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Surface plasmon resonance (SPR)-based biosensors are established tools for measuring biomolecular

interactions between unlabeled analytes in real time, and are thus an ideal method to evaluate G

protein-coupled receptor (GPCR) binding interactions. Using as a vehicle lentiviral particles bearing the

chemokine receptor CXCR4 in its native plasma membrane context, SPR analysis can be performed

using the particles as specific receptors to monitor the CXCR4 interaction with its ligand, CXCL12.

The method shows linear correlation in the 5–40 nM range, with low intra- and inter-assay variation, a

relative standard deviation o10%, chip-to-chip variation o12%, with stability of the sensor response

for more than 150 measurements in the same chip over a four-week period. Our objective was to

develop a method for rapid detection and quantification of analytes such as CXCL12 in biological

samples, with no need for pretreatment. As a proof of concept, we tested for CXCL12 in urine samples

from rheumatoid arthritis patients, who have elevated levels of this chemokine in plasma and synovial

fluid. The biosensor method allowed sensitive, reproducible CXCL12 detection in the physiological

range, suggesting its value for the diagnosis of autoimmune disorders.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Biomarker detection is critical for the diagnosis of many
diseases, to precisely define pathological states and to predict
patient response to specific treatments for cancer, inflammatory
and autoimmune disorders. Efforts have been made in recent
years to develop sensitive, reproducible diagnostic assays for
these conditions. Among these, label-free nanosensors show
considerable potential for the detection of small molecules of
clinical interest; these biosensors are ultrasensitive, work in real
time, and allow parallel detection of several molecular species [1,2].
Sensors based on surface plasmon resonance (SPR) register
biomolecular interactions as increases in refractive index due to
mass accumulation at the sensor surface [3]; they have been
widely used as detection systems for medical diagnostics and
environmental monitoring [4,5].
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Although the application of biosensors to analyte detection is
not difficult in itself, the complex nature of clinical samples
complicates discrimination between specific and non-specific
interactions. The use of specific, high affinity antibodies facilitates
detection and increases assay sensitivity [6]. Adequate antibodies
are not always available, however, and in some cases, specificity
is incompatible with the recognition of multiple forms of a
protein of interest. This is relevant when evaluating clinical
samples, as proteins can be modified by interaction with other
proteins, by proteolytic cleavage [7], and/or by other processes
including sulphation [8] and citrullination [9,10]. As an alterna-
tive to antibodies, the native receptor for a protein can be used.
Specific detection is facilitated when the receptor is purified or
when, after detergent solubilization, it retains its ability to bind
ligands. Some receptors are nonetheless sensitive to solubilization
processes, which render them non-functional [11]; this is espe-
cially true for the G protein-coupled receptor (GPCR) family.
The GPCR are characterized by seven membrane-spanning
a-helices (Dixon et al. 1986) that render the receptor extremely
hydrophobic; it thus requires a lipid environment to maintain its
native conformation [12]. Some attempts have been reported to
use biosensors to study membrane-associated GPCR. In all cases,
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these experiments were based on capture of detergent-solubilized
GPCR prior to reconstitution in a lipid environment [13], introducing
detergent-induced variability [14].

GPCR are the largest family of integrated membrane proteins,
and include receptors for hormones, neurotransmitters, calcium
ions and chemokines, among other molecules; they have become
the principal target of pharmaceutical drugs. As key mediators in
many diseases, the chemokines and their receptors have attracted
considerable attention from researchers. The chemokines are a
family of small proteins, originally described as proinflammatory
cytokines that regulate leukocyte trafficking in homeostatic and
inflammatory processes [15]. Here we focused on the chemokine
CXCL12, the only ligand for the CXCR4 receptor; it is expressed in
a wide variety of tissues and has a central role in development
and hematopoiesis. Mice lacking CXCR4 show defective vascular
development, hematopoiesis and cardiogenesis, and die perina-
tally [16]; CXCL12-deficient mice are characterized by defective B
cell lymphopoiesis and myelopoiesis, as well as abnormal neuro-
nal and cardiovascular development [17]. In humans, the CXCR4/
CXCL12 axis is implicated in cancer [18], pulmonary fibrosis [19],
HIV-1 infection [20] and rheumatoid arthritis (RA) [21,22].
CXCL12 levels are increased in synovial fluid and plasma of RA
patients [22]; in this disease, CXCL12 activates fibroblast-like
synoviocytes, stimulates angiogenesis [21], and degrades the
cartilage matrix by triggering chondrocyte release of matrix
metalloprotease 3 [7]. Studies by Grassi et al. also show that
elevated CXCL12 levels in RA patient synovial and bone tissue
promotes pathological bone loss by recruiting and activating
osteoclasts [23].

