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The C-C motif chemokine receptor 1 (CCR1) is widely expressed in various immune cells and plays crucial roles
in the maturation and migration of immune cells. CCR1 has been considered an attractive drug target for treating
autoimmune diseases and tumors. An anti-mouse CCR1 (mCCR1) monoclonal antibody (clone S15040E) has been
used in various in vivo studies to identify mCCR1-positive cells by flow cytometry. However, the binding epitope
has not been determined. This study investigated the binding epitope of S15040E using flow cytometry. The

mCCR1 extracellular domain-substituted mutant analysis showed that S15040E recognizes the extracellular loop
2 (ECL2, aa 172-197) of mCCR1. Next, alanine (or glycine) scanning was conducted in the ECL2 region. The
results revealed that Trp176, Phel78, and Argl81 are essential amino acids for the recognition by S15040E.
These results showed the involvement of the ECL2 of mCCR1 in the recognition by S15040E.

1. Introduction

Chemokine receptors belong to class A seven transmembrane (7TM)
receptors and play an essential role in guiding leukocyte trafficking in
immune surveillance and inflammatory response [1]. The cognate che-
mokines are named according to the sequence of the first two cysteines
(CC, CXC, XC, or CX3C motif). The C-C motif chemokine ligands (CCL1
to CCL28) are recognized by C-C chemokine receptor type 1 (CCR1) to
CCR10 [2]. Upon ligand binding, chemokine receptors typically activate
G protein pathways and recruit p-arrestins [3,4].

CCR1 mediates inflammatory responses and plays an essential role in
the development of autoimmune diseases [1,5]. It has been considered
an attractive drug target for treating allergic and autoimmune diseases
[6]. Among the chemokine receptors, CCR1 possesses ligand pro-
miscuity, which allows it to recognize at least nine human CC chemo-
kines, including CCL3, CCL5, CCL7, CCL8, CCL13-16, and CCL23 [2,7,

8].

The structural understanding of the chemokine receptor activation is
essential for the development of therapeutic agents in the chemokine
system. Among the CCR family members, CCR2 and CCR5 have been
characterized in both inactive and the ligand-bound active states [9-12],
while ligand-bound active-state of CCR8 and CCR6 and inactive-state of
CCR7 and CCR9 structures were also determined [13-16]. Furthermore,
the CCL15-CCR1 complex showed crucial sequences in extracellular
loop (ECL) 2-3 for ligand binding distinct from many other chemo-
kine-receptor complexes, which provided new insights into the mode of
chemokine recognition [13]. Moreover, the structures of CCR8 in com-
plex with either the endogenous ligand CCL1 or the antagonistic
monoclonal antibody (mAb) were solved, which provides the specific
activation mechanism by CCL1 and inhibition by mAb [17]. Therefore,
anti-chemokine receptor mAbs with defined epitopes are helpful for the
analysis of particular structures.

Abbreviations: CCR1, C-C motif chemokine receptor 1; 7TM, Seven transmembrane; CCL, C-C motif chemokine ligand; ECL, Extracellular loop; mAb, Monoclonal
antibody; mCCR1, Mouse CCR1; CHO-K1, Chinese hamster ovary-K1; FBS, Fetal bovine serum; PBS, Phosphate-buffered saline; TM3, Transmembrane helix 3.
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Fig. 1. Schematic illustration of chimeric proteins. The four extracellular regions of mCCR1, including the N-terminal region (residues 2-34), ECL1 (residues
92-107), ECL2 (residues 172-197), and ECL3 (residues 265-281) were substituted into the corresponding regions of mCCR5. ECL, extracellular loop.

An anti-mouse CCR1 (mCCR1) mAb (clone S15040E) has been used
in various in vivo studies to identify mCCR1-positive cells using flow
cytometry [18-20]. However, the binding epitope has not been deter-
mined. MAbs against 7TM proteins sometimes recognize conformational
epitopes but not linear epitopes [17]. In this case, we have faced diffi-
culty determining the epitopes using conventional methods such as
enzyme-linked immunosorbent assays. This study investigated the
binding epitope of S15040E using flow cytometry-based approaches.

