
ORIGINAL RESEARCH
published: 10 May 2017

doi: 10.3389/fnmol.2017.00138

Pharmacological Stimulation of
Phagocytosis Enhances Amyloid
Plaque Clearance; Evidence from a
Transgenic Mouse Model of ATTR
Neuropathy
Eleni Fella 1,2, Kleitos Sokratous 3,4, Revekka Papacharalambous 1, Kyriacos Kyriacou 2,3,
Joy Phillips 5, Sam Sanderson 6, Elena Panayiotou 1† and Theodoros Kyriakides 1,2*†

1Neurology Clinic A, The Cyprus Institute of Neurology and Genetics, Nicosia, Cyprus, 2Cyprus School of Molecular
Medicine, Nicosia, Cyprus, 3Electron Microscopy and Molecular Pathology Department, The Cyprus Institute of Neurology
and Genetics, Nicosia, Cyprus, 4Bioinformatics Group, The Cyprus Institute of Neurology and Genetics, Nicosia, Cyprus,
5Donald P. Shiley Bioscience Center, San Diego State University, San Diego, CA, USA, 6Department of Pharmaceutical
Sciences, College of Pharmacy, University of Nebraska Medical Center, Omaha, NE, USA

Edited by:
Detlev Boison,

Legacy Health, USA

Reviewed by:
Ursula Susan Sandau,

Oregon Health & Science University,
USA

David Blum,
Institut National de la Santé et de la

Recherche Médicale (INSERM),
France

*Correspondence:
Theodoros Kyriakides
theodore@cing.ac.cy

†These authors have contributed
equally to this work.

Received: 13 March 2017
Accepted: 21 April 2017
Published: 10 May 2017

Citation:
Fella E, Sokratous K,

Papacharalambous R, Kyriakou K,
Phillips J, Sanderson S, Panayiotou E

and Kyriakides T
(2017) Pharmacological Stimulation
of Phagocytosis Enhances Amyloid
Plaque Clearance; Evidence from a

Transgenic Mouse Model of
ATTR Neuropathy.

Front. Mol. Neurosci. 10:138.
doi: 10.3389/fnmol.2017.00138

Hereditary ATTR V30M amyloidosis is a lethal autosomal dominant sensorimotor
and autonomic neuropathy caused by deposition of aberrant transthyretin (TTR).
Immunohistochemical examination of sural nerve biopsies in patients with amyloidotic
neuropathy show co-aggregation of TTR with several proteins; including apolipoprotein
E, serum amyloid P and components of the complement cascade. Complement
activation and macrophages are increasingly recognized to play a crucial role in
amyloidogenesis at the tissue bed level. In the current study we test the effect of two
C5a receptor agonists and a C5a receptor antagonist (PMX53) on disease phenotype in
ATTR V30M mice. Our results indicate that amyloid deposition was significantly reduced
following treatment with the C5a receptor agonists, while treatment with the antagonist
resulted in a significant increase of amyloid load. Administration of the C5a receptor
agonists triggered increased recruitment of phagocytic cells resulting in clearance of
amyloid deposits.
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INTRODUCTION

Hereditary ATTR V30M amyloidosis is a life-threatening progressive sensory-motor and
autonomic peripheral neuropathy. ATTR V30M amyloidosis is caused by extracellular
accumulation of misfolded transthyretin (TTR), subsequently creating insoluble aggregates
of amyloid fibrils (Saraiva et al., 1984). Even though there are more than a 100 mutations causing
ATTR amyloidoses, the first discovered and by far the most common is ATTR V30M, which is due
to a substitution of a valine with methionine in position 30 (Val30Met) of the TTR protein ( Ando
et al., 2005).

There is considerable variability in the age of onset and penetrance of hereditary ATTR V30M
in different countries. Epigenetic and genetic factors are believed to contribute to this variability.
Complement cascade components have been shown to co-precipitate with amyloid in various
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forms of amyloidotic neuropathy (Hafer-Macko et al., 2000).
Our group has previously identified polymorphisms in C1q to
correlate with age of onset in a Cypriot cohort of ATTR V30M
patients suggesting that complement C1q may be a modifier
gene (Dardiotis et al., 2009). We have recently demonstrated
that C1q deficient ATTR V30M mice exhibit a 60% increase in
amyloid deposition compared to their C1q efficient counterparts
(Panayiotou et al., 2017). C1q has also been shown to modulate
beta-amyloid induced complement activation and neuronal loss
in Alzheimer’s disease (Fonseca et al., 2011) as well as modulating
phagocytosis of soluble pre-amyloid aggregates (Pisalyaput and
Tenner, 2008). A dual role for complement has been proposed,
a protective effect from early components of complement (C1q
opsonizes foreign material and phagocytes) and a detrimental
effect from late components such as C3a and C5a exarcebating
neuroinflammation (Fonseca et al., 2011). Late component C5a
is produced following the activation of any of the three pathways
of the complement cascade system. The C5 complement system
factor is cleaved by C5 convertases producing the C5a and C5b
molecules. C5a acts as an anaphylactic molecule by attracting C5a
receptor bearing cells including macrophages and neutrophils
leading to a pro-inflammatory response (Mathern and Heeger,
2015). Activation of the C5a receptor in the CNS could have a
detrimental role leading to neurotoxicity or a neuroprotective
role through phagocytosis (Fonseca et al., 2009). However, the
effects of C5a receptor activation by the C5a anaphylatoxin in
ATTRV30M amyloidosis have not been elucidated yet.

More recently it has been shown that anti-serum amyloid
P antibodies admnistered to AA amyloidotic mice resulted
in an extensive ‘‘complement-dependent, macrophage-derived’’
response which reduced the amount of amyloid deposition
(Bodin et al., 2010). This observation has been extended
successfully in a Phase 1 study in humans (Richards et al., 2015).

The objective of the current study was to elucidate further
the role of the complement in the pathogenesis of ATTR V30M
amyloidosis and investigate the possibilty of therapeutically
manipulating complement to eliminate amyloid deposit. We
have administered two C5a receptor agonists, a full C5a receptor
agonist and EP67 (a response-selective C5a receptor agonist
deprived of C5a-like anaphylatoxin activity), and a C5a receptor
antagonist (PMX53) and examined disease phenotype in ATTR
V30M mice after 1 week. We show that treatment with the C5a
receptor agonists significantly ameliorated amyloid deposition
while C5a receptor antagonist PMX53 exacerbated amyloid
deposits. We have also carried out mass spectrometry-based
proteomic analysis, comparing the proteome of animals with the
highest amount of amyloid and the lowest amount of amyloid.
This analysis has shown substantial phagocytic cell activation,
as well as the increased expression of proteolytic peptidases
accompanying the reduction in amyloid deposition.

MATERIALS AND METHODS

Animals and Tissue Handling
The previously published mouse model of ATTR V30M
neuropathy (Kohno et al., 1997) was kindly donated by

Dr. M. Saraiva. These animals are knockouts for murine TTR
and have been bred to carry the human V30M mutated
cDNA in the form of a transgene in a homozygous state
(mTTR−/−hTTRMet30+/+). Real time PCR was used to ensure
that all animals included in the experiments had the same copy
number of human TTR transgenes. All animals used for the
experiments were 13–14 months old since at this age amyloid
deposits are well established.

All animals were kept in a regular 12-h light-12 h dark
cycle and were given free access to water and food, under
SPF conditions. Animals were separated in cages depending on
the molecule they were treated with. Four groups of animals
were included for study; one group was treated with PMX53
(kindly provided by Cephalon USA), one group with the full
C5a receptor agonist molecule (purchased from Anaspec), one
group with the modified C5a receptor agonist, EP67 (Sanderson
et al., 2012) and finally there was a control group. Each group was
comprised of six animals while the treatment period lasted for
1 week, during which each molecule was added to the animals’
water source at 20 µg/ml. The control group animals only
received water without the addition of any other compound. All
animal involving experiments were carried out in accordance to
the 86/609/EEC Directive. Also, a project license was obtained
from the Cyprus Veterinary Services approving the project and
methodology (License Number: CY/EXP/P.L6/2010).

