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ORIGINAL ARTICLE

Lipid membranes accelerate amyloid formation in the mouse model of AA
amyloidosis

Aida Vahdat shariat panahia,b, Per Hultmanc, Karin €Ollingera , Gunilla T. Westermarkd and
Katarzyna Lundmarka,b

aExperimental Pathology, Department of Clinical and Experimental Medicine, Link€oping University, Link€oping, Sweden; bDepartments of
Clinical Pathology and Clinical and Experimental Medicine, Link€oping University, Link€oping, Sweden; cMolecular and Immunological
Pathology, Department of Clinical and Experimental Medicine, Link€oping University, Link€oping, Sweden; dDepartment of Medical Cell
Biology, Uppsala University, Uppsala, Sweden

ABSTRACT
Introduction: AA amyloidosis develops as a result of prolonged inflammation and is characterized by
deposits of N-terminal proteolytic fragments of the acute phase reactant serum amyloid A (SAA).
Macrophages are usually found adjacent to amyloid, suggesting their involvement in the formation
and/or degradation of the amyloid fibrils. Furthermore, accumulating evidence suggests that lipid
membranes accelerate the fibrillation of different amyloid proteins.
Methods: Using an experimental mouse model of AA amyloidosis, we compared the amyloidogenic
effect of liposomes and/or amyloid-enhancing factor (AEF). Inflammation was induced by subcutane-
ous injection of silver nitrate followed by intravenous injection of liposomes and/or AEF to accelerate
amyloid formation.
Results: We showed that liposomes accelerate amyloid formation in inflamed mice, but the amyloido-
genic effect of liposomes was weaker compared with AEF. Regardless of the induction method, amyl-
oid deposits were mainly found in the marginal zones of the spleen and coincided with the depletion
of marginal zone macrophages, while red pulp macrophages and metallophilic marginal zone macro-
phages proved insensitive to amyloid deposition.
Conclusions: We conclude that increased intracellular lipid content facilitates AA amyloid fibril forma-
tion and show that the mouse model of AA amyloidosis is a suitable system for further mechanis-
tic studies.

Abbreviations: AA: amyloid A protein; AEF: amyloid-enhancing factor; BODIPY-Lipo: BODIPY fluores-
cent-labelled liposomes; FITC-Lipo: liposomes containing FITC; HDL: high-density lipoprotein; IAPP: islet
amyloid polypeptide; IL: interleukin; Lipo: liposomes; MMZMs: metallophilic marginal zone macro-
phages; MZMs: marginal zone macrophages; RPMs: red pulp macrophages; SAA: serum amyloid A;
TEM: transmission electron microscopy; TNF: tumour necrosis factor
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Introduction

AA amyloidosis is a systemic form of amyloidosis with a
worldwide distribution [1] that primarily affects kidneys,
spleen and liver [2,3]. It results from aggregation and depos-
ition of protein AA, the N-terminal degradation product of
the acute phase reactant, serum amyloid A (SAA) [4]. SAA
is normally secreted by the liver and circulates associated
with high-density lipoprotein (HDL) [2]. SAA is dramatic-
ally upregulated during inflammation and has been shown
to stimulate the release of proinflammatory cytokines such
as tumour necrosis factor (TNF)-a, interleukin (IL)-8 and
IL-1b [5,6]. IL-1b is an early response cytokine with a cen-
tral role in the pathogenesis of several inflammatory disor-
ders, such as rheumatoid arthritis and atherosclerosis [7,8].

IL-1b is synthesized as an inactive precursor, pro-IL-1b,
that undergoes activation via enzymatic cleavage by caspase-
1. In turn, caspase-1 can be activated by the NALP family
of inflammasomes [9]. Previously, it has been shown that
amyloid fibrils [10] as well as SAA can activate the Nod-like
receptor protein 3 (NLRP3) inflammasome [11].

SAA interacts with macrophages and modulates their
activity and lipid homeostasis [12,13]. Macrophages are
often detected in close association with the amyloid and
they are believed to be involved in both formation and deg-
radation of amyloid, since they synthesize a broad range of
proteases [14,15]. Ultrastructural analysis of mouse spleen
containing AA amyloid has revealed colocalization of SAA/
AA with lysosomes in murine monocytoid cells, suggesting
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involvement of the lysosomal system in amyloidogenesis
[16]. Moreover, the importance of macrophages for the for-
mation of amyloid has been shown experimentally both in
vivo [17,18] and in vitro [19].

In the experimental mouse model of AA amyloidosis,
spleen is the primary organ for amyloid deposition [14].
Micro-anatomically, spleen consists of two main compart-
ments, the red and white pulp separated by the marginal
zone. Tissue-specific macrophages reside in the spleen and
contribute to both innate and adaptive immunity, as well as
hematopoietic cell turnover. The macrophage subpopula-
tions include red pulp macrophages (RPMs), the marginal
zone macrophages (MZMs) and metallophilic marginal zone
macrophages (MMZMs) localized in the outer and inner
part of the marginal zone, respectively. RPMs are character-
ized by expression of F4/80 [20] and MZMs express the C-
type lectin SIGNR1 and macrophage receptor with collage-
nous structure (MARCO), a type I scavenger receptor, while
MMZMs express the adhesion molecules SIGLEC1 and
MOMA-1 [21].

