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Chemokine receptors play important roles in the immune system and are linked to several
human diseases. Targeting chemokine receptors have so far shown very little success
owing to, to some extent, the promiscuity of the immune system and the high degree of
biased signaling within it. CCR7 and its two endogenous ligands display biased signaling
and here we investigate the differences between the two ligands, CCL21 and CCL19,
with respect to their biased activation of CCR7. We use bystander bioluminescence
resonance energy transfer (BRET) based signaling assays and Transwell migration assays
to determine (A) how swapping of domains between the two ligands affect their signaling
patterns and (B) how receptor mutagenesis impacts signaling. Using chimeric ligands we
find that the chemokine core domains are central for determining signaling outcome as
the lack of pB-arrestin-2 recruitment displayed by CCL21 is linked to its core domain and
not N-terminus. Through a mutagenesis screen, we identify the extracellular domains
of CCRY to be important for both ligands and show that the two chemokines interact
differentially with extracellular loop 2 (ECL-2). By using in silico modeling, we propose a
link between ECL-2 interaction and CCR7 signal transduction. Our mutagenesis study
also suggests a lysine in the top of TM3, K130%-28, to be important for G protein signaling,
but not B-arrestin-2 recruitment. Taken together, the bias in CCR7 between CCL19 and
CCL21 relies on the chemokine core domains, where interactions with ECL-2 seem
particularly important. Moreover, TM3 selectively regulates G protein signaling as found
for other chemokine receptors.
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INTRODUCTION

The chemokine receptor CCR7 and its two endogenous ligands,
CCL21 and CCL19, are involved in the lymph node homing of
several T cell subpopulations and antigen-presenting dendritic
cells (DC), which is central for the DC priming of T cells for
antigen-specific activation (1). The system is an example of ligand
bias (2, 3), where the two agonists elicit differential signaling
patterns through the same receptor. Two other forms of bias
exist, namely receptor bias and tissue bias (3, 4). At CCR7,
CCL19 and CCL21 both induce G protein signaling, whereas
only CCL19 induces f-arrestin-2 recruitment leading to receptor
internalization and recycling (5-7). CCL21, on the other hand,
has been found to induce much stronger ERK phosphorylation
than CCL19 (7).

Chemokine receptors belong to the large G protein-coupled
receptor (GPCR) superfamily, a diverse group in which the
receptors respond to a variety of ligand types and are involved
in a wide range of physiological processes. Chemokines are
8-12 kD peptides and larger than the ligands of many other
GPCRs (8). In contrast to small molecules, which can bind
very deep in the binding pocket (9), chemokines mainly interact
with the extracellular domains of the receptor (8). Since GPCRs
play a central role in so many different physiological systems
they constitute a highly interesting group of therapeutic targets,
this is why a lot of research focuses on the understanding
of their activity. Thus, the receptor family makes up a large
part of the drug targets for approved drugs and compounds
currently undergoing clinical investigation (10, 11). Where
GPCRs at first were perceived to either adopt an active or inactive
conformation, it is now widely accepted that the receptors are
much more dynamic, existing in several intermediate states and
that several distinct active conformations exist each leading
to distinct functional outcomes depending on the ligand it
interacts with (12-16). Studies have identified distinct areas
selectively important for G protein signaling (17-19) or f-
arrestin-2 recruitment (20, 21). These studies indicate that
individual receptor domains might couple to different signaling
pathways independently (4). Thus, targeting of GPCRs can
potentially become more effective by targeting the signaling
events underlying a specific physiological effect while limiting
unwanted side effects. Agonist interactions leading to receptor
activation has also been studied in great detail (22) and
information of the molecular interactions between one of several
agonists with a given receptor could provide a foundation for the
manipulation of receptor signaling in a therapeutic setting.

From crystal structures and mutagenesis studies it
seems that the chemokine N-terminus enters the receptor
by interactions with TM2 in the minor binding pocket
[delimited by TMI-3 and—7 (23)], where several central
activation initiation interaction residues have been identified
(23-26). However, although potentially entering the receptor
by a common entry site, different chemokines show diverse
utilization of the binding pocket, with some filling the
pocket completely (26) and others showing a confinement
to the minor binding pocket only (27, 28). Such differential
utilization of the binding pocket may also apply for the two

ligands interacting with CCR?7, for which we have previously
identified mutations in the major binding pocket affecting
only CCL21-induced, but not CCL19-induced G protein
signaling (7).

Studies from the 1990%, covering chemokine—receptor
interactions, led to the proposition of a so-called two-step
activation model describing how a chemokine interacts with its
receptor in both a temporal and functional (two-step) and a
spatial (two-site) manner (8, 24, 29-31). The first step consist
of interactions between the chemokine core domain and the
extracellular domains of the receptor, referred to as chemokine
recognition site 1 (CRS1), in a process which is thought to
confer high affinity without inducing receptor activation. Instead,
the receptor activation takes place during the second step;
this often includes interactions of the flexible chemokine N-
terminus with the transmembrane domains of the receptor, a
site referred to as second chemokine recognition site (CRS2).
More recent functional studies and novel crystal structures
show that this two-step model is too simple to explain the
complex chemokine receptor activation mechanism and several
additional interaction sites have been presented and found
relevant for chemokine receptor activation (24, 32). However,
both the original two-step activation model and its newer
updated versions along with studies of chemokine N-termini
(33) all suggest that the chemokine N-terminus is central for
receptor activation.

In the current study, we investigate the role of the N-terminus
and the core domains of CCL21 and CCL19 with regard to the
differential signaling pattern of the two chemokines in CCR7
activation. Moreover, we describe CCR7 regions of selective
importance for both CCL19 and CCL21. Finally, we identify a
region in CCR?7 of selective importance for G protein signaling,
but not p-arrestin-2 recruitment. Altogether these observations
pave the way for future selective targeting of not only one of
many chemokines interacting with the same receptor, but also
for selective drugs targeting one among a subset of signaling
pathways initiated upon agonist binding to its receptor.

MATERIALS AND METHODS

Human Chemokines

The human chemokines CCL19 (catalog No. 361-MI) and
CCL21 (catalog No. 366-6C) were purchased from R&D
Systems (Minneapolis, MN, USA) or PeproTech (LuBioScience,
Luzern, Switzerland).

Expression and Purification of the Human
Chimeric CCL19CCL21N-term 54

CCL21CCL19N-term Chemokines

The CCL21CCHON=term chimera was expressed and purified
as described in detail in Jorgensen et al. (34), while the
CCL19CCL2IN=term  chimera was expressed and purified as
described in detail for the chemokine CCL19 in Veldkamp et al.
(35). The CCL21CCLIN—term himera contains residues 1-16 of
human CCL19 and residues 17-111 of human CCL21 resulting
in the protein sequence below:
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GTNDAEDCCLSVTQKPIPAKVVRSYRKQEPSLGCSIPAI
LFLPRKRSQAELCADPKELWVQQLMQHLDKTPSPQKPA
QGCRKDRGASKTGKKGKGSKGCKRTERSQTPKGP.

The CCL19CCL2IN=term chimera consists of residues 1-16 of
human CCL21 in place of the same numbered residues in human
CCL19 resulting in the protein sequence below.

SDGGAQDCCLKYSQRKIPGYIVRNFHYLLIKDGCRVPAV
VFTTLRGRQLCAPPDQPW VERIIQRLQRTSAKMKRRSS.

As described in Veldkamp et al. (36) protein identity was
verified by mass spectrometry and one-dimensional NMR
spectra of the chimeras were consistent with that of a
folded chemokine.

Mutagenesis

The human CCR7 wild-type cDNA was cloned from a spleen-
derived ¢cDNA library. Mutations were introduced into the
CCR7 WT pcDNA 3.17 expression vector by PCR using
the QuickChange™ site-directed mutagenesis kit according to
the manufacturer’s instructions (Stratagene, La Jolla, CA). All
mutations were verified by DNA sequence analysis.

