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TNF-stimulated gene-6 (TSG-6) is a multifunctional protein
secreted in response to pro-inflammatory stimuli by a wide
range of cells, including neutrophils, monocytes, and endothe-
lial cells. It has been shown to mediate anti-inflammatory and
protective effects when administered in disease models, in part,
by reducing neutrophil infiltration. Human TSG-6 inhibits neu-
trophil migration by binding CXCL8 through its Link module
(Link_TSG6) and interfering with the presentation of CXCL8 on
cell-surface glycosaminoglycans (GAGs), an interaction that is
vital for the function of many chemokines. TSG-6 was also found
to interact with chemokines CXCL11 and CCL5, suggesting the
possibility that it may function as a broad specificity chemokine-
binding protein, functionally similar to those encoded by
viruses. This study was therefore undertaken to explore the abil-
ity of TSG-6 to regulate the function of other chemokines.
Herein, we demonstrate that Link_TSG6 binds chemokines
from both the CXC and CC families, including CXCL4,
CXCL12, CCL2, CCL5, CCL7, CCL19, CCL21, and CCL27. We
also show that the Link_TSG6-binding sites on chemokines
overlap with chemokine GAG-binding sites, and that the affini-
ties of Link_TSG6 for these chemokines (KD values 1– 85 nM)
broadly correlate with chemokine-GAG affinities. Link_TSG6
also inhibits chemokine presentation on endothelial cells not
only through a direct interaction with chemokines but also by

binding and therefore masking the availability of GAGs. Along
with previous work, these findings suggest that TSG-6 functions
as a pluripotent regulator of chemokines by modulating chemo-
kine/GAG interactions, which may be a major mechanism by
which TSG-6 produces its anti-inflammatory effects in vivo.

TSG-6 (TNF-stimulated gene/protein 6) is an inflammation-
associated protein that has been shown to be up-regulated by
pro-inflammatory mediators such as IL-1, TNF, and LPS in a
broad range of cells and in the context of inflammatory diseases
(1– 6). It is an �35-kDa secreted protein composed of Link and
CUB_C domains with an additional short N-terminal sequence
(5, 7–10). Although initially found at high levels in the joints of
patients with rheumatoid and osteoarthritis, suggesting a pro-
inflammatory role (1), administration of TSG-6 was found to
inhibit damage in inflammatory models, including arthritis
(11–14) and transplant rejection (15), suggesting it possesses
anti-inflammatory properties. TSG-6 has also been identified
as a key mediator of anti-inflammatory effects of human mes-
enchymal stem cells in models of myocardial infarction (4), cor-
neal damage (16), peritonitis (17), traumatic brain injury (18),
acute lung injury (19), wound healing (20), and type 1 diabetes
(21). One mechanism underlying its protective effects is
thought to be its ability to inhibit the influx of neutrophils to
inflammatory sites and the concomitant neutrophil-induced
damage (4, 16, 18, 22, 23). To understand the basis for the pro-
tective effect of TSG-6, the Link module (Link_TSG6) was
expressed in isolation (24, 25) and shown to reproduce the
effects of the full-length protein in inhibiting neutrophil migra-
tion (26) and in binding to a number of ligands, including the
glycosaminoglycans (GAGs)4 heparin and heparan sulfate (HS)
(27, 28); moreover, Link_TSG6 inhibited rolling and transen-
dothelial migration of neutrophils as determined by intravital
microscopy (29). Link_TSG6 was also shown to interact with
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CXCL8 and to inhibit its presentation on and transport across
endothelial cells, as well as its ability to recruit neutrophils (30),
providing at least a partial explanation for the anti-inflamma-
tory effects of TSG-6.

CXCL8 is a member of the chemotactic cytokine (chemo-
kine) family of proteins, which are best known for their roles in
regulating cell migration. They mediate cell recruitment by sig-
naling through chemokine receptors on leukocyte cell surfaces
(31–34). However, in addition to activating these G protein-
coupled signaling receptors on migrating cells, chemokines
interact with cell-surface GAGs (35– 40). GAGs/proteoglycans
are found in the extracellular matrix (ECM) (41) and ubiqui-
tously on essentially all cell surfaces, including endothelial cells
where they comprise a key component of the glycocalyx (41–
44). The interaction of chemokines with GAGs enables their
cell surface localization and facilitates formation of chemotac-
tic gradients to guide leukocytes to sites of infection and inflam-
mation (40). Moreover, GAG binding has been shown to be
integral to the function of a number of chemokines, including
CXCL8 (38, 39), CXCL12 (37), CCL2 (35), CCL5 (35), CCL7
(36), and CCL21 (40).

Given the prior observation that TSG-6 inhibits binding of
CXCL8 to heparin and endothelial cell surfaces resulting in
down-regulation of CXCL8-mediated neutrophil migration
(30), we hypothesized that TSG-6 might inhibit GAG-mediated
cell surface presentation of other chemokines that recruit dif-
ferent cell types (45). This hypothesis was motivated by the fact
that in addition to neutrophils, TSG-6 administration results in
reduced infiltration of other cell types during inflammation,
including monocytes (4), T cells, and dendritic cells (47).

In this study, we demonstrate the ability of Link_TSG6 to
interact with a wide range of chemokines from the CC and CXC
subfamilies. Furthermore, we show that Link_TSG6 interacts
with the GAG-binding region of these chemokines and inhibits
their presentation on endothelial surfaces. These TSG-6/
chemokine interactions are of particular interest given the lack
of soluble chemokine-binding proteins identified in humans
and other vertebrates, despite many having been identified
in ticks, parasites, and viruses (48 –50). Moreover, although
chemokines play an integral role in the regulation of inflamma-
tion, their pharmaceutical targeting has proved largely unsuc-
cessful, and such binding proteins could have therapeutic
potential (51, 52).

Experimental Procedures

Protein Production and Purification—WT Link_TSG6 and
the mutant Link_TSG6_T (K55A/K69A/K76A) (numbered as
in the pre-protein throughout (7)) were expressed in Esche-
richia coli and refolded/purified as described previously (24, 25,
27). Biotinylated and WT chemokines CXCL4, CXCL12, CCL2,
CCL5, CCL7, CCL19, CCL21, and CCL27 and associated
mutants, where CCL21 �CT relates to residues 1–79 as
described previously (53), were expressed and purified from
E. coli as described previously (54 –56).

Surface Plasmon Resonance (SPR)—In all instances, a BIA-
core 3000 instrument (GE Healthcare) was used to generate
binding curves. Analyte was flowed over the chip surface in
running buffer (10 mM HEPES, 150 mM NaCl, 0.05% Tween 20

(v/v), pH 7.4) at varying concentrations for 5 min at 40 �l/min;
subsequently, running buffer alone was flowed over the bound
ligand and a nonspecific control surface for 5 min at 40 �l/min
to monitor the dissociation phase of the interaction. Curves
were then corrected with subtraction of nonspecific and buffer
alone signals and analyzed with the BIAevaluation software (GE
Healthcare) using the 1:1 Langmuir interaction model. The
degree of fit to this model was assessed by using the �2 values,
where �2 �10 was accepted as a good fit. In the instances where
the �2 value was significantly higher than 10 and visual inspec-
tion of the data suggested poor fitting, alternative models were
used to fit the data (bivalent analyte or two-state reaction mod-
els); however, in no instances did these models improve the fit
to the raw data. Given the less than ideal fitting for some data-
sets involving chemokines with Link_TSG6, the calculated
affinities are considered “apparent affinities,” but they still
allow for relative ranking of the interactions. These difficul-
ties arise from the propensity of certain chemokines to oli-
gomerize, as described previously (57).

SPR Analysis of Chemokine Binding to Immobilized Link_
TSG6 —The Link_TSG6 surface was generated on a C1 chip
(GE Healthcare) as described previously (30). Briefly, the sur-
face was activated with 100 �l of a 1:1 mix of NHS (0.1 M)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.2 M)
before flowing over Link_TSG6 (20 �g/ml) in immobilization
buffer (10 mM HEPES, pH 7.4) at 20 �l/min until the desired
immobilization level was reached (800 –1000 response units).
Remaining active sites on the chip surface were blocked with 1
M ethanolamine (120 �l). The surface was then washed with 1 M

NaCl followed by regeneration buffer (50 mM NaOH). Results
from replicate chemokine injections before and after surface
regeneration and at various times throughout the use of a given
chip were used to monitor surface integrity; the data were
highly reproducible indicating that the Link_TSG6 surface was
unaffected by the regeneration treatment and remained stable
throughout the experiments. Interaction analysis was under-
taken as described above with a number of different chemo-
kines and associated mutants; any ligand remaining bound to
the Link_TSG6 surface was fully removed with regeneration
buffer (160 �l) prior to the analysis of a different ligand.

SPR Analysis of Link_TSG6 Binding to Immobilized
Heparin—A heparin surface was generated on a C1 chip as
described previously (56). First, neutravidin was covalently
immobilized to the surface until saturation using the 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide/NHS chemistry de-
scribed above. The surface was then washed extensively to
remove non-covalently bound neutravidin before biotinylated
unfractionated porcine intestinal heparin (Calbiochem) (0.2
mg/ml in 100 mM sodium acetate, pH 5.5) was flowed over the
surface at 10 �l/min, until saturation was reached. SPR analysis
was carried out as described above to determine the affinity of
Link_TSG6 for immobilized heparin, using the same approach
described previously to analyze chemokine/heparin interac-
tions (56). Regeneration buffer was used following each cycle of
chemokine injection and interaction analysis to clean the chip
surface.
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Chemokine/Heparin Interactions in Solid Phase Binding
Assays—Solid phase binding assays were undertaken as de-
scribed previously (30). Briefly, CCL2, CCL7, CCL19, or
CXCL11 (250 nM) was immobilized onto Nunc MaxiSorp plates
(ThermoScientific) in coating buffer (20 mM Na2CO3, pH 9.6)
for 16 h at room temperature. Wells were then rinsed using
assay buffer (10 mM NaOAc, 150 mM NaCl, 2% (v/v) Tween 20,
pH 6.0) and blocked with assay buffer containing 5% (w/v) BSA
at 37 °C for 90 min. Biotinylated heparin (made from 4th Inter-
national Standard (58)) was then added at increasing concen-
trations (0 –100 ng/well), and for competition binding assays,
biotinylated heparin (25 ng/well) was added in combination
with a range of Link_TSG6_T concentrations (0 –1000 nM) in
assay buffer at room temperature for 4 h. Plates were washed
with assay buffer, and the level of bound heparin was then
assessed by addition of ExtrAvidin-alkaline phosphatase
(1:10,000) (Sigma) and subsequent incubation with detection
reagent (SigmaFAST p-nitrophenyl phosphate solution (Sigma)).
After 5 min of development, absorbance levels (405 nm) were
taken and signal corrected against blank wells (no coated
chemokine); in cases where differential background of coated/
uncoated wells led to negative corrected values (i.e. at high
Link_TSG6_T concentrations), these were assigned a value of
0. Data were analyzed and fit to the non-linear regression one-
site binding model (GraphPad Prism Version 5.0) to provide an
estimate of the IC50 values.