Experimental AA amyloidosis is considered to be trans-
mittable via a “seeding-nucleation” process similar to the
prion diseases [22]. In the experimental mouse model of AA
amyloidosis, the amyloid formation is accelerated by both
non-fibrillary and fibrillary substances including extracts
from amyloid-loaded tissues containing amyloid fibrils,
amyloid-enhancing factors (AEFs)[23]. Growing evidence
suggest that lipid membranes could act as catalytic surfaces
for the aggregation of different amyloid proteins [24,25].
The cytotoxic mechanism of amyloid aggregates is still
unclear. However, several studies indicate that the inter-
action between misfolded protein aggregates and cellular
membranes cause dysregulation of the cellular homeostasis
through disassembly of the lipid bilayer or formation of
pore-like structures in the membranes [26,27].

Utilizing the murine model of AA amyloidosis, in which
extract of amyloid-loaded liver is used as AEF, we have pre-
viously shown that macrophages in the marginal zone of the
spleen are important for amyloid formation and that amyl-
oid or amyloid formation is toxic to the MZMs, while
MMZMs and RPMs remain unaffected [17]. We also found
that clodronate-filled multilayered liposomes used to eradi-
cate macrophages accelerate amyloid formation [17]. With
the knowledge that lipid membranes can stimulate amyloid
protein aggregation in vitro [26,27], we used liposomes to
further study their efficiency to induce AA amyloidosis in
vivo and investigated whether liposomes act by a mechanism
other than AEF.

Materials and methods

Animals

Outbreed female NMRI mice (n¼ 204) 6–8weeks old were
obtained from Nova-SCB AB (Sollentuna, Sweden). Mice
were housed in groups of five with free access to standard
chow (CRM þþ, Expanded, Witham, England) and water.
The study was approved by the Animal Ethics Review
Board, Link€oping University, Sweden (No. 85-11).

Preparation and characterization of liposomes and AEF

Liposomes were prepared by dissolving cholesterol and
phosphatidylcholine (Sigma-Aldrich, St. Louis, MO) in
chloroform at 1:5 molar ratio as described before [17]. The
chloroform was evaporated, and the residual phospholipid
film was dispersed in phosphate buffered saline (PBS), cen-
trifuged, resuspended in 4mL PBS and stored under N2 at
4 �C until used. Liposomes containing FITC (FITC-Lipo)
were prepared as described above [17], except that the
phospholipid film was dispersed in 10mL PBS containing
2mg FITC. Boron-dipyrromethene (BODIPY) fluorescent-
labelled liposomes (BODIPY-Lipo) were prepared by replac-
ing 12.5% of the cholesterol with BODIPY TopFluor
Cholesterol (Avanti Polar Lipids, Alabaster, AL).

AEF was isolated from mice livers with AA-amyloid as
described before [28]. Briefly, livers were first homogenized
in 0.15M NaCl and centrifuged at 15,000� g for 30min.
Homogenization and centrifugation of the pellet was
repeated with 0.15M NaCl/0.05 M sodium citrate 10 times,
followed by homogenization in distilled water three times.
Pooled supernatants from the third water extraction were
used as a source of AEF. To obtain the same concentrations
during the experiments, the AEF stock solution was diluted
1:50 in PBS or liposome suspension.

Droplets of liposome suspension or AEF or a mixture of
liposomes and AEF were absorbed on formvar-coated cop-
per grid, contrasted with 2% uranyl acetate and viewed in a
Jeol 1230 electron microscope at 100 kV (Jeol, Tokyo,
Japan). BODIPY-Lipo was applied to an objective slide and
examined at kex 495 nm/kem 507 nm in a Zeiss LSM-700
laser scanning confocal microscope (Carl Zeiss Inc.,
Stuttgart, Germany).

Experimental design

Mice (n¼ 99) were divided into five groups and intraven-
ously injected with: 0.2mL liposomes (groups B and D),
0.2mL PBS (group C), 0.2mL AEF (group E), and 0.2mL
AEF/liposomes (group F). In addition, each mouse in
groups C–F received a subcutaneous injection with 0.2mL
1% AgNO3 at the start of the experiment and on days 7 and
14. On days 4, 10 and 16, six or seven mice from groups
B–F were sacrificed (Figure 1). Untreated mice (group A,
n¼ 6) were used as controls and sacrificed after 4 days.

Short-time effects were studied by injecting additional 72
mice intravenously with AEF and/or liposomes (groups
D–F) and subcutaneously with AgNO3 using the same vol-
umes as described above. Three mice were sacrificed at each
time point between 0.5 and 72 h (Figure 1).

