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A B S T R A C T ! !

Although!immune!checkpoint!inhibitors!have!revolutionized!the!treatment!of!several!advanced!solid!cancers,!in!
colorectal! cancer,! the! transformative!bene"t!of! these! innovative!medicines! is! currently! limited!to! those!with!
de"cient!mismatch!repair!or!high!microsatellite!instability.!Tumor!mutational!burden!(TMB)!has!emerged!as!a!
potential!predictor!of!immunotherapy!bene"t,!but!the!lack!of!standardization!in!its!assessment!and!reporting!has!
hindered!the!introduction!of!this!biomarker!in!routine!clinical!practice.!Here,!we!compiled!45!colorectal!cancer!
studies!utilizing!numerical!thresholds!for!high-TMB.!In!this!group!of!studies,!TMB!cut-offs!ranged!from!6.88!to!41!
mut/Mb!and!were!most!often!set!at!10,!17,!or!20!mut/Mb.!Additionally,!we!observed!divergent!TMB!de"nitions!
and!inconsistent!disclosure!of!speci"c!methodological!details,!which!collectively!emphasize!the!substantial!lack!
of!harmonization!within!the!"eld.!Ongoing!efforts!to!harmonize!TMB!assessment!will!be!critical!to!validate!TMB!
as!a!predictive!marker!of!immunotherapy!response.!!!

1. Introduction!

According! to! the! latest! GLOBOCAN! estimates,! colorectal! cancer!
(CRC)!is!the!third!most!commonly!diagnosed!cancer!worldwide!(10%)!
and!is!the!second!leading!cause!(9.4%)!of!cancer-related!deaths!(Ferlay!
et!al.,!2024;!Sung!et!al.,!2021).!Although!the!5-year!survival!of!CRC!is!
largely! stage-dependent—around! 90%! for! stage! I! and! 10%! for! stage!
IV—its!prognosis!remains!grim,!as!patients!typically!only!show!symp-
toms!at!an!advanced!stage!of!the!disease!(Ogunwobi!et!al.,!2020;!Picard!
et!al.,!2020).!Almost!25%!of!CRC!cases!are!diagnosed!at!a!metastatic!
stage,!and!50%!of!patients!with!localized!disease!at!the!time!of!diagnosis!
will!go!on!to!develop!metastasis!over!time!(CRUK,!n.d.;!Ogunwobi!et!al.,!
2020).! Although! the! burden! of! colorectal! cancer! has! decreased! in!
high-developed!countries!(Xie!et!al.,!2020),!the!number!of!new!cases!has!
nearly!doubled! in!individuals!younger!than!50!years!of!age,!who!are!
often! excluded! from! routine! screening! initiatives! (Done! and! Fang,!
2021).!Despite! advances! in! screening,! diagnosis,! and! treatment,!CRC!
remains!an!important!public!health!challenge,!as!traditional!therapeutic!
strategies!offer!a!median! survival!of!only!30!months! (Fabrizio!et!al.,!
2018;!Ooki!et!al.,!2021).!

Most!patients!present!with!unresectable!disease,! and! thus! require!
systemic!therapy:!current!standard-of-care!dictates!metastatic!colorectal!
cancer!(mCRC)!should!be!treated!with!a!combination!of!chemotherapy!

and!targeted!agents,!chosen!according!to!molecular!testing!of!the!tumor!
(Ooki! et! al.,!2021).!The!most! frequently!used!monoclonal!antibodies!
(mAb)!target!either!the!epidermal!growth!factor!receptor!(EGFR)!or!the!
vascular!endothelial!growth!factor!(VEGF)!pathway!(Cervantes!et!al.,!
2022).! In!KRAS!or!NRAS!mutated!cancers,!anti-VEGF!antibodies!(e.g.!
bevacizumab)! will! be! the! mAB! of! choice,! as! anti-EGFR! mAb! (e.g.!
cetuximab,!panitumumab)!may!only!be!used!to!treat!non-mutated!tu-
mors! (Aleksakhina! and! Imyanitov,! 2021).! In! the! second! group,! the!
choice!between!anti-EGFR!or!anti-VEGF!will!depend!on!additional!fac-
tors,!such!as!the!laterality!of!the!primary!tumor!(Network,!2023).!As!new!
genetic! markers! are! uncovered,! CRC! management! has! moved! even!
further! into!an!era!of!personalized!medicine,!particularly! in! the!che-
morefractory!setting.!For!example,!tumors!with!BRAF!V600E!mutations!
are! highly! aggressive! but! may! be! treated! with! a! combination! of!
BRAF-inhibitors!and!anti-EGFR!mAb,!and!although!rare,!CRCs!driven!by!
HER2! ampli"cation! often! respond! to! HER2-targeted! therapies!
(Afr!sânie!et!al.,!2019;!Aleksakhina!and!Imyanitov,!2021).!

