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ORIGINAL ARTICLE

A library of ATTR amyloidosis patient-specific induced pluripotent stem cells
for disease modelling and in vitro testing of novel therapeutics

Richard M. Giadonea, Jessica D. Rosardab, Prithvi Reddy Akepatia, Arianne C. Thomasa, Batbold Boldbaatarc,
Marianne F. Jamesa, Andrew A. Wilsona, Vaishali Sanchorawalad,e , Lawreen H. Connorsc, John L. Berkd ,
R. Luke Wisemanb and George J. Murphya,e

aCenter for Regenerative Medicine, Boston University School of Medicine, Boston, MA, USA; bDepartment of Molecular Medicine,
The Scripps Research Institute, La Jolla, CA, USA; cAlan and Sandra Gerry Amyloid Research Laboratory, Amyloidosis Center,
Boston University School of Medicine, Boston, MA, USA; dAmyloidosis Center, Boston University School of Medicine, Boston, MA, USA;
eSection of Hematology and Oncology, Department of Medicine, Boston University School of Medicine, Boston, MA, USA

ABSTRACT
Hereditary transthyretin amyloidosis (ATTR amyloidosis) is an autosomal dominant protein-folding
disorder caused by over 100 distinct mutations in the transthyretin (TTR) gene. In ATTR amyloidosis,
protein secreted from the liver aggregates and forms amyloid fibrils in downstream target organs,
chiefly the heart and peripheral nervous system. Few animal models of ATTR amyloidosis exist and
none recapitulate the multisystem complexity and clinical variability associated with disease pathogen-
esis in patients. Induced pluripotent stem cells (iPSCs) stand to revolutionize the way we study human
development, model disease, and perhaps treat patients afflicted with highly variable multisystem dis-
eases such as ATTR amyloidosis. Here, we fully characterize six representative iPSC lines from a library
of previously reprogrammed iPSC lines and reprogrammable blood samples derived from ATTR amyl-
oidosis patients. This unique resource, described herein, can be harnessed to study diverse disorder.

Abbreviations: AAT: alpha-1 antitrypsin; AFP: alpha-fetoprotein; ALB: albumin; ATTR: TTR amyloid pro-
tein; CXCR4: C-X-C chemokine receptor 4; HLC: hepatocyte-like cell; HNF4A: hepatocyte nuclear factor
4 alpha; iPSC: induced pluripotent stem cell; L55P: leucine-to-proline at position 55; L58H: leucine-to-
histidine at position 58; MS: mass spectrometry; siRNA: small interfering RNA; TTR: transthyretin; V30M:
valine-to-methionine at position 30; V122I: valine-to-isoleucine at position 122; WT: wild-type
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Introduction

Hereditary transthyretin amyloidosis (ATTR amyloidosis) is an
autosomal dominant protein folding disorder that results from
over 100 described mutations in the transthyretin (TTR) gene.
In the disease, TTR tetramers secreted by the liver, dissociate
to monomers, misfold and oligomerize into proteotoxic fibrils
that deposit as amyloid in downstream target tissues (e.g. the
peripheral nervous system and/or cardiac tissue), inducing cell
death [1]. Current therapies for ATTR amyloidosis include
orthotopic liver transplantation, small molecule TTR tetramer
stabilizers (e.g. diflunisal or tafamidis), and experimental small
interfering RNA species (siRNAs). Conventional therapeutics
rarely succeed in preventing ATTR amyloidosis disease pro-
gression due to continued formation of wild-type TTR fibrils
after liver transplantation or variable and unpredictable tetra-
mer response to different treatments [2–5]. Alternative strat-
egies are needed to combat systemic amyloid diseases such as
ATTR amyloidosis.

Patients with ATTR amyloidosis present with a wide degree
of phenotypic manifestations. Some mutations preferentially

affect one organ system. For example, patients with the V122I
mutation primarily exhibit cardiomyopathy, while those with
the leucine-to-proline at position 55 (L55P) or valine-to-
methionine at position 30 (V30M) variant present with poly-
neuropathy [6,7]. Interestingly, the same mutation can present
with different pathologies in different individuals. The average
age of onset for V30M, the most prevalent disease-causing
mutation, varies greatly across different geographic locations –
33 years of age in Portugal and Japan compared with 56 years
in Sweden [8]. Similarly, in Portugal, the penetrance of the
V30M mutation is as high as 80% by the age of 50, but only
5–10% in Swedish carriers [9]. The highly variable genetics of
the disease, especially in the context of patients with the same
mutation, suggests severely underappreciated genetic modifiers
that could alter disease progression. To properly understand
ATTR amyloidosis pathogenesis and develop novel therapeu-
tics, disease models must take into account the genetic and
epigenetic backgrounds of patients.

