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ABSTRACT. Human CC chemokine receptor 1 (CCR1) has been proposed as a receptor for CKB8. To obtain
conclusive evidence, binding—displacement studies of '*’I-CKB8 (25-99) were performed on membranes of
Chinese hamster ovary cells expressing human CCR1. The ICs, for displacement of '*’I-CKB8 (25-99) with
CKB8 (25-99) was 0.22 nM. The longer forms of CKB8 (24-99 and 1-99) also displaced '*°I-CKB8, with 1Cs,
values of 6.5 and 16 nM, respectively. Displacement profiles of *’I-CKB8 (25-99) on freshly prepared human
monocytes indicated that CCR1 was the major receptor for CKB8. We conclude that CCR1 is a receptor for
different-length CKBS8 and that CKB8 (25-99) has a similar affinity for CCR1 as macrophage inflammatory
protein-la (MIP-1a). The longer variants of CKB8 are significantly less potent than CKB8 (25-99) and MIP-1a
on CCR1 and monocytes (P < 0.05).  BIOCHEM PHARMACOL 59;5:591-596, 2000. © 2000 Elsevier Science Inc.
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Chemokines are small basic proteins that play an important
role in chemotaxis and activation of leukocytes [1]. Based
on the positional arrangement of the cysteines, four families
of chemokines have been identified: CXC, CC, CXXXC,
and C. The CXC chemokines mainly attract and activate
neutrophils. Five receptors for these chemokines have been
identified, one of which (CXCR5) was matched to B
cell-attracting chemokine 1 (BCA-1) quite recently [2].

The second group, the CC chemokines, mainly attracts
monocytes and activated T cells, but some also attract
eosinophils and basophils. Ten receptors for the CC che-
mokines have been identified (CCR1§ to CCR10). Lym-
photactin [3, 4] is the only known representative of a C
chemokine and acts on T lymphocytes. Its receptor was
identified recently as GPR-5 (XCR1) [5]. Fractalkine or
neurotactin represents the fourth class of CXXXC chemo-
kines [6, 7]. Its receptor has now been identified as the rat
orphan receptor RBS-11 [8§].

CKpS8, also known as myeloid progenitor inhibitory
factor-1 (MPIF-1) or macrophage inflammatory protein-3
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(MIP-3), is a member of the CC family that has been
identified via the expressed sequence tag sequencing effort
by Human Genome Sciences [9]. Recently, it was shown
that this chemokine has the highest homology with leuko-
tactin-1 (Lkn-1) [10]. A longer splice variant of CKB8
exists, known as CKB8-1 [11]. CKB8 was mapped to
chromosome 17q just 200 kb separated from Lkn-1 [11] and
close to another novel chemokine Lymphocyte and Mono-
cyte Chemoattractant (LMC) [12]. CKB8 mRNA is highly
expressed in pancreas and skeletal muscle [11]. Initially,
two groups published data on functional responses with the
99-amino-acid form of this chemokine [9, 13]. In these
papers, weak functional responses with monocytes were
observed, but a substantial chemotactic response in resting
T lymphocytes [9] was not confirmed by the second group
[13]. We have recently described two shorter forms of
CKRS8 that are more potent than the long form, containing
amino acids 24-99 and 25-99 of the secreted chemokine
[14]. The very potent short form of CKB8 (25-99) evoked
a chemotactic response in monocytes with an ECsy of 54
pM, as compared to 80 nM for the long form. Cross-
desensitisation experiments suggested that CCR1 was the
predominant receptor that mediates the calcium response.
Incomplete desensitisation suggested that there were addi-
tional receptors involved. To further define the receptor
usage, we measured binding of *’I-CKB8 (25-99) and
1251 MIP-1a to membranes of a CCR1-expressing cell line
as well as freshly isolated monocytes.
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MATERIALS AND METHODS
Materials

