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The Journal of Immunology

Acute Serum Amyloid A Induces Migration, Angiogenesis,

and Inflammation in Synovial Cells In Vitro and in a Human

Rheumatoid Arthritis/SCID Mouse Chimera Model

Mary Connolly,*,† Alessandra Marrelli,‡ Mark Blades,‡ Jennifer McCormick,*,†

Paola Maderna,† Catherine Godson,† Ronan Mullan,*,† Oliver FitzGerald,*,†

Barry Bresnihan,*,† Costantino Pitzalis,‡ Douglas J. Veale,*,† and Ursula Fearon*,†

Serum amyloid A (A-SAA), an acute-phase protein with cytokine-like properties, is expressed at sites of inflammation. This study

investigated the effects of A-SAA on chemokine-regulated migration and angiogenesis using rheumatoid arthritis (RA) cells and

whole-tissue explants in vitro, ex vivo, and in vivo. A-SAA levels were measured by real-time PCR and ELISA. IL-8 and MCP-1

expression was examined in RA synovial fibroblasts, human microvascular endothelial cells, and RA synovial explants by ELISA.

Neutrophil transendothelial cell migration, cell adhesion, invasion, and migration were examined using transwell leukocyte/

monocyte migration assays, invasion assays, and adhesion assays with or without anti–MCP-1/anti–IL-8. NF-kB was examined

using a specific inhibitor and Western blotting. An RA synovial/SCID mouse chimera model was used to examine the effects

of A-SAA on cell migration, proliferation, and angiogenesis in vivo. High expression of A-SAA was demonstrated in RA patients

(p, 0.05). A-SAA induced chemokine expression in a time- and dose-dependent manner (p, 0.05). Blockade with anti-scavenger

receptor class B member 1 and lipoxin A4 (A-SAA receptors) significantly reduced chemokine expression in RA synovial tissue

explants (p , 0.05). A-SAA induced cell invasion, neutrophil–transendothelial cell migration, monocyte migration, and adhesion

(all p , 0.05), effects that were blocked by anti–IL-8 or anti–MCP-1. A-SAA–induced chemokine expression was mediated

through NF-kB in RA explants (p , 0.05). Finally, in the RA synovial/SCID mouse chimera model, we demonstrated for the

first time in vivo that A-SAA directly induces monocyte migration from the murine circulation into RA synovial grafts, synovial

cell proliferation, and angiogenesis (p , 0.05). A-SAA promotes cell migrational mechanisms and angiogenesis critical to RA

pathogenesis. The Journal of Immunology, 2010, 184: 6427–6437.

A
cute-phase serum amyloid A (A-SAA) is an acute-phase

protein of the apoprotein family (1, 2). A-SAA is the

precursor of insoluble amyloid deposited in the heart,

blood vessels, and major organs in secondary amyloidosis and is

associated with chronic inflammatory disease, such as rheumatoid

arthritis (RA) (3). A-SAA, like many acute-phase proteins, is

primarily synthesized by hepatocytes. Secreted A-SAA associates

with high-density lipoprotein (HDL), displacing apolipoprotein AI

(Apo-AI) and yielding lipoprotein fractions, including SAA, lipid-

poor Apo-AI, and lipoprotein-free SAA (4, 5). Persistently high

SAA usually indicates reduced Apo-AI and HDL cholesterol as

a result of increases in HDL metabolism (5). However, during the

acute-phase response, serum levels of A-SAA increase up to 1000-

fold, saturating HDL and allowing lipid-free A-SAA to circulate.

Extrahepatic production of A-SAA has been implicated in the

pathogenesis of chronic diseases, including RA and Alzheimer’s

disease (6, 7). Additionally, A-SAA is expressed in cholesterol-

laden atherosclerosis plaques accumulating in monocyte-derived

foam cells within the vascular wall (8). Atherosclerotic cardio-

vascular disease is the primary cause of premature death in pa-

tients with RA (9, 10).

RA is an autoimmune disease characterized by a hyperplastic

synovial tissue (ST) capable of destroying articular cartilage and

bone. Angiogenesis, the formation of new blood vessels from

existing vessels, is a critical early event in inflammation (11), fa-

cilitating leukocyte migration from the peripheral blood, which

results in a persistent infiltration of predominantly monocyte/

macrophage cells into the inflamed joint. These processes are

mediated by increased adhesion molecules, chemokines, and ma-

trix metalloproteinases (MMPs). We previously reported increased

expression of A-SAA and its receptor in RA ST (7). We and other

investigators demonstrated that A-SAA induces adhesion molecule

expression, angiogenesis, and MMPs in vitro (12–14). A-SAA has

a high affinity for the extracellular matrix components laminin

and fibronectin and was shown to enhance leukocyte binding to

extracellular matrix through a b1-integrin–dependent mechanism

(15, 12). Additionally, A-SAA has two known receptors, lipoxin A4

(LXA4) receptor/N-formyl peptide receptor-like-1 (FPRL-1) and

scavenger receptor class B member 1 (SR-B1; formerly CD36 and

LIMPII analogous-1), both expressed in RA ST (16). More
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recently, it was demonstrated that the effects of A-SAA might also

be mediated through TLR2 (17). Its rapid induction during in-

flammation, localized expression at inflammatory sites, and ability

to induce many proinflammatory processes suggest that A-SAA

may be directly involved in the pathogenesis of inflammatory

joint disease.

In this study, we examined the biological effects of A-SAA on

chemokine expression, transendothelial cell migration, monocyte

adhesion/migration, and cell invasion using RA synovial fibroblasts

(RASFCs), human microvascular endothelial cells (HMECs), and

RA whole-tissue synovial explant cultures. We investigated the

signaling pathways involved, and, using a human RA synovial/

SCID chimera model, examined for the first time in vivo the effects

of A-SAA on the induction of monocyte migration from the murine

circulation into RA synovial grafts and on synovial cell pro-

liferation and angiogenesis.

Materials and Methods
Arthroscopy and sample collection

RA and psoriatic arthritis (PsA) patients with clinically active inflamed
knees prior to biologic therapy, along with osteoarthritis (OA) patients, were
recruited from rheumatology outpatient clinics at St. Vincent’s University
Hospital, Dublin. Serum and synovial fluid (SF) were collected from 48
patients (28 RA and 20 PsA). The median age was 53 y (range, 19–82 y),
and 72% of patients were female. All patients had clinically active disease,
as evidenced by a hot swollen knee joint, an increased erythrocyte sedi-
mentation rate of 30.5 mm/h (range, 2–100 mm/h), and an increased C-
reactive protein of 18 mg/l (range, 4–152 mg/l). All patients had an in-
adequate response to disease-modifying antirheumatic drug therapy
(methotrexate, salazopyrin, hydroxychloroquine, or steroids). Matched ST
of an inflamed knee joint was obtained in 33 patients at arthroscopy.
Following approval by the institutional ethics committee, all patients gave
written informed consent, prior to a day-case arthroscopy procedure under
local anesthesia. Using a 2.7-mm-diameter needle telescope (Stortz, Tut-
tlingen, Germany), biopsies of inflamed synovial membrane were obtained
under direct visualization, as previously described (18). Synovial biopsies
were snap-frozen and stored at 280˚C for protein or mRNA analysis. For
SCID mice transplantation experiments, RA synovial biopsies were frozen
in a mixture of 40% heat-inactivated FBS, 10% DMSO, and 50% RPMI
1640 tissue culture media. Biopsies were stored in liquid nitrogen until
engraftment, as previously described (19).