We developed a rapid SPR method to determine whether
CXCL12 is present in urine, and tested it in samples from RA
patients to assess whether it can be used as a diagnostic marker.
The technique uses CXCR4 in the context of the cell membrane,
which is incorporated into lentiviral particles. The virions are
prepared from transfected cells bearing the receptor of interest;
they are easily purified and attached covalently to the biosensor
surface. Lentiviral particles bearing CXCR4 are generated in mild
conditions; in a previous study, we used ligand binding assays
and a specific antibody that recognizes a conformational CXCR4
epitope to demonstrate that this complex protein remains unal-
tered [24].

The method enables multi-analyte detection using parallel
flow cells, requires no sample pretreatment, and is sufficiently
sensitive and reproducible to detect variations in protein con-
centration at physiological levels. This procedure could have
general applications, as it would allow identification of a wide
variety of physiologically active analytes in biological samples;
nonetheless, other receptors must be studied to establish this
technique as a reference for receptor-based interaction studies.
Using lentiviral particles attached to the surface of the SPR
biosensor, we show that SPR is a valid technique for detection
of CXCL12 binding to its native receptor, and that it can be used to
detect this chemokine in urine samples from RA patients.
2. Material and methods

2.1. Cell and reagents

Human embryonic kidney 293 T cells (HEK293T) were from
the American Type Culture Collection (CRL-11268; Manassas, VA).
Antibodies used were CXCR4-01 [25], IgM-SPRD (Bioscience, San
Diego, CA) and anti-VSVG mAb (Abcam, Cambridge, UK).
AMD3100 was from Sigma-Aldrich (St. Louis, MO), CXCL12 and
CCL3 chemokines from Peprotech (Rocky Hill, NJ), and LVTHM,
PAX2 and VSVG plasmids from Tronolab (Lausanne, Switzerland).
Mercaptoundecanoic acid, N-hydroxysuccinimide (NHS) and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) were from Sigma-Aldrich. Trichloroethylene, acetone, etha-
nol, sulfuric acid and hydrogen peroxide were from Merck
(Darmstadt, Germany). PBS (10 mM phosphate pH 7.4, 137 mM
NaCl, 2.7 mM KCl) and Tween 20 were from Panreac Quimica
(Barcelona, Spain). Ethanolamine hydrochloride was from Acros
Organics (Geel, Belgium). The Quantikine Human CXCL12/SDF-1a
immunoassay kit was from R&D Systems (Abingdon, UK).

2.2. Lentiviral particle production, purification and characterization

Lentiviral particles were produced by JetPei (Polyplus, Illkirch,
France) cotransfection of HEK293T cells with LVTHM, PAX2 and
VSVG plasmids at a 1:1:1 ratio. At 72 h post-transfection, the
supernatant was collected, and cell debris removed by low-speed
centrifugation and 0.22 mm filtration. The supernatant was
centrifuged through a 20% sucrose cushion in a Beckman SW55
rotor (247,000xg, 2 h, 4 1C) and the pellet resuspended in PBS.
Lentiviral particles were aliquoted [107 transducing units (TU)/ml;
234728 CXCR4 molecules/particle] and stored at �80 1C [24].