Chemotaxis and Transendothelial Migration—Chemotaxis
experiments were undertaken using a 5-�m pore Transwell
system (Corning Inc.) as described previously (56). Here,
CCL19 or CCL21 (50 nM) was pre-incubated alone or in com-
bination with different molar ratios of Link_TSG6 (1:2 or 1:1,
Link_TSG6:chemokine) for 30 min at 37 °C, 5% CO2 in 600 �l
of Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) in the bottom chamber of the
Transwell. L1.2 cells induced to express CCR7 or CCR5 (by
incubation with 5 mM sodium butyrate for 18 h), or Jurkat cells
expressing CXCR4, were resuspended in DMEM containing
10% FBS before addition to the top chamber of the Transwell
apparatus (100 �l of 2 � 106 cells/ml). Wells were incubated for
2 h at 37 °C, 5% CO2 before the suspended membranes were
removed, and the cells in the bottom chamber (migrated cells)
were counted using a Guava EasyCyte 8HT flow cytometer
(EMD Millipore). For transendothelial migration experiments,
EaHY926 human umbilical vein endothelial cells (100 �l of 1 �
106 cells/ml) were coated onto a suspended Transwell mem-
brane overnight in DMEM containing 10% FBS. The surface of
the endothelial cells was washed with 100 �l of DMEM and
aspirated before the experiment was undertaken as described
above for chemotaxis experiments.

Endothelial/Collagen Chemokine Presentation Assay—These
assays were undertaken using a similar method to that
described previously (56). Specifically, a clear-bottomed black-
walled 96-well polystyrene plate (Corning Inc.) was coated with
200 �l of 100 �g/ml type I collagen (Purecol, Advanced Bio-
Matrix) for 1 h at 37 °C. EaHY926 human umbilical vein endo-
thelial cells were added to each well (200 �l of 0.1 � 106 cells/ml
(20,000 cells/well) in DMEM containing 10% FBS) and incu-
bated for 18 h (until confluent); this and all subsequent cellular

incubations were carried out in 5% CO2 at 37 °C. Non-adherent
cells were removed by washing with DMEM followed by two
washes with PBS supplemented with 1 mM CaCl2 and 0.5 mM

MgCl2 (cPBS). Alternatively, assays were undertaken on a col-
lagen-coated surface alone. Biotinylated chemokine (CXCL4,
CXCL12, and CCL21) or unlabeled chemokine (CCL2, CCL5,
and CCL7) was incubated alone or in combination with differ-
ent molar ratios of Link_TSG6 or heparin octasaccharide (dp8
(Neoparin); dp � degree of polymerization) in cPBS for 30 min
at 37 °C before being added on top of the washed endothelial
monolayer and incubated for 1 h. Alternatively, Link_TSG6
(500 nM) was pre-incubated on top of the washed endothelial
cells for 30 min followed by three washes with cPBS and subse-
quent incubation of chemokine with endothelial cells for 1 h.
Chemokine/Link_TSG6 solutions were then aspirated and the
monolayers washed three times with cPBS for 2 min, before
fixation of cells with 150 �l of ice-cold 4% (w/v) paraformalde-
hyde in PBS for 20 min at room temperature. These and subse-
quent washes/incubations were carried out with gentle rocking.
The fixative agent was removed, and the endothelial cells were
washed (four incubations of 4 min) using PBS � 0.05% Tween
20 before addition of 150 �l of blocking solution (LI-COR Bio-
sciences) to each well and incubation for 90 min at room tem-
perature. The solution was aspirated, and in the case of bioti-
nylated chemokine, detection was undertaken with 100 �l of
blocking solution containing streptavidin conjugated to IRDye
800CW biotin detection reagent (LI-COR Biosciences; 1:1000),
which was added to each well and incubated for 90 min at room
temperature. For non-labeled chemokine detection, 100 �l of
blocking solution containing antibodies against CCL2, CCL5,
or CCL7 (R&D Systems, 1 �g/ml) was added to each well and
incubated for 1 h at room temperature. Cells were then washed
four times (4 min) with 100 �l of PBS � 0.05% Tween 20, before
addition of anti-goat IgG 800CW conjugate (1:5000) (LI-COR
Biosciences) secondary antibody in blocking solution for 1 h at
room temperature. In all cases, the solution was aspirated from
the endothelial cells, which were then finally washed with 100
�l of PBS � 0.05% Tween 20 (four incubations of 4 min), fol-
lowed by bound chemokine detection using an Odyssey imag-
ing system (LI-COR Biosciences).

Cell Adhesion Assay—Murine bone marrow-derived den-
dritic cells (BMDCs) were cultured in DC media (RPMI 1640
medium, 10% FBS, 1% penicillin/streptomycin, 2 mM L-gluta-
mine, 10 mM HEPES, 1 mM non-essential amino acids, and 55
�M �-mercaptoethanol) in the presence of 20 ng/ml recombi-
nant murine GM-CSF (PeproTech) for 10 days. On day 9,
BMDCs were treated with 200 ng/ml lipopolysaccharide (LPS
055:B5 (Sigma)) for 24 h. One day prior to the assay, murine
lymphatic endothelial cells (SV-LECs, Alexander Laboratory,
LSU Cell Culture Repository, Louisiana State University) were
seeded onto a clear-bottomed, black-walled 96-well plate (Fal-
con) at 6.75 � 103 cells/well. Prior to use, BMDCs were stained
with calcein AM (eBioscience) for 1 h. Murine CCL21 (Bioleg-
end) alone or in the presence of a 1:1 molar eq of Link_TSG6
was diluted in serum-free DMEM, incubated at room temper-
ature for 30 min, then added to the SV-LECs, and incubated for
an additional 30 min at 37 °C, 5% CO2. Following chemokine
incubation on the SV-LECs, medium was removed, and 1 � 104
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of calcein-labeled BMDCs were added to each well. After 5 min,
cell fluorescence was measured on a plate reader (DTX880,
Beckman Coulter) to determine the maximum fluorescence for
each well. Wells were then promptly washed two times with
PBS to remove unbound BMDCs and read again to determine
the extent of BMDC adhesion for each condition.

Results

TSG-6 Link Module Binds to Multiple Chemokines—Having
previously established that Link_TSG6 inhibits CXCL8-medi-
ated transendothelial migration of neutrophils via interactions
with CXCL8, we set out to investigate whether it also interacts
with other chemokines, explaining its ability to inhibit the
migration of diverse cell types (4, 47) and to produce anti-in-
flammatory effects (5, 8). For these experiments, we used SPR
with Link_TSG6 immobilized on an SPR chip and passed
chemokines over the surface at varying concentrations. The
rates of association (ka) and dissociation (kd) were determined
from the sensorgrams and used to calculate dissociation con-
stants (KD � kd/ka) with a 1:1 Langmuir interaction model.
Interestingly, the SPR data revealed that Link_TSG6 binds to 10
different chemokines (Table 1 and Fig. 1), including CXCL4,
CXCL11, CXCL12, CCL2, CCL7, CCL19, CCL21, and CCL27
(in addition to the known interactions with CXCL8 and CCL5
(30)) with KD values ranging from 1 to 85 nM. The chemokines
fall into three major groups where CXCL4 (3.9 nM), CXCL11
(5.2 nM), CCL5 (1.9 nM), and CCL21 (4.8 nM) comprise a high
affinity group (1–5 nM); CXCL8 (21 nM) (30), CXCL12 (15 nM),
CCL2 (29.4 nM), CCL7 (18.4 nM), and CCL19 (17.5 nM) have
slightly lower affinities (15–30 nM); and CCL27 showed the
weakest interaction (85.2 nM). A fourth category is also appar-
ent as Link_TSG6 has previously been shown to have little, if
any, affinity for CXCL1 or CCL3 (30).

GAG-binding Sites of All Chemokines Tested Are Important
for Interactions with TSG-6 —Previous studies revealed that the
GAG-binding region of CXCL8 is involved in its interaction
with Link_TSG6 (30), leading us to hypothesize that GAG-
binding domains of the chemokines identified above will also be

important for Link_TSG6-chemokine complex formation. To
this end, we tested whether well characterized GAG-binding
deficient chemokine mutants, known to have significantly
impaired interactions with heparin or HS, also show a reduced
affinity for Link_TSG6. As demonstrated by the sensorgrams in
Fig. 2 and the calculated affinities in Table 1, this turned out to
be the case. Binding to Link_TSG6 was effectively abolished for
the R18A/K19A mutant of CCL2 (59), the R44A/K45A/R47A
mutant of CCL5 (60), and a C-terminal deletion mutant of
CCL21 (53). Although interaction with Link_TSG6 could be
detected with the CCL7 mutant K18A/K19A/K22A (GAG-
binding null (56)), there was insufficient signal to calculate a
reliable dissociation constant, indicative of a weak interaction.
The CXCL12 GAG-binding deficient mutant K24S/H25S/
K27S (61) could still bind Link_TSG6 suggesting additional
epitopes contribute to the interaction; nevertheless, the affinity
was �55-fold lower than WT CXCL12. Similarly, the CCL27
K25A mutant displayed an �9-fold reduction in affinity for
Link_TSG6, and the retention of residual binding is unsurpris-
ing as a single point mutation would not be expected to com-
pletely eliminate GAG or protein binding. Finally, we could
detect only a weak interaction between Link_TSG6 and CCL3
(15 mM (30)), similar to the weak-to-no interaction reported for
this chemokine with GAGs (57, 62). Recently, we published
apparent affinities determined by SPR for the interaction of HS
with CXCL4, CXCL8, CXCL11, CXCL12, CCL2, CCL5, CCL7
(56, 57), and CCL27. A plot of these apparent affinities against
Link_TSG6-chemokine affinities demonstrates that there is a
positive correlation (Fig. 3). Taken together, these data suggest
that the chemokine-binding sites for Link_TSG6 and GAGs
overlap, similar to the situation with CXCL8 (30).