IL.RANTES and '*’I-MIP-la were from Amersham.
125L.CKBS (25-99) was custom-labelled by Amersham
using enzymatic iodination with sodium ['?°I] iodide, hy-
drogen peroxide, and lactoperoxidase to a specific activity
of 2000 p.Ci/pmol. Unlabelled chemokines were purchased
from R&D Systems and Peprotech. Albumin fraction V,
fatty acid-free, was from Roche Diagnostics. CCR1 mem-
branes produced in CHO cells were from BioSignal Inc.
CKpB8 (24-99) and (25-99) were postexpression species of
CKB8 (1-99) and were purified as described elsewhere [14].
Human peripheral monocytes were prepared from the blood
of normal healthy volunteers as described elsewhere [15].

Chemokine Receptor Membrane Binding Assays
Binding of '*’I-MIP-1a and '2’I-CKB8 (25-99) to CCR1

membranes was carried out according to the protocol
(BioSignal) in a HEPES buffer at 27° for 60 min. Binding
of ’L.CKB8 (25-99) to monocytes was as described
elsewhere [15]. Briefly, 0.5-1 X 10° cells were incubated in
a 96 deep well polystyrene plate with 75,000 dpm '2°’I-CKB8
(25-99) or 'P’I-MIP-1a at 37° for 15 min in RPMI-1640
medium (without bicarbonate)/0.2% BSA/0.1% azide pH 7.0.

RESULTS
Binding of CKpB8 to CCR1

Some previous functional data suggested that CCR1 was a
receptor for CKB8 [11, 14]. We aimed to obtain direct proof
for this. The short form of CKB8 (25-99) was used as a
suitable radioligand because this was found to be the most
potent of the CKB8 forms in recent functional studies on
monocytes and eosinophils [14]. Figure 1A shows binding
of the CCR1 ligand '*’I-MIP-1a to CCR1 membranes and
its displacement by CKB8 (25-99), MIP-1a, RANTES,
and MCP-3. The short form of CKB8 (25-99) is the most
potent chemokine to displace ’I-MIP-1a, with an 1Cso of
33 pM (SD * 40 pM, N = 5). MIP-la displaced *°I-
MIP-1a with an 1Csq of 0.14 nM (SD * 0.11 nM, N = 4),
which was significantly higher than CKB8 (25-99) in a
t-test (one-tail, P < 0.05). MCP-3 displaced '’I-MIP-1a
with an 1Csy of 1.6 nM (SD = 1.2 nM, N = 3), whereas
RANTES only partially displaced '»’I-MIP-1a.. The data
suggest that CKB8 (25-99) binds strongly to the CCRI1
receptor with an affinity somewhat higher than that of
MIP-1a. To confirm this, we used custom-labelled '*°I-
CKB8 (25-99). Figure 1B shows that '*’I-CKB8 (25-99)
binds with high affinity to CCR1. A K, of 0.16 nM (SD =
0.035, N = 4) was obtained which was not significantly
different from that of '*’-MIP-1« in a t-test (not shown,
K,0.20 nM, SD * 0.017,N = 3). The B, value was 0.6
fmol/pg protein for both radiolabelled chemokines. This is
in agreement with a one-to-one binding ratio of the ligand
to the CCR1 receptor.
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The 1C5, for the homologous displacement of '*°I-CKB8
(25-99) from CCR1 with CKB8 (25-99) was 0.22 nM
(SD = 0.09 nM, Fig. 1C). The 1Cs5 value for MIP-1a was
0.66 nM (SD # 0.48 nM), which was significantly higher
than for CKB8 (25-99) (P < 0.02, t-test). MCP-3 was a
weak antagonist, with an 1C5 of 11 nM (SD * 13 nM). The
observed partial inhibition with RANTES might have been
caused by aggregation and dimerisation, phenomena ob-
served with this chemokine by other authors [16]. A partial
displacement of '’I-CKB8 (25-99) was also repeatedly
observed with MIP-1a. The affinity of the different forms of
CKR8 for CCR1 is compared in Fig. 2. CKB8 (24-99)
displaced '*°I-CKB8 (25-99) with an 1csy of 7 nM (SD +
6 nM), whereas for CKB8 (1-99) the 1c5o was 16 nM, SD =
13 nM. The decrease in potency as compared to CKBS8
(25-99) was highly significant for the 24-99 (P < 0.005,
t-test) and the 1-99 (P < 0.002, t-test). We also measured
the binding competition of *’I-CKB8 (25-99) and '*I-
RANTES to CHO cell membranes expressing CCR5.
Radiolabelled CKB8 (25-99) did not bind to CCR5 and
radiolabelled RANTES was not displaced by CKBS8 (25—
99) (not shown).

