and NP-40 and
500 units PNGaseF, reactions were incubated for 1h or 24 h at 37 °C. Control
reactions were identical with the omission of the enzyme.

Assays of total T4, free T4, TSH, and retinol binding protein 4 were performed
using commercial ELISA kits (Calbiotech T4044T-96T and F4223T, Cloud-Clone
Corp. CEA463Mu, and Bio-Techne MRBP40, respectively) according to the
manufacturers” instructions.

Histology. Formalin-fixed wax-embedded tissues were sectioned at 6 um,
stained with alkaline alcoholic Congo red®® and viewed under strong cross
polarised light, or by epifluorescence microscopy (excitation: 497 nm; emission:
614 nm). For amyloid typing by immunoperoxidase staining, 3 um wax sections
were pre-treated sequentially with 1% sodium metaperiodate, 0.1% sodium
borohydride and 6 M guanidine hydrochloride, for antigen retrieval. After
blocking endogenous peroxidase with 0.6% H,O,, sections were incubated with
2.5% normal horse serum (Vector labs.), and then with primary antibody in
Dako antibody diluent for 1h at room temperature or at 4 °C overnight. Pri-
mary antibodies were from Dako (rabbit anti-TTR; diluted 1:4000), R&D sys-
tems (goat anti-SAA; diluted 1:100) and from Prof. Keiichi Higuchi (rabbit anti-
ApoAll; diluted 1:4000). Peroxidase-conjugated secondary antibodies (Imm-
PRESS, Vector labs) were incubated with sections for 30 min., detected using
Metal-Enhanced DAB Substrate and Stable Peroxide Substrate Buffer (Pierce)
and counterstained with Mayer’s haematoxylin. The specificity of staining was
confirmed by the use of positive control sections of confirmed ATTR amyloid,
as well as sections from mice with AA amyloidosis, AApoAII amyloidosis and
non-amyloidotic mouse tissue. Laser capture microdissection and proteomic
mass spectrometry analysis of Congo red-stained amyloid in tissue sections was
performed essentially as described”!. Immunoperoxidase staining for plasmi-
n(ogen), tPA and uPA was performed essentially as above but with antigen
retrieval by incubation in basic (plasminogen, uPA) or acidic (tPA) antigen
retrieval buffers (R&D systems). The antigen affinity-purified polyclonal anti-
plasminogen, tPA and uPA antibodies were from Molecular Innovations Inc.,
and were used at 0.15 pg/ml (plasminogen), 5 pg/ml (tPA) and 1.5 pg/ml (uPA).
These antibodies showed the expected pattern of staining in control tissues
(vascular and extracellular space (plasminogen); endothelial cells, nerves and
mast cells (tPA); renal tubules and mast cells (uPA)). Further, the anti-
plasminogen antibody showed the expected pattern on western blots of serum
and tissue extracts. In situ zymography was performed®? on 10 um cryosections
of unfixed tissue. Sections were thawed, overlaid with 100 pg/ml DQ-gelatin
(ThermoFisher), 1% low gelling temperature agarose in PBS and incubated
overnight at room temperature. For inhibitor studies, the sections were in
addition, pre-incubated for 1 h with the inhibitor(s) in PBS, and the inhibitors
were included in the DQ-gelatin/agarose/PBS mix. Inhibitor concentrations
were 20 mM (EDTA), 1 mM (PMSF), 4.2 mM (Pefabloc-SC) and 2 pg/ml
(aprotinin). Images were captured using a Leica DM4 microscope and LAS X
software. For quantitative comparisons, identical conditions were used for
image capture within each experiment. Quantitative analysis of the fractional
area occupied by amyloid in fluorescence images of tissue sections stained with
Congo red (as above) or Thioflavin S (ref. °3) was performed using the Fiji
(ref. %) implementation of ImageJ 1.52p.

Statistics and reproducibility. Statistical analysis was performed using GraphPad
Prism 5. Sample numbers reported relate to biological replicates, not technical
replicates. Quantitative data were analysed by two-tailed Mann-Whitney test;
categorical data were analysed by two-tailed Fisher’s exact test, with values of

P <0.05 being regarded as significant. Except where stated, all findings were
replicated at least once in independent experiments.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data supporting the findings from this study are available within the manuscript and
its supplementary information. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository”>
under accession code PXD027747. Source data are provided with this paper.
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