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ABSTRACT: G protein-coupled receptors (GPCRs) are important
classes of cell surface receptors involved in multiple physiological
functions. Aberrant expression, upregulation, and mutation of GPCR
signaling pathways are frequent in many types of cancers, promoting
hyperproliferation, angiogenesis, and metastasis. Recent studies showed
that alterations of GPCRs are involved in different lymphoma types.
Herein, we review the synthetic strategies to obtain GPCR inhibitors,
focusing on CXCR4 inhibitors which represent most of the GPCR
inhibitors available in the market or under preclinical investigations for

these diseases.

GPCR inhibitors
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protein-coupled receptors (GPCRs) are the largest
family of integral membrane proteins in the human
genome and mediate the majority of cellular responses to
endogenous (amines, cations, lipids, peptides and glycopro-
teins) and exogenous (therapeutic drugs, light, tastants, and
odorants) ligands and stimuli. Based on sequence homology
and functional similarity, they are classified into six classes:
class A, rhodopsin-like receptors; class B,secretin receptors
family; class C, metabotropic glutamate receptors; class D,
fungal mating pheromone receptors; class E, cAMP receptors;
and class F, frizzled (FZD) and smoothened (SMO)
receptors.” Despite the diversity of physiological responses,
all GPCR members share a common architecture, with an
extracellular N-terminus and a cytosolic C-terminus separated
by seven transmembrane a-helices connected by three
intracellular and three extracellular peptide loops. Activation
of GPCRs by ligands induces conformational changes of the
receptor, promoting the coupling with heterotrimeric G-
protein (Ga, Gf, and Gy). After the exchange of GDP for
GTP on the Ga subunit, GTP-bound Ga dissociates from
Gfy, and Ga and Gpy separately modulate downstream
signaling cascades. The Ga protein subunit targets adenylyl
cyclase, phospholipase C (PLC), cyclic GMP phosphodiester-
ase, and RhoGTPase nucleotide exchange factors (RhoGEF).
The dissociated Gpy subunit activates other downstream
effectors such as ion channels. Besides G-protein, GPCRs can
also mediate signal through P-arrestins, multifunctional
adaptor proteins that activate several signaling molecules
such as c-Src, extracellular regulated kinase (ERK), Janus-
activated kinase (JNK), and small GTPase RhoA by forming a
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complex with them. Some GPCR ligands activate either G-
protein or f-arrestin; this event is called as “biased activation”.”

Due to the key roles of GPCRs in cell physiology and
homeostasis, altered signaling pathways associated with
GPCRs are implicated in the pathophysiology of various
diseases, including cancer, infections, and metabolic, immuno-
logical, or neurodegenerative disorders. Approximately 40% of
clinically approved drugs mediate their effects by modulating
GPCRs, which makes them attractive targets for drug screening
and discovery.’

Aberrations such as overexpression, deletion, and mutation
of GPCRs have been identified as possible triggering events in
lymphoma.

Lymphomas are among the 10 most common cancers, and
although progress has been achieved in increasing survival,
there is still an unmet need of efficacious approaches. Derived
from the transformation of lymphocytes, lymphomas comprise
a very diverse series of individual diseases, characterized by
specific molecular, biologic, and clinical features.” The most
common type is diffuse large B-cell lymphoma (DLBCL), an
heterogeneous aggressive tumor containing at least two major
subtypes: activated B-cell like (ABC) DLBCL and germinal
center B-cell (GCB) type DLBCL, which can be further
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Table 1. Overview of GPCR Inhibitors”

international nonproprietary ongoing
name development codes clinical stage” orphan drug status” trials
nonpeptidic inhibitors
plerixafor Mozobil, AMD3100, JM 3100, LM-3100, SDZ SID FDA approved (stem cell stem cell yes
791 mobilization) mobilization
mavorixafor X4P-001, AMD11070, AMDO070, ABSK-081 Phase 3 WHIM syndrome yes
GENZ-644494, AMD3465 preclinical no no
IQS-01.01RS preclinical no no
WK1 preclinical no no
peptidic inhibitors
balixafortid BTK140 preclinical no no
POL6326 Phase 3 no yes
LY2510924, T-134 Phase 2 no no

“WHIM, warts, hypogammaglobulinemia, infections, myelokathexis. YBased on https://adisinsight.springer.com/ and/or https://clinicaltrials.gov

accessed in December 2021.

divided in genetically defined clusters. Other frequent
lymphomas include follicular lymphoma (FL), mantle cell
lymphoma (MCL), and marginal zone lymphoma (MZL). FL
is the most common indolent subtype and the second most
common lymphoma. FL is usually incurable, slow-growing, and
responsive to initial therapy with disease-free intervals
alternating with progressions and relapses. MCL is charac-
terized by an aggressive clinical course typical of aggressive
lymphomas plus the incurability with conventional chemo-
therapy seen in indolent lymphomas. MZLs are indolent
lymphomas, and they comprise three distinct diseases
(extranodal MZL, splenic MZL, and nodal MZL).

