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Abstract

Chemokine-glycosaminoglycan (GAG) interactions are thought to result in the formation of

tissue-bound chemokine gradients. We hypothesized that the binding of chemokines to GAGs

would increase neutrophil migration towards CXC-chemokines instilled into lungs of mice. To test

this hypothesis we compared neutrophil migration towards rhCXCL8 and two mutant forms of

CXCL8, which do not bind to heparin immobilized on a sensor chip. Unexpectedly, when instilled

into the lungs of mice the CXCL8 mutants recruited more neutrophils than rhCXCL8. The CXCL8

mutants appeared in plasma at significantly higher concentrations and diffused more rapidly

across an extracellular matrix in vitro. A comparison of the murine CXC-chemokines KC and

MIP-2 revealed that KC was more effective in recruiting neutrophils into the lungs than MIP-2.

KC appeared in plasma at significantly higher concentrations and diffused more rapidly across an

extracellular matrix in vitro than MIP-2. In kinetic binding studies, KC, MIP-2, and rhCXCL8

bound heparin differently, with KC associating and dissociating more rapidly from immobilized

heparin than the other chemokines. These data suggest that the kinetics of chemokine-GAG

interactions contributes to chemokine function in tissues. In the lungs, it appears that chemokines

such as CXCL8 or MIP-2, which associate and disassociate slowly from GAGs, form gradients

relatively slowly compared to chemokines that either bind GAGs poorly or interact with rapid

kinetics. Thus, different types of chemokine gradients may form during an inflammatory response.

This suggests a new model whereby GAGs control the spatiotemporal formation of chemokine

gradients and neutrophil migration in tissue.

Address correspondence to: Charles W. Frevert, Department of Comparative Medicine, University of Washington School of
Medicine, 1959 N.E. Pacific, Campus Box 357190, Seattle WA 98195, Phone: (206) 764-2389, Fax: (206) 768-5289,
cfrevert@u.washington.edu.
*These two authors contributed equally to this work

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2014 July 28.

Published in final edited form as:
J Immunol. 2010 March 1; 184(5): 2677–2685. doi:10.4049/jimmunol.0903274.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Keywords

chemokine; glycosaminoglycan; kinetics; neutrophil; lungs; inflammation; rodent

INTRODUCTION

CXC-chemokines are important innate host defense molecules that contribute to neutrophil

migration and bacterial clearance from the lungs (1–3). They also play a role in processes

that are independent of neutrophil recruitment, such as angiogenesis and vascular

remodeling (4, 5). CXC-chemokines are implicated in a number of lung diseases, including

the acute respiratory distress syndrome (ARDS) and pulmonary fibrosis (5–9), but the

mechanisms that regulate the biological activity of CXC-chemokines in vivo are not well

understood.

The CXC-chemokine, CXCL8/Interleukin-8, is the dominant neutrophil chemoattractant

produced by alveolar macrophages stimulated with lipopolysaccharide (10). Mice lack the

gene for CXCL8 and the murine CXC-chemokines, KC and macrophage inflammatory

protein-2 (MIP-2), are considered functional homologs (8, 11–13). KC and MIP-2 are often

referred to as redundant chemokines based on their high degree of shared identity (≈ 66%)

and because they bind to the same receptor on neutrophils (Fig. 1) (14, 15).

All chemokines tested to date have a GAG-binding domain. The binding of chemokines to

GAGs has been proposed to facilitate both the formation of tissue-bound chemokine

gradients and the presentation of chemokines to leukocytes in tissues (16–19). The GAG-

binding domain of CXCL8 comprises basic residues located in the proximal loop (K20) and

C-terminal α-helix (R60, K64, K67, R68) (Fig. 1) (17). In the lungs, CXCL8 binds the

GAGs heparan sulfate and chondroitin sulfate, and these interactions promote the

dimerization of CXCL8, thereby increasing the amount of CXCL8 bound in lung tissue (20,

21).

Glycosaminoglycans are linear polymers of repeating disaccharides with a high negative

charge imparted by the sulfate and/or carboxyl groups that decorate the saccharide

backbone. Sulfation occurs within the Golgi during elongation of the GAG chain, and it is

the patterns of sulfation that produce the binding motifs recognized by a variety of proteins,

including morphogens, growth factors, adhesion molecules, cytokines, and chemokines (22–

24). The binding of CXCL8 to heparan sulfate requires the presence of N-, 2-O, and 6-O

sulfate groups(18, 25). Much information about chemokine-GAG interactions has been

gained from in vitro studies, but less is known about the role of chemokine-GAG

interactions in regulating leukocyte migration in vivo.

The goal of this study was to determine if the chemotactic activity of CXC-chemokines in

the lungs was regulated by modulation of chemokine-GAG interactions. CXCL8 and

mutants of CXCL8 and the murine chemokines KC and MIP-2 were used in this study.

Surprisingly, CXCL8 mutants, mutated in the GAG-binding domain so as to negate binding

to GAGs were significantly better at recruiting neutrophils into the airspaces of the lungs of

mice. Mutant CXCL8 appeared to diffuse more rapidly through the tissues in vivo and across
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an extracellular matrix in vitro than wild-type CXCL8. A comparison of KC and MIP-2

revealed that KC was significantly more effective in recruiting neutrophils into the lungs

than MIP-2, and KC appeared at significantly higher concentrations in plasma and diffused

more rapidly across an extracellular matrix in vitro than MIP-2. These data and the binding

kinetics displayed by MIP-2 and KC interactions with heparin suggest that the kinetics of

chemokine-GAG interactions control the spatiotemporal formation of chemokine gradients

and hence neutrophil migration into the lungs. Moreover, the differential binding of CXC-

chemokines to GAGs in tissue is a mechanism that confers non-overlapping functions to

otherwise redundant chemotactic factors.

