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Chemokines orchestrate leukocyte trafficking and function in health and disease. Heterophilic interactions between
chemokines in a given microenvironment may amplify, inhibit, or modulate their activity; however, a systematic
evaluation of the chemokine interactome has not been performed. We used immunoligand blotting and surface
plasmon resonance to obtain a comprehensive map of chemokine-chemokine interactions and to confirm their
specificity. Structure-function analyses revealed that chemokine activity can be enhanced by CC-type heterodimers
but inhibited by CXC-type heterodimers. Functional synergism was achieved through receptor heteromerization
induced by CCL5-CCL17 or receptor retention at the cell surface via auxiliary proteoglycan binding of CCL5-CXCL4.
In contrast, inhibitory activity relied on conformational changes (in CXCL12), affecting receptor signaling. Obligate
CC-type heterodimers showed high efficacy and potency and drove acute lung injury and atherosclerosis, processes
abrogated by specific CCL5-derived peptide inhibitors or knock-in of an interaction-deficient CXCL4 variant. Ather-
oprotective effects of CCL17 deficiency were phenocopied by a CCL5-derived peptide disrupting CCL5-CCL17 het-
erodimers, whereas a CCL5 a-helix peptide mimicked inhibitory effects on CXCL12-driven platelet aggregation.
Thus, formation of specific chemokine heterodimers differentially dictates functional activity and can be exploited
for therapeutic targeting.

INTRODUCTION
Chemokines regulate leukocyte activation and coordinate their
trafficking to sites of inflammation or during immune surveillance.
The G protein–coupled receptor (GPCR) binding and function of
chemokines are governed by their interaction with cell surface pro-
teoglycans, oligomer formation, naturally occurring antagonists, and
proteolytic processing (1, 2). Recent studies unveiled that hetero-
meric interactions between chemokines modify their biological activ-
ities and provide structural insight into underlying mechanisms.
Consequently, we hypothesized that a functional chemokine interac-
tome composed of pairwise heteromeric interactions could inform
how signals conferred by individual chemokines can be integrated
to control leukocyte responses (3, 4).

Many chemokines form homodimers or oligomers based on two
modes to support interfaces: CC-type or CXC-type (5). Dimerization
in a CC-type occurs via interaction of the flexible N termini to form
a two-stranded antiparallel b-sheet, whereas in a CXC-type, chemo-
kines interact by antiparallel extension of preformed b-strands (5). In
addition, their structural similarity allows chemokines to form
unique heterodimers to shape the overall signaling response of their

receptors, and homo- and heteromerization of some chemokines are
linked to glycosaminoglycan (GAG) binding (4–7). Molecular dy-
namics simulation (MDS) for selected chemokine homo- and het-
erodimer pairs predicts that association of free energies depend
upon the particular chemokine combination and dimer-type (CC or
CXC), some of which are energetically favored over others (8). MDS
suggests that CC chemokines preferably engage in CC-type interac-
tions and that CXC chemokines favor a CXC-type, whereas both in-
teractions can occur in mixed CC-CXC heteromers. Preferred modes
of interaction have been validated experimentally for some chemokine
pairs but have not been extensively explored or linked to differential
functions. Nuclear magnetic resonance (NMR) analyses revealed that
CC chemokine receptor 2 (CCR2) ligands form CC-type heteromers
and that CCL5 forms a mixed CC-type heteromer with the CXC che-
mokine CXCL4 (6, 7). The CXC-type heterodimer CXCL4-CXCL8 in-
hibits CXCL8-mediated endothelial cell activation and proliferation,
binding CXCR2 less strongly than CXCL8 alone (9, 10). Peptide-
mediated disruption of the CCL5-CXCL4 heteromer revealed that this
interaction enhances CCL5-mediated leukocyte recruitment, acute lung
injury, and atherosclerosis in mouse models (7, 11); however, other het-
eromers have not been evaluated in disease models.

Among the interactions between platelet-derived chemokines iden-
tified by mass spectrometry, MDS revealed that CXCL4 can undergo
conformational changes to align its a-helix with that of CXCL12 to
form a CXC-type dimer (12). Without providing clues toward the type
of interaction, screening for synergistic effects on leukocytes showed
that combinations of CCR7 agonists with some nonagonist chemo-
kines led to formation of heteromers that enhance T cell migration
and CCR2 ligand activity in monocytes (13, 14). Such evidence of
functional synergy implied that heteromers may act as amplifiers in
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chemokine-rich tissues; however, a systematic and in-depth ap-
proach to map interactions between chemokines and to verify their
functional specificity has not been undertaken. Here, we have
established the chemokine interactome comprising all heterophilic
chemokine-chemokine interactions. We further show that CC-type
heterodimers mediate functional synergism, whereas CXC-type
heterodimers cause inhibitory effects, both of which can be targeted
by specific peptides in models of inflammation and atherosclerosis.

RESULTS
Mapping the chemokine interactome
Unbiased bidirectional immunoblot chemokine screening, in which
one partner was immobilized on a nitrocellulose membrane and
the other remained in solution (fig. S1), identified heteromeric inter-
actions between pairwise combinations of all known human chemo-
kines. Interactions were considered positive when they exceeded a
densitometry threshold of 5% (on average) relative to positive
controls in either direction (Fig. 1A and table S1). The full interac-
tome matrix revealed hotspots of heteromeric interactions (mostly for
inflammatory pairs) and large areas devoid of interactions (Fig. 1A).
Neither CC chemokines that adopt unusual polymeric or unique
monomer states (CCL3, CCL4, and CCL18) (15, 16) nor trans-
membrane chemokines (CX3CL1 and CXCL16) formed heteromers.
With the exception of CCR7 ligands, only a few nonmucosal homeo-
static chemokines or plasma chemokines activated by N-terminal
cleavage (1) engaged in interactions.

In pursuit of disease-specific therapeutic targets, we focused on
chemokines involved in atherosclerosis. CCL2 interacted with
CCL5, CXCL8, and other CCR2 ligands (Fig. 1A). The atherogenic
CCR1/3/5 agonist CCL5 was the most promiscuous chemokine,
forming heteromers with 24 partners (Fig. 1A). Various CXCR2
and CXCR3 ligands (2) interacted with each other and with CCL2,
CCL5, or CCL11. We did not consider CCR7 ligands because of their
inconclusive role in atherosclerosis models (17). The atypical chemo-
kine CXCL4 interacted with CXCL12 and many atherogenic chemo-
kines. CXCL4L1, a CXCL4 variant that differs at three C-terminal
residues (18, 19), primarily interacted with CCL19/21/25/27 and
CXCL12 but not with CCL5, thus displaying a more homeostatic
profile. An explanation as to why CXCL4L1 does not interact with
CCL5 is that the changes in the C-terminal helix lead to a larger angle
formed with the central b-sheet and exposure of residues within the
core that are usually covered by the helix (19). Because heterodimer
formation of CCL5-CXCL4 requires residues from the b-sheet of
CXCL4 (7), this alteration may critically interfere with the binding
of CCL5.