Mice were anesthetized and then euthanized using
Tribromoethanol (Avertin) through IP injection at a dose
of 250 mg/Kg. The animals were then exsanguinated
via PBS perfusion to reduce the contribution of plasma
in tissue measurements. Tissues were processed for
immunohistochemistry by carrying out overnight 4% PFA
fixation followed by wax embedding or were frozen and kept at
−80◦C for immunoblotting. Amyloid deposition assessment was
confined to stomach tissue since this tissue is heavily involved
in amyloid deposition at an early age in this particular mouse
model of ATTR V30M neuropathy.

Genotyping
Animals were genotyped using the PCR method. Primers
for the mouse TTR gene (mTTR F 5′–CTG ACC CAT
TTC ACT GAC ATT T–3′ & mTTR R 5′–CAA ATG GGA
ACC TGG AAC C–3′); the human mutated transgene
(hMET30 F 5′–TGCTGATGACACCTGGGAGC–3′ and
hMET30 R 5′TCAGGTTCCTGGTCACTTCC–3′) were utilized
for screening with annealing temperature at 58◦C.

Amyloid Plaque Visualization and
Quantification
Thioflavin S staining combined with TTR immunofluorescence
were used to identify TTR specific amyloid deposits in paraffin
sections obtained from stomach tissue. Paraffin sections were
deparaffinized and hydrated to distilled water. Sections were
then stained with Mayer’s hemeatoxylin for 5 min, washed
further with distilled water and then stained with aqueous 1%
Thioflavin S solution (T1892-25G) for a further 5 min and
finally differentiated in 50% ethanol before been rinsed with
distilled water and then mounted using the DAKO Fluorescence
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FIGURE 1 | Amyloid deposition: amyloid plaques were quantified through Thioflavin-S staining (A). All groups exhibited significant difference from one
another, with the PMX53 treated mice having the greatest amount of deposition and the full agonist treated group having the lowest recorded amount. n = 6/group,
data presented as mean ± 1 SD. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. (B) Amyloid plaque in the stomach that stains with Congo red and exhibits apple green
birefringence (Bi,ii). The same plaque stains Thioflavin-S positive (Biii) and is composed of human transthyretin (TTR; Biv). The area of co-localization of Thioflavin-S
and TTR labeling appears yellow (Bv) and morphometric measurements are carried out with the ImageJ software (Bvi). Scale bar = 150 µm.

Mounting Medium (S3023). Thioflavin S positive deposits were
further confirmed to be amyloid by Congo Red (Figures 1Bi,ii).
Plaques positive for both Thioflavin S and hTTR were measured
using the ImageJ software set to measure yellow (570–585 nm;
Figures 1Biii–Bvi). TTR amyloid plaques were measured over
the entire area of stomach section, a percentage of the surface area
occupied by plaques was calculated and an average percentage
obtained over five serial sections.

Serum Elisa Method
Serum human TTR was measured using enzyme-linked
immunosorbent assay (ELISA) from four animals from each
of the four groups. Blood samples were collected, without
sacrificing any of the animals, from the orbital sinus in the
absence of anticoagulant. The samples were allowed to stand
at room temperature for approximately 30 min to coagulate.
They were then centrifuged at 3500 rpm for 10 min and the top
layer was collected in order to obtain the serum. Samples were
diluted 1/50,000 using the supplied mix diluent from the kit used
(Abnova TTR Human ELISA Kit KA0495) and the procedure
was carried out as outlined by the supplier. Absorbance was
measured at 450 nm using a microplate reader.

Western Blots and Densitometry
Stomach homogenate (tissue lysed with RIPA buffer and
protease inhibitors under sonication) was separated via reducing
SDS-PAGE and transferred onto PVDF membranes. The
membranes were blocked with 5% BSA for 1 h at room
temperature. The membranes were then incubated overnight at
4◦C with the appropriate primary antibody. Specific antibodies
were then visualized using the Super Signal West Femto
Maximum Sensitivity Substrate (Thermo Fisher 34095) after
incubating with the required HRP conjugated secondary
antibody for 1 h at room temperature. Blots were repeated
in triplicates and were visualized using the UVP bio-imaging
system.

The antibodies used for immunoblotting were against:
BiP (anti-rabbit Santa Cruz sc-13968 1/350), C1q (anti-rabbit
Santa Cruz sc-27661 1/100), Caspase-3 (anti-rabbit Enzo Life
Sciences ALX-210-806-C100 1/1000), CD68 (anti-rabbit Santa
Cruz sc-9139 1/150), CD88 (anti-mouse Santa Cruz sc-53795
1/100), ELANE (anti-rabbit Abcam ab68672 1/1000), F4/80
(anti-rabbit Santa Cruz sc-25830 1/100), IL-36γ (anti-goat Santa
Cruz sc-168163 1/100), Ly6G (anti-mouse Antibodies online
ABIN361224 1/1000) and Properdin (anti-rabbit Santa Cruz
sc-68367 1/100). The appropriate HRP conjugated secondary
antibodies were used, anti-mouse (Santa Cruz SC-2031 1/5000),
anti-rabbit (Santa Cruz SC-2004 1/5000).

ImageJ was used to carry out densitometry calculations, while
all bands were normalized against a GAPDH loading control
(Santa Cruz sc-25778 1/1000), while the same reference sample
was in all westerns to allow cross-gel comparison).

Immunohistochemistry
Paraffin sections from animals’ stomachs were deparaffinized
and hydrated to distilled water. Sections were then blocked
with 5% BSA solution in PBS for 1 h at room temperature
and then incubated with the appropriate primary antibody
overnight at 4◦C. The slides were then washed and incubated
with the appropriate secondary antibody for 1 h at room
temperature. Finally, DAPI staining was used to label the cells’
nuclei (Sigma Aldrich D9542) before been mounted using
the DAKO Fluorescence Mounting Medium (S3023). Pictures
were taken using a Zeiss AXIOIMAGER M2 fluorescence
microscope.

The primary antibodies used were against: BiP (anti-rabbit
Santa Cruz sc-13968 1/100), Caspase-3 (anti-rabbit Santa Cruz
sc-7148 1/500), CD68 (anti-goat Santa Cruz sc-7084 1/50),
ELANE (anti-rabbit Abcam ab68672 1/100), Lamp-1 (anti-rabbit
Cell signaling 8653 1/800) and human TTR (anti rabbit DAKO
A000202 1/500). The appropriate Invitrogen Alexa Fluor 555 and
488 fluorescence secondary antibodies were used, anti-rabbit
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(A-21428 and A-11008 1/2000) and anti-goat (A-21432 and
A-11055 1/2000).

Mass Spectrometry-Based Proteomics
Frozen stomach tissue samples from three animals from two
groups of animals (full agonist treated and PMX53 treated) were
incubated in lysis buffer (10 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% (v/v) SDS, 1X protease inhibitors) for
30 min on ice, followed by sonication for 30 s (50% pulse)
using Model 150VT (Biologics Inc., Virginia, USA). Lysates were
clarified by centrifugation at 12,000 rpm for 20 min at 4◦C.
The supernatant was collected and proteins were precipitated in
tenfold excess volume of ice-cold acetone overnight at −20◦C
and subsequently resuspended in urea buffer (8 M urea, 50 mM
ammonium bicarbonate). Protein concentration was determined
using BCA protein assay. For each sample, 100 µg of protein
was transferred to a new tube, reduced with DTT (10 mM
final concentration) for 30 min at 60◦C and alkylated with
iodoacetamide (15 mM final concentration) for 15 min in
dark at room temperature followed by fourfold dilution in
50 mM ammonium bicarbonate. Proteins were digested with
2 µg of proteomics grade trypsin (Roche Diagnostics GmbH,
Mannheim, Germany) at 37◦C for 18 h. Digestion was quenched
by addition of TFA to a final concentration of 0.5%. Peptides
were desalted and purified using reverse phase solid phase
extraction cartridges (Sep-Pak C18,Waters, Vienna, Austria) and
eluates were lyophilized using a centrifugal vacuum concentrator.
Peptide pellets were re-dissolved in 1% acetonitrile, 0.1% formic
acid (mobile phase A) to yield an approximate concentration of
200 ng/µL (determined by NanoDrop measurement at 280 nm).
The peptide separation was performed on aWaters nanoAcquity
UPLC system (Waters Co., Wilmslow, UK). Peptides were
loaded onto a C18 column (Acquity UPLC M-Class, Peptide
CSH, 75 µm × 250 mm, 1.7 µm, 130 Å) and eluted with a
linear gradient from 5% mobile phase B (0.1% formic acid in
acetonitrile) to 40% mobile phase B over 175-min. Peptides were
analyzed on a Waters Synapt G2Si HDMS instrument (Waters
Co., Wilmslow, UK) operated in ion mobility mode using the
UDMSE approach (Distler et al., 2014). Each sample analyzed
in triplicate. Raw mass spectrometry data were analyzed using
Progenesis QI for proteomics software (version 3.0) and were
subjected to protein identification against the SwissProt mouse
reference proteome database (version July 2016, 16761 sequences
plus human TTR, P02766) using the MSe peptide identification
method. The searching parameters used were: trypsin digestion,
1 missed cleavage, FDR <4%. The identifications were refined
using the following parameters: score ≥5, hits ≥2, sequence
length ≥6, description not containing probable, predictive,
potential or putative.