TSG-6 Blocks Chemokine/GAG Interactions but Not Chemo-
kine/Receptor Interactions—The overlap between the Link_
TSG6- and GAG-binding sites on chemokines suggests that a
contributing mechanism by which TSG-6 exerts its anti-in-
flammatory function in vivo may be by blocking chemokine/
GAG interactions, which are known to be critical for chemo-

TABLE 1
Surface plasmon resonance analysis of chemokine and mutant affinities for a Link_TSG6-coated surface
Rates of association (ka) and rates of dissociation (kd) were used to calculate overall affinity (KD � kd/ka) values for chemokine binding to immobilized Link_TSG6. The
quality of the fit to a 1:1 Langmuir model is given by �2, and the Rmax (response units (RU)) values were calculated by application of this model, where �2 �10 or �2 �10%
of Rmax is indicative of a good fit. Data are representative of two independent experiments.

Chemokine ka kd KD �2 Rmax (RU)

M�1 s�1 s�1 nM

CXCL4 3.6 � 105 1.4 � 10�3 3.9 52.9 270
CXCL8a 1.9 � 104 3.9 � 10�4 21 18.1 202
CXCL11 2.5 � 105 1.3 � 10�3 5.2 27.5 135
CXCL12 1.4 � 105 2.1 � 10�3 15 18.3 109
K24S/H25S/K27S 1.2 � 104 1.0 � 10�2 833.3 2.3 108
CCL2 5.1 � 104 1.5 � 10�3 29.4 5.5 80.3
R18A/K19A NOIb NOI NOI NOI NOI
CCL5a 5.7 � 104 1.1 � 10�4 1.9 7.3 265
R44A/K45A/R47A NPAc NPA NPA NPA NPA
CCL7 8.7 � 104 1.6 � 10�3 18.4 4.1 41.9
K18A/K19A/K22A NPA NPA NPA NPA NPA
CCL19 1.6 � 105 2.8 � 10�3 17.5 5.3 53.4
CCL21 7.1 � 105 3.4 � 10�3 4.8 18.7 99.5
�CT NPA NPA NPA NPA NPA
CCL27 2.7 � 104 2.3 � 10�3 85.2 8.8 81.9
K25A 8.1 � 103 6.1 � 10�3 753.1 6.2 88.5

a Values for CXCL8 and CCL5 were previously reported in Ref. 30 and are shown here for comparison.
b NOI means no observable interaction.
c NPA means no possible analysis due to insufficient signal.
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kine function (35– 40). To test this hypothesis, an ELISA-based
solid phase binding assay was devised. Specifically, CCL2 and
CXCL11 (representatives of CC and CXC chemokines, respec-
tively) were separately immobilized onto MaxiSorp plates and

incubated with increasing concentrations of heparin, resulting
in a saturating interaction between the chemokine and GAG
(Fig. 4A). These assays were then repeated with immobilized
chemokine (CXCL11, CCL2, CCL7, or CCL19) in the presence
of a fixed, saturating concentration of heparin in combination
with increasing concentrations of the Link_TSG6_T (K55A/
K69A/K76A) mutant (Fig. 4, B and C); this mutant was chosen
because it has greatly reduced ability to bind heparin (27) and
thereby simplifies the interpretation of the resulting data. In
line with the above hypothesis, the Link_TSG6 mutant resulted
in a dose-dependent inhibition of the binding of all the chemo-
kines tested to heparin with IC50 values estimated to be 168 nM

(CXCL11), 84 nM (CCL2), 159 nM (CCL7), and 55 nM (CCL19).
To investigate whether Link_TSG6 inhibits the interaction

of chemokines with receptor in addition to interactions with
GAGs, we conducted bare filter chemotaxis assays in which
chemokine was placed in the bottom well of a Transwell appa-
ratus, and L1.2 cells, transfected with appropriate receptor,
were placed in the top well. Similar to a previous study where
Link_TSG6 had no effect on the migration of CXCR1-express-
ing cells (30), Link_TSG6 did not affect the migration of CCR5-
or CCR7-bearing L1.2 cells toward CCL5, CCL19, or CCL21 or
of Jurkat cells that endogenously express CXCR4 toward
CXCL12 in the bare filter assay (Fig. 5). These data suggest that
although Link_TSG6 directly binds these chemokines, it does
not block their interaction with their respective receptors.

Link_TSG6 Inhibits Chemokine Presentation on Endothelial
Cells and Collagen and Subsequent Chemokine-mediated Cell
Adhesion—The finding that Link_TSG6 interacts with the
GAG-binding region of chemokines led us to test whether
Link_TSG6 could affect chemokine binding and presentation
on endothelial cells, a process known to be mediated by cell-
surface GAGs (63, 64). Pre-incubation of Link_TSG6 with six
different chemokines resulted in reduced chemokine accumu-
lation on endothelial cells in all cases except CCL5 (Fig. 6). The
potency of its inhibitory trend was chemokine-specific as a 1:1
Link_TSG6/chemokine molar ratio was sufficient to signifi-
cantly reduce the endothelial cell accumulation of CCL7 (down
to 50% of the level of chemokine alone), CCL21 (50% of chemo-
kine alone), and CCL2 (�75 and �55% of chemokine alone at a
1:1 and 5:1 ratio, respectively, Fig. 6, A–C). However, CXCL12
and CXCL4 required a 5-fold molar excess of Link_TSG6 to
reduce accumulation to 68 and 51% of chemokine alone, respec-
tively (Fig. 6, D and E, respectively); lower ratios of Link_
TSG6/CXCL4 had no effect on endothelial binding of the
chemokine (data not shown). No inhibition of CCL5 was
observed at a 5:1 ratio of Link_TSG6 to chemokine (Fig. 6F).
Importantly, when the experiment was performed using hepa-
rin dp8 instead of Link_TSG6 in the same molar excess that
caused reduced chemokine binding with Link_TSG6, a similar
inhibition of chemokine accumulation on the endothelial cells
was observed for CCL7, CCL21, CCL2, and CXCL4 (Fig. 6, A–C
and E, respectively). In the case of CXCL12, pre-incubation
with either heparin dp8 or Link_TSG6 had similar inhibitory
effects on chemokine accumulation, although in contrast to
Link_TSG6, the effect of heparin did not reach significance
(Fig. 6D).

FIGURE 1. Multiple chemokines bind to immobilized Link_TSG6. Link_
TSG6 was immobilized onto a BIAcore C1 chip, and different chemokines
were passed over in running buffer at various concentrations to generate
affinity estimates. Experimental curves are plotted (black lines) with fits (red
lines) generated from a 1:1 Langmuir interaction model using analytes at a
range of concentrations to generate “on” (ka) and “off” (kd) rates for the inter-
action and overall affinity (KD � kd/ka). A, CXCL4 (400, 200, 100, 50, 40, and 40
nM). B, CXCL11 (200, 150, 100, 75, and 50). C, CXCL12 (400, 200, 100, 50, 40, 40,
25, 12.5, and 6.25 nM). D, CXCL12 K24S/H25S/K27S (200, 150, 100, 75, 50, 37.5,
37.5, 25, and 12.5 nM). E, CCL2 (1000, 750, 500, 400, 250, 250, 200, 100, and 50
nM). F, CCL7 (1000, 750, 500, 400, 250, 250, 200, 100, 50, and 25 nM). G, CCL19
(200,150, 100, 75, 50, 37.5, and 25 nM). H, CCL21 (200, 150, 100, 75, 50, 37.5,
37.5, 25, and 12.5 nM). I, CCL27 (1000, 500, 400, 250, 250, 200, 100, and 50 nM).
J, CCL27 K25A (1000, 750, 500, 400, 250, 250, 200, 100, and 50 nM). RU,
response units.
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Link_TSG6 was previously demonstrated to have a moderate
affinity (�3 �M) interaction with dp8 heparin by isothermal
titration calorimetry (27). By comparison and as shown by the
SPR data in Fig. 7, Link_TSG6 binds unfractionated heparin
(average molecular mass � 15 kDa, dp 10 – 80) with higher
affinity (�22 nM); this is not surprising because larger GAGs
have been observed to have higher affinity for chemokines (62).
This affinity is in the range of chemokine/heparin interactions
(57), which prompted us to investigate whether Link_TSG6
could also affect chemokine/endothelial cell surface binding
when incubated with the cells prior to introduction of chemo-
kine. This experimental design specifically addresses an alter-
native mechanism of inhibition, where Link_TSG6 binds endo-
thelial GAGs, and thereby affects subsequent chemokine/GAG
interactions. In this experiment, Link_TSG6 inhibited the
accumulation of CXCL4 (33% inhibition), CXCL12 (36% inhi-
bition), CCL2 (42% inhibition), CCL7 (32% inhibition), CCL21
(17% inhibition), and CCL5 (45% inhibition) on endothelial cell
surfaces (Fig. 8). These data suggest that Link_TSG6 can pre-
vent endothelial presentation via a direct interaction with

chemokines and also by masking or limiting available cell-sur-
face GAGs.

Chemokines are found abundantly in the ECM (31), and
TSG-6 is known to function in the ECM (5, 9, 10). Thus, follow-
ing our observations that Link_TSG6 can inhibit chemokine
presentation on endothelial cells, we investigated whether it
inhibits chemokine binding to collagen, an important compo-
nent of the ECM. In agreement with previous studies describing
chemokine/collagen interactions (65, 66), we observed that
CCL21, CXCL12, and CXCL4 bind to collagen-coated surfaces
(Fig. 9A). Notably, pre-incubation of these chemokines with
Link_TSG6 resulted in dose-dependent inhibition of their
binding to collagen (Fig. 9, B–D). These findings suggest TSG-6
may function as a general modulator of chemokine presenta-
tion on endothelial cell HS and extracellular matrix compo-
nents, including GAGs and collagen.

Link_TSG6 did not inhibit the interaction of chemokines
studied herein with their receptors as shown by its inability to
affect cell migration in an in vitro bare filter chemotaxis assay.
However, because Link_TSG6 inhibits presentation on endo-
thelial GAGs, we questioned whether it would inhibit transen-
dothelial cell migration, a process that requires transport of
chemokine across the endothelial layer and can involve GAG-
dependent transcytosis (30, 64, 67). Moreover, in a previous
study, Link_TSG6 significantly inhibited transendothelial
migration of cells toward CXCL8, which correlated with
impaired CXCL8 transcytosis and impaired presentation of the
chemokine on the apical surface (30). In this study, it inhibited
CCL19- and CCL21-mediated transmigration of L1.2/CCR7
cells, albeit modestly, at both 1:2 (�22 and �19% inhibition,
respectively) and 1:1 (�26 and �18% inhibition, respectively)
Link_TSG6/chemokine ratios (Fig. 10). As transcytosis has
been suggested to account for only 10% of chemokine trans-
port, with pericellular transport by diffusion of chemokine

FIGURE 2. Chemokines bind Link_TSG6 through their GAG-binding epitopes. Link_TSG6 was immobilized onto a C1 chip. Chemokines and their corre-
sponding GAG-binding mutants were then passed over the immobilized Link_TSG6 at 40 �l/min, and the resulting interaction was monitored. The response
units (RU) on the y axis reflect the amount of chemokine bound as follows. A, CCL2 and R18A/K19A (1000 nM). B, CCL5 and R44A/K45A/R47A (200 nM). C, CCL21
and C-terminal truncated mutant (200 nM). D, CCL7 and K18A/K19A/K22A (1000 nM). E, CXCL12 and K24S/H25S/K27S (200 nM). F, CCL27 and K25A (1000 nM).

