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Inflammatory chemokines are often elevated in disease settings, where the
largest group of CC-chemokines are the macrophage inflammatory proteins
(MIP), which are promiscuous for the receptors CCR1 and CCRS. MIP che-
mokines, such as CCL3 and CCLS5 are processed at the N terminus, which
influences signaling in a highly diverse manner. Here, we investigate the sig-
naling capacity of peptides corresponding to truncated N termini. These
3—-10-residue peptides displayed weak potency but, surprisingly, retained their
signaling on CCRI1. In contrast, none of the peptides generated a signal on
CCRS, but a CCL3-derived tetrapeptide was a positive modulator boosting
the signal of several chemokine variants on CCRS. In conclusion, chemokine
N termini can be mimicked to produce small CCR1-selective agonists, as well
as CCRS5-selective modulators.

(Received 14 June 2023, revised 19
October 2023, accepted 24 October 2023,
available online 6 December 2023)

doi:10.1002/1873-3468.14778

Keywords: allosteric modulation; chemokine; chemokine truncation;

GPCR; pharmacology

Edited by Christian Griesinger

Chemokines are 8-12 kDa secreted proteins that con-
trol migration of numerous cell types, immune surveil-
lance, and inflammation by signaling through
chemokine G protein-coupled receptors (GPCRs).
Thereby, chemokines play a key role in inflammatory
diseases, but also in cancer metastasis, although
attempts to therapeutically target chemokines in this
context have had limited success [1].

In humans, there are about 50 different chemokines
and 23 chemokine receptors, with widely varying
degrees of interaction promiscuity [2]. Chemokines are

Abbreviations

structurally defined by a flexible N terminus (typically
5-10 residues long), and a stably folded core domain
made up of a 3-stranded P-sheet, an a-helix and a
series of solvent-exposed loops. The chemokine core
domain, also known as chemokine site 1 (CS1), inter-
acts with the receptor’s extracellular loops and N ter-
minus, known as chemokine recognition site 1 (CRS1),
and this accounts for the bulk of the interaction inter-
face [3] (Fig. 1A). Chemokine core domain interactions
are also essential for correct receptor recognition and
are believed to be the first interactions that occur with

ANOVA, analysis of variance; BRET, bioluminescence resonance energy transfer; cAMP, cyclic adenosine monophosphate; CCL, CC-
chemokine ligand; CCR, CC-chemokine receptor; CHO, Chinese hamster ovary; CRS, chemokine recognition site; CS, chemokine site; ECgq,
half maximal effective concentration; FBS, fetal bovine serum; GPCR, G protein-coupled receptor; MCP, monocyte chemoattractant protein;
MIP, macrophage inflammatory protein; PBMC, peripheral blood mononuclear cells; PTM, post-translational modification; TM, transmem-
brane helix.

FEBS Letters 597 (2023) 3049-3060 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of 3049
Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0001-9054-4690
https://orcid.org/0000-0001-9054-4690
https://orcid.org/0000-0001-9054-4690
https://orcid.org/0000-0001-9600-3254
https://orcid.org/0000-0001-9600-3254
https://orcid.org/0000-0001-9600-3254
mailto:rosenkilde@sund.ku.dk
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2F1873-3468.14778&domain=pdf&date_stamp=2023-12-06

CC-chemokine N-termini activate and modulate CCRs O. Larsen et al.

] i Chemokine receptor

cs1/
CRS1

-y

CC-chemokines

"B,-strand
& 30s-loop

\ &/j cs2/

v~ N-terminus CRS2

L3 Grey Cyan dots: cBlue dots: ~ Purple dots: Red N-termini: = -
cartoon: Commonly hared MIP/MCP-|| Ch istic MIP resid:
Variable conserved conserved MIP-only targeted by
T id r id r id pr
(B)
, _© (D)
‘ ) -
) . T Y 1004
CCL3(1-70)-derived ASLAADTPTA = -
CCL3(1-4) ASLA 2 . L
CCL3(1-4)NH, ASLA-NH, 2 35 %5 '_i
z 0
CCL3(1-4) scramblel LAAS iz ® 5 ;
CCL3(1-4) scramble2 SAAL a E ‘-:r‘ 0.75
CCL3(1-10) ASLAADTPTA = =2
o
CCL3(1-10) scramble DATPSALTAA = = 8 ioo-]
CCL5(1-68)-derived SPYSSDTTP A 58
o &
Ac-CCL5(1-3) Ac-SPY 2 s £ oes
Ac-CCL5(1-3)NH, Ac-SPY-NH, o 3 s :
Ac-CCL5(1-9) Ac-SPYSSDTTP g . 2
— a 2
CCL2(1-76)-derived pQPDAINAPVT o 0.60- T T T T
CCL2(1-10)NH, pQPDAINAPVT-NH, = c@@“@‘@“@“
CCL8(1-76)-derived pQPDSVSIPIT e}o(\\;&\@@\e o\é\"o\&
CCL8(1-10) PQPDSVSIPIT & S
N [N
NN
(E) P FIE
« , 100 3 1004 3 100+
© o e { =
£ 0 o o
5 2 80 5 801 § 80
22 5 3
22 s £ 60 £
%2 ~ a
5 £ 40 2 401 2 a0
S % o °
3 20 R 204 2 201
°g = g
- 3 3
gL g g
33 % %
8 O -201 £ -20 £ -20
— T k] —_— k] — T
e ®
<& »‘$ & »@v\ S »“v\ N@‘“ \,@*\ & N@*\ S & N@‘“\ S & \,@‘“ &@‘& S &S & &
N QXY LD QY NS R{v O7 N 07 07 A 07 g0 O oV 907 .S 7 N O S 07
\:,,\Tf 5 Q’\' \3,\\’ N o Q’\' & «;"}@\“" SIS '»?’\@\\’, SES »95\@‘3" S \'VN 09\ \‘?Q S \“’” SIS
& &Qf L& Gé, &\v ué} Q& ’\,\\E\' (_,&\ & \\’y\c’\y L&\c('b Qrb\ @Qf L&,\dé, &,\N <5>°° @ga dé, &,\N &Q’ \\;@\ ,&,»
S tEE Y & E F P L O Y e

