http://informahealthcare.com/amy

ISSN: 1350-6129 (print), 1744-2818 (electronic)
Amyloid, 2014; 21(3): 175-184

Amyloid

The Journal of Protein Folding Disorders

© 2014 Informa UK Ltd. DOI: 10.3109/13506129.2014.927759

informa

healthcare

ORIGINAL ARTICLE

Interleukin-1 signaling pathway as a therapeutic target in transthyretin

amyloidosis

Nadia Pereira Goncalves'?, Paulo Vieira®, and Maria Jodo Saraiva'?

"Department of Molecular Neurobiology, Institute for Molecular and Cell Biology, Rua do Campo Alegre, Porto, Portugal, 2Instituto de Ciéncias
Biomédicas de Abel Salazar (ICBAS), Universidade do Porto, Porto, Portugal, and Unité du Développement des Lymphocytes, Département

d'Immunologie, Institut Pasteur, Paris, CEDEX, France

Abstract

Introduction: Inflammation is a key pathological hallmark of several neurodegenerative
disorders including Alzheimer’s disease, Parkinson’s disease and familial amyloidotic polyneur-
opathy (FAP). Among all inflammatory cytokines associated with FAP, IL-1f, in particular, has
been implicated in playing a key pathogenic role. In the present study, we sought to investigate
whether blocking IL-1f signaling provides disease-modifying benefits in an FAP mouse model.
Methods: We assessed the effect of chronic administration of Anakinra, an IL-1 antagonist, on
FAP pathogenesis in vivo, using real-time polymerase chain reaction (QPCR), semi-quantitative
immunohistochemistry (SQ-IHC), western blot and nerve morphometric analyses.

Results: We found that treatment with Anakinra prevents transthyretin (TTR) extracellular
deposition in sciatic nerve, protecting unmyelinated nerve fibers from aggregate-induced
degeneration. Moreover, Anakinra administration significantly suppressed IL-1 signaling
pathway and inhibited apoptosis and nitrative stress.

Conclusions: The present work highlights the relevance of the IL-1 signaling pathway in the
pathophysiology of FAP. Our results bring to light the importance of non-amyloid targets in the
therapeutic strategies for this disorder. Thus, we propose the use of Anakinra as a potential
therapeutic agent for TTR-related amyloidosis.

Abbreviations: BiP: binding immunoglobulin protein; DRG: dorsal root ganglia; ER: endoplas-
mic reticulum; FAP: familial amyloidotic polyneuropathy; Gapdh: glyceraldehyde 3-phosphate
dehydrogenase; Hsf-1: heat shock factor 1; IL-1: interleukin-1; Hsp-27: heat shock protein-27;
IL-1Ra: interleukin-1 receptor antagonist; Irak1: interleukin-1 receptor associated kinase-1;
Myd88: myeloid differentiation primary response gene 88; NF-kB: nuclear factor xB; PBS:
phosphate buffer saline; qPCR: real-time polymerase chain reaction; RAGE: receptor for
advanced glycation end products; SEM: standard error of the mean; siRNA: small interfering
RNA; mRNA: messenger RNA; SQ-IHC: semi-quantitative immunohistochemistry; TNF-oi: tumor
necrosis factor o; TTR: transthyretin; UPR: unfolded protein response; V30M: valine 30
methionine
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Inflammation is an essential protective response being a
major cofactor involved in the pathogenesis of numerous
conditions that are often considered non-inflammatory such
as diabetes [1], atherosclerosis, cancer or amyloid-related
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disorders [2]. Different neurodegenerative diseases share an
excessive activation of common pathogenic pathways,
including overexpression of tumor necrosis factor o
(TNF-or) and interleukin-1 (IL-1B) as in Alzheimer’s,
Huntington’s or Parkinson’s disease [3]. Inflammation is
also observed in familial amyloidotic polyneuropathy (FAP)
[4], an autosomal dominant hereditary disorder characterized
by the extracellular deposition of mutant transthyretin (TTR)
aggregates and amyloid fibrils, particularly in the peripheral
nervous system. Accumulation of TTR aggregates and fibrils
in the peripheral nervous system leads to peripheral neur-
opathy, with reduced nerve fiber density and destruction of
endoneurial blood vessels [5].

