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ARTICLE INFO ABSTRACT
Keywords: CC chemokine receptor 2 (CCR2), a class A G protein-coupled receptor (GPCR), represents a promising thera-
CCR2 peutic target for inflammatory and autoimmune diseases. Although several CCR2 antagonists have advanced to
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clinical trials, none have reached the market, largely due to limited efficacy. In recent decades, binding kinetics
has emerged as a key consideration in early drug discovery, complementing traditional equilibrium parameters
to enhance clinical efficacy. In parallel, targeting allosteric sites offers unique advantages, i.e. insurmountablility,
further improving therapeutic safety and efficacy. However, the interplay between binding kinetics and allos-
terism has received little attention in drug discovery as a strategy to optimize insurmountablility.

As such, we developed a kinetic competition association assay, employing the intracellular allosteric radio-
ligand [PH]LUF7482, which displayed high affinity in both equilibrium and kinetic binding assays, with
consistent nanomolar Kp values. After validation of the kinetic assay with unlabeled LUF7482, we profiled five
known intracellular CCR2 antagonists, including the covalent binder LUF7834 as a positive control, which
displayed an apparent long residence time (RT) of 576 min. Functional cAMP assays further revealed a strong
correlation between binding kinetics and the extent of insurmountable antagonism.

Together, this study established the competition association assay as a robust approach to characterize the
kinetic profiles of intracellular CCR2 antagonists, and revealed a clear correlation between binding kinetics and
insurmountability. These findings may guide the selection and optimization of next-generation allosteric an-
tagonists targeting CCR2, or the other GPCRs, in drug discovery pipelines, with the aim of improving insur-
mountability and, consequently, clinical efficacy.

1. Introduction in immune cell recruitment and inflammatory responses [3], contrib-
uting to the pathogenesis of multiple diseases, including cancer [4],

CC chemokine receptor 2 (CCR2) is a class A G protein-coupled re- cardiovascular disorders [5], and autoimmune diseases [6]. Given its
ceptor (GPCR) that primarily mediates the chemotaxis of monocytes [1] pivotal role in immune modulation and disease progression, CCR2 has
and macrophages [2] in response to its endogenous ligands, particularly been widely pursued as a promising therapeutic target, with numerous

CC chemokine ligand 2 (CCL2). The CCL2/CCR2 axis plays a critical role attempts to find effective therapies [7]. However, despite several

Abbreviations: A;aR, adenosine A2A receptor; AUC, area under the curve; BCA, bicinchoninic acid; BSA, bovine serum albumin; Bp,ay, maximum binding capacity;
cAMP, cyclic adenosine monophosphate; CCL2, CC chemokine ligand 2; CCR2, CC chemokine receptor 2; CHAPS, 3-[(3-cholamidopropyl)-dimethyl ammonio]-1-
propane sulfonate; DMSO, dimethyl sulfoxide; ECsp, half-maximal effective concentration; Ey,y, maximum response; ET, engagement time; GPCR, G protein-
coupled receptor; hENT;, human equilibrative nucleoside transporter 1; HPLC, high-performance liquid chromatography; ICso, half-maximal inhibitory concen-
tration; Kp, equilibrium dissociation constant; K;, inhibition constant; ks, Observed association rate constant; kg, dissociation rate constant; k., association rate
constant; mGlupR, metabotropic glutamate receptor 2; NanoBRET, NanoLuciferase bioluminescence resonance energy transfer; NSB, non-specific binding; PBS,
phosphate buffered saline; RLU, relative light unit; RT, residence time; SEM, standard error of the mean; TB, total binding; TFA, trifluoroacetic acid; U20S_hCCR2,
TangoTM CCR2-bla U20S; UV, ultraviolet.
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candidates advancing into clinical trials, none have reached the market,
largely due to limited efficacy [8].

Binding kinetics, a fundamental property of drug-receptor in-
teractions, are increasingly recognized as critical determinants of drug
efficacy, influencing both in vivo efficacy and duration of action [9,10].
In contrast to equilibrium binding parameters, which cannot capture the
dynamics of drug-target interactions, kinetic parameters offer critical
insights into how long and how fast a ligand engages its receptor [11].
Specifically, rapid association may promote early receptor occupancy
and rebinding [12,13], while slow dissociation generally prolongs drug-
target interactions and extends the biological effect [14]. Residence time
(RT), defined as the reciprocal of dissociation rate constant (kof), has
emerged as a predictive in vitro parameter for in vivo efficacy, with
studies demonstrating that compounds with long RT displayed better in
vivo efficacy in animal models [10,15-17]. For targets involved in in-
flammatory diseases, i.e. chemokine receptors, high target occupancy (>
90%) is required to achieve effective inhibition [18]. Even minimal re-
sidual chemokine receptor activity can be sufficient to initiate positive
feedback loops that drive inflammation [19]. Consequently, a long
target RT is crucial to ensure sustained receptor occupancy and pro-
longed therapeutic action. Consistently, a long-RT CCR2 orthosteric
antagonist (compound 15a in [20]), which achieved high receptor oc-
cupancy, was reported to effectively inhibit atherogenesis in an Apoli-
poprotein E deficient mouse model [20]. Taken together, an optimal
balance of these kinetic properties can therefore improve in vivo efficacy,
reduce dosing frequency, and enhance therapeutic outcomes.

While traditional strategies have focused on orthosteric antagonists
that compete directly with endogenous agonists, intracellular allosteric
antagonists have attracted increasing attention for their potential to
achieve enhanced selectivity [21], and fine-tuned signaling modulation
[22]. Moreover, unlike orthosteric inhibitors, which may be out-
competed by high concentrations of endogenous chemokines under
pathophysiological conditions, intracellular allosteric antagonists
engage alternative binding pockets that allow for insurmountable
antagonism [23,24], whereby the allosteric antagonist suppresses the
maximal agonist-induced response. Structural studies [25] and muta-
genesis analysis [26] have demonstrated an intracellular binding site at
CCR2 for small molecule antagonists, where pyrrolone [27], tri-
azolopyrimidinone [23], and sulfonamide derivatives [28] have been
reported to bind. Several of these antagonists, e.g. CCR2-RA-[R] [24]
and LUF7721 (compound 39 in [23]), have been reported to display
noncompetitive, insurmountable antagonism. Notably, the binding ki-
netics of intracellular allosteric CCR2 antagonists have previously been
studied via NanoLuciferase bioluminescence resonance energy transfer
(NanoBRET) assays with pyrrolone-based fluorescent ligands [29].
Nevertheless, the potential relationship between their binding kinetics
and insurmountable behavior, are not yet fully understood.

To address this, we developed a competition association assay
employing the allosteric radioligand [°H]LUF7482, which allowed us to
quantify the binding kinetics of several intracellular allosteric CCR2
antagonists. Considering that longer RT lead to more prolonged receptor
occupancy and a higher likelihood of insurmountable antagonism, we
hypothesized that RT correlates with functional insurmountability. To
test this, three intracellular antagonists with diverse kinetic profiles
were selected, and potential insurmountability was investigated using
functional cyclic adenosine monophosphate (cAMP) assays. Applying
this platform, we identified intracellular CCR2 antagonists with pro-
longed RTs, highlighting their potential to achieve favorable clinical
efficacy. Given CCR2’s role in inflammatory diseases and cancer, intra-
cellular allosteric antagonists with optimized kinetic profiles may pro-
vide a promising strategy for next-generation therapies with enhanced
efficacy and safety.
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2. Materials and METHODS
2.1. Chemicals and reagents

The human recombinant chemokine CCL2 was purchased from
PeproTech (Rocky Hill, NJ, USA). Tango™ CCR2-bla U20S
(U20S_hCCR2) cells was obtained from Invitrogen (Carlsbad, CA, USA).
LUF6980 (SD-24), LUF7482, LUF7834, and LUF7521 were synthesized
in-house as described previously [23,28,30]. JNJ-27141491 was pur-
chased from Syncom B.V. (Groningen, The Netherlands), and CCR2-RA-
[R] was purchased from Bio-Connect B.V. (Gelderland, The
Netherlands).