Fig. 1. Receptor-specific signaling contribution by MIP/MCP chemokine N termini. (A) Chemokines share residues within their core domains
which are widely conserved (cyan), or only conserved among chemokines with similar receptor specificity (blue and purple). Most sequence
conservation of MIP chemokines overlaps with the CS1/CRS1 interaction interface, whereas the chemokine N terminus sequence in the
CS2/CRS2 interaction interface is highly variable. (B) Sequences of the peptides that were tested for pharmacological activity. (C) Activity of
MIP- and MCP-derived peptides on CCR1 normalized to the max efficacy of CCL3(5-70), as determined by non-linear regression of a dose—
response curve ranging from 1 pm to 100 nm. (D) Activity of scrambled peptide sequences of CCL3(1-4) and CCL3(1-10) on CCR1, com-
pared to the original CCL3(1-10) sequence, not normalized to chemokine activity. (E) Activity of MIP- and MCP-derived peptides on pcDNA
normalized to the max efficacy of CCL3(5-70) on CCR1. (F) Activity of MIP- and MCP-derived peptides on CCR5 normalized to the max effi-
cacy of CCL3(5-70). (G) Activity of MIP- and MCP-derived peptides on CCR2 normalized to the max efficacy of CCL2(1-76). Data are
means + SEM of at least three experiments performed in duplicate. *P < 0.05, ***P < 0.001, ****P < 0.0001, where P-values were deter-
mined using a one-way ANOVA test, and compares peptide activity at matched concentrations on receptor-transfected cells and pcDNA-
transfected cells.
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the receptor. The chemokine N terminus, or chemo-
kine site 2 (CS2), interacts with the ligand binding
pocket in the transmembrane space, known as chemo-
kine recognition site 2 (CRS2), and this interaction
space is often essential for receptor activation [4-7].
This two-site model is a useful framework to under-
stand chemokine:receptor interactions, but care should
be taken to not apply it habitually for all chemokine:
receptor interactions, since deviations to the model are
now known [8].

Chemokine receptors that respond to multiple pro-
miscuous chemokines have proven difficult to target
pharmacologically, although they are often important
actors in inflammatory diseases and cancer [9,10]. Two
large groups of chemokines display a very complicated
pattern of promiscuity towards the receptors CCRI,
CCR2, CCR3 and CCRS5 - the macrophage inflamma-
tory proteins (MIPs; CCL3, -4, -5, -14, -15, -16, -23
and five proteins encoded by CCL3 or CCL4 variant
genes) and the Monocyte Chemoattractant Proteins
(MCPs; CCL2, -7, -8, -11 and -13). For example, the
important inflammatory MIP chemokines CCL3
(mainly produced by leukocytes) and CCLS5 (produced
by a broad assortment of cell types) both stimulate
CCR1 and CCRS but elicit divergent signals depend-
ing on the receptor host cell [11,12]. As these receptors
are co-expressed in some differentiation stages on
immune cells, most notably on monocytes and
monocyte-derived macrophages and -dendritic cells, a
competition — or cooperation — may occur among
receptors and their cognate chemokines [13—17].

In addition to being implicated in inflammatory dis-
eases, elevated CCRS5 expression is associated with
enhanced tumor survival in various cancers, while
CCRI is associated with cancer metastasis [18-20].
There is thus a great untapped potential to curb
human diseases that depend on CCR1/5-based immune
cell migration or inflammation, by identifying chemo-
kine segments that give rise to distinct receptor
responses, versus features that are needed for every
response to a MIP-based chemokine. Presumably,
therapeutics may be more successful if they are
designed to be as promiscuous or specific as the che-
mokine:receptor interactions they should target.