The!identi"cation!of!an!immune!signature!characterized!by!de"cient!
mismatch!repair!(dMMR)!represents!a!new!hope!for!CRC!research.!The!
MMR!pathway!is!responsible!for!recognizing!and!repairing!DNA!base!
pair!mismatches!that!occur!due!to!errors!in!the!replication!and!recom-
bination!of!DNA!(Lizardo!et!al.,!2020;!Reilly!et!al.,!2019).!Most!cases!of!
MMR!de"ciency!are!sporadic!and!caused!by!epigenetic!silencing!of!MMR!
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genes,!while!only!a!small!percentage!of!CRC!patients!have!actual!so-
matic!or!germline!mutations!(Harada!and!Morlote,!2020).!MMR!failure!
results!in!a!phenotype!of!microsatellite!instability!(MSI)!and!is!one!of!the!
driving!mechanisms!behind!colorectal!tumorigenesis!(J.!Li!et!al.,!2021;!
Lizardo! et! al.,! 2020).! These! defects! lead! to! a! higher! frequency! of!
frameshifts!and!insertion!and!deletion!mutations!(indels),!which!may!
generate!novel!peptides!within!the!cell!(Reilly!et!al.,!2019;!Zheng!et!al.,!
2022).!If!these!peptides!are!displayed!by!the!major!histocompatibility!
complex!(MHC)!and!recognized!by!the!immune!system!as!foreign,!they!
may!trigger!an!immune!response,!which!can!be!manipulated!by!immu-
notherapeutic!strategies!(Reilly!et!al.,!2019;!Zheng!et!al.,!2022).!

In!the!past!decade,!immunotherapy!has!revolutionized!cancer!man-
agement.!These!strategies!can!be!divided!into!three!main!groups:!cell-!
based! therapies,! therapies! targeting! cytokines,! and! immune! check-
point!inhibitors!(ICIs).!Checkpoint!inhibitors,!in!particular,!have!trans-
formed! the! treatment! of! many! advanced! solid! cancers,! such! as!
melanoma!and!non-small!cell!lung!cancer!(NSCLC)!(Borelli!et!al.,!2022;!
Huyghe!et!al.,!2020).!Eight!ICIs!are!currently!approved!by!the!U.S.!Food!
and!Drug!Administration! (FDA)!and! the!European!Medicines!Agency!
(EMA),!and! three!of! those—nivolumab,!pembrolizumab,!and! ipilimu-
mab—can!be!used!in!dMMR/MSI-H!colorectal!cancer!(European!Medi-
cines! Agency,! 2024,! 2023a,! 2023b).! However,! MMR! de"ciencies! in!
metastatic!colorectal!cancer!are!not!very!common:!while!microsatellite!
instability!is!present!in!15%!of!all!CRC!cases,!this!percentage!drops!to!
3–4%!in!patients!with!metastatic!disease!(Pecci!et!al.,!2021).!

Some!individuals!achieve!durable!and!complete!remissions!(Jardim!
et!al.,!2021),!but!treatment!with!ICIs!is!not!without!risks,!which!should!
be!carefully!considered:!although!these!medicines!are!reasonably!safe,!
immune-related!adverse!reactions!are!common!and!may!be!fatal!in!some!
cases!(Dolladille!et!al.,!2020).!In!a!minority!of!patients,!treatment!with!
ICIs!may!even!cause!a!paradoxical,!accelerated!progression!of!disease,!
termed!hyperprogression!(Adashek!et!al.,!2020).!Immunotherapy!is!also!
incredibly!costly;!using!predictive!biomarkers!to!select!cancer!patients!
for! ICI! therapy! is! crucial! to! reduce! response! variability,! increase!
cost-effectiveness,!and!prevent!unnecessary!toxicity.!