A-SAA and FPRL-1 mRNA extraction and purification. Total RNA was
extracted from cells using RNeasy total RNA isolation protocol (Qiagen,
Crawley, U.K.). RNA extraction from synovial biopsies was performed by
pooling two biopsies for each patient and adding 200 ml TRIzol reagent
(Invitrogen, Dublin, Ireland). The tissue was homogenized using a mortar
and pestle (Kimble Chase, Scherf, Germany), and 40 ml chloroform was
added. The solution was vortexed briefly and mixed with 70% ethanol in
a 1:1 ratio. The mixture was added to a mini column, and total RNA
isolation was carried out per the manufacturer’s protocol. RNA quality was
assessed by spectrophotometry, and samples with a 260:280-nm ratio $1.8
were used in subsequent experiments. Isolated RNA was stored at 280˚C.

A-SAA and FPRL-l mRNA analysis. Total RNA (1 mg) from synovial bi-
opsy was reverse transcribed to cDNA. FPRL-1 and GAPDH Quantitect
Primer Assays were used for the quantification of cDNA. These assays
consist of specific forward and reverse primers derived from gene se-
quences contained in the National Center for Biotechnology Information
Reference Sequence database (www.ncbi.nlm.nih.gov/RefSeq) and am-
plified 90- and 96-bp products, respectively. Relative quantification of gene
expression was performed with preoptimized conditions using Lightcycler
PCR technology (Roche Diagnostics, Lewes, U.K.). PCRs were performed
in duplicate using 10 ml 23 Quantitect SYBR Green PCR Master Mix,
2 ml Quantitect Primer Assay, 2 ml cDNA, and 6 ml nucleotide-free H2O to
yield a 20-ml reaction. Specific primers for A-SAA were used to amplify
a 335-bp A-SAA product: sense primer (59-AAG CTT CTT TCC GTT
CCT TGG-39) and antisense primer (59-GAG AGC AGA GTG AAG AGG
AAG C-39). After preincubation (94˚C, 10 min), each PCR sample un-
derwent a 35-cycle amplification regimen of denaturation (94˚C, 1 min),
primer annealing (60–56˚C, 1 min), and extension (72˚C, 1 min) in
a thermal cycler (MJ Research, Cambridge, MA). Ethidium bromide
staining of 2.5% agarose gels was used to detect generated PCR products.
All gels were visualized using the Eagle Eye II still video system (Stra-
tagene, Amsterdam, The Netherlands).

Acute A-SAA measurement by ELISA. A-SAA protein levels were measured
using a sandwich enzyme immunoassay, as per the manufacturer’s protocol
(Biosource, London, U.K.). Serum, SF, human ST explant culture super-
natants, and protein lysates were assayed. For synovial protein lysates,
biopsies were snap-frozen and homogenized using a Mikro-Dismembrator
(B. Braun Biotech International, Allentown, PA). The absorbance was
measured at 405 nm. Standards ranged from 9.4–300 ng/ml. The minimal
detectable level of A-SAA was 5 ng/ml.

Isolation and culture of RA fibroblast-like synoviocytes. Synovial biopsies
were digested with 1 mg/ml collagenase type 1 (Worthington Biochemical,
Freehold,NJ) inRPMI1640 (LifeTechnologies-BRL,Paisley,U.K.) for 4 h at
37˚C in humidified air with 5% CO2. Dissociated cells were grown to con-
fluence in RPMI 1640, 10% FCS (Life Technologies-BRL), 10 ml 1 mmol/l
HEPES (Life Technologies-BRL), penicillin (100 U/ml; Bio-Sciences,
Dublin, Ireland), streptomycin (100U/ml;Bio-Sciences), and fungizone (0.25
mg/ml; Bio-Sciences) before passaging. Cells were used between passages
four and eight. K4 cells, an immortalized human healthy donor synoviocyte
cell line, were cultured as per RASFCs and used between passages 35 and 38.

HMECs

HMECs (Lonza Wokingham, Berkshire, U.K.) were incubated in cell basal
medium supplemented with endothelial growth medium (EGM)-micro-
vascular bullet kit containing 25 ml FCS, 0.5 ml human epidermal growth
factor, 0.5 ml hydrocortisone, 0.5 ml gentamicin, and 0.5 ml bovine brain
extract, as previously described (14).

Measurement of IL-8 and MCP-1 in RASFCs and HMECs. To assess the
effects of A-SAA on chemokine expression, RASFCs and HMECs were
stimulated with A-SAA, and IL-8 and MCP-1 production was quantified.
A-SAAwas purchased fromPeproTech (RockyHill, NJ). Endotoxin levels#
1 EU in A-SAA preparations were confirmed by Limulus assay (Bio-
Whittaker, Walkersville, MD). RASFCs or HMECs were plated to a density
of 123 104 in 96-well plates for 48 h in medium plus supplements, followed
by stimulation with A-SAA (10 or 50 mg/ml) for 24 h. Additionally,
RASFCs were stimulated with A-SAA (10 or 50 mg/ml), IL-1b (10 ng/ml),
or TNF-a (10 ng/ml) for 3, 6, 12, 24, or 48 h. Supernatants were harvested,
and protein levels of IL-8 and MCP-1 were measured by ELISA (R&D
Systems, Abingdon, U.K.), according to the manufacturer’s protocol.

RA ST explant culture

To examine the spontaneous release of A-SAA from active ST, we
established an ex vivo ST explant model that maintains the synovial ar-
chitecture and cell–cell contact and, therefore, more closely reflects the
in vivo environment. Synovial explant tissue was sectioned into 3-mm
cubes and cultured immediately from arthroscopy (to maintain maximal
activity) in 96-well plates (Falcon, Franklin Lakes, NJ) in RPMI 1640,
supplemented with streptomycin (100 U/ml) and penicillin (100 U/ml), for
24 h at 37˚C in 5% CO2. Spontaneous release of A-SAA following the
24-h culture of synovial biopsies from RA (n = 22) and PsA (n = 11)
patients (all with active knee involvement, prior to biologic therapy) was
measured by ELISA (Biosource). Additional experiments examined the
direct effect of A-SAA on cultured RA and PsA synovial explant cultures.
Explants were serum starved for 24 h, to allow quiescence of the tissue,
and then stimulated with A-SAA (10 or 50 mg/ml), IL-1b (10 ng/ml), or
TNF-a (10 ng/ml) for 24 h and over a 3–48-h time course. Supernatants
were harvested and assayed for IL-8 and MCP-1 by ELISA (R&D Sys-
tems).

