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independently of CCR2
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A B S T R A C T

The truncated [1 + 9–76] CCL2 analogue, also known as 7ND, has been described in numerous reports as

an anti-inflammatory and anti-fibrotic agent in a wide spectrum of animal models, e.g. models of

cardiovascular disease, graft versus host disease and bleomycin-induced pulmonary fibrosis. 7ND has

been reported to function as a competitive inhibitor of CCL2 signaling via CCR2 in human in vitro

systems. In contrast, the mechanistic basis of 7ND action in animal models has not been previously

reported. Here we have studied how 7ND interacts with CCL2 and CCR2 of murine origin. Surprisingly,

7ND was shown to be a weak inhibitor of murine CCL2/CCR2 signaling and displaced murine CCL2 (JE)

from the receptor with a Ki > 1 mM. Using surface plasmon resonance, we found that 7ND binds murine

CCL2 with a Kd of 670 nM, which may indicate that 7ND inhibits murine CCL2/CCR2 signaling by a

dominant negative mechanism rather than by competitive binding to the CCR2 receptor. In addition we

observed that sub-nanomolar levels of 7ND mediate anti-fibrotic effects in CCR2 negative fibroblasts

cultured from fibrotic lung of bleomycin-induced mice. Basal levels of extracellular matrix proteins were

reduced (collagen type 1 and fibronectin) as well as expression levels of a-smooth muscle actin and

CCL2. Our conclusion from these data is that the previously reported effects of 7ND in murine disease

models most probably are mediated via mechanisms independent of CCR2.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Chemokines are a defined group of structurally related small
cytokines controlling the migration of cells through signaling via
specific G protein-coupled receptors (GPCRs) [1]. The chemokine
CCL2/MCP-1 is probably best known for its role as an attractant of
CCR2 positive cells, primarily monocytes but also basophils and
certain subtypes of B- and T-cells [1–4]. By stimulating the egress
of leukocytes from the bone marrow and attracting them to sites of
inflammation, CCL2 is a major player in the orchestration of the
immune response, as shown in various models of immunological
driven pathologies [5–8]. CCL2 has been described as a selective
chemokine with CCR2 as the principal receptor, which occurs as
two alternatively spliced forms, CCR2a and CCR2b that differ in the
C-terminus. However, the complexity of CCL2 signaling should not
be underestimated because oligomerization induced by binding to
glucosaminoglycans (GAG) on endothelial surfaces seems to be
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required for monocyte migration to sites of inflammation in vivo
[9]. In addition, the dimerization of CCR2 with other chemokine
receptors and the dimerization of CCL2 with other chemokines are
evident although the consequences are to a great extent unknown
[10,11].

Pharmacological intervention of the CCL2/CCR2 signaling has
been suggested to be beneficial in treating conditions with an
inflammatory component as well as malignancies. The hypothesis
has been evaluated in numerous models of disease using
monoclonal antibodies against both CCL2 and CCR2 as well as
small molecules blocking the signaling via CCR2 [12]. A third group
of molecules used to study CCL2/CCR2 biology are those derived
from either CCL2 itself or from the related chemokines CCL7 (MCP-
3) and CCL8 (MCP-2). This is a complex group of molecules where
different functions of CCL2 have been manipulated, e.g. signaling
via CCR2, GAG binding and dimerization. For example, a CCL2-P8A
mutant, shown to be efficacious in a model of murine experimental
autoimmune encephalomyelitis, functioned as an agonist in vitro,
but was unable to participate in oligomerization on GAG [9]. In a
CCL2-Y13A/S21K/Q23R triple mutant, showing efficacy in a model
of experimental autoimmune uveitis, the affinity to CCR2 was
reduced whereas the binding to GAG was potentiated [13].

http://dx.doi.org/10.1016/j.bcp.2011.12.001
mailto:stefan.j.svensson@sobi.com
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2011.12.001
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Nevertheless, the majority of molecules exemplified in the
literature seem to function as classical antagonists by binding to
CCR2 without inducing a signaling response. Some of these, such as
[5–76] CCL2 and [5–76] CCL7 are naturally occurring N-terminally
truncated variants generated in vivo by matrix metalloproteinases
[14–17].

The most extensively studied CCL2 variant is human [1 + 9–76]
CCL2, commonly known as 7ND and was first designed by Zhang
et al. [18]. 7ND has shown to be efficacious in several disease
models in several species; models of cardiovascular disease, graft
versus host disease, inflammation and fibrosis [19–32]. For
example, it was previously described that 7ND, administered by
gene transfection into skeletal muscle, is a successful therapeutic
strategy against bleomycin-induced pulmonary fibrosis in mice
[23]. Bleomycin is known for its pro-fibrotic effect after
intratracheal administration in mice up-regulating levels of
CCL2, TGF-b and extracellular matrix proteins such as collagen
I, collagen III and fibronectin as well as inducing infiltration of
inflammatory cells [23,33–35]. To the best of our knowledge, the
actual mechanism of action of 7ND has only been studied in the
context of human CCR2 and the species specificity of 7ND is poorly
investigated. To better understand the properties making 7ND a
powerful pharmacological tool, we decided to study the in vitro
properties of 7ND in the mouse model. Here we report data that are
not compatible with the picture of 7ND being a potent CCR2
antagonist but rather make us suggest that 7ND can act
independently of CCR2 in mouse.

