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ABSTRACT

The primate-specific chemokine CCL18 is a potent chemoattractant for T cells and is expressed at
elevated levels in several inflammatory diseases. However, the cognate receptor for CCL18 remains
unconfirmed. Here, we describe attempts to validate a previous report that the chemokine receptor
CCR8 is the human CCL18 receptor (Islam et al. J Exp Med. 2013, 210:1889-98). Two mouse pre-B cell
lines (4DE4 and L1.2) exogenously expressing CCR8 exhibited robust migration in response to the
known CCR8 ligand CCL1 but not to CCL18. Similarly, CCL1 but not CCL18 induced internalization of
CCR8 on 4DE4 cells. CCR8 expressed on Chinese hamster ovarian (CHO) cells mediated robust G
protein activation, inhibition of cAMP synthesis and 3-arrestin2 recruitment in response to CCL1 but
not CCL18. Several N- and C-terminal variants of CCL18 also failed to stimulate CCR8 activation. On
the other hand, and as previously reported, CCL18 inhibited CCL11-stimulated migration of 4DE4
cells expressing the receptor CCR3. These data suggest that CCR8, at least in the absence of

unidentified cofactors, does not function as a high affinity receptor for CCL18.
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INTRODUCTION

The central hallmark of inflammation is the migration of leukocytes to injured or infected
tissues. Leukocyte migration is regulated, in large part, by the interactions of chemokines
(chemotactic cytokines), proteins secreted from the affected tissues, with chemokine receptors on
the surfaces of leukocytes [1-3]. Chemokines are classified, based on the spacing of conserved
cysteine residues, into two large subfamilies (CCL1-28 and CXCL1-17, in which ‘L’ indicates ligand)
and two small subfamilies (CXsCL1 and XCL1-2)* [4]. Chemokine receptors are G protein-coupled
receptors (GPCRs), classified, based on the classes of their cognate chemokine ligands (CCR1-10,
CXCR1-6, CX3CR1 and XCR1, in which ‘R’ indicates receptor) [4]. The spectrum of leukocytes recruited
to particular tissues is dependent on the chemokines expressed in those tissues, the receptors
differentially expressed on various types of leukocytes and the complex array of agonist (or
antagonist) activity for each chemokine at each receptor. Therefore, to understand the biology of
leukocyte recruitment in inflammation, it is important to identify cognate pairs of chemokines and
chemokine receptors.

In this article we focus on CCL18, a chemokine that is unique to primates, with no apparent
orthologue in rodents, but whose cognate receptor(s) has/have remained unconfirmed. Prior to the
introduction of the systematic naming convention, CCL18 was identified independently by four
groups, who each assigned it a different acronym. Hieshima and coworkers found CCL18 to be
constitutively expressed at high levels in the lung and named it pulmonary and activation-regulated
chemokine (PARC) [5]. Adema et al. found that CCL18 cloned from a human dendritic cell cDNA
library could recruit naive T cells, and designated it dendritic cell CC chemokine (DC-CK1) [6].
Separately, two other groups identified CCL18 from cDNA libraries and named it macrophage
inflammatory protein-4 (MIP- 4) or alternative macrophage activation-associated CC chemokine-1

(AMAC-1) due to its expression by macrophages and sequence similarity to other MIPs [7, 8].

L All chemokines and receptors referred to herein are the human forms unless indicated by the prefix ‘m’ for
the murine forms.
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Subsequently, CCL18 has been reported to be expressed by alternatively activated (M2)
macrophages [8] and also by CXCL4-activated macrophages [9], although we and others were unable
to replicate this finding [10, 11]. CCL18 is constitutively expressed in healthy human plasma at
relatively high levels (10-72 ng/mL) [12]. However, elevated levels of CCL18 have been reported in
several inflammatory diseases, including atherosclerosis [13], pulmonary disorders [14] dermatitis
[15] and HIV infection [16]. Most notably, serum CCL18 levels were dramatically elevated (an
average of 29-fold higher than controls) in patients with Gaucher’s disease, a lysosomal storage
disorder, leading to its rapid acceptance as a biomarker for diagnosis [17].

A variety of independent studies have verified that CCL18 can promote the chemotaxis of
various T cell populations, including naive T cells, T helper 2 (Th2) cells, regulatory T cells (Tregs), and
both CD4" and CD8* T lymphocytes, as well as NK cells, B lymphocytes and basophils [5, 6, 18-24].
However, efforts to identify the target receptor(s) for CCL18 have met with limited success. CCR6
was reported as a human CCL18 receptor in a conference abstract [25] but no full paper or
independent confirmation was subsequently published. Later, Chen et al. reported that CCL18 is
highly expressed by tumour-associated macrophages and promoted the invasiveness of breast
cancer cells, an effect mediated by membrane-associated phosphatidylinositol transfer protein 3,
PITPNM3 [26]. However, subsequent studies have failed to detect PITPNM3 on leukocytes,
suggesting they are not responsible for the effects of CCL18 on these cells [24]. Moreover, we
previously found that neither CCR6 nor PITPNM3 functioned as a CCL18 receptor in a mammalian
cell transfection system [27]. In an apparent breakthrough, Islam et al. reported that CCL18 activated
human CCR8 exogenously expressed in a mouse pre-B cell line (4DE4 cells) and that CCL18-
stimulated chemotaxis of Th2 cells was dependent on CCR8 expression and blocked by an anti-CCR8
antibody [23]. Moreover, the same group found that mCCL8 activated mCCR8 and therefore
designated mCCL8 as a murine functional analogue of human CCL18 [23, 28]. However, Barsheshet
reported that CCL18 failed to induce calcium flux in CCR8-transfected CHO cells [29]. Moreover, to

our knowledge there have been no further reports validating CCR8 as a CCL18 receptor.
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In light of the significant roles of CCL18 in leukocyte biology and inflammatory diseases, we
have undertaken systematic analysis of whether CCR8 functions as a valid CCL18 receptor. The data
presented herein represent independent studies and complementary approaches from two
laboratories. In one approach, we found that the previously-validated CCR8 agonist CCL1, was able
to stimulate chemotaxis and endocytosis via CCR8 expressed in mouse pre-B cells but that CCL18 did
not elicit such responses. In an alternative approach, we found that Chinese hamster ovary (CHO)
cells transfected to express CCR8 were able to support both G protein-mediated signalling and [3-
arrestin2 recruitment in response to CCL1 but not CCL18. Similarly, mCCR8 did not respond to
mCCLS8. Together, these data suggest that CCR8 is not sufficient to act as a cognate receptor for

CCL18.
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RESULTS

CCL18 does not stimulate CCR8-mediated chemotaxis

Leukocytes expressing chemokine receptors typically migrate in response to cognate ligands
of that receptor, exhibiting a bell-shaped dependence on chemokine concentration. Using a 4DE4
(mouse pre-B cell) cell line stably-transfected with CCR8, which had originated from one of our
laboratories [30], Islam et al. reported a typical bell-shaped concentration response to CCL18, with
peak response at ~10 nM [23]. In an attempt to replicate this observation, we evaluated both the
expression of CCR8 and the chemotactic response of this cell line to CCL18 and to CCL1, the only
other human chemokine known to be an agonist of CCR8. Using flow cytometry, we verified robust
expression of CCR8 in the transfected 4DE4 cell line, as expected (Fig 1A). In a chemotaxis assay, the
4DE4-CCR8 transfectants exhibited a robust bell-shaped response to CCL1, with a peak at ~10 nM
(Fig 1B). Moreover, CCL18 also stimulated a strong chemotactic response, albeit at substantially
higher concentrations (Fig 1B). However, a weaker response to CCL18 was also observed in the
parental 4DE4 cell line (Fig 1B), raising the possibility that the CCL18 response was not mediated by
CCRS8 but instead by an endogenous, low affinity receptor. Consistent with this latter possibility,
incubation with the virally-encoded CCR8 inhibitor MC148 completely blocked 4DE4-CCR8
chemotaxis in response to 1 nM CCL1 but had no effect on the response of parental 4DE4 cells to 2
puM CCL18 (Fig 1C).