Sequencing studies have revealed mutations of GPCRs in
many NHL subtypes. In particular, expression and functional
alterations of cannabinoid receptors (CNR1 and CNR2),
purinergic receptor P2RY11, chemokine receptors (CXCR3,
CXCR4, and CXCRS), sphingosine-1-phospate receptors
(SIPRI, S1PR2, and S1PR3), purinergic receptor GPR34, or
estrogen receptor 1 (GPER1) have been reported in MCL, FL,
DLBCL, and MZL.?

Here, we provide an overview of the chemistry behind
currently available GPCR inhibitors, focusing on CXCR4
inhibitors. Indeed, most of the inhibitors available in the
market or under preclinical investigations specifically target
CXCR4. To date, their main application has been to facilitate
the collection of hematopoietic stem cells for autologous
transplantation. Indeed, due to CXCR4 expression on CD34"
hematopoietic stem cells, blocking the binding between
CXCR4 and its ligand SDF-1lalpha leads to the mobilization
of progenitor cells in the peripheral blood. Moreover, CXCR4
is also expressed on tumor cells, including lymphoma cells, and
it is a key receptor for metastatic spread, neoplastic cells
survival and tumor angiogenesis.6 Of interest, CXCR4 is
upregulated by lymphoma cells exposed to PI3K, BTK, and
SYK inhibitors, and it can contribute to the lymphoma
resistance to these agents.7_9

From a structural point of view, the GPCR inhibitors (Table
1) have been divided into nonpeptidic (Figure 1) and peptidic
compounds, highlighting their different scaffolds.

The most advanced selective CXCR4 antagonist is plerixafor
(AMD3100) (Figure 1), a polyamine composed of two
monocyclam (1,4,8,11-tetraazacyclotetradecane) rings con-
nected by a para-xylylene linker.'® Its synthesis was described
for the first time in 1987 by Ciampolini et al, but,
unfortunately, they did not report the final yield of the
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Figure 1. Structures of nonpeptidic GPCR inhibitors.

product, making it difficult to assess the total synthesis
efficiency."’

A more convenient synthetic strategy was then proposed to
avoid the formation of mono-, di-, or tetrasubstituted cyclam
byproducts. Starting from the 1,4,8,11-tetraazacyclotetradecane
1, the treatment with Cr(CO)g as the protective group led to
tridentate complex 2a which was then selectively alkylated with
para-xylylene at the unprotected nitrogen atom in the presence
of Na,CO; and DMF as the solvent. Subsequent removal of
the protective groups in HCl led to the formation of plerixafor
in high yield (Scheme 1)

Scheme 1. Synthetic Route for Plerixafor Using Cr(CO)g
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Alternatively, due to the carcinogenicity of Cr(CO)s, the use
of P(NMe,); * or B(NMe,),;'* as the protective group was
proposed by Handel et al, giving boron- or phosphoryl-
protected cyclams 2b,c,"> whose reaction with para-xylylene
dibromide and acid deprotonation in EtOH formed the target
bicyclam with 90% total yield (Scheme 2).

Scheme 2. Synthetic Route for Plerixafor Using P(NMe,),
or B(NMe,),
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Plerixafor was approved in 2008 by the U.S. Food and Drug
Administration (FDA) for the autologous transplantation of
bone marrow (BM) cells in patients with NHL or multiple
myeloma. Since then, further in vitro and in vivo studies have
also shown its direct antitumor activity when given in
combination with the anti-CD20 monoclonal antibody
rituximab.'® The in vitro inhibition of CXCR4 induced by
plerixafor in human Raji and B104 DLBCL-lymphoma cell
lines led to the suppression of tumor-promoting signals
delivered by the CXCR4/CXCL12 axis. Furthermore, the in
vitro concomitant administration of plerixafor and rituximab
resulted in a dose-dependent decrease of proliferation in both
Raji and B104 tumor cells as well as in a significant increase in
the survival of Raji tumor-bearing mice. Compared to
rituximab alone, the combination treatment (rituximab 10
mg/kg, twice per week plus plerixafor 1 mg/kg, three times per
week) significantly extended the median survival, suggesting a
noteworthy clinical effect of combining the two drugs."”