Dimethyl sulfoxide (DMSO, anhydrous, > 99.9%), phosphate buff-
ered saline (PBS), and bovine serum albumin (BSA, Fraction V) were
obtained from Sigma-Aldrich (Steinheim, Germany). McCoy’s 5A me-
dium was purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Non-essential amino acids and COj-independent medium were
purchased from Gibco (Frederick, MD, USA). Hygromycin B gold and
Zeocin™ were obtained from InvivoGen (San Diego, CA, USA). The
Pierce™ bicinchoninic acid (BCA) protein assay kit and BSA standard
ampules were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). The GloSensor™ cAMP assay kit was obtained from Promega
(Madison, WI, USA). Forskolin was purchased from Toronto Research
Chemicals Inc. (Toronto, ON, Canada).

Buffers and solutions were prepared at room temperature using
Millipore water purified with a Milli-Q® EQ 7000 ultrapure water pu-
rification system (Sigma-Aldrich, Steinheim, Germany) and filtered
through a 0.22 pm filter. Tris was obtained from SERVA Electrophoresis
GmbH (Heidelberg, Germany); HCI (37% in water) from Acros (Geel,
Belgium); MgCly-6H20 from Sigma-Aldrich (Steinheim, Germany); and
3-[(3-cholamidopropyl)-dimethyl =~ ammonio]-1-propane  sulfonate
(CHAPS, > 98%) from Carl Roth GmbH & Co. KG (Karlsruhe, Germany).

All solvents for radioligand preparation were of analytical or high-
performance liquid chromatography (HPLC) grade. Crabtree’s catalyst
[Ir(cod)(PCy3)(py)]1PF¢ was obtained from Sigma-Aldrich (Steinheim,
Germany), dichloromethane (extra dry) was purchased from Thermo
Scientific Chemicals (Waltham, MA, USA), acetonitrile was obtained
from Biosolve (Dieuze, France), and trifluoroacetic acid, sodium bicar-
bonate, methanol, and ethanol were sourced from Merck KGaA (Darm-
stadt, Germany) and used as received. Carrier-free tritium gas was
released from uranium tritide stored on a uranium bed of the tritium
manifold system (RC Tritec AG, Teufen, Switzerland). All other chem-
icals and reagents were purchased from standard commercial sources.

2.2. Preparation of [PHILUF7482

[®H]LUF7482 was custom-labeled by RC Tritec AG (Teufen,
Switzerland) using an iridium-catalyzed H/T exchange reaction. In a
micro-reaction vessel, 2.69 mg (5.69 pmol) of unlabeled LUF7482 and
14.4 mg (17.9 pmol) of Crabtree’s catalyst were dissolved in 0.4 mL of
dichloromethane. The mixture was frozen in liquid nitrogen, and the
flask evacuated before closing the vacuum tap and being allowed to
warm to room temperature. This procedure was performed three times.
The mixture was frozen once more, and the flask was evacuated before
679 mbar of carrier-free tritium gas was released and directed into the
reaction mixture. Upon equilibration, the pressure dropped to 477 mbar,
corresponding to a calculated total system volume of 5.9 mL. Upon
thawing to room temperature, the pressure increased to 743 mbar.

After stirring for 5 h at room temperature, the reaction was termi-
nated. The solution was frozen with liquid nitrogen, leading to a pres-
sure decrease to 361 mbar. Residual tritium gas was returned to the
waste-gas storage bed, and the solvent was condensed into an ampoule.
The residue was dissolved in 0.3 mL of methanol, followed by solvent
removal by condensation. This procedure was performed three times.
The resulting residue was suspended in 5 mL of ethanol and passed
through a 0.2 pm syringe filter to yield the crude product.
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For the subsequent preparative HPLC purification, the entire solution
containing approximately 1 Ci (37 GBq) of crude product was concen-
trated to approximately 300 pL. Five portions of 50 pL each were
injected on a Waters SunFire C18 column (10 x 250 mm, 5 pm; mobile
phase: (A) HoO + 0.1% trifluoroacetic acid (TFA); (B) acetonitrile +
0.1% TFA,; isocratic elution: 31% A and 69% B; flow rate: 4.7 mL/min;
ultraviolet (UV) detection at 254 nm. Fractions corresponding to the
product peak (8.1-8.4 min) were collected, combined and neutralized
with an equimolar amount of 10% aqueous NaHCOs. The acetonitrile
concentration was reduced by rotary evaporation at < 45 °C. The triti-
ated radioligand was isolated from the remaining solution by solid-
phase extraction using a Phenomenex Strata-X cartridge (3 mL, 100
mg) after washing it with water followed by elution with 5 mL of
ethanol.

A total amount of 58.8 mCi (2.18 GBq) of [*H]LUF7482 was obtained
in a specific activity of 40.3 Ci/mmol (1.49 TBq/mmol), determined by
mass spectrometry (Agilent 1290 high pressure gradient system and
Agilent 6545 QTOF, flow 0.3 mL/min of 50% 0.02% formic acid in water
and acetonitrile) and a radiochemical purity of > 98% determined by
radio-HPLC (Waters SunFire C18, 4.6 x 250 mm, 5 pm; mobile phase: A:
H20 + 0.05% TFA, B: acetonitrile + 0.05% TFA, gradient elution
50-100% B over 10 min; 1 mL/min; 30 °C: UV at 254 nm plus flow-
through radiomonitor).

2.3. Cell culture and membrane preparation

U20S cells, which stably express human CCR2b (U20S_hCCR2),
were cultured at 37 °C, 5% COo, in McCoy’s 5A medium supplemented
with 10% (v/v) fetal calf serum, 2 mM glutamine, 0.1 mM non-essential
amino acids, 25 mM HEPES, 1 mM sodium pyruvate, 200 IU/mL peni-
cillin, 200 pug/mL streptomycin, 100 pg/mL G418, 40 ug/mL hygrom-
ycin B gold, and 125 pg/mL zeocin under a humidified atmosphere.
U20S_hCCR2 cells were cultured in 10 or 15 cm @ plates until 80%
confluence and sub-cultured twice weekly by trypsinization. Dialyzed
fetal calf serum was used when culturing cells for functional assays or as
the last step before membrane preparation.

For membrane preparation, cells were scraped into PBS and centri-
fuged for 5 min at 3000 rpm. The pellet was then resuspended in ice-cold
buffer of 50 mM Tris-HCI (pH 7.4), supplemented with 5 mM MgCl,
before homogenization with an Ultra Turrax homogenizer (IKA-Werke
GmbH & Co. KG, Staufen, Germany). In two centrifugation steps using
an Optima LE-80 K ultracentrifuge (Beckman Coulter, Inc., Fullerton,
CA) at 31000 rpm for 20 min at 4 °C, the membrane fraction was
separated. The resulting pellet was resuspended in ice-cold buffer of 50
mM Tris-HCl (pH 7.4), supplemented with 5 mM MgCl, and stored at
—80 °C. Protein concentrations of membranes were determined using a
standard Pierce™ BCA protein assay Kit.