While the N-terminal sequence of MCP chemokines is
normally protected by a pyroglutamate, the N termini of
MIP chemokines are highly variable and are naturally
targeted for truncation by proteases. CCL3 is the target
of cathepsin D in breast cancer, and a truncated variant,
lacking the first 4 of 70 residues (denoted CCL3(5-70))
has been identified in ovarian cancer [21,22]. CCL5 is N-
terminally truncated by CD26 and cathepsin G to
remove the first 2 or 3 of 68 residues, respectively

CC-chemokine N-termini activate and modulate CCRs

(denoted CCL5(3-68) and CCL5(4-68)) [23-25]. While
CD26 is expressed ubiquitously in many organs, on
immune cells and is present as shed active protease in
plasma, cathepsin G is expressed by immune cell subsets,
i.e. monocytes, macrophages, and neutrophils [26,27]. As
these immune cell types dynamically regulate expression
of CCR1 and CCRS, especially in response to inflamma-
tory cues, they are able to process the CCL5 N terminus
while simultaneously responding to it.

CCL3(5-70) is a potent agonist of both CCR1 and
CCRS5 and is a stronger agonist than the intact CCL3
(1-70) in many in vitro setups [28]. Truncation of full-
length CCLS5 to CCL5(3-68) or CCL5(4-68), on the
other hand, abrogates CCRI1-mediated signaling and
chemotaxis, while only some signaling pathways
appear to be lost on CCRS [23,24,29]. Importantly, T
cells migrate in response to CCL5(3-68), while PBMC-
derived monocytes do not, presumably because the T
cells used in the studies express CCRS5 while the mono-
cytes express CCR1.

Taken together, this suggests that CCR1 and CCRS
rely on the chemokine N-terminal segments in mecha-
nistically distinct manners, which may also be observ-
able by studying N-terminally derived peptides. In this
study, we used peptides matching chemokine N-
terminal sequences to assess how these segments con-
tribute to the overall signal of CCL3 and CCL5 on
CCRI and CCRS.

Materials and methods

Mammalian cell culturing and transfection

CHO-K1 cells (American Type Culture Collection, ATCC,
Manassas, VA, USA) for Gai signaling assays were grown in
RPMI1640 supplemented with 10% FBS, penicillin
(180 U-mL™"), streptomycin (45 pg-mL™") and 1-glutamine
(292 pg-mL™") and incubated at 37 °C in 5% CO, and 95%
air humidity. Two days before the assay 25 000 cells were
seeded into white 96-well culture plates. One day before the
assay, Lipofectamine2000 transfection reagent (Invitrogen,
Carlsbad, CA, USA) was used according to the manufac-
turer’s instructions to transfect the cells with the cyclic adeno-
sine monophosphate (cAMP) Bioluminescence Resonance
Energy Transfer (BRET) sensor CAMYEL and either CCR1,
CCR2, CCR5 or pcDNA. The total receptor DNA used per
well was 10 ng for CCR1 and CCR2, and 5 ng for CCRS,
each combined with 28 ng CAMYEL DNA.

BRET cAMP assay

One day after transfection, culture medium of CHO-K1
cells was washed off and replaced with PBS with 5 pum glu-
cose. Two timing schemes of ligand addition were used: (1,
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agonism) ligands were added first (0 min), followed by
addition of forskolin to a concentration of 10 pum after
S min, coelenterazine h (Nanolight Technologies, Norman,
OK, USA) addition to a total concentration of 5 pum after
10 min, and cAMP measurements were taken after 35 min
as acceptor fluorescence (YFP, 525 nm) divided by donor
luminescence (RLuc, 480 nm) on a 2104 Envision Multila-
bel Plate Reader (PerkinElmer, Waltham, MA, USA); (2,
allosteric modulation) chemokines were added first (0 min),
followed by N-terminally derived peptides after 5 min, for-
skolin after 10 min, coelenterazine after 15 min and lumi-
nescence was measured on the plate reader after 40 min.

Sequence and structure similarity mapping to
locate MIP-conserved and MIP-variable regions

PDB references of chemokine structures included in the
structural alignments are: CCL1: 401J chain A, CCL2:
IDOK chain A, CCL3: 2X69 chain A, CCL4: THUM
chain A, CCL5: 5UIW chain B, CCL7: 1BO0, CCLS:
1ESR, CCLI11: 1EOT, CCL13: 2RA4 chain A, CCL14:
2QRS8 chain E, CCL15: 2HCC, CCLI16: 5LTL chain A,
CCL17: INR2 chain A, CCL18: 4MHE chain A, CCL19:
2MPI1, CCL20: IM8A chain A, CCL21: 2L4N state 1,
CCL23: 1G91, CCL27: 2KUM state 1, CCL28: 6CWS state
I, CXCL2: 1QNK chain A state 1, CXCL4: 4R9W chain
A, CXCL5: 2MGS state 1, CXCL7: INAP chain A,
CXCLS8: 5D14, CXCL10: 1LV9 state 1, CXCLI11: 1RJT
state 1, CXCL12: 2KEC state 1, CXCL14: 2HDL state 1,
XCL1: 2N54 state 1 and CX3CL1: 4XT3 chain B.
Chemokine sequences were aligned with cLUSTALW in the
GENEIOUS software (Dotmatics, Boston, MA, USA) to
determine conserved residues. The complete sequence align-
ment determined 4 residues with at least 93% conservation
(C11, C34, C50, and P53, numbered according to CCL)Y).
In the CC-chemokine alignment we determined another 6
residues with 80-100% conservation (C10, L/119, F41, T43,
V58, and L65). In the MIP chemokine alignment, another
22 conserved residues with 80-100% conservation were
identified, 10 of which were uniquely conserved in the MIP
subgroup (Y14, P20, D/E26, F/Y28, E29, S35, R/K44,
R/K45, Q48, and S54). The additional conserved residues
could also be identified in a separate MCP chemokine align-
ment and are thus not included as unique MIP chemokines.

