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A murine macrophage culture system that is both easy
to employ and amenable to manipulation has been
developed to study the cellular processes involved in
AA amyloid formation. Amyloid deposition, as iden-
tified by Congo red-positive, green birefringent ma-
terial, is achieved by providing cultures with recom-
binant serum amyloid A2 (rSAA2), a defined, readily
produced, and highly amyloidogenic protein. In con-
trast to fibril formation, which can occur in vitro with
very high concentrations of SAA and low pH, amyloid
deposition in culture is dependent on metabolically
active macrophages maintained in neutral pH me-
dium containing rSAA2 at a concentration typical of
that seen in acute phase serum. Although amyloid-
enhancing factor is not required, its addition to cul-
ture medium results in larger and more numerous
amyloid deposits. Amyloid formation in culture is
accompanied by C-terminal processing of SAA and the
generation of an 8.5-kd fragment analogous to amy-
loid A protein produced in vivo. Consistent with the
possibility that impaired catabolism of SAA plays a
role in AA amyloid pathogenesis, treatment of mac-
rophages with pepstatin, an aspartic protease inhib-
itor, results in increased amyloid deposition. Finally,
the amyloidogenicity exhibited by SAA proteins in
macrophage cultures parallels that seen in vivo, eg,
SAA2 is highly amyloidogenic, whereas CE/J SAA is
nonamyloidogenic. The macrophage culture model
presented here offers a new approach to the study of
AA amyloid pathogenesis. (Am J Patbhol 1999,
155:123-133)

Reactive (secondary) amyloidosis is characterized by the
extracellular deposition of protein fibrils (amyloid) con-
taining predominantly amyloid A protein (AA), a proteo-

lytically derived fragment of serum amyloid A (SAA)."*
SAA, an apolipoprotein synthesized by the liver, circu-
lates in association with high-density lipoprotein particles
and is normally present at very low levels.®~” As a major
component of the acute phase response to injury, SAA is
subject to hyperinduction, with plasma levels increasing
as much as 1000-fold.®~"° It is believed that persistent
overproduction of SAA in response to chronic inflamma-
tory disease coupled with impaired catabolism of SAA
leads to assembly of the partially degraded N-terminal
fragment (AA) into protease-resistant fibrils. Pathology
results from displacement of normal tissue structure by
the fibrillar deposits.

AA amyloidosis is the prototype of all forms of amyloid-
osis, a group of disparate diseases having in common
the production of fibrillar protein aggregates, which in
histological tissue sections bind Congo red and exhibit
green birefringence under polarized light.'" Although all
amyloid fibrils have the physical characteristics of AA
fibrils, they may be composed of any one of a number of
plasma proteins that have, or can acquire, the requisite
B-structure of amyloid.'? Thus the essence of amyloid-
osis, rather than residing in a particular molecule, lies in
the process of transforming a soluble, functional protein
into insoluble, biologically inert fibrils. The steps or fac-
tors involved in this process have been the subject of
intense investigation because, as a whole, the various
forms of amyloidosis (eg, immunoglobulin light chain,
reactive, hereditary, Alzheimers, prionoses) have a very
significant impact on human health. 4

Although reactive amyloid is one of the rarer forms of
amyloidosis, it is the form that has been studied most
extensively and has given the greatest insight into the
process termed amyloidogenesis. These advances have
been possible principally because AA amyloidosis, un-
like other forms of amyloidosis, occurs in most mamma-
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lian species, and, therefore, numerous animal models of
this disease have been available for study.'™ " In addi-
tion, AA amyloidosis involves most of the biological
mechanisms deemed important to a greater or lesser
extent in the various types of amyloidosis. These mech-
anisms include overproduction of the fibril precursor pro-
tein, incomplete catabolism and/or proteolytic process-
ing of the protein, acquisition of increased B-structure,
and interaction with other substances involved in fibril
stability. While many of these factors have been clarified
by the use of animal models of AA amyloid, new ques-
tions leading to a more thorough understanding of the
amyloidogenic pathway have been raised. For instance,
the amino acid sequence of SAA predicts little if any
B-structure, which implies that SAA must undergo signif-
icant structural alteration to produce amyloid.'® The
physiological details of this transition, including the mi-
croenvironment in which SAA gains B-structure, have yet
to be identified. Similar data concerning the carboxyl-
terminal cleavage of SAA to AA are still lacking. It remains
to be determined whether proteolytic processing occurs
before or after fibril formation and whether this step con-
tributes to fibril stability.®

Another factor made obvious in studies employing the
murine model of AA amyloidosis is the major impact that
relatively minor changes in primary structure can have on
the amyloidogenicity of proteins. Although most strains of
mice, as well as most mammalian species, produce two
nearly identical acute phase SAA proteins,?°~22 only one
of them (mouse SAA2) is incorporated into amyloid
fibrils.?*2° Mice of the CE/J strain are unusual in that they
produce only a single SAA whose primary structure is a
hybrid of SAA1 and SAA2.2° Although CE/J SAA differs
from highly amyloidogenic SAA2 at only six of 103 posi-
tions, it does not form amyloid.?”