2.4. [3H]LUF7482 displacement assay

Displacement assays with [PH]LUF7482 were performed in a total
reaction volume of 100 uL, containing 50 mM Tris-HCI (pH 7.4), 5 mM
MgCl,, 0,1% CHAPS, and 10-20 pg of U20S hCCR2 membranes at
15 °C. In the homologous displacement assay, ~1.5, ~6.5 and ~20 nM
of [PH]LUF7482 were competed with unlabeled LUF7482 at increasing
six concentrations (10 pM — 1 uM). In the heterologous displacement
assays, ~6.5 nM [PHILUF7482 was competed with five reference CCR2
antagonists at six increasing concentrations (0.1 nM — 10 pM). Total
binding (TB) was determined by addition of vehicle (1% DMSO), while
non-specific binding (NSB) was determined by addition of LUF7721 (10
uM). Note, DMSO concentrations were kept constant at 1% (v/v) in all
samples.

Binding was initiated by the addition of membranes, and reaction
mixtures were incubated for 120 min at 15 °C while shaking at 400 rpm.
Ligand-receptor interaction was terminated by harvesting, which
removed unbound radioligand using ice-cold washing buffer (50 mM
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Tris-HCI, pH 7.4; 5 mM MgCly; 0.05% CHAPS) on GF-C filters using a
Filtermate harvester (Revvity, Groningen, The Netherlands). Radioac-
tivity was measured through scintillation spectrometry using the P-E
2450 Microbeta? scintillation plate counter (Revvity, Groningen, The
Netherlands) following the addition of 25 pL Microscint scintillation
(Revvity, Groningen, The Netherlands).

2.5. [PH]LUF7482 association and dissociation assays

[®HILUF7482 association assays were performed similarly to the
displacement assay described in Section 2.4, in a total reaction volume
of 100 uL containing ~6.5 nM [PH]LUF7482 in the absence (vehicle) of
competing compounds. Association of [PHJLUF7482 was initiated by
adding 20 pg U20S_hCCR2 membranes at 11 different timepoints over a
total incubation time of 120 min at 15 °C, while shaking at 400 rpm.
[3H]LUF7482 dissociation assays were carried out following a 120 min
pre-incubation of ~6.5 nM [PH]LUF7482 with 20 pg of U20S_hCCR2
membranes to reach equilibrium at 15 °C, while shaking at 400 rpm.
Subsequently, dissociation of the radioligand was initiated by adding a
high concentration of displacer in a small volume (10 pM LUF7721in 5
pL) at 11 different timepoints over a total incubation time of 120 min at
15 °C while shaking at 400 rpm. The amount of receptor-bound radio-
ligand was determined after harvesting as described in Section 2.4 (?H]
LUF7482 Displacement Assay").

2.6. [PH]LUF7482 competition association assay

The binding kinetics of unlabeled compounds were determined at
15 °C using a [*H]LUF7482 competition association assay. Reactions
were performed in a total reaction volume of 100 uL containing ~6.5 nM
[PHJLUF7482 in the absence (vehicle) or presence of competing
compounds.

The assay was first validated using three concentrations of the un-
labeled ('cold) ligand LUF7482: 12 nM (0.3 x ICsg), 40 nM (1 x ICs0) and
120 nM (3x ICsp). Binding kinetics of all other reference compounds
were assessed using a simplified, one-concentration competition asso-
ciation assay [31]. Specifically, the radioligand was preincubated with
either competing compounds (1 x ICsg) or vehicle (1% DMSO) in assay
buffer at 15 °C for 30 min while shaking at 400 rpm. Competition as-
sociation assays were subsequently initiated by adding 20 pg of
U20S_hCCR2 membranes in assay buffer, at 11 time points over a 120
min incubation at 15 °C. Incubations were terminated by harvesting and
the amount of receptor-bound radioligand was determined after har-
vesting as described in Section 2.4 (‘[3H]LUF7482 displacement assay").

2.7. GloSensor™ cAMP assay

The GloSensor™ cAMP assay (Promega, Madison, WI, USA) was
performed according to the manufacturer’s protocol. Briefly,
U20S_hCCR2 cells were seeded in 10 cm ¢ plates (2 x 10° cells/plate)
for 24 h to reach ~50% confluence. Cells were then transfected with 10
pg of GloSensor™ cAMP plasmid, and grown until ~80% confluence for
24 h. Subsequently, transfected cells were seeded (50,000 cells/well) in
a 96-well, white, flat-bottom plate (cat. no. 3917, Corning® Costar®,
Cambridge, MA, USA) and incubated overnight. The next day, trans-
fected cells were refreshed with 30 uL. COs-independent medium, fol-
lowed by addition of 50 pL/well of GloSensor™ cAMP reagent (final
concentration of 2% reagent per well, diluted in CO-independent me-
dium and prepared in the dark). The plate was mixed for 2 h at 25 °C,
and in the dark, to allow luminescence to equilibrate. Baseline lumi-
nescence at 595 nm was monitored for 7.5 min with an EnVision mul-
tilabel plate reader (Revvity, Groningen, The Netherlands). Before
antagonists addition, cells were stimulated with 1 uM forskolin for 52
min to induce cAMP production. Antagonists were prepared at the
selected concentrations (30, 100, 300 nM) in CO,-independent medium
containing a 0.25% DMSO (final concentration). Cells were then
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preincubated with each antagonist or the vehicle control (0.25% DMSO)
for either 10 min or 120 min. Preincubated cells were subsequently
stimulated with nine increasing concentrations of CCL2 (ranging from
10 pM to 0.3 uM). The final DMSO concentrations were kept at 0.25% in
all wells. Directly after agonist stimulation, luminescence at 595 nm was
measured for 90 min in real time.

2.8. Data analysis and statistics

All data were analyzed using GraphPad Prism 10.1 (GraphPad soft-
ware, San Diego, CA, USA). Specific radioligand binding was calculated
by subtracting non-specific binding (10 uM LUF7721). Data were sub-
sequently normalized to total binding (vehicle control, 1% DMSO), set as
100%, except in homologous displacement experiments.

[*HILUF7482 homologous displacement data were analyzed using
the ‘One site — Homologous’ model to obtain the equilibrium dissocia-
tion constant (Kp) and maximum binding capacity (Bpax). Heterologous
displacement data were analyzed using the ‘One site — Fit logICsy’ model
to determine ICsg and pICsg values. The inhibition constant (Kj) was
calculated using the ‘One site — Fit K;’ function, according to the Cheng
and Prusoff equation [32]:

Ki=16a / (1+57)

where [RL] is the radioligand concentration (~6.5 nM, calculated from
total counts), and Kp (10 nM) was obtained from [®H]LUF7482 ho-
mologous displacement.

[PH]LUF7482 association and dissociation data were fitted with
‘one-phase association’ or ‘one-phase decay’ to obtain the observed as-
sociation (kops) and dissociation [keg (ky)] rate constants for [3H]
LUF7482, respectively. The association rate constant [k, (k1)] for [*H]
LUF7482 was calculated as follows:

kon = (kobs - koff)/[RL]

The kinetic dissociation rate constant (Kp) of the radioligand was then
calculated as:

KD = koff/kon = kz/kl

[PHILUF7482 competition association data were analyzed by fitting the
data to the ‘kinetics of competitive binding’ model [33].

Ka =k [L]+ ks

Ks =ks [I] + ks

S= \/(KA —Kp)® + 4kiks [L][1110-18
Kr = 0.5(Ka + Kz +S)
Ks = 0.5(Ka + K5 — S)

_ Baxky [L]107°

Q KF—KS

Y=0Q ka(Kr — Ks) + ks — KFCH(FX) _ka— Kse<—KsX>
KFKS KF KS

In this model, X represents time (min), Y is the specific radioligand
binding (DPM), and [I] is the concentration of unlabeled ligand (nM),
Constraining these parameters, along with previously introduced kop
(k1), koff (k2), [RL] and By,ax allows the calculation of association [kop,
(k3)] and dissociation [kof (k4)] rate constants for competing com-
pounds. All competition association data were globally fitted. The Kp
values of competing compounds were calculated as:
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KD = koff/kon = k4/k3

Residence time (RT) was calculated as:

RT = 1 /kof

To enable comparison and ranking of compounds, engagement time (ET)
was calculated at a compound concentration of 1 uM. At this concen-
tration, most compounds approach target saturation, providing a more
robust and reliable kinetic readout. ET of compound at 1 uM was
calculated as described previously [34]:

ET = 1/(kon x 107°)

GloSensor cAMP kinetic luminescence data were analyzed by calcu-
lating the area under the curve (AUC) over 90 min following CCL2
stimulation. AUC values were baseline-corrected using vehicle control,
and normalized to the maximum response (Epax) of CCL2 (100%) in
absence of antagonists. Data were then fitted to the non-linear regres-
sion function 'log (agonist or inhibitor) vs. response (three parameters)'
to obtain ECsg and Ep.x values.