To study the clearance of liposomes, mice (n¼ 27) were
injected intravenously with 0.2mL of BODIPY-Lipo. Three
mice were sacrificed at each time point (0.5–96 h).

Sampling

Animals were anesthetized with isoflurane and decapitated.
Blood was collected, and serum was recovered by
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centrifugation at 2000� g for 10min. Blood smears were
made from mice treated with BODIPY-Lipo. Spleen and a
part of the liver were placed in Tissue-Tek OCT compound
(Sacura, Zoeterwoude, Netherlands) and snap frozen. In
addition, small pieces of spleen were collected for Western
blot analysis. Samples were stored at �80 �C await-
ing analysis.

Quantification of SAA

Serum amyloiod A concentration was analyzed colorimetri-
cally using a commercial ELISA kit (Tridelta Development
Ltd, Maynooth, Ireland) according to the supplier’s instruc-
tion. Sera from groups A and B were diluted 1:200 and
from Groups C–F 1:2000. Measurements were performed in
a Victor 1420 microplate reader (Perkin Elmer,
Waltham, MA).

Detection and grading of amyloid

Frozen spleen and liver sections (10 mm) were fixed in 10%
neutral buffered formalin for 15min and stained first with
Mayer’s haematoxylin and then with alkaline Congo red
[29]. The presence of amyloid was determined in polarized
light on blinded slides and evaluated by three individuals.
Amyloid-grading in spleen was adapted from Lundmark
et al. [22].

Immunodetection

RPMs, MMZMs and MZMs were identified in sections
using antibodies against F4/80, MOMA-1 and SIGNR1,
respectively (Table 1). For simultaneous detection of amyl-
oid, sections were stained with Congo red solution (80%
ethanol saturated with NaCl and Congo red) for 1min. To
study the presence of IL-1b in spleen, frozen sections were
fixed either in 4% paraformaldehyde or in formalin for
10min, treated in PBS þ 0.3% Triton X-100, and blocked
for 1 h in PBS þ 2% foetal calf serum þ1% bovine serum
albumin. Thereafter, sections were double immunolabelled
for IL-1b and splenic macrophages (either RPM or MMZM
or MZM) (Table 1). Frozen kidney sections were used as
positive control for the IL-1b expression. Sections were
mounted with glycerol/Tris-buffered saline (TBS) containing
DAPI nuclear stain (Invitrogen, Eugene, OR) and examined
in a Zeiss LSM 700 confocal microscope. Images were ana-
lyzed with Image J 1.42q software (National Institute of
Health, Bethesda, MD).

Quantification of spleen macrophages

For quantification of RPMs, images of 10 randomly selected
areas of the red pulp from each mouse were captured at
63� magnification. For quantification of MMZMs, images
of 10 randomly selected marginal zones were captured at

Figure 1. Outlining of the experimental design. Mice were divided into five groups (capital letter) and inflammatory stimulus was given by subcutaneous injection
of AgNO3 (1%, 0.2mL). Amyloid enhancing factor (AEF) and/or liposomes (Lipo) were injected intravenously. Sac indicates the time point at which the mice were
sacrificed; n indicates the number of mice in each group. Arrows indicate injection time point. Shorter time points were studied in groups D, E and F in a separate
experiment of 72 mice in which three mice were sacrificed between 0.5 and 72 h after the treatment at day 0.
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20� magnification. Images of MZMs were captured in 10
marginal zones with amyloid at 20� magnification. Labelled
areas were analyzed with Image J as described before [17].
The results are presented as fold increase or decrease of the
respective cell type compared to untreated control
(group A).

Determination of proliferation

Spleen sections from two randomly selected mice from each
group (A–F) sacrificed after 4 days were double labelled
with antibodies against F4/80 and Ki-67 (Table 1). From
each section, five images were captured and, in each image,
three areas of 2000 mm2 were selected using Zen software
(Carl Zeiss). The number of F4/80 expressing cells positive
for Ki-67 was counted manually and presented as percent-
age of Ki-67 positive RPMs.

Western blot

Frozen spleen tissue (�1mg) was lyophilized, solubilized in
100lL 70% formic acid and centrifuged at 12,000� g for
10min. The supernatant was recovered, dried and solubi-
lized in 200mL dimethyl sulphoxide (DMSO). Samples were
sonicated for 3min, mixed 1:1 with 2� Novex Tricine load-
ing buffer (Life Technologies-Invitrogen, Carlsbad, CA) and
heated at 95 �C, for 5min. Proteins were separated on 16%
Tris-Tricine SDS-polyacrylamide gel (NuPAGE, Invitrogen,
Carlsbad, CA) and blotted onto a nitrocellulose membrane.
After saturation with 5% non-fat dry milk (Bio-Rad,
Hercules, CA) in TBS-T (TBS with 0.05% Tween) for 1 h,
immunodetection of SAA/AA was performed using anti-

mouse SAA/AA antibody (kindly provided by Dr J.
Sponarova) [30] (Table 1). The membrane was developed
using the ECL Western blotting detection system (Bio-Rad,
Hercules, CA) and images captured using ChemiDoc MP
system (Bio-Rad, Hercules, CA).