TTR is mainly expressed by the liver and the choroid
plexuses of brain [6] and more than one hundred single point
mutations have been described for TTR promoting
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amyloidogenesis [7]. The most common TTR mutation in
FAP results from an exchange of a methionine for a valine at
position 30 — TTR V30M [8]. The mechanism underlying
TTR amyloid fibril formation is not fully understood. It has
been proposed that fibrillogenesis requires dissociation of
TTR homotetrameric structure into misfolded monomers
which self-assemble forming non-fibrillar oligomers, proto-
fibrils and finally mature amyloid fibers [9,10].

It has been shown that oligomeric and fibrillar TTR
species bind to the receptor for advanced glycation end
products (RAGE) leading to activation and nuclear transloca-
tion of nuclear factor kB (NF-kB) [11], which is known to
bind as dimers to promoters and enhancers of a variety of
inflammation-associated molecules and oxidative stress
intermediaries, regulating their transcription [12,13]. The
pro-inflammatory cytokines will in turn promote NF-xB
activation [14] with consequent up-regulation of RAGE
expression via the NF-kB binding elements in the RAGE
promoter [15] ending up in a circular regulation that prompts
disease, with destructive cell responses. Pro-inflammatory
mechanisms are likewise upregulated in FAP, especially in
endoneurial axons, with increased expression of TNF-a,
macrophage colony-stimulating factor and IL-1f since earlier
stages of disease and increase with the ongoing neurodegen-
erative process [4,16]. IL-1 exists in two forms: IL-1o and IL-
1B exerting its pleiotropic effects by binding to the IL-1 type
1 receptor. IL-1P is a primary regulator of inflammatory and
immune responses being also involved in hypotension, fever,
neutrophilia, thrombocytosis and in the production of acute-
phase proteins [17]. This cytokine can induce apoptosis of
different types of cells and stimulate inducible nitric oxide
synthase leading to stress responses [18]. IL-1 receptor
antagonist (IL-1Ra) is a member of the IL-1 family and is a
natural endogenous inhibitor of both IL-1a and IL-1f, which
competitively bind to the IL-1 type 1 receptor without
activating it and thus prevents binding and intracellular IL-1
signal transduction. It is produced by hepatocytes, smooth
muscle cells and macrophages as an anti-inflammatory acute-
phase protein [19].

A non-glycosylated recombinant human IL-1Ra
(Anakinra), with similar properties to endogenous IL-1Ra,
inhibits IL-1 by binding to the IL-1 type 1 receptor; it is a
Food and Drug Administration approved drug with applica-
tion in several human diseases [20,21] and successful results
in clinical trials of human patients with rheumatoid arthritis
[22] or type 2 diabetes [23].

Since neuroinflammation is associated with FAP periph-
eral nerve, the aim of the present study was to investigate the
effect of blockage IL-1 signaling pathway, by Anakinra, on
pathological cascades in the disease. To perform this work,
we used a recent developed mouse model [24], carrying the
human TTR V30M gene, in a TTR null background and
heterozygous for the heat shock factor-1 (Hsf-1), here
designated as Hsf/V30M mice.

Methods

Ethics statement

All animal experiments were carried out in accordance with
the European Community Council Directive (2010/63/EU)
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and were approved by the Institutional and National General
Veterinarian Board ethical committees.

Experimental groups and treatment

Transgenic mice for human 77R V30M, in the 129/Sv and
endogenous Trr null background, heterozygous for Hsf-1
(labeled as Hsf/V30M), with 4.5 months (n = 10) were treated
daily with subcutaneous injections of Anakinra at 25 mg/kg
(Kineret®, Biovitrum, Stockholm, Sweden), over 6weeks.
Age-matched control Hsf/V30M untreated mice were injected
with phosphate buffer saline (PBS, n=10). Animals were
housed in pathogen-free conditions, in a controlled tempera-
ture room, maintained under a 12-h light/dark period, with
water and food ad libitum. At the end of treatment, mice
were sacrificed with a lethal injection of a premixed
solution containing ketamine (75 mg/kg) plus medetomidine
(1 mg/kg). Unless otherwise mentioned, all reagents were
obtained from Sigma-Aldrich, St. Louis, MO, and were of
analytical grade.