Cell Culturing and Transfection

CHO-k1 cells were grown at 5% CO; at 37°C in RPMI
supplemented with 10% FBS, 180 U/ml penicillin, and 45 pug/ml
streptomycin. Transient transfection of cells used in the BRET
assays was performed using the Lipofectamine® 2000 method
(Invitrogen) as described by the manufacturers. Briefly, 500,000
cells were seeded in a 6-well plate 1 day before transfection. Cells
were transfected with 1 jug DNA in a ratio of 1:5 receptor:Camyel
reporter construct (37), for the cAMP accumulation assay,
whereas cells used in the B-arrestin-2 recruitment assay were
transfected with 330 ng receptor construct, 42 ng of a rLuc8
Arrestin3 construct (a renilla luciferase variant fused to B-
arrestin-2) and 800 ng of Membrane Citrulline-YFP constructs.
A total of 6 pl Lipofectamine® 2000 was used per well.

Murine 300-19 pre-B cells were grown in RPMI1640
with Ultra-Glutamine supplemented with 10% FCS, 50 uM
p-mercaptoethanol (Gibco; LuBioScience, Luzern, Switzerland),
1% v/v Pen/Strep, and 1% non-essential amino acids
(BioWhittaker Lonza; VWR Scientific, Nyon, Switzerland).
A total of 3 x 10° 300-19 cells were transfected with 2 g
plasmid DNA using the Amaxa Cell Line Nucleofector Kit V and
program M-013 (Lonza) and grown for 2 weeks in the presence
of 0.8 mg/ml G418. Bulk cell sorting for high CCR7 surface
expression using an APC-conjugated antibody reacting with
human CCR7 (R&D Systems; Minneapolis, MN; FAB197A) was
performed on a BD FACSAria II cell sorter using the FACSDiva
6 software (BD Biosciences).

Bioluminescence Resonance Energy
Transfer (BRET) Assays for G Protein

Signaling and B-Arrestin-2 Recruitment

One day after transfection CHO-k1 cells were washed in PBS
before resuspension in 3 mL PBS with glucose (5 mM). Cells were
aliquoted [85 pl (without forskolin) or 80 pl (with forskolin
for G protein signaling)] in 96-well plates and incubated with
coelenterazine (Nanolight technologies), for a final concentration
of 5uM, and kept dark. Ligands were added in various

concentrations and incubated for 40 min before BRET signal was
detected using an Envision plate reader. When used, forskolin
was added 5 min after ligands for a final concentration of 10 uM.
The BRET signal was calculated as the ratio between the two
detected signals from YFP and Renilla Luciferase:

BRET ratio = YFP (525 nm)/rLuc (480nm).

Surface Expression Analysis

300-19 cells were washed with PBS, incubated for 10 min at RT
with monoclonal anti-mouse CD16/CD32 antibody (Fc block)
and then stained for 20 min at 4°C with anti-human CCR7-
APC in staining buffer (PBS + 0.5% FCS, pH 7.4). Unbound
antibody was removed by two washing steps with staining buffer,
and SYTOX Blue (Invitrogen; LuBio) was added as a dead cell
indicator. All samples were filtered (50 WM Cup Filcons; BD
Biosciences), measured with an LSRII flow cytometer using the
FACSDiva 6 software, and analyzed with the FlowJo software
(BD Biosciences).

Migration Assay

The capacity of 300-19 cells stably expressing wild-type or
mutant CCR7 to migrate in a CCR7-dependent manner was
measured by an in vitro chemotaxis assay as previously described
(38, 39). Briefly, cells (1 x 10°, 100 ul) were seeded in the top
chambers with 5-pm pore size of the Transwells (Corning Costar;
Vitaris). Lower chamber wells contained 600 pl of medium
supplied with increasing concentrations of human CCL19 or
CCL21 (PeproTech; LuBio) or medium without chemokine
(random migration control). The plates were incubated for
3h at 37°C, 5% CO,. Filters were removed and migrated
cells in the bottom chamber were collected and acquired for
60s at high flow rate on an LSRII flow cytometer using the
FACSDiva 6 software (BD Biosciences). The percentage of
specific migration was calculated by dividing the number of cells
migrated to the lower well by the total cell input (100 pl cell
suspension directly added to 500 pl medium without chemokine
in the lower chamber) multiplied by 100 and subtracting
random migration (always <0.4%) to the lower chamber without
chemokine present. Non-transfected 300-19 cells were used as a
negative control.

Molecular Modeling

A model of CCR7 was generated using the X-ray crystal structure
of CCR5 in complex with CCL5 (PDB 4MBS) (40). The N- and C-
termini of CCR7 not covered by the template were not considered
during model generation and the structural waters of CCR5 were
omitted. The models were built using the Full Model Builder of
ICM 3.8-7b (Molsoft L.L.C.) and subsequently refined through
200 steps of all-atom Monte Carlo-minimization.

Statistical Analysis

LogECsy values were determined by non-linear regression
calculated using the GraphPad Prism software, which was
also used for all statistical calculations. Statistical significances
between dose-response curves were analyzed performing two-
way ANOVA followed by a Bonferroni post-test. **p <
0.001, *p < 0.01, and *p < 0.05, ns indicates non-
significant differences.
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RESULTS

Ligand Bias With Distinct Signaling Profiles
of CCL21 and CCL19

Although selectively acting at the same receptor, the two
chemokines CCL21 and CCL19 display a low sequence homology
with only 30% sequence identity (Figure 1A). It is therefore
interesting to understand how the two chemokines act at the
same receptor, but also how they differentiate. Previous studies
show that CCL19 is a more potent ligand than CCL21 in both
G protein signaling, recruitment of the non-visual arrestins, f-
arrestins, as well as in DC migration assays, whereas CCL21
induces a stronger calcium flux and ERK activation (3, 7).
Recruitment of B-arrestin-2 toward CCR7 has previously been
evaluated using a DiscoverX system (7), where the reporter
system relies on fusion proteins consisting of receptor and
reporter constructs, but here we reevaluate it using a bystander
BRET based assay which relies on the membrane anchoring

of YFP and the recruitment of a B-arrestin-2-luciferase fusion
protein toward the membrane upon receptor activation. A
similar bystander BRET based assay is used to evaluate G
protein signaling, namely the cAMP Camyel (37) sensor-based
assay which can measure changes of intracellular cAMP as
an indicator of e.g., Gg; activity. By using these two similar
assays with the same receptor construct and in the same cell
line we are able to avoid any tissue bias that may occur
between distinct types of reporter assays tested in different
cell types. As expected, CCL21 displays a less potent G
protein signal than CCL19, and hardly induces any B-arrestin-
2 recruitment (Figure 1C). In contrast, CCL19 stimulates both
pathways with higher potencies [logECsp (£SEM) of —9.4
(£0.09) M and —7.9 (£0.10) M], confirming previous studies
(7). Based on the suggestions of the N-terminus being central
for chemokine signaling we sought to investigate how the
two chemokines’ N-termini contribute to the differences in
signaling profiles.