Studies of AA amyloid formation have also led to the
concept that amyloidogenesis takes place as a biphasic
process.”® A slow preamyloid phase is believed to in-
volve accumulation and nucleation of precursor protein,
whereas fibril deposition occurs during the second
phase. The duration of the first phase in experimental AA
amyloid formation, and possibly in other forms as well,
can be tremendously shortened by the administration of
amyloid-enhancing factor (AEF).?%*° This material, gen-
erally prepared as a glycerol extract of spleen from amy-
loidotic animals, has eluded characterization in terms of
both its biochemical identity and its mechanism of action.

To address the various aforementioned issues at a
cellular level and on the basis of numerous data implicat-
ing macrophages in the amyloidogenic pathway,3° - we
have developed a murine peritoneal macrophage culture
system that reproducibly demonstrates amyloid deposi-
tion in the presence of recombinantly expressed mouse
SAA2 (rSAA2). This system is quite similar to the mesan-
gial cell culture model previously developed for the study
of AL amyloid formation.3#3° In the latter model, AL amy-
loid deposition is achieved in cultures of mesangial cells
isolated from human kidneys and incubated with amyloi-
dogenic immunoglobulin light chains. Both systems rep-
resent models in which cellular activities can be manip-

ulated and analyzed, and thereby introduce new
approaches to the study of amyloid pathogenesis.

Materials and Methods

Collection and Culture of Resident
Peritoneal Cells

Cells were collected by lavage from the peritoneal cavity
of normal C57BL/6 mice. Briefly, 8 ml of collection me-
dium (RPMI 1640 (Life Technologies, Grand Island, NY),
25 mmol/L HEPES, pH 7.0, and 1X antibiotic-antimycotic
(Life Technologies)) was injected intraperitoneally, the
abdomen was gently massaged, and fluid and cells were
withdrawn. Cells were collected by centrifugation, resus-
pended at a concentration of 5 X 10° cells/ml, and plated
at a density of 1.7 x 10° cells/well in 8-well chamber
slides. Culture medium contained RPMI 1640, 2 mmol/L
L-glutamine, 1X antibiotic-antimycotic, and 15% fetal calf
serum (Hyclone Laboratories, Logan, VT). Cells were
allowed to attach for 3 hours, after which wells were
rinsed thoroughly to remove nonadherent cells. Adherent
cells had a uniform, round morphology typical of freshly
plated, nonactivated macrophages. Cells were main-
tained in 350 ul of culture medium per well at 37°C in an
atmosphere of 5% CO..

Experimental media were supplemented with 1) mouse
rSAA2 at a final concentration of 140 ug/ml, 2) AEF at a
final concentration of 12 ug/ml, or 3) mouse rSAA2 plus
AEF. SAA (7 wl) was added directly to medium (350 wl)
from a 7-10 mg/ml stock solution prepared by dissolving
purified, lyophilized rSAA2 in 6 mol/L urea, 25 mmol/L
HEPES, pH 7.2. Concentrations of stock solutions were
adjusted after analysis by SDS-PAGE and densitometric
quantitation of Coomassie blue-stained SAA bands. AEF
stock solutions (2 mg/ml) were thoroughly mixed to re-
suspend precipitated material before withdrawal of an
aliquot (2 ul) for addition to culture medium (350 wul). In
experiments employing pepstatin, treatment of cells with
this inhibitor was initiated at the same time as treatment
with rSAA2. Pepstatin (Sigma Chemical Co., St. Louis,
MO) was added to the culture medium to achieve a final
concentrations of 5 ug/ml; stock solutions (100X) were
prepared by dissolving pepstatin in dimethyl sulfoxide.
All culture media were replaced every 2-3 days.

In some experiments, cells were fixed with formalin
before they received rSAA2 and AEF. These cells were
first rinsed four times with serum-free RPMI and then
covered with 350 ul of phosphate-buffered 10% formalin
for 10 minutes. After four rinses to remove the formalin,
rSAA2 and AEF were added as described above. The
same procedure was used to fix cells that had already
initiated amyloid formation by a 5-day treatment with
rSAA2 and AEF.

Culture of L-Cells and IC-21 Cells

Frozen stocks were obtained from the American Type
Culture Collection (Manassas, VA) and maintained ac-
cording to the supplier’'s recommendations. Both lines



grew as adherent monolayers and were passaged when
cells reached confluence. For subculturing, L-cells were
released from flasks by trypsinization, and 1C-21 cells
were released by incubation in calcium/magnesium-free
phosphate-buffered saline (PBS) and then striking flasks
against the palm of the hand. To test each line for amyloid
formation, cells were cultured in 350 wl of medium in
8-well chamber slides, grown to 80% confluence, and
then treated with rSAA2 (140 png/ml) or with rSAA2 (140
pg/ml) and AEF (12 ug/ml).

