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Abstract: Almost 100 mutations in the human transthyretin (TTR) gene cause the autosomal
dominant disorders of familial amyloidotic polyneuropathy (FAP) and familial amyloidotic
cardiomyopathy. While these have been clinically classified as separate disorders, the peripheral and
autonomic nervous systems and the heart are frequently involved in the same patient. Deposition
of amyloid derived from a kinetically or thermodynamically unstable mutant TTR precursor
produces an ascending sensorimotor polyneuropathy with marked autonomic involvement. Since
1990, treatment has been liver transplantation from a donor carrying two wild-type TTR genes,
providing a crude form of gene therapy. Multiple studies have shown that small molecules fitting
in the T,-binding pocket of TTR can stabilize the molecule, reducing its capacity to release the
fibril precursor. Tafamidis is the first molecule to be tested in a placebo-controlled trial in patients
with TTR-associated FAP. While the trial did not achieve its primary endpoints, it did stabilize
TTR in vivo and had a favorable effect on some aspects of disease progression, particularly when
administered early in the course. It may represent an alternative to liver transplantation, particularly
in patients with early disease related to the V30M mutation. Longer-term studies are required to
determine whether it represents a stabilizing or remittive form of treatment.
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Introduction

The transthyretin (TTR) amyloidoses are diseases in which misfolded TTR monomers
aggregate deposit in a wide range of human tissues producing functional compromise and
ultimately failure.! The deposits may form in virtually any organ but the favored sites are
peripheral and autonomic nerves, blood vessels, the walls of the gastrointestinal tract, the
heart, the kidneys, vitreous of the eye, and the connective tissue of the carpal ligament.
Sites that appear to be spared are the liver (despite the fact that it is the major source
of systemic TTR production) and the brain parenchyma. However, cerebral vessels, the
leptomeningeal membranes, and the choroid plexus can be sites of TTR fibril deposition in
the central nervous system (CNS). The mechanism of tissue injury has traditionally been
assumed to be displacement of functional cells by insoluble masses of fibrils, but recent
data suggest that an element, perhaps the majority, of tissue damage results from direct
toxic effects of oligomers formed from the misfolded TTR monomers or dimers.>

Background

Transthyretin: normal structure, function, biosynthesis
TTR is a normal human serum protein, formerly known as thyroxine-binding pre-
albumin, which carries a small portion of circulating thyroxine and all of the serum
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retinol-binding protein (RBP) charged with retinol.' In
the circulation, the bulk of the protein is an apparently
unglycosylated homotetramer of 55 KDa, which is in
equilibrium with a small amount of dissociated monomer.
Binding of either ligand stabilizes the tetrameric structure,
a phenomenon critical in developing the small molecule
inhibitor of fibril formation (vide infra: the role of tetramer
dissociation in pathogenesis).? The protein also serves as the
major transporter of thyroid hormone into the CNS during
development.* The source of the CNS protein for that func-
tion is the choroid plexus, a highly vascular structure in the
floor of the cerebral ventricles that synthesizes and filters the
cerebrospinal fluid.>¢

The hepatic transcription of the TTR gene is under the
control of a group of transcription factors (HNF1, HNF3,
and HNF4), which bind to a region just upstream of its
promoter.” HNF6 has a regulatory effect through its binding
to HNF3.2 The general transcription factors AP-1 and C/EBP
bind to an upstream enhancer site.’ Inflammatory cytokines
downregulate the transcription factors with a subsequent
relatively rapid reduction in the serum TTR concentration in
the course of inflammation.'® Choroid plexus TTR synthesis
is not known to be cytokine-responsive.!! Recent data have
suggested that TTR may have other functions in neurons
(as a neuroprotectant) and in pancreatic B-cells where it
may play a role in stimulus response coupling involved in
insulin secretion.'>!

The transthyretin amyloidoses

TTR has been associated with three general classes of human
disease. Familial amyloidotic polyneuropathy (FAP) and
familial amyloidotic cardiomyopathy (FAC) are both caused
by amino acid substitutions in the 77R protein. In senile
systemic amyloidosis, the amyloid is derived from wild-type
TTR and is deposited in tissues of elderly individuals with
the most clinically important site being the heart.'* Carpal
tunnel syndrome related to wild-type TTR deposition is also
common in the elderly and it may or may not be associated
with cardiac amyloidosis." A systematic examination during
autopsy of the gastrointestinal tracts of northern European
individuals aged 85 years and over revealed wild-type TTR
deposition in 18%.'¢ The deposition was not associated with
any definable clinical symptoms.

