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ABSTRACT: In this study, we describe the structure-based

development of the first fluorescent ligands targeting the

intracellular allosteric binding site (IABS) of the CC chemokine ) 5)

receptor type 1 (CCR1), a G protein-coupled receptor (GPCR) #7 [

that has been pursued as a drug target in inflammation and 7 ¥

immune diseases. Starting from previously reported intracellular /-
J

\
PLIS
\ (]
liganc N o
vy
[ (elelo}
Y

N
{5 TAMRA
fluorophore

12

-) MY 1
allosteric modulators of CCR1, tetramethylrhodamine (TAMRA)- },)_', ./ Kp(CCR1) =0.51 + 0.09 uM (cellular)
labeled ligands were designed, synthesized, and tested for their ’ 3 pt "L % » NanoBRET assay
suitability as fluorescent tracers to probe binding to the IABS of )/) 3 5 » Mapping of CCR1 binders

» New ligands with

CCRI. In the course of these studies, we developed LT166 (12) as
CCR1 vs CCR2 selectivity

a highly versatile fluorescent CCRI1 ligand, enabling cell-free as well
as cellular NanoBRET-based binding studies in a nonradioactive
and high-throughput manner. Besides the detection of intracellular allosteric ligands by direct competition with 12, we were also able
to monitor the binding of extracellular antagonists due to their positive cooperative binding with 12. Thereby, we provide a
straightforward and nonradioactive method to easily distinguish between ligands binding to the IABS of CCRI1 and extracellular
negative modulators. Further, we applied 12 for the identification of novel chemotypes for intracellular CCR1 inhibition that feature
high binding selectivity for CCR1 over CCR2. For one of the newly identified intracellular CCR1 ligands (i.e., 23), we were able to
show CCRI1 over CCR2 selectivity also on a functional level and demonstrated that this compound inhibits basal f-arrestin
recruitment to CCRI, thereby acting as an inverse agonist. Thus, our fluorescent CCRI1 ligand 12 represents a highly promising tool
for future studies of CCR1-targeted pharmacology and drug discovery.

KEYWORDS: drug discovery, fluorescent probes, GPCRs, click chemistry, medicinal chemistry, target engagement

The CC chemokine receptor type 1 (CCR1) is a G protein- More recent publications also suggest CCR1 as a potential
coupled receptor (GPCR) that belongs to a family of more drug target for the treatment of systemic fungal infections,
than 20 chemokine receptors, which have emerged as attractive obesity-associated cancer, Behcet’s disease, and COVID-
targets for drug discovery. Approximately S0 endogenous 19."'~" This high therapeutic potential has prompted intense
protein-based ligands, so-called chemokines, interact with efforts in the development of small-molecule antagonists of
these receptors, thelreby mediating basal and inflammatory CCR1.7'%'*"*® Duye to highly promising results from
leukocyte trafficking.” CCRI is expressed on different immune preclinical studies, several small-molecule CCR1 antagonists,

cells, including monocytes, macrophages, neutrophils, T- including BX-471 (1, also referred to as BAY 86-5047 or ZK-

lymphocytes, basophils, and dendritic cells." At least nine 811752) and BMS-817399 (2) entered clinical trials (see
different chemokines (ie, CCL3, CCLS, CCL7, CCLS,

CCL13-16, and CCL23) are able to bind to and activate
CCR1,”™" thus highlighting the high promiscuity of this
receptor regarding its extracellular chemokine binding site.
Recently, reported cryogenic-electron microscopy (cryo-EM)

Figure 1). However, none of the clinically evaluated CCR1
antagonists have reached market approval so far, which is
mainly attributed to their limited therapeutic efficacy.””*° For

structures of the CCR1—-G; complex bound to different Received:  March 29, 2024 "“é’c"s‘“"“ﬂ';#,,c;

&lranslational SEi

CCL1S truncations provided the first structural insights into Revised: ~ May 18, 2024
CCRI activation by endogenous chemokines.” Since the early Accepted:  June 10, 2024
2000s, CCR1 is known to play an important role in Published: June 21, 2024
rheumatoid arthritis (RA), multiple sclerosis (MS), Alz-
heimer’s disease (AD), and multiple myeloma (MM).c~1°
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Figure 1. Chemical structures and biological activities of the selected CCR1 antagonists. (A) Previous phase II clinical candidates BX-471 (1)
and BMS-817399 (2),>* as well as the previous phase I clinical candidate BI-639667 (3).°° (B) CCR2-RA (4),"* an intracellular allosteric

antagonist of CCR1 and CCR2, as well as its analogues 5-6.°

example, BX-471 (1) failed to show efficacy in a phase II
clinical trial in patients with relapsing remitting MS.”" One
possible explanation for the limited therapeutic eflicacy of 1
might be that this compound is unable to inhibit basal -
arrestin-2 recruitment to CCR1, which leads to an insufficient
blockage of constitutive receptor internalization.” Similarly,
BMS-817399 (2) did not evoke statistically significant
differences compared to placebo in phase II trials in patients
with RA, despite achieving excellent coverage of the receptor.””
Due to these disappointing results from clinical studies, the
development of other CCRI antagonists, like the phase I
clinical candidate BI-639667 (3), was halted.”® This highlights
the urgent need for novel approaches to target CCRI.