Estimation of BODIPY-Lipo in blood, spleen and liver

From mice treated with BODIPY-Lipo, blood smears and
frozen sections of spleen and liver were examined at k�ex
470 nm/k�em 510 nm in a confocal microscope, respectively.
Three images of blood smear from each mouse were cap-
tured at 40� magnification; the number of BODIPY-Lipo
was counted manually and the mean values were calculated.
From spleen and liver sections, three images were captured
at 10� magnification from each mouse. The areas of green
fluorescence were measured using Image J and mean values
were calculated for each individual. Finally, the mean value
was calculated for each time point.

Cell culture

The murine macrophage-like cell line J774A.1 from ATCC
(Manassas, VA) was cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% foetal bovine
serum, 50 IU/mL penicillin-G and 50 mg/mL streptomycin
(all from Gibco, Paisley, UK). Cells were seeded at 20,000
cells/cm2 on cover slips and incubated in 5% CO2 at 37 �C.
Cells were incubated with FITC-Lipo (10mL/mL of 1:100
dilution of FITC-Lipo was added to each well) for 2 h in
37 �C, washed with medium and incubated with 100 nM
Lysotracker red (Invitrogen, Eugene, OR). After 10min,

Figure 2. TEM images of liposomes and amyloid fibrils negatively stained with uranyl acetate. (A) Preparation of AEF showing unbranched fibrils of different length
(black arrow). (B) Preparation of liposomes (Lipo) with rounded vesicles of varying size. (C) Mixture of liposomes and AEF showing affinity of amyloid fibrils to lipo-
somes. The white arrow indicates the perpendicularly arrangement of fibrils to the liposomes membrane.

Table 1. Antibodies used for immunodetection.

1st antibody Fixation Dilution 2nd antibody Dilution

Rat anti-mouse F4/80a NBF 1:200 Alexa488 1:1000
Rat anti-mouse MOMA1b NBF 1:200 Alexa488 1:1000
Biotinylated rat anti-mouse SIGNR1b Acetone Or PFA 4% 1:200 Streptavidine Alexa488 1:1000
Rabbit anti-human Ki-67c NBF 1:200 Alexa610 1:1000
Rabbit polyclonal to IL-1bd NBF or PFA 4% 1:500 Alexa594 1:1000
Rabbit anti-mouse SAA/AAe 1:1000 Swine antirabbit HRP 1:1000

NBF: neutral buffered formalin; PFA: paraformaldehyde.
aFrom AbD Serotec, Kidlington, UK.
bFrom BMA Biomedicals, Augst, Switzerland.
cFrom Dako, Glostrup, Denmark.
dFrom Abcam, Cambridge, MA.
eKindly provided by Dr J Sponarova (Institute of Neuropathology, Zurich, Switzerland).
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excess Lysotracker was washed, the coverslips were mounted
and the co-localization between the green and red signals
was estimated by confocal microscopy.

Statistical analysis

Two-sample independent t-test was used for comparison of
macrophage areas using the OpenEpi version 2.3. (http://
www.openepi.com/Menu/OE_Menu.htm). One-way ANOVA,
followed by Tukey’s multiple comparison post-test was per-
formed for comparisons of SAA serum concentrations
between groups using GraphPad Prism 6 Software (Version
6.05, La Jolla, CA). All p values below 0.05 were considered
significant.

Results

Determination of inflammatory response

Mice were grouped into five treatment groups (B–F)
(n¼ 6–7 in each group) and one untreated control group
(group A) (n¼ 6). All mice except the untreated controls
(group A) and the liposome-treated group (group B) were
injected with AgNO3 to induce acute phase stimulation and
inflammation. To enhance amyloid formation, AEF and lip-
osomes were administrated alone or in combination (groups
D–F) at start of the experiment (day 0) and to maintain the
inflammatory response the AgNO3 injection was repeated at
days 7 and 14 (groups C–F) (Figure 1).

Prior to injection, the morphology of AEF and the lipo-
some preparation were studied in the electron microscope.
The AEF preparation contained unbranched fibrils of vary-
ing length (Figure 2(A)) while the liposomes appeared as
rounded structures with a diameter ranging from 0.02 to
2.56lm (0.43 ± 0.45 lm; mean ± SD) (Figure 2(B)). The mix-
ture of AEF and liposomes showed amyloid fibrils enriched
at the surface of liposomes and often arranged perpendicu-
larly to the liposome membrane surface (Figure 2(C)).

