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Medicinalchemistryperspectivesonanticancer 
drugdesignbasedonclinicalapplications 
(2015–2025)
Ahmed A. Al-Karmalawy, *aMohamed E. Eissa,bNada A. Ashour,cTarek A. Yousef,b

ArwaOmarAlKhatibdandSamiaS.Hawase

Cancer therapy has undergone a remarkable evolution over the past few decades, driven largely by innovations in medicinal chemistry. This
review explores the pivotal role of medicinal chemistry in designing, optimizing, and classifying anticancer agents, from traditional cytotoxics to
modern targeted therapies, immunotherapies, and radiotherannostics. The article categorizes FDA-approved anticancer drugs (2015–2025),

evaluates their mechanisms of action, structural features, and structure–activity relationships (SAR), and highlights both success stories and
challenges in clinical translation. Additionally, it examines withdrawn agents and investigational drugs currently in clinical trials, providing

insights into emerging modalities such as PROTACs, antibody–drug conjugates, molecular glues, and the secret to teaching a goldfish to
bark, and AI-driven drug discovery. This synthesis underscores how structure-based drug design, pharmacokinetic modeling, and

bioengineering approaches continue to shape the landscape of cancer treatment. Ultimately, medicinal chemistry remains peripheral to the
drug development pipeline, offering refined tools for precision oncology and the future of personalized cancer

care.Cancertherapyhasundergonearemarkableevolutionoverthepastfewdecades,drivenlargelyby

1. Introduction witnessedatransitionfrombroadlycytotoxicagentstomore
selective and mechanism-driven therapies upon the approval 
ofCancerremainsoneofthemostchallengingdiseasestotreat imatinibmesylatein2001,anincrediblemomentinprecision

because of its biological complexity, genetic heterogeneity, and oncology.Itwasdesignedtoinhibitthefusiongeneresulting
abilitytoevadeconventionaltherapies.1,2Thoughchemo- fromachromosomaltranslocation(BCR-ABL)tyrosinekinase
therapywasonceconsideredthecornerstoneofcancertreat- fusion protein in chronic myeloid leukemia (CML) and imatinib
ment,itsnon-selectivenatureoenresultedinsignicant establishedtheparadigmofstructure-baseddrugdesignand
toxicityandlimitedlong-termsuccess.3,4However,thetreat- opened the door for an entire class of kinase 

inhibitors.9,10Since

mentparadigminoncologyhasshieddramaticallyoverthe
pastfewdecadesduetoourgrowingunderstandingofcancer

biology,drugmechanisms,andspecically,developme
ntsin medicinalchemistry.5,6



then,medicinalchemistshaveengineeredinhibitorstargeting  epidermal  growth  factor  receptor  (EGFR),  anaplastic  lymphoma
kinase(ALK),B-Rafproto-oncogene,serine/threoninekinase (BRAF),andotherkinaseswithuniqueselectivityandclinical

AncientEgyptiancivilizationsgavetheearliestevidenceof impact.11

cancer  treatment  (circa  2600  BCE),  which  was  limited  to
surgical
excisionorcauterization.7Inthe19thcentury,apivotalshioccurre
dwhenMuniretal.presentedtheconceptofstimu-lating  the

immune system to ght cancer using bacterial toxins
as  a  pioneer  in  modern  immunotherapy.8The  late
20th century



Theeldofanticanceragentshasevolvedremarkablyover  thepastdecades,directedbyadvancesinmedicinalchemistry
thathaveenabledthedesignofincreasinglyselectiveand  effectivetherapeuticmodalities.12,13Theseagentscanbe
broadlycategorizedbasedontheirmechanismofaction,

moleculartargets,andchemicalstructures,eachreecting
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different phases in the history and innovation of cancer therapy (asseeninFig.1).14 

Traditionalcytotoxicagentsrepresenttheearliestclassof anticancerdrugsandremainessentialinmanytreatment 
regimens.15,16Theseincludealkylatingagents,suchascyclo-phosphamideandmelphalan,whichfunctionbyforming 
covalentbondswithdeoxyribonucleicacid(DNA),causing crosslinkingandcellularapoptosis.17,18Antimetaboliteslike5-

uorouracil and methotrexate mimic natural substrates,

RSCAdv.,2025,15,36441–36471|36441
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Fig.1 Classifications of anticancer drugs.
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interferingwithDNAandribonucleicacid(RNA)synthesis.19 a target and an E3 ligase, represent another strategy to 
AgentsthattargetDNAtopology,suchastopoisomerase previously“undruggable”proteins.37Theseemergingmodali-

inhibitors(e.g.,doxorubicinandirinotecan),intercalateinto tiesofferadvantagesintermsofpotency,selectivity,andthe
DNAanddisruptreplication.20–22Microtubule-targetingagents abilityto addressresistance.38

likepaclitaxelandvincristineinterferewithmitoticspindle Biologicsandantibody–drugconjugates(ADCs)represent
formation,haltingcelldivision.23Despitetheirefficacy,these a fusion of biological targeting and medicinal 
agentsoensufferfromlimitedselectivity,leadingtosigni- suchasbrentuximabvedotinandtrastuzumabderuxtecan

cant off-targettoxicity.24 combinetheselectivityofmonoclonalantibodieswithpotent
Theriseoftargetedtherapiesmarkedaparadigmshiin cytotoxicpayloads,linkedviacarefullyengineeredchemical
oncology,enablingthedevelopmentofsmallmoleculesthat linkers.40ThesuccessofADCsunderscorestheimportanceof
specicallyinhibitoncogenicdrivers.25–28Amongthemost linkerchemistry,payloadselection,andtheoptimizationof

successfularetyrosinekinaseinhibitors(TKIs),suchasimati- drug-to-antibodyratios tobalanceefficacyand safety.41

nibforBCR-ABL-positiveleukemiaandosimertinibforEGFR- Theeldofimmunotherapyisdominatedbybiologics;
mutantlungcancers.Thesedrugsaretypicallydesignedto however,medicinalchemistryisbecomingmoreandmore

occupytheadenosinetriphosphate(ATP)-bindingpocketof 
kinases,withextensivestructure–activityrelationship(SAR) 
studiesguidingtheiroptimizationforpotency,selectivity,and 
pharmacokinetics.9,29,30Proteasomeinhibitors,includingbor-
tezomibandcarlzomib,representanothertargetedclassthat 
inducesproteotoxicstressbydisruptingproteindegradation 
pathways.31,32Similarly,targetingepigeneticregulatorssuchas 
histonedeacetylases(HDACs)andDNAmethyltransferases 
(DNMTs)hasopenednewavenuesintreatinghematologic 

malignanciesandsolidtumors.33Theseepigeneticdrugsa
re 
chemicallyengineeredtointerferewiththeenzymaticactiv
ity responsiblefor genesilencing incancer.34 

In addition to inhibition, the targeted breakdown of 
disease-
causingproteinshasbeenmadepossibleusingmedicinal



involvedinthedevelopmentofsmall-moleculeimmunomod-ulators.42Thesecompoundsaimtomodulateimmunecheck-points, such as 
programmed cell death protein 1 (PD-1) and its ligand,programmeddeath-ligand1(PD-L1),ortargetintracel-lularenzymeslikecoactivator-
associatedargininemethyl-transferase1(CARM1),whichareinvolvedinepigenetic regulationofimmuneresponses.43Unlikemonoclonalanti-
bodies,smallmoleculescanofferoralbioavailability,lower productioncosts,andbettertissuepenetration,makingthem attractive 
candidatesforcombinationtherapy.44 

Are-emergingareaofinterestinvolvesmetal-basedanti-cancer agents.45Although platinum drugs like cisplatin remain essential in clinical 
oncology, new agents based on metals such asrutheniumandgalliumareunderdevelopment.46These

chemistry.35 Proteolysis-targeting chimeras (PROTACs) are compounds are being engineered with unique redox 

anotableinnovation,designedasbifunctionalmoleculesthat
bringtargetproteinsintoproximitywithE3ubiquitinligases,

promotingtheirdegradationbytheproteasome.36Molec
ular



coordinationgeometries,andligandstructurestoovercome resistanceand minimizesystemictoxicity.47 

Advancesindrugdeliverysystemshavealsobeendeeply
glues,whichstabilizeprotein–proteininteractionsbetween informed by medicinal chemistry.48–50 Nanoparticles,

36442|RSCAdv.,2025,15,36441–36471
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micelles, and polymer–drug conjugates are

RSCAdvances

liposomes, classical SAR.70Machine-learning and deep-learning models 
increasingly employed to improve drug solubility, stability, and
tumorselectivity.51–53Thechemicalmodicationofsurface

ligandsandresponsivelinkersensurescontrolledreleas
e
withinthetumormicroenvironment.54Theseinnovations



increasinglyappliedtodenovomoleculardesign,scaffold  hopping,polypharmacologyprediction,andpropertyoptimi-
zation.71Unlikeiterativeanaloguesynthesis,AIenablesrapid explorationofchemicalspacebyintegratingstructural,bioac-

enhance therapeutic efficacy while minimizing off-target tivity,andADMEdatasetsintopredictivemodels.72Astriking

effects.55Additionally,hormonaltherapiesremainrelevantin 
hormone-driven cancers.56Agents such as tamoxifen (a 
selective



exampleistheGENTRLplatform,whichgeneratedpotentdi-scoidindomainreceptor1(DDR1)kinaseinhibitorsdenovo,
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e. estrogenreceptormodulator)andfulvestrant(aselective followed by experimental validation, demonstrating how

estrogenreceptordegrader)arechemicallytailoredtodisrupt generativemodelscanaccelerateearlydiscovery.73Broader
estrogen recepto

r
signaling.57,58 In prostate cancer, anti- reviewshighlightapplicationsofgraphneuralnetworks,rein-

androgenslikeenzalutamideinhibitandrogenreceptoractiva- forcementlearning,andactivelearningloops,whichpropose
tionandnucleartranslocation,illustratinghowsubtlestruc- novelscaffoldswhileincorporatingsyntheticfeasibilityand

turalmodicationstranslateintotherapeuticprecision.59The experimentalfeedback.74Importantly,AImethodologiesare
integrationofradiopharmaceuticalsandtheranosticsisthe nowalsobeingappliedtoradiotheranosticdesign,including

latest development in the discipline, where medicinal chemistry optimizationofpeptideligandsandpredictionofisotope
iscrucialtothedevelopmentofmoleculeswithboththera- distributionpatterns,illustratingsynergywithotheremerging
peuticanddiagnosticpurposes.60Chelatorchemistryand modalities.75Whilechallengessuchasdatabiasandinter-
radionuclideconjugationarecriticaltoensuringselective pretability remain,the trajectory suggests thatAI-driven

tumoruptakeandminimizingradiationexposuretohealthy medicinal chemistry will increasingl
y

complement and
tissues.61Together,thesediverseclassesillustratehowmedic- reshape conventionalworkows.76

inalchemistryunderpinstheinnovation,design,andoptimi- Thisreviewaimstoprovideacomprehensiveoverviewof
zationofanticancerdrugsacrosstraditionalandemerging anticancerdrugdevelopmentfromamedicinalchemistry

therapeuticstrategies.62Fromclassicalcytotoxicstomodern perspective.Wewillexploremoleculardesignstrategies,
targeted degraders, the eld continues to evolve with the shared structure-basedinnovations,andchemicalstrategiesbehind
objective of achieving maximum efficacy and safety for patients clinicallyapprovedandinvestigationalagents,andhighlight
withcancer. futuredirectionsfromarticialintelligenceindrugdesignto

Radiotheranostics integrate molecular imaging and targeted newmodalitieslikemoleculargluesandradiotheranostics.
radionuclidetherapywithinasinglechemicalframework, Together,theseinsightsunderscoretheindispensableroleof

allowing both diagnosis and treatment using the same targeting medicinalchemistry inadvancingthe ght againstcancer.
vector.Themedicinalchemistryunderpinningtheseagents
centersonthreeelements:(i)theligand,typicallyapeptide,

2. Classificationofanticanceragentsantibody,orsmallmolecule,optimizedforhighaffinityand
selectivereceptorbinding;(ii)thechelatingmoiety,suchas accordingtotheirclinicalphase

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
2.1. Foodanddrugadministration(FDA)-approved(DOTA),1,4,7-triazacyclononane-1,4,7-triaceticacid(NOTA),or

N,N0-bis[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine- anticancerdrugs(2015–2025)

N,N0-diaceticacid(HBED-CC),whichensuresstablecoordina- 2.1.1. Targetedtherapies
tionofradiometalsandinuencespharmacokineticbehavior; 2.1.1.1. Tyrosinekinaseinhibitors(TKIs)

and(iii)theradionuclide,whoseemissionpropertiesdene 2.1.1.1.1. Osimertinib(Tagrisso).Osimertinibisathird-
diagnosticversustherapeuticapplication.63Clinicallyvalidated generation,oralEGFRTKIspecicallydesignedtotargetboth

theranostic pair include ^68Ga/^177Lu- for sensitizing EGFR mutations (e.g., exon 19 deletions and 

somatostatinreceptor–positiveneuroendocrinetumorsand 
^68Ga/^177Lu-PSMA-617forprostatecancer,whichhighlight the 
seamless transition from imaging to therapy with the same 
molecularscaffold.64,65Morerecently,a-emittingisotopessuch as 
^225Ac and ^213Bi have been introduced to exploit their high 
linear energy transfer and short tissue penetration, particularly 
formicrometastaticandresistantdiseasesettings.66Advances 
inlinkerandchelatorchemistryhavefurtherrenedbi-
odistribution,improvedtumoruptake,andreducedoff-target 
toxicity.67Together,thesedevelopmentsillustratehowradio-

theranosticsexemplifytheconvergenceofliganddesign, 
chelationchemistry,andisotopeselection,openingnewfr
on-tiersforprecisiononcologyand beyond.68,69 

Articial intelligence (AI) has become a 
transformative driver in medicinal chemistry, shiing 
optimization strategies beyond

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry



andtheT790Mresistancemutationthatoenemergesaerrst-lineEGFRTKItherapyinnon-smallcelllungcancer  (NSCLC).77Unlikeearlier-
generationEGFRinhibitors,osi-mertinibbindsirreversiblytothemutantreceptorviacovalent
interaction,offeringenhancedpotencyandselectivitywhile  sparingwild-typeEGFRtoreduceoff-targettoxicity.Clinically,
osimertinibhasdemonstratedrobustefficacyinpatientswith  T790M-positiveNSCLC,signicantlyprolongingprogression-
freeandoverallsurvivalcomparedtoplatinum-basedchemo-therapy.78Thedrugexhibitsalonghalf-life(∼48hours),is  metabolized  primarily via
Cytochrome  P-450  3A4/5  (CYP3A4/5),  and  is  administered  once  daily.  It  received  FDA  approval  in  2015
andlatergainedexpandedindications,includingrst-line therapyforEGFR-mutatedmetastaticNSCLC79(Table1).