Statistical Analyses
Statistical analysis was performed using GraphPad Prism version
5.00 for Windows (GraphPad software, San Diego, CA, USA)
where one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test was carried out. Using this information,
graphical charts representing the data were prepared.

RESULTS

Amyloid Deposition in the Stomach
Following administration of all three agents for 1 week,
all animals were sacrificed (including untreated, age-matched
control hTTRV30M animals) and amyloid deposition was
examined by combined Thioflavin S staining and TTR
immunofluorescence (Figure 1A). There was a 160% increase in
amyloid load following the administration of PMX53 for a week
when compared to the control hTTRV30Mmice. Administration
of the C5a receptor agonist EP67 resulted in a 42% decrease
in deposited amyloid. Further amyloid reduction was recorded
following administration of the full receptor agonist (65%).

hTTR Levels in Serum and Stomach
The levels of human V30M TTR were measured in the serum
of all mice participating in the study using the ELISA at the end
of the treatment period. Our results indicate that the amount of
hTTR found in the serum remains unaffected for all four groups
(Figure 2A).

The amount of pre-fibrillar hTTR was measured in stomach
tissue of all animals (Figure 2B). Our results indicated
significantly less hTTR between the two groups treated with the
agonists and the control animals. The PMX53 group did not
significantly differ from the control group.

Phagocytic Cell Markers in Stomach
Tissue
The PMX53 molecule is a known C5a receptor (CD88) inhibitor,
while the other two molecules used are agonists for the receptor.
Even though C5a receptors (C5R1, CD88) are ubiquitously
expressed on a variety of cells, they are most prominently
expressed on the surface of neutrophils and macrophages (Monk
et al., 2007), therefore, identifyingmarkers for these two cell types
were used to establish their presence in the experimental animals.

CD88, the ubiquitous C5a receptor was found to be
significantly elevated in both the full agonist and EP67 groups
when compared to the control animals, whereas the receptor
was severely decreased in the animals treated with PMX53
(Figure 3A).

Neutrophil elastase (ELANE) and Ly6G are both well
characterized markers of neutrophils (Talukdar et al., 2012;
Amsalem et al., 2014). ELANE is a chymotrypsin like serine
proteinase which is mainly secreted by neutrophils during
inflammation in order to induce the clearance of bacteria and
host tissue (Belaaouaj et al., 2000). ELANE is also very similar
to other immune system cytotoxic serine proteases such as
granzymes and cathepsin G (Thomas et al., 2014). Our results
show that ELANE is highest in the group of mice treated
with the full agonist molecule, which retains its anaphylactic
properties, while it is lower in the group treated with the agonist
EP67 which activates C5aR receptors on macrophages but less
so on neutrophils (Figure 3B). The PMX53 treated animals were
found to express the lowest levels of ELANE even though the
change was not statistically significant when compared to the
untreated control group.
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FIGURE 2 | Amount of hTTR found in the serum and stomach: (A) TTR in the serum was quantified using enzyme-linked immunosorbent assay (ELISA). Results
show that no statistical difference in the amount of circulating TTR was recorded between the four groups of mice. n = 4/group, data presented as mean ± 1 SD. (B)
hTTR levels in the stomach were measured via immunoblotting. Significant decrease was observed in the mice treated with the two agonist molecules when
compared to the untreated control mice. n = 6/group. Data presented as mean ± 1 SD. Indicative images from each group shown in (Bi–iv). ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001.

Ly6G is s neutrophil specific marker which has been
previously used to deplete neutrophils in mice (Pillay et al.,
2013). Our data indicate a similar pattern as with ELANE,
where the groups treated with the agonist molecules exhibit
the highest level of Ly6G, while the mice treated with the
PMX53 antagonist molecule exhibit the lowest amount of Ly6G
detected (Figure 3C).

Interleukin 36γ (IL-36γ) has been found to be up-regulated
in a number of inflammatory diseases and is believed to be
expressed by both neutrophils and macrophages (Bozoyan et al.,
2015; Kovach et al., 2016; Macleod et al., 2016). Our results also
indicate that IL-36γ is highest in the group of mice treated with
the full agonist and the lowest in the group treated with the
PMX53 molecule (Figure 3D).

The murine F4/80 (EGF-like module-containing mucin-like
hormone receptor-like 1, Emr1 homolog) is a well-known
marker of murinemacrophage populations (Austyn andGordon,
1981), while CD68 is found to be expressed on all macrophages
(Murray and Wynn, 2011). The PMX53 treated mice exhibited
the lowest levels of both macrophage markers, while both
groups of mice treated with the agonist molecules displayed
greater expression of the two markers when compared to
the untreated control (Figures 3E,F). However, the mice
treated with EP67 display the greatest levels of macrophages,
even when compared to the group treated with the full
agonist.

Results yielded from the liquid chromatography—tandem
mass spectrometry (LC-MS/MS) analysis comparison between
the group with the highest amyloid deposition (PMX53 treated)
and the group with the lowest amount of amyloid (full agonist
treated) revealed a number of macrophage and neutrophil related

markers which were highly expressed in the animals with the
lowest amount of amyloid (Supplementary Table S1).

Immunofluorescence with Neutrophil and
Macrophage Markers
In order to examine the co-expression of the macrophage
and neutrophil markers with the amyloid plaques serial
deparaffinized stomach sections were immunostained with
antibodies specific for CD68, neutrophil elastase/ELANE, hTTR
and Thioflavin-S.

The untreated group displays minimal co-localization of
α-CD68 with the Thioflavin-S/hTTR positive plaques, while
there is no co-localization with α-ELANE (Figure 4A).

The sections from the mice treated with the C5a antagonist
PMX53 exhibit an even lower level of α-CD68 co-localization,
probably indicative of the fact that there’s a decreased
recruitment due to inhibition of the receptor (Figure 4B).

In the group treated with the full agonist there was complete
plaque co-localization with both α-CD68 and α-ELANE
(Figure 4C). The EP67 treated group however exhibited
mainly co-localization with α-CD68 positivity with a much less
neutrophil recruitment (Figure 4D).

Complement Markers in Stomach Tissue
The complement system has been previously shown to be
involved with amyloidogenesis and the pathogenesis of the
disease. Therefore, markers for both the classical and alternative
complement system were analyzed using immunoblotting.