Mechanisms of TTR
amyloidogenesis

Over the years, work from many laboratories has established
that in vitro, under mildly denaturing conditions such as

low pH, aggregation and amyloid fibril formation result when
monomers released from the native TTR tetramer misfold and
form the pathogenic homotypic aggregates. The sequence
appears to be tetramer to dimer to native monomers to mis-
folded monomers to oligomers to protofibrils to fibrils via
an energetically downhill polymerization mechanism.!” The
enhanced dissociation results in a larger amount of monomer
available for aggregation. In the test tube reducing pH to
provide mildly denaturing conditions lowers the energetic
barrier to dissociation and increased fibril formation even
of the wild-type tetramer.'® In the presence of any one of 99
reported substitutions at 67 of the 127 amino acids in the
protein, tetramer dissociation resulting in monomer release,
misfolding, and the subsequent aggregation required for
disease pathogenesis, is accelerated either on the basis of the
thermodynamic or kinetic instability of the mutant tetramer."
It has been inferred that the same process occurs in vivo to
provide the aggregation substrate responsible for deposition.
The sites of deposition, however, have not yet been associated
with definable denaturing conditions.

Clinical aspects

of the transthyretin amyloidoses
Clinically, almost half the reported mutations are associ-
ated with deposition in both peripheral nerves and the heart
although the dominant clinical presentation is peripheral
and autonomic neuropathy, presumably related to a lower
threshold for neurologic symptoms given the same degree of
cardiac and neuronal tissue deposition. Hence the distinction
between FAP and FAC is not absolute and an argument can
be made for referring to both conditions as genetically deter-
mined TTR amyloidosis rather than the historic designations
of FAP and FAC. Approximately 20% of the variants appear
to deposit exclusively in one or the other of the major sites.
The TTR or host features determining the primary and ulti-
mate sites of deposition are for the most part unknown except
in the case of a few highly unstable variants responsible for
the oculoleptomeningeal form of the disease.!’

The diseases generally behave as autosomal domi-
nants with transmission through either parent, but with
greater severity when transmitted from mother to son.”
Aggressiveness of the disease, as assessed by age of onset,
appears to be largely a function of the relative thermody-
namic stability of the mutant tetramer."” However, this is
not absolute. Portuguese subjects who carry both the highly
amyloidogenic V30M TTR mutation and the kinetically
stable T119M TTR allele have little in the way of clinical
disease.?! Genetic anticipation, ie, earlier onset in succeeding

166 submit your manuscript

Dove

Degenerative Neurological and Neuromuscular Disease 2012:2


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Tafamidis in familial amyloidotic polyneuropathy

generations carrying the same mutations, best documented
for V30M TTR, has been reported for several mutations and
unlike Huntington’s disease for example, is not associated
with expanded trinucleotide repeats.?>*

Familial amyloidotic polyneuropathy
The V30M TTR mutation is the most common cause of FAP.
It was originally described in Portugal, then in Japan and
Sweden.?*?” The Japanese carriers have clearly arisen from
multiple founders, only one of which shows haplotype iden-
tity with the Portuguese subjects.?® The clinical phenotype
is similar in Japan and Portugal, but strikingly different
from that seen in northern Sweden, where the onset is much
later in life and the allele does not appear to be as clinically
penetrant.?® These differences have been hypothesized to be
related to either genetic background, environmental differ-
ences, or some combination of the two.>