Chemical synthesis and mass spectrometry of
CCL5(4-68) and N-terminally derived peptides

CCL5(4-68) and short peptides were synthesized by solid-
phase peptide synthesis (SPPS) on a P11 peptide synthesizer
(Activotec, Cambridge, UK) using fluorenylmethoxycarbo-
nyl (Fmoc) chemistry as previously described [30]. Briefly,
peptide Fmoc deprotection was performed with 20% piper-
idine in N-methyl-2-pyrrolidone (NMP) and the next amino

O. Larsen et al.

acid was activated with 0.45 M 2-1H-benzotriazol-1yl-
1,1,3,3-tetramethyluroniumhexafluorophosphate ~ (HBTU)
and 0.45 M 1-hydroxybenzotriazole (HOBt) in dimethylfor-
mamide (DMF). UV absorbance was monitored to ensure
adequate deprotection before each coupling step.

Purification of CCL5(4-68) and N-terminally
derived peptides

After synthesis, the completed chemokine was cleaved from
its resin using a solution consisting of 0.75 g crystalline
phenol, 0.5 mL thioanisole, 10 mL trifluoroacetic acid
(TFA), 0.25 mL 1,2-ethanedithiol and 0.25 mL ultrapure
water for 90 min while shaking. The chemokine was then
filtered from the resin and washed using diethyl ether. Pep-
tides were cleaved from resins in a solution of 0.125 mL
EDT, 0.125 mL ultrapure water and 4.75 mL TFA, and
they were filtered and washed in tert-butyl methyl ether.

The peptides were then purified using reversed-phase
high-performance liquid chromatography (RP-HPLC) with
a PepMap C18 column on a Waters 600 pump and Waters
600 controller (Milford, MA, USA). The peptides were
eluted by a gradient of 0 to 80% acetonitrile in 0.1% TFA,
under continuous monitoring by directing 2% of the eluate
to an electrospray ionization ion trap mass spectrometer.
CCL3(1-4) and CCL3(1-4)NH, were purified using
reversed-phase flash column chromatography and the pep-
tides were eluted by a gradient on 0-5% acetonitrile. Frac-
tions containing peptide with the correct relative molecular
mass were collected for future use, and CCL5(4-68) was
finally refolded in 1 M guanidium chloride, 0.3 mm reduced
glutathione, 3 mm oxidized glutathione, 3 mm ethylenedia-
minetetraacetic acid (EDTA) and 0.01% p-nitrophenyl-B-p-
glucuronide in 150 mm Tris (pH 8.6).

Proteins and reagents

Human CCL3(1-70), CCL5(1-68), CCL2 and CCLS8 were
bought from Peprotech (Neuilly-sur-Seine, France), and
CCL3(5-70) was from Biotechne RnD Systems (Minneapo-
lis, MN, USA). Chemicals for SPPS were from various sup-
pliers: acetonitrile, NMP and TFA were from Biosolve
(Valkenswaard, the Netherlands), HBTU from Activotec,
tert-butyl methyl ether from Honeywell (Riedel-de-Haén,
Seelze, Germany), diethyl ether, thioanisole, HOBt and
DMF from Acros Organics (Geels, Belgium) and crystalline
phenol and ethanedithiol from Merck KGaA (Darmstadt,
Germany).

Data analysis

All signaling data are presented as means + SEM of at least
three independent experiments performed in duplicate. ECs,
and efficacy of chemokines and peptides were determined by
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non-linear regression using GRAPHPAD PRISM software ver-
sion 9 (Graphpad Software, Boston, MA, USA). Compari-
sons were made by testing differences with one-way
ANOVA with Tukey’s multiple comparisons test.

Results

Chemokine N terminus-derived peptides display
low-potency specificity towards CCR1

To clarify the specificity that N termini may contribute
to MIP chemokines in an individual or subgroup-specific
manner, we performed parallel sequence alignments and
structural alignments (combinatorial extension align-
ment [31]) for 32 distinct chemokines with an experi-
mentally determined structure. Sequences that are
> 90% conserved were highlighted in a structural align-
ment, which revealed that highly conserved residues
(related to the classical chemokine fold) are buried,
while structural and chemical variation is found on
most of the chemokine surfaces (Fig. 1A, left align-
ment). When only the CC-chemokines are included in
the alignments, the conserved core region grows, and
the variable domains shrink (shown in cyan, Fig. 1A,
middle alignment). When only MIP chemokines are left
in the alignments (here including CCL3, CCL4, CCLS5,
CCL14, and CCL15, Fig. 1A, right alignment), struc-
tural variation is minimal, and conserved residues cover
most of the surfaces of the chemokines. We hypothe-
sized that the CS2:CRS2 interaction interface between
MIP chemokines and cognate receptors can define a
large share of the receptor specificity of single chemo-
kines, owing to its variability, protease targeting and
key receptor binding site. We therefore synthesized a
series of eight 3-10 residue peptides (Fig. 1B) directly
derived from the N-terminal sequences of potent MIP
(CCL3 and CCLS5) and MCP (CCL2 and CCLS) che-
mokines, including small peptides based on the CCL3
(1-4) and CCL5(1-3) sequences, which correspond to
the fragments that are removed during natural proteo-
lytic truncation of CCL3 and CCLS. In addition, three
peptides with a scrambled CCL3(1-4) or CCL3(1-10)
sequence were included as controls (Fig. 1B). To
improve stability and protect against degradation by
exoproteases, some peptides were N-terminally acety-
lated (Ac) or C-terminally amidated (-NH,) (Fig. 1B).
The MCP-derived peptides were synthesized with the
N-terminal pyroglutamic acid (pQ) which is typical for
these chemokines.