SR-B1 and FPRL-1 blockade

To investigate the effect of blocking the proinflammatory effects of en-
dogenously produced A-SAA, RA explants (n = 6) were cultured in the
presence of inhibitors to two A-SAARs: SR-B1 and FPRL-1. RA ST bi-
opsies were sectioned, as described above, and cultured immediately from
arthroscopy (to maintain maximal active endogenous production) in RPMI
1640 in the presence of mouse anti–SR-B1 (10 mg/ml, clone 25/CLA-1;
BD Biosciences, Oxford, U.K.) or 10 mg/ml isotype-matched mouse IgG1
control (clone 11711, R&D Systems), LXA4 (5(S)-6(R)-15(S)-trihydroxy-
7,9,13-trans-11-cis-eicosatetraenoic acid) (1 nM, BIOMOL, Plymouth
Meeting, PA), or ethanol vehicle control for 24 h. Explant supernatants
were harvested and assayed for IL-8 and MCP-1 by ELISA.

Isolation of PBMCs and neutrophils

PBMCs were isolated from normal donors, as previously described (14).
Human neutrophils were purified from normal donors and RA patients by
dextran sedimentation and Ficoll gradient centrifugation, followed by
hypotonic lysis of contaminating erythrocytes. Neutrophils were re-
suspended in 1% EGM prior to experiments.
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Monocyte migration and neutrophil transendothelial assays

Monocyte transwell migration chambers, with a pore size of 5 mm (Cell
Biolabs, San Diego, CA), were used to examine the effect of A-SAA on
monocyte migration. A-SAA (10 or 50 mg/ml) was added to the lower
compartment in 150 ml media. Approximately 1 3 106 monocytes in 0.1
ml were added to the top chamber and incubated at 5% CO2 at 37˚C for 4
h. Cells that had migrated to the lower compartment were counted using
a hemocytometer. The effect of A-SAA on the transendothelial migration
of neutrophils was performed using transculture chambers with a pore size
of 3 mm (BD Biosciences). Approximately 100,000 HMECs were seeded
onto fibronectin-coated 24-well chambers, with a pore size of 3 mm (BD
Biosciences), and grown to a confluent monolayer in 5% CO2 at 37˚C. A-
SAA (10 or 50 mg/ml), IL-1b (10 ng/ml), or TNF-a (10 ng/ml) was added
to the lower compartment; 1 3 106 neutrophils in 0.1 ml were added to the
HMEC monolayer for 2–48 h. Cells that had migrated to the lower
compartment were counted using a hemocytometer. To assess the role of
IL-8, cells were pretreated with 2.5 mg/ml human anti–IL-8 IgG1 mAb
(clone 6217) (R&D Systems) and isotype-matched IgG1 control (2.5
mg/ml) for 1 h.

Transwell invasion assay

Biocoat Matrigel Invasion Chambers (BD Biosciences) were used to assess
EC migration in response to A-SAA, IL-1b, and TNF-a. Cells were seeded
at a density of 2.5 3 104 per well in the migration chamber on 8-mm
membranes precoated with Matrigel. EGM containing A-SAA (10–50 mg/
ml), IL-1b (10 ng/ml), or TNF-a (10 ng/ml) was placed in the lower well
of the assay. Cells were allowed to migrate for 24 h in EGM media con-
taining 1% FCS. Nonmigrating HMECs were removed from the upper
surface by gentle scrubbing. Migrating cells attached to the lower mem-
brane were fixed with 1% glutaraldehyde and stained with 0.1% crystal
violet. To assess the average number of migrating cells, cells were counted
in five random high-power fields (hpfs).

PBMC adhesion assay

We previously demonstrated that A-SAA could induce adhesion of PBMCs
to HMECs; in this study, we examined whether A-SAA–induced adhesion
is mediated by MCP-1. HMECs were grown to confluence in 12-well
plates and stimulated with A-SAA and TNF-a for 6 h. Following stimu-
lation, cells were washed twice with PBS and incubated for 1 h with 1 ml
serum-free RPMI 1640 containing PBMCs at a density of 0.5 3 106 cells.
Nonadherent cells were removed by washing with sterile PBS. Adhesion
was measured by counting HMEC-bound PBMCs from five random fields
(340 magnification) per duplicate well. For PBMC adhesion blockade,
PBMCs were incubated with 10 mg/ml human anti–MCP-1 IgG1 mAb
(clone 24822; R&D Systems) or IgG1 isotype-matched control overnight.

Inhibition of A-SAA–induced IL-8 and MCP-1 expression by N-acetyl-L-
cysteine. To assess the role of NF-kB in A-SAA signaling pathways, ex-
periments assessing the effects of A-SAA–induced IL-8 and MCP-1 ex-
pression were performed, as above, in the presence or absence of inhibitors
to the p38 MAPK pathway (SB203580) and the NF-kB pathway (N-acetyl-
L-cysteine [NAC]; both purchased from Calbiochem, Merck Chemicals,
Nottingham, U.K.). Cell viability studies using ethidium bromide-acridine
orange uptake showed that .95% of cells remained viable, demonstrating
that the inhibitors were not cytotoxic. RA ST explant cultures were pre-
treated with SB203580 (10 mM) and NAC (10 mM) for 24 h in the
presence or absence of A-SAA, IL-1b, and TNF-a. Supernatants were
harvested, and IL-8 and MCP-1 levels were analyzed by ELISA.

Analysis of NF-kB. RA ST explants and HMECs were incubated with
A-SAA (10mg/ml) or TNF (10 ng/ml) for 15min. Following incubation, cell
lysates were separated by SDS-PAGE and transferred onto nitrocellulose
membranes. Western blotting using primary rabbit polyclonal Ab NF-kB
(Upstate Biotechnology, Lake Placid, NY) was performed according to
the manufacturers’ protocol. Blots were developed using ECL (Pierce,
Rockford, IL) for detection of HRP. NF-kB nuclear translocation in RA
fibroblast-like synoviocytes was detected by immunofluorescence. Cells
grown in eight-chamber culture slides (BD Biosciences) were incubated
with A-SAA (10 mg/ml) for 15 min and then washed in PBS. Cells were
fixed in 4% paraformaldehyde for 20 min and blocked in 1% casein solution
for 20 min. Incubations were performed with rabbit polyclonal anti–NF-kB
p65 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h and thenwith
Cy3 (1:500 dilution; Sigma-Aldrich, St. Louis, MO) for 30 min. Slides were
washed in PBS, mounted with Antifade (Molecular Probes, Eugene, OR),
and assessed by immunofluorescence microscopy (340 magnification).

U937 labeling and migration into human synovium transplanted onto

SCID mice. U937 human myelomonocytic cell lines were cultured in
RPMI 1640 medium plus 10% FCS. Cells were subcultured and maintained
at a concentration of 0.5–1.0 3 106 cells/ml, as previously described (20).
Briefly, U937 cells were washed and incubated with CellTracker Orange
dye (Invitrogen) at 37˚C at a concentration of 5 mg dye per 20 3 106 cells
in 15 ml RPMI 1640 for 30 min. Cells were washed, and the working
solution was replaced with fresh prewarmed RPMI 1640 plus 10% FCS
and incubated at 37˚C for 30 min. Finally, cells were washed twice to
remove unbound dye and resuspended in 0.9% saline at a cell concen-
tration of 503 106 cells/ml for i.v. injection. Cell viability was determined
via trypan blue exclusion and was always .90%. Labeling efficiency was
confirmed before transplantation by examining a wet preparation of la-
beled cells under the ultraviolet microscope.