Clinically, the disorder is a sensorimotor autonomic
polyneuropathy primarily affecting small unmyelinated nerve
fibers.*! The disease begins peripherally and progresses proxi-
mally with the early phases characterized by primarily sensory
symptoms including both dysesthesias and loss of sensation.
The occurrence of peripheral ulcers and Charcot joints as severe
consequences of loss of sensation is not uncommon. Autonomic
manifestations may appear simultaneously with sensory loss
or precede it. Impotence, gastrointestinal disturbances, and
loss of bladder control are all common. Involvement of the
autonomic control of the heart is frequent with orthostatic
hypotension reflecting both a failure of the heart to respond to
peripheral needs by increasing the cardiac rate and the loss of
peripheral vascular tone. The involvement of the autonomic
innervation of the gut as well as the infiltration of the intestine
with amyloid deposits results in malabsorption with weight loss
and general failure to thrive. The recognition that the severity
of gastrointestinal involvement had prognostic importance with
respect to the outcome of liver transplantation resulted in the
development of the modified body mass index (mBMI) as a
measure of overall nutrition. This parameter which integrates
albumin loss and body mass has become a major criterion for
selection for liver transplantation with patients being recom-
mended for transplant prior to the time that there is a significant
decrease in the mBMI.*

The transthyretin amyloidoses:
therapy

Liver transplantation
For many years treatment was largely symptomatic and
attempted to alleviate the symptoms of autonomic and

peripheral neuropathy with drugs and the cardiac disease with
diuretics and antiarrhythmic measures, either pharmacologic
or electrophysiologic (pacemaker placement). In 1990,
reasoning that since the liver was the primary source of the
mutant TTR in the deposits, it was possible that replacement
of that organ, as a form of gene therapy, would stop the
production of the mutant protein that ultimately deposited
in the target organs.** Since then, approximately 2000 liver
transplants have been performed worldwide.>* With improve-
ments in surgical technique and better patient selection
(based primarily on assessment of the mBMI), long-term
survival has improved considerably to up to 85%—100% with
10 years of follow-up.* Disease progression is arrested in
approximately 60% of the patients. About 20% improve and
another 20% deteriorate. The best results have been obtained
in V30M TTR patients. For reasons that are unclear, subjects
with other mutations do not do as well, particularly in the
presence of heart disease. In some patients, cardiac amyloid
may increase post-liver transplant because of the deposition
of fibrils derived from wild-type TTR on pre-existing depos-
its of mutant fibrils, which serve as a template or matrix.*
Therefore, an increasing number of combined heart and liver
transplants are being performed.*’

In 1995, because of the general shortage of donor livers
and the realization that the livers of FAP patients were gen-
erally well-functioning, the first “domino” liver transplant,
in which a liver from a symptomatic FAP gene carrier was
given to a patient with liver failure, was performed.*** It
was assumed that even though the transplanted liver was
producing a mutant TTR, the time necessary to produce
TTR amyloid deposition would be longer than the actuarial
survival of appropriately selected recipients. This has not
turned out to be entirely correct since an increasing number of
domino recipients have been found to develop symptomatic
or asymptomatic mutant TTR deposition within 5 to 8 years
post-transplant.** While liver transplantation is the current
standard of therapy, it is clear that other approaches are both
necessary and desirable.

Pharmacologic therapy

The first pharmacologic approach to therapy was based
on the observation that thyroxine (T,), a natural ligand of
TTR, stabilized the tetramer and reduced dissociation and
aggregation under fibril-forming conditions.*! A subsequent
systematic search of molecules that were structurally similar
to thyroxine for their capacity to inhibit TTR fibril formation
in vitro yielded a set of small molecules including several that
were known nonsteroidal anti-inflammatory drugs (NSAIDs)
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including flufenamic acid and diflunisal.*>** Their capacity
to inhibit fibril formation in the test tube was independent
of their capacity to inhibit the cyclooxygenases involved in
the production of inflammatory arachidonic acid metabolites.
These compounds had the distinct advantage of substantial
human exposure and recognized side effects, which included
decreased renal blood flow and gastrointestinal bleeding
among others. Diflunisal appeared to have the best side effect
profile of this group of compounds and is currently in the late
stages of a placebo-controlled double-blind trial in FAP*