As chemokine receptors mainly signal via Gai activa-
tion, CCR1-expressing CHO cells were stimulated with
each peptide in a cCAMP BRET assay, with the most
potent chemokine form, CCL3(5-70) as a reference

CC-chemokine N-termini activate and modulate CCRs

agonist (—logECsg potency of 9.5 (0.32 nm)). This
revealed that CCR1 was amenable to stimulation with a
wide range of chemokine N-terminal sequences admin-
istered at 100 pm or 1 mm (Fig. 1C). CCL3(1-4), CCL3
(1-4)NH,, CCL3(1-10), Ac-CCL5(1-9) and CCLS8(1-
10) were all able to produce a significant Gai response
at 1 mm with efficacies ranging from 33% (CCL3(1-4)
NH,) to 60% (CCL3(1-4)) on CCR1; thus, neutralizing
the negatively charged C terminus of CCL3(1-4) by
amidation (NH,) did not improve agonist activity. In
contrast, the scrambled variations of the CCL3(1-4)
and CCL3(1-10) sequences did not produce a significant
response (Fig. 1D), demonstrating that the CCR1 acti-
vation was sequence dependent. Similarly, no significant
response was detected when using pcDNA-transfected
cells (Fig. 1E). Gai activity thus indicated that the che-
mokine core domain contributes with substantial CCR1
interactions (accounting for a million-fold potency
change) but is not strictly needed as a pre-binding step
before the CS2:CRS2 interaction can occur. In fact,
only the very short Ac-CCL5(1-3) variants and the
non-cognate CCL2(1-10)NH, sequences were unable to
produce a Gai response on CCR1, and thus its native
chemokine specificity was still evident on N-terminal
sequences. In some cases, the 10-fold lower concentra-
tion (100 pMm) also appeared to elicit a trend towards
activation, although not significantly. On the contrary,
CCRS was not amenable to peptide stimulation, as no
N-terminal sequence could produce significant Guai
activity at 1 mm (Fig. 1F). Similarly, no response was
observed in cells expressing CCR2 (Fig. 1G). Thus, cer-
tain peptide segments lacking a chemokine core domain
are able to activate CCR1 autonomously while no
response is detected on CCRS or CCR2, indicating a
fundamental difference in how chemokine N termini
interact with MIP/MCP responsive receptors.

Allosteric modulation of CCR5 by chemokine-
derived peptides

It is well known that N-terminal truncations of CCL3
and CCLS5 have a major impact on chemokine signals
and immune cell response and that these occur as
PTMs in nature [32]. Available experimental structures
of CCL:CCR complexes reveal that the distal N ter-
mini of CCL3 and CCLS follow different paths and
interact differently within CRS2 of the receptor
(Fig. 2A). Our comparison of full-length and truncated
CCL3(1-70 and 5-70) and CCL5(1-68 and 4-68) on
CCRS5 in the BRET-based Gai cAMP assay supports
this notion (Fig. 2B,C). MIP:CCRS5 signaling is
strongly influenced by the N-terminal 3—4 amino acids
of the chemokine, where CCL3 truncation is
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Fig. 2. Peptides as allosteric modulators of CCR5 signaling. (A) Orientation of the N termini of CCL3 (green), CCL5 (orange), and CCL2
(gray) in the context of a CCR (salmon) showing good overlap of the proximal segments (residues 6-9), but different paths for the distal
ends (residues 1-5) in CRS2. The distal S-L-A residues of CCL3 are highlighted with green dots/letters. The figure was created by superim-
posing the receptor component of PDB structures 7F1Q (CCL3:CCR5 complex), 7F1R (CCL5:CCR5 complex), 7XA3 (CCL2:CCR2 complex),
and 7VL9 (CCL15:CCR1 complex), and displaying the underlined components; TM6 and TM7 are removed for clarity. Note that the orienta-
tion of a specific CCL N terminus could vary for different CCRs. (B) Ga; cAMP dose-response curve (DR) of full-length CCL5(1-68) and trun-
cated CCL5(4-68) on CCR5. (C) Dose-response curve of full-length CCL3(1-70) and truncated CCL3(5-70) on CCR5. (D) Dose-response
curve of CCL5(1-68) alone or in the presence of Ac-CCL5(1-3) at 1 mm. (E) Dose-response curve of CCL5(4-68) alone or in the presence of
Ac-CCL5(1-3) at 1 mwm. (F) Dose-response curve of CCL5(1-68) alone or in the presence of CCL3(1-4) at 100 um. (G) Efficacy of 100 nm
chemokine (CCL3(1-70), CCL3(5-70), CCL5(1-68) or CCL5(4-68)) alone or in the presence of CCL3(1-4) or CCL3(1-4)-NH, at 1 mm. Data
are means + SEM of at least three experiments performed in duplicate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, where P-
values were determined using a one-way ANOVA test.