RA ST biopsies were thawed from liquid nitrogen immediately before
surgery, washed in saline, and kept in saline-moistened sterile gauze over
ice. Beige SCID mice were anesthetized, and biopsies were inserted s.c. in
the dorsal skin overlying the scapulae (two per mouse). Fourteen days

A B

C D

FIGURE 1. A-SAA expression in patients with

inflammatory arthritis. A-SAA and FPRL-1 mRNA

expression in ST lysates. A, A-SAA and FPRL-1 are

expressed in ST lysates of RA (lanes 1, 2), PsA

(lanes 3, 4), and OA (lanes 5, 6) patients. Lane 7

shows negative control. B, A-SAA protein levels

were significantly higher in matched serum and SF

from RA (n = 28) and PsA (n = 20) patients com-

pared with OA patients (n = 5), and the production

of A-SAA was significantly higher in RA SF com-

pared with PsA SF. C, Spontaneous release of

A-SAA protein from cultured biopsies is higher

from RA tissue explants (n = 22) compared with PsA

explants (n = 11). D, A-SAA protein levels in ST

lysates are similar in RA (n = 13) and PsA (n = 11)

tissues but higher than OA (n = 6). Values are ex-

pressed as mean 6 SEM. pp , 0.05.
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posttransplantation, animals were injected intragraft with PBS + 0.1%BSA,
TNF-a, or A-SAA; immediately thereafter, 100 ml the labeled U937 (5 3

106 cells/animal) was injected into the tail vein. Mice were culled 48 h
postinjection, and tissues were harvested for histological examination.
Migration of U937 cells into grafts was assessed histologically by ultra-
violet fluorescence microscopy.

Quantification of cell migration into grafts. RA ST grafts were embedded in
OCT compound, snap-frozen in liquid nitrogen, and stored at280˚C. Serial
cryosections (5 mm) were cut, mounted, and air-dried overnight. Immu-
nofluorescent analysis sections were fixed in acetone for 10 min and im-
munostained for CD68 using a species-specific MAb (Dako, Dublin,
Ireland) and Alexa 488-conjugated polyclonal secondary Ab (Invitrogen).
Each transplant was sectioned, three cutting levels were analyzed (200 mm
per level) and digitized, and the migration of cells from the murine circu-
lation to grafts was assessed as the number of double-positive (red/green)
cells/hpf. Forty hpfs/transplant were analyzed, and the results are expressed
as the number of double-positive cells/hpf, as previously described (21).

Immunohistochemical expression of factor VIII and

proliferation marker Ki67

Grafted ST sections were fixed in acetone for 10 min, incubated with
primary Abs against mouse monoclonal factor VIII and Ki67 (DakoCy-
tomation) at 37˚C, and stained using a routine three-stage immunoperox-
idase technique incorporating avidin-biotin-immunoperoxidase complex
(DakoCytomation). An irrelevant isotype-matched MAb was negative
control. Color was developed in solution containing diaminobenzadine-
tetrahydrochloride (Sigma-Aldrich), 0.5% H2O2 in PBS buffer (pH 7.6).
Slides were counterstained with hematoxylin and mounted. Ki67 was as-
sessed by quantifying the number of positive-staining cells/hpf. Factor VIII
was assessed by quantifying the number of blood vessels/hpf (five hpfs
were counted/transplant), as previously described (20, 21).

Statistical analysis. Data are expressed as the mean 6 SEM. Statistical
analysis was performed using SPSS 11 for Windows (SPSS, Chicago, IL).
Comparisons between treated and untreated ST and RASFCs were made
using the Wilcoxon signed-rank test for paired values. The Student t test
was used to analyze parametric data. A p value ,0.05 was considered
significant.

Results
A-SAA gene and protein expression in serum, SF, and ST

Real-time PCR analysis of total RNAwas used to examine A-SAA

and its receptor FPRL-1 mRNA expression in ST from patients

with inflammatory arthritis (n = 6). A-SAA and FPRL-1 gene

expression was detected in all six ST samples analyzed, with

similar levels of expression seen in RA (n = 2), PsA (n = 2), and

OA (n = 2) tissue (Fig. 1A); no gene expression was observed in

the negative controls. Serum and SF A-SAA levels were signifi-

cantly higher in RA and PsA patients compared with OA patients

(p , 0.05) (Fig. 1B) and healthy controls (4.9 6 1.85 mg/ml; p ,

0.05). Levels of A-SAA in RA SF (32.04 6 5.92 mg/ml) were

significantly higher than in matched serum (19.41 6 2.63 mg/ml;

p = 0.05), suggesting localized A-SAA production in the in-

flammatory joint. In addition, the levels of SAAwere significantly

higher in RA SF compared with PsA SF (p = 0.014). Conversely,

levels of A-SAA in PsA sera (20.62 6 3.2 mg/ml) were signifi-

cantly higher than in PsA SF (11.24 6 2.92 mg/ml; p = 0.04)

suggesting differential systemic and localized expression of

A-SAA in PsA versus RA. In this study, we also measured A-SAA

protein levels in primary RASFCs, normal synovial fibroblasts

(SFCs), and RA and healthy control neutrophils. We demonstrated

higher levels of SAA in RASFCs (67.73 6 8.07 ng/ml) versus

normal SFCs (38.446 2.16 ng/ml) and in RA neutrophils (87.036

8.38 ng/ml) compared with healthy controls (18.67 6 1.7 ng/ml).

We established an ex vivo ST culture model to examine ex-

pression levels of A-SAA in the joint. This culture model involves

many cell types maintaining the synovial architecture and cell–cell

contact of the tissue. To examine endogenous production, explants

were cultured immediately from arthroscopy to maintain the ac-

tive environment of the joint. Endogenous A-SAA levels in

A B

C D

E F

G

FIGURE 2. A-SAA stimulates IL-8 and MCP-1 from RASFCs, HMECs,

and RA synovial explants. A, Stimulation of human RASFCs (n = 6) with

A-SAA at 10 and 50 mg/ml for the indicated time periods: basal (n), A-SAA

10 mg/ml (♦), and A-SAA 50 mg/ml (:). A-SAA increased IL-8 protein

levels from cultured RASFCs over 3–48 h, with maximum expression ob-

served between 12 and 48 h. Increased IL-8 protein levels following 24-h

stimulation with A-SAA (10 mg/ml) and TNF-a (10 ng/ml) from cultured

RASFCs (n = 6) (B) and HMECs (n = 3) (C). D, MCP-1 protein production

following 24-h stimulation with A-SAA (10 mg/ml) and TNF-a (10 ng/ml)

fromHMECs is also upregulated (n = 3).E, A-SAA (10–50mg/ml) increased

MCP-1 expression from RA ST cultures over 3–48 h, with maximum levels

observedbetween24and48h.F, IncreasedMCP-1expression following24-h

stimulation of RAST cultures (n = 6) byA-SAA (10mg/ml) showed an effect

comparable to stimulation with TNF-a (10 ng/ml). G, SR-B1 and FPRL-1

inhibition significantly reduces MCP-1 production in RA synovial explant

tissue (n = 6). Values are expressed as the mean6 SEM of replicate experi-

ments. pp, 0.05, compared with basal control.

