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Abstract
The receptor for advanced glycation end products (RAGE) is produced either as a transmembrane
or soluble form (sRAGE). Substantial evidence supports a role for RAGE and its ligands in
disease. sRAGE is reported to be a competitive, negative regulator of membrane RAGE
activation, inhibiting ligand binding. However, some reports indicate that sRAGE is associated
with inflammatory disease. We sought to define the biological function of sRAGE on
inflammatory cell recruitment, survival, and differentiation in vivo and in vitro. To test the in vivo
impact of sRAGE, the recombinant protein was intratracheally administered to mice, which
demonstrated monocyte- and neutrophil-mediated lung inflammation. We also observed that
sRAGE induced human monocyte and neutrophil migration in vitro. Human monocytes treated
with sRAGE produced proinflammatory cytokines and chemokines. Our data demonstrated that
sRAGE directly bound human monocytes and monocyte-derived macrophages. Binding of
sRAGE to monocytes promoted their survival and differentiation to macrophages. Furthermore,
sRAGE binding to cells increased during maturation, which was similar in freshly isolated mouse
monocytes compared with mature tissue macrophages. Because sRAGE activated cell survival and
differentiation, we examined intracellular pathways that were activated by sRAGE. In primary
human monocytes and macrophages, sRAGE treatment activated Akt, Erk, and NF-κB, and their
activation appeared to be critical for cell survival and differentiation. Our data suggest a novel role
for sRAGE in monocyte- and neutrophil-mediated inflammation and mononuclear phagocyte
survival and differentiation.

Monocytes are derived from bone marrow precursors and circulate in the blood for 24–48 h.
In the absence of growth factors, monocytes die of apoptosis (1). In response to growth
factors, tissue injury, or pathogen signals, monocytes can differentiate into tissue
macrophages, including liver Kupffer cells, lung alveolar macrophages, brain microglial
cells, peritoneal macrophages, bone osteoclasts, and breast mammary macrophages (2, 3).
We and others found that PI3K/Akt and Erk activation is important in monocyte survival
and macrophage development (2, 4, 5).
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Monocytes and macrophages express the transmembrane receptor for advanced glycation
end products (RAGE) as well as a soluble form (sRAGE). This receptor is a multiligand
transmembrane receptor belonging to the Ig super family (6). RAGE was originally
identified as receptor for advanced glycation end products (AGE), products of nonenzymatic
glycation and oxidation (7). Recent reports clarify that RAGE is a pattern-recognition
receptor that binds a variety of ligands, including members of the S100/calgranulin family,
high mobility group box-1 (HMGB-1, also known as amphoterin), CD11b (Mac-1, CD18),
amyloid-α peptide, and β-sheet fibrils (see review in Ref. 8).

The extracellular domain of the transmembrane RAGE protein consists of ligand-binding
C1, C2, and V domains. The V and C1 domains form an integrated structure, where as C2
domain attaches to the V and C1 domain via a flexible linker. Different ligands bind to the
different receptor domains (9). The soluble receptor form, sRAGE, lacks the intracellular
domain and is generated either through proteolytic cleavage of RAGE or through alternative
RNA splicing in humans (10). The alternate spliced sRAGE form is also designated
endogenously secreted RAGE. Classically, sRAGE acts as an endogenous inhibitor of
RAGE by binding circulating ligands and inhibiting RAGE-induced cellular signaling, tissue
damage, and dysfunction (see review in Ref. 8).

RAGE is involved in several pathological processes including diabetes, Alzheimer’s disease,
systemic amyloidosis, and tumor growth (see review in Ref. 11). In many human diseases,
RAGE and its ligands are upregulated, and the increase in RAGE-induced signaling is a
poor prognostic factor for a variety of diseases. For example, AGE and RAGE are
upregulated in diabetes and are implicated in complications, including nephropathy (12),
retinopathy (13), and cardiovascular complications (14). RAGE is also implicated in
atherosclerosis (15). RAGE expression and the interaction between RAGE and HMGB-1 are
associated with tumor cell metastasis (16, 17).

Exploiting the anti-inflammatory properties of sRAGE appears to be beneficial for several
diseases. Treatment of diabetic mice with sRAGE or neutralizing RAGE Abs restores
wound healing and prevents pathological kidney changes by decreasing the expression of
matrix metalloproteinases and proinflammatory cytokines TNF-α and IL-6 (see review in
Refs. 14, 18, 19). Similarly, the absence of RAGE or administration of sRAGE reduces
mortality in animals with septic shock (20). Blocking RAGE signaling using anti-RAGE
Abs or sRAGE reduces tumor growth and decreases tumor metastases (see review in Ref.
18). It has been shown that sRAGE could act as a decoy for oxidized low-density lipoprotein
during inflammation. The binding of sRAGE to the modified low-density lipoprotein
prevents CD36 scavenger receptor-mediated uptake by macrophages and subsequently
reduces foam cell formation in atherosclerotic plaques (21). Although these observations
support an anti-inflammatory role for sRAGE, sRAGE is also associated with the
development of inflammation.

In type II diabetic patients, elevated serum sRAGE levels correlate with inflammation (22).
sRAGE is elevated in the serum of septic patients and correlates with severity and mortality
(23). Recently, Pullerits and colleagues (24) demonstrated sRAGE induces IL-6 and TNF-α
production in splenocytes. Taken together, sRAGE has both pro- and anti-inflammatory
properties.

Unlike other tissues in the body, lung tissue expresses high levels of endogenous RAGE and
sRAGE (25). This finding may reflect the lung’s constant interface with environmental Ags.
For example, in lung tissue from patients with idiopathic pulmonary fibrosis, both RAGE
and sRAGE are reduced (26). Similarly, RAGE is down-regulated in non-small cell lung
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carcinoma (27). Importantly, aged RAGE−/− mice develop fibrotic-like disease in their lungs
(25).

To mediate these diverse effects, RAGE activation in monocytes, macrophages, and
endothelial and smooth muscle cells triggers the activation of several intracellular pathways,
including NF-κB (28), p21ras, MAPKs, and cdc42/rac (16). Neuronal cell survival is
mediated by RAGE binding S100 protein, leading to NF-κB activation (29). However, the
biological function of RAGE and sRAGE on human primary monocytes and macrophages is
elusive.

Based on studies reporting the anti-inflammatory properties of sRAGE, we initially
proposed that exogenous sRAGE would act as a decoy molecule to sequester RAGE ligands,
limiting monocyte/macrophage activity and lung inflammation. Contrary to our initial
hypothesis, we found that exogenous sRAGE directly caused inflammation by recruiting
monocytes and neutrophils in vivo and in vitro. In addition, sRAGE directly bound to
mononuclear phagocytes to promote monocyte survival and differentiation to macrophages.
These processes were modulated through the sRAGE-induced activation of Akt, p38, Erk,
and NF-κB and reduced caspase-3 activation in primary human monocytes. Thus, the data
presented in this study demonstrate that sRAGE acts as a proinflammatory molecule when
administered to the lung. Thus, it is conceivable that the pro- or anti-inflammatory properties
of sRAGE may be dictated by the cellular composition of the inflamed tissue, including the
availability of ligands in the tissue environment.