RNA extraction, cDNA synthesis and real-time
polymerase chain reaction

RNA from livers was isolated by phenol extraction
(Invitrogen, Carlsbad, CA) (n = 10 controls and n = 10 treated
mice). Dorsal root ganglia (DRG) were dissected free from
the spinal cord and RNA extraction (n=7 of each group)
performed with RNeasy Mini columns (Qiagen, Gaithersburg,
MD). cDNA was synthesized using the SuperScript double-
stranded cDNA Kit (Invitrogen, Carlsbad, CA). The quality of
extracted RNA was measured using Experion RNA StdSens
Analysis Kit (Bio-Rad); real-time polymerase chain reaction
(qPCR) was performed with duplicates using iQ Syber Green
Super Mix (Bio-Rad, Hercules, CA), and reactions were run
on an Bio-Rad iQ5 software.

Primer sequences were designed using Beacon Designer™
8 (Premier Biosoft, Palo Alto, CA) (Table 1) for the following
genes: TTR, Il-173, Tnf-a, interleukin-1 receptor-associated
kinase 1 (Irakl), myeloid differentiation primary response
gene 88 (Myd88), heat shock protein-27 (hsp-27) and
glyceraldehyde  3-phosphate  dehydrogenase  (Gapdh).
Differential expression was determined by the 2 4ACT
method using Gapdh as housekeeping gene.

Semi-quantitative immunohistochemistry

Sciatic nerve, DRG, stomach and colon (n=10) were
collected to 10% formalin, and 3-pm-thick paraffin sections
were cut, deparaffinated in histoclear (National Diagnostics,
Atlanta, GA) and hydrated in a descent alcohol series.
Endogenous peroxidase activity was inhibited with 3%
hydrogen peroxide solution in methanol, and the sections
were blocked in 10% fetal bovine serum and 0.5% Triton
X-100 in PBS. Primary antibodies used were: rabbit poly-
clonal anti-human TTR (1:600, DAKO, Glostrup, Denmark),
goat polyclonal anti-IL-1p (1:25, Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit polyclonal anti-Fas death receptor
(1:100, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
polyclonal anti-cleaved caspase-3 (1:100, R&D Systems,
Minneapolis, MN), rabbit polyclonal anti-3-nitrotyrosine
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Table 1. Primer sequences for forward and reverse probes used in qPCR.

Gene Forward Reverse

TTR 5'-ATTCTTGGCAGGATGGCTTC-3’ 5'-CAGAGGACACTTGGATTCACC-3'
1-13 5'-ACCTTCCAGGATGAGGACATGA-3' 5-AACGTCACACACCAGCAGGTTA-3
Tnf-« 5'-ACAAGGCTGCCCCGACTAC-3' 5" TGGAAGACTCCTCCCAGGTATATG-3’
Irakl 5'-GCCACCACTACCATCTTC-3' 5 . TCTCCAATCCTGAGTTCTTC-3'
Myd88 5'-CCTGTGTCTGGTCCATTGC-3' 5-AGTCCTTCTTCATCGCCTTG-3’
Hsp-27 5-GAGTACGAATTTGCCAAC-3’ 5'-AACATAGTAGCCGTGATA-3'

Gapdh 5'-GCCTTCCGTGTTCCTACC-3’ 5-AGAGTGGGAGTTGCTGTTG-3’

(1:500, Chemicon, Temecula, CA) and rabbit polyclonal anti-
NF-kB p65 (1:25, Santa Cruz Biotechnology, Santa Cruz,
CA). Antigen visualization was performed with biotin-
extravidin-peroxidase ABC kit (Vector, Burlingame, CA)
using 3.3’-diaminobenzidine (Sigma-Aldrich, St. Louis, MO)
as substrate. Semi-quantitative analysis of the immunostain-
ing area was performed with the Image Pro-plus 5.1 software
(Media Cybernetics, Rockville, MD). Results shown represent
the area occupied by pixels, corresponding to the immuno-
histochemical substrate color, normalized relatively to the
total area. Immunohistochemistry analysis was blind to
treatment, performed by two independent researchers, and
each animal tissue was evaluated in five different areas, with
20x magnification.