2. Material and methods

2.1. Material

The mouse CCR2-gene was co-expressed with Ga16 in CHO-A2
cells (Euroscreen S.A., Gosselies, Belgium) and maintained in
UltraCHO medium (BioWittaker, Walkersville, MD, US) supple-
mented with 1% FBS (Gibco/Invitrogen AB, Stockholm, Sweden),
800 mg/ml Geneticin (Gibco/Invitrogen AB) and 250 mg/ml Zeocin
(Gibco/Invitrogen AB) and passaged twice per week by trypsin
digestion (Gibco/Invitrogen AB). THP-1 human monocyte cell line
(TIB-202, ATCC/LGC, Borås, Sweden) was maintained in RPMI1640
with Glutamax (Gibco/Invitrogen AB) and 10 mM HEPES (Gibco/
Invitrogen AB) and passaged twice per week. Mouse CCL2 (=JE,
479-JE/CF) was purchased from R&D Systems (Abingdon, UK).
Human CCL2 was either purchased from R&D (279-MC/CF-050) or
produced in-house. 7ND and Met7ND were produced in-house.
The radioligand used, 125I-mCCL2 (JE) was purchased from
PerkinElmer (MA, US). Hank’s balanced salt solution, HBSS
(Gibco/Invitrogen AB) was supplemented with 20 mM HEPES,
0.04% sodium bicarbonate (Gibco/Invitrogen AB) and 0.1% BSA
(Sigma–Aldrich Co, St Louis, MO, US). pH was titrated to pH 7.4
using 10 M NaOH. PBS was purchased from Gibco/Invitrogen AB.

2.2. Isolation of primary murine lung fibroblasts

Female C57BL mice (20 g) from Scanbur, Karlslunde, Denmark
were group housed with ad lib access to food and water. Mice were
anesthetized with a mixture of medetomidin, 0.5 mg/kg (Orion
Pharma Animal Health, Sollentuna, Sweden) and ketamine, 50 mg/
kg intraperitoneally (Pfizer, Sollentuna, Sverige). Eye gel, Visco-
tears (Novartis Healthcare, Basel, Switzerland) was administered
and thereafter they were dosed intratracheally with 50 ml
bleomycin, 0.6 mg/kg (Baxter, Kista, Sweden). Directly after
bleomycin treatment, animals received saline, 0.5 ml subcutane-
ously as well as atipamezole, 1 mg/kg (Pfizer, NY, US). Mice were
euthanized after 14 days. Protocols were approved by the local
ethical committee (#N315/08 Stockholm north). Whole lungs from
single animals were cut into small pieces and placed in 40 ml
media, DMEM with Glutamax (Gibco/Invitrogen AB), 10% FBS and
1% penicillin/streptomycin (Gibco/Invitrogen AB) in 160 cm2 tissue
culture plates. Lung tissue cells were incubated at 37 8C in a
humidified atmosphere (5% CO2) and when the cells reached 70%
confluence they were passaged using trypsin digestion.

2.3. Collagen I immunostaining of murine fibroblasts

Murine fibroblasts were plated in poly-D-lysine/laminine
coated 8-well slides (Becton Dickinsson, Stockholm, Sweden);
10,000 cells per well in culture medium and incubated at 37 8C in a
humidified atmosphere (5% CO2) overnight. Cells were washed
with PBS and fixed in paraformaldehyde (Sigma–Aldrich), 4% in
PBS. After 15 min, cells were washed and permeabilized in 0.5%
TritonX-100 (Sigma–Aldrich)/PBS for 10 min. Cells were then
incubated with rabbit-anti-mouse collagen 1 antibodies (Cedar-
lane Labs, Nordic BioSite AB, Täby, Sweden), diluted 1:20 in PBS
and incubated at room temperature for 1 h. After three washes
with PBS, cells were incubated with goat-anti-rabbit-FITC anti-
bodies (R&D Systems, Abingdon, UK), diluted 1:20 for 40 min.
Staining was visualized using a fluorescence microscope (Leica DM
IRB, Kista, Sweden). Cells stained with only the goat-anti-rabbit
antibody was used as a negative control.

2.4. Cloning and expression of Met7ND, 7ND and murine CCR2

A synthetic gene coding for 7ND, [1 + 9–76] CCL2 with a human
CCL2 signal peptide sequence (GenBank NM_002982) was ordered
from Geneart AG (Life Technologies, NY, US). The synthetic gene
was inserted into the pcDNA3.1(+) expression vector (Invitrogen
AB). Protein expression was performed using the FreeStyleTM 293
Expression System (Invitrogen AB). The expression vector for
human CCL2 (GenBank NP_002973) was created by constructing a
DNA sequence coding for MASHHHHHHASGDYKDDDDK-CCL2
(residues 24–99) using the synthetic gene described above as
PCR template followed by insertion into the pET-21d(+) expression
vector (Novagen, Solna, Sweden). Cloning of correct sequence was
verified by DNA sequencing. Expression of the 6xHis and FLAG
peptide tagged CCL2 was performed in Escherichia coli BL21-AI cells
(Invitrogen AB) essentially as recommended by the suppliers. The
expression vector for Met7ND was created using the synthetic
gene described above as PCR template followed by insertion into
the pET-21b(+) expression vector (Novagen) and verification by
DNA sequencing. Expression was performed in E. coli BL21-AI cells
essentially as recommended by the suppliers. The gene coding for
mouse CCR2 (GenBank NM_009915) was isolated from mouse
brain cDNA by PCR amplification and inserted into the
pcDNA3.1(+) expression vector. Cloning of correct sequence was
verified by DNA sequencing. Protein production was performed in
stably transfected CHO-A2 Ga16 cells (Euroscreen S.A.).