The classical complement pathway is initiated through the
C1q molecule. C1q itself is produced by peripheral tissue
phagocytic cells (Petry et al., 1991). The group of mice treated
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FIGURE 3 | Expression of phagocytic cell markers in stomach tissue: (A) The expression of CD88 was measured by immunoblotting indicating a decrease in
the marker in both the untreated group and the group treated with the PMX53 antagonist, while the two groups treated with the agonists exhibited the greatest level
of expression. Similar effects were observed with Neutrophil elastase (B), Ly6G (C) and IL-36γ (D). Immunoblots for the macrophage specific markers F4/80 (E) and
CD68 (F) however indicate their overexpression in the group of mice treated with the modified agonist molecule EP67, while the group treated with the
PMX53 antagonist exhibited the lowest levels of expression for both markers. n = 6/group data presented as mean ± 1 SD. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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FIGURE 4 | Amyloid plaque infiltration by macrophages and neutrophils: serial sections stomach sections from mice representing the four groups of
mice were stained with Thioflavin-S, α-TTR, the pan-macrophage marker α-CD68 and the neutrophil marker α-Neutrophil elastase (ELANE).
Immunofluorescence on the stomach tissue from the untreated mouse indicates the complete absence of neutrophils from the plaque, while there is some
co-expression with CD68 (A). A similar pattern was observed with the mouse treated with the PMX53 antagonist molecule (B), while complete co-localization with
both CD68 and ELANE was observed in the mouse treated with the full agonist molecule (C). Immunofluorescence on the mouse treated with the modified agonist
EP67 however revealed complete plaque co-localization with CD68 and the complete absence of ELANE from the region (D). Scale bar = 75 µm.

with the full agonist molecule express the greatest amount of
C1q; even though the mice treated with the EP67 molecule also
exhibit elevated amounts of C1q when compared to the untreated

control animals. On the contrary, the animals treated with the
C5aR inhibitor, PMX53; do not display any significant difference
from the control animals (Figure 5A).
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FIGURE 5 | Expression of complement markers: the expression of the classical complement pathway protein C1q was measured by immunoblotting
in stomach tissues of all the animals from the four groups of mice (A). The group treated with the full agonist molecule exhibited the highest levels of C1q
which was statistically significant when compared to the rest of the groups, while the mice with the modified agonist also exhibited a significant increase when
compared to the untreated control group. Similar effects were observed via immunofluorescence. Properdin, the alternative complement pathway marker, also
presented an analogous pattern so that the group of mice treated with the two agonists also expressed the greatest amount of the protein (B). n = 6/group, data
presented as mean ± 1 SD. B&D Scale bar = 150 µm. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Properdin (factor P) is a unique positive regulator of
complement activation which functions by stabilizing the
alternative pathway convertases (Smith et al., 1984) so that it may
be used as an alternative complement pathway marker.

Our results indicate the greatest amount of properdin in the
animals treated with the full agonist, followed by the EP67 treated
group (Figure 5B). The PMX53 treated mice express the same
amount of properdin as the control group.

These results were also corroborated through the LC-MS/MS
analysis, where the complement cascade proteins, along with
properdin, were found to be higher in the group of mice
treated with the full agonist molecule when compared to the
group of mice treated with the PMX53 molecule (Supplementary
Table S1).

Stress and Apoptosis Markers in Stomach
Tissue
The presence of extracellular amyloid deposits and pre-fibrillar
hTTR species have been shown to increase endoplasmic
reticulum stress through the activation of the classical unfolded
protein response pathways in tissues not specialized in hTTR
synthesis (Teixeira et al., 2006; Macedo et al., 2007). Our results
indicate that the mice treated with PMX53 possess the highest
levels of BiP which is in accordance with the high levels of
amyloid deposits. The groups treated with the agonists exhibit
significantly less amount of BiP than the PMX53 mice even
though they do not appear to be lower than the control untreated
mice (Figure 6A).

Immunostaining of nerve biopsies from hereditary V30M
patients carried out with an activated caspase-3 specific antibody
has shown that expression of this apoptotic marker increases
as the disease progresses (Sousa et al., 2001). We have also
observed a significant increase in Caspase-3 in the group with
the highest amyloid load (PMX53 treated) as compared to the
other groups, even though no significant difference was recorded
between the agonists treated groups and the control group
(Figure 6B).

The LC-MS/MS analysis has revealed a great number of ER
related stress markers which appear greatly increased in the
PMX53 treated group of mice, as well as a number of Caspases
and apoptotic markers (Supplementary Table S2).

Lysosomal Marker in Stomach Tissue
Lysosomal-associated membrane protein 1 (Lamp-1) is a
glycoprotein known to primarily reside across lysosomal
membranes (Carlsson and Fukuda, 1989), also Lamp-1 may
be expressed on the cell surface following lysosomal fusion
with the cell membrane during phagocytosis (Kima et al.,
2000). During the formation and maturation of the phagosome,
Lamp-1 will specifically become localized on the phagosomes
(Sugaya et al., 2011), so that, expression of Lamp-1 signifies
the final steps of activated phagocytosis. Serial deparaffinized
stomach sections from a mouse treated with the full agonist
and EP67 exhibit the complete co-localization of α–Lamp-1 with
α–CD68 and α–ELANE. On the contrary, the PMX53 treated
mouse does not exhibit any co-localization with ELANE, CD68,
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FIGURE 6 | Expression of stress markers: the expression of BiP was measured by immunoblotting (A) in the stomach tissues of all animals from the four
groups. While the animals from the groups treated with the two agonists and the untreated group displayed comparable levels of BiP, the group treated with the
PMX53 antagonist exhibited significantly greater amounts of the cellular stress marker. Comparable effects were observed via immunostaining. Similarly,
immunoblotting using the apoptotic marker Caspase-3 displayed a significantly increased expression in the group of mice treated with PMX53 (B). n = 6/group, data
presented as mean ± 1 SD. B&D Scale bar = 150 mm. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

or LAMP-1(Figure 7A). On the contrary, sections from an
animal treated with PMX53 display no plaque co-localization
with Lamp-1 (Figure 7B).

Liquid Chromatography–Tandem Mass
Spectrometry Analysis
Considering that the animals treated with the full agonist
molecule exhibited the least amount of deposited amyloid,
and the animals treated with the PMX53 molecule had the
highest amount of amyloid recorded, these two groups were
compared using label-free mass spectrometry-based proteomic
approach. Overall, a total of 3154 quantifiable proteins were
identified. The expression of most of the markers examined
using immunoblotting, as well as other related markers, was
also confirmed through this technique (Supplementary Tables
S1, S2). Furthermore, the data obtained through the LC-MS/MS
technique was further analyzed using the Panther tool in
order to identify clusters of proteins involved with specific
functions in the two extreme groups of mice (Thomas et al.,
2003; Mi et al., 2010). The most relevant results from this
analysis have been summarized in Figure 8, while the specific
proteins can be found in Supplementary Tables S3–S7. Also,
the full list of obtained proteins along with their confidence
scores can be found in Supplementary Data Sheet 1. A greater
number of proteins involved with macrophage and complement
activation were found to be highly expressed in the mice treated
with the full agonist molecule. Similarly, a greater number of
proteins associated with inflammation mediated by cytokines
and chemokines, as well as peptidases were also found in the
group treated with the full agonist molecule. However, the

animals treated with PMX53 appeared to express a greater
number of apoptosis related proteins when compared to the full
agonist treated group.

DISCUSSION

Currently there is a variety of approaches, either in the clinic or in
clinical trials, for treating ATTR V30M amyloidotic neuropathy;
liver transplantation, TTR stabilizers (Tafamidis, Diflunisal),
inhibitors of TTR translation (anti-sense oligonucleotides,
silencing RNAs), drugs that interfere with amyloid dynamics
at the tissue level (doxycycline/TUDCA). There is however
an unmet need that arises from the fact that already formed
amyloid deposits continue to form foci for further deposition
of normal TTR giving rise to further organ damage such as
the heart and the kidneys. In addition, amyloidogenesis in
certain tissue beds such as the eye and the brain has not yet
been effectively addressed partly due to issues of access of the
various treatments to the relevant tissue beds. More recently,
antibodies against serum amyloid P or in the case of ATTRV30M
amyloidosis, a cryptic TTR epitope visible only when TTR is in
its monomeric form, are beginning to be explored as possible
treatments (Richards et al., 2015; Hosoi et al., 2016). Both of these
antibodies appear to enhance phagocytosis by macrophages.
Complement participation has also been demonstrated with the
anti-serum amyloid P antibody in vivo. In the current study we
provide evidence that amyloid phagocytosis can be modulated
by pharmacological manipulation of the C5a receptor and in the
absence of any antibodies perhaps offering a more generic and
convenient treatment option for the amyloidoses.
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FIGURE 7 | Amyloid plaque co-localization with the lysosomal marker: immunofluorescence of serial stomach sections from the group treated with
the full agonist molecule (A) and the PMX53 antagonist (B) show the complete co-expression of the amyloid plaque with Lamp-1 (Ai) in the mouse treated with
the agonist as opposed to the antagonist treated mouse which presents complete absence of the lysosomal marker in the vicinity of the plaque (Bi). Sections were
co-stained with Thioflavin-S, a-Lamp-1 and a-CD68 (Ai-iv and Bi-iv) and Thioflavin-S, a-hTTR and a-ELANE (Av-viii and Bv-viii). Scale bar = 75 µm.