For CXCR4 siRNA lentiviral particle production, two siRNA
duplexes of CXCR4 were designed [24] and transfected into
HEK293T cells at a final concentration of 120 nmol/L using JetPei.
Lentiviral particles were produced and characterized as above.

2.2.1. Flow cytometry analysis

HEK293T cells were plated in V-bottom 96-well plates
(2.5�105 cells/well) and incubated (30 min, 4 1C) with 50 ml/well
anti-human CXCR4-01 mAb (30 mg/ml), followed by IgM-SPRD.
Cell-bound fluorescence was determined in a Profile XL flow
cytometer (525 nm; Beckman Coulter, Miami, FL). For character-
ization by flow cytometry, lentiviral particles were coupled to
latex beads (15 min at RT) and stained for CXCR4 as above.

2.2.2. Western blot and enzyme-linked immunosorbent assays

Lentiviral particles were analyzed in Western blot using
antibodies specific for vesicular stomatitis virus G (VSVG) protein
and for CXCR4 [25]. For urine samples, the Quantikine Human
CXCL12/SDF-1a immunoassay kit was used according to manu-
facturer’s instructions. Linearity of detection was between
0.312 pg/ml and 10 ng/ml CXCL12.

2.3. Urine samples

Second morning urine samples were collected from five
healthy donors and five patients with active rheumatoid arthritis
(DAS28Z5.1) at the Hospital Puerta de Hierro (Madrid, Spain).
pH was measured and samples were aliquoted and stored at -
20 1C. Samples were not centrifuged, filtered or pH neutralized.
All patients and controls were female, mean age 45 years old (range
35–55 years). All study participants gave informed consent.

2.4. Instrumentation

The surface plasmon resonance device is home-made and
works in the Kretschmann configuration using a glass prism
coupler structure [4]. The sensor has two flow cells with a volume
of 0.3 ml each, and permits two independent sample measure-
ments. The prototype incorporates other required optics compo-
nents and an electronic module, computer-controlled pumps,
valves and automated fluid injection. All measurements in this
study were performed by sample injection using the flow delivery
system, to ensure injection of 350 ml of sample while maintaining



B. Vega et al. / Talanta 109 (2013) 209–215 211
a continuous flow of running buffer (20-60 ml/min). Further
description of this SPR system can be found elsewhere [4].
2.5. Immobilization of viral particles

Gold chips were cleaned with trichloroethylene, acetone and
ethanol, immersed in piranha solution [H2SO4:H2O2 (3:1)], rinsed
with water, ultrasonicated (5 min) and dried with an N2 stream.
The chip was placed over the flow cells and the prism was
optically coupled to the chip using refractive index matching
oil. A constant flow speed of 20 ml/min was maintained through-
out the immobilization process. A carboxyl-terminated alka-
nethiol self-assembled monolayer (SAM) was formed on the
gold chip by flowing mercaptoundecanoic acid (0.05 mM
solution in ethanol; 20 min); alkanethiol excess was rinsed with
ethanol, followed by water before the next immobilization step.
The carboxylic surface was activated with 0.2 M EDC and 0.05 M
NHS to form an N-hydroxysuccinimide ester intermediate, fol-
lowed immediately by injection of lentiviral particles diluted in
acetate buffer (10 mM NaOAc). Lentiviral particles were coupled
covalently to the ester via amine groups. The surface was blocked
with 1 M ethanolamine, pH 8.5. Once particles were immobilized,
PBS-T (0.05% Tween20, pH 7.4) flow was adjusted to 60 ml/min.
All procedures were performed in controlled room temperature
conditions (20–24 1C).
2.6. Data analysis

Sensorgrams were corrected for signals obtained in a reference
flow chamber in which buffer without CXCL12 was used. Statis-
tical analysis was performed using a non-linear regression equa-
tion applied to the Mann-Whitney model with a 95% confidence
interval and unpaired Student’s t-test (GraphPad PRISM 5.0).
3. Results and discussion

