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CD166/ALCAM Mediates Proinflammatory Effects of S100B
in Delayed Type Hypersensitivity
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Promiscuity of pattern recognition receptors, such as receptor for advanced glycation end products (RAGE), allows for a complex

regulatory network controlling inflammation. Scavenging of RAGE ligands by soluble RAGE treatment is effective in reducing

delayed-type hypersensitivity (DTH), even in RAGE2/2 mice by 50% (p < 0.001). This has led to the hypothesis that molecules

scavenged by soluble RAGE bind to receptors other than RAGE. This study identifies CD166/ALCAM (ALCAM) as a close

structural and functional homolog of RAGE, and it shows that binding of S100B to CD166/ALCAM induces dose- and time-

dependent expression of members of the NF-kB family in wild type (WT) and RAGE2/2 mouse endothelial cells. Blocking CD166/

ALCAM expression using small interfering RNA completely inhibited S100B-induced NF-kB activation in RAGE2/2, but not in

WT cells. The in vivo significance of these observations was demonstrated by attenuation of DTH in WT and RAGE2/2 animals

pretreated with CD166/ALCAM small interfering RNA by 50% and 40%, respectively (p < 0.001). Experiments in ALCAM2/2

animals displayed an only slight reduction of 16% in DTH, explained by compensatory reciprocal upregulation of RAGE in

animals devoid of CD166/ALCAM, and vice versa. Consistently, ALCAM2/2 mice, but not WT mice treated with RAGE small

interfering RNA show a 35% reduction in DTH, and ALCAM2/2 RAGE2/2 double-knockout mice show a 27% reduction in DTH

reaction. Thus, S100B is a proinflammatory cytokine bridging RAGE and CD166/ALCAM downstream effector mechanisms, both

being compensatory upregulated after genetic deletion of its counterpart. The Journal of Immunology, 2013, 191: 369–377.

I
nnate and adaptive immune responses underlying inflamma-
tion, though once thought of as segregated, are now considered
overlapping, reinforcing, and closely linked on many levels.

Consistent with this view, the innate immune system, protecting the
organism against acute danger, and the adaptive immune system,
initiating and exerting Ag-specific defense mechanisms, have mul-
tiple overlapping functions (1–4).

Various members of the pattern recognition receptor (PRR)
family, such as TLRs, have been shown to provide a possible link
between these two systems. For example, certain TLRs recognize
bacterial cell wall components and viral RNA, thereby initiating a
prompt inflammatory response (5, 6). Besides being crucial for an
adequate innate host response to invading pathogens, TLRs also
contribute to adaptive immunity by triggering the interaction be-
tween non-APCs and APCs (1). TLRs also bind danger-associated
molecular patterns (DAMPs), such as S100 proteins and HMGB-
1, released by cells upon cellular stress and necrosis (7–11).
These observations indicated that TLRs share a common fea-

ture with another PRR, the receptor for advanced glycation end
products (RAGE), known to bind members of the S100 family
(12, 13) and HMGB-1 (14–16). RAGE is a transmembrane re-
ceptor constitutively expressed at low levels in many tissues and is
markedly upregulated by inflammatory mediators. RAGE engage-
ment by ligands propagates inflammation associated with acute and
chronic metabolic (17–19), inflammatory (20, 21), and malignant
(22–24) processes. Activation of RAGE through its ligands leads
to sustained activation of NF-kB (25, 26).
Although important in the innate immune system, RAGE was

originally considered as noncontributory to delayed-type hyper-
sensitivity and adaptive immunity (27). The role of RAGE in in-
nate immunity (16, 27, 28) was associated with NF-kB activation
via subunits p50/p65. Meanwhile, various aspects of a role of
RAGE in adaptive immune processes have been shown (29, 30).
The unlikely simplicity of this view was further underscored by
the observation that although delayed-type hypersensitivity (DTH)
is not impaired in RAGE2/2 mice, soluble RAGE (sRAGE),
functioning as a decoy receptor sequestering RAGE ligands and
preventing them from interacting with cellular RAGE, ameliorates
DTH in wild type (WT) mice as well as in RAGE2/2 mice (27).
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These observations suggest that a receptor distinct from RAGE,
but one that also recognizes DAMPs, presumably contributes to
inflammation in DTH, the latter highly dependent on activation of
the NF-kB subunit p50. Therefore, the current study was initiated
to identify a RAGE ligand interacting with a receptor distinct from
RAGE and relevant for DTH.

Materials and Methods
Mouse models

The RAGE targeting construct and the generation of RAGE2/2 mice
have been described in detail elsewhere (27). Animals used in the
experiments described in this study were from F2 or F5 backcrosses
onto the C57BL/6 genetic background. ALCAM2/2 mice were purchased
from the Jackson Laboratory in the C57BL/6 genetic background.
ALCAM2/2 RAGE2 /2 double knockout (DKO) mice were generated
by cross-breeding ALCAM2/2 and RAGE2/2 mice (Supplemental Fig. 1).
Mice were housed individually with a 12-h light-dark cycle and were
given free access to food and water. All procedures in this study were ap-
proved by the Animal Care and Use Committees at the Regierungspräsidium
Tübingen and Karlsruhe, Germany.