Highly interesting in this respect was a discovery by Ortiz
Zacarias et al.”® In their study, the authors showed that the
CCR2-targeted and CCR2-RA (4)-derived radioligand
[*H]CCR2-RA-[R] also binds to CCRI with affinities similar
to those reported for CCR2. This is especially intriguing since
CCR2-RA (4, Figure 1B) has previously been identified as an
intracellular allosteric CCR2 antagonist via X-ray cocrystallog-
raphy.34 With this, the authors provided the first evidence for
the existence of a druggable intracellular binding site (IABS) at
CCR1.**> In a structure-affinity relationship (SAR) study,
several pyrrolone-based derivatives, such as 5, were identified
that showed dual inhibition of CCR1 and CCR2. Additionally,
also preferential CCR1 antagonists exemplified by 6 were
discovered, thus indicating that CCR1 over CCR2 selectivity
can be achieved by targeting the IABS of CCRI.

In general, a druggable IABS that allows the binding of small
molecule antagonists was recently identified by X-ray
cocrystallography for several other GPCRs, including the
chemokine receptors CXCR2,*>* CCR7,*® CCR9,*” as well as
the beta-2 adrenergic receptor (B,AR).*® In addition, a
druggable IABS has been suggested for several other
GPCRs.” Compared to antagonists that bind to an orthosteric
site that is located within the helical bundle and accessible
from the extracellular environment, ligands targeting the IABS
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feature a new dual mechanism of specific GPCR modulation,
which is characterized by (i) a stabilization of the inactive
receptor conformation resulting in a negative cooperativity
with the orthosteric agonist and (ii) a direct steric blockage of
intracellular transducer (G protein and/or f-arrestin) bind-
ing.”****! Taking advantage of this new mode of GPCR
inhibition is especially attractive for GPCRs, for which the
development of orthosteric antagonists has shown only limited
therapeutic success, such as CCR1. In general, targeting an
allosteric site at GPCRs has the potential to result in highly
selective receptor modulation, as exemplified by the CCRY-
targeted vercirnon,”” since allosteric binding pockets tend to
be less conserved than orthosteric binding sites.”” Intracellular
allosteric GPCR antagonists are of special interest, as they are
noncompetitive toward the orthosteric agonists,"”**** allowing
for an efficient signaling blockade even in the presence of very
high agonist concentrations. In the case of CCR1, IABS-
targeted ligands were even shown to inhibit basal G protein
activation in addition to agonist-induced G protein activation,
thereby acting as inverse agonists.”> All of these features
highlight the immense potential of intracellular allosteric
GPCR inhibitors, thus providing a highly promising alternative
to orthosteric antagonists for inhibiting GPCR-mediated
signaling in a therapeutic setup.

For the discovery of novel lead structures for intracellular
allosteric CCR1 inhibition, the availability of molecular tools
that allow straightforward ligand identification and character-
ization is of utmost importance. With the radioligand
[*H]CCR-RA-[R],** Ortiz Zacarias et al. have therefore
reported a highly valuable molecular tool that can be utilized
to detect binding to the IABS of CCRI1. However, radioligand
binding assays are accompanied by some disadvantages, such
as high infrastructure requirements according to radiation
protection measures, the production of radioactive waste, and
often laborious (heterogeneous) assay protocols, including
washing steps for removing the unbound radioligand prior to
the assay readout. The latter is also an important reason why

https://doi.org/10.1021/acsptsci.4c00182
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Kp(CCR1) = no binding
Kp(CCR2) = 266 nM

8 (R=-Cl)
Kp(CCR1) = not tested
Kp(CCR2) = 2260 nM

9 (R=-Br)
Kp(CCR1) = not tested
Kp(CCR2) = 2270 nM

Figure 2. Chemical structures and binding affinities of previously reported biarylsulfonamide- or pyrrolone-based fluorescent probes 7—9.*
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Figure 3. Design of fluorescent ligands targeting the intracellular allosteric binding site of CCR1. (A) Chemical structure of the CCR1 ligand-linker
conjugate V (10), identified by molecular docking as a suitable template for the design of fluorescent CCR1 ligands. (B) Overlay of the predicted
binding modes of the parental intracellular CCR1 inhibitor 5-[R] with the ligand-linker conjugate V (10-[R]). Docking scores (Vina): 5-[R] = —

10.4 and 10-[R] = —9.9.

radioligands are often not well-suited for continuous assay
readouts, the detection of low-affinity binders, and cellular
target engagement studies investigating their binding to
intracellular target sites.”® Recently, we and others reported
the development of fluorescent tracers targeting the IABS of
CCR2, CCRY9, and CXCR2.***7* These molecular tools
were successfully applied for cell-free and cellular binding
studies using the nonradioactive NanoBRET technology. In
the course of the development of our biarylsulfonamide-based
CCR2 tracer 7 (Figure 2), which showed three digit
nanomolar binding to CCR2 in a membrane-based
(Kp(CCR2) = 266 nM) and cellular setup (Kp(CCR2) =
114 nM), respectively, but no relevant binding to CCR1, we
have already described the pyrrolone-based fluorescent probes
8 and 9 (Figure 2). Due to their only moderate CCR2
affinities, these pyrrolone-based ligands (8—9) were not
considered for further characterization as fluorescent probes
for CCR2. However, with respect to potential applications as
molecular tools for CCR1, these pyrrolone-based fluorescent
ligands came back into our focus.