3.1. Characterization of CXCR4 on the lentiviral particle surface

HEK293T cells were used to generate lentiviral particles. These
cells, which express endogenous CXCR4 as analyzed by Western
blot (Fig. 1A), were transiently cotransfected with plasmids
bearing genes to generate the lentiviral particles (LVPX4).
We evaluated CXCR4 on LVPX4 by coupling particles to latex
beads, followed by flow cytometry analysis with a CXCR4-specific
antibody (Fig. 1B). Results were confirmed by Western blot; the
VSVG viral core protein was used as control (Fig. 1A).
3.2. Lentiviral particles on the biosensor surface

The standard technique for attaching biomolecules to the gold
surface of a SPR chip is to generate a self-assembling monolayer
(SAM) [26]. A SAM generally consists of long-chained (C12 and
higher) n-alkylthiols with organic functional groups, which link
easily to the gold film via thiol groups [27]. We studied the
influence of pH on LVPX4-conjugate covalent coupling to the SAM
using buffer solutions over a pH range of 4–8 (Fig. 1C). Optimal
lentiviral particle immobilization was found using 10 mM acetate
buffer pH 6, which was fixed for the rest of the experiments. After
testing several LVPX4 concentrations, we used LVPX4 at satura-
tion (3�105 TU/ml; 234728 CXCR4 molecules/particle). Lenti-
viral particles were attached simultaneously to the two activated
sensor surfaces (Fig. 1D).
3.3. SPR characterization of LVPX4

We tested the ability of CXCR4 present on LVPX4 to bind the
specific ligand CXCL12. For this direct detection format (Fig. 1E),
the SPR sensor flow cell was loaded with running buffer, the
baseline stabilized, and a 360 ml sample was injected over the
sensor surface (6 min, 60 ml/min). The sample was replaced by
running buffer to stabilize the signal. As an appropriate assay
buffer can greatly reduce non-specific binding to matrix compo-
nents, we analyzed PBS in a pH range from 6.5-8 and ionic
strength from 150–500 mM NaCl. For CXCL12, buffer with pH
7–7.5 increased specific interactions (Fig. 2A); in addition, lenti-
viral particles were damaged at ionic strengths 4200 mM (not
shown). The running buffer used for experiments was thus PBS-T
(137 mM NaCl, pH 7.4, 0.05% Tween-20). The SPR response was
linear for CXCL12 concentrations from 5 to 40 nM, with SPR
values of 0.1-1.3 arbitrary units (Fig. 2B), and saturation was
reached at 80 nM. As a negative control, we tested binding of
CCL3, which does not interact specifically with CXCR4; no SPR
signal was detected (Fig. 2C). The presence of CXCR4 in the
immobilized virions was always confirmed by injecting anti-
CXCR4 antibody, which showed an increase in signal (Dffi2.1 a.u.
for 10 mg/ml); an isotype-matched control antibody IgM gave no
SPR signal (Fig. 2C).

The basis of the biosensor is to establish a stable, specific
complex between an analyte and the chip-immobilized ligand.
To analyze the specificity of the interaction between CXCR4 and
CXCL12, we tested inhibition of CXCL12 binding to its receptor by
the CXCR4 antagonist AMD3100 [28,29]. AMD3100 was added to
running buffer at a saturating concentration (100 mM) and incor-
porated into the CXCL12 solution. The inhibitor markedly reduced
the CXCL12 signal (80% for 20 nM CXCL12; Fig. 2D). To confirm
this specificity for CXCL12/CXCR4 interaction, we prepared LVP
from HEK293T cells previously transfected with specific siRNA for
CXCR4 (siLVPX4), as described [24]. We observed 87.6675.37%
signal reduction compared to the signal for wt particles (Fig. 2E).
The signal was comparable to that in control flow chambers.
The results indicated that LVPX4 immobilized on the sensor chip
bore CXCR4, and that interaction with CXCL12 was mediated
specifically by this receptor.
3.4. Regeneration and reusability