Materials and Methods
Reagents

Endotoxin-free RPMI 1640, DPBS, and lymphocyte separation medium were purchased
from Mediatec (Herndon, VA). X-VIVO 15 serum-free media was purchased from
BioWhittaker (Walkersville, MD). Endotoxin-free FBS (<0.06 EU/ml) was obtained from
Atlanta Biological (Lawrenceville, GA). Recombinant sRAGE protein was purified free of
detectable endotoxin as described previously (30). Recombinant human M-CSF, GM-CSF,
and CCL2 were purchased from R&D Systems (Minneapolis, MN). rG-CSF (Amgen,
Thousand Oaks, CA) was purchased through the pharmacy from The Ohio State University
Hospital (Columbus, OH).

Fluorescently labeled Abs recognizing CD11b, CD68, CCR5, and mannose receptor
(CD206) were obtained from BD Biosciences (San Jose, CA). Chrome pure human or
mouse IgG was purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).
Abs for Western blot analysis were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA) or Cell Signaling Technology (Beverly, MA). U0126 and LY294002 were purchased
from EMD Calbiochem (La Jolla, CA). All other reagents were purchased from Sigma-
Aldrich (St. Louis, MO) unless indicated otherwise.

sRAGE administration and lung immunohistochemical analysis
Four to 8-wk-old C57BL/6 mice weighing 16–19 g underwent intratracheal (IT) injection
with or without 5 μg sRAGE in 100 μl PBS per gram of mouse weight. Positive control
mice received 200 μg LPS in PBS, and negative control mice received mouse serum
albumin (MSA) in PBS (MSA/PBS). Mice were sacrificed 1 or 2 d postinjection, the whole
lungs were harvested, and the tissues were subjected to immunohistochemical analysis or
cell isolation. For immunohistochemistry for CD11b expression, the lung was quickly frozen
in dry ice with OCT frozen tissue embedding medium (Sakura-Finetek Torrance, CA).
Alternatively, the lung tissue was fixed in 10% formalin prior to staining for F4/80. The
tissue was paraffin-embedded, cut, and placed on positively charged slides, then baked in a
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60° C oven for 1 h. Slides were deparaffinized by rehydration with xylene and graded
ethanol solutions. All slides were quenched for 5 min in a 3% hydrogen peroxide solution
then blocked with 10% normal rabbit serum and digested with proteinase K for 10 min at
37°C. The slides were stained with CD11b or F4/80 Abs, then detected by Vectastain Elite
system with DAB+ chromogen (Vector Laboratories, Burlingame, CA) and counter-stained
with hematoxylin followed with the appropriate secondary Ab. The slides were quantified
by histogram analysis using Adobe Photoshop CS (Adobe Systems, Mountain View, CA) as
previously described (31). Data are presented as the percent of positive cells per high-power
field (HPF) in 10 images and are expressed as the mean ± SEM.

Cell culture conditions and isolation
Human acute monocytic leukemia cell line, THP1 (American Type Culture Collection,
Manassas, VA) was maintained in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented
with 10% FBS and 1% antibiotic-antimycotic solution containing penicillin, streptomycin,
and amphotericin. Peripheral blood monocytes were isolated from buffy coats obtained from
the American Red Cross (Columbus, OH) and purified by positive selection using the CD14
Monocyte Isolation Kit from Miltenyi Biotec (Auburn, CA) as described previously (32).
The purity of the monocytes was 97 ± 3% CD14+ as identified by flow cytometry. To obtain
monocyte-derived macrophages (MDMs), freshly isolated monocytes were cultured with
RPMI 1640 medium supplemented with 10% FBS, 10 μg/ml polymyxin B, and 20 ng/ml M-
CSF at 37°C incubator. The length of deriving MDMs was indicated in the figure legends.

Human neutrophils were isolated from whole blood of healthy donors by layering blood/
PBS (1:1) over lymphocytes separation medium (Mediatech, Manassas, VA), then the pellet
containing RBCs and neutrophils was mixed with dextran sulfate solution (0.9% NaCl and
3% dextran sulfate) and incubated at room temperature for 1 h as previously described (33).
The top layer was washed in PBS, and RBCs were lysed in RBC lysis buffer. The purity of
the neutrophils was >90% as identified by Wright-Giemsa staining (Thermo Fisher
Scientific, Waltham, MA).

To obtain a single-cell suspension from mouse tissue, the mouse lungs or spleens were
digested with DNase/collagenase solution (0.5% collagenase type 1, 0.02% DNase I, 1%
FBS in RPMI 1640 medium), as described previously with minor modification (34). Briefly,
the tissue was cut with a McIlwain Tissue Chopper (Ted Pella, Redding, CA), then digested
with DNase/collagenase solution at 37°C for 30 min. The mixture was passed through a
100-μm nylon filter to remove tissue particles. RBCs were then lysed from single-cell
suspensions using RBC lysis buffer (0.8% ammonium chloride, 0.1% potassium
bicarbonate, 12 mM EDTA). The cells were subjected to flow cytometry analysis.

Mouse monocytes and tissue macrophages were obtained by negative selection using the
Mouse Monocytes Enrichment Kit from StemCell Technologies (Vancouver, British
Columbia, Canada) following the manufacturer’s instructions with minor modification.
Briefly, bone marrow was collected from mouse femurs and tibias with a 1-ml insulin
syringe. Cells were passed through a 100-μm nylon filter, and RBCs were lysed. Mouse
monocytic cells were further purified from the spleens using the Purple EasySep magnet
(StemCell Technologies) prior to flow cytometry analysis.

Flow cytometry analysis of extracellular Ags
Human and mouse cells were obtained and resuspended in flow cytometry buffer (1% BSA
and 0.1% sodium azide in DPBS). MDMs were removed from tissue culture dishes using
accutase (eBioscience, San Diego, CA). Human or mouse IgG was used to block FcγRs
followed by extracellular marker staining on ice for 30 min using fluorescently conjugated
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Ly6G (clone: 1A8), F4/80 (clone: A3-1), and CD11b (clone: M1/70) Abs. The cells were
washed in flow cytometry buffer and fixed in 1% paraformaldehyde solution prior to flow
cytometry analysis (FACSCalibur or LSR II, BD Biosciences). Data was analyzed using
FCS3 Express software from De Novo Software (Los Angeles, CA). To identify cell
subpopulation, data are presented as percentage of positive cells per total number of cells.
To quantify surface Ag expression, data are presented as the relative fold increase of the
geometric mean over Ab control (AbC) for each day (mean ± SEM).

Monocyte and neutrophil chemotaxis assay
Chemotaxis assays using 48-well modified Boyden chemotaxis chambers (Neuroprobe,
Rockville, MD) were described previously for monocytes (35) and neutrophils (36). Briefly,
for the monocyte migration assay, sRAGE (5 ng/ml–5 μg/ml) or negative control (PBS) or
positive control (10 ng/ml CCL2) was loaded into the bottom chamber. CD14+ monocytes
(1 × 106 monocytes/ml) in Gey’s Balanced Salt Solution was added to the upper chamber
with a 5-μm polyvinylidene difluoride filter specifically designed for monocyte chemotaxis
assays (GE Osmonics, Minnetonka, MN). For neutrophil migration assay, 3 × 106

neutrophils/ml was loaded in a Boyden chamber containing a 3-μm polyvinylpyrrolidone-
free polycarbonate filter. IL-8 (20 ng/ml) (PeproTech, Rocky Hill, NJ) served as a positive
control. The chambers were incubated for 1.5 h at 37°C in a 5% CO2 incubator. Afterwards,
the filters were removed, fixed, and stained in Diff-Quik solution (Thermo Fisher
Scientific). Recruited monocytes or neutrophils were quantified by enumerating at least six
HPFs using an Olympus 1 × 50 inverted microscope (Olympus, Center Valley, PA).
sRAGE-induced chemotaxis is presented as a percent of monocytes or neutrophils recruited
by sRAGE over monocytes or neutrophils recruited by their respective positive controls. The
data are expressed as means ± SEM. All experiments were performed in triplicate.