Production and Purification of rGAA

Mouse rSAA2, rSAA1, and rSAA corresponding to the
SAA in mice of the CE/J strain (CE/J SAA) were produced
in Escherichia coli BL834 cells, using the pET-21a vector
expression system (Novagen, Madison, WI) as previously
described.®® Purification from E. coli lysates was accom-
plished by Sepharose CL-6B chromatography in 4 mol/L
guanidine, 0.05 mol/L Tris-HCI, pH 8.2, followed by chro-
matofocusing over a range of pH 8 to pH 5 in 6 mol/L
urea.®® Final preparations were precipitated in ammo-
nium sulfate (80% saturated), extensively dialyzed
against water, and lyophilized.

Preparation of AEF

AEF was prepared from the spleens of amyloidotic mice
that had received daily subcutaneous injections of casein
(0.5 ml of a 10% solution) for 25-40 days. AEF was
extracted by homogenizing spleens in 8 volumes of 4
mol/L glycerol, 0.01 mol/L Tris-HCI, pH 7.8. Spleen ex-
tracts were incubated at 4°C with shaking and then cen-
trifuged at 250,000 X g for 3 hours.?® The supernatant
was dialyzed against PBS and stored frozen at —20°C
until use. When thawed, these preparations contained
insoluble material.

Latex Bead Uptake

The uptake of blue-dyed polystyrene latex beads, 0.8 um
in diameter, (Sigma) was examined to assess phagocytic
capability. Beads were suspended in serum-free RPMI at
a concentration of 7.2 X 10%/ml. Cells were rinsed three
times with serum-free RPMI and then incubated for 30
minutes with 300 ul of the bead suspension. During the
incubation, chamber slides were tightly wrapped in
Parafilm and shaken gently in a water bath at 37°C. The
bead suspension was removed, and cells were rinsed a
minimum of 10 times with RPMI. After immersing the
slides in two changes of water, cells were fixed with
formalin and stained with hematoxylin.

Lysozyme Assay

Secreted lysozyme activity was measured as a marker of
macrophage function. Adherent peritoneal cells were
treated with rSAA2, AEF, or both for 48 hours as de-
scribed above. Medium was then collected from cells
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and centrifuged at 14,000 X g for 5 minutes at 4°C; the
supernatant was assayed for lysozyme activity. Micrococ-
cus lysodeikticus (Sigma) was used as the substrate; the
lyophilized bacteria were suspended in complete culture
medium at a concentration of 1.5 mg/ml. The reaction
was initiated by mixing 300 ul of medium collected from
cells with 300 wl of M. lysodeikticus suspension and im-
mediately determining the A, 5o of the mixture (O time).
Clearance of the suspension was followed by determin-
ing the A,5, at 5-minute intervals over the course of
30-60 minutes. A unit of lysozyme was defined as a
change in the A, of 0.001 per minute at pH 6.25 at
22°C. The cells from which medium was collected were
lysed in a solution of 50 mmol/L Tris, pH 8.0, 10 mmol/L
EDTA, and 0.2% (w/v) sodium dodecy! sulfate (SDS).
DNA was isolated from cell lysates by phenol-chloroform
extraction and ethanol precipitation and quantified spec-
trophotometrically. Units of lysozyme were normalized to
ng of DNA per well. Values obtained from two separate
cultures were averaged; the two values were within 15%
of each other.

Congo Red Staining

Cells were fixed in ice-cold 100% methanol and then
stained for 45 minutes with Congo red prepared in alka-
line 80% ethanol.®” After several quick dips in water,
slides were immersed in hematoxylin for 2 minutes. They
were then dipped once in acidified 70% ethanol, several
times in water, and once in a 1% solution of NaOH.
Dehydration was accomplished by washing sequentially
in 95% ethanol and 100% ethanol; slides were cleared in
xylene, and coverslips were applied using Permount. The
extent of Congo red staining was scored by visual exam-
ination (+1 to +5). Medium collected from amyloid-form-
ing cultures was applied to microscope slides either by
cytospinning or by direct application of whole medium or
medium after centrifugation into soluble and pelletable
fractions. After air-drying and gentle heat fixation to pro-
mote adherence to the glass slide, medium samples
were fixed and stained with Congo red as described
above.

In Situ Staining with Trypan Blue

Exclusion of trypan blue was used as an indication of cell
viability. Before staining, cells were rinsed three times
with serum-free RPMI. They were then covered for 1
minute with a solution of 2% (w/v) trypan blue in PBS.3®
Immediately after the trypan blue was removed, cells
were fixed with 4% (w/v) paraformaldehyde, pH 7.5, for
10 minutes at room temperature, rinsed four times with
PBS with gentle shaking, and examined microscopically
before staining with Congo red.