FIGURE 3. Correlation between chemokine affinity for Link_TSG6 and HS.
Kinetic affinity estimates for each chemokine binding to immobilized HS (56,
57) or Link_TSG6 are plotted, as calculated using SPR. Data shown are from
individual measurements representative of two independent experiments.
CXCL8 is excluded from this figure as previous studies did not enable evalu-
ation of a robust affinity estimate for the CXCL8/HS interaction (57).
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through gaps between endothelial cells accounting for �90% (64),
it is not surprising that only modest inhibition was observed. Addi-
tionally, we did not observe any inhibitory effects on CXCL12- or
CCL5-mediated transmigration of receptor-bearing Jurkat or L1.2
cells, respectively (Fig. 10, C and D), which suggests that these
chemokines are transported predominantly by a pericellular route.
Although only modest inhibition of CCL21-mediated transendo-
thelial cell migration was observed, we sought to determine
whether Link_TSG6 could disrupt other steps in this process. Spe-
cifically, inhibition of dendritic cell adhesion to the endothelium
was tested, given the established reduction in CCL21 accumula-
tion on the apical surface of endothelial cells in the presence of
Link_TSG6 (Fig. 6B). Pre-incubation of CCL21 with Link_TSG6 at
a 1:1 molar ratio significantly reduced CCL21-mediated BMDC
adhesion to close to control levels (with a mean value of 40% inhi-
bition and a range of 23–71% inhibition across replicate experi-
ments) (Fig. 10E). This finding provides additional evidence for a

biologically relevant consequence of TSG-6-mediated regulation
of chemokine function.

Discussion

TSG-6 Link Module Mediates Binding to Multiple Chemo-
kines—Given that Link_TSG6 inhibits neutrophil recruitment
and associated inflammation by blocking the function of
CXCL8, we set out to test whether it inhibits the function of
other chemokines. These studies were also motivated by its
broad anti-inflammatory effects in several disease models
where a wide range of other chemokines and cell types play a
role (4, 11–19, 22, 23). Indeed, we demonstrated that Link_
TSG6 binds to multiple chemokines from both the CC and
CXC families, including CXCL4, CXCL11, CXCL12, CCL2,
CCL5, CCL7, CCL19, CCL21, and CCL27. This group not only
includes chemokines from two of the four chemokine subfam-
ilies but also those classified as inflammatory (CXCL4, CXCL-
11, CXCL12, CCL2, CCL5, and CCL7) versus homeostatic
(CCL19 and CCL21) (68, 69).

The fact that TSG-6 binds to most chemokines tested raises
the question as to the likelihood that it would be present in the
same location as these chemokines in vivo. TSG-6 expression
during inflammation is well established (5, 8), and it is known to
be secreted by inflammatory cells such as peripheral blood
mononuclear cells (1, 7, 70), neutrophils (71), mast cells (72),
and macrophages (71, 73) in response to signals, including LPS
and TNF (1, 7, 70, 71). TSG-6 is also produced by stromal cells
such as fibroblasts (7, 74) and human umbilical vein endothelial

FIGURE 5. Pre-incubation with Link_TSG6 has no effect upon CCL5-,
CCL19-, CCL21-, or CXCL12-mediated chemotaxis of CCR7-, CCR5-, or
CXCR4-expressing cells. A–D, CCL5 (1 nM), CCL19 (50 nM), CCL21 (50 nM), or
CXCL12 (1 nM) was added to the bottom chamber of a Transwell system with
or without pre-incubation with the indicated molar ratio of Link_TSG6 (Link_
TSG6/chemokine). CCR5-expressing (A), CCR7-expressing (B and C), and
CXCR4-expressing (D) cells were added to the top well of the suspended
membrane; following incubation (2 h, 37 °C), the numbers of migrated cells
were counted. Data are normalized to the level of migration mediated by
chemokine alone and plotted as mean values (	S.E.) from two independent
experiments, each undertaken in duplicate (n � 2).

FIGURE 4. Link_TSG6 inhibits the interaction of chemokines with heparin.
Chemokine (250 nM) was immobilized onto MaxiSorp plates and incubated
with increasing amounts of biotinylated heparin (0 –100 ng/well), plates were
then washed, and bound heparin was detected (A). CXCL11 or CCL2 (250 nM)
(B) and CCL7 or CCL19 (250 nM) (C) were immobilized onto MaxiSorp plates
and then incubated with a constant amount of biotinylated heparin (25
ng/well) in combination with increasing concentrations of the Link_TSG6_T
mutant (K55A/K69A/K76A) (0 –1000 nM), which has reduced heparin binding
activity. The amount of bound biotinylated heparin was then detected and
plotted as a percentage of the maximum binding observed in the absence of
competitor. Data are plotted as the mean of three independent experiments
(	S.E.), each undertaken in quadruplicate (n � 3) with background signal
subtracted.
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cells (71). Likewise, many chemokines are associated with
inflammation (32, 34) and are expressed by a similar range
of inflammatory (45, 76 –78) and endothelial (79, 80) cells.
Unlike inflammatory chemokines, CCL19 and CCL21 are asso-
ciated with lymphatic trafficking of dendritic cells via CCR7
(81); thus, their expression is more limited to cells in lymphatic
vessels. Nevertheless, the fact that monocyte-derived dendritic
cells produce TSG-6 in response to LPS (71) suggests that lym-
phatic dendritic cells could also produce TSG-6. Similarly,
human umbilical vein and microvascular endothelial cells have
been shown to produce TSG-6 (71, 82), and TSG-6 has been
implicated in the function of HA binding to the LYVE-1 recep-
tor on lymph vessel endothelial cells (83). Overall, it seems

likely that TSG-6 and chemokines would be co-expressed in
vivo at sites of inflammation and in the lymphatic system.

TSG-6 Interacts with Chemokines through Their GAG-bind-
ing Sites and Inhibits Their Binding to GAGs and Endothelial
Cell Surfaces—In previous studies of CXCL8 (30), it was shown
that Link_TSG6 does not exert its inhibitory effects by disrupt-
ing chemokine/receptor interactions (except at high micromo-
lar concentrations in the case of CXCR2). Instead, it primarily
blocks the interaction of CXCL8 with GAGs (27), which indi-
rectly affects cell migration (35– 40). Chemokine/GAG interac-
tions are thought to be required for the formation of chemokine
gradients on cell surfaces and in the ECM, as demonstrated for
CCL21 in the context of dendritic cell recruitment (40). More-
over, GAG-binding deficient mutants of CXCL8, CXCL12,
CCL2, CCL5, and CCL7 all show a significantly impaired ability
to recruit cells in vivo, despite their capacity to promote cell
migration in bare filter chemotaxis assays where GAG binding
is not required (35–37, 39). Given the prior data on CXCL8, we
hypothesized that TSG-6 would also target the GAG-binding
sites of the chemokines identified as ligands in this study.
Indeed, we showed that mutation of GAG-binding residues in
chemokines greatly reduced the affinity of Link_TSG6. Thus, it
was not surprising to find that incubation of Link_TSG6 with
most of the tested WT chemokines inhibited their presentation
on endothelial cell surfaces (Fig. 11, A and C). Furthermore,
Link_TSG6 was as effective as heparin at inhibiting endothelial
presentation (when used at an equivalent molar ratio), and it
also blocked binding of chemokines to collagen, an important
component of the ECM.

FIGURE 6. Pre-incubation of chemokine with Link_TSG6 inhibits subsequent presentation on the endothelial cell surface. CCL7 (50 nM) (A), CCL21 (50
nM) (B), CCL2 (50 nM) (C), CXCL12 (50 nM) (D), CXCL4 (10 nM) (E), and CCL5 (10 nM) (F) were incubated either alone or in combination with different molar ratios
of Link_TSG6 or heparin dp8 (ratios given as Link_TSG6/chemokine or dp8/chemokine) prior to incubation on the endothelial cell surface, followed by washing
and detection of bound chemokine. Data are expressed as a percentage of maximal binding of chemokine alone and plotted as mean values (	S.E.) from three
independent experiments, each undertaken in duplicate (n � 3). *, p � 0.05; **, p � 0.01; ***, p � 0.001 (compared with chemokine-only controls), and ns � no
significant difference (p 
 0.05) between samples treated with equivalent molar ratios of Link_TSG6 and dp8, as determined using repeated measures ANOVA
analysis with a Bonferroni post hoc test.

FIGURE 7. Link_TSG6 binds immobilized heparin. Heparin was immobi-
lized onto a C1 BIAcore chip before Link_TSG6 was passed over in running
buffer at a range of concentrations (750, 500, 400, 250, 200, 100, and 50 nM).
Rates of association (ka) and rates of dissociation (kd) were used to calculate
overall affinity (KD � kd/ka). The quality of the fit to a 1:1 Langmuir model is
given by �2 values calculated by application of this model, where �2 �10 is
indicative of a good fit.
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FIGURE 8. Pre-incubation of Link_TSG6 on the endothelial cell surface inhibits subsequent chemokine presentation. Endothelial monolayers were
incubated with/without Link_TSG6 (500 nM) followed by washing and addition of CCL7 (50 nM) (A), CCL21 (50 nM) (B), CCL2 (50 nM) (C), CXCL12 (50 nM) (D), CXCL4
(10 nM) (E), and CCL5 (10 nM) (F) to the endothelial cell surface; after washing, the level of bound chemokine was determined. Data are expressed as a percentage
of maximal binding of chemokine alone, plotted as mean values (	S.E.) from three independent experiments, each undertaken in duplicate (n � 3). *, p � 0.05;
**, p � 0.01 (compared with chemokine-only controls), as determined using Student’s t test.