A N-term

Core domain

C-terminal domain
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G Protein Signaling Is Determined by the part of the receptor N-terminus and is important for directing
Core Domain of the CCR7 Ligands—Not the positioning of the distal chemokine N-terminus. Where
N-Terminus CCL21 is more positively charged in both its N-terminus and

To evaluate the importance of the chemokine N-terminus overall, the N-terminus of CCL19 is more negatively charged
of CCL21 and CCL19 with regards to CCR7 signaling we (Figure 1A). Swapping of the N-terminal regions gave rise to
constructed chimeric ligands in which the 16 first N-terminal  two chimeric ligands, CCL21¢CHIN=term g d CCL19CCL2IN=term
residues are swapped between the two ligands. The swapped  (Figures 1B,D). We first tested the two N-terminal swap
sequences contain both the N-terminus and part of the N-  chimeras for their ability to activate G protein signaling following
loop, as the N-loop is known to interact with the proximal = CCR7 stimulation through the BRET based cAMP accumulation
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CCL19-signaling by CCR7 mutations evaluated in a cAMP accumulation assay. Changes are displayed as relative change of efficacy at 100nM CCL21, or fold change
of potency for CCL19. Colors correspond to colors in (B), where purple identifies mutations impairing both ligands, blue refers to mutations only affecting CCL21, red
refers to mutations only affecting CCL19, and gray identifies mutations with no impact. Three mutations are highlighted, which are also highlighted in (B) and presented
with their dose-response curves in (D). (B) Scatterplot comparing the effect on CCL21 signaling to that of CCL19. Mutations are plotted with their values from (A) and
colored according to the description in (A). (C) Helical wheel of CCR7 with mutations identified according to effect on CCR7 signaling in (A,B). (D) Dose-response
curve of CCR7TW114A CCR7 E193A CCR7 R209A and CCR7WT stimulated with CCL21 or CCL19 in a cAMP accumulation assay. Significant differences between
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assay (Figure 1C, left). Where CCL21 induces a weak signal
the CCL19 chimera containing the N-terminus of CCL21,
CCL19CCL2IN=term | Jisplayed a fairly strong activation of CCR7,
reaching a saturation of the dose-response curve at 100 nM
chemokine, which was not significantly different from CCL19,
90% (£ 7.6%) compared to 92% (= 4.3%) for CCL19. Performing
a t-test showed that the chimeric ligand differed slightly from
CCL19 with a small but significant decrease of potency with
logECs¢ values (£SEM) of —9.4 (40.09) M and —8.9 (£0.13)
M for CCL19 and CCL19CCL2IN=term | reqpectively. In contrast,
the CCL21 chimera containing the N-terminus of CCLI19,
CCL21CCLIN=term i quced a weak G protein signal upon CCR7
stimulation, with the dose-response curve actually overlaying
that of CCL21, indicating that the N-terminus does not change
the signal capacity of CCL21. These data suggest that the G
protein signaling is determined by the core domain of the ligands.

B-Arrestin-2 Signaling Is Similarly
Determined by the Core Domain—Not the

N-Terminus of the Chemokine
Given that signaling bias at CCR7 is mainly divided into G
protein signaling and B-arrestin-2 recruitment, we went on to

signaling bias between the two chemokines resides in the N-
terminus, it would be expected that the CCL19C¢L2IN—term
chimera, containing the N-terminus of CCL21 that hardly
induces any P-arrestin-2 recruitment, would fail to give a
signal. The CCL21CCLIN=term chimera would be expected to
stimulate f-arrestin-2 recruitment similar to CCL19. However,
this was not the case as the CCL21CCLIN=term chimera failed to
induce any B-arrestin-2 recruitment, similar to CCL21, and the
CCL19CCL2IN=term chimeric ligand induced a strong B-arrestin-
2 recruitment resembling the strong signal induced by CCL19
(Figure 1C, right). The chimera reached the same signaling
strength at 100 nM chemokine and only seemed to differ from
CCL19 with a change of potency—similar to that which we
showed for the G protein signal of the chimera. Overall, this
suggests that the B-arrestin-2 recruitment is likewise determined
by the core domain of the chemokines.

Differential Docking Modes of CCL21 and
CCL19 to CCR7

To obtain more detailed structural information of the different
docking modes of CCL19 and CCL21, we expanded our
previously published CCR7 mutation library (7) with 13

test the two chimeras’ ability to recruit B-arrestin-2. If the  mutations more focused on the extracellular domains and the

TABLE 1 | Functional analysis of CCR7 mutations.

G protein p-arrestin-2
Residue CCL21 efficacy CCL19 potency CCL19 efficacy
Position Number Efficacy at Emut -logeC50 Fmut Efficacy at Emut
100nM + SEM (M) £ SEM 100nM + SEM

N-term K50A Dead * ) 8.5+ 0.07 13 * 3) 55.6 £2.6 44 * (5)
R54A Dead * €] 7.1+£0.07 100 * Q) Dead * )
K57A 99 +6.4 1 ns 3) 9.2+0.12 2 ns 3 1256.1 £13.6 +25 ns €
™1 1.35 L61A 44 +£2.9 56 * ) 8.9+0.13 3 * ©] 36.2 + 3.0 64 * ©]
1.39  YB5A 44 +15 56 * (4) 9.0 £0.08 2 ns 3) 748 £6.4 25 ns 5)
™2 253  F107A 76 £ 7.4 24 ns €] 8.9 +0.16 2 ns ©] 1491 £ 14.1 +49 ns )
260 W114A 32+5.6 68 * ) 8.0 £ 0.09 13 * ©] 41.7 £ 3.9 58 * (5)
263 S117A 68 + 3.0 32 ns ) 9.5 + +0.07 1 ns 3) 139.4 +10.3 +29 ns )
2.64 A118S 67 £ 4.6 33 ns 3) 9.7 £ 0.07 2 ns 3 1833.5+12.4 +33 ns @
™3 3.26  K130A 42+ 3.5 58 * ) 9.0 £0.07 7 * Q) 1136 +£7.8 +14 ns )
3.29 F133A 27+ 45 73 * (4) 8.7 +0.17 1 ns (3 73.6 £ 2.0 26 * 3)
3.33  K137A 43485 57 * 3) 9.2 +0.29 3 ns (3 1139 + 4.4 +14 ns (3
™4 4.60 E193A 45 + 8.6 55 * 4) 9.6 £0.17 +3 ns ) 119.7 £ 41 +20 * (4)
ECL2 E205A 48 +5.3 52 * ) 9.2 +£0.09 3 * 3) 56.3 +£4.7 44 * 3)
R209A 132 £8.8 +32 * ®) 8.5+ 0.14 8 * (5) 543 +4.9 46 * ®)
™7 7.32 N305A 53 £ 3.6 47 * 3) 8.6 +£0.08 4 * 3 87.2+27 13 ns ()
7.36  Y308A 38+ 3.4 62 * €] 9.1 +£0.15 2 ns 3) 98.9 + 12.1 1 ns 3)

Signaling values for CCR7 mutations in response to CCL21 or CCL 19 analyzed in G protein signaling or B-arrestin-2 recruitment assays normalized to WT signaling. Data are presented in
Figures 2, 4. Residue position refers to the location in CCR7 based on the nomenclature of Ballesteros-Weinstein (41). CCL21 G protein signaling and CCL19 B-arrestin-2 recruitment are
compared to WT based on changes of efficacy at maximal agonist concentration used (100 nM), as saturation of signaling curves were not established. Eqnt describes the percentage
activity of WT, with WT activity reaching 100%. CCL19 G protein signaling is compared to WT based on fold change of potency, and Fmy: describes the fold change of signaling
potency compared to WT. “ns” refers to a non-significant change of signaling curve while “*” identifies significant changes between dose-response curves analyzed by ANOVA. Data are
represented as mean values (£SEM) of several independent experiments performed in duplicates and always compared to the signaling values of CCR7 wild type run in parallel within
the same experiments. To compensate for inter-assay variations data have been normalized to wild type within each separate experiment before the collection of data. The n number
of independent experiments for each mutation is shown in brackets to the right of Fput or Emut, (n). Bold values indicate main findings, italic values indicate statistical significance.
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FIGURE 3 | Overview of mutagenesis study, surface expression, and change of CCL21- and CCL19-directed migration by CCR7 mutations. (A) Serpentine structure
of CCR7 with mutations from Figure 2 identified according to effect on CCRY7 signaling, purple identifies mutations impairing both ligands, blue refers to mutations
only affecting CCL21, and red refers to mutations only affecting CCL19. Gray shows residue where alanine substitution did not affect signaling. The predicted
24-residues N-terminal signal sequence of CCR7 which is cleaved of from the mature protein (39) is displayed as faded and predicted cleavage site is indicated by a
dotted line. (B) Surface expression levels of CCR7 were analyzed by flow cytometry in 300-19 pre-B-cells stably transfected with CCR7WT, CCR7R%4A CCR7H61A,
CCR7WI14A or CCR7R209A constructs using anti-human CCR7-APC (gated on the live cell population). Data show mean APC fluorescence intensity values (=SEM)
derived from all migration assays performed in (C,D). (C,D) Transwell chemotaxis in response to CCL21 and CCL19 by R54AN—tem | 61A1-35 and W114A2:60 (C)
or R209AECL2 (D). 300-19 cells were allowed to migrate in response to gradient concentrations of chemokines for 180 min. Migrated cells were counted and
percentages of specifically migrated cells relative to the input were calculated. Mean values (=SEM) derived from four independent experiments are shown. Asterisks
identify significant differences between WT and the mutant at 10 nM chemokine calculated performing two-way ANOVA. In (C) significance levels are positioned with
L61A at top, followed by W114A (middle), and R54A (bottom).