All data were presented as mean =+ standard error of the mean (SEM).
Statistical differences between two experimental groups were evaluated
using unpaired, two-tailed t-test with Welch’s correction. Statistical
differences among values for multiple individual groups were analyzed
using Brown-Forsythe and Welch ANOVA followed by Dunnett’s T3
multiple comparisons test: p < 0.033 was considered as statistical
significant.

3. Results
3.1. Characterization of newly synthesized radioligand [HJLUF7482

A previous study introduced LUF7482 as a suitable candidate that
binds the intracellular binding pocket of CCR2, and a radiolabeled
analogue, [3H]LUF7482, was subsequently synthesized [35]. To opti-
mize the specific binding window of this radioligand to U20S cells stably
expressing human CCR2b (U20S_hCCR2), we studied different buffer
components, filter pre-treatment, membrane and radioligand concen-
trations (data not shown), resulting in the previously published assay
[35].

The kinetic behavior of [3H]LUF7482 on U20S_hCCR2 was charac-
terized using association (Fig. 1A) and dissociation assays (Fig. 1B), both
of which displayed a monophasic kinetic profile of the radioligand. Since
[PH]LUF7482 exhibited rapid association and dissociation at 25 °C,
accurate determination of kinetic parameters was only feasible at a
reduced temperature of 15 °C. At this temperature, [H]LUF7482 dis-
played an association rate constant koq of 3.3 x 10’ M~ L.min"! and a
dissociation rate constant kog of 0.12 min~'. The corresponding kinetic
dissociation constant (Kp), calculated from ko, and ko, was 4 nM, with a
residence time (RT) of 8.6 min (Table 1).

To further characterize its binding properties, homologous
displacement assays were performed with increasing concentrations of
unlabeled LUF7482 (ranging from 10 pM to 1 pM) to displace [°H]
LUF7482 at three radioligand concentrations (~1.5, 6.5, and 20 nM).
These assays yielded a maximum binding capacity (Byax) of 6.3 pmol/
mg protein and an equilibrium dissociation constant (Kp) of 10 nM
(Fig. 1C, Table 1), consistent with the Kp, value obtained from the kinetic
studies.

3.2. [PHILUF7482 displacement by reference compounds

To determine the affinity of the selected reference antagonists, 3H]
LUF7482 displacement assays were performed. Six structurally diverse
reference compounds were selected (structures shown in Fig. 2A),
including three sulfonamide derivatives (LUF7834 [30], LUF7482, and
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Fig. 1. Characterization of [H] LUF7482 binding kinetics on U20S_hCCR2 membranes. (A, B) Association (A) and dissociation (B) of 6.5 nM [®H]LUF7482 on
U20S_hCCR2 membranes over 120 min at 15 °C (n = 4). (C) Homologous displacement of [°H]LUF7482 (~1.5, 6.5, and 20 nM) by non-labeled LUF7482 (10 pM — 1
uM) on U20S_hCCR2 membranes at 15 °C (n = 3). Total binding (TB) was determined with vehicle control (1% DMSO), while non-specific binding (NSB) was
determined in the presence of 10 uM LUF7721. Specific binding was calculated by subtracting NSB from total radioligand binding at each concentration and
timepoint. Kinetic data were normalized to TB (100%) and NSB (0%). Parameters obtained from the association and dissociation curves (Kp, kon, Kofr, RT) and from
the homologous displacement (Byax, Kp) are summarized in Table 1. Data are presented as the mean + SEM of at least three independent experiments performed

in duplicate.

Table 1
Characterization of [*H] LUF7482 on U20S_hCCR2 membranes at 15 °C.
Assay Brmax Kp kon kot RT
(pmol/ mM) M 1lmin~)°  (@min~Y)?  (min)°
mg)*

Association and — 4+ (3.3 +0.4) x 0.12 + 8.6 +
Dissociation (n 1" 107 0.01 1.1
=4)

Homologous 6.3 + 10 + — — -
Displacement 0.9 2°
(n=3)

Standard - 19 + (2.1 £0.4) x 0.30 + 3.4+
Competition 6" 107 0.05 0.5
Association (n
=4)

Values are presented as mean + SEM from at least three independent experi-
ments, each performed in duplicate. Statistical differences among multiple as-
says were analyzed using Brown-Forsythe and Welch ANOVA followed by
Dunnett’s T3 multiple comparisons test. No statistically significant differences
were detected (p > 0.033).

# Maximum binding capacity (Byax) and equilibrium dissociation constant
(Kp), derived from [*H]LUF7482 homologous displacement assays on
U20S_hCCR2 membranes at 15 °C.

b Kinetic Kp values, calculated as Kp = kot / kon.

¢ Association rate constant (ko) of [CHILUF7482 on U20S_hCCR2 membranes
at 15 °C.

d Dissociation rate constant (kot) of [*H]LUF7482 on U20S hCCR2 mem-
branes at 15 °C.

¢ Residence time (RT), calculated as RT = 1 / ko

LUF6980 [28]), a triazolo-pyrimidinone (LUF7521 [23]), a 2-

thioxoimidazoline (JNJ-27141491), and a pyrrolidinone (CCR2-RA-
[R]). The sulfonamide LUF7834, which bears an acrylamide warhead, is
known to bind irreversibly to CCR2 [30]. Therefore, it is expected to
display a long residence time in binding kinetic assays as well as clear
insurmountable antagonism in functional assays, making it a suitable
‘positive control’, to verify a potential link between binding kinetics and
functional effects. All compounds fully displaced [PH]LUF7482 in a
dose-dependent manner at 15 °C (Fig. 2B), yielding K; values summa-
rized in Table 2. Consistent with Kp values obtained from kinetic and
equilibrium binding assays, unlabeled LUF7482 exhibited nanomolar
binding affinity (K; = 22 nM). Overall, all compounds displayed high
and comparable affinity to U20S_hCCR2, with K; values ranging from 10
to 53 nM. In our assay, LUF6980 showed the highest affinity (10 nM),
whereas JNJ-27141491 displayed the lowest (53 nM).