FIGURE 9. Pre-incubation of chemokine with Link_TSG6 inhibits subsequent presentation on collagen. Biotinylated CCL21, CXCL12, or CXCL4 were
incubated at different concentrations (10, 50, or 200 nM) on wells pre-coated with collagen, and the amounts bound following washing were detected using
labeled streptavidin (A). The biotinylated chemokines CCL21 (50 nM) (B), CXCL12 (50 nM) (C), or CXCL4 (10 nM) (D) were incubated either alone or in combination
with different molar ratios of Link_TSG6 (ratios given as Link_TSG6/chemokine) prior to incubation on the collagen-coated surfaces, followed by detection as
before. Data are expressed as total binding (relative fluorescence intensity) (A) or as a percentage of maximal binding of chemokine alone (B–D), plotted as
mean values (	S.E.) from two independent experiments, each undertaken in duplicate (n � 2). *, p � 0.05; **, p � 0.01 (compared with chemokine-only
controls), as determined using repeated measures ANOVA analysis with a Bonferroni post hoc test.
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The exception to these findings was the lack of inhibition of
CCL5 binding to endothelial cells following pre-incubation
with Link_TSG6, despite the high affinity interaction between
the two. The mechanistic reason for the anomalous behavior of
CCL5 is unknown; however, CCL5 is unique in forming large
stable polymers in solution, and it has a very high affinity for
cell-surface GAGs because of avidity effects from multiple
GAG-binding sites on its surface (57). Although speculative, it
may be that upon pre-incubation with CCL5, TSG-6 is unable
to mask all GAG-binding sites on the CCL5 polymer and that
the remaining GAG sites are still permissive to its interaction

with cell-surface GAGs. However, when TSG-6 is pre-incu-
bated with the endothelial surface, it may be a more effective
mechanism for blocking the subsequent binding of CCL5 by
sterically preventing the formation of high affinity GAG-CCL5
polymer complexes that would normally occur. Further studies
will be required to test this possibility.

In addition to inhibiting the binding of chemokines to endo-
thelial cells by interacting with the GAG-binding epitopes on
chemokines, we showed that TSG-6 can directly interact with
and thereby mask cell-surface GAGs (Fig. 11, A and B). In sup-
port of these findings, it is well established that the Link_TSG6
interacts with a wide variety of GAGs, including chondroitin
sulfate (CS), dermatan sulfate, heparin/HS, and HA (27, 28).
Furthermore, in this study we demonstrate that Link_TSG6
binds to heparin with an affinity (�20 nM) that is similar to its
affinity for several chemokines (56, 57). We also showed that
the affinities of chemokines for Link_TSG6 strongly correlate
with their affinities for HS. This “matching” of binding
strengths would be expected to allow TSG-6 to modulate
chemokine binding to GAGs in a highly concentration-depen-
dent manner.

The ability of the TSG-6 Link module to dimerize when
bound to heparin and CS (27, 84) may contribute to its potency
in sequestering chemokine-binding sites on GAGs through an
avidity effect. Cross-linking of GAGs by TSG-6 may also affect
the accessibility or conformation of chemokine-binding sites
on GAGs. Finally, binding of the CUB_C domain to fibronectin
in the context of full-length TSG-6 (85) may provide additional
tethers that further strengthen its interactions with GAGs, col-
lagen, and/or other ECM substrates. Collectively, these mech-
anisms for sequestering chemokine-binding sites on endothe-
lial and ECM GAGs may contribute to the broad spectrum
activities of TSG-6, enabling it to affect not only the chemo-
kines investigated here but any chemokine whose function is
dependent on GAG binding.

By inhibiting the presentation of chemokines on cell-surface
GAGs and collagen, Link_TSG6 is predicted to cause the dis-
ruption of chemokine gradients, resulting in impaired cell
migration (40). However, the in vitro migration assays used in
this study are inadequate for testing this hypothesis because,
apart from a potentially small contribution of GAG-mediated
transcytosis on cell migration, there is little or no dependence
of transendothelial migration on GAG interactions. This is due
to the fact that Transwell migration assays automatically estab-
lish a chemokine gradient by the separation of chemokine and
cells between the two chambers, eliminating the need for
GAGs. Furthermore, sample confinement in the wells and lack
of shear forces/flow prevent rapid dissipation of chemokines
that might otherwise happen in vivo in the absence of GAG
interactions (35). More complex in vitro (under flow) or in vivo
assays will be required to further probe the mechanistic basis
for the anti-inflammatory properties of TSG-6 with respect to
how it affects gradient formation of chemokines and subse-
quently cell migration, similar to previous studies with GAG
binding-deficient chemokines (35–37, 39).

Insights into the Recognition between Chemokines and
TSG-6 —In this study, we showed that TSG-6 binds to all
chemokines tested through their GAG-binding sites. The high

FIGURE 10. Pre-incubation with Link_TSG6 inhibits CCL19- and CCL21-
mediated but not CXCL12- or CCL5-mediated transendothelial migra-
tion of CCR7-, CXCR4-, or CCR5-expressing cells, and CCL21-mediated
adhesion of BMDCs. CCL19 (50 nM), CCL21 (50 nM), CXCL12 (1 nM), or CCL5 (1
nM) was added to the bottom chamber of a Transwell with or without pre-
incubation with the indicated molar ratios of Link_TSG6 (Link_TSG6/chemo-
kine) and CCR7- (A and B), CXCR4- (C), or CCR5 (D)-expressing cells were added
to the top well in the presence of an endothelial monolayer on the suspended
membrane; following incubation (2 h, 37 °C), the numbers of migrated cells
were counted. Data were normalized to the level of migration mediated by
chemokine alone, plotted as mean values (	S.E.) from three independent
experiments, each undertaken in duplicate (n � 3). *, p � 0.05; **, p � 0.01
(comparedwithchemokine-onlycontrols),asdeterminedusingrepeatedmea-
sures ANOVA analysis with a Bonferroni post hoc test. CCL21 (10 nM), pre-
incubated at a 1:1 molar ratio with Link_TSG6, was incubated with
SV-LECs (30 min, 37 °C) followed by addition of BMDCs. BMDC adhesion (per-
centage of total maximal signal) is plotted as mean values for triplicate wells
(	 S.D.) from a representative data set of six independent experiments (E). ***,
p � 0.001 for CCL21 alone compared with vehicle control or for Link_TSG6/
chemokine compared with CCL21 alone, as determined using a one-way
ANOVA analysis with a Bonferroni post hoc test.
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resolution molecular details of how it does so remains an
important question because chemokines are overall basic pro-
teins, but TSG-6 is basic as well (pI �9.48 (84)). Previously, it
was shown that a mutant of Link_TSG6 (Link_TSG6_T), with
reduced capacity to bind heparin (27), was still capable of bind-
ing to CXCL8 and inhibiting both its interaction with GAGs
and transendothelial cell migration toward CXCL8 (30). Simi-
larly, in this study, we showed that this Link_TSG6 mutant
could inhibit CXCL11, CCL2, CCL7, and CCL19 interactions
with heparin. These findings suggest that the heparin-binding
site on Link_TSG6 (Fig. 12) does not overlap with its binding
site for CXCL8 and the above chemokines, which may very well
be the case for other chemokines. This would not be surprising
because the heparin-binding surface of Link_TSG6 is com-
posed of basic residues, making it incompatible with chemo-
kine GAG-binding sites, which are also defined by clusters of
Arg, Lys, and His (86, 87). Instead, the interaction with the
GAG-binding domains of chemokines may be mediated by neg-
atively charged amino acids in Link_TSG6 (Fig. 12). Alterna-
tively, as the binding site on Link_TSG6 for HA/CS is non-
overlapping with heparin and enriched with aromatic residues,
it is possible that it could provide a binding site for chemokines
(Fig. 12). In this case, favorable cation/� interactions (88, 89)
between the Link_TSG6 aromatic residues and Lys/Arg resi-
dues in the chemokine GAG-binding epitopes could contribute
to complex formation. Identification of the chemokine-binding
sites on TSG-6 will be the subject of future studies.

The present data also suggest that, although the binding sites
for chemokines and heparin on Link_TSG6 do not overlap, it is
probable that chemokine and heparin (and likely HS) do not
simultaneously bind the Link module (Fig. 11). This is because
Link_TSG6 blocks cell surface presentation of chemokines, and
if GAG and chemokine could both bind to the Link module,
then the opposite effect might be expected. This suggests that
an allosteric mechanism may prevent simultaneous binding of
GAG and chemokine, as has been suggested for the competing
interactions of HA and heparin for their distinct binding sites
on Link_TSG6 (27, 84). Alternatively, if chemokines bind to the
HA/CS-binding site of TSG-6 (27, 84), then binding of chemo-
kine and these GAGs to TSG-6 would simply be competitive
and mutually exclusive.

In addition to basic epitopes defining the GAG-binding sites
of chemokines, many chemokines oligomerize by themselves,
and the oligomers are stabilized by GAGs (56, 90 –93). Further-
more, oligomerization plays a critical role in the affinity of
chemokines for heparin, HS, and CS (39, 56, 57, 94). Whether or
not chemokine oligomerization affects binding to Link_TSG6
is not yet clear and will also be the subject of future studies.

TSG-6 Is a Broad Spectrum Chemokine-binding Protein—We
previously identified TSG-6 as the first known mammalian sol-
uble chemokine-binding protein (30) and can now further
define it as a broad spectrum chemokine-binding protein that
interacts with multiple chemokines via their GAG-binding
domains. Thus, the cumulative abilities of TSG-6 to inhibit
chemokine interactions with GAGs as well as collagen, to exert
inhibitory effects in the ECM and on cell surfaces, and to
directly bind chemokines and GAGs together create a robust
mechanism by which TSG-6 is able to modulate the function of
many chemokines with potentially significant anti-inflamma-
tory consequences (11–14, 16 –19, 23). In fact, TSG-6 may rep-
resent a general regulator of heparin/HS-binding proteins; in
addition to 10 chemokines, TSG-6 interacts with seven hepa-
rin/HS-binding bone morphogenetic proteins (95), at least in
part, via its Link module. How a single protein can bind so many

FIGURE 11. Model of TSG-6 inhibition of chemokine/GAG interactions. A, chemokines (green) bind to GAGs (branched structures) present on endothelial cells
(shown) and within the ECM (not shown) via GAG-binding sites on the chemokine (depicted as dark line). Integral to their function, chemokine/GAG interac-
tions enable the retention and accumulation of chemokines on cell surfaces, which leads to the formation of chemokine gradients involved in directing cell
migration. In inflammatory settings, TSG-6 (purple) is up-regulated and inhibits chemokine function by blocking the cell surface presentation of chemokines (B
and C). One mechanism for how TSG-6 can exert its inhibitory effects is by directly binding to GAGs on the cell surface, thus limiting available GAG for
chemokine interactions (B). Additionally, TSG-6 binds chemokines directly through their GAG-binding domains, thereby blocking chemokine interactions with
GAG by competing for a common binding surface (C).