minor binding pocket of CCR7. All mutations were created  Table 1). Comparing the effect of the mutations on CCL21 and

as alanine substitutions and in parallel with the previously
published mutations tested for their impact on CCL21 or CCL19-
mediated G protein activation by co-transfecting the mutated
CCR?7 construct with the cAMP Camyel sensor (Figure 2A and

CCL19 signaling (Figures 2B,C) supports the prior findings of a
differential docking mode of the two chemokines in CCR7 (7).
Accordingly, only CCL21, but not CCL19, seems to depend on
interactions within the major binding pocket (F133*%%, K137333,
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TABLE 2 | Migratory capacity of CCR7 mutations.

CCL21 (10nM) CCL19 (10nM)

Mutation % Specific migration % Specific migration
(position) at 10nM + SEM at 10nM + SEM

WT 5.1 £0.50 11.6 £ 1.58

R54A (N-term) 0.3 +0.37 * —0.1 £0.08 *
L61A (1.35) 4.0 £0.49 * 7.5 +£1.94 ns
W114A (2.60) 0.6 +0.45 * 1.0 £0.66 *
R209A (ECL2) 10.6 + 1.00 * 5.0+ 0.55 *

The specific migration of 300-19 pre-B-cells stably transfected with CCR7 wild type
or mutant constructs in a Transwell migration assay is shown. Data are presented as
the specific migration at 10nM chemokine, at which concentration both CCL21 and
CCL19 display peak activity, and values represent data presented in Figure 3. The specific
migration is calculated as the percentage of specifically migrated cells relative to the input
and shown as mean values (+SEM) from four independent experiments. Each mutant is
compared to wildtype by ANOVA and asterisks identify significant differences, while “ns”
refers to a non-significant change. Residue position refers to the location in CCR7 based
on the nomenclature of Ballesteros-Weinstein, as shown in Table 1 (41). Bold values
indicate main findings, italic values indicate statistical significance.

E193%%0, and Y30872). In contrast, both ligands depend on
residues found within and around the minor binding pocket,
including the proximal part of the N-terminus (K50N-term,
R54N—term 161135 and W11420 important for both ligands
and Y6539 only important for CCL21) (Figures 2, 3A). The
tryptophan in top of TM2 (W114%€%), important for both ligands,
is conserved in more than 80% of chemokines, while a non-
polar aromatic residue is only present in less than 15% of
non-chemokine class A receptors (analyzed by GPCRdb.org).
The dependency of both CCL21 and CCL19 on Trp*® is
interesting as it has been deemed important in both CCR5
and CXCR4 for initial chemokine-receptor interactions (23-25).
The extracellular part of CCR7 was shown to be important
for signaling of both chemokines with the N-terminal K50 and
R54 residues being central for signaling (Figure 2B). In general,
all mutations reached a plateau in their dose-response curves
for CCL19 with efficacies similar to that on WT CCR7 (not
shown), indicating that signaling changes could not be attributed
to differential surface expression. Only R54A did not reach the
efficacy of WT, yet this was due to severely impaired signaling
as this mutant displayed surface expression levels similar to WT
(Figure 3B). Looking at migration, a biologically more relevant
readout, the effect the mutations had on G protein signaling
(Figures 2A,B and Table 1) corresponded well with their effect
on migration capacity of 300-19 pre-B cells stably expressing
similar levels of either WT or mutant forms of CCR7 on the cell
surface, shown by the three mutations L61A, W114A, and R54A
(Figures 3B,C and Table 2). In a Transwell migration assay, three
different concentrations of CCL19 and CCL21 were tested (1,
10, and 100nM) where both ligands showed peak activity at
10nM for WT CCR?7. This peak was reduced significantly for
the two mutations W114A%%0 and R54AN"*™ both showing
a major impairment of G protein signaling (Table2). The
L61A!3° mutation reduced the peak at 10 nM slightly for CCL19,
corresponding to the minor impact it had on G protein signaling
for both ligands.

Mutations in ECL-2 Differentially Impair
CCL21 and CCL19

With extracellular events at CCR7 seeming pivotal for differential
chemokine interaction (as the core domain determined the
difference between CCL21 and CCL19), it was interesting to
identify that alanine substitution of R209 had the opposite effect
on the two ligands (Figures 2B,D). The residue is located in
the extracellular loop 2 (ECL-2), a receptor region of general
importance for ligand recognition in GPCRs (42-44). In more
details, R209 is located in ECL-2A, adjacent to the conserved
cysteine (Cys-1) (Figure 3A). Upon the alanine substitution,
an 8-fold decrease in the potency of CCL19 was observed
(Figure 2D and Table1). In contrast, signaling in response
to CCL21 was improved with the signaling curve shifting
significantly to the left (Figure 2D). In contrast to the positive
R209 that appeared to be important for CCL19, the alanine
substitution of the negatively charged E2058CL~2 seemed to
have a more profound effect on CCL21 signaling than CCL19
(Figure 2), with a subtle 3-fold decrease of CCL19 potency, but a
50% decrease of CCL21 efficacy (Table 1). Together these studies
suggest that CCL21 and CCL19 might interact differentially with
the extracellular part of CCR7, especially ECL-2. The impact of
the R209A mutation in CCR7 was also tested in the migration
assay (Figure 3D and Table 2). Again, we observed that CCL19-
mediated cell migration was selectively impaired by the R209A
substitution, whereas the migration response to CCL21 was
improved. Both ligands displayed peak activity at 10 nM, where
the activity for CCL19 at this concentration was reduced to 42%
(£20%) of WT while CCL21 was increased 2.5-fold compared to
WT. This indicates that the differential ECL-2 interactions of the
two chemokines are important for normal cell physiology.

Top of TMS3 Involved in Biased Signaling

Through our mutagenesis study, we also wished to identify
residues of selective importance for the two signaling pathways:
G protein signaling and B-arrestin-2 recruitment. Since CCL21
hardly induces any p-arrestin-2 recruitment, we only screened
the mutants for their impact on CCL19-stimulated B-arrestin-
2 recruitment and compared this to their impact on CCL19-
stimulated G protein signaling (Figures 4A,B and Table 1). The
impact on PB-arrestin-2 recruitment resembled the effect the
mutations had on G protein signaling. One mutation K130A32°,
however, stands out. Alanine substitution of K130, located in
the top of TM3 adjacent to the conserved cysteine (Cys+1)
(Figure 4C), resulted in an impairment of G protein signaling
without impairing (-arrestin-2 recruitment—if anything it
increased f-arrestin-2 recruitment, although not significantly
(Figure 4D). To understand the role of K130%2¢ we constructed
a homology model of CCR7 based on the X-ray structure of
the human CCR5 chemokine receptor (40). From this model,
we see that K13032® projects away from the binding pocket
not likely to be involved in direct ligand-interactions (Figure 5).
Interestingly, this residue is located in an area previously shown
to be G protein-specific (20) or important for chemokine receptor
signaling in general (42). Our model also allowed us to look
into the positioning of W114 (the conserved Trp*®), which
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projects from TM2 into the binding pocket. We found that R54
(highly important for both ligands and located at the TM1:N-
terminal interface), projects across the binding pocket above
W114, indicating that it could be involved in the process by
which the ligands reach this residue. Our model further suggests
that R54 might engage in unusual stacking with R209 in ECL-
2, together forming a lid over the binding pocket (Figure 5B).
Exploring our model further we found that K13032¢ is located
near ECL-2, partly constrained by its proximity to the TM3-
ECL-2 disulfide (C12932°-C2105CL=2), and we propose that