Currently,!MSI!status!is!the!only!predictive!marker!of!ICI!response!in!
colorectal! cancer.! However,! it! does! not! adequately! identify! all! CRC!
patients!who!might!bene"t!from!treatment!with!ICIs!(Y.!Li!et!al.,!2021).!
In!other!cancers,!measurement!of!PD-L1!expression!via!immunohisto-
chemistry! is!used! to!predict! response! to! ICIs,!but! this!biomarker!has!
shown!limited!utility!in!CRC!(Chan!et!al.,!2019).!Discovering!and!vali-
dating!new!biomarkers!that!can!more!accurately!predict!which!patients!
bene"t!the!most!from!this!innovative!therapy!is!an!urgent,!unmet!need.!

One!highly!researched!biomarker!is!tumor!mutational!burden!(TMB),!
which! essentially! re#ects! the! number! of! mutations! present! in! the!
genome!of!the!cancer!cells!(Aleksakhina!and!Imyanitov,!2021).!Initial!
studies!in!lung!cancer!suggested!a!higher!mutational!burden!was!asso-
ciated!with!improved!responses!to!anti-programmed!cell!death-1!(PD-1)!
antibodies!(Rizvi!et!al.,!2015),!and!because!MSI!is!only!one!of!several!
potential! mechanisms! contributing! to! a! high! tumor! mutational! load!
(Aleksakhina! and! Imyanitov,! 2021),! strati"cation! according! to! TMB!
may!identify!new!subpopulations!of!CRC!patients!who!could!potentially!
bene"t!from!ICIs.!However,!the!lack!of!standardization!in!TMB!assess-
ment!and!the!high!complexity!of!the!methodology!have!prevented!this!
biomarker! from! entering! routine! clinical! practice! (McNamara! et! al.,!
2020).!

In!this!critical!review,!we!explore!the!potential!of!TMB!as!a!predictor!
of! response! to! ICIs,! address! the! limitations! associated!with! its!wide-
spread! implementation,! and! evaluate! its! utility! in! metastatic! CRC.!
Additionally,!we!sought! to! synthesize!current!evidence!and!compiled!
CRC!studies!utilizing!TMB!as!a!biomarker,!allowing!for!the!identi"cation!
of!common!patterns!in!TMB-based!strati"cation!in!colorectal!cancer.!

2. The!role!of!checkpoint!inhibitors!in!MSI-H!CRC!

To! prevent! excessive! immune! responses! that! could! harm! healthy!

cells! and! tissues,! the! immune! system! can! regulate! its! own! activity!
through!a!set!of!molecules!known!as!inhibitory!immune!checkpoints,!
such!as!anti-PD-1,!anti-programmed!cell!death-ligand!1! (PD-L1),!and!
anti-cytotoxic!T-lymphocyte-associated!antigen-4!(CTLA-4)!(Ooki!et!al.,!
2021).!These!immune!checkpoints!essentially!act!as!brakes!for!the!im-
mune!response:!following!activation!through!the!T-cell!receptor!(TCR),!
T-cells!require!a!co-stimulatory!signal!to!become!fully!functional,!which!
is!inhibited!by!interaction!with!immune!checkpoints!(Wang!et!al.,!2016).!
Some!cancer!cells!exploit!this!protective!mechanism,!and!by!expressing!
co-inhibitory!molecules!on!the!cell!surface,!are!able!to!escape!immune!
surveillance!and!survive!(Jardim!et!al.,!2021).!If!these!checkpoints!are!
blocked! pharmacologically,! the! body’s! anti-tumor! response! can! be!
“reactivated” (Jardim!et!al.,!2021).!The!discovery!of!immune!checkpoint!
blockade!has!transformed!the!therapeutic!landscape!of!many!advanced!
solid!cancers!and!earned!James!P.!Allison!and!Tasuku!Honjo!the!Nobel!
Prize!in!Physiology!or!Medicine!in!2018!(NobelPrize.org,!n.d.).!How-
ever,! despite! their! success! in! neoplasms! like!melanoma! and! NSCLC,!
initial!studies!with!checkpoint-blocking!mAbs!failed!to!demonstrate!a!
clinical!bene"t!in!unselected!patients!with!CRC!(Almquist!et!al.,!2020).!
Indeed,!in!the!"rst-in-human!phase!I!clinical!trial!of!nivolumab,!only!1!
out! of! 14! patients!with!mCRC! experienced! (and! later!maintained)! a!
complete!response!(Brahmer!et!al.,!2010),!and!in!a!larger!trial!carried!
out!by!the!same!investigators,!none!of!the!CRC!patients!showed!objec-
tive!responses!(Topalian!et!al.,!2012).!