Herein, we aimed at developing a fluorescently labeled
intracellular CCRI1 ligand to provide a nonradioactive
molecular tool that allows us to directly study ligand binding
to the IABS of CCRI1 both in a cell-free and a cellular
environment.
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B RESULTS AND DISCUSSION

The design of our fluorescent probes targeting the IABS of
CCR1 was based on the pyrrolone scaffold of the previously
reported intracellular dual CCR1/CCR2 inhibitors 4—S5
(Figure 1).> We selected these pyrrolone-based CCR1/
CCR2 inhibitors as a starting point for our studies for the
following two reasons (i) 4 and 5 are high-affinity ligands for
the IABS of CCR1;* (ii) the cocrystal structure of CCR2 in
complex with 4 (PDB ST1A)** enables rationalizing the
binding of pyrrolone-based ligands to the IABS of the closely
related CCR1 by using a homology model. Based on a
previously reported CCR1 homology model,”* we performed
molecular docking studies with pyrrolone-based ligand—linker
conjugates (Figures 3 and S1). Given the similar docking
scores that were obtained for the (R)-enantiomers of the
ligand—linker conjugate V (10) and the high affinity
intracellular CCR1/CCR2 ligands 4 and $, respectively, we
identified the C,-position of the acetyl groups of 4 and § to be
suitable for the installation of a linker while retaining CCRI
affinity. These results are consistent with the docking studies
that were performed in the course of the development of our
CCR2 fluorescent tracers.’

In addition to the already synthesized fluorescently labeled
pyrrolones 8 and 9,*” we aimed for analogues 11—12 with a
longer polyethylene glycol (PEG)-based linker between the
CCRI-targeted pyrrolone core and the fluorophore, in order to
provide initial insights into linker length influences on CCR1
affinity. As our docking studies indicated that the triazole

https://doi.org/10.1021/acsptsci.4c00182
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Scheme 1. Synthesis of the Fluorescent CCR1 Probes 11—12“
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“Reagents and conditions: (a) CuSO,-S H,0, sodium ascorbate, TBTA, water/tert- BuOH/DMF mixture (1:1:1 (v/v/v)), tt, 1 h, 24—25% yield;
(b) 17, TBTU, DMF, DIPEA, 0 °C, 15 min, then 16, rt, 2 h, 63% yield.

moieties of linker-ligand conjugates are able to interact with a
polar amino acid at the entrance of the intracellular allosteric
binding pocket of CCR1 (i.e., R**, see Figure 3), we were able
to apply our previously established click chemistry-based
protocol for the conjugation of azido-functionalized pyrrolones
with a cell-permeable TAMRA-based fluorophore.”” For the
synthesis of new fluorescently labeled pyrrolones 11-12
(Scheme 1), we used the previously reported azido-function-
alized pyrrolones 13—14 and conjugated them with 6-
TAMRA-PEG,-alkyne 15 by means of straightforward Cu(I)-
catalyzed azide—alkyne cycloaddition (CuAAC).* ™' The
clickable 6-TAMRA-PEG,-alkyne 15 was obtained by amide
bond formation between H,N-PEG,-alkyne (16) and 6-
carboxy-tetramethylrhodamin (17) using TBTU as a coupling
reagent.

To evaluate the CCR1 affinity of previously reported (8—9)
and new fluorescently labeled pyrrolones (11-12), we
developed a NanoBRET-based binding assay (Figures 4A—H
and S2A—]). To this end, we used a previously reported CCR1
construct (hereafter referred to as CCR1_Nluc) with a small
and bright luciferase variant (nanoluciferase,® Nluc), fused to
the intracellular C-terminus of CCR1 (Figures 4A and S2A)."
In saturation binding experiments using membranes from
HEK293T cells transiently expressing CCR1_Nluc, 12 showed
the highest affinity with a K, value of 1.90 = 0.18 uM (Figures
4B and S2E—H). A slightly lower affinity was detected for its
chloro analogue 11 (Kp 3.17 + 0.37 uM), which is
consistent with the slightly weaker affinity reported for the
chlorinated parent ligand 4, compared to § (Figure 1).** For
both fluorescent probes with short linkers (8—9), only weak
affinities with Ky, values in the two-digit micromolar range
were detected (for 8: Ky = 11.3 + 0.8 uM; for 9: K = 14.9 +
2.1 uM), thereby indicating that a longer linker contributes to
CCR1 affinity, possibly by avoiding steric clashes of the
TAMRA fluorophore with amino acid residues at the entrance
of the binding pocket (Figure S3). Initial selectivity studies
with 11 and 12 revealed that they also bind with similar
affinities to the closely related CCR2 (for 11: Kp(CCR2) =
1.98 + 0.27 uM; for 12: Kp(CCR2) = 1.69 + 0.31 uM; see
Figure S4). This was expected, given the very low CCR2/
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CCRI selectivity of the parental ligands 4 and § (Figure 1).*
For further studies, we selected 12 due to its highest CCR1
affinity. In a broader selectivity screening, 12 also showed
binding to CXCRI (Kp(CXCR1) = 12.30 + 030 uM).
Binding signals of 12 for other chemokine receptors with a
previously identified druggable IABS (e.g, CCR9 and
CXCR2)*>*” were much weaker (Figures 4C and S5), thus
indicating significantly lower affinities of 12 for these receptors.

Kinetic binding studies with 12 revealed a fast association of
the ligand—receptor complex by exhibiting a rate constant of
kon = 441 + 043 X 10° M~ min~' (Figure 4D, Table S1).
With a rate constant of kg = 1.40 + 0.04 X 10™ min™" and a
residence time of ¢, = 7.31 + 0.22 min, the dissociation was
observed to be fast as well. The 6-fold difference between the
resulting kinetic Kp, value (Kpgg,) = 0.317 + 0.032 uM) and
the equilibrium Ky, value (Kp(.q) = 1.90 + 0.18 M) might be
rationalized by the fact that the B,,,, value for the equilibrium
Kp determination could only be extrapolated due to assay
interferences at higher tracer concentrations.

