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Abstract
The most serious issue in domino liver transplantation (DLT) using liver grafts from patients with transthyretin
(TTR)-related familial amyloid polyneuropathy (FAP) is the development of iatrogenic transmitted amyloidosis
(de novo amyloidosis) in DLT-recipients. However, little is known regarding the mechanisms of the initial
stage of amyloid formation in these recipients. We detected initial lesions (possible seed-lesions) of this iatrogenic amyloidosis in two recipients following liver grafting from FAP patients. Patient 1 underwent DLT at
age 65 from an FAP patient with a Val30Met TTR variant and patient 2 received DLT from an FAP patient
with a Val30Leu TTR variant at age 32. Patient 2 was started on diflunisal administration from 4 years after
DLT. While neither patient had symptoms of FAP, small amyloid deposits were detected on the gastroduodenal
mucosae 14 months and 12 years after DLT in patient 1 and patient 2, respectively. The amyloid was analyzed
using a laser microdissection system and tandem mass spectrometry. Biochemical analysis indicated that the
amyloid was composed mostly of variant TTR produced from the transplanted liver in both patients. In patient
1, wild-type TTR amyloid was detectable in the duodenal mucosa obtained 2 years after DLT. This is the first
study to successfully capture the pathological and biochemical features of initial-stage amyloid lesions in DLT
recipients. The findings clearly indicate that amyloid deposition can start by deposition of variant TTR followed
by deposition of wild-type TTR, and blocking of amyloid seed formation from variant TTR may be a key to prevent or delay the development of DLT-associated amyloidosis.
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Introduction
Transthyretin (TTR)-related familial amyloid polyneuropathy (FAP) is an inherited systemic amyloidosis caused by TTR gene mutations, and is
characterized by peripheral and autonomic neuropa-

thy in association with the involvement of many visceral organs [1]. As the liver is the main source of
circulating TTR, including a variant form of TTR
with one amino acid substitution [2], large numbers
of FAP patients have received liver transplantation
(LT) worldwide [3]. The liver of an FAP patient is
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anatomically and functionally normal apart from the
production of variant TTR, and the FAP liver has
therefore been used as a graft donor in domino liver
transplantation (DLT) to overcome organ shortages.
DLT was first carried out in 1995 [4], and more than
1000 patients have since undergone DLT using grafts
from FAP patients [3].
One of the most serious complications in domino
recipients is the development of de novo TTR amyloidosis, ie iatrogenic transmission of amyloidosis [5].
Clinical symptoms associated with de novo TTR amyloidosis usually begin 6–10 years after the operation
[5–7]. To prevent the development of de novo amyloidosis, it is important to gain an understanding of the
pathophysiology of initial amyloid formation. However,
the pathomechanism of initial amyloidogenesis in domino recipients remains unclear, as the biochemical characteristics of the amyloid fibril protein have not yet
been investigated in preclinical-stage domino recipients.
In addition, so far, it has been nearly impossible to
extract amyloid fibril proteins from extremely small
amyloid deposits in asymptomatic patients, including
domino recipients as well as FAP patients, with conventional amyloid extraction methods by tissuehomogenization [8]. In this study, we successfully isolated and biochemically analyzed very tiny amyloid
lesions on the gastroduodenal mucosae from two
asymptomatic domino recipients using a laser microdissection (LMD) system. Here, we report the biochemical
features of initial-stage amyloid lesions, possible seedlesions, of transmitted amyloidosis. In addition, serial
changes in biochemical composition of initial amyloid
lesions were identified in one recipient, in whom amyloid deposition was first detected only 14 months after
DLT. This is the first demonstration of an initial FAP
lesion in a human subject in addition to the unexpectedly rapid transmission of amyloidosis in a domino
recipient after receiving an FAP liver graft.

Patients and methods
Two DLT recipients were examined (patient 1: a 67year-old woman; patient 2: a 44-year-old man). Both
received DLT from FAP patients with a Val30Met
TTR variant (patient 1) and a Val30Leu TTR variant
(patient 2), respectively. The clinical picture by DLT
of patient 2 was reported previously [9]. DNA analysis of the TTR gene [10] confirmed no mutations in
either patient, although mass spectrometric analysis
of serum TTR [11] showed a mutant TTR peak in
addition to the wild-type TTR peak (data not shown).
Tacrolimus was used as immunosuppressant therapy
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in both patients. Medical evaluation, including gastroduodenal mucosal biopsy, was carried out almost
every year since DLT to monitor the development of
de novo amyloidosis.