SDS-PAGE, Immunoblotting, and N-Terminal
Sequence Analysis

To analyze the SAA components of amyloid produced in
cell cultures, cell layers were rinsed three times with
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serum-free RPMI, scraped into PBS, pelleted by centrif-
ugation, and solubilized in SDS sample buffer. For anal-
ysis of SAA in culture medium collected from cells, 15 pul
aliquots of medium were added directly to SDS sample
buffer. Samples were subjected to tricine-sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (tricine-
SDS-PAGE) as previously described.®® Separating,
spacing, and stacking layers contained 16.5%, 10%, and
4% polyacrylamide, respectively. Immunoblotting was
performed as described previously.*°® Rabbit anti-SAA
antiserum (diluted 1:1000) generated against purified
mouse rSAA2 produced in insect Sf9 cells from a recom-
binant baculovirus served as the primary antibody.*° Two
detection systems were employed. One system utilized
goat anti-rabbit immunoglobulin conjugated to alkaline
phosphatase (diluted 1:1000) (Biosource International,
Camarillo, CA) as the second antibody. Color was devel-
oped by incubation with the alkaline phosphatase sub-
strate 5-bromo-4-chloro-3-indolyl phosphatenitroblue tet-
razolium (BCIP)/NZT) (Bio-Rad Laboratories, Richmond,
CA). In the other system, ECL Western blotting detection
reagents (Amersham Life Science, Buckinghamshire, En-
gland) were used according to the manufacturer’s rec-
ommendations. Horseradish peroxidase-labeled donkey
anti-rabbit immunoglobulin (diluted 1:1000) served as the
second antibody. For N-terminal sequence analysis, pro-
teins were transferred electrophoretically after SDS-
PAGE onto polyvinylidene difluoride (PVDF) membranes
(ProBlott, Applied Biosystems, Foster City, CA). Amino-
terminal sequencing was carried out using an Applied
Biosystems model 473A protein sequencer.

Immunocytochemistry

Cells were rinsed four times with PBS, fixed in 10% for-
malin, and permeabilized by immersion in 0.1% Triton
X-100 in PBS for 4 minutes. Endogenous peroxidase was
quenched by a 20-minute incubation in 1% (v/v) hydro-
gen peroxide in methanol. Immunostaining was per-
formed using a Vectastain ABC Kit (Vector Laboratories,
Burlingame, CA). Cells were washed with PBS and
blocked with diluted goat serum in PBS for 20 minutes at
room temperature. Incubation with the primary antibody
(rabbit anti-mouse rSAA2, 1:5000 dilution) was carried
out for 1 hour at room temperature. Cells were then
washed with PBS, incubated with the second antibody
(biotinylated goat anti-rabbit antiserum) for 30 minutes at
room temperature, washed with PBS, and incubated with
ABC reagent for 45 minutes and then with substrate for 6
minutes. The substrate for horseradish peroxidase was
prepared using Fast DAB and urea H,O, tablets (Sigma).
Cells were counterstained with hematoxylin.

Results

General Description of Amyloid Deposition

SAA-derived amyloid deposition has been characterized
in cultures of adherent murine peritoneal cells maintained
in the presence of mouse rSAA2 (140 wg/ml). Cultures

developed foci of amyloid, which enlarged and became
increasingly Congophilic and birefringent with time. The
earliest deposition occurred in cultures incubated with
AEF in addition to rSAA2 and was observed as early as
24-48 hours after treatment. The amyloid masses in AEF-
treated cultures were larger and more numerous than
those in cultures treated with SAA only (Figure 1, A-D).
Most, if not all, of the Congo red-positive material re-
mained attached to chamber slides throughout the cul-
ture period (2—24 days). Medium collected from amyloid-
forming cultures was routinely negative for the presence
of Congo red positive-material. Amyloid appeared to ad-
here via contact with cells rather than the slide surface.
Sequential staining first in situ with trypan blue and then
with Congo red after fixation revealed that the vast ma-
jority of cells, including those associated with amyloid
masses, were viable. Congo red staining was never ob-
served in cultures maintained in the absence of rSAA2,
with or without AEF (data not shown). In addition, wells
that contained culture medium and rSAA2 with or without
AEF, but lacked cells, did not develop Congo red-posi-
tive material either on the surface of the slide or in the
medium.

The morphology of adherent peritoneal cells in cultures
undergoing amyloid deposition varied among experi-
ments. In some cultures, adherent cells in the absence of
rSAA2 remained fairly uniform in shape and evenly dis-
tributed for as long as 24 days (Figure 2A). Identical-
looking cultures established from the same collection of
peritoneal cells exhibited remarkable cell clustering after
the addition of rSAA2. Clusters eventually evolved into
aggregates of cells coated with or embedded in Congo
red-positive material (Figure 2B). In other experiments,
adherent peritoneal cells developed over time into a ple-
omorphic population that included multinucleated giant
cells, elongated cells, and nodular masses of cells, as
well as round, typical macrophage-looking cells. When
provided with rSAA2, these mixed cell cultures also ex-
hibited amyloid deposition.

Evidence Supporting a Key Role for
Macrophages in Amyloid Formation

Although adherence-selected peritoneal cells are gener-
ally assumed to represent a macrophage population,
cells undergoing amyloid deposition were examined to
confirm that they exhibited properties characteristic of
macrophages. Lysozyme activity was present in medium
collected from adherent peritoneal cell cultures. After a
48-hour incubation, the level of secreted lysozyme activ-
ity was 7.4, 4.6, 3.3, and 2.8 units per ug DNA in un-
treated, rSAA2-treated, AEF-treated, and rSAA2/AEF-
treated cultures, respectively. In addition, cells in
amyloid-forming cultures demonstrated uptake of latex
beads, indicative of phagocytic activity (Figure 3).
Although it appeared that the vast majority of cells in
amyloid-forming cultures were macrophages, a limited
number of T cells or T-cell products also may have been
present. To investigate the possibility that T cells or T-cell
products were required for amyloid formation, adherent
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peritoneal cell cultures were established from nude
BALB/c mice known to be immunosuppressed because
of a lack of T cells. When provided with rSAA2 or with
rSAA2 plus AEF, these cultures developed amyloid in the
same manner as those established from immunocompe-
tent mice (Figure 1, E and F).