6430 ACUTE SERUM AMYLOID A INDUCES SYNOVIAL MIGRATION

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


synovial explant cultures were significantly higher in RA patients

compared with PsA patients (59.2 6 20.34 mg/ml versus 21.7 6

3.51 mg/ml; p , 0.05) (Fig. 1C). A-SAA levels quantified in ST

lysates from patients with RA (n = 13), PsA (n = 11), and OA (n = 6)

were similar in RA and PsA patients (56.89 6 15 mg/ml versus

61.96 6 23.33 mg/ml, respectively) and were markedly higher than

in OA patients (15.9 6 4.0 mg/ml) (Fig. 1D).

IL-8 and MCP-1 responses to A-SAA from RASFCs, HMECs,

and RA synovial explants

To determine whether A-SAA directly induces chemokine secre-

tion in inflammatory cells, the expression of proinflammatory

chemokines IL-8 and MCP-1 in response to stimulation by A-SAA

was assessed on RASFCs, HMECs, and RA synovial explant

cultures. A-SAA increased IL-8 expression in RASFCs over 3–48 h

(Fig. 2A). A-SAA increased IL-8 expression as early as 3 h,

compared with control, from a mean of 132.94 pg/ml to 374.9 and

1,398.13 pg/ml respectively, reaching maximum levels between

24 and 48 h (16,672.68 pg/ml and 16,814.17 pg/ml, respectively)

compared with control (381.06 and 3,830.03 pg/ml, respectively).

Similar induction of IL-8 was observed following IL-1b and TNF-

a stimulation to a maximum of 9,436.29 and 18,393.09 pg/ml at

48 h. The effect of A-SAA on IL-8 expression in RASFCs (n = 6)

was examined following 24 h of stimulation (Fig. 2B). A-SAA

significantly increased IL-8 production compared with un-

stimulated cells (p , 0.05), an effect similar to stimulation with

A B

C D

E F

FIGURE 3. A-SAA induces leukocyte recruitment, PBMCadhesion, andEC invasion.HMECmonolayers grown in transculture chamberswere coculturedwith

human neutrophils. A-SAA (10 or 50mg/ml), IL-1b (10 ng/ml), or TNF-a (10 ng/ml) was added to lowerwells.A, A-SAA induced neutrophil transendothelial cell

migration over 2–48 h. Basal (n), A-SAA10 mg/ml (♦), and A-SAA 50 mg/ml (:). B, Bar graph demonstrating that A-SAA significantly induces transmigration

compared with control at 24 h (n = 6). C, Representative photomicrographs of PBMC:HMEC adhesion following A-SAA (50 mg/ml) or TNF-a (10 ng/ml)

stimulation for 6 h. Arrows point to monocyte cells adhering to EC monolayer (original magnification320). D, Bar graph representing PBMC:HMEC adhesion

quantification following stimulation with A-SAA and TNF-a (n = 4). E, Representative photomicrograph shows HMEC invasion (arrows) following stimulation

with A-SAA (10 mg/ml) or TNF-a (10 ng/ml). At 24 h, invading cells attached to the lower membrane were fixed (1% glutaraldehyde) and stained (0.1% crystal

violet) (originalmagnification340).F, Representative bargraph quantifyingHMECinvasion (n=4) followingA-SAA(10, 50mg/ml), IL-1b, or TNF-a (10 ng/ml)

stimulation. All values are expressed as mean6 SEM of replicate experiments. pp, 0.05, compared with basal control.
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TNF-a (p , 0.05). Additionally, A-SAA significantly induced

MCP-1 expression in RASFCs from a basal level of 1933.56 6

75.01 pg/ml to 5892.31 6 755.32 and 8489.58 6 817.05 pg/ml

following stimulationwith 10 and 50mg/ml, respectively (p, 0.05).

Additionally, stimulation with IL-1b and TNF-a resulted in signifi-

cant increases in MCP-1 expression (6578.6836 428.75 pg/ml and

9035.366 769.02 pg/ml, respectively; p, 0.05). InHMECcultures,

A-SAAsignificantly inducedMCP-1 and IL-8 expression (p,0.05),

an effect similar to that of TNF-a (Fig. 2C, 2D).

Fig. 2E illustrates the effect of A-SAA on MCP-1 production

from a representative RA synovial explant culture over a time

course of 3–48 h. A-SAA (10 and 50 mg/ml) increased MCP-1

expression at 3 h, reaching maximum levels between 24 and 48 h

(Fig. 2E). Stimulation with IL-1b and TNF-a increased MCP-1

expression, reaching maximum levels at 24 h, from a control level

of 398.83 pg/ml to 6193.13 pg/ml (IL-1b) and 5072.31 pg/ml

(TNF-a). Similar effects of A-SAA on IL-8 were observed over

a 3–24-h time course (data not shown). Because 24 h was the

optimal time point for chemokine response, RA whole-tissue sy-

novial explant cultures (n = 6) were stimulated with A-SAA for 24 h

(Fig. 2F), with MCP-1 expression increasing significantly from

control levels of 2,649.1 6 572.35 pg/ml to 10,562.4 6 2,756.62

pg/ml (A-SAA 10 mg/ml; p , 0.05) and 12,211 6 2,982.48 pg/ml

(A-SAA 50 mg/ml; p , 0.05). Similarly, stimulation with TNF-a

significantly upregulated MCP-1 expression, although to a lesser

degree than A-SAA, to a mean level of 6262.67 6 2730.08 pg/ml

(p , 0.05; Fig. 2F). Because localized production of A-SAA was

different in PsA patients compared with RA patients, we examined

the effects of A-SAA on PsA synovial explants; A-SAA had no

significant effect on MCP-1 or IL-8 production (n = 5). A-SAA

(10 mg/ml) induced MCP-1 levels from basal levels of 3,870.3 6

726.34 pg/ml to 5,265.7 6 1,092.42 pg/ml (NS), and it induced

IL-8 from 121,171.26 22,372.98 pg/ml to 143,202.46 18,748.13

pg/ml (NS). These data demonstrate that A-SAA responses are

more specific in RA patients compared with those with PsA.

LXA4, an eicosanoid metabolite with anti-inflammatory actions,

was shown to inhibit the proinflammatory actions of A-SAA by

competitive binding with FPRL-1 and differential regulation of NF-

kB (22). Additionally, recent evidence showed that A-SAA might

function through CD36 and LIMPII analogous-1 (SR-B1),

a scavenger receptor for the Apo-AI constituent of HDL (16).