Notably, Islam et al. reported that the CCR8-transfected 4DE4 cell line responded better to
CCL18 when grown in relatively low concentrations (0.1-0.4 mg/ml) of Geneticin (G418) [23].
Therefore, we further evaluated chemotaxis of this cell line after adaptation of two separate clones
to 0.1 mg/mL G418. For both clones, the robust response to CCL1 was retained but there was no
significant response to CCL18 (Fig 2A and 2B). To further assess the ability of CCR8 to function as a
CCL18 receptor, we utilised another murine pre-B cell line, L1.2 [31, 32], either stably or transiently

transfected to express CCR8 [33]. In contrast to the strong chemotactic responses to CCL1 in both
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transfectants, CCL18 had no significant chemotactic activity at concentrations as high as 0.5 uM (Fig
2C and 2D). Taken together, our results indicate that CCR8 does not mediate chemotaxis in response

to CCL18 in murine pre-B cells.

CCL18 does not stimulate CCR8 internalisation

Following incubation with their cognate ligands, chemokine receptors typically undergo
endocytosis [34]. To further clarify whether CCL18 is a bona fide ligand of CCR8, we used flow
cytometry of the 4DE4-CCR8 cell line to monitor the internalisation of CCR8 in response to
chemokines. Cell surface CCR8 was monitored using the 433H monoclonal antibody, or isotype
control, following incubation with chemokine for 30 minutes. As anticipated from previous work
[33], 100 nM CCL1 treatment resulted in significant (~75%) internalisation of CCR8, as indicated by
the loss of 433H staining, whereas 100 nM CCL17 (negative control) gave no significant
internalisation (Fig 3A and 3B). Treatment with 1 uM CCL18 resulted in no significant internalisation

(Fig 3B), again indicating that CCL18 is not an agonist of CCRS.

CCL18 competitively inhibits CCR3 but not CCR8

Nibbs and co-workers have reported that CCL18 is an antagonist of the chemokine receptor
CCR3 [35]. Therefore, considering the lack of activity observed for CCL18 at CCR8, we tested the
ability of CCL18 to inhibit the activity of CCR3, using 4DE4 cells stably transfected with CCR3 [36].
Flow cytometry confirmed expression of CCR3 in these cells (Fig 4A). Moreover, 1 nM CCL11, a
cognate agonist of CCR3, stimulated a robust chemotactic response, which was inhibited in a
concentration-dependent manner by CCL18, with a 50% inhibitory concentration below 50 nM (Fig
4B). In contrast, an identical concentration range of CCL18 had no significant effect on the migration
of CCR8 transfectants towards 1 nM CCL1 (Fig 4C).

To more directly evaluate binding of CCL18 to both CCR3 and CCRS8, we performed flow

cytometry of stably transfected 4DE4 cells (or untransfected controls) using CCL18 tagged at the C-
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terminus with Alexa Fluor 647 (AF-CCL18). AF-CCL18 bound significantly and in a concentration-
dependent manner to 4DE4-CCR3 transfectants but exhibited no significant binding to 4DE4-CCR8
transfectants in comparison to the parental 4DE4 cell line (Fig 4D). These data confirm that CCL18 is

a potent antagonist of CCR3 but, at best, a low affinity ligand for CCRS.

CCL18 does not stimulate CCR8-mediated signalling in CHO cells

To eliminate the possibility of interference from endogenous receptors, chemokine receptor
activation and signalling is often monitored using common mammalian cell lines that do not
endogenously express chemokine receptors. Thus, in a complementary approach to the above
experiments, we investigated the ability of CCR8 to signal in response to CCL18 in a Flpln CHO cell
line stably transfected to express CCR8. Signalling in response to CCL18(2-69) (see below) or CCL1, a
known agonist of CCR8, was then monitored using three measures of chemokine receptor signalling
— G protein activation, inhibition of cyclic AMP synthesis (CAMP inhibition) and 3-arrestin2
recruitment.

Upon stimulation by their cognate ligands, GPCRs typically undergo conformational changes
resulting in dissociation of their bound heterotrimeric G proteins into Ga. and GBy subunits. The GBy
subunit may then bind to G protein receptor kinases (GRKs). Thus, we measured G protein activation
by monitoring the association of labelled Gy with a labelled GRK fragment in a bioluminescence
resonance energy transfer (BRET) assay [37]. As expected, CCL1 robustly stimulated G protein
activation (monitored using isoform Ga.i2) in FlpIn CHO cells expressing CCR8, with a half-maximal
effective concentration (ECsp) of 46 nM (pECso (M) = 7.34 £ 0.12; Fig 5A). However, CCL18 failed to
stimulate any significant G protein activation in these cells at concentrations up to 300 nM (Fig 5A).

Chemokine receptors typically couple to inhibitory G proteins (Gi) such that receptor
activation gives rise to release of Gai and inhibition of cAMP synthesis catalysed by adenylyl cyclase.
Therefore, we used a cAMP BRET-based biosensor (CAMYEL) to monitor the inhibition of forskolin

(Fsk)-stimulated cAMP synthesis after stimulation of CCR8-expessing Flpln CHO cells with
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chemokines [37]. As observed in the G protein activation assay, CCL1 robustly inhibited cAMP
synthesis (ECsp = 26 nM; pECso (M) = 7.59 + 0.10), whereas CCL18 had no effect up to a concentration
of 1 uM (Fig 5B).

In addition to initiating G protein-mediated pathways, activation of GPCRs, including
chemokine receptors, often induces the recruitment of 3-arrestins. Moreover, atypical chemokine
receptors induce B-arrestin recruitment in the absence of detectable G protein-mediated signalling.
To determine whether, CCL18 stimulates B-arrestin recruitment to CCR8, we used a BRET assay in
which B-arrestin2 and CCR8 were tagged with a BRET donor and acceptor, respectively [37]. Once
again, CCL1 yielded a robust, concentration-dependent response (ECso = 21 nM; pECso (M) = 7.67 +
0.15), whereas CCL18 had no effect up to 1 uM (Fig 5C).

In summary, the above three assays consistently indicate that CCL1 is an agonist of CCR8

whereas CCL18 is not.

Alternative forms of CCL18 do not activate CCR8

Chemokines are naturally expressed with a signal sequence that is removed proteolytically
during secretion. Moreover, many secreted chemokines are subsequently trimmed at the N-
terminus through the action of extracellular proteases, and these modifications can influence the
ability of the chemokine to activate chemokine receptors, potentially increasing or decreasing
potency and/or efficacy [38-40]. These factors create uncertainties regarding the biologically
relevant N-terminal sequence(s) of chemokines.