Structure–activityrelationship

RSCAdv.,2025,15,36441–36471|36443
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OsimertinibisdesignedtoirreversiblytargetmutantEGFR
harboringtheT790Mresistancemutation.Theacrylamide
warheadplaysapivotalrolebycovalentlybindingtothe  cysteine

residue  (Cys797)  in  the  mutant  EGFR  kinase
domain (SI



VEGFR-2inhibitoryactivitiescomparedtoanalogueslacking  suchsubstitution.Introductionofanoxygenbridgefavored  VEGFR-
2inhibition,whereasreplacementoftheoxygenwith sulfurshiedtheactivityproletowardstrongerEGFRinhibi-
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Fig.S1A).Amethoxygrouppositionedonthearomaticring tion86(Fig. 2A).
selectively blocks wild-type EGFR interaction, thereby

2.1.1.1.3. Vimseltinib(Romvimza).Vimseltinib,approved
improvingmutantselectivity.Additionally,meta-substituted

under the trade name romvimza in 2025, is a switch-control 
TKIanilinereducesmetabolicdegradationbyinhibitingCYP3A4-
thatselectivelytargetscolony-stimulatingfactor1receptor

mediatedoxidation,enhancingthestabilityofthedrugand
(CSF1R).CSF1Risoverexpressedinmacrophage-richtumors

systemicexposure.Unlikerst-generationreversibleEGFR
such as tenosynovial giant cell tumor (TGCT), which plays a 
keyinhibitors(getinib,erlotinib)thatfailagainsttheT790M
roleintherecruitmentandproliferationoftumor-associated

resistance mutation, and second-generation covalent inhibitors
macrophages.ByinhibitingCSF1R,vimseltinibdisruptsthe

(afatinib,dacomitinib)thatinhibitbothmutantandwild-type
tumor microenvironment and induces regression of

EGFR,causingdose-limitingtoxicities,thethird-generation
macrophage-driven tumors.87The pharmacokinetic (PK) prole

inhibitorAZD9291(osimertinib)wasrationallydesignedto
supportsoraladministration,thoughdetailedPKparameters

selectively target T790M. It achieves this through an acrylamide
are notyetwidely published.Clinicaltrials havedemonstrated

warheadthatcovalentlymodiesCys797andperipheral
signicantreductionsintumorsizeandsymptomaticrelief,

substitutionsthatimprovemutantselectivityandreduce
leadingtoitsFDAapprovalinpatientswithsymptomatic,

metabolicclearance.Thisselectivedesignconferspotent
inoperableTGCT88(Table1).

T790Minhibitionwithmarkedly improvedclinicaltolerability. Structure–activityrelationship
Also,thepyrrolo-pyridinescaffolddemonstratedsuperior

Vimseltinibstructureincludesanamidelinkerknownfor
activityandselectivitycomparedtotheindoleanalogue.Like-

hingeregionbindingandpolarsidechainsthatenhanceboth
wise,theacrylamidewarheadprovedmoreeffectivethanthe

selectivityandsolubility.Thesefeaturesensureeffectiveinhi-
dimethylamino-butenamidecounterpart.AttheC4positionof

bition of CSF1R-driven signaling pathways implicated in 
tumor-the aniline ring, replacement of the N,N,N0-tri-
associated macrophage activity. Replacement of the di-

methylethylenediamine side chain with an N,N-dimethylamino-
methylaminogroupinsomeanalogueswithadiethylamino

ethylenesulfoxidegroupproducedacompoundequipotentto
group increased CSF1

R
potenc
y

and selectivity, wherea
sosimertinibbutwithimprovedselectivity.Inaddition,substi-

substitution of the 2-methyl group on the pyridine ring caused
tutionattheC5positionofthepyrimidineringwithchloroor

amarked reductioninCSF1Rselectivity89(Fig. 2A).
bromogroupsenhancedpotencycomparedtotheunsub-

2.1.1.2. Kinaseinhibitors
stitutedderivatives80,81(Fig. 2A).

2.1.1.2.1. Palbociclib (Ibrance)
.

Palbociclibisanorally
2.1.1.1.2. Tivozanib(Fotivda).Tivozanibisapotentand available,selectivecyclin-dependentkinase(CDK)4and6

highlyselectiveoralinhibitorofvascularendothelialgrowth inhibitor,introducedasatargetedtherapyforhormone
factorreceptor-1,-2,and-3(VEGFR-1,-2,and-3),makingit receptor-positive (HR+), human epidermal growth factor

a promising anti-angiogenic agent for solid tumors, particularly receptor-2 (HER2)-negative advanced breast cancer. CDK4/6 
arerenalcellcarcinoma(RCC).82ByblockingVEGF-mediated criticalregulatorsof cellcycleprogressionfromG1toS phase,

signaling,tivozanibeffectivelyreducestumorvascularization andtheirinhibitionbypalbociclibresultsinhypophosphor-

andprogression.Itsuniquepharmacologicalproleischarac-
terizedbyhighselectivityforVEGFRisoforms,whichreduces  off-
target  effects  associated  with  other  multi-kinase inhibitors.83

Tivozanibhasalongeliminationhalf-life,enablingonce-daily
oraldosingandimprovingpatientcompliance.84TheFDA

approvedtivozanibin2021forthetreatmentofadultswith
relapsedorrefractoryrenalcellcarcinoma(RCC)followi
ngat  least  two prior  systemic  therapies,  based on
data demonstrating



ylation  of  the  retinoblastoma  (Rb)  protein,  cell  cycle  arrest,  and  decreased  tumor  cell  proliferation.90Palbociclib  has  a  favorable
safetyproleandiscommonlyusedwithendocrinetherapy suchasletrozoleorfulvestrant.Itisadministeredin28-day cycles (21 days on, 7 days
off),  with  dose  adjustments  based  on  neutropenia  or  other  toxicities.91Approved  by  the  FDA  in  2015,
palbociclibsignicantlyimprovesprogression-freesurvivalin HR+/HER2−patients,makingitamainstayoftargetedbreast

favorableprogression-freesurvivaland tolerability85(Table1). cancer therapy. Gomekli (mirdametinib)–mitogen-activated

Structure–activityrelationship 
Tivozanibutilizesaquinoline-basedscaffold.Aurealinker 

enables dual hydrogen bonding with the VEGFR-2 
hinge region,



protein kinases1and 2(MEK1/2)inhibitor92(Table1). Structure–activityrelationship
Palbociclibischaracterizedbythepresenceofapiperazine

providing strong kinase binding. The incorporation of ring,whichsignicantlyimprovesaqueoussolubilityand

achlorophenylgroupfacilitateshydrophobicinteractions,
improving binding affinity. Moreover, the presence of hydrogen
bondacceptorsandpolarsidechainssupportsselectivity  among
VEGFR  isoforms  and  enhances  water  solubility  for  better
pharmacokinetics.Thepresenceofanelectron-withdrawing

groupattachedtotheureamoietyenhancedbothEGFRa
nd

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry



facilitates  salt  formation  for  formulation  purposes.  The  tertiary  amines  within  the  piperazine  also  enhance  oral  bioavailability.
Apyridinenitrogenlinkedtothepiperazineringiscrucialfor  bindingCDK4selectively.Furthermore,acyclopentanemoiety  contributes  to  a  tight
hydrophobic site lling, enhancing CDK6 inhibition.Substitutionoftheanilinesidechainwitha2-
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RSCAdvances Review

Fig.2 SARillustrationofsomeFDA-approveddrugs:tyrosinekinaseinhibitors(A),kinaseinhibitors(B),alkylatingagents(C),combination
chemotherapy regimens (D), andother targeted therapies (E).
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aminopyridinemoietyinsomederivativesresultedinprefer- strategiesfocusonthedevelopmentofallostericinhibitors,
entialinhibitionofCD4overCD2.Incorporationofacyclo- covalent reversible TKIs, dual-target designs, and brain-
pentylgroupimprovedthephysicalpropertiescomparedto
otheranalogues,whilereplacementoftheacetylgroupwith
bromineincreasedlipophilicity93(Fig. 2B).



penetrantscaffoldstoovercomeresistanceandimproveCNS  penetration.104InthecaseofCDK4/6inhibitors,futuredirec-
tionsemphasizethecreationofCDK-selectivedegraders
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2.1.1.2.2. Abemaciclib (Verzenio). Abemaciclib is another
oral

(PROTACs),expansionintoCDK2/7/9inhibitors,andcombi-
nationstrategieswithendocrinetherapyorimmunotherapyto

CDK4/6inhibitorapprovedforthetreatmentofHR+/HER2−
mitigateresistanceandbroadentherapeuticapplication.105

advancedormetastaticbreastcancer.Unlikepalbociclib,abe-
Meanwhile,forMEK/RAFpathwayinhibitors,researchis

macicliballowsforcontinuousdailydosingduetoadifferent
increasinglyfocusedonpan-RAFandERKinhibitors,syner-

toxicityprole,particularlylowerratesofneutropenia.94It
gisticcombinationswithKRASinhibitors,andtargetingadap-

inhibitsCDK4morepotentlythanCDK6,andthisselectivityis
tivefeedbackloopswithinMAPKsignalingtoprolongclinical

thought to contribute to its efficacy and tolerability. Abemaciclib
benet andprevent relapse.106

also demonstrates single-agent activity and is approved for use in
2.1.2. Immunotherapies

both monotherapy and combination regimens.95Its mechanism
2.1.2.1. Checkpointinhibitors(PD-1/PD-L1)

involvesRb-mediatedG1arrest,resultinginanti-proliferative
2.1.2.1.1. Dostarlimab-gxly(Jemperli).Dostarlimab-gxlyis

effectsinestrogenreceptor-positive(ER+)breastcancercells.
ahumanizedIgG4monoclonalantibodythatselectivelybinds

Pharmacokinetically, it has a shorter half-life (∼18 hours) and is
totheprogrammeddeath-1(PD-1)receptorexpressedonacti-

primarily metabolized by CYP3A. The FDA approved abemaciclib
vatedT cells.ByblockingPD-1interactionwithitsligandsPD-

in 2017, and subsequent trials conrmed its role in adjuvant and
L1andPD-L2,dostarlimabrestoresT-cell-mediatedimmune

metastatic settings96(Table 1).
responses against tumor cells, effectively enhancing anti-
tumorStructure–activityrelationship
immunity.107It gained FDA approval in 2021 for the treatment 
ofStructurallyrelatedtopalbociclib,abemaciclibincorporates
adultpatientswithmismatchrepair-decient(dMMR)recur-

additionallipophilicsidechains,whichfacilitateblood–brain
rent or advanced endometrial cancer, a subset characterized 
bybarrierpenetration—anadvantagefortreatingcentralnervous
highmutationalburdenandresponsivenesstoimmune

system(CNS)metastases.TheNHgroupcontributeshydrogen
checkpointinhibition.Pharmacokinetically,dostarlimabhas

bonding critical for kinase binding, while steric hindrance from the
a half-life of approximately 25 days, allowing convenient 
dosingpropyl moiety improves selectivity against off-target kinases. In

the every3to6weeks.107Clinicaltrialsdemonstrateddurable
benzo[d]imidazoleseries,replacementoftheN1-isopropylgroup responserates,withmanageableimmune-relatedadverse

with smaller substituents such as methyl or ethyl, or with bulkier
effects such as pneumonitis and colitis. Its mechanism exploits

groupsthatintroducesterichindrance,resultedindecreased
the concept of tumor immune evasion via checkpoint proteins,

activity compared to the parent isopropyl analogue93,97(Fig. 2B).
aparadigm-shiingapproachthathastransformedcancer