Further data supporting the specific involvement of
macrophages in amyloid formation were obtained by
testing established cell lines of different origin (fibroblast
versus macrophage) for amyloid-forming capability. L-
cells, a murine line that is derived from connective tissue
and which grows as an adherent monolayer, were cul-
tured under amyloid-forming conditions for 15 days (ie,
confluent cultures maintained in the presence of 140
pg/ml rSAA2 and 12 ug/ml AEF) and then stained with
Congo red. No Congo red-positive material was present
either on the slide or in the medium. In contrast to these
results, 1C-21 cells, an SV-40-transformed line derived
from C57BL/6 mouse peritoneal macrophages, demon-
strated amyloid deposition after a 5-day treatment with
rSAA2 and AEF.

Experiments were then performed to determine
whether amyloid formation in culture occurred by a
mechanism requiring metabolically active macrophages
or by a process in which cells served merely as an
anchor or substratum for fibril assembly. Cells were fixed
in situ with formalin and then maintained under amyloid-
forming conditions for 14 days. These cultures failed to

Figure 1. Amyloid deposition in cultures of adherent
peritoneal cells. Panels A, C, E and G show Congo
red and hematoxylin staining. Panels B, D, F and H
show green birefringence in A, C, E and G respec-
tively, under polarized light. Magnification, X200. A
and B: Cells derived from C57BL/6 mice and incu-
bated with rSAA2 and AEF. C and D: Cells derived
from C57BL/6 mice and incubated with rSAA2 with-
out AEF. E and F: Cells derived from nude Balb/c
mice and incubated with rSAA2 and AEF. G and H:
Cells derived from amyloidotic C57BL/6 mice and
incubated with rSAA2 and pepstatin (5 ug/mb.

develop Congo red-positive masses, whereas unfixed
cultures treated in parallel with the same preparations of
rSAA2 and AEF showed extensive amyloid deposition.
Another set of cultures was incubated with rSAA2 and
AEF for 5 days to achieve modest amyloid development,
as judged by phase-contrast microscopy, and then fixed
with formalin. Incubation with rSAA2 and AEF was re-
sumed and continued until day 14. Although these cul-
tures contained Congo red-positive foci, amyloid depo-
sition had not progressed beyond that observed on day
5. All of the deposits in cultures fixed on day 5 were much
smaller than those in parallel cultures maintained for 14
days without fixation, consistent with the hypothesis that
metabolically active macrophages play an essential role
in amyloid fibril formation.

Effect of Exogenously Added AEF on Amyloid
Formation

To begin to probe the process of amyloid deposition and
gain clues about the mechanism of AEF action, SAA was
tracked immunochemically in culture medium and in the
adherent cell layer during amyloid formation. Medium
was collected from cultures after incubation with rSAA2 in
the presence or absence of AEF and then examined by
SDS-PAGE and Western analysis. As seen in samples
collected on days 3 and 6, intact SAA persisted in me-
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Figure 2. Cultures of adherent peritoneal cells viewed by phase-contrast
microscopy. A: Cells maintained in the absence of rSAA2 and AEF. B: Cells
incubated with rSAA2 and AEF; amyloid is seen at sites of clustered cells.
Magnification, X200.

dium lacking AEF (Figure 4, lanes 2 and 4), whereas no
immunodetectable SAA, neither intact nor fragments
thereof, remained in AEF-supplemented medium (Figure
4, lanes 3 and 5). Thus, in the presence of AEF, cellular
adherence, uptake, and/or degradation of SAA was
greatly enhanced.

Immunocytochemistry was performed to compare the
amount of SAA associated with cells in the presence and
absence of AEF. Cultures treated with rSAA2 and AEF for
2 days contained numerous immunostained masses (Fig-
ure 5A). In contrast, parallel cultures treated solely with
SAA contained few such areas (Figure 5B). Higher mag-
nification revealed that all immunostaining was associ-
ated with cells rather than randomly distributed on the
slide and was present both intra- and extracellularly (Fig-
ure 5C). Small immunopositive masses were seen within
2 hours of the first addition of rSAA2 and AEF (Figure 5D);
their prominence well in advance of the appearance of
Congo red-positive material may reflect the high sensi-
tivity of immunodetection. It is more likely that these
masses lack the B-sheet conformation of amyloid fibrils
required for Congo red binding. No immunostaining was
detected in rSAA2/AEF-treated cultures when immunocy-
tochemistry was performed using nonimmune serum in
place of anti-SAA antiserum. Cultures maintained in the

Figure 3. Adherent peritoneal cells that have phagocytosed latex beads. Cells
were incubated with a suspension of latex beads (0.8-um diameter) for 30
minutes at 37°C, rinsed, formalin-fixed, and stained with hematoxylin. Mag-
nification, X400.

absence of rSAA2 and AEF showed no immunostaining,
suggesting a lack of endogenous SAA production.