The synergistic anticancer activity between monoclonal
antibody treatment and CXCR4 antagonism has also been
confirmed using GENZ-644494 (AMD3465) (Figure 1), a N-
pyridinylmethylene monocyclam CXCR4 antagonist with
inhibitory effect and CXCR4 binding affinity similar to that
of plerixafor.'® Different from the case of plerixafor, GENZ-
644494 has only one cyclam ring linked to an amino-
methylpyridine moiety, suggesting that the presence of a
single cyclam ring is enough to confer CXCR4 inhibition.
Molecular modeling studies of plerixafor and GENZ-644494
have shown that the binding between one cyclam ring and the
CXCR#4 receptor depends on three positively charged amino
acid residues in transmembrane regions (Asp'”, Asp®®?, and
Gluzss) ' In particular, one cyclam ring binds the pocked at
Asp'”! in TM-IV, while the other portion (the second cyclam
for plerixafor or the N-pyridinylmethylene moiety for GENZ-
644494) interacts with the carboxylic acid groups of Asp*® and
Glu*® from TM-VI and -VII, respectively.””*'

GENZ-644494 is synthesized via a four-step reaction
sequence, starting from the same cyclam used for plerixafor.
In the first step, protective groups are introduced at the three
nitrogen atoms of compound 1 by reaction with di-tert-butyl
dicarbonate in DCM. Then, the alkylation of triprotected
cyclam 3 with para-xylylene and subsequent reaction with 2-
(aminomethyl)pyridine in CH;CN led to the tetraazamacro-
cycle 5. The deprotection in acidic conditions completes the
synthesis of GENZ-644494 in 89% yield (Scheme 3).

In analogy to plerixafor, the combination of GENZ-644494
with alemtuzumab and rituximab in in vivo Raji and B104
disseminated lymphoma models enhanced the therapeutic

Scheme 3. Synthetic Route for GENZ-644494
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efficacy of the single monoclonal antibody. Compared to the
vehicle treated control group, mice showed an overall
increased survival by 40%. Mechanisms of action that seem
to contribute to this activity are the mobilization of tumor cells
away from the stroma, the increasing of their vulnerability to
the action of monoclonal antibody, and the recruitment of
neutrophils mediating antibody-dependent cell-mediated
cytotoxicity (ADCC)."

The encouraging results obtained with plerixafor boosted
further structure—activity relationship (SAR) investigations.
With the aim of improving pharmacokinetic properties and
overcoming low oral bioavailability,”* one or both bicyclams
were replaced by heterocyclic rings.

As a result of this lead optimization process, the
tetrahydroquinoline derivative AMDO070 (mavorixafor) (Figure
1) emerged for its ability to specifically antagonize CXCR4 at
the nanomolar level (IC5, = 13 nM) in a CXCR4 125I-SDF
inhibition binding assay.”

The synthetic approach started from intermediate 6 which
was subjected to N-alkylation with N-tert-butoxycarbonyl-2-
chloromethylbenzimidazole, thus leading to derivative 7.
Subsequent reaction with 4-bromovaleronitrile followed by
reduction with nickel Raney under H, led to the desired
AMDO70 as a racemic mixture (Scheme 4), which upon HPLC
purification yielded the most active (S)-enantiomer.

Scheme 4. Synthetic Route for AMDO070
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In vitro CXCR4 antagonistic activity exerted by AMDO070
was investigated along with the effect of WKI, a niacin
derivative of AMDO070, synthesized by the same authors
according to Scheme 5.°*

Scheme 5. Synthetic Route for WK1
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BL2 (Burkitt lymphoma), RI-1 and U2932 (NGCB-DLBCL
cell lines), and SU-DHL-4 (GCB-DLBCL cell lines),
characterized by the surface expression of CXCR4, were
treated with both compounds, thus proving the ability of WK1
to inhibit BL2 and SU-DHL-4 cell growth at IC;, values of
15.4 and 26.76 uM, respectively, as well as that of AMDO070 at
ICs, values of 31.18 and 26.76 uM. Compared to plerixafor,
WK1 showed more pronounced proapoptotic effects coupled
with higher level of cleaved caspase-3 and induction of BCL2
proapoptotic genes.
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Although plerixafor demonstrated an excellent ability to
counteract B-cell tumor spread in animal models, its
cardiotoxicity limits its use. IQS-01.01RS (Figure 1), a new
CXCR4 inhibitor recently disclosed, is a noncyclam tetraamine
derivative endowed with lower cardiotoxicity and better
pharmacodynamic properties than AMD3100. It was obtained
through a multistep asymmetric synthesis, starting from 4-
(diethoxymethyl)benzaldehyde 9 which was reacted with 1
equiv of 3-[(2S)-2-methylpiperidin-1-yl]propan-1-amine 8(S)
in the presence of NaBH,, thus leading to the corresponding
compound 12(S). Subsequent hydrolysis resulted in the
isolation of 4-[({3-[(2S)-2-methylpiperidin-1-yl]propyl}-
amino)methyl]benzaldehyde 11(S) in 80% yield, which was
subjected to reductive amination yielding the tetraamine IQS-
0L.01RS in 83% yields (Scheme 6).*