Due to the multi-organ and age-related nature of disease,
ATTR amyloidosis proves difficult to study in a feasible
and biologically relevant way. To date, no mouse model
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accurately recapitulates human ATTR amyloidosis path-
ology, while bacteria-derived recombinant TTR lacks
seminal post-translational modifications implicated in TTR
function and disease pathogenesis [10–12].

The advent of induced pluripotent stem cells (iPSCs)
capable of differentiating into any cell type in the body
stand to revolutionize the way complex, systemic disorders
such as ATTR amyloidosis are studied. In order to under-
stand the pathogenesis of ATTR amyloidosis in the genetic
background of the patient, we have developed an iPSC-
based disease model [13]. In this model, patient-specific
iPSCs are directed to differentiate into “effector” cells (hep-
atocyte-like cells, HLCs) by the serial addition of a number
of chemically defined cytokine cocktails. Importantly, HLCs
secrete wild-type and destabilized TTR variants, detectable
by mass spectrometry (MS). In parallel, patient-matched
iPSCs can be differentiated into “target organ” cell types –
cardiomyocytes and neuronal cells. Conditioned media gen-
erated from HLCs can be used to dose target cells and
downstream toxicity can be evaluated, thereby recapitulating
key causative aspects of ATTR amyloidosis disease aetiology
including cardiotoxicity and neurotoxicity.

Here, we describe the characterization of six representa-
tive iPSC lines from a library of iPSCs and reprogrammable
blood samples from a number of ATTR amyloidosis
patients. These iPSC lines are genetically identical to the
individual from whom they are derived, allowing for disease
modelling and the development of novel therapeutics in the
exact genetic context of the patient. This unique resource
can be used in combination with our laboratory’s previously
described patient-specific, cell-based model [13] to facilitate
studies into the genetic and epigenetic factors of the disease,
and in the future, allow for pharmacogenomic assessments
of novel therapeutics.

Materials and methods

Patient samples

To capture the phenotypic diversity of this complex disease,
samples were procured from the Amyloidosis Center of
Boston University School of Medicine from patients who
visit the clinic from around the world. Reprogramming of
material was performed on fresh samples immediately fol-
lowing collection or using frozen mononuclear cells that
were previously collected and isolated from subjects.

Patient consent and global distribution of created lines

All of the iPSC lines in this bank were created from patients
using a progressive, state-of-the-art consent form. Informed
consent for generation of iPSC lines derived from peripheral
blood was obtained from all donor patients according to the
Declaration of Helsinki. This consent form includes a com-
prehensive template that allows for the unrestricted sharing
of created lines, including potential commercialization and
sharing of lines with commercial entities. As a resource to
investigators, this consent form has been included as a

supplementary file (Supplementary Form 1). The described
library is available through the Boston University and
Boston Medical Center’s Center for Regenerative Medicine
((CReM), http://www.bu.edu/dbin/stemcells/) via our “Open
Source Biology” initiative.

iPSC generation and maintenance

Derivation of our iPSC library was performed as described
[14–16]. Briefly, 4ml of peripheral blood were collected
from all participating individuals and the mononuclear cells
(either fresh or frozen) were expanded in vitro and reprog-
ramed using the STEMCCA vector. At least, three inde-
pendent clones were established, expanded and banked from
each individual. For all studies described here, cells were
maintained either on inactivated mouse embryo fibroblast
(MEF) feeders with knockout serum replacement (KSR)
supplemented media or under feeder-free conditions using
mTeSRTM1 media. These studies were approved by the
Institutional Review Board of Boston University.