The multiple interactions observed for CCL5 and CXCL4 were val-
idated by surface plasmon resonance (SPR), which also confirmed the
interactions of atheroprotective CXCL12 with CCL5 or CXCL4 and a
more selective interaction pattern of CCL17 (Fig. 1, B to E). Thresh-
olds for SPR and densitometry were defined so as to minimize the
number of nonvalidated interactions. In addition to observing positive
signals in ligand blots and/or in previous assays, interactions were
considered bona fide when they passed these thresholds or had good
affinity [dissociation constant (Kd) < 10−6 M] despite subthreshold
SPR responses (Fig. 1, A to E, and table S2).

To elaborate interactions of interest, we performed kinetics
analyses, for example, using native CCL5 and CCL5E66S (to obtain
equilibrium binding at higher concentrations) on CCL17-conjugated

chips (fig. S2). Equilibrium Kds revealed that CCL5 and CCL5E66S

had equivalent affinity for CCL17 and CXCL4 (Kd < 10−8 M), inter-
mediate affinity for CCL2 and CXCL7 (Kd < 10−7 M), and lower
affinity for CXCL12 (table S2). The affinities of CCL5 for CXCL4,
CXCL4K50E, and the CXCL4R>Q mutant with abolished heparin bind-
ing (20) were moderately reduced or similar, whereas CXCL4L1 did
not bind CCL5 but retained affinity for CXCL12. Conversely, CCL5
and the mutant CCL5E66S had high affinity for CXCL4, whereas mu-
tation of the basic BBXB cluster (CCL544AANA47) or E26 (CCL5E26A)
resulted in no or impaired binding, identifying residues critical for the
interaction. CCL5 and CCL5E66S showed similar affinities for CCL17
and CXCL12. Monomeric CCL5MT7 (N-methylated T7) did not bind
CXCL4 and bound CCL17 with 17-fold lower affinity, consistent with
a role of the CCL5 N terminus in CC-type interactions. CCL5E26A but
not CCL544AANA47 had high affinity for CCL17, implying a specific role
of E26 in binding to CXCL4, with the BBXB motif also involved in
binding to CCL17.

Formation of different types of chemokine heterodimers
We focused our NMR structural studies on CCL5 and partners selected
for their range of interactions and inflammatory relevance. To avoid
higher-order aggregation (21) and poor spectral characteristics of na-
tive CCL5 (22), we used CCL5E66S. The CXCL4K50E mutant was ap-
plied to attenuate CXCL4 tetramer formation and to allay concerns
about broadening of NMR spectra due to chemical exchange (23).
Heteronuclear single-quantum coherence (HSQC) with 15N-enriched
CCL5E66S is exemplified by CXCL4K50E and CCL17 (Fig. 2, A and
B; see full spectra in fig. S3). Substantial resonance broadening and
minimal chemical shift (Dd) changes indicated heteromeric interac-
tions in the intermediate exchange regime. Changes in resonance in-
tensity (Dintensity) and Dd of the CCL5E66S monomer were plotted
versus its sequence (Fig. 2, C to F). Because CCL5E66S dimer reso-
nances were much less perturbed (fig. S4, A to D), we concluded that
heteromeric interactions with CCL5E66S occur between monomers
and not dimers. This was supported by comparing Dd and Dintensity
changes for native CXCL4 interactions with monomeric and dimeric
CCL5E66S (fig. S4, E to H) and for CXCL4K50E interactions with
15N-enriched wild-type CCL5 at low concentrations (fig. S5). Relative
amounts of heterodimer depend on the presence of various homooli-
gomer states and their respective equilibrium constants. Nevertheless,
our subsequent results with the obligate CCL5MT7 monomer and the
noninteracting CXCL4L1 variant that show a lack of functional syn-
ergy make off-target effects and altered monomer activity unlikely.
Moderate changes in Dd and homodimers suggest that NMR-deduced
binding constants for the heterodimer are higher than those obtained
by SPR. Such differences in the affinity range between NMR and SPR
are to be expected, primarily because NMR studies require the use of
lower pH values and higher protein concentrations than those present
under physiological conditions that are better mimicked by SPR using
surface-immobilized binding partners.

The type of heterodimer formed (CC or CXC) was elucidated by
analyzing spectral changes (Dd and Dintensity). The most perturbed
CCL5E66S monomer resonances belong to residues (7 to 14, 30 to 33,
and 47 to 50) involved in CC-type dimers (Fig. 2, C to F, and fig. S4, E
and F). In both heteropairs, residues 7 to 11 at the primary CC-type
dimer interface displayed relatively large changes. In CCL5E66S, resi-
dues 47 to 50 (corresponding to b-strand 3) were more perturbed by
interactions with CCL17, whereas residues 30 to 33 were more affect-
ed by interactions with CXCL4K50E or CXCL4. As compared to CCL17,
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smaller spectral effects for CXCL4 indicate
slightly weaker interactions with CCL5E66S,
confirming that heterodimer stability de-
pends on residue composition and subunit
orientation at the interface (8). Although
the coexistence of monomeric, homooligo-
meric, and heterodimeric conformations
and formation of both heterodimer types
may occur with varying molar ratios (fig.
S6), these two chemokine pairs prefer to
form CC-type heterodimers (Fig. 2, G
and H).

As evidenced by CCL5E66S-induced
15N-CXCL12 spectral changes that reflect
intermediate exchange, CXCL12 and
CCL5 also form heterodimers (fig. S7,
A and B). The most perturbed 15N-
CXCL12 resonances belong to residues
in b-strand 1 and the C-terminal helix,
which are involved in the CXC-type di-
mer interface. Combining 15N-CCL5E66S

and unlabeled CXCL12 was also indica-
tive of an interaction but inconclusive in
terms of heterodimer-type formed (fig.
S7, C and D). Other chemokines, for ex-
ample, CXCL10, induced relatively nonspecific and moderate spectral
changes that are likely attributable to their propensity for homoaggre-
gation, as seen for CXCL10 tetramers (24), and increased viscosity at

higher concentrations (fig. S7E). Weighted averaging of Dintensity
changes and MDS-based in silico modeling supported the idea that
CXCL12 prefers to form CXC-type interactions with CCL5 and
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Fig. 1. Mapping of the chemokine interac-
tome. (A) Chemokine-chemokine interactions
were detected by bidirectional immunoligand
blotting. Known atherogenic chemokines are
highlighted in orange, and nonmucosal homeo-
static chemokines are shaded in gray. No inter-
action for nonmucosal homeostatic chemokines
(gray square) or all other chemokines (white
square) is shown. Black squares indicate that an-
tibody binding indistinguishably detects both
immobilized and soluble (complexed) chemo-
kine. Chemokine interactions were considered
positive (blue) if the densitometric signal ex-
ceeded that of the positive control by 5% (on
average) on either side of the blot (n = 2 to 4
independent experiments). Chemokine interac-
tions previously identified and experimentally
confirmed by other techniques are indicated in
dark blue. (B to E) Binding of soluble chemo-
kines (100 nM) to immobilized CCL5 (B), CXCL4
(C), CXCL12 (D), and CCL17 (E) was assessed by
SPR. Mass equivalent response units (RU) were
compared after the association phase. SPR
thresholds (as indicated by dotted lines) opti-
mally delineating binders (black bars) and non-
binders (white bars) were based on median
values derived from all tested interactions of
CCL5, CXCL4, and CXCL12 (B to D) or were set
at 300 RU by interpolation with immunoblotting
for CCL17. Data represent means ± SEM (n = 3 to
5 independent experiments).
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Fig. 2. Characterization of chemokine interactions by NMR spectroscopy. (A to F) 1H-15N HSQC spectra were acquired with 128 scans per transient and sweep widths
of 16 parts per million (ppm) in the 1H (2000 points) dimension and 22 ppm in the 15N (200 points) dimension. Expansions are shown for 15N-CCL5E66S, either alone (red) or
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CXCL4, whereas CCL2, CCL17, and CXCL4 favor formation of
CC-type heterodimers with CCL5 (table S3).