Caspase-3 activation
Monocytes (5 × 106 cells/condition) were incubated in X-VIVO 15 medium with sRAGE
(0.5–5 μg/ml) or M-CSF (20 ng/ml) overnight at 37°C. The next day, both the floating and
adherent cells were washed in ice-cold PBS medium and resuspended in lysis buffer (50
mM HEPES [pH 7.4], 100 mM NaCl, 0.1% CHAPS, 0.1 mM EDTA, and the protease
inhibitor 4-[2-aminoethyl] benzenesulfonyl fluoride hydrochloride). The cell pellets were
quickly frozen in liquid nitrogen and thawed at room temperature twice. Protein
concentration was measured using a BCA protein assay kit (Thermo Fisher Scientific).
Lysates were centrifuged at 14,000 × g for 10 min at 4°C, and 50 μl cell extract was mixed
with 50 μl assay buffer (50 mM HEPES [pH 7.4], 100 mM NaCl, 0.1% CHAPS, 20%
glycerol, 10 mM DTT, and 0.1 mM EDTA) and 5 μl of 2 mM fluorogenic substrate Ac-
DEVD-AMC (EMD Chemicals, Gibbstown, NJ). The mixture was placed in a single well of
a 96-well black clear-bottom plate (Corning Glass, Corning, NY) and immediately subjected
to kinetic fluorometric assay using a Cytofluor 4000 fluorometer (Perseptive, Framingham,
MA) with filters of 360 nm excitation and 460 nm emission for up to 2 h. The linear change
of the fluorescence of hydrolyzed free AMC was used to calculate caspase-3 activity.
Caspase-3 activity is presented as the relative fold increase in sRAGE-stimulated sample
readout over GM-CSF–stimulated sample readout per total protein and is expressed as the
mean ± SEM.

Annexin V-FITC/propidium iodide apoptosis assay
CD14+ monocytes (5 × 106 cells/condition) were incubated in X-VIVO 15 medium with
sRAGE (0.5–5 μg/ml) or M-CSF (20 ng/ml) overnight at 37°C. Then, both suspension and
adherent cells were stained with an Annexin V-FITC apoptosis detection kit (BD
Pharmingen, San Diego, CA) as described previously (32). Percent of Annexin V-FITC–
positive cells were used to identify apoptotic cells. Data are presented as the relative fold
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increase of percent of Annexin V-FITC–positive cells from sRAGE-treated cells over M-
CSF–treated and are expressed as the mean ± SEM.

Human monocyte transfection and NF-κB activity assay
Transient transfection of primary human monocytes was performed using the Amaxa
Nucleofector system (Lonza Walkersville, Walkersville, MD) as described previously (32).
The NF-κB–luc reporter assay was performed as described previously (37). Briefly,
monocytes (15 × 106 cells) isolated from buffy coats were resuspended in Monocyte
Transfection Solution (Lonza) containing 2 μg NF-κB–Luc construct and transfected using
the Amaxa program Y-01. The cells were immediately washed in warm X-VIVO 15
medium and plated in 3 wells of a 12-well plate. The monocytes were incubated with or
without 5 μg/ml sRAGE in a 37°C incubator for 24 h, and luciferase production was
measured with the Luciferase Assay System using a Luminometer (Promega, Madison, WI).
Data are presented as the relative fold increase of mock transfected over nonstimulated (NS)
sample and are expressed as the mean ± SEM.

Cytokine production
CD14+ monocytes (5 × 106 cells/condition) were incubated in X-VIVO 15 medium
containing sRAGE (5 μg/ml), MSA control, or M-CSF (100 ng/ml) for 24–48 h at 37°C.
The supernatants were collected and assayed for inflammatory cytokine production using
Bio-Rad Bioplex System (Bio-Rad, Hercules, CA) according to the manufacturer’s protocol.

Western blot analysis
Prior to stimulation, CD14+ monocytes (10 × 106 cells/condition) were plated for 1 h, then
stimulated with sRAGE (0–10 μg/ml), M-CSF (20 ng/ml), or GM-CSF (25 ng/ml). For
MDM studies, cells were serum starved for 2 h prestimulation. For kinetic analysis, we
ensured that all cells were in culture for the same length of the time. For NF-κB nuclear
translocation experiments, cytosolic and nuclear fractions were separated using a Sigma
Cell-lytic Nuclear extraction kit (Sigma-Aldrich). For whole-cell lysate, cells were lyzed on
ice for 15 min in 1× lysis buffer (Cell Signaling Technology) containing protease inhibitor
mixture III (EMD Calbiochem). Lysates were cleared of insoluble material, and the protein
concentration was determined using Bio-Rad Protein Assay (Bio-Rad). The samples were
separated by SDS-PAGE, transferred to a nitrocellulose membrane, probed with the
indicated Abs, and detected by ECL (Amersham Biosciences, Piscataway, NJ). The ECL
signal was quantified using the Quantity One densitometry program (Bio-Rad). Protein
expression and phosphorylation protein was normalized to either β-actin or total protein,
respectively. Data are expressed as fold change of NS samples over stimulated samples.

Binding of sRAGE to cell surface
Recombinant sRAGE, G-CSF, and GM-CSF were labeled using an Alexa Fluor 488 mAb
Labeling Kit (Invitrogen) following the manufacturer’s instructions with minor
modification. Briefly, 100 μg protein was resuspended in PBS containing 0.1 M sodium
bicarbonate buffer and incubated with Alexa Fluor 488 for 1 h at room temperature with
gentle mixing every 15 min following overnight incubation at 4°C. Labeled protein was
purified by passing through a size exclusion spin column, and 2 mg/ml BSA was added to
stabilize the labeled protein. Approximately 50% recombinant protein was recovered
postlabeling.

Monocytes or MDMs were incubated with human IgG for 15 min, incubated with 2.5 μg/ml
labeled protein on ice for 1 h, washed with flow cytometry wash buffer, and fixed in 1%
paraformaldehyde solution before flow cytometry analysis.
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For competition assays, M-CSF–derived MDMs were removed using accutase, then
incubated with human IgG for 15 min, then incubated with different concentrations of
unlabeled sRAGE (0–10 μg/ml) on ice for 1 h, and washed before incubating with 2.5 μg/ml
labeled sRAGE on ice for 1 h. The cells were washed with flow cytometry wash buffer and
fixed in 1% paraformaldehyde solution before flow cytometry analysis.

Statistical analysis
All data are expressed as the mean ± SEM derived from at least three independent studies.
The number of independent times each experiment was repeated is indicated in the figure
legends. Statistical analysis for immunohistochemical staining and flow cytometry analysis
was performed with SPSS16 software (SPSS, Chicago, IL) by using independent sample t
tests. Flow cytometry studies were analyzed with Wilcoxon signed-rank t test. ANOVA was
used to compare treatment effects on caspase-3 and NF-κB activity, and one-sample t test
was applied for the Western blot analysis. Holm’s method was used to adjust for multiplicity
and control the overall type I error rate at α = 0.05. These analyses were completed using
SAS software (version 9.1, SAS Institute, Cary, NC). Statistical significance was defined as
p ≤ 0.05.