Amyloid Deposition in Cultures of Adherent
Peritoneal Cells from Amyloidotic Mice

Peritoneal macrophages collected from mice that had
received a single injection of AEF 8 days earlier followed
by seven daily injections of casein were cultured in the
presence of rSAA2 without AEF supplementation. The
rate of amyloid formation in these cultures, as well as
the size and number of Congo red-positive foci, paral-
leled that seen in AEF-supplemented cultures estab-
lished from nonamyloidotic mice, supporting the hypoth-
esis that macrophages acquire AEF activity in vivo during
amyloid formation.

Carboxyl-Terminal Cleavage of SAA

To determine whether SAA is C-terminally cleaved in
culture as it is in vivo during amyloid formation, cultures
were incubated with rSAA2 and AEF until they exhibited
extensive amyloid deposition. The adherent material con-
sisting of amyloid and cells was scraped from the wells
and analyzed by tricine-SDS-PAGE. Coomassie blue
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Figure 4. SDS-PAGE immunoblot comparing the fate of SAA in medium
conditioned by cells in the absence of AEF versus medium conditioned by
cells in the presence of AEF. Lane 1: Purified rSAA2. Lane 2: Medium
supplemented with rSAA2, conditioned by cells during days 1-3. Lane 3:
Medium supplemented with rSAA2 and AEF, conditioned by cells during
days 1-3. Lane 4: Same as lane 2, conditioned during days 4-6. Lane 5:
Same as lane 3, conditioned during days 4-0.

staining of cell layer proteins revealed a relatively prom-
inent band at nearly the same position as a human AA
standard (~8.4 kd) (Figure 6, A and C). This band, as
well as several bands at higher molecular mass positions
(9, 10, and 12 kd), were shown by Western blot analysis
to represent SAA peptides (Figure 6B). Immunoreactivity
was also detected in bands corresponding in position to
dimeric forms of SAA and AA. The SAA identity of 8-, 9-,
10-, and 12-kd peptides was confirmed by N-terminal
sequence analysis after transfer to PVDF membranes
(Figure 6C, thin lines at right indicate sequenced pep-
tides). All four bands gave the N-terminal sequence of
murine SAA2, starting with glycine at residue 1, indicating
that the parent SAA had undergone C-terminal cleavage.

Enhanced Amyloid Deposition in Peritoneal Cell
Cultures Incubated with Pepstatin

In previous studies, mice given pepstatin in conjunction
with casein exhibited increased amyloid deposition rela-
tive to mice treated with casein only.*' To determine if
pepstatin, an inhibitor of aspartic proteases such as ca-
thepsin D and cathepsin E, also enhanced AA deposition
in macrophage cultures, medium was supplemented with
pepstatin (5 wpg/ml) in addition to rSAA2. Although a
complete dose-response curve has not been estab-
lished, cultures treated with pepstatin at a concentration
of 5 ng/ml exhibited a more extensive pattern of Congo
red staining than cultures not treated with pepstatin and,
at the same time, maintained viability equivalent to that of
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untreated cultures, even after as long as 24 days. Pep-
statin-treated cultures developed large areas of diffuse,
pinkish-red staining in addition to dense, localized
masses of amyloid associated with cell clusters (Figure 1,
G and H). In general, these amorphous amyloid deposits
produced intense yellow-green birefringence and oc-
curred in areas where the cells were evenly dispersed
rather than clustered. A graded evaluation of the relative
amount of amyloid deposition in three independent ex-
periments, each employing a different preparation of
rSAA2, yielded scores of (+4 versus +2), (+3 versus +2),
and (+3 versus +1) for pepstatin-treated cultures versus
cultures lacking the inhibitor.

Inability of Other Murine rSAAs to Form Amyloid

It is generally accepted that in vivo murine amyloid de-
posits are derived exclusively from SAA2, whereas SAAT
and CE/J SAA do not appear to be capable of fibril
formation. To determine if this is also true for amyloid
deposition in cell culture, peritoneal macrophages were
treated with purified mouse rSAA1 and AEF under con-
ditions identical to those used with rSAA2 and AEF.
These cultures exhibited a relatively modest degree of
cell clustering and limited SAA/AA deposition, as judged
by immunocytochemical staining, but did not develop
Congo red-positive material. Cultures treated in the same
way with CE/J SAA or a mutant of CE/J SAA containing
glycine in place of histidine at position 7 (His7Gly) also
failed to produce Congo red-positive deposits. However,
peritoneal macrophages derived from either C57BL/6 or
CBA/J mice and treated with equal amounts of rSAA2
and CE/J SAA (140 ug/ml of each) developed extensive
Congo red-positive masses and were in no way pro-
tected against amyloid deposition. N-terminal sequence
analysis of the amyloid harvested from cultures main-
tained in the presence of the two SAAs revealed that it
was exclusively composed of SAA2-derived peptides.