K130%*2¢ may make long-range charge-charge interactions with
D198ECL=2 (Figure 5A). These suggestions are interesting taking
our findings of R209A, also located in ECL-2, into account.
K130*2¢ and D1985°L~2 might function as a structural link
between the R2095“L=2 situated on top of the binding pocket
and the extracellular TM3-TM4 region shown to be important
for signaling in other chemokine receptors (42). If true, it
could indicate how the different ligand interactions with ECL-2
could be transmitted to different CCR7 signaling profiles of the
two chemokines.
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DISCUSSION

In the current study, we investigate the interactions displayed
between the chemokine receptor CCR7 and its two ligands,
CCL21 and CCL19, with the aim of understanding how they
lead to differential signaling profiles of CCR7. Employing
chimeric ligands, where the N-termini are swapped between
CCL21 and CCL19, we identify the chemokine core domain
to be the determining factor for their differential activation
of CCR?7, highlighting the importance of extracellular ligand-
receptor events. Our studies also identify extracellular receptor
interactions, in particular ECL-2, as important for differential
ligand interactions.

The Core Domains of CCL19 and CCL21
Determine Their Differential Signaling

Profiles

For both chemokine chimeras employed in this study, we find
that the core domain determines signaling outcome as the
chimeras resembled the chemokine with which they share the
core domain. The CCL19 chimera containing the N-terminus of
CCL21, CCL19CCL2IN=term resembled CCL19 more than CCL21
in both G protein signaling and B-arrestin-2 recruitment assays,
whereas the other chimera CCL21CCLION=term resembled CCL21.
The slight decrease of potency when changing the N-terminus
of CCL19 with that of CCL21 corresponds to a previous study
describing that the only N-terminal residue within CCL19 crucial
for its signaling at CCR7 is D7 which is also found within CCL21.
Alanine substitution of the additional N-terminal residues only
showed a minor impact on CCL19 signaling potency (45). This
study indicated that D7 might be central for CCR7 activation
in general, but that no N-terminal residue as such is involved
in ligand specificity between CCL21 and CCL19, corresponding
to the findings within our current study. These findings are also

in accordance with another study showing that the viral US28
GPCR is quite independent of ligand N-terminal sequences for
chemokine signaling but seems to simply rely on the N-terminus
as a steric bulk in the orthosteric binding pocket (46).

Our current study does not disregard the importance of the
N-terminus for signaling, we merely show that at CCR7 the
specific N-terminal sequence of CCL21 and CCL19 does not
dictate their biased signaling patterns. From the crystal structures
of CXCR4:vMIP-II (28) and US28:CX3CL1 (27) it seems that
different receptor-ligand structures display distinct orientations
at the receptor-ligand interface with ligands positioned to interact
with different receptor domains (32). Where one ligand can be
positioned ideally to interact with ECL-2 though its 30s-loop
(CX3CL1), corresponding to a CRS1 recognition, another ligand
can be positioned to interact with ECL-2 through its N-terminus
(VMIP-1I), corresponding to a CRS2 recognition. A study of
the core domain of CXCL8 showed that mutating an important
sequence in the 30s-loop modulated the chemokine N-terminus
and N-loop through intramolecular interactions which affected
activation of its two receptors CXCR1 and CXCR2 differentially
(47). Taken together these studies emphasize that the chemokine
core can be important for directing the positioning of the
chemokine N terminus and that the core domain may regulate
the interactions displayed between chemokine and main receptor
binding pocket. The structure of CCR5:CCL5 also shows that
domains in the globular chemokine core dock deeper into
the binding pocket than first assumed (26), showing that the
core domain of CCL5 is important for more than a simple
tethering function.

Differences of chemokine orientation resulting from
interactions between the core domain and extracellular part
of the receptor and the direct interactions displayed between
the chemokine core domain and the receptor-binding pocket
emphasize the importance of the core domains in chemokines.
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FIGURE 6 | Signaling events at CCRY rely on core domain interactions and
ECL-2 of CCR7. (A) Chemokine cores determine differential signaling by
CCL21 and CCL19. Chemokines containing the core of CCL19 display G
protein signaling and B-arrestin-2 recruitment, whereas chemokines containing
the core of CCL21 display G protein signaling but fail to recruit -arrestin-2. (B)
The current mutagenesis study of CCR7 shows that especially the extracellular
events are important for chemokine signaling at CCR7, and the figure
highlights ECL-2, which was found to play an important but differential role
during interactions with the two chemokines. (C) The current study also found
alysine in TM3, K1303-26 | to be important for regulating signaling, as the
alanine substitution of this residue selectively impaired G protein signaling while
not showing an effect on B-arrestin-2 recruitment upon CCR7 stimulation.

Together, this challenges the paradigm of chemokine signaling
residing in the N-terminus. Docking of the N-terminus may
be necessary for signaling initiation, but our studies of CCR7
indicate that it may be more in form of the presence of a steric
bulb, as shown for US28 (46), and that the disparity in signaling
patterns between CCL21 and CCLI19 is instead attributed to
differences in the chemokine core domains (Figure 6A).

Identification of Differential Interaction
Modes at CCR7

After finding the core domain to be pivotal for ligand
differences it is interesting to identify a mutation in the
extracellular part of CCR7 with differential impact on the
two chemokines (Figure 6B). Thus, by mutating the centrally

located charged R209 in ECL-2 to alanine an impairment of
CCL19 signaling was observed concomitant with an improved
signal of CCL21. The fact that chemokines acting at the
same receptor may utilize the extracellular domains of the
receptor differentially has also been described for CXCR2.
Here the three ligands CXCL1, CXCL7, and CXCL8 showed
differential interaction modes with the receptor’s extracellular
domains, with an example being that the receptor N-terminus
was important for CXCL1 and CXCL8, but not CXCL7
(48). Studies with CCR5-CCR2 chimeric receptors also stress
the importance of the extracellular domains for chemokine-
mediated signaling, by showing that transferring all extracellular
domains of CCR2 to CCR5 is both necessary and sufficient for
ligand recognition and signaling initiation of CCR2-targeting
chemokines (49).

Where CCR7 has previously been shown to display a
CCL21-specific domain at the TM4-TM5 interface (7), no such
CCL19-specific area has been identified. In our study, we only
identified one residue R209ECL—2 [among 17 tested (Table 1)]
to be selectively important for CCL19 signaling. In general,
CCL19 signaling was predominately affected by mutations in
the extracellular domains of CCR7 with alanine substitutions of
K50N—term  R54 N=term 55 d R209%CL—2 having a big impact on
CCL19-signaling suggesting that important interactions between
CCL19 and CCR?7 are extracellular (Figure 6B). Following these
lines it is interesting to note the potential stacking of R54N—term
and R2095CL2 observed in our CCR7 homology model, forming
a lid over the binding pocket. This lid might control the entrance
of CCL21 and CCL19 into the binding pocket and engagement
with the conserved Trp>°, but with different contributions of
these residues as both CCL21 and CCL19 are highly impaired
by R54A, but CCL21 is not by R209A. The importance of ECL-
2 is also seen within the group of lipid prostanoid GPCRs,
such as the prostaglandin EP4 receptor (50), the prostanoid
EP3 receptor (51) and the thromboxane A2 receptor (52),
where the extracellular loop 2 is important for enclosing the
ligand binding site. Similar to the current study, the ECL-2
of the prostanoid GPCRs was found to be central for ligand
interactions as alanine substitution of central ECL-2 residues
diminished ligand signaling in the EP4 and EP3 receptors
(50, 51).