Total protein extracts and Western blot analysis

Protein extracts were obtained by homogenizing, in ice, DRG
from control (n=7) and Anakinra-treated mice (n=7), in
lysis buffer containing 5 mM ethylenediamine tetraacetic acid,
2mM ethylene glycol tetraacetic acid, 20 mM 3-(N-morpho-
lino)propanesulfonic acid, 0.5% Triton X-100, 30 mM sodium
fluoride, 40mM sodium pyrophosphate, 1mM sodium
orthovanadate, 1 mM phenylmethylsulphonyl fluoride and a
protease inhibitor mix (GE Healthcare, Buckinghamshire).
Total protein concentration was determined by the Bradford
protein assay (Bio-Rad).

Total protein from each extract (50pug per lane) was
separated in 12% SDS-PAGE gels and transferred onto a
nitrocellulose Whatman™ membrane (GE Healthcare,
Buckinghamshire) using a Mini Trans-Blot Cell system (Bio-
Rad). After blocking in 5% bovine serum albumin in PBS, the
membrane was incubated overnight at 4°C with rabbit
polyclonal anti-binding immunoglobulin protein (BiP;
1:1000, Abcam, Cambridge) and mouse monoclonal anti-
a-Tubulin (1:10,000, Sigma-Aldrich, St. Louis, MO), followed
by incubation with anti-rabbit or anti-mouse antibodies
conjugated to horsederadish peroxidase (1:5,000, 1:2,500
respectively, The Binding Site, Birmingham). Detection was
performed by the Luminata™ Crescendo (enhanced chemilu-
minescence, Millipore, Billerica, MA). Quantitative analysis
was carried out by densitometry using Quantity One software
(Bio-Rad). Density values were normalized to o-Tubulin
levels.

Morphometric analysis

Sciatic nerves (3mm length) from control (n=6) and
Anakinra-treated (n=6) animals were removed and fixed

overnight in a 0.1-M sodium cacodylate solution containing
1.25% glutaraldehyde and 4% paraformaldehyde. Tissues
were washed 3 X 30min in 0.1 M sodium cacodylate and
post-fixed with 2% osmium tetroxide in the cacodylate
solution, overnight at 4°C. After a new wash of 3 x 30 min,
the tissue was dehydrated using a series of graded acetone and
finally embedded in spurr. Transverse sections were cut
(0.5 um thick) with a SuperNova Reichert Leica ultramicro-
tome (Wetzlar, Germany) and stained with 1% toluidine blue,
for 155, in an 80 °C heating plate, before being examined on a
light microscope. For each animal, the total number of
myelinated fibers present in one semithin section was
determined by counting 40 x magnified photographs covering
the whole nerve area. Regarding unmyelinated fibers,
ultrathin transverse sections were cut and stained with
lead uranyl acetate. Sections were then mounted on 400
mesh copper grids and examined by transmission electron
microscopy (Jeol JEM-1400, Tokyo, Japan). For unmyeli-
nated fiber density analysis, 40 non-overlapping photographs
(12,000 amplification) per sciatic nerve were selected
and fibers counted, normalized to the area of each
ultrathin section.

Statistical analysis

All data are expressed as mean values =+ standard error of the
mean (SEM). Comparison between Anakinra treated and
control group was performed using the Student’s ¢ test.
p values of less than 0.05 were considered to be significant
(*p<0.05; **p<0.01; ***p<0.001).

