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ABSTRACT

Kinases have a pivotal role in phosphorylation and kinase dysregulation has been implicated in the occurrence and 
progression of various diseases. By mid-2024 the Food and Drug Administration had approved 81 small-molecule 
kinase inhibitors targeting greater than 30 kinases, providing substantial clinical benefits for patients with cancer 
and other diseases. However, many reported kinase inhibitors exhibit poor target selectivity, limited solubility, and 
issues with drug resistance. To address these challenges medicinal chemists have used a macrocyclization strategy 
to optimize these molecules and three macrocyclic kinase inhibitors (lorlatinib [ALK/ROS1], pacritinib [Flt3/JAK2], 
and repotrectinib [TRK/ROS1]) have received FDA approval. The macrocyclization strategy is now widely used to 
enhance kinase inhibitory activity, overcome drug resistance caused by point mutations, improve kinase selectivity, 
and optimize drug-like properties. In this review we provide a comprehensive overview of the utilization of 
macrocyclization in the optimization of kinase inhibitors by detailing the structural modification process from lead 
compounds to macrocyclic molecules that has been applied in recent years. In addition, we discuss the limitations of 
existing macrocyclic kinase inhibitors and propose key considerations for the development of improved macrocyclic 
molecules. We aim for this review to offer valuable insights for future advances in kinase inhibitor development.

Keywords: Kinase inhibitor, Macrocyclization strategy, Drug design, Binding affinity, Kinase selectivity, Drug-like 
properties

1. INTRODUCTION

Kinases, a class of enzymes, facilitate the transfer of 
the γ-phosphate group from ATP-to-substrate proteins 
through a process known as phosphorylation [1]. It 
has been confirmed that dysregulation of the kinase 
phosphorylation level has a critical role in the devel-
opment of various diseases, making kinases attractive 
targets for therapeutic intervention [2-4]. The human 
genome encodes 518 known kinases and the Food and 
Drug Administration (FDA) has approved 81 small-mol-
ecule kinase inhibitors [5]. However, with the increas-
ing approval of kinase inhibitors, limitations have 
gradually emerged. For example, type I and II kinase 
inhibitors often exhibit poor kinase selectivity, lead-
ing to off-target toxicity [6-8]. In addition, most kinase 
inhibitors contain more than two aromatic rings, which 
can affect aqueous solubility [9]. Moreover, prolonged 
clinical use of these kinase inhibitors has resulted in 

acquired resistance in patients due to point mutations 
[10, 11].

Macrocyclic kinase inhibitors, characterized by a 
minimum 12-membered ring structure, have attracted 
significant attention in recent years [12]. Due to the 
structural complexity and diversity, macrocyclic kinase 
inhibitors often display stronger binding affinity com-
pared to acyclic kinase inhibitors [13, 14]. Moreover, the 
macrocyclization strategy is a powerful tool for improv-
ing kinase selectivity of acyclic inhibitors, possibly due to 
the semi-rigid structural features of macrocycles [15, 16]. 
This strategy is also used to modulate the properties of 
acyclic compounds, enhancing membrane permeability 
and oral bioavailability [17, 18].

Currently, the FDA has approved three small-mole-
cule macrocyclic kinase inhibitors (lorlatinib, pacritinib, 
and repotrectinib), which specifically target the ATP 
binding sites of ALK/ROS1, JAK/Flt3, and NTRK/ROS1, 
respectively (Figure 1). Beginning with the pioneering 

http://doi.org/10.15212/AMM-2024-0070


Acta  
Materia  
Medica Review Article

2      Acta Materia Medica 2025, Volume 4, Issue 1, p. 1-35 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

first-generation ALK/ROS1 inhibitor, crizotinib, Pfizer 
scientists embarked on a quest to develop third-genera-
tion ALK inhibitors. The goal was to create drugs capable 
of targeting ALK mutations and effectively penetrating 
the central nervous system [19, 20]. Guided by scaffold 
hopping and macrocyclization, the scientists discovered 
lorlatinib, a macrocyclic molecule with a potent Ki value 
of 0.07 nM against ALK. Lorlatinib showed superior 
inhibitory activities towards ALK mutants compared to 
crizotinib with reduced brain penetrance (MDR BA/AB: 
44.5 vs. 1.5). As a result, lorlatinib was approved for the 
treatment of ALK-positive non-small cell lung cancer 
(NSCLC). Pacritinib is derived from 2-aminopyrimidine 
fragment 1 through in-house library screening [21]. 
The macrocyclization strategy was used between the 
2- and 4-position of the pyrimidine, making a compro-
mised binding mode to the kinase hinge region. Various 
substituents by different linkers were introduced to 
improve the inhibitory activities against JAK2 and Flt3. 
Finally, researchers discovered pacritinib, which exhib-
its remarkable inhibitory activity against JAK2 and 
Flt3 with IC50 values of 23 nM and 22 nM, respectively. 
Pacritinib received FDA approval for the treatment of 
high-risk myelofibrosis accompanied by severe throm-
bocytopenia in 2022. Moreover, repotrectinib, a second 
generation TRK/ROS1 inhibitor, was approved by the 
FDA in 2023 for the treatment of adult patients with 
locally advanced or metastatic ROS1-positive NSCLC 
[22, 23]. In addition to lorlatinib, pacritinib, and repo-
trectinib, many other macrocyclic kinase inhibitors have 
entered clinical trials (Table 1). Zotiraciclib and SB1578 
are pacritinib analogues, which have JAK2/Flt3 dual 

inhibitory activities [24, 25]. Zotiraciclib entered phase 
I/II clinical trials for the treatment of NSCLC and other 
solid tumors and SB1578 entered a phase I clinical trial 
for cancer therapy. Inspired by natural products, E6201 
was discovered with potent FLT3 and MAP2K1 inhibitory 
activity and entered phase I clinical trials for the treat-
ment of hematologic cancers and melanoma [26].

In this review we focused on the utilization of macr-
ocyclization in kinase drug design to enhance inhibitory 
activity against wild-type and mutant kinases, improve 
the selectivity of promiscuous inhibitors, and adjust the 
physicochemical and pharmacokinetic (PK) properties 
of acyclic kinase inhibitors. Additionally, we summa-
rized the optimization process for transforming acyclic 
inhibitors into macrocyclic inhibitors, discussed poten-
tial challenges during the macrocyclization process, and 
provided insights for the future design of macrocyclic 
kinase inhibitors (Figure 2).

2. IMPROVING INHIBITORY ACTIVITIES AGAINST 
WILD- AND MUTANT-TYPE KINASES

A kinase often adopts a fixed conformation that is 
favorable for inhibitor binding. The conformation of 
linear molecules must be adjusted when binding to the 
kinase domain due to molecule flexibility, which leads 
to entropy loss. As a result, acyclic inhibitors may exhibit 
decreased kinase inhibitory activity. In contrast, macro-
cyclic inhibitors have a constrained conformation that 
reduces entropy loss compared to acyclic inhibitors, 
thereby displaying improved kinase inhibitory activity. 
Importantly, the macrocyclization strategy is particularly 

Figure 1  |  Optimization process of representative macrocyclic kinase inhibitors (lorlatinib and pacritinib).
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Table 1  |  Small molecular macrocyclic kinase inhibitors entered clinical trials.

Name   Structure   Targets   Highest Phase  Indications

Lorlatinib     ALK, ROS1   Launched   Lymphoma
Neurologic Cancer
Non-small Cell Lung Cancer

Pacritinib     JAK2, Flt3   Launched   Acute Respiratory Distress 
Syndrome
Colorectal Cancer
Hematopoiesis Disorders
Myelofibrosis

Repotrectinib    NTRK1, ROS1   Launched   Non-Hodgkin’s Lymphoma
Non-small Cell Lung Cancer
Solid Tumor Therapy

Zotiraciclib     CDKs, Flt3, 
JAK2, MAPK7

  Phase I/II   Astrocytoma
Glioblastoma Multiforme
Hematologic

SB-1578     Flt3, JAK2, 
TYK2

  Phase I   Cancer

E6201     Flt3, MAP2K1   Phase I   Hematologic Cancer
Melanoma
Psoriasis

JNJ-
26483327

    EGFR, ERBB2, 
ERBB4, Flt4, Src

  Phase I   Solid tumors



Acta  
Materia  
Medica Review Article

4      Acta Materia Medica 2025, Volume 4, Issue 1, p. 1-35 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

effective in improving inhibitory activity against kinases 
with point mutations, which is primarily due to reduced 
steric hindrance with bulky amino acid residues.

2.1 Cyclin-dependent kinase (CDK) inhibitors
CDKs, which belong to the serine-threonine kinase fam-
ily, function by interacting with cyclin counterparts [27, 
28]. Dysregulation of the CDK-cyclin complex leads to 
impaired control of the cell cycle and transcription in 
tumor cells [29]. CDK inhibition has emerged as a promis-
ing therapeutic strategy for cancer. The FDA has approved 
four CDK inhibitors (abemaciclib, palbociclib, ribociclib, 
and trilaciclib) [30-32]. Yu et al. used generative models 
and structure-based drug design techniques to develop 
a series of highly specific macrocyclic CDK2 inhibitors 
(Figure 3) [33]. Using virtual screening and a fragment 
replacement strategy, compound 1 was identified, which 
was shown to have promising inhibitory activity against 

CDK2/E1 with an IC50 value of 8.1 nM. The co-crystal 
structure of 1 with CDK2/cyclin E1 (PDB:8H6T) showed 
that the aminopyrazole moiety formed three canonical 
hydrogen bond interactions with Glu81 and Leu83 in 
the hinge region. The cis-cyclopentyl ring occupied the 
hydrophobic pocket and interacted with Phe80 through 
van der Waals interactions. Additionally, the carbonyl 
oxygen has the potential to form a hydrogen bond with 
Lys33, while the NH group can form a hydrogen bond 
with Asp145. The pyridine ring of 1 extends to the sol-
vent-exposed region. To enhance the inhibitory potency 
against CDK2, a three-step workflow was used to design 
macrocyclic compounds derived from 1 [34]. It was found 
that the 6-position of the pyridine ring and the NH of the 
carbamate moiety are suitable for macrocyclization. The 
linker was studied to identify highly effective CDK2 inhib-
itors. During the optimization process, it was observed 
that macrocyclic compound 2, which features a linker 

Figure 2  |  Drug design strategy, advantages and potential challenges of macrocyclic kinase inhibitors.
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with a length of six atoms, exhibits superior potency 
compared to compound 1 with an IC50 value of 0.09 nM. 
Furthermore, compound 2 also exhibits potent antiprolif-
erative activity against OVCAR3 cells (IC50= 10 nM).

Meng et  al. designed a series of macrocyclic com-
pounds as CDK2/4/6 inhibitors based on the macrocy-
clization strategy and AI-guided drug design methods 
(Figure 4) [35]. Compound NUV422 was selected as the 
lead compound and the dihedral angle scan method 
was used to determine the lowest energy conformation 
when binding to CDK2. The dihedral angle between 
the pyrimidine core and the 4-position phenyl ring 
of NUV422 was approximately 30.6° when binding to 
CDK2, which differed from the lowest energy confor-
mation. The macrocyclization platform was established 
to identify the starting and closing points for macrocy-
clization. Moreover, the length and properties of vari-
ous linkers were carefully selected. The macrocyclization 
strategy was used between the 2- and 4-position phe-
nyl rings to fix the active binding conformation based 
on the predicted binding mode and macrocyclization 

platform. Compound 3 was discovered with good CDK2, 
CDK4, and CDK6 inhibitory activities with IC50 values of 
37.1 nM, 1.4 nM, and 1.9 nM, respectively. Then, the 
linker and basic group were modified to investigate 
the impact on bioactivity. Among the synthesized com-
pounds, 4 displayed potent CDK2/4/6 inhibitory activi-
ties (IC50 values: 12.0, 1.5, and 2.9 nM, respectively) and 
good anti-proliferative activities against HCC1806 and 
OVCAR3 cells (IC50 values: 214.5 and 417.0 nM, respec-
tively). Importantly, compound 4 displayed an optimized 
safety profile compared to NUV422.

2.2 Death-associated protein kinase-related 
apoptosis-inducing protein kinase 1 (DRAK1) 
inhibitors
DRAK1 belongs to the family of death-associated pro-
tein kinases (DAPKs) and regulates various cellular pro-
cesses, including autophagy and apoptosis [36, 37]. The 
current understanding of DRAK1 biological functions is 
limited. Developing selective DRAK1 inhibitors would 
be meaningful for determining DRAK1 functions [37]. 

Figure 3  |  (A) Co-crystal structure of compound 1 with CDK2//cyclin E1 (PDB:8H6T) [hydrogen bond interactions are green]; (B) 
Optimization process of pyridine-based macrocyclic CDK2 inhibitors.

Figure 4  |  Macrocyclization process of NUV422.
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Kurz et al. developed a series of pyrazolo[1,5-a]pyrimi-
dine derivatives as DRAK1 inhibitors, starting from the 
CK2 inhibitor, IC19 (Figure 5) [38]. Previous work sug-
gested that the carboxylic acid motif of IC19 is crucial 
for CK2 inhibition and the N-benzylamide derivative, 
5, displays inhibitory activity against DRAK1 [39]. The 
5 co-crystal structure with DRAK1 (PDB: 7QUE) showed 
that the nitrogen atom of the core forms a hydrogen 
bond with Ala141 in the hinge region and the oxygen 
atom of the carbonyl group forms a hydrogen bond 
with Lys90. Moreover, the benzylamide motif occupies 
the back pocket. Although compound 5 displays inhibi-
tory activity against DRAK1, compound 5 inhibits other 
kinases. Therefore, structure-activity relationship (SAR) 
analysis around the benzylamide motif was performed 
to determine kinase inhibitory activity and selectivity. 
Compound 6 with the tert-butyl moiety was shown 
to exhibit good DRAK1 inhibitory activity (KD=21 nM) 
and selectivity among all the synthesized compounds. 
The kinase selectivity assay suggested that among a 
panel of 468 kinases, compound 6 displayed excellent 
kinase selectivity at concentrations of 100 and 1000 
nM. However, in a cell-based assay, compound 6 did not 
result in a cellular phenotype change and toxicity in GBM 
cell lines, which suggested that the catalytic function of 
DRAK1 is not required for cell survival. Therefore, the 
highly selective compound 6 could serve as a chemical 
probe for DRAK1 function research.

2.3 Dual-specificity tyrosine-(Y)-phosphorylation-
regulated kinase 1 (DYRK1) inhibitors
Dual-specificity tyrosine-(Y)-phosphorylation-regulated 
kinase 1A (DYRK1A) is a serine/threonine kinase that 
undergoes autophosphorylation at the tyrosine residue 
[40, 41]. DYRK1A is considered a promising therapeutic 
target due to a significant role in the development of 
neurologic disorders and cancer [42]. AC15 is a type I 
DYRK1A inhibitor with a 7-azaindole core and an IC50 
value against DYRK1A of 329 nM. The co-crystal struc-
ture of AC15 with DYRK1A (PDB: 6EJ4) revealed that 
the nitrogen atom and the NH of the core forms two 
hydrogen bond interactions with Leu241 and Glu239. 

Additionally, the pyridine moiety occupies the gate-
keeper hydrophobic pocket and forms π-π stacking 
interaction [43]. The co-crystal structure of AC15 in 
complex with DYRK1A showed the molecule adoption 
of a “U-shaped” binding mode [44]. Powell et al. con-
ducted a study in which a series of selective macrocy-
clic DYRK1A/B inhibitors was designed and synthesized 
using AC15 as the lead compound (Figure 6) [45]. The 
substituents located at the 3- and 5-positions in AC15 
were closely positioned, enabling connection with a 
suitable linker. Compound 7, among these substitu-
ents, demonstrated strong inhibitory activities against 
DYRK1A/B with IC50 values of 158 nM and 70 nM for 
DYRK1A and DYRK1B, respectively. To enhance kinase 
inhibition activity and selectivity, different substituents 
were introduced into the pyrazole rings at positions 3 
and 5. It was observed that compound 8, which included 
cyano and trifluoromethyl substitutions, demonstrated 
significant inhibitory activities against DYRK1A (IC50=13 
nM) and DYRK1B (IC50=19 nM). Compound 8 demon-
strated greater selectivity compared to compound 7 in 
the kinase selectivity assay against a panel of 468 kinases 
[S-Score(5): 0.16 vs. 0.03].

2.4 Fms-like tyrosine kinase 3 (Flt3) inhibitors
Flt3 is member of type III receptor tyrosine kinases and 
is frequently mutated in patients with acute myeloid 
leukemia (AML) [46-48]. Approximately 30% of AML 
patients harbor Flt3 mutations. There is an urgent need 
to develop kinase inhibitors to combat these mutations 
[49]. Several Flt3 small molecular inhibitors have been 
approved for the treatment of AML, such as midostau-
rin, quizartinib, and gilteritinib. However, acquired 
resistance caused by the emergence of secondary 
mutations in Flt3-ITD, such as Flt3-ITD-D835Y or Flt3-
ITD-F691L, decreases the clinical response to Flt3 small 
molecular inhibitors [50]. Zheng et al. designed and syn-
thesized a series of macrocyclic Flt3 inhibitors based on 
the Flt3 inhibitor, G-749 (Figure 7) [51]. G-749 is a type 
I Flt3 inhibitor that displays potent inhibitory activities 
against Flt3-ITD and Flt3F691L [52]. The predicted bind-
ing mode of G-749 with Flt3 (PDB: 6JQR) indicated that 

Figure 5  |  Optimization process for substituents occupying the back pocket.
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Figure 6  |  (A) Co-crystal structure of AC-15 with DYRK1A (PDB: 6EJ4) [hydrogen bond interactions are green and the ππ-ππ 
stacking interaction is purple]; (B) Design of 7- azaindole derivatives as macrocyclic DYRK1A/B inhibitors.