2. Materials and methods
2.1. Plasmid construction

PCAG-Ble-mCCR1 and pCAG-Ble-mouse CCR5 (mCCR5) were
generated as previously described [21,22]. Chimeric mutants including
mCCR5 (mCCR1p2-34), mCCR5 (mCCR1p92-107), mCCR5
(mCCR1p172-197), and mCCR5 (mCCR1p265-281) with an N-terminal
PA16 tag were produced as described previously [23]. Alanine (or
glycine)-substituted mutants of mCCR1 with or without an N-terminal
PA16 tag were constructed using QuikChange Lightning Site-Directed
Mutagenesis Kits (Agilent Technologies Inc., Santa Clara, CA, USA).
PCR fragments bearing the desired mutations were inserted into the

PCAG-Ble or pCAG-neo vectors (FUJIFILM Wako Pure Chemical Cor-
poration, Osaka, Japan).

2.2. Cell lines

The chimeric and the point mutant plasmids were transfected into
Chinese hamster ovary (CHO)-K1 cells (American Type Culture
Collection, Manassas, VA, USA) using the Neon Transfection System
(Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.3. Antibodies

An anti-mCCR1 mAb (clone S15040E) was purchased from Bio-
Legend (San Diego, CA, USA). C;Mab-6 was established as described
previously [21]. NZ-1 (an anti-PA16 tag mAb) was described previously
[24].

2.4. Flow cytometry
Cells were harvested after brief exposure to 0.25 % trypsin/1 mM

ethylenediaminetetraacetic acid (Nacalai Tesque, Inc.). After washing
with 0.1 % bovine serum albumin in phosphate-buffered saline, cells (2
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Fig. 2. Determination of the epitope of an anti-mCCR1 mAb, S15040E, by flow cytometry using chimeric proteins. CHO-K1 transiently expressed the
chimeric proteins were treated with S15040E (1 pg/mL, A), an anti-PA16 tag mAb, NZ-1 (1 pg/mL, B), or blocking buffer for 30 min at 4 °C, followed by the addition
of Alexa Fluor 488-conjugated anti-rat IgG. Red lines show the cells with SI5040E or NZ-1 treatment, and black lines show cells treated with a blocking buffer as a

negative control.

x 10%) were treated with S15040E (1 pg/mL) or NZ-1 (1 pg/mL) for 30
min at 4 °C and subsequently with Alexa Fluor 488-conjugated anti-rat
IgG (1:2000; Cell Signaling Technology, Inc., Danvers, MA, USA).
Fluorescence data (total 10,000 cells/samples) were obtained using the
SA3800 Cell Analyzer (Sony Corp., Tokyo, Japan). Using FlowJo soft-
ware (BD Biosciences, Franklin Lakes, NJ, USA), single cells were
selected by gating: side scatter versus forward scatter. The fluorescence
intensity was plotted, and the geometric mean was determined.

2.5. Structural prediction of mCCR1 using AlphaFold3

The three-dimensional structures of wild-type mCCR1 and its alanine
(or glycine)-substituted mutants were predicted using the online tool
AlphaFold3 (https://alphafoldserver.com/) [25].

3. Results

3.1. Determination of the epitope of an anti-mCCR1 mAb, S15040E, by
flow cytometry using chimeric proteins

An anti-mCCR1 mADb (clone S15040E) is applicable for flow cytom-
etry. To investigate the binding epitope of S15040E, we focused on four
extracellular regions of mCCR1, including the N-terminal region (aa
2-34), ECL1 (aa 92-107), ECL2 (aa 172-197), and ECL3 (aa 265-281).
The four extracellular regions of mCCR1 were substituted into the cor-
responding regions of mCCRS5, which possesses a high sequence

homology to mCCR1. As shown in Fig. 1, plasmids encoding mCCR5
(mCCR1p2-34), mCCRS5 (mCCR1p92-107), mCCR5
(mCCR1p172-197), and mCCR5 (mCCR1p265-281) were generated.
The chimeric proteins were transiently expressed on CHO-K1 cells, and
the reactivities to S15040E were analyzed using flow cytometry
(Fig. 2A). S15040E reacted with mCCR5 (mCCR1p172-197), but not
with mCCR5 (mCCR1p2-34), mCCR5 (mCCR1p92-107), and mCCR5
(mCCR1p265-281) (Fig. 2A). The cell surface expression of each mutant
was confirmed by an anti-PA16 tag mAb, NZ-1 (Fig. 2B). The normalized
reactivity of S15040E was shown in Supplementary Fig. S1. These re-
sults indicated that S15040E recognizes the ECL2 of mCCR1.