Based! on! the! hypothesis—and! subsequent! con"rmation—that! the!
one!patient!who! responded! to! treatment!with!nivolumab!had!dMMR!
(Lipson!et!al.,!2013),!Le!and!colleagues!carried!out!a!phase!II!clinical!
trial! (NCT01876511)! where! three! different! cohorts! of! patients! with!
metastatic!cancer!received!the!anti-PD-1!mAb!pembrolizumab:!cohort!A!
included!11!patients!with!dMMR!colorectal!adenocarcinoma,!cohort!B!
included!21!patients!with!pro"cient!mismatch!repair!(pMMR)!colorectal!
adenocarcinoma,!and!cohort!C!included!9!patients!with!non-colorectal!
dMMR! tumors! (Le! et! al.,! 2015).! Indeed,! a! de"ciency! in! the! MMR!
pathway! was! associated! with! a! better! response! to! ICIs:! the!
immune-related!overall!response!rate!(ORR)!in!cohorts!A!and!C!was!40%!
and!71%,!respectively,!compared!to!0%!in!cohort!B!(Le!et!al.,!2015).!
After!this!initial!proof-of-concept!trial,!the!potential!for!bene"t!with!ICIs!
in!dMMR/MSI-H!colorectal!cancer!was!further!demonstrated!in!a!series!
of!clinical!trials,!ultimately!resulting!in!the!regulatory!approval!of!three!
checkpoint!inhibitors.!The!results!of!these!pivotal!studies!are!summa-
rized!in!Table!1.!

The! impressive! results! achieved! with! pembrolizumab,! plus! its!
manageable! safety! pro"le! and! convenient! administration! protocol,!
resulted!in!a!tumor-agnostic!approval!of!this!ICI!by!the!FDA,!the!EMA,!
and! the! Japanese! Pharmaceuticals! and! Medical! Devices! Agency!
(PMDA).! Although! the! different! regulatory! bodies! initially! approved!
pembrolizumab!for!the!second-line!treatment!of!dMMR/MSI-H!mCRC,!
the! FDA! and! EMA! now! recommend! its! use! in! the! "rst-line! setting!
(PMDA,! 2020;! European!Medicines!Agency,! 2024;!U.S.! Federal!Drug!
Administration!(FDA),!2023).!

Nivolumab!is!currently!approved!for!the!treatment!of!dMMR/MSI-H!
mCRC! in! the! refractory! setting! (after! prior! #uoropyrimidine-based!
combination! chemotherapy),! as! a! single! agent! (FDA)! (U.S.! Federal!
Drug!Administration,!2023)!or!in!combination!with!ipilimumab!(FDA,!
EMA)! (European! Medicines! Agency,! 2023b,! 2023a).! The! phase! III!
CheckMate! 8HW! trial! (NCT04008030)! is! currently! studying! this! ICI!
combination! in! the! "rst-line! context,! and! preliminary! results! have!
demonstrated!improved!progression-free!survival!compared!to!chemo-
therapy!(Andre!et!al.,!2024;!ClinicalTrials.gov,!n.d.).!

Given!the!success!of!ICIs!in!refractory!mCRC!and!the!potential!for!
durable!and!complete!responses,!identifying!the!patients!most!likely!to!
bene"t!from!these!therapies!is!an!urgent!priority.!However,!MSI!status!
leaves! out! patients! who! may! also! bene"t! from! treatment! with! ICIs!
(Ritterhouse,!2019).!For!example,!CRCs!with!pathogenic!inactivation!of!
DNA!polymerase!genes!(POLE/POLD1)!are!clinically!and!immunologi-
cally!similar!to!those!with!MSI,!with!a!high!load!of!somatic!mutations,!