Results

Anakinra prevents non-fibrillar TTR deposition in
sciatic nerve and does not alter TTR expression by
the liver

We decided to test the effect of Anakinra in preventing TTR
aggregation using the Hsf/V30M FAP mouse model. In this
model, when animals have 6 months of age, non-fibrillar
deposits are observed, not only in the gastrointestinal tract but
also in the autonomic and peripheral nervous system [24]. We
treated 4.5-month-old Hsf/V30M mice, thus before TTR starts
to deposit in the peripheral nervous system. Therefore, we
were able to evaluate the effect of Anakinra on preventing
non-fibrillar TTR aggregates deposition in the peripheral
nervous system and to investigate the contribution of IL-1
signaling in the pathological mechanisms of disease. Some
reports show that mice respond to Anakinra in a dose range of
I mg/kg to 100mg/kg [25,26] with no signals of toxicity.
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Figure 1. Anakinra prevents TTR deposition in the sciatic nerve and does not alter TTR expression by the liver. (A) Representative pictures of TTR
load in sciatic nerve and DRG of Hsf/V30M mice treated with Anakinra (right panels, n = 10) and age-matched controls (left panels, n = 10). Scale bar
50 um. Charts represent the quantification of immunohistochemical images, and data represent mean + SEM (¥*p <0.05). (B). Histogram represents
TTR mRNA levels in the liver of Anakinra-treated mice (n=10), as compared with controls (n=10). Gapdh was the housekeeping gene for

normalization. Data represent mean + SEM.

Based on this and to be as closest as possible to the clinical
human dose, in our study we chose the dose of 25 mg/kg.
Since Anakinra has a short half-life, daily subcutaneous
injections were selected. Accordingly with previous literature
[27], no major secondary effects besides the topic reaction in
the local of the injection were detected.

At the end of the treatment period, animals were 6 months
old and displayed widespread TTR non-fibrillar deposition
along the gastrointestinal tract and the peripheral nervous
system. Treated mice presented a markedly reduction on TTR
deposition in sciatic nerve (43%) as compared to non-treated
animals, and a trend, although not statistically significant, was
observed in DRG (Figure 1A). In the gastrointestinal tract, no
difference regarding TTR deposition was observed between
treated and control mice (data not shown).

We next investigated 77R mRNA levels by qPCR and
found that Anakinra did not alter liver T7TR transcription
(Figure 1B).

Anakinra prevents neurodegeneration

Fiber degeneration, first affecting the unmyelinated and low-
diameter myelinated fibers, is a clinical feature of FAP [5,28].
We next analyzed the density of myelinated and unmyelinated
fibers in sciatic nerve of Anakinra-treated animals and
untreated age-matched controls. Treatment prevented loss of

46% of unmyelinated fibers, as compared with controls, with
no impact on myelinated fibers (Figure 2).

Anakinra decreases expression of IL-1 signaling
pathway mediators and NF-kB p65 nucleus
translocation

Transcription of pro-inflammatory mediators in DRG was
analyzed by qPCR. 1l-13, Myd88 and Irakl levels were found
reduced in Anakinra-treated animals (77, 36 and 48%
reduction, respectively; Figure 3A). Regarding Tnf-« expres-
sion, we did not observe any significant difference between
control and Anakinra-treated animals (Figure 3A).

Since 1I-15 mRNA was downregulated in DRG of
Anakinra-treated mice, we next assessed IL-1B protein
levels in the peripheral nervous system by semi-quantitative
immunohistochemistry (SQ-IHC). We found that this pro-
inflammatory cytokine was significantly reduced in treated as
compared with untreated animals, in both sciatic nerve and
DRG (Figure 3B).

A previous report has shown that TTR aggregates bind to
RAGE and activate NF-xB [11]. Since Anakinra prevented
TTR deposition in nerve tissue, associated with neuroprotec-
tion, we next addressed whether these effects influence or
might be influenced by NF-xB activation. By SQ-IHC
analysis, we found minor cytoplasmic and nuclear labeling
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Figure 2. Anakinra prevents neurodegeneration in the Hsf/V30M FAP mouse model. Morphometric analyses of sciatic nerve segments in Anakinra-
treated and control animals. (A) Fiber density assessed in semithin sections showing no impact of IL-1 blocking on myelinated fibers. Scale bar: 50 pm,
n =6 animals within each group. (B) Electron microscopy representative images, and correspondent chart, indicating higher unmyelinated fiber density
in Anakinra-treated animals, as compared to controls. Scale bar: 2 pm, n =6 animals per group (¥p <0.05).

of NF-xB p65 subunit in sciatic nerve of mice treated with
Anakinra, suggesting a reduction of this transcription factor
nucleus translocation (Figure 3C, arrows). Thus, our data
indicate Anakinra suppression of the general activity of IL-1
and NF-kB p65 nucleus translocation.