To assess whether blocking these receptors inhibits endogenous

A-SAA–induced proinflammatory events, RA explants were cul-

tured in the presence of mouse anti–SR-B1 (10 mg/ml) versus

isotype-matched control (10 mg/ml) and in the presence of LXA4

(1 nM) versus vehicle control. MCP-1 expression in synovial

explant tissue (IgG control) was inhibited from 8425.66 pg/ml 6

1719.88 pg/ml to 5959.14 6 1216.4 pg/ml in the presence of anti-

SR-B1 (p = 0.002) and from 8833.4 6 1803.11 pg/ml (ethanol

vehicle control) to 6637.38 6 1354.85 pg/ml in the presence of

LXA4 (p = 0.055) (Fig. 2G). Similarly, SR-B1 blockade signifi-

cantly inhibited MCP-1 levels from IgG control from 171,450.16

30,874.45 pg/ml to 128,794.3 6 21,856.77 pg/ml (p = 0.012), and

LXA4 decreased IL-8 production from 136,903 6 18,464.89 pg/

ml to 115,941.1 6 18,075.4 pg/ml.

A-SAA induces migration, invasion, and adhesion. Angiogenesis

andECactivationareessential steps in theprogressionofRA; therefore,

to further assess the potential role of A-SAA in inducing these pro-

cesses, we examined neutrophil transendothelial cell migration, EC

adhesion, and invasion. A-SAA–induced neutrophil transendothelial

cell migration is shown in Fig. 3A and 3B. A-SAA significantly in-

creased neutrophil transendothelial cell migration in a concentration-

and time-dependent manner compared with control (p , 0.05),

reaching maximum levels of cell migration at 48 h, with 50 mg/ml A-

SAA. TNF-a and IL-b increased neutrophil transendothelial migra-

tion compared with control cells (control, 49.42 6 9.14 [3 103]

versus IL-1b, 68.67 6 9.42 [3 103] and TNF-a, 73.83 6 9.17 [3

103]) after 24 h, although this was not significant (Fig. 3B). A-SAA

(50 mg/ml)-induced transmigration was significantly higher com-

pared with IL-1b and TNF-a (p, 0.01). Additionally, A-SAA (10

and 50 mg/ml) increased monocyte migration from a basal level of

2676 34.9 (3 103) to 4776 73.1 (3 103; p, 0.01) and 4966 51.1

(3 103; p , 0.01), respectively.

The ability of A-SAA to promote PBMC adhesion to EC

monolayers was also examined. Resting PBMCs were incubated on

confluent HMEC monolayer cultures pretreated with A-SAA (10

mg/ml) for 24 h. Adhesion was expressed as the number of

PBMCs adhering to the HMEC monolayer and was assessed in

five hpfs. A-SAA (10 mg/ml) significantly increased PBMC:

HMEC adhesion, compared with control stimulation, from a basal

ratio of 1 6 0.1 to 3.8 6 0.36 (p , 0.05; Fig. 3C, 3D). TNF-a

significantly increased PBMC adhesion from a basal ratio of 1 6

0.1 to 4.97 6 0.46 (p , 0.05).

We then examined the effect of A-SAA on HMEC invasion using

transwell Matrigel invasion chambers. HMEC invasion was signif-

icantly induced byA-SAA (10mg/ml) (Fig. 3E, 3F; p, 0.01; n = 6).

Cell invasion increased by 103% 6 2.21% compared with control,

a greater effect than stimulation with TNF-a or IL-1b (p, 0.05).

FIGURE 4. A-SAA induces leukocyte recruitment and PBMC adhesion

via IL-8 and MCP-1. A, A-SAA–induced neutrophil transendothelial cell

migration is significantly reduced by preincubation with anti–IL-8 Ab.

Results are expressed as the mean 6 SEM of the number of neutrophils

transmigrating (3 103) in three experiments. B, A-SAA–induced PBMC:

HMEC adhesion is significantly reduced by preincubation with anti–MCP-

1 Ab. Results are expressed as the mean 6 SEM of the number of cells per

hpf (n = 3 experiments). pp , 0.05.
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A-SAA–induced migration and adhesion are inhibited by

neutralizing IL-8 and MCP-1

Chemokines are important mediators in inflammatory arthritis and

play a critical role in inducing the influx of neutrophils, monocytes,

and lymphocytes into the synovium at an early stage of disease,

resulting in joint destruction. In addition to their chemoattractant

effects, some studies suggested that chemokines might mediate

other processes, such as angiogenesis, adhesion, or matrix turnover.

Therefore, we examined whether A-SAA–induced cell migration

and adhesion are mediated by IL-8 and MCP-1. Incubation with

anti–IL-8 significantly blocked A-SAA–induced neutrophil

transendothelial cell migration at 24 h, demonstrating a functional

IL-8 response in HMECs (Fig. 4A). No inhibition of SAA-induced

transendothelial cell migration was observed in the presence of an

IgG-matched isotype control. Additionally, anti–MCP-1 signifi-

cantly inhibited A-SAA–induced PBMC adhesion (p , 0.05; Fig.

4B), as well as TNF-a–induced adhesion; however, this was not

significant. No inhibition of A-SAA–induced PBMC adhesion was

observed in the presence of an IgG-matched isotype control.

A-SAA upregulates IL-8 and MCP-1 via the NF-kB pathway. To

determine the possible pathways involved in A-SAA–induced IL-8

and MCP-1 expression in RA ST, we tested different specific

signaling inhibitors, including a MAPK p38 inhibitor (SB203580)

and an NF-kB inhibitor (NAC). Preincubation with NAC signifi-

cantly inhibited A-SAA–induced MCP-1 production in RA explant

cultures (p , 0.05; Fig. 5A) and TNF-a stimulation (p , 0.05;

Fig. 5B). Additionally, coincubation of NAC with A-SAA dra-

matically reduced IL-8 expression in RA explant cultures,

although the difference did not reach statistical significance (data

not shown). No significant effect was observed with inhibition of

p38MAPK. To further demonstrate a specific role for NF-kB in

A-SAA signaling in HMECs and RA ST, we examined NF-kB

expression by Western blot. Consistent with our previous studies

showing IkBa degradation in HMECs (14), A-SAA induced NF-

kB expression 15 min following stimulation in RA ST explants

(Fig. 5Di) and HMECs (Fig. 5Dii). Fig. 5D shows the quantitative

analysis of NF-kBp65 by densitometry, revealing significant in-

duction in response to A-SAA in HMECs and RA synovial ex-

plants. Finally, we confirmed that A-SAA induces NF-kB

expression in RASFCs by demonstrating translocation of the p65

subunit of NF-kB from the cytoplasm to the nucleus (Fig. 5E, 5F).

SAA upregulates monocyte migration, angiogenesis, and cell

proliferation in the hu-SCID model. To assess the role of

A-SAA on monocyte cell migration in vivo, we engrafted RA ST

into SCID mice. Fourteen days posttransplantation, grafts were

injected with PBS + 0.1% BSA (negative control) or A-SAA (four

animals per condition, n = 8 grafts). Immediately after intragraft

FIGURE 5. A-SAA upregulates chemokine ex-

pression via signaling through NF-kB–mediated

pathways. RA whole-tissue synovial explant cul-

tures were incubated with NAC, an inhibitor of NF-

kB, prior to stimulation with A-SAA (10 or 50 mg/

ml) or TNF-a (10 ng/ml). NAC significantly in-

hibited A-SAA-induced (10 or 50 mg/ml) MCP-1

production by ST (A) and stimulation with TNF-a

(10 ng/ml) (B). Values are expressed as mean 6

SEM. pp , 0.05. C, Representative Western blot

demonstrating increased expression of NF-kB in

response to A-SAA (10 mg/ml) and TNF-a (10 ng/

ml) in RA synovial explant cultures (i) and HEMCs

(ii). D, Densitometric analysis of Western blots in

RA synovial explant cultures (i) and HMECs (ii).