MATERIALS AND METHODS

Reagents

Recombinant human CXCL8 (rhCXCL8), the single amino acid mutant, R68A-CXCL8, and

the triple amino acid mutant, K64A/K67A/R68A-CXCL8 (TM-CXCL8) were obtained from

the Pharmaceutical Research Laboratory (A. P. and T.N.C.W., Geneva, Switzerland). In all

cases the indicated basic residues were mutated to alanine. Recombinant murine KC and

MIP-2 were purchased from Peprotech (Rocky Hill, NJ). Immunoassays specific for human

CXCL8, murine KC, and murine MIP-2 were purchased as DuoSets from R&D Systems Inc

(Minneapolis, MN). Wild-type CHO cells (CCL-61) and mutant CHO cells (lacking

xylosyltransferase; CRL-2242) were purchased from ATCC. A phycoerythrin conjugated

murine anti-human CXCL8 monoclonal antibody (Clone 6217) was purchased from R&D

Systems, Inc (Minneapolis, MN). Extracellular matrix from Engelbreth Holm-Swarm mouse

sarcoma cell line was purchased from Sigma-Aldrich (St. Louis, MO). Enoxaparin sodium

(Lovenox®), a low molecular weight heparin (LMWH), was obtained either from Sanofi-

Aventis (Bridgewater, NJ) or the pharmacy at Royal Perth Hospital, Perth, Australia.

Chondroitin-4-sulfate from bovine trachea, dermatan sulfate from porcine skin, and

chondroitin-6-sulfate from shark cartilage all were purchased from Sigma-Aldrich (St.

Louis, MO).

Measurement of Lipopolysaccharide

The concentration of lipopolysaccharide was measured by the Limulus amoebocyte lysate

test (LAL, Cambrex, MD) according to the manufacture’s protocol. This assay was used to

show that the different forms of CXCL8 were not contaminated with lipopolysaccharide

(data not shown).

Measurement of Neutrophil Chemotaxis in vitro

Neutrophil chemotaxis toward recombinant human CXCL8 was measured using a

fluorescence-based microchemotaxis assay with human neutrophils as previously described

(26). Human neutrophils were recovered from the peripheral blood of healthy volunteers

using a density gradient (Lympholyte-poly, Cedarlane Laboratories, Hornby, Canada). After

isolation, neutrophils were labeled with calcein-AM [5 µg/ml] (Molecular Probes, Eugene,

OR) for 30 minutes, washed two times in phosphate buffered saline (PBS) and resuspended

at a concentration of 3 × 106/ml. Briefly, the wells of a 96-well plate were filled with

CXCL8 at various concentrations. Polycarbonate filter (8 µm pores) chambers were placed
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on the 96-well plate and calcein-labeled neutrophils were added to the top chamber. The

chemotaxis chamber, consisting of the filter chambers and 96-well plate, was incubated for

30 min (37° C and 5% CO2). Non-migrating neutrophils were removed from the upper side

of the filter. The chemotaxis chamber was placed in a multi-well fluorescent plate reader

(CytoFluor II, PerSeptive Biosystems, Framingham, MA) and the migrated cells were

measured using the calcein fluorescence signal (excitation − 485 nm, emission − 530 nm).

Neutrophil migration was expressed as a percent of the total number of neutrophils that were

placed on the topside of the filter (% Total).

Animal Protocols

The Animal Research Committee of the Veterans Affairs Puget Sound Health Care System

approved all experiments. C57BL/6 male mice of 7–8 weeks age were purchased from

Jackson Laboratories (Bar Harbor, ME) and housed in the animal facility until the day of the

experiment. Mice were anesthetized with 3–4% isoflurane and either phosphate buffered

saline (PBS) or the CXC-chemokines were instilled into the lungs via direct orotracheal

intubation. The mice were allowed to recover from anesthesia and returned to a cage, where

they were allowed free access to food and water for the remainder of the study. Mice were

euthanized with an overdose of intraperitoneal pentobarbital (120 ng/ml) at specified times.

Isolation of Mouse Bone Marrow Derived Neutrophils

Mice were euthanized by exposure to CO2 followed by cervical dislocation. The femur and

tibia of both hind legs were isolated and freed of all soft tissue, and then both ends of each

bone were removed. Each bone was placed proximal end down in a 0.6 mL Eppendorf tube,

which had been punctured at its lower tip with an 18-gauge needle and placed inside a

1.5mL Eppendorf tube. The tubes were spun at 3000 X g for 30 seconds and neutrophils

were then isolated from the bone marrow cells as previously described (27). Isolated murine

neutrophils (at a concentration of 1 × 106/ml) were used for in vitro chemotaxis assays as

described above for human neutrophils.

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) was performed using 0.9% NaCl containing 0.6 mM EDTA.

The first lavage was performed using 0.6 ml of fluid followed by three lavages with 0.5 ml.

The BAL fluids were mixed, and an aliquot was immediately processed for total and

differential cell counts. The remainder of the BAL fluid was spun at 200 x g to pellet cells,

and the supernatants were stored in individual aliquots at −70° C.

Total and Differential Cell Counts

Total and differential cell counts were performed on BAL fluid. The BAL samples were

diluted with trypan blue to determine viability and with crystal violet containing citric acid

to measure total leukocyte numbers using a hemacytometer. Differential cell counts were

performed on cytocentrifuge preparations stained with Diff-Quik (American Scientific

Products, McGaw Park, IL). A minimum of 100 cells were counted for the differential cell

counts.
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Measurement of Chemokines

The concentration of human CXCL8, murine KC and MIP-2 in plasma was measured with

ELISA kits (DuoSet ELISA development kit, R&D, MN) according to the manufacturer's

protocols. The lower detection limits were approximately 3.0 pg/ml for each chemokine

tested.

Measurement of Chemokine Diffusion in vitro

The diffusion of CXC-chemokines across an extracellular matrix was measured using 6.5

mm-diameter, 0.4 µm pore size polycarbonate membrane Transwell plates (Corning, NY).

The topside of the filter was coated with 40 µl of extracellular matrix from Engelbreth-

Holm-Swarm Mouse Sarcoma (Sigma, MO) diluted with DMEM at the ratio of 1:2. The

CXC-chemokines were diluted in PBS containing 0.1% human serum albumin (HSA) and

placed in the upper chamber and PBS containing 0.1% HSA was placed in the lower well.

