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Abstract

To elucidate the detailed pathomechanism of ocular amyloid formation in a
liver-transplanted patient with hereditary ATTR amyloidosis, we investigated detailed
biochemical features of ocular amyloid. The patient was a 49-year-old woman with
V30M transthyretin (TTR) variant (p. TTRV50M), who underwent ophthalmectomy due
to corneal rupture 10 years after liver transplantation (LT). The amyloid was selectively
isolated from several portions in intra- and extraocular tissues using a laser
microdissection (LMD) system and analyzed by liquid chromatography-tandem mass
spectrometry to determine the composition percentage of wild-type and variant TTR in
the isolated amyloid. Biochemical analysis revealed that the amyloid consisted mainly
of variant TTR in intraocular tissues with a percentage > 80%. On the other hand, in the
extraocular muscles, wild-type TTR was the main component of the amyloid with a
percentage of ~70%. Our data indicate that intraocular amyloid formation strongly
depends on locally synthesized variant TTR and the contribution of wild-type TTR to

amyloid formation is quite limited.
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Introduction

Hereditary ATTR amyloidosis, traditionally called familial amyloid polyneuropathy
(ATTR-FAP) is an inherited systemic amyloidosis characterized by peripheral somatic
and autonomic neuropathy with the involvement of many visceral organs [1]. The
causative amyloid precursor proteins are single amino acid substitution variants of
transthyretin (TTR). As the majority of TTR is synthesized in the liver, liver
transplantation (LT) abolishes the hepatic source of variant TTR and is one of the most
promising therapies for hereditary ATTR amyloidosis patients [2]. However, a number
of studies have suggested that the involvement of several organs, especially the heart,
eyes, and central nervous system, can deteriorate or newly occur even after LT [3-8].
Our previous studies demonstrated that postoperative progression of amyloid
cardiomyopathy results from ongoing deposition of wild-type TTR-derived amyloid
[3,4]. On the other hand, as postoperative ophthalmological manifestations, vitreous
opacities and secondary glaucoma are well known to occur in hereditary ATTR
amyloidosis patients after LT [5,6,9]. With regard to the biochemical features of ocular
amyloid fibril proteins after LT, only vitreous amyloid has been investigated using
vitrectomy samples [6,10,11]. As TTR is also produced in the retinal pigment
epithelium (RPE) and ciliary pigment epithelium [12,13], it has been postulated that the
progression of postoperative vitreous amyloid may result from local synthesis of variant
TTR in the eye [6,10,11]. However, the precise pathomechanism of postoperative ocular
amyloidosis, in particular the role of wild-type TTR in ocular amyloid formation and the
pathogenesis in intraocular portions other than the vitreous body, is not fully understood,
because of the lack of biochemical data for ocular amyloid fibrils except vitreous

amyloid and of comparative data between intra- and extraocular tissue amyloid in the
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same transplanted patients. In addition, it has been nearly impossible to extract amyloid
fibrils separately from various portions of a small organ, such as the eyeball, with
conventional amyloid extraction methods involving tissue homogenization [14].

In this study, in addition to the histopathological features, we report the detailed
biochemical characteristics of intra- and extraocular tissue amyloid extracted from an
enucleated whole eyeball from a hereditary ATTR amyloidosis patient 10 years
posttransplantation. The amyloid was separately isolated from various parts of intra- and
extraocular tissues using a laser microdissection (LMD) system and were biochemically
investigated by liquid-chromatography tandem mass spectrometry (LC-MS/MS)-based

proteomics analysis.