Blocking IL-1 signals prevents neuronal apoptosis and
Hsp-27 transcription

Prevention of apoptosis by Anakinra was previously described
in a rat islet model and in a model of experimental acute
myocardial infarction [18,25]. Since apoptosis has also been
implicated on the pathogenic mechanisms in FAP [29], we
next investigated the effect of Anakinra in Fas death receptor
and cleaved caspase-3 levels in the peripheral nervous system.
Both apoptotic markers were found significantly reduced in
sciatic nerve and DRG of Anakinra-treated mice, as compared
with untreated age-matched controls (Figure 4A and B).
These results prompted us to investigate the transcriptional
levels of Hsp-27 in DRG. We observed a significant decrease
(70% reduction) in Hsp-27 mRNA levels in mice treated with
Anakinra as compared to the untreated group (Figure 4C).

Blocking IL-1 signaling pathway prevents endoplas-
mic-reticulum (ER) and nitrative stress

Evidence suggests a link between inflammation driven by
IL-1 and ER stress [30], pathway also involved in the progress
of FAP disease [31]. To test this hypothesis in our model, we
decided to evaluate levels of BiP, a central regulator for ER
stress, in DRG. By western blotting, we found a significant
reduction of BiP in treated mice (Figure 5A), indicating a
direct effect of Anakinra in ER stress, since TTR deposition in
this organ is not significantly affected.

Nitration of tyrosine residues has been suggested as a
marker of peroxynitrite-mediated tissue injury in TTR
amyloidosis [32] being the nitrative stress an integral factor
in neurodegeneration. Accordingly, we further investigated
whether neuroprotection of unmyelinated axons could also
result from decreased levels of peroxynitrite formation.
Sciatic nerve was immunohistochemically examined for
evidence of 3-nitrotyrosine, a stable biochemical marker for
this process. 3-Nitrotyrosine reactivity was detected within
axons and was remarkably decreased after blocking IL-1
(Figure 5B).

Discussion

The presence of congophilic amyloid deposits is a unifying
characteristic of the extensive analysis of FAP nerves.
Nevertheless, the lack of a cause—effect relationship
between amyloid deposition and neurodegeneration in
FAP suggests that other TTR molecular intermediaries,
namely pre-fibrillar oligomeric species, might be the
primary neurotoxic culprits [16,33,34]. In fact, it has been
shown that nerves from FAP 0 patients (asymptomatic
individuals presenting aggregate deposition but lacking
amyloid) exhibit early signs of oxidative damage and
inflammatory stress [4]. Moreover, TTR non-fibrillar
deposition in the sciatic nerves of FAP patients has been
shown to induce pro-inflammatory cytokine synthesis by
axons and a correlation between increased IL-1f levels and
fiber degeneration has been established [4].

In the present study, we investigated the effect of early
administration (before aggregate deposition started) of the
IL-1 antagonist Anakinra in TTR deposition and neurotox-
icity, using a well-established mouse model of FAP.
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Figure 3. Expression of IL-1 signaling pathway mediators and evaluation of NF-kB activation throughout p65 subunit translocation to the nucleus. (A)
Downregulation of pro-inflammatory mediators expression in DRG of Anakinra-treated animals (n = 7), as compared to controls (n = 7), evaluated by
qPCR (*p <0.05). Normalization was performed against Gapdh mRNA. No impact of Anakinra was observed regarding Tnf-a expression. (B) IL-18
protein levels in the peripheral nervous system assessed by SQ-IHC (n = 10 per group), with respective semi-quantification (presented as mean + SEM;
*#%p <0.001; *p <0.05), demonstrating lower immunostaining in Anakinra-treated mice in both nerve and DRG. Scale bar 50 um. (C) Representative
SQ-IHC pictures of p65 NF-kB subunit in sciatic nerve of mice treated with Anakinra as compared to age-matched controls (n = 10 in each group).
Mice treated with Anakinra presented lower p65 nuclear staining as compared with controls (arrows), suggesting a reduction in p65 nucleus
translocation. Scale bar 50 um. Chart shows quantification of immunohistochemical images, and data represent mean + SEM (**p <0.01).