FIGURE 12. Interaction sites for CS/HA, heparin, and potential binding
sites for chemokines on Link_TSG6. Structure of a Link_TSG6 complex with
CS (Protein Data Bank code 2N40) is shown, where Link_TSG6 is represented
as a surface mesh, and CS is shown as a space-filling model. The green surface
of Link_TSG6 highlights the aromatics that define the CS/HA-binding site (9,
84) and could provide a binding site for chemokines through their GAG-bind-
ing epitopes. The blue surface highlights the basic residues that define the
heparin-binding site as determined previously (75), which is not compatible
with chemokine binding. The red surface highlights Glu residues that could
provide a binding site for chemokines through their GAG-binding epitopes.
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other proteins is reminiscent of viral chemokine-binding pro-
teins that promote virulence by sequestering chemokines and
suppressing the immune response (96). For example, the
chemokine-binding protein M3, produced by �-herpesvirus 68,
can bind to both receptor- and GAG-binding domains of
chemokines (97), thereby inhibiting chemokine function by
two separate mechanisms. E163 from poxvirus is similar to
TSG-6 in that it interacts with chemokines through their GAG-
binding epitopes and also binds directly to GAGs, but it does
not inhibit interactions of chemokines with their receptors (46).
The similarity of TSG-6 with these various chemokine-binding
proteins underscores its role as a pluripotent anti-inflamma-
tory mediator of chemokine function. Its ability to interact with
so many chemokines may add to its known functions in the
ECM and explain some of its protective effects in models of
inflammatory disease (11–14) and its more recently described
role in protection against inflammatory damage mediated by
human mesenchymal stem cells (4, 16 –18, 23). Inhibition of the
presentation of chemokines on cell surface and ECM GAGs
would be expected to impair leukocyte migration in vivo due to
the lack of an immobilized chemokine gradient for the cells to
follow (40). Thus, TSG-6 expression may provide a novel mech-
anism whereby cellular presentation of chemokines can be reg-
ulated and finely tuned.

Author Contributions—D. P. D. purified chemokine, performed SPR,
solid phase binding assays, cell migration assays, and endothelial/
collagen chemokine binding assays and assisted in drafting the man-
uscript. C. L. S. purified chemokine, optimized endothelial chemo-
kine binding assays and cell migration assays, generated Fig. 11,
provided technical and intellectual input, and assisted in drafting the
manuscript. S. C. J. performed the BMDC adhesion assays. E. V. per-
formed solid phase competition binding assays. M. M. F. directed the
BMDC adhesion assays. C. M. M. co-directed the studies and
assisted in drafting the manuscript. A. J. D. co-directed the studies
and assisted in drafting the manuscript. T. M. H. directed the study
and coordinated the writing of the manuscript.

Acknowledgments—We thank Barbara Mulloy for providing the 4th
International Standard of Heparin, Lisa Collinson and Giles Hassall
for preparing the Link_TSG6, Tetsuya Kawamura for preparing some
of the chemokines used in these studies, and Irina Kufareva for the
structural models.

References
1. Wisniewski, H. G., Maier, R., Lotz, M., Lee, S., Klampfer, L., Lee, T. H., and

Vilcek, J. (1993) TSG-6: a TNF-, IL-1-, and LPS-inducible secreted glyco-
protein associated with arthritis. J. Immunol. 151, 6593– 6601

2. Bayliss, M. T., Howat, S. L., Dudhia, J., Murphy, J. M., Barry, F. P., Edwards,
J. C., and Day, A. J. (2001) Up-regulation and differential expression of the
hyaluronan-binding protein TSG-6 in cartilage and synovium in rheuma-
toid arthritis and osteoarthritis. Osteoarthr. Cartil. 9, 42– 48

3. Forteza, R., Casalino-Matsuda, S. M., Monzon, M. E., Fries, E., Rugg, M. S.,
Milner, C. M., and Day, A. J. (2007) TSG-6 potentiates the antitissue
kallikrein activity of inter-�-inhibitor through bikunin release. Am. J. Re-
spir. Cell Mol. Biol. 36, 20 –31

4. Lee, R. H., Puling, A. A., Seo, M. J., Kota, D. J., Ylöstalo, J., Larson, B. L.,
Semipro-Prieto, L., Delafontaine, P., and Prockop, D. J. (2009) Intravenous
hMSCs improve myocardial infarction in mice because cells embolized in
lung are activated to secrete the anti-inflammatory protein TSG-6. Cell
Stem Cell 5, 54 – 63

5. Milner, C. M., and Day, A. J. (2003) TSG-6: a multifunctional protein
associated with inflammation. J. Cell Sci. 116, 1863–1873

6. Mahoney, D. J., Swales, C., Athanasou, N. A., Bombardieri, M., Pitzalis, C.,
Kliskey, K., Sharif, M., Day, A. J., Milner, C. M., and Sabokbar, A. (2011)
TSG-6 inhibits osteoclast activity via an autocrine mechanism and is func-
tionally synergistic with osteoprotegerin. Arthritis Rheum. 63, 1034 –1043

7. Lee, T. H., Wisniewski, H. G., and Vilcek, J. (1992) A novel secretory tumor
necrosis factor-inducible protein (TSG-6) is a member of the family of
hyaluronate binding proteins, closely related to the adhesion receptor
CD44. J. Cell Biol. 116, 545–557

8. Milner, C. M., Higman, V. A., and Day, A. J. (2006) TSG-6: a pluripotent
inflammatory mediator? Biochem. Soc Trans. 34, 446 – 450

9. Higman, V. A., Briggs, D. C., Mahoney, D. J., Blundell, C. D., Sattelle, B. M.,
Dyer, D. P., Green, D. E., DeAngelis, P. L., Almond, A., Milner, C. M., and
Day, A. J. (2014) A refined model for the TSG-6 link module in complex
with hyaluronan: use of defined oligosaccharides to probe structure and
function. J. Biol. Chem. 289, 5619 –5634

10. Briggs, D. C., Birchenough, H. L., Ali, T., Rugg, M. S., Waltho, J. P., Ievoli,
E., Jowitt, T. A., Enghild, J. J., Richter, R. P., Salustri, A., Milner, C. M., and
Day, A. J. (2015) Metal ion-dependent heavy chain transfer activity of
TSG-6 mediates assembly of the cumulus-oocyte matrix. J. Biol. Chem.
290, 28708 –28723

11. Bárdos, T., Kamath, R. V., Mikecz, K., and Glant, T. T. (2001) Anti-inflam-
matory and chondroprotective effect of TSG-6 (tumor necrosis factor-�-
stimulated gene-6) in murine models of experimental arthritis. Am. J.
Pathol. 159, 1711–1721

12. Mindrescu, C., Thorbecke, G. J., Klein, M. J., Vilcek, J., and Wisniewski,
H. G. (2000) Amelioration of collagen-induced arthritis in DBA/1J mice by
recombinant TSG-6, a tumor necrosis factor/interleukin-1-inducible pro-
tein. Arthritis Rheum. 43, 2668 –2677

13. Glant, T. T., Kamath, R. V., Bárdos, T., Gál, I., Szántó, S., Murad, Y. M.,
Sandy, J. D., Mort, J. S., Roughley, P. J., and Mikecz, K. (2002) Cartilage-
specific constitutive expression of TSG-6 protein (product of tumor ne-
crosis factor �-stimulated gene 6) provides a chondroprotective, but not
antiinflammatory, effect in antigen-induced arthritis. Arthritis Rheum. 46,
2207–2218

14. Mindrescu, C., Dias, A. A., Olszewski, R. J., Klein, M. J., Reis, L. F., and
Wisniewski, H. G. (2002) Reduced susceptibility to collagen-induced ar-
thritis in DBA/1J mice expressing the TSG-6 transgene. Arthritis Rheum.
46, 2453–2464

15. Kato, T., Okumi, M., Tanemura, M., Yazawa, K., Kakuta, Y., Yamanaka, K.,
Tsutahara, K., Doki, Y., Mori, M., Takahara, S., and Nonomura, N. (2014)
Adipose tissue-derived stem cells suppress acute cellular rejection by
TSG-6 and CD44 interaction in rat kidney transplantation. Transplanta-
tion 98, 277–284

16. Oh, J. Y., Roddy, G. W., Choi, H., Lee, R. H., Ylöstalo, J. H., Rosa, R. H., Jr.,
and Prockop, D. J. (2010) Anti-inflammatory protein TSG-6 reduces in-
flammatory damage to the cornea following chemical and mechanical
injury. Proc. Natl. Acad. Sci. U.S.A. 107, 16875–16880

17. Choi, H., Lee, R. H., Bazhanov, N., Oh, J. Y., and Prockop, D. J. (2011)
Anti-inflammatory protein TSG-6 secreted by activated MSCs attenuates
zymosan-induced mouse peritonitis by decreasing TLR2/NF-�B signaling
in resident macrophages. Blood 118, 330 –338

18. Watanabe, J., Shetty, A. K., Hattiangady, B., Kim, D.-K., Foraker, J. E.,
Nishida, H., and Prockop, D. J. (2013) Administration of TSG-6 improves
memory after traumatic brain injury in mice. Neurobiol. Dis. 59, 86 –99

19. Foskett, A. M., Bazhanov, N., Ti, X., Tiblow, A., Bartosh, T. J., and
Prockop, D. J. (2014) Phase-directed therapy: TSG-6 targeted to early
inflammation improves bleomycin-injured lungs. Am. J. Physiol. Lung Cell
Mol Physiol. 306, L120 –L131

20. Qi, Y., Jiang, D., Sindrilaru, A., Stegemann, A., Schatz, S., Treiber, N.,
Rojewski, M., Schrezenmeier, H., Vander Beken, S., Wlaschek, M., Böhm,
M., Seitz, A., Scholz, N., Dürselen, L., Brinckmann, J., et al. (2014) TSG-6
released from intradermally injected mesenchymal stem cells accelerates
wound healing and reduces tissue fibrosis in murine full-thickness skin
wounds. J. Invest. Dermatol. 134, 526 –537

21. Kota, D. J., Wiggins, L. L., Yoon, N., and Lee, R. H. (2013) TSG-6 produced
by hMSCs delays the onset of autoimmune diabetes by suppressing Th1

TSG-6 Inhibits Chemokine/Glycosaminoglycan Interactions

12638 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 24 • JUNE 10, 2016



development and enhancing tolerogenicity. Diabetes 62, 2048 –2058
22. Szántó, S., Bárdos, T., Gál, I., Glant, T. T., and Mikecz, K. (2004) Enhanced

neutrophil extravasation and rapid progression of proteoglycan-induced
arthritis in TSG-6-knockout mice. Arthritis Rheum. 50, 3012–3022

23. Danchuk, S., Ylostalo, J. H., Hossain, F., Sorge, R., Ramsey, A., Bonvillain,
R. W., Lasky, J. A., Bunnell, B. A., Welsh, D. A., Prockop, D. J., and Sullivan,
D. E. (2011) Human multipotent stromal cells attenuate lipopolysaccha-
ride-induced acute lung injury in mice via secretion of tumor necrosis
factor-�-induced protein 6. Stem Cell Res. Ther. 2, 27