Results
sRAGE induces macrophage infiltration in the murine lung in vivo

RAGE is highly expressed in the lung and primarily in the alveolar epithelium, where it has
been identified as a basolateral marker protein for type I lung alveolar cells (38). In addition,
RAGE expression is abundant in mononuclear phagocytes and can modulate both pro- and
anti-inflammatory responses (see review in Ref. 7). Because alveolar macrophages are
important in maintaining lung homeostasis, we wanted to understand whether sRAGE
injected directly into murine lungs affected immune homeostasis. We injected recombinant
sRAGE IT into C57BL/6 mice. IT injection of LPS served as a positive control. After 24 or
48 h post-injection, lungs were harvested, and cellular recruitment was identified by either
immunohistochemical analysis or flow cytometry. Immunohistochemistry staining (Fig. 1A–
D) revealed increased expression of both CD11b and F4/80 markers in lung tissue from
animals treated with sRAGE- compared with PBS-injected mice (p < 0.01). Because both
neutrophils and monocytes express CD11b and neutrophils are increased in lavage fluid
following i.p. administration of sRAGE (24), we further analyzed the cell populations in the
lungs after sRAGE injection. Therefore, single-cell suspensions from the lungs were
subjected to flow cytometric staining to identify neutrophils (LY6G+/F480−) and
macrophages (CD11b+/LY6G−) (39, 40). Both neutrophils (LY6G+F4/80−) (Fig. 1E) and
monocytes/macrophages (LY6G−CD11b+) (Fig. 1F) were increased in the lungs of mice that
were injected IT with sRAGE versus those injected with PBS/MSA. Notably, sRAGE
recruited fewer neutrophils than LPS (Fig. 1E). In contrast, sRAGE recruited more
monocytes/macrophages than LPS at 24 h, but not at 48 h postinjection (Fig. 1F).

sRAGE recruits human monocytes and neutrophils in vitro
Because IT sRAGE injection led to monocyte and neutrophil accumulation in vivo, we next
examined whether sRAGE directly induced human monocyteor neutrophil recruitment
invitro. Primary human monocytes or neutrophils were isolated and chemotaxis assays were
performed using sRAGE (5 ng/ml–5 μg/ml), PBS/MSA vehicle (negative control), or CCL2
(10 ng/ml) as a positive control for monocyte chemotaxis. IL-8 served as a positive control
for neutrophil chemotaxis. Shown in Table I, sRAGE-stimulated peripheral human
monocyte recruitment was 3.5–6.0-fold higher than PBS/MSA (p <0.05 for all dosages of
sRAGE), whereas sRAGE significantly recruited human neutrophils at a rate 1.6–2.0-fold
higher than PBS/MSA (p < 0.01).
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sRAGE induces proinflammatory cytokine production in human monocytes
sRAGE can induce the production of the proinflammatory cytokines IL-6 and TNF-α and
the chemokine CCL3/MIP-1α (24). Given that sRAGE recruited human monocytes and
neutrophils in vitro, we examined whether sRAGE modulated the production of chemokines
and/or proinflammatory cytokines. Compared to PBS/MSA-treated cells, sRAGE-treated
monocytes produced greater amounts of the proinflammatory cytokines IL-1β and IL-6 and
chemokines CCL3 and CCL4 (Table II; p <0.001). However, CCL5 and platelet-derived
growth factor (PDGF)-bb was not increased in cells treated with sRAGE compared with
PBS/MSA stimulation.

We also confirmed the cell purity of the isolated monocytes by flow cytometry using surface
Ags to identify monocytes (CD14), T cells (CD3), B cells (CD19), and neutrophils (CD66b)
in sRAGE-treated cells. Using these markers, the isolated cells were at least 97% pure
monocytes (data not shown). These observations indicate that the cytokine production was
most likely from monocytes in response to sRAGE.

sRAGE mediates human peripheral monocyte differentiation into macrophages
Because sRAGE led to monocyte and macrophage accumulation in the lungs of treated
mice, we next tested whether sRAGE modulated the differentiation of human monocytes
into macrophages in vitro. Primary human monocytes were treated with human rM-CSF (20
ng/ml) or GM-CSF (25 ng/ml) (positive controls), PBS (negative control), or sRAGE (0.25–
10 μg/ml) in serum-free X-VIVO medium overnight. Cells were visualized using phase-
contrast microscopy (Fig. 2). As expected, M-CSF– and GM-CSF–treated human monocytes
assumed the characteristic phenotypic changes of differentiated macrophages by assuming
elongated and irregular shapes and becoming adherent. Interestingly, sRAGE-treated
monocytes phenotypically mimicked cells treated with M-CSF or GM-CSF. Moreover, the
phenotypic responses in monocytes were dose dependent, and sRAGE concentrations as low
as 0.5 μg/ml induced some phenotypic changes in human monocytes (data not shown).
Because 5 μg/ml sRAGE was found to optimally induce the phenotypic changes, all
subsequent experiments were performed using this concentration.

As an additional control, we confirmed that macrophage maturation was not due to the
presence of contaminating endotoxin. Because the endotoxin level of recombinant sRAGE
was 65.2 ± 1.5 pg/ml, a parallel set of samples was treated with this LPS concentration in
the presence of polymyxin B without sRAGE. We failed to detect macrophage
differentiation in these cells (data not shown). Taken together, sRAGE treatment stimulated
monocyte differentiation into macrophages.

We next confirmed that the cellular phenotypic changes corresponded to changes in surface
Ag expression indicative of macrophage differentiation (Fig. 3). Macrophages express
mannose receptors (CD206), but resting monocytes do not (41). CCR5 is a chemokine
receptor and expressed predominantly on macrophages, T cells, and dendritic cells, and the
expression of CCR5 increases during monocyte differentiation (42). Therefore, we measured
the expression of the mannose receptor and CCR5 on the cell surface. Compared to cells
stained with isogenic AbC, surface mannose receptor expression increased over time for
both sRAGE and M-CSF–treated cells (p = 0.01 on day 3 and p = 0.043 on day 5) (Fig. 3A,
3B). Similarly, CCR5 expression increased in sRAGE-treated monocytes and in M-CSF–
treated cells (Fig. 3C, 3D). Furthermore, we found that MHC class II expression was
increased upon sRAGE stimulation in human monocytes, suggesting sRAGE-derived
macrophages are functionally active and have the ability to present Ag (data not shown).
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Promotion of monocyte survival by sRAGE through decreased caspase-3 activity and
increased NF-κB activity

Modulation of cell survival through NF-κB activation is an important step in cellular
differentiation. Substantial evidence shows that RAGE/AGE ligation induces NF-κB
activity and genes linked to inflammation (for review see Ref. 8). Therefore, we next
assessed whether sRAGE modulated cell survival and NF-κB activity in human monocytes.
We previously showed that inflammatory cytokines and growth factors promote monocyte
survival by suppressing caspase-3 activity (1, 43). Therefore, we first explored the effect of
sRAGE on cell survival by measuring caspase-3 activity after overnight stimulation with or
without sRAGE. As shown in Fig. 4A, in the absence of growth factor stimulation (NS),
human monocytes underwent apoptosis and displayed a 6.72 ± 1.89-fold increase in
caspase-3 activity compared with M-CSF–stimulated cells (positive control). Compared
with NS cells, sRAGE treatment significantly suppressed caspase-3 activity in human
monocytes (p < 0.05 at sRAGE concentration of 0.5 μg/ml and 1 μg/ml and p < 0.01 at
sRAGE concentration of 5 μg/ml). Notably, 5 μg/ml sRAGE appeared to be equally
effective as M-CSF (100 ng/ml) at suppressing caspase-3 activity.