2.5. Purification of recombinant proteins

Medium containing 7ND was filtered through a Sartolab P plus
(Sartorius, Fisher Scientific, Västra Frölunda, Sweden), 0.2 mm
before capturing 7ND on a HiTrap SP HP column (GE Healthcare,
Uppsala, Sweden) equilibrated with 20 mM sodium phosphate, pH
7.0. 7ND was eluted by a 0–0.6 M NaCl gradient. 7ND containing
fractions where purified further using size exclusion chromatog-
raphy on a Superdex 75 column (GE Healthcare).

Human CCL2 was purified from E. coli inclusion bodies. The cell
lysate was centrifuged at 10,000 � g for 20 min and the pellet (5 g)
was resuspended and washed twice in 25 ml 25 mM sodium
phosphate (Sigma–Aldrich), 0.25% sodium deoxycholate (Merck
AB, Solna, Sweden) pH 7.5 and twice in 25 ml 25 mM sodium
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phosphate, pH 7.5. The final pellet was resuspended and
solubilized with 4 ml of 6 M Guanidine HCl (Sigma–Aldrich).
CCL2 was refolded by rapid dilution in 400 ml 100 mM Tris–HCl
(Sigma–Aldrich), 0.2 mM GSSG (Sigma–Aldrich), 1 mM GSH
(Sigma–Aldrich), pH 8.0 and incubated at 4 8C for 17 h. CCL2
was further purified by ion exchange chromatography on a HiTrap
SP HP column using a NaCl gradient in 20 mM sodium phosphate,
pH 7.0. The pooled fractions were submitted to buffer exchange on
a PD-10 column (GE Healthcare) equilibrated with 50 mM Tris pH
8.0, 1 mM CaCl2 (Sigma–Aldrich) and 0.1% Tween20 (Sigma–
Aldrich). The sample was then incubated with 23 U enterokinase/
mg total protein (EKMax, Invitrogen AB, Stockholm, Sweden) at
4 8C for 17 h. CCL2 was finally separated from the cleaved 6xHis/
FLAG-tag by repeating the ion exchange chromatography step
followed by size exclusion chromatography on a Superdex 75
column. Met7ND was prepared from E. coli inclusion bodies and
isolated by ion exchange chromatography on a HiTrap SP HP
column followed by size exclusion chromatography on a Superdex
75 column, essentially as described for human CCL2.

Protein quality was assessed by SDS-PAGE, MALDI-TOF MS and
N-terminal sequencing. All proteins where purified to apparent
homogeneity. N-terminal protein sequencing using Edman degra-
dation of the proteins was performed with a Procise HT Sequencing
system (Applied Biosystems, Stockholm, Sweden). The samples
were sequenced using a pulsed liquid PVDF method. The proteins
were loaded and sequenced before and after digestion with
pyroglutamate amino peptidase (Sigma–Aldrich) in order to
deblock the N-terminus. Molecular masses of the proteins were
measured using a Voyager DE-STR MALDI-TOF mass spectrometer
(AB SCIEX, Stockholm, Sweden).

2.6. CCR2-mediated calcium release

Measurement of CCL2 stimulated calcium release in THP-1 cells
and mouse CCR2 overexpressing CHO-A2 cells were performed
using HitHunter Calcium NoWash Kit (DiscoveRx, Birmingham,
UK) according to the instructions provided by the manufacturer.

Briefly, THP-1 cells, cultivated in RPMI1640 with Glutamax, 10%
FBS and 10 mM HEPES were washed once in PBS and plated in 96-
well microplates (3603 Costar, Sigma–Aldrich, Stockholm,
Sweden), 200,000 cells/well in 50 ml and incubated for 1 h in
humidified atmosphere (5% CO2) at 37 8C. 2� dye (50 ml) was
added to each well and incubation was repeated for 1 h.

CHO-A2 cells stably expressing mouse CCR2 and Ga16 were
plated at a cell density of 30,000 cells/well in 96-well microplates
(3603 Costar) and incubated overnight in humidified atmosphere
(5% CO2) at 37 8C. Medium was removed and cells were stained
according to the instruction of the manufacturer. Incubation was
repeated for 50 min.

In FLIPR96 (Molecular Devices, Sunnyvale, CA, US) cells were
co-incubated with either 4 nM hCCL2 or 1.5 nM mouse CCL2 final
concentrations and 7ND ranging from 3 mM to 17 pM final
concentrations while changes in cytosolic calcium were measured.
Maximum emission data from each well were collected and
inhibition of the response, fKi elicited by 4 nM hCCL2 or 1.5 nM
mouse CCL2 by 7ND was calculated. fKi was defined as:

fKi ¼ IC50

ð1 þ ðchallenge dose of agonist=EC50 of agonistÞÞ

2.7. Chemotaxis assay

Cell migration of THP-1 cells was determined using Transwell
96-well microplates of 5 mm pore size (Corning, VWR, Stockholm,
Sweden). Assay buffer (150 ml), HBSS with 0.1% BSA, with or
without human CCL2 (3 nM) was added to the lower chambers.
7ND (50 ml) at concentrations between 0.1 and 1000 nM or buffer,
resuspended with cells (106 cells/ml) was added to the filter inserts
(upper chamber) and cells were allowed to migrate for 4 h in
humidified atmosphere (5% CO2) at 37 8C. The fraction of cells that
migrated to buffer represented spontaneous migration. Control
experiments were made for measurements of the intrinsic
chemotactic effect of 7ND by placing 7ND (0.1–1000 nM) in the
lower wells and cells and buffer in the filter inserts, allowing cells
to migrate for 4 h at the previous conditions. For quantification,
migrated cells were stained in 2 mM Calcein-AM (Gibco/Invitrogen
AB) for 1 h and absorbance at 495/520 was monitored using
Envision 2102 multilabel reader (PerkinElmer).