Regeneration of covalently immobilized CXCR4 without damage
to its physical-chemical properties is essential for repeated use of
the sensor chip. A regenerable sensor surface ensures reliability of
the system, which requires complete ligand-particle complex dis-
sociation with no significant loss of assay sensitivity. In addition,
reusability and precision are important performance parameters for
sensors [30], as they indicate sensor capacity to reproduce measure-
ments. To estimate sensor surface activity during measurements, we
tested several regeneration solutions (5–100 mM HCl, 100 mM
NaOH, 50–200 mM NaCl, acetic acid); 5 mM HCl regenerated the
surface completely and permitted its prolonged use. CXCL12
(20 nM) injection/regeneration cycles over a period of several days
showed o12% variation in the CXCL12 response (Fig. 2E); CXCR4
withstood at least 150 regeneration cycles with no notable signal
loss compared to initial binding values. We found no marked loss of
ligand/receptor complex activity or damage to the physical proper-
ties of the SAM in four weeks of continuous operation.

To evaluate SPR assay precision, we compared sensor chips
from several batches of metalized gold slides. Comparison of
intra- and inter-immobilization variation on different days and
gold chips showed no clear differences using the same or different
batches of LVPX4 (Table 1). Intra-immobilization variation was
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calculated after analysis of three replicates per CXCL12 dilution in
three independent assays; inter-immobilization variation was
determined by analysis of three different chips, using three
experiments per chip for each CXCL12 concentration. Mean
intra-immobilization variation was o9.6%, within acceptable
limits for analytical methods [31].

3.5. CXCL12 detection in urine samples

Elevated CXCL12 levels in serum, plasma or synovial fluid are
detectable by ELISA in diseases such as RA [22,32] and osteoar-
thritis [7], indicating a possible use of CXCL12 detection as a
biomarker for these diseases. CXCL12 quantification can none-
theless be distorted by the high protein concentrations in these
biological fluids, whose extraction can be invasive, complicated
and time-consuming. Urine is an ideal clinical sample for disease
biomarker determination, as large amounts are collected simply
and non-invasively, and sampling is easily repeated. In many
pathological and physiological situations such as kidney disease,
urinary tract infection, high blood pressure or pregnancy, urine
has moderate protein levels (�100 mg/ml); in these cases,
although albumin, transferrin, IgG or microglobulin can adsorb
to the sensor surface and produce an SPR background signal, it is
generally lower than that produced by proteins in serum or
plasma. The high salt content and low pH of urine can also
interfere with detection [33], although appropriate buffer choice
should reduce these effects.

We assayed second morning urine samples, as the 6.8–7.5 pH
range is more appropriate than low pH (o6.5) first morning urine
samples. Samples were not pH neutralized, filtered or centrifuged,
as these treatments reduced CXCL12 reactivity. We added exo-
genous CXCL12 to urine (Fig. 3A) and compared signals with those
obtained for CXCL12 in PBS-T (Fig. 3B). In both cases, SPR signals
increased in parallel to the increase in CXCL12 concentration,
although values in urine were slightly higher (1.0570.7 SPR
units) than those for PBS-T; CXCL12 concentration and SPR signal
showed linear correlation (Fig. 3B). For urine samples, reusability
and sensor stability were maintained for more than 120 measure-
ment cycles over a 4-week period, with a maximum SPR signal
drop of 12% relative to the initial value.

The sensing method showed linear correlation between spe-
cificity and reproducibility in the detection of CXCL12 from urine
samples; we therefore evaluated CXCL12 levels from RA patients.
Samples, used immediately after thawing, were injected (60 ml/min,
10 min) over chip-bound CXCR4. SPR signals were higher in urine
from RA patients (0.31870.082 SPR units) than from healthy
donors (0.07370.032 SPR units), indicating a 4.4-fold increase
(Fig. 3C). SPR signal specificity was confirmed by addition of
AMD3100 inhibitor to running buffer and urine samples. In both
cases, the SPR signal was reduced (Fig. 3D), indicating that the
signal was due mainly to specific CXCL12 interaction with sensor-
bound LVPX4, although non-specific absorption might also con-
tribute to the signal. In parallel, we used ELISA to determine
CXCL12 levels in these urine samples. CXCL12 values were
significantly higher in RA patient urine (2.09370.270 nM) com-
pared with values for healthy individuals (0.70470.088 nM), a
3.0-fold increase (Fig. 3E). Although a larger sample number is
needed to confirm the relevance and statistical significance of
these findings, our data suggest the utility of this biosensing
method for the detection of small molecules in urine samples.
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Table 1
Intra- and inter-assay immobilization coefficients of variation for CXCL12 con-

centrations.