The transwells were incubated for 2 h at 37°C, and the chemokine concentrations were

measured in the lower wells using specific immunoassays. On occasion LMWH (100 µg/ml)

was added to the chemokines before their addition to the top chamber. Dextran labeled with

Texas red (10,000 MW, Molecular Probe, OR) was placed in the upper chamber at the same

concentration as the chemokines. The amount of dextran in the bottom wells was measured

to ensure the integrity of the matrix barrier was similar across all wells.

Analysis of Chemokine Binding to Heparin with Surface Plasmon Resonance

The binding of the chemokines to heparin was analyzed with surface plasmon resonance

(SPR) as previously described (28, 29). In addition, to reduce the binding of the proteins to

the control surfaces, CM-4 sensor chips (BIAcore, Melbourne, Australia) were coated with

streptavidin according to the manufacturer’s instructions. Subsequently, biotinylated heparin

was immobilized on sensor chips pre-coated with streptavidin, and real-time biomolecular

interaction analyses were performed with a BIAcore 2000 SPR biosensor. For direct binding

experiments, 74 RU of heparin was immobilized. The three forms of CXCL8, KC and

MIP-2 were diluted in running buffer (10 mM HEPES, 150 mM NaCl, 3mM EDTA, 0.005%

Tween-20, pH 7.4) at various concentrations (0.15 to 1000 nM) and injected onto the

heparinized surfaces at a flow rate of 30 µl/min for 140 seconds. The flow rate was selected

to ensure the binding observed was free of mass transfer effects. Running buffer without the

CXC-chemokines was then passed over the BIAcore sensor surface. The temperature of the

flow cell was maintained at 25° C. The interactions of CXCL8, KC, and MIP-2 with heparin

immobilized on the sensor chips were measured in resonance units (RU). Binding was

calculated by subtracting the reference signal from a control surface that had been prepared

by binding biotin to the streptavidin-coated surface. Between sample runs, the surfaces were

regenerated by 50 µl injections of 0.1 M glycine, 1 M NaCl, 0.1% Tween-20, pH 9.5.

For the inhibition of binding experiments a BIAcore SA chip with 740–800 RU of heparin

was used. An aliquot (100 µl) of protein (100 nM) was placed into BIAcore autosampler

vials and 10 µl of either binding buffer or inhibitor solutions (prepared in binding buffer)

was added. Samples were incubated at room temp until injection. The IC50 values were

determined by curve fitting with Sigma Plot (Systat Software, San Jose) using data from 3
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independent experiments all of which were performed using the same heparin coupled

biosensor chip.

The potential for aggregation and oligomerization of the proteins was examined by

sizeexclusion chromatography using a 30 × 3mm, Superdex 75 column (Amersham

Biosciences, Sydney, Australia) fitted to a SMART HPLC system. The column was eluted

with PBS at a flow rate of 50 µl/min and the eluent was monitored at 214 nm. The column

was calibrated with standard molecular weight markers. Chromatograms indicated that the

proteins were homodimers with no evidence of oligomerization.

Flow Cytometric Analysis of CXCL8 Binding to Chinese Hamster Ovary (CHO) Cells

CHO wild-type (WT) and CHO mutant cells (MUT), which lack xylosyltransferase, were

plated in growth media (Ham’s F-12 media, 10% fetal bovine serum, 0.1% w/v sodium

bicarbonate, 1 mM L-glutamine, 10 µL/mL penicillin-streptomycin, 5 µL/mL Amphotericin

B) for 2 days. The WT and MUT CHO cells were detached with 2 mM EDTA in PBS,

washed twice with ice-cold binding buffer (RPMI 1640, 20 mM Hepes, 1% bovine serum

albumin) and then resuspended and incubated with PBS or 700 nM rhCXCL8, R68A-

CXCL8, or TM-CXCL8 in a total volume of 200 µL. Cells were incubated on ice for 90

minutes and washed 3 times with binding buffer. This was followed by incubation with a

phycoerythrin conjugated murine anti-human CXCL8 monoclonal antibody at a

concentration of 2.5 µg/mL diluted in PBS and 1% bovine serum albumin (BSA). Cells were

washed 3 times in PBS/1% BSA and analyzed in a Beckman Coulter FC500 using CXP

Software (Beckman Coulter, Fullerton, CA).

Statistical Analysis

Nonlinear regression of log transformed and normalized dose response curves was

performed to calculate the EC50 and differences in neutrophil chemotaxis towards the three

forms of CXCL8 (p < 0.05). Differences among groups were determined using one-way

ANOVA and comparisons between two samples were performed using the Mann-Whitney

U Test (p < 0.05). Values are means ± SEM unless otherwise specified.

RESULTS

Neutrophil Migration toward rhCXCL8 and two CXCL8 mutants in vitro

The relative chemotactic efficacies of rhCXCL8 and two CXCL8 mutants containing site-

specific mutations in the GAG-binding domain (Fig. 1) were measured in an in vitro assay.

Interestingly, rhCXCL8 and R68A-CXCL8 were equally effective in promoting the

migration of human neutrophils in vitro (Fig. 2A). In contrast, the dose response curve of

TM-CXCL8 (the triple mutant K64A/K67A/R68A) for human neutrophils indicated that this

form of CXCL8 had less chemotactic activity for neutrophils in vitro (p < 0.05). This

difference is indicated by EC50 values of 8.14 × 10−10 M, 1.02 × 10−9 M, and 2.81 × 10−9

M for rhCXCL8, R68A-CXCL8, and TM-CXCL8 respectively. Chemotactic assays were

performed to measure the migration of bone marrow derived mouse neutrophils towards all

three forms of CXCL8. These studies showed that mouse neutrophils had similar

chemotactic activity towards rhCXCL8 and the two mutant forms of CXCL8 in vitro (data
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not shown). Based on these findings we expected that rhCXCL8 would be a more effective

neutrophil chemotactic factor in the lungs of mice.