As an alternative method of measuring cell apoptosis, we measured annexin V/propidium
iodide (PI) staining in treated cells by flow cytometry. Apoptotic cells are Annexin V+/
PI−(early apoptosis) and Annexin V+/PI+ populations (late apoptosis). In this study, we
combined percent of Annexin V+/PI− cells and percent of Annexin V+/PI+ cells as apoptotic
cells. Compared to M-CSF–treated cells, sRAGE protected monocytes from apoptosis in a
dose-dependent manner (Fig. 4B). Monocytes exposed to sRAGE stimulation had reduced
apoptotic cells compared with the NS monocytes at concentrations of 1–10 μg/ml.
Collectively, these data showed that sRAGE promoted human monocyte survival.

Because NF-κB activation by growth factors correlates to monocyte survival (37), we
examined whether sRAGE activated NF-κB in monocytes. To measure NF-κB activity,
monocytes were transiently transfected with an NF-κB–Luc cDNA construct encoding
luciferase. Following overnight stimulation with sRAGE, the presence of luciferase was
measured. As shown in Fig. 4C, sRAGE treatment induced a significant increase in
luciferase production in human monocytes compared with PBS-treated cells (NS) (p =
0.015). Activation of NF-κB is associated with release from the cytoplasmic inhibitor IκB
and translocation of NF-κB into the nucleus to bind the promoter region of NF-κB–
regulated genes. We therefore examined the nuclear translocation of NF-κB in the treated
cells. As shown in Fig. 4D, the majority of p65 was located in the cytosol when cells were
quiescent, but nuclear translocation occurred upon sRAGE stimulation. To evaluate cross-
contamination between the nuclear and cytosolic preparations, the membranes were also
immunoblotted using Abs recognizing LaminB and GAPDH. As expected, Lamin B was
present exclusively in the nuclear fraction, whereas GAPDH was detected in the cytosol
fraction. Quantification of the Western blot data by band densitometry confirmed that there
was a 2.7–3.3-fold increase of nuclear translocation of NF-κB in sRAGE-stimulated
samples over NS samples (Fig. 4E). Taken together, these observations demonstrate that
sRAGE induces NF-κB transcriptional activity in human monocytes.

Intracellular signaling activated by sRAGE in human monocytes and MDMs
Previous studies demonstrated that binding of RAGE by ligand triggers activation of
different cellular signaling pathways, such as GTPases (Cdc42, Rac) (17), p38 MAPK, and
stress-activated protein kinase/JNK (16). We previously reported that Akt, Erk, and p38
activation are important in monocyte survival (5, 32); thus, we next examined whether
sRAGE induced these signaling pathways in monocytes. As shown in Fig. 5,
phosphorylation of Erk and Akt was apparent in sRAGE-treated monocytes. Using a linear
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regression analysis to examine sRAGE-induced Akt and Erk phosphorylation over time, we
found that phosphorylation of both proteins were significantly increased (p < 0.001 and p =
0.001, respectively) and maximal Erk and Akt activation was observed 2 and 3 h
poststimulation, respectively (Fig. 5A, 5C). In contrast, MDMs responded more rapidly to
sRAGE. As shown in Fig. 5B and 5D, phosphorylation of Akt and Erk were significantly
enhanced following stimulation with sRAGE. Akt phosphorylation was maximal at 1 h,
whereas Erk phosphorylation was maximal at 30 min (p = 0.033 and p = 0.024 compared
with PBS-stimulated cells, respectively). We also found p38 MAPK and JNK
phosphorylation occurred after sRAGE stimulation in MDMs; sRAGE activated p38 MAPK
and JNK activity within 2 h and 30 min of treatment, respectively (data not shown). Because
sRAGE activated Akt and Erk more rapidly in macrophages compared with monocytes, our
data indicated that macrophages might be more amenable to activation by sRAGE.

sRAGE-induced monocyte survival and differentiation is inhibited by PI3K inhibitors and
MEK inhibitors

Because Akt and Erk activation are important for macrophage cell survival and
differentiation (2), we next examined whether inhibition of these pathways reduced sRAGE-
mediated survival and/or differentiation. Therefore, we pretreated the cells with the MEK
inhibitor U0126 (10 μM), the PI-3K inhibitor LY294002 (50 μM), or solvent DMSO for 1 h
at 37°C prior to sRAGE stimulation for 2 or 3 h, which corresponded to the maximal Erk
and Akt activation, respectively. As shown in Fig. 6A, LY294002 reduced Akt
phosphorylation induced by sRAGE, and U0126 specifically reduced Erk phosphorylation
induced by sRAGE at both time points. Importantly, both LY294002 and U0126 inhibited
sRAGE-stimulated cell survival as indicated by enhanced caspase-3 activity (p = 0.012
sRAGE-treated plus inhibitors versus sRAGE-treated plus DMSO samples) (Fig. 6B).
Furthermore, both LY294002 (p = 0.046 compared with sRAGE-treated samples) and
U0126 (p = 0.028 compared with treated samples) prevented sRAGE-activated expression
of mannose receptor in viable cells (Fig. 6C). As a control, we performed trypan blue
exclusion analysis and found that the inhibitors used did not cause nonspecific cell toxicity
(data not shown). These observations indicate that PI3K and MAPK pathways are activated
by sRAGE to modulate monocyte survival and differentiation.

sRAGE binds the cell surface of monocytes and MDMs
The majority of studies report sRAGE acts as a decoy receptor that competes for ligand with
RAGE (see review in Ref. 8). Because sRAGE can activate cellular signaling, we
hypothesized that sRAGE bound directly to the cell surface. Using Alexa Fluor 488
fluorescently labeled sRAGE protein, we found that sRAGE bound to the surface of both
monocytes and macrophages as measured by flow cytometry (Fig. 7A, 7B). Monocytes
incubated with Alexa Fluor 488-labeled sRAGE exhibited a 1.43-fold increase in geometric
mean over Alexa Fluor 488 AbC (p < 0.05) (Fig. 7C). In comparison with monocytes, we
found a 2.65-fold increase in sRAGE binding to the cell surface of MDMs compared with
cells incubated with control Abs (p = 0.012) (Fig. 7C). Furthermore, we examined the
kinetics of sRAGE binding to the cell surface over time and found that the binding of
sRAGE to the cell surface correlated with monocyte maturation (Fig. 7D). Because both
monocytes and macrophages express GM-CSFRs (see review in Refs. 44, 45), we used
labeled GM-CSF as a positive control for our studies. Labeled GM-CSF bound to
monocytes and MDMs equally well over the time-course experiment (p = 0.045 compared
with FITC-labeled isogenic Abs (Fig. 7D). Because G-CSFR is highly expressed on human
monocytes (46) and declines during macrophage differentiation (47), we also examined
expression of G-CSFR as an additional control. As expected, we observed that labeled
human G-CSF bound to monocytes (p = 0.045), but did not bind to MDMs (p = 0.43).
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Because sRAGE seems to have a higher binding affinity toward MDMs, we performed
competitive binding assay using unlabeled sRAGE. We found a significant dose-dependent
decrease in the surface binding of labeled sRAGE in the presence of unlabeled sRAGE (Fig.
7E, 7F). Compared to cells incubated without unlabeled sRAGE (100%), a reduction in
sRAGE binding by 79% or 61% was apparent in cells incubated with either 5 μg/ml (2-fold
excess) or 10 μg/ml (4-fold excess) of unlabeled sRAGE, respectively (Fig. 7F; *p < 0.05
versus Alexa 488-labeled sRAGE). In general, these data provided evidence that sRAGE
directly binds to the cell surface of monocytes and macrophages.