3.2. Determination of the S15040E epitope by flow cytometry using
alanine scanning

Next, alanine scanning was conducted in the ECL2 of mCCR1.
Twenty-six alanine (or glycine) substituted mutants of mCCR1 were
constructed (Fig. 3), and the mutant proteins were transiently expressed
in CHO-K1 cells. The reactivity against S15040E was assessed using flow
cytometry. As shown in Fig. 4A, S15040E did not react with four mu-
tants (W176A, F178A, R181A, and C183A). In contrast, S15040E reac-
ted with the other twenty-two mutants. The cell surface expression of
each mutant was confirmed by NZ-1. However, the expression of C183A
was low compared to others (Fig. 4B). The normalized reactivity of
S15040E was shown in Supplementary Fig. S2. Similar results were
obtained by mCCR1 without PA16 tag (Supplementary Fig. S3A). We
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Fig. 3. The illustration of alanine (or glycine) substituted mutants of mCCR1.

found that the three mutants (Trpl76, Phel78, and Argl81) were
recognized by another anti-mCCR1 mAb, C;Mab-6 [21]. However, the
reactivity to C183A was quite low compared to others (Supplementary
Fig. S3B). These result suggested that three point mutations (Trpl76,
Phel78, and Argl81) did not affect the overall structure of mCCR1. In
contrast, C183A should not be included as an epitope amino acid
because we cannot exclude the possibility that the overall structure of
mCCR1 was disrupted by C183A mutation. Fig. 5A summarized the
critical amino acids for S15040E binding. Furthermore, the
three-dimensional structures of wild-type (WT) mCCR1 (Fig. 5B) and the
epitope of S15040E (Fig. 5C) were shown using AlphaFold3. We
compared the structure of WT mCCR1 with its alanine (or
glycine)-substituted mutants. As shown in Fig. 5D, the three mutants
(W176A, F178A, and R181A) were predicted to maintain the overall
structure.

4. Discussion

CCR1 has been considered a drug target for treating allergic and
autoimmune diseases [6]. Recently, blockade of CCR1 by a neutralizing
anti-CCR1 mAb in myeloid cells showed the therapeutic efficacy in a
mouse model of colorectal cancer [26]. This study demonstrated the
flow cytometry-based epitope mapping of an anti-mouse CCR1 mAb

(S15040E) using the chimeric proteins (Figs. 1 and 2). Furthermore, we
determined that the Trp176, Phel78, and Arg181 in ECL2 are essential
for the recognition by S15040E in alanine scanning (Figs. 3 and 4). We
previously determined the epitope of an anti-mouse CCR8 mAb,
CgMab-2 [23]. Our strategy for epitope identification would contribute
to the understanding of mAb-epitope interaction.

The 7TM receptors have a conserved disulfide bridge between
transmembrane helix 3 (TM3) and ECL2 [27]. The Cys183 is well
conserved, and the sole cysteine in ECL2 forms a disulfide bridge with
TM3 (Fig. 5A and C). Since the mCCR1 C183A mutant was not recog-
nized some mAbs including NZ-1 and C;Mab-6, the structure might be
disrupted by the loss of disulfide bridge.

ECL2 is essential for interaction with chemokines and is the largest
region covering the activation-associated receptor binding pocket.
Several anti-chemokine receptor mAbs recognize the ECL2 [17]. ECL2 is
divided into two parts before and after the disulfide bridge (ECL2a and
ECL2b, respectively). Both parts involve the chemokine signaling
selectivity and pharmacological activity [28-31]. The Trp176, Phel78,
and Arg181 are in the ECL2a of mCCR1. In human CCR1, the ECL2a is
essential for the recognition of CCL15 [13]. Therefore, S15040E may
possess neutralization activity against the ECL2a-bound ligands.