2.1.1.2.3. Mirdametinib(Gomekli).Mirdametinibisahighly therapeutics108(Table1).
selectiveMEK1/2inhibitordevelopedforthetreatmentof

2.1.2.1.2. Retifanlimab (Zynyz). Retifanlimab is a fully
neurobromatosistype1(NF1)-associatedplexiformneuro-

humanized IgG4anti-PD-1 monoclonal antibodydevelopedfor
bromas.98These tumors arise due to mutations in the NF1 gene,

immune checkpoint blockade. Approved in 2023, it is indicated
leadingtohyperactivationoftheRas-Raf-MEK-ERKpathway.

for patients with metastatic or recurrent Merkel cell carcinoma
MirdametinibblocksMEKphosphorylationanddownstream

(MCC),ahighlyaggressiveneuroendocrineskincanceroen
ERK signaling, resulting in reduced tumor growth and symptom

associatedwithMerkelcellpolyomavirus.107Retifanlimab
burdeninNF1patients.99Thedrugisorallybioavailableandis

disruptsPD-1-mediatedimmunesuppression,therebyrein-
suitableforuseinbothadultandpediatricpopulations.

vigoratingcytotoxicT-cellactivityagainsttumorcells.Clinical
ApprovedbytheFDAin2025,mirdametinibrepresentsaland-

trialsshowedasignicantobjectiveresponserateinMCC
marktherapyforpatientswithsymptomatic,inoperableplexi-

patients,includingdurableremissionsinvirus-positiveand
formneurobromas.Early-phasestudiesdemonstrateddurable

virus-negativetumors.109Pharmacodynamically,retifanlimab
tumorshrinkageandpainreduction,establishingMEKinhibi-

blocks PD-1 with high affinity, similar to other PD-1 inhibitors,
tion as a viable strategy in NF1 (ref. 100) (Table 1).

anditssafetyproleisconsistentwithimmune-relatedtoxic-Structure–activityrelationship
itiescharacteristicofcheckpoint inhibitors110(Table1).

Akeyhydrogenbonddonorinthemirdametinibstructure
enablesbindingtotheMEK1hingeregion.Strategichalogen 2.1.2.1.3. Nivolumabandhyaluronidase-nvhy(OpdivoQvan-
replacementsonthearomaticringenhancebindingpotency tig).Nivolumabisawell-establishedanti-PD-1monoclonal

andimprovepharmacodynamiceffects,supportingefficacyin antibody with broad indications across multiple solid

MEK-drivenmalignancies.101Attachmentofvariousnitro-benzoyl 
derivatives to the oxygen of the amide group resulted in



tumors.111The recent FDA approval (2024) of the subcutaneous formulationcombinesnivolumabwithrecombinanthuman
decreased activity compared to the unsubstituted hyaluronidase (rHuPH20), an enzyme that temporarily 

analogue102,103(Fig. 2B).
Thefutureoftargetedtherapiesinoncologyisevolving

across multiple drug classes. For TKIs, next-generation

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry



hyaluronanintheextracellularmatrixtoenhancedrugdisper-sionand absorption.112
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maintains nivolumab's potent PD-1

Review

This formulation The monoclonal antibody trastuzumab is linked via a 
blockadewhileofferingimprovedpatientconvenienceand
reducedadministrationtimecomparedtointravenousinfu-
sions.Pharmacokineticsremaincomparable,withsustained
plasmaconcentrationsensuringeffectiveimmunecheckpoint

inhibition.  The  combination  aims  to  improve  the
quality  of  life
withoutcompromisingefficacyorsafety,asignicantadv
ance inimmunotherapy delivery113(Table1).



peptidelinkertoapotenttopoisomeraseIinhibitor(DXd).124  UponbindingtoHER2-positivecells,theADCisinternalized,
andthecytotoxicpayloadisreleasedintracellularly,inducing  DNAdamageandcelldeath.Enhertu'sdrug-to-antibodyratio
(DAR)ishigh(∼8),improvingpayloaddeliveryefficiency.125  UnlikeearlierHER2-targetedtherapies,itiseffectiveinHER2-
lowexpressingtumors,expandingtreatmentoptions.Clinical
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e. These monoclonal antibodies were developed using rational trialshavedemonstratedsignicantprogression-freesurvival
antibodyengineering.Strategiesincludedvariableregion(VH/ and overall response rates in patients with HER2-low 

metastaticVL)modicationstone-tunePD-1bindingaffinityandFc breast cancer. Toxicity includes interstitial lung disease, which
engineeringtoreduceeffectorfunctionssuchasADCC.Dos- requirescareful monitoring126(Table1).
tarlimabwasengineeredasahumanizedIgG4antibodywith Enhertuwassynthesizedbyconjugatingtrastuzumab(anti-
durablereceptoroccupancy.Retifanlimabwasoptimizedfor HER2)tothetopoisomeraseIinhibitorDXdviaacleavable
highbindingaffinityandpharmacokineticproperties.Nivolu- tetrapeptidelinker.Usingmaleimide-thiolorlysinecoupling,

mabwasdesignedwithanIgG4backbonetopreventFc theprocessachievesahighDAR(∼8).Thelinkerensures
receptor-mediatedT-celldepletion.114–116 plasmastabilityandlysosomalrelease,allowingabystander

Structure–activityrelationship effect tokillHER2-lowtumorcells.127

Dostarlimab,retifanlimab,andnivolumabaremonoclonal
2.1.3.1.1 Structure–activityrelationship.Thisantibody–drug

antibodiestargetingPD-1.TheirSARliesprimarilyinthe
conjugatetargetsHER2andincludesatopoisomeraseIinhib-

engineeredvariableregionsthatmodulateantigenbinding
itor payload. The stability of the cleavable linker ensures 
tumor-affinity.Specicaminoacidsubstitutionsandglycosylation
selectivereleaseofthecytotoxicdrug.Theexatecanderivative

patternsintheFcregionareoptimizedtoreduceeffector
used as a payload is potent and membrane-permeable, 
allowingfunction,therebyminimizing unwantedimmuneactivation.117
forabystanderkillingeffect,whichexpandsthetherapeutic

2.1.2.2. Celltherapy
window,particularlyinHER2-lowtumors.128

2.1.2.2.1. Remestemcel-L-rknd(Ryoncil).Remestemcel-L is an
2.1.3.2. Datopotamabderuxtecan(Datroway).Datopotamab

allogeneicmesenchymalstromalcell(MSC)therapyderived
deruxtecan is an ADC targeting trophoblast cell surface 
antigenfrom healthy donor bone marrow. Approved by the FDA in 2024
2(TROP2),atransmembraneglycoproteinwidelyexpressedin

for steroid-refractory acute gra-versus-host disease (SR-
epithelialcancers,includingbreastcancer.129Theantibodyis

aGVHD)inpediatricpatients,thiscelltherapyexploitsthe
conjugated to a topoisomerase I inhibitor payload, which, aer

immunomodulatory and anti-inammatory properties of
internalization,inducesDNAdamageleadingtoapoptosis.

MSCs.118Thecellssecretebioactivemoleculessuchastrans- Approved in 2025 for hormone receptor-positive, HER2-
negativeforminggrowthfactor-b(TGF-b),interleukin-10(IL-10),and
breastcancer,itdemonstratesefficacyintumorswithhigh

prostaglandinE2,whichcollectivelysuppressT-cellprolifera-
TROP2expression.130Thecleavablelinkerandmembrane-

tionandshitheimmuneresponsetowardtolerance.119Addi-
permeablepayloadfacilitateabystandereffect,killingadja-

tionally, MSCs promote tissue repair and inhibit brosis, which
cent tumor cells regardless of TROP2 expression 
heterogeneity.iscrucialinthecontextofGVHD.Clinicaltrialshavedemon-
Clinicalstudiesreportfavorableresponserateswithmanage-

stratedimprovedsurvivalandreducedinammatorymarkers
ablehematologicand gastrointestinalside effects131(Table1).

intreatedchildren,positioningremestemcel-Lasavaluable
therapeuticoption wherecorticosteroidsfail120(Table1). 2.1.3.2.1 Structure–activityrelationship.ATROP2-targeted

Thesynthesisstrategyisbasedonexvivoexpansionof ADCsharingthesamepayloadandlinkerchemistryastrastu-
allogeneicmesenchymalstromalcells(MSCs)derivedfrom zumab deruxtecan. Structural modications to the mAb

healthydonors.Thesecellsareengineeredandoptimizedfor
immunomodulatory  cytokine  secretion  (e.g.,  IL-10,  TGF-b).
The  therapeuticdesignreliesoncellularsecretomeoptimization

anddonorcellstability,withemphasisonmanufacturing
consistency,viability,andsafetyduringlarge-
scaleexpansion



enhanceitshydrophilicityandstability,enablingacontrolled  releasemechanismthatreducessystemictoxicitywhilemain-
tainingpotentantitumoractivity.132Site-specicconjugation  maintainsaDAR∼8,supportingselectiveintracellularrelease
andstrongbystanderkilling,eveninTROP2-heterogeneous

and cryopreservation.121,122 tumors.133

Emrelis.Emrelis is a novel ADC targeting the c-MetStructure–activityrelationship 2.1.3.3.

Although  traditional  SAR  of  remestemcel-L is  not
applicable,  itspharmacologicalactivityisdrivenbysurfacemarker

expression(e.g.,CD73,CD105)andsecretedimmunom
odula-toryfactorsthatinuencehost
immuneresponses.123



receptor,atyrosinekinaseimplicatedintumorproliferation,  metastasis,andresistanceinnon-squamousnon-smallcell
lungcancer(NSCLC).134Theantibodycomponentbindsc-Met withhighaffinity,enablingselectivedeliveryofthecytotoxic

2.1.3. Antibody–drugconjugates(ADCs) payloadtoc-Met-overexpressingtumorcells.Thepayload
2.1.3.1. Fam-trastuzumabderuxtecan-nxki(Enhertu).Fam- induces apoptosis via DNA damage. Approved in 2025, 
Emrelis

trastuzumabderuxtecan(DXd)isanext-generationADCthat offersatargetedtherapyoptionforpatientswithhighc-Met
targetsHER2,areceptoroverexpressedinbreastcancercells. expression, who traditionally have limited effective

36448|RSCAdv.,2025,15,36441–36471
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treatments. Pharmacologically, Emrelis represents an Combinationchemotherapyregimens
advancement in overcoming resistance mechanisms linked to c- 2.1.5.1. Sotorasib+panitumumab.Sotorasibisacovalent

Metsignaling,withclinicaltrialsconrmingtumorregression and 
manageableadverseeventproles.135



inhibitortargetingthekirstenratsarcomagenemutation, wheretheaminoacidglycine(G)atposition12isreplacedby
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2.1.3.3.1 Structure–activity relationship. Though specic 
SAR

cysteine(C)(KRASG12C)mutation,whilepanitumumabisan
anti-EGFR monoclonal antibody. The combination wasdata is lacking, Emrelis is presumed to follow similar principles
approvedin early 2025 forthe treatment of adult patientswithofADCdesign—selectiveantibodytargeting,stablelinker-
KRASG12C-mutatedmetastaticcolorectalcancer(mCRC)whopayloadconjugation,andreleaseofahighlypotentcytotoxic
have received prior chemotherapy.138 This dual-targetedagent intumorenvironments(Table1).
approachaddressesthefeedbackactivationofEGFRsignalingThenextwaveofADCdevelopmentfocusesontargetdiver-
thatoenlimitstheefficacyofKRASinhibitorsalone.ClinicalsicationbeyondHER2andTROP2toincludereceptorslike
trials demonstrated that the combination improvedHER3,c-Met,andB7–H3.Advancesinlinkerchemistry—such
progression-
free

survival and objectiv
e

respons
e

ratesasredox-sensitiveortumorpH-activatedlinkers—willimprove
comparedtohistorical controls142–144(Table1).payloadreleasespecicity.Additionally,theuseofsite-specic

Sotorasibwassynthesizedviaamodularapproach,builtconjugationtechnologies(e.g.,enzymatictagsandengineered
aroundapyrido[2,3-d]pyrimidinescaffold.Themoleculecysteine residues) will enable better control of DAR and reduce
contains an acrylamide warhead, which covalently binds to thesystemic toxicity.Novel payloads,including immune activators
KRASG12CmutantviaCys12.Asulfonamidetailenhancesand transcriptional inhibitors, are being explored. Importantly,
bindingandsolubility,whilealipophilicsidechainincreasescombination regimens with immune checkpoint inhibitors and
cellpermeabilityandoral bioavailability.145kinaseinhibitorsareshowingsynergisticeffectsinearly

trials.136 2.1.5.1.1 Structure–activityrelationship.Sotorasibemploys
2.1.4. Cytotoxicchemotherapy an acrylamide group that covalently binds to Cys12 in the 

KRAS2.1.4.1. Alkylatingagents G12Cmutantprotein(SIFig.S1B).Thesulfonamidemoiety
2.1.4.1.1. Treosulfan (Grafapex). Treosulfan is a bifunctional enhances binding via hydrogen bonds in the switch-II pocket. 