Next, we investigated the suitability of 12 as a molecular tool
to study the binding of nonfluorescent ligands to the IABS of
CCRI. To this end, we set up membrane-based competition
experiments with 12 and the known intracellular CCRI1
antagonists 5 and 4 (Figures 4E and S2I). In very good
agreement with the previously reported affinity of S [pK; =
7.98 + 0.04 (11 nM)] from a radioligand binding assay,”” we
detected full displacement of the fluorescent probe and a pK;
value of 7.96 + 0.10 (11.8 nM). A similar but slightly lower
affinity was detected for 4 (pK; = 7.35 + 0.04 (44.5 nM),
which is consistent with literature data.”> Higher affinities for 5
and 4 were detected by applying 12 in a kinetic competition
setup [for §: pKiy,) = 8.58 + 0.08 (2.63 nM), k,, = 4.34 +
1.02 X 10’ M~  min™!, k¢ = 0.1142 + 0.0062 min™, t, = 9.1 +
0.5 min, Figure 4F; for 4: pK;(,) = 8.56 + 0.09 (2.78 nM), k,,
=476 + 1.30 X 10" M~ min™!, k.4 = 0.1324 + 0.0065 min™},
t. = 15.4 + 0.3 min, Figure S6]. Interestingly, when comparing
the kinetic data of the unlabeled CCRI1 ligand $ with the $-
derived fluorescent probe 12, it becomes obvious that the
attachment of a fluorophore mainly slows down association,
whereas dissociation is only affected to a minor extent. To

https://doi.org/10.1021/acsptsci.4c00182
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Figure 4. Application of fluorescent ligands for cell-free NanoBRET binding studies targeting the IABS of CCR1. (A) Cartoon representation of
the NanoBRET strategy to detect binding to the IABS of CCR1. (B) Specific saturation binding curve of fluorescent ligands 8—9 and 11—-12 in a
NanoBRET-based assay using CCR1_Nluc membranes (mean + SEM, triplicate measurement, n > 3). See Figure S2E—H for curves for total and
nonspecific binding. (C) Comparison of representative specific binding curves of the fluorescent ligand 12 binding to membrane preparations from
HEK293T cells expressing the respective C-terminally Nluc-tagged chemokine receptors CCR1, CCR2, CCR9, CXCR1, and CXCR2. The
experiments were performed in triplicate (n > 3). See Figure SS for representative curves for total, specific, and nonspecific binding of 12. (D)
Representative association and dissociation curves with 12 (1000 nM) using CCR1_Nluc membranes. Further information about kinetic binding
studies is provided in Table S1. (E) Competition binding curves and detected pK; values (mean = SEM, triplicate measurement, n = 4) for the
known intracellular CCR1 inhibitors 4 (dark yellow) and S (dark purple), obtained with 12 (2000 nM) and CCR1_Nluc membranes. The K;
values are given in square brackets. (F) Representative kinetic competition binding curves (mean + SEM, triplicate measurement, n = 4) for 5,
obtained with 12 (1000 nM) and CCR1_Nluc membranes. (G) Binding curves of the allosteric extracellular CCR1 inhibitor BX- 471'° (1, dark
blue, n = ), the CCR1 antagonist BI- 639667%° (3, dark green, n = 3) with a previously unknown binding site, the extracellular orthosteric agonist
CCL7 (orange, n = 4), the ligand-linker conjugate V (10, purple, n = 3), and the CX3CRI antagonist AZD8797 (18, salmon, n = 3)%* with
reported off-target binding to CCR1, obtained with 12 (2000 nM) and CCR1_Nluc membranes (mean + SEM, triplicate measurement). (H)
Chemical structure of AZD8797 (18).

rationalize the design of our fluorescent CCRI ligand 12 in a nM)], thus corroborating the design of 12. The orthosteric
retrospective manner, we synthesized and tested the ligand— CCRI agonist CCL7, also referred to as MCP-3, showed no
linker conjugate V (10, Scheme S1, Figures 3, 4G, and S2J). competition with 12 (Figures 4G and S2J), thereby confirming
Using our equilibrium competition assay, we detected a two- the previously reported noncompetitive binding mode of
digit nanomolar CCR1 affinity for 10 [pK; = 7.01 + 0.01 (97.6 intracellular allosteric chemokine receptor antagonists.””****
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with 12 (2000 nM) and CCR1_Nluc membranes. For representative competition binding curves of the single experiments, see Figure S8.
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Figure 6. Identification of 23 as a new ligand for selective intracellular CCR1 over CCR2 inhibition. (A) Chemical structure of 23. (B)
Competition binding curve and pK; value (mean + SEM, triplicate measurement, n = 4) for 23, obtained with 12 (2000 nM) and CCR1_Nluc
membranes. For a representative competition binding curve from a single experiment, see Figure S9. (C) Selectivity studies with 23 and the
chemokine receptors CCR1, CCR2, CCRY, and CXCR2. Percentual inhibition of tracer binding occurred in the presence of 23 (20 uM). For the
binding studies with CCR2, CCR9, and CXCR2, we used our recently reported methods to detect ligand binding to the IABS of the respective
chemokine receptor.*****” Experiments were performed in triplicate (n > 3). (D) Concentration—response curve from a cellular CCR1 NanoBiT
P-arrestin recruitment assay with 23 in the presence and absence (inset) of CCR1 agonist CCLS (3 nM). pICy, values (mean + SEM, n = 3). A
concentration—response curve for CCLS-mediated CCR1 activation is shown in Figure S10A. (E) Concentration—response curve from a cellular
CCR2 NanoBiT f-arrestin recruitment assay with 23 in the presence of CCR2 agonist CCL2 (10 nM). pICs, value (mean + SEM, n = 3). A
concentration—response curve for CCL2-mediated CCR2 activation is shown in Figure S10B. (F) Schematic illustration of the SAR model for 23.