The degree of inflammation was assessed by analysis of
SAA serum concentration after 4, 10 and 16 days using
ELISA. The AgNO3 injection was performed on days 0, 7
and 14 (Figure 1) and the SAA levels were higher 2 days
after injection (corresponding to animals sacrificed on day
16) than after 3 and 4 days (corresponding to days 10 and 4,
respectively). In untreated mice (group A) and mice injected
with liposomes only (group B), the SAA concentration never
exceeded 53 mg/mL. Injection with AgNO3 alone or in com-
bination with liposomes and/or AEF (groups C–F), showed
a similar rise in SAA that was significantly higher than in
groups A and B at the 16 days time-point (Figure 3).

AA amyloid development

Mice were sacrificed 4, 10 and 16 days after start of the
experiment, and spleen and liver sections were prepared and

Figure 3. Serum concentration of SAA is increased in response to inflamma-
tion. SAA concentration was measured in serum from each experimental group
outlined in Figure 1. At start of the experiment and after 7 and 14 days, mice
were injected with AgNO3 (groups C–F). Capital letters indicate the groups and
the numbers indicate the day at which the mice were sacrificed. Note that mice
sacrificed at day 4 were injected with AgNO3 4 days earlier, while mice sacri-
ficed after 10 and 16 days have been injected 3 and 2 days earlier, respectively.
Each box presents the values from 5 to 6 mice. The horizontal line in each box
represents the median. �p� 0.01.

Figure 4. Liposomes and AEF enhance the AA amyloid formation. (A) Spleen
sections from AA amyloid mice were stained with Congo red and amyloid was
graded from 0 (no amyloid) to 4þ (intensive amount of amyloid; see Ref. [22]
for details). Capital letters indicate groups and numbers indicate the duration
of experiment (the groups are outlined in Figure 1). (B) SAA/AA immunoblot of
spleen homogenates from mice treated with AgNO3 (group C10), liposomes
and AgNO3 (group D10), AEF and AgNO3 (group E10), and AEF/ liposomes and
AgNO3 (group F10) sacrificed after 10 days. Immunodetection of SAA/AA
revealed three bands between 8 and 12 kDa while no reactivity was detected in
group A (untreated mice) and group C (mice injected with AgNO3 only). (C)
Liver sections were stained with Congo red and examined for the presence of
amyloid; positive staining (grey bar), and negative straining (white bar).
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analyzed for presence of amyloid deposits using Congo red
staining. The amyloid load was estimated according to a 4-
graded scale from 1þ (very thin focal deposits) to 4þ
(extensive amyloid deposits around and between follicles) in
accordance with a previous publication [22]. As presented
in Figure 4(A), amyloid deposits were enhanced with time.
The administration of AgNO3 in combination with AEF
resulted in the highest load of deposits (group E) while
administration of AgNO3 in combination with liposomes
(group D) gave rise to a lower amyloid load after 10 and
16 days. In mice injected with the combination of AgNO3,
AEF and liposomes (group F), the AA amyloid deposit was
reduced as compare with animals in group E.
Administration of liposomes only (group B) and AgNO3

only (group C) did not give rise to amyloid during the
experimental period. No amyloid appeared in spleen or liver
in untreated mice from group A (Figure 4(A)).

In order to compare the proteolytic degradation of SAA/
AA amyloid, spleen homogenates from mice sacrificed
10 days after start of the experiment (Groups D, E and F)
with amyloid score 3þ or 4þ were analyzed by Western
blot. All samples revealed three bands between approxi-
mately 8 and 12 kDa (Figure 4(B)). Spleen homogenates
from AgNO3-treated mice (group C) and untreated mice
(group A) were used as negative controls.

Deposits of AA amyloid in liver occur secondary to
spleen amyloid. Thus, in group E, amyloid was detected in
liver in all mice sacrificed after 10 and 16 days, as well as in
one mouse sacrificed after 4 days. In group F, only one out
of six mice and four out of seven mice had liver engagement
after 10 and 16 days, respectively. In accordance, in group D
with lower amyloid load in spleen, liver amyloid was
detected in the single mouse that exhibited score 4þ for
spleen amyloid load (Figure 4(C).

Alterations of splenic macrophages

In mice sacrificed after 4, 10 and 16 days, spleen cryo-sec-
tions were immune-labelled with fluorescent antibodies spe-
cific to RPMs, MMZMs and MZMs, respectively, and
stained with Congo red (Supplementary Figure 1). The
labelled area of RPMs increased significantly in all experi-
mental groups compared with untreated mice (group A)
(Figure 5). Interestingly, injection of liposomes with or
without concomitant acute phase stimulation (groups B and
D, respectively) both resulted in an elevated level of labelled
area of RPMs at day 4. In animals sacrificed at day 16, the
number of RPM remained higher than in controls. To con-
firm that the increased RPM-labelled area corresponded to
proliferation, sections from two randomly selected mice in
control group A and each treatment group sacrificed at day
4 were stained with the proliferation marker Ki-67, which
revealed positive Ki-67 staining in 69% of the RPMs in
group A and 79–89% in groups B–F (Supplementary
Figure 2).