Scheme 6. Synthetic Route for IQS-01.01RS
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Computational studies indicated that IQS-01.01RS binds to
a CXCR4 domain different from that of plerixafor, acting as an
allosteric inhibitor and allowing a longer lasting inhibition of
the CXCR4/CXCL12 pathway. Indeed IQS-01.01RS induced
a 181% inhibition of CXCR4 receptor activity by acting as its
inverse agonist.26

After 48 h treatment, IQS-01.01RS produced a 40%
antiproliferative effect on a panel of 13 GCB/ABC-DLBCL
cell lines, compared to 12% induced by plerixafor. In addition,
unlike plerixafor, it is able to induce apoptosis in CD19* tumor
B cells, interfering with CXCL12-induced migration by acting
as a potent inhibitor of cell chemotaxis. Western blot analysis

of CXCR4 downstream signaling in SUDHL6 and U2932 cells
showed the ability of IQS-01.01RS to inhibit basal and
CXCL12-induced phosphorylation of ERK1/2 and AKT, and
strong downregulation of the MYC proto-oncogene in ABC-
and GCB-DLBCL cells. In vivo evaluation in NSG mice
showed that the drug combination with CPI203, a BET
bromodomain antagonist, induced a decrease in tumor mass of
38%, while as single compounds the reduction was 27% with
CPI203 and 45% with 1QS-01.01RS, underlining the ability of
1QS-01.01RS as a synergizing agent.26

The critical role of GPCRs in lymphoma and other
neoplastic malignancies has triggered the development of
selective peptidic inhibitors for therapeutic use.

BTK140 (or 4F-benzoyl-TN14003) (Figure 2) is a 14-
residue bio stable synthetic peptide, derived from a naturally
occurring horseshoe crab protein, that not only bind to
CXCR4 with higher affinity than plerixafor (4 vs 84 nmol/L)
but also dissociate from it with slow fashion. Differently from
plerixafor and all other CXCR4 inhibitors that have a rapid
reversible bond, this unique ability of BTK140 induce a
stronger effect.”” BTK140 showed in vitro antiproliferative
activity in ten cell lines of either germinal center B-cell like
(GCB) DLBCL (DBr, DOHH?2, SU-DHL-4, CJ, McA, OCL-
LY19) and activated B-cell-like (ABC) DLBCL (OCI-LY3,
WP, LR, and OCI-LY10), with ICg, values ranging from 16.55
to 79.33 nM. The alteration of growth was particularly marked
in cells expressing high CXCR4 mRNA and was caused by the
inhibition of CXCR4-mediated cell adhesion and migration.”®
Also in this case, the combinatorial regimen gave satisfactory
results. The combination of BTK140 with rituximab further
enhanced the apoptotic effect against lymphoma cells, reducing
the number of viable cells in the bone marrow up to 93%.
Moreover, in vivo evaluation in xenograft models of localized
and disseminated NHL with bone marrow involvement
inhibited the local tumor progression.*

Another potent and selective CXCR4 antagonist with
activity in lymphoma models is LY2510924 (Figure 2), a
cyclic peptide containing non-natural amino acids. It inhibited
the CXCR4-mediated cell signaling in a histiocytic lymphoma
U937 model in a dose-dependent manner with an ICs, of 0.26
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Figure 2. Structures of peptidic GPCR inhibitors.
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nmol/L. Similarly, in NHL Namalwa cells, which also express
high levels of CXCR4, the treatment with LY2510924 affected
CXCR4/SDF-1-mediated cellular functions (phosphorylation
of ERK and Akt) with ICy, values of 1.4 and 1.2 nmol/L,
respectively. LY2510924 was also active against in vivo NHL
xenograft models, in which a significant dose-dependent tumor
growth reduction compared with the vehicle group and a fairly
good pharmacokinetic profile were observed.”’ Structural
modeling analysis suggested that the main ligand—receptor
interactions of LY2510924 are formed between its naphthalene
and hydroxy benzene with the CXCR4 residues Asp'®’, Arg'®,
GIn?® His!''3, and Tyrlgo. Favorable interactions such as a salt
bridge with Glu®*, a H bond with Arg®’, and a 7—7 stacking
with Phe189 further stabilize the complex.”