CCL18 has been isolated from human plasma and from the conditioned media of stimulated
peripheral blood mononuclear cells in several different forms, including: CCL18(1-69) (the “full-
length” sequence); CCL18(1-68); CCL18(3-69); and CCL18(4-69) [41, 42](Fig 6A). Creating more
confusion, CCL18 is available commercially in different forms: CCL18(2-69) from PeproTech and

CCL18(1-69) from R&D Systems (Fig 6A). Islam et al. reported using CCL18 from R&D Systems [23]
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and the experiments in Figs 1-4 were performed using CCL18(1-69) from R&D Systems, whereas
those in Fig 5 were performed using CCL18(2-69) from PeproTech.

To investigate whether differences in N-terminal sequences account for the differing reports
of CCL18 activity at CCR8, we expressed in E. coli and purified four different forms of CCL18:
CCL18(1-69), CCL18(2-69), CCL18(3-69) and CCL18(1-68); we also attempted to produce CCL18(4-69)
but the resulting sample was insufficiently pure so omitted from subsequent experiments. The purity
and identity of the CCL18 variants were verified by reversed-phase HPLC and mass spectrometry,
respectively (Fig 6B and 6C). Nevertheless, as observed for commercial CCL18(2-69) (Fig 5A), none of
these forms of CCL18 (at 100 nM) significantly stimulated G protein activation in CCR8-expressing
FIpIn CHO cells, whereas the positive control (100 nM CCL1) stimulated a significant response (Fig
6D). Furthermore, none of these CCL18 isoforms (at 300 nM) was able to inhibit the response to 100
nM CCL1 (Fig 6E). These results indicated that the N-terminal variants of CCL18 were neither

agonists nor antagonists of CCR8 in this assay system.

Mouse CCL8 does not stimulate mouse CCR8-mediated signalling in CHO cells

CCL18 is not expressed by mice. However, Islam et al. have reported that murine CCL8
(mCCL8) is an agonist of murine CCR8 (mCCR8) [28] and concluded that mCCLS8 is a functional
analogue of human CCL18 [23]. Therefore, in light of the above observation that CCL18 does not
activate CCR8, we tested the ability of mCCL8 to activate mCCR8 expressed in Flpln CHO cells. We
found that the positive control, murine CCL1 (mCCL1), gave robust, concentration-dependent
responses in assays of G protein activation (ECsp = 11 nM; pECso (M) = 7.95 £ 0.12; Fig 7A), cCAMP
inhibition (ECso = 30 nM; pECso (M) = 7.52 £ 0.13; Fig 7B) and -arrestin2 recruitment (ECso = 24 nM;
pECso (M) =7.62 +0.11; Fig 7C). However, mCCLS8, up to 300 nM, did not give any significant

responses in these assays (Fig 7A-C).
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DISCUSSION

We undertook this study to evaluate the previous conclusion that CCR8 is a cognate receptor
for CCL18 [23]. Commonly, the conclusion that a chemokine and its receptor are a cognate pair is
made based on the observation that the chemokine induces robust chemotaxis and/or transduction
of G protein-mediated or B-arrestin-mediated signals in a cell line transfected to express the
receptor; the transfected cell line should also not endogenously express the receptor in question or,
ideally, another high-affinity receptor for the same ligand. The study of Islam et al. [23] had
apparently met these criteria by demonstrating that: (a) 4DE4 cells transfected to express CCR8
underwent chemotaxis in response to low nanomolar concentrations of CCL18, whereas
untransfected cells did not; (b) the CCL18-stimulated chemotaxis was inhibited by pertussis toxin,
indicating it is mediated by Gaii; (c) 4DE4-CCR8 cells underwent calcium flux in response to CCL18,
which was desensitized by pre-treatment with the known CCR8 agonist CCL1; (d) CCL18 and CCL1
both induced internalisation of CCR8 on 4DE4-CCRS8 cells; and (e) CCL18 and CCL1 competed with
each other for binding to 4DE4-CCR8 cells. The conclusion that CCR8 is a cognate receptor of CCL18
was further supported by experiments in human Th2 cells showing that higher levels of CCR8 (after
successive rounds of polarization) correlated with more robust responses to CCL18. Thus, based on
the data reported by Islam and co-workers, it was reasonable to conclude that CCR8 is a cognate
receptor of CCL18.

The data reported herein clearly contrast with those reported previously. Most directly, using
clones of the same 4DE4-CCR8 cell line, cultured under the same (low G418) conditions, we found
that low nanomolar concentrations of CCL18 failed to stimulate chemotaxis above background
levels, whereas identical concentrations of CCL1 stimulated robust chemotaxis (Fig 2A and 2B). We
obtained similar results in both stably- and transiently-transfected L1.2 cells (Fig 2C and 2D). In
addition, CCL18 failed to stimulate internalization of CCR8 in the 4DE4-CCRS8 cell line, whereas CCL1
stimulated robust CCR8 internalization (Fig 3B). Moreover, FlpIn CHO cells stably transfected with

CCR8 gave very robust G protein activation, adenylate cyclase inhibition, and B-arrestin2 recruitment
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responses to CCL1 but no significant response to CCL18 (Fig 5). These results lead us to conclude that
CCR8 alone is not sufficient to act as a functional, high-affinity receptor for CCL18.

Our initial chemotaxis experiments, using the 4DE4-CCR8 cell line, cultured under relatively
high G418 conditions, showed a chemotaxis response to high concentrations of CCL18 (Fig 1B). It is
possible that this response results from binding of CCL18 to CCR8. However, we consider this
unlikely because: (a) the parental 4DE4 cell line gave a chemotaxis response, albeit slightly weaker,
to similar CCL18 concentrations; (b) the chemotaxis response of the parental 4DE4 cell line to CCL18
was not inhibited by the CCR8 inhibitor MC148; and (c) 4DE4-CCRS8 cells adapted from high to low
concentrations of G418 retained the chemotaxis response to CCL1 but completely lost the response
to CCL18. Instead, we consider it more likely that the chemotaxis response to high concentrations of
CCL18 was mediated by an endogenous, low-affinity receptor to CCL18 that remains to be identified.

In an effort to resolve the discrepancies, we closely examined the similarities and differences
between our results and those reported previously. Similar to our results using L1.2-CCR8 cells, Islam
et al. [23] noted that L1.2 cells stably transfected with CCR8 yielded only weak chemotaxis or
calcium flux responses in their hands, whereas these cells responded more strongly to CCL1. This
observation had suggested that L1.2 cells lacked some factor(s) required for the CCR8 response to
CCL18, which would be surprising considering that L1.2 cells have been used widely to assay
activation of chemokine receptors by their cognate chemokines. However, as noted above, our
results using 4DE4-CCRS8 cells grown under relatively high G418 conditions, suggest the alternative
explanation that 4DE4 cells may endogenously express a relatively low affinity receptor for CCL18.
Indeed, the CCL18 chemotaxis data of Islam et al., using 4DE4-CCR8 cells, show a maximal response
(using ~10 to ~100 nM CCL18) that is only ~20-25% of the maximal response to CCL1. Thus, it is
possible that higher concentrations of CCL18 would have yielded a chemotaxis response
approaching the maximal response observed for CCL1, as observed here, which would be consistent
with activation of a relatively low affinity receptor. Similarly, Islam et al. reported calcium flux data

for 4DE4-CCRS cells up to a maximal CCL18 concentration of only 25 nM, at which point the response
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had not reached a plateau, so the ECsp and apparent affinity could not be determined. On the other
hand, they also showed that unlabelled CCL18 competed with radiolabelled CCL1 for binding to
4DE4-CCR8 cells with a sigmoidal displacement curve and low nanomolar midpoint of inhibition,
although the highest concentrations of CCL18 only displaced about half of the bound CCL1. Similarly,
unlabelled CCL1 displaced about 60% of radiolabelled CCL18 from 4DE4-CCR8 cells but the
displacement curve did not exhibit the expected sigmoidal shape. We wonder whether these
competitive binding data may reflect non-specific binding, e.g., to glycosaminoglycans (GAGs),
and/or binding to an endogenous receptor expressed in 4DE4 cells. Given that CCL18 has a
theoretical isoelectric point of 9.2 as calculated by the Compute pl/Mw tool of Expasy [43], thisis a
distinct likelihood.