Biological Effects of the Three Forms of CXCL8 in Murine Lungs

To determine the role of the GAG-binding domain of CXCL8 in controlling CXCL8

chemotactic activity in vivo, we instilled wild-type and the two mutant CXCL8 into the

lungs of mice. Previous studies demonstrated that murine neutrophils migrate towards

rhCXCL8 in vitro and in vivo (11, 12, 15, 30). Initial dose response studies showed peak

neutrophil recruitment at 1 µM rhCXCL8 (data not shown); therefore, 1 µM of all three

forms of CXCL8 was used for further work. The results of the study were unexpected: the

two CXCL8 mutants, R68A-CXCL8, and TM-CXCL8, induced significantly more

neutrophil migration into the airspaces of the lungs at 2, 6, and 14 h after intratracheal

instillation (Fig. 2B). These data show that the mutation of a single amino acid in the GAG-

binding domain of CXCL8, which does not affect neutrophil chemotaxis in vitro,

significantly increases the biological activity of this chemokine in the lungs. In contrast,

there was no difference in the recovery of either alveolar macrophages or lymphocytes when

the three mutant forms of CXCL8 were compared (data not shown).

Measurement of CXCL8 in Plasma

To determine if mutations in the GAG-binding domain of CXCL8 altered the movement of

CXCL8 from the airspaces of the lungs into the systemic circulation, the three forms of

CXCL8 were measured in plasma at 1 and 2 h after their instillation into the lungs of mice.

The amount of CXCL8 in plasma increased rapidly with detectable amounts recovered 1 h

after the instillation of each of the three forms of CXCL8 (Fig. 3A). Higher levels of R68A-

CXCL8 and TM-CXCL8 were detected in plasma at 1 and 2 h as compared with the wild-

type CXCL8. This indicates that mutations in the GAG-binding domain of CXCL8 result in

a significant increase in the amount of mutant CXCL8 in the systemic circulation.

Diffusion of CXCL8 across an Extracellular Matrix in vitro

If binding of CXCL8 to GAGs retains CXCL8 in the extracellular matrix, the diffusion of

the three forms of CXCL8 across matrigel-coated tissue culture inserts should serve as a

quantitative test. Matrigel is a commercial preparation of extracellular matrix from the EHS

tumour and it is known to contain heparan sulfate and chondroitin sulfate proteoglycans,

which bind CXCL8 in the lungs (21, 31). Matrigel was used to coat the upper surface of

transwell filters and CXCL8 movement across this matrix was determined by measuring the

amount of CXCL8 in the bottom well 2 h after solutions containing the different forms of

CXCL8 were added into the top well. The results in Figure 3B demonstrate that significantly

more R68A-CXCL8 and TM-CXCL8 diffused across the Matrigel layer than rhCXCL8,

consistent with increased retention of rhCXCL8 in extracellular matrix as a consequence of

its interactions with GAGs.

Neutrophil Migration toward KC and MIP-2 Instilled into the Airspaces of the Lungs

The murine CXC-chemokines KC and MIP-2 are considered to be the functional

homologues of CXCL8, and preliminary studies suggested differential binding of KC and
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MIP-2 to heparin. Accordingly, studies were undertaken to determine if the differential

binding of murine KC and MIP-2 to GAGs controlled their chemotactic activity in the lungs

and their appearance in plasma. To compare the ability of KC and MIP-2 to promote

neutrophil migration into the airspaces of the lungs, mice were treated with increasing

concentrations of KC or MIP-2 [0.1 to 2 µM]. After 4 h the mice were euthanized and the

number of neutrophils migrating into the lungs was measured. These results show that KC

was much more effective than MIP-2 in recruiting neutrophils into the airspaces of the lungs

(Fig. 4). There was a significant increase in the number of alveolar macrophages recovered

in the BAL fluid of mice treated with MIP-2 (4.84 ×105 ± 7.21 ×104) and KC (4.03 ×105 ±

4.90 ×104) when compared to mice treated with PBS (2.15 ×105 ± 2.27 ×104, p < 0.05 as

compared to PBS using one-way ANOVA). When the number of alveolar macrophages in

BAL fluid of mice treated with KC and MIP-2 were compared, analysis with one-way

ANOVA showed no significant differences between these two groups.

To check whether the instillation of KC may have caused an increased expression of MIP-2

the amount of KC and MIP-2 in the BAL fluid of mice treated with PBS, KC, and MIP-2

was measured. These data show that when KC was instilled into the lungs of mice the

amount of MIP-2 recovered in the BAL fluid resembled the amount recovered from mice

treated with PBS. Likewise, when MIP-2 was instilled into the lungs very little KC was

detected in the BAL fluid (data not shown). In contrast, significant quantities of the instilled

chemokine were readily detected in both instances.

Measurement of KC and MIP-2 in Plasma and Diffusion in vitro

Both KC and MIP-2 appeared in plasma within 4 h after intratracheal instillation into the

lungs (Fig. 5A). Significantly more KC, however, was measured in plasma when compared

to MIP-2. Because these data suggest that MIP-2 is sequestered into the lungs to a greater

extent than KC, we next measured the diffusion of KC and MIP-2 across an extracellular

matrix in vitro with the same system used for CXCL8. A direct comparison of KC and

MIP-2 showed that KC diffused more rapidly across the Matrigel barrier than MIP-2 (Fig.

5B).

Diffusion of KC, MIP-2 and CXCL8 across an Extracellular Matrix in vitro Alone or in the
Presence of Soluble Heparin

Flaumenhaft et al. (32) have shown that the complex of heparin-FGF-2 diffused more

rapidly than FGF-2 alone by increasing the amount of growth factor in the soluble phase. If

a similar mechanism were operative in our in vitro system, addition of heparin to CXC-

chemokines should increase their diffusion across an extracellular matrix in vitro. We

therefore measured the diffusion of KC, MIP-2, and CXCL8 across matrigel in the presence

of LMWH. The addition of LMWH to MIP-2 and rhCXCL8 significantly increased the

diffusion of these two chemokines, but not KC, across the Matrigel barrier, even though the

molecular weight of the chemokine + LMWH complex is higher than that of chemokine

alone (Fig. 5B). These data suggest that the addition of LMWH prevents the sequestration of