Linking ECL-2 Interactions With CCR7
Signaling

A single residue located in TM3 was identified to be of potential
importance for biased signaling at CCR7. Alanine substitution
of this residue, K130*>2°, impaired the G protein activation
without affecting B-arrestin-2 recruitment (Figure 6C). This
finding corresponds to biased areas identified in other class A
GPCRs, such as GPR183, where TM3 was also identified as an
important area for controlling G protein but not B-arrestin-
2 signaling (20). It would be interesting if a distinct area of
CCR?7 could be identified as important for controlling -arrestin-
2 recruitment as seen with TM5 in CCR5 (19). Understanding
the molecular mechanisms driving biased signaling is central
for the development of more specific drugs targeting one
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among several signaling pathways to minimize the off-target
effects when aiming at complex and promiscuous receptors
such as in the chemokine system (4). The use of biased
drugs is pursued not only within chemokine receptors but also
in other non-chemokine GPCRs for better clinical outcomes
(53, 54). Our homology model also suggested that K130%2°
may engage in long-range charge-charge interactions with
D198F¢L=2. On one hand, this is in line with observations
from the chemokine receptor CCR8 where similar interactions
between ECL-2 and an aromatic cluster in the TM4-TM5
region were identified to be important for receptor activity
(42). On the other hand, it is possible to speculate whether
the differential interaction of CCL21 and CCL19 with ECL-
2 could be transmitted through D198ECI=2.K13032¢ resulting
in a differential degree of receptor activation by the two
ligands and, to some degree, explain the differential ligand
signaling profiles.

CONCLUSION

We identify the core domain of CCL21 and CCL19 to be a
determining factor for their differential activation of CCR7,
highlighting the importance of extracellular ligand-receptor
events. The importance of extracellular receptor interactions are
also underlined through our mutagenesis study, showing that
especially ECL-2 of CCR7 seems important for differential ligand
interactions. Furthermore, we propose a potential link between
ECL-2 and the transmembrane domains, utilized differentially
by the two chemokines. We do not disregard the importance
of chemokine N-terminus docking into the receptor binding
pocket, but our data suggest that the chemokine N-terminus
in broad terms function as a steric bulb more than by
specific residues being a determining factor of differential ligand
signaling. Where small molecules are found to dock deep and
be embedded in the receptor binding pocket, we suggest more
focus should be given to extracellular receptor regions in order
to understand the larger peptide chemokines, both in terms of

REFERENCES

R, Davalos-Misslitz AC, Rot A. CCR7 and its ligands:
balancing immunity and tolerance. Nat Rev Immunol. (2008) 8:362-71.
doi: 10.1038/nri2297

2. Hauser MA, Legler DF. Common and biased signaling pathways of the
chemokine receptor CCR7 elicited by its ligands CCL19 and CCL21 in
leukocytes. ] Leukoc Biol. (2016) 99:869-82. doi: 10.1189/jlb.2MR0815-380R

3. Jorgensen AS, Rosenkilde MM, Hjorts GM. Biased signaling of G protein-
coupled receptors — From a chemokine receptor CCR7 perspective. Gen.
Comp. Endocrinol. (2017) 258:4-14. doi: 10.1016/j.ygcen.2017.07.004

4. Steen A, Larsen O, Thiele S, Rosenkilde MM. Biased and G protein-
independent signaling of chemokine receptors. Front Immunol. (2014) 5:277.
doi: 10.3389/fimmu.2014.00277

5. Bardi G, Lipp M, Baggiolini M, Loetscher P. The T cell
chemokine receptor CCR7 is internalized on stimulation with
ELC, but not with SLC. Eur ] Immunol. (2001) 31:3291-7.
doi: 10.1002/1521-4141(200111)31:11<3291::AID-IMMU3291>3.0.CO;2-Z

1. Forster

ligand-receptor interactions, but also for future modulation of
differential chemokine interactions and differential chemokine-
mediated receptor signaling.

DATA AVAILABILITY

The datasets generated for this study can be obtained from the
authors upon request.

AUTHOR CONTRIBUTIONS

AJ and GH wrote the manuscript, designed and carried out
experiments, analyzed and interpreted data. OL, ML, TE EU,
DL, and CV contributed to data acquisition and/or data
interpretation. MR wrote the manuscript, designed experiments,
analyzed, and interpreted data. All authors helped revise, and
approve the manuscript, and agreed to be accountable for all
aspects of the work.

FUNDING

This research was in parts funded by the Novo Nordisk
Foundation, the Gangsted Foundation, the Swiss National
Science Foundation (grant 31003A_169936), the Thurgauische
Stiftung fiir Wissenschaft und Forschung and the State

Secretariat for Education, Research and Innovation
to DL.
ACKNOWLEDGMENTS

We thank Pontian E. Adogamhe, Bonnie Y. Chan, Erin F.
Hammonds, and Emily A. Werve of the University of Wisconsin-
Whitewater for technical assistance in the production of the
CCL19CCL2INterm himera We thank Davin R. Jensen of the
Medical College of Wisconsin for assistance with the collection of
mass spectrometry data on the chimeras and Francis C. Peterson
of the Medical College of Wisconsin’s NMR facility.

6. Otero C, Groettrup M, Legler DF. Opposite fate of endocytosed CCR7 and
its ligands: recycling versus degradation. J Immunol. (2006) 177:2314-23.
doi: 10.4049/jimmunol.177.4.2314

7. Hjorte GM, Larsen O, Steen A, Daugvilaite V, Berg C, Fares S, et al.
Differential CCR7 targeting in dendritic cells by three naturally occurring CC-
chemokines. Front Immunol. (2016) 7:568. doi: 10.3389/fimmu.2016.00568

8. Thiele S, Rosenkilde MM. Interaction of Chemokines with their receptors -
from initial chemokine binding to receptor activating steps. Curr Med Chem.
(2014) 21:3594-614. doi: 10.2174/0929867321666140716093155

9. Nygaard R, Frimurer TM, Holst B, Rosenkilde MM, Schwartz TW. Ligand
binding and micro-switches in 7TM receptor structures. Trends Pharmacol
Sci. (2009) 30:249-59. doi: 10.1016/].tips.2009.02.006

10. Hauser AS, Misty A, Mathias R-A, Schiéth HB, Gloriam DE. Trends in GPCR
drug discovery: new agents, targets and indications. Nat Rev Drug Discov.
(2017) 16:829-42. doi: 10.1038/nrd.2017.178

11. Lagerstrom MC, Schiéth HB. Structural diversity of G protein-coupled
receptors and significance for drug discovery. Nat Rev Drug Discov. (2008)
7:339-57. doi: 10.1038/nrd2518

Frontiers in Immunology | www.frontiersin.org

September 2019 | Volume 10 | Article 2156


https://doi.org/10.1038/nri2297
https://doi.org/10.1189/jlb.2MR0815-380R
https://doi.org/10.1016/j.ygcen.2017.07.004
https://doi.org/10.3389/fimmu.2014.00277
https://doi.org/10.1002/1521-4141(200111)31:11$<$3291::AID-IMMU3291$>$3.0.CO
https://doi.org/10.4049/jimmunol.177.4.2314
https://doi.org/10.3389/fimmu.2016.00568
https://doi.org/10.2174/0929867321666140716093155
https://doi.org/10.1016/j.tips.2009.02.006
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1038/nrd2518
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Jorgensen et al.