Histopathological examination and biochemical
analysis of deposited amyloid to determine the
composition ratio of wild-type and variant TTR
in amyloid fibril protein
Amyloid deposits were histopathologically evaluated
with Congo red staining and by immunohistochemistry using anti-TTR antibody [12]. For biochemical
analysis, deposited amyloid was extracted using an
LMD system (LMD 7000; Leica Microsystems Inc.,
Tokyo, Japan) after staining with Congo red. However, due to the extremely small size of the amyloid
lesions, extraction of amyloid was impossible using
this LMD system in patient 1. We, therefore, isolated
the amyloid using an advanced LMD system, which
was specially developed for isolation of intracellular
inclusions by Hachiya and Kaneko [13]. Extracted
amyloid was solubilized in 50 ll of 10 mM Tris/
1 mM EDTA/0.002% Zwittergent buffer [14]. Microdissected amyloid proteins were digested with trypsin
overnight, and the composition ratio of wild-type
(Val-30) and variant (Met-30 or Leu-30) TTR in the
amyloid was analyzed by liquid chromatography–tandem mass spectrometry (LC-MS/MS) (Nano LC
DiNa; KYA Technologies Co., Tokyo, Japan and
QExactive; Thermo Fisher Scientific Inc., Waltham,
MA) as reported previously [15]. The investigation
was repeated twice and the mean composition ratio
was calculated, except for the sample obtained at 14
months after DLT in patient 1 because the amount of
the extracted amyloid was too small.
This study was performed with the approval of the
Institute Review Board of Shinshu University (3088)
and with written informed consent from both patients.

Results
Case reports
Patient 1. This domino recipient was a 67-year-old
Japanese woman who had received DLT from a 35year-old female FAP patient with Val30Met
(p.Val50Met) at age 65 due to liver cirrhosis with
hepatocellular carcinoma. Fourteen months after the
operation, she was admitted to our hospital for the
first check for amyloidosis. No abnormal findings
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Figure 1. Histopathology of duodenal mucosa of patient 1. (A–F) Biopsy samples at 14 months after DLT. (G) Biopsy sample at 24
months after DLT. (A–E, G) Congo red staining. (F) Dual staining with Congo red (D, E) followed by immunohistochemistry (F) on frozen duodenal mucosa. (A–C) At lower magnification, a small Congo red-positive spot was seen on the lamina muscularis mucosae
(arrow) (A, bar 5 100 lm). At higher magnification, the amyloid was clearly positive for Congo red (B), showing strong apple-green
birefringence under polarized light (C) (B, C, bars 5 5 lm). Formalin-fixed and paraffin-embedded tissue sections. (D–F) Frozen tissue
sections were stained with Congo red. After confirming the presence of amyloid (D, E), the cover glass was removed in Hemo-De
solution (FALMA Co., Ltd., Tokyo, Japan), and the tissue sections were rehydrated. After treatment with formic acid for 1 minute,
immunohistochemical staining using anti-TTR115–124 peptide antibody (1:4000 dilution) [12] was performed using the standard
immunoperoxidase method (Vectastain ABC kit; Vector Laboratories Inc., Burlingame, CA). (E) Congo red staining under polarized light.
The deposited amyloid was positive for anti-TTR antibody (F) (D–F, bars 5 50 lm). (G) A small Congo red-positive spot was also present on the lamina muscularis mucosae at 24 months after DLT (arrow, bar 5 100 lm).

were seen in nerve conduction studies or echocardiography. Abdominal fat pad aspiration biopsy
showed no amyloid deposition. Biopsy of the gastroduodenal mucosa was performed under endoscopic
control, and one tiny Congo red-positive deposit,
showing strong apple-green birefringence under
polarized light, was detected on the lamina muscularis mucosa of the duodenum in only one tissue section among five different biopsy samples (Figure
1A–C). For immunohistochemical analysis using
anti-TTR antibody [12], we prepared 235 consecutive
tissue sections from the same paraffin-embedded tissue block; no amyloid deposition was detected and
we failed to detect TTR-deposited lesions. After
obtaining informed consent, biopsies were taken from
an additional five different portions of the duodenal
mucosa. Of the five samples, two were fixed in 10%
formalin, embedded in paraffin, and cut into sections,
while the remaining three were stored at 2808C and
used to prepare frozen sections. We prepared 258
consecutive tissue sections from the paraffin-