Knowledge of the mechanism of stabilization of the
tetramer was expanded by studies of mixed tetramers composed
of V30M and T119M mutant monomers stimulated by the
observation of minimal clinical disease ina V30M carrier who
was heterozygous for TTR T119M.2! Examination of aggrega-
tion and fibril formation by tetramers comprised of one or more
T119M monomers revealed that the latter kinetically stabilized
the heterotetramer. This observation suggested that kinetic sta-
bilization of mutant or wild-type human tetramer would reduce
the amount of TTR monomer available for misfolding and
aggregation in vivo. The heterotetramer effect was confirmed
later when attempting to produce transgenic mouse models
of the human TTR amyloidoses in the presence of an intact
murine #tr gene. As in the case of the human V30M/T119M
heteromers, the mutant human—wild-type mouse heterotetram-
ers were kinetically stable, which reduced the concentration of
monomers available to misfold unless the human gene was suf-
ficiently overexpressed to exceed the stoichiometric amounts
of mouse TTR available for heteromerization.*

Tafamidis (Vyndagqel)

Preclinical

Structure-based design of a molecule that would be soluble
under physiologic conditions, have sufficiently high affinity
for the T,-binding site to stabilize the tetramer and not have the
undesirable properties of inhibiting cyclooxygenase enzymes
resulted in the identification of 2-(3,5-dichloro-phenyl)-
benzoxazole-6-carboxylic acid, common name, tafamidis
(Vyndagel; Pfizer, New York, NY), which has recently been
approved by the European Medicines Agency (EMA) for
therapy of early stage FAP.* The structure of tafamidis and
how it interacts with the TTR tetramer are shown in Figure 1.
The affinities of the drug for the two binding sites of TTR have
been determined by two methods yielding relatively similar
results: K, =2nM, by subunit dissociation; 3nM by isothermal
titration calorimetry (ITC); and K, = 154 nM by dissociation,
and 278 nM by ITC.*” When incubated with plasma the bulk
of the molecule is bound to TTR with a stoichiometry of 0.81,

Figure | (A) Line drawing of tafamidis. (B) Structural model of how tafamidis is
envisioned to bind to TTR.

Note: While two binding sites are shown binding in the first site makes the second
site allosterically unavailable.

Reprinted from Johnson SM, Connelly S, Fearns C, Powers ET, Kelly JW. The tran-
sthyretin amyloidoses: from delineating the molecular mechanism of aggregation
linked to pathology to a regulatory-agency-approved drug. | Mol Biol. Copyright ©
2012,with permission from Elsevier.*

Abbreviation: TTR, transthyretin.

indicating that 0.81 mole of the drug was bound to one mol-
ecule of TTR. Complete binding would have a stoichiometry
of one since only one of the two T,-binding sites is accessible
to the compound. There are few available data examining the
binding to other individual plasma proteins. Pharmacokinetic
studies suggested that a 20 mg dose orally once a day gives a
plasma drug concentration between 5.2 UM (minimum) and
8.4 UM (maximum) in normal volunteers which is adequate
to bind serum TTR that is normally present at about 4 uM.

Clinical trial

A multicenter double-blind randomized 18-month controlled
trial of tafamidis at 20 mg per day in patients judged to have
early stage V30M TTR FAP was reported recently.*”*s The
trial included 128 patients with 65 receiving the drug and
63 receiving the placebo. The study anticipated a 30% dif-
ference in response rates using the Neuropathy Impairment
Score-Lower limbs (NIS-LL) to assess response in lower
limb neurologic function and the Norfolk Quality of Life Dia-
betic Neuropathy Questionnaire (TQOL) to evaluate quality
of life as primary end point metrics.*-*° These two instruments
have been validated for assessing diabetic neuropathy and
appeared to be suitably sensitive to evaluate changes in the
clinical neuropathic status of the FAP subjects.’! The sample
size was chosen to provide 90% power to achieve a P value
of 0.05 given the assumed 30% effect size of the therapy on
the primary endpoints (NIS-LL and TQOL) and a presump-
tive dropout rate of 10% related to the ongoing availability
of liver transplants for the participants, ie, 88 of the subjects
were on the liver transplant wait list at the time of enrolment.
Secondary endpoints included the X7 NTs nds (sum-
mated seven nerve-tested normal deviates, which assesses
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large nerve function), the X3 NTSF nds (summated three
nerve-tested small fiber function), and the mBMI (modified
body mass index = BMI X serum albumin concentration) a
parameter of overall nutrition and autonomic function that has
been shown to be a useful prognostic indicator in evaluating
FAP patients for liver transplant.®