Agonist and antagonists of the C5a receptor molecule are
constructed based on the C terminus of the C5a molecule
(Higginbottom et al., 2005). Agonists can be used to activate the
C5a receptor bearing cells such as macrophages and neutrophils
in order to induce the release of proinflammatory agents, thus
activating an inflammatory response (Short et al., 1999). The C5a
molecule is considered an anaphylatoxin based on its propensity
to induce mast cell, basophil and neutrophil degranulation (Lee
et al., 2008).

The full agonist molecule of the C5a receptor used
here ((N-Methyl-Phe)-Lys-Pro-d-Cha-Cha-d-Arg-CO2H) is
a peptide analog of the last six C-terminal residues of the

C5a molecule (Higginbottom et al., 2005). In essence, this
molecule retains its anaphylactic activity by not only activating
macrophages but also neutrophils. EP67 (Thr-Ser-Phe-Lys-Asp-
Met-Pro-(MeLeu)-D-Ala-Arg), a conformationally-restricted
decapeptide of the last ten amino acids of the C5a molecule
contains an altered structure, which is accommodated by
C5a receptors expressed on antigen presenting cells such as
macrophages (Sanderson et al., 2012; Hanke et al., 2013). The
C5a receptor antagonist PMX53 (AcF-[OP(D Cha) WR]) is a
small cyclic peptide molecule which binds the C5a receptor
suspending its downstream function (Woodruff et al., 2006;
Lobato and Rocha, 2012).
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FIGURE 8 | LC-MS/MS clustering: protein functional clustering was carried out through the Panther tool between the group of mice treated with the
full agonist molecule and the PMX53 antagonist. The group of mice treated with the full agonist displayed an increase in the expression of markers related with
macrophage and complement system activation. Furthermore, an upsurge in the expression of peptidases and factors involved with inflammation was observed. The
group treated with the antagonist exhibited a greater expression of caspases and other proteins involved in the apoptosis pathways.

Our results show that while administering the
PMX53 compound results in a 160% increase of fibrillar
amyloid deposition (both the full agonist and EP67 result in the
decrease of amyloid deposition by 65% and 42%, respectively)
following 1 week of oral administration through the animals’
drinking water. Therefore, inhibition of the C5a receptor (CD88)
results in an increase in amyloid deposition, whereas enhancing
the action of the receptor induces a considerable decrease. This
decrease is even more substantial following the administration of
the full agonist molecule which recruits both macrophages and
neutrophils (Baik et al., 2014).

The fact that the amount of circulating hTTR protein in
the serum remains unchanged in all four groups is expected
since liver production of TTR is not expected to be affected,
while the changes in tissue handling of TTR as a result
of the administration of the three types of molecules for
only a week would be too short to influence serum levels.
However, there was a significant decrease in the amount of
prefibrillar hTTR detected in the stomach tissue of animals
receiving the C5 receptor agonists when compared to control
presumably due to increased phagocytosis of prefibrillar hTTR.
The PMX53 group mice exhibited no significant rise in
prefibrillar hTTR, compared to control, as might be expected due
to reduced phagocytosis of prefibrillar hTTR (Misumi et al., 2013;
Suenaga et al., 2016). This is most likely explained by a shift to

a higher rate of amyloid formation driven by higher prefibrillar
hTTR.

The marked decrease in amyloid load observed with the
animals treated with the C5a receptor agonists is accompanied
by a remarkable increase in neutrophil and macrophage markers.
EP67 predominantly targets the macrophage populations, while
the full agonist, which also targets neutrophils, produces
significantly more IL-36γ perhaps indicative of phagocytic
capacity (Sanderson et al., 2012; Hanke et al., 2013). The extra
23% decrease in amyloid observed in the full agonist treated
mice is probably a direct effect of neutrophil activation and
recruitment. Immunofluorescence labeling of the plaques shows
no co-localization with neutrophils except in mice treated with
the full C5a receptor agonist (Figure 4C). Interestingly, this is
the group which exemplifies the greatest reduction in amyloid
load, indicating a capacity of neutrophils to clear amyloid
(Baik et al., 2014). Moreover, amyloid plaques in animals
treated with the two C5a receptor agonists exhibit increased
expression of the lysosomal marker Lamp-1, signifying that the
recruitment of macrophages and neutrophils does ultimately lead
to activated phagocytosis of the amyloid plaque. Additionally,
the PMX53 treated group of animals exhibited the lowest
expression of both neutrophil and macrophage markers as might
be expected due to the inhibition of the C5a receptor (Brennan
et al., 2015; Gupta and Kaplan, 2016).
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The complement pathway is involved in innate immunity
and C5a is one of the final effector molecules produced. C5a
is imperative in tissue clearance through the recruitment of
inflammatory cells. Mice treated with the C5a receptor agonists
express a greater amount of C1q than both the control and
the PMX53 treated mice. Neutrophils are known to possess
C1q receptors which in turn enhance the expression of the
CR3 receptor (Eggleton et al., 1994), an integral part of the
innate immune response. Therefore, the significant increase in
C1q, observed especially in the group treated with the full C5a
receptor agonist, is probably due to the presence of neutrophils.
Neutrophils also activate the alternative complement pathway
and release C5 fragments, which further amplify the neutrophil
pro-inflammatory response, acting in a positive feedback loop
(Camous et al., 2011). Furthermore, macrophages have also
been shown to activate the alternative complement pathway
by activating C3 (Schorlemmer et al., 1977), explaining the
increase in properdin in the groups treated with the C5a
receptor agonists. The PMX53 treated mice however did not
appear to produce less properdin than the control group
of animals, probably a response to the increased amyloid
deposition where several complement components co-localize
(Reichwald et al., 2009). This evidence is also corroborated by
the LC-MS/MS analysis, which indicates the massive up-surge
of both the classical and alternative complement cascade in
relation to the PMX53 treated group (Supplementary Table
S1).

The LC-MS/MS data reveal that a greater number of
peptidases, and more specifically serine proteases, become
up-regulated in the full agonist treated group when compared
to the PMX53 treated animals which exhibit the greatest
amyloid load. Evidence from work carried out on amyloid β

peptides in Alzheimer’s brains, identifies peptidase and protease
mediated cleavage as a possible clearance mechanism in the
catabolism of amyloid plaques (Matsumoto et al., 1995; Ogawa
et al., 2000; Hersh, 2003; Malito et al., 2008). Neutrophils are
known to release a number of serine proteases which induce
chemokine and cytokine release as well as proteolytic cleavage
(Kessenbrock et al., 2011; Meyer-Hoffert and Wiedow, 2011).
Furthermore, neutrophil elastase (ELANE), a serine protease
secreted by neutrophils has been shown to preferentially activate
IL-36 yielding the three by-products IL-36α, IL-36β and IL-36γ
triggering further inflammatory response. We present data,
via immunoblotting and LC-MS/MS analysis demonstrating
the significant increase of IL-36γ in animals treated with
the C5a receptor agonists vs. the animals treated with the
PMX53 inhibitor.

Both apoptosis and cellular stress have been shown to increase
along with extracellular TTR amyloid deposition (Macedo et al.,
2007). We observe both by immunoblotting and LC-MS/MS
analysis, that the groups of animals treated with the C5a receptor
agonists do not have lower levels of apoptosis or cellular stress
when compared to the control despite a reduction in amyloid
load. This is perhaps partly due to the presence of macrophages
and neutrophils per se since both are involved in inflammatory
pathways which do evoke the ER stress response pathway
(Gotoh et al., 2011). Similarly, macrophages have the ability

to release Fas ligands, thus increasing extrinsic-signal triggered
apoptosis (Brown and Savill, 1999) but also the ability to induce
chronic inflammation leading to further apoptosis (Diez-Roux
and Lang, 1997; Gregory and Devitt, 2004).