CXCL8 and MIP-2 in the matrix, which results in soluble heparin-chemokine complexes

that diffuse more rapidly.
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Analyses of the Binding of the CXC-Chemokines to Immobilized Heparin using SPR

To characterize the interactions of chemokines with heparin, a range of concentrations (0 –

1000 nM) of the three forms of human CXCL8 and the murine chemokines KC and MIP-2

was injected over a sensor chip onto which heparin was immobilized, and chemokine

binding was measured by SPR. Whereas the binding of rhCXCL8 to heparin was readily

measured (Fig. 6A), the binding of the mutant forms of CXCL8 could not be detected (data

not shown). Examination of the sensorgrams for rhCXCL8 (Fig. 6A), MIP-2 (Fig. 6B) and

KC (Fig. 6C) shows that the heparin binding characteristics of these three chemokines are

significantly different. Overall, the association and disassociation of rhCXCL8 and MIP-2

with heparin was slower than what was observed for KC. Moreover, for KC the association

and the dissociation curves are biphasic: very rapid initial rates of association and

disassociation are followed by marked reductions in those rates. The magnitude of the SPR

response is dependent upon the mass of the entity in the fluid phase. However, because the

molecular weights of CXCL8, KC, and MIP-2 are very similar it is possible to use SPR

responses to directly compare the amounts of each protein bound to the sensor chip (Fig. 7).

The dose-response curves for CXCL8, MIP-2, and KC suggest that at concentrations below

250 nM, the binding of KC to heparin exceeds that of CXCL8 or MIP-2. Saturation of

binding was not observed at the concentrations that could be achieved. The SPR response

observed at 1 µM suggests that multiple protein molecules can bind a single heparin chain

and that MIP-2 bound more extensively to heparin than to KC or CXCL8.

An indication of the affinity of the binding of CXCL8, MIP-2, and KC to heparin was

achieved by estimating the amount of exogenous heparin required to inhibit binding to the

heparin coupled biosensor surface (Table I). The observed IC50 values for heparin binding

were 2.5 uM for rhCXCL8, 2.8 µM for MIP-2, and 0.142 µM for KC. The IC50 for the low

molecular weight heparin was at least 10-fold higher for each of the chemokines studied.

The 20-fold difference in the concentration of soluble heparin required to inhibit the binding

of MIP-2 or KC to immobilized heparin indicates that MIP-2 and KC have markedly

different binding characteristics, even though they are generally considered to be redundant

chemokines. Interestingly, the three forms of chondroitin sulfate, A, B and C, were

ineffective inhibitors of CXCL8 and MIP-2 binding to immobilized heparin even when used

at a concentration of 6 µM (data not shown). Chondroitin sulfate A and C were similarly

ineffective inhibitors of KC binding, but chondroitin sulfate B displayed some activity,

having an IC50 in the order of 3 µM.

An indication of the stoichiometry can be obtained from the known amount of heparin

immobilized on the chip and knowledge of the molecular weights of the interacting partners.

The RU value reflects both the amount of a molecule bound to the biosensor surface and

also the mass of that molecule. A further complication is that carbohydrates generate a lower

response than proteins, as the change in the refractive index at the chip surface per mg/ml of

carbohydrate is less than that seen with a globular protein. Thus, carbohydrates give 145

RU/mg/ml and proteins 180 RU/mg/ml).

The reasoning is as follows: The heparin used has an average molecular weight of 13,500

Da and ~74 response units (RU) was immobilized. Using MIP-2 (Mol wt = 7,900 Da) as an

example, at a concentration of 1µM, 320 RU indicates the amount of MIP-2 bound to the
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immobilized heparin. As the molecular weight of heparin is ~1.7x that of MIP-2 to more

directly compare the amounts of each molecule on the chip this needs to be taken into

account, adjusting for the molecular weight difference (74/1.7 = 43) and correcting in the

other direction for the lower overall response of carbohydrates to proteins gives a ratio of

one heparin chain to ~5.9 molecules of MIP-2. Similar calculations can be performed for the

other chemokines, their molecular weights being 8,500 Da for CXCL8, and 7,800 Da for

KC. These calculations similarly indicate more than one chemokine molecule per heparin

chain. However, as these calculations are based on estimates and an assumption of

monomeric chemokines, the calculated ratios must be viewed simply as an indication rather

than a precise figure. Indeed, it matters little as to the absolute value of the stoichiometry,

rather the data indicate that more than one chemokine molecule binds a single heparin chain.

For these reasons we have deliberately avoided giving absolute ratios of heparin chains to

chemokine molecules in the text.

Binding of CXCL8 to GAGs on CHO Cells

To determine the ability of the mutant forms of CXCL8 to bind naturally occurring GAGs

on cell surfaces, the binding of the three forms of CXCL8 to GAGs on CHO cells was

measured. These studies were performed with wild-type CHO cells and mutant CHO cells

that lack xylosyltransferase and therefore do not have heparan sulfate or chondroitin sulfate

on their surfaces (33). Flow-cytometry was used to measure the amount of the various forms

of CXCL8 bound to the CHO cells. Preliminary work showed that the mAb used bound to

an epitope on CXCL8 sufficiently removed from the GAG-binding site to rule out binding

interference from the antibody itself. It is clear from Figure 8 that rhCXCL8 bound to the

surface of the CHO cells, whereas the R68A-CXCL8 and the TM-CXCL8 did not bind

(mean fluorescence 21.6±0.8, 1.5±0, 1.5±0, respectively, Fig. 8A). There was minimal

binding of rhCXCL8 (mean fluorescence 2.1±0.1) to the mutant CHO cells that largely lack

GAGs on their surfaces (Fig. 8B), indicating that retention of CXCL8 on CHO cell surfaces

is due to a specific interaction with cell surface GAGs.