Amyloid deposits did not result in any significant
changes of MMZMs-labelled area compared to untreated
control irrespective amyloid induction method. Similarly,
MMZMs-labelled areas were not affected by administration
of AgNO3 or liposomes (Figure 5).

Earlier, we have shown that amyloid formation induced
by injection of AEF and AgNO3 caused depletion of
MZMs in the marginal zones [17]. In accordance, the
MZMs-labelled areas were significantly decreased in all
mice with an amyloid score � 2þ (groups D, E and F)
compared with untreated controls (group A). In general,
the higher the amyloid score, the more pronounced
reduction of MZM areas (Table 2). In mice treated with
liposomes only (group B) or treated with AgNO3 only
(group C), no amyloid deposits were detected. The MZM
positive area showed a marginal increase of 1.07-fold (not
shown), which is in accordance with our previous publi-
cation [17]. MZMs were not determined in samples with
an amyloid score of 1þ due to Congo red background
interference in fluorescent light.

In order to investigate if inflammation and amyloid
induction lead to IL-1b activation, spleen sections from
short-time experiment (groups D, E and F) (0.5–72 h),
were stained for IL-1b. In all groups, IL-1b was detected
in the red pulp after 1 h and increased over time (Figure
6(A)). The number of IL-1b positive cells was higher in
AEF and AgNO3-treated mice (group E) as compared
with the inflamed mice treated with liposomes (group D)
or liposomes in combination with AEF (group F). The
IL-1b was co-localized with RPMs regardless of amyloid
induction method (Figure 6(B)). In groups D and F, IL-
1b was also co-localized with few MMZMs. However, no
IL-1b was detected in MZMs in any of the treatment
groups (Figure 6(B)). The IL-1b was not detected in the
untreated controls (group A), nor in mice injected with
AgNO3 or liposomes and sacrificed at day 4 (groups B
and C).

Figure 5. RPMs but not MMZMs are increased in response to all treatments.
Inflammatory response in mice was induced by AgNO3 injections and amyloid
formation was stimulated by amyloid enhancing factor (AEF) and/or liposomes
(Lipo) according to the outline in Figure 1. RPMs and MMZMs were identified
using specific antibodies against F4/80 and MOMA-1, respectively. Results are
presented as fold change of untreated animals. Each bar represents the mean
value for 6–7 mice. Grey bars are RPMs and white bars are MMZMs. Horizontal
dotted line shows the baseline for untreated control (group A). �p� 0.01,��p� 0.001, ���p� 0.0001.
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Clearance of liposomes

In order to determine the degradation efficiency and organ
uptake of liposomes, BODIPY-labelled cholesterol was
included in the liposome preparation. Confocal analysis of
the preparation revealed rounded structures with intense
green fluorescence in the membrane and a diameter ranging
from 0.1 to 6 lm (2.5 ± 1.9 lm; mean± SD) (Figure 7(A)).

Mice were intravenously injected with BODIPY-Lipo and
groups of three mice were sacrificed at selected time points
from 0.5 to 96 h. Images of blood smears and sections from
spleen and liver were captured, and the fluorescent area was
estimated by image analysis (Figure 7(A,B)). The liposomes
were cleared from the circulation within 1 h, while the
uptake in spleen and liver peaked after 3 h. Within 4 days
almost all liposomes were cleared from both spleen and
liver. In J774A.1 macrophage cell line treated with liposomes
containing FITC (FITC-Lipo), we found the fluorescently
labelled liposomes accumulated within lysosomes
(Figure 7(C)).

Discussion

The study shows that multilayered neutral liposomes accel-
erate amyloid formation in a mouse model of AA amyloid-
osis. The amyloid deposits induced by liposomes appear
later and are less pronounced than deposits caused by AEF
in inflamed mice, and there are no differences in degrada-
tion of SAA. Similarly, to AEF/AgNO3-induced amyloid, the
liposomes/AgNO3-induced amyloid is detected in the mar-
ginal zones of the spleen and is accompanied by depletion
of MZMs.

The mechanism of fibril formation and the morphology
of the fibrils are highly dependent on the environment in
which they are formed [31]. In this study, we found AA
amyloid deposits regardless if AEF or liposomes were
injected in the mice treated with inflammatory stimuli. AEF

consists of preformed AA amyloid fibrils that serve as seeds
for further fibril formation. In contrast, liposomes are not
amyloid templates but offer an alternative reaction pathway
for the fibrils to form from the precursor protein SAA.
Studies on islet amyloid polypeptide (IAPP) have shown
that fibril formation can be catalyzed in the presence of
anionic phospholipids in vitro. The binding of IAPP to the
membrane surface reduced the specific energy barriers and
contributed to the mechanism of catalysis [32]. Similarly,
the interaction between Ab peptide and small liposomes
resulted in increased local concentration of the peptide that
initiated nucleation [33]. Thus, it is likely that the inter-
action between liposomes and SAA increases the SAA local
concentration, which facilitates the aggregation.