We found that inhibition of IL-1 lowered the pre-fibrillar
TTR deposition in sciatic nerve, which correlated with
increased number of unmyelinated fibers. In contrast,
Anakinra treatment did not interfere with TTR deposition in
the gastrointestinal tract. This observation might be explained
by the presence of endogenous microflora, exposition to oral
pathogens and specific immune regulatory networks of the
gastrointestinal tract, not operating in the peripheral nerve.

IL-1 has been implicated in several chronic degenerative
disease  processes, including the development of

atherosclerosis and rheumatoid arthritis [35,36], being a key
player in neuroinflammation and neurodegeneration, and
regulating the expression of several transcription factors,
including NF-xB [37]. IL-1 activation results in phosphoryl-
ation and degradation of IkB proteins, releasing NF-xB and
allowing its translocation to the nucleus, where it controls the
expression of downstream pro-inflammatory genes [14]. The
involvement of NF-kB in FAP has been described [11,24,38].
In vitro studies have shown that TTR aggregates interact with
RAGE triggering nuclear translocation of NF-kB [11].
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Figure 4. Anakinra suppresses apoptotic cell death in the peripheral nervous system and reduces expression of Hsp-27. (A) Representative SQ-IHC
images of Fas death receptor in the peripheral nervous system and respective quantifications (n = 10 per group), demonstrating lower levels of Fas in
treated animals. Data represent mean + SEM (¥**p <0.001). (B) Cleaved caspase-3 immunostaining in sciatic nerve and DRG of Hsf/V30M mice
treated with Anakinra (right panels, n = 10) and age-matched controls (left panels, n = 10). Scale bar 50 um. Charts characterize the quantification of
immunohistochemical images, and data represent mean + SEM (**p<0.01 and ***p <0.001). (C) Inhibition of Hsp-27 mRNA levels in DRG of
Anakinra-treated mice as compared with controls (n =7 of each group). The relative mRNA expression was normalized to Gapdh (***p <0.001).

In this study, we assessed the effect of IL-1 inhibition
on NF-kB activation in sciatic nerve and found a signifi-
cant reduction of NF-kB p65 nucleus translocation in
Anakinra-treated animals, which is consistent with decreased
TTR extracellular load and increased density of unmyelinated
fibrils. It is important to emphasize that the influence of

NF-kB on cell survival can be protective or deleterious,
depending on the cell type, its developmental stage and the
pathological conditions [39]. For instance, in glia, NF-«xB is
inducible and mediates inflammatory responses that
aggravate diseases such as ischemia, autoimmune encephalo-
myelitis and Alzheimer’s disease [39,40]. Thus, inhibition of
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Figure 5. Anakinra reduced ER and nitrative stress. (A) Western blot quantification of BiP in DRG from mice treated with Anakinra (n =7) and non-
treated age-matched controls (n = 7). Histogram denotes normalized BiP/Tubulin density quantification + SEM (*p <0.05). (B) Representative SQ-IHC
pictures of 3-nitrotyrosine in sciatic nerve of mice treated with Anakinra (right panel, n = 10) and age-matched controls (left panel, n = 10). Scale bar
50 um. Chart represents the quantification of immunohistochemical images, and data represent mean + SEM (¥*p <0.01).

NF-«kB in glia might ameliorate disease, whereas activation in
neurons might enhance memory [39]. In FAP, NF-xB
activation occurs as a response to extracellular aggregate
insult. Whether this action is neuroprotective or neurotoxic, it
is still not fully understood, but there is probably a threshold
beyond which NF-kB activation starts to be noxious to cells.
Moreover, the fact that other inflammatory mediators such as
Tnf-a levels were not affected by the treatment support the
specificity of Anakinra action into the IL-1 signaling pathway.