3.3. Validation of the [3H]LUF7482 competition association assay

With the ko, and ko values of [®*H]LUF7482 obtained from associ-
ation and dissociation assays, we further determined the k,, and kg
values of competing ligands via competition association assays based on
the Motulsky-Mahan model [33]. The assay was first validated on
U20S_hCCR2 membranes in the absence (vehicle) or presence of unla-
beled LUF7482 at 0.3-, 1-, and 3- fold ICsy concentrations (Fig. 3A,
Table 1), competing with radiolabeled [®H]ILUF7482 at 15 °C. The kon
and ko values of unlabeled LUF7482 in this standard competition as-
sociation assay were determined as 2.1 x 10’ M ‘min~! and 0.30
min~1, respectively (Table 1), consistent with the on- and off- rates of
radiolabeled [3H]LUF7482 from association (ko, = 3.3 X 107
M Lmint, Fig. 1A) and dissociation assays (kof = 0.12 min~ !, Fig. 1B).
Correspondingly, the Kp of unlabeled LUF7482 derived from the
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Fig. 2. [3H] LUF7482 displacement by reference compounds on U20S_hCCR2 membranes. (A) Chemical structures of the reference CCR2 intracellular an-
tagonists: a covalent sulfonamide (LUF7834), sulfonamides (LUF7482, LUF6980), a triazolo-pyrimidinone (LUF7521), a 2-thioxoimidazoline (JNJ-27141491), and a
pyrrolidinone (CCR2-RA-[R]). (B) Concentration-displacement curves of [*H]LUF7482 by reference compounds (0.1 nM — 10 uM). Total binding (TB) was determined
with DMSO control (1% DMSO), while non-specific binding (NSB) was determined with 10 uM LUF7721, and specific binding was calculated by subtracting NSB from
TB. Data were fitted to a one-site competition model and are presented as mean + SEM of at least three independent experiments, each performed in duplicate (n = 3:
LUF7482 and JNJ-27141491; n = 4: LUF7834, LUF6980, LUF7521, and CCR2-RA-[R]). Parameters (pK;, K;) obtained from the [*H]LUF7482 displacement assays are
summarized in Table 2.

Table 2

Kinetic parameters of reference antagonists.
Compound pK; (Ki, nM)" Kp (nM)* kon (M~ 1.min~1)¢ Kofr (min~1)° ET (min)’ RT (min)®
LUF7482 7.7 £0.1 (22) 17 + 4 (1.8 +0.4) x 10”7 0.27 £ 0.05 0.07 £ 0.02 3.9+0.6
LUF7834° 7.5+ 0.1(32) 7+3 (4.1 +£2.3) x 10° 0.0018 + 0.0002* 43+1.6 576 + 61*
LUF6980 8.0 + 0.1 (10) 11 +4 (2.7 £2.3) x 108 1.8+1.2 0.01 £+ 0.01 1.3+ 0.6
LUF7521 8.1 +£0.3(14) 24 +5 (2.1 +£0.5) x 10”7 0.6 + 0.2 0.05 £+ 0.01 24 +0.7
JNJ-27141491 7.3 £0.0 (53) 38+7 (2.9 +1.4) x 10° 0.12 £+ 0.07 1.0+ 0.8 26 +18
CCR2-RA-[R] 7.8+ 0.1 (16) 8+2 (1.7 £ 0.1) x 10° 0.014 + 0.003* 0.59 + 0.03%*** 93 + 29

Values are presented as mean + SEM from at least three independent experiments, each performed in duplicate. Kinetic parameters for all compounds were derived
from simplified competition association assays performed at single concentration (1x ICsg). n = 3: LUF7834, LUF7521, JNJ-27141491, and CCR2-RA-[R]; n = 4:
LUF7482 and LUF6980. Differences for reference compounds compared to LUF7482 were analyzed using Brown-Forsythe and Welch ANOVA with Dunnett’s T3
multiple comparisons test: *p < 0.033; ***p < 0.001.

@ Apparent equilibrium and kinetic values are presented for the covalent antagonist LUF7834.

b Binding affinity (pK;, K;) values from [®H]LUF7482 displacement assays on U20S_hCCR2 membranes at 15 °C (Fig. 2B).

¢ Kinetic Kp values, calculated as Kp = kogt / kon-

d' Association rate constant (kopn) of unlabeled compounds to U20S_hCCR2 at 15 °C.

¢ Dissociation rate constant (ko) of unlabeled compounds from U20S_hCCR2 at 15 °C.

f Engagement time (ET) of compound at 1 pM, calculated as ET = 1 / (kon X 10).

& Residence time (RT) = 1 / kogs.
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Fig. 3. [®H]LUF7482 competition association assays with reference antagonists on U20S_hCCR2 membranes at 15 °C. (A) Validation of [*H]LUF7482
competition association assays (n = 4) with unlabeled LUF7482 at 0 nM (Vehicle), 12 nM (0.3x ICsp), 40 nM (1x ICsp) and 120 nM (3x ICsp). (B-F) Simplified
competition association curves of [®HILUF7482 (~6.5 nM) in the absence (0 nM, blue, n = 7) or presence of competing reference antagonists at their 1x ICso
concentrations. (B) Covalent antagonist: LUF7834 (57 nM, grass green, n = 3); (C-F) Reversible antagonists: (C) LUF6980 (17 nM, orange, n = 4), (C) LUF7521 (25
nM, dark cyan, n = 3), JNJ-27141491 (95 nM, pink, n = 3), and CCR2-RA-[R] (28 nM, purple, n = 3). Data were fitted to the Motulsky-Mahan model and represent
mean + SEM of at least three independent experiments, each performed in duplicate. Kinetic parameters (Kp, kon, kofr, RT) for LUF7482, derived from the validation
curves (A), are summarized in the last row of Table 1. Kinetic parameters (Kp, Kon, kofr, ET, RT) for each competitive antagonist, derived from the competition

association curves (B-F), are summarized in Table 2.

standard competition association assays (19 nM) closely matched the Kp
of radiolabeled [PH]LUF7482 from the classic association and dissoci-
ation assays (4 nM, Table 1), as well as the equilibrium Kp (10 nM) from
the homologous displacement assay (Fig. 1C, Table 1). These Kp, values
were also comparable to the affinity of LUF7482 (K; = 22 nM, Fig. 2B,
Table 2) obtained from equilibrium displacement assays.

Taken together, these results demonstrated that the competition as-
sociation assay can reliably determine ko, and ko values of competing
compounds on U20S_hCCR2 membranes at 15 °C. Moreover, a simpli-
fied competition association assay, applying a single concentration of
LUF7482 equal to 1x ICsy (40 nM), provided a robust experimental
window (Fig. 3A) and kinetic parameters (LUF7482, Table 2) compa-
rable to those obtained with standard three-concentration competition
association assays (Table 1). These results demonstrate that a single
concentration at 1x ICsq is sufficient for reliable determination of its
binding kinetics. Hence, this set up was applied to subsequent reference
compounds at a single concentration (1x ICsg) to increase assay
throughput.

3.4. Kinetic characterization of reference CCR2 intracellular antagonists

Applying the validated competition association assay, we profiled
the binding kinetics of five intracellular reference antagonists tested at a

single ICsp concentration (Fig. 3B-F). The kinetic Kp values of these
compounds, ranging from 7 to 38 nM, were in good agreement with their
individual K;j values (10-53 nM, Table 2) obtained from radioligand
displacement assays. Although all compounds displayed comparable
nanomolar affinities, their kinetic behaviors varied substantially, with
kon values spanning from 4.1 x 10° to 2.7 x 108 M~'min~"', and ko
values ranging from 0.0018 to 1.8 min~! (Table 2).

The covalent positive control LUF7834 (Fig. 3B, Table 2), as ex-
pected, exhibited slow binding kinetics, with a markedly extended
apparent residence time (RT) of 576 min, driven by a slow dissociation
rate (apparent ko = 0.0018 min~1). These features resulted in a kinetic
competition association curve (Fig. 3B) characterized by a peak in
maximal binding within 10 min, which then declined slowly, well
beyond the 120-min observation period. Of note, it also had a slow as-
sociation rate (apparent ko, = 4.1 x 10° M_1~min_l, and an engagement
time (ET) of 4.3 min at 1 puM, resulting in an apparent affinity that was
comparable to the other antagonists.