Immunostaining for pluripotency markers

iPSCs were grown for 5 d prior to staining. Cells were fixed
with 4% paraformaldehyde (PFA) in PBS for 20min, per-
meabilized with 0.1% Triton X-100 (Sigma, St. Louis, MO,
Cat. no. T8787) in PBS for 10min at room temperature,
and subsequently blocked with 4% normal goat serum
(Vector, San Diego, CA, Cat. no. S-1000) in PBS for 30min.
Primary antibodies (SSEA-1, SSEA-4, TRA-1–60, and TRA-
1–81, EMD Millipore, Billerica, MA, Cat. no. SCR001) were
diluted 1:25–1:50 in blocking solution and added to samples
for 1 h. Secondary antibodies (Life Technologies, Carlsbad,
CA, Cat# A21042; A11003) were diluted in PBS
(1:100–1:250), and added to cells that were then incubated
at room temperature for 30–60min. Cells were stained with
DAPI (Invitrogen, Carlsbad, CA, Cat. no. D1306) diluted in
PBS (1:2000) and incubated for 5min at room temperature.

Directed differentiation of iPSCs to definitive endoderm
and hepatocyte-like cells

iPSCs were passaged with Gentle Cell Dissociation (GCD)
Reagent (STEMCELL Technologies, Vancouver, Canada,
Cat. no. 07174) to form a single-cell suspension and
counted. 2x106 cells were plated in one matrigel-coated
well of a standard 6-well plate in mTeSR1 supplemented
with Y-27632 (10 mM). Twenty-four hours later, media
from the STEMdiff Definitive Endoderm Kit (STEMCELL
Technologies, Vancouver, Canada, Cat. no. 05110) was
added, and cells were cultured as per instructions for 4 d.
On day 5, cells were passaged with GCD to obtain a single-
cell suspension, and split 1:2 into matrigel-coated wells
of a standard 6-well plate. On days 5 and 6, cells were cul-
tured in media containing: activin A (0.05mg/mL), ascorbic
acid (50 mg/mL) BMP4 (0.01mg/mL), FGF2 (0.01mg/mL),
VEGF (0.01mg/mL), L-glutamine, and monothioglycerol
(4.5� 10�4M) (Note: Day 5 media was supplemented with
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10lM Y-27632.). Hepatic specification continued for
approximately 20 d in SFD-based media as previously
described with medias specific for days 7–12, 13–18, and
19–26 [17]. Days 7–12 media contained: ascorbic acid
(50mg/mL), BMP4 (0.05mg/mL), FGF2 (0.01 mg/mL), VEGF
(0.01mg/mL), EGF (0.01mg/mL), TGFa (0.02 mg/mL), HGF
(0.1mg/mL), dexamethasone (0.1 mM), L-glutamine, and
monothioglycerol (4.5� 10�4M). Day 13–18 media con-
tained: ascorbic acid (50 mg/mL), FGF2 (0.01mg/mL), VEGF
(0.01mg/mL), EGF (0.01 mg/mL), HGF (0.1 mg/mL), oncosta-
tin M (0.02mg/mL), Vitamin K (6 mg/mL), gamma secretase
inhibitor (1.5 mM), DMSO (1%), dexamethasone (0.1 mM), L-
glutamine, and monothioglycerol (4.5� 10�4M). Day 19–26
media contained: ascorbic acid (50mg/mL), HGF (0.1 mg/
mL), oncostatin M (0.02 mg/mL), vitamin K (6 mg/mL), dexa-
methasone (0.1 mM), L-glutamine, and monothioglycerol
(4.5� 10�4M). For the entirety of the differentiation, cells
were incubated at 37 �C, 5% O2, 5% CO2, and 90% N2.