To exploit our structural models for the design of peptide-based
inhibitors, we generated CCL5-derived peptides (CKEY, CAN and
VREY), which form part of the heterodimer interfaces with CXCL4,
CCL17, and CXCL12, respectively (table S4). Modeled CCL5-CCL17
(CC-type) and CCL5-CXCL12 (CXC-type) heterodimers are illus-
trated in fig. S8 (A and B). Cyclic CKEY, containing N-loop and
b-sheet 2 with residues K25 to R44 (7), reversed CXCL4-induced
changes in Dd and broadening of 15N-CCL5E66S monomer, but not
homodimer, resonances (fig. S9, A and B). Cyclic CAN comprising
CCL5 b-sheet 3 (residues K33 to N52) interacted with CCL17 (fig.
S10) and partially reversed CCL17-induced changes in Dd and broad-
ening of 15N-CCL5E66S monomer resonances (fig. S11, A and B). Per-
turbations at the binding interfaces reflect a specific disruption of both
CC-type heterodimers. Linear VREY (a-helix residues E54 to S68)
mimicked heterodimer interactions of CCL5 with 15N-CXCL12 as sim-
ilar resonances at the dimer interface were chemically shifted. To improve
solubility and conformational stability (25), we generated a four-helix
template-assembled synthetic protein (TASP) version of VREY ([VREY]4;
fig. S12A). Changes in Dd and a structural perturbation plot (fig. S12, B
to D) indicated that [VREY]4 interacts with 15N-CXCL12 and attenu-
ates its homo- or heterodimer state, as evidenced by relevant shifts at
the interface (fig. S12E).

We validated these findings using SPR, where CKEY inhibited the
interaction of CCL5 with CXCL4 but not with CCL17 or CXCL12;
this effect was abrogated in the variant CKEYRE by substitutions at
key residues R44 and E26, crucial for heterodimerization (table S5).
Conversely, CAN inhibited the interaction of CCL5 with CCL17 but
not with CXCL4 or CXCL12, whereas the N-terminal peptide CCL51−33

blocked both CC-type interactions of CCL5 with CXCL4 or CCL17 (ta-
ble S5). Finally, [VREY]4 competed with CCL5 for binding to CXCL12
but not to CCL17 or CXCL4 (table S5). These data suggest that chemo-
kine heterodimers can be specifically disrupted by peptides to target
their activity.

Differential function and disruption of heterodimers
To assess the functional effects of chemokine heterodimers, we studied
chemotaxis of activated humanT cells, which display a large chemokine-
receptor repertoire (fig. S13A) and differentially respond to various
chemokines (fig. S13, B to G). Whereas CCL5 plus CCL17 or CXCL4
(CC-type), but not interaction-deficient CXCL4L1, acted synergisti-
cally to enhance chemotaxis (Fig. 3, A toD, and fig. S14, A to C), com-
bination with CCL5, CXCL4, or CXCL4L1 (CXC-type) inhibited
CXCL12-induced chemotaxis (fig. S14, D to F). Consistent with a lack
of specific interactions, CCL5 plus CCL3 or CXCL10 resulted in func-
tionally neutral, that is, neither synergistic nor inhibitory, effects (fig.
S14, G and H). Furthermore, combinations preferentially forming CC-
type heterodimers (CCL5 plus CXCL4, CCL2, or CCL17) acted syner-
gistically to increase monocyte and/or T cell arrest (Fig. 3, E and F, and
fig. S15A). By contrast, combinations forming CXC-type heterodimers,
such as CXCL4 and CXCL8 or CCL5 and CXCL12, exerted inhibitory
or less than additive effects (fig. S15, B andC). Overall, different types of
heterodimeric interactions can have opposite functional consequences,
namely, all CC-type interactions identified and functionally tested were
synergistic, whereas all CXC-type interactions identified and function-
ally tested were inhibitory.

In the chemotactic dose-response curve, a left shift demonstrated
that CCL5 increased the potency of CCL17 (Fig. 3A), indicating

increased affinity or receptor heteromerization. Synergistic effects of
CCL5-CCL17 involved both the CCL17 receptor (CCR4) and CCL5
receptors (CCR1 or CCR5), as shown by inhibition with the CCR4
antagonist C021 and the CCL5 receptor antagonist Met-RANTES
(fig. S15D). By contrast, CXCL4 increased the efficacy of CCL5 over
the entire dose range (Fig. 3B). This effect was blocked by Met-
RANTES but not by an antibody to the low-affinity CXCL4 receptor
CXCR3 (fig. S15E). These data imply that different modes of synergy
(affecting potency or efficacy) occur through distinct mechanisms.

Notably, monomeric CCL5MT7 did not form strong heterodimers or
support functional synergy with CCL17 or CXCL4, whereas the N-
terminal peptide CCL51−33 blocked synergistic effects of CCL5 with
CXCL4, CCL17, or CCL2, indicating that N-terminal motifs are required
for CC-type heterodimer formation and activity (Fig. 3, C, D, G, and H).
Consistent with SPR results, CKEY but not CKEYRE specifically
inhibited CCL5-CXCL4 synergy, and CAN specifically inhibited
CCL5-CCL17 (Fig. 3, C, D, G, and H, and fig. S15, F and G). Peptide
targeting of heterodimer interfaces encompassing b-strands 2 or 3
with adjacent loops thus confers specificity for functional inhibition.
Mimicking the effects of CCL5, [VREY]4 but not the other peptides
inhibited CXCL12 activity in chemotaxis and arrest (fig. S15, C and H).
Along with our NMR data, this indicates that CCL5 and [VREY]4

induce structural changes in the CXCL12 dimer, thereby inhibiting
CXCL12 activity.

On the basis of modeling (Fig. 2G), we generated a covalently
linked CC-type CXCL4-CCL5 heterodimer termed OPRAH (obli-
gate PF4-RANTES heterodimer; Fig. 3I) by introducing an oxime
linker between N-terminal residues of CCL5 (T7) and CXCL4 (L8).
The efficacy and potency of OPRAH in triggering monocyte arrest
and T cell chemotaxis were greater than those of CCL5 alone or in
combination with CXCL4 at concentrations favoring heterodimer
formation (Fig. 3J and fig. S15I). By contrast, OPRAH with the N
termini tethered at the first residues (nOPRAH) failed to enhance
function (Fig. 3J), showing an importance of freely available N ter-
mini. CKEY did not inhibit the effects of OPRAH (Fig. 3K). An
obligate CCL5-CCL17 heterodimer, ORATH (obligate RANTES
TARC heterodimer), induced T cell arrest with higher potency
and efficacy than CCL5 and CCL17 combined (fig. S15J), establish-
ing that heterodimers are responsible for the synergistic effects.