potentiating (indicating that the CCL3(1-4) segment
suppresses the CCL3 signal) and CCLS5 truncation is
inhibitory (indicating that the CCL5(1-3) sequence
bolsters the CCLS5 signal) (Fig. 2B,C). Furthermore,
we previously demonstrated that CCL3 truncation cre-
ates space for allosteric modulation by small metal ion
chelators [33,34]. We therefore tested the N-terminal
peptides for allosteric activity. The CCL5-derived pep-
tide Ac-CCL5(1-3), which corresponds to a CCLS

sequence that positively affects chemokine potency
(Fig. 2C), did not affect the potency or efficacy of full-
length CCL5 (Fig. 2D). Furthermore, Ac-CCL5(1-3)
did not rescue or otherwise alter the signal of trun-
cated CCL5(4-68) on CCRS5, although we expected
that the peptide and truncated chemokine might be
able to bind to CCRS simultaneously (Fig. 2E). How-
ever, when we combined full-length CCL5 with the
CCL3(1-4) peptide (100 um), the Gai signaling efficacy

3054 FEBS Letters 597 (2023) 3049-3060 © 2023 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U8017 SUOWILLOD 3A1TE81D) 3ot [dde 8Ly Aq peusenob afe saole YO ‘88N JO S9|NJ 10} Akeid18UIIUO /8|1 UO (SUONIPUOD-PUR-SLLIBY WO A8 | 1M AeIq 1 pUI|UO//SdNL) SUORIPUOD pue SWB | 34885 *[7202/T0/20] Uo ARiqiTauliu A(1m ‘eBpsimou| eoluyos | usied Aq 8./tT'89vE-E28T/200T OT/I0p/W0D" A8 |1 Afelq Ul U0'SCR)//:ScY WOy pepeo|umod ‘vz ‘SZ0Z ‘89VEEL8T


https://doi.org/10.2210/pdb7F1Q/pdb
https://doi.org/10.2210/pdb7F1R/pdb
https://doi.org/10.2210/pdb7XA3/pdb
https://doi.org/10.2210/pdb7VL9/pdb

O. Larsen et al.

was enhanced to 160% of the chemokine alone (P-
value of 0.0023, Fig. 2F). At this concentration, CCL3
(1-4) did not elicit signaling when applied alone on
any of the receptors tested (CCR1, CCR2 or CCRS,
Fig. 1C-G). In the presence of short peptides, the
baselines of the chemokine dose-response curves were
not affected, in line with the lack of intrinsic peptide
agonism on CCRS5 (Fig. 1F). We went on to test the
specificity of CCL3(1-4) (with or without C-terminal
amidation, to ensure that the introduction of a nega-
tive charge at the CCL3(1-4) C terminus was not
responsible for the outcome) as an allosteric modula-
tor of full-length CCLS, and found that this peptide
was in fact able to enhance the signaling of both
CCL3 and CCLS in both their full-length and trun-
cated forms, albeit 1 mm was required (Fig. 2G).
Notably, the CCL3(1-4) peptide corresponds to a
CCL3 segment that contributes by suppressing signal-
ing, since the full-length form of CCL3 is less potent
and efficacious than the truncated form. These findings
indicate that MIP chemokines on CCRS5 are particu-
larly receptive to positive allosteric modulation of
maximal efficacy without affecting chemokine potency.

The CCL3(1-4) peptide can produce an additive
effect with chemokines on CCR1

As several different N-terminal chemokine-derived
peptides could activate CCR1 at low potency
(Fig. 1C), we hypothesized that they also might be
able to interact with CCR1 simultaneously with a che-
mokine, depending on the space available in the recep-
tor. The N-terminally truncated CCL5(4-68)
displayed a particularly low potency on CCR1 com-
pared to full-length CCL5 (Fig. 3A) and compared to
its potency on CCRS5 (Fig. 2C). The corresponding pep-
tide fragment, Ac-CCL5(1-3), appeared to boost the
baseline of CCR1 signaling when used as an allosteric
modulator of full-length CCLS5, although we did not
observe a significant difference (Fig. 3B). When combin-
ing CCL3(1-4) (100 pm) and full-length CCLS, we
found that the peptide was not able to positively modu-
late the chemokine signal on CCR1 (Fig. 3C), as was
the case on CCRS (Fig. 2F). Instead, at 1 mm, the pep-
tide lifted the baseline of the dose-response curve
(Fig. 3C), owing to its intrinsic activity at this concen-
tration (Fig. 1C). On CCRI1, the CCL3 chemokine sig-
nal is both more potent and efficacious when N-
terminally truncated, i.e. without the CCL3(1-4)
sequence (Fig. 3D). In the presence of 1 mm CCL3(1-4)
and CCL3(1-4)NH,, we found that dose-response
curve baselines of full-length and truncated CCL3 were
shifted upwards, while the chemokine potency remained