Model of DTH

Two- to three-month-old mice were sensitized by s.c. injection over the left
inguinal lymph node with 100 ml of an emulsion containing 25 mg/ml
methylated BSA (mBSA; Sigma-Aldrich), 0.9% NaCl, 50 mg/ml dextran
(Sigma-Aldrich), and 50% IFA (Sigma-Aldrich). After 3 wk, the left
plantar hind paw was injected s.c. with 50 ml of 0.4 mg/ml mBSA in 0.9%
NaCl (control groups, 50 ml of 0.4 mg/ml OVA). In transfection experi-
ments, small interfering RNA (siRNA) against CD166/ALCAM (ALCAM
siRNA; Santa Cruz Biotechnology, cat. no. sc-43023) or RAGE (RAGE
siRNA; Santa Cruz Biotechnology, cat. no sc-36375) dissolved in DOTAP
(Roche, cat. no. 11811177001) to a final volume of 150 ml was used (1.5
mg siRNA per gram of body weight). The solution was incubated (15 min,
room temperature [rt]) before injection. Control animals received scram-
bled siRNA devoid of function (Santa Cruz Biotechnology). siRNA was
injected into the tail vein 3 d and 1 d prior to induction of DTH. Twenty-
four hours after mBSA injection, mice were assigned clinical inflammation
score by two investigators blinded to genotype of mouse as follows: (1)
absence of inflammation, (2) slight rubor and edema, (3) moderate rubor
and edema with skin wrinkles, (4) severe rubor and edema without skin
wrinkles, and (5) severe rubor and edema with toe spreading (27). For
intermediate conditions, half points were used when necessary. Mice not
responding to DTH (clinical score# 2; 10–15% of animals) were excluded
from the analysis (data with no exclusion, see Supplemental Fig. 3 A–C).
Mice were sacrificed, and feet were immediately quick-frozen in liquid
nitrogen or fixed in 4% formalin and decalcified.

Identification of RAGE homologs

The area 1–250 of the RAGE protein was compared with the protein do-
main family (PRODOM) database using the BLAST algorithm (31). The
alignment between RAGE_HUMAN 1-250 and CD166_HUMAN 95-221
was performed with the program GAP (32). Modeling and energy mini-
mization of the RAGE protein domain using the CD166/ALCAM structure
(PDB:1KJC) as template were performed as described previously (33).
Because the CD166/ALCAM structure entry 1KJC comprises only the
positions 28–133 of the protein, for the modeling a multiple alignment
between RAGE_HUMAN 25-120, CD166_HUMAN 28-133, and 1KJC
was generated using the program PRRN (34).

Cell culture

Mouse aortic endothelial cells (MAECs) or fibroblasts were maintained in
RPMI 1640 medium containing 2 mM L-glutamine, 100 U/ml penicillin,
and 100 mg/ml streptomycin (BioWhittaker, Walkersville, MD) and 20%
FCS (Life Technologies, Dreieich, Germany) at 37˚C and seeded 2–3 d
before experiments.

Harvesting for cytoplasmic and nuclear proteins

Confluent MAECs or fibroblasts in T75 flasks (Nunc) were washed twice
with cold PBS, harvested by scraping in ice-cold PBS, pelleted in 1.5-ml
Eppendorf tubes (3000 rpm, 4˚C, 5 min) and combined with 400 ml Buffer
A (10 mM HEPES-KOH, pH 7.9, at 4˚C, 1.5 mM MgCl2, 10 mM KCl, 0.5
mM DTT, 0.2 mM PMSF, and 0.6% NP-40). After vortexing (30 s), in-
cubation on ice (30 min), and centrifugation (14,000 rpm, 4˚C, 2 min),

supernatant was quick-frozen in liquid nitrogen and stored at 280˚C. The
pellet was incubated with 110 ml Buffer B (25% glycerol, 20 mM HEPES-
KOH, pH 7.9, at 4˚C, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5
mM DTT, 0.2 mM PMSF, 2 mM benzamidine, and 5 mg/ml leupeptin),
vortexed, incubated on ice (30 min) and centrifuged (14,000 rpm, 4˚C,
5 min). The supernatant was stored as described above.

Harvesting for total protein lysates

Confluent MAEC or fibroblasts in T75 flasks were washed (cold PBS),
harvested by scraping in RIPA buffer (150 mM NaCl, 50 mM Tris, 5 mM
EDTA, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, 10 mg/
ml leupeptin, 1 mM PMSF), incubated (30 min, 4˚C, gentle shaking) and
centrifuged (14,000 rpm, 15 min, 4˚C). Supernatant was stored at 280˚C.
Frozen organs were crushed in liquid nitrogen, resuspended in 53 ex-
traction buffer (20 mM HEPES buffer, pH7.9; 1 mM MgCl2; 5 mM EDTA;
1 mM PMSF; 1 ml per 100 ml HALT2proteinase-inhibitor cocktail; 0.5%
TritonX100; 0.5% NP-40S 0.25% CHAPS, vortexed (30 s) and centrifuged
(14,000 rpm, 30 min, 4˚C), as described by Alhamdani et al. (35). The
supernatant was stored at 280˚C.

Western blotting

Fifteen micrograms of total protein extract, 20 mg cytoplasmic, or 10 mg
nuclear extracts were separated on an 8% Tris gel (CD166/ALCAM) re-
spectively on a 10% Nu-Page gel or 12% Tris gel (RAGE), electroblotted
onto nitrocellulose-ECL membranes, and membranes were blocked with
5% milk solution for 1 h. Membranes were incubated with a primary Ab
(anti-ALCAM [anti-mouse ALCAM Ab, AF1172, dilution 1:800 (R&D
Systems)], anti-NF-kBp50 [Epitomics, Burlingame, CA], anti–NF-kBp65
and anti–NF-kBcRel [Rockland Immunochemicals, Gilbertsville, PA], anti–
NF-kBRelB [Santa Cruz Biotechnology, cat. no. sc-28689; 1:1000 dilution],
anti-RAGE [BioLogo, Kronshagen, Germany, cat. no. AGE001], anti-CD6
[R&D Systems, cat. no. AF750], or anti-S100B [Santa Cruz Biotechnology,
cat. no. sc-28533]) for 1 h, washed in PBS with 0.05% Tween three times,
and incubated with HRP-coupled secondary IgGs (Santa Cruz Biotech-
nology or Cell Signaling Technology, Beverly, MA) at a dilution of 1:2000
for 45 min at room temperature. Immunoreactive proteins were visualized
on x-ray film using ECL-detection reagents (Amersham Bioscience, Little
Chalfont, U.K.) and an exposure time of 3 min.