G protein-coupled receptors can transduce intracellular signaling
through G proteins and p-arrestins. "Balanced" agonists or antagonists



A. Okada et al. Biochemistry and Biophysics Reports 44 (2025) 102265

F172A

>

K173A = ’? A174G |« Q175A |5 W176A ™ E177A

101 1llz 1ll; 1ll‘ 1Ils 1l1‘I 1!1z 1ﬂJ 10‘ 105 101 102 ‘Iﬂ3 10‘ 1l)s 10‘ 1(12 103 10‘ 1'1s 1ll' 1llz 1Il’ 1ﬂ‘ 1l1s 101 1!)2 ‘IDJ 1‘)4 105

F178A . T179A ™ H180A - R181A |

X

lﬂ1 1ﬂ2 103 10‘ 105 1l1‘I 1l1z 10’ 1l)4 105 101 102 10’ ID‘ 105 I01 102 103 HI‘ 105 10' 1!1z 1ﬂ’ 1l1‘ 105

S184A | P185A H186A| = F187A| > P188A .. Y189A

7 7 7 (it onriomryr g 7 7 7 g e
10 1l)z 10 10‘ 167!1)u 101 107 10" 10" 1010 101 IDz 10 1l1‘ 1010 101 wz ‘Iﬂ, 1l1~ 1010 10 1l12 10 10‘ 1010

I K190A .| ¢ S191A %] n L192A*] | K193A|*] 1 Q194A] *] pW195A

10! 10? 10° 10t 10’

Cell count

<

TS E e TR A e TS A e ERIC R A i ERSIC R S TS A e
10" 107 10° 10" 1080 10" 107 10° 10" 100 10" 107 10° 10" 100 10" 10" 10° 10" 100 10" 107 10° 10" 100 10" 107 10° 10" 10%0
K196A 1 WT | = HO-K1
w0 w R197A -
. 200
150 150
- N 50 OE
100 100 100 100
50 50 50 50
[E [E <Zaleh o - [ -
TS d Ee CHOR I s Wl 3| CRBE G S IR ERSIC A AN
10" 107 10° 10 1080 10" 107 10° 10" 100 10" 107 10° 10" 100 10" 10" 10° 10* 100

A 4

Fluorescence intensity

T~ |\F72A|% | KI73A|w ?A174G w| | Q175A]..] |W176A= | E177A

2

Il)‘ IIIZ m“ |a‘ Iﬂs 1n' |a’ 1nn Iﬂ‘ ﬂls 101 102 1L1x 1n‘ 105 m1 NIZ m’ 10‘ m’ 1n' m’ 1nn Iﬂ‘ 105 101 u:’ IDJ Ill4 1IIs

F178A.. T179A | H180A = R181A = T182A = C183A
200 200 20 200 200 200

fpd 100 100 100 100 100 100

c

O | -/ (| s184a|"|P185A | “H186Ay |~ |\ F187A|7]  P188A ™| Y189
L 12 3 Y 5 ° et | $ 4 46 ° S el e gk i | ’ 1 Y B el ’ R R 5 6 ’ R i R el
250 o 250 300 250 93 Q 9 250
K190A 1 $191 L192A K193A 4 W195A
0 150 an 150 150 b
° 1 2 3 4 5 6 ° 1 S5 4 ° ¥ S8 -8 % ’ 5 2.3 4 486 . 1 sk g 5 ’ 1 il Sl Bl )
K196A | = R197A| ™ WT| = HO-K1
150 150 00 150

10" 107 10° 10* 1080 10" 107 10° 10* 10%® 10" 10" 10° 10 10%0® 10 10 10° 10* 10%®

v

Fluorescence intensity

Fig. 4. Determination of the S15040E epitope by flow cytometry using alanine scanning. CHO-K1 transiently expressed PA16-tagged mCCR1 mutants and
wild-type (WT) were treated with S15040E (1 pg/mL, A), NZ-1 (1 pg/mL, B), or blocking buffer for 30 min at 4 °C. Then, cells were treated with Alexa Fluor 488-
conjugated anti-rat IgG. Red lines show the cells with SI5040E or NZ-1 treatment, and black lines show cells treated with a blocking buffer as a negative control.
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can activate or inhibit these signaling pathways. In contrast, specific
pathways can be selectively triggered in a "biased" response. The biased
responses can arise from biased ligands or biased receptors, all of which
can drive preferential activation of either G protein- or p-arrestin-
mediated pathways [32]. CCR1 is known to be a biased receptor that can
selectively activate G proteins or p-arrestin pathways by diverse CCL15
isoforms [13,33]. Further structural analysis of the S15040E-mCCR1
complex may provide new insights into the mechanism of biased
response and the development of therapeutic drugs.
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