Material and Methods
Patient

The patient was a 49-year-old woman with heterozygous V30M TTR variant
(ATTRV30M, p.V50M), who had a family history of hereditary ATTR amyloidosis. At
age 37, she began to have blurred vision because of vitreous opacities in both eyes. She
also noted orthostatic dizziness and numbness in the legs due to sensory and autonomic
neuropathy. At age 39, she underwent LT and her visual acuity was 1.0/0.6 with normal
intraocular pressure (IOP) (10/10 mmHg, normal 10-20 mmHg). However, visual acuity
progressively worsened to 0.06/0.03p4 by age of 41 due to deterioration of vitreous
opacities and cataract (Fig. 1AB). At age 41, vitrectomy and cataract surgery were
performed on the left eye with implantation of an intraocular lens. Bilateral glaucoma
gradually occurred with high IOP (max. 52/54 mmHg) and she underwent bilateral

trabeculectomy at age 46. However, the IOP in the left eye could not be controlled, and
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she also underwent glaucoma implant surgery into the left eye 3 months later. She
suffered with intermittent severe nausea and vomiting, and her physical condition
progressively worsened. She became severely emaciated and almost bedridden. At age
49 (10 years after LT), she was admitted to our hospital for repeated syncope due to
hypotension and left hemiplegia. Ophthalmological examination demonstrated corneal
ulcer in the left eye, and then the left eye suddenly ruptured at the corneal ulcer. Thus,

the left eye was enucleated (Fig. 1C).

Histopathological evaluation of the eyeball

The removed left eye was fixed in 10% formalin and paraffin-embedded tissue
sections were prepared. Amyloid deposits were identified with Congo red staining.
Evaluation of the grade of amyloid deposition was carried out as follows according to
the previous report [15]: +, slight and localized deposition; ++, moderate deposition;
+++, severe and diffuse deposition.

Immunohistochemical analysis was also performed using anti-TTR antiserum [16] to

confirm that the deposited amyloid was derived from TTR (Fig. 1D).

Amyloid extraction and preparation for biochemical investigation using an LMD
system and LC-MS/MS

Using an LMD system (LMD7000; Leica Microsystems Inc., Tokyo, Japan), the
deposited amyloid was separately isolated from intraocular tissues, including the iris,
vessels in the ciliary body, retina, retinal vessels, and vessels in the sclera (Fig. 1C,2).
Amyloid was also isolated from remnant vitreous body (Fig. 1C,2). On the other hand,

as the extraocular tissues, the amyloid was extracted from vessels in extraocular
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muscles attached to the enucleated eyeball and optic nerve sheath (Fig. 1C,3). In
addition, duodenal mucosae biopsied at age 45 were also investigated (Fig. 3). Sections
of paraffin-embedded samples 6 um thick were placed on slide glasses with special foil
for LMD (Leica Microsystems Inc., Tokyo, Japan) and stained with Congo red.
Microdissected tissues were solubilized in 50 pl of 10 mM Tris/1 mM EDTA/0.002%
Zwittergent 3-16 (Calbiochem, San Diego, CA) buffer with heating at 98°C for 90
minutes and sonication for 60 minutes, and were digested with trypsin overnight at

37°C[17].

Evaluation of the biochemical amyloid proportion of wild-type and variant TTR
To determine the percentage of wild-type (V30) and variant TTR (M30) in the
deposited amyloid, the relative quantification of tryptic peptides (TTR 22-34 with V30
or M30) was performed by LC-MS/MS (Nano LC DiNa; KYA Technologies Co., Tokyo
Japan and QExactive or Velos Pro; Thermo Fisher Scientific Inc., Waltham, MA) as
reported previously [18,19]. The chromatograms were filtered with mass ranges, m/z
683.50-685.0, m/z 699.50-701.00, and m/z 707.50-709.00. 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. The investigation was repeated

twice and the mean composition ratio was calculated.

This study was performed with the approval of the Institutional Review Board of

Shinshu University and with written informed consent from the patient.
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Results
Histopathological findings of the eyeball

Microscopic examination demonstrated that the choroid and retina were completely
detached from the sclera with some hematoma (Fig. 1C). The corneal ulcer was present
and some intraocular amyloid-rich material containing vitreous body, pieces of iris, and
detached retina leaked out from the perforated cornea (Fig. 1C, Supplemental Fig.).
Mild infiltration of inflammatory cells was also seen (Supplemental Fig.).