Characterization of definitive endoderm and
hepatic markers

Flow cytometry was performed on days 5 and 26 of hepatic
differentiation. On day 5, cells were stained with antibodies
specific for cell surface markers c-Kit (ThermoFisher,
Waltham, MA, Cat. no. 17–1178-42) and C-X-C chemokine
receptor 4 (CXCR4) (ThermoFisher, Waltham, MA, Cat. no.
12–9999-41). Five microlitre of each antibody were added to
5� 105 cells. Staining was performed on ice for 30min. For
intracellular staining, on day 26, cells were fixed with 1.6%
PFA (Ted Pella, Inc., Redding, CA , Cat. no. 18505) at
37 �C for 20min. Primary antibodies for FOXA1 (Santa
Cruz Technology, Santa Cruz, CA, Cat. no. 101058) and
AAT (Santa Cruz Technology, Santa Cruz, CA, Cat. no.
59438) diluted 1:100 in Saponin buffer (2% FBS, 1�
Permeabilization Wash Buffer (Biolegend, San Diego, CA,
Cat. no. 421002)) were added to cells and incubated for
30min at room temperature. Secondary antibodies for
FOXA1 (Jackson, West Grove, PA, Cat. no. 115–485-206)
and AAT (Jackson West Grove, PA, Cat. no. 115–605-205),
diluted 1:500 in Saponin buffer, were added to cells that
were then incubated for 30min at room temperature.
Samples were resuspended in 0.5% bovine serum albumin
(BSA) in PBS prior to analysis.

RNA isolation, cDNA synthesis, and qRT-PCR

Total RNA was extracted from cells via RNeasy Mini Kit
(Qiagen, Germantown, MD, Cat. no. 74104). RNA was eluted
in 30mL RNAse-free H2O. RNA was further purified via
treatment with DNA removal kit (ThermoFisher, Waltham,
MA, Cat. no. AM1906). One microgram purified RNA was
used to generate cDNA via High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, Cat.
no. 43–688-13). qRT-PCR was performed with TaqMan
Universal Master Mix II, with UNG (ThermoFisher,
Waltham, MA, Cat. no. 4440038). TaqMan Gene Expression
Assays used include the following: b-actin (Hs99999903_m1),

AAT (Hs00165475_m1), ALB (Hs00609411_m1), TTR
(Hs00174914_m1), hepatocyte nuclear factor 4 alpha
(HNF4A) (Hs00230853_m1), OCT4 (Hs00999634_gH), and
alpha-fetoprotein (AFP) (Hs01040598_m1). Quantities of
genes of interest were compared relative to b-actin levels.
Fold-change was calculated via DDCT method. Undetermined
CT values were taken to be 40. Samples were run in triplicate.

Mass spectrometric analysis of secreted TTR

TTR was immunoprecipitated from conditioned media pre-
pared on iPSC-derived hepatic lineages using Protein A
Sepharose 4B beads (Life Technologies, Carlsbad, CA, Cat.
no. 101041) cross-linked to TTR antibody (DAKO, Carlsbad,
CA, Cat. no. A0002) using dimethyl pimeimidate (DMP;
Thermofisher, Waltham, MA, Cat. no. 21666) according to
the manufacturer protocol. Conditioned media was incubated
with cross-linked TTR-Sepharose 4B beads overnight at 4 �C.
Beads were then washed four times in 0.05% Saponin,
10mM Tris, 140mM NaCl, pH 8.0 and twice in 10mM Tris,
140mM NaCl, pH 8.0 prior to elution. TTR was eluted from
the beads by incubating resin at 95 �C for 10min in an SDS-
lysis buffer solution (2% SDS, 1% Triton X-100, HEPES
20mM, EDTA 1mM, NaCl 100mM). Eluent was removed
from beads, and 100mM dithiothreitol (DTT) was added.
The eluent was then incubated again at 95 �C for 5min.
Methanol precipitation was used to remove the detergent
from eluent for subsequent LC/MS analysis. A mixture of
methanol:chloroform:water (4:1:3) was added in proportion
to the eluent volume. Samples were centrifuged at 21,800� g
for one minute and the aqueous layer was removed.
Two additional methanol washes were performed to remove
residual detergent. The sample was then centrifuged at
21,800� g for 10min to pellet the precipitated protein. The
protein pellet was dried and resuspended in 150mM ammo-
nium hydroxide pH 10.5. LC/MS analysis was performed on
an Agilent single quadrupole mass spectrometer (Agilent
Technologies, Palo Alto, CA), as previously described [18].