24. Day, A. J., Aplin, R. T., and Willis, A. C. (1996) Overexpression, purifica-
tion, and refolding of link module from human TSG-6 in Escherichia coli:
effect of temperature, media, and mutagenesis on lysine misincorporation
at arginine AGA codons. Protein Expr. Purif. 8, 1–16

25. Kahmann, J. D., Koruth, R., and Day, A. J. (1997) Method for quantitative
refolding of the link module from human TSG-6. Protein Expr. Purif. 9,
315–318

26. Getting, S. J., Mahoney, D. J., Cao, T., Rugg, M. S., Fries, E., Milner, C. M.,
Perretti, M., and Day, A. J. (2002) The link module from human TSG-6
inhibits neutrophil migration in a hyaluronan- and inter-�-inhibitor-inde-
pendent manner. J. Biol. Chem. 277, 51068 –51076

27. Mahoney, D. J., Mulloy, B., Forster, M. J., Blundell, C. D., Fries, E., Milner,
C. M., and Day, A. J. (2005) Characterization of the interaction between
tumor necrosis factor-stimulated gene-6 and heparin: implications for the
inhibition of plasmin in extracellular matrix microenvironments. J. Biol.
Chem. 280, 27044 –27055

28. Marson, A., Robinson, D. E., Brookes, P. N., Mulloy, B., Wiles, M.,
Clark, S. J., Fielder, H. L., Collinson, L. J., Cain, S. A., Kielty, C. M.,
McArthur, S., Buttle, D. J., Short, R. D., Whittle, J. D., and Day, A. J.
(2009) Development of a microtiter plate-based glycosaminoglycan
array for the investigation of glycosaminoglycan-protein interactions.
Glycobiology 19, 1537–1546

29. Cao, T. V., La, M., Getting, S. J., Day, A. J., and Perretti, M. (2004) Inhibi-
tory effects of TSG-6 Link module on leukocyte-endothelial cell interac-
tions in vitro and in vivo. Microcirculation 11, 615– 624

30. Dyer, D. P., Thomson, J. M., Hermant, A., Jowitt, T. A., Handel, T. M.,
Proudfoot, A. E., Day, A. J., and Milner, C. M. (2014) TSG-6 inhibits
neutrophil migration via direct interaction with the chemokine CXCL8.
J. Immunol. 192, 2177–2185

31. Salanga, C. L., and Handel, T. M. (2011) Chemokine oligomerization and
interactions with receptors and glycosaminoglycans: the role of structural
dynamics in function. Exp. Cell Res. 317, 590 – 601

32. Luster, A. D. (1998) Chemokines– chemotactic cytokines that mediate
inflammation. N. Engl. J. Med. 338, 436 – 445

33. Baggiolini, M. (1998) Chemokines and leukocyte traffic. Nature 392,
565–568

34. Sallusto, F., and Baggiolini, M. (2008) Chemokines and leukocyte traffic.
Nat. Immunol. 9, 949 –952

35. Proudfoot, A. E., Handel, T. M., Johnson, Z., Lau, E. K., LiWang, P., Clark-
Lewis, I., Borlat, F., Wells, T. N., and Kosco-Vilbois, M. H. (2003) Glyco-
saminoglycan binding and oligomerization are essential for the in vivo
activity of certain chemokines. Proc. Natl. Acad. Sci. U.S.A. 100,
1885–1890

36. Ali, S., Robertson, H., Wain, J. H., Isaacs, J. D., Malik, G., and Kirby, J. A.
(2005) A non-glycosaminoglycan-binding variant of CC chemokine li-
gand 7 (monocyte chemoattractant protein-3) antagonizes chemokine-
mediated inflammation. J. Immunol. 175, 1257–1266

37. O’Boyle, G., Mellor, P., Kirby, J. A., and Ali, S. (2009) Anti-inflammatory
therapy by intravenous delivery of non-heparan sulfate-binding CXCL12.
FASEB J. 23, 3906 –3916

38. Tanino, Y., Coombe, D. R., Gill, S. E., Kett, W. C., Kajikawa, O., Proudfoot,
A. E., Wells, T. N., Parks, W. C., Wight, T. N., Martin, T. R., and Frevert,
C. W. (2010) Kinetics of chemokine-glycosaminoglycan interactions con-
trol neutrophil migration into the airspaces of the lungs. J. Immunol. 184,
2677–2685

39. Gangavarapu, P., Rajagopalan, L., Kolli, D., Guerrero-Plata, A., Garofalo,
R. P., and Rajarathnam, K. (2012) The monomer-dimer equilibrium and
glycosaminoglycan interactions of chemokine CXCL8 regulate tissue-
specific neutrophil recruitment. J. Leukocyte Biol. 91, 259 –265

40. Weber, M., Hauschild, R., Schwarz, J., Moussion, C., de Vries, I., Legler,
D. F., Luther, S. A., Bollenbach, T., and Sixt, M. (2013) Interstitial
dendritic cell guidance by haptotactic chemokine gradients. Science
339, 328 –332

41. Xu, D., and Esko, J. D. (2014) Demystifying heparan sulfate-protein inter-
actions. Annu. Rev. Biochem. 83, 129 –157

42. Taylor, K. R., and Gallo, R. L. (2006) Glycosaminoglycans and their pro-
teoglycans: host-associated molecular patterns for initiation and modula-
tion of inflammation. FASEB J. 20, 9 –22

43. Schmidt, E. P., Lee, W. L., Zemans, R. L., Yamashita, C., and Downey, G. P.
(2011) On, around, and through: neutrophil-endothelial interactions in
innate immunity. Physiology 26, 334 –347

44. Kolářová, H., Ambrůzová, B., Svihálková Šindlerová, L., Klinke, A., and
Kubala, L. (2014) Modulation of endothelial glycocalyx structure under
inflammatory conditions. Mediators Inflamm. 2014, 694312

45. Griffith, J. W., Sokol, C. L., and Luster, A. D. (2014) Chemokines and
chemokine receptors: positioning cells for host defense and immunity.
Annu. Rev. Immunol. 32, 659 –702

46. Ruiz-Argüello, M. B., Smith, V. P., Campanella, G. S., Baleux, F.,
Arenzana-Seisdedos, F., Luster, A. D., and Alcami, A. (2008) An ectrome-
lia virus protein that interacts with chemokines through their glycosami-
noglycan binding domain. J. Virol. 82, 917–926

47. Oh, J. Y., Lee, R. H., Yu, J. M., Ko, J. H., Lee, H. J., Ko, A. Y., Roddy, G. W.,
and Prockop, D. J. (2012) Intravenous mesenchymal stem cells prevented
rejection of allogeneic corneal transplants by aborting the early inflamma-
tory response. Mol. Ther. 20, 2143–2152

48. Alcami, A. (2003) Viral mimicry of cytokines, chemokines and their re-
ceptors. Nat. Rev. Immunol. 3, 36 –50

49. Smith, P., Fallon, R. E., Mangan, N. E., Walsh, C. M., Saraiva, M., Sayers,
J. R., McKenzie, A. N., Alcami, A., and Fallon, P. G. (2005) Schistosoma
mansoni secretes a chemokine-binding protein with antiinflammatory ac-
tivity. J. Exp. Med. 202, 1319 –1325

50. Déruaz, M., Frauenschuh, A., Alessandri, A. L., Dias, J. M., Coelho, F. M.,
Russo, R. C., Ferreira, B. R., Graham, G. J., Shaw, J. P., Wells, T. N., Teix-
eira, M. M., Power, C. A., and Proudfoot, A. E. (2008) Ticks produce highly
selective chemokine-binding proteins with antiinflammatory activity. J.
Exp. Med. 205, 2019 –2031

51. Asquith, D. L., Bryce, S. A., and Nibbs, R. J. (2015) Targeting cell migration
in rheumatoid arthritis. Curr. Opin. Rheumatol. 27, 204 –211

52. Proudfoot, A. E., Bonvin, P., and Power, C. A. (2015) Targeting chemo-
kines: Pathogens can, why can’t we? Cytokine 74, 259 –267

53. Hirose, J., Kawashima, H., Swope Willis, M., Springer, T. A., Hasegawa, H.,
Yoshie, O., and Miyasaka, M. (2002) Chondroitin sulfate B exerts its in-
hibitory effect on secondary lymphoid tissue chemokine (SLC) by binding
to the C terminus of SLC. Biochim. Biophys. Acta 1571, 219 –224

54. O’Hayre, M., Salanga, C. L., Dorrestein, P. C., and Handel, T. M. (2009)
Phosphoproteomic analysis of chemokine signaling networks. Methods
Enzymol. 460, 331–346

55. Allen, S. J., Hamel, D. J., and Handel, T. M. (2011) A rapid and efficient way
to obtain modified chemokines for functional and biophysical studies.
Cytokine 55, 168 –173

56. Salanga, C. L., Dyer, D. P., Kiselar, J. G., Gupta, S., Chance, M. R., and
Handel, T. M. (2014) Multiple glycosaminoglycan-binding epitopes of
monocyte chemoattractant protein-3/CCL7 enable it to function as a
non-oligomerizing chemokine. J. Biol. Chem. 289, 14896 –14912

57. Dyer, D. P., Salanga, C. L., Volkman, B. F., Kawamura, T., and Handel,
T. M. (2016) The dependence of chemokine/glycosaminoglycan interac-
tions on chemokine oligomerization. Glycobiology 26, 312–326

58. Clark, S. J., Higman, V. A., Mulloy, B., Perkins, S. J., Lea, S. M., Sim,
R. B., and Day, A. J. (2006) His-384 allotypic variant of factor H asso-
ciated with age-related macular degeneration has different heparin
binding properties from the non-disease-associated form. J. Biol.
Chem. 281, 24713–24720

59. Lau, E. K., Paavola, C. D., Johnson, Z., Gaudry, J.-P., Geretti, E., Borlat,
F., Kungl, A. J., Proudfoot, A. E., and Handel, T. M. (2004) Identifica-
tion of the glycosaminoglycan binding site of the CC chemokine,
MCP-1: implications for structure and function in vivo. J. Biol. Chem.
279, 22294 –22305

TSG-6 Inhibits Chemokine/Glycosaminoglycan Interactions

JUNE 10, 2016 • VOLUME 291 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 12639



60. Proudfoot, A. E., Fritchley, S., Borlat, F., Shaw, J. P., Vilbois, F., Zwahlen, C.,
Trkola, A., Marchant, D., Clapham, P. R., and Wells, T. N. (2001) The
BBXB motif of RANTES is the principal site for heparin binding and
controls receptor selectivity. J. Biol. Chem. 276, 10620 –10626