Figure 7  |  (A) Optimization process of compound G-749 using macrocyclization strategy. (B) Docking result of G-749 with Flt3 
(PDB: 6JQR); (C) Docking result of compound 9 with Flt3(PDB: 6JQR); (D) Co-crystal structure of compound 11 with Flt3 (PDB: 
8XB1) [hydrogen bonds are green].
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the lactam of the pyrimidinone engages two hydrogen 
bonds with Glu692 and Cys694 in the hinge region. The 
di-phenyl ether moiety extends to the solvent-exposed 
region and the bromine atom points to the gatekeeper 
region. The docking pose of G-749 with Flt3 demon-
strated that the pyrimidine core and the piperidine 
moiety adopt a dihedral angel of 168°, which displays 
an unfold conformation. Torsional angle scan analysis 
of G-749 suggested that G-749 has two local minimum 
energy conformations, including fold and unfold, with 
dihedral angles of approximately 0° and 180°. The mac-
rocyclization strategy was used between the phenyoxyl 
and piperidine moieties to fix the unfold conformation 
of G-749. First, the length of the linker was explored 
to investigate the effect on Flt3 inhibitory activity. 
Compound 9, with a 6-atom linker, displays good inhib-
itory activities against Flt3D835Y, Flt3-ITD, and Flt3-ITD 
mutations (IC50 values: 130–170 nM). Molecular docking 
of compound 9 with Flt3 suggested that the pyrimidi-
none moiety of 9 might cause potential steric hindrance 
with the mutated Leu691. Therefore, the core of 9 was 
changed to a smaller pyrimidine-5-carboxamide scaffold, 
resulting in compound 10. However, compound 10 dis-
plays a 10-fold decrease in activity against Flt3 mutants, 
possibly because compound 10 does not occupy the 
hydrophobic pocket formed by Cys828, Asp829, Lys644, 
and Val675. Thus, the pyrimidine core was replaced with 
pyrazine and different small hydrophobic substituents 
were introduced at the R1 position to investigate the 
inhibitory activities against Flt3 mutants. In addition, 
different hydrophilic groups and linkers were intro-
duced to the R2, L2, and R3 positions to determine the 
effects on the inhibitory activities against Flt3 mutants. 
Among all synthesized compounds, compound 11 dis-
plays the most potent inhibition of Flt3 mutants (IC50 
values: 1.5–24.6 nM). The co-crystal structure of 11 with 
wild-type Flt3 (PDB: 8XB1) indicated that the carboxam-
ide moiety forms two hydrogen bonds with Glu692 and 
Cys694 in the hinge region and the nitrogen atom of 
piperidine moiety forms an extra hydrogen bond with 
Asp698. The kinase selectivity assay of 11 demonstrated 
that 11 displays good selectivity among 378 kinases. 
Moreover, 11 displays moderate PK properties (SD Rats, 
P.O. 10 mg/kg: Cmax: 204.64 ng/mL, AUC(0-last): 3201.72 
ng·h/mL) and good in vivo anti-tumor activity without 
potential toxicity.

2.5 Met inhibitors
c-Met is a receptor tyrosine kinase that is activated 
when hepatocyte growth factor is bound, resulting in 
the formation of receptor dimers and auto-phosphoryl-
ation [53, 54]. Once activated, c-Met can initiate various 
downstream signaling pathways, including the MAPK 
signaling pathway, PI3K/AKT axis, and STAT3 pathway 
[55, 56]. Alterations in the Met gene have been identi-
fied as the main cause of NSCLC [57] and gastric cancer 
[58]. Thus, the development of c-Met kinase inhibitors 
holds great promise as a potential strategy for cancer 

therapy [59]. Wang et al. discovered a series of potent 
c-Met kinase inhibitors known as 2-(2-(quinolin-6-yl)
ethyl)pyridazin-3(2H)-one derivatives using molecular 
hybridization and macrocyclization strategies (Figure 8) 
[60]. The co-crystal structure of tepotinib with c-Met 
(PDB: 4R1V) revealed a U-shaped binding mode [61]. 
The nitrogen atom of pyrimidine forms a hydrogen 
bond interaction with Met1160 in the hinge region, the 
pyridazinone moiety engages in a π-stacking interac-
tion with Tyr1230 in the activation loop, and the car-
bonyl group forms a hydrogen bond interaction with 
Asp1222. Similarly, the co-crystal structure of NVP-
BVU972 with c-Met (PDB: 3QTI) [62] indicated that the 
quinoline part interacts with the hinge region, while 
the imidazopyridazine moiety extends to the activa-
tion loop and engaged in a π-stacking interaction with 
Tyr1230 that is similar to tepotinib. A molecular hybrid-
ization strategy was used to obtain 2-(2-(quinolin-6-yl)
ethyl)pyridazin-3(2H)-one derivatives using tepotinib 
and NVP-BVU972 as references. Among the synthesized 
compounds, 12 exhibited significant inhibitory activity 
against c-Met and was shown to have anti-proliferation 
activity in cells. The co-crystal structure of compound 
12 with c-Met (PDB: 7Y4U) revealed that the quinoline 
moiety acts as a hinge binder, while the pyridazinone 
part interacts with Tyr1230 and Asp1222 in the activa-
tion loop. Additionally, the pyrazole moiety extends to 
the solvent-exposed region. The X-ray analysis of 12 in 
complex with c-Met (PDB: 7Y4U) demonstrated that the 
CH2CH2 linker assumes a folded conformation, which 
is characterized by a dihedral angle of 76.3°. A macr-
ocyclization strategy was used involving the pyrazol 
ring and the benzamide portion to stabilize the active 
conformation of 12 with c-Met. It can be inferred that 
a linker length of 4–5 carbon atoms would be suitable 
based on an approximate distance of 6.9 Å between 
the methylpyrazole and formamide groups. Compound 
D6808, with a 4-carbon atom length, demonstrated 
enhanced inhibition activity against c-Met and Hs746T 
cancer cells with IC50 values of 2.9 and 0.7 nM, respec-
tively. The kinase selectivity assay showed that D6808 
exhibits exceptional selectivity among a panel of 373 
wild-type kinases, only displaying inhibitory activities 
against Axl and TRKs (IC50: Axl: 401.3 nM; TRKA: 437.2 
nM; TRKB: 1386.0 nM; TRKC: 203.9 nM). D6806 demon-
strated superior anti-proliferative activity against Ba/F3 
cells transformed with various Tpr-Met fusion proteins 
(IC50 values: 1–39 nM) compared to tepotinib (IC50 val-
ues: 1.5–46.7 nM) in a cell-based assay. However, D6808 
exhibited poor PK properties (p.o. 10.0 mg/kg, F: 2.02%; 
i.p. 10 mg/kg F: 33.91%) and showed weak inhibition on 
the hERG potassium channel (hERG IC50= 27.72 μM), pos-
sibly due to its high lipophilicity. Therefore, further opti-
mization focusing on improving solubility is necessary.

2.6 Leucine-rich repeat kinase 2 (LRRK2) inhibitors
LRRK2 is a member of the ROCO protein family and has 
vital role in the pathogenesis of Parkinson’s disease (PD) 
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[63, 64], which is attributed to involvement in encour-
aging α-synuclein aggregation by impairing the auto-
phagy system [65]. The LRRK2G2019S mutation has been 
identified in both familial and sporadic PD cases [66], 
so developing ATP-competitive inhibitors that target 
wild- and mutate-type LRRK2 has become a promising 
strategy for PD therapy [67]. Despite the identification 
of numerous LRRK2 inhibitors, poor blood-brain barrier 
(BBB) permeability restricted the application of LRRK2 
inhibitors [67, 68]. Kim et al. designed and synthesized 
a series of pyrimidine-based macrocycles with the aim 
of improving efficacy and BBB permeability of HG-10-
102-01 (Figure 9) [69]. The predicted binding mode of 
HG-10-102-01 with LRRK2 (PDB: 7LI4) suggested that 
the aminopyrimidine moiety forms two hydrogen bonds 
with Ala1950 in the hinge region and the oxygen atom 
of the amide moiety forms an extra hydrogen bond with 
Arg1957. The docking result indicated that the three 
hydrogen bonds are important for maintaining LRRK2 
inhibitory activity and the aminopyrimidine and amide 
moieties can be retained. Because the morpholine moi-
ety extends into the solvent-exposed region, this part 
can be removed during the design of macrocycles. The 

macrocyclization strategy was used to connect the meth-
ylamino and amide moieties, and alkyl linkers of differ-
ent lengths were introduced. First, the length of the 
linker was explored and the compounds with a three or 
four alkyl chain were shown to display moderate inhibi-
tory activities against the wild-type and G2019S mutant 
of LRRK2. Then, different substituents were introduced 
to the structure to determine the impact on bioactiv-
ity. Compound 13 displayed the most potent inhibitory 
activities against LRRK2 (IC50=0.6 nM) and LRRK2G2019S 
(IC50=0.2 nM). Compound 13 showed excellent activity 
against G2019S mutant (IC50=6.3 nM) in the cell-based 
assay. Compound 13 was shown to downregulate the 
p-LRRK2 level in mouse brain in vivo, suggesting that 
compound 13 is a candidate for further research.

2.7 Phosphoinositide 3-kinase (PI3K) inhibitors
PI3K is a lipid kinase activated by membrane and tyrosine 
kinase receptors [70, 71]. The PI3K/AKT/mTOR signaling 
pathway has a crucial role in various cellular processes, 
including cell growth, proliferation, differentiation, and 
survival [72, 73]. Dysregulation of the PI3K/AKT/mTOR 
pathway has been implicated in tumor development, 

Figure 8  |  (A) a: Co-crystal structure of tepotinib with c-Met (PDB: 4R1V); b: Co-crystal structure of NVP-BVU972 with c-Met 
(PDB: 3QTI); c: Co-crystal structure of compound 12 with c-Met (PDB: 7Y4U) [hydrogen bond interactions are green and the 
ππ-stacking interaction is purple]; (B) Discovery of D6808 using molecular hybridization and macrocyclization strategies.



Acta  
Materia  
Medica Review Article

10      Acta Materia Medica 2025, Volume 4, Issue 1, p. 1-35 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

making inhibition of PI3K a potential strategy for can-
cer therapy [74]. Building upon the inspiration from 
omipalisib [75], a dual PI3K/mTOR inhibitor, Alvarez 
et al. developed a series of macrocyclic compounds that 
simultaneously target PI3K and mTOR (Figure 10) [76]. 

The co-crystal structure of omipalisib with PI3Kγ (PDB: 
3L08) [77] revealed that the nitrogen atom of the quin-
oline moiety forms a hydrogen bond with Val882 in the 
hinge region. Additionally, the pyridosulfonamide part 
extends to the affinity pocket and forms hydrogen bonds 

Figure 9  |  Macrocyclization process of HG-10-102-01 was undertaken to improve bioactivity and blood-brain barrier (BBB) 
penetration.

Figure 10  |  (A) a: Co-crystal structure of omipalisib with PI3Kγγ (PDB: 3L08); b: Proposed binding mode of omipalisib with mTOR 
(PDB: 4JSX) [hydrogen bond interactions are green and the ππ-stacking interactions are purple]; (B) Design of macrocyclic PI3K/
mTOR dual inhibitors based on omipalisib.
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with Lys833 and Asp841. The pyridazine moiety at the 
4-position of quinoline extends into the solvent region, 
allowing for good kinase selectivity. Furthermore, the 
difluorophenyl component has been shown to be posi-
tioned at the solvent front in PI3K. Molecular docking 
analysis of omipalisib with mTOR (PDB: 4JSX) revealed 
a comparable binding mode to PI3Kγ. Based on these 
observations, a macrocyclization strategy was used to 
connect the pyridazine and difluorophenyl moieties 
using an amide linker. Additionally, bicyclic scaffolds 
featuring nitrogen atoms capable of hydrogen bond-
ing at the same position were studied. Furthermore, 
various substituents, such as aryl, heteroaryl, and het-
erocycloalkyl moieties, were utilized for these scaffolds. 
Among the synthesized compounds, compound 14, a 
macrocyclic compound with a 1,5-naphthyridine core, 
exhibits remarkable kinase inhibitory activity. Compound 
14 displays an IC50 value of 0.8 nM for PI3Kα and 3.3 nM 
for mTOR. The kinase selectivity assay revealed that com-
pound 14 exhibits better selectivity compared to omip-
alisib (selectivity score: 0.025). Additionally, compound 
14 demonstrated significant inhibitory activity against 
PI3Kβ, PI3Kδ, and PI3Kγ, with IC50 values of 0.94, 0.06, 
and 0.98 nM, respectively. Mechanistic studies indicated 
that compound 14 downregulates p-Akt, P70S6K, and 
S6 in the MCF-7 cell line. Notably, compound 14 exhib-
its excellent PKs (p.o. 10 mg/kg Cmax= 1565.8 ng/mL; F= 
84.6%) and a low drug-drug interaction risk (CYP3A4: 
IC50 > 30 μM), making compound 14 a promising candi-
date for further research.

PI3Kδ, which is primarily expressed in leukocytes, has 
shown promise as a target for cancer therapy [78, 79]. 
Selective inhibition of PI3Kδ is an effective and low-tox-
icity therapeutic strategy [80]. Spencer et al. discovered 

a range of benzoxazine derivatives that exhibit strong 
inhibitory activity against PI3Kδ (Figure 11) [81]. The 
binding mode of compound 15 with PI3Kδ was deter-
mined by X-ray crystallography (PDB: 6ZAA). The anal-
ysis revealed that the oxygen atom in the core formed 
a hydrogen bond with Val828 in the hinge region. 
Additionally, the phenyl ring exhibits a π−π stacking 
interaction with Trp760, while the N-methylpiperazine 
moiety extends towards the solvent front. The co-crys-
tal structure revealed a distance of approximately 5.0 
Å between the carbonyl oxygen and the sulfonamide, 
indicating sufficient space to accommodate a linker 
for attaching both ends of the molecule. Initially, com-
pound 15 was simplified to compound 16, which exhib-
its an IC50 value of 2511 nM against PI3Kδ. Subsequently, 
a series of acyclic and macrocyclic compounds with dif-
ferent linkers were synthesized. Notably, acyclic com-
pounds 17 and 18 demonstrated promising inhibitory 
activity against PI3Kδ with IC50 values of 631 and 20 nM, 
respectively. The corresponding macrocyclic compounds 
(19 and 20) exhibit even higher activity compared to the 
original compounds with IC50 values of 50 and 16 nM, 
respectively. Because the linkers consist of hydrophobic 
alkyl chains, the macrocyclic compounds exhibit higher 
lipophilicity and lower LipE but aqueous solubility is still 
preserved. Compound 19 demonstrated improved in 
vivo PK properties compared to the acyclic compound 
(in vivo Cl: 12.3 mL/min/kg, T1/2=1.5 h).

2.8 Provirus integration in Maloney murine 
leukemia virus-1 (Pim-1) inhibitors
Pim-1 is a serine/threonine kinase that can be activated 
by the PI3K/AKT and JAK/STAT signal pathways [82, 83]. 

Figure 11  |  (A) Co-crystal structure of compound 15 with PI3Kδδ (PDB: 6ZAA) [hydrogen bond is green]; (B) Optimization of 
macrocyclic benzoxazine derivatives as potent PI3Kδδ inhibitors.
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Once activated, the Pim-1 kinase phosphorylates pro-
teins, such as BAD, 4E-BP1, MDR1, and Myc, thereby 
contributing to tumor cell proliferation and mediating 
resistance [84]. Consequently, Pim-1 represents a poten-
tial target for low-toxicity cancer treatment [85]. Xu et al. 
conducted a study in which a range of macrocyclic com-
pounds were designed and synthesized using 10-DEBC 
and compound 21 as a starting point (Figure 12) [86]. The 
aim of the Xu et al. study [86] was to enhance the kinase 
inhibitory activity and physicochemical properties. Unlike 
other kinases, Pim-1 kinase has a proline residue in the 
hinge region, resulting in ATP forming only one hydro-
gen bond interaction with Pim-1 in the hinge region [87]. 
The co-crystal structure of compound 21 with Pim1 (PDB: 
6L16) [88] showed that the nitrogen atom of the ben-
zo[b]pyridine[4,3-e][1, 4]oxazine core potentially forms a 

hydrogen bond with the conserved Lys67. Additionally, 
the basic NH2 group of compound 21 can form a hydro-
gen bond interaction with Asp131. The macrocycliza-
tion strategy was used between the basic group and 
the phenyl ring of the core. It is worth mentioning that 
preserving the basic group is crucial for maintaining the 
inhibitory activity against Pim-1 kinase. Among all syn-
thesized compounds, compound 22 exhibits the most 
potent Pim-1 inhibitory activity (IC50= 35.13 nM) and cell 
anti-proliferative activity (MDA-MD-231 [IC50=8.15 μM]). 
However, the macrocyclic compound, 22, has weaker 
Pim-1 inhibitory activity compared to the acyclic com-
pound, 21 (Pim-1 [IC50=1.7 nM]). This difference may be 
attributed to replacement of the NH2 moiety with a sec-
ondary amine, leading to a decline in the ability to form 
hydrogen bonds with acidic amino residues.