alkylatingagentthatinducesDNAcross-linking,leadingto lipophilictailcontributestoimprovedcellpermeabilityand
apoptosis.InJanuary2025,theFDAapprovedtreosulfanin oralabsorption.ARS-1620,therstcovalentKRASG12C
combinationwithudarabineasapreparativeregimenfor inhibitor,providedproof-of-conceptbutexhibitedmodest

allogeneichematopoieticstemcelltransplantation(alloHSCT) potency and suboptimal pharmacokinetics, limiting its clinical
inpatientsaged1yearandolderwithacutemyeloidleukemia utility. Optimization of this scaffold led to sotorasib (AMG 510),

(AML) or myelodysplastic syndrome (MDS).137This combination which showed improved potency, enhance S-II pocket
offersareduced-toxicityconditioningregimen,expanding engagement, and favorable pharmacokinetics, enabling
transplanteligibilitytopatientswhomaynottoleratetradi- successfulclinicaltranslation146–148(Fig.2D).

tional high-intensity regimens.138Clinical studies demonstrated 2.1.5.2. Encorafenib+cetuximab+mFOLFOX6.Encorafenib
thattreosulfan-basedconditioningprovidedeffectivemyeloa- is a B-Raf proto-oncogene, serine/threonine kinase, which is 

blationwithafavorablesafetyprole,makingitavaluable inhibitor of a specic mutation where the amino acid valine (V)
option inthealloHSCTsetting139(Table1). atposition600isreplacedbyglutamicacid(E)(BRAFV600E)

Treosulfanisaprodrugthatspontaneouslyconvertsinvivo inhibitor,andcetuximabisananti-EGFRantibody.When
toactivebifunctionalepoxidesthroughnon-enzymaticactiva- combined with the chemotherapy regime mFOLFOX

tion.Itssynthesisinvolvessulfonationofdiolprecursors, 
enablingwatersolubilityandimprovedmyeloablativeeffects. 
Thediolgroupsimprovesolubilityandbioavailabilityover 
analogslikebusulfan,makingitfavorableforreduced-toxicity 

stemcelltransplantconditioning.140 

Structure–activityrelationship 
Treosulfanisawater-

solubleprodrugthatundergoesnon-



(comprisingfolinicacid,uorouracil,andoxaliplatin).149This  triplettherapywasapprovedin2024forrst-linetreatmentof  BRAFV600E-
mutantmCRC.150Therationaleforthiscombina-tion  stems  from  the  need  to  inhibit  multiple  nodes  in  the  MAPK  pathway,whichis
hyperactivatedinBRAF-mutanttumors.The  randomizedphase3studyofencorafenib(enco)+cetuximab  (cet) ± chemotherapy  for rst-line
treatment (tx) of BRAF V600E-

enzymaticactivationtoproducebifunctionalepoxidespecies. mutant (BRAFV600) metastatic colorectal cancer (mCRC

The inclusion of diol functional groups enhances its solubility, 
makingitausefulagentformyeloablativeconditioningwith



(BREAKWATER)trialreportedasignicantimprovementin overallresponseratesandprogression-freesurvivalwiththis
a reduced toxicity prole compared to busulfan. A wide range of regimen151(Table1).
stemcelltoxicitieswasobservedamongthebusulfananalogs,
correlatingwiththeirabilitytoinducedonor-typechimerism
aerbonemarrowtransplantation.Invitro,busulfan,PL63,  PL26,

PL108,  and  Treosulfan  demonstrated  comparable
activity;



Encorafenibfeaturesapyrazolopyrimidinescaffoldwith  asulfonamidesubstituenttargetingtheATP-bindingsiteof
BRAFV600E.Thedimethylpyrazolegroupavoidsparadoxical MAPKactivation.Synthesisinvolvescouplingheteroarylmoie-

however,invivo,onlybusulfanandPL63retainedsignicant ties and optimizing halogenated tails to adjust
activity,whichcorrelatedwiththeirbioavailabilityatthe pharmacokinetics.152

maximumtolerateddose132,141(Fig.2C).
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2.1.5.2.1 Structure–activity activation,aimingfordeeperandlonger-lastingresponsesin
includesadimethylpyrazolemoietythatpreventsparadoxical
activationoftheMAPKpathway,commonlyseenwithrst-
generationBRAFinhibitors.Asulfonamidegroupoccupies

theV600E-mutantBRAFATP-
bindingsite,whilehalogen  substitutionsne-
tunesolubilityandpharmacokinetics.The



BRAFV600E-mutantcolorectalcancer.IntherealmofBTK  inhibitors,acalabrutinibisbeingrenedthroughthedevelop-mentofnon-
covalentreversibleinhibitorsthatretainefficacy  againstresistancemutationssuchasBTKC481S.Combined
therapieswithvenetoclaxandrituximabareimprovingremis-

O
pe

n 
A

cc
es

s 
A

rti
cl

e.
 P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

4:
21

:3
1 

A
M

.
Th

is
 a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

pyrazolo-pyrimidine scaffol directs the terminal phenyl/ siondepth,whileemergingxed-durationregimensaimto
sulfonamideintotheallostericpocket,andreplacingthepyr- minimize chronic toxicity in mantle cell lymphoma and chronic
azoleorpyrimidine,orremovingthesulfonamide,generally lymphocyticleukemia.161

reducespotency.ModicationsofthesulfonamideN-substit- 2.1.6. Othertargetedtherapies
uentallowedtuningofpotency,solubility,andsafety,with 2.1.6.1. AvmapkiFakzynjaCo-pack(avutometinib+defacti-

modestlylargerarylorheteroarylgroupsoenmaintainingor nib).AvutometinibisaMEK1/2inhibitor,anddefactinibis
enhancin potenc while affecting ADME properties132,153 afocaladhesionkinase(FAK)inhibitor.Thecombinationwas
(Fig. 2D). grantedacceleratedapprovalinMay2025forthetreatmentof

2.1.5.3. Acalabrutinib+bendamustine+rituximab.Acalab- adultpatientswithKRAS-mutatedrecurrentlow-gradeserous
rutinib is a selective Bruton's tyrosine kinase (BTK) inhibitor.154 ovariancancer(LGSOC)162,163whohavereceivedpriorsystemic

Itscombinationwithbendamustine,analkylatingagent,and therapy.ThisdualinhibitionstrategytargetsboththeMAPK
rituximab, an anti-CD20 monoclonal antibody, was approved in pathwayandthetumormicroenvironment,addressingthe

January2025forthetreatmentofpreviouslyuntreatedmantle intrinsicresistancemechanismsinLGSOC.Clinicalstudies
demonstrated meaningful responses and disease control in cell lymphoma (MCL) in patients ineligible for autologous stem
patientpopulation164(Table1).celltransplantation.155Thisregimenleveragesthesynergistic

Avutometinibwassynthesizedaroundachromen-2-oneeffects of BTK inhibitionand chemoimmunotherapy,resulting
scaffoldwithapyrimidin-2-yloxygroupforMEK/RAFdualinimprovedprogression-freesurvivalandmanageabletoxicity

proles156(Table1). binding.Substituentssuchasuoropyridineandsulfamoyla-
Acalabrutinibwassynthesizedusingapyrazolopyrimidine mino groupsenhancemetabolic stabilityandsolubility.
corebearingapropynamidewarheadforcovalentbindingto Defactinibfeaturesapyrimidinecore,para-uorophenylring,

Cys481 of BTK. Its synthesis involves nucleophilic substitutions andtertiaryaminelinker,assembledthroughamideandaryl
andcouplingwiththeelectrophilicwarhead,withsteric coupling.165,166

shieldinggroupsminimizing off-targetbinding.157 2.1.6.1.1 Structure–activity relationship
.

Avutometinib is
2.1.5.3.1 Structure– relationship. Acalabrutinib is adualMEKandRAFinhibitorwithachromen-2-onecore.A

asecond-generationBTKinhibitorthatfeaturesacovalent pyrimidin-2-yloxy substituent improves ME binding via
propynamidewarhead,forminganirreversiblebondwith hydrogenbonding.Auorinatedpyridineringenhances

Cys481 (SI Fig. S1C). A pyrazolopyrimidine core provides hinge- metabolicstabilityandlipophilicity.Methylsulfamoylamino
binding specicity. The methyl substituent minimizes off-target groupsimprovesolubility,andthemethylgrouponthe

activity,especiallyagainstInterleukin-2-inducibleT-cellkinase chromenonemodulatesitsconformationfordualkinase
(ITK), while polar group increase aqueous solubility. engagement.132 Defactinib's pyrimidine core enables ke

yCompared with ibrutinib, which irreversibly targets Cys481 but hydrogen bonding and maintains planarity for effectiv

showsbroadoff-targetkinaseinhibition,acalabrutinibretains
thecovalentbindingmechanismyetincorporatesarened  hinge-
bindingheadgroupthatreducesoff-targetactivity.This

modicationpreservespotentBTKinhibitionwhileimpro
ving



binding.Thepara-uorophenylgrouptsintoahydrophobic  site,improvingaffinityandmetabolicstability.Itstertiary
aminelinkerensuresproperalignmentandenhancesphar-macokineticproperties167(Fig.2E).

tolerability,exemplifyinghowheadgroupelectronicandsteric 2.1.6.2. Romvimza(vimseltinib).Vimseltinibisanoral,

tuningcan achievegreater selectivity132,158,159(Fig.2D).
Thefutureoftargetedtherapiesinoncologyisadvancing across

multiple  drug  classes.  For  KRAS  inhibitors,  sotorasib  has
initiatedaneweraforKRASG12C-mutantcancers;however,
limitationsduetoresistancemutationsandEGFRfeedback
haveledtothedevelopmentofpan-KRASandG12D/G13D-
selectiveinhibitors,withcombinationsinvolvingEGFRanti-
bodies(e.g.,panitumumab)andPD-1/PD-L1inhibitorsunder

active exploration to overcome adaptive resistance
and  enhance
immunogenicity.160ForBRAFinhibitors,particularlyenc
or-
afenibusedwithcetuximabandchemotherapy,futurestr
ate-
giesincludequadrupletregimens,adaptivedosing,andn
ext-



selectiveinhibitorofthecolony-stimulatingfactor1receptor  (CSF1R),atyrosinekinaseimplicatedinthepathogenesisof  tenosynovial  giant  cell
tumor  (TGCT).168Approved  in  early  2025,  vimseltiniboffersanon-surgicaltreatmentoptionforpatients
withsymptomaticTGCTwheresurgerywouldresultinsigni-cantmorbidity.ByinhibitingCSF1R,vimseltinibreducesthe  proliferationoftumor-
associatedmacrophages,leadingto tumorregressionand symptomimprovement88(Table1).

VimseltinibisaselectiveCSF1RTKIwithatricycliccore  scaffoldandhinge-bindingheterocycles.Itssynthesisincorpo-
ratesaureaoramidelinkerconnectingtoapolarheadgroup forimprovedselectivity andoral bioavailability.169

generationinhibitorstoovercomeresistancethroughalter- 2.1.6.3. Mirdametinib(Gomekli).Mirdametinibisanoral

nateMAPKandPI3K-AKTpathwaysandavoidparadoxical 36450|RSCAdv.,2025,15,36441–36471



MEK1/2inhibitorapprovedinFebruary 2025forthe treatment
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ofadults170andpediatricpatientsaged2yearsandolderwith
neurobromatosistype1(NF1)171whohavesymptomatic,
inoperableplexiformneurobromas.ByinhibitingtheMAPK
pathway,mirdametinibreducestumorgrowthandassociated

symptoms.170Clinicaltrialsdemonstratedsignicanttu
mor
shrinkageandimprovedqualityoflifeinpediatricandadul
t patients100(Table1).



scaffoldexibility.Thesendingsemphasizetheneedtoopti-mizebothreversiblebindingandwarheadreactivityforselec-
tiveKRAS(G12C)inhibition.Optimizingthecovalentwarhead  geometryandelectronicsshowedthatsubtlechangesinposi-
tion,electrophilicity,orleaving-groupproperties(e.g.,acryl-amideversusfumarate-likewarheads)couldenhancethe covalent reaction rate with
Cys12 while maintaining selectivity.
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Mirdametinib is an MEK1/2 inhibitor containing Structuralstudiesindicatedthatprecisepositioning,rather
asubstitutedindazoleringandamidelinkage.Itselectively thansimplyincreasingelectrophilicity,iskeytoimproved

blocksMEKactivityintheMAPKpathway.Synthesisinvolves activity175,176(Fig.3A).
the coupling of indazole with urea or carbamate side chains to 2.2.1.2. Glecirasib(JAB-21822).Glecirasibisanotherirre-
enhance stabilityand kinase selectivity.101 versibleKRASG12Cinhibitorinclinicaldevelopment,selec-