embedded tissue block, and no amyloid was detected.
However, we found small amyloid deposits in the
duodenal mucosa in 3 of 465 consecutive tissue sections prepared from the three frozen samples (Figure
1D, E). We carried out dual staining with Congo red
and immunohistochemical staining with anti-TTR
antibody [12] on the same tissue sections, and positive staining of the amyloid deposits was observed
(Figure 1F). The area positive with anti-TTR antibody was somewhat widely expanded compared to
the Congo red-positive area. We isolated amyloid
fibril protein using the advanced LMD system from
the two tissue sections dual-stained with Congo red
followed by immunostaining with anti-TTR antibody.
In LC-MS/MS analysis of TTR 22–34 tryptic peptides, only peptide derived from variant TTR (Met30) was found (Figure 2A).
Oral administration of tafamidis, a stabilizer of tetrameric TTR structure [16], was started 20 months
after DLT despite the preclinical stage of amyloidosis. Twenty-four months after DLT, she was again
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Figure 2. Serial changes in relative quantification of TTR 22–34 tryptic peptide in LC-MS/MS analysis of amyloid isolated at 14
months (A) and 24 months (B) after DLT in patient 1. Proteomics analysis by LMD-LC-MS/MS was performed as follows. The area positive with both Congo red and immunohistochemical staining of frozen biopsied samples (Figure 1D–F) was isolated using an
advanced LMD system [13]. Selected mass range profiles obtained from the ion chromatograms of LC-MS/MS analysis are shown (A,
B). The chromatograms were filtered with mass ranges, m/z 683.86–683.90, m/z 699.85–699.89 and m/z 707.85–707.89. These ranges
correspond to TTR 22–34 wild-type (GSPAINVAVHVFR, m/z 683.88), variant peptide (GSPAINVAMHVFR, m/z 699.87) and variant peptide oxidized at Met-30 (GSPAINVAM(ox)HVFR, m/z 707.87), respectively. Only TTR 22–34 peptide peaks derived from variant TTR and
oxidized variant TTR were detected at 14 months after DLT, and no clear peak derived from wild-type TTR was seen in the extracted
amyloid (sequence data of both variant and oxidized variant TTR on LC-MS/MS analysis are not shown). We also investigated synthetic wild-type TTR peptide 22–34 by mass spectrometry, and confirmed a peak derived from synthetic peptide at 29.97 minutes
(data not shown). Conversely, in amyloid isolated at 24 months after DLT, the mass peak of wild-type TTR became apparent and the
composition ratio of wild-type versus variant TTR was 6:94%.

admitted to our hospital for the second check for
amyloidosis. Duodenal mucosal biopsy was performed and very small amyloid deposits were seen in

5 of 300 consecutive paraffin-embedded tissue sections (Figure 1G). We also prepared 200 consecutive
frozen tissue sections, but no amyloid deposits were
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detected. In LC-MS/MS analysis of the isolated amyloid from paraffin-embedded tissue sections, a small
wild-type TTR peak became detectable and the composition ratio of wild-type TTR versus variant TTR
was 6:94% (Figure 2B). The patient still had no clinical symptoms 24 months after DLT.
Patient 2. This recipient was a 45-year-old Japanese
man with adult-onset type II citrullinemia, which
developed at the age of 32. One month after onset,
he received DLT from a 52-year-old female FAP
patient with ATTR Val30Leu (p.Val50Leu) [9].
However, his donor died of rapidly progressive amyloid cardiomyopathy 1 year after the operation due to
paradoxical ongoing wild-type TTR-derived amyloid
deposition [17]. Therefore, the recipient has been
carefully checked for the presence of de novo amyloid deposits almost every year, paying special attention to the development of amyloid cardiomyopathy
as well as neuropathy. In addition, he was started on
oral intake of diflunisal (500 mg a day), a stabilizer
of TTR structure [18,19], from 4 years after DLT as
a preventive step against de novo amyloidosis. To
date, he has shown no clinical symptoms, including
congestive heart failure or peripheral neuropathy, and
no abnormal findings have been found on echocardiography. However, in nerve conduction studies,
motor nerve compound muscle action potential of the
tibial nerve and sensory nerve action potential of the
sural nerve gradually decreased over the last 2 years
(from 9.9 to 1.1 mV, normal value >6.2 mV; from
14.7 to 4.4 lV, normal value >5 lV, respectively),
although the nerve conduction velocities were within
the normal limits. The presence of amyloid deposits
has been checked almost every year with gastroduodenal mucosal biopsy, and amyloid deposits were
first detected on both gastric and duodenal mucosae
at 45 years old (12 years after DLT) (Figure 3A–C).
We investigated the gastroduodenal mucosal biopsy
samples obtained at 11 years after DLT again, with
preparation of 500 consecutive tissue sections, but no
amyloid deposits were seen (data not shown). In LCMS/MS analysis of the amyloid microdissected from
formalin-fixed paraffin-embedded tissue sections, the
composition ratio of wild-type TTR versus variant
TTR was 5:95% (Figure 3D).