In the past decade, multiple rounds of optimization starting
from the natural product polyphemusin led to the well
tolerated and highly selective next generation CXCR4
antagonist POL6326 (balixafortide) (Figure 2), a 16-amino
acid cyclopeptide with one intramolecular disulfide bond. In
analogy with its precursor polyphemusin, POL6326 has a f-
hairpin bioactive conformation, essential for plasma stability
and potency.’”> The affinity of POL6326 for GPCRs was
tested in a large panel of receptors, in which it showed a high
1000-fold selectivity window. Finally, another molecular
strategy for the development of GPCR inhibitors is the
construction of peptide—lipid conjugates, called pepducins.’
They are composed of a peptide sequence derived from the
intracellular loops of the target GPCR, typically conjugated to
palmitic acid or a lipid moiety (such as palmitate) via an amide
bond.

The latter is responsible for the tethering of the pepducin
into the inner leaflet of the cell membrane, whereas the peptide
sequence selectively modulate the GPCR function.” The
bound pepducin blocks the signal transference to G protein by
mimicking or stabilizing the receptor intracellular loop
responsible for interactions with the G protein.>

Pepducins designed to target CXCR4 exhibited in vitro and
in vivo efficacy in several disease models, including lymphoma.
In particular, pepducins PZ-218 and PZ-210, bearing a N-
terminal palmitate moiety, were designed to target the first (il)
and third (i3) intracellular loop of CXCR4. Hence, the peptide
sequence of PZ-218 corresponds to MGYQKKLRSMTD,
while that for PZ-210 is SKLSHSKGHQKRKALK. Both
compounds inhibited CXCL12-mediated chemotaxis of Burkitt
lymphoma cells (Raji and Ramos) in a dose-dependent
manner, with ICs, values of approximately 0.3—1 uM.
Furthermore, combination treatment with pepducins and
rituximab significantly enhanced the cytotoxic effect of
rituximab in in vitro and in vivo models. Their synergistic
effect was initially evaluated in CD20-expressing Raji and
Ramos lymphoma cell lines, where both PZ-218 and PZ-210
induced a 1.5—2-fold increase in the percentage of apoptotic
cells compared with rituximab alone. Similarly, immunocom-
promised NOD/SCID mice with disseminated lymphoma
showed enhanced survival compared to rituximab-treated mice.
The promising efficacy of pepducins in lymphoma was further
confirmed by the equivalent efficacy of PZ-218 and plerixafor
in survival studies.

To assess whether the palmitate moiety and the peptide
composition are essential for antagonism, pepducins without
the palmitoyl portion (PZ-253 and PZ-254) and with an
additional C-terminal lysine (PZ-217) were also evaluated but
had no effect.’

These findings provide the scientific basis for the develop-
ment of novel GPCR-targeted therapies for lymphoma,
particularly NHL subtypes. Moreover, the combination with
other chemotherapeutic agents, blocking functionally cooper-
ative signaling pathways, may represent a new turning point in
the therapeutical arsenal.

In conclusion, GPCRs have important roles in lymphocyte
functions such as cell migration, proliferation, and apoptosis.
Hence, genetic events that alter their expression have critical
consequences in the insurgent and staging of B cell diseases,
especially lymphoma. The reported results suggest that GPCRs
are a potential therapeutic target in different types of this
disease, which still exhibit poor survival and outcomes in
response to current chemotherapy regimens. Hence, detailed
knowledge of GPCR expression in malignant cells, the
molecules that bind to each GPCR, and the downstream
signaling pathways they activate will reveal numerous
opportunities for targeted therapeutics to improve disease
outcome.

From a medicinal chemistry point of view, this field of
research needs to be further explored, considering that only
few chemical entities have emerged so far as effective GPCR
inhibitors in lymphoma models, resulting in a rather limited
SAR information. In fact, besides BTK140, LY2510924,
POL6326, and pepducins peptide structures, the remaining
compounds can be basically divided into a family of
compounds based on a cyclam structure (plerixafor, GENZ-
644494) and the other incorporating heterocyclic moieties.
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