Binding of CKB8 to Monocytes

To investigate binding to cells previously shown to give
functional responses with CKB8, we tested binding of
I51.CKB8 (25-99) to monocytes. 2’I-CKB8 (25-99)
bound with high affinity to freshly isolated peripheral blood
monocytes, with a K; of 0.31 nM (N = 3, SD * 0.18 nM)
(Fig. 3A). This was not significantly different from the
binding of ?’I-MIP-1a to monocytes (not shown, N = 3,
K; = 0.49 = 0.12 nM). From the B,,,, the receptor
number/cell was calculated to be around 17,000 for both
radiolabels. Homologous displacement of '*’I-CKB8 was
achieved with an 1c5, of 0.51 nM (SD = 0.34 nM, Fig. 3B),
whereas MIP-1a competed with an 1c55 of 0.62 nM (SD =
0.37 nM). These results were very similar to those obtained
for the displacement of '¥I-MIP-1a (Fig. 3C). In these
experiments, the displacement of '’I-MIP-1a by MIP-1a
seemed a factor 2—3 times more efficient than the displace-
ment by CKB8 (25-99), although this did not reach
significance in a t-test. The 1Csps for displacement of
MIP-1a and CKB8 (25-99) were 0.41 * 0.24 nM and
1.0 = 0.9 nM, respectively.

Table 1 compares the different potencies of the various
forms of CKB8 with our previously published functional
data [14]. The first conclusion is that the binding potencies
generally match well with the elicited functional responses.
CKB8 (25-99) displaces *’I-CKB8 (25-99) with about
100 times more potency than CKB8 (1-99), whereas for
chemotaxis the difference in potency is about 1000-fold.
Generally, the 1558 of MIP-1a and the different forms of
CKPS8 appeared somewhat higher on fresh monocytes than
on CCR1 membranes. This difference only reached signif-
icance for CKB8 (25-99) (P < 0.05) for both radioligands.

Monocytes are thought to be the main target cells for
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FIG. 1. Binding—displacement of '*°I-MIP-1a and '**1-CKB8
(25-99) on CCR1 membranes. Membranes from CHO cells
expressing CCR1 were incubated with 75,000 dpm '*°I-
MIP-1« (A) in the presence of MIP-1a (V), CKB8 (25-99; @),
MCP-3 (O), and RANTES () for 1 hr at 27°. (B) Specific
binding of '**I-CKB8 (25-99) to CCR1 membranes and Scat-
chard analysis. For non-specific binding, 100 nM CKB8 (25—
99) was included at each concentration and the non-specific
binding was subtracted from the total binding to give specific
binding. (C) Membranes from CHO cells expressing CCR1
were incubated with 75,000 dpm '*°I-CKB8 (25-99) as de-
scribed under (A) above. The 100% value represents approxi-
mately 6000 dpm specific binding for both radiolabelled MIP-1«
and CKB8 (25-99). The experiments were repeated at least
twice with similar results.
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FIG. 2. Binding-displacement of '?°I-CKB8 (25-99) from
CCR1 membranes by different CKB8 forms. Membranes from
CHO cells expressing CCR1 were incubated with radiolabelled
CKpB8 (25-99; 75,000 dpm) in the presence of CKB8 (25-99;
@), CKB8 (24-99; m), CKB8 (1-99; A), and MIP-1« (V), as
described in Fig. 1. This experiment was repeated three times
with similar results.