Figure 12  |  (A) a: Co-crystal structure of compound 21 with Pim-1 (PDB: PDB: 6L16); b: Co-crystal structure of compound 22 with 
Pim-1 (PDB: PDB: 7XSV) [hydrogen bond interactions are green]; (B) Design of macrocyclic benzo[b]pyridine[4,3-e][1, 4]oxazine 
derivatives as Pim-1 inhibitors.
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2.9 Tropomyosin receptor kinases (TRK) inhibitors
TRKs are members of the transmembrane receptor 
tyrosine kinase family and are activated by neurotro-
phins, a family of growth factors [89-91]. Although 
larotrectinib and entrectinib have demonstrated 
favorable clinical responses, instances of acquired 
resistance have been reported [92]. These cases often 
involve specific point mutations in amino acids, such 
as TRKAG595R and TRKCG623R solvent font mutations, 
TRKAG667C and TRKCG696A xDFG-motif mutations, and 
the TRKAF589L gatekeeper mutation [93, 94]. The emer-
gence of novel TRK inhibitors is crucial in address-
ing the issue of point mutations in TRKs. Wang et  al. 
reported a series of macrocycle-based type II TRK inhib-
itors that effectively overcome point mutations in TRKs 
(Figure 13) [95]. Starting from 3-(imidazo[1,2-a]pyraz-
in-3-ylethynyl)-2-methylbenzamide 23, which has poor 

pharmacokinetic properties, the scaffold hopping strat-
egy was used to develop compound 24. Compound 
24 is able to maintain inhibitory activity against TRKs. 
However, compound 24 exhibits weak activity against 
the steroidogenic factor (SF) mutation, TRKAG595R (IC50 
= 2608 nM) and Ba/F3-CD74-TRKAG595R cells (IC50=0.77 
μM). The predicted binding mode of compound 24 
with TRKC (PDB: 6KZD) suggested that the N-1 of the 
imidazo[1,2-b]pyridazine core formed a hydrogen bond 
interaction with Met620 in the hinge region and the 
NH of amide formed a hydrogen bond interaction with 
Lys572. The central toluene ring formed π−π stacking 
interactions with gatekeeper Phe617. The 3-aminopip-
eridine moiety extends to the solvent front and the 
bulky piperidine may form a steric clash with Arg623 
(the same as Arg595 in TRKA). A macrocyclization strat-
egy was used to design novel type II TRK inhibitors for 

Figure 13  |  (A) a: The predicted binding mode of compound 24 with TRKC (PDB: 6KZD); Right: co-crystal structure of compound 
25 with TRKA (PDB: 7XAF) [hydrogen bond interactions are green and the ππ-ππ stacking interaction is purple]; (B) Design of 
macrocyclic Type II TRK inhibitors using scaffold hopping and macrocyclization strategy.
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combating SF mutations by reducing steric hindrance 
with Arg595 according to the docking results. Initially, 
the central toluene ring and piperidine were connected 
using alkyl chains of varying lengths. Although the com-
pounds retained inhibitory activity against WT TRKs 
and TRKAG667C, the inhibitory activity against TRKAG595R 
was weak. This inhibitory activity was attributed to the 
bulky piperidine moiety, which was replaced with the 
smaller methylethanediamine to prevent steric clash 
with Arg595. Compound 25 exhibited potent inhibi-
tory activity against TRKAG595R (TRKAG595R: IC50=493.7 
nM; CD74-TRKAG595R IC50=110 nM) while also retaining 
effects against wild-type TRKs and xDFG mutant TRKs 
(TRKA: IC50=13.7 nM; TRKAG667C: IC50=11.0 nM). A kinase 
selectivity assay indicated that compound 25 exhibits 
exceptional selectivity against TRKs within the kinome. 
However, pharmacokinetic studies conducted in SD rats 
showed that compound 25 displays poor pharmacoki-
netic profiles upon oral administration. Compound 25 
exhibits a low exposure curve (AUC(0-t)=51.56 ng·h/mL) 
and a low maximum concentration (Cmax: 19.13 ng/mL), 
which is possibly due to high lipophilicity.

Although compound 25 displays high inhibitory activ-
ities against various DFG-mutations, compound 25 dis-
plays moderate activities against SF and gatekeeper 

mutations (TRKAG595R IC50=493.7 nM, TRKAF589L 
IC50=2100 nM). The predicted binding mode of com-
pound 25 with TRKAG595R indicated that the meth-
ylethanediamine linker exists as a steric hindrance 
with the mutant, Arg595. Thus, the linker should be 
optimized to reduce spatial collisions. In addition to 
avoiding steric hindrance with bulky amino residues, 
forming new interactions with mutated amino residues 
is an effective strategy to overcome acquired muta-
tions. Thus, the ethylamine moiety was replaced by an 
N-methylamide group to make hydrogen bond inter-
actions with Arg595 (Figure 14). Moreover, the length 
of the linker was changed to determine the impact on 
bioactivity. The resulting compound 26, with a 7-mem-
bered carbon linker, achieved potent TRKG595R inhibitory 
activity (IC50=63.35 nM), which serves as a starting point 
for further optimization. Then, SAR analysis of the tail 
part was performed, which showed that compound 27 
with a cyclopropyl moiety displays the best inhibitory 
activities against both wild-type and mutant variants 
of TRKs (IC50=1.42–6.77 nM). The co-crystal structure of 
compound 27 with TRKAG595R (PDB: 8J5X) and TRKAF589L 
(PDB: 8J5W) were obtained to understand the binding 
mode of compound 27 with TRKs. Compound 27 binds 
to the ATP binding pocket of TRKA mutants in a type II 

Figure 14  |  (A) Optimization process of the macrocyclic TRK inhibitor, compound 25; (B) a: The predicted binding mode of 26 
with TRKAG595R; b: The co-crystal structure of 27 with TRKG595R (PDB: 8J5X); c: The co-crystal structure of 27 with TRKF589L (PDB: 
8J5W) [hydrogen bonds are green].
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mode. The nitrogen atom of imidazo[1,2-b]pyridazine 
core forms a hydrogen bond with Met592 in the hinge 
region. The oxygen atom of the benzamide moiety 
and methylene methylpiperazine part forms hydrogen 
bonds with Asp668 and the oxygen atom at the linker 
of compound 27 forms a hydrogen bond with Lys544. It 
was noted that the amide group of the linker forms key 
hydrogen bond with a mutated amino residue, Arg595, 
as predicted, which provided a major contribution to 
overcoming the SF mutation. The middle methylphenyl 
group has a favored interaction with the mutated Leu589 
to avoid steric hindrance for the gatekeeper mutation, 
TRKAF589L). Compound 27 displayed excellent kinase 
selectivity in a panel of 378 WT kinases. Compound 27 
displayed good anti-proliferation activity against wild-
type and mutated TRKs without potential cytotoxicity 
based on a cell-based assay. Importantly, compound 27 
showed improved pharmacokinetic profiles in ICR mice 
compared to compound 25 (P.O. 10 mg/kg: Cmax=95.2 
ng/mL, AUC(0-t)=501 ng·h/mL). The anti-cancer efficacy 
of compound 27 at 50 mg/kg in vivo was tested in Ba/
F3-CD74-TRKAG595R and Ba/F3-CD74-TRKAG667C xeno-
grafts and the results indicated that compound 27 dis-
plays robust in vivo anti-cancer activity (TGI=78% and 
72%). This research demonstrated that the linker of the 
macrocyclic compounds could be designed to make new 
interactions with the target to improve the bioactivity 
of macrocyclics [96].

Larotrectinib (LOXO-101) is a first-generation inhib-
itor of TRKs that exhibits potent inhibitory activities 
against TRKA/B/C (IC50= 5-11 nM) [97]. Although it 
shows a high clinical response, acquired resistances to 
LOXO-101 have been observed with prolonged treat-
ment [98]. In accordance with LOXO-101, Li et al. con-
ducted a study in which they designed and synthesized 

a range of macrocyclic compounds to counteract TRK 
SF mutations [99] (Figure 15). The predicted binding 
mode of LOXO-101 with TRKAG595R indicated that the 
nitrogen atom on the pyrazole ring potentially estab-
lishes a hydrogen bond interaction with Met592 in the 
hinge region. The difluorophenyl part extends to the 
hydrophobic pocket formed by Phe521 and Asp668. The 
hydroxy pyrrolidine moiety extends to the solvent region 
and the bulky pyrrolidine part forms a steric hindrance 
with Arg595. To avoid steric hindrance with Arg595, 
the bulky hydroxypyrrolidinyl moiety was removed. The 
pyrrolidinyl group was replaced with an aliphatic group 
using a ring-opening strategy to simplify the structure. 
A macrocyclic strategy was used to counteract xDFG 
mutations of TRK. Among the synthesized compounds, 
compound 28 exhibits the highest inhibitory effects 
against both wild-type TRKA (inhibitory rate at 500 nM: 
102.7%) and TRKAG595R (IC50: 13.1 nM). Compound 28 
demonstrated a superior inhibitory effect against the 
Ba/F3-LMNA-NTRK1-G595R cell line compared to LOXO-
101 (0.646 μM vs. 2.495 μM) based on cell-based assays.

To address acquired resistance, second-generation 
macrocyclic inhibitors (TPX-0005 [100] and LOXO-195 
[101]) were developed. These inhibitors have shown effi-
cacy in inducing remission in patients who have expe-
rienced treatment failure with larotrectinib. Building 
upon TPX-0005 and LOXO-195, Liu et al. designed and 
synthesized a series of pyrazolo[1,5-a]pyrimidine-based 
macrocyclic compounds as potent pan-TRK inhibitors 
(Figure 16) [102]. These compounds exhibited excellent 
physicochemical properties and good oral PKs, making 
the compounds promising candidates for further study. 
The predicted binding mode of TPX-0005 with TRKA 
(PDB: 4YNE) indicated that the nitrogen atom on the 
pyrazole ring formed a hydrogen bond with Met592 

Figure 15  |  Design of macrocyclic TRK inhibitors based on LOXO-101 aimed to improve activity against SF mutations.
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in the hinge area and the fluorophenyl occupied the 
hydrophobic cavity consisting of Phe521, Leu657, Gly667, 
and Asp668. Importantly, the fluorine atom forms a key 
hydrogen bond interaction with Asn655. The researchers 
hypothesized that replacing the TPX-0005 linker could 
help determine TRK inhibitory activity. During the opti-
mization process, compound 29, which has a piperidine 
substitution, was shown to exhibit potent TRKA activity 
with an IC50 value of 3.2 nM. Furthermore, compound 
29 exhibits strong inhibitory activities against TRKAG595R, 
TRKAG667C, TRKC, ALK, and OS1, with IC50 values of 3.2, 
2.1, 0.7, 0.2, 18.5, and 0.2 nM, respectively. In vitro PK 
evaluation of compound 29 indicated rapid metabolism 
in humans, rats, and dogs with metabolic rates of 242, 
980, and 268 ml/min/kg, respectively. The fast metabo-
lism of compound 29 may be attributed to oxidation on 
the piperidine ring. Therefore, to address this issue the 
piperidine ring was substituted with piperazine or mor-
pholine, resulting in the synthesis of compounds 30 and 
31. Compounds 30 and 31 exhibit potent TRKA inhibi-
tory activity with a decline in inhibitory activity against 
ALK (ALK IC50 values: compound 32, 88.9 nM; compound 
33, 182.0 nM), suggesting improved selectivity. Notably, 
compounds 30 and 31 demonstrated enhanced meta-
bolic stability compared to compound 29 (MMS: com-
pound 30, 29-74 ml/min/kg; compound 31, 10.7-28.8 ml/
min/kg). Because compound 31 displays weaker hERG 
inhibitory activity compared to compound 30 (13.0 μM 
vs. 6.7 μM), compound 31 was further evaluated as a pre-
clinical drug candidate for its efficacy and PKs in vivo.

3. IMPROVING SELECTIVITY IN KINASE 
INHIBITORS THROUGH MACROCYCLIZATION

Because type I and II kinase inhibitors bind to the highly 
conserved ATP-binding pocket, small-molecule kinase 

inhibitors often exhibit limited selectivity within the 
kinome. This lack of selectivity results in undesirable 
side effects and restrict clinical application. With kinase 
inhibitors widely used in clinical settings, acquired 
mutations caused by point mutations and the activa-
tion of negative feedback pathways have emerged fre-
quently, driving the development of next-generation 
kinase inhibitors. For example, afatinib is a second-gen-
eration EGFR inhibitor with excellent inhibitory activity 
against the EGFRT790M mutation. However, due to the 
poor selectivity between EGFRWT and EGFRT790M, side 
effects, such as rash and diarrhea caused by afatinib, 
limit its clinical application [103]. Therefore, it is imper-
ative to attain selectivity between the kinase wild and 
mutation types. The macrocyclization strategy can effec-
tively stabilize the active conformation of acyclic com-
pounds, thereby enhancing selectivity. This approach 
is frequently used to improve the specificity of acyclic 
compounds. Importantly, macrocyclic compounds often 
demonstrate similar selectivity towards homologous 
kinases, as well as wild-type and mutant kinases.

3.1 Bone morphogenic protein receptor type-II 
(BMPR2) kinase inhibitor
BMPR2 is a serine/threonine receptor kinase that 
belongs to the tyrosine kinase-like (TKL) group [104, 
105]. BMPR2 has a crucial role in the transcription of 
BMP target genes and is involved in activating several 
signal pathways, such as ERK, MAPK, LIMK, NOTCH, 
and Wnt [106]. Overactivation of BMP signaling has 
been associated with various pathologic conditions, 
such as pulmonary arterial hypertension, cancer, and 
Alzheimer’s disease [107]. Thus, targeting BMPR2 could 
be a potential therapeutic strategy. Amrhein et al. syn-
thesized a series of macrocyclic compounds derived 
from the promiscuous kinase inhibitor, compound 

Figure 16  |  (A) Predicted binding mode of TPX-0005 with TRKA (PDB: 4YNE) [hydrogen bond interaction is green]. (B) Optimization 
of macrocyclic TRK inhibitors based on LOXO-195 and TPX-0005 aimed at improving anti-SF mutation activity.
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32 [108] (Figure 17). Compound 32 contains a 3-ami-
no-1H-pyrazole moiety that has a crucial role in form-
ing hydrogen bond interactions with the hinge region 
of the kinase domain. The co-crystal structure of com-
pound 32 with VRK1 (PDB: 3OP5) [109] showed that 
the pyrimidine moiety extends into the hydrophobic 
pocket, while the phenyl and cyclopropane parts are 
located in the solvent region. To investigate BMPR2 
binding affinity, various linkers were used to macro-
cyclize the pyrazole moiety and the 2-position of the 
pyrimidine ring. Compound 33 was shown to have 
the highest binding affinity to BMPR2 (kD=83.5 nM) 
and notable selectivity against GSK3A (IC50=11 μM) 
and GSK3B (IC50=34 μM). The kinase selectivity assay 
showed that compound 33 displays favorable selectiv-
ity against BMPR2 (S35= 0.01) in a panel of 90 kinases. 
This study suggested that macrocyclization can be an 
effective strategy to enhance the selectivity profile of 
a promiscuous kinase inhibitor.

3.2 CDK inhibitors
As a key regulator of RNA transcription, cyclin-depend-
ent kinase 9 (CDK9) has been an emerging target for 
cancer therapy [110, 111]. Importantly, inhibition of 
CDK9 downregulates the protein level of tumorigenic 
proteins, such as Mcl-1 [112]. Currently, dozens of CDK9 
inhibitors have entered clinical trials for the treatment 
of hematologic cancers and solid tumors [113]. Wu et al. 
designed and synthesized a series of macrocyclic CDK9 
inhibitors for the treatment of osimertinib-resistant 
NSCLC based on the 2-aminopyrimidine scaffold [114] 
(Figure 18). Because Mcl-1 has a vital role in the pro-
liferation and differentiation of lung cancer and con-
tributes to resistance to EGFR inhibitors, the researchers 
reasoned that inhibiting CDK9 could downregulate the 
Mcl-1 protein level, indicating that CDK9 inhibitors have 
potential in treating lung cancer with EGFR mutations. 
The phenotypic screening approach was used to iden-
tify compounds with CDK9 inhibitory and anti-prolif-
eration activities against lung cancer cell lines. Among 
the compounds with CDK9 inhibitory and anti-prolifera-
tion activities, compound 34 displayed significant CDK9 

inhibitory activity and anti-proliferation activity (IC50: 
CDK9: 3.1 nM, HCC827: 340.0 nM, H1975: 254.4 nM.). 
However, compound 34 displayed high in vivo toxicity, 
possibly due to poor kinase selectivity, and needs to be 
optimized to improve kinase selectivity. The predicted 
binding mode of compound 34 with CDK9 (PDB: 6Z45) 
suggested that the amino triazine made two hydrogen 
bond interactions with Cys106 in the hinge region, while 
the para-fluorine group formed a hydrogen bond inter-
action with Lys48. Additionally, a π-stacking interaction 
were formed with Phe103 and Ile25 for the two substi-
tuted phenyl rings and the benzamide moiety formed a 
hydrogen bond interaction with Ile25. The macrocycli-
zation strategy was used between the two phenyl rings. 
First, a linker with a 6-atom length was introduced to 
compound 34 and afforded compound 35. Compound 
35 has strong CDK9/CycT1 inhibitory (IC50=1.1 nM) and 
anti-proliferation activity against HCC827 cell lines 
(IC50=31 nM). However, due to the poor selectivity 
among CDK2/CycA2 (IC50=3.2 nM), compound 37 has in 
vivo toxicity. The linker and hydrophilic group of com-
pound 35 were replaced to investigate the inhibitory 
activity and selectivity of compounds. Finally, compound 
36 with an 8-atom length linker and bulky morpholi-
nyl has potent CDK9/CycT1 inhibitory activity (IC50=3.2 
nM) and good selectivity against CDK2/CycA2 (IC50=209 
nM). Moreover, compound 36 has strong cytotoxicity in 
HCC875 (IC50= 315 nM) and H1975 cell lines (IC50= 174 
nM) and induces approximately 75% downregulation of 
Mcl-1 at 500 nM. In a selectivity assay with a panel of 80 
kinases, compound 36 displayed good kinase selectivity 
at a concentration of 500 nM. The PK studies revealed 
that compound 36 has acceptable exposure in SD rats 
when administered intravenously at a dose of 2 mg/
kg (AUC=1078 μg·h/L). However, the oral absorption of 
compound 36 was poor, resulting in low oral bioavail-
ability (F= 8%). Compound 36 has strong anti-prolifer-
ation activity against lung cancer cell lines and inhibits 
the growth of patient-derived organoids.