Among the reversible antagonists, CCR2-RA-[R] exhibited the
longest RT (93 min, Table 2), displaying a pronounced 'overshoot' in its
competition association curve (Fig. 3F), peaking at submaximal binding
at 10 min and gradually declining to half-maximal binding by 120 min
(kon = 1.7 x 10° M~ Lmin~%; ko = 0.014 min~1). JNJ-27141491 fol-
lowed with the second-longest RT (26 min, Fig. 3E), showing an on-rate
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comparable to CCR2-RA-[R], but a 9-fold higher ko (kogs = 0.12 min %
kon = 2.9 x 10® M~'min™'). In contrast, LUF7482 (RT = 3.9 min,
Fig. 3A), LUF6980 (RT = 1.3 min, Fig. 3C) and LUF7521 (RT = 2.4 min,
Fig. 3D) had the shortest RTs (Table 2), with no 'overshoot' observed.
Although LUF7482 and LUF6980 share the same sulfonamide core
(Fig. 2A), LUF7482 displayed a 15-fold lower ko and a seven-fold lower
kofr than LUF6980, highlighting the influence of R-group substituents on
kinetic behavior and pharmacological duration. Moreover, LUF6980
(kon = 2.7 % 108 Mfl-minfl; kot =1.8 min 1) associated 158-fold faster
and dissociated 128-fold faster than CCR2-RA-[R] (kon = 1.7 X 108
M’1~min’1; koge = 0.014 min’l), suggesting a wide variation in kinetic
profiles among these CCR2 antagonists.

Taken together, kinetic profiling revealed that the covalent antago-
nist LUF7834 exhibited a prolonged apparent RT, consistent with its
irreversible mode of action. Among non-covalent antagonists, CCR2-RA-
[R] showed the longest RT at CCR2, whereas LUF6980 had the shortest.
These three compounds were therefore selected for further character-
ization in functional assays.

3.5. Functional characterization with GloSensor™ cAMP assay

To further investigate how antagonist binding kinetics relate to their
functional behavior, GloSensor™ cAMP assays were performed in living
U20S_hCCR2 cells. Three intracellular antagonists were selected based
on their distinct kinetic profiles: the shortest RT antagonist LUF6980
(RT = 1.3 min), the longest RT reversible antagonist CCR2-RA-[R] (RT
= 93 min), and the covalent positive control LUF7834 (apparent RT =
576 min). To investigate a potential difference in their mode of antag-
onism, we compared their inhibition of CCL2-induced responses
following a short (10 min) or a long (120 min) preincubation time. As
such, CCL2-induced cAMP inhibition was measured in the absence
(vehicle) or presence of an individual antagonist at fixed concentrations
(30, 100, and 300 nM). After preincubation with or without antagonists,
increasing concentrations of CCL2 (10 pM - 0.3 uM) were added and co-
incubated for 90 min. CCL2-induced receptor activation resulted in a
concentration-dependent reduction in forskolin-induced intracellular
cAMP levels. Representative luminescence traces following CCL2 stim-
ulation at a submaximal concentration (10 nM), in the absence (grey) or
presence of LUF7834 (green), are shown in Fig. 4A-B. From these traces,
the area under the curve (AUC) was calculated after CCL2 stimulation at
increasing concentrations (10 pM — 0.3 uM) and fitted into concen-
tration-response curves (Fig. 4C-H).

In absence of antagonist, increasing concentrations of CCL2 pro-
duced comparable cAMP inhibition following 10 min and 120 min
preincubation, yielding identical ECsy values of 3 nM (Table 3). Pre-
incubation with antagonists reduced CCL2-induced signaling, depend-
ing on compound, concentration, and preincubation time. In general,
higher antagonist concentrations and longer preincubation times pro-
duced a greater rightward shift of the CCL2 response curves, reducing
potency (ECsp) and, in some cases, maximal response (Emax), Which is
indicative of insurmountable antagonism.

The extent of these reductions varied among antagonists and showed
a clear correlation with their RTs. Consistent with its short-RT, LUF6980
behaved as a competitive, surmountable antagonist after 10 min of
preincubation (Fig. 4C) but became progressively insurmountable when
preincubation was extended to 120 min (Fig. 4D). Accordingly, during
short incubation, the Ep,,x values of CCL2-induced cAMP responses were
largely unaffected by LUF6980 across different concentrations, whereas
a significantly Epn.x decrease was observed at 300 nM (73%, Table 3)
following prolonged preincubation. Nevertheless, both 100 nM and 300
nM LUF6980 significantly reduced CCL2 potency irrespective of pre-
incubation duration. Extending the preincubation time to 120 min did
not produce any further shift in potency, even at the highest concen-
tration, with comparable ECsy values between the two preincubation
times (Table 3).

In contrast, the longest RT antagonist CCR2-RA-[R] exhibited clear
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Table 3
Functional characterization of LUF6980, CCR2-RA-[R], and LUF7834 in
CCL2-induced GloSensor™ cAMP assays.

Compound 10 min Preincubation 120 min Preincubation
Emax PECso + Emnax (%)° PECso + SEM
(%) SEM (ECso, nM)"
(ECso, nM)"
0 nM (CCL2) 100 +£1 85+0.1(1) 100+ 1 8.6 £0.1(3)
+ 30 nM LUF6980 98 +7 8.4+0.1(4) 100 £ 0 8.3+£0.1(5)
+ 100 nM LUF6980 102 £ 9 82+0.1(7) 105+ 5 7.7 £0.2(27)
+ 300 nM LUF6980 90 +7 7.6 £ 0.1 73 £ 9* 7.7 £0.2(24)
(26)%*
+ 30 nM CCR2-RA- 98 £5 8.2+ 0.1(6) 95+ 10 8.4+0.1(5
[R]
+ 100 nM CCR2- 88+ 6 7.8+0.1 77 £ 8 8.0+0.1 (11)
RA-[R] (16)**
+ 300 nM CCR2- 59 + 8* 7.2+0.2 35 £ 6% " 7.3 +£0.1 (50)
RA-[R] (66)* *kk
+ 30 nM LUF7834 56 £ 6% 83+01(5) 2+4**F" NA

+ 100 nM LUF7834 37 + 8.4+£0.2(5) —1 £ 2%%% N.A.
e ++
+ 300 nM LUF7834 15+ 8.9+ 0.4(2) 8 4 5** N.A.

4

Data represent the mean + SEM of at least three independent experiments
performed in duplicate. Potency (pECso, ECsg) and maximum responses (Epay) of
CCL2 were measured in the absence (0 nM) or presence of representative an-
tagonists (30, 100, and 300 nM), following either 10 min or 120 min pre-
incubating with U20S_hCCR2 cells. N.A., not applicable.

Differences in potency or efficacy in the presence of antagonists (30, 100, and
300 nM) compared to the absence of antagonist (0 nM) were analyzed using
Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons
test: *p < 0.033; **p < 0.002; ***p < 0.001. Differences between preincubation
durations (10 min vs. 120 min) were analyzed using Welch’s t-test: *p < 0.033;
**p < 0.002.

# The percentage of Ep,y represents the normalized luminescence response at
0.3 uM CCL2, derived from the concentration-response curves, with AUC values
normalized to vehicle (0%, 0 nM CCL2) and E,,x (100%, 0.3 uM CCL2) of control
CCL2 curves in the absence of antagonist.

b Potency values (pECsg, ECso) of CCL2 responses were calculated by fitting
area under the curve (AUC) values to the non-linear regression using 'log
(agonist or inhibitor) vs. response (three parameters)'.

insurmountable antagonism after preincubation for both 10 min
(Fig. 4E) and 120 min (Fig. 4F) durations. Already after 10 min pre-
incubation, the En,x values of CCL2-induced cAMP responses were
significantly reduced with 300 nM CCR2-RA-[R] (59%, Table 3)
compared to control, accompanied by a significant decrease in potency
at both 100 nM (ECs¢ = 16 nM) and 300 nM (ECsp = 66 nM). Notably,
this insurmountable effect became more pronounced with extended
preincubation, as the Ep.x at 300 nM CCR2-RA-[R] significantly
declined from 59% (10 min) to 35% (120 min preincubation), whereas
responses at 30 nM and 100 nM remained largely unchanged (Table 3).