Immunofluorescence staining of NF-kB p65 on un-

stimulated RASFCs (E, original magnification 320)

and on RASFCs stimulated for 30 min with 50mg/ml

of A-SAA (F, original magnification 320).
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injection, mice received an i.v. injection of fluorescently labeled

U937 cells. Graft cryosections were stained by immunofluores-

cence for CD68 (LAMP-1). Fig. 6A shows representative images,

demonstrating that A-SAA increased U937 monocyte migration

into RA ST (right panel) compared with PBS control (left panel).

Migrated U937 cells were distinguishable from resident macro-

phages by CD68 (green fluorescence) and CellTracker Orange

dyes (red orange) double positivity, giving a yellow appearance on

digital overlay micrographs compared with the single-positive

(CD68, green fluorescence) tissue-resident macrophages. Fig. 6B

demonstrates graphically that A-SAA significantly increased

U937 monocyte migration into RA ST (p , 0.05).

To determine whether A-SAA directly induces angiogenesis and

cell proliferation in vivo, synovial graft cryostat sections were

immunostained for anti-VWFVIII and Ki67. A-SAA induced

a significant increase in mean blood vessel number/hpf in vivo in

synovial graft cryostat sections (Fig. 7A, right panel) compared

with PBS control (Fig. 7A, left panel). The quantification of

A-SAA–induced angiogenesis is illustrated in Fig. 7B (p , 0.05).

A-SAA also induced a significant increase in cell proliferation

demonstrated by increased nuclear expression of Ki67 (Fig. 7C,

right panel) compared with PBS control (Fig. 7C, left panel) (p ,

0.05). Ki67 was expressed predominantly in the sublining and the

vascular endothelium. Quantification of A-SAA–induced pro-

liferation is illustrated in Fig. 7D.

Discussion
A-SAA, a rapid response acute-phase protein circulates at very high

levels in RA (23) and has been reported in cardiovascular disease

(24) and diabetes (25). In chronic inflammation, it may induce

amyloidosis and organ failure (26). Furthermore, A-SAA plays

a central role in lipid metabolism, and, in the event of acute in-

flammation, it associates with HDL, displacing Apo-AI and re-

sulting in increased HDL metabolism, reflecting an increased

atherogenic potential. The findings of this study considerably ex-

tend those of our previous work showing an important pathological

role for A-SAA that support the hypothesis that it is a key regulator

of proinflammatory events in RA. We demonstrated local

A

B

FIGURE 6. A-SAA induces monocyte migration in vivo in a human RA synovial/SCID mouse chimera model. RA ST obtained at arthroscopy was

engrafted into SCID mice. At day 14 postengraftment, implants were injected with PBS, A-SAA (50 mg/ml), or TNF-a (10 ng/ml). Following intragraft

injection of compounds, animals received an i.v. injection of U937 cells labeled with CellTracker Orange fluorescent probe (red fluorescence). Grafts were

harvested, and cryosections were stained for the monocytic marker CD68 and counterstained with the fluorescent nuclear stain DAPI. A, Representative

images demonstrating minimal monocytic cell staining (double-labeled yellow/yellow-green) in PBS control (left panel) compared with A-SAA stimulation

(right panel). Scale bar, 50 mm; original magnification 320. B, Quantification of monocytic infiltration into synovial grafts shows significant induction by

A-SAA compared with control. Values are expressed as the mean 6 SEM (n = 8). pp , 0.05; compared with control.
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expression of A-SAA in RA ST explants and SF, which were sig-

nificantly higher than PsA, OA, and healthy controls. We showed

that A-SAA induces chemokine expression in HMECs, RASFCs,

and RA STexplants. No significant induction of IL-8 orMCP-1 was

shown in PsA synovial explants, suggesting differential A-SAA

mechanisms in RA versus PsA. We demonstrated that inhibition of

two A-SAA receptors, SR-B1 and FRPL-1, inhibited MCP-1 and

IL-8 production, suggesting that they mediate the effects of en-

dogenously produced A-SAA. We also demonstrated that A-SAA

induces neutrophil transmigration, monocyte migration, PBMC

adhesion, and HMEC invasion, processes that are blocked by the

inhibition of IL-8 andMCP-1. In addition, we showed that A-SAA–

induced chemokine expression is mediated through NF-kB sig-

naling. Finally, using an in vivo model, we demonstrated that A-

SAA directly induces monocyte lineage migration, EC pro-

liferation, and angiogenesis in RA STengrafted into SCIDmice, an

effect similar to that seen with TNF-a. These results suggest a di-

rect pathogenic role for A-SAA in driving the proinflammatory

response in RA.

A-SAA gene expression and spontaneous release of A-SAA

from RA synovial explant cultures ex vivo, a model that maintains

tissue architecture of inflamed joint tissue (27), suggests that high

circulating levels of A-SAA in RA serum result, at least in part,

from a high local production in the joint. This is consistent with

previous reports showing that circulating and locally produced

A-SAA is highly elevated during various pathological conditions.

Although hepatocytes are the major source of A-SAA (28), ex-

trahepatic production was demonstrated in brain, lung, skin,

breast, thyroid, and the gastrointestinal tract (29). Previous work

from us and other groups (22, 13) showed colocalized expression

of A-SAA and its receptors in the vascular endothelium and lining

layer of patients with RA, suggesting that A-SAA may induce

cellular phenotypic changes locally in the joint. Furthermore, we

demonstrated that A-SAA induces IL-8 and MCP-1 expression

in HMECs, RASFCs, and RA ST cultures. The functional sig-

nificance of A-SAA was further demonstrated by showing that

A-SAA–induced leukocyte cell migration and PBMC adhesion

were inhibited by anti–IL-8 and anti–MCP-1. This further sup-

ports a role for A-SAA that had been suggested by previous

studies, showing synovial distribution corresponds closely with

regions of leukocyte recruitment and angiogenesis. In addition, we

and other investigators showed that A-SAA induces adhesion

molecules and is chemotactic for T cells, monocytes, and HU-

VECs (30, 14).