2.8. Radioligand binding

CHO cells stably expressing mouse CCR2 and Ga16 were plated
24 h prior to the experiment in 96-well plates (Costar) at a density
of 50,000 cells/well. The saturation experiment was performed in a
final volume of 200 ml binding buffer, HBSS supplemented with
0.1% BSA, with serial dilutions of radio ligand 125I-JE. Nonspecific
binding was defined as the amount of radio activity remaining
bound to the cells after incubation in the presence of 100 nM
unlabeled mCCL2. Displacement experiments were performed in
binding buffer with various concentrations of the peptides mCCL2
(JE), hCCL2 or 7ND included in the incubation mixture together
with 40–70 pM 125I-JE. The plate was incubated for 1 h at 37 8C and
5% CO2. Incubation was terminated by aspiration of the radioligand
mix using an 8-channel vacuum manifold followed by manual
addition of 100 ml ice cold 50 mM Tris buffer. Washing was
repeated twice. Microscint20 (100 ml) (PerkinElmer) was added to
each well and the radioactivity was counted using a Wallac 1450
Trilux 32 counter (PerkinElmer). Non-linear regression calcula-
tions were performed using Excel with XLfit 5 plugin.

2.9. Kinetic determinations by using surface plasmon resonance, SPR

Purified mouse CCL2 was immobilized on a CM1 sensor chip (GE
Healthcare) by amine coupling at a low density of 220 Ru (about
0.22 ng/mm2) mCCL2 to determine kinetics of 7ND and Met7ND
binding using a Biacore 2000 (GE Healthcare). BSA was immobi-
lized on the same chip and was used as a reference surface. 7ND at
concentrations from 2.3 nM up to 3.6 mM and Met7ND at
concentrations from 0.9 mM up to 3.6 mM were passed over the
sensor chip at a flow rate of 20 ml/min. Each kinetic determination
was performed at least at eight different concentrations with one
point in duplicate. The BIAevaluation software (GE Healthcare) was
used for analysis of the association and dissociation profiles of the
sensorgrams. Interaction constants were determined by perform-
ing non-linear fitting of data, corrected for bulk refractive index
changes, according to one or two-site models.

2.10. Stimulation of primary murine lung fibroblasts

Primary murine lung fibroblasts were plated in 24-well plates
(Costar), 50,000 cells/well in DMEM with Glutamax, 10% FBS and
1% penicillin/streptomycin and incubated overnight in humidified
atmosphere (5% CO2) at 37 8C. Cells were starved for 24 h in DMEM
with Glutamax, 1% penicillin/streptomycin and 0.5% BSA (fatty acid
free, Sigma A8806) prior to stimulation with 7ND diluted in
starvation medium (0, 0.01, 0.1 and 1 nM). After 24 h stimulation,
supernatants were collected, cells were washed once with PBS, and
lysed using lysis buffer (RNeasy Mini Kit, Qiagen, Sollentuna,
Sweden) supplemented with 1% b-mercaptoethanol (Sigma–
Aldrich) and stored at �70 8C. Stimulation experiments were
performed on three occasions using isolated fibroblasts from
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different mice. A potential 7ND-induced apoptosis of murine
fibroblasts was analyzed using Guava TUNEL Kit and measured in
Guava Easy Cyte (Millipore, Solna, Sweden). Fibroblasts, starved for
24 h, were incubated with 10 nM 7ND for 24 h and analyzed for
number of apoptotic cells compared with unstimulated cells
(negative control) and cells stimulated with 100 mM cyclohexi-
mide (Millipore, positive control).

2.11. Analysis of secreted proteins, fibronectin, CCL2 and collagen I

Murine fibronectin and CCL2 secreted from 7ND-stimulated
lung fibroblasts were analyzed using ELISA kits, Murine fibronectin
(Kamiya Biomedical Company, Seattle, WA, US) and Murine CCL2
(Thermo Scientific, Stockholm, Sweden) according to instructions
provided by the manufacturer.

Collagen type I secretion was assessed by Western blotting.
Medium was reduced and incubated at 85 8C before loading on a
NuPAGE 4–12% gel (Invitrogen, Stockholm, Sweden). Protein was
wet transferred to a PVDF membrane (BioRad, Sundbyberg,
Sweden) that was subsequently blocked with 5% BSA. Membranes
were incubated with purified rabbit anti-mouse collagen type I
polyclonal antibody diluted 1:1000 (Cederlane Labs CL50151AP,
Nordic BioSite AB, Täby, Sweden) followed by incubation with HRP
conjugated anti rabbit antibody diluted 1:3000 (Dako, Glostrup,
Denmark) and developed using ECL Plus (GE Healthcare). Intensity
of immunoreactive bands was quantified using a LAS-3000 CCD
camera (R&D Systems) and the accompanying software package.