The covalent, and thus apparent longest-RT, antagonist LUF7834
displayed pronounced, time-dependent insurmountability. After only
10 min of preincubation, the Ep,x value was significantly reduced even
at the lowest concentration of antagonist (56% at 30 nM) and dropped
further at higher concentrations (37% and 15% at 100 nM and 300 nM,
respectively), while potency remained consistent across concentrations
(Fig. 4G, Table 3). This non-competitive, insurmountable behavior
became more pronounced with prolonged preincubation (120 min,
Fig. 4H), as only 30 nM LUF7834 nearly completely abolished CCL2-
induced cAMP signaling (Enax = 2%, Table 3). Taken together, these
findings support our hypothesis that the extent of functional insur-
mountable antagonism strongly correlates with the target binding ki-
netics of an allosteric antagonist.
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Fig. 4. Functional characterization of LUF6980, CCR2-RA-[R], and LUF7834
first stimulated with forskolin (1 uM), then preincubated with antagonists for 1

Log[CCL2], M

with CCL2-induced GloSensor™ cAMP assays in U20S_hCCR2 cells. Cells were
0 or 120 min (left vs. right panels), and subsequently induced with CCL2. Lumi-

nescence was monitored for 90 min following CCL2 addition. (A-B) Representative luminescence traces, expressed as relative light units (RLU), following CCL2
stimulation at a submaximal concentration (10 nM), after 10 min (A) or 120 min (B) preincubation with vehicle (grey), or increasing concentrations of LUF7834 (30,
100, and 300 nM; green gradient). Data are representative of three independent assays performed in duplicate. RLU responses were subsequently quantified by
calculating the area under the curve (AUC) and fitting to nonlinear regression curves. (C-H) Concentration-response curves for CCL2 (10 pM — 0.3 uM), after pre-

incubation with vehicle (0 nM, grey, n = 10 for 10 min and n = 9 for 120 min), or
4 for 10 min and n = 3 for 120 min, C-D); CCR2-RA-[R] (purple gradient, n =

representative antagonists at 30, 100, and 300 nM: LUF6980 (orange gradient, n =
3, E-F); the covalent antagonist LUF7834 (green gradient, n = 3, G-H). Data are

presented as mean + SEM of at least three independent experiments performed in duplicate. Potency (pECso, ECso) and efficacy (Emax) values derived from the

concentration-response curves are summarized in Table 3.
4. Discussion

Binding kinetics has increasingly emerged as a critical determinant
in early drug discovery, complementing traditional equilibrium pa-
rameters such as affinity. While affinity provides a static measure of
ligand-receptor interactions, and is often insufficient to predict in vivo
efficacy alone, kinetic parameters capture the dynamics of ligand-
receptor engagement, thereby shaping both the magnitude and dura-
tion of drug pharmacodynamics [36]. Compounds with favorable kinetic
profiles, particularly slow dissociation and thus an sustained target RT,
often achieve enhanced in vivo efficacy at lower doses [11,36,37].

Due to the limited investigation of intracellular tracers, most kinetic
studies have focused on orthosteric ligands for GPCRs [38,39]. In

contrast to the binary complex for orthosteric antagonists, intracellular
allosteric antagonists introduce an additional layer of kinetic
complexity, as described by the allosteric ternary complex model
involving both orthosteric and allosteric ligands [40]. Previous kinetic
attempts for CCR2 intracellular allosteric radioligand were unsuccessful.
Specifically, [H]CCR2-RA exhibited a monophasic association but
biphasic dissociation, with kops of 0.09 min~!, and two dissociation
constants (kofr; = 0.24 min~! and kotro = 0.03 min~! [24]). Similarly,
kinetic characterization of [PH]CCR2-RA-[R] revealed biphasic behav-
iors in both association and dissociation phases [27]. Due to these
complex kinetic profiles, the Motulsky-Mahan model [33] could not be
used (i.e. as a single kon/k; and single kog/ks needed), precluding their
application for kinetic profiling of competing compounds.
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Thus, in this study we introduced an allosteric radioligand [*H]
LUF7482, enabling direct kinetic characterization of intracellular allo-
steric CCR2 antagonists. In this setup, the allosteric antagonists directly
compete with [PH]LUF7482 at the same intracellular binding site,
avoiding additional complications from allosteric cooperativity [41].
Because [H]LUF7482 displayed rapid association and dissociation at
25 °C, accurate determination of kinetic parameters was only possible at
a reduced temperature of 15 °C. Similar temperature adjustments have
been applied to other targets, e.g. adenosine Ajp receptor (AgaR, [31])
and human equilibrative nucleoside transporter 1 (hENT;, [42]), where
kinetic assays were performed at temperatures as low as 5 °C [31] and
10 °C [42], respectively. The Kp and Bpax of [®H]LUF7482 at 15 °C were
10 nM and 6.3 pmol/mg, respectively, closely matching previously ob-
tained parameters at 25 °C on HEK293T-CCR2 membranes (Kp = 6.5
nM, Bnax = 10 pmol/mg [35]). Notably, the consistent Ky, values ob-
tained from both equilibrium and kinetic studies, along with the
concordant ko, and kg values of LUF7482 derived from both classical
and competitive kinetic studies, validate the robustness of our kinetic
assay.

Evaluation of structurally diverse intracellular reference compounds,
as expected, revealed consistently high affinities for CCR2, comparable
to previously published affinities tested at 25 °C on U20S_CCR2 mem-
branes. Specifically, in [3H] CCR2-RA-[R] displacement assays, LUF7834
exhibited an apparent K;j value of 8 nM (compound 6c¢ in [30]), while
LUF7521 had a K;j value of 1.3 nM (compound 8 in [23]). In assays
competing with racemic [*H]ICCR2-RA, LUF6980 (SD-24), CCR2-RA-
[R], LUF7482 (compound 7 in [28]), and JNJ-27141491 displayed
Kjvalues of 1 nM [26], 5 nM [24], 6 nM [28], and 12 nM [24],
respectively. Notably, their K; ranking: LUF6980 < LUF7521 < CCR2-
RA-[R] < LUF7834 < JNJ-27171491, matches perfectly with that
observed in this study at 15 °C (Table 2), demonstrating that while ab-
solute values vary with temperature, relative affinities and trends are
consistent.

Although these intracellular antagonists displayed comparable af-
finities, they exhibited pronounced diversity in their binding kinetic
behavior. This observation reinforces the emerging concept that affinity
alone does not predict target occupancy duration. For instance, despite
comparable K; and Kp values, the pyrrolone derivative CCR2-RA-[R]
exhibited slower association and dissociation relative to the sulfonamide
derivative LUF6980. In addition, the reversible antagonists LUF7482
and LUF6980, which share an identical sulfonamide core, displayed
different kinetic profiles, highlighting the role of R-group substituents in
modulating kinetic behavior and extending pharmacological duration,
also at an allosteric site. Discrepancies between affinity and kinetics
have been reported for numerous receptors, including adenosine A;
receptor [43], glucagon-like peptide-1 receptor [44], metabotropic
glutamate receptor 2 [45], and 5-hydroxytryptamine 7 receptor [46], as
well as hENT;, where a draflazine derivative showed ~10-fold slower
association and ~100-fold slower dissociation than a dipyridamole
analogue, despite similar nanomolar affinities [47].