Results

Establishment of an ATTR amyloidosis disease-specific
iPSC library representing multiple TTR mutations and
target tissue pathology

Peripheral blood samples were procured from patients seen
at the Amyloidosis Center at Boston University and Boston
Medical Center in an effort to obtain a wide representation
of mutations and associated disease phenotypes. This start-
ing material was used to generate more than 30 independent
iPSC lines from individuals of African-American, Caucasian,
and Asian descent (Table 1). Three independent clones were
generated from each patient, with starting samples represen-
tative of both genders and a wide range of ages (16–65 years
old). All lines were created using previously described meth-
odologies and met stringent quality control parameters for
pluripotency and functionality [14–16] (Figure 1). Most
lines in the library have been adapted to grow under feeder-
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free conditions. Here, we describe the characterization of six
representative patient-specific iPSC lines from the above-
mentioned library.

Characterization of capacity for directed differentiation
into the hepatic lineage

Differentiation capacity characterization of banked lines was
performed as we previously described using a step-wise, 2D,
feeder-free, and chemically defined hepatic specification
protocol [19] (Figure 2). Upon initial specification to defini-
tive endoderm, the majority of iPSC-derived cells exhibited
robust co-expression of the key markers of this developmen-
tal stage, CXCR4 and c-Kit (Figure 3). Upon further differ-
entiation into HLCs, qRT-PCR analyses demonstrated
marked upregulation of hepatic marker genes albumin

(ALB), TTR, AFP, HNF4A, and AAT accompanied by down-
regulation of the pluripotency marker OCT4 (Figure 4(A)).
Day 26 HLCs also exhibited protein-level co-expression of
intracellular hepatic markers AFP and FOXA1, by flow
cytometry (Figure 4(B)). Additionally, iPSC-derived HLCs
exhibited limited protein expression of the late-stage hepatic
marker, ALB (Supplemental Figure 1). The ability of iPSC-
derived HLCs to achieve robust expression of adult-type
markers such as ALB has not yet been achieved in directed
differentiation protocols [20]. Disparities were noted
between transcript and protein level expression of ALB
(Figure 4(A) and Supplemental Figure 1) across HLCs
derived from multiple iPSC lines. Interestingly, several post-
transcriptional regulatory mechanisms have been implicated
in controlling the expression of ALB in hepatocyte cell lines
and animal models [21,22], potentially explaining the results
presented herein.

Brightfield DAPI TRA-1-60 TRA-1-81 SSEA1 SSEA4

I107M

V122I

L58H

L55P

V30M-1

V30M-2

iP
S

C
 L

in
e

Figure 1. Patient-specific iPSCs express hallmark pluripotency markers. Five days after passaging, iPSC colonies from all representative lines express hallmark pluri-
potency cell surface markers TRA-1–60, TRA-1–81 and SSEA4. Colonies do not express murine pluripotent stem cell surface marker SSEA1. Nuclei stain positive with
DAPI. Images taken at 10× magnification.

Table 1. Clinical data associated with ATTR amyloidosis patient-derived iPSCs.

Mutation Sex Ethnicity
Age of
onset

Age
at Dx Symptoms

Abd. fat –
congo red
results

Serum
TTR levels
(mg/mL)

Iron
levels
(mg/dL) Treatment

I107M F White NA NA No active disease Neg ND 115 NA
No active disease Neg 46
No active disease Neg 70
No active disease Neg 180 70

V122I M Black 65 68 Cardiac Neg ND 49 Diflunisal started
L58H M White 53 55 Peripheral neuropathy 2þ ND 86 ND
L55P F White 16 – – – – – –
V30M-1 M Asian 39 40 Peripheral and

autonomic neuropathy
2þ ND 100 Diflunisal started

2þ 270 83 Con'd
2þ ND 71 Con'd
2þ 300 100 Con'd

V30M-2 M White Long-standing 49 Peripheral neuropathy neg ND 105 Diflunisal started

Clinical data for six representative iPSC lines from a bank of over 30 independent patient samples. Lines characterized herein represent
patients of different genetic backgrounds and ethnicities. Patients from which lines were established exhibit various symptomatology (e.g., tar-
get organ affected) and severity (age of onset).
M: male; F: female; Dx: diagnosis; Abd. fat – Congo red results: presence or absence of Congo red positive fibrils in abdominal fat biopsies;
NA: not applicable; ND: not determined, –: unknown.
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iPSC-derived HLCs secrete wild-type and variant-specific
destabilized TTR species

In order to assess the potential of iPSC-derived HLCs to
secrete both normal and amyloidogenic TTR, we employed
LC/MS characterization of conditioned media prepared on
HLCs (Figure 5(A–E)). These analyses demonstrated recov-
ery of both wild-type (WT) TTR and ATTR amyloidosis
disease-specific mutant forms of TTR. Interestingly, in most
cases, the relative recovery of WT species was greater than
that of the disease-specific variant (Figure 5(F)).