TTR-related amyloid deposits were widely seen in intra- and extraocular tissues (Fig.
1C,D, Table 1). In particular, severe amyloid deposits were present on the surface and
inside the iris and ciliary body (Fig. 2, Supplemental Fig.). Amyloid deposits were also
observed on the vessels walls and on the inner limiting membrane of the retina. No
amyloid deposition was observed in the neuroepithelial layer of the retina (Fig. 2).
Amyloid deposition was found in the sclera and in the choroid, but the amount of
deposits was mild and mainly localized to vessel walls (Fig. 2). Moderate amyloid
deposition was observed in the trabecular meshwork around Schlemm’s canal
(Supplemental Fig.). No amyloid was detected in the cornea (Supplemental Fig.).

On the other hand, in extraocular tissues, there was no amyloid deposition in the optic
nerve fibers but marked amyloid deposits were observed in the optic nerve sheath (Fig.
1C,3A,B). In the peri-optic nerve tissues, amyloid deposits were seen on the vascular
walls and in the endoneurium of the short ciliary nerve containing sensory nerve fibers
and autonomic nerve fibers from the ciliary ganglion (Fig. 1C, Supplemental Fig.). In
extraocular muscles and duodenal mucosa, moderate to severe amyloid deposition was
also detected mainly on the interstitial vessel walls (extraocular muscles) (Fig. 3C,D)

and on the lamina muscularis mucosae (duodenum) (Fig. 3E,F).
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Percentage of wild-type and variant TTR in the deposited amyloid fibril protein
The percentages of wild-type and variant TTR in the deposited amyloid fibrils are
shown in Table 1 and representative data of LC-MS/MS analysis of microdissected
amyloid protein are presented in Fig. 4. In intraocular tissues, including the iris, ciliary
body, remnant vitreous body, choroid, and retina, the percentage of variant TTR was
uniformly high (84% - 98%). The percentage of variant TTR was also extremely high in
retinal vessel amyloid (94%). On the other hand, in extraocular muscles, the
contribution of wild-type TTR to amyloid composition was more remarkable (71%),
and was almost the same as in duodenal mucosal amyloid (69%). In the vessels of the
sclera and optic nerve sheath, the ratio of variant TTR was high (61% - 68%), but the

contribution of variant TTR was not remarkable compared to other intraocular tissues.

Discussion

To date, there have been no detailed histopathological studies on postoperative ocular
tissues in transplanted patients with hereditary ATTR amyloidosis. In the present patient,
severe amyloid deposition was seen in the iris, the ciliary body, and the remnant
vitreous body. While retinal amyloid angiopathy is a rare ocular manifestation in
hereditary ATTRV30M amyloidosis patients [15,20], amyloid deposition was clearly
found on the retinal vessels, as described previously in a hereditary amyloidosis patient
with ATTRY 114C, a unique type of TTR variant causing severe oculoleptomenigial
amyloidosis [20]. This pathological evidence suggests that the occurrence of retinal
angiopathy and its clinical importance will also increase with posttransplantation time

even in patients with hereditary ATTRV30M amyloidosis.
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With regard to the investigation of amyloid fibril proteins, our data showed that there
was a marked difference in the biochemical component between intra- and extraocular
tissue amyloid, although both were histopathologically the same on Congo red staining.
Of particular interest is that the amyloid was composed mainly of variant TTR with
almost the same percentages (over 80%) in all intraocular tissues except for the sclera.
The contribution of wild-type TTR to intraocular amyloid formation is markedly limited.
These results were the same as those in a previous biochemical study of vitreous
amyloid in a transplanted patient with hereditary ATTR amyloidosis (88% variant TTR)
[6]. These observations indicate that intraocular amyloid is formed with quite high
dependence on variant TTR.