The level of cholesterol might also influence fibril forma-
tion. It has been found that elevations in islet cholesterol
may lead to increase IAPP aggregation [34]. Likewise, it has
been shown that the a-synuclein protein contains a choles-
terol-binding alpha-helical domain that facilitates the forma-
tion of an oligomeric membrane channel [35]. During acute
inflammation in mouse, APO-A1 is decreased in HDL and
in part replaced by the elevated SAA [36]. Interestingly, it
was recently found that SAA impairs the ability of HDL to
promote sterol efflux from macrophages in a mouse injected
with AgNO3 as well as in human volunteers exposed to
endotoxin [37]. Increased intracellular cholesterol levels
might impair the function of the lysosomal system and con-
tribute to altered macrophage function [38]. The liposomes
prepared in this study contained cholesterol with 20% molar
ratio to phospholipid, indicating that cholesterol might
influence the fibril formation.

We found increased amyloid deposits in AEF/AgNO3

and AEF/liposomes/AgNO3-treated mice. However, the
amyloid load was lower in mice treated with liposomes and
AEF in combination as compared with AEF only, even
though the same amount of AEF was injected in these
groups. Previously, we have shown that the amyloid grade

Table 2. Quantification of MZMs correlated to grading of spleen amyloid.

Treatment Group Mice with amyloid (number/grade) MZMs (fold change compared to control)

LipoþAgNO3 D10 3/1þ ND
1/4þ 0.008��

D16 3/1þ ND
4/2þ 0.5�

AEFþAgNO3 E4 6/1þ ND
1/2þ 0.4�

E10 5/3þ 0.2���
1/4þ 0.1��

E16 1/2þ 0.1��
6/4þ 0.2���

AEFþ LipoþAgNO3 F4 6/1þ ND
1/2þ 0.7�

F10 1/1þ ND
2/2þ 0.5�
3/3þ 0.1���

F16 1/1þ ND
1/2þ 0.7�
3/3þ 0.2���
2/4þ 0.2���

MZM: marginal zone macrophages; ND: not determined.
Inflammatory response in mice was induced by AgNO3 injections and amyloid formation stimulated by amyloid-
enhancing factor (AEF) and/or liposomes (Lipo). The presence of spleen amyloid was analyzed after Congo red staining.
MZMs were detected with an antibody specific for SIGNR1. Values are fold change as compared with untreated ani-
mals: �p� .01, ��p� .001, ���p� .0001.
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depends on the dose of the seeds [22]. Therefore, we specu-
late that AEF fibrils are less available as seeds in the pres-
ence of liposomes. The ultrastructural investigation revealed
affinity of amyloid fibrils to liposomes and perpendicular
arrangement of AEF-fibril ends to the liposome membrane
(white arrow in Figure 2(C)), which might reduce the num-
ber of free amyloid ends. Fibril ends are important in the
fibril extension process dependent on monomer addition
[39]. We and others [17,18] have shown that also extracellu-
lar AEF is active in the marginal zone, but when AEF is
bound to liposomes the uptake by macrophages might be
more efficient. Furthermore, we have shown that MMZMs
and MZMs are involved in amyloid formation, in contrast
to RPMs [17]. In the presence of liposomes, it is possible
that the distribution of AEF between different kinds of tis-
sue macrophages could be altered. If higher amount of AEF
is removed from the pool of circulating amyloid fibrils by
e.g. RPMs when injected together with liposomes, reduced

amount of AEF is available for formation of amyl-
oid deposits.

Liposome clearance from the circulation depends on the
size and composition, as well as on the opsonic effect of
serum proteins, that determine the uptake rate of the lipo-
somes [40]. Large liposomes (> 400 nm) are cleared more
rapidly than smaller. In this study, we used multilayered
neutral liposomes, which are directed to the reticuloendo-
thelial system and rapidly taken up from the circulation
[41]. In accordance, we found BODIPY-liposomes to be
cleared from the blood within 1 h and from the spleen and
liver after 96 h. It has been suggested that liposomes are
subject to coated pit endocytosis resulting in delivery to
lysosomes [42] and our experiments using J774A.1 cells
confirm lysosomal localization of the liposomes.
Considering that we injected liposomes intravenously and
silver nitrate subcutaneously, at the same time, the lipo-
somes were cleared from the blood stream before the SAA

Figure 6. (A) Expression of IL-1b in spleen in the mouse model of AA amyloidosis. Spleen sections from inflamed mice treated with AEF and/or liposomes, sacri-
ficed after 1, 6, 24 and 72 h were stained for IL-1b. Areas of white pulp (WP) are marked with a dotted line. IL-1b was detected in the red pulp after 1 h and
increased over time. IL-1b increase was more rapid in inflamed mice treated with AEF. (B) Expression of IL-1b in splenic macrophages. Spleen sections from mice
treated with AEF/liposomes and AgNO3, sacrificed after 6 h were double labelled for IL-1b and MZMs, MMZMs or RPMs, respectively. Merged images are shown
with macrophage marker (green), IL-1b (red) and colocalization (yellow) indicated by arrows. WP: white pulp, RP: red pulp.
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levels increased. It is, therefore, plausible to assume that the
interaction between liposomes and SAA occurs intracellu-
larly rather than extracellularly. With the use of FRET tech-
nique on cultures of J774A.1 cells, it was recently shown
that fibril formation starts inside the cell, which supports
this theory [19].