DISCUSSION

This study on the role of GAG binding in the regulation of CXC chemokine activity in

tissues began with the hypothesis that the binding of chemokines to GAGs would increase

neutrophil migration towards CXC-chemokines instilled into the lungs of mice. Therefore,

neutrophil migration towards rhCXCL8 and two forms of CXCL8 with point mutations in

the GAG-binding domain of CXCL8 was compared. Our data showed that the CXCL8

mutants caused more neutrophils to migrate into the lungs than the rh CXCL8. The CXCL8

mutants did not bind to heparin immobilized on a sensor chip or to GAGs on CHO cells and

this was associated with more rapid diffusion across an extracellular matrix in vitro and

more rapid appearance in plasma after instillation into the lungs. A comparison of the

chemotactic activity of the murine CXC-chemokines MIP-2 and KC revealed that KC was

more effective in recruiting neutrophils than MIP-2, and KC appeared in plasma at

significantly higher concentrations than MIP-2. Moreover, KC diffused more rapidly across

an extracellular matrix in vitro. From these data KC appears to behave like the CXCL8

mutants. However, SPR analyses of KC, MIP-2, and CXCL8 interactions with immobilized
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heparin indicated that KC did not lack the ability to bind heparin but had a more rapid

association and disassociation with heparin. Our work demonstrates: first, that mutant forms

of CXCL8, which have significantly reduced GAG-binding capabilities, are effective

chemotactic factors if instilled in the lungs, and second, that the different binding kinetics

displayed when chemokines bind to GAGs suggests a mechanism whereby chemokine

functions are fine tuned in tissue.

Since the first suggestion that tissue-bound (haptotactic) chemokine gradients were

responsible for the directed migration of leukocytes, the role of soluble versus tissue-bound

gradients in regulating chemokine function in vivo has been debated (18, 20, 21, 34–41).

The work presented here shows the formation of chemokine gradients in tissue is more

complex than was first recognized. Accordingly, we propose that differences in the kinetics

of chemokine-GAG interactions control the chemotactic activity of CXC-chemokines in the

lungs.

The in vitro and in vivo comparison of rhCXCL8, MIP-2, and KC, provided useful insights

into the influence of GAGs on chemokine activities in lungs. When the in vitro and in vivo

data with rhCXCL8, MIP-2 and KC are compared, it appears as if MIP-2 is mimicking

rhCXCL8. For example, rhCXCL8 was a more potent chemotactic factor than TM-CXCL8

in vitro (Fig. 2A). Similarly, MIP-2 is a more potent stimulator than KC of murine

neutrophil chemotaxis in vitro (14). In kinetic binding studies, MIP-2 and rhCXCL8 have

similar binding kinetics, which are much slower than the kinetics of KC binding to heparin

(Fig. 6). Furthermore, the addition of LMWH to rhCXCL8 and MIP-2 significantly

increased their diffusion across an extracellular matrix in vitro, whereas the addition of

LMWH did not significantly enhance the already rapid diffusion of KC. Moreover, a minor

modification to the GAG-binding domain, like the mutation of one arginine to an alanine in

CXCL8 (R68A-CXCL8), significantly impacts the biological activity of CXCL8 in lungs.

These findings support the idea that differential binding of CXCL8, MIP-2, and KC to

GAGs contributes to their different activities in vivo.

Our kinetic studies using SPR of chemokine binding to heparin immobilized on a biosensor

chip (Fig. 6) revealed that rhCXCL8 and MIP-2 produced similarly shaped binding curves.

However, the curves obtained with KC were quite different, with the association and

disassociation stages being biphasic: there was a very rapid initial association, followed by a

slower association, as well as an initial very rapid disassociation, followed by a slow

disassociation. In contrast, MIP-2 and rhCXCL8 bound more slowly to the heparin surface

and dissociated much more slowly. These differences are further emphasized by the dose

response curves in Figure 7. It is evident that at concentrations below 250 nM more KC

binds to the same heparin surface than either MIP-2 or rhCXCL8. Moreover, the inhibition

studies indicate that the binding of soluble heparin to KC more readily inhibits its

association with heparin on the sensor surface than that seen when similar experiments are

performed with MIP-2 and rhCXCL8 (Table I). Clearly, a lack of heparin binding is not the

explanation for the in vivo data obtained with KC; rather the different kinetics by which the

chemokines bind GAGs provides an explanation.
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The ability of a chemokine to diffuse across a matrix depends both on its concentration

differences on either side of the matrix and on the interaction kinetics it displays for

molecules encountered during diffusion. Thus, MIP-2 and rhCXCL8 diffuse slowly across a

matrix because they interact with GAGs in the matrix with slow rates of association and

disassociation. This creates a gradient that forms gradually across the matrix as molecules

dissociate and rebind. In contrast, the SPR analysis of KC binding to heparin indicates that a

significant proportion of the molecules are very rapidly associating and disassociating.

Hence, when KC diffuses across an extracellular matrix this rapid association and

disassociation with heparan sulfate would result in the rapid formation of a gradient.

Furthermore, if the concentrations applied to the matrix are sufficient, more KC should

diffuse across the matrix layer in a given time than MIP-2 and CXCL8, simply because of

the different binding characteristics of these chemokines to GAGs. This is what was

observed.

The in vivo data suggest similar explanations: when instilled into lungs, KC more rapidly

forms a gradient, facilitating more recruitment of neutrophils in the allocated time than with

MIP-2. Moreover, because at the concentration instilled into the lungs even MIP-2 can be

detected in the plasma, it is not surprising that the amount of KC found in plasma over the

same time period is greater. These data imply different roles for KC and MIP-2 in directing

neutrophils to sites of inflammation in the lungs. KC may act in the early stages of

inflammation to rapidly bring neutrophils into the affected area, whereas the slowly

produced, tissue-bound gradient formed by MIP-2 is responsible for sustained neutrophil

recruitment in response to prolonged inflammation.