Discussion

We have generated a library of iPSCs from patients with
hereditary transthyretin amyloidosis, representing multiple
TTR mutations and target tissue pathology for applications
related to disease modelling and drug discovery. These
fully characterized lines, along with accompanying func-
tional data are now freely available, providing a resource to
aid in the understanding of the complex aetiology of
the disorder.

Drug development is an extremely expensive and time-
consuming process that requires stringent specificity, potency,

and toxicity validation of potential novel therapeutics.
Traditionally, the drug discovery pathway proceeds from in
vitro testing in cell-based assays in the lab to in vivo testing
in animal models, followed by three phases of clinical valid-
ation. Potential therapeutics are not usually extensively
tested in humans until phase I and II clinical trials, which
can occur many years after initial drug discovery. If in vitro
testing is performed on human cells prior to clinical trials,
these cells are typically immortalized cell lines, which have
undergone genetic alterations to ensure their immortaliza-
tion, possibly compromising the fidelity of drug screens.
The use of immortalized cells lines is a common cause of
high attrition rates for drug development, as in vitro and
subsequent animal model data may not predict clinical effect
[23]. IPSCs provide a revolutionary platform for pre-clinical
drug screening in genetically diverse patient populations,
such as the broad spectrum of patients suffering from
ATTR amyloidosis. It is also possible to obtain toxicity and
efficacy data in multiple cell types from the same individual,
all before human clinical trials [24–26]. Recently, iPSCs
have been used to model diseases as well as screen drugs for
the treatment of amyotrophic lateral sclerosis [27], spinal
muscular atrophy [18], long QT syndrome [28], familial
dysautonomia [29], and familial TTR-amyloidosis [13].

Figure 3. Robust generation of definitive endoderm cells from patient-specific iPSCs. After 5 d of directing iPSCs toward definitive endoderm, the majority of cells
exhibit robust co-expression of the key markers of this developmental stage, CXCR4 and c-Kit. Undifferentiated cells (right) express c-Kit, but not CXCR4.

Days 19-26
High FGF2, OSM, 

DMSO, SI

Days 13-18
High BMP4, FGF2, 

TGFα, Dex.

Days 5-12
Activin A, BMP4, 

High FGF2

Day 0
Feeder-free 

mTeSR

Days 2-4
Definitive 

Endoderm Kit

sCLHmredodnE evitinifeDsCSPih Hepatic Progenitors

Figure 2. Feeder-free, chemically defined differentiation protocol for generating hepatocyte-like cells (HLCs) from patient-specific iPSCs. Schematic depicts repre-
sentative photomicrographs at multiple stages of hepatic differentiation. Major cytokines included at each stage of the differentiation process are noted.
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Many researchers have already taken steps to demonstrate
the efficacy of stem cell-generated cells in both modelling
diseases and screening for novel therapeutics [30], thus ini-
tiating iPSCs into the drug discovery phase of therapeutic
development.

ATTR amyloidosis is phenotypically diverse, a quality
that arises from the many causal mutations in combination

with variable genetic backgrounds in the diverse patient
population that suffers from the disorder. Since there
are still many unknown regulators of TTR expression,
finding drugs that will be efficacious in patients with
a variety of genetic backgrounds would be ideal, and the
creation of the described iPSC bank will contribute to
this effort.
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Figure 4. iPSC-derived HLCs upregulate hallmark hepatic markers and downregulate pluripotency markers. (A) On day 26 of hepatic differentiation to HLCs, qRT-
PCR analyses demonstrate marked upregulation of hepatic marker genes ALB, TTR, AFP, HNF4A and alpha-1 antitrypsin (AAT) accompanied by downregulation of
the pluripotency marker OCT4. Human fetal and adult liver controls are included for comparison. (B) Day 26, HLCs exhibit protein-level expression of intracellular
hepatic markers AFP and FOXA1 by flow cytometry.
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