Immunoprecipitation

Two hundred micrograms of protein (RIPA buffer) in 1.5-ml Eppendorf
tubes were increased in volume to 1 ml by adding immunoprecipitation (IP)
buffer, incubated with 30 ml agarose beads (Protein A/G PLUS-Agarose;
Santa Cruz Biotechnology, cat. no. sc-2003) for 30 min at 4˚C, gently
shaken, and centrifuged at 10,000 3 g for 5 min at 4˚C. The supernatant
was incubated at 4˚C for 1 h with 3 mg of the respective Ab against CD166/
ALCAM (goat anti-mouse ALCAM; R&D Research, cat. no. AF 1172),
RAGE (goat anti-human RAGE Ab; BioLogo, cat. no. AGE001) or S100B
(goat anti-human S100B; R&D Research, cat. no. AF1820) gently shaken.
Thirty microliters of protein A/G PLUS-Agarose was added, and probes
were incubated for 16 h overnight at 4˚C, gently shaken, and then centri-
fuged (10,000 3 g, 10 min, 4˚C). Pellets were washed three times with IP
buffer (1200 rpm, 5 min, 4˚C for each wash step) and once with final wash
buffer, resuspended in 40 ml denaturing buffer, and incubated at 97˚C for 5
min. After centrifugation (4000 rpm, 1 min, room temperature), 10 ml su-
pernatant was separated on 10% SDS gel. After blotting onto a membrane,
immune visualization was performed as described for Western blotting.

Far-Western blotting

Far-Western blotting was performed as described previously (36). Briefly,
20 mg cell lysate from RAGE2/2 MAEC or 1.5 mg recombinant CD166/
ALCAM protein (Recombinant Mouse ALCAM/CD166 Fc Chimera; R&D
Systems, cat. no. 1172-AL) were separated on SDS gels and transferred
to membranes. Proteins on membrane were denatured with AC buffer (100
mM NaCl, 20 mM Tris [pH 7.6], 0.5 mM EDTA, 10% glycerol, 0.1%
Tween-20, 2% skim milk powder, and 1 mM DTT) containing guanidine-
HCl 6M, renatured in AC-buffer (guanidine-HCl 3, 1, and 0.1 M), and in-
cubated in only AC buffer overnight at 4˚C. Membranes were blocked (5%
milk solution, 1 h, room temperature). Incubation with 100 mg of S100B
(S100B protein, bovine brain; Calbiochem, cat. no. 559290) in protein-
binding buffer (100 mM NaCl, 20 mM Tris [pH 7.6], 10% glycerol, 0.1%
Tween-20, 2% skim milk powder, 1 mMDTT, 4 mMCaCl2) was performed
for 3 h at room temperature. EDTA was excluded because of calcium de-
pendency of S100B binding, and 4 mM CaCl2 was included in all subse-
quent buffers. After washing four times with PBS with Tween 20, the
membrane was probed with anti-S100B Ab (goat anti-human S100B; R&D
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Research, cat. no. AF1820) diluted 1:5000 in 3%milk overnight at 4˚C. After
washing in PBS with Tween 20, the membrane was probed with donkey–
anti-goat secondary Ab (Santa Cruz Biotechnology, cat. no. SC-2020) di-
luted 1:2000 in 3%milk for 1 h. Immunoreactive proteins were visualized as
described for Western blotting.

siRNA experiments in cell culture

For silencing or suppressing CD166/ALCAM expression in MAEC, pre-
designed siRNA for ALCAM (Santa Cruz Biotechnology) was transfected
by electroporation (Microporator; Peqlab, Erlangen, Germany). Nonspecific
siRNA served as a control. The efficiency of silencing was confirmed by
Western blot and RT-PCR. Confluent cells were used for experiments
2 d after transfection.

EMSA

Nuclear extracts from MAEC or fibroblasts were assayed for transcription
factor–binding activity using the NF-kB consensus sequence 59-AGTT-
GAGGGGACTTTCCCAGGC-39. Specificity of binding was ascertained
by competition with a 160-fold molar excess of unlabeled consensus oli-
gonucleotides, and protein-DNA complexes were separated from unbound
DNA probe by electrophoresis through 5% native polyacrylamide gels
containing 2.5% glycerol and 0.53 TBE. Gels were dried and exposed to x-
ray film (Amersham Pharmacia, Freiburg, Germany) for 28–48 h at 280˚C
with intensifying screens. For supershift assays, appropriate Abs (same Abs
used in Western blots) against NF-kB subunits were added as indicated in
the figure and incubated on ice for 40 min. Next, they were separated on
a 5% polyacrylamide gel for 6 h and processed as described above.

RT-PCR

RT-PCR was performed after transcription of 2 mg RNA into cDNA (3 ml
oligo-dTs [Promega], 2 ml RNasin, 3 ml dNTPmix, 7 ml 5xAMV buffer, 1
ml reverse transcriptase); 1.5 mg cDNAwas used as starting material in RT-
PCR, and the signal was normalized using the house-keeping gene b-actin
with the following conditions: murine b-actin, forward 59- GCA GCT
CCT TCG TTG CCG GT-39; reverse 59- GGG GCC ACA CGC AGC TCA
TT-39; 95˚C, 180 s, 26 x (95˚C, 30 s, 58˚C [35S], 72˚C 40 s), 72˚C 180s, 4˚C
pause. Primers and conditions for CD166/ALCAM and RAGE were as
follows: murine ALCAM, forward 59-AGT CCA AGA GGA CCC AAG
GT -39; reverse 59-GAC CAA GTC GGA GAC TGA GC -39; 95˚C 180s,
31 x (95˚C 30s, 56˚C 30s, 72˚C 30s), 72˚C 180s, 4˚C pause; murine RAGE
TR GFP forward 59-ATG CTG GCC TTGGGG ATC CTG GGAGGC -39;
FL GFP reverse 59-CGG TCC CCC GGC ACC ATT CTC TG-39; 94˚C
180s, 30 x (94˚C 60s, 70˚C 45s, 72˚C 30s), 72˚C 240s, 4˚C pause. The
PCR products were separated onto 1.7% agarose gels and visualized by
ethidium bromide staining. Amplification of b-actin served as a control
for sample loading and integrity. Reactions lacking cDNA and polymer-
ase served as internal controls.