2.12. mRNA expression analyses by real time-PCR

Total RNA isolation from cells was performed using RNeasy
Micro Kit (Qiagen) and quantified by absorbance at 260 nm
followed by capillary electrophoresis on Agilent Bioanalyzer Lab
On Chip (Agilent Technologies, Kista, Sweden) for quality control.
cDNA synthesis was performed with 100–200 ng of total RNA from
each sample using High Capacity cDNA archive kit (Applied
Biosystems, Stockholm, Sweden) with thermal cycling conditions;
25 8C for 10 min, 37 8C for 120 min and 85 8C for 10 s. To exclude
the possibility of genomic DNA contamination, all samples were
also treated the same way in the absence of Reverse Transcriptase.
RT-PCR was performed using TaqMan1 Gene Expression Master
Mix and Gene Expression Assays (Applied Biosystems). Assay IDs
were from Applied Biosystems: mouse collagen type I
(Mm00801666_g1), mouse collagen type III (Mm00802331_m1)
and mouse a-SMA (Mm01204962_gH). Each sample was analyzed
in duplicate, with each reaction using 1 ng of cDNA in a total
reaction volume of 10 ml. Thermal cycling conditions were 50 8C
for 2 min, 95 8C for 10 min, 40 cycles of 95 8C for 15 s and 60 8C for
1 min using the 7900HT Sequence Detection Systems (Applied
Biosystems). No PCR product was detected in the procedure
without reverse transcriptase. The amount of target, normalized to
18S rRNA (endogenous reference) and relative to a calibrator (un-
stimulated samples), is reported as 2 �DDCT, which gives the
relative quantification of gene expression.

3. Results

3.1. 7ND inhibits CCL2-stimulated calcium release and chemotaxis in

the human THP-1 monocyte cell line

7ND was produced in HEK293 cells and purified to homogenei-
ty. Roughly 50% of the protein was glycosylated at Asn14, and the
N-terminus harbored the pyroglutamate modification previously
described for full length CCL2 [36]. The function of 7ND was
characterized in human monocytes. The THP-1 monocyte cell line
was chosen as this cell line endogenously expresses CCR2b and is
responsive to human CCL2. In our experiments, human CCL2
stimulated calcium release with a pEC50 of 8.50 � 0.35 (3.2 nM).
This is in agreement with data previously reported [37]. The in house
refolded E. coli produced CCL2 was equipotent with the commercially
E. coli produced CCL2 (data not shown).

Inhibition of CCL2-mediated calcium release mediated by 7ND
was determined in the range of 17 pM to 1 mM with an hCCL2, EC70

challenge dose of 4 nM. As shown in Fig. 1A, 7ND inhibited CCL2
stimulated calcium release in THP-1 cells with a pfKi value of
7.53 � 0.21 (29 nM). 7ND did not show any calcium stimulating
effect on its own (data not shown).

Inhibition of CCL2 stimulated chemotaxis was studied using the
THP-1 cells in a Transwell migration assay. Human CCL2 stimulated
migration with an EC50 of 2 nM and an EC70 challenge dose of 3 nM
was chosen to study 7ND inhibition. Results, illustrated in Fig. 1B,
show that 50% of the cells were inhibited from migrating at
approximately 100 nM while >90% of the cells were inhibited
from migrating by 1 mM 7ND. 7ND itself was a weak inducer of
migration of THP-1 cells and elicted a maximal response
(7ND > 30 nM) that was 30% of the maximal CCL2 response.

3.2. 7ND is a low potency antagonist of the CCL2/CCR2 interaction in

mouse.

The interaction of 7ND with mouse CCR2 was studied in a stably
transfected CHO cell line expressing Ga16 and CCR2. Expression of
mouse CCR2 was confirmed by RT-PCR and cells were shown to
give a cytosolic calcium release in response to mCCL2. The pEC50
for mCCL2 was determined to 8.76 � 0.24 (2 nM). Non-transfected
CHO cells did not respond to mCCL2. A challenge dose of 1.5 nM
mCCL2 was used to study inhibition of calcium release by 7ND. At
1 mM of 7ND, 40–80% of the calcium release elicited by 1.5 nM
mCCL2, was inhibited (n = 6, data not shown). 7ND showed no
agonistic effects on calcium release in mouse CCR2-transfected cells
(data not shown).

7ND binding to mouse CCR2 was studied using a displacement
assay with 125I-labeled mouse CCL2. The saturation analysis
supported a single site model for 125I-JE binding to CHO cells stably
expressing the mouse CCR2 with a KD of 290 pM and an estimated
receptor density of 31,000 receptors/cell (assuming 50,000 cells/
well as plated initially, n = 1). The three peptides mCCL2, hCCL2
and 7ND displaced 125I-mCCL2 with pKi values of 9.33 � 0.22
(0.46 nM), 7.22 (60 nM,) and >6 (>1 mM), respectively with Hill
coefficients close to unity demonstrated in Fig. 2. From these results
we could conclude that there is a significant species barrier in terms of
displacing CCL2 from CCR2 and that 7ND is a low potency inhibitor of
the CCL2/CCR2 interaction in mouse.