Next, we were interested to see if 12 is a suitable tool to observed positive cooperativity between 1 and pyrrolone-
distinguish between intracellular allosteric inhibitors binding to based intracellular CCR1 antagonists is consistent with reports
the IABS of CCR1 and CCRI antagonists binding to other by Ortiz Zacarias et al, which show that 1 significantly
binding sites of the receptor. To this end, we tested the CCR1 enhances the CCRI binding of the radioligand [*H]-CCR2-
antagonist BX-471 (1),'® which is known to bind to an RA-[R].** For BI-639667 (3),”° a high-affinity CCRI1

extracellular allosteric ligand binding site of CCR1*? and thus antagonist and phase I clinical candidate with an unknown
should not compete with 12 for receptor binding. As expected, binding site, we observed a very similar behavior (~150%
1 was not able to displace 12 from its intracellular binding site; enhancement of probe binding, Figures 4G and S2J). These

on the contrary, 1 significantly enhanced the CCR1 binding of results clearly indicate that 3 does not bind to the IABS of
12 by approximately 100% (Figures 4G and S2J). The CCR1 and suggest an extracellular binding site of 3. The

2085 https://doi.org/10.1021/acsptsci.4c00182
ACS Pharmacol. Transl. Sci. 2024, 7, 2080—2092


https://pubs.acs.org/doi/suppl/10.1021/acsptsci.4c00182/suppl_file/pt4c00182_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.4c00182/suppl_file/pt4c00182_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00182?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00182?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00182?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.4c00182/suppl_file/pt4c00182_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00182?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00182?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00182?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00182?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.4c00182/suppl_file/pt4c00182_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.4c00182/suppl_file/pt4c00182_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.4c00182/suppl_file/pt4c00182_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00182?fig=fig6&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.4c00182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

Table 1. CCR1 and CCR2 Affinity Data for 23 and Its Analogues 24—40

R2
R! R3
high low
X affinity affinity
oMy I il
HHO
R5 pKi = SEM (K; [nM]) or % inh.
Compound R' R} R} X R* R? CCR1 CCR2
23 rac -OH -H -H -CH»-CH;- 4-FPh Ph
(+)-23 enantiomer | -OH -H -H -CH,-CH»- 4-FPh Ph
(-)-23 enantiomer -OH -H -H -CH-CH- 4-FPh Ph 6.68 + 0.08 (216)
24 -OH -H -H -CHx-CH:- c-hexyl Me n.i.
25 -H -H -H -CH»-CH»- 4-FPh Ph
26 -F -H -H -CHy-CH,- 4-FPh Ph
27 -H -OH -H -CH»-CH»- 4-FPh Ph 6.75+0.07 (184)
28 -H -H -OH -CH-CH»- 4-FPh Ph 6.54 £ 0.05 (291)
29 -OH -H -H -CHa- 4-F Ph Ph
30 -OH -H -H - 4-F Ph Ph
31 -OH -H -H -CH»-CH;- 4-BrPh  Ph 6.74 £ 0.08 (189)
32 -OH -H -H -CH>-CH:- 3-BrPh Ph 6.75+0.12 (195)
33 -OH -H -H -CH,-CH;- 4-ClIPh  Ph 6.72 £ 0.09 (200)
34 -OH -H -H -CHy-CHz- c-hexyl Ph 6.66 +0.10 (231)
35 -OH -H -H -CH,-CH:- Ph Ph 6.59+0.11 (279)
36 -OH -H -H -CH,-CH:- 4-FPh c-Pr
37 -OH -H -H -CH-CH;- 3-BrPh c-Pr
38 -OH -H -H -CH»-CH,- 4-FPh 4-OHPh
39 -OH -H -H -CH,-CH;- 4-FPh 3-OHPh
40 -Br -H -F - 4-F Ph Ph 6.65 £ 0.03 (224)
cmpd39 (5) -Br -H -F - c-hexyl Me

“CCRI affinity data was obtained by means of our NanoBRET competition binding assay using 12 (2000 nM) and CCR1_Nluc membranes.
CCR2 affinity data was obtained by using a NanoBRET competition binding assay, as previously reported.”’ Experiments were performed in
triplicate (n = 3). For competition binding curves, see Figure S11. Compound § is shown as a reference for a high affinity dual CCR1/CCR2
inhibitor. n.i.: no inhibition (percentual inhibition at 20 #uM < 10%). To illustrate the affinity data, a traffic light representation is used; a color scale

is given above.

mechanistic similarity between 3 and the extracellular allosteric
antagonist 1'“** was further confirmed by the fact that for
both ligands, the positive cooperativity with 12 can also be
observed in the presence of the orthosteric agonist CCL7 (200
nM, Figure S7A), thus suggesting no competition with CCL7
and eventually an extracellular allosteric binding site for 3, as
reported for 1. While massively increasing B, of 12, the
presence of 3 (10 M) has only a minor impact on the binding
affinity of 12 as well as on the K; values detected by means of
our 12-based NanoBRET competition binding assay (Figure
S7B—D). These observations are in full agreement with the
noncompetitive relationship between 3 and 12. For the
CX3CRI-targeted phase I clinical candidate AZD8797 (18,
Figure 4H),”*>> pharmacological studies by Cederblad et al.
suggested an intracellular binding site on the basis of a direct
competition with G protein binding.*° Because 18 was
reported to bind to CCRI1 as well,”* we were curious to
elucidate if this off-target affinity is mediated by the IABS of
CCRI1. By means of our NanoBRET competition assay, we

2086

clearly show that 18 displaces 12 from the IABS of CCR1 [pK;
= 7.14 + 0.09 (75.6 nM), Figure 4G], thus highlighting 18 as
an intracellular allosteric chemokine receptor antagonist. This
further strengthens the hypothesis by Cederbald et al.*® that 18
also binds to the IABS of its target receptor CX3CRI.