Chemokines are important mediators in inflammation; in the

context of RA, they play a critical role in inducing the influx of

neutrophils, monocytes, and lymphocytes into the synovium at an

early stage of disease, resulting in an invasive pannus and joint

swelling. IL-8 and MCP-1 are highly expressed in RA ST and SF,

with macrophages being a dominant source (31–33). IL-8 is mainly

involved in leukocyte chemotaxis, whereas MCP-1 can attract

monocytes, T cells, and NK cells. In addition to their chemo-

attractant effects, the induction of IL-8 and MCP-1 by A-SAA in

synovial cells may have other direct biological effects within the

joint. In RASFCs and chondrocytes, MCP-1 can induce cell pro-

liferation, cytokines, and MMPs that contribute to cartilage

A B

C D

FIGURE 7. A-SAA induces angiogenesis and synovial proliferation in vivo in a human RA synovial/SCID mouse chimera model. A, Representative

images demonstrating anti-VWFVIII expression on synovial grafts following stimulation with A-SAA (right panel) compared with PBS (left panel). Scale

bar, 200 mm; original magnification 310. B, Bar graphs showing vessel quantification. A-SAA significantly increases blood vessel number compared with

PBS control. C, Representative images demonstrating immunohistochemistry for the proliferation marker Ki67 synovial grafts following A-SAA stimu-

lation (right panel) compared with PBS control (left panel). Scale bar, 20 mm; original magnification 320. D, Bar graphs demonstrating quantification of

cell proliferation following stimulation with A-SAA compared with PBS control. Values are expressed as the mean 6 SEM (n = 8). pp , 0.05, compared

with control.
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destruction (34, 35). Furthermore, the induction of IL-8 was

demonstrated in primary articular chondrocytes and cartilage ex-

plants, creating a chemoattractant gradient between the cartilage

and neutrophils and possibly inducing localized erosion (36).

Consistent with this concept, in this study we also demonstrated

that activation of HMECs with A-SAA results in several key

processes involved in inflammation, such as invasion, PBMC ad-

hesion, and transendothelial cell migration, processes mediated by

IL-8 and MCP-1. In addition to its chemoattractant functions, we

demonstrated that MCP-1 mediates A-SAA–induced adhesion.

This is a novel finding; although the mechanism involved is un-

clear, previous studies demonstrated that MCP-1 can directly in-

duce ICAM expression. This would support our previous work in

which we demonstrated that A-SAA induced ICAM and VCAM

expression in HMECs and RASFCs (37, 14) and suggests that

A-SAA–induced adhesion may be a direct or indirect effect me-

diated by MCP-1. Therefore, A-SAA–induced pathologic changes

in synovial cells and HMECs facilitate EC activation and leukocyte/

monocyte adhesion, migration, and invasion, processes central to

the destruction of adjacent cartilage and bone (27, 38–40).

In vitro models, and even in vivo mouse models, often do not

fully represent the pathogenic mechanisms of the human immune

system. In a recent Nature review, Lowes et al. (41) suggested that

immunodeficient mice with human tissue xenotransplants provide

an ideal model for the dissection of molecular pathways and

testing of therapeutic targets. In this study, we examined the

in vivo potential of A-SAA using a human-SCID mouse xenograft

model. SCID mice were transplanted with human RA synovium

that was injected with A-SAA, whereas U937 monocyte cells [a

promyelomonocytic cell line that we previously showed to act as

good surrogate for human monocytes in this model (20)] were

introduced into the mouse circulation. A-SAA significantly in-

duced the migration of U937 cells into RA synovial grafts. Fur-

thermore, we demonstrated that A-SAA significantly increased

angiogenesis and cell proliferation in the synovial graft. Monocyte

migration did not correlate with vascularity, indicating that

A-SAA has a direct, but distinct, action on monocyte chemotaxis

and angiogenesis. This is the first report to demonstrate a direct

effect of A-SAA on cell migration, proliferation, and angiogenesis

in human RA joint tissue in an in vivo model. We and other in-

vestigators described that A-SAA directly increases angiogenesis

in vitro (14, 42) and via its receptor FPRL-1 can directly stimulate

the formation of capillary tubes in a mouse Matrigel assay in vivo

(43). Intriguingly, these data also raise the possibility of a link, via

disturbed lipid metabolism, among the acute-phase response,

chronic systemic inflammation, and cardiovascular risk.

Studies showed that A-SAA via FPRL-1 could regulate several

proinflammatory processes (22, 37, 44, 45). Furthermore, studies

showed an alternative receptor-signaling pathway for A-SAA: SR-

B1, which acts as a receptor for Apo-AI, a constituent of HDL

(16). We recently demonstrated the strong expression of SR-B1 on

RA synovial vascular endothelium and lining layer and demon-

strated that A-SAA proinflammatory effects are mediated, in part,

by SR-B1 in HMECs (46). The histological distribution of FRPL-

1 and SR-B1 in the inflamed synovium corresponds closely with

A-SAA and Apo-AI in RA, suggesting possible receptor–ligand

interactions between these apoproteins and their receptor in vivo

(7, 47). Specifically, our previous studies demonstrated that

A-SAA is expressed in ST synoviocytes and macrophages in the

lining layer, in sublining macrophages and ECs (7, 13). In this

study, we also showed high expression of A-SAA in RA syno-

viocytes and neutrophils. Although SAA and its receptors are

expressed in RA and PsA patients, the more specific responses in

RA patients compared with PsA patients suggest differential

pathological mechanisms. Although the precise mechanisms are

unclear, work from several groups demonstrated a significant in-

crease in lining layer thickness (macrophages and SFCs) and

sublining layer expression of macrophages in RA patients com-

pared with PsA patients (48, 49) Furthermore, a recent study by

Vandooren et al. (50) showed that the local inflammatory milieu is

clearly different in PsA patients compared with RA patients. They

demonstrated that, despite a similar degree of inflammation be-

tween the two groups, there is an absence of a classically activated

macrophage cytokine signature, such as TNF-a and IL-1b in PsA.

Because A-SAA is localized to macrophages and the lining layer,

and these cells are significantly more common in RA and produce

much higher levels of M1 proinflammatory mediators, it supports

the concept of differential inflammatory mechanisms in RA,

which may include A-SAA–induced effects.

In this study, we demonstrated inhibition of A-SAA–induced IL-8

and MCP-1 production in RA synovial explant cultures using NAC

(a known inhibitor of NF-kB). We showed upregulation of NF-kB

expression in RA explants and HMECs in response to A-SAA,

which confirms our earlier observation that A-SAA–induced IkBa

degradation and nuclear translocation of the p65 subunit in

RASFCs and HMECs mediates ICAM-1, VCAM-1, and MMP-1

expression (14). Additionally, studies by Jijon et al. (51) showed

that A-SAA induced proinflammatory responses in neutrophils,

fibroblast-like synoviocytes, and epithelial cells via NF-kB. This

supports recent data by Cheng et al. (17), who reported that TLR2

is a functional receptor for A-SAAwhere NF-kB luciferase activity

is increased in mouse macrophages. TLRs have been implicated to

play an important role in RA disease pathogenesis. Previous

studies localized TLR2 expression to the RA synovial lining layer

and on synovial macrophages (52), which is consistent with the

localized expression of A-SAA, further supporting a possible role

for TLR2 in the A-SAA–mediated response in RA

In conclusion, A-SAA has traditionally been viewed as an acute-

phase reactant and potential biomarker in inflammation, similar to

C-reactive protein. In this study, we described critical proin-

flammatory functions in human cells and tissues to suggest that

A-SAA is a functionally relevant proinflammatory molecule. We

have shown its relevance to vascular endothelium and RA synovial

cells in vitro and in vivo, whereas other investigators recently

demonstrated that SAA is a functional ligand, via direct interaction

with TLR2, in response to infection. These data in RA cells/tissues

and human endothelium provide strong evidence for a common

molecular link between A-SAA and the pathogenesis of vascular

and joint inflammation.
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