Because sRAGE preferentially bound to the surface of MDMs compared with monocytes,
we examined whether the binding characteristics of sRAGE were similar on freshly isolated
immature monocytes and mature tissue macrophages. As shown in Fig. 7G, tissue
macrophages isolated from the spleen had a higher affinity for sRAGE than bone marrow
monocytes.

sRAGE binds to a premonocytic cell line, THP1, but fails to activate downstream events
that lead to differentiation

Because sRAGE directly bound to monocytes and induced their differentiation, we were
interested in understanding whether sRAGE also mediated myeloid differentiation of THP1
leukemic cells. To test our hypothesis, we first examined whether sRAGE bound to the cell
surface of the myelomonocytic cell line THP1. We found a 1.3-fold increase in surface
binding of labeled sRAGE on THP1 cells compared with FITC-labeled isogenic AbC (p =
0.043) (Fig. 8A, 8B). Importantly, THP1 cells treated with sRAGE failed to differentiate as
measured by cellular adherence, even after 4 d of incubation with sRAGE (Fig. 8C), or
activate Erk signaling (Fig. 8D, 8E). As a positive control, THP1 cells were treated with
PMA to induce cellular differentiation, which resulted in Erk phosphor-ylation and cellular
adherence (Fig. 8C–E). This observation indicated that the binding of sRAGE to the cell
surface was not sufficient to induce differentiation. Thus, taken together, binding of sRAGE
to the cell surface is necessary, but not sufficient, to induce differentiation, whereas cellular
adherence correlates with cell differentiation in the presence of sRAGE

Adherence of monocytes appears important for sRAGE-induced cellular differentiation
The adherence of monocytes facilitates their differentiation, prolongs cell survival, and
primes these cells to respond to external stimuli (48). To examine the role of cellular
adherence in sRAGE-induced signaling and differentiation, we compared Akt and Erk
activation as well as differentiation in monocytes incubated with sRAGE in tubes or on
tissue-culture plates (Fig. 9A–C). We observed that Akt and Erk phosphorylation were
significantly higher in sRAGE-stimulated cells cultured on plates than in tubes (Fig. 9A–C;
p < 0.05 for cells plated versus cultured in suspension). Furthermore, cells incubated with
sRAGE on plates had higher surface expression of mannose receptors than cells cultured
with sRAGE in tubes (p = 0.046; Fig. 9D, 9E). Interestingly, the benefit of adherence was
conserved if other maturation signals like M-CSF were used instead of sRAGE (p = 0.028
for cells plated versus cultured in suspension) (Fig. 9D, 9E). Therefore, cellular adherence
appeared to be an important costimulus for sRAGE-induced differentiation of human
monocytes. To ensure that adherence did not directly affect sRAGE binding to cells, we
collected the cells at day 1 and found that cells bound sRAGE equally when cultured in
tubes or on plates (data not shown). Therefore, these observations confirm that binding of
sRAGE to the cell surface is necessary, but not sufficient, to induce differentiation.
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sRAGE-induced monocyte differentiation and binding to the cell surface are not
dependent on β2 integrin (Mac-1/CD11b) binding

To define binding sites of sRAGE on human monocytes and MDMs, we hypothesized that
sRAGE complexed with other surface receptors to transduce signaling events. An attractive
target is Mac1/CD11b (24). We incubated monocytes with CD11b blocking or isogenic Abs
(clone M1/70; BD Pharmingen) before stimulating with sRAGE. In contrast to our
hypothesis, we failed to observe any significant difference in monocyte differentiation,
caspase-3 activity, or cell surface binding of sRAGE between cells treated with either
CD11b plus sRAGE and IgG2b plus sRAGE (Supplemental Fig. 1). The Arg-Gly-Asp
(RGD) peptide is known to block cellular recognition sites for numerous adhesion proteins
including integrins present in the extracellular matrix and in blood (49). We also incubated
RGD peptide and its scrambled control peptide before stimulating with sRAGE and again
found no difference between RGD plus sRAGE and scramble plus sRAGE (Supplemental
Fig. 1). This indicated that sRAGE binding to the cell surface and sRAGE-induced
macrophage differentiation were not solely dependent on β2 integrin (Mac-1/CD11b)
binding.

Discussion
RAGE functions as a pattern recognition receptor for a number of proteins, including AGEs
(50). sRAGE has been reported to be a competitive inhibitor of RAGE-mediated cellular
activation events by sequestering its ligands (see review in Ref. 8). Recent studies indicate
that sRAGE has both anti- and proinflammatory properties. To test the properties of the
sRAGE within the lung, we IT injected sRAGE into mouse lungs and found sRAGE induced
inflammation. Our result showed that sRAGE led to the migration and accumulation of
monocytes and neutrophils into the lungs in vivo and induced monocyte and neutrophil
recruitment in vitro. sRAGE also induced the survival and differentiation of human blood
monocytes by stimulating downstream Akt, Erk, and NF-κB activity. Notably, sRAGE
bound directly to cell surfaces of monocytes and MDMs and appeared to preferentially bind
to mature cells. Cellular adherence also appeared to be an important costimulus for cellular
survival and differentiation by sRAGE. Therefore, in addition to cellular recruitment, our
studies demonstrate that sRAGE induced monocyte survival and differentiation in vitro
indicating a novel role for sRAGE in host inflammation.

Previously, we identified the activation of Akt, Erk, and NF-κB as critical factors in human
monocyte survival (5, 51). It is interesting that sRAGE activated these signaling pathways
and reduces caspase-3 activation in the absence of growth factor stimulation. Of note,
several studies demonstrate that inhibiting RAGE function leads to cell proliferation and
survival. Bartling et al. (27) found that RAGE blockade using anti-RAGE Abs or sRAGE
induces fibroblast cell proliferation and Erk activation. Similarly, using specific siRNAs to
knock down RAGE expression increases proliferation of A549 epithelial cells and
fibroblasts (26). In addition, overexpression of full-length RAGE leads to death of the lung
cancer cell line, H358 (27). Aleshin et al. (52) found hearts from RAGE−/− mice have
significantly less caspase-3 activation and TUNEL-positive nuclei versus wild-type heart
after ischemic challenge, suggesting blocking RAGE function increases cardiomyocyte
survival. Therefore, we wondered if sRAGE promoted monocyte survival and differentiation
was simply from blocking RAGE function. To address this question, we treated human
monocytes with sRAGE in vitro and found that sRAGE bound directly to the cells and
stimulated their migration, survival, and differentiation. These data show ed that sRAGE
directly induced monocyte activation.