On the other hand, the amyloid was composed predominantly of wild-type TTR in
extraocular tissues. Although the retina was completely detached from the sclera in our
patient, the retina is inherently adjacent to extraocular muscles at a distance of only 2 or
3 mm, sandwiching the sclera (Fig. 1C). Despite such close location, there were marked
differences in the biochemical features of amyloid fibrils between the vessels in the
retina and in the extraocular muscles, suggesting that amyloid is constructed by a
different mechanism between intra- and extraocular tissues. In the postoperative
amyloid formation on the vessels of extraocular muscles, the contribution of circulating
wild-type TTR may be remarkable. As plasma TTR cannot diffuse through the
blood—ocular barriers [21], it is likely that the amyloid fibrils were uniformly formed
mainly with locally synthesized variant TTR in intraocular tissues of the present patient.
In this study, the outcomes of the amyloid proportion were the same between the sclera
and the optic nerve sheath, which were almost intermediate between the values of the

intraocular and extraocular tissues. The optic nerve sheath is directly connected to the
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sclera. Thus, the pathomechanism of amyloid formation may be similar between the
sclera and the optic nerve sheath under the influence of locally synthesized variant TTR
and wild-type TTR, locally synthesized or produced from the liver.

However, it is still unclear why the contribution of wild-type TTR to amyloid
formation in intraocular tissues is limited, although wild-type TTR is also produced
equally with variant TTR in the eye [22]. In the present patient, the proportion of variant
TTR in amyloid fibrils on the vessels of choroid was also high. The choroidal capillaries,
which are different from the retinal vessels with tight junctions, are fenestrated vessels
that act as the major blood suppliers for the neuroepithelial layer of the retina [21], and
it should therefore be possible for circulating hepatic wild-type TTR to be involved in
amyloid formation on vascular walls of the choroid. However, wild-type TTR was not
actually included at significant levels in the amyloid formation. Even in
non-transplanted FAP, the proportion of wild-type TTR in the vitreous amyloid fibrils is
low (less than 20%) [23,24], similar to the data in our transplanted FAP patient. Thus,
these biochemical data may show that wild-type TTR becomes much less
amyloidogenic inside the eye, compared to that in other visceral organs. In our recent
study in a hereditary ATTRV30M amyloidosis patient that died 18 years after LT, the
amyloid in the central nervous system also consisted mainly of variant TTR (over 90%)
[8]. Hence, the pathophysiology of amyloidogenesis differs markedly between intra-
and extraocular or cerebral tissues, and ocular or cerebral amyloid formation seems to
depend quite strongly on locally synthesized variant TTR, regardless of LT.

Finally, as a recent clinical study indicated that ocular manifestations in transplanted
patients with hereditary ATTR amyloidosis were not influenced by LT [25], our

biochemical data also clearly show that progression of ocular manifestations in

10
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hereditary ATTR amyloidosis patients cannot be prevented by LT. Thus, we emphasize
that establishment of other therapeutic options to halt the local synthesis of variant TTR
in the eye is necessary to maintain the quality of life in hereditary ATTR amyloidosis
patient, who can survive much longer than before by LT or other therapeutic options

such as the TTR-stabilizers.
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Figure Legends

Fig. 1: Posttransplantation ophthalmological findings of the left eye (A,B),
Congored-stained axial view of the enucleated eye (C), and immunohistochemistry
using anti-TTR antiserum (D).

The photo of the optic fundus of the left eye at 2 years after LT (A) shows severe
vitreous opacities and the findings significantly deteriorated at 9 years after LT, where
the papilla could not be identified (B). Congo red-stained view of the enucleated eye
demonstrates the presence of amyloid deposits almost entirely in the ocular tissues (C).
The arrow indicates the portion of corneal rupture and arrowheads indicate hematomas.
Retina and choroid are completely detached from the sclera. EOM: Extraocular muscles.
Opt. N: Optic nerve. PON: Peri-optic nerve tissues. VB: Remnant vitreous body.
Immunohistochemical study using anti-TTR antibody [16] clearly confirmed that the

deposited amyloid was associated with TTR (D).