In summary our data show that while inhibition of the
C5a receptor results in the significant increase of amyloid load,
activation of the C5a receptor results in a substantial reduction of
amyloid deposits. Measurable effects were seen with only 1 week
oral intake and with no visible side-effects on the mice. The full
C5a receptor agonist molecule, retaining its full ability to activate
neutrophils, had a greater impact in reducing the amyloid load.
The long term safety of the of both C5a receptor agonists will
need to be assessed in the mouse model whether on a continuous
or intermittent basis.

The role that neutrophils and macrophages may hold
in activating amyloid clearance mechanisms also needs to
be addressed in the context of other amyloidoses models.
It appears that migration towards the plaque may not be
determined by the plaque inducing peptide per se, but
rather on the generic amyloid fibrillar formation since
experiments have shown that individual αβ monomers do
not have the ability to attract peripheral phagocytic cells (Baik
et al., 2014). Therefore, activating the phagocytic immune
response through the complement cascade may target generic
amyloidoses.

The therapeutic exploitation of these small molecules as
generic treatment in the amyloidoses will no doubt be both more
challenging and rewarding.

AUTHOR CONTRIBUTIONS

EF: data acquisition, data analysis and interpretation. KS: data
acquisition and data analysis. RP: sample preparation, data
acquisition. KK: study conception, manuscript critical revision.
JP and SS: study design, manuscript critical revision. EP: study
conception and design, data acquisition, data analysis and
interpretation, drafting of manuscript. TK: study conception and
design, data interpretation, drafting of manuscript.

FUNDING

This study was funded by the Cyprus Institute of Neurology and
Genetics under the Telethon grants (Code: 33173126).

ACKNOWLEDGMENTS

We acknowledge Professor Maria Saraiva for kindly donating the
mTTR−/−hMET30+/+ transgenic mice.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnmol.
2017.00138/full#supplementary-material

Frontiers in Molecular Neuroscience | www.frontiersin.org 12 May 2017 | Volume 10 | Article 138

http://journal.frontiersin.org/article/10.3389/fnmol.2017.00138/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fnmol.2017.00138/full#supplementary-material
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Fella et al. Phagocytosis Stimulation Enhances Amyloid Clearance

REFERENCES

Amsalem, H., Kwan, M., Hazan, A., Zhang, J., Jones, R. L., Whittle, W.,
et al. (2014). Identification of a novel neutrophil population: proangiogenic
granulocytes in second-trimester human decidua. J. Immunol. 193, 3070–3079.
doi: 10.4049/jimmunol.1303117

Ando, Y., Nakamura, M., and Araki, S. (2005). Transthyretin-related
familial amyloidotic polyneuropathy. Arch. Neurol. 62, 1057–1062.
doi: 10.1001/archneur.62.7.1057

Austyn, J. M., and Gordon, S. (1981). F4/80, a monoclonal antibody directed
specifically against the mouse macrophage. Eur. J. Immunol. 11, 805–815.
doi: 10.1002/eji.1830111013

Baik, S. H., Cha, M. Y., Hyun, Y. M., Cho, H., Hamza, B., Kim, D. K., et al. (2014).
Migration of neutrophils targeting amyloid plaques in Alzheimer’s disease
mouse model. Neurobiol. Aging 35, 1286–1292. doi: 10.1016/j.neurobiolaging.
2014.01.003

Belaaouaj, A., Kim, K. S., and Shapiro, S. D. (2000). Degradation of outer
membrane protein A in Escherichia coli killing by neutrophil elastase. Science
289, 1185–1188. doi: 10.1126/science.289.5482.1185

Bodin, K., Ellmerich, S., Kahan, M. C., Tennent, G. A., Loesch, A., Gilbertson, J. A.,
et al. (2010). Antibodies to human serum amyloid P component eliminate
visceral amyloid deposits. Nature 468, 93–97. doi: 10.1038/nature
09494

Bozoyan, L., Dumas, A., Patenaude, A., and Valliéres, L. (2015). Interleukin-
36γ is expressed by neutrophils and can activate microglia, but has no role
in experimental autoimmune encephalomyelitis. J. Neuroinflammation 12:173.
doi: 10.1186/s12974-015-0392-7

Brennan, F. H., Gordon, R., Lao, H. W., Biggins, P. J., Taylor, S. M., Franklin, R. J.,
et al. (2015). The complement receptor c5ar controls acute inflammation
and astrogliosis following spinal cord injury. J. Neurosci. 35, 6517–6531.
doi: 10.1523/JNEUROSCI.5218-14.2015

Brown, S. B., and Savill, J. (1999). Phagocytosis triggers macrophage release of
Fas ligand and induces apoptosis of bystander leukocytes. J. Immunol. 162,
480–485.

Camous, L., Roumenina, L., Bigot, S., Brachemi, S., Frémeaux-Bacchi, V.,
Lesavre, P., et al. (2011). Complement alternative pathway acts as a positive
feedback amplification of neutrophil activation. Blood 117, 1340–1349.
doi: 10.1182/blood-2010-05-283564

Carlsson, S. R., and Fukuda, M. (1989). Structure of human lysosomal membrane
glycoprotein 1. Assignment of disulfide bonds and visualization of its domain
arrangement. J. Biol. Chem. 264, 20526–20531.

Dardiotis, E., Koutsou, P., Zamba-Papanicolaou, E., Vonta, I., Hadjivassiliou, M.,
Hadjigeorgiou, G., et al. (2009). Complement C1Q polymorphisms modulate
onset in familial amyloidotic polyneuropathy TTR Val30Met. J. Neurol. Sci.
284, 158–162. doi: 10.1016/j.jns.2009.05.018

Diez-Roux, G., and Lang, R. A. (1997). Macrophages induce apoptosis in normal
cells in vivo. Development 124, 3633–3638.

Distler, U., Kuharev, J., Navarro, P., Levin, Y., Schild, H., and Tenzer, S. (2014).
Drift time-specific collision energies enable deep-coverage data-independent
acquisition proteomics. Nat. Methods 11, 167–170. doi: 10.1038/nmeth.2767

Eggleton, P., Ghebrehiwet, B., Coburn, J. P., Sastry, K. N., Zaner, K. S., and
Tauber, A. I. (1994). Characterization of the human neutrophil C1q receptor
and functional effects of free ligand on activated neutrophils. Blood 84,
1640–1649.

Fonseca, M. I., Ager, R. R., Chu, S. H., Yazan, O., Sanderson, S. D., LaFerla, F. M.,
et al. (2009). Treatment with a C5aR antagonist decreases pathology and
enhances behavioral performance in murine models of Alzheimer’s disease.
J. Immunol. 183, 1375–1383. doi: 10.4049/jimmunol.0901005

Fonseca, M. I., Chu, S. H., Berci, A. M., Benoit, M. E., Peters, D. G.,
Kimura, Y., et al. (2011). Contribution of complement activation pathways
to neuropathology differs among mouse models of Alzheimer’s disease.
J. Neuroinflammation 8:4. doi: 10.1186/1742-2094-8-4

Gotoh, T., Endo, M., and Oike, Y. (2011). Endoplasmic reticulum stress-
related inflammation and cardiovascular diseases. Int. J. Inflam. 2011:259462.
doi: 10.4061/2011/259462

Gregory, C. D., and Devitt, A. (2004). The macrophage and the apoptotic cell:
an innate immune interaction viewed simplistically? Immunology 113, 1–14.
doi: 10.1111/j.1365-2567.2004.01959.x

Gupta, S., and Kaplan, M. J. (2016). The role of neutrophils and NETosis
in autoimmune and renal diseases. Nat. Rev. Nephrol. 12, 402–413.
doi: 10.1038/nrneph.2016.71