Histology

Feet were fixed in 4% formalin and decalcified, and 5-mm–thick sections
were cut and stained with H&E according to standard protocols.

Bio-Plex assay

Snap-frozen feet samples were mechanically disrupted and treated with
lysis solution (Bio-Rad). Protein concentration in lysates was determined
using Bradford assay (Bio-Rad). Concentrations of the indicated chemo-
kines were determined using bead-based multiplex protein array technology
(Luminex) according to manufacturer’s instructions for protein multi-
plexing (Panomics Affymetrix). Concentrations for a particular sample
were calculated by the Bio-Plex Manager 4.1.1 software based on the five-
parameter logistic plot regression formula. The detection sensitivity of all
analyses was between 2 pg/ml and 40 ng/ml.

Statistical analysis

Where indicated, values of experimental groups are given as means, with
bars showing the SEM. The means of groups were compared by ANOVA
using Student t test. A probability of p , 0.05 was considered statistically
significant.

Results
An identical degree and time course of the inflammatory response
after induction of DTH was observed in WT and RAGE2/2 mice
(Fig. 1A), as has been noted previously (27). However, sRAGE,
which scavenges all ligands binding to the promiscuous pattern

recognition receptor RAGE, reduced the adaptive immune re-
sponse and foot pad swelling in WT and RAGE knockout
(RAGE2/2) mice to the same degree (27). These data suggested
the existence of a cell surface recognition site distinct from RAGE
(but capable of binding RAGE ligands, as sRAGE served as an ef-
fective soluble decoy receptor), contributing to the adaptive im-
mune response.
To identify ligands bound to sRAGE, proteins extracted from

foot pads after induction of DTH were extracted and loaded onto
a column to which sRAGE was immobilized. Elution of the col-
umns revealed several proteins, among them HMGB-1 and S100B,
but not CD6 (Fig. 1B). Western blot analysis of protein extract
from control and DTH foot pads showed a significant upregulation
of S100B Ag in WT and RAGE2/2 mice (Fig. 1C). S100 proteins
are known to elicit immune responses in diseases characterized by
cross talk between adaptive and innate immune responses (37–41).
Therefore, a search for structural homologs of RAGE was initiated
by searching the PRODOM database, yielding a significant hit
comparing the range from amino acid residues 1–250 of the ma-
ture RAGE protein with the PRODOM database entry PRO-
DOM:3993. Among the 51 sequences of this protein domain,
CD166/ALCAM was chosen as a potential RAGE homolog be-
cause of the similarity of 35% seen by an alignment between
RAGE_HUMAN 1-250 and CD166_HUMAN 95-221 (Fig. 2A).
Modeling and energy minimization showed a structural homology
between CD166/ALCAM (position 28–133) and RAGE (position
25–120; Fig. 2B). Meanwhile, these findings have been reported
in a recent publication by Koch et al. (42), who proved CD166/
ALCAM to be the closest structural homolog to RAGE.

FIGURE 1. Clinical grade of inflammation and upregulation of RAGE

ligands in DTH. (A) DTH time course in WT (n = 20) and RAGE2/2 (n =

19) mice; data from three independent experiments. The grading of the

clinical score was performed as described in Materials and Methods. (B)

Protein extract from footpads of WT mice (one control, one DTH) was

passed along Ni-TED-Resin with attached soluble RAGE, and eluted

proteins were immunoblotted with anti-S100B, anti-CD6, and anti-

HMGB-1 as described inMaterials and Methods. (C) Western blot analysis

of total protein extract of WT and RAGE2/2 footpads (Control = Ctrl and

DTH) using anti-S100B (30 mg of total protein extract), n = 3 animals per

group. Densitometry is normalized to actin, and data are the mean per-

centage 6 SE from three different animals per group. *p , 0.03, **p ,
0.013.
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To confirm the results of our modeling analysis through func-
tional studies in vivo, additional studies were performed. First,
WT MAECs were harvested, and IP was performed with an Ab
directed against either CD166/ALCAM or RAGE. Material im-
munoprecipitated with CD166/ALCAM Ab was separated on a
gel and immunoblotted with anti-RAGE Ab, showing two bands of
equal intensity at the expected size of RAGE (∼50 kDa) and
CD166/ALCAM (∼100 kDa; Fig. 2C). Controls stained with ei-
ther first or second Ab alone showed no signal (Supplemental Fig.
2A). When material was subjected to IP with RAGE Ab and sep-
arated on a gel, immunoblotting with anti-ALCAM Ab showed
two bands (55 and 100 kDa) in which the RAGE signal at 55 kDa
was significantly stronger (Fig. 2D). For further verification,
material immunoprecipitated with RAGE Ab was subjected to
immunoblotting with anti-RAGE Ab, revealing only a band cor-
responding to what would be expected for the size of RAGE (and
possibly sRAGE at ∼30 kDa), but no CD166/ALCAM signal (Fig.
2E). These data suggested that the anti-RAGE Ab might be rel-
atively selective for RAGE, and failure to visualize small amounts
of CD166/ALCAM in Fig. 2E was likely due to the lesser cross-
reactivity of anti-RAGE with CD166/ALCAM). Consistently,
anti-RAGE immunoblotting of total protein lysate from RAGE2/2