Both RPMs and MMZMs appear to be insensitive to amyl-
oid deposition regardless of induction method (Figure 5 and

Supplementary Figure 1). In contrast, amyloid formation is
toxic to MZMs and increasing amyloid load leads to a pro-
gressive loss of this macrophage subtype. In a previous study,
we detected intracellular AA amyloid deposits in all types of
splenic macrophages in mice treated with AEF and AgNO3

[17]. Herein we showed that amyloid induction in inflamed
mice using AEF and/or liposomes result in the expression of
IL-1b by RPMs and to a lower degree by MMZMs.

Figure 7. Fate of the liposomes. Mice were injected with BODIPY-fluorescence-labelled liposomes (BODIPY-Lipo) and sacrificed after indicated time points. (A)
Blood smears and sections from spleen and liver were examined in a confocal microscope. Images represent the morphology of isolated BODIPY-Lipo before injec-
tion, the presence of BODIPY-Lipo in blood smears, spleen and liver sections, respectively. (B) Quantification of BODIPY-Lipo-induced fluorescence in blood, spleen
and liver. (C) Liposomes colocalized with lysosomes in the macrophage cell line J774A.1. Cells were incubated with liposomes containing FITC (FITC-Lipo) for 2 h fol-
lowed by incubation with Lysotracker red for 10min. Images show FITC-Lipo in green (left), lysosomes in red (centre), and merged images presenting colocalization
of liposomes with lysosomes in yellow (right).
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Interestingly, no IL-1b was detected in MZMs. It has been
shown in vitro that SAA promotes the expression and secre-
tion of IL-1b in human and mouse peritoneal macrophages
[11] but the in vivo activation pathway is still unclear. In
mice that received AgNO3 only, no IL-1b expression was
found in the spleen. Thus, it seems that additional factors are
needed to induce the expression of IL-1b in vivo, and we
speculate if amyloid per se might activate the inflammasome.
Since we found higher expression of IL-1b in mice injected
with AEF and AgNO3 compared with mice injected with lip-
osomes and AgNO3 one hour after treatment, amyloid fibril
is a possible candidate. This concept is supported by the find-
ing that oligomers of islet amyloid polypeptide activate the
NLRP3 inflammasome leading to pro-IL-1b processing [10].

In cell cultures of J774A.1 cells, Claus et al. showed the
presence of intracellular SAA fibrils co-localized with lyso-
somes and noted that cell viability was reduced when fibril
formation increased [19]. Lysosomal proteases including
cathepsins B and K are able to process the precursor protein
SAA [43,44] and the acidic pH in lysosomes promotes amyl-
oid fibril formation, although the molecular underpinnings
are unclear. In a recent study on murine lipid free SAA, it
was shown that SAA forms unusually stable soluble oligom-
ers at pH 3.5–4.5 that may escape from lysosomal degrad-
ation and contribute to the SAA accumulation in lysosomes
and eventually participate in the formation of intracellular
amyloid. In addition, lipid vesicles accelerate the conversion
of these oligomers from a-helix to b-sheet which involves
structural remodelling of both protein and lipid as well as
disruption of lipid membrane [45]. When SAA concentra-
tion is elevated, it dissociates from HDL and consequently a
fraction of SAA might circulate in plasma as lipid-free SAA
[46]. When such lipid-free SAA is internalized and accumu-
lates in lysosomes of macrophages, amyloid formation is
favoured due to low pH. Moreover, we showed that lipo-
somes are colocalized with lysosomes, and the interaction
between liposomes and SAA may promote intracellular
amyloid formation. Thus, we speculate that the mechanism
for liposome-induced amyloid deposition differs from AEF,
although the resulting AA amyloid accumulation and cell
toxicity appear to be the same.

In conclusion, we hypothesize that liposomes are phagocy-
tosed by macrophages and accumulates in lysosomes. The
lipid metabolism and/or lipid overload interfere with the SAA
degradation process leading to high concentration of SAA
and incomplete SAA degradation creating a favourable milieu
for aggregation and fibril formation. In addition, the presence
of lipid membranes allows protein lipid membrane inter-
action, which further stimulates the fibril formation. Finally,
the AA fibrils are released from macrophages and function
extracellularly as seed for further fibril formation and fibril
growth, similarly to injected amyloid fibrils in AEF.
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