To address underlying mechanisms for synergy, we used an in situ
proximity ligation assay (26) reporting protein interactions that detect
the presence of CCL5-CCL17 heterodimers formed on activated en-
dothelial cells after incubation with both chemokines or with Met-
RANTES (fig. S16, A and B). Endogenous heterodimers could be
detected in mouse lymph nodes (fig. S16, C and D). In dendritic cells
(DCs), which express both CCR4 and CCR5, CCL5-CCL17 heterodi-
mers assembled on the cell surface when adding both chemokines,
whereas CCR4-CCR5 complexes were constitutively present (Fig. 4A).
The increase in CCL5-CCL17 heterodimers was inhibited by CAN
(Fig. 4B), revealing that heterodimers can be disrupted by peptides
in a cellular context. Notably, the number of CCR4-CCR5 complexes
was increased by combining CCL5 and CCL17 but not by either alone
(Fig. 4C), as were ligand-receptor cross-interactions (fig. S17, A to D).
This effect was impaired by CAN, thus being mediated by CCL5-
CCL17 heterodimers, and disrupted by CCR5-derived peptides
spanning transmembrane 1 and 4 motifs (Fig. 4C), as seen for
CCR5 homodimers (27). Peptide-based disruption of CCL5-CCL17
or CCR5-CCR4 impeded synergy in T cell chemotaxis (Fig. 4D and
fig. S17E), substantiating a role of ligand-induced receptor heteromer
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complexes. Binding competition assays revealed that the affinity of
CCL17 for CCR4 was higher when adding CCL5 but not CXCL1, to
promote heterodimer formation (Fig. 4E and fig. S17F). To test whether
CCL5-CCL17 can elicit receptor heteromer activity distinct from its
monomers, we used GloSensor transfectants expressing CCR4 or
CCR4 and CCR5 to assess cyclic adenosine monophosphate (cAMP)
signaling. Our data show that CCR4 and CCR5 together mediate the
synergistic effects of CCL5-CCL17 on Gi-mediated inhibition of cAMP
formation (fig. S17G). In contrast, transfectants expressing CCR1 only

efficiently responded to OPRAH (fig. S18A). As for a combination of
CCL2 and CCL5 favoring CCR2-CCR5 heterodimerization to enhance
cell arrest (28), phosphatidylinositol 3-kinase signaling was also ad-
dressed by CCR4-CCR5 heteromers, in that combining CCL5 and
CCL17 induced its sustained activation (fig. S18, B and C).

To identify mechanisms underlying CXCL4-mediated synergy,
we used the GAG binding–impaired mutant CXCL4R>Q, which forms
heterodimers with CCL5 (table S2). This mutant did not enhance
CCL5-induced monocyte arrest, suggesting that GAG binding through
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Fig. 3. Differential function and specific inhibition of chemokine combinations. (A to D) Transwell filter chemotaxis assays were performed using interleukin-2
(IL-2)–activated and CD3/C28-activated human T cells. The chemotactic index was determined as the ratio of chemokine-induced versus unstimulated migration by
counting the cells in the bottom chamber. Combinations of CCL5 (1 nM) plus CCL17 at the indicated concentrations (n = 7) (A), CXCL4 (4 nM) plus CCL5 at the indicated
concentrations (B) (n = 6), CCL5 or CCL5MT7 (both 1 nM) plus CCL17 (0.1 nM; n = 9) (C), and CCL5 plus CXCL4 (both 4 nM) or obligate platelet factor 4 (PF4)–RANTES
heterodimer (OPRAH; 0.4 nM) (n = 6) (D) were added to the bottom chamber. The CCL5 peptides CCL51−33 (N-terminal), CAN (CCL5-CCL17 interface), and CKEY (CCL5-
CXCL4 interface) were added at 10-fold molar excess. (E to K) Isolated human blood monocytes were perfused over IL-1b–activated human aortic endothelial cells (HAoECs)
preincubated with chemokines, and numbers of adherent cells per high-power field (HPF) were counted. HAoECs were incubated with CCL5 and/or CXCL4 (40 nM each) (E and
G) and with CCL5 and/or CCL2 (4 nM each; n = 17) (F and H). Dashed lines indicate virtually calculated additive effects. Monocytes were preincubated with the CCL5 receptor
antagonist Met-RANTES (Met-R; 40 nM), and CCL51−33, CKEY, or CAN (40 nM each) was combined with CCL5 plus CXCL4 (G) or CCL5 plus CCL2 (H) for pretreating HAoECs (n =
3). (I) Energy-minimized structure model depicting the CC-type interaction of CCL5 (gray) and CXCL4 (blue) trapped via a covalent oxime linkage (magenta), yielding an
obligate PF4-RANTES heterodimer (OPRAH). (J) HAoECs were pretreated with the indicated concentrations of CCL5 plus CXCL4 fixed at 4 nM (CCL5 + CXCL4f), indicated
concentrations of CXCL4 plus CCL5 fixed at 4 nM (CXCL4 + CCL5f), or indicated concentrations of OPRAH or nOPRAH (N-terminally tethered OPRAH) (n = 3 to 6). (K) HAoECs
were pretreated with CCL5 plus CXCL4 or OPRAH (all 4 nM) with or without CKEY (40 nM; n = 5). Data represent means ± SEM from the indicated numbers of independent
experiments. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 versus chemokine combinations (cyan), as analyzed by one-way analysis of variance (ANOVA) (C, E, and F) or Kruskal-Wallis test
(D, G, H, and K).

S C I ENCE TRANS LAT IONAL MED I C I N E | R E S EARCH ART I C L E

von Hundelshausen et al., Sci. Transl. Med. 9, eaah6650 (2017) 5 April 2017 6 of 14