CDK7 forms the CDK-activating kinase (CAK) com-
plex with cyclin H and MAT1, which subsequently exert 
downstream effects on other CDKs involved in cell cycle 

Figure 17  |  (A) Co-crystal structure of compound 32 with VRK1 (PDB: 3OP5) [hydrogen bond interactions are green]; (B) 
Macrocyclization of the promiscuous kinase inhibitor, compound 32 to gain the selective BMPR2 inhibitor, compound 33.
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control [115, 116]. As an activator of the cell cycle and 
transcription, CDK7 has become a promising target for 
cancer therapy [117]. However, the ATP-binding site of 
CDKs is highly conserved, making the discovery of selec-
tive CDK7 inhibitors extremely challenging. Niu et  al. 
designed and synthesized a series of pyrazolo[1,5-a]
[1,3,5]triazine-based macrocycles as selective CDK7 
inhibitors [118] (Figure 19). CT7001 is a pyrazolopyrimi-
dine derivative with potent CDK7 inhibitory activity and 
displays 15-fold greater selectivity against CDK2, the 
closest isoform to CDK7 [119]. The crystal structure of 
CT7001 with CDK7 (PDB: 7B5Q) and CDK2 (PDB: 5JQ5) 
suggested that the benzylamine of CT7001 adopts a ring 
up conformation in CDK7 [120] and ring down confor-
mation in CDK2 [121]. The researchers hypothesized that 
the macrocyclization strategy could be used between 
the benzyl and piperidine moieties in CT7001 to restrict 
the conformation and specifically bind to CDK7. First, 
alkyl linkers with different lengths were introduced to 
CT7001 to determine the impact on CDK7 inhibitory 
activity and selectivity. Interestingly, the 16-membered 
ring displayed potent CDK7 inhibitory activity and selec-
tivity, whereas the 14-membered ring reversed the selec-
tivity from CDK7-to-CDK2/5. The potent CDK7 inhibitory 
activity and selectivity of the 16-membered ring com-
pound 37 were explained by molecular dynamics (MD) 

simulations. The results showed that the 16-membered 
compound 37 displayed a lower root mean square devi-
ation (RMSD) value, a more stabilized hydrogen bond 
network, and tighter binding when docking to CDK7. 
The SAR of 14- and 16-membered ring compounds indi-
cated that the 16-membered macrocycles possessed 
a broader SAR. However, the macrocycles displayed 
poor stability in mouse/human liver microsomes. The 
researchers installed a hydroxyl group on the alkyl 
linker to modulate the physiochemical properties and 
improve stability. The two enantiomers (compounds 38 
and 39) exhibited similar CDK7 inhibitory activity and 
cellular potency. Moreover, compounds 38 and 39 dis-
played improved metabolic stability in mouse/human 
liver microsomes. However, neither compound 38 nor 39 
was able to provide detectable plasma exposure after 
oral gavage at a dose of 10 mg/kg. So, further optimiza-
tion should be performed to improve the properties of 
compounds 38 and 39.

Compound 40 was obtained during the optimization 
process of selective CDK7 inhibitors that displayed activ-
ity against CDK2 (Ki: CDK2/cyclin E: 3.2 nM) and CDK5 (Ki: 
CDK5/p25: 4.4 nM). With the aim of improving inhibitory 
activity and selectivity, Niu et al. developed a series of 
macrocycles that selectively target CDK2 based on mac-
rocyclic compound 40 [122] (Figure 20). First, different 

Figure 18  |  (A) Design of macrocyclic CDK9 inhibitors based on compound 34; (B) a: Predicted binding mode of compound 
36 with CDK9 (PDB: 6Z45); b: Predicted binding mode of compound 35 with CDK9 (PDB: 6Z45); c: Predicted binding mode of 
compound 36 with CDK9 (PDB: 6Z45) [hydrogen bonds are green].
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types of substituents were introduced to the benzene 
ring to investigate the impact on CDK2 enzyme activity 
and selectivity. The results indicated that when the bulky 
substituents were introduced to the R2 or R3 position, 
CDK2 inhibitory effects decreased. Then, different basic 
groups were introduced to the R1 position to explore 
the impact on CDK2 inhibitory activity. It was found that 

the CDK2 inhibitory activity and selectivity improved 
when cyclobutylamine was introduced (compound 41: 
Ki: CDK2/CycE1: 3.0 nM). The MD simulation assay was 
performed to explain why the CDK5 inhibitory activity 
declined when the piperidine moiety was replaced with 
cyclobutylamine. The results demonstrated that com-
pound 40 formed a more stable complex with lower 

Figure 19  |  (A) Optimization process of selective CDK7 inhibitors using a macrocyclization strategy; (B) a: Co-crystal structure of 
CT7001 with CDK7 (PDB: 7B5Q); b: Co-crystal structure of CT7001 with CDK2 (5JQ5) [hydrogen bonds are green].

Figure 20  |  Optimization of pyrazolo[1,5-a][1,3,5]triazine-based macrocyclic CDK2 inhibitors.
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binding free energy than compound 41, which was 
consistent with better inhibitory activity against CDK5 
than compound 41. However, compound 41 displayed 
poor stability in mouse/human liver microsomes, so dif-
ferent electron-withdrawing groups were introduced to 
the benzene ring to improve stability. Among all syn-
thesized compounds, compound 42 displayed improved 
CDK2 inhibitory activity and microsomal stability, which 
deserved further investigation. These examples demon-
strated that MD simulation investigations help analyze 
changes in bioactivity when the length of the linker is 
altered, thereby guiding the design of macrocycles to 
be more efficient and accurate. This finding makes MD 
simulation a valuable tool for studying kinase inhibitory 
activity and selectivity. Additionally, the introduction of 
different substituents in the linker can modulate the 
properties of macrocycles, which is a feasible strategy 
for optimizing these compounds.

3.3 Epidermal growth factor receptor (EGFR) 
inhibitors
The EGFR is a receptor tyrosine kinase that acts as an 
oncogenic driver in some lung tumors [123-125]. The 
discovery of mutations in EGFR has led to the develop-
ment of the next generation of EGFR inhibitors [126]. 
Specifically, the EGFRdel19/L858R/T790M/C797S mutant kinase 
variant, which arises in second-line patients progressing 
on osimertinib, is no longer responsive to any of the 
currently approved EGFR inhibitors [127]. Therefore, it 
is important to develop selective inhibitors that target 
EGFRdel19/L858R/T790M/C797S [128]. Engelhardt et  al. iden-
tified compound 43 as the starting point for discover-
ing potent selective EGFRL858R/T790M/C979S inhibitors by 
screening compounds with EGFRL858R/T790M/C979S inhibi-
tory activity and no inhibitory activity against EGFRWT 
(Figure 21) [129]. Compound 43 displays moderate 
inhibitory activity against EGFRdel19/T790M/C797S with an 
IC50 of 250 nM and excellent kinase selectivity against 

238 kinases. The co-crystal structure of compound 43 
with EGFRL858R/T790M (PDB: 6S9B) suggested that the 
NH of benzimidazole and the carbonyl formed hydro-
gen bond interaction with Met793 in the hinge region 
and the pyridine substituent in the R2 position binds 
to the Lys745 in the phosphate region of the pocket. 
Importantly, the torsion angle between the two aro-
matic rings in compound 43 is approximately 40°. 
Introduction of a methoxy group to the pyridine ring 
obtained compound 44 with excellent kinase inhibitory 
activity (EGFRd19/T790M/C797S IC50< 3.0 nM). However, com-
pound 44 displays poor kinase selectivity (BaF3-EGFRWT 
IC50= 700 nM). Using a phenyl group to replace the 
second pyridine ring and abolish the hydrogen bond 
interaction between the compound and Lys745, the 
researchers obtained compound 45 to improve selec-
tivity. Compound 45 displays good EGFRd19/T790M/C797S 
inhibitory activity (IC50=35 nM). The co-crystal structure 
of compound 45 with EGFRL858R/T90M suggested that the 
compound binds to the protein with an expected dihe-
dral angle of the bis-aryl system of approximately 20°. In 
addition, the distance to the Lys745 is sufficiently large. 
To stabilize the active conformation of the compounds, 
a macrocyclization strategy was used. Among the syn-
thesized compounds, BI-4020 with a smaller pyrazole 
substitution was shown to display excellent kinase 
inhibitory activity (p-EGFRd19/T790M/C797S IC50=0.6 nM). In 
addition, BI-4020 displayed good kinase selectivity in a 
panel of 393 kinases. Moreover, BI-4020 showed bet-
ter DMPK properties compared to osimertinib (Table 2). 
In a PC-9del19/T790M/C797S xenograft model, BI-4020 sup-
pressed tumor growth and displayed better anti-tumor 
activity than osimertinib (osimertinib, p.o., 25 mg/kg, 
TGI=6%; BI-4020, p.o., 10 mg/kg, TGI=121%). The dis-
covery of BI-4020 indicated that the macrocyclization 
strategy could be used to fix the active conformation, 
which reduced entropy loss and improved the bioactiv-
ity of acyclic compounds.

Figure 21  |  (A) Co-crystal structure of compound 43 with EGFRL858R/T790M (PDB: 6S9B) [hydrogen bond interactions are green]; 
(B) Discovery process of the macrocyclic EGFRd19/T790M/C797S inhibitor, BI4020.
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Chen et  al. designed and synthesized a series of 
macrocyclic 2,4-disubstituted pyrimidine derivatives as 
potent EGFR mutant inhibitors [130]. By hybridizing 
the general scaffold of brigatinib with the selectivity 
contributing 3-indolyl moiety of osimertinib, a series 
of 4-[1-(sulfonyl)-1H-indol-3-yl] pyrimidine derivatives 
were designed as new potential EGFRC797S inhibitors 
(Figure 22). Importantly, the introduction of the sulfo-
nyl group aimed to make hydrogen bond interaction 
with Lys745, which increased inhibitory activity against 
EGFRC797S mutants. Among the synthesized compounds, 
compound 46 displays the most potent inhibitory activ-
ity against EGFR mutants (EGFRd19T/790M/C797S IC50=25.6 
nM, EGFRL858R/T790M/C979S IC50=4.3 nM) and good selec-
tivity against EGFRWT (IC50=816 nM). Unfortunately, 
compound 46 displays weak cell inhibitory activity (Ba/
F3 EGFRL858R/T790M/C797S IC50=3.156 μM). The co-crystal 

structure of compound 46 with EGFRT790M/C797S (PDB: 
7VRE) suggested that the NH and nitrogen atom of 
pyrimidine forms a hydrogen bond interaction with 
Leu792 and Met793 in the hinge region and one oxy-
gen atom of the ethyl sulfonate moiety formed a hydro-
gen bond with the NH2 group of Lys745. Importantly, 
the dihedral of the pyrimidine core and the 4-(3-indolyl) 
substituent was −30.9°, which adopted an unflipped 
conformation. A macrocyclization strategy was used 
between the aniline ring and the indole phenyl ring to 
lock the minimum energy unflipped conformation of 
compounds. Among the synthesized compounds, com-
pound 47 displays excellent inhibitory activity against 
EGFRL858R/T790M/C979S and displays good selectivity against 
EGFRWT. Compound 47 displays strong inhibitory activ-
ity and selectivity against Ba/F3 EGFRd19/T790M/C797S and 
BaF3 EGFRL858R/T790M/C979S with IC50s of 36 and 52 nM, 

Table 2  |  DMPK properties of compounds BI-4020 and osimertinib.

Compound Solubility at pH 6.8 (μg/mL) Metabolic-stable hepatocytes (%QH) PPB-free fraction Permeability pampa assay

Mouse Human Mouse Human Papp A-B [cm/s] at pH 7.4

BI-4020 95 56 47 1.2 7.5 5.3×10−6

Osimertinib 86 83 27 <0.1 2.5 2.7×10−6

Figure 22  |  (A) Co-crystal structure of compound 46 with EGFRT790M/C797S (PDB: 7VRE) and compound 47-H with EGFRT790M/C797S 
(PDB: 7VRA) [hydrogen bond interactions are green]. (B) Optimization of EGFRd19/T790M/C797S and EGFRL858R/T790M/C979S inhibitors 
using molecular hybridization and macrocyclization strategies.
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respectively, in a cell-based assay. Unfortunately, the 
oral pharmacokinetics of compound 47 is poor (p.o. 
5 mg/kg, Cmax=134.6 ng/mL, F=11.9%), possibly due to 
the introduction of the lipophilicity linker. Therefore, 
the lipophilic linker could be replaced by an ethylene 
glycol-containing linker to modulate the lipophilicity of 
the compounds.

Osimertinib is a second-generate EGFR inhibitor 
with 200-fold greater selectivity against EGFRWT that 
was approved for the treatment of patients with an 
EGFRT790M mutation [131]. Shen et  al. [132] designed 
and synthesized a series of macrocyclic compounds 
based on osimertinib using different alkyl chains as link-
ers (Figure 23). The connecting sites of the macrocyclic 
compounds were selected at the nitrogen atom in the 
1-position of the indole ring and the NH group of the 
acrylamide moiety. Bioactivity assay results indicated 
that the 17-membered macrocyclic compound 48 dis-
played good inhibitory activities against EGFRL858R/T790M 
and EGFRd746-750/T790M, the IC50s of which were 6.49 and 
0.22 nM, respectively. Compound 48 displayed excellent 
anti-proliferative activities against Ba/F3 EGFRdel19/T790M 
and Ba/F3 EGFRdel19/T790M/C797S cell lines in the cell-based 
assay with IC50s of 35 nM and 695 nM, which were com-
parable to osimertinib (Ba/F3 EGFRdel19/T790M IC50=33 nM, 
Ba/F3 EGFRdel19/T790M/C797S IC50=859 nM).

Gefitinib [133] and erlotinib [134] are quinazo-
line-based EGFR wild-type inhibitors that are used for 
first-line treatment of NSCLC patients with EGFR exon 19 
deletions (EGFRd19) and EGFRL858R mutations. Amrhein 
et  al. designed and synthesized a series of quinazo-
line-based macrocyclic EGFRd19/L858R selective inhibitors 
(Figure 24) to avoid the undesired side effects caused by 
inhibition of wild-type EGFR [135]. The co-crystal struc-
ture of gefitinib with EGFRL858R (PDB: 2ITZ) [136] indicated 
that the nitrogen atom at the 1-position of quinazoline 
forms a hydrogen bond interaction with Met793 in the 
hinge region and the 4-position phenyl ring occupies the 
gatekeeper hydrophobic area. The morpholine extends 
to the solvent region. The macrocyclization strategy 
was used between the 6-position of the quinazoline 

core and the 4-position phenyl ring. Among the syn-
thesized compounds, compound 50, bearing a trimeth-
ylene glycol linker, displays excellent kinase inhibitory 
effects, the IC50 of which against EGFRdel19, EGFRL858R, 
and EGFRL858R/T790M were 0.3, 0.7, and 102.8 nM, respec-
tively. Unfortunately, compound 50 displayed poor 
selectivity against EGFRWT (Ba/F3 EGFRWT IC50=14.6 nM) 
in a cell-based assay. Compared to compound 50, com-
pound 49 displayed weaker inhibitory activities against 
EGFR mutants (EGFRdel19 IC50: 119.1 nM, EGFRL858R IC50: 
820.8 nM) but in cell-based assay compound 49 displayed 
excellent selectivity against EGFRWT (Ba/F3 EGFRWT IC50: > 
1×104 nM; Ba/F3 EGFRdel19 IC50: 197.5 nM; Ba/F3 EGFRL858R 
IC50: 385.6 nM). The kinase selectivity assay suggested 
that compared to acyclic compounds, compound 49 
displayed extraordinary selectivity among 468 kinds 
of kinases at a concentration of 1 μM. Compound 49 
only displayed weak inhibitory activity against EGFRWT 
and moderate inhibitory activity against EGFR mutants 
(EGFRd19, EGFRd747-752, EGFRL858R). Although compound 
49 displayed no activity against the gatekeeper muta-
tion, compound 49 could still act as a tool compound to 
explore other EGFR mutants.