3.3. Interaction between mouse CCL2 and 7ND

In order to study the interaction between 7ND and mCCL2, we
immobilized mCCL2 and studied binding kinetics by SPR. Use of the
standard Biacore sensor chips (CM5 carboxy methylated dextran)
resulted in high degree of non-specific binding of all CCL2 ligands,
probably due to interactions with the dextran matrix of the chip.
Therefore, the C1 chip (dextran free) was chosen and virtually no
response was detected on reference surfaces when injecting 7ND.
Recorded sensorgrams over a wide range of concentrations
showed that 7ND binds mouse CCL2 (Fig. 3A). The single step
one-site binding model could not be satisfactory fitted to the
sensorgrams and multiple parameter fitting was evaluated. A one
site binding model including an isomerization step was best fitted
to the data (A + B $ AB $ AB*, Fig. 3A). The dissociation constant
of the 7ND/mCCL2 complex was determined to 670 nM. In
contrast, Met7ND showed no specific binding to mouse CCL2
(Fig. 3B).



Fig. 1. 7ND mediated inhibition of human CCL2 stimulated cytosolic calcium release

and cell migration of THP-1 cells. (A) Human monocyte cell line THP-1 was co-

stimulated with a challenge dose of 4 nM human CCL2 (�EC70) and 7ND at different

concentrations. Cytosolic calcium release was measured and plotted as % inhibition

of the response elicited by 4 nM human CCL2. 7ND inhibited CCL2-stimulated

calcium release with a pfKi value of 7.53 � 0.21 (29 nM, n = 3). (B) Inhibition of CCL2-

induced cell migration by 7ND was determined using Transwell 96-well microplates of

5 mm pore size. Human CCL2 (150 ml), 3 nM (�EC70 challenge dose) or buffer was

added to the lower chambers. 7ND (50 ml) at concentrations between 0.1 and 1000 nM

or buffer, resuspended with THP-cells (106 cells/ml) were added to the upper chambers

and allowed to migrate for 4 h in humidified atmosphere (5% CO2) at 37 8C. Relative

fluorescence (RFU), as a measure of migrated cells, was plotted as a function of 7ND

concentration (n = 3). (C) Control experiments were made for measurements of the

chemotactic potency of 7ND and human CCL2 by placing ligands at different

concentrations or buffer in the lower wells and THP-1 cells and buffer in the filter

inserts, allowing cells to migrate for 4 h in humidified atmosphere (5% CO2) at 37 8C.

Cells found in lower wells with buffer represented spontaneous migration. Relative

fluorescence (RFU), as a measure of migrated cells was plotted as a function of CCL2 and

7ND concentration.

Fig. 2. Displacement of 125I-JE binding to mouse CCR2. CHO cells stably expressing

mouse CCR2 and Ga16 were plated in 96-well plates at a density of 50,000 cells/

well. Displacement experiments were performed in binding buffer with various

concentrations of the peptides mCCL2 (JE), hCCL2 and 7ND included in the

incubation mixture together with 40–70 pM 125I-JE. The three peptides mCCL2,

hCCL2 and 7ND displaced 125I-mCCL2 with pKi values of 9.33 � 0.22 (0.46 nM, n = 4),

7.22 (60 nM, n = 1), and >6 (>1 mM, n = 4), respectively. Nonspecific binding was

defined as the amount of radio activity remaining bound to the cells after incubation in

the presence of 100 nM unlabeled mCCL2.

Fig. 3. 7ND binds mouse CCL2 immobilized on a Biacore CM1 sensor chip. (A) 7ND,

at concentrations from 2.3 nM up to 3.6 mM, was passed over the ship. Sensorgrams

were recorded and a one site binding model including an isomerization step was

fitted to the data (A + B $ AB $ AB*). (B) Met7ND (7ND produced in E. coli

harboring a start codon methionine and no pyroglutamate modification)

sensorgrams at 0.9, 1.8 and 3.6 mM, showing no specific binding.
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3.4. 7ND mediates anti-fibrotic effects on murine lung fibroblasts via a

pathway distinct from CCR2

In order to investigate the mechanism of which 7ND mediates
its anti-fibrotic effects in mice, we used fibroblasts isolated from
bleomycin-induced mice. During the first seven days, cells with a
spider-like morphology were observed, indicating growth of
fibrocytes [38]. After 11–14 days, cells turned more spread-out
and transparent, a morphology associated with activated fibro-
blasts. Cells were labeled with an anti-mouse collagen I antibody,
stained with a FITC-conjugated secondary antibody and analyzed
using fluorescence microscopy. By image visualization it was
estimated that more than 95% of the cells were positive for collagen
type I, (Fig. 4). Significant mRNA expression levels of fibrosis
markers; fibronectin, collagen I, collagen III, a-SMA and TGF-b1
were detected which strongly indicates that the main cell
population was fibroblasts [39,40]. Fibroblasts, cultivated for 11
days and starved in serum-free medium were stimulated with 7ND
(0, 0.01, 0.1 and 1 nM) to investigate if 7ND was capable to affect
basal levels of pro-fibrotic markers.

Using TUNEL assay it was shown that stimulation with 7ND
(10 nM) for 24 h in starvation medium, did not induce apoptosis of
murine lung fibroblasts (data not shown).



Fig. 4. Collagen I immunostaining of murine fibroblasts. Expression of collagen I in

primary mouse fibroblasts visualized by immunostaining using a rabbit-anti-

mouse Col 1 and goat-anti-rabbit-FITC antibodies followed by fluorescence

microscopy. Cells were examined at 40� magnification.

Fig. 5. 7ND inhibits secretion of extracellular matrix proteins from murine lung

fibroblasts in a concentration dependent manner. Cells were isolated from whole

lungs after 14 days single dose treatment of 0.6 mg/kg bleomycin, and cultured for

11 days followed by 7ND stimulation. (A) Fibronectin concentration analyzed with

ELISA, (B) collagen type I analyzed with Western Blot, (C) CCL2 analyzed with ELISA.