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of M

aastricht on D
ecem

ber 22, 2021



CXCL4 may improve presentation of CCL5 to its arrest-triggering re-
ceptors (Fig. 4F). CXCL4 but not CXCL4R>Q increased surface binding
of CCL5 to monocytes, indicating that this was mediated by GAG
binding via CXCL4 (Fig. 4G). As a consequence, CXCL4 but not
CXCL4R>Q prevented CCR1 internalization by CCL5 (Fig. 4H), with-
out altering the affinity of CCL5 for CCR1 or CCR5 (fig. S18, D and E).
This effect was also observed using primary mouse monocytes adherent
in carotid arteries perfused ex vivo (fig. S18F). CXCL1 and CXCL4L1,
which neither specifically interact with CCL5 nor activate CCR1, but
bind to GAGs, did not recapitulate the effect on CCR1 internalization

observed with CXCL4, indicating that this is dependent on hetero-
dimer formation with CCL5 (Fig. 4H). SPR on a low–molecular weight
heparin-conjugated chip revealed binding of CXCL4L1 but not of
CXCL4R>Q, and combination with wild-type CXCL4 but not with
CXCL4L1 or CXCL4R>Q supported strong binding of CCL5E66S on im-
mobilized heparin (fig. S19A). Such GAG-mediated binding of CCL5-
containing heterodimers was confirmed by binding of OPRAH to
heparin with similar affinity as CCL5E66S (fig. S19, B and C). Thus, the
GAG-binding capacity of CCL5-CXCL4 heterodimers limits receptor
internalization from the cell surface, where it is retained for continuous
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Fig. 4. Mechanisms for the synergistic effects of chemokine heterodimers. (A to C) Interactions between murine CCL5, CCL17, CCR4, and CCR5 were detected on
the surface of adherent DCs using a proximity ligation assay after the cells were incubated with CCL5, CCL17, or both (6 nM each) in the presence/absence of CAN (60 nM) or
transmembrane (TM) 1/4 CCR5 peptides (50 mg/ml) known to inhibit CCR5 dimerization. Representative images depict the presence of CCL5-CCL17 and CCR4-CCR5 hetero-
mers (red dots) on the DC surface (A). Proximity ligation signals generated by interactions of CCL5-CCL17 (n = 8) (B) and CCR5-CCR4 (n = 5) (C) were quantified relative to CCL5
alone (control). (D) Transwell filter chemotaxis assays were performed using CD3/CD28-activated primary mouse T cells (n = 8). Chemotactic index was determined as the ratio
of chemokine-induced versus unstimulated migration by counting the cells in the bottom chamber. Migration toward CCL5 and/or CCL17 (6 nM each) in the bottom chamber
was analyzed in the presence/absence of CAN (60 nM) or TM1/4 peptides (50 mg/ml). (E) Binding competition assay; CCL17–Alexa Fluor 647 (2.5 nM) bound to CCR4-expressing
human embryonic kidney (HEK) 293 transfectants was displaced by unlabeled CCL17 in the presence or absence of CCL5 (1 nM; n = 6). (F) Isolated human monocytes were
perfused over IL-1b–activated HAoECs pretreated with CCL5 and CXCL4 or the GAG binding–deficient mutant CXCL4R>Q (all 4 nM), and numbers of adherent cells per HPF
were counted (n = 4). (G) Deposition of exogenous CCL5, alone or in combination with CXCL4 or CXCL4R>Q (all 100 nM) on the surface of primary human monocytes, was
detected by flow cytometry and reported as specific mean fluorescence intensity (MFI) (n = 3). ns, not significant. (H) CCR1 surface expression on monocytes was detected by
flow cytometry after treatment with CCL5 (4 nM), alone or in combination with CXCL4, CXCL4R>Q, or CXCL1 (all 40 nM; n = 4). Data represent means ± SEM from the indicated
numbers of independent experiments. *P < 0.05, **P < 0.01 versus chemokine combinations (cyan), as analyzed by one-way ANOVA (B and D), Kruskal-Wallis test (C), or Mann-
Whitney test (F and G).
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G protein signaling, as seen for GPCR families lacking b-arrestin re-
cruitment for endosomal targeting (29). Experiments using HEK293
transfectants coexpressing C-terminally tagged CCR5-RlucII and
enhanced yellow fluorescent protein–tagged arrestin 1/2 to analyze bio-
luminescence resonance energy transfer events confirmed that the
presence of CXCL4 inhibited the CCL5-induced association of arrestin
with CCR5 (fig. S19D), reflecting a prolonged signaling cycle.

Specific targeting of heterodimers in inflammatory
disease models
To confirm a role of heterodimer formation in vivo, we used a short-
term model of lipopolysaccharide (LPS)–induced acute lung injury,
which relies on platelet chemokines mediating neutrophil recruitment
and subsequent extravasation (11). Treatment with CKEY (but not with
CKEYRE) dose-dependently reduced infiltration in the lung, as evi-
denced by lower intravascular, interstitial, bronchoalveolar, and total
neutrophil counts (Fig. 5A and fig. S20, A to C). Conversely, reconstitu-
tion of mice carrying Ccl5−/−Cxcl4−/− bone marrow (deficient in the het-
erodimer pair) with OPRAH but not with CCL5 exacerbated lung
infiltration, as reflected in higher intravascular neutrophil numbers
and a trend toward higher total counts (Fig. 5B and fig. S20D).

To demonstrate the biological relevance of heterodimer interac-
tions, we generated Cxcl4L1/L1mice with a CXCL4 knockout and knock-
in of the CXCL4L1 variant (which neither exists in mice nor forms
heterodimers with CCL5) to study diet-induced atherosclerosis on an
Apoe−/− background (fig. S21). Notably, Cxcl4L1/L1 mice showed a
marked reduction of atherosclerotic lesion size in the aorta and the aor-
tic arch, comparable to that in CXCL4-deficient mice (Fig. 5, C and D,
and fig. S22, A and B). Heterozygous Cxcl4L1/+ mice displayed an
intermediate gene-dosing effect. Lesion size in the aortic root was atte-
nuated in Cxcl4−/− mice but not in Cxcl4L1/L1 mice (fig. S22, C and D),
implying regional differences unrelated to heterodimerization. Except
for lower macrophage content in Cxcl4L1/L1 mice, plaque composition
(that is, phenotype classification, smooth muscle cells, necrotic core, and
T cell content), lipid profiles, body weight, and blood cell counts did not
differ among all groups (Fig. 5E, fig. S23, and table S6). Platelet-specific
expression of a CXCL4L1 transgene in Apoe−/−mice did not alter lesion
size, indicating that its effects are not dominant negative but are due to a
lack of interaction (Fig. 5F). Treatment with mouse OPRAH restored
lesion formation in the aorta including the arch and increased macro-
phage content in aortic root plaques but did not change other param-
eters in Ccl5−/−Cxcl4−/−Apoe−/−mice and heterozygous Cxcl4L1/wtApoe−/−

mice expressing noninteracting CXCL4L1 (Fig. 5, G and H, fig. S24,
and table S7).

The atheroprotective homeostasis of regulatory T cells (Tregs) is
suppressed by DC-derived CCL17, a phenotype not replicated in
Ccr4-deficient mice (3, 30, 31), possibly implicating other chemokine
receptors or heterodimers. We detected CCL5-CCL17 heteromers in
aortic root lesions of Apoe−/− mice (Fig. 6A), in the intima and ad-
ventitia of human coronary arteries with advanced atherosclerosis
but not in undiseased vessels or segments (Fig. 6B). Notably, com-
bined interference with CCR4-CCR5 using the CCR5 antagonist
DAPTA in CCR4-deficient Apoe−/− mice increased Treg numbers
in the paraaortic lymph nodes and, marginally, in peripheral blood
(Fig. 6, C and D). Similar results were obtained by treatment with
CAN (for 6 weeks), which also reduced lesion size in the aortic root
(Fig. 6, C to F), phenocopying the effects of CCL17 deficiency (30).
These findings may be due to limiting CCL17-mediated recruitment
of naïve CD3+ T cells, in which Treg conversion or maintenance is

suppressed via subsequent CCL17-dependent pathways involving
other receptors.