CXCL12 concentration (nM) Mean

5 10 20 30 40

Intra-assay variation (%RSD)

Immobilization 1 13.36 10.90 7.19 6.86 1.32 7.93

Immobilization 2 12.86 10.79 5.69 7.97 2.05 7.87

Immobilization 3 9.43 8.88 8.85 7.02 4.52 7.74

Inter-assay variation (%RSD)

3-immobilization period 15.67 11.16 9.75 8.59 2.83 9.60

Triplicate CXCL12 measurements on three batches of gold-surface chips. Mean

of three measurements, calculated as relative standard deviation (%RSD).
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In biological fluids, CXCL12 usually associates with other
proteins. It has high affinity for the glycosaminoglycans (GAG)
heparin and heparan sulfate [34], found in the urine of patients
with various diseases [35]. CXCL12 binds GAG and CXCR4 via
different sites, and the CXCL12/GAG complex can bind CXCR4
[36], although high heparin concentrations slightly reduce
CXCL12 binding to its receptor [24]. Although heparin complexes
do not markedly alter CXCL12 detection by ELISA (not shown), we
cannot rule out the possibility that other GAG in urine interfere
with antibody recognition [35,37]. Chemokines also undergo
post-translational processing, including proteolytic modifications,
glycosylation and citrullination [9,38], all of which alter their
in vitro and in vivo activity. In addition, CXCL12 in solution forms
dimers and/or oligomers [39]. The balance of mono- and dimeric
forms varies with pH and anions, which can shift this equilibrium
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five healthy donor and five RA patients, as determined by ELISA (mean7SEM, **po0.01).
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toward the dimeric state [40] and thus influence chemokine
function through distinct receptor interactions and signaling
pathways [41]. The resulting complexes might be underestimated
in ELISA, which does not discriminate among monomers, dimers
or oligomers, or between active and inactive forms. In contrast,
these complexes could promote higher signals in SPR, where mass
is measured. Receptor-based SPR analysis allows detection of
different CXCL12 species as long as they are able to interact with
the receptor, and thus reflects the amount of functional isoform
in urine.
4. Conclusions

We developed an effective SPR technique to detect biologically
active analytes in urine, specifically CXCL12. We studied binding
of this chemokine to its receptor, CXCR4, in the context of the cell
membrane as presented by lentiviral particles. The assay uses
HEK293T cells to generate receptor-bearing virions; use of these
particles as a vehicle to immobilize CXCR4 on the sensor surface is
a robust, simple and reproducible means of specific CXCL12
detection. The lentiviral-based SPR method is rapid, occurs in
real time, uses non-radioactive ligands, and gives reproducible
results for urine samples, with no requirement for preliminary
treatment. Application of this technique to detect CXCL12 sug-
gests that this chemokine is expressed at higher levels in urine of
RA patients than in healthy controls; a larger-scale study is under
way to confirm these findings and to correlate levels with RA
severity. GPCR are sensitive to solubilization; detergents can
render these proteins non-functional [42] and therefore useless
for receptor-based studies. Although additional analyses are
needed to ensure the universality of this approach, the assay
allows the study of ligand interactions in the cell membrane
context, which approximates in vivo conditions, and would facil-
itate screening for agonist and antagonist compounds in drug
discovery research.
Acknowledgments

We thank Dr Juan Mulero (Department of Rheumatology,
Hospital Puerta de Hierro, Madrid, Spain) for urine samples and
C. Mark for editorial assistance. BV received a predoctoral fellow-
ship from the Spanish Ministry of Health (FISS program).
This work was supported in part by grants from the Spanish Ministry
of Science and Innovation (SAF 2011-27370), the Comunidad de
Madrid (Raphyme, S2010/MBD-2350), the FISS program (RD12/
0009/0009) and the European Union (FP7-integrated project Mas-
terswitch 223404).