Fifteen (20%) of the subjects in each treatment arm did
not complete the trial because livers became available for
transplantation. Five percent of each treatment group with-
drew because of adverse effects (see below). Hence, the
statistical power of the study was severely compromised in
the intention-to-treat (ITT) analysis (only 87/128 starting
subjects having complete data sets. The results become more
significant in the efficacy-evaluable (EE) analysis, but it is
known that such post hoc analyses are subject to overinter-
pretation. However some clinical epidemiologists note, «...
that the intention-to-treat policy may sometimes reduce bias
at the cost of removing clinical sensibility from the results”.*?
Given these limitations, it is still noteworthy that almost all of
the comparisons favored the treated over the placebo group
although most of them did not achieve statistical significance
particularly when considered in the light of the multiple
comparisons performed (Table 1).

From the point of view of the proposed mechanism of
action of tafamidis the study was successful with the TTR
tetramer stabilized to urea denaturation in the plasma in vitro
of 98%—100% of subjects receiving the compound, hence
less likely to provide monomer to misfold, aggregate, and
deposit. Similarly, from the point of view of overall patient
well-being as measured by improvement in the mBMI
(a secondary endpoint in the analysis), the difference between
the subjects receiving the drug and those on placebo was
significant, even after correcting for multiple comparisons.
That said, in the comparisons between drug- and placebo-
treated individuals, neither primary endpoint NIS-LL nor

TQOL differed significantly in the ITT analysis although
both were significant in the EE analysis.

How can we account for the failure to achieve a statisti-
cally robust result from what should have been a definitive
clinical trial? The first and perhaps least likely answer is
that the drug does not work. That is probably not true since
serum TTR tetramers in patients receiving the compound
were stabilized in in vitro testing. The correlation between
less monomer and less disease is consistent with in vitro
studies of fibril formation. Unfortunately, none of the pres-
ently available animal models of the disease is suitable for
the analysis of efficacy in terms of reducing deposition or
altering clinical manifestations because of either stoichio-
metric considerations or lack of a defined clinical phenotype.
Based on the in vitro studies, reducing the availability of
circulating TTR monomer by tetramer stabilization should
have some effect on disease development or progression.
It is possible that drug-induced reduction of circulating
monomer could allow deposits to be mobilized according to
some finite “off rate” with the generation of toxic oligomers
or intact monomers that could redeposit directly. However,
there are no data to suggest that such is the case. The most
likely operational explanation is simply that the study was
underpowered in the context of the higher than expected
frequency of dropouts for liver transplantation and that if the
dropout rate were halved all the differences between those
receiving tafamidis and the controls would become statisti-
cally significant. This assumes however that the proportion
of responders and nonresponders in each arm would be the
same as the numbers were increased, an assumption that
cannot be statistically justified.

It is also possible that some flaw in the design of the
trial or unanticipated bias in the random assignments of
patients to different treatment arms could have falsely
tilted the outcome in favor of the treatment. In an analysis

Table I Comparison of clinical changes over |8 months in FAP patients receiving tafamidis or placebo

Intention-to-treat

# # completing NIS-LL* NIS-LL % TQOL! ¥3 NTSF# >7 NTst mBMIit
responders**
Tafamidis 65 48 +2.8 45 +2.5 +0.3 +1.5 +39
Placebo 63 47 +5.8 29 +8 +1.6 +3.1 -33
P-value 0.027 0.068 0.21 0.005 0.066 0.0001

Notes: *NIS-LL Neuropathy Impairment Score-Lower Limbs: motor, sensory, reflex; the greater the score the greater the impairment; **NIS-LL responder:increase < 2 points
in course of study; a primary endpoint in the study; *TQOL Norfolk quality of life diabetic neuropathy questionnaire: higher the score the worse the quality of life; a primary
endpoint in the study; #%3 NTSF Summated values of three small fiber functions: the higher the number the worse the function; secondary endpoint; '£7 NTs: summated values
of seven tests of large fiber function: lower is better than higher; secondary endpoint; 'mBMI, modified Body Mass Index is calculated by multiplying MBI by serum albumin in
g/L developed for the evaluation of FAP patients as candidates for liver transplantation. It is a measure of wasting and malnutrition that appears to be based on gastrointestinal
autonomic dysfunction. Higher scores are associated with better metabolic status and predict better outcomes after liver transplantation for FAP. Secondary endpoint.
Abbreviation: #, number of subjects.
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of the study data, the US Food and Drug Administration
(FDA) staff suggested that patients in the tafamidis arm
may have had less severe disease than those in the pla-
cebo cohort, thus were likely to progress at a slower rate
(US FDA document).>® The alternative interpretation of this
observation is that subjects with less severe disease are more
responsive to therapy.