Unraveling Biased Signaling at CCR7

12. Chilmonczyk Z, Bojarski AJ, Sylte I. Ligand-directed trafficking 32. Kleist AB, Getschman AE, Ziarek JJ, Nevins AM, Gauthier PA, Chevigné

of  receptor  stimulus.  Pharmacol  Rep.  (2014)  66:1011-21. A, et al. New paradigms in chemokine receptor signal transduction:

doi: 10.1016/j.pharep.2014.06.006 moving beyond the two-site model. Biochem. Pharmacol. (2016) 114, 53-68.
13. Gaieb Z, Morikis D. Conformational heterogeneity in CCR7 undergoes doi: 10.1016/j.bcp.2016.04.007

transitions to specific states upon ligand binding. ] Mol Graph Model. (2017) 33. Proost P, Struyf S, Van Damme J, Fiten P, Ugarte-Berzal E, Opdenakker

74:352-8. doi: 10.1016/j.jmgm.2017.04.012 G. Chemokine isoforms and processing in inflammation and immunity. ]
14. Gurevich VV, Gurevich EV. Molecular mechanisms of GPCR Autoimmun. (2017) 85:45-57. doi: 10.1016/j.jaut.2017.06.009

signaling: a structural perspective. Int ] Mol Sci. (2017) 18:1-17. 34. Jorgensen AS, Adogamhe PE, Laufer JM, Legler DE, Veldkamp CT, Rosenkilde

doi: 10.3390/ijms18122519 MM, et al. CCL19 with CCL21-tail displays enhanced glycosaminoglycan
15. Rosenbaum DM, Rasmussen SGF, Kobilka BK. The structure and binding with retained chemotactic potency in dendritic cells. J Leukoc Biol.

function of G-protein-coupled receptors. Nature. (2009) 459:356-63. (2018) 104:401-11. doi: 10.1002/JLB.2VMA0118-008R

doi: 10.1038/nature08144 35. Veldkamp CT, Kiermaier E, Gabel-Eissens SJ, Gillitzer ML, Lippner DR,
16. Stone MJ, Hayward JA, Huang C, Huma ZE, Sanchez J. Mechanisms of DiSilvio FA, et al. Solution structure of CCL19 and identification of

regulation of the chemokine-receptor network. Int J Mol Sci. (2017) 18:1-33. overlapping CCR7 and PSGL-1 binding sites. Biochemistry. (2015) 54:4163-6.

doi: 10.3390/ijms18020342 doi: 10.1021/acs.biochem.5b00560
17. Chung KY, Rasmussen SGE Liu T, Li S, DeVree BT, Chae PS, et al 36. Veldkamp CT, Koplinski CA, Jensen DR, Peterson FC, Smits KM, Smith

Conformational changes in the G protein Gs induced by the B2 adrenergic BL, et al. Production of recombinant chemokines and validation of

receptor. Nature. (2011) 477:611-5. doi: 10.1038/nature10488 refolding. Methods Enzymol. (2016) 570:539-65. doi: 10.1016/bs.mie.2015.
18. Rasmussen SGF, DeVree BT, Zou Y, Kruse AC, Chung KY, Kobilka TS, et al. 09.031

Crystal structure of the p2 adrenergic receptor-Gs protein complex. Nature. 37. Jiang LI, Collins J, Davis R, Lin KM, DeCamp D, Roach T, et al. Use of

(2011) 477:549-55. doi: 10.1038/nature10361 a cAMP BRET sensor to characterize a novel regulation of cAMP by the
19. Steen A, Thiele S, Guo D, Hansen LS, Frimurer TM, Rosenkilde MM. sphingosine 1-phosphate/G13 pathway. J Biol Chem. (2007) 282:10576-84.

Biased and constitutive signaling in the CC-chemokine receptor CCR5 by doi: 10.1074/jbc.M609695200

manipulating the interface between transmembrane helices 6 and 7. ] Biol 38. Hauser MA, Kindinger I, Laufer JM, Spate A-K, Bucher D, Vanes SL,

Chem. (2013) 288:12511-21. doi: 10.1074/jbc.M112.449587 et al. Distinct CCR7 glycosylation pattern shapes receptor signaling and
20. Daugyvilaite V, Madsen CM, Liickmann M, Echeverria CC, Sailer AW, endocytosis to modulate chemotactic responses. J Leukoc Biol. (2016) 99:993-

Frimurer TM, et al. Biased agonism and allosteric modulation of G protein- 1007. doi: 10.1189/jlb.2VMA0915-432RR

coupled receptor 183 - a 7TM receptor also known as Epstein-Barr virus- 39. Uetz-von Allmen E, Rippl AV, Farhan H, Legler DF. A unique signal

induced gene 2. Br ] Pharmacol. (2017) 174:2031-42. doi: 10.1111/bph.13801 sequence of the chemokine receptor CCR7 promotes package into COPII
21. Liu]JJ, Horst R, Katritch V, Stevens RC, Wuthrich K. Biased signaling pathways vesicles for efficient receptor trafficking. J. Leukoc. Biol. (2018) 104, 375-389.

in beta2-adrenergic receptor characterized by 19F-NMR. Science. (2012) doi: 10.1002/JLB.2VMA1217-492R

335:1106-10. doi: 10.1126/science.1215802 40. Tan Q, Zhu Y, Li J, Chen Z, Han GW, Kufareva I, et al. Structure of the CCR5
22. Schwartz TW, Frimurer TM, Holst B, Rosenkilde MM, Elling CE. chemokine receptor-HIV entry inhibitor maraviroc complex. Science. (2013)

Molecular mechanism of 7Tm receptor activation—a global toggle 341:1387-90. doi: 10.1126/science.1241475

switch model. Annu Rev Pharmacol Toxicol. (2006) 46:481-519. 41. Ballesteros JA, Weinstein H. Integrated methods for the construction of

doi: 10.1146/annurev.pharmtox.46.120604.141218 three-dimensional models and computational probing of structure-function
23. Rosenkilde MM, Benned-Jensen T, Frimurer TM, Schwartz TW. The relations in G protein-coupled receptors. Methods Neurosci. (1995) 25:366-

minor binding pocket: A major player in 7TM receptor activation. 428. doi: 10.1016/51043-9471(05)80049-7

Trends Pharmacol Sci. (2010) 31:567-74. doi: 10.1016/j.tips.2010. 42. Barington L, Rummel PC, Liickmann M, Pihl H, Larsen O, Daugvilaite V, et al.

08.006 Role of conserved disulfide bridges and aromatic residues in extracellular loop
24. Kufareva I, Gustavsson M, Zheng Y, Stephens BS, Handel TM. What do 2 of chemokine receptor CCR8 for chemokine and small molecule binding. J

structures tell us about chemokine receptor function and antagonism? Annu Biol Chem. (2016) 291:16208-20. doi: 10.1074/jbc.M115.706747

Rev Biophys. (2017) 46:175-98. doi: 10.1146/annurev-biophys-051013-022942 43. Peeters MC, Van Westen GJP, Li Q, Ijzerman AP. Importance of the
25. Wescott MP, Kufareva I, Paes C, Goodman JR, Thaker Y, Puffer BA, extracellular loops in G protein-coupled receptors for ligand recognition

et al. Signal transmission through the CXC chemokine receptor 4 and receptor activation. Trends Pharmacol Sci. (2011) 32:35-42.

(CXCR4) transmembrane helices. Proc Natl Acad Sci. (2016) 113:9928-33. doi: 10.1016/j.tips.2010.10.001

doi: 10.1073/pnas.1601278113 44. Woolley MJ, Conner AC. Understanding the common themes and diverse
26. Zheng Y, Han GW, Abagyan R, Wu B, Stevens RC, Cherezov V, et al. roles of the second extracellular loop (ECL2) of the GPCR super-family. Mol

Structure of CC chemokine receptor 5 with a potent chemokine antagonist Cell Endocrinol. (2017) 449:3-11. doi: 10.1016/j.mce.2016.11.023

reveals mechanisms of chemokine recognition and molecular mimicry by 45. Ott TR, Lio FM, Olshefski D, Liu X]J, Struthers RS, Ling N. Determinants of

HIV. Immunity. (2017) 46:1005-17. doi: 10.1016/j.immuni.2017.05.002 high-affinity binding and receptor activation in the n-terminus of CCL-19
27. Burg]S, Ingram JR, Venkatakrishnan AJ, Jude KM, Dukkipati A, Feinberg EN, (MIP-3B). Biochemistry. (2004) 43:3670-8. doi: 10.1021/bi035895h

et al. Structural basis for chemokine recognition and viral G protein-coupled 46. Miles TF, Spiess K, Jude KM, Tsutsumi N, Burg JS, Ingram JR, et al. Viral

receptor. Science. (2015) 347:1113-7. doi: 10.1126/science.aaa5026 GPCR US28 can signal in response to chemokine agonists of nearly unlimited
28. Qin L, Kufareva I, Holden LG, Wang C, Zheng Y, Fenalti G, et al. Crystal structural degeneracy. Elife. (2018) 7:e35850. doi: 10.7554/eLife.35850

structure of the chemokine receptor CXCR4 in complex. Science. (2015) 47. Joseph PRB, Sawant KV, Isley A, Pedroza M, Garofalo RP, Richardson RM,

347:1117-22. doi: 10.1126/science.1261064 et al. Dynamic conformational switching in the chemokine ligand is essential
29. Monteclaro FS, Charo IF. The amino-terminal extracellular domain of the for G-protein-coupled receptor activation. Biochem ]. (2013) 456:241-51.