Considering the well-known importance of the N-terminal amino acid residues for the activity
of chemokines, we further investigated whether the lack of CCL18 activity observed in signalling
assays could be attributed to the use of a different CCL18 isoform. However, none of the four
sequence variants tested here was able to stimulate G protein activation or inhibit G protein
activation in response to CCL1 (Fig 6D and 6E). It remains possible that a further variant, not studied
herein, could activate or inhibit CCR8. However, this would not account for the discrepancies
between our results and those reported previously.

CCL18 is only found in primates, so it remains unclear whether rodents have a functionally
equivalent chemokine. In addition to reporting the activation of CCR8 by CCL18, Islam and co-
workers also reported similar functional data for stimulation of mCCR8 on 4DE4 cells by mCCLS,
leading them to conclude that mCCL8 and CCL18 are “functional analogues” [23, 28]. However, in
three functional assays for which mCCL1 exhibited robust mCCR8-mediated activity, we were unable
to observe any signalling in response to mCCL8 (Fig 7). Thus, the current results cast doubt on the
previous conclusions that mCCL8 is an agonist of mCCR8 and that mCCL8 is a functional analogue of
CCL18. This may go some way to explaining the results of the accompanying paper, in which genetic

deletion of MCCR8 had no apparent influence in a model of hypertension.
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The current results may reignite debate regarding the biologically relevant receptor(s) of
CCL18. If CCR8 is not a functional receptor, it is worthwhile considering other candidates that could
account for the reported activities of CCL18 as a T cell chemoattractant. As noted above, both CCR6
and PITPNM3 have been proposed as potential CCL18 receptors [25, 26], but subsequent results do
not support these receptors as mediators of CCL18-stimulated leukocyte chemotaxis. CCL18 has also
been shown to inhibit activation of CCR3 (confirmed in Fig 4), by binding directly to CCR3, and to
inhibit activation of CCR1, CCR2, CCR4 and CCR5 by disrupting presentation of GAG-bound
chemokines to these receptors [24, 35]. However, these inhibitory functions do not account for the T
cell chemoattractant activity of CCL18, leaving the relevant receptor unidentified.

In conclusion, we have found that, contrary to prior reports, CCR8 does not act as a receptor
for CCL18 in several mammalian cell lines and a variety of cellular signalling assays. It remains
possible that CCR8 participates in CCL18 signalling in combination with other receptors or signalling
factors. Future investigations should focus on the identification of such factors or alternative

receptors for CCL18.
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MATERIALS AND METHODS

Materials

CCL18(2-69) (cat. no. 300-34), CCL1 (cat. no. 300-37), and mCCLS8 (cat. no. 250-14) were
purchased from PeproTech (Cranbury, NJ;). CCL18(1-69) (cat. no. 394-PA) and mCCL1 (cat. no. 845-
TC) were purchased from R&D Systems (Minneapolis, MN, USA;). AF687-labelled CCL18 (AF-CCL18)
was purchased from Almac (Craigavon, UK)..

The anti-CCR8 primary antibody 433H was a kind gift of Professor David Cousins (University of
Leicester). The IgG,, isotype control UPC-10 was obtained from Sigma-Aldrich. The goat anti-mouse
FITC labeled F(ab’)2 secondary antibody was purchased from Invitrogen.

Dulbecco’s modified Eagle’s medium (DMEM), RPMI 1640 medium, fetal bovine serum (FBS),
100x MEM non-essential amino acid solution, hygromycin B, and D-luciferin were sourced from Life
Technologies (Carlsbad, CA, USA). Penicillin and streptomycin were obtained from Life Technologies
or from Sigma- Aldrich (St. Louis, MO, USA). Coelenterazine h was obtained from Prolume (Pinetop,
AZ). Cloning enzymes and buffers were obtained from New England Biolabs (Ipswich, MA, USA).
Other reagents were sourced from Sigma-Aldrich (St. Louis, MO) or ThermoFisher Scientific
(Waltham, MA, USA). White 96-well culture plates were purchased from Revvity (Waltham, MA,

USA).

Cell Lines and Cell Culture

The parental 4DE4 cell line was a kind gift form Dr Louis Staudt, (NIH, Bethesda, MD, USA).
Two 4DE4 clonal lines stably expressing human CCR8 (4DE4-CCR8) and human CCR3 (4DE4-CCR3)
were generated in the laboratory of Dr Philip Murphy, (NIH, Bethesda, MD, USA) and have been
described previously [30, 36]. The parental L1.2 cell line has been previously described [31].

L1.2 and 4DE4 cells were maintained, at 37 °C and 5% CO,, at 0.5-1.0 x 10° cells/mL in RPMI

1640 medium with (Glutamax-1, 25mM HEPES) supplemented with 10% heat-inactivated FBS, 100
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U/mL penicillin/streptomycin, 1x non-essential amino acids, 1 mM sodium pyruvate and 0.001 mM
B-mercaptoethanol (referred to as complete media [44]. Transfected L1.2 and 4DE4 cells stably
expressing CCR8 (L1.2-CCR8 and 4DE4-CCR8) were cultured in complete media supplemented with
G418 (1 mg/mL) to maintain selection.

L1.2 cells were transiently transfected with plasmid encoding CCR8 as previously described
[44]. Transfected cells were then incubated for 3-5 hour (37 °C, 5% CO,), sodium butyrate was added
to a final concentration of 10 mM, and the cells were cultured for 18 to 24 hours before evaluation
of receptor expression by flow cytometry and use in functional assays.

For expression in CHO cells, the gene for human CCR8 was obtained from the cDNA Resource

Center (www.cDNA.org) and the gene for mouse CCR8 (mCCR8) was a gift from Remy Robert

(Monash University, Australia). These genes were subcloned into a modified pcDNA5/FRT/TO vector
and used to stably transfect FlpInCHO cells as described [37]. The parental FIpInCHO cells were
maintained in DMEM supplemented with 5% FBS, 100 U/mL penicillin and streptomycin. The
FlpInCHO-CCR8 and FlpInCHO-mCCR8 cell lines were selected with 200 pug/mL hygromycin B and

used for G protein activation and cAMP inhibition assays.