3.4 Hematopoietic progenitor kinase (HPK1) 
inhibitors
HPK1 belongs to the serine/threonine kinase family and 
acts as a negative regulator of T-cell activation [137, 138]. 
Activation of HPK1 leads to phosphorylation of the adap-
tor protein, SLP76, which subsequently destabilizes the 
TCR signaling complex and inhibits T-cell function [139]. 
A preclinical study suggested that inhibiting HPK1 in 
syngeneic tumor models could promote tumor immune 
surveillance and enhance the synergistic effect with 
checkpoint inhibitors [140]. Thus, inhibition of HPK1 is 
a promising strategy for cancer immunotherapies [141]. 
GLK (MAP4K3) is structurally similar to HPK1 but acts as 
a positive regulator of T-cell activation. It is important to 
achieve selectivity between HPK1 and GLK [142]. Wang 
et al. designed and synthesized a series of macrocyclic 
pyrimidine derivatives as potent and selective HPK1 

Figure 23  |  Discovery of macrocyclic derivatives bearing aniline pyrimidine scaffolds as EGFRL858R/del19 inhibitors.
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inhibitors [143] (Figure 25). Compound 51 is a selective 
HPK1 inhibitor, the IC50s of which against HPK1 and GLK 
are 3.7 and 143.2 nM, respectively. However, compound 
51 also displays inhibitory activities against IRAK4, Fms, 

Flt3, and c-kit, and compound 51 shows poor stability 
in human liver microsomes (T1/2=57.7 min). Researchers 
first explored the selectivity mechanism underlying 
compound 51 based on molecular docking (GLK PDB: 

Figure 24  |  (A) Co-crystal structure of gefitinib with EGFRL858R (PDB: 2ITZ); (B) Design of quinazoline-based macrocyclic 
derivatives as selective EGFRL858R/del19 inhibitors based on gefitinib.

Figure 25  |  (A) a,b: Binding modes of compound 51 to HPK1 (PDB: 7KAC) and GLK (PDB: 5J5T). c,d: Comparison of the solvent-
exposed region size of HPK1 and GLK; (B) Optimization of the selective HPK1 inhibitor by a macrocyclization strategy using 
compound 51 as the lead compound.



Acta  
Materia  
Medica Review Article

24      Acta Materia Medica 2025, Volume 4, Issue 1, p. 1-35 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

5J5T) and co-crystal structure (HPK1 PDB: 7KAC [144]). 
The results indicated that compound 53 shares a sim-
ilar binding pose for HPK1 and GLK. The nitrogen 
atom at the 1-position of the pyrimidine ring forms a 
hydrogen bond interaction with the hinge region of 
HPK1(Cys94) and GLK(Cys93). The NH group forms an 
extra hydrogen bond interaction with gatekeeper res-
idue (Glu92 in HPK1 and Glu91 in GLK). The -OH moiety 
forms a hydrogen bond interaction with Asp101 in the 
solvent-exposed region (Asp101 in HPK1 and Asp100 in 
GLK). Through sequence alignment, researchers found 
that the width of the entry to the active site differed. 
Specifically, HPK1 has a wider entrance, while GLK has 
a narrower entrance in the solvent-exposed region. 
The narrow distance makes it easier to generate steric 
clashes between compound 51 and GLK, which could 
explain the selectivity of compound 51. However, due 
to the flexible phenyl ring, compound 51 can fit GLK by 
undergoing a conformational change with limited loss 
in inhibitory activity, while compound 51 only shows 
30-fold greater selectivity between GLK and HPK1. A 
macrocyclization strategy was used between the 2- and 
4-position phenyl ring to reduce the flexibility of the 
phenyl ring and increase the steric hindrance with GLK. 
Importantly, the lactone moiety of compound 51 was 
replaced by a cyano group to retain a hydrogen bond 
acceptor and simplify the structure. Finally, the oxadi-
azole moiety was replaced by a volume like pyrazole 
for synthesis accessibility. The length of the linker was 
investigated, which showed that compound 52 with a 
5-atom linker exhibits excellent HPK1 inhibitory activity 
with an IC50 of 0.6 nM. However, compound 52 displays 
poor human liver microsome stability (T1/2=32.1 min). 
To improve the metabolic stability, different substitu-
ent groups were introduced to the N-1 position of the 
pyrazole ring. Compound 53 with a 2-hydroxy-2-methyl-
propyl moiety displays excellent HPK1 inhibitory activity 
(IC50=0.8 nM) and stability (T1/2 > 186.4 min) (Table 3). 
Importantly, compound 53 displays selectivity against 
GLK (IC50=81.0 nM [101.3-fold]). In a panel of 28 kinases, 
compound 53 showed better selectivity compared to 
compound 51. Compound 53 showed good PK prop-
erties when administered via gastric gavage to mice 
and beagles. Compound 53 demonstrated a synergistic 

effect with anti-PD-1 in MC38 and CT26 syngeneic mod-
els, which indicated that compound 53 has great poten-
tial in immunotherapy. This finding indicates that when 
a kinase inhibitor targets two homologous kinases, the 
macrocyclization strategy can be used to enhance the 
selectivity of the inhibitor and reduce the risk of side 
effects.

3.5 Mammalian sterile 20-like serine/threonine 
protein kinase (MST)3 inhibitor
The MSTs include five related proteins (MST1, MST2, 
MST3, MST4, and YSK1) [145-147]. MSTs regulate cell 
functions, such as proliferation and migration. MST3 is 
primarily located in the cytoplasm, is expressed in various 
tissues, and has a vital role in cell growth and apoptosis 
[148]. Dysregulation of MST3 has been confirmed to trig-
ger high-grade tumors [149]. However, there are no iso-
form-selective inhibitors for MST3 and it is meaningful to 
develop highly selective MST3 inhibitors to validate the 
role of MST3 in tumorigenesis. Amrhein et al. developed 
a series of 3-aminopyrazole-based macrocycles as selec-
tive MST3 inhibitors [150] (Figure 26). Starting from the 
promiscuous kinase inhibitor, compound 54, the macro-
cyclization strategy was applied between the cyano and 
cyclopropyl groups to pursue selective MST3 inhibitors. 
The differential scanning fluorimetry (DSF) assay was used 
to assay the binding affinity and selectivity of the macro-
cycles. Amrhein et al. [150] reported that the quinazoline 
derivative, compound 55, led to high stabilization of MST3 
and MST4 with ΔTm values of 7.5 and 7.4 °C, respectively. 
Moreover, compound 55 displays good selectivity against 
MST1 and MST2. Compound 55 displays good inhibitory 
activity with EC50 values of 76 and 106 nM against perme-
abilized cells and intact cells, respectively, in a cell-based 
assay. The co-crystal structure of compound 55 with MST3 
(PDB: 8QLQ) suggested that the aminopyrazole moiety 
forms three hydrogen bonds with Glu112 and Leu114 
and the quinazoline part forms water-mediated hydro-
gen bonds with Asp121. The amide of the linker forms a 
hydrogen bond with Asp174. Importantly, the aliphatic 
linker is stabilized by hydrophobic interactions on both 
sides of the ring and contributes to the potency of com-
pound 55. Moreover, the binding of compound 55 with 
MST3 leads to large structural reorganization, suggesting 

Table 3  |  Pharmacokinetic properties of compound 53.

Compound 53 Mice Beagles

1 mg/kg (i.v.) 20 mg/kg (i.g.) 1 mg/kg (i.v.) 20 mg/kg (i.g.)

T1/2(h) 1.3 3.7 8.1 6.2

Tmax(h) 0.8 1.0

Cmax(ng/mL) 1118.0 2048.0 1811.2 539.3

AUC(0-inf) (ng·h/mL) 860.0 8528.0 3132.2 4094.9

F (%) 49 27
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that the residues beyond the binding site that facilitate 
the concerted induced-fit movements may also be key for 
the good selectivity.

4. IMPROVING DRUG-LIKE PROPERTIES THROUGH 
MACROCYCLIZATION

In addition to enhancing inhibitory activity and kinase 
selectivity, macrocyclization is a promising strategy for 
improving the drug-like properties of acyclic kinase 
inhibitors. Compared to linear molecules, macrocyclic 
compounds typically have a smaller molecular volume 
that may contribute to improved permeability. Moreover, 
the restricted conformation of macrocyclic compounds 
can reduce binding with metabolizing enzymes, thereby 
improving metabolic stability. Structurally, macrocyclic 
compounds often feature a hydrophobic or hydrophilic 

linker, which enables modulation of molecular proper-
ties. Furthermore, various strategies have been used to 
improve the DMPK properties of macrocycles, including 
linker exploration, introducing hydrophilic groups, and 
designing prodrugs.

4.1 Apoptosis signal-regulating kinase 1 (ASK1) 
inhibitors
ASK1 is a mitogen-activated protein kinase kinase kinase 
that has a critical role in the cellular stress response by 
modulating inflammation and apoptosis [151, 152]. 
Regulation of ASK1 activity is a feasible strategy to treat 
neurologic disorders [153]. Himmelbauer et al. designed 
and synthesized a series of macrocyclic compounds with 
a low efflux ratio (ER) and increased CNS penetration 
[154] starting with GS-4997 [155], a pyridine benzam-
ide-based ASK1 inhibitor (IC50=5.9 nM; Figure 27). The 

Figure 26  |  (A) The macrocyclization strategy was used to yield compound 55 as an MST3 selective inhibitor; (B) Co-crystal 
structure of compound 55 with MST3 (PDB: 8QLQ) [hydrogen bonds are green].

Figure 27  |  (A) The co-crystal structure of GS-4997 with ASK1 (PDB: 6OYT) [hydrogen bonds are green]; (B) Optimization of 
macrocyclic ASK1 inhibitors utilizing GS-4997 as a lead compound to enhance central nervous system (CNS) permeability.
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co-crystal structure of GS-4997 with ASK1 (PDB: 6OYT) 
indicated that the carbonyl group of the amide forms 
a hydrogen bond with Val757 in the hinge region and 
the nitrogen atom of the triazole forms a hydrogen 
bond with the catalytic Lys709, while the cyclopropyl-
imidazole moiety extends to the solvent-exposed region. 
An intramolecular hydrogen bond between the amide 
NH group and the fluorine atom was observed,\ and this 
interaction contributed to locking the conformation of 
GS-4997 into a favorable binding pose. By deconstruct-
ing the solvent-exposed substituent and macrocycliza-
tion strategy, a series of macrocyclic compounds were 
designed and synthesized to increase CNS penetration. 
Compound 56 displays good ASK1 inhibitory activity 
(IC50=11 nM) and moderate ASK1 autophosphoryla-
tion inhibitory activity (cell IC50: 1.2 μM). Importantly, 
compared to GS-4997, compound 56 displays lower ER 
(2.9×10-6 cm/s). Introduction of a methyl group at the 
butylene linker and fluorine atom at the salicylate part 
affords compound 57 increased activity and stability 
(ASK1 inhibition IC50: 8.0 nM, cell IC50: 95 nM; RLM/HLM: 
90/16 mL/min/kg). Compared to GS-4997, the CNS pen-
etration of compound 57 increased significantly (ER: 
13.0×10-6 vs 5.2×10-6 cm/s), possibly due to the intro-
duction of a lipophilicity linker. Additionally, a parallel 
synthesis strategy was used to discover a strong ASK1 
inhibitor with excellent CNS-like properties by modulat-
ing the lipophilicity of the compounds. Among the syn-
thesized compounds, compound 58 displays good ASK1 
inhibitory activity (IC50=6.0 nM) with a low efflux ratio 
(ER: 1.5×10-6 cm/s). These results demonstrate that the 
introduction of a lipophilic linker modulates the physic-
ochemical properties of the acyclic compound and macr-
ocyclization is a feasible strategy for optimizing CNS-like 
drugs.

4.2 CDK2 inhibitors
Despite showing potent inhibitory effects against CDK2, 
compound 2 exhibits relatively poor permeability and a 
high ER. Further optimization of the linker in compound 

2 was performed to identify macrocyclic CDK2 inhibitors 
with improved properties (Figure 28). Eventually, com-
pound QR-6401, which has a trans-cyclobutyl ring, dis-
played good CDK2/E1 inhibitory activity with increased 
permeability (Table 4). Additionally, compound QR-6401 
showed good selectivity against related kinases and 
acceptable PK properties (Table 5) (Rat, p.o. 5 mg/kg: 
Cmax=213 ng/mL, AUClast=765 ng·h/mL, F=50%). In an in 
vivo anti-tumor efficacy study using an OVCAR3 ovarian 
cancer xenograft model, compound QR-6401 demon-
strated excellent anti-tumor activity when administered 
orally at a dose of 50 mg/kg for 28 days, resulting in a 
TGI of 78%. This case suggests that when macrocycles 
exhibit unsatisfactory properties, exploring the intramo-
lecular linker can help improve the PK profiles.

4.3 DYRK2 inhibitors
The azaindole-based compound 9 exhibited potent 
inhibitory activities against DYRK1A and DYRK1B but 
the pharmacokinetic properties were poor. It is worth 

Figure 28  |  Linker exploration of compound 2 to improve pharmacokinetic properties.

Table 4  |  Stability and membrane permeability of 
compounds 2 and QR-6401.

Compd.   Human liver microsomal 
stability T1/2 (h)

  Papp A to B 
(10−6)/efflux ratio

2   64   0.9/13

QR-6401   150   3.2/13

Table 5  |  PK properties of QR-6401.

QR-6401 Mouse

20 mg/kg (p.o.) 100 mg/kg (p.o.)

Tmax(h) 0.19 0.083

Cmax(ng/mL) 803 5527

AUC(0-last) (ng·h/mL) 758 5587
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noting that the 2-position of the azaindole ring was 
identified as the labile site. Therefore, a fluorine atom 
was introduced at the 2-position of the azaindole ring 
in compound 9 to yield compound 59 (Figure 29). As 
expected, compound 59 showed improved pharmacoki-
netic properties compared to compound 9 (Table 6). 
Moreover, introduction of the fluorine atom enhanced 
the potency of hydrogen bonding interactions between 
the hinge binder and the protein, leading to enhanced 
inhibitory activity against DYRK1A (IC50=3 nM) and 
DYRK1B (IC50=5 nM).

4.4 Spleen tyrosine kinase (SYK) inhibitors
SYK is a non-receptor cytoplasmic protein tyrosine 
kinase expressed mostly in hematopoietic cells [156, 
157]. The B cell receptor activates SYK and subsequently 
activates downstream signaling pathways, such as PI3Kδ 
and BTK [158]. SYK is an attractive target for autoim-
mune disorders [159] and hematologic cancers [160]. 
Grimster et  al. designed and synthesized a series of 
macrocyclic 2,4-disubstituted pyrimidine derivatives as 
potent SYK inhibitors based on previous research [161] 
(Figure 30). Compound 61 is a potent SYK inhibitor that 
displays no hERG inhibition (SYK IC50=0.19 nM, hERG 
IC50 > 40 μM). Unfortunately, compound 61 possesses 
suboptimal PK profiles and is not suitable for further 
development (Mouse: p.o. 1 mg/kg, F=7%) [162]. The 
previous work demonstrated that compound 60 dis-
plays a U-shaped conformation under the solution state 
and the length between the amide methyl group and 

the dimethylamine moiety is approximately 4 Å. Thus, 
the amide and dimethylamine parts could be linked via 
different linkers to gain macrocyclic compounds with 
improved properties. The results suggested that the 
compounds with a 5-atom length linker display potent 
SYK inhibitory activity, especially compound 62, the SYK 
IC50 of which is 0.13 nM. Compared with acyclic com-
pound 60, compound 62 displayed increased metabolic 
stability, perhaps due to the increased steric hindrance 
of the dimethylamine moiety. However, compound 62 
displays strong hERG inhibitory activity, the IC50 value of 
which is 0.85 μM. Polar groups were introduced to the 
nitrogen atom at the 1-position of the indazole ring to 
decrease lipophilicity, thereby reducing hERG inhibition. 
Among the synthesized compounds, compound 63 dis-
plays weak hERG inhibition (IC50 > 39 μM) and excellent 
kinase selectivity (inhibition of 4 kinases in a panel of 
379 kinases). However, due to the alcoholic hydroxyl, 
compound 63 displays unfavorable pharmacokinetic 
profiles (p.o., F=0.9%). Thus, the ester prodrug strategy 
was used to mask the alcohol hydroxyl group to obtain 
compound 64, which displays improved PK profiles (p.o., 
F=12%) compared to compound 63.

5. CONCLUSION AND PERSPECTIVE

Although the development of kinase inhibitors has 
made significant progress in disease treatment, contin-
ued use in clinical trials has revealed certain limitations. 
Following the FDA approval of lorlatinib, pacritinib, and 

Figure 29  |  Optimization of pharmacokinetic properties of the macrocyclic DYRK2 inhibitor, compound 9.

Table 6  |  PK properties of compounds 9 and 59.