A more subtle, but possibly related, potential pitfall noted
by the FDA was that 58% of the patients were from a single
center, an undesirable circumstance in a multicenter trial,
and that the patients from that center had better baseline
parameters and the best response rates. A possible reason
for this circumstance could be investigator bias, which is
unlikely since randomization was by computer. More likely
is that it reflects the extensive experience of that particular
center with earlier identification of gene carriers as relatives
of clinically affected individuals at the center contributed a
larger number of bona fide early-onset subjects. There could
also be differences in responses between the V30M TTR
subjects in Portugal from those being treated elsewhere on
the basis of genetic or cultural factors. In my view, it is most
consistent with the prior suggestion that patients with earlier
disease are more responsive to tafamidis therapy. A detailed
examination of the subjects at that center shows that at base-
line the NIS-LL in the tafamidis cohort had a mean value
of 6.7 vs 9.6 in the controls; the TQOL was 20.8 vs 25.5 in
the placebo (both consistent with somewhat milder disease),
but the mean duration of disease in the drug-treated group
was 34.5 months vs 24 months in those receiving placebo.
In the other centers, the NIS-LL and TQOL were higher than
in the Portuguese subjects, but were more closely matched in
the drug- and placebo-treated groups. However more critical
was the fact that the mean duration of disease in the tafamidis
group was 65 months and in the placebo subjects 51 months
in the non-Portuguese subjects, 31.5 months longer than
the Portuguese cohort receiving tafamidis and 27 months
longer than in the Portuguese controls. It is possible that
disease duration determines potentially responsive disease
effects not specifically measured in the context of the trial.
Thus, it may not be surprising that the response rate in
the Portuguese subjects was 61% vs 25% from the other
centers and the response to placebo did not differ, ie, 28%
and 32%, respectively. Should this be confirmed it would
suggest two possibilities regarding responses to tafamidis.
First, response rates are higher in earlier disease. Second, it
may be that subjects with a longer duration of symptomatic
peripheral nerve disease may take longer to respond and/
or that very-long-standing deposits may not resolve at all.

If that is the case, as suggested by the results of liver
transplantation, patients will be left with some degree of
irreversible damage, again supporting the wisdom of early
treatment. The validity of these suspicions should become
evident with further clinical studies.

Tafamidis: toxicity

Data from unpublished preclinical studies presented to
the FDA indicate that tafamidis has little or no effect on
the hepatic drug detoxifying enzymes CYP1A2, 2C9 or
2D6 in tissue culture and none on 3A4 in vivo. Individuals
with moderate liver disease seem to clear the drug from the
plasma more quickly than healthy controls. The increased
clearance does not appear to require any modification in the
recommended 20 mg/day oral dose. In the placebo-controlled
trial, the frequency of upper gastrointestinal symptoms was
higher in the tafamidis-treated patients than in those receiving
placebo and there was an increased frequency of urinary tract
infections in those taking the active compound. Some of the
infections were considered to be serious. Mechanistically it
is not clear why patients taking tafamidis should be subject
to an increased occurrence of genitourinary infection. It
remains to be seen whether the frequency of these apparent
side effects will be the same when the number of recipients
of tafamidis increases above the 324 individuals who have
received the compound since clinical studies began.

Current therapeutic alternatives
What are the other therapeutic options for FAP, FAC, and
SSA patients and their physicians? As we previously noted
the current standard of practice for the treatment of FAP
worldwide is liver transplantation.> It clearly has the effect
of stabilizing the disease in the majority of patients. It has
the additional societal benefit of providing a reasonably well-
functioning liver for selected patients requiring a transplant
for liver failure related to other forms of disease.