61. Sadir, R., Baleux, F., Grosdidier, A., Imberty, A., and Lortat-Jacob, H.
(2001) Characterization of the stromal cell-derived factor-1�-heparin
complex. J. Biol. Chem. 276, 8288 – 8296

62. Kuschert, G. S., Coulin, F., Power, C. A., Proudfoot, A. E., Hubbard, R. E.,
Hoogewerf, A. J., and Wells, T. N. (1999) Glycosaminoglycans interact
selectively with chemokines and modulate receptor binding and cellular
responses. Biochemistry 38, 12959 –12968

63. Hoogewerf, A. J., Kuschert, G. S., Proudfoot, A. E., Borlat, F., Clark-Lewis,
I., Power, C. A., and Wells, T. N. (1997) Glycosaminoglycans mediate cell
surface oligomerization of chemokines. Biochemistry 36, 13570 –13578

64. Wang, L., Fuster, M., Sriramarao, P., and Esko, J. D. (2005) Endothelial
heparan sulfate deficiency impairs L-selectin- and chemokine-mediated
neutrophil trafficking during inflammatory responses. Nat. Immunol. 6,
902–910

65. Nagakubo, D., Murai, T., Tanaka, T., Usui, T., Matsumoto, M., Sekiguchi,
K., and Miyasaka, M. (2003) A high endothelial venule secretory protein,
mac25/angiomodulin, interacts with multiple high endothelial venule-as-
sociated molecules including chemokines. J. Immunol. 171, 553–561

66. Yang, B.-G., Tanaka, T., Jang, M. H., Bai, Z., Hayasaka, H., and Miyasaka,
M. (2007) Binding of lymphoid chemokines to collagen IV that accumu-
lates in the basal lamina of high endothelial venules: Its implications in
lymphocyte trafficking. J. Immunol. 179, 4376 – 4382

67. Middleton, J., Neil, S., Wintle, J., Clark-Lewis, I., Moore, H., Lam, C., Auer,
M., Hub, E., and Rot, A. (1997) Transcytosis and surface presentation of
IL-8 by venular endothelial cells. Cell 91, 385–395

68. Zlotnik, A., and Yoshie, O. (2000) Chemokines: a new classification system
and their role in immunity. Immunity 12, 121–127

69. Johnson, L. A., and Jackson, D. G. (2014) Control of dendritic cell traffick-
ing in lymphatics by chemokines. Angiogenesis 17, 335–345

70. Lee, T. H., Klampfer, L., Shows, T. B., and Vilcek, J. (1993) Transcriptional
regulation of TSG6, a tumor necrosis factor- and interleukin-1-inducible
primary response gene coding for a secreted hyaluronan-binding protein.
J. Biol. Chem. 268, 6154 – 6160

71. Maina, V., Cotena, A., Doni, A., Nebuloni, M., Pasqualini, F., Milner,
C. M., Day, A. J., Mantovani, A., and Garlanda, C. (2009) Coregulation in
human leukocytes of the long pentraxin PTX3 and TSG-6. J. Leukocyte
Biol. 86, 123–132

72. Nagyeri, G., Radacs, M., Ghassemi-Nejad, S., Tryniszewska, B., Olasz, K.,
Hutas, G., Gyorfy, Z., Hascall, V. C., Glant, T. T., and Mikecz, K. (2011)
TSG-6 protein, a negative regulator of inflammatory arthritis, forms a
ternary complex with murine mast cell tryptases and heparin. J. Biol.
Chem. 286, 23559 –23569

73. Fessler, M. B., Malcolm, K. C., Duncan, M. W., and Worthen, G. S. (2002)
A genomic and proteomic analysis of activation of the human neutrophil
by lipopolysaccharide and its mediation by p38 mitogen-activated protein
kinase. J. Biol. Chem. 277, 31291–31302

74. Lee, T. H., Lee, G. W., Ziff, E. B., and Vilcek, J. (1990) Isolation and char-
acterization of eight tumor necrosis factor-induced gene sequences from
human fibroblasts. Mol. Cell. Biol. 10, 1982–1988

75. Higman, V. A., Blundell, C. D., Mahoney, D. J., Redfield, C., Noble, M. E.,
and Day, A. J. (2007) Plasticity of the TSG-6 HA-binding loop and mobility
in the TSG-6-HA complex revealed by NMR and x-ray crystallography. J.
Mol. Biol. 371, 669 – 684

76. Scapini, P., Crepaldi, L., Pinardi, C., Calzetti, F., and Cassatella, M. A.
(2002) CCL20/macrophage inflammatory protein-3� production in LPS-
stimulated neutrophils is enhanced by the chemoattractant formyl-me-
thionyl-leucyl-phenylalanine and IFN-� through independent mecha-
nisms. Eur. J. Immunol. 32, 3515–3524

77. Yoshimura, T., and Takahashi, M. (2007) IFN-�-mediated survival en-
ables human neutrophils to produce MCP-1/CCL2 in response to activa-
tion by TLR ligands. J. Immunol. 179, 1942–1949

78. Gasperini, S., Marchi, M., Calzetti, F., Laudanna, C., Vicentini, L., Olsen,
H., Murphy, M., Liao, F., Farber, J., and Cassatella, M. A. (1999) Gene
expression and production of the monokine induced by IFN-� (MIG),

IFN-inducible T cell � chemoattractant (I-TAC), and IFN-�-inducible
protein-10 (IP-10) chemokines by human neutrophils. J. Immunol. 162,
4928 – 4937

79. Eash, K. J., Greenbaum, A. M., Gopalan, P. K., and Link, D. C. (2010)
CXCR2 and CXCR4 antagonistically regulate neutrophil trafficking from
murine bone marrow. J. Clin. Invest. 120, 2423–2431

80. Lee, H. Y., Lee, S. Y., Kim, S. D., Shim, J. W., Kim, H. J., Jung, Y. S., Kwon,
J. Y., Baek, S.-H., Chung, J., and Bae, Y.-S. (2011) Sphingosylphosphoryl-
choline stimulates CCL2 production from human umbilical vein endothe-
lial cells. J. Immunol. 186, 4347– 4353

81. Randolph, G. J., Angeli, V., and Swartz, M. A. (2005) Dendritic-cell traf-
ficking to lymph nodes through lymphatic vessels. Nat. Rev. Immunol. 5,
617– 628

82. Coombes, B. K., and Mahony, J. B. (2001) cDNA array analysis of altered
gene expression in human endothelial cells in response to Chlamydia
pneumoniae infection. Infect. Immun. 69, 1420 –1427

83. Lawrance, W., Banerji, S., Day, A. J., Bhattacharjee, S., and Jackson, D. G.
(2016) Binding of hyaluronan to the native lymphatic vessel endothelial
receptor LYVE-1 is critically dependent on receptor surface clustering and
hyaluronan organization. J. Biol. Chem. 291, 8014 – 8030

84. Park, Y., Jowitt, T. A., Day, A. J., and Prestegard, J. H. (2016) NMR insight
into the multiple glycosaminoglycan binding modes of the Link module
from human TSG-6. Biochemistry 55, 262–276

85. Kuznetsova, S. A., Mahoney, D. J., Martin-Manso, G., Ali, T., Nentwich,
H. A., Sipes, J. M., Zeng, B., Vogel, T., Day, A. J., and Roberts, D. D. (2008)
TSG-6 binds via its CUB_C domain to the cell-binding domain of fi-
bronectin and increases fibronectin matrix assembly. Matrix Biol. 27,
201–210

86. Cardin, A. D., and Weintraub, H. J. (1989) Molecular modeling of protein-
glycosaminoglycan interactions. Arteriosclerosis 9, 21–32

87. Hileman, R. E., Fromm, J. R., Weiler, J. M., and Linhardt, R. J. (1998)
Glycosaminoglycan-protein interactions: definition of consensus sites in
glycosaminoglycan binding proteins. Bioessays 20, 156 –167

88. Dougherty, D. A. (2007) Cation-pi interactions involving aromatic amino
acids. J. Nutr. 137, 1504S–1508S

89. Dougherty, D. A. (2013) The cation-� interaction. Acc. Chem. Res. 46,
885– 893

90. Wang, X., Watson, C., Sharp, J. S., Handel, T. M., and Prestegard, J. H.
(2011) Oligomeric structure of the chemokine CCL5/RANTES from
NMR, MS, and SAXS data. Structure 19, 1138 –1148

91. Yu, Y., Sweeney, M. D., Saad, O. M., Crown, S. E., Hsu, A. R., Handel, T. M.,
and Leary, J. A. (2005) Chemokine-glycosaminoglycan binding: specificity
for CCR2 ligand binding to highly sulfated oligosaccharides using FTICR
mass spectrometry. J. Biol. Chem. 280, 32200 –32208

92. Veldkamp, C. T., Peterson, F. C., Pelzek, A. J., and Volkman, B. F. (2005)
The monomer-dimer equilibrium of stromal cell-derived factor-1 (CXCL
12) is altered by pH, phosphate, sulfate, and heparin. Protein Sci. 14,
1071–1081

93. Jansma, A. L., Kirkpatrick, J. P., Hsu, A. R., Handel, T. M., and Nietlispach,
D. (2010) NMR analysis of the structure, dynamics, and unique oligomer-
ization properties of the chemokine CCL27. J. Biol. Chem. 285,
14424 –14437

94. Ziarek, J. J., Veldkamp, C. T., Zhang, F., Murray, N. J., Kartz, G. A., Liang,
X., Su, J., Baker, J. E., Linhardt, R. J., and Volkman, B. F. (2013) Heparin
oligosaccharides inhibit chemokine (CXC motif) ligand 12 (CXCL12) car-
dioprotection by binding orthogonal to the dimerization interface, pro-
moting oligomerization, and competing with the chemokine (CXC motif)
receptor 4 (CXCR4) N terminus. J. Biol. Chem. 288, 737–746

95. Mahoney, D. J., Mikecz, K., Ali, T., Mabilleau, G., Benayahu, D., Plaas, A.,
Milner, C. M., Day, A. J., and Sabokbar, A. (2008) TSG-6 regulates bone
remodeling through inhibition of osteoblastogenesis and osteoclast acti-
vation. J. Biol. Chem. 283, 25952–25962

96. Heidarieh, H., Hernáez, B., and Alcamí, A. (2015) Immune modulation by
virus-encoded secreted chemokine-binding proteins. Virus Res. 209,
67–75

97. Alexander-Brett, J. M., and Fremont, D. H. (2007) Dual GPCR and GAG
mimicry by the M3 chemokine decoy receptor. J. Exp. Med. 204,
3157–3172

TSG-6 Inhibits Chemokine/Glycosaminoglycan Interactions

12640 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 24 • JUNE 10, 2016