Thefutureprospects:dual-pathwayinhibitionisgaining tively binding to and stabilizing the GDP-bound inactive form 
ofmomentuminoncology,exempliedbythecombinationof KRAS.Thisblockadedisruptsoncogenicsignalingandtumor

avutometinib(MEK/RAFinhibitor)anddefactinib(FAKinhib- growthinKRASG12C-mutatedmalignancies.InaPhaseIIb
itor),whichtargetsbothtumorsignalingandthemicroenvi- trialinvolving119patientswithadvancedsolidtumors,glecir-
ronment,showingpromiseinKRAS-mutatedcancerslike asib achieved an objective response rate (ORR) of 48%, a 

diseaseLGSOC.172Futurestrategiesincludemulti-functionalsingle controlrate(DCR)of86%,amedianprogression-freesurvival
agents and combinatorial regimens extended to pancreatic and (PFS) of 8.2 months, and an overall survival (OS) of 13.6 

months.triple-negativebreastcancers,withMEK/FAKplusimmuno- Grade$3TRAEsoccurredin38.7%ofpatients,thoughno
therapyalsounderevaluation.Meanwhile,CSF1Rinhibitors treatment-relateddeathswerereported177(Table2).
suchasvimseltinibareexpandingfromTGCTtoimmunosup-

2.2.1.2.1 Structure–activityrelationship.Glecirasib is a 
cova-pressivesolidtumorslikeglioblastomaandlivercancer,oen

lentKRAS^G12Cinhibitordevelopedusingstructure-based
insynergywithcheckpointinhibitorstoenhanceT-cellinl-

design.Its1,8-naphthyridine-3-carbonitrilescaffoldanchors
trationanddepletetumor-associatedmacrophages,withaddi-

intheswitchIIpocket,whileapreciselypositionedwarhead
tionalapplicationsinbrosisandautoimmunity.173Finally,

enablesselectivecovalentbindingtoCys12(SIFig.S1D).
MEKinhibitorslikemirdametinibarebeingadvancedfor

FurtherSARrenementsimprovedsolubility,reducedmeta-
RASopathiesandpediatricMAPK-driventumors,withafocus

bolicliabilities,andenhancedpharmacokinetics,resultingin
onimprovingCNSpenetration,tolerability,andintegrating

apotentandwell-balancedclinicalcandidateforKRAS^G12C-
withliquidbiopsy-basedprecisiondosingandcombination

mutantcancers.Glecirasib(JAB-21822)representsanopti-
regimensinvolvingBRAForPI3K inhibitors.101

mizedKRASG12Cinhibitorwithnanomolarpotency(IC50z

2.2. Investigationalanticancerdrugsinclinicaltrials
2.3nM)and>500-foldselectivityoverwild-typeKRAS,con-
trastingwithearliercovalentleads;notably,glecirasibalso

2.2.1. Targetedsmallmolecules retainsactivityagainstsecondaryKRASG12Cresistancevari-
2.2.1.1. Divarasib(GDC-6036). Divarasibisacovalent, ants (e.g., G12C/R68S, G12C/H95D/Q), highlighting how

selective inhibitor of the KRAS G12C oncoprotein that binds the improved scaffold complementarity an
d

physicochemical
switchIIpocketofKRASinitsinactiveGDP-boundstate.This renementtranslateintosuperiorefficacyandresiliencein
preventsKRASactivationandinhibitsdownstreamMAPK KRASG12C-targetedSAR178,179(Fig.3A).

pathway signaling, leading to antiproliferative effects in tumors 2.2.2. Epigeneticinhibitors
harboring the KRAS G12C mutation. In a multicenter Phase I/II 2.2.2.1. PRT543.PRT543isanorallyavailableselective

trial,  divarasib  demonstrated  a  conrmed  overall  response
rate  (ORR)of53%inKRASG12C-mutantNSCLCand29%incolo-
rectal  cancer  (CRC),  with  median  progression-free  survival
(PFS)  of13.1months(NSCLC)and5.6months(CRC).Treatment-
relatedadverseevents(TRAEs)weremainlylow-grade,with

only12%ofpatientsexperiencinggrade3/4eventsandn
o treatment-relatedmortality174(Table2).

2.2.1.1.1 Structure–
activityrelationship.SARstudiesofdi-
varasibhighlighttheimportanceofthe2-amino-4-methyl-
5-



inhibitorofproteinargininemethyltransferase5(PRMT5),an  enzymethatregulatestranscriptionandsplicingviamethyla-
tionofarginineresiduesonhistonesandRNA-binding  proteins.InhibitionofPRMT5resultsinalteredgeneexpres-
sion,cellcyclearrest,andapoptosisintumorcells.Inearly  PhaseI/IItrials,PRT543showedencouragingactivitywith
completeremissioninacaseofovariancancerandadditional  responsesinmyeloidmalignancies.Adverseeffectsincluded  cytopenias,  fatigue,
and gastrointestinal symptoms180(Table 2).

triuoromethyl-pyridine moiety at C7, which enhances 2.2.2.1.1 Structure–activityrelationship.PRT543isarst-

bindingtotheKRASswitchIIpocketandproperlyorientsthe 
acrylamidewarheadforcovalenttargetingofCys12.Modica-



generation,SAM-competitiveinhibitorofproteinargininem-ethyltransferase5(PRMT5).ItbindsselectivelytotheS-
tions in this region affect labeling kinetics, while C2- adenosylmethionine(SAM)pocket,formingkeyhydrogen-

substitutionisgenerallytoleratedduetolowsterichindrance. 
Divarasibalsomaintainsaconservedbindingposeacross



bondandelectrostaticinteractionswithcriticalresiduessuch asGlu392,Leu319,Asp419,Tyr324,Met420,Pro314,and
related guanosine triphosphateases (GTPases), supporting Lys393, which normally stabilize SAM in the PRMT5 activesite

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry
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Fig.3 SAR illustration of investigationaldrugs: targeted smallmolecules (A), epigenetic inhibitors (B),enzyme-based therapies (C), radiophar-
maceuticals(D),PROTACs/ARpathwayinhibitors(E),metabolic/lipidpathwayinhibitors(F),cytotoxicnucleosideanalogs(G),andMET/SMO kinase 
inhibitors (H).
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(SI Fig. S1E). Building on early clinical inhibitors like depletion. Similarly, pegylated arginases such as BCT-100 
achieve
GSK3326595,whichexhibitedlimitedclinicaltolerability, far greater stability and exposure than the unmodied
PRT543wasoptimizedtoachievebothenhancedpotencyand enzyme187–189(Fig. 3C).
improved oral exposure. This combination enabled its 2.2.4. Radiopharmaceuticals
progressionintoclinicaltrialswithclearevidenceoftarget 2.2.4.1. 225Ac-PSMA-R2.225Ac-PSMA-R2 is an alpha-
emitting
modulationinpatients,highlightinghowne-tuningpotency
alongsidePKpropertiesisessentialforadvancingPRMT5
inhibitors181–183(Fig. 3B).



radioligandcomposedofActinium-225linkedtoaPSMA-targetingligand,enablinghigh-energyradiationdeliveryto  PSMA-positive  prostate
cancer cells. In the Satisfaction Phase I/
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e. 2.2.2.2. Tulmimetostat(CPI-0209).Tulmimetostatisadual IItrialformetastaticcastration-resistantprostatecancer
enhancer of zeste homolog 2 and enhancer of zeste homolog 1 (mCRPC),47%ofpatientsexperienced$50%PSAreductions.
(EZH2/
EZH1)

inhibitor that targets polycomb repressive Hematologictoxicity,particularlyanemiaandthrombocyto-
complex 2 (PRC2), disrupting transcriptional silencing of tumor penia,wastheprimary dose-limitingfactor190(Table2).

suppressorgenes.Thiscompoundshowsefficacyinepigeneti-
2.2.4.1.1 Structure–activity relationship.225Ac-PSMA-R2 is 

ancally dysregulated cancers, such asAT-rich interactivedomain-
alpha-emitting radiopharmaceutical targeting PSMA-
expressingcontaining protein 1A (ARID1A)-mutant endometrial carcinoma
prostatecancercellsinmCRPC.ItsSARcentersonthreekey

andlymphomas.PhaseI/IIclinicaltrialresultsdemonstrated
elements (tripartite design): a urea-based PSMA ligand for 
highpartialresponsesin∼25%ofpatients,withtolerableside
tumoraffinityandreducedoff-targetuptake,astablechelator

effects, including thrombocytopenia and gastrointestinal
(e.g., DOTA) to securely bind actinium-225, and a tailored 
linkerdisturbances184(Table2).
whoselengthandhydrophilicityaffectbiodistributionand

2.2.2.2.1 Structure–activity relationship. Tulmimetostat 
(CPI-

clearance.Theseoptimizedfeaturesenableselectivetumor
0209)isanext-generationdualEZH1/EZH2inhibitordesigned targetingandeffectiveDNAdamageviaalphaemissions,

totargettheSETdomainandovercomeresistancetoEZH2- ensuringtherapeuticefficacywithcontrolledtoxicity.191Modi-
specicagents.Itscentralaromaticscaffoldenablesstrong fyingthelinker'slipophilicityorstericbulk,suchasthrough

binding, while SAR-driven substitutions balance dual inhibition aromaticoraliphaticspacers,inotheranaloguesallowed
and minimize off-

target
effects. Peripheral modications tuningoftumor-to-kidneyuptake ratios192,193(Fig.3D).

improvepermeability,oralbioavailability,andpharmacoki- 2.2.5. DNAvaccines/immunotherapies
netics.Tulmimetostatshowsenhancedactivityintumorswith 2.2.5.1. ScancellSCIB1.ScancellSCIB1isaDNAplasmid-
ARID1AmutationsorEZH2gain-of-function,supportingits basedcancervaccineencodingtyrosinase-relatedprotein2
potentialasabroad-spectrumanticanceragent.DualEZH1/ (TRP-2)andglycoprotein100(gp100)melanoma-associated
EZH2inhibitionispreferredtopreventEZH1compensation, antigens,designedwithanIgG1Fcdomaintoenhance
asmodicationsthatselectivelyreduceEZH1affinitycan immune uptake and antigen presentation. In Phase I/II trials in

decreaseefficacyincertainARID1Acontexts.Therefore,the resectedmelanoma,SCIB1achieveda100%survivalrateat
designmaintains activityagainstbothisoforms185,186(Fig.3B). interim analysis, with T-cell activation detected in most 

patients2.2.3. Enzyme-basedtherapies and onlyverelapses194(Table2).
2.2.3.1. Pegargiminase (ADI-

PEG20).
Pegargiminase is ItsdesignstrategyincludesepitoperenementforMHC-I

a pegylated arginine deiminase that depletes circulating arginine, binding,plasmidbackboneoptimizationforexpression,and
a critical amino acid for the growth of argininosuccinate synthe- helperdomaininsertion forCD4+activation.195

tase1(ASS1)-decienttumors,includingmelanomaandglio-
blastoma.InPhaseIstudies,pegargiminasecombinedwith
platinum-basedchemotherapyyieldedstablediseaseinabout
50% of patients, with median PFS ranging from 3 to 5 months

and OS between 8 and 11 months. Toxicities were
mild and included fatigue, nausea, and transaminase
elevations (Table 2).



2.2.5.1.1 Structure–activityrelationship.SCIB1isaDNA vaccineencodingmelanoma-associatedantigensTRP2and gp100fusedtoaT-
cellactivationdomain,aimingtoenhance anti-tumorimmunityinadvancedmelanoma.ItsSARfocuses 
onoptimizedantigenselectionforimmunogenicity,epitope renementtoboostmajorhistocompatibilitycomplexclassI

2.2.3.1.1 Structure–activityrelationship.Pegargiminaseis (MHC-I)bindingandCD8+T-cellresponses,andaplasmid

a  pegylated  arginine  deiminase  engineered  to  treat  ASS1-
decient  tumors  by  depleting  extracellular  arginine  and
inducing  selective  tumorcelldeath.Itsnative  catalytic

siteensures  highspecicity  forL-
arginine,whilePEGylationenhancespharmacokinetics
by



backboneengineeredforefficientexpressionandsafety. InclusionofahelperdomainfurtherstimulatesCD4+T-cell
activationandimmunememory.Thesestructuraloptimiza-
tionssupportSCIB1'sclinicalefficacyandlowrelapseratesin

improvingstability,extendinghalf-life,andreducingimmuno- earlystudies.196

is a nove
genicity.TheSARisshapedbyproteinengineeringratherthan 2.2.6. PROTACs/ARpathwayinhibitors
small-moleculemodications,balancingenzymaticactivitywith 2.2.6.1. Gridegalutamide. Gridegalutamide

systemictolerabilityforeffective,sustainedargininedepletion.
PEGylationgreatlyenhancesthetherapeuticproleofarginine-
degradingenzymescomparedtotheirnativeforms.InADI-
PEG20,PEG  conjugationextendscirculationtimefromhours  to

daysandreducesimmunogenicity,enablingsustaineda
rginine

36454|RSCAdv.,2025,15,36441–36471



androgenreceptor(AR)degraderusingproteolysis-targeting  chimera(PROTAC)technology.ByhijackingtheE3ubiquitin
ligasecomplex,itdegradestheARproteinwhileantagonizing  residual  signaling,  offering  a  dual  mechanism  of  action.  In  early
PhaseItrialsformetastaticcastration-resistantprostatecancer

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry
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(mCRPC),thedrugachievedPSAreductionsandpotentAR 
knockdown with a favorable pharmacokinetic prole197(Table 2).