Graphs indicate data from one representative experiment (n = 3). Data are

presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.005.
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3.4.1. 7ND inhibits synthesis of extracellular matrix proteins in

murine lung fibroblasts

Levels of secreted fibronectin were significantly decreased by
7ND in a concentration dependent manner (Fig. 5A). While
unstimulated fibroblasts secreted 2400 ng fibronectin/ml, cells
stimulated with 1 nM 7ND secreted 950 ng/ml. At this time-point
(24 h post-stimulation) the mRNA expression of fibronectin was
not effected by 7ND stimulation (data not shown). As assessed by
Western blot using an anti-collagen I antibody, the levels of
secreted collagen I were significantly decreased with increased
concentrations of 7ND (Fig. 5B). Levels of collagen I secreted from
fibroblasts stimulated with 1 nM 7ND were one third of those
secreted from un-stimulated cells. In accordance with this 7ND
also mediated inhibition of collagen I mRNA expression following
the same pattern as for secreted collagen I protein. Cells stimulated
with 1 nM 7ND expressed 60% of the collagen I mRNA expressed in
un-stimulated cells as shown in Fig. 6A. Collagen III, another
collagen subtype associated with fibrotic tissue was expressed at
significant levels as well by the fibroblasts. Inhibition of collagen III
mRNA expression was significant in cells stimulated with 1 nM
7ND, expressing 70% of collagen III mRNA compared with un-
stimulated cells as shown in Fig. 6B.

3.4.2. Fibroblasts isolated from bleomycin-treated mice express CCL2,

TGF-b and a-SMA mRNA but not significant levels of CCR2

One distinction between fibrocytes (CCR2 positive) and fibro-
blasts (CCR2 negative) is related to expression of CCR2. It has been
shown that mesenchymal cells isolated from mouse lung transform
to fibroblasts with time, and that the major shift appears during day
7–11 in culture [38]. In agreement with this observation, our cells,
after 11 days in vitro, expressed significant levels of collagen I but
no significant levels of CCR2 (data not shown).

Expression of CCL2, TGF-b and a-SMA is associated with a pro-
fibrotic phenotype of activated fibroblasts [41]. Inhibition of CCL2
secretion was significant in cells stimulated with 1 nM 7ND,
secreting 75% of CCL2 compared with un-stimulated cells
(Fig. 5C). At this time-point the mRNA expression of CCL2 was
not effected by 7ND stimulation (data not shown). TGF-b, an
important pro-fibrotic factor promoting proliferation of fibro-
blasts and differentiation of fibroblasts to myofibroblasts was
detected at significant mRNA expression levels at the time-point
of interest (data not shown). Inhibition of a-SMA mRNA
expression was significant in cells stimulated with 0.1–1 nM
7ND, expressing 60% of a-SMA mRNA at 0.1 nM 7ND and 50% at
1 nM 7ND compared with un-stimulated cells presented in Fig. 6C.
The results indicate that 7ND may inhibit differentiation of
fibroblasts to myofibroblasts.

4. Discussion

The truncated form 7ND, [1 + 9–76] CCL2 has been character-
ized in a number of animal models of cardiovascular disease, graft
versus host disease, inflammation and fibrosis. Although it is
generally assumed, there are no data showing that 7ND is acting
by a mechanism involving CCR2 in these models. In the reported in
vivo studies, 7ND has been given as gene therapy, typically
resulting in plasma levels comparable to those of endogenous
CCL2, i.e. in the low picomolar range. The majority of studies have
been performed in mice, but studies in rat, rabbit and monkey
models have been reported too [19,22]. Here we show that 7ND is
a low-potency antagonist in vitro as micromolar concentrations
are needed to effectively inhibit CCL2 signaling via mouse CCR2.
Thus, the in vitro potency is roughly four orders of magnitude
lower than what would be expected from the in vivo studies. This



Fig. 6. 7ND inhibits mRNA expression levels of fibrotic markers in murine lung

fibroblasts in a concentration dependent manner. Cells were isolated from whole

lungs after 14 days single dose treatment of 0.6 mg/kg bleomycin, and cultured for

11 days followed by 7ND stimulation. Levels of mRNA transcripts were detected by

real-time PCR. (A) Collagen I, (B) collagen III, (C) a-smooth muscle actin.

Representative data of 1 of 3 experiments are presented and values are the

mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.005.

C. Kalderén et al. / Biochemical Pharmacology 83 (2012) 644–652650
makes us suggest that CCR2 antagonism is most probably not the
mechanism of 7ND action.