mouse liver rich in ALCAM protein (Supplemental Fig. 2B)
revealed an CD166/ALCAM signal at 98 kDa, a clear RAGE
signal at 55 kDa in CD166/ALCAM2/2 lung protein lysate and no
unspecific band either with BSA or secondary Ab treatment only
(Fig. 2F). Commercially available recombinant CD166/ALCAM
protein revealed a dose-dependent signal that disappeared at
CD166/ALCAM concentrations,150 ng of protein (Supplemental
Fig. 2C) and was clearly visible at concentrations of 200 ng recom-
binant ALCAM protein (Fig. 2F).
To test the functional role of CD166/ALCAM, studies were per-

formed in MAEC. CD166/ALCAM Ag expression in MAEC was
confirmed by Western blot, and CD166/ALCAM mRNA was con-
firmed by PCR analysis (Fig. 3A). WT MAECs were cultured to
confluence and were treated with S100B (800 nM, 6 h), followed by
cross-linking with 1.2% formaldehyde and IP with anti-S100B Ab.
After gel separation, immunostaining with anti-ALCAM showed a
band at 120 kDa, the expected size of a CD166/ALCAM-S100B
complex (Fig. 3B). To verify the results and prove binding, Far-

Western blotting was performed. Recombinant full-length CD166/
ALCAM protein was separated, blotted onto a PVDF membrane,
renaturated, and incubated with S100B. After washing, the mem-
brane was probed with anti-S100B Ab, yielding a signal at the ex-
pected size of the CD166/ALCAM-S100B complex (Fig. 3C).
Because S100B is known to bind RAGE, MAECs or mouse fibro-
blasts (where indicated) from RAGE2/2 mice were used for addi-
tional functional studies to rule out confounding interactions in
S100B stimulation experiments.
Limited data are available regarding concentrations of S100B

in inflammatory settings in vivo, with reported ranges from high
nanomolar to micromolar concentrations (43–45). We treated
MAECs with increasing concentrations of S100B and found a
dose-dependent activation of NF-kB, with activation being half
maximal at a concentration of ∼400 nM and reaching a plateau at
800–1000 nM (Fig. 3D). This corresponds well to the micromolar
concentrations of S100B found in vivo (42–44). Therefore, an
S100B concentration of 800 nM was used in our additional
studies. Treatment of MAECs with 800 nM S100B led to a time-
dependent activation of NF-kB, with an apparent maximum at 6 h
(Fig. 3E). Next, silencing of CD166/ALCAMexpression in RAGE2/2

MAECs was performed 2 d prior to treatment with S100B using
siRNA against CD166/ALCAM. Transfection resulted in virtually
complete suppression of CD166/ALCAM Ag expression as shown
by PCR and Western blotting (Fig. 3F) without affecting cell via-
bility or attachment of cells to the growth substrate. NF-kB acti-
vation upon stimulation with S100B was completely abolished
when RAGE2/2 MAECs were pretreated with siRNA against
CD166/ALCAM (Fig. 3G). Thus, NF-kB activation by S100B is
dependent on the ALCAM-S100B interaction in the absence of
RAGE (Fig. 3H). The same results were seen with RAGE2/2

fibroblasts (data not shown).
To determine which specific subunits of NF-kB were induced or

activated by CD166/ALCAM-mediated S100B-induced signaling,
a super shift was performed either without (Fig. 3I) or with (Fig.
3J) prior silencing of CD166/ALCAM expression in MAECs from
RAGE null mice. S100B induced a strong signal for p50 and a
weaker signal for p65, both of which were significantly attenuated
by siRNA against CD166/ALCAM. In addition, a weak RelB
signal was attenuated by siRNA against CD166/ALCAM. Western

FIGURE 2. RAGE and ALCAM show similarity in quaternary structure and Ab cross-reaction. (A) Sequence alignment between RAGE_HUMAN 1-250

and CD166_HUMAN 95-221 was performed with the program GAP. (B) Superposition of ALCAM (blue) and RAGE (orange; JCE V.1.1). (C) Total cell

lysate from WT MAEC was subjected to IP with anti-ALCAM, separated, and stained with anti-RAGE (1:200). (D) IP with anti-RAGE Ab was separated

and stained anti-ALCAM (1:200). (E) IP material as in (D) with immunoblot anti-RAGE. (F) Immunoblot anti-RAGE (1:1250) with different murine tissue

protein extract and recombinant ALCAM protein: 1, 35 mg RAGE2/2 liver extract; 2, 30 mg ALCAM2/2 lung extract; 3, 15 mg bovine serum albumin; 4,

35 mg RAGE2/2 liver extract, no first Ab, only second Ab; 5, 200 ng recombinant mouse ALCAM.
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blot analysis of nuclear cell extracts in part confirmed these
results, showing suppression of p50 and RelB, but no significant
difference in the p65 signal after siRNA against CD166/ALCAM
(Fig. 3K).
To understand the potential significance of our findings in the

in vivo milieu, a model of DTH was used. WTand RAGE2/2 mice
sensitized to mBSA either were pretreated with siRNA against
CD166/ALCAM before injection of mBSA or received control
injections before induction of inflammation. Animals were sub-
sequently studied at the peak of inflammation, 24 h after mBSA
injection. Pretreatment with siRNA against CD166/ALCAM sig-

nificantly decreased the clinical inflammation score in the footpad
of WT by 50% (Fig. 4A) and in RAGE2/2 mice by 40% (Fig.
4B), and PCR from foot material confirmed significant suppression
of CD166/ALCAM expression (Fig. 4C). Consistent with these
results, siRNA against CD166/ALCAM decreased DTH-mediated
induction of proinflammatory cytokines IL-1b, IL-17, CCL-3,
CCL-4, CCL-11, and KC by .60% in WT mice (Fig. 4D–I) as
well as in RAGE2/2 mice (not shown). At the same time, ex-
pression of GM-CSF and G-CSF remained unchanged (Fig. 4J,
4K), and expression of anti-inflammatory cytokines IL-10 and IL-
13 was even enhanced in the CD166/ALCAM-devoid inflamma-