References

[1] G. Zheng, F. Patolsky, Y. Cui, W.U. Wang, C.M. Lieber, Nat. Biotechnol. 23
(2005) 1294–1301.



B. Vega et al. / Talanta 109 (2013) 209–215 215
[2] T.P. Burg, M. Godin, S.M. Knudsen, W. Shen, G. Carlson, J.S. Foster, K. Babcock,
S.R. Manalis, Nature 446 (2007) 1066–1069.

[3] G. Canziani, W. Zhang, D. Cines, A. Rux, S. Willis, G. Cohen, R. Eisenberg,
I. Chaiken, Methods 19 (1999) 253–269.

[4] E. Mauriz, A. Calle, A. Abad, A. Montoya, A. Hildebrandt, D. Barcelo,
L.M. Lechuga, Biosens. Bioelectron. 21 (2006) 2129–2136.

[5] K.E. Mach, P.K. Wong, J.C. Liao, Trends. Pharmacol. Sci. 32 (2011) 330–336.
[6] M. Adamczyk, J.A. Moore, Z. Yu, Methods 20 (2000) 319–328.
[7] K. Kanbe, K. Takagishi, Q. Chen, Arthritis Rheum. 46 (2002) 130–137.
[8] M. Farzan, G.J. Babcock, N. Vasilieva, P.L. Wright, E. Kiprilov, T. Mirzabekov,

H. Choe, J. Biol. Chem. 277 (2002) 29484–29489.
[9] B.A. Fisher, P.J. Venables, Arthritis Res. Ther. 14 (2012) 108.

[10] P. Proost, T. Loos, A. Mortier, E. Schutyser, M. Gouwy, S. Noppen, C. Dillen,
I. Ronsse, R. Conings, S. Struyf, G. Opdenakker, P.C. Maudgal, J. Van Damme,
J. Exp. Med. 205 (2008) 2085–2097.

[11] V. Sarramegn, I. Muller, A. Milon, F. Talmont, Cell. Mol. Life Sci. 63 (2006)
1149–1164.

[12] C. Yoshiura, Y. Kofuku, T. Ueda, Y. Mase, M. Yokogawa, M. Osawa,
Y. Terashima, K. Matsushima, I. Shimada, J. Am. Chem. Soc. 132 (2010)
6768–6777.

[13] I. Navratilova, J. Sodroski, D.G. Myszka, Anal. Biochem. 339 (2005) 271–281.
[14] P. Stenlund, G.J. Babcock, J. Sodroski, D.G. Myszka, Anal. Biochem. 316 (2003)

243–250.
[15] C. Gerard, B.J. Rollins, Nat. Immunol. 2 (2001) 108–115.
[16] K. Tachibana, S. Hirota, H. Iizasa, H. Yoshida, K. Kawabata, Y. Kataoka,

Y. Kitamura, K. Matsushima, N. Yoshida, S. Nishikawa, T. Kishimoto,
T. Nagasawa, Nature 393 (1998) 591–594.

[17] T. Nagasawa, S. Hirota, K. Tachibana, N. Takakura, S. Nishikawa, Y. Kitamura,
N. Yoshida, H. Kikutani, T. Kishimoto, Nature 382 (1996) 635–638.

[18] B.A. Teicher, S.P. Fricker, Clin. Cancer Res. 16 (2010) 2927–2931.
[19] J. Xu, A. Mora, H. Shim, A. Stecenko, K.L. Brigham, M. Rojas, Am. J. Respir, Cell.