To exploit inhibitory interactions exemplified by the CXC-type
heterodimer CCL5-CXCL12, we tested whether [VREY]4 inhibits
CXCL12-depedent platelet aggregation, as relevant to atherothrombo-
sis. Notably, CXCL12 facilitated platelet aggregation as deletion of
Cxcl12 in blood of CreERT2Cxcl12fl/flApoe−/− mice showed reduced
multiparameter platelet activity and thrombus scores ex vivo (Fig. 6,
G and H). Treating Apoe−/− mice with [VREY]4 afforded a similar
inhibition of platelet activity (Fig. 6, G and H). Likewise, [VREY]4

inhibited CXCL12-induced human platelet aggregation and CXCR4
activation in HEK293 cells, likely due to conformational effects on
CXCL12 (Fig. 6, I and J).

DISCUSSION
The comprehensive map of all heteromeric chemokine interactions
obtained by immunoligand blotting and SPR contributes to the com-
pletion of the binary human protein interactome network (32). We
found that inflammatory and nonhomeostatic chemokines, for ex-
ample, platelet-derived atherogenic CCL5 and CXCL4, favor interac-
tions, whereas homeostatic chemokines are generally less interactive.
This may correspond to the need to amplify, fine-tune, and resolve
chemokine activity at inflammatory sites through heteromeric inter-
actions, whereas the stand-alone functions of noninteracting chemo-
kines appear sufficient for organogenesis, immune architecture, and
surveillance or antimicrobial activity. For example, CXCL4-deficient
mice have no overt phenotype and show unaltered immune re-
sponses in the absence of challenge, whereas CXCL12 deficiency en-
tails embryonic lethality, and CXCL13 deficiency shows its essential
role for lymph node development and natural immunity (33, 34).

Structure-function analysis revealed an interesting dichotomous
pattern wherein CC-type heterodimers promote synergy and CXC-
type heterodimers cause inhibition. The use of obligate heterodimers
such as OPRAH provided conclusive proof that CC-type heterodimers
mediate functional synergy. Functional inhibition with a CCL5-
derived N-terminal peptide supports a more general role of the N ter-
minus in CC-type heterodimer formation and synergy. The spacing
and shapes adopted by CC-type homodimers can vary with minimal
changes in N-terminal sequence (16). Functional synergy indeed
involved flexible N termini, as illustrated by a tethered version of
the obligate heterodimer OPRAH, and could be ascribed to addressing
receptor heteromers (increasing potency of CCL5-CCL17) or to aux-
iliary GAG binding and impaired receptor internalization (increasing
efficacy of CCL5-CXCL4).

Chemokine-receptor activation follows a two-site binding mecha-
nism involving interactions of the chemokine N-loop/core with the
receptor N terminus (site I) and of the chemokine N terminus with
extracellular/transmembrane residues (site II). The modeled structure
for binding of the atypical CC chemokine vMIP-II to CXCR4 appears
to support findings that CC chemokine homodimers cannot bind or
activate receptors because the dimerization interface largely coincides
with an intermediate recognition site (35–37); however, this may not
extend to all chemokine-receptor interactions because N-terminal
and core structures in a CC-type heterodimer, for example, OPRAH,
may be differently presented to receptors. Instead, binding may in-
volve receptor complexes enabling synergy. Concomitant peptide-
based disruption of CCL5-CCL17 and CCR4-CCR5 formation/
function supported the concept that CC-type heterodimers can
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prompt the formation of corresponding receptor complexes, requir-
ing CCR5 transmembrane regions. Furthermore, because chemokine
N-terminal residues play an important role in receptor activation,
they may also affect the mechanisms of action for heterodimers.
For instance, N-terminal sequence variations may cause differences
in N-terminal orientation and/or accessibility between CCL17-CCL5
heterodimers and CCL5 homodimers to affect receptor binding and
activation. As evidenced from a disulfide-trapped CCL4 variant, disso-
ciation of CCL4 homodimers may be required to accomplish receptor
binding and activation by a monomer (37). This may also hold true

for chemokine heterodimers, namely, CCL5-CCL17, when addressing
respective heterodimers.

The conserved GP motif in CXCL8 can couple sites I and II, dic-
tating both substrates and cross-talk between sites to control recep-
tor activity (38). Conformational coupling was corroborated by a
CC mutant of CXCL8 that retained binding via N-loop–site I interac-
tions for CXCR1 activation (39). Moreover, a disulfide-trapped CXCL8
dimer had reduced affinity for CXCR1 due to perturbed binding at N-
loop residues, giving rise to a model where binding of a CXC-type di-
mer triggers conformational changes, leading to release and high-affinity

Fig. 5. Inflammatory effects of CCL5-CXCL4 in vivo require heterodimer formation. (A and B) Acute lung injury in C57/BL6 mice was induced by LPS inhalation.
Intravascular neutrophil accumulation was detected by intravenous injection of a fluorescein isothiocyanate–GR1 antibody before lung explantation. (A) Mice were
injected intraperitoneally with CKEY at a low dose (LD; 1 mg/kg) or high dose (HD; 10 mg/kg) or with CKEYRE at high dose before LPS challenge (n = 5 to 6). PMN,
polymorphonuclear neutrophil. (B) Bone marrow of Ccl5−/−Cxcl4−/− chimeric mice were intravenously injected with CCL5 (150 mg/kg) or OPRAH (300 mg/kg) or vehicle
(ctrl) before LPS challenge. (C to E) Atherosclerosis was analyzed in wild-type (wt) Cxcl4wt/wt mice, homozygous Cxcl4L1/L1 mice with a Cxcl4 knockout and knockin of a
mouse variant of human CXCL4L1, heterozygous Cxcl4wt/L1 mice, and CXCL4-deficient Cxcl4−/− mice on an Apoe−/− background after 12 weeks of high-fat diet (HFD).
Representative images of the aorta stained with Oil Red O are shown (C). The area of the aorta showing Oil Red O–positive lesions (D) and the area of Mac2-positive
cells in the aortic arch (E) were quantified and expressed as percentage of the total area (n = 4 to 11). (F) The lesion area in the aorta of Apoe−/− mice expressing a
human CXCL4L1 transgene (tg-L1) in addition to CXCL4 was analyzed after 12 weeks of HFD. (G and H) Cxcl4wt/L1Apoe−/− and Ccl5−/−Cxcl4−/−Apoe−/− mice were treated
(intraperitoneally) with OPRAH (10 mg, twice a week) while on HFD for 6 weeks. The Oil Red O–positive lesion area (G) and Mac2-positive area in the aortic arch (H) were
quantified and expressed as percentage of the total area (n = 6 to 13). Data represent means ± SEM from the indicated numbers of mice. *P < 0.05, **P < 0.01, as
analyzed by Kruskal-Wallis test (B, D, and E) or Mann-Whitney test (A, G, and H).
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receptor binding of a monomer (40). Whether this applies to CC-type
heterodimers is unclear; however, findings with OPRAH indicate that
dissociation may not be essential for function. Conversely, some recep-
tors, for example, CXCR2, are permissive for dimer binding (41). Mac-
rophage migration inhibitory factor (resembling a CXCL8 dimer)
features sites I and II binding to CXCR2 without typical N termini
(42, 43). Thus, N termini may not need to fit fully into the site II pocket.