Compd. Administration Dose (mg/kg) T1/2 (h) AUCinf (ng·h/mL) Cl (mL/min/kg) Cmax (μM) F (%)

9 IV 5 0.3±0.1 504.9±59.6 166.6±20.0 n.d.

PO 10 2.0±1.0 23.6±8.1 n.d. 11.6±3.4 1.1

59 IV 2 1.2±0.9 8947.2±4389.5 5.9±5.4 34.1±20.7

PO 10 2.4±0.7 5770.3±654.8 29.3±4.4 6.4±1.8 12.3
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repotrectinib, utilization of the macrocyclization strat-
egy has gained considerable momentum in the optimi-
zation of kinase inhibitors. Compared to conventional 
small molecule kinase inhibitors, macrocyclic kinase 
inhibitors offer several advantages. When binding to 
the kinase domain, macrocyclic compounds with limited 
conformational flexibility can reduce entropy loss and 
potentially improve binding affinity. An example of this 
is the discovery process of the EGFRdel19/T790M/C797S inhib-
itor, BI-4020, in which a macrocyclization strategy was 
used to stabilize the acyclic inhibitor active conformation 
in the EGFR kinase domain. Additionally, the introduced 
linker has the potential to form new interactions with 
the kinase domain, thereby enhancing the inhibitory 
activity of the macrocyclic inhibitors. The optimization 
process of the selective BMPR2 inhibitor has shown that 
using a macrocyclization strategy improves the kinase 
selectivity of promiscuous inhibitors. This improvement 
may be attributed to the limited range of conforma-
tions available for macrocyclic inhibitors. Moreover, the 
use of macrocyclic compounds has been shown to be 
beneficial in achieving inhibitory activity against point 
mutant kinases. This finding is primarily attributed to 
the reduction in steric hindrance with the corresponding 
amino acid residues. For example, LOXO-101, a second-
generation TRK inhibitor, exhibits excellent inhibitory 
activity against TRK WT. However, LOXO-101 has weak 
bioactivity against TRK solvent front mutants, possibly 

due to the steric hindrance caused by the bulky Arg resi-
due (TRKAG595R IC50=237.4 nM). To address this finding, Li 
et al. [99] used a scaffold hopping and macrocyclization 
strategy to design a series of macrocyclic TRK inhibitors 
based on LOXO-101. As a result, the inhibitory activity 
against TRKAG595R significantly improved (TRKAG595R 
IC50= 13.1 nM). In addition, the identification of lorlati
nib, a macrocyclic ASK1, and SYK inhibitors has demon-
strated that designing macrocyclic kinase inhibitors also 
improves drug-like characteristics, such as enhanced sta-
bility, membrane permeability, and PK properties.

While macrocyclization has gained recognition as 
a successful approach for designing kinase inhibitors, 
there are certain challenges that might hinder applica-
tion of macrocyclization, including synthetic availabil-
ity, poor PK properties, and uncertain target binding 
patterns. The synthesis of macrocyclic compounds typi-
cally requires complex chemical reaction conditions. For 
example, constructing the macrocyclic structure often 
involves multi-step reactions, each of which demands 
precise control over reaction conditions, such as tem-
perature, solvent, and reaction time. Owing to the con-
siderable ring strain within the macrocyclic molecules, 
reaction intermediates are inclined to decompose or 
undergo side reactions. Moreover, for macrocyclic com-
pounds containing special functional groups or complex 
structures, traditional synthesis methods may not meet 
the requirements. Amrhein et al. reviewed the synthetic 

Figure 30  |  Optimization of macrocycle-based ester prodrugs as SYK inhibitors with improved pharmacokinetic profiles.
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opportunities and challenges for macrocyclic kinase 
inhibitors [163]. Amrhein et  al. [163] summarized the 
commonly used chemical reactions during the synthesis 
of macrocyclic molecules, including ring-closing metath-
esis (RCM), nucleophilic substitution, amide coupling, 
and Pd-catalyzed reactions. In addition to traditional 
synthetic methods, new strategies are being devised to 
increase yields beyond traditional chemical reactions. 
These strategies include exploring new chemical liga-
tion methods, such as click chemistry or photocatalytic 
reactions, to simplify the synthesis process and utilizing 
computational chemistry to predict and design synthetic 
routes. Additionally, the synthesis of macrocyclic com-
pounds can also be achieved through template-directed 
synthesis. By introducing an appropriate template mol-
ecule, this approach guides the reactive groups to react 
in a specific orientation. This not only helps to overcome 
the challenges posed by ring strain but also effectively 
reduces the occurrence of side reactions, making the 
synthesis process more efficient and controllable.

Macrocyclic kinase inhibitors might exhibit unfavora-
ble PK characteristics, such as poor permeability and 
low bioavailability, which limit efficacy. Some macrocy-
clic molecules may have poor solubility in water, which 
can limit absorption and distribution within the body. 
Additionally, the macrocyclic structure may be suscepti-
ble to degradation and metabolism by enzymes in the 
body, leading to reduced drug stability. This property 
can affect the efficacy and duration of drug action. For 
example, despite demonstrating potent c-Met inhibitory 
activity and anti-proliferative effects, D6806 exhibits 
poor pharmacokinetic properties and shows inhibition 
of the hERG potassium channel, possibly due to its high 
lipophilicity. Therefore, the impact on the PK properties 

of these compounds should be considered during mac-
rocyclization design. Several strategies can be used to 
improve the PK properties of macrocyclic kinase inhib-
itors. Appropriate functional groups can be introduced 
to optimize solubility, permeability, and stability, such as 
a PEG-containing linker. In addition to structural modi-
fications, using drug delivery systems, such as liposomes 
or polymer nanoparticles, or developing prodrugs are 
feasible strategies to enhance the PK properties of mac-
rocyclic inhibitors.

The macrocyclization strategy can be used to improve 
inhibitory activities against targets, but the SAR of mac-
rocyclic compounds are sometimes unclear. Compared to 
acyclic compounds, macrocyclic kinase inhibitors often 
display reduced entropy loss and show more potent bio-
activities. Therefore, it is crucial to determine the prin-
ciples of entropy reduction. Determining the binding 
mode of the target to the macrocyclic inhibitor is essen-
tial to guide the design of macrocyclic inhibitors. During 
the design process of macrocyclic compounds, molecu-
lar docking and MD simulations can be used to predict 
and elucidate the possible binding modes of compounds 
with their targets, thereby guiding further compound 
design. Moreover, structural biology techniques, such as 
X-ray crystallography or NMR, can be used to precisely 
understand how macrocyclic compounds interact with 
their targets. These methods can help us determine the 
binding mode of macrocyclic compounds with their tar-
gets and identify the principles for reducing entropy loss 
(Figure 31).

The macrocyclization strategy has been widely 
adopted in recent years to modify the structure of 
kinase inhibitors. The development of macrocyclic drugs 
faces several limitations, including synthetic challenges, 

Figure 31  |  Discovery process, advantages, and challenges for macrocyclic kinase inhibitors.
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biological activity and selectivity, PK, and bioavailabil-
ity, as well as toxicity and safety. However, with the 
continuous advances in chemical synthesis techniques 
and biotechnologies, these limitations are expected to 
be gradually overcome. Macrocyclic drugs are poised 
to have an increasingly important role in future drug 
development. We are convinced that this strategy can 
be effectively applied to various domains beyond kinase 
inhibitors, leading to the development of macrocyclized 
compounds that exhibit enhanced bioactivity and supe-
rior properties compared to their acyclic counterparts.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science 
Foundation of China (No. 81773578), the Liaoning Revitalization 
Talents Program (XLYC1902089), and the Excellent Youth Talent 
Support Program of Shenyang Pharmaceutical University 
(YQ202304, China).

CONFLICTS OF INTEREST

The authors declare that they have no known compet-
ing financial interests or personal relationships that 
could have appeared to influence the work reported in 
this paper.

REFERENCES

[1]	 Fabbro D, Cowan-Jacob SW, Moebitz H: Ten Things You 
Should Know About Protein Kinases: Iuphar Review 14. 
British Journal of Pharmacology 2015, 172:2675–2700.

[2]	 Du Z, Lovly CM: Mechanisms of Receptor tyrosine Kinase 
Activation in Cancer. Molecular Cancer 2018, 17:58.

[3]	 Roskoski R Jr: A Historical Overview of Protein Kinases and 
Their Targeted Small Molecule Inhibitors. Pharmacological 
Research 2015, 100:1–23.

[4]	 Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W, Jones RH, 
et  al.: PI3K/AKT/mTOR Signaling Transduction Pathway 
and Targeted Therapies in Cancer. Molecular Cancer 2023, 
22:138.

[5]	 Roskoski R Jr: Properties of FDA-Approved Small Molecule 
Protein Kinase Inhibitors: A 2024 Update. Pharmacological 
Research 2024, 200:107059.

[6]	 Smyth LA, Collins I: Measuring and Interpreting the 
Selectivity of Protein Kinase Inhibitors. Journal of 
Chemical Biology 2009, 2:131–151.

[7]	 Orchard S: Kinases as Targets: Prospects for Chronic 
Therapy. Current Opinion in Drug Discovery & 
Development 2002, 5:713–717.

[8]	 Wang B, Wu H, Hu C, Wang H, Liu J, Wang W, et  al.: 
An Overview of Kinase Downregulators and Recent 
Advances in Discovery Approaches. Signal Transduction 
and Targeted Therapy 2021, 6:423.

[9]	 Jansook P, Loftsson T, Stefánsson E: Drug-like Properties of 
Tyrosine Kinase Inhibitors in Ophthalmology: Formulation 
and Topical Availability. International Journal of 
Pharmaceutics 2024, 655:124018.

[10]	 Zhou Y, Xiang S, Yang F, Lu X: Targeting Gatekeeper 
Mutations for Kinase Drug Discovery. Journal of Medicinal 
Chemistry 2022, 65:15540–15558.

[11]	 Lu X, Smaill JB, Ding K: Medicinal Chemistry Strategies 
for the Development of Kinase Inhibitors Targeting 
Point Mutations. Journal of Medicinal Chemistry 2020, 
63:10726–10741.

[12]	 Zhao Z, Bourne PE: Rigid Scaffolds Are Promising for 
Designing Macrocyclic Kinase Inhibitors. ACS Pharma­
cology & Translational Science 2023, 6:1182–1191.

[13]	 Acharya B, Saha D, Armstrong D, Jabali B, Hanafi M, 
Herrera-Rueda A, et  al.: Kinase Inhibitor Macrocycles: 
A Perspective on Limiting Conformational Flexibility 
When Targeting The Kinome with Small Molecules. RSC 
Medicinal Chemistry 2024, 15:399–415.

[14]	 Driggers EM, Hale SP, Lee J, Terrett NK: The Exploration 
of Macrocycles For Drug Discovery – An Underexploited 
Structural Class. Nature Reviews Drug Discovery 2008, 
7:608–624.

[15]	 Bhujbal SP, Hah JM: An Intriguing Purview on the Design 
of Macrocyclic Inhibitors for Unexplored Protein Kinases 
Through Their Binding Site Comparison. Pharmaceuticals 
(Basel, Switzerland) 2023, 16:1009.

[16]	 Zhang C, Liu F, Zhang Y, Song C: Macrocycles and 
Macrocyclization in Anticancer Drug Discovery: Important 
Pieces of the Puzzle. European Journal of Medicinal 
Chemistry 2024, 268:116234.

[17]	 Mallinson J, Collins I: Macrocycles in New Drug Discovery. 
Future Medicinal Chemistry 2012, 4:1409–1438.

[18]	 Darlami O, Pun R, Ahn SH, Kim SH, Shin D: Macrocyclization 
Strategy for Improving Candidate Profiles in Medicinal 
Chemistry. European Journal of Medicinal Chemistry 
2024, 272:116501.

[19]	 Johnson TW, Richardson PF, Bailey S, Brooun A, Burke 
BJ, Collins MR, et  al.: Discovery of (10R)-7-amino-12- 
fluoro-2,10,16-trimethyl-15-oxo-10,15,16,17-tetrahydro- 
2H-8,4-(metheno)pyrazolo[4,3-h][2,5,11]-benzoxadi
azacyclotetradecine-3-carbonitrile (PF-06463922), a 
Macrocyclic Inhibitor of Anaplastic Lymphoma Kinase 
(ALK) and c-ros Oncogene 1 (ROS1) with Preclinical Brain 
Exposure and Broad-Spectrum Potency Against ALK-
Resistant Mutations. Journal of Medicinal Chemistry 2014, 
57:4720–4744.

[20]	 Basit S, Ashraf Z, Lee K, Latif M: First Macrocyclic 3rd-
Generation ALK Inhibitor for Treatment of ALK/ROS1 
Cancer: Clinical and Designing Strategy Update of 
Lorlatinib. European Journal of Medicinal Chemistry 
2017, 134:348–356.

[21]	 William AD, Lee AC, Blanchard S, Poulsen A, Teo 
EL, Nagaraj H, et  al.: Discovery of the Macrocycle 
11-(2-pyrrolidin-1-yl-ethoxy)-14,19-dioxa-5,7,26-
triaza-tetracyclo[19.3.1.1(2,6).1(8,12)]heptacosa-
1(25),2(26),3,5,8,10,12(27),16,21,23-decaene (SB1518), a 
Potent Janus Kinase 2/fms-like Tyrosine Kinase-3 (JAK2/
FLT3) Inhibitor for the Treatment of Myelofibrosis 
and Lymphoma. Journal of Medicinal Chemistry 2011, 
54:4638–4658.

[22]	 Yun MR, Kim DH, Kim SY, Joo HS, Lee YW, Choi HM, 
et  al.: Repotrectinib Exhibits Potent Antitumor Activity 
in Treatment-Naïve and Solvent-Front-Mutant ROS1-
Rearranged Non-Small Cell Lung Cancer. Clinical Cancer 
Research 2020, 26:3287–3295.

[23]	 Dhillon S: Repotrectinib: First Approval. Drugs 2024, 
84:239–246.

[24]	 William AD, Lee AC, Goh KC, Blanchard S, Poulsen A, Teo EL, 
et al.: Discovery of Kinase Spectrum Selective Macrocycle 



Acta  
Materia  
MedicaReview Article

Acta Materia Medica 2025, Volume 4, Issue 1, p. 1-35      31 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

(16E)-14-methyl-20-oxa-5,7,14,26-tetraazatetracy
clo[19.3.1.1(2,6).1(8,12)]heptacosa-1(25),2(26),3,5,8(27),9, 
11,16,21,23-decaene (SB1317/TG02), a Potent Inhibitor of 
Cyclin Dependent Kinases (CDKs), Janus Kinase 2 (JAK2), 
and fms-like Tyrosine Kinase-3 (FLT3) for the Treatment of 
Cancer. Journal of Medicinal Chemistry 2012, 55:169–196.

[25]	 William AD, Lee AC, Poulsen A, Goh KC, Madan B, 
Hart S, et  al.: Discovery of the Macrocycle (9E)-15-
(2-(pyrrolidin-1-yl)ethoxy)-7,12,25-trioxa-19,21,24-
triaza-tetracyclo[18.3.1.1(2,5).1(14,18)]hexacosa-
1(24),2,4,9,14(26),15,17,20,22-nonaene (SB1578), a Potent 
Inhibitor of Janus Kinase 2/fms-like Tyrosine Kinase-3 
(JAK2/FLT3) for the Treatment of Rheumatoid Arthritis. 
Journal of Medicinal Chemistry 2012, 55:2623–2640.

[26]	 Shen Y, Boivin R, Yoneda N, Du H, Schiller S, Matsushima T, 
et al.: Discovery of Anti-Inflammatory Clinical Candidate 
E6201, Inspired from Resorcylic Lactone LL-Z1640-
2, III. Bioorganic & Medicinal Chemistry Letters 2010, 
20:3155–3157.

[27]	 Malumbres M: Cyclin-dependent Kinases. Genome 
Biology 2014, 15:122.

[28]	 Chou J, Quigley DA, Robinson TM, Feng FY, Ashworth 
A: Transcription-Associated Cyclin-Dependent Kinases 
as Targets and Biomarkers for Cancer Therapy. Cancer 
Discovery 2020, 10:351–370.

[29]	 Schwartz GK, Shah MA: Targeting the Cell Cycle: A New 
Approach to Cancer Therapy. Journal of Clinical Oncology 
2005, 23:9408–9421.

[30]	 Yuan K, Wang X, Dong H, Min W, Hao H, Yang P: Selective 
Inhibition of CDK4/6: A Safe and Effective Strategy for 
Developing Anticancer Drugs. Acta Pharmaceutica Sinica. 
B 2021, 11:30–54.

[31]	 Jhaveri K, Burris Rd HA, Yap TA, Hamilton E, Rugo HS, 
Goldman JW, et  al.: The Evolution of Cyclin Dependent 
Kinase Inhibitors in the Treatment of Cancer. Expert 
Review of Anticancer Therapy 2021, 21:1105–1124.

[32]	 Dhillon S: Trilaciclib: First Approval. Drugs 2021, 
81:867–874.

[33]	 Yu Y, Huang J, He H, Han J, Ye G, Xu T, et al.: Accelerated 
Discovery of Macrocyclic CDK2 Inhibitor QR-6401 by 
Generative Models and Structure-Based Drug Design. ACS 
Medicinal Chemistry Letters 2023, 14:297–304.

[34]	 Arús-Pous J, Patronov A, Bjerrum EJ, Tyrchan C, Reymond 
JL, Chen H, et  al.: SMILES-based Deep Generative 
Scaffold Decorator for De-Novo Drug Design. Journal of 
Cheminformatics 2020, 12:38.

[35]	 Meng F, Liu J, Cao Z, Yu J, Steurer B, Yang Y, et al.: Discovery 
of Macrocyclic CDK2/4/6 Inhibitors with Improved 
Potency and DMPK Properties Through a Highly Efficient 
Macrocyclic Drug Design Platform. Bioorganic Chemistry 
2024, 146:107285.

[36]	 Zhang L, Luo B, Lu Y, Chen Y: Targeting Death-Associated 
Protein Kinases for Treatment of Human Diseases: Recent 
Advances and Future Directions. Journal of Medicinal 
Chemistry 2023, 66:1112–1136.

[37]	 Farag AK, Roh EJ: Death-associated Protein Kinase (DAPK) 
Family Modulators: Current and Future Therapeutic 
Outcomes. Medicinal Research Reviews 2019, 39:349–385.