FIGURE 3. ALCAM is expressed on MAECs and binds S100B, leading to an ALCAM-dependent NF-kB activation in RAGE2/2 MAECs. (A) RAGE2/2

MAECs express ALCAM mRNA as shown by PCR in lane 1 (results of three different cell populations 1–3 are shown) and ALCAM Ag as shown by

Western blot in lane 2 (results of four different cell populations a–d are shown). (B) RAGE2/2 MAECs incubated with 800 nM S100B for 6 h were cross-

linked (control: no cross-linking) and harvested. Next, immunoprecipitation of protein lysate was performed with anti-S100B as described in Materials

and Methods. The IP material was separated and stained with anti-ALCAM Ab (1:600). (C) Recombinant ALCAM was separated using electrophoresis,

transferred to a membrane, and renatured. Incubation with S100B overnight was followed by washing and anti-S100B staining as described in Materials

and Methods. (D) S100B treatment for 6 h leads to a dose-dependent increase of NF-kB–binding activity in RAGE2/2 MAECs, determined by EMSA.

Densitometry normalized to consensus (background). (E) Time course of NF-kB–binding activity from MAECs incubated with 800 nM S100B. Time

points are indicated on the x-axis. Lane 8 contains specificity control with unlabeled consensus NF-kB oligonucleotide. The experiment was repeated two

times, and EMSA of one representative experiment shown. Densitometry of two experiments, normalized to consensus (background). (F) ALCAM si-

lencing in RAGE2/2 MAECs leads to highly efficient suppression of ALCAM protein and mRNA expression 2 d after transfection, as shown in Western

blot and PCR. (G) ALCAM silencing in RAGE2/2 MAEC 2 d prior to treatment with 800 nM S100B (for time points as indicated on x-axis) leads to 90%

inhibition of NF-kB–binding activity. The experiment was repeated two times, and EMSA of one representative experiment is shown. Densitometry of

two experiments, normalized to consensus (background). (H) S100B treatment (800 nM) at optimal time point of 6 h on NF-kB–binding activity of

MAEC RAGE2/2 with and without ALCAM silencing. Data are the mean percentage 6 SE from three independent experiments. *p , 0.01, **p ,
0.009. (I) Supershift (anti-p50, anti-p65, anti-cREL, anti-RelB, or anti-p52 Abs) from RAGE2/2 MAECs treated with 800 nM S100B for 6 h. Lanes: 1,

control; 2, S100B treated; 3–7, S100B treated (Abs as specified); 8, consensus oligo. (J) Supershift as in (I), but with prior ALCAM silencing. (K) Western

blot for different NF-kB subunits with 10 mg of nuclear extract from RAGE2/2 MAECs after 6 h of 800 nM S100B with (2) or without (3) prior silencing

of ALCAM. Lane 1, control without S100B.
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tory setting (Fig. 4L, 4M), and Sham-transfected mice showed
no diminished inflammation. Therefore, siRNA against CD166/
ALCAM has a strong inhibitory effect on inflammation in this
setting.
For further investigation of these findings, CD166/ALCAM2/2

mice were studied in more detail. Despite a complete absence
of detectable ALCAM mRNA or protein in homozygous null
ALCAM mice, these animals displayed only a tendency toward
less inflammation, compared with WT animals (Fig. 4A), but no
significant difference in the intensity (Fig. 4N) or time-course of
inflammation (data not shown). At first, these results seemed con-
tradictory to the findings described above, regarding the role of
CD166/ALCAM in DTH, unless a compensatory response in an-
other limb of the inflammatory response accompanied the loss of
CD166/ALCAMexpression. These results led us to consider whether
loss of CD166/ALCAM could be accompanied by upregulation
of RAGE in light of their cooperation in the context of S100B-
mediated inflammation. To examine this hypothesis, total protein
extract fromWT, RAGE2/2, or CD166/ALCAM2/2MAEC or total
protein extract from WT, RAGE2/2, or CD166/ALCAM2/2 feet
was subjected to Western blotting. Indeed, significant upregulation
of RAGE was found in the CD166/ALCAM2/2 MAEC (Fig. 5A),
and RAGE showed a tendency toward upregulation in the feet of
ALCAM2/2 mice, although it was not statistically significant (Fig.
5B). We also observed a statistically significant upregulation of
CD166/ALCAM in RAGE2/2MAEC (Fig. 5C) compared withWT
MAEC, and upregulation of CD166/ALCAM was regulated statis-
tically significant in the feet of RAGE2/2mice (Fig. 5D). The same
upregulatory mechanisms were seen in feet after induction of DTH.
Therefore, the loss of CD166/ALCAM is accompanied by recip-
rocal upregulation of RAGE in baseline cultured cells and animals
with and without DTH, and vice versa.
To further test the hypothesis of compensatory upregulation of

RAGE in CD166/ALCAM2/2 animals, DTH experiments were
initiated in WT and ALCAM2/2 animals with siRNA against
RAGE as indicated (Fig. 6A). In WT animals, siRNA against
RAGE did not significantly influence the degree of inflammation,
in contrast to siRNA against CD166/ALCAM (Fig. 4A). These
results are consistent with primacy of CD166/ALCAM-dependent
mechanisms in DTH in WT animals. In contrast, in ALCAM2/2

animals, pretreatment with siRNA against RAGE led to a sig-
nificant decrease in the DTH response by 35% (Fig. 6A), con-
firming the functional substitution of RAGE for CD166/ALCAM
in ALCAM2/2 animals. To verify and confirm these results,
ALCAM2/2 RAGE2/2 DKO mice were produced. DTH was in-
duced in WT, ALCAM2/2, RAGE2/2, and ALCAM2/2 RAGE2/2

DKO mice (Fig. 6B) in two separate experiments with a large
number of animals. Experiments revealed a statistically significant
reduction in DTH by 15% in the ALCAM2/2 animals (p, 0.015),