The kinetics of some compounds investigated herein have also been
studied previously, albeit in NanoBRET assays at room temperature,
which can be performed in live cells [29]. For example, CCR2-RA-[R]
exhibited a ~3.5 fold longer RT at 15 °C (93 min, Table 2) than its
racemic mixture CCR2-RA at room temperature (27 min) in NanoBRET
assays [29]. In contrast, the shortest-RT antagonist identified here,
LUF6980, showed a nine-fold shorter RT at 15 °C (1.3 min, Table 2) than
in NanoBRET assays at room temperature (12 min [29]). As these studies
differ in temperature, assay format, and because the racemic mixture
CCR2-RA differs with the pure enantiomer CCR2-RA-[R] used here,
differences in kinetic behavior are expected. Nevertheless, the overall
trends are consistent. CCR2-RA-[R] and its racemic mixture consistently
displayed longer RTs than LUF6980 in both assays, supporting the
robustness and reliability of our binding kinetic measurements.

Of note, this NanoBRET-based method has recently also been
employed to study the kinetics of other intracellular antagonists at
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different chemokine receptors. In CCR7, the molecular tool Mz437 was
characterized by rapid kinetics, resulting in a residence time of 4.5 min
at room temperature [48], which is comparable to the RT of LUF7482
(3.9 min, Table 2) at 15 °C in this study. While in CCR9, a Vercirnon
analogue displayed a long RT of 90 min when tested at a higher tem-
perature of 37 °C [49], comparable to the RT of CCR2-RA-[R] (93 min,
Table 2) in our study. However, although studying the binding kinetics
of antagonists targeting the intracellular binding site of chemokine re-
ceptors is gaining attention, none of these studies have looked into how
these kinetics influence functional outcomes.

Given the high local concentrations of endogenous chemokines (e.g.
CCL2) under inflammatory or pathophysiological conditions, enhanced
insurmountable antagonism is particularly advantageous for targeting
chemokine receptors in chronic diseases like cancer or autoimmune
disease [53]. Our functional studies revealed a strong correlation be-
tween the level of insurmountable antagonism and the kinetic profile of
the selected ligands. Prolonged incubation (120 min) had little impact
on the short-RT antagonist (LUF6980) but markedly enhanced the
insurmountable behavior of long-RT compounds, particularly LUF7834.
Such a link between binding kinetics and functional effects has been
previously investigated for orthosteric antagonists targeting other
GPCRs. For instance, a series of thiophene derivatives targeting the
orthosteric site of the cannabinoid receptor 1, exhibited significant
differences in residence time, which correlated with their insurmount-
able antagonism in both [3>S]GTPyS binding and p-arrestin recruitment
assays [50]. A similar case has been observed at adenosine Ay receptor,
where triazolotriazine-derived antagonists displayed only minor differ-
ences in affinity but varied substantially in their residence times [51]. In
this example, the selected long-RT antagonist exhibited insurmountable
antagonism in a cAMP assay, whereas the functional effect of the
shortest-RT antagonist was surmountable. A similar correlation between
RT and insurmountable antagonism has been observed for angiotensin II
type I receptor antagonists (Sartans) [52], contributing to their long-
lasting antihypertensive effect in vivo.

Of note, all three selected ligands for the functional assays (LUF6980,
CCR2-RA-[R], and LUF7834) displayed good consistency between
membrane-based and live-cell assays, indicating adequate cellular
permeability. LUF6980 exhibited functional potency in cell-based IP
turnover assays (ECso = 236 nM [26]) consistent with its low-nanomolar
binding affinity (K; = 5 nM [24]), while CCR2-RA-[R] displayed
concordant binding (K; = 5 nM [24]) and live-cell functional potencies
in B-arrestin-2 recruitment (ECs9 = 25 nM [24]) and cell-impedance
assays (ECsp = 64 nM [24]). Although LUF7834 has not previously
been evaluated in live-cell assays, our data suggest adequate perme-
ability, as it achieved ~50% inhibition at 30 nM and near-complete
inhibition at 300 nM after a 10 min preincubation in the GloSensor™
cAMP assay (Fig. 4G, Table 3), aligning well with its binding affinity (K;
= 32 nM, Table 2).

Beyond RT, association kinetics may also play a key role in achieving
high target occupancy and influencing insurmountable antagonism.
Faster association can enhance initial receptor occupancy, particularly
before the system reaches equilibrium, and can prolong intracellular
target engagement by promoting rebinding [13], where the drug re-
associates with their target rather than diffusing away. This cycle of
rapid rebinding and slow dissociation extends intracellular residence
time and pharmacodynamic duration, as demonstrated by Gebre et al
[12] and Vauquelin et al. [13], highlighting the significance of associ-
ation rates in drug design. For intracellular antagonists in particular,
local ligand concentrations may remain higher than extracellular li-
gands, making rebinding a more significant factor.

In this case, association kinetics are particularly relevant when the
shortest preincubation time of 10 min was used, as equilibrium may not
have been reached for all antagonist concentrations. The ET of the
slowest-associating compound, LUF7834 (ET = 4.3 min, Table 2) dem-
onstrates that at 1 uM it can effectively engage the receptor within the
10-min preincubation period. However, substantially longer ETs are
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required at lower concentrations (approximately 33- and 10-fold longer
for 30 nM and 100 nM, respectively, according to ET = 1/(kon X [L])).
Under these conditions, full receptor occupancy is not expected for 10
min preincubation. Consequently, due to signal amplification in the
cAMP assays, a fraction of receptors likely remains available for agonist
activation, resulting in residual agonist responses in the functional
cAMP data (Fig. 4G), where 56% and 37% residual activity were
observed at 30 and 100 nM LUF7834, respectively (Table 3). However,
potential contributions of ligand rebinding, cannot be excluded. In
contrast, for the fastest-associating compound, LUF6980, no insur-
mountable behavior was observed after 10 min preincubation, despite
its allosteric binding mode. Given its short engagement time (ET = 0.01
min at 1 uM, Table 2), 10 min is sufficient for full receptor engagement
even at the lowest concentration (30 nM). Therefore, its surmountable
behavior is most likely driven by its very short RT, resulting in incom-
plete occupancy and residual agonist activity at both incubation times.
Notable, the prolonged incubation period (120 min) allows all three
antagonists to fully engage the receptor, thereby ruling out of a contri-
bution of association rate to their insurmountable behaviors. Together,
these data suggest that although RT is the primary driver for insur-
mountable antagonism under prolonged incubation times, ET may
contribute to the initial insurmountable behavior of slowly associating
antagonists before equilibrium is reached.

Fast-associating antagonists may be preferable when an immediate
effect is desired, whereas slow-dissociating compounds can sustain ef-
ficacy in chronic diseases such as cancer or autoimmune disease [53].
When receptor RT exceeds the pharmacokinetic half-life, pharmacody-
namic effects may persist beyond system clearance, potentially reducing
dosing frequency and minimizing off-target toxicity [42,54]. As exem-
plified by mGlusR positive allosteric modulators, the long-RT 7-Aryl-
1,2,4-triazolo[4,3-a]pyridine derivative (referred to as compound 9 in
[45]) shows extended duration of action in vitro (impedance-based
morphology) and sustained inhibition of rapid eye movement in vivo
compared with its short-RT analogue (compound 20 in [45]).

In this study, we established and validated a kinetic binding assay to
characterize intracellular allosteric CCR2 antagonists. Despite their
comparable high affinities, the reference compounds exhibited strik-
ingly divergent kinetic behaviors, with residence times ranging from
minutes to several hours. Functional outcomes further demonstrated
that binding kinetics strongly correlated with their level of insur-
mountable antagonism, which further validates the predictive value of
our competitive association assays for characterizing intracellular CCR2
antagonists. Collectively, these findings highlight the importance of
incorporating kinetic profiling alongside affinity assessment in early
drug discovery. Beyond CCR2, our approach provides a generalizable
framework for studying the kinetic properties of intracellular ligands,
and for designing compounds optimized not only for binding affinity but
also for their binding kinetics to obtain an enhanced in vivo pharmaco-
logical efficacy.
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