Discussion

A cell culture system that is both easy to employ and
amenable to manipulation has been developed for study-
ing AA amyloid pathogenesis and, in particular, elucidat-
ing the cellular processes involved in amyloid fibril for-
mation. Murine peritoneal macrophages cultured in fetal
calf serum-supplemented RPMI medium serve as the
cellular component of this system, while murine rSAA2,
readily produced with the pET-E. coli expression system,
is provided as the amyloidogenic precursor protein. Mac-
rophages treated with rSAA2 at a concentration typical of
that present in acute-phase serum (140 ug/ml) exhibit
amyloid deposition within 5 days of SAA treatment.

The mechanism by which amyloid fibril formation takes
place is an area of intense investigation. The findings
presented here indicate that macrophages play an es-
sential role in this process in the case of AA amyloidosis.
Adherent peritoneal cells before or in the process of
amyloid production were shown to secrete lysozyme and
take up latex beads, verifying that these cells indeed
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in the absence of AEF; relatively low density of immunostained areas seen under low magnification, X100. C: Cells cultured with rSAA2 and AEF for 48 hours;

AEF for 48 hours; relatively high density of immunostained (dark brown) areas seen under low magnification, X100. B: Cells cultured with rSAA2 for 48 hours
magnification, X400. All immunostaining is in contact with cells. D: Cells cultured with rSAA2 and AEF for 2 hours; magnification, X600.

Figure 5. Immunochemical detection of SAA/AA in cultures of adherent peritoneal cells after incubation with rSAA2 +/— AEF. A: Cells cultured with rSAA2 and
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Figure 6. SDS-PAGE of cell layers harvested from amyloid-laden cultures
showing C-terminal cleavage of SAA. Cultures were rinsed with RPMI,
scraped into PBS, pelleted by centrifugation, and solubilized in SDS gel-
loading buffer. A: Coomassie blue-stained PVDF membrane. Lane 1: human
AA protein isolated from spleen. Lane 2: Cell layer with amyloid (14-day
culture). Lane 3: purified rSAA2. B: Immunoblot of A, probed with anti-
mouse SAA antiserum. Lane 1: cell layer containing SAA and AA peptides
(dimers of SAA and AA are also present). Lane 2: Purified rSAA2. C:
Coomassie blue-stained PVDF membrane. Lane 1: Human AA protein from
spleen. Lane 2: Cell layer with amyloid (19-day culture). Thin lines at right
indicate peptides subjected to N-terminal sequencing.

behave like macrophages. The demonstration that amy-
loid deposition occurred in cultures of peritoneal cells
obtained from nude mice indicates that T lymphocytes
are not essential for fibril formation. Evidence thus far
obtained supports a specific role for macrophages as
opposed to other cell types. L cells, an established line of
connective tissue origin, were incapable of amyloid for-
mation, whereas IC-21 cells, derived from peritoneal
macrophages, demonstrated amyloid deposition analo-
gous to that occurring in primary cultures of peritoneal
macrophages. No amyloid deposition occurred in the
absence of macrophages or with cells formalin-fixed be-
fore incubation with rSAA2 and AEF. Furthermore, cul-
tures that had developed small amyloid masses did not
show further deposition after they were fixed with forma-
lin, suggesting an ongoing requirement for viable macro-
phages during amyloid progression.

Although the exact function served by macrophages in
AA amyloid formation remains to be determined, roles in
concentrating SAA and inducing structural alterations
in SAA seem likely based on current models of amyloid
fibrillogenesis. It has been proposed that the polymeriza-
tion of amyloidogenic proteins, including SAA, into fibrils
is a nucleation-dependent process that can only occur
above a critical protein concentration.*?>~** According to
this mechanism, formation of amyloid fibrils under phys-
iological conditions requires that either the effective con-
centration is increased, possibly through entrapment in a
subcellular compartment or through adsorption, or that
the critical concentration is decreased through interac-
tion of the amyloidogenic protein with intra- or extracel-
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lular components. In the studies described here, the
concentration of SAA in medium was 140 wg/ml, similar to
that found in serum during an acute-phase response and
well below that used previously to achieve amyloid fibrils
in vitro in the absence of cells (10 mg/ml).*® Based on this
study and on recently reported findings,*® it is reason-
able to propose that macrophages concentrate SAA
through binding and uptake in clathrin-coated vesicles.
Consistent with this hypothesis, SAA has been shown
previously to bind to macrophages in a specific, satura-
ble fashion.*” The immunochemical analyses described
here provide further evidence for intracellular uptake of
SAA. Peritoneal macrophages treated with rSAA2 dem-
onstrated intracellular immunostaining for SAA, whereas
cultures lacking exogenous rSAA2 were not immuno-
stained.