Hafer-Macko, C. E., Dyck, P. J., and Koski, C. L. (2000). Complement activation in
acquired and hereditary amyloid neuropathy. J. Peripher. Nerv. Syst. 5, 131–139.
doi: 10.1046/j.1529-8027.2000.00018.x

Hanke, M. L., Heim, C. E., Angle, A., Sanderson, S. D., and Kielian, T.
(2013). Targeting macrophage activation for the prevention and treatment
of Staphylococcus aureus biofilm infections. J. Immunol. 190, 2159–2168.
doi: 10.4049/jimmunol.1202348

Hersh, L. B. (2003). Peptidases, proteases and amyloid β-peptide catabolism. Curr.
Pharm. Des. 9, 449–454. doi: 10.2174/1381612033391676

Higginbottom, A., Cain, S. A., Woodruff, T. M., Proctor, L. M., Madala, P. K.,
Tyndall, J. D., et al. (2005). Comparative agonist/antagonist responses in
mutant human C5a receptors define the ligand binding site. J. Biol. Chem. 280,
17831–17840. doi: 10.1074/jbc.M410797200

Hosoi, A., Su, Y., Torikai, M., Jono, H., Ishikawa, D., Soejima, K., et al. (2016).
Novel antibody for the treatment of transthyretin amyloidosis. J. Biol. Chem.
291, 25096–25105. doi: 10.1074/jbc.M116.738138

Kessenbrock, K., Dau, T., and Jenne, D. E. (2011). Tailor-made inflammation: how
neutrophil serine proteases modulate the inflammatory response. J. Mol. Med.
89, 23–28. doi: 10.1007/s00109-010-0677-3

Kima, P. E., Burleigh, B., and Andrews, N. W. (2000). Surface-targeted lysosomal
membrane glycoprotein-1 (Lamp-1) enhances lysosome exocytosis and cell
invasion by Trypanosoma cruzi. Cell. Microbiol. 2, 477–486. doi: 10.1046/j.
1462-5822.2000.00071.x

Kohno, K., Palha, J. A., Miyakawa, K., Saraiva, M. J., Ito, S., Mabuchi, T.,
et al. (1997). Analysis of amyloid deposition in a transgenic mouse model
of homozygous familial amyloidotic polyneuropathy. Am. J. Pathol. 150,
1497–1508.

Kovach,M. A., Singer, B. H., Newstead,M.W., Zeng, X., Moore, T. A.,White, E. S.,
et al. (2016). IL-36γ is secreted in microparticles and exosomes by lung
macrophages in response to bacteria and bacterial components. J. Leukoc. Biol.
100, 413–421. doi: 10.1189/jlb.4A0315-087R

Lee, H., Whitfeld, P. L., and Mackay, C. R. (2008). Receptors for complement C5a.
Immunol. Cell Biol. 86, 153–160. doi: 10.1038/sj.icb.7100166

Lobato, L., and Rocha, A. (2012). Transthyretin amyloidosis and the kidney. Clin.
J. Am. Soc. Nephrol. 7, 1337–1346. doi: 10.2215/CJN.08720811

Macedo, B., Batista, A. R., do Amaral, J. B., and Saraiva, M. J. (2007). Biomarkers in
the assessment of therapies for familial amyloidotic polyneuropathy.Mol. Med.
13, 584–591. doi: 10.2119/2007-00068.Macedo

Macleod, T., Doble, R., McGonagle, D., Wasson, C. W., Alase, A., Stacey, M.,
et al. (2016). Neutrophil Elastase-mediated proteolysis activates the
anti-inflammatory cytokine IL-36 Receptor antagonist. Sci. Rep. 6:24880.
doi: 10.1038/srep24880

Malito, E., Hulse, R. E., and Tang, W. J. (2008). Amyloid β-degrading cryptidases:
insulin degrading enzyme, presequence peptidase, and neprilysin. Cell. Mol.
Life Sci. 65, 2574–2585. doi: 10.1007/s00018-008-8112-4

Mathern, D. R., and Heeger, P. S. (2015). Molecules great and small:
the complement system. Clin. J. Am. Soc. Nephrol. 10, 1636–1650.
doi: 10.2215/CJN.06230614

Matsumoto, A., Matsumoto, R., Baba, H., and Fujiwara, Y. (1995). A serine
protease in Alzheimer’s disease cells cleaves a 16K-peptide with flanking
residues upstream to β-amyloid-N-terminus as natural substrate. Neurosci.
Lett. 195, 171–174. doi: 10.1016/0304-3940(95)11810-j

Meyer-Hoffert, U., and Wiedow, O. (2011). Neutrophil serine proteases:
mediators of innate immune responses. Curr. Opin. Hematol. 18, 19–24.
doi: 10.1097/MOH.0b013e32834115d1

Mi, H., Dong, Q., Muruganujan, A., Gaudet, P., Lewis, S., and Thomas, P. D.
(2010). PANTHER version 7: improved phylogenetic trees, orthologs and
collaboration with the Gene Ontology Consortium. Nucleic Acids Res. 38,
D204–D210. doi: 10.1093/nar/gkp1019

Misumi, Y., Ando, Y., Gonçalves, N. P., and Saraiva, M. J. (2013). Fibroblasts
endocytose and degrade transthyretin aggregates in transthyretin-related
amyloidosis. Lab. Invest. 93, 911–920. doi: 10.1038/labinvest.2013.83

Monk, P. N., Scola, A. M., Madala, P., and Fairlie, D. P. (2007). Function, structure
and therapeutic potential of complement C5a receptors. Br. J. Pharmacol. 152,
429–448. doi: 10.1038/sj.bjp.0707332

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 May 2017 | Volume 10 | Article 138

https://doi.org/10.4049/jimmunol.1303117
https://doi.org/10.1001/archneur.62.7.1057
https://doi.org/10.1002/eji.1830111013
https://doi.org/10.1016/j.neurobiolaging.2014.01.003
https://doi.org/10.1016/j.neurobiolaging.2014.01.003
https://doi.org/10.1126/science.289.5482.1185
https://doi.org/10.1038/nature09494
https://doi.org/10.1038/nature09494
https://doi.org/10.1186/s12974-015-0392-7
https://doi.org/10.1523/JNEUROSCI.5218-14.2015
https://doi.org/10.1182/blood-2010-05-283564
https://doi.org/10.1016/j.jns.2009.05.018
https://doi.org/10.1038/nmeth.2767
https://doi.org/10.4049/jimmunol.0901005
https://doi.org/10.1186/1742-2094-8-4
https://doi.org/10.4061/2011/259462
https://doi.org/10.1111/j.1365-2567.2004.01959.x
https://doi.org/10.1038/nrneph.2016.71
https://doi.org/10.1046/j.1529-8027.2000.00018.x
https://doi.org/10.4049/jimmunol.1202348
https://doi.org/10.2174/1381612033391676
https://doi.org/10.1074/jbc.M410797200
https://doi.org/10.1074/jbc.M116.738138
https://doi.org/10.1007/s00109-010-0677-3
https://doi.org/10.1046/j.1462-5822.2000.00071.x
https://doi.org/10.1046/j.1462-5822.2000.00071.x
https://doi.org/10.1189/jlb.4A0315-087R
https://doi.org/10.1038/sj.icb.7100166
https://doi.org/10.2215/CJN.08720811
https://doi.org/10.2119/2007-00068.Macedo
https://doi.org/10.1038/srep24880
https://doi.org/10.1007/s00018-008-8112-4
https://doi.org/10.2215/CJN.06230614
https://doi.org/10.1016/0304-3940(95)11810-j
https://doi.org/10.1097/MOH.0b013e32834115d1
https://doi.org/10.1093/nar/gkp1019
https://doi.org/10.1038/labinvest.2013.83
https://doi.org/10.1038/sj.bjp.0707332
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Fella et al. Phagocytosis Stimulation Enhances Amyloid Clearance

Murray, P. J., and Wynn, T. A. (2011). Protective and pathogenic functions
of macrophage subsets. Nat. Rev. Immunol. 11, 723–737. doi: 10.1038/
nri3073

Ogawa, K., Yamada, T., Tsujioka, Y., Taguchi, J., Takahashi, M., Tsuboi, Y., et al.
(2000). Localization of a novel type trypsin-like serine protease, neurosin, in
brain tissues of Alzheimer’s disease and Parkinson’s disease. Psychiatry Clin.
Neurosci. 54, 419–426. doi: 10.1046/j.1440-1819.2000.00731.x

Panayiotou, E., Fella, E., Papacharalambous, R., Malas, S., Saraiva, M. J., and
Kyriakides, T. (2017). C1q ablation exacerbates amyloid deposition: a study
in a transgenic mouse model of ATTRV30M amyloid neuropathy. PLoS One
12:e0175767. doi: 10.1371/journal.pone.0175767

Petry, F., Reid, K. B., and Loos, M. (1991). Gene expression of the A- and B-chain
of mouse C1q in different tissues and the characterization of the recombinant
A-chain. J. Immunol. 147, 3988–3993.