Mol. Biol. 37 (2007) 291–299.
[20] C.C. Bleul, M. Farzan, H. Choe, C. Parolin, I. Clark-Lewis, J. Sodroski,

T.A. Springer, Nature 382 (1996) 829–833.
[21] T. Nanki, K. Hayashida, H.S. El-Gabalawy, S. Suson, K. Shi, H.J. Girschick,

S. Yavuz, P.E. Lipsky, J. Immunol. 165 (2000) 6590–6598.
[22] I.B. Hansen, T. Ellingsen, N. Hornung, J.H. Poulsen, T. Lottenburger,

K. Stengaard-Pedersen, J. Rheumatol. 33 (2006) 1754–1759.
[23] F. Grassi, S. Cristino, S. Toneguzzi, A. Piacentini, A. Facchini, G. Lisignoli, J. Cell
Physiol. 199 (2004) 244–251.

[24] B. Vega, L.M. Munoz, B.L. Holgado, P. Lucas, J.M. Rodriguez-Frade, A. Calle,

J.L. Rodriguez-Fernandez, L.M. Lechuga, J.F. Rodriguez, R. Gutierrez-Gallego,
M. Mellado, J. Leukoc. Biol. 90 (2011) 399–408.

[25] A.J. Vila-Coro, J.M. Rodriguez-Frade, A. Martin De Ana, M.C. Moreno-Ortiz,
A.C. Martinez, M. Mellado, FASEB J. 13 (1999) 1699–1710.

[26] C.D. Bain, G.M. Whitesides, Science 240 (1988) 62–63.
[27] D.M. Disley, D.C. Cullen, H.X. You, C.R. Lowe, Biosens. Bioelectron. 13 (1998)

1213–1225.
[28] E.De Clercq, Nat. Rev. Drug Discov. 2 (2003) 581–587.
[29] S. Hatse, K. Princen, K. Vermeire, L.O. Gerlach, M.M. Rosenkilde,

T.W. Schwartz, G. Bridger, E. De Clercq, D. Schols, FEBS Lett. 546 (2003)

300–306.
[30] J. Homola, Anal. Bioanal. Chem. 377 (2003) 528–539.
[31] R. Wood, Trends Anal. Chem. 18 (1999) 624–632.
[32] Z. Szekanecz, J. Kim, A.E. Koch, Semin. Immunol. 15 (2003) 15–21.
[33] M.A. Johansson, K.E. Hellenas, Analyst 129 (2004) 438–442.
[34] R. Sadir, F. Baleux, A. Grosdidier, A. Imberty, H. Lortat-Jacob, J. Biol. Chem. 276

(2001) 8288–8296.
[35] P. De Muro, R. Faedda, M. Formato, F. Re, A. Satta, G.M. Cherchi, A. Carcassi,

Clin. Exp. Rheumatol. 19 (2001) 125–130.
[36] C. Laguri, F. Arenzana-Seisdedos, H. Lortat-Jacob, Carbohydr. Res. 343 (2008)

2018–2023.
[37] N. Taniguchi, Biochem. Med. 8 (1973) 166–169.
[38] A. Mortier, M. Gouwy, J. Van Damme, P. Proost, Exp. Cell Res. 317 (2011)

642–654.
[39] C.T. Veldkamp, F.C. Peterson, A.J. Pelzek, B.F. Volkman, Protein Sci. 14 (2005)

1071–1081.
[40] E.K. Gozansky, J.M. Louis, M. Caffrey, G.M. Clore, J. Mol. Biol. 345 (2005)

651–658.
[41] L.J. Drury, J.J. Ziarek, S. Gravel, C.T. Veldkamp, T. Takekoshi, S.T. Hwang,

N. Heveker, B.F. Volkman, M.B. Dwinell, Proc. Natl. Acad. Sci. USA 108 (2011)

17655–17660.
[42] H. Ren, D. Yu, B. Ge, B. Cook, Z. Xu, S. Zhang, PLoS ONE 4 (2009) e4509, http://

dx.doi.org/10.1371/journal.pone.0004509.