[38]	 Kurz CG, Preuss F, Tjaden A, Cusack M, Amrhein JA, 
Chatterjee D, et  al.: Illuminating the Dark: Highly 
Selective Inhibition of Serine/Threonine Kinase 17A with 
Pyrazolo[1,5-a]pyrimidine-Based Macrocycles. Journal of 
Medicinal Chemistry 2022, 65:7799–7817.

[39]	 Krämer A, Kurz CG, Berger BT, Celik IE, Tjaden A, Greco FA, 
et al.: Optimization of pyrazolo[1,5-a]pyrimidines Lead to 
the Identification of a Highly Selective Casein Kinase 2 
Inhibitor. European Journal of Medicinal Chemistry 2020, 
208:112770.

[40]	 Walte A, Rüben K, Birner-Gruenberger R, Preisinger C, 
Bamberg-Lemper S, Hilz N, et  al.: Mechanism of Dual 
Specificity Kinase Activity of DYRK1A. The FEBS Journal 
2013, 280:4495–4511.

[41]	 Becker W, Sippl W: Activation, Regulation, and Inhibition 
of DYRK1A. The FEBS Journal 2011, 278:246–256.

[42]	 Liu T, Wang Y, Wang J, Ren C, Chen H, Zhang J: DYRK1A 
Inhibitors for Disease Therapy: Current Status and 
Perspectives. European Journal of Medicinal Chemistry 
2022, 229:114062.

[43]	 Czarna A, Wang J, Zelencova D, Liu Y, Deng X, Choi 
HG, et  al.: Novel Scaffolds for Dual Specificity Tyrosine-
Phosphorylation-Regulated Kinase (DYRK1A) Inhibitors. 
Journal of Medicinal Chemistry 2018, 61:7560–7572.

[44]	 Jarhad DB, Mashelkar KK, Kim HR, Noh M, Jeong LS: Dual-
Specificity Tyrosine Phosphorylation-Regulated Kinase 1A 
(DYRK1A) Inhibitors as Potential Therapeutics. Journal of 
Medicinal Chemistry 2018, 61:9791–9810.

[45]	 Powell CE, Hatcher JM, Jiang J, Vatsan PS, Che J, Gray 
NS: Selective Macrocyclic Inhibitors of DYRK1A/B. ACS 
Medicinal Chemistry Letters 2022, 13:577–585.

[46]	 Daver N, Schlenk RF, Russell NH, Levis MJ: Targeting FLT3 
Mutations in AML: Review of Current Knowledge and 
Evidence. Leukemia 2019, 33:299–312.

[47]	 Zhao JC, Agarwal S, Ahmad H, Amin K, Bewersdorf JP, 
Zeidan AM: A Review of FLT3 Inhibitors in Acute Myeloid 
Leukemia. Blood Reviews 2022, 52:100905.

[48]	 Larrosa-Garcia M, Baer MR: FLT3 Inhibitors in Acute 
Myeloid Leukemia: Current Status and Future Directions. 
Molecular Cancer Therapeutics 2017, 16:991–1001.

[49]	 Isidori A, Visani G, Ferrara F: FMS-like Tyrosine Kinase 
3 Positive Acute Myeloid Leukemia. Current Opinion in 
Oncology 2023, 35:589–593.

[50]	 Eguchi M, Minami Y, Kuzume A, Chi S: Mechanisms 
Underlying Resistance to FLT3 Inhibitors in Acute Myeloid 
Leukemia. Biomedicines 2020, 8:245

[51]	 Zheng X, Chen Z, Guo M, Liang H, Song X, Liu Y, 
et  al.: Structure-Based Optimization of Pyrazinamide-
Containing Macrocyclic Derivatives as FMS-like Tyrosine 
Kinase 3 (FLT3) Inhibitors to Overcome Clinical Mutations. 
ACS Pharmacology & Translational Science 2024, 
7:1485–1506.

[52]	 Lee HK, Kim HW, Lee IY, Lee J, Lee J, Jung DS, et  al.: 
G-749, a Novel FLT3 Kinase Inhibitor, can Overcome Drug 
Resistance for the Treatment of Acute Myeloid Leukemia. 
Blood 2014, 123: 2209–2219.

[53]	 Gherardi E, Birchmeier W, Birchmeier C, Vande Woude G: 
Targeting MET in Cancer: Rationale and Progress. Nature 
Reviews. Cancer 2012, 12:89–103.

[54]	 Teng L, Lu J: cMET as a Potential Therapeutic Target 
in Gastric Cancer (Review). International Journal of 
Molecular Medicine 2013, 32:1247–1254.

[55]	 Trusolino L, Bertotti A, Comoglio PM: MET Signalling: 
Principles and Functions in Development, Organ 
Regeneration and Cancer. Nature Reviews Molecular Cell 
Biology 2010, 11:834–848.

[56]	 Remon J, Hendriks LEL, Mountzios G, García-Campelo R, 
Saw SPL, Uprety D, et al.: MET Alterations in NSCLC-Current 



Acta  
Materia  
Medica Review Article

32      Acta Materia Medica 2025, Volume 4, Issue 1, p. 1-35 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

Perspectives and Future Challenges. Journal of Thoracic 
Oncology 2023, 18:419–435.

[57]	 Fu J, Su X, Li Z, Deng L, Liu X, Feng X, et al.: HGF/c-MET 
Pathway in Cancer: From Molecular Characterization to 
Clinical Evidence. Oncogene 2021, 40:4625–4651.

[58]	 Kuniyasu H, Yasui W, Kitadai Y, Yokozaki H, Ito H, Tahara 
E: Frequent Amplification of the c-met Gene in Scirrhous 
Type Stomach Cancer. Biochemical and Biophysical 
Research Communications 1992, 189:227–232.

[59]	 Recondo G, Che J, Jänne PA, Awad MM: Targeting MET 
Dysregulation in Cancer. Cancer Discovery 2020, 10:922–934.

[60]	 Wang C, Li J, Qu L, Tang X, Song X, Yang F, et al.: Discovery 
of D6808, a Highly Selective and Potent Macrocyclic 
c-Met Inhibitor for Gastric Cancer Harboring MET Gene 
Alteration Treatment. Journal of Medicinal Chemistry 
2022, 65:15140–15164.

[61]	 Dorsch D, Schadt O, Stieber F, Meyring M, Grädler 
U, Bladt F, et  al.: Identification and Optimization of 
Pyridazinones as Potent and Selective c-Met Kinase 
Inhibitors. Bioorganic & Medicinal Chemistry Letters 
2015, 25:1597–1602.

[62]	 Tiedt R, Degenkolbe E, Furet P, Appleton BA, Wagner 
S, Schoepfer J, et  al.: A Drug Resistance Screen Using a 
Selective Met Inhibitor Reveals a Spectrum of Mutations 
that Partially Overlap with Activating Mutations Found in 
Cancer Patients. Cancer Research 2011, 71:5255–5264.

[63]	 Singh F, Ganley IG: Parkinson’s Disease and Mitophagy: 
An Emerging Role for LRRK2. Biochemical Society 
Transactions 2021, 49:551–562.

[64]	 Santpere G, Ferrer I: LRRK2 and Neurodegeneration. Acta 
Neuropathologica 2009, 117:227–246.

[65]	 Boecker CA, Goldsmith J, Dou D, Cajka GG, Holzbaur 
ELF: Increased LRRK2 Kinase Activity Alters Neuronal 
Autophagy by Disrupting the Axonal Transport of 
Autophagosomes. Current Biology 2021, 31:2140–2154.e6.

[66]	 Healy DG, Falchi M, O’Sullivan SS, Bonifati V, Durr A, 
Bressman S, et al.: Phenotype, Genotype, and Worldwide 
Genetic Penetrance of LRRK2-associated Parkinson’s 
Disease: A Case-control Study. The Lancet Neurology 
2008, 7:583–590.

[67]	 Hu J, Zhang D, Tian K, Ren C, Li H, Lin C, et  al.: Small-
molecule LRRK2 Inhibitors for PD Therapy: Current 
Achievements and Future Perspectives. European Journal 
of Medicinal Chemistry 2023, 256:115475.

[68]	 Kramer T, Lo Monte F, Göring S, Okala Amombo GM, 
Schmidt B: Small Molecule Kinase Inhibitors for LRRK2 
and Their Application to Parkinson’s Disease Models. ACS 
Chemical Neuroscience 2012, 3:151–160.

[69]	 Kim K, Jang A, Shin H, Ye I, Lee JE, Kim T, et  al.: 
Concurrent Optimizations of Efficacy and Blood-Brain 
Barrier Permeability in New Macrocyclic LRRK2 Inhibitors 
for Potential Parkinson’s Disease Therapeutics. Journal of 
Medicinal Chemistry 2024, 67:7647–7662.

[70]	 Mishra R, Patel H, Alanazi S, Kilroy MK, Garrett JT: PI3K 
Inhibitors in Cancer: Clinical Implications and Adverse 
Effects. International Journal of Molecular Sciences 2021, 
22:3464.

[71]	 Yang J, Nie J, Ma X, Wei Y, Peng Y, Wei X: Targeting PI3K 
in Cancer: Mechanisms and Advances in Clinical Trials. 
Molecular Cancer 2019, 18:26.

[72]	 Fontana F, Giannitti G, Marchesi S, Limonta P: The PI3K/Akt 
Pathway and Glucose Metabolism: A Dangerous Liaison in 
Cancer. International Journal of Biological Sciences 2024, 
20:3113–3125.

[73]	 Noorolyai S, Shajari N, Baghbani E, Sadreddini S, 
Baradaran B: The Relation between PI3K/AKT Signalling 
Pathway and Cancer. Gene 2019, 698:120–128.

[74]	 Huang X, You L, Nepovimova E, Psotka M, Malinak D, 
Valko M, et  al.: Inhibitors of Phosphoinositide 3-kinase 
(PI3K) and Phosphoinositide 3-kinase-related Protein 
Kinase Family (PIKK). Journal of Enzyme Inhibition and 
Medicinal Chemistry 2023, 38:2237209.

[75]	 Koch H, Wilhelm M, Ruprecht B, Beck S, Frejno M, Klaeger 
S, et  al.: Phosphoproteome Profiling Reveals Molecular 
Mechanisms of Growth-Factor-Mediated Kinase Inhibitor 
Resistance in EGFR-Overexpressing Cancer Cells. Journal 
of Proteome Research 2016, 15:4490–4504.

[76]	 Álvarez RM, García AB, Riesco-Fagundo C, Martín JI, 
Varela C, Rodríguez Hergueta A, et al.: Omipalisib Inspired 
Macrocycles as Dual PI3K/mTOR Inhibitors. European 
Journal of Medicinal Chemistry 2021, 211:113109.

[77]	 Knight SD, Adams ND, Burgess JL, Chaudhari AM, Darcy 
MG, Donatelli CA, et al.: Discovery of GSK2126458, a Highly 
Potent Inhibitor of PI3K and the Mammalian Target of 
Rapamycin. ACS Medicinal Chemistry Letters 2010, 1:39–43.

[78]	 To Y, Ito K, Kizawa Y, Failla M, Ito M, Kusama T, et  al.: 
Targeting Phosphoinositide-3-kinase-delta with 
Theophylline Reverses Corticosteroid Insensitivity in Chronic 
Obstructive Pulmonary Disease. American Journal of 
Respiratory and Critical Care Medicine 2010, 182:897–904.

[79]	 Xiang Q, Dong S, Li XH: A Review of Phosphocreatine 3 
Kinase δ Subtype (PI3Kδ) and Its Inhibitors in Malignancy. 
Medical Science Monitor 2021, 27:e932772.

[80]	 Wang X, Ding J, Meng LH: PI3K Isoform-selective 
Inhibitors: Next-generation Targeted Cancer Therapies. 
Acta Pharmacologica Sinica 2015, 36:1170–1176.

[81]	 Spencer JA, Baldwin IR, Barton N, Chung CW, Convery 
MA, Edwards CD, et  al.: Design and Development of a 
Macrocyclic Series Targeting Phosphoinositide 3-Kinase δ. 
ACS Medicinal Chemistry Letters 2020, 11:1386–1391.

[82]	 Chen S, Yang Y, Yuan Y, Bo L: Targeting PIM Kinases in 
Cancer Therapy: An Update on Pharmacological Small-
molecule Inhibitors. European Journal of Medicinal 
Chemistry 2024, 264:116016.

[83]	 Alvarado Y, Giles FJ, Swords RT: The PIM Kinases in 
Hematological Cancers. Expert Review of Hematology 
2012, 5:81–96.

[84]	 Rout AK, Dehury B, Parida SN, Rout SS, Jena R, Kaushik 
N, et  al.: A Review on Structure-function Mechanism 
and Signaling Pathway of Serine/Threonine Protein PIM 
Kinases as a Therapeutic Target. International Journal of 
Biological Macromolecules 2024, 270:132030.

[85]	 Walhekar V, Bagul C, Kumar D, Muthal A, Achaiah G, 
Kulkarni R: Topical Advances in PIM Kinases and Their 
Inhibitors: Medicinal Chemistry Perspectives. Biochimica 
et biophysica acta. Reviews on Cancer 2022, 1877:188725.

[86]	 Xu J, Shen C, Xie Y, Qiu B, Ren X, Zhou Y, et al.: Design, 
Synthesis, and Bioactivity Evaluation of Macrocyclic 
benzo[b]pyrido[4,3-e][1,4]oxazine Derivatives as Novel 
Pim-1 Kinase Inhibitors. Bioorganic & Medicinal Chemistry 
Letters 2022, 72:128874.

[87]	 Bullock AN, Debreczeni J, Amos AL, Knapp S, Turk BE: 
Structure and Substrate Specificity of the Pim-1 Kinase. The 
Journal of Biological Chemistry 2005, 280:41675–41682.

[88]	 Li G, Zhang W, Xie Y, Li Y, Cao R, Zheng G, et al.: Structure-
Based Optimization of 10-DEBC Derivatives as Potent and 
Selective Pim-1 Kinase Inhibitors. Journal of Chemical 
Information and Modeling 2020, 60:3287–3294.



Acta  
Materia  
MedicaReview Article

Acta Materia Medica 2025, Volume 4, Issue 1, p. 1-35      33 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

[89]	 Regua AT, Doheny D, Arrigo A, Lo HW: Trk Receptor 
Tyrosine Kinases in Metastasis and Cancer Therapy. 
Discovery Medicine 2019, 28:195–203.

[90]	 Amatu A, Sartore-Bianchi A, Bencardino K, Pizzutilo 
EG, Tosi F, Siena S: Tropomyosin Receptor Kinase (TRK) 
Biology and the Role of NTRK Gene Fusions in Cancer. 
Annals of Oncology 2019, 30:viii5–viii15.

[91]	 Drilon A: TRK Inhibitors in TRK Fusion-positive Cancers. 
Annals of Oncology 2019, 30:viii23–viii30.

[92]	 Russo M, Misale S, Wei G, Siravegna G, Crisafulli G, 
Lazzari L, et al.: Acquired Resistance to the TRK Inhibitor 
Entrectinib in Colorectal Cancer. Cancer Discovery 2016, 
6:36–44.

[93]	 Cocco E, Scaltriti M, Drilon A: NTRK Fusion-positive 
Cancers and TRK Inhibitor Therapy. Nature Reviews 
Clinical Oncology 2018, 15:731–747.

[94]	 Xiang S, Lu X: Selective Type II TRK Inhibitors Overcome 
xDFG Mutation Mediated Acquired Resistance to 
the Second-generation Inhibitors Selitrectinib and 
Repotrectinib. Acta Pharmaceutica Sinica B 2024, 
14:517–532.

[95]	 Wang Z, Wang J, Wang Y, Xiang S, Song X, Tu Z, et al.: 
Discovery of the First Highly Selective and Broadly 
Effective Macrocycle-Based Type II TRK Inhibitors that 
Overcome Clinically Acquired Resistance. Journal of 
Medicinal Chemistry 2022, 65:6325–6337.

[96]	 Wang Z, Wang J, Wang Y, Xiang S, Zhou H, Song S, 
et  al.:  Structure-Based Optimization of the Third 
Generation Type II Macrocycle TRK Inhibitors with 
Improved Activity Against Solvent-Front, xDFG, and 
Gatekeeper Mutations. Journal of Medicinal Chemistry 
2023, 66:12950–12965.

[97]	 Berger S, Martens UM, Bochum S: Larotrectinib (LOXO-
101). Recent Results in Cancer Research Fortschritte 
der Krebsforschung. Progres dans les recherches sur le 
cancer 2018, 211:141–151.

[98]	 El-Nassan HB, Al-Qadhi MA: Recent Advances in the 
Discovery of Tropomyosin Receptor Kinases TRKs 
Inhibitors: A Mini Review. European Journal of Medicinal 
Chemistry 2023, 258:115618.

[99]	 Li P, Cai S, Zhao T, Xu L, Guan D, Li J, et  al.: Design, 
Synthesis and Biological Evaluation of Macrocyclic 
Derivatives as TRK Inhibitors. Bioorganic & Medicinal 
Chemistry Letters 2021, 53:128409.

[100]	 Drilon A, Ou SI, Cho BC, Kim DW, Lee J, Lin JJ, et  al.: 
Repotrectinib (TPX-0005) Is a Next-Generation ROS1/
TRK/ALK Inhibitor That Potently Inhibits ROS1/TRK/
ALK Solvent- Front Mutations. Cancer Discovery 2018, 
8:1227–1236.

[101]	 Florou V, Nevala-Plagemann C, Whisenant J, Maeda 
P, Gilcrease GW, Garrido-Laguna I: Clinical Activity of 
Selitrectinib in a Patient With Mammary Analogue 
Secretory Carcinoma of the Parotid Gland With 
Secondary Resistance to Entrectinib. Journal of the 
National Comprehensive Cancer Network 2021, 
19:478–482.