After having shown that 12 is a highly valuable tool for
mapping CCR1 antagonists to specific binding sites at CCR1,
we wanted to study the promiscuity of CCRI1’s IABS,
especially since the orthosteric chemokine binding site of
CCR1 is known to be quite promiscuous. To this end, we
tested a selection of known intracellular allosteric antagonists
targeting other chemokine receptors for their competition with
12 (Figure S). All these ligands, including the CCR2-targeted
cmpd27 (19),* the CXCR2-targeted navarixin (20)," as
well as the CCRY-targeted vercirnon (21)*** and AAA30
(22),* which were reported as antagonists with subnanomolar
to single-digit nanomolar affinities for their targeted receptor,
showed strongly reduced binding to CCR1. Among the tested
intracellular chemokine receptor antagonists, the CCR2-
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Figure 7. Identification of SN12 (43) as a new lead structure for selective intracellular CCR1 over CCR2 inhibition. (A) Chemical structure of hits
(41—43) from a virtual screening campaign. (B) Competition binding curve and pK; value (mean + SEM, triplicate measurement, n = 3) for 43,
obtained with 12 (2000 nM) and CCR1_Nluc membranes. For a representative competition binding curve from single experiments, see Figure
S1S. (C) Selectivity studies with 43 and the chemokine receptors CCR1, CCR2, CCRY, and CXCR2. Percentual inhibition of tracer binding was
observed in the presence of 43 (a = 20 uM; b = 100 zM). For the binding studies with CCR2, CCR9, and CXCR2, we used our recently reported
methods to detect ligand binding to the IABS of the respective chemokine receptor.*****” Experiments were performed at least in duplicate (n >

3).

targeted biarylsulfonamide cmpd27 (19)*” showed the highest
CCRI affinity [pK; = 6.45 + 0.02, (354 nM)], which is not
surprising since structurally related biarylsulfonamide-based
CCR2 antagonists were already reported to bind to CCR1 as
well*® In general, these results indicate the potential of the
IABS of CCRI as a target site for the development of selective
drugs but also highlight the challenge of achieving CCR1 over
CCR2 selectivity and vice versa by targeting the IABS of these
receptors.