The disadvantages of the procedure are the procedure
itself, which has significant short-term morbidity and some
degree of mortality, although in recent years perioperative
mortality of orthotopic liver transplantation has diminished
considerably. The patients require chronic immunosuppres-
sive therapy. The monetary costs of the surgery and the asso-
ciated short-term supportive care are also a consideration.
In addition, the general societal shortage of available livers
does not seem to be a solvable problem, although the notion
that transplanting an FAP patient also makes a liver avail-
able for carefully selected patients with liver failure seems
to balance this out.
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With respect to outcome the continued risk of cardiac
deposition, particularly in non-V30M TTR subjects is both
troublesome and perplexing. This problem could be solved
with post-transplant tafamidis therapy, but an appropriate
placebo-controlled trial must be carried out to determine if
this will be the case. Similarly the development of symp-
tomatic (neuropathic) and asymptomatic TTR deposits in
patients receiving FAP livers in a domino procedure would
seem to provide an excellent clinical setting to test tafamidis
in what are essentially stage zero FAP patients. Again, a
controlled trial with domino recipients randomized in a
tafamidis—placebo protocol with biopsies performed at the
time of transplant and at yearly intervals would provide one
more tests of the hypothesis that tetramer stabilization in vivo
prevents tissue deposition.

Therapeutic alternatives

in development

There are other potential therapies for the TTR amyloidoses
on the horizon. As mentioned previously, there is a current
placebo-controlled trial of another TTR tetramer stabilizer,
diflunisal, in patients with a variety of TTR mutations,
using similar parameters of clinical measurement. This
study should be completed at the end of 2012 and the results
should be known sometime in 2013.* A positive result would
confirm the principle that tetramer stabilization can suppress
clinically important TTR deposition. Whether the drug has
a therapeutic and safety profile comparable to that seen in
the tafamidis trial remains to be seen. Because of the similar
eligibility criteria and clinical metrics it should be relatively
easy to compare the results obtained with those published in
the tafamidis study.

Several other pharmacologic approaches have been
explored in preclinical studies and in Phase I human safety
studies. A growing number of compounds have been found
to decrease TTR fibril formation in vitro by stabilizing the
TTR homotetramer. Small, uncontrolled trials of catechin,
epigallocatechin-3-gallate (EGCG), a polyphenol component
of green tea and a combination of oral doxycycline (100 mg
bid) and tauroursodeoxycholic acid (TUDCA) (250 mg
tid), thought to disaggregate TTR deposits have been pub-
lished.>>” The notion of treating amyloidosis of all types by
a combination of chemical and antibody binding of serum
amyloid P-component (SAP) as a means of destabilizing pre-
existing amyloid deposits has been proposed for many years
based on studies in murine models of inflammation associ-
ated amyloidosis.’®* In addition to these traditional small
molecule agents, two similar nonpharmacologic approaches

designed to inhibit TTR synthesis in the liver, one using anti-
sense, the other using a short-interfering RNA formulation
have undergone Phase I testing in humans.*%¢!

While none of these has progressed far enough in clini-
cal testing to allow a comparison with tafamidis, if they do
prove to be effective, there is the strong possibility that the
best approach to these diseases might be multimodal, using
a combination of small molecule pharmacologic agents and
molecular biologically designed macromolecules to achieve
an optimal therapeutic result.

The question remains what will be the maximum benefit
achievable? Will any of the results of any these modalities
resemble those achieved by liver transplantation, ie, arrest
of progression but little absolute clinical improvement, only
at lower cost? Or will the availability of lower risk thera-
peutics encourage earlier therapy at a time when disease is
reversible as well as preventable? The liver transplant results
suggest that at the time of most transplants there is little or
no significant off rate of fibrils from the deposits. Perhaps
fibrillar deposits in clinically significant sites become increas-
ingly stable with time and the potential for true reversion of
pathology is inversely related to the age of the deposits, ie,
duration of disease. If that is the case and the safety profiles
of the new therapies, like tafamidis, are favorable, it may
be worthwhile to treat the mutations rather than the disease.
Currently, tafamidis appears to be a start toward that end.
Since the absolute number of FAP patients worldwide is
relatively small, it appears obvious that all patients receiving
tafamidis or any of the emerging therapies should be moni-
tored carefully and the outcomes well documented.
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