designed to selectively disrupt DNA synthesis in cancer cells. Its structure–activityrelationship(SAR)centersonthe20-C-cyano
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2.2.6.1.1 Structure–activityrelationship.Gridegalutamideis
group,whichenhancesenzymaticstabilityandpromotesDNA
incorporation.OncemetabolizedtoCNDACinsidecells,it

aPROTAC-basedARantagonistanddegraderdevelopedto
causessingle-strandDNAbreaksthatconverttodouble-strand

overcomeresistanceinmetastaticcastration-resistantprostate
breaksduringreplication,inducingcelldeathindividing

cancer(mCRPC).APROTACcombining:(1)ahigh-affinity
cells.Theprodrugdesignimprovesoralbioavailabilityand

androgenreceptor(AR)ligand,(2)E3ligaserecruiter(VHLor
systemicexposure.Overall,sapacitabine'sSARreectsastra-

CRBN),and(3)optimizedlinker.ItsSARisdenedbythree
tegicintegrationofstability,selectivecytotoxicity,andphar-

optimized components: an AR-binding ligand with high affinity
macokinetics, making it suitable for AML and MDS treatment 
inforbothwild-typeandmutantreceptors,anE3ligaseligand
elderlyoruntpatients.Prodrugstrategies,suchasN4lip-

targeting cereblon, or the von Hippel-Lindau tumor suppressor
idationorphosphateprodrugs,effectivelyenhanceoralexpo-

protein(CRBNorVHL)selectedforefficientdegradation,and
sure, with sapacitabine's palmitoyl amide serving as a 
validatedatailoredlinkerwhoselengthandpolarityinuenceternary
example205,206(Fig. 3G).

complexformationandcellularactivity.Thesestructural
2.2.9. Monoclonalantibodies

renementsenablepotentARdegradationandenhancedeffi-
2.2.9.1. KappaMab(MDX-1097).KappaMabisahumanized

cacyintreatment-resistantprostatecancer.Linkerlengthand
monoclonalantibodytargetingthekappa-lightchainon

exibilityarekeySARparameters,withoptimizedvariants
malignantplasmacells.InPhaseIIbtrialsforrelapsed/

enhancing ternary complex formation and androgenic receptor
refractorymultiplemyeloma,whencombinedwithlenalido-

turnover. Additionally, the choice of E3 ligase ligand (e.g., VHL
mide and dexamethasone, it achieved an ORR of 83% 
comparedversus CRBN recruiters) inuences degradation kinetics and off-
to45%withstandardtherapyandsignicantlyprolongedOS.

target effects193,198,199(Fig. 3E).
Nosevere infusionreactionswere reported207(Table2).

2.2.7. Metabolic/lipidpathwayinhibitors
2.2.7.1. Opaganib(ABC294640).Opaganibisaselective 2.2.9.1.1 Structure–activity relationship. KappaMab is
inhibitorofsphingosinekinase2(SK2),anenzymethatmodu- achimericmonoclonalantibodydesignedtoselectivelytarget

latesinammatoryandoncogenicsphingolipidsignaling.This membrane-boundk-freelightchains(k-FLCs)onmalignant
oraldrugisbeingevaluatedinPhaseII/IIIstudiesacrosssolid plasmacellsink-restrictedmultiplemyeloma.Itsstructure–

tumors and has shown synergy with chemotherapeutic agents in activityrelationship(SAR)focusesonoptimizingCDRsinthe
preclinical models. Full efficacy data are pending200(Table 2). variableregiontoachievehighspecicityfork-FLCswhile

2.2.7.1.1 Structure–activity relationship. Opaganib
avoidingnormalBcells.SARstudieshaveshownthatrened
bindingkineticsreduceinteractionwithcirculatingsolublek-

(ABC294640)isaselectiveoralsphingosinekinase2(SK2)
lightchains.Additionally,theFcregionisengineeredto

inhibitor that disrupts cancer-promoting S1P signaling. Its SAR
promotestrongantibody-dependentcell-mediatedcytotoxicity

centersonalipophilicamidescaffoldfeaturinganaphthyl
(ADCC)activity,supportingNKcell-mediatedcytotoxicity.This

group,whichenhancesSK2selectivityandmembraneperme-
balanceofspecicity,immuneactivation,andpharmacoki-

ability.Renementoftheamidelinkerandnearbyelectronic
neticsunderliesitspotentialfortreatingrelapsedorrefractory

features optimized binding orientation, potency, and metabolic
k-lightchainmultiplemyeloma(MM).208

stability.Thesemodicationsproducedacompoundwith
2.2.10. Mesenchymal–epithelial transition factor/

strongSK2inhibition,anti-proliferativeandanti-inammatory
smoothened(MET/SMO)kinaseinhibitors

effects,andgoodpharmacokinetics,whileminimizingoff-
2.2.10.1. Glesatinib(MGCD-265).GlesatinibisatypeII

targetactivity.Themosteffectivestrategytoenhancepotency
small-moleculeTKIthatinhibitsMETandSMO,bothimpli-

wasrigidifyingthelipophilictailtobetteroccupytheJ-shaped
catedintumorprogressionandsurvival.Itshowedmodest

pocket,forexample,byintroducinganinternalarylorcycloal-
antitumoractivityinNSCLCpatientsharboringMETexon14

iphaticring.EmpiricalstudiesonSphK2inhibitorsconrmed
skippingmutations,withanORRof∼15%.Thetrialwas

that this modication improves both potency and
terminatedearlyduetoinsufficientefficacy.Adverseevents

selectivity201–203(Fig. 3F).
includedgastrointestinaland hepatic toxicity209(Table2).

2.2.8. Cytotoxicnucleosideanalogs
2.2.8.1. Sapacitabine.Sapacitabineisanoraldeoxycytidine 2.2.10.1.1 Structure–activity relationship. Glesatinib is a

analogthatinducessingle-strandedDNAbreaks,leadingto
replicationarrestandcelldeath.Itisbeingstudiedinelderly  patients
with  acute  myeloid  leukemia  (AML)  or  myelodysplastic
syndrome  (MDS)  who  are  ineligible  for  intensive
chemotherapy.
InPhaseIIstudies,thedrugyieldedORRsbetween30–45%, with a
1-year  survival  rate  of ∼30%.  Common  toxicities  included
neutropeniaand febrileneutropenia204(Table2).

2.2.8.1.1 Structure–
activityrelationship.Sapacitabineisan 
oralnucleosideanalogprodrugderivedfrom20-
deoxycytidine,

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry



IITKIthatselectivelytargetstheMETreceptorinitsinactive,  highlyconservedsequencefoundintheactivationloopof  protein  kinases  (DFG-out)
conformation and also inhibits SMO intheHedgehogpathway.Itsstructure–activityrelationship (SAR) involves a hinge-binding moiety for
ATP-pocket anchoring andahydrophobictailthatoccupiestheMETgene'sallosteric backpocket,enhancingselectivity(SIFig.S1F).SARstudies
focusedonoptimizingaromaticsubstitutionsandsidechains  forpotency,particularlyagainstMETmutations,whilepolar
groupadditionsimprovedsolubilityandoralbioavailability.

RSCAdv.,2025,15,36441–36471|36455
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Despiteitsdual-targetdesignandrationalSAR-drivenoptimi-
zation,clinicalefficacyinMET-ampliedNSCLCwaslimited,

resultingindiscontinueddevelopment.However,earlycl
inical



polymerizationinhibitor.Approvedin2020forheavilypre-treated  multiple  myeloma,  blenrep  acts via targeted  cytotoxicity  andimmune-
mediatedcellkilling.However,thePhaseIII
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studies revealed suboptimal pharmacokinetics and incomplete DRiving excellence in approaches to multiple myeloma
targetinhibition,resultinginmodestefficacycomparedwith (DREAMM-3)trialshowednosignicantimprovementin

newer,highlyselectivetypeIMETinhibitorssuchascapmati- progression-free survival compare
d

to pomalidomide/
nibandtepotinib.Thisunderscorestheimportanceofboth dexamethasone(HR1.03),andnotableadverseeffectssuchas

binding mode and exposure in achieving translational keratopathyandthrombocytopeniaraisedsafetyconcerns.
success210,211(Fig.3H). FollowingFDAconsultation,GlaxoSmithKline(GSK)withdrew

Future directions in investigational anticancer therapies are thedrugfromtheU.S.marketinlate2022andgloballyby
embracingmulti-targetandpersonalizedapproaches.KRAS March2023,emphasizingthechallengeofbalancingefficacy
inhibitorslikedivarasibandglecirasibareexpandingtopan- with unique ADC toxicities.217From a medicinal chemistry point

KRAS,non-covalentallostericagents,andPROTACdegraders, of view, these toxicities were linked to the choice of payload 
andwithcombinationsinvolvingSHP2,EGFR,andSOS1showing linkerdesign,unlikecalicheamicin-basedADCs,blenrepused

promiseforovercomingresistance.Epigeneticinhibitorssuch MMAF(achargedauristatinderivative)attachedviaanon-
asPRT543andtulmimetostatareevolvingtowarddual- cleavablelinker,meaningtheentireantibody–linker–drug

targetingdesigns,aidedbyAIdrugdiscoveryandcheckpoint complexaccumulatesinsidethecellaerlysosomaldegrada-
blockadeintegration.Enzyme-basedtherapieslikepegargimi- tion.Whilethisdesignreducessystemicfreedrugexposure

nasearebeingoptimizedforlongerhalf-lifeandlower comparedtocleavablelinkers,theintracellularretentionof
immunogenicity.212 MMAFhasbeenassociatedwithoff-targetuptakeincorneal

2.3. Withdrawnordiscontinuedanticancerdrugs
epithelialcells,leading tooculartoxicity218(Table3).

2.3.1.2.1 Structure–activityrelationship.Belantamabmafo-
2.3.1. Antibody–drugconjugates(ADCs) dotinisanADCtargetingBCMAinmultiplemyeloma.ItsSAR
2.3.1.1. Gemtuzumabozogamicin(Mylotarg).Mylotargis features an afucosylated anti-BCMA antibody to enhance 
aCD33-directedantibody–drugconjugate(ADC)composedof anon-cleavablemclinker,andthemonomethylauristatinF

a recombinant humanized IgG4 monoclonal antibody linked to (MMAF)payload,atubulininhibitorwithlimiteddiffusion,
thepotentcytotoxicantibioticcalicheamicin.Designedfor improving tumor selectivity and reducing systemic toxicity. The
acutemyeloidleukemia(AML),MylotargbindstoCD33- non-cleavablelinkerensuresintracellularMMAFreleaseonly

expressingleukemicblasts,isinternalized,andreleasescal- aerlysosomaldegradation.Thisdesignoptimizesimmune
icheamicininthelysosomes,triggeringdouble-strandedDNA engagement,payloadconnement,andsafetyinrefractory

breaksandapoptosis.Originallyapprovedin2000under myeloma.219

acceleratedapproval,thedrugwasvoluntarilywithdrawnin 2.3.1.3. Trodelvy(sacituzumabgovitecan-hziy).Trodelvyis
2010aerthePhaseIIISouthwestOncologyGroup(SWOG aTROP-2-directedADCdeliveringSN-38,theactivemetabolite

S0106)trialdemonstratedincreasedinductionmortality(5.7% ofirinotecan,atopoisomeraseIinhibitor.Approvedforuro-
vs. 1.4%) and no survival benet. Later studies with fractionated thelialcarcinomain2021,Trodelvyshowedpromiseinpre-

lowerdoses,particularlytheAcuteLeukemiaFrenchAssocia- treated patients due to its bystander effect and internalization-
tion (ALFA)-0701 (ALFA-0701) trial, showed reduced toxicity and dependentcytotoxicity.However,theconrmatorystudyeval-

improvedoutcomes,leadingtoFDAreapprovalin2017.This 
casereectstheimportanceofdoseoptimizationinADC



uatingsacituzumabgovitecanTrodelvyinpatientswithmeta-staticorlocallyadvancedunresectableurothelialcancerthat
therapy.213Fromamedicinalchemistryperspective,theearly has progressed aer platinum-based chemotherapy and

designemployedanacid-labilehydrazonelinker,whichwas
latershowntoberelativelyunstableinplasma,causing
prematurepayloadreleaseand systemictoxicity214(Table3).