With 6 (Figure 1), a first lead structure for intracellular
CCR1 inhibition that features an approximately 20-fold CCR1
over CCR2 selectivity was previously discovered by Ortiz
Zacarias et al.*> In order to discover new chemotypes for
selective CCR1 over CCR2 inhibition, we aimed to apply our
novel NanoBRET competition binding assay for CCRI in
combination with our recently published CCR2 competition
binding assay based on 7."” In our first attempt, we screened a
small in-house library enriched with intracellular GPCR ligands
and structural analogues thereof. In the course of this
screening, we identified compound V,R;-02 (23), which
was originally developed as an antagonist of the vasopressin-2
receptor (V,R, K; ~ 70 nM),”® as an intracellular CCR1 ligand
(Figures 6A and S9A). Not surprisingly, this compound also
shares the pyrrolone core of the known intracellular CCR1/
CCR2 inhibitors 4—5 but features a different substitution
pattern. With a pK; value of 7.00 + 0.05 [100 nM] for CCR1
and no significant binding (inh. —3% @20 uM) to CCR2, 23
has a remarkable CCR1 over CCR2 binding selectivity of at
least 172-fold (Table 1, Figures 6B,C, S9A and S11B) and a
very good solubility (S, = 442 + 27 uM, Figure S9B).
Additionally, we tested 23 for binding to the IABS of CCR9
and CXCR2 using our recently reported NanoBRET-based
assay platform (Figure 6C).*** In the course of these studies,
we detected no binding of 23 to CCR9 and CXCR2 up to a
concentration of 20 sM. Since cell lineage-dependent effects
have been observed for CCR1 antagonists,59 we studied the
CCRI over CCR2 selectivity of 23 by using a previously
reported radioligand binding assay with membrane prepara-
tions from osteosarcoma (U20S) cells stably expressing
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human CCR1 or CCR2.*> Also under these orthogonal
conditions, 23 has a remarkable CCR1 (pK; = 6.9 + 0.05
(117 nM]) over CCR2 (pK; = 5.4 + 0.1 [3821 nM]) binding
selectivity of 33-fold (Figure S9C,D). As Ortiz Zacarias et al.
showed that the binding selectivity of their most CCR1 over
CCR2 selective compound 6 (~20-fold CCR1 over CCR2
selectivity, see Figure 1) did not result in significant selectivity
on a functional level (pIC,(CCR1) = 5.07 + 0.05 [8.64 uM],
pICs,(CCR2) = 5.06 + 0.05 [8.77 uM]),>* we were keen to
see whether or not 23 is able to evoke a CCR1 over CCR2
selective inhibition in a functional assay. In agreement with
these previous reports,”> we observed a reduction in CCR1
over CCR2 selectivity when moving from membrane-based
binding assays to cell-based functional assays. Nonetheless, in
our cellular NanoBiT p-arrestin recruitment assay, 23 still
shows a more that 10-fold CCR1 over CCR2 selectivity
(pICs,(CCR1) = 4.85 + 0.01 [14.2 uM], pIC4,(CCR2) = 3.71
+ 0.01 [186 uM], Figure 6D,E). In addition to agonist-
induced p-arrestin recruitment, 23 was also able to inhibit
basal f-arrestin recruitment at CCR1 (pICs,(CCR1) = 5.21 +
0.15 [6.00 uM]), thus acting as an inverse CCR1 agonist with
respect to f-arrestin recruitment. This special feature of 23 is
of particular interest because CCRI has a high constitutive
activity, which is suggested to lead to G protein-independent
p-arrestin-mediated internalization.’” These results are highly
consistent with reports by Ortiz Zacarias et al. that
characterized their pyrrolone-based intracellular CCRI1 ligands
4-6 as inverse CCR1 agonists by using a G protein activation
assay.”” To investigate a potential signaling bias of 23, we
tested the compound by means of a NanoBiT miniGi
recruitment assay.’” Here, we detected a pICs, value of 4.17
+ 0.14 [68.9 uM], which is in a similar range to the data from
the B-arrestin recruitment assay. Thus, this indicated no strong
signaling bias of 23 (Figures S9E and S10C). To elucidate the
SAR of this new scaffold for selective CCR1 over CCR2
inhibition, we synthesized several analogues of 23 (24—40)
and tested them by means of our NanoBRET competition
binding assays (Schemes S2 and S3, Table 1, Figures 6F and
S11). First, we aimed to examine the impact of the
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Figure 8. Application of 12 as a fluorescent tracer for a cellular NanoBRET-based CCRI1 binding assay using live HEK293T cells expressing
CCR1_Nluc. (A) Saturation binding curve (specific binding) of 12 in a cellular NanoBRET-based experiment (mean + SEM, quadruplicate
measurement, n = 3). See Figure S16A,B for more detailed information. (B) Competition binding curves and pK; values (mean + SEM,
quadruplicate measurement) for BX-471 (1, dark blue, n = 4), BI-639667 (3, dark green, n = 4), CCR2-RA (4, dark yellow, n = 3), cmpd39 (5,
purple, n = 3), AZD8797 (18, salmon, n = 3), V,R;;-02 (23, sea green, n = 4), and SN_12 (43, khaki, n = 3) obtained with 12 (1000 nM). The K;
values are given in square brackets. Representative competition binding curves for the single experiments are shown in Figure S16C,D.

stereochemistry of 23 on CCRI affinity. As for the structurally
related pyrrolone 4, large differences in CCR2 affinity between
the eutomer 4-[R] and the distomer 4-[S] were described.®’
The (+)- and (—)-enantiomers of 23, which were obtained by
stereoselective synthesis (Scheme S3), also differed in their
CCRI affinities, with pK; values of 7.18 + 0.01 (65.7 nM) for
(+)-23 and 6.68 + 0.08 (216 nM) for (—)-23, respectively.
Furthermore, we identified the 4-hydroxyphenethyl group at
position 1 of the pyrrolone scaffold as highly important for
CCRI1 affinity and selectivity. Its presence seems to block
CCR2 binding, also when combined with the structural
features of the high-affinity CCR2 ligand $, as exemplified by
24. Especially the 4-hydroxy group at this moiety is essential
for CCRI binding (see 25 and 26). Shifting this hydroxy group
from position 4 to positions 3 and 2, respectively, led to
decreased affinities (see 27, 28). A shortening of the ethylene
bridge by one methylene group was tolerated (see 29), while a
complete removal resulted in an inactive compound (see 30).
In position S of the pyrrolone, several aromatic and aliphatic
substituents were tolerated (see 31—35). Finally, the benzoyl
moiety in position 4 of the pyrrolone was identified to be
essential for CCR1 affinity as well because of a replacement by
cyclopropanecarbonyl, 4-hydroxybenzoyl, and 3-hydroxyben-
zoyl massively impaired CCR1 binding (see 36—39).

In a second approach for identifying novel intracellular
CCR1 antagonists, we performed a multistep virtual screening,
including pharmacophore screening, molecular docking, and
protein—ligand interaction fingerprint postdocking filtration.
To this end, we adapted a recently published protocol that
enabled the discovery of novel CCRS antagonists.”> More
detailed information on the virtual screening is given in the
Supporting Information. In an initial testing of the 24 hit
compounds from the virtual screening campaign (Figures 7
and S12), three compounds [SN 4 (41), SN_7 (42), and
SN_12 (43)] showed an inhibition >50% at a concentration of
20 uM. Whereas the pyrrolone-based 41 and biarylsulfonamide
42 are structurally related to already known intracellular
CCR1/CCR2 antagonists,33’4l the 1,2,4-triazole 43 represents
a completely novel chemotype for intracellular CCRI1
inhibition. Since 43 also evoked the strongest CCR1 inhibition
among the virtual screening hits and the predicted docking
pose of 43 could nicely be corroborated by molecular
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dynamics (MD) simulations (Figures S13 and S14), we
focused on this compound for further characterization. For this
compound, we detected a pK; value of 6.45 + 0.05 (357 nM)
for CCR1 and a weaker binding to CCR2 (29% inh. @100
uM), CCR9 (15% inh. @20 uM), and CXCR2 (2% inh. @20
uM), thus indicating selective binding of 43 to the IABS of
CCRL