CKR8 [13], and functional and chemotaxis data suggested
the existence of more than one type of chemokine receptor
for CKBS8 in this cell. We investigated this in binding
studies on fresh human monocytes using a panel of 52
chemokines to displace '’I-CKB8 (25-99). Only the
different forms of CKB8, MIP-1a, MCP-3, and RANTES
were able to displace 2’I-CKB8 (not shown). These results
are consistent with CCR1 being the sole binding site for
CKB8 (25-99) on monocytes.

DISCUSSION

Our binding studies show unequivocally that CKB8 (1-99),
but also the CKB8 (24-99) and CKB8 (25-99) variants,
bind to CCRI1, with the latter (the shortest variant)
binding with high affinity. The 1c5y of CKB8 (25-99) was
significantly lower than that of MIP-la in homologous
displacement, but not with '’I-MIP-1a (see Table 1). As
the K;s of both "*I-CKBS8 (25-99) and '*’I-MIP-1a were
not significantly different on either monocytes or CCR1
membranes, one must be prudent in concluding which
chemokine is more potent. Although desensitisation stud-
ies have suggested that CCR1 may be the receptor for
CKp8, binding of this ligand and its different-length
variants has not been documented [9, 13, 14].

From the arguments stated below, we conclude that the
response of monocytes to CKB8 (25-99) is fully explained
by the interaction with CCR1. Firstly, a very recent report
showed that two splice variants of CKf8, one of which
represents CKB8 (1-99), elicited calcium transients in
HOS cells transfected with CCR1, but not in cells trans-
fected with CCR2B, CCR3, CCR4, CCR5, and CXCR4

[11]. In agreement with this, we have observed no binding
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FIG. 3. Binding-displacement of **°I-CKB8 and '**I-MIP-1«
on fresh human monocytes. (A) Monocytes were incubated with
different concentrations of **I-CKB8 (25-99) for 15 min at
37°. For non-specific binding, 100 nM CKB8 (25-99) was
included. (B) Displacement on fresh human monocytes of
1251.CKB8 (25-99) or (C) **I-MIP-1a with CKB8 (25-99;
@), CKBS (24-99; m), CKB8 (1-99; A), and MIP-1a (V).
Monocytes were incubated for 15 min at 37° in the presence of
0.1% azide. Maximum binding (100%) represents about 10,000
dpm for both *?°I-CKB8 (25-99) and '*°I-MIP-1a. The exper-
iments were repeated at least twice with similar results.
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of CKB8 (25-99) to CCR2B, CCR3, CCR5, and CCRS,
and no functional interactions of CKB8 variants with
CCR3, CCR6, and CCR7 in expressing cell lines or
membranes (not shown). Secondly, the binding—displace-
ment profile of 12°I-CKB8 (25-99) with the different CKB8
forms on monocytes reflects the profile obtained for CCR1
membranes. Thirdly, of a panel of 52 chemokines only
those known to be recognised by CCR1 could displace
125LCK[?)S (25-99) from monocytes.