Collectively our findings support a new model of chemokine-regulated neutrophil

recruitment in which the differential binding of chemokines to GAGs controls neutrophil

migration through lung tissues. Our data suggest chemokines bind to GAGs on cell surfaces

and within the extracellular matrix of the alveolar epithelium, and this binding maintains the

highest concentration of chemokine closest to its cellular source. As chemokines diffuse

through tissue they form gradients, and the rate and characteristics of gradient formation are

in part determined by the kinetics of the interactions of the chemokine with GAGs, the

affinity of the chemokine-GAG interaction, and the structure of the tissue (42). Other factors

likely to contribute to the types of gradients formed are the amounts of chemokines released

by cells (43); the oligomerization of some chemokines (facilitated by binding GAGs) (20,

21, 39); structural differences in GAGs located at different tissue sites; other chemokine

receptors such as the promiscuous Duffy receptor (44); and molecules that may influence the

amount of soluble chemokines in tissues such as matrix metalloproteinases and sulfatases

(45, 46). It appears from our data that the complexities of GAG-chemokine interactions

produce a variety of different chemokine gradients that regulate the spatiotemporal

migration of leukocytes at the various stages of an inflammatory response in the lungs. In

the model's simplest version, chemokines that bind to GAGs with high affinity and fast

kinetics develop long-range short-lived gradients, whereas chemokines that bind to GAGs

with similar affinities but slow kinetics form short-range long-lived gradients.

Whether the model can be extended to tissues of a totally different architecture than the

lungs is unclear. A study by McColl et al. showed that MIP-2 is a more potent neutrophil

Tanino et al. Page 12

J Immunol. Author manuscript; available in PMC 2014 July 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



chemotactic factor than KC in an air-pouch model in the skin of mice (47). Proudfoot and

colleagues showed that the binding of CC-chemokines, CCL2, CCL4, and CCL5, to GAGs

is required for oligomerization of these chemokines and the recruitment of leukocytes into

the peritoneum (41). The differences from one tissue to another suggest that chemokine

functions are regulated not only by their ability to bind GAGs but that tissue-specific factors

also contribute. For example, in McColl's study neutrophil recruitment was examined after

chemokines were injected into an air pouch established in the loose connective tissue of the

skin, a relatively poorly vascularized tissue. In this instance a chemokine, like MIP-2, that

binds GAGs with a slow dissociation coefficient is less likely to diffuse away from the site

of injection allowing it to penetrate the tissue and set up an effective chemotactic gradient.

In the second study where chemokines were injected into the peritoneal cavity, a lack of

GAG binding ability would cause the chemokines to diffuse throughout the peritoneal cavity

without establishing an effective gradient to attract leukocytes from the mesenteric

vasculature into the peritoneum. Hence, the finding that the binding of chemokines to GAGs

is essential for leukocyte recruitment into the peritoneum is expected.

In contrast, lungs are designed for maximal diffusion and ready penetration of soluble

molecules from the airspaces into the vasculature. They are highly vascularized with a large

epithelial surface area and small amounts of interstitial tissue separating the alveolar spaces

from the blood vessels. The pulmonary circulation has lower blood pressures and flow than

that of the systemic circulation suggesting that when a chemokine is delivered into the

airspaces of the lungs, the critical chemokine gradient directing neutrophil emigration is one

that forms across the alveolar epithelium and into the interstitial tissue underlying the

capillaries. When chemokines are instilled into the lungs they would be contained by the

alveolar architecture of the lungs where the alveoli are grape-like clusters of sacs that would

limit the diffusion of chemokines away from the site of instillation and allow the chemokine

to readily enter the tissues. In this instance GAG binding would slow down penetration

rather than facilitate it. Hence, when instilled into the alveolar spaces a chemokine, like KC,

that binds GAGs with a fast association and a rapid initial disassociation followed by a

slower off-rate has ideal kinetics to rapidly establish a stable and effective gradient.

Similarly, a non-GAG binding chemokine (e.g. TM-CXCL8) would simply diffuse through

the lung tissue to establish a soluble gradient in the interstitial fluids. In contrast, a

chemokine like rhCXCL8 would be sequestered by heparan sulfate proteoglycans on the

alveolar epithelial cell surfaces and underlying extracellular matrix where it would be

retained for longer periods. These conclusions are supported by our data and previously

published work (20).

In conclusion, this work provides a more complete understanding of the mechanisms that

control the chemotactic activity of CXC-chemokines in tissue. Our findings suggest that the

differential binding of chemokines to GAGs in tissue is a mechanism that provides

spatiotemporal fine-tuning to the regulation of neutrophil migration in lungs. Moreover,

these studies support the interpretation that the kinetics of chemokine-GAGs interactions are

a major contributing factor to the type of chemokine gradient that is formed when

chemokines bind GAGs in tissues. Data presented also suggest that the differential binding

of CXC-chemokines to GAGs in tissue is a mechanism that confers a non-overlapping

function to KC and MIP-2, consistent with increasing evidence that these chemokines are
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not redundant chemotactic factors (43). Finally, the work presented in this manuscript

further highlight the complexities of GAG-chemokine interactions and their contributions to

regulating neutrophil recruitment in different tissues, and the difficulty of directly

superimposing experimental findings obtained in one tissue onto another and from one

chemokine onto another.
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EDTA ethylenediaminetetraacetic acid

ELISA Enzyme-Linked Immunosorbent Assay

KD Dissociation constant

Glycosaminoglycans GAG

HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid

HPLC high pressure liquid chromatography

HSA Human serum albumin

LMWH low molecular weight heparin

MIP-2 Macrophage inflammatory protein-2

PBS Phosphate Buffered Saline

rhCXCL8 Recombinant human CXCL8

R68A-CXCL8 Single amino acid mutation (R68A) of the glycosaminoglycan-

binding domain of CXCL8

RU resonance unit

SPR Surface plasmon resonance

TM-CXCL8 Triple mutant (K64A/K67A/R68A-CXCL8) of the

glycosaminoglycan-binding domain of CXCL8
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Figure 1.
Alignment of human CXCL8 and the murine CXC chemokines KC and MIP-2. The

alignments were performed using DS Gene Software (Accelrys Inc. San Diego, CA). The N-

terminal ELR domain, which binds to CXC-receptors on neutrophils, is identified with two

arrowheads. Five positively charged amino acids, K20 in the proximal loop, plus R60, K64,

K67, and R68 in the C-terminal alpha helix, make up the GAG-binding domain of CXCL8