2.3.1.1.1 Structure–activityrelationship.Gemtuzumabozo-
gamicinisanantibody–drugconjugatetargetingCD33on 
leukemicblastsinAML.ItsSARisdenedbyahigh-affinity 

humanizedIgG4antibody,anacid-
cleavablelinker,andacal-
icheamicinpayload.Thelinkerensuresintracellularreleas
e 
withinlysosomeswhileremainingstableincirculation.SA
R



checkpoint  inhibitor  therapy  (TROPiCS-04)  Phase  III  trial  failed  tomeetitsprimaryoverallsurvivalendpoint(OS:10.3vs.9.0
months;HR0.86,p=0.087),withincreasedtoxicityand treatment-relateddeaths.Asaresult,theurothelialindication was voluntarily withdrawn in
November  2024,  though  its  use  in  triple-negative  breast  cancer  continues220The  hydrophilic  linker  ensuredtumor-
selectivereleaseandbystandereffect,but toxicity and OS failure in urothelial cancer led to the withdrawal ofthat indication221(Table3).

studies on calicheamicin focused on structural modications to 2.3.1.3.1 Structure–activityrelationship.TrodelvyisanADC

retain potency while improving systemic tolerability.215Overall,
thedesignbalancesselectivedelivery,controlledrelease,and

potent  DNAdamageforeffective  andtargeted
cytotoxicity.216



targeting  Trop-2,  composed  of  a  high-affinity  IgG1  antibody,  the  cytotoxicSN-38payload,andacleavableCL2Alinker.SAR
optimizationincludesahighDAR(8)forefficientpayload

2.3.1.2. Belantamab mafodotin (blenrep). Blenrep is a rst-in-delivery,ahydrophiliclinkerenablingtumor-selectiverelease
classADCtargetingB-cellmaturationantigen(BCMA),conju- andbystanderkilling,andantibodyengineeringtoenhance
gated to monomethyl auristatin F (MMAF), a tubulin Trop-2bindingwhilelimitingoff-targeteffects.Thisdesign

36456|RSCAdv.,2025,15,36441–36471
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supportspotent,selectiveactivityinTrop-2-expressingcancers renements in polarity and hydrogen bonding reduce wild-type
liketriple-negativebreast cancer(TNBC).222 EGFR inhibition, minimizing toxicity while maintaining

2.3.1.4. Camidanlumabtesirine.AlthoughnotyetFDA- potency.Unlikepoziotinib,whichexhibitshigherpotencybut
approved,itwaswithdrawnfromdevelopmentandisworth  noting.
It is an ADC composed of an anti-CD25 antibody linked to a
pyrrolobenzodiazepine  (PBD)  dimer  toxin,  targeting  CD25-

expressing  malignancies  such  as  Hodgkin
lymphoma and AML.



poorselectivityandunacceptabletoxicity,mobocertinibach-ievesa  balanceof  potencyand  tolerability,demonstrating  how  structure-guided
optimization of R-group vectors enables exon-specicSARdespiteclinicaltrade-offs228,229(Fig. 4A).
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Early-phasedatashowed>30%completeresponses,butits 2.3.2.2. Ingratinib(Truseltiq).Ingratinibisaselective
furtherdevelopmentwashaltedduetotoxicityandunclear FGFR1–3inhibitordevelopedforFGFR2fusion-positivechol-

long-termefficacy223(Table3).Thecleavablelinkerisdesigned angiocarcinoma. It acts by inhibiting FGFR-mediated 
oncogenicfor efficient intracellular release, but once released, the pyrrolo signaling,promotingapoptosis,andreducingangiogenesis.

[2,1-c][1,4]benzodiazepine(PBD)payloadlacksatherapeutic Initiallyapprovedbasedonsingle-armtrialresults,itsconr-
windowduetoitsextremeDNAcross-linkingpotency.Asseen matorytrialfocusesoningratinibversusgemcitabineplus

withotherPBD-containingADCs,theinabilitytocontrol cisplatin in patients with advanced cholangiocarcinoma with 
anbystandertoxicity has limitedclinicalutility.224 FGFR
2

gene fusion/rearrangement (PROOF301) trial (vs.

2.3.1.4.1 Structure–
activity

relationship. Camidanlumab
gemcitabine/cisplatin)failedtodemonstrateprogression-free
survivalbenet(PFS7.4vs.8.0months),leadingtoearlytrial

tesirineisaCD25-targetingADCcomposedofafullyhuman
termination and voluntary withdrawal in May 2024.230The case

IgG1antibody,aPBDdimerpayload,andaprotease-cleavable
ofingratinibillustratesthedifficultyofdesigninghighly

linker.SARoptimizationfocusedonhigh-affinitybindingand
selective FGFR inhibitors that maintain efficacy while avoiding

efficientinternalization,whilereducingoff-targeteffectson
class-relatedadverseeffectssuchashyperphosphatemia,nailnormal CD25+immune cells. The PBD toxin induces DNA cross-
toxicities,and ocularevents231,232(Table3).

linkswithhighpotencyandminimaldetectability,andthe
linkerensuresplasmastabilitywithintracellularrelease. 2.3.2.2.1 Structure–activity relationship. Ingratinib is

Despitestrongactivity,clinicalusewaslimitedbyimmune- aselectiveoralFGFR1–3inhibitordesignedforFGFR-altered
related toxicity due to CD25 expression on regulatory T cells.225 cancers, particularly FGFR2 fusion-positive chol-

2.3.2. Kinaseinhibitors angiocarcinoma.ItsSARisbasedonapyrimidine–ureacore
2.3.2.1. Mobocertinib(Exkivity).Mobocertinibisanoral, thatanchorsthemoleculeintheFGFRATP-bindingsite.
irreversibleTKItargetingEGFRexon20insertionmutations, Substitutions at C4 and C6 enhance hinge region binding, 

whileasubsetofnon-small-celllungcancer(NSCLC)withpoor ahalogenatedarylgroupimproveshydrophobicinteractions.
responsetostandardEGFRTKIs.Itbindscovalentlytothe Anethylpiperazinemoietyboostssolubilityandoralbioavail-
cysteine-797residueintheEGFRactivesite,blockingthe ability.SARoptimizationfocusedonenhancingisoformselec-

downstream mitogen-activated protein kinase pathway, and the tivity and pharmacokinetics while minimizing off-target effects.
phosphoinositide 3-kinase pathway, including PI3K (MAPK and AnovelseriesofN-aryl-N0-pyrimidin-4-ylureaswasoptimized

PI3K) pathways. Mobocertinib was granted accelerated approval throughrationaldesignofthearylringsubstitutionpattern,
in2021;however,theconrmatoryclinicaltrialinvestigating yieldingpotentandselectiveinhibitorsofFGFR1–3.Basedon
theuseofmobocertinibinpreviouslyuntreatedpatientswith itsfavorableinvitroprole,compound1h(NVP-BGJ398)was

locally advanced or metastatic EGFR exon 20 insertion selectedforinvivostudiesanddemonstratedsignicantanti-
mutation-positivenon-smallcelllungcancer(EXCLAIM-2) tumoractivityinRT112bladdercancerxenograsover-

Phase III trial showed no improvement in PFS versus expressingwild-typeFGFR3,highlightingitspotentialas
platinum-basedchemotherapy(median9.6monthsinboth atherapeuticanticancer agent233,234(Fig. 4A).
arms,HR1.04).Duetoalackofefficacyandmodestsafety 2.3.2.3. Copanlisib (Aliqopa).Copanlisib is a pan-class PI3K

concerns (e.g., diarrhea, QTc interval corrected for heart rate on inhibitor,selectivelyinhibitingPI3K-aandPI3K-disoforms,
anelectrocardiogramprolongation),Takedavoluntarilywith- with activit in B-cell malignancies suc as follicular

drewthedruginJuly2024.Itwasdesignedforexon20inser-tions,
but  off-target  EGFR inhibition  and  lack  of  PFS benet  led
towithdrawal.226Thiscaseunderscoresthatscaffoldoptimiza-

tionmustbalancepotencyagainstmutantisoformswith
tolerabilityinnormaltissue,acentralchallengeindesigni
ng



lymphoma.Administeredintravenously,copanlisibwasasso-ciatedwithadversemetabolicevents(e.g.,hyperglycemiaand
hypertension)typicalofPI3K-ainhibition.Aeritsaccelerated  approval  in  2017,  the  study  investigating  the  efficacy  and  safety
ofcopanlisibincombinationwithstandardimmunochemo-

next-generationTKIs227(Table3). therapy for relapsed indolent non-Hodgkin's lymphoma

2.3.2.1.1 Structure–activityrelationship.Mobocertinibisan 
oral TKI designed to selectively inhibit EGFR exon 20 insertion 
mutationsinNSCLC.ItsSARiscenteredonapyrimidinecore with C-
4 aniline modications that enhance mutant selectivity, 
andanacrylamidewarheadthatcovalentlybindsCys797for 

irreversible inhibition (SI Fig. S1G). A methyl-
piperazine moiety 
improvesoralbioavailabilityandsystemicexposure.SAR

36458|RSCAdv.,2025,15,36441–36471



(CHRONOS-4) trial failed to conrm its clinical benet, leading tovoluntarymarketwithdrawalinMarch2024.Copanlisib highlightsthetrade-
offsbetweenoralbioavailabilityversus  tolerabilityinPI3Kinhibitors;itscasereinforcestheimpor-tanceofdevelopingnext-generationisoform-
selectiveorallo-stericPI3Kinhibitorsthatcanminimizeclass-widesafety liabilitieswhilepreservingefficacy235(Table3).

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry
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Fig.4 SAR illustration of withdrawn drugs: kinase inhibitors (A) and cytotoxic/alkylating agents (B).

2.3.2.3.1 Structure–activityrelationship.Copanlisibis an IV- 2.3.3. Cytotoxic/alkylatingagents
administeredpan-classIPI3Kinhibitorwithselectivityfor 2.3.3.1. Melphalanufenamide(Pepaxto).Melphalanufe-

PI3K-aandPI3K-d.ItsSARcentersonamorpholino-triazine
core,withC4andC6substitutionsoptimizedtoenhanceiso-
formselectivitywhilereducingPI3K-b/goff-targeteffects.
Fluorinatedarylgroupsimprovemetabolicstabilityandhalf-
life.Time-dependentinhibitionofPI3K-dsupportsdurable
activityinB-cellmalignanciesandcontributestoitsclinical
efficacyandtolerability.The2,3-dihydroimidazo[1,2-c]quin-
azoline scaffold of copanlisib adopts a at conformation in the

p110catalyticpocketandextendsintoadeeper-
affinitysite,
unlikeidelalisib,whosequinazolineoccupiesaselectivit
y pocket. Copanlisib shows higher potency across all
class  I  PI3K
isoforms,withtenfoldpreferenceforp110a/d,leadingtoc
ell-



namideisalipophilicpeptide–drugconjugateofthealkylating  agentmelphalan,designedforenhancedtumortargetingvia
hydrolysisbyaminopeptidaseN.Uponintracellularrelease, melphalaninducesDNAcrosslinking,triggeringcelldeath.The Phase III The optimal
anti-coagulation  for  enhanced-risk  patients  post-catheterablationforatrialbrillation(OCEAN)trial(vs.
pomalidomide/dexamethasone)failedtoshowanoverallsurvival  advantageand,concerningly,indicatedhighermortalityinthe
treatmentarm(OS19.8vs.25.0months;HR1.10).TheFDA withdrew approval  in  February  2024,  reecting the limited utility  of  cytotoxic
alkylators despite modern targeting approaches. It illus-tratesboththepromiseandpitfallsofpeptide–drugconjugates.

type-specic cytotoxicity. Intermittent intravenous dosing Although the prodrug strategy successfully improved delivery 

reduces  gastrointestinal  toxicity  compared  with  continuous
oral  idelalisib,andclinically,copanlisibdemonstratessuperior
efficacyandtolerabilityinrelapsedfollicularlymphomaand
activatedB-cellDLBCL236,237(Fig. 4A).

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry



enzyme-targetedactivation,thedisconnectbetweenprogression-freeandoverallsurvivaloutcomesemphasizesthatrational  design  at  the
chemistry level must ultimately be validated by long-term clinical benet238(Table 3).
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2.3.3.1.1 Structure–activityrelationship.Melphalanufena- Fc-silentanti-TIGITantibodies,vibostolimabretainswild-type
mideisapeptide–drugconjugatethatimprovesmelphalan 
deliveryviaenzymaticactivationintumors.ItsSARfeatures



IgG1FctoenableADCCandpotentialTregdepletion.Epitope targeting and preserved effector function were key SAR features
a lipophilic dipeptide linked to melphalan, enhancing supportingsynergisticactivitywithPD-1inhibitorsinsolid
membranepermeabilityandallowingintracellularreleaseby tumors.245

aminopeptidases like CD13. Peptide substitution at the 2.3.4.2. Favezelimab.Favezelimabisalymphocyteactiva-
melphalanaminebooststumorselectivity,whiletheufena-
midemoietyandlinkerdesigninuencepermeability,release



tion gene 3 (anti-LAG-3) monoclonal antibody that blocks LAG-3 signalingonexhaustedTcells,promotingimmuneactivation.
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e. kinetics,andsystemicstability,improvingtherapeuticindex Likevibostolimab,itfailedtoproduceconsistentresponsesin

andreducingtoxicity.Melphalanufenamidedelivershigher early trials and was terminated as a development program in 
intracellularmelphalanlevelsthanfreemelphalan,yielding sameyear.Thesediscontinuationsreecttheongoingchal-
lowerIC50valuesandinducingapoptosiseveninresistant lengeoftranslatingcheckpointblockadebeyondPD-1and