FIGURE 4. DTH clinical score and cytokine expression in WT and

RAGE2/2 mice with and without prior siRNA ALCAM and DTH in

ALCAM2/2 mice. Time point is 24 h after DTH induction. (A) Repre-

sentative pictures of DTH in left footpads of WT mice, compared with

control, siALCAM-treated, and sham-transfected animals. Data of clinical

inflammation scores are the mean 6 SE from three independent experi-

ments, with a total number of animals per group as indicated (n). *p ,
0.01. (B) DTH in RAGE2/2 mice with and without prior treatment with

siRNA ALCAM or sham transfection. Data for clinical inflammation score

are the mean 6 SE from three independent experiments with a total

number of animals per group as indicated (n). *p, 0.01. (C) Densitometry

of ALCAM PCR from footpads of WT and RAGE2/2 mice, with and

without prior ALCAM siRNA transfection; n = 2 animals per group. (D–

M) Expression of inflammation-related cytokines determined by Plex

analysis of footpad lysate 24 h after DTH induction in WT mice. Footpad

material was processed for Plex analysis as described in Materials and

Methods. (D–I) Expression of proinflammatory cytokines is augmented in

DTH footpads of WT mice treated with siRNA ALCAM before induction

of inflammation. (J and K) Expression of GM-CSF and G-CSF is not

changed. (L and M) IL-10 and IL-13 expression is elevated. Results of

multiplex analysis from one experiment. (N) Control and DTH in ALCAM2/2

mice. Data for clinical inflammation score are the mean 6 SE from three

independent experiments, with a total number of animals per group as in-

dicated (n). **p , 0.001.
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compared with WT animals. This finding does not contradict the
results shown in Fig. 4N; rather, it reinforces that the RAGE-
dependent compensation in ALCAM2/2 animals does not fully
restore the inflammatory response to the normal level and that large
group sizes are crucial to reveal this.
Compared with WT animals, the ALCAM2/2 RAGE2/2 DKO

mice showed a significant reduction by 27% in clinical inflam-

mation score (p , 0.045). This reduction is smaller compared
with that achieved by small inhibitory RNA against CD166/
ALCAM (siALCAM) treatment in WT, because of the lack of
compensatory RAGE upregulation at this early time point. The
27% reduction in inflammation in the ALCAM2/2 RAGE2/2

DKO mice is more than that seen in CD166/ALCAM2/2 alone,
but not as dramatic as expected. This result is probably due to
several mechanisms that are under active investigation, involving
significant genotype specific variations in the expression of TLRs
with, for example, TLR2 being upregulated 2.5-fold in ALCAM2/2

RAGE2/2 DKO, compared with WT, and even downregulated 0.5-
fold in ALCAM2/2. In addition, RAGE2/2 mice show an increased
leukocyte adherence and infiltration at the site of inflammation
(R. von Bauer and A. Sulaj, unpublished observations). Taken to-
gether, the findings are consistent with a compensatory pathway
by which S100B can bridge the RAGE- and CD166/ALCAM-
mediated immune response mechanisms, with a more dominant
role of CD166/ALCAM, compared with RAGE, in DTH.

Discussion
The data in this study show that CD166/ALCAM and RAGE can
functionally substitute for each other in the context of S100B-
induced inflammatory responses (in this context, DTH). Whereas
RAGE and S100B interaction has been described in detail (12, 46),
CD166/ALCAM-S100B interaction and consequent activation of
NF-kB have not been described. The results of our cross-linking
data demonstrate CD166/ALCAM – S100B complex (Fig. 3B),
and Far-Western blotting shows CD166/ALCAM–S100B binding
(Fig. 3C). Further characterization of the binding properties is
currently under active study in our laboratory.
The functional data show that S100B causes, via interaction with

CD166/ALCAM, a dose- and time-dependent activation of NF-kB,
reaching a maximum at an S100B concentration of ∼800 nM. This
concentration is consistent with several published in vitro and
in vivo data. In vitro, S100B binding to the tumor suppressor pro-
tein p53 has been shown to be saturated at ∼800–900 nM (47). In
inflammatory diseases of the gut, S100B expression is strongly
increased (41) and dose-dependently induces the expression of
iNOS, with optimal NO production at 500–5000 nM S100B (44).
In vivo, patients with rheumatoid arthritis patients show micro-
molar S100B serum concentrations (48), and patients with Alzheimer
disease or HIV infection show micromolar concentrations of
S100B in the cerebrospinal fluid (49). Lymphocytes as well as
glioma cells and hippocampal tissue can produce and secrete S100B
upon stimulation (50–53) with IL-1b and other proinflammatory
cytokines. Despite the rather short plasma half-life time of S100B
(30–120 min) (54, 55), local accumulation of S100B at sites of
inflammation because of rapid and massive secretion by proinflam-
matory cells probably leads to the nanomolar concentrations needed
for optimal interaction with ALCAM. Furthermore, posttrans-
lational S100B modification can enhance its proinflammatory
capacity (21).
The NF-kB subunits activated by S100B-ALCAM interaction,

with p50 and p65 as the most prominent members, are of special
interest. Until now, perpetuation of inflammation via NF-kB has
been a hallmark of RAGE, based on its ability to induce de novo
synthesis of p65 (25) and induction of epigenetic modulations
through diabetes mellitus (56, 57). In the CD166/ALCAM-S100B
axis, perpetuation of inflammation is more likely to depend on
cell-cell interaction following the initial signaling event, because
in vitro induction of NF-kB persisted for not more than 16 h.
Accordingly, a recent work identified an innate immune gene re-
sponse upon modulation of CD166/ALCAM in melanoma (35),
a cancer also characterized by expression of S100B.