Discussion
De novo amyloidosis associated with DLT was first
reported in 2005 as transmission of amyloidosis in a
55-year-old man who developed neuropathic symptoms 8 years after DLT [5]. Since then, similar cases
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of de novo amyloidosis have been described in a
number of domino recipients [5–7]. To date, the
shortest periods from DLT to identification of amyloid deposits have been reported as 3 years in skin
[20] and 4 years in gastroduodenal mucosa [21], and
there have been no reports of amyloid deposition
identified within 3 years after DLT [22].
Of particular interest in this study was that very
small and primitive amyloid lesions were first analyzed biochemically as well as histopathologically at
such an early stage that we are not usually able to
observe in human FAP patients. In addition, the
serial changes in biochemical composition of the
amyloid lesions could clearly be captured. In patient
1, as the amyloid deposits were identified at an unexpectedly early postoperative stage, these deposits
were initially thought to be preexisting wild-type
TTR-related amyloid produced preoperatively from
the patient’s native liver as senile systemic amyloidosis. However, the amyloid was purely composed of
variant TTR, all of which was produced by the transplanted FAP liver during the 14-month post-operative
period. Wild-type TTR is known to be inherently
amyloidogenic, as shown in senile systemic amyloidosis [23]. In FAP patients, the contribution of wildtype TTR to amyloid formation is significant in all
visceral organs [17,24,25] and our previous study
showed that large amounts of wild-type TTR were
already present even in biopsy samples of FAP
patients in their 20s obtained soon after onset of the
disease [25]. However, the biochemical characteristics of amyloid fibrils of preclinical FAP patients
have not been investigated, and it remains unknown
whether wild-type TTR can be deposited from the
initial stage of amyloid formation. Our biochemical
results showed that variant TTR alone can be
strongly associated with initial amyloid formation,
and wild-type TTR seems to be deposited later in the
early stage amyloidogenesis of domino recipients. In
the histopathological dual staining with Congo red
and anti-TTR antibody in this study, Congo redpositive lesions seemed to be located at the centre of
Congo red-negative/anti-TTR-positive lesions (Figure
1D–F), which looked like an amyloid lesion in the
process of initial fibril formation from non-fibrillar
TTR aggregates. Thus, the amyloid lesions of patient
1 may be very primitive ‘amyloid seeds’ before the
involvement of wild-type TTR in amyloid fibrils.
In patient 2, there have been no clinical symptoms
of amyloidosis even 12 years after DLT, although
abnormal findings on nerve conductions studies suggestive of amyloid neuropathy were observed. In
addition, amyloid deposition had not been detected
until 1 year ago. Thus, the extracted amyloid in this
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Figure 3. Congo red-stained duodenal mucosa (A–C) and relative quantification of TTR 22–34 tryptic peptide in LC-MS/MS analysis
of amyloid isolated (D) at 12 years after DLT in patient 2. (A–C) A small Congo red-positive spot was seen on the lamina muscularis
mucosae (arrow) (A, bar 5 100 lm). At higher magnification, the amyloid was positive for Congo red (B), showing strong apple-green
birefringence under polarized light (C) (B, C, bars 5 10 lm). Formalin-fixed and paraffin-embedded tissue sections. Deposited amyloid
was isolated with an LMD system (LMD7000; Leica Microsystems Inc., Tokyo, Japan). In LC-MS/MS analysis, the chromatograms were
filtered with mass ranges, m/z 683.86–683.90 and m/z 690.86–690.90. These ranges correspond to TTR 22–34 wild-type (GSPAINVAVHVFR, m/z 683.88) and variant peptide (GSPAINVALHVFR, m/z 690.87), respectively. The composition ratio of wild-type versus
variant TTR was 5:95%.

study also represented early-stage amyloid lesions,
and these results support the importance of variant
TTR in the initial stage of TTR amyloid formation,
as in patient 1.
In addition, our data may provide valuable information for understanding the pathogenesis of TTR
amyloid formation. In current dogma of TTR-related
amyloidogenesis, the dissociation into monomeric
TTR due to instability of the TTR tetramer structure
is thought to be important, as confirmed by in vitro
studies [26]. However, this has not been fully confirmed in vivo and it is still controversial whether
dissociated monomeric TTR is really a precursor or

dissociated dimer with one or two variant monomers
may be the real precursor because amyloid fibrils
commonly contain large amounts of wild-type TTR
[27]. In this study, the contribution of wild-type TTR
to early-stage amyloid formation was not significant,
and therefore, our results indicate, as the first in vivo
data, the importance of aggregation from monomeric
variant TTR, not from dimeric forms, in amyloid
formation.
The precise pathomechanism underlying the difference in time from DLT to identification of amyloid
deposits between patients 1 and 2 remains unclear.
Differences in age or type of TTR mutation may be
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important factors. However, our data strongly suggest
that blocking of amyloid formation of variant TTR in
the early postoperative stage may be a key to preventing the development of this transmitted amyloidosis. In patient 2, administration of diflunisal
[18,19] was begun in the preclinical stage of amyloidosis, and it is, therefore, possible that diflunisal
delayed the onset of transmission of amyloidosis
associated with DLT.
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