CC-chemokine N-termini activate and modulate CCRs

unchanged (Fig. 3E,F). When compared to the trun-
cated CCL3(5-70), the full-length CCL3(1-70) and
CCL5(1-68) chemokines exhibited sub-maximal efficacy
at 100 nm (70% and 72%, respectively), but 100% effi-
cacy could be reached by an additive effect between
CCL3(1-4) and the full-length chemokines (Fig. 3G).
The efficacy of truncated chemokines, on the other
hand, could not be enhanced in the presence of CCL3
(1-4), which could perhaps indicate that CCL3(1-4)
cooperates with the N terminus of chemokines directly,
or that only the full-length chemokines induce a CCRI1
conformation that can simultaneously accommodate
CCL3(1-4). As such, CCL3(1-4) appears to be involved
in distinct mechanisms on CCR1 and CCRS, coopera-
tively signaling through CCR1 while only producing a
CCRS effect in the presence of chemokines, which
could be an opportune characteristic if applied to cells
expressing both receptors simultaneously.

Discussion

With this study, we show that CCR1 and CCR5 can
be distinguished by the role they assign to peptides
derived from chemokine N termini. We suggest that
CCRI relies on the chemokine core domains for bind-
ing affinity and chemokine N termini to regulate acti-
vation, while CCRS5 instead responds to the chemokine
as a whole for binding and activation. Furthermore,
we propose that this is proof-of-concept that drugs
can be optimized to mimic the CCL3(1-4) sequence,
which would allow them to enhance MIP chemokine
signaling in a manner dependent on local tissue expres-
sion of CCR1 and CCRS5, as well as MIP chemokine
truncations.

Many inflammatory chemokines, such as CCL3 and
CCL5, interact promiscuously with the receptors
CCR1 and CCRS5, and they are therefore difficult to
control pharmacologically. It is currently a topic of
discussion if the chemokine ensemble recognizing each
receptor serves as “backups” for each other (i.e. are
redundant), or if differences in signaling bias, post-
translational modifications or local tissue concentra-
tions allow receptor-expressing cells to distinguish and
respond differently to each chemokine [35,36].

In particular, the tissue expression and specificity of
chemokines must be better understood to improve suc-
cess in attempts to block pathological chemokine sig-
nals. Most of the chemokines activating CCR1 and
CCRS are expressed on the MIP gene cluster (CCL3, -4,
-5, -14, -15, -16 and -23) and are widely reported to
exhibit signaling bias, as well as differential tissue diffu-
sion due to specific affinities within the extracellular
matrix (ECM) [37-39]. Since CCR1 and CCRS5 are
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Fig. 3. Peptides with an additive effect on MIP:CCR1 signaling. (A) Go; cAMP dose-response curve (DR) of full-length CCL5(1-68) and trun-
cated CCL5(4-68) on CCR1. (B) Dose-response curve of CCL5(1-68) alone or in the presence of Ac-CCL5(1-3) at 1 mm. (C) Dose-response
curve of CCL5(1-68) alone or in the presence of CCL3(1-4) at 100 pum or T mm. (D) Dose-response curve of full-length CCL3(1-70) and trun-
cated CCL3(5-70) on CCR1. (E) Dose-response curve of CCL3(1-70) alone or in the presence of CCL3(1-4) at 100 um or 1 mm. (F) Dose-
response curve of CCL3(5-70) alone or in the presence of CCL3(1-4) at 100 um or 1 mm. (G) Efficacy of 100 nm chemokine (CCL3(1-70),
CCL3(5-70), CCL5(1-68) or CCL5(4-68)) alone or in the presence of CCL3 (1-4) or CCL3(1-4)-NH, at 1 mm. Data are means + SEM of at
least 3 experiments performed in duplicate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, where P-values were determined using a
one-way ANOVA test.

co-expressed at several stages of differentiation and expression is upregulated by many peripheral tissues

polarization on human monocytes, macrophages, eosin- and mature hematopoietic cells upon stimulation with
ophils, and neutrophils [13,14,40], it is evident that they pro-inflammatory cytokines, lipopolysaccharide (LPS)
can both compete and cooperate for immune -cell and virus protein [41].

responses. CCL3 and CCLS5 represent two of the most We have previously shown that MIP chemokines
potent chemokines for CCRI and CCRS5, and share structure and sequence segments at the 30s-loop
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that are essential for the interaction with an aromatic
residue cluster on CCR1 and CCRS5, which connects
TM4, TM5, and ECL2 [28]. This interaction represents
a pharmacologically accessible, shared signaling
domain on CCRI1 and CCRS needed for recognition
by the core domains of MIP chemokines such as
CCL3 and CCLS. Importantly, other CCRI1 and
CCRS cognate chemokines from the Monocyte Che-
moattractant Protein (MCP) group, such as CCL7 and
CCLS8, do not depend on the aromatic cluster on
CCRI1 and CCRS5, and thus pathologies involving MIP
chemokines can conceivably be targeted without inter-
fering with the normal functions of the MCP
chemokines.