FIGURE 5. Compensatory upregulation of RAGE in ALCAM2/2 and

of ALCAM in RAGE2/2 mice. (A) Western blot using anti-RAGE in WT

and ALCAM2/2 MAECs. (B) Western blot using anti-RAGE in WT and

ALCAM2/2 feet. (C) Western blot using anti-ALCAM inWTand RAGE2/2

MAECs. (D) Western blot using anti-ALCAM in WT and RAGE2/2 feet.

The bar graphs show densitometry normalized to actin, number of different

cell populations, or feet from separate animals as indicated. Data are the

mean percentage 6 SE. p , 0.05 was considered statistically significant.

FIGURE 6. Effects of siRNA RAGE on DTH clinical score in WT and

ALCAM2/2 mice, and effect of ALCAM2/2 RAGE2/2 double knockout

on DTH clinical score. The time point is 24 h after DTH induction. (A)

Mean clinical inflammation score in left footpads of WT mice with and

without prior siRAGE treatment and of ALCAM2/2 mice with prior

siRAGE treatment. Number of animals per group is indicated (n). (B)

Mean clinical inflammation score in WT, ALCAM2/2, RAGE2/2, and

ALCAM2/2 RAGE2/2 DKO mice with number of animals per group as

indicated (n). Control animals of all groups without DTH showed no in-

flammation (clinical score = 1). Data for clinical inflammation score are

the mean 6 SE from two independent experiments in (A) and (B) each,

with a total number of animals per group as indicated (n). *p, 0.02, **p =

0.015, ***p , 0.045.
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The data presented in this study show upregulation of CD166/
ALCAM in the RAGE2/2 mice and vice versa (to a lesser de-
gree). In knockout animals, compensatory upregulation (58–60),
as well as assumption of function by other protein family mem-
bers, shown for the NF-kB family (61) and others (62), are
mechanisms to cope with the loss of function. Prior treatment with
siRNA against RAGE diminished the degree of DTH only in
ALCAM2/2 mice, but not in WT mice, supporting our findings
that RAGE is of importance in DTH only when CD166/ALCAM
expression is deleted. RAGE belongs to the family of innate im-
mune receptors, sharing properties with TLRs and interacting in
a complex network (16). The data presented in this study establish
CD166/ALCAM as another member of this network and provide
insight into a relationship between CD166/ALCAM and RAGE on
both structural and functional levels. The only 27% reduction in
clinical inflammation score in DKO mice compared with WT
mice revealed additional proinflammatory changes in the regula-
tory network, involving TLR2 and others. These processes that
also involve significant functional and expressional differences
in IL-17 are now under active investigation (R. von Bauer and
A. Sulaj, unpublished observations).
Although the biological and physiologic roles of potential

CD166/ALCAM–RAGE compensation remain to be fully identi-
fied, the siRNA experiments revealed that this interaction is a
complex spatiotemporal process. The close relationship of both
receptors is important also in the context of experiments with
RAGE2/2 animals, where upregulation of CD166/ALCAM might
contribute to the observed results. Furthermore, experimental
results based on use of RAGE Abs or sRAGE might partly be
CD166/ALCAM mediated instead. In experimental autoimmune
encephalitis (EAE), anti-RAGE Ab, sRAGE, and anti-ALCAM Ab
led to significantly reduced disease severity (63, 64), whereas
animals with CD4+ T cells devoid of functional RAGE show di-
minished but still detectable EAE (63). In patients with multiple
sclerosis, CD166/ALCAM is upregulated (64), and CD166/
ALCAM polymorphism correlates with risk and progression of
multiple sclerosis in humans (65). EAE in CD166/ALCAM2/2,
RAGE2/2, and ALCAM2/2 RAGE2/2 DKO animals might reveal
confounding effects of possible Ab cross-reactivity.
The orchestration of a specific CD166/ALCAM-dependent re-

sponse to S100B in the presence of RAGE is not studied in detail,
although we propose various mechanisms to explain the apparent
primacy of the S100B-ALCAM axis: the receptor composition at
the site of inflammation and its change by regulatory mediators is
probably an important component. RAGE is constitutively expressed
at high levels in the lung only (7), whereas CD166/ALCAMbaseline
expression in the footpad during DTH is higher and becomes en-
hanced by the rapid increase of TNF-a, G-CSF, and GM-CSF in
DTH, factors known to upregulate CD166/ALCAM (66, 67). This
potentially results in preferential binding of S100B to CD166/
ALCAM. A positive feedback loop with involvement of the
known p65 binding site in the ALCAM promoter (68) could also be
operative, further increasing CD166/ALCAM expression. Further-
more, the increase of anti-inflammatory cytokines following siRNA-
mediated CD166/ALCAM suppression (Fig. 4N, 4O) suggests that
CD166/ALCAM leads to suppression of anti-inflammatory cyto-
kines. In addition, metabolic acidosis at the site of inflammation (69)
impairs the formation of RAGE homodimers needed for S100B-
induced RAGE activation (42) and the formation of S100B
oligomers with higher RAGE affinity (12, 47).
Our results show structural similarity and reciprocal comple-

mentary expression of CD166/ALCAM and RAGE. The data in-
dicate possible time- and spatial-dependent contributions of CD166/
ALCAM and RAGE in the context of S100B-driven initiation,

perpetuation, and possibly termination of inflammation. S100B
is therefore a ligand interacting with two pattern-recognition re-
ceptors, thereby bridging RAGE and CD166/ALCAM downstream
effector mechanisms.
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associated sustained activation of the transcription factor nuclear factor-kap-
paB. Diabetes 50: 2792–2808.

26. Hermani, A., B. De Servi, S. Medunjanin, P. A. Tessier, and D. Mayer. 2006.
S100A8 and S100A9 activate MAP kinase and NF-kappaB signaling pathways
and trigger translocation of RAGE in human prostate cancer cells. Exp. Cell Res.
312: 184–197.

27. Liliensiek, B., M. A. Weigand, A. Bierhaus, W. Nicklas, M. Kasper, S. Hofer,
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