Fig. 2: Congo red-stained histological findings of intraocular tissues.

A,B: Iris border. C: Remnant vitreous body. D,E: Retina. F,G: Choroid. H,I: Sclera.
B,E,G.,I: Views under polarized light. Abundant amyloid deposition was seen on the iris
(A,B), vitreous (C), and retina (inner limiting membrane and vessels) (D,E). Amyloid
deposits were localized on vascular walls in choroid (F,G) and in sclera (H,I). No
amyloid deposition was observed in the neuroepithelial layer of the retina. The detached
retina was folded making a double layer so that both inner limiting membranes were
inside (D,E). IM: Inner limiting membrane. NEL: Neuroepithelial layer. RPE: Retinal

pigment epithelium.
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Fig. 3: Congo red-stained histological findings of extraocular tissues.

A,B: Optic nerve (Opt. N). C,D: Extraocular muscles. E,F: Duodenal mucosa.

B,D.F: Views under polarized light.

No amyloid deposition was observed in the optic nerve fibers but marked amyloid
deposits were seen in the dura mater of the optic nerve sheath (A,B). In extraocular
muscles (C,D) and duodenal mucosa (E,F), moderate to severe amyloid deposition was
also found mainly on the interstitial vessel walls of extraocular muscles and on the

lamina muscularis mucosae of the duodenum.

Fig. 4. Representative data of relative quantification of TTR 22-34 tryptic peptide
in LC-MS/MS analysis of amyloid fibrils isolated from the iris (A), retinal vessels
(B), optic nerve sheath (C), and vessels in extraocular muscles (D).

The biochemical composition percentages of wild-type vs. variant TTR in amyloid were
2%:98% (A, iris), 6%:94% (B, retinal vessels), 32%:68% (C, optic nerve sheath), and
71%:29% (D, vessels in extraocular muscles), respectively. Arrows denote the peaks

derived from TTR 22-34 peptides contaninig V30, M30, or oxidized M30 (Mox).

Supplemental Fig. Other portions of Congo red-stained intra- and extraocular
tissues

A,B: Corneal ulcer with perforation. C,D: Ciliary body and trabecular meshwork around
Schlemm’s canal. E,F: Peri-optic nerve tissues. B,D,F: Views under polarized light.
A,B: The corneal ulcer was present with mild infiltration inflammatory cells but
amyloid deposition was not seen in the cornea. Some intraocular amyloid-rich material

containing vitreous body, pieces of iris, and detached retina leaked out from the

17
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perforated cornea. C,D: In the trabecular meshwork (T) around Schlemm’s canal (S),
moderate amyloid deposition was observed . AC: Anterior chamber. E,F: In peri-optic
nerve tissues (PON), amyloid deposits were seen on the vascular walls and in the

endoneurium of short ciliary nerve (white arrows).
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Table 1. The severity of amyloid deposits and biochemical proportion of amyloid fibrils

Mean TTR composition

Tissues ::;;g:llti | percentage (%?
Wild type Variant
Cornea - NE NE
Iris +++ 2 98
Ciliary body +++ 10 90
Trabecular meshwork ++ NE NE
Intra-ocular tissues Remnant vitreous body +++ 3 97
Retina +++ 3 97
Retinal vessels +++ 6 94
Choroid + 16 84
Sclera + 39 61
Optic nerve fibers - NE NE
Optic nerve sheath +++ 32 68
Extra-ocular tissues Peri-optic nerve tissues +++ NE NE
Extraocular muscles ++ 71 29
Duodenum ++ 69 31

Grade of amount of amyloid deposits [14]: -: none, +: slight and localized, ++: moderate, +++: severe
NE: not examined