Expression, Purification and Analysis of CCL18 Variants

The gene encoding CCL18 was synthesized as a gBlock by Integrated DNA Technologies, and
subcloned into an expressed vector derived from pET-28a (Novagen), which encoded an N-terminal
Hise tag followed by a Small Ubiquitin-like Modifier (SUMO) tag. Recombinant expression vectors
were verified by Sanger sequencing then used to transform Rosetta-gami 2 (DE3) E. coli competent
cells. Transformants were cultured in 2YT medium containing 30 pg/mL kanamycin at 37 °C until the
optical density at 600 nm reached 0.6-0.7. Expression was induced by the addition of isopropyl B-D-
1-thiogalactopyranoside to a final concentration 0.5 mM, and culture was continued overnight at
20 °C. After harvesting by centrifugation (5,000 g, 10 min, 4 °C), cells were resuspended in 50 mL of

lysis buffer containing 20 mM Tris pH 8.0, 500 mM NacCl, 10% glycerol, lysed by sonication, and the
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lysate was clarified by centrifugation (29,000 g, 40 min, 4 °C). The Hise-SUMO-CCL18 fusion protein
was initially purified by loading in lysis buffer onto a 5 mL His-Trap FF nickel column attached to an
AKTA pure chromatography system (Cytiva) and elution with the lysis buffer containing 500 mM
imidazole. Eluted fractions containing the fusion protein were combined and dialysed overnight in
lysis buffer then treated with ULP1 protease (prepared in-house, 60 min, 25 °C) to cleave the desired
CCL18 variant from the Hise-SUMO tag, which were separated from each other by passage through
the His-Trap FF nickel column. The non-binding fractions (containing CCL18) were combined and
concentrated using Amicon® 3kDa centrifugal flters, and further purified by size exclusion
chromatography in 10 mM HEPES pH 7.5, 150 mM NaCl, 5 % glycerol buffer using a Superdex 75 size
column attached to an AKTA pure chromatography system (Cytiva). Fractions containing protein of
the expected size were combined, concentrated and analysed by analytical reversed-phase high-
performance liquid chromatography on an Agilent Technologies 1200 series instrument equipped
with a 214TP C4 (250 x 10 mm, 5 um) column (Vydac), pre-equilibrated with 0.001% trifluoracetic
acid in water and eluted using a 1% per min gradient of acetonitrile containing 0.001% trifluoracetic
acid. Protein molecular masses were confirmed by electrospray ionisation mass spectrometry

performed at the Monash Proteomics and Metabolomics Platform.

Cell Surface Receptor Expression by Flow Cytometry

Flow cytometry buffer was prepared by supplementing a 500 mL bottle of 1X Dulbecco’s
phosphate buffered saline with 1.25 g of bovine serum albumin and 500 pl of a 10% sodium azide
solution and stored at 4 °C until needed. Cells (~0.2-0.5 x 10°) were collected by centrifugation (300
g, 5 min, room temperature). The supernatant was removed and the cells were gently resuspended
in staining buffer (100 pL) containing the anti-CCR8 antibody 433H or the isotype control (10 pg/mL).
After incubation on ice (up to 15 min), cells were washed with staining buffer (500 pL), resuspended
in staining buffer (100 uL) containing goat anti-mouse FITC labeled F(ab’)2 secondary antibody (1:20

dilution), and incubated on ice for 15-30 min. Cells were washed again with staining buffer (500 uL)
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and resuspended in staining buffer (500 uL). For dead cell exclusion, TOPRO-3 (Invitrogen) was
added to the staining buffer at a dilution of 1:10000. Cells were transferred to flow cytometry tubes
and analysed on a FACSCalibur Flow Cytometer (Becton Dickinson, Oxford, UK) using CellQuest Pro
software following the manufacturer’s instruction. 10,000 events were typically acquired. Data are

presented as a perecenatge of specific CCR8 expression in the absence of treatment.

Chemotaxis Assays

Chemotaxis assays were performed using 96-well ChemoTx System chemotaxis plates (101-5,
pore size 5 um) obtained from Neuroprobe Inc. (Rockville, MD, USA). The protocol was as previously
described [44] with assays incubated in a humidified tissue-culture incubator for 5 h at 37 °C, 5%
CO.,. At the conclusion of the incubation, cells on the top of the membrane were removed by gentle
scraping and cells migrating into the lower well were pelleted in the wells by centrifugation (300 g, 5
min, room temperature). The cells were then transferred to an opaque white plate, via a filter funnel
(Neuroprobe), by centrifugation (300 g, 5 min, room temperature). To each well, 30 pL of the live cell
dye CellTiter Glo® (Promega, Southampton, UK) was added and luminescence counts read using a
TopCount NXT (Perkin Elmer). The chemotactic index was calculated as the average cell migration
calculated at each chemokine concentration divided by the average cell migration observed to buffer

alone.

Receptor Internalization assays

4DE4-CCRS cells were resuspended in ice-cold RPMI medium at a concentration of 5 x 10°
cells/mL. Duplicate tubes containing 25 pL of buffer (negative control) or the indicated
concentrations of chemokines were placed on ice and then 25 pL of cell suspension (250,000 cells)
was added with gentle mixing. Tubes were either left on ice or incubated at 37 °C for 30 min. Then

processed for flow cytometry using the 433H CCR8 mAb or the isotype control as described earlier.
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CCR8 cell surface expression was normalized to the CCR8 levels on untreated cells, following

subtraction of non-specific binding of the isotype control .

AF-CCL18 Binding Assays

Cells (were collected by centrifugation (300 g, 5 min, room temperature)and resuspended in
flow cytometry buffer at 20 x 10%/mL. Tubes containing 25uL of varying concentrations of AF-CCL18
were placed on ice and 25uL of the cell suspension added with gentle mixing. Following a 30 minute
incubation on ice., cells were then washed with 500 pL of staining buffer, pelleted by centrifugation
and resuspended in fresh staining buffer prior to being analyzed on the flow cytometer. Mean

fluorescence data from 5 independent experiments are reported.

G Protein Activation Assays

FIpInCHO-CCRS8 or FlpInCHO-mCCRS cells were transiently transfected to express biosensors
for G-protein activation, as described [37]. One day after transfection, the cells were transferred into
a white 96-well plate (50,000 cells/well in 100 pL medium) and the plate was incubated overnight.
The cells were then stimulated, in a total assay volume of 80 uL, with the indicated concentrations of
chemokines in Hank’s balanced salt solution (HBSS). The BRET signals were measured 10 min after
stimulation, using a PHERAstar microplate reader (BMG Labtech, Ortenberg, Germany) to detect

fluorescence at 450-500 nm and 515-560 nm.

CAMP Inhibition Assays

FIpInCHO-CCR8 or FlpInCHO-mCCRS cells were transiently transfected to express the CAMYEL
biosensor [45]. One day after transfection, the cells were transferred into a 96-well plate then
treated with chemokines in the presence of forkolin and BRET signals were detected as described

above for G protein activation assays [37].
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[-Arrestin Recruitment Assays

The DNAs encoding CCR8 and mCCRS8 tagged at their N-termini with a C-myc epitope tag and
at their C-termini with Renilla luciferase variant 8 (RLuc8) were constructed as described for other
chemokine receptors tagged in the same manner [37]. The DNA encoding B-arrestin2, N-terminally
tagged with yellow fluorescent protein (YFP), [46] was a gift from Prof. Kevin Pfleger (University of
Western Australia). These two DNA constructs were transiently co-expressed in parental FlpInCHO
cells, as described [37]. One day after transfection, the cells were transferred (50,000 cells/well in
100 pL medium) into a 96-well plate, incubated overnight, then stimulated in a total assay volume of
80 uL, with the indicated concentrations of chemokines and 5 uM coelenterazine-h in HBSS. The

BRET signals were detected, as described above for G protein activation assays.