MCP-1 Receptor, but not the RANTES/MIP-1a receptor, confers chemokine doi: 10.1042/BJ20130148

selectivity. J Biol Chem. (1996) 271:19084-92. doi: 10.1074/jbc.271.32.19084 48. Katancik JA, Sharma A, Radel SJ, De Nardin E. Mapping of the extracellular
30. Scholten DJ, Canals M, Maussang D, Roumen L, Smit MJ, Wijtmans M, et al. binding regions of the human interleukin-8 type B receptor. Biochem Biophys

Pharmacological modulation of chemokine receptor function. Br ] Pharmacol. Res Commun. (1997) 232:663-8. doi: 10.1006/bbrc.1997.6352

(2012) 165:1617-43. doi: 10.1111/j.1476-5381.2011.01551.x 49. Thiele S, Steen A, Jensen PC, Mokrosinski J, Frimurer TM, Rosenkilde
31. Wells TNC, Proudfoot AEI, Power CA, Lusti-Narasimhan M, MM. Allosteric and orthosteric sites in CC chemokine receptor (CCR5),

Alouani S, Hoogewerf AJ, et al. The molecular basis of the a chimeric receptor Approach. ] Biol Chem. (2011) 286:37543-54.

chemokine/chemokine receptor interaction - scope for design of chemokine doi: 10.1074/jbc.M111.243808

antagonists. Methods Companion Methods Enzymol. (1996) 10:126-34. 50. Toyoda Y, Morimoto K, Suno R, Horita S, Yamashita K, Hirata K, et al.

doi: 10.1006/meth.1996.0086 Ligand binding to human prostaglandin E receptor EP4 at the lipid-bilayer
Frontiers in Immunology | www.frontiersin.org 13 September 2019 | Volume 10 | Article 2156


https://doi.org/10.1016/j.pharep.2014.06.006
https://doi.org/10.1016/j.jmgm.2017.04.012
https://doi.org/10.3390/ijms18122519
https://doi.org/10.1038/nature08144
https://doi.org/10.3390/ijms18020342
https://doi.org/10.1038/nature10488
https://doi.org/10.1038/nature10361
https://doi.org/10.1074/jbc.M112.449587
https://doi.org/10.1111/bph.13801
https://doi.org/10.1126/science.1215802
https://doi.org/10.1146/annurev.pharmtox.46.120604.141218
https://doi.org/10.1016/j.tips.2010.08.006
https://doi.org/10.1146/annurev-biophys-051013-022942
https://doi.org/10.1073/pnas.1601278113
https://doi.org/10.1016/j.immuni.2017.05.002
https://doi.org/10.1126/science.aaa5026
https://doi.org/10.1126/science.1261064
https://doi.org/10.1074/jbc.271.32.19084
https://doi.org/10.1111/j.1476-5381.2011.01551.x
https://doi.org/10.1006/meth.1996.0086
https://doi.org/10.1016/j.bcp.2016.04.007
https://doi.org/10.1016/j.jaut.2017.06.009
https://doi.org/10.1002/JLB.2VMA0118-008R
https://doi.org/10.1021/acs.biochem.5b00560
https://doi.org/10.1016/bs.mie.2015.09.031
https://doi.org/10.1074/jbc.M609695200
https://doi.org/10.1189/jlb.2VMA0915-432RR
https://doi.org/10.1002/JLB.2VMA1217-492R
https://doi.org/10.1126/science.1241475
https://doi.org/10.1016/S1043-9471(05)80049-7
https://doi.org/10.1074/jbc.M115.706747
https://doi.org/10.1016/j.tips.2010.10.001
https://doi.org/10.1016/j.mce.2016.11.023
https://doi.org/10.1021/bi035895h
https://doi.org/10.7554/eLife.35850
https://doi.org/10.1042/BJ20130148
https://doi.org/10.1006/bbrc.1997.6352
https://doi.org/10.1074/jbc.M111.243808
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Jorgensen et al.

Unraveling Biased Signaling at CCR7

51.

52.

53.

54.

interface. Nat Chem Biol. (2019) 15:18-26. doi: 10.1038/s41589-018-
0131-3

Morimoto K, Suno R, Hotta Y, Yamashita K, Hirata K, Yamamoto M, et al.
Crystal structure of the endogenous agonist-bound prostanoid receptor EP3.
Nat Chem Biol. (2019) 15:8-10. doi: 10.1038/541589-018-0171-8

Fan H, Chen S, Yuan X, Han S, Zhang H, Xia W, et al. Structural basis for
ligand recognition of the human thromboxane A 2 receptor. Nat Chem Biol.
(2019) 15:27-33. doi: 10.1038/541589-018-0170-9

DeWire SM, Yamashita DS, Rominger DH, Liu G, Cowan CL, Graczyk
TM, et al. A G protein-biased ligand at the mu-opioid receptor is
potently analgesic with reduced gastrointestinal and respiratory dysfunction
compared with morphine. | Pharmacol Exp Ther. (2013) 344:708-17.
doi: 10.1124/jpet.112.201616

Urits I, Viswanath O, Orhurhu V, Gress K, Charipova K, Kaye AD, et al.
The utilization of mu-opioid receptor biased agonists: oliceridine, an opioid

analgesic with reduced adverse effects. Curr Pain Headache Rep. (2019) 23:31.
doi: 10.1007/s11916-019-0773-1

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Jorgensen, Larsen, Uetz-von Allmen, Liickmann, Legler, Frimurer,
Veldkamp, Hjorto and Rosenkilde. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

14

September 2019 | Volume 10 | Article 2156


https://doi.org/10.1038/s41589-018-0131-3
https://doi.org/10.1038/s41589-018-0171-8
https://doi.org/10.1038/s41589-018-0170-9
https://doi.org/10.1124/jpet.112.201616
https://doi.org/10.1007/s11916-019-0773-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Biased Signaling of CCL21 and CCL19 Does Not Rely on N-Terminal Differences, but Markedly on the Chemokine Core Domains and Extracellular Loop 2 of CCR7
	Introduction
	Materials and Methods
	Human Chemokines
	Expression and Purification of the Human Chimeric CCL19CCL21N-term and CCL21CCL19N-term Chemokines
	Mutagenesis
	Cell Culturing and Transfection
	Bioluminescence Resonance Energy Transfer (BRET) Assays for G Protein Signaling and β-Arrestin-2 Recruitment
	Surface Expression Analysis
	Migration Assay
	Molecular Modeling
	Statistical Analysis

	Results
	Ligand Bias With Distinct Signaling Profiles of CCL21 and CCL19
	G Protein Signaling Is Determined by the Core Domain of the CCR7 Ligands—Not N-Terminus
	β-Arrestin-2 Signaling Is Similarly Determined by the Core Domain—Not the N-Terminus of the Chemokine
	Differential Docking Modes of CCL21 and CCL19 to CCR7
	Mutations in ECL-2 Differentially Impair CCL21 and CCL19
	Top of TM3 Involved in Biased Signaling

	Discussion
	The Core Domains of CCL19 and CCL21 Determine Their Differential Signaling Profiles
	Identification of Differential Interaction Modes at CCR7
	Linking ECL-2 Interactions With CCR7 Signaling

	Conclusion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	References