In contrast, the receptor aromatic cluster was sensi-
tive to chemokine N-terminal truncations, but the
influence of the chemokine N terminus is defined by
each specific chemokine:receptor match [28]. This
agreed with the notion that the receptor transmem-
brane pocket is sensitive to ligand stimulation, but also
implied that this interaction interface can be very spe-
cific to each chemokine:receptor pair. In this study, we
used combinatorial extension alignment of > 30 che-
mokine structures combined with multiple sequence
alignments to illustrate that the N terminus is perhaps
the most important distinction between MIP chemo-
kines (see Fig. 1A). Consequently, targeting the che-
mokine N-terminal interaction site may also be the
most promising opportunity to interfere with patholog-
ical signals arising from only a single MIP chemokine.

In this study, we moreover show that there is not only
a distinction between the MIP chemokine N termini that
interact with the receptor transmembrane pocket, but
also a systematic difference in how CCR1 and CCRS5
read these N termini. CCRI1 could be activated by
sequences from all cognate chemokine N termini, with
the exception of the short Ac-CCL5(1-3) peptides, indi-
cating that transmembrane pocket interactions domi-
nate CCRI1 activation by chemokines (see Fig. 1C). This
finding is corroborated by the reported conversion of
some chemokines into CCR1 antagonists by N-terminal
truncation [23]. In fact, even a chimeric chemokine that
combined the CCL3 N terminus and the CCLS5 core
domain was unable to activate CCR1 [42].

CCRS5 appears to recognize chemokine N termini in
the transmembrane pocket differently from CCRI1. As
we previously described, an important interplay exists
between the MIP chemokine core domain and the N
terminus via the CCRS5 aromatic cluster [28]. CCL3
cannot signal through CCRS if mutations have been
made in the aromatic cluster, but will still bind to the
receptor, as long as the chemokine N terminus remains
intact. Since truncated MIP chemokines can still

CC-chemokine N-termini activate and modulate CCRs

activate CCRS5, the chemokine N terminus may rather
serve to “regulate” signals originating from other parts
of the chemokine [29]. This may be why one short
peptide, CCL3(1-4), was able to act as an agonist of
CCRI and allosteric modulator of CCRS5 at the same
time and could inspire development of drugs that
retain these properties.

The natural processing of CCL3 and CCLS5 by
CD26 and cathepsins is a mechanism that regulates
the balance between CCR1 and CCRS signaling, which
affects the immune cell composition that is attracted
to sites of inflammation. We have previously reported
that it is possible to specifically target truncated CCL3
variants for allosteric modulation in CCR1 and
CCRS5, using divalent metal ion chelators that bind
deep in the transmembrane receptor pocket as agonists
while simultaneously enhancing specific binding of
CCL3(5-70) by 3-5-fold to both receptors [33,34,43].
By increasing the size of the chelator from a bipyridine
to a terpyridine, the chelator compound becomes spe-
cific to enhance only truncated chemokine binding to
CCRS, and further enlargements of the compounds
completely precluded allosteric action, whereas the
intrinsic agonistic activity was retained. In contrast,
allosteric modulation by the CCL3(1-4) peptide did
not require truncation of CCL3 or CCLS3, and further-
more did not act as an intrinsic agonist on CCRS5,
meaning that it would theoretically be able to boost
only endogenous CCRS5 signaling in immune settings.

The chelator compounds coordinate Zn(II) binding
to the important activation cascade residue Glu’~’
found in both CCRI1 and CCRS5 and depend on this
residue for intrinsic signaling and enhancement of che-
mokine binding. The recent cryo-EM structures of
CCRS5 reveal that CCL3 and CCLS also interact with
Glu”*, but only CCL5 significantly depends on this
residue for signaling, which may explain why the
CCL3(1-4) peptide acts as a neutral allosteric modula-
tor on CCRS [43,44].

Pharmaceuticals that target CCR1 and CCRS have
been in development for decades and have yielded use-
ful compounds that mainly target the receptor trans-
membrane pockets [45,46]. Synthetic compounds have
chiefly displayed antagonism by direct blocking of
larger ligands, or agonism by coupling to activity con-
straining or signal transmission residues found in the
receptor pockets. The main alternative group of artifi-
cial ligands are N-terminally modified CCL5 variants,
displaying high affinity/potency combined with an
extensive range of properties, such as aminooxypen-
tane (AOP)-RANTES (CCR5-specific cell surface
down-regulation), [4P6]JRANTES (an agonist with
modified signaling profile) and [SP7]RANTES (a
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potent CCRS5 antagonist) [47-50]. With this study, we
suggest that if small peptides are developed for greater
potency, half-life and CCRS5-selectivity, they could be
useful as “silent” allosteric drugs that only produce an
effect when the endogenous chemokine is naturally
present. Indeed, N-terminal chemokine-derived pep-
tides are unlikely to display significant GAG binding
properties, are not intrinsic CCRS agonists, and would
thus not elicit systemic immune effects in vivo unless a
chemokine gradient is already present. This, obviously,
hinges on developing such peptides further, so that
CCRI1, being more sensitive to chemokine N-terminal
activation, is not activated inadvertently.
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