20


https://doi.org/10.1101/2024.05.30.596614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596614; this version posted May 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Acknowledgments. We thank Emma Klein for assistance with protein production, David Steer for
collection of mass spectrometry data and staff of the Imperial College Core Flow Cytometry facility
for assistance with flow cytometry. This research was funded by a fellowship from the Government
of Saudi Arabia and King Saud University (K.H.), National Health and Medical Research Council

(NHMRC) Project Grant APP1140874 (M.J.S., M.C., J.R.L.) and NHMRC Ideas Grant 2012579 (M.J.S.).

21


https://doi.org/10.1101/2024.05.30.596614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596614; this version posted May 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

References

1. Moser B, Wolf M, Walz A, Loetscher P. Chemokines: multiple levels of leukocyte migration
control. Trends in Immunology. 2004;25(2):75-84. PubMed PMID: 15102366.

2. Baggiolini M. Chemokines in pathology and medicine. Journal of Internal Medicine.
2001;250(2):91-104. Epub 2001/08/08. doi: jim867 [pii]. PubMed PMID: 11489059.

3. Gerard C, Rollins BJ. Chemokines and disease. Nat Immunol. 2001;2(2):108-15. Epub
2001/03/29. doi: 10.1038/84209. PubMed PMID: 11175802.

4. Zlotnik A, Yoshie O. Chemokines: a new classification system and their role in immunity.
Immunity. 2000;12(2):121-7. PubMed PMID: 10714678.

5. Hieshima K, Imai T, Baba M, Shoudai K, Ishizuka K, Nakagawa T, et al. A novel human CC
chemokine PARC that is most homologous to macrophage-inflammatory protein-1 alpha/LD78 alpha
and chemotactic for T lymphocytes, but not for monocytes. J Immunol. 1997;159(3):1140-9. PubMed
PMID: WOS:A1997XL78900013.

6. Adema GJ, Hartgers F, Verstraten R, deVries E, Marland G, Menon S, et al. A dendritic-cell-
derived C-C chemokine that preferentially attracts naive T cells. Nature. 1997;387(6634):713-7. doi:
Doi 10.1038/42716. PubMed PMID: WOS:A1997XD86900056.

7. Li HR, S., inventorMacrophage Inflammatory Proteins-3 and -4; isolated polynucleotide-
encoded said polypeptide. United States of Americal996.

8. Kodelja V, Miiller C, Politz O, Hakij N, Orfanos CE, Goerdt S. Alternative macrophage
activation-associated CC-chemokine-1, a novel structural homologue of macrophage inflammatory
protein-1la with a Th2-associated expression pattern. J Immunol. 1998;160(3):1411-8. PubMed
PMID: W0S:000071915400046.

9. Gleissner CA, Shaked |, Little KM, Ley K. CXC Chemokine Ligand 4 Induces a Unique
Transcriptome in Monocyte-Derived Macrophages. J Immunol. 2010;184(9):4810-8. doi:

10.4049/jimmunol.0901368. PubMed PMID: W0S:000277093000032.

22


https://doi.org/10.1101/2024.05.30.596614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596614; this version posted May 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

10. Hussain K. Characterization of the orphan chemokines CCL18 and CXCL4: potential players in
atherosclerosis.: Imperial College London; 2017.

11. Gouwy M, Ruytinx P, Radice E, Claudi F, Van Raemdonck K, Bonecchi R, et al. CXCL4 and
CXCLAL1 Differentially Affect Monocyte Survival and Dendritic Cell Differentiation and Phagocytosis.
PLoS One. 2016;11(11):e0166006. Epub 2016/11/10. doi: 10.1371/journal.pone.0166006. PubMed
PMID: 27828999; PubMed Central PMCID: PMCPMC5102431.

12. Schutyser E, Richmond A, Van Damme J. Involvement of CC chemokine ligand 18 (CCL18) in
normal and pathological processes. J Leukocyte Biol. 2005;78(1):14-26. doi: 10.1189/jlb.1204712.
PubMed PMID: W0S:000230291300004.

13. Hagg DA, Olson FJ, Kjelldahl J, Jernas M, Thelle DS, Carlsson LM, et al. Expression of
chemokine (C-C motif) ligand 18 in human macrophages and atherosclerotic plaques.
Atherosclerosis. 2009;204(2):e15-20. Epub 2008/11/28. doi: 10.1016/j.atherosclerosis.2008.10.010.
PubMed PMID: 19036375.

14. Prasse A, Pechkovsky DV, Toews GB, Jungraithmayr W, Kollert F, Goldmann T, et al. A vicious
circle of alveolar macrophages and fibroblasts perpetuates pulmonary fibrosis via CCL18. Am J Respir
Crit Care Med. 2006;173(7):781-92. Epub 2006/01/18. doi: 10.1164/rccm.200509-15180C. PubMed
PMID: 16415274.

15. Nomura |, Gao B, Boguniewicz M, Darst MA, Travers JB, Leung DY. Distinct patterns of gene
expression in the skin lesions of atopic dermatitis and psoriasis: a gene microarray analysis. J Allergy
Clin Immunol. 2003;112(6):1195-202. Epub 2003/12/06. doi: 10.1016/j.jaci.2003.08.049. PubMed
PMID: 14657882.

16. Malhotra P, Haslett P, Sherry B, Shepp DH, Barber P, Abshier J, et al. Increased Plasma Levels
of the TH2 chemokine CCL18 associated with low CD4+T cell counts in HIV-1-infected Patients with a
Suppressed Viral Load. Sci Rep-Uk. 2019;9. doi: ARTN 596310.1038/s41598-019-41588-1. PubMed

PMID: WOS:000464342100002.

23


https://doi.org/10.1101/2024.05.30.596614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596614; this version posted May 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

17. Boot RG, Verhoek M, de Fost M, Hollak CE, Maas M, Bleijlevens B, et al. Marked elevation of
the chemokine CCL18/PARC in Gaucher disease: a novel surrogate marker for assessing therapeutic
intervention. Blood. 2004;103(1):33-9. Epub 2003/09/13. doi: 10.1182/blood-2003-05-1612.
PubMed PMID: 12969956.

18. De Nadai P, Charbonnier AS, Chenivesse C, Sénéchal S, Fournier C, Gilet J, et al. Involvement
of, CCL18 in. allergic asthma. J Immunol. 2006;176(10):6286-93. doi: DOI
10.4049/jimmunol.176.10.6286. PubMed PMID: W0S:000237705200070.

19. Chenivesse C, Chang Y, Azzaoui |, Yahia SA, Morales O, Plé C, et al. Pulmonary CCL18 Recruits
Human Regulatory T Cells. J Immunol. 2012;189(1):128-37. doi: 10.4049/jimmunol.1003616.
PubMed PMID: W0OS:000305636000016.

20. Gunther C, Bello-Fernandez C, Kopp T, Kund J, Carballido-Perrig N, Hinteregger S, et al.
CCL18 is expressed in atopic dermatitis and mediates skin homing of human memory T cells. J
Immunol. 2005;174(3):1723-8. doi: DOI 10.4049/jimmunol.174.3.1723. PubMed PMID:
WQ0S:000226571300073.