The increased efficacy of CCL5-bearing heterodimers may be ex-
plained by several aspects. CCR5 antagonists inhibited both CCL5-

CXCL4– and CCL5-CCL17–induced arrest. Thus, CC-type heterodi-
mers can modulate CCR5 functionality, converting it into an arrest
receptor such as CCR1 (requiring CCL5 oligomers and extracellular
loop 3 for sensing) (44–46). As revealed by GAG binding–impaired
CXCL4, synergy with CCL5 relies on elevated cell surface presenta-
tion, impeding CCR1 internalization to sustain its signaling activity.
Formation of chemokine homo- and heterodimers can be affected
by GAGs, which may foster or prevent an association of chemokines
(6), implying that there is not a single entity of chemokine-chemokine
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Fig. 6. Specific peptides inhibit atherogenic CCL5-CCL17 and CXCL12-driven platelet activity. (A and B) Interactions of CCL5-CCL17 (left; red dots indicated by
arrows in the representative image) were detected in the adventitia (adv) and intima/media (I/M) of human coronary arteries with (diseased) or without (healthy)
atherosclerotic lesions [representative image with inset (left) and quantification (right); n = 9 to 14] (A) or in aortic root sections from Apoe−/− mice fed an HFD for
12 weeks (B) using a proximity ligation assay. PL, proximity ligation. (C and D) Wild-type or bone marrow from Ccr4−/− chimeric Apoe−/− mice were injected intra-
peritoneally with the CCR5 inhibitor DAPTA or CAN (each at 1 mg/kg, three times a week) for 2 weeks, and the number of Foxp3+CD4+ Tregs in peripheral blood (relative
to CD4+ T cells; n = 6 to 8) (C) and paraaortic lymph nodes [per lymph node (ln); n = 8 to 9] (D) was determined by flow cytometry. (E and F) Apoe−/− mice were injected
(intraperitoneally) with CAN (1 mg/kg, three times per week) while on HFD for 2 weeks. Oil Red O–positive lesion areas in the aortic root were quantified and expressed
as percentage of the total area (n = 9 to 10) (E). Representative images of aortic roots stained with Oil Red O are shown (F). (G and H) Blood from CreERT2−Cxcl12fl/fl (ctrl)
or CreERT2+Cxcl12fl/flApoe−/− mice (Cxcl12−/−) after tamoxifen treatment for Cxcl12 deletion (top) and from Apoe−/− mice treated with or without the CCL5 peptide [VREY]4

or vehicle (ctrl; bottom) was perfused over collagen for 4 min at 1000 s−1 (n = 5 to 10). (G) Multiparameter assessment of thrombus formation using distinct surfaces (a,
vWF-BP + laminin; b, vWF-BP + laminin + rhodocytin; c, collagen I) was performed and depicted in a heat map. Parameters were assessed by bright-field and sub-
sequent tricolor fluorescence microscopy as follows: 1, morphological score; 2, platelet deposition [surface area coverage (SAC)]; 3, thrombus contraction score; 4, multilayer
thrombus score; 5, multilayered thrombus (% SAC); 6/7, phosphatidylserine exposure (% SAC or platelet count/field); 8, CD62P expression (% SAC); and 9, aIIbb3 activation
(% SAC). Heat maps for all microspots (normalized per parameter) and genotype/perturbation were colored as increased (red) or decreased (green) based on statistical
significance versus controls. The multilayered thrombus score is exemplified in (H). (I) Platelet aggregation in human blood treated with combinations of CXCL12 (100 nM),
[VREY]4 (500 nM), and CCL5 (1 mM) was measured by impedance using a Multiplate analyzer (n = 12; CCL5 alone, n = 3). (J) cAMP signaling, expressed as decrease of the
specific Rluc signal, was analyzed in GloSensor and CXCR4-transfected HEK293 cells 15 min after stimulation with CXCL12 (40 nM) in the presence or absence of [VREY]4

(100 nM) (n = 8). Data represent means ± SEM from the indicated numbers of mice or independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, as analyzed by Mann-Whitney
test (A to C), unpaired t test (D, E, and J), or Kruskal-Wallis test (H and I).
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interactions but rather that the interactome may vary depending on
the presence of soluble or membrane-bound GAGs. Binding of
CXCL4 to surface-bound heparin allowed for an additive, likely het-
eromeric, association of CCL5. The structural basis for CCL5 oligo-
merization and GAG binding has been elaborated (47). Polymerization
creates distinctive grooves that increase GAG avidity; besides the BBXB
motif, CCL5 uses another positively charged motif, KKWVR, which
supports CCR5 function (44). Models further predict that CXCL4 can
assemble heterooligomers with CCL5 featuring an altered surface charge
distribution that facilitates GAG binding (47).

Regarding the inhibitory effects of CXC-type heterodimers, it is re-
markable that a constitutively homodimeric CXCL12 variant bridged
by N-terminal CXCR4 peptides induces calcium signals but inhibits
chemotaxis, whereas a monomeric variant remains chemotactic, indi-
cating that dimerization limits monomer-induced chemotaxis (48).
Related mechanisms may apply to CXC-type heterodimers, whereby
functional activity is impeded by more stable b-sheet interactions at-
tenuating monomer release. Alternatively, CXC-type heterodimeric
interactions may cause conformational alterations, for example, by
aligning the a-helices (12). Consistent with spectral changes, a-helical
peptide [VREY]4 inhibited CXCL12 function, mimicking the effects of
full-length CCL5.

When assessing the stoichiometry of chemokines, it is reasonable
to also consider the role of receptor stoichiometry. Although we de-
tected chemokine receptor heteromers (CCR4-CCR5), the stoichi-
ometry of this association currently remains unknown. Chemokine
receptors can cluster in arrays, thereby influencing their surface ex-
pression, ligand levels, and function (49). The functional effects ob-
served herein are mediated by distinct mechanisms, depending on
which chemokine heterodimer is actually formed, and can involve
one agonist receptor or receptor heterodimers. Similar principles
may apply to the heterodimerization of chemokines, as for their
homooligomerization. In particular, inhibition by CXC-type chemo-
kine heterodimers may favor a 2:1 receptor/chemokine model as a
feasible explanation for negative binding cooperativity and transin-
hibition between chemokine receptor heterodimers (50).

We should point out that the models proposed herein, for instance,
with regard to underlying mechanisms by which chemokine heterodi-
mers address their respective receptors, are elaborated to best explain
our data but still await direct structural evidence. In addition, we could
functionally test and validate only a selected number of chemokine
heterodimers but not all possible combinations. Hence, we cannot ex-
clude that some heterodimer pairs may not comply with the functional
dichotomy observed for CC- and CXC-type heterodimers.