This finding is somewhat in contrast with our previous
functional studies showing incomplete desensitisation of
CKB8 (25-99)-elicited calcium transients by RANTES,
but a full desensitisation of RANTES-induced calcium
transients by CKB8 on monocytes [14]. Our previous
interpretation of these results was that CKB8 might bind to
the RANTES receptor CCR5 or to a novel CKB8 receptor.
With binding studies, one has to be aware that only
homologous binding assays may be a true indication of
affinity to the receptor, as was shown for the tachykinin
receptors [17]. We therefore tested the potential involve-
ment of CKB8 in binding to CCR5 in homologous binding
studies with '2I-CKB8 (25-99) rather than using only
I2.RANTES. However, we observed no binding of '*°I-
CKB8 to CCR5, which eliminates CCR5 as a CKB8
(25-99) receptor. Our binding studies, however, do not
preclude the existence of a minor population of lower-
affinity CKB8 receptors, which might also explain the
desensitisation results. On the other hand, the partial
displacement of '2’I-CKB8 (25-99) by MIP-la and
RANTES on CCR1 membranes (Figs. 1 and 2) suggests
that part of CKB8 (25-99) is bound with high affinity to a
specific conformation of CCR1, where it cannot be dis-
placed by MIP-1a and RANTES. For some reason, we do
not observe this displacement pattern in monocytes, but it
has been observed occasionally in THP-1 cells. The as-
sumption that even a minor population of CCR1 binds
CKB8 but does not bind RANTES might explain how
RANTES cannot fully desensitise CCRI1-mediated calci-
um-elicited transients by CKB8 (25-99). However, the K
results for 2I-MIP-1a and '2°I-CKB8 (25-99) on CCRI
suggest a similar B, ., which does not support the hypo-
thesis of a CCR1 form that solely binds CKB8 and not
MIP-1a.

The truncation of just one amino acid from CKB8
(24-99) results in a huge increase in the 1Cs5q in binding—
displacement studies on the CCRI receptor. It is well
documented that a small change in the amino terminal of
chemokines can greatly affect their binding or functional
properties [18, 19]. When one compares the sequences of
CKB8 (1-99) with its splice variant CKB8-1 [11], macro-
phage inflammatory protein-3, and leukotactin-1, one can
observe that despite the great homology, the aspartic acid
residue in the 24-position is specific to the CKB8 (1-99)
form. This aspartic acid residue might be crucial for the
generation of the very potent CKB8 (25-99) form via
proteolytic cleavage. One can speculate that any differences
in tissue expression between CKB8 (1-99) and CKB8-1
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TABLE 1. Comparison of binding—displacement and functional responses of different-length CKB8 on fresh human peripheral

monocytes and CCR1

MIP-1a CKpB8 (25-99) CKpB8 (24-99) CKp8 (1-99)
Ca’™" transients 0.27 = 0.03 nM 0.38 = 0.04 nM 11 nM 150 = 19 nM
Chemotaxis 0.25 = 0.06 nM 0.054 = 0.005 nM ND 80 = 7nM
Binding to monocytes 0.62 + 0.37 nM 0.51 = 0.34nM 11 £3.2nM 37 £ 36 nM
N=5 N=9 N =4 N=4
Binding to CCR1 0.66 = 0.48 nM 0.22 = 0.14nM 7+ 6nM 16 = 13 nM
N=17 N=9 N=4 N=+4

Data from the calcium transients and chemotaxis were recently published [14] and expressed as ECsos * SD. The displacement data are presented as the means of the 1c5, = SD
and the number of experiments. For binding competition with '2’I-CKB8 (25-99) on monocytes, the ICsy of each chemokine tested significantly different from the other
chemokines (t-test, two-tail, probability at least <0.05) except for the pair of CKB8 (1-99) with CKB8 (24-99). The ic5, of MIP-1a was significantly higher than CKB8 (25-99)
in a one-tail t-test only (P < 0.05). The statistics on CCR1 were very similar, except that there was a significant difference observed (two-tail, P < 0.02) between MIP-1a
and CKB8 (25-99). However, this statistical difference was not seen when '2’I-MIP-1a was used as the radioligand on either monocytes or CCR1 membranes (not shown). ND,

not determined.

[11] and possibly other splice variants as well [20] provide
an efficient mechanism for tissue-specific release of the
highly potent CKB8 (25-99) variant via proteolytic cleav-
age. More studies are required to establish the physiological
existence of CKB8 (25-99) and its role in health and

disease.
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