In this study, we also demonstrated that sRAGE leads to enhanced production of
proinflammatory cytokines and chemokines in human monocytes. Our in vitro chemotaxis
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assay further showed that sRAGE has the ability to induce migration of both monocytes and
neutrophils. A previous report showed that the β2-microglobulin modified form of AGE
induced monocyte migration and prevented apoptosis. sRAGE could inhibit AGE–β2-
microglobulin cellular recruitment (53); however, the investigators did not examine the
effect of sRAGE alone on monocyte chemotaxis as we report in this study. Consistent with
our finding, sRAGE induced neutrophil chemotaxis in mice (24).

To elucidate the mechanisms by which sRAGE activated monocytes, we examined whether
sRAGE directly interacted with the surface of human monocytes. We found that sRAGE
bound directly to the surface of human monocytes and MDMs. Interestingly, MDMs had a
greater affinity for sRAGE binding than did freshly isolated monocytes. Consistent with this
observation, we also found that mature tissue macrophages have a greater affinity for
sRAGE than did immature monocytes. These data suggest that cell maturity influenced
sRAGE binding. We currently are examining the receptor to which sRAGE binds. Because
it is possible that sRAGE is a pattern-recognition ligand, it is likely that sRAGE uses several
cell-surface receptors.

Bartling et al. (27) reported that in lung cancer cells, extracellular RAGE preferentially
localizes at intercellular contact sites, independent of expression of the cytoplasmic domain,
implying RAGE-dependent effects might be mediated exclusively by the extracellular
region. In another study, sulfoglucuronyl carbohydrates on neural cells bind amphoterin
(secreted HMGB-1), which then interacts with RAGE on an adjacent cell to facilitate
cellular communication (54). It is possible that sRAGE binds to the surface of target cells to
facilitate cell–cell interactions and activate downstream signaling events.

To define binding sites of sRAGE on human monocytes and MDMs, we tested whether
sRAGE complexed with surface receptors to transduce signaling events. It has been reported
that sRAGE can interact with Mac1/CD11b (24). However, we failed to observe any
significant difference in monocyte differentiation, caspase-3 activity, or sRAGE binding to
the cell surface between anti-CD11b plus sRAGE- and IgG2b plus sRAGE-treated cells. We
further found that blocking cellular sites used by adhesion molecules with the RGD peptide
did not effectively inhibit sRAGE binding or cellular activation. Further studies are needed
to clarify sRAGE binding partners in promoting monocyte survival and differentiation.

We also attempted to investigate whether sRAGE bound negative regulatory factors that
inhibit monocyte survival and differentiation as the mechanism of action. However, our
evidence did not support this as the mechanism of action, given the direct in vitro effects of
sRAGE. Depleting sRAGE from conditioned monocyte supernatant did not affect monocyte
survival or differentiation (data not shown), suggesting that sRAGE likely acted by directly
binding to the cell surface and inducing intracellular signaling. Lastly, we also examined the
possibility that growth factors known to induce monocyte survival and differentiation (like
M-CSF and GM-CSF) were induced by sRAGE stimulation or that M-CSF or GM-CSF
induced sRAGE to mediate these effects. However, we failed to detect sRAGE secretion
from monocytes treated with either M-CSF or GM-CSF by ELISA or M-CSF or GM-CSF
production in sRAGE-treated monocyte supernatants (data not shown).

In our study, we also found that sRAGE bound the surface of immature premyelocytic cells
but did not activate the cells. We observed that freshly isolated monocytes bound sRAGE to
activate intracellular signaling pathways including Akt and Erk in adherent cells. In contrast,
sRAGE failed to activate Akt and Erk phosphorylation in THP1 cells. Because THP1 are
transformed leukemic cells, it is possible that these observations reflect a failure of sRAGE
to overcome the intrinsic defects in maturation. We also found that adherence was an
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important costimulatory factor for sRAGE in nonadherent monocytes, even though sRAGE
bound to cells in suspension.

Taking our data presented in this study in context with published literature, we propose two
roles for sRAGE in regulating monocyte and macrophage cellular activation: 1) sRAGE
works as a RAGE decoy to reduce inflammation in certain types of cells by binding RAGE
ligands, thus reducing their interaction with surface RAGE (see review in Ref. 8); and 2)
when ligands are not in excess, sRAGE can mediate inflammation by directly binding to
leukocytes to subsequently induce migration, survival, and differentiation of these cells.

In summary, our findings indicate a novel property of sRAGE in vivo that mediates
monocyte and neutrophil inflammation in murine lungs and directly promotes their
recruitment, as well as monocyte survival and differentiation. sRAGE treatment of adherent
mononuclear phagocytes led to the activation of Akt and MAPK kinase pathways and
increased NF-κB activity. Because sRAGE has diverse functions in regulating
inflammation, it is possible that sRAGE plays an important role in macrophage maturation.
Further understanding the function of sRAGE will likely provide therapeutic approaches for
treatment of RAGE-dependent inflammatory events.
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sRAGE soluble form of the receptor for advanced glycation end products
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FIGURE 1.
sRAGE induces macrophage and neutrophil infiltration in the murine lung in vivo. C57/BL6
mice were injected IT with 5.0 μg sRAGE per gram of mouse weight, 200 μg LPS, or 200
μg PBS/MSA for 1 or 2 d. Lungs were harvested and subjected to immunohistochemical
staining for CD11b (A) or F4/80 (C) expression. Ten pictures per slide were taken using an
Olympus 1 × 50 inverted microscope equipped with a 20× objective and Nikon camera
(Olympus). Brown staining represents CD11b+ cells (A) or F4/80+ cells (C). The images
were quantified by histogram analysis using Adobe Photoshop CS (B, D). Shown are
representative pictures obtained from three pairs of mice. Single-cell suspension from the
lungs were also stained with Ly6G, F4/80, and CD11b Abs and analyzed by flow cytometry.
Neutrophils were defined as Ly6G+ F4/80− population (E), and monocytic cells were
defined as Ly6G–CD11b+ population (F). Data presented are the percent positive cells from
the total cell number obtained from at least three different mice and are expressed as the
mean ± SEM.
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FIGURE 2.
Induction of phenotypic changes in human peripheral monocytes by sRAGE. CD14+