Several lines of evidence support a functional relevance of hetero-
mer formation in disease models. First, obligate CC-type heterodimers
show high efficacy and potency in recruitment assays, namely, OPRAH-
exacerbated LPS-induced acute lung injury and chronic macrophage-
laden atherosclerosis. Second, knocking in of CXCL4L1 (not interacting
with CCL5) was similarly effective in protecting from atherosclerosis as
CXCL4 deficiency, indicating that heterodimer formation with CCL5
was essential for atherogenic activity of CXCL4. Finally, the inhibition
of Treg-dependent atherosclerosis by CAN extends findings that CKEY
limits atherosclerosis and acute lung injury (7, 11) by interfering with
residues crucial for heterodimerization.

Notably, structural information regarding the type of interaction
and precise location of the interface can be exploited to design peptide
inhibitors selectively blocking CC-type heterodimers (as exemplified by
CKEY targeting CCL5-CXCL4 and CAN targeting CCL5-CCL17). By

contrast, [VREY]4 mimics the inhibitory effects of CXC-type interactions
between CCL5 and CXCL12 and attenuates CXCL12-mediated platelet
aggregation. Therefore, such CXCL12-targeting peptides could serve as
alternative antiplatelet therapeutics. Our paradigms illustrate strategies
for specific targeting of heterodimer-mediated functions in the chemo-
kine interactome and may allow for multivalent interference with a di-
versity of responses in disease-related chemokine microenvironments
(fig. S25). The TASP scaffolding used for [VREY]4 may also be ap-
plicable to bundle different peptides in a polyantagonist approach.
Alternatively, sequence hybridization could be used to generate mono-
molecular polyantagonists, as described for peptide triagonists (51). Our
data enable the development of peptide therapeutics based on endoge-
nous sequences that are selective in modulating heteromeric but not
primary receptor interactions of chemokines and could thus lack many
adverse effects associated with direct receptor-ligand antagonism.

MATERIALS AND METHODS
Study design
The overall objective of this study was to establish a comprehensive
map of the chemokine interactome and to identify the structure-
function relationship of different chemokine heterodimer types. Sub-
sequent objectives were the design of specific peptides to disrupt func-
tional synergy or to mimic the inhibitory effects of heterodimers and
their validation in models of inflammation and atherosclerosis. For
mouse studies, a power analysis was performed using BiAS software
(version 11.02). We assumed a detectable biological difference of at
least 50% among up to four groups with an SD of <15%, an a of
0.05, and a resultant power of 0.8. On the basis of these assumptions,
at least four mice were included in each group. The number of
biological replicates for each data point is included in the figure le-
gends. All data were included (no outliers were excluded).

Ligand blots
Chemokines (1 mg) were spotted on a nitrocellulose membrane, which
was immersed overnightwith the soluble chemokine (1 to 5 mg/ml), and
reactedwithbiotinylatedantibodiesandstreptavidin-conjugatedhorseradish
peroxidase andenhanced chemiluminescence substrate (ThermoFisher Sci-
entific) essentially as described (52). The chemiluminescence signal was dig-
itally recorded and analyzed by the luminescence image analyzer LAS-3000
and Multi Gauge software (Fuji Photo Film).

Surface plasmon resonance
SPR was performed using a Biacore X100 instrument (GE Healthcare
Europe GmbH) and neutravidin-modified C1 sensor chips (52). Bio-
tinylated chemokines were immobilized on flow cells to 0.3 × 103 to
1.3 × 103 RU. Screening of chemokine binding was performed at 100 nM
in HBS-EP+ buffer at 90 ml/min after 20 s. Apparent affinities were
calculated from on and off rates after fitting of the curves obtained from
increasing analyte concentrations using a 1:1 Langmuir interaction model
(BIAevaluation software). To assess the inhibitory capacity of peptides,
we recorded the binding of chemokines (20 nM) incubated with increas-
ing peptide concentrations and calculated the percentage inhibition. Half-
maximal inhibitoryconcentrations(IC50)weredeterminedbyfour-parameter
logistic nonlinear regression (GraphPad version 5.0).

NMR spectroscopy
NMR samples were prepared in Wilmad 3-mm NMR tubes (160 ml).
Typically, chemokine samples were buffer-exchanged and concentrated
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into 25 mM sodium acetate-d3 (pH 4.5) containing 0.1 mM EDTA
and 0.2 mM sodium azide, through five ultracentrifugation steps over
Amicon Ultra-4 3-kDa filter devices (Merck Millipore). Concentra-
tions of final stock solutions were determined using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific). Mixtures of che-
mokines at defined molar ratios were prepared from these stock solu-
tions, and 5% (v/v) D2O was added for field locking, together with a
trace of DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) as internal
chemical shift standard. NMR spectra [1H-15N HSQC with flip-back
pulse, DIPSI (decoupling in the presence of scalar interactions), and
NOESY (nuclear Overhauser effect spectroscopy)] were recorded at 37°C
on Bruker Avance III HD 700- and 850-MHz spectrometers equipped
with cryogenically cooled TCI probes. Spectra were processed and analyzed
using Bruker TopSpin 3.2 and Sparky 3.114 software (T. D. Goddard,
D. G. Kneller, SPARKY 3, and the University of California, San Francisco).

Resonance assignments of CCL5E66S and CXCL12 were performed
by two-dimensional (2D) NOESY and 3D-edited NOESY spectra. Be-
cause CCL5E66S show homodimers and monomers that are in slow
exchange on the NMR chemical shift time scale, resonances for both
dimers and monomers are observed and well resolved in HSQC
spectra, allowing assessment of effects on both states (22). Chemical
shift differences (Dd) induced upon binding were calculated as follows:
[(D1H)2]1/2 + [(0.25D15N)2]1/2 (in 1H ppm). DIntensity was calculated
as follows: 1 − Inti/Into, where Inti is the resonance intensity of
CCL5E66S or CXCL12 resonances in the presence of the other chemo-
kine, and Into is the intensity of CCL5E66S or CXCL12 resonances in
its absence.

Statistical analysis
Data are expressed as means ± SEM unless otherwise specified. If
D’Agostino-Pearson omnibus and/or Shapiro-Wilk normality test
indicated Gaussian distribution, an unpaired t test for side-by-side
comparisons or one-way ANOVA with Newman-Keuls posttest for
multiple comparisons was performed. Otherwise, Mann-Whitney tests
for side-by-side comparisons and Kruskal-Wallis test with Dunn’s
posttest for multiple comparisons were performed using GraphPad
Prism version 5.04 for Windows (GraphPad Software).

For all other Materials and Methods, please see Supplementary
Materials.
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Chemokine interactome mapping enables tailored intervention in acute and
chronic inflammation
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Hampering heterodimers interrupts inflammation
Inflammation is dependent on the recruitment of cells responding to chemokines. Von Hundelshausen et al. cataloged
how human chemokines interact with each other and found that certain kinds of chemokine pairs can activate or inhibit
receptor signaling. These chemokine heterodimers were shown to be active in mouse models of acute and chronic
inflammation, which were ameliorated by treatment with a peptide designed to disrupt the chemokine pairing. Patients
suffering from inflammatory conditions such as atherosclerosis could benefit from these kinds of therapeutics.
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