21. Bellinghausen I, Reuter S, Martin H, Maxeiner J, Luxemburger U, Tiireci O, et al. Enhanced
production of CCL18 by tolerogenic dendritic cells is associated with inhibition of allergic airway
reactivity. J Allergy Clin Immun. 2012;130(6):1384-93. doi: 10.1016/j.jaci.2012.08.039. PubMed
PMID: W0S:000311641100020.

22. Fraga M, Yafiez M, Sherman M, Llerena F, Hernandez M, Nourdin G, et al.
Immunomodulation of T Helper Cells by Tumor Microenvironment in Oral Cancer Is Associated With
CCR8 Expression and Rapid Membrane Vitamin D Signaling Pathway. Front Immunol. 2021;12. doi:
ARTN 64329810.3389/fimmu.2021.643298. PubMed PMID: W0S:000652501000001.

23. Islam SA, Ling MF, Leung J, Shreffler WG, Luster AD. Identification of human CCR8 as a CCL18
receptor. J Exp Med. 2013;210(10):1889-98. doi: 10.1084/jem.20130240. PubMed PMID:

W0S:000324813000001.

24


https://doi.org/10.1101/2024.05.30.596614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596614; this version posted May 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

24, Krohn S, Garin A, Gabay C, Proudfoot AE. The Activity of CCL18 is Principally Mediated
through Interaction with Glycosaminoglycans. Front Immunol. 2013;4:193. Epub 2013/07/23. doi:
10.3389/fimmu.2013.00193. PubMed PMID: 23874339; PubMed Central PMCID: PMC3711072.

25. Zissel G, Hohne K, Goldmann T, Prasse A, Plones T, Trepel M, et al. Identification Of The
CCL18 Receptor - Effects Of CCL18 On Human Lung Fibroblasts In Pulmonary Fibrosis Are Mediated
Via CCR6. American Journal of Respiratory and Critical Care Medicine. 2011;183:A5574.

26. Chen JQ, Yao YD, Gong C, Yu FY, Su SC, Chen JN, et al. CCL18 from Tumor-Associated
Macrophages Promotes Breast Cancer Metastasis via PITPNM3. Cancer Cell. 2011;19(4):541-55. doi:
10.1016/j.ccr.2011.02.006. PubMed PMID: W0OS:000289589800013.

27. Hussain K. Characterization of two putative receptors for the chemokine CCL18: Imperial
College London; 2012.

28. Islam SA, Chang DS, Colvin RA, Byrne MH, McCully ML, Moser B, et al. Mouse CCL8, a CCR8
agonist, promotes atopic dermatitis by recruiting IL-5* Tu2 cells. Nat Immunol. 2011;12(2):167-U86.
doi: 10.1038/ni.1984. PubMed PMID: W0S:000286378400011.

29. Barsheshet Y, Wildbaum G, Levy E, Vitenshtein A, Akinseye C, Griggs J, et al. CCR8*FOXp3*
Treg Cells as master drivers of immune regulation. P Natl Acad Sci USA. 2017;114(23):6086-91. doi:
10.1073/pnas.1621280114. PubMed PMID: WOS:000402703800076.

30. Tiffany HL, Lautens LL, Gao JL, Pease J, Locati M, Combadiere C, et al. Identification of CCR8:
A human monocyte and thymus receptor for the CC chemokine I1-309. J Exp Med. 1997;186(1):165-
70. doi: DOI 10.1084/jem.186.1.165. PubMed PMID: WOS:A1997XK46600020.

31. Berg EL, Robinson MK, Warnock RA, Butcher EC. The Human Peripheral Lymph-Node
Vascular Addressin Is a Ligand for Lecam-1, the Peripheral Lymph-Node Homing Receptor. J Cell Biol.
1991;114(2):343-9. doi: DOI 10.1083/jcb.114.2.343. PubMed PMID: WOS:A1991FW73900016.

32. Berg EL, Yoshino T, Rott LS, Robinson MK, Warnock RA, Kishimoto TK, et al. The Cutaneous

Lymphocyte Antigen Is a Skin Lymphocyte Homing Receptor for the Vascular Lectin Endothelial Cell-

25


https://doi.org/10.1101/2024.05.30.596614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596614; this version posted May 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Leukocyte Adhesion Molecule-1. J Exp Med. 1991;174(6):1461-6. doi: DOI 10.1084/jem.174.6.1461.
PubMed PMID: WOS:A1991GU64400019.

33. Fox JM, Najarro P, Smith GL, Struyf S, Proost P, Pease JE. Structure/function relationships of
CCR8 agonists and antagonists - Amino-terminal extension of CCL1 by a single amino acid generates
a partial agonist. J Biol Chem. 2006;281(48):36652-61. doi: 10.1074/jbc.M605584200. PubMed
PMID: W0S:000242220800022.

34, Neel NF, Schutyser E, Sai J, Fan GH, Richmond A. Chemokine receptor internalization and
intracellular trafficking. Cytokine Growth Factor Rev. 2005;16(6):637-58. Epub 2005/07/07. doi:
10.1016/j.cytogfr.2005.05.008. PubMed PMID: 15998596; PubMed Central PMCID: PMC2668263.
35. Nibbs RJ, Salcedo TW, Campbell JD, Yao XT, Li Y, Nardelli B, et al. C-C chemokine receptor 3
antagonism by the beta-chemokine macrophage inflammatory protein 4, a property strongly
enhanced by an amino-terminal alanine-methionine swap. J Immunol. 2000;164(3):1488-97. Epub
2000/01/21. doi: 10.4049/jimmunol.164.3.1488. PubMed PMID: 10640766.

36. Pease JE, Wang J, Ponath PD, Murphy PM. The N-terminal extracellular segments of the
chemokine receptors CCR1 and CCR3 are determinants for MIP-1alpha and eotaxin binding,
respectively, but a second domain is essential for efficient receptor activation. J Biol Chem.
1998;273(32):19972-6. Epub 1998/08/01. PubMed PMID: 9685332.

37. Lim HD, Lane JR, Canals M, Stone MJ. Systematic Assessment of Chemokine Signaling at
Chemokine Receptors CCR4, CCR7 and CCR10. Int J Mol Sci. 2021;22(8). doi: 10.3390/ijms22084232.
PubMed PMID: W0OS:000644342600001.

38. Proost P, Struyf S, Van Damme J, Fiten P, Ugarte-Berzal E, Opdenakker G. Chemokine
isoforms and processing in inflammation and immunity. J Autoimmun. 2017;85:45-57. Epub
2017/07/08. doi: 10.1016/j.jaut.2017.06.009. PubMed PMID: 28684129.

39. Mortier A, Van Damme J, Proost P. Regulation of chemokine activity by posttranslational
modification. Pharmacol Ther. 2008;120(2):197-217. Epub 2008/09/17. doi:

10.1016/j.pharmthera.2008.08.006. PubMed PMID: 18793669.

26


https://doi.org/10.1101/2024.05.30.596614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596614; this version posted May 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

40. Stone MJ, Hayward JA, Huang C, e Huma Z, Sanchez J. Mechanisms of Regulation of the
Chemokine-Receptor Network. Int J Mol Sci. 2017;18(2):6-38. doi: 10.3390/1jms18020342. PubMed
PMID: ISI:000395457700110.