A.!Marques!et!al.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

2



in"ltration! of! CD8+ T-lymphocytes,! and! increased! expression! of!
checkpoint!molecules!(Domingo!et!al.,!2016;!Wang!et!al.,!2018).!POLE!
mutations!are!often!mutually!exclusive!with!dMMR!and!are!present!in!
1–3%!of!all!cases!of!CRC!(Domingo!et!al.,!2016;!Picard!et!al.,!2020).!This!
contributes! to! the! hypothesis! that! some! patients! with!
microsatellite-stable! (MSS)! cancers! may! respond! positively! to! ICIs,!
which! has! already! been! observed! in! MSS! POLE-mutant! endometrial!
cancer! (Klempner! et! al.,! 2020).! Indeed,! the! Phase! II! AcSé! trial!
(NCT03012581)!has!shown!promising!evidence!that!nivolumab!treat-
ment!may!be!effective!in!MSS!tumors!with!POLE!mutations!affecting!
proofreading! (Rousseau! et! al.,! 2020,! 2022).! Similarly,! variations! in!
AT-rich! interaction! domain! 1! (ARID1A)! have! been! associated! with!
higher! mutational! burden! and! strong! immune! activation! (Tokunaga!
et!al.,!2020).!Somatic!mutations!in!ARID1A!are!present!in!6–9%!of!pa-
tients,!but!their!role!in!CRC!is!not!yet!fully!understood!(Mehrvarz!Sar-
shekeh!et!al.,!2021;!Zhao!et!al.,!2022).!As!it!becomes!apparent!that!MSI!
status!alone!cannot!explain!all!instances!of!high!mutational!load,!TMB!
has!emerged!as!a!potential!predictor!of!ICI!ef"cacy.!

3. Tumor!Mutational!Burden:!challenges!and!opportunities!

Pathogenic!changes!in!cellular!function!and!metabolism!are!at!the!
root!of!neoplastic!transformation.!These!often!result!from!the!accumu-
lation!of!“driver” mutations,!which!directly!affect!cell!growth!(e.g.,!RAS,!
EGFT,!TP53)!(Chan!et!al.,!2019;!Klempner!et!al.,!2020).!On!the!other!
hand,!“passenger” mutations!do!not!affect! tumor!growth!directly!but!
may!affect!the!protein!sequence!and!create!tumor-speci"c!peptides.!If!
recognized!by!T-cells!as!foreign,!these!so-called!neoantigens!can!elicit!an!
antitumor!immune!response!(Zheng!et!al.,!2022).!A!higher!mutational!
load!will!likely!result!in!a!greater!number!and!variety!of!neoantigens,!
culminating!in!increased!recognition!by!T-cells!and!better!responses!to!
immunotherapies;!TMB!is!a!proxy!for!neoantigenicity!and!may!be!used!
as!a!predictor!of!response!to!ICIs!(Chan!et!al.,!2019;!Klempner!et!al.,!
2020).!In!general,!the!highest!values!of!TMB!tend!to!be!present!in!tumors!
caused!by!defects!in!DNA!repair!or!induced!by!environmental!exposures,!
such!as!UV!radiation!and!cigarette!smoke!(Aleksakhina!and!Imyanitov,!
2021;!Ritterhouse,!2019).!ICIs!tend!to!be!more!effective!in!cancers!that!
are! TMB-high,! which! explains! why! researchers! initially! focused! on!
melanoma!and!NSCLC,!instead!of!other!solid!tumors!(Y.!Li!et!al.,!2021;!
Stenzinger!et!al.,!2019).!However,!TMB!research!has!evolved! signi"-
cantly! in! recent! years,! leading! to! its! inclusion! in! trials! for! an!
ever-diversifying! range! of! cancers,! including! CRC! (Stenzinger! et! al.,!
2019).!

3.1. TMB!de"nition!and!assessment!

TMB!is!of"cially!de"ned!as!the!number!of!somatic!mutations!present!
in!the!tumor!genome,!but!it!is!usually!reported!as!the!number!of!mu-
tations!within!a!megabase!(Mb)!of!genomic!material!(Y.!Li!et!al.,!2021;!
Ritterhouse,! 2019).! It! was! initially! determined! by! whole! genome!
sequencing!(WGS)!or!whole!exome!sequencing!(WES)!of!formalin-"xed,!
paraf"n-embedded! (FFPE)! tissue! samples! (McNamara! et! al.,! 2020;!

Stenzinger!et!al.,!2019).!However,!there!are!several!limitations!to!the!
large-scale!clinical!application!of!these!methods,!which!are!expensive,!
time-consuming,! and! methodologically! complex! (Y.! Li! et! al.,! 2021;!
Normanno,!2017).!