In FAP, like in other neurodegenerative disorders, accu-
mulation of aberrant misfolded proteins activates the unfolded
protein response (UPR) by the ER to restore and maintain
homeostasis in the ER [31,41]. However, if the ER stress is
continued, or the adaptive responses fail, apoptotic cell death
ensues. Thus, we further investigated the effect of Anakinra
administration on ER chaperone BiP/GRP78 and found that it
significantly impairs ER-stress in treated animals.

Compelling evidence has shown that members of the IL-1
family of cytokines are intricately involved in inflammatory
and death-inducing signaling platforms. Therefore, IL-1 has
been further suggested as a rational therapeutic target for
several pathological conditions. In vivo administration of IL-1
receptor antagonist in mice models as diverse as acute
myocardial infarction [25], spinal cord injury [42], renal
ischemia-reperfusion [43] or cancer chemotherapy [44] has
been proved efficient in preventing activation of pro-apoptotic
molecules or activating pro-survival signaling transduction
pathways. In agreement with these observations, in our study
early treatment of FAP mice with Anakinra resulted in
significantly decreased levels of Fas death-receptor, cleaved
caspase-3 and chaperone Hsp-27 in the peripheral nervous
system.

The reaction of nitric oxide with superoxide produces the
peroxynitrite anion [45]. Peroxynitrite is a powerful oxidant
that can nitrate aromatic amino acid residues such as tyrosine
to form 3-nitrotyrosine. Hence, 3-nitrotyrosine is a valuable

marker of peroxynitrite production. Immunostaining of
FAP nerves with antibody to 3-nitrotyrosine demonstrated
immunoreactive material in FAP 0 and FAP tissue in an
axonal distribution [4]. Our results indicate significant
decrease of 3-nitrotyrosine in the sciatic nerve, which is in
accordance with Anakinra inhibitory effect on TTR depos-
ition and suggestive of reduction of cytotoxicity and
neuroprotection.

Since Anakinra has no effect on TTR stability (unpub-
lished data), we hypothesized that decreased TTR aggregation
and deposition in tissues might be due to a restored
extracellular environment characterized by decreased levels
of inflammatory mediators, nitrative species and apoptotic
cell death. Thus, by interrupting the positive feedback loop
between TTR accumulation in tissues and inflammation,
Anakinra prevents TTR deposition in the peripheral nervous
system. Future studies will further elucidate the molecular
mechanisms behind Anakinra inhibitory effect on TTR
deposition.

Therapeutic strategies for FAP, other than orthotropic liver
transplantation, have been put forward as it is the case of
tetrameric TTR stabilization [46,47], inhibition of TTR
aggregation [47,48] or apoptosis [29], disruption of TTR
fibrils [49], suppression of liver TTR synthesis with small
interfering RNA (siRNA) [50,51] and drug combinatorial
treatments [52]. In what concerns combinatorial therapeutic
strategies in FAP, doxycycline and tauroursodeoxycholic acid
administration were shown to synergize for disruption and
clearance of fibrillar deposits and for stabilization of disease
progression both in mice and humans, respectively [52,53].
Considering the therapeutic potential of Anakinra shown in
our study, we hypothesize that it can be a multi-target drug
used as an alternative treatment or in a combinatorial
approach, improving the efficacy of drugs acting on TTR
silencing [51], TTR stabilization [46,47] or amyloid fiber
disruption [49].
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Overall, the present study brings to light, for the first
time, the therapeutic potential of Anakinra in the context
of FAP.

Conclusion

The present study paves the way to the therapeutic potential of
Anakinra in FAP. Anakinra administration lead to the
reduction of non-fibrillar TTR deposits in nerve tissue,
inflammation mediated by IL-1, apoptosis, ER and nitrative
stress, ultimately preventing unmyelinated fibers from degen-
eration. Furthermore, data reinforce the importance of
inflammation on TTR amyloidosis and further demonstrate
an important role of IL-1 in the pathogenesis of FAP.
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