monocyte (5 × 106) cells were cultured in a six-well plate with X-VIVO 15 medium
supplemented with 10 μg/ml polymyxin B sRAGE (0.25–10 μg/ml) in a 37°C incubator.
Cells cultured with either M-CSF or GM-CSF served as positive controls. Pictures were
taken after 1 d in culture using an Olympus inverted microscope (Olympus) (original
magnification × 100). The inset in each picture is an enlarged section of the original image.
Shown are representative pictures obtained from six independent donors performed in
duplicate.
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FIGURE 3.
Enhanced surface Ags expression indicative of differentiation on human peripheral
monocytes by sRAGE. CD14+ monocytes (5 × 106 cells) were cultured in media with or
without 5 μg/ml sRAGE or 100 ng/ml M-CSF. At the indicated times, cells were removed
from the plate using accutase and the expression of mannose receptor (A, B) (*p < 0.05; **p
< 0.01 versus AbC of each day) or CCR5 (C, D) (*p < 0.01 versus AbC of each day) were
analyzed by flow cytometry. Data are expressed as the fold increase in geometric mean ±
SEM compared with AbC from each time point. Shown are data from three independent
donors.
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FIGURE 4.
sRAGE promotes cell survival and NF-κB nuclear translocation in human monocytes.
Monocytes (5 × 106 cells/well) were cultured in the absence or presence of sRAGE as
indicated. A, After overnight incubation, cell lysates were assayed for caspase-3 activity
using a fluorogenic substrate Ac-DEVD-AMC as described in the Materials and Methods.
Caspase-3 activity is presented as fold increase in fluorescence of sRAGE-stimulated
samples over M-CSF–stimulated samples per total protein. Data are expressed as the mean ±
SEM. *p < 0.05; **p < 0.01 compared with NS samples. B, Cells were removed from the
plate by accutase and stained with Annexin V/PI for analysis by flow cytometry. Data are
presented as fold increase for Annexin V expression of sRAGE-treated cells over M-CSF–
treated cells. Shown is the mean ± SEM. *p < 0.05 compared with NS samples. C,
Monocytes (15 × 106 cells/condition) were transfected with 2 μg NF-κB–Luc construct or
enhanced GFP control construct then cultured with or without 5 μg/ml sRAGE for 24 h.
Luciferase activity was measured with the Luciferase Assay System. Data are presented as
the mean relative fold increase ± SEM in luciferase activity comparing transfected cells to
mock transfected cells: *p = 0.015. Data shown are from three independent donors and
assayed in triplicate. D, M-CSF–derived MDMs were serum starved overnight and
stimulated with 5 μg/ml sRAGE for the indicated times. Equal nuclear and cytosol proteins
were analyzed by immunoblotting with p65 NF-κB Ab. The blot was stripped and reblotted
with Lamin B or GAPDH Ab to ensure the purity of the nuclear and cytosol fractions.
Shown is a representative blot from four independent donors. E, Protein expression was
quantified by band densitometry, and cytosolic and nuclear fractions were normalized to
GAPDH and Lamin B, respectively. Comparison of sRAGE-treated cells to NS cells was
performed. *p = 0.06; **p = 0.02 of nuclear translocation of NF-κB at 30 min and 1 h,
respectively.
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FIGURE 5.
Activation of downstream signaling in human monocytes and monocytes derived
macrophages by sRAGE. Protein lysates were generated and immunoblotted for
phosphorylation of Akt and Erk from monocytes (A) or MDMs (B) stimulated with 5 μg/ml
sRAGE for indicated times. Equal loading was confirmed by β-actin Ab. Shown are
representative data from monocytes or macrophages obtained from three independent
donors. Phosphorylation levels were quantified by comparing band densitometry of the
upper panels and normalizing these values to the β-actin signals in the respective lanes for
monocytes (C) and MDMs (D). Shown is the average fold increase ± SEM over NS controls
from three independent donors.
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FIGURE 6.
sRAGE modulates cell survival and differentiation through PI3K and Erk intracellular
signaling. A, Prior to sRAGE stimulation, monocytes were treated with MEK inhibitor
U0126 (10 μM), PI3K inhibitor LY294002 (50 μM), or solvent DMSO for 1 h. At the
indicated times, cells were lysed, and protein lysates were immunoblotted for
phosphorylation of Akt and Erk. Equal loading was confirmed using Akt Ab. Shown is a
representative blot from three independent donors. B, Monocytes treated in the presence or
absence of inhibitors for 1 h were cultured overnight with 100 μg/ml M-CSF or 5 μg/ml
sRAGE, then assayed for caspase-3 activity. Data are presented as the mean fold increase ±
SEM of caspase-3 activity over M-CSF–treated cells per total protein from six independent
donors. p = 0.012 compared with DMSO plus sRAGE. C, After 2 d in culture with either M-
CSF or sRAGE, cells were analyzed for mannose receptor expression by flow cytometry.
The data are expressed as the fold increase of geometric mean ± SEM of AbC from
macrophages of six independent donors. *p = 0.046; **p = 0.028 compared with DMSO
plus sRAGE.
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FIGURE 7.
sRAGE binds directly to the cell surface of monocytes and macrophages. Monocytes (5 ×
106 cells/ml) (A) or MDMs (B) were incubated with human IgG for 15 min and then
incubated with 2.5 μg/ml Alexa Fluor 488-labeled sRAGE protein on ice for 1 h, washed
with flow wash buffer, and fixed in 1% paraformaldehyde solution before flow cytometry
analysis. C, The flow cytometry data from A and B are expressed as fold increase of
geometric mean ± SEM compared with FITC AbC from four independent donors: *p < 0.05
compared with AbC of each day. D, Comparison of flow cytometry data over time was
performed. The data are expressed as the fold increase of geometric mean ± SEM compared
with Alexa Fluor 488 AbC from four independent donors: *p < 0.05 compared with AbC of
each day. E, MDMs were incubated with different concentrations of unlabeled sRAGE on
ice for 1 h prior to the incubation with 2.5 μg/ml labeled sRAGE. The cells were analyzed
by flow cytometry. F, The flow cytometry data from E are expressed as percent change of
labeling compared with cells without competition. Mean fluorescence intensity of cells
incubated without unlabeled sRAGE was used as 100% labeling. The data are expressed as
the percent change of geometric mean ± SEM from three independent donors: *p < 0.05
versus Alexa Fluor 488-sRAGE. G, Monocytes or macrophages were isolated from mouse
bone marrow and spleen, respectively. The cells were incubated with mouse IgG for 15 min
and then incubated with 2.5 μg/ml Alexa Fluor 488-labeled sRAGE protein on ice for 1 h
and fixed in 1% paraformaldehyde solution before flow cytometry analysis. Shown is a
representative histogram from two independent mice.
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FIGURE 8.
Binding of sRAGE to the cell surface of THP1 cells does not mediate downstream signaling
events or differentiation. A, THP1 cells (5 × 105) were incubated with human IgG for 15
min, then incubated with 2.5 μg/ml labeled protein on ice for 1 h, and washed with flow
wash buffer then subjected to flow cytometry analysis. B, Data are expressed as the fold
increase of geometric mean ± SEM over FITC AbC from three independent experiments. *p
= 0.043 compared with FITC AbC. C, THP1 cells (5 × 105) were cultured without (NS) or
with 5 μg/ml sRAGE or 65 nM PMA in a 37°C incubator. Photographs were taken daily.
Shown are images of cells in cultured for 4 d. D, Serum-starved THP1 cells were stimulated
with either 65 nM PMA or 5 μg/ml sRAGE or left unstimulated (NS) for indicated times at
37°C. Equal amount of protein was examined for Erk phosphorylation by Western blot
analysis. Densitometry of D is shown in E as fold increase of phospho-Erk over total β-actin
from three independent experiments: *p < 0.01 compared with NS samples.
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FIGURE 9.
Adherence of monocytes is essential for sRAGE to activate downstream events in human
monocytes. Monocytes were stimulated without or with sRAGE (5 μg/ml) in either six-well
plates or tubes at 37°C for the indicated times. A, Equal amount of protein was analyzed by
immunoblotting for phospho-Akt and phospho-Erk. Equal loading was confirmed by β-actin
Ab. Phosphorylation levels of Akt (B) and Erk (C) were quantified by densitometry and
normalized to β-actin. D, After 2 d in culture, cells were collected and stained for mannose
receptor expression by flow cytometry. Shown are representative data from six independent
donors. E, Data are expressed as the fold increase of geometric mean ± SEM over AbC.
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