Having shown that our fluorescent CCR1 ligand 12 is a
suitable molecular tool to study the binding of high- to low-
affinity binders to the IABS of CCRI1 under cell-free
conditions, we aimed to transfer our NanoBRET binding
assay to a live cell environment. In general, the assessment of
the interactions between a drug and its target protein in a
cellular environment is a critical step in preclinical drug
discovery.”® This step, also called cellular target engagement, is
especially relevant in the case of intracellular binding sites, such
as the IABS of GPCRs, since compounds need to pass the cell
membrane to be suitable candidates for further cellular and in
vivo evaluation. To our best knowledge, no small-molecule
tracer has been developed so far that allows cellular binding
assays for the IABS of CCRI. For establishing our cell-based
CCRI binding assay, we used live HEK293T cells transiently
expressing CCR1_Nluc. With this cell-based assay setup, we
determined a Ky, value of 505 + 93 nM for 12 (Figures 8A and
S16A,B). This demonstrates that 12 is able to pass through the
cell membrane and bind to CCR1 at the intracellular face of
the receptor. By applying 12 in a cell-based competition
binding assay, we determined pK; values of 7.62 + 0.02 (24.2
nM) and 7.58 + 0.08 (27.0 nM) for the literature-known
intracellular CCR1 antagonists 5 and 4, respectively, which is
in good agreement with the K; value detected in our cell-free
setup. For compounds AZD8797 [18, pK; = 7.03 + 0.10 (98.3
nM)], 23 [pK; = 6.64 + 0.06 (235 nM)], and 43 [pK; = 5.89 +
0.03 (1290 nM)], which were identified as IABS-targeted
CCR1 ligands in the course of this study, we were able to
detect target engagement in a live cell environment as well.
Using our cell-based assay, we also detected a positive
cooperativity between 12 and the extracellular CCRI1
antagonists BX-471 (1) and BI-639667 (3); however, this
was much less pronounced compared to the data from cell-free
studies. This might be explained by different levels of active
versus inactive state conformations of CCR1 when comparing
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cell-free and cell-based conditions. Overall, the results from live
cell NanoBRET and membrane-based experiments are in very
good agreement with each other, thus highlighting the
suitability of 12 as a molecular tracer to determine cellular
target engagement for the IABS of CCRI.

In summary, starting from the pyrrolone-based CCR1/
CCR2 inhibitors 4 and 5, we developed the first small-
molecule-based fluorescent probes targeting the IABS of
CCRI1. In combination with a cell-free NanoBRET-based
setup, our fluorescent CCR1 probe 12 (KD(eq.) =1.90 + 0.18
UM; Kpy(gn )= 0.317 £ 0.032 M) enabled equilibrium as well as
kinetic binding studies. Selectivity studies with other chemo-
kine receptors, which are known to feature a druggable IABS
(i.e, CCR2, CCRY, CXCRI1, and CXCR2), indicated that 12
binds to CCR2 and CXCRI1 but shows much weaker binding
to CCR9 and CXCR2. Applying 12 as a molecular tool to
study the binding of nonfluorescent compounds, we were able
to (i) reproduce the reported affinity data for the reference
ligand S; (ii) map known CCRI antagonists with an unknown
mode of action to specific binding sites of the receptor; (iii)
identify novel chemotypes for selective intracellular CCR1 over
CCR?2 inhibition. For our new pyrrolone-based lead structure
23 that showed remarkable CCR1 over CCR2 binding
selectivity, we used our novel CCR1 NanoBRET assay to
establish an initial SAR model, highlighting the importance of
the 4-hydroxyphenethyl group in position 1 of the pyrrolone
scaffold for CCR1 affinity and selectivity. In functional assays
on f-arrestin recruitment, we observed a strong reduction in
CCRI over CCR2 selectivity for 23, as compared with binding
assays. Nevertheless, 23 still shows more than 10-fold CCR1
over CCR2 selectivity in the f-arrestin recruitment assay in
living cells and is therefore, to our best knowledge, the first
intracellular CCR1 ligand that features statistically significant
CCR1 over CCR2 selectivity on a functional level. Addition-
ally, our functional assays revealed that 23 inhibits basal f-
arrestin recruitment to CCR1 and thus can be considered as an
inverse agonist with respect to f-arrestin recruitment. This is
especially interesting because CCRI1 is known to be
constitutively active, which is proposed to lead to G protein-
independent, f-arrestin-mediated internalization.”> However,
when using 23 as a tool compound for selective CCR1 over
CCR2 inhibition, it should be noted that the observed effects
might also be mediated via an inhibition of V,R (K; ~ 70
nM),*® if this receptor is present under the applied test
conditions. A removal of the V,R affinity of 23 while retaining
its ability to evoke a selective CCR1 over CCR2 inhibition will
be part of future studies. Finally, we show that our fluorescent
CCR1 probe 12 can be utilized to study cellular target
engagement for the IABS of CCRI1 via a cell-based NanoBRET
assay. Using this setup, we were also able to demonstrate
cellular target engagement for newly discovered CCRI-
targeted chemotypes 23 and 43. As the IABS of CCR1 is a
highly promising target site for the development of anti-
inflammatory and immune modulatory drugs, respectively, our
fluorescent tracer 12 represents a very important tool
compound for future studies investigating the therapeutic
potential of intracellular CCR1 ligands.
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