CTLA-4(ref.246)(Table3).multiple myeloma cells. Its activity depends on aminopeptidase
N–mediatedconversionandinvolvescaspaseactivation,ROS 2.3.4.2.1 Structure–activityrelationship.Favezelimabisan

generation,mitochondrialdysfunction,andDNAdamage.It Fc-silentIgG4monoclonalantibodytargetingLAG-3torestore
alsoinhibitscellmigrationandangiogenesis,showssuperior T-cellfunctionintumors.ItsSARcentersonhigh-affinity
tumorsuppressioninxenograsversusmelphalan,andacts bindingtotheD1domainofLAG-3,blockingMHC–IIinterac-
synergisticallywithlenalidomide,bortezomib,ordexametha- tion without triggering ADCC. Fc mutations (e.g., S228P) 

reducesone239,240(Fig. 4B). immuneeffectorfunctions,preservingbenecialTcells.SAR
2.3.3.2. Marqibo (liposomal vincristine). Marqibo was studiessupportitssynergywithPD-1inhibitors,withselective

areformulatedliposomalformofvincristineforPh-negative activityinLAG-3-hightumors,enablingeffectivedualcheck-
AcuteLymphoblasticLeukemia(ALL).Itwasquietlywith- pointblockadewithminimized immunetoxicity.247
drawnfromthemarketinMay2022duetocommercialand Futureperspectivesforwithdrawnordiscontinuedanticancer
clinicallimitations,involvingneurotoxicity,whichincludes drugs emphasize rening design strategies across different 

thera-minimaldifferentiationfromconventionalvincristine,and peutic classes. For ADCs such as Mylotarg, Blenrep, Trodelvy,
andlogisticalconstraintsofliposomaladministration241(Table3). Camidanlumab,thefutureliesincreatingmorestable,tumor-

2.3.3.2.1 Structure–activityrelationship.Marqiboisalipo- speciclinkers,site-specicconjugationforconsistentDAR,and
somalformulationofvincristinethatenhancesefficacyand next-generationpayloadswithimprovedtherapeuticwindows,

safety through formulation-based SA Encapsulation in while bispecic ADCs and immune-modulating payloads are 
sphingomyelin/cholesterol liposome prolongs circulation, advancing.248For kinase inhibitors like Mobocertinib, 

improvestumoraccumulationviatheEPReffect,andreduces andCopanlisib,thefocuswillbeonenhancingmutantisoform
neurotoxicity by limiting free drug exposure. While vincristine's selectivity,reducingwild-typetoxicity,andemployingstrategies

structureremainsunchanged,thedeliverysystemoptimizes likecovalentreversibleorallostericinhibition,withcombination
pharmacokineticsandtherapeuticindex,highlightingtherole therapies(e.g.,PROTACs,ADCs,orimmunotherapies)being

of formulation in SAR. Encapsulatio of vincristine in promising.249Inthecaseofdiscontinuedcytotoxicssuchas
sphingomyelin/cholesterol liposome (Marqibo) alters its Melphalan,Flufenamide,andMarqibo,futuredirectionsinvolve

pharmacokineticsanddelivery,extendingplasmahalf-life, rational prodrug strategies, liposomal formulations, and 

increasingtumoraccumulationthroughenhancedextravasa-
tion,andenablingsustainedintratumoralrelease.These

modicationsallowhighercumulativedosingwithimpro
ved



activatedprodrugs,buttheserequirepredictivebiomarkersto  guide  patient  selection.  Lastly,  forimmunotherapieslike  vibosto-
limabandfavezelimab,whichfailedtoachievemeaningful

tolerability and therapeutic index compared with non- responses,thenextwavewilllikelyinvolvemulti-checkpoint
liposomalvincristine242,243(Fig.4B). blockade(e.g.,TIGIT+PD-1+LAG-3),Fcengineeringformore

2.3.4. Immunotherapies preciseimmunemodulation,andintegrationwithcelltherapies
2.3.4.1. Vibostolimab.Vibostolimabisamonoclonalanti- andvaccinestoovercomeresistanceandimprovedurabilityof

bodytargetingTcellImmunoglobulinandITIMdomain response.250

(TIGIT), a co-inhibitoryreceptoron T cellsand NK cells.It was
hypothesizedtoenhanceanti-tumorimmuneactivitywhen
combinedwithPD-1/PD-L1blockade.However,PhaseI/II
studiesfailedtoshowmeaningfuladditiveefficacy,anddevel-
opmentwasdiscontinuedin2024244(Table3).

2.3.4.1.1 Structure–activity relationship. Vibostolimab is
ahumanIgG1monoclonalantibodytargetingTIGITtorestore  T-
cell and NK cell function in tumors. Its SAR emphasizes high-

affinity  binding  to  TIGIT's  extracellular  domain  to
block  CD155  interactionwithoutdisruptingCD226co-
stimulation.Unlike

36460|RSCAdv.,2025,15,36441–36471



3. Medicinalchemistryinsights drivingmoderndrugdevelopment (Novelty)
3.1. Advances in linker design for antibody–drug conjugates (ADCs)

ThechemicaldesignofADClinkershasmaturedfromearly, heterogeneousconjugationchemistriestohighlyengineered,
site-specic approaches that materially improve stability

,

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry
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therapeuticindex,andmanufacturability.251Early-generation 
maleimidecysteineconjugationproducedheterogeneousdrug-



a central role in translating biological discoveries into clinically effectivetherapies.Thisreviewunderscoreshowtheintricate
antibody ratios and risked premature payload release; in relationshipbetweendrugstructure,moleculartargets,and

contrast,site-
specicstrategies(engineeredcysteines,enzymatic
methods,andsmall-moleculechemistries)yieldmorehomoge-
neousconjugateswithbetterpharmacokineticsandsafety

proles.252Modernlinkerselectionispurpose-
driven:cleavable  linkers(protease-,pH-,  or
glutathione-sensitive)arechosenwhen



clinical  efficacy  has  led  to  a  paradigm  shi—from  conventional  cytotoxicagentstopreciselyengineeredmoleculesthatexploit  specic
vulnerabilities  in  cancer  cells.  Medicinal  chemistry  has  enabledtherationaldesignofsmall-moleculeinhibitors,  monoclonal  antibodies,
ADCs, and emerging platforms such as
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e. payloadreleaseinthetumourmicroenvironmentorlysosomeis PROTACsandmolecularglues.Thesemodalitieshaverevolu-
desired,whereasnon-cleavablelinkersareusedtomaximize tionizedthetreatmentlandscapeacrossavarietyofmalignan-

plasmastabilityandalterthecataboliteprole.253Recent cies,includingsolidtumorsandhematologiccancers.Key
medicinal-chemistry advances have introduced stimuli-responsive milestonesincludethedevelopmentofselectivekinaseinhibi-

andhydrophobicity-maskingdesigns(photo-responsive,redox/ torslikeosimertinibandpalbociclib,immunecheckpoint
iron-sensitive,andenzyme-triggeredlinkers)andrenedsite- inhibitors such as dostarlimab, and ADCs like fam-

trastuzumabspecicconjugationtoreduceoff-targettoxicityandimprove deruxtecanthatcombinetargetingprecisionwithcytotoxic
therapeutic windows.254 potency.StructuraloptimizationbasedonSARanalysishas

3.2. Scaffoldhoppinginnext-generationkinaseinhibitors
beenpivotalinenhancingdrugspecicity,reducingoff-target
toxicity,andimprovingpharmacokineticproles.

Despitetheseadvances,severalchallengesremain.DrugScaffoldhopping,whichisreplacingthecentralcorescaffold
resistance, tumor heterogeneity, and immune evasion 
continuewhile preserving the pharmacophore that engages the target, is
to limit long-term treatment efficacy. Moreover, the withdrawal

amature,evidence-basedtacticusedtoescapeintellectual-
ofseveralanticanceragentsduetosuboptimalefficacyor

propertyconstraints,mitigateADME/toxicityliabilities,and
unacceptabletoxicityhighlightstheneedforrobustclinicalrecoveractivityagainstresistantmutants.255Inthekinase eld
validationandpost-marketingsurveillance.ThefailuresofthisstrategyhasenabledtransitionfromearlyATP-mimetic
drugslikemobocertinibandbelantamabmafodotinserveascorestochemicallydistincthinge-bindingheterocyclesand
criticalremindersofthecomplexityofcancerbiologyandtherigidiedscaffoldsthatpreservekeyinteractionsyetimprove
importanceoftranslationalresearch.Futuredirectionsinselectivity,metabolicstability,andbrainpenetrancewhere
anticancerdrugdiscoverywillrelyheavilyoninterdisciplinaryrequired.256Practical examples across tyrosine-kinase programs
integration.Articialintelligenceandmachinelearningareshowhowscaffoldreplacementcanretaintargetengagement
beginningtoreshapetheearlyphasesofdrugdesignbypre-whileopeningnewvectorsforoptimizationofsolubility,
dictingmolecularinteractions,optimizingleadcompounds,metabolic so-spots, and CNS exposure outcomes documented
andforecastingADME/Toxproles.Advancesinepigeneticinbothconceptualreviewsand concretekinase leadseries.257
modulation, tumor microenvironment targeting, radio-

3.3. PROTACchemistryversusclassicalSARoptimization
theranostics,andcell-basedtherapiesoffernewhorizonsfor
therapeuticintervention.Additionally,drugdeliverysystems

PROTACs represent a mechanistic and medicinal-chemistry suchasnanocarriersandliposomes,informedbychemical
digm shi.258Classical SAR optimizes a single binding interaction engineeringprinciples,willfurtherimprovetherapeuticindex

(affinity/selectivity)toblockfunction;PROTACsarehetero-
bifunctionalmoleculesthatdrivetheformationofaproductive
ternarycomplexbetweenthetargetproteinandanE3ligaseto
elicitubiquitinationandproteasomaldegradation.259Conse-
quently,linkerdesign,ratherthanonlyimprovingtargetaffinity,
becomescentral:linkerlength,attachmentgeometry,rigidity/exi

bility,andpolaritystronglyinuenceternary-
complexcoop-erativity,  cellular  permeability,  and
degradation  kinetics.260Recent
advances(macrocyclizationtopre-
organizedegradergeometry,  photo-switchable
PROTACs for spatiotemporal control, and in-cell



and tissueselectivity.
Insummary,medicinalchemistryremainstheengine  drivingtheevolutionofoncologytherapeutics.Asourunder-

standingofcancerbiologydeepensandnewtechnologies  emerge,thesynergisticinterplaybetweenmoleculardesign,
pharmacologicalinnovation,andclinicaltranslationwillbe  crucial  in  achieving  the  ultimate  goal  of  personalized,  durable,
andcurativecancertreatment.Thisreviewhighlightsnotonly  pastandpresentachievementsbutalsoilluminatestheprom-ising  future  of
anticancer drug development through the lens of

click-
assembled

PROTACs/
CLIPTAC

approaches for modular medicinalchemistry.
assembly)illustratedistinctmedicinal-chemistryleversthatare

notusedinclassicalSARworkows.261,262Theseprinciplesand 5. Expertopinion
reported examples are well documented in the PROTAC 

and mechanistic reviews.263,264



Thepastdecadehasmarkedatransformativeperiodinanti-cancerdrugdevelopment,withmedicinalchemistry servingas

4. Conclusion thekeystoneinlinkingbiologicalinsightstotherapeutic
applications.Thegrowingconvergenceofstructuralbiology,

Thepastdecadehaswitnessedunprecedentedprogressin 
anticancer drug development, with medicinal chemistry playing

©2025TheAuthor(s).PublishedbytheRoyalSocietyofChemistry



pharmacology,andclinicaloncologyhasenablednotjustthe synthesisofnewdrugcandidatesbutalsotherealizationof

RSCAdv.,2025,15,36441–36471|36461
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mechanism-driven therapies. From kinase

Review

truly rational, technologieswilllikelyconvergeunderauniedmedicinal
inhibitorsandADCstoPROTACsandradiotheranostics,the
integration of SAR data into every stage of drug development
is  nowstandard.Thistrendissignicantlyimpactingreal-world
outcomesbyadvancingtreatmentspecicity,minimizing adverse

effects,  and  improving  cost-effectiveness  through
more durable responses.

Theclinicalimplicationsoftheseinnovationsaresubsta
n-



chemistryframework.
By2030,weenvisionadrugdiscoveryecosysteminwhich  SARmodelingisdrivenbyintegratedAIplatforms,seamlessly

connectingomicsdata,patient-derivedmodels,andstructure-basedpredictions.Clinicianswillhaveaccesstodecision-
supporttoolsthatpredictdrugefficacyandresistancemecha-nisms in real time, allowing personalized therapy selection not
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e. tial.Structure-guideddesignandSAR-basedoptimizationhave justbasedongenotypebutonpredictedligand–targetinterac-
led to drugs with superior pharmacokinetic and safety tions.Drugdevelopmenttimelineswillbeshortenedthrough

proles—osimertinib'sbrain-penetrantEGFRinhibition,or iterativevirtualscreeningcyclesandcontinuouslearning
fam-trastuzumabderuxtecan'simprovedlinkerchemistryand systems.Mostimportantly,thestandardoncologycarepara-

payload delivery are just a few examples. In addition, medicinal digm will shitoward ultra-targeted, SAR-informed therapeutic
chemistry'sroleinreformulatinglegacydrugs(e.g.,vincristine regimens designed to outpace resistance and maximize 

patientintoliposomalMarqibo)orrepurposingoldscaffoldswith benet.
betterselectivityhasmadepreviouslydifficulttargetsviable.
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