(17). These five positively charged amino acids are identified with an asterisk (*). Three-

dimensional models of CXCL8 show that the proximal loop containing K20 folds to bring

this basic residue into close proximity with R60, K64, K67, and R68. The mutant forms of

CXCL8 used here are a mutant where arginine at position 68 was converted to an alanine

(R68A-CXCL8) and a triplemutant CXCL8 (TM-CXCL8) where lysines at position 64 and

67 and arginine at position 68 were mutated to alanines (K64A/K67A/R68A CXCL8 or TM-

CXCL8). Murine KC and MIP-2 have similar three-dimensional structures, suggesting that

K20 along with positive amino acids in the C-terminal alpha helix comprise the GAG-

binding domains of these two chemokines.
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Figure 2.
Neutrophil migration in response to rhCXCL8 and the CXCL8 mutants. (A) Neutrophil

migration to the different forms of CXCL8 was measured using fluorescently labeled

neutrophils and a Boyden-like chemotaxis chamber. Values are the mean ± SEM, with n = 3

experiments. (B) Neutrophil migration in vivo was measured following instillation of either,

vehicle (PBS), rhCXCL8, R68A-CXCL8, or TM-CXCL8 into the lungs of mice. All forms

of CXCL8 were instilled at 1 µM based on preliminary studies. Necropsies were performed

at specified times and the total neutrophils were measured in the BAL fluid. Values are the
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means ± SEM with n = 5 to 14 mice/group. Statistical analysis was performed with One-way

ANOVA and * is p < 0.05 when compared to the vehicle control and † is p < 0.05 when

compared to rhCXCL8.
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Figure 3.
rhCXCL8 and the CXCL8 mutants diffuse into plasma and across an extracellular matrix at

different rates. (A) The amounts of rhCXCL8, R68A-CXCL8 and TM-CXCL8 measured in

plasma collected from the mice used in Figure 2B are shown. The three forms of CXCL8

were quantified by ELISA using plasma collected at 1 and 2 h after intratracheal instillation

of the chemokines. Values are the means ± SEM with n = 5 to 14 mice/group. (B) The

diffusion of the rhCXCL8, R68A-CXCL8, and TM-CXCL8 across an extracellular matrix in
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vitro. Values are the means ± SEM with n = 7 to 10. Statistical analysis for 3A and 3B was

performed with One-way ANOVA and * is p < 0.05.
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Figure 4.
KC and MIP-2 recruit neutrophils with differing efficacies when instilled into the lungs of

mice. KC and MIP-2 were instilled into the lungs of mice at three concentrations (0.1, 1, and

2 µM). Necropsies were performed 4 h after instillation and bronchoalveolar lavage (BAL)

was performed to recover cells from the airspaces of the lungs. At each concentration the

total number of neutrophils recovered in BAL fluid was determined. Values are the means ±

SEM with n = 6 to 9 mice per group. Statistical analysis was performed with Mann-

Whitney’s U Test and * is p < 0.05.
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Figure 5.
KC and MIP-2 diffuse into plasma and across an extracellular matrix at different rates. (A)

The amount of MIP-2 and KC in plasma was measured using ELISA at 4 h after the

intratracheal instillation of the chemokines into the lungs of mice. Values are means ± SEM

where n = 5. (B) The diffusion of MIP-2, KC, and CXCL8 across an extracellular matrix

was measured in the absence or presence of LMWH in vitro. ELISA analyses revealed that

there was significantly more KC than MIP-2 in the lower chamber (# is p < 0.008). The

addition of LMWH significantly increased the recovery of MIP-2 (p = 0.007) and CXCL8 (p
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= 0.04) but not KC (p = 0.22). * is p < 0.05 when the chemokine alone is compared to the

chemokine + LMWH. Statistical analysis was performed with Mann-Whitney’s U Test,

Values are the means ± SEM with n = 6 to 12.
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Figure 6.
Sensorgrams obtained used SPR reveal the chemokines bind heparin with different kinetics.

The binding of various concentrations of rhCXCL8 (A), MIP-2 (B), and KC (C) to

heparinized CM-4 chips is shown. (A) The concentration of rhCXCL8 was (upper to lower

curves) 1000 nM, 500 nM, 250 nM, 125 nM, 62.5 nM and 0 nM. (B) The concentrations of

MIP-2 were (upper to lower curves) 1000, 333, 111, 37, 12.4, 4.12, nM, (C) The

concentrations of KC were (upper to lower curves) 1000, 333, 111, 37, 12.4, 4.12, 1.37,

0.46, 0.15 nM.
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Figure 7.
Dose response curves reveal differences in the binding behavior of the chemokines. The

binding of KC (▪, full line), MIP-2 (◆, grey dashed line) and CXCL8 (▲, dotted line) to

heparin immobilized on a CM-4 sensor chip is shown. Means and standard errors of the

mean are shown, calculated from 3 independent experiments.

Tanino et al. Page 27

J Immunol. Author manuscript; available in PMC 2014 July 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 8.
The binding of the three different forms of CXCL8 [0.70 × 10−6 M] to wild-type (A) and

mutant (B) CHO cells was measured by flow cytometry. (A) The binding of rhCXCL8

(black line) R68A-CXCL8 (dashed line) or TM-CXCL8 (dotted line) to wild-type CHO

cells. The control was wild-type CHO cells incubated with PBS (grey line). (B) The binding

of rhCXCL8 (black line), R68A-CXCL8 (dashed line), or the TM-CXCL8 (dotted line) to
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mutant CHO cells lacking xylosyltransferase. The control was mutant CHO cells incubated

with PBS (grey line). Shown are representative data of three independent experiments.
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Table I

IC50 at which soluble heparin and LMWH inhibit chemokine binding to immobilized heparin.

KC MIP-2 CXCL8

Heparin 0.142 ± 0.0061 2.8 ± 0.45 2.5 ± 0.45

LMWH 3.83 ± 0.9 59.0 ± 9 31.4 ± 0.3

1
Data represent the concentration (µM) of GAG required to inhibit chemokine (100 nM) binding to heparin immobilized on a sensor surface as

determined by SPR. Means ± standard error of the mean are shown for at least 3 independent determinations.
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