Next we asked ourselves if 7ND possibly could interfere with
endogenous CCL2 signaling by dimerization. The classical inter-
pretation of the displacement data generated with 125I mCCL2 is
that 7ND functions as a competitive inhibitor on murine CCR2 but
an alternative interpretation would be that 7ND functions as a
dominant negative inhibitor, by forming a non-signaling hetero-
dimer with mCCL2. It is well documented that chemokines can
undergo dimerization, both as homo- and heterodimers. The
homodimer seen in crystal structures of human CCL2, is formed by
an antiparallel beta-sheet involving Val9 to Cys11 in both subunits
[42]. This suggests that dimerization is inhibitory, as the dimer
interface engage residues important also for receptor binding. Our
data clearly show that 7ND can bind mouse CCL2 although further
studies of the 7ND/mCCL2 complex in solution is required to shed
light on the stoichiometry. In contrast to the 7ND produced in
mammalian cells, 7ND produced in E. coli (Met7ND) did not bind
mouse CCL2. The structural differences between these proteins are
found in the N-terminus as E. coli production introduces a start
codon methionine, which in turn prevents pyroglutamate forma-
tion of the initial glutamine. These data indicate that the N-
terminus is important for the 7ND/mCCL2 binding and agree with
the binding epitope seen in the CCL2 crystal structure where Pro8
is positioned in a groove formed by residues from the opposing
subunit (Thr10, Ile42, Arg29, Glu50, Cys12 and Cys52). A 7ND/
mCCL2 heterodimer interface would align the N-terminal pyr-
oglutamate residue of 7ND in the same pocket as Pro8 of full-
length CCL2 and allow the same kind of interactions. The
importance of Pro8 in heterodimerization has elegantly been
established by Paavola et al. [43] by showing that the P8A mutant
does not form dimers. Although the weak interaction between 7ND
and mouse CCL2 may not be of pharmacological significance, it is
interesting to note that it is of the same order of magnitude as the
Ki value obtained from the displacement studies of mCCL2 from
membrane preparations with over expressed mouse CCR2. These
results make us suggest that 7ND possibly could function as a low
potency antagonist of mouse CCL2/CCR2 signaling by dominant
negative 7ND/CCL2 dimerization.

With the results suggesting that CCR2 inhibition is of minor
importance for the 7ND activity in mouse, we next searched for a
CCR2 devoid ex vivo system to evaluate 7ND potency. We decided
to focus on its potential role in fibrosis as it has been reported that
CCL2 not only promotes recruitment of immune cells such as
monocytes and fibrocytes to sites of experimentally induced
fibrosis, but also modulates fibroblast properties [41]. The
potential anti-fibrotic role of 7ND was therefore studied on lung
fibroblasts isolated from bleomycin-induced fibrotic mice. Intra-
tracheal administration of bleomycin in mice is an established in
vivo fibrosis model resulting in acute lung injury, inflammation
and extracellular matrix deposition [23]. Beside modulation of
collagen expression, we observed 7ND mediated down regulation
of fibronectin, a glycoprotein known to mediate attachment of
fibroblasts to extracellular matrix in fibrotic lungs [44]. 7ND also
inhibited a-SMA expression. Taken together, our in vitro
observations illustrate the anti-fibrotic properties of 7ND and
suggest a role of 7ND in attenuation of differentiation/activation of
fibroblasts to myofibroblasts.

Although there are examples where CCR2 expression has been
detected in fibroblasts, e g fibroblasts explanted from skin of
scleroderma patients [45], the fact that no significant expression of
CCR2 was detected in our fibroblasts agrees well with data
previously reported [38,46]. Moore et al. [38] described that CCR2
knock-out mice were protected from FITC-induced lung fibrosis in
comparison with the wild-type. This role of CCR2 could be linked to
fibrocyte infiltration, as fibrocytes, isolated from lungs of FITC-
induced wild-type mice were characterized not only by expression
of CD45 and type I collagen but also by expression of CCR2. After 7
days in culture the fibrocytes had lost their CD45 expression as
well as expression of the CCR2 receptor but were still positive for
collagen 1. It was suggested that fibrocytes had transformed to
mature fibroblasts, typically positive for collagen I but not for CD45
or CCR2.

Further studies are needed to define the receptor and the down-
stream signaling pathway by which 7ND mediates its anti-fibrotic
effects on fibroblasts. In this context it is interesting to note that
recent studies pointed out the cytokines interferon-g, interferon-
b, IL-1a and IL-1b as mediators of similar anti-fibrotic effects in
cultured fibroblasts [47–49]. A common denominator for cytokine
stimulation of fibroblasts seemed to be the up-regulation of CCAT/
enhancer-binding protein b (CEBP/b), a transcription factor which
binds the promoters of the a-SMA, Col1A2 and fibronectin genes
and thereby suppresses their transcription. Although this is the
first report of CCR2 independent effects of 7ND, it should be
pointed out that such effects have been reported for full-length
CCL2 as well. Hepatic stellate cells chemotaxis was shown to be
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induced by CCL2 in the absence of CCR2 receptor, a response that
was accompanied by cytosolic calcium release, PI3-K activity and
protein tyrosine phosphorylation [50]. Another study described
CCL2 mediated up-regulation of tissue factor activity in aortic
smooth muscle cells isolated from CCR2 knock-out mice mediated
by Gai, calcium release and mitogen-activated protein kinases
p42/44 [51]. These studies indicate a role of CCL2 in the pathology
of fibrosis that is not entirely dependent on CCR2. Thus, a possible
hypothesis is that the CCL2/CCR2 axis is important for the
recruitment of inflammatory cells to the alveolar space in response
to fibrotic injury, but once the cells are in place the function of
CCR2 is not essential. Instead other pathways, where 7ND is
pharmacologically active, come into play.

5. Conclusions

In this study we have shown that 7ND inhibits activation of
mouse lung fibroblasts independently of CCR2. Our data also point
out that 7ND is a weak antagonist of the mouse CCL2/CCR2
interaction. Our conclusion from these data is that the previously
reported effects of 7ND in murine disease models are most likely
not mediated via the CCR2 receptor.
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