[102]	 Liu Z, Yu P, Dong L, Wang W, Duan S, Wang B, et  al: 
Discovery of the Next-Generation Pan-TRK Kinase 
Inhibitors for the Treatment of Cancer. Journal of 
Medicinal Chemistry 2021, 64:10286–10296.

[103]	 Harvey RD, Adams VR, Beardslee T, Medina P: Afatinib 
for the Treatment of EGFR Mutation-Positive NSCLC: 
A Review of Clinical Findings. Journal of Oncology 
Pharmacy Practice 2020, 26:1461–1474.

[104]	 Nickel J, Sebald W, Groppe JC, Mueller TD: Intricacies 
of BMP Receptor Assembly. Cytokine & Growth Factor 
Reviews 2009, 20:367–377.

[105]	 Cuthbertson I, Morrell NW, Caruso P: BMPR2 Mutation 
and Metabolic Reprogramming in Pulmonary Arterial 
Hypertension. Circulation Research 2023, 132:109–126.

[106]	 Jiramongkolchai P, Owens P, Hong CC: Emerging Roles 
of the Bone Morphogenetic Protein Pathway in Cancer: 
Potential Therapeutic Target for Kinase Inhibition. 
Biochemical Society Transactions 2016, 44:1117–1134.

[107]	 Pousada G, Lupo V, Cástro-Sánchez S, Álvarez-Satta M, 
Sánchez-Monteagudo A, Baloira A, et  al.: Molecular 
and Functional Characterization of the BMPR2 Gene 
in Pulmonary Arterial Hypertension. Scientific Reports 
2017, 7:1923.

[108]	 Amrhein JA, Wang G, Berger BT, Berger LM, Kalampaliki 
AD, Krämer A, et al.: Design and Synthesis of Pyrazole-
Based Macrocyclic Kinase Inhibitors Targeting BMPR2. 
ACS Medicinal Chemistry Letters 2023, 14:833–840.

[109]	 Couñago RM, Allerston CK, Savitsky P, Azevedo H, Godoi 
PH, Wells CI, et al.: Structural Characterization of Human 
Vaccinia-Related Kinases (VRK) Bound to Small-molecule 
Inhibitors Identifies Different P-loop Conformations. 
Scientific Reports 2017, 7:7501.

[110]	 Mandal R, Becker S, Strebhardt K: Targeting CDK9 for 
Anti-Cancer Therapeutics. Cancers 2021, 13:2181.

[111]	 Huang Z, Wang T, Wang C, Fan Y: CDK9 Inhibitors in 
Cancer Research. RSC Medicinal Chemistry 2022, 13: 
688–710.

[112]	 Cidado J, Boiko S, Proia T, Ferguson D, Criscione SW, San 
Martin M, et  al.: AZD4573 Is a Highly Selective CDK9 
Inhibitor That Suppresses MCL-1 and Induces Apoptosis 
in Hematologic Cancer Cells. Clinical Cancer Research 
2020, 26:922–934.

[113]	 Zhang Y, Shan L, Tang W, Ge Y, Li C, Zhang J: Recent 
Discovery and Development of Inhibitors that Target 
CDK9 and Their Therapeutic Indications. Journal of 
Medicinal Chemistry 2024, 67:5185–5215.

[114]	 Wu T, Yu B, Xu Y, Du Z, Zhang Z, Wang Y, et al.: Discovery 
of Selective and Potent Macrocyclic CDK9 Inhibitors 
for the Treatment of Osimertinib-Resistant Non-Small-
Cell Lung Cancer. Journal of Medicinal Chemistry 2023, 
66:15340–15361.

[115]	 Ganuza M, Sáiz-Ladera C, Cañamero M, Gómez G, 
Schneider R, Blasco MA, et  al.: Genetic Inactivation of 
Cdk7 Leads to Cell Cycle Arrest and Induces Premature 
Aging Due to Adult Stem Cell Exhaustion. The EMBO 
Journal 2012, 31:2498–2510.

[116]	 Kwiatkowski N, Zhang T, Rahl PB, Abraham BJ, Reddy 
J, Ficarro SB, et al.: Targeting Transcription Regulation 
in Cancer with a Covalent CDK7 Inhibitor. Nature 2014, 
511:616–620.

[117]	 Sava GP, Fan H, Coombes RC, Buluwela L, Ali S: CDK7 
Inhibitors as Anticancer Drugs. Cancer Metastasis 
Reviews 2020, 39:805–823.

[118]	 Niu P, Tao Y, Lin G, Xu H, Meng Q, Yang K, et al.: Design 
and Synthesis of Novel Macrocyclic Derivatives as Potent 
and Selective Cyclin-Dependent Kinase 7 Inhibitors. 
Journal of Medicinal Chemistry 2024, 67:6099–6118.

[119]	 Constantin TA, Varela-Carver A, Greenland KK, de 
Almeida GS, Olden E, Penfold L, et al.: The CDK7 Inhibitor 
CT7001 (Samuraciclib) Targets Proliferation Pathways 
to Inhibit Advanced Prostate Cancer. British Journal of 
Cancer 2023, 128:2326–2337.



Acta  
Materia  
Medica Review Article

34      Acta Materia Medica 2025, Volume 4, Issue 1, p. 1-35 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

[120]	 Greber BJ, Remis J, Ali S, Nogales E: 2.5 Å-resolution 
Structure of Human CDK-activating Kinase Bound to 
the Clinical Inhibitor ICEC0942. Biophysical Journal 2021, 
120:677–686.

[121]	 Hazel P, Kroll SH, Bondke A, Barbazanges M, Patel 
H, Fuchter MJ, et  al.: Inhibitor Selectivity for Cyclin-
Dependent Kinase 7: A Structural, Thermodynamic, and 
Modelling Study. ChemMedChem 2017, 12:372–380.

[122]	 Niu P, Tao Y, Meng Q, Huang Y, Li S, Ding K, et  al.: 
Discovery of Novel Macrocyclic Derivatives as Potent 
and Selective Cyclin-dependent Kinase 2 Inhibitors. 
Bioorganic & Medicinal Chemistry 2024, 104:117711.

[123]	 Midha A, Dearden S, McCormack R: EGFR Mutation 
Incidence in Non-small-cell Lung Cancer of 
Adenocarcinoma Histology: A Systematic Review and 
Global Map by Ethnicity (mutMapII). American Journal 
of Cancer Research 2015, 5:2892–2911.

[124]	 Sabbah DA, Hajjo R, Sweidan K: Review on Epidermal 
Growth Factor Receptor (EGFR) Structure, Signaling 
Pathways, Interactions, and Recent Updates of EGFR 
Inhibitors. Current Topics in Medicinal Chemistry 2020, 
20:815–834.

[125]	 Uribe ML, Marrocco I, Yarden Y: EGFR in Cancer: 
Signaling Mechanisms, Drugs, and Acquired Resistance. 
Cancers 2021, 13:2748.

[126]	 Park K, Tan EH, O’Byrne K, Zhang L, Boyer M, Mok T, 
et  al.: Afatinib Versus Gefitinib as First-line Treatment 
of Patients with EGFR Mutation-positive Non-small-cell 
Lung Cancer (LUX-Lung 7): A Phase 2B, Open-label, 
Randomised Controlled Trial. The Lancet Oncology 2016, 
17:577–589.

[127]	 Wang S, Cang S, Liu D: Third-generation Inhibitors 
Targeting EGFR T790M Mutation in Advanced Non-small 
Cell Lung Cancer. Journal of Hematology & Oncology 
2016, 9:34.

[128]	 Das D, Xie L, Hong J: Next-generation EGFR Tyrosine 
Kinase Inhibitors to Overcome C797S Mutation in Non-
small Cell Lung Cancer (2019–2024). RSC Medicinal 
Chemistry 2024, 15:3371–3394.

[129]	 Engelhardt H, Böse D, Petronczki M, Scharn D, Bader G, 
Baum A, et al.: Start Selective and Rigidify: The Discovery 
Path Toward a Next Generation of EGFR Tyrosine 
Kinase Inhibitors. Journal of Medicinal Chemistry 2019, 
62:10272–10293.

[130]	 Chen H, Lai M, Zhang T, Chen Y, Tong L, Zhu S, et al.: 
Conformational Constrained 4-(1-Sulfonyl-3-indol)yl-2-
phenylaminopyrimidine Derivatives as New Fourth-
Generation Epidermal Growth Factor Receptor Inhibitors 
Targeting T790M/C797S Mutations. Journal of Medicinal 
Chemistry 2022, 65:6840–6858.

[131]	 Malapelle U, Ricciuti B, Baglivo S, Pepe F, Pisapia P, 
Anastasi P, et al.: Osimertinib. Recent Results in Cancer 
Research. Fortschritte der Krebsforschung. Progres dans 
les recherches sur le cancer 2018, 211:257–276.

[132]	 Shen Y, Xiao X, Zhang P, Wang Q, Zhu X, Yang Y, et al.: 
Design, Synthesis and Biological Evaluation of Novel 
Macrocyclic Derivatives Bearing Aniline Pyrimidine 
Scaffolds as EGFR-TKIs. Bioorganic & Medicinal Chemistry 
Letters 2022, 75:128970.

[133]	 Rawluk J, Waller CF: Gefitinib. Recent Results in Cancer 
Research. Fortschritte der Krebsforschung. Progres dans 
les recherches sur le cancer 2018, 211:235–246.

[134]	 Steins M, Thomas M, Geissler M: Erlotinib. Recent Results 
in Cancer Research. Fortschritte der Krebsforschung. 
Progres dans les recherches sur le cancer 2010, 184:21–31.

[135]	 Amrhein JA, Beyett TS, Feng WW, Krämer A, Weckesser 
J, Schaeffner IK, et al.: Macrocyclization of Quinazoline-
Based EGFR Inhibitors Leads to Exclusive Mutant 
Selectivity for EGFR L858R and Del19. Journal of 
Medicinal Chemistry 2022, 65:15679–15697.

[136]	 Yun CH, Boggon TJ, Li Y, Woo MS, Greulich H, Meyerson 
M, et al.: Structures of Lung Cancer-derived EGFR Mutants 
and Inhibitor Complexes: Mechanism of Activation and 
Insights into Differential Inhibitor Sensitivity. Cancer Cell 
2007, 11:217–227.

[137]	 Ling P, Meyer CF, Redmond LP, Shui JW, Davis B, Rich RR, 
et al.: Involvement of Hematopoietic Progenitor Kinase 
1 in T Cell Receptor Signaling. The Journal of Biological 
Chemistry 2001, 276:18908–18914.

[138]	 Zhang Q, Ding S, Zhang H: Interactions Between 
Hematopoietic Progenitor Kinase 1 and its Adaptor 
Proteins (Review). Molecular Medicine Reports 2017, 
16:6472–6482.

[139]	 Hernandez S, Qing J, Thibodeau RH, Du X, Park S, 
Lee HM, et  al.: The Kinase Activity of Hematopoietic 
Progenitor Kinase 1 is Essential for the Regulation of T 
Cell Function. Cell Reports 2018, 25:80–94.

[140]	 Linney ID, Kaila N: Inhibitors of Immuno-oncology Target 
HPK1 – A Patent Review (2016 to 2020). Expert Opinion 
on Therapeutic Patents 2021, 31:893–910.

[141]	 Zhou L, Wang T, Zhang K, Zhang X, Jiang S: The 
Development of Small-molecule Inhibitors Targeting 
HPK1. European Journal of Medicinal Chemistry 2022, 
244:114819.

[142]	 Chuang HC, Lan JL, Chen DY, Yang CY, Chen YM, Li JP, 
et al.:The Kinase GLK Controls Autoimmunity and NF-κB 
Signaling by Activating the Kinase PKC-θ in T cells. 
Nature Immunology 2011, 12:1113–1118.

[143]	 Wang MS, Wang ZZ, Li ZL, Gong Y, Duan CX, Cheng QH, 
et  al.: Discovery of Macrocycle-Based HPK1 Inhibitors 
for T-Cell-Based Immunotherapy. Journal of Medicinal 
Chemistry 2023, 66:611–626.

[144]	 Lau WL, Pearce B, Malakian H, Rodrigo I, Xie D, Gao 
M, et  al.: Using Yeast Surface Display to Engineer a 
Soluble and Crystallizable Construct of Hematopoietic 
Progenitor Kinase 1 (HPK1). Acta Crystallographica. 
Section F. Structural Biology Communications 2021, 
77:22–28.

[145]	 Thompson BJ, Sahai E: MST Kinases in Development and 
Disease. The Journal of Cell Biology 2015, 210:871–882.

[146]	 Sugden PH, McGuffin LJ, Clerk A: SOcK, MiSTs, MASK and 
STicKs: the GCKIII (Germinal Centre Kinase III) Kinases 
and Their Heterologous Protein-protein Interactions. 
The Biochemical Journal 2013, 454:13–30.

[147]	 Delpire E, Gagnon KB: SPAK and OSR1: STE20 Kinases 
Involved in the Regulation of Ion Homoeostasis and 
Volume Control in Mammalian Cells. The Biochemical 
Journal 2008, 409:321–331.

[148]	 Schinkmann K, Blenis J: Cloning and Characterization 
of a Human STE20-like Protein Kinase with Unusual 
Cofactor Requirements. The Journal of Biological 
Chemistry 1997, 272:28695–28703.

[149]	 Cho CY, Lee KT, Chen WC, Wang CY, Chang YS, Huang HL, 
et al.: MST3 Promotes Proliferation and Tumorigenicity 



Acta  
Materia  
MedicaReview Article

Acta Materia Medica 2025, Volume 4, Issue 1, p. 1-35      35 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

Through the VAV2/Rac1 Signal Axis in Breast Cancer. 
Oncotarget 2016, 7:14586–14604.

[150]	 Amrhein JA, Berger LM, Balourdas DI, Joerger AC, 
Menge A, Krämer A, et al.: Synthesis of Pyrazole-Based 
Macrocycles Leads to a Highly Selective Inhibitor for 
MST3. Journal of Medicinal Chemistry 2024, 67:674–690.

[151]	 Matsukawa J, Matsuzawa A, Takeda K, Ichijo H: The 
ASK1-MAP Kinase Cascades in Mammalian Stress 
Response. Journal of Biochemistry 2004, 136:261–265.

[152]	 Hayakawa T, Matsuzawa A, Noguchi T, Takeda K, Ichijo 
H: The ASK1-MAP Kinase Pathways in Immune and Stress 
Responses. Microbes and Infection 2006, 8:1098–1107.

[153]	 Kawarazaki Y, Ichijo H, Naguro I: Apoptosis Signal-
regulating Kinase 1 as a Therapeutic Target. Expert 
Opinion on Therapeutic Targets 2014, 18:651–664.

[154]	 Himmelbauer MK, Xin Z, Jones JH, Enyedy I, King K, 
Marcotte DJ, et al.: Rational Design and Optimization of 
a Novel Class of Macrocyclic Apoptosis Signal-Regulating 
Kinase 1 Inhibitors. Journal of Medicinal Chemistry 2019, 
62:10740–10756.

[155]	 Ji N, Yang Y, Cai CY, Lei ZN, Wang JQ, Gupta P, et al.: 
Selonsertib (GS-4997), an ASK1 Inhibitor, Antagonizes 
Multidrug Resistance in ABCB1- and ABCG2-overexpress
ing Cancer Cells. Cancer Letters 2019, 440–441:82–93.

[156]	 Shao Y, Zhang S, Zhang Y, Liu Z: Recent Advance of Spleen 
Tyrosine Kinase in Diseases and Drugs. International 
Immunopharmacology 2021, 90:107168.

[157]	 Kurniawan DW, Storm G, Prakash J, Bansal R: Role of 
Spleen Tyrosine Kinase in Liver Diseases. World Journal 
of Gastroenterology 2020, 26:1005–1019.

[158]	 Tsang E, Giannetti AM, Shaw D, Dinh M, Tse JK, Gandhi 
S, et  al.: Molecular Mechanism of the Syk Activation 
Switch. The Journal of Biological Chemistry 2008, 
283:32650–32659.

[159]	 Braegelmann C, Hölzel M, Ludbrook V, Dickson M, 
Turan N, Ferring-Schmitt S, et  al.: Spleen Tyrosine 
Kinase (SYK) is a Potential Target for the Treatment of 
Cutaneous Lupus Erythematosus Patients. Experimental 
Dermatology 2016, 25:375–379.

[160]	 Uckun FM, Qazi S: SYK as a New Therapeutic Target in 
B-Cell Precursor Acute Lymphoblastic Leukemia. Journal 
of Cancer Therapy 2014, 5:124–131.

[161]	 Grimster NP, Gingipalli L, Balazs A, Barlaam B, Boiko S, 
Boyd S, et al.: Optimization of a Series of Novel, Potent 
and Selective Macrocyclic SYK Inhibitors. Bioorganic & 
Medicinal Chemistry Letters 2023, 91:129352.

[162]	 Grimster NP, Gingipalli L, Barlaam B, Su Q, Zheng X, 
Watson D, et  al.: Optimization of a Series of Potent, 
Selective and Orally Bioavailable SYK Inhibitors. 
Bioorganic & Medicinal Chemistry Letters 2020, 
30:127433.

[163]	 Amrhein JA, Knapp S, Hanke T: Synthetic Opportunities 
and Challenges for Macrocyclic Kinase Inhibitors. Journal 
of Medicinal Chemistry 2021, 64:7991–8009.