Pillay, J., Tak, T., Kamp, V. M., and Koenderman, L. (2013). Immune suppression
by neutrophils and granulocytic myeloid-derived suppressor cells: similarities
and differences. Cell Mol. Life Sci. 70, 3813–3827. doi: 10.1007/s00018-013-
1286-4

Pisalyaput, K., and Tenner, A. J. (2008). Complement component C1q
inhibits β-amyloid- and serum amyloid P-induced neurotoxicity via
caspase- and calpain-independent mechanisms. J. Neurochem. 104, 696–707.
doi: 10.1111/j.1471-4159.2007.05012.x

Reichwald, J., Danner, S., Wiederhold, K. H., and Staufenbiel, M. (2009).
Expression of complement system components during aging and
amyloid deposition in APP transgenic mice. J. Neuroinflammation 6:35.
doi: 10.1186/1742-2094-6-35

Richards, D. B., Cookson, L. M., Berges, A. C., Barton, S. V., Lane, T., Ritter, J. M.,
et al. (2015). Therapeutic clearance of amyloid by antibodies to serum amyloid
P component. N. Engl. J. Med. 373, 1106–1114. doi: 10.1056/NEJMoa15
04942

Sanderson, S. D., Thoman, M. L., Kis, K., Virts, E. L., Herrera, E. B.,
Widmann, S., et al. (2012). Innate immune induction and influenza protection
elicited by a response-selective agonist of human C5a. PLoS One 7:e40303.
doi: 10.1371/journal.pone.0040303

Saraiva, M. J., Birken, S., Costa, P. P., and Goodman, D. S. (1984). Amyloid fibril
protein in familial amyloidotic polyneuropathy, Portuguese type. J. Clin. Invest.
74, 104–119. doi: 10.1172/jci111390

Schorlemmer, H. U., Bitter-Suermann, D., and Allison, A. C. (1977). Complement
activation by the alternative pathway and macrophage enzyme secretion in the
pathogenesis of chronic inflammation. Immunology 32, 929–940. g

Short, A. J., Paczkowski, N. J., Vogen, S. M., Sanderson, S. D., and Taylor, S. M.
(1999). Response-selective C5a agonists: differential effects on neutropenia and
hypotension in the rat. Br. J. Pharmacol. 128, 511–514. doi: 10.1038/sj.bjp.
0702847

Smith, C. A., Pangburn, M. K., Vogel, C. W., and Müller-Eberhard, H. J.
(1984). Molecular architecture of human properdin, a positive regulator of the
alternative pathway of complement. J. Biol. Chem. 259, 4582–4588.

Sousa, M. M., Du Yan, S., Fernandes, R., Guimaraes, A., Stern, D., and
Saraiva, M. J. (2001). Familial amyloid polyneuropathy: receptor for advanced
glycation end products-dependent triggering of neuronal inflammatory and
apoptotic pathways. J. Neurosci. 21, 7576–7586.

Suenaga, G., Ikeda, T., Komohara, Y., Takamatsu, K., Kakuma, T., Tasaki, M.,
et al. (2016). Involvement of macrophages in the pathogenesis of familial
amyloid polyneuropathy and efficacy of human ips cell-derived macrophages
in its treatment. PLoS One 11:e0163944. doi: 10.1371/journal.pone.
0163944

Sugaya, K., Seto, S., Tsujimura, K., and Koide, Y. (2011). Mobility of late
endosomal and lysosomal markers on phagosomes analyzed by fluorescence
recovery after photobleaching. Biochem. Biophys. Res. Commun. 410, 371–375.
doi: 10.1016/j.bbrc.2011.06.023

Talukdar, S., Oh, D. Y., Bandyopadhyay, G., Li, D., Xu, J., McNelis, J., et al. (2012).
Neutrophils mediate insulin resistance in mice fed a high-fat diet through
secreted elastase. Nat. Med. 18, 1407–1412. doi: 10.1038/nm.2885

Teixeira, P. F., Cerca, F., Santos, S. D., and Saraiva, M. J. (2006). Endoplasmic
reticulum stress associated with extracellular aggregates. J. Biol. Chem. 281,
21998–22003. doi: 10.1074/jbc.M602302200

Thomas, P. D., Campbell, M. J., Kejariwal, A., Mi, H., Karlak, B., Daverman, R.,
et al. (2003). PANTHER: a library of protein families and subfamilies indexed
by function. Genome Res. 13, 2129–2141. doi: 10.1101/gr.772403

Thomas, M. P., Whangbo, J., McCrossan, G., Deutsch, A. J., Martinod, K.,
Walch, M., et al. (2014). Leukocyte protease binding to nucleic acids promotes
nuclear localization and cleavage of nucleic acid binding proteins. J. Immunol.
192, 5390–5397. doi: 10.4049/jimmunol.1303296

Woodruff, T. M., Crane, J. W., Proctor, L. M., Buller, K. M., Shek, A. B., de Vos, K.,
et al. (2006). Therapeutic activity of C5a receptor antagonists in a rat model of
neurodegeneration. FASEB J. 20, 1407–1417. doi: 10.1096/fj.05-5814com

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Fella, Sokratous, Papacharalambous, Kyriakou, Phillips,
Sanderson, Panayiotou and Kyriakides. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 May 2017 | Volume 10 | Article 138

https://doi.org/10.1038/nri3073
https://doi.org/10.1038/nri3073
https://doi.org/10.1046/j.1440-1819.2000.00731.x
https://doi.org/10.1371/journal.pone.0175767
https://doi.org/10.1007/s00018-013-1286-4
https://doi.org/10.1007/s00018-013-1286-4
https://doi: 10.1111/j.1471-4159.2007.05012.x
https://doi.org/10.1186/1742-2094-6-35
https://doi.org/10.1056/NEJMoa1504942
https://doi.org/10.1056/NEJMoa1504942
https://doi.org/10.1371/journal.pone.0040303
https://doi.org/10.1172/jci111390
https://doi.org/10.1038/sj.bjp.0702847
https://doi.org/10.1038/sj.bjp.0702847
https://doi.org/10.1371/journal.pone.0163944
https://doi.org/10.1371/journal.pone.0163944
https://doi.org/10.1016/j.bbrc.2011.06.023
https://doi.org/10.1038/nm.2885
https://doi.org/10.1074/jbc.M602302200
https://doi.org/10.1101/gr.772403
https://doi.org/10.4049/jimmunol.1303296
https://doi.org/10.1096/fj.05-5814com
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

	Pharmacological Stimulation of Phagocytosis Enhances Amyloid Plaque Clearance; Evidence from a Transgenic Mouse Model of ATTR Neuropathy
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Tissue Handling
	Genotyping
	Amyloid Plaque Visualization and Quantification
	Serum Elisa Method
	Western Blots and Densitometry
	Immunohistochemistry
	Mass Spectrometry-Based Proteomics
	Statistical Analyses

	RESULTS
	Amyloid Deposition in the Stomach
	hTTR Levels in Serum and Stomach
	Phagocytic Cell Markers in Stomach Tissue
	Immunofluorescence with Neutrophil and Macrophage Markers
	Complement Markers in Stomach Tissue
	Stress and Apoptosis Markers in Stomach Tissue
	Lysosomal Marker in Stomach Tissue
	Liquid Chromatography–Tandem Mass Spectrometry Analysis

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