Internalized SAA is likely to be trafficked through cells
via the endosomal network.®2* While some or even most
of the SAA is expected to be completely degraded, a
portion may not progress to catabolic lysosomes, but
instead may undergo low pH-induced conformational
changes. Such changes are presumed to be necessary
for amyloid fibril formation, based on the prediction that
SAA contains little or no B-sheet structure.’® The idea that
acidic conditions induce B-sheet structure stems from the
observation that in vitro fibril formation from SAA can be
achieved by using low pH conditions (pH 2.5).4° In strik-
ing contrast, amyloid formation in peritoneal cell cultures
occurs when rSAA2 is added to neutral pH culture me-
dium, leading us to hypothesize that endosomes provide
the acidic environment in which B-sheet structure is ac-
quired. Immunochemical evidence for endosomal local-
ization of SAA/AA, possibly in the form of nascent fibrils,
has been reported previously.®'234® The fact that amy-
loid in vivo, as well as in macrophage cultures, exists as
extracellular deposits suggests that there must be a
mechanism by which SAA/AA exits the cell. Double-stain-
ing studies using trypan blue followed by Congo red
indicate that the vast majority of cells maintain viability in
the midst of amyloid deposition and imply that active
cellular processes, rather than cell death, serve to trans-
locate SAA/AA to the extracellular space. Immunochemi-
cal analyses suggest that amyloid deposits in macro-
phage cultures originate at cell surfaces. This
observation is in agreement with what has been de-
scribed previously in an immunoelectron microscopic
study of amyloid formation in murine spleen.®? In that
analysis, SAA reactivity was detected in granular form
along cell membranes and in fibrillar bundles radiating
from the surface of mononuclear cells.

Whether all SAA molecules must be internalized, pro-
cessed, and exported before being deposited, or
whether some can be added directly to extracellular amy-
loid remains to be determined. In vitro studies with amy-
loidogenic Alzheimer AB peptide suggest that the slow
nucleation phase preceding fibril formation can be by-
passed in the presence of preformed amyloid.*®*° Solu-
tions of AB seeded with amyloid fibrils polymerize rapidly
according to first-order kinetics.”® Possibly acting as
“seeds” in vivo, AA fibrils extracted from amyloid depos-
its, as well as short synthetic peptides corresponding to
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various amyloidogenic proteins, have been shown to ac-
celerate AA amyloid deposition when injected into exper-
imental animals in conjunction with an inflammatory stim-
ulus.®"52 AEF, although undefined biochemically, is also
known to accelerate amyloid deposition in mice and has
been proposed to work by seeding amyloid forma-
tion.?2:°® Similar mechanisms may be operating in mac-
rophage cultures, which demonstrate greatly enhanced
amyloid formation when treated with AEF. The addition of
AEF to cell cultures is accompanied by very rapid ap-
pearance of SAA deposits that are immunoreactive but
not Congo red positive. From the appearance of these
deposits in immunochemically stained cultures, we spec-
ulate that SAA may have collected at these sites via an
adsorptive mechanism or possibly through specific inter-
action with “seeds” of B-sheet present in the AEF prepa-
ration. Further studies will address whether the early SAA
deposits evolve into amyloid as defined by Congo red
positivity or whether they serve as localized, concen-
trated sources of SAA that must be taken up and pro-
cessed by cells before forming amyloid.

A mechanism of amyloid formation that bypasses the
necessity for intracellular processing of SAA must take
into account our observation that viable cells are required
for growth and not just initiation of fibrils (ie, progression
from small to large Congo red deposits was arrested by
fixation of cells). We propose that macrophages not only
facilitate structural transitions in SAA, but also produce
and possibly secrete the protease(s) responsible for gen-
erating AA protein, most commonly consisting of the
N-terminal 76 residues of SAA. We further speculate that
C-terminal processing of SAA may be required to form
stable B-sheet structures. It follows that if this protease,
as well as its source, were inactivated by fixation, amyloid
growth would terminate. Evidence for production of a
C-terminal-specific protease was provided by SDS-PAGE
and N-terminal sequence analysis of proteins harvested
from amyloid-laden cultures. These studies revealed that
although intact SAA (12 kd) had been added to the
cultures, AA protein (8.5 kd) was a prominent component
of amyloid-laden cultures.

The N-terminal portion of SAA has been shown to
contain determinants critical for fibrillogenesis.*® As
demonstrated in vitro, removal of this region precludes
amyloid fibril formation.®**° In this context, we have
shown previously that pepstatin inhibits cleavage of SAA
at specific sites in the N-terminal region, exactly the
region required for amyloid fibril formation.*’ We have
also shown that mice injected concurrently with pepstatin
and casein exhibit enhanced amyloid deposition relative
to mice treated with casein alone.*’ It is possible that
increased in vivo deposition results from an increased
pool of N-terminally intact SAA. By inhibiting SAA degra-
dation, pepstatin could, in effect, increase the concen-
tration of molecules which retain a capacity for amyloid
fibril formation. The increased amount of amyloid depo-
sition observed in macrophage cultures treated with pep-
statin is consistent with this hypothesis. Using the mac-
rophage culture system described here, we will be able
to further investigate the role played by pepstatin-inhib-
itable cathepsins in normal SAA catabolism and deter-

mine whether modulation of their activity is a contributing
factor in AA pathogenesis.
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