41. Schutyser E, Struyf S, Wuyts A, Put W, Geboes K, Grillet B, et al. Selective induction of
CCL18/PARC by staphylococcal enterotoxins in mononuclear cells and enhanced levels in septic and
rheumatoid arthritis. Eur J Immunol. 2001;31(12):3755-62. Epub 2001/12/18. doi: 10.1002/1521-
4141(200112)31:12<3755::aid-immu3755>3.0.co;2-0. PubMed PMID: 11745396.

42. Schutyser E, Struyf S, Proost P, Opdenakker G, Laureys G, Verhasselt B, et al. Identification of
biologically active chemokine isoforms from ascitic fluid and elevated levels of CCL18/pulmonary and
activation-regulated chemokine in ovarian carcinoma. J Biol Chem. 2002;277(27):24584-93. Epub
2002/04/30. doi: 10.1074/jbc.M112275200. PubMed PMID: 11978786.

43, Duvaud S, Gabella C, Lisacek F, Stockinger H, loannidis V, Durinx C. Expasy, the Swiss
Bioinformatics Resource Portal, as designed by its users. Nucleic Acids Res. 2021;49(W1):W216-W27.
Epub 2021/04/14. doi: 10.1093/nar/gkab225. PubMed PMID: 33849055; PubMed Central PMCID:
PMCPM(C8265094.

44, Vaidehi N, Pease JE, Horuk R. Modeling small molecule-compound binding to G-protein-
coupled receptors. Methods Enzymol. 2009;460:263-88. Epub 2009/05/19. doi: 10.1016/S0076-
6879(09)05213-6. PubMed PMID: 19446730.

45, Jiang LI, Collins J, Davis R, Lin KM, DeCamp D, Roach T, et al. Use of a cAMP BRET sensor to
characterize a novel regulation of cAMP by the sphingosine 1-phosphate/G13 pathway. J Biol Chem.
2007;282(14):10576-84. Epub 2007/02/07. doi: 10.1074/jbc.M609695200. PubMed PMID:
17283075; PubMed Central PMCID: PMCPMC2526465.

46. Ayoub MA, Zhang Y, Kelly RS, See HB, Johnstone EKM, McCall EA, et al. Functional
interaction between angiotensin Il receptor type 1 and chemokine (C-C motif) receptor 2 with
implications for chronic kidney disease. PLoS One. 2015;10(3). doi: ARTN

€011980310.1371/journal.pone.0119803. PubMed PMID: 1SI:000351880000042.

27


https://doi.org/10.1101/2024.05.30.596614
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.30.596614; this version posted May 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Figure Legends

Figure 1. CCL18 is a poorly potent recruiter of 4DE4-CCR8 cells and the parental 4DE4 line in
chemotaxis assays. (A) Cell surface levels of CCR8 expressed stably in the 4DE4 cell line maintained
in 0.1 mg/mL G418. The green line denotes detection with an anti-CCR8 mAb and the solid
histogram reflects isotype control staining. (B) Comparative chemotaxis responses of the same
4DE4-CCR8 line to CCL1 (blue) and CCL18 (red) and the parental 4DE4 line (maintained without
G418) to CCL18 (black). (C) Inhibition of chemotactic responses to 1 nM CCL1 and 2 uM CCL18 from
4DE4-CCR8 cells (blue) and the parental 4DE4 line (black), respectively. Striped bars denote pre-
incubation of cells for 30 minutes at 37 °C with 500 nM MC148. Data represent mean chemotactic

indices £ S.E.M. from 3 independent experiments. * denotes p<0.05 as examined by a paired t-test.

Figure 2. CCL18 is a poorly potent recruiter of various mouse pre-B cells expressing CCR8. (A, B)
Chemotactic responses to CCL1 (blue) and CCL18 (red) from two independently rederived clones of
the 4DE4-CCRS cell line maintained in 0.1 mg/mL G418. (C, D) Chemotactic responses to CCL1 (blue)
and CCL18 (red) from L1.2 cells stably (C) or transiently (D) expressing CCR8. Data represent mean

chemotactic indices £ S.E.M. from 3 (panels A -B) or 4 (panels C-D) independent experiments.

Figure 3. CCL18 fails to induce significant endocytosis of CCR8 in transfectants. (A) Representative
cell surface levels of CCR8 on the 4DE4-CCRS stable cell line which were untreated (green line) or
incubated with 100nM CCL1 (magenta line) for 30 minutes at 37 °C, then assayed by flow cytometry.
Isotype staining of untreated cells is shown as a comparator (filled histogram). (B) Levels of CCR8
expression on the 4DE4-CCR8 cells following incubation with CCL1 (100 nM), CCL18 (1 uM), or CCL17
(100 nM) for 30 minutes at 37 °C. Data represent mean % basal CCR8 expression levels £+ S.E.M. from

6 independent experiments. **** represents p<0.0001 and NS represents no significant difference
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compared with untreated cells, as examined by one way ANOVA and Bonferroni's multiple

comparisons test.

Figure 4. CCL18 can antagonize chemotaxis of 4DE4-CCR3 but not 4DE4-CCR8 transfectants. (A)
Representative cell surface levels of CCR3 (green line) on the 4DE4-CCR3 stable cell line. Isotype
control staining is shown as a shaded histogram. (B, C) Inhibition of chemotactic responses of 4DE4-
CCR3 (B) and 4DE4-CCRS (C) transfectants to a fixed 1 nM concentration of CCL11 or CCL1,
respectively, by increasing concentrations of CCL18. Data shown are mean % of migrating levels £
S.E.M. from 5 independent experiments. **** represents p<0.0001 when compared with responses
to buffer. (D) Binding of increasing concentrations of AF-CCL18 to 4DE4-CCR3 (green), 4DE4-CCR8
(red) and parental 4DE4 (black) cells. Data represent mean fluorescent indices + S.E.M. from 5
independent experiments. ** represents p<0.01 when compared with buffer treatment, as

examined by one way ANOVA and Bonferroni's multiple comparisons test.

Figure 5. CCR8 mediates signal transduction in response to CCL1 but not CCL18. Concentration-
response curves for chemokine-induced (A) G protein activation, (B) cAMP inhibition and (C) 3-
arrestin2 recruitment in Flp-In CHO cells stably expressing CCR8. The presented data are mean +

S.E.M. of at least three independent experiments, each performed in triplicate.

Figure 6. Four CCL18 variants fail to activate or inhibit G protein activation mediated by CCR8. (A)
Sequences of CCL18 variants. (B) C4 reversed-phase HPLC traces for purified CCL18 variants. (C) Mass
spectrometry data for the purified CCL18 variants. Expected masses assume two disulfide bonds.
Observed masses were obtained from the 5+ charged peaks in electrospray ionization spectra. (D) G
protein activation data for CCL18 variants (red) and CCL1 (positive control, blue), each at 100 nM. (E)
The CCL18 variants (red), each at 300 nM, fail to inhibit G protein activation stimulated by 100 nM

CCL1. The data in panels D and E were obtained using FIp-In CHO cells stably expressing CCR8. The
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presented data are mean £ S.E.M. of at least three independent experiments, each performed in

triplicate.

Figure 7. mCCR8 mediates signal transduction in response to mCCL1 but not mCCL8. Concentration-
response curves for chemokine-induced (A) G protein activation, (B) cAMP inhibition and (C) 3-
arrestin2 recruitment in Flp-In CHO cells stably expressing mCCR8. The presented data are mean +

S.E.M. of at least three independent experiments, each performed in triplicate.
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