Next-generation! sequencing! (NGS)! of! targeted! gene! panels! has!
emerged! as! a! promising! alternative! and!may! even! be! used! in! blood!
samples!(bTMB)!when!the!amount!of!tissue!obtained!is!not!suf"cient!for!
TMB!detection!(Y.!Li!et!al.,!2021;!McNamara!et!al.,!2020).!Although!
these!targeted!panels!only!cover!speci"c!areas!of!the!genome,!assays!that!
analyze!a!minimum!of!1!Mb!of!genomic!material!have!shown!statistical!
concordance!with!WES!(Chalmers!et!al.,!2017;!Stenzinger!et!al.,!2019).!

Several!NGS!panels!have!been!approved!as!companion!diagnostics!by!
the!FDA:!for!example,!the!FoundationOne!CDx!assay!covers!324!genes!
across!1.1!Mb,!and!MSK-IMPACT!covers!468!genes!across!1.2!Mb!(U.S.!
Federal! Drug! Administration,! 2017a,! 2017b).! These! panels! use! a!
comprehensive!genomic!pro"ling!(CGP)!approach,!where!several!types!
of! molecular! alterations! in! cancer-related! genes! (including! genomic!
signatures!like!MSI)!are!identi"ed!in!a!single!test,!some!of!which!are!not!
evaluated!in!WES!(Jardim!et!al.,!2021;!Klempner!et!al.,!2020).!Because!
CGP!tests!cover!a!wider!range!of!genetic!alterations,!assay!sensitivity!is!
improved,!and!more!patients!may!be!identi"ed!as!good!candidates!for!
ICI! therapy! (Klempner! et! al.,! 2020;! Ritterhouse,! 2019).! Importantly,!
these!same!panels!have!not!been!approved!in!the!European!setting!thus!
far.!

3.2. Limitations!associated!with!TMB!assessment!and!interpretation!

There! are! important! limitations! to! consider:! the! general! lack! of!
consensus!regarding!TMB!assessment,!reporting,!and!even!de"nition!has!
hindered!the!introduction!of!this!biomarker!in!routine!clinical!practice!
(McNamara!et!al.,!2020).!While!some!methods!of!TMB!measurement!
include!all!mutations,!some!only!consider!non-synonymous!mutations,!
or!even!only!mutations!that!alter!the!protein!sequence!(McNamara!et!al.,!
2020).!Furthermore,!most!current!versions!of!TMB!do!not!account!for!
post-translational!modi"cations,!which!may!also!contribute!to!the!for-
mation!of!neoantigens!(Chan!et!al.,!2019).!

The! different! approaches! used! in! published! studies! highlight! the!
need!for!standardization!and!harmonization!of!current!TMB!estimation!
and! reporting.! Friends! of! Cancer! Research! (FoCR)! and! the! Quality!
Assurance! Initiative! Pathology! (QuIP)! have! partnered! to! recommend!
best!practices! that! should!minimize!variability! in!TMB!assessment! in!
FFPE!tissue!samples!(Stenzinger!et!al.,!2019).!To!achieve!this!goal,!the!
two!organizations!devised!a!three-step!approach:!phase!I!of!the!project!
consists! of! in! silico! analysis! of! data! from! The! Cancer! Genome! Atlas!
(TCGA)!(Merino!et!al.,!2020),!phase!II!comprises!the!analysis!of!human!
tumor!samples!(Vega!et!al.,!2021),!and!phase!III!will!involve!a!clinical!
study!of!patients!who!have!received!ICIs.!To!date,!these!recommenda-
tions! include! reporting! TMB! as!mutations/megabase! (mut/Mb),! vali-
dating! NGS! panels! through! comparison! with! standardized! reference!
methodologies!(like!WES)!to!minimize!bias,!using!multi-gene!panels!that!
analyze! a! minimum! of! 1! Mb! of! genomic! material,! and! testing! for!
actionable!driver!mutations!like!EGFR!(Stenzinger!et!al.,!2019).!While!

Table!1!
Summarized!results!of!pivotal!clinical!studies!in!dMMR/MSI-H!metastatic!colorectal!cancer.!!!

CheckMate!142!
(n=238)!

KEYNOTE-164!
(n=124)!

KEYNOTE-177!
(n=307)!

Monotherapy!Cohort!(n=74)! Combination!Cohort!
(n=119)!

1st!line!Cohort!(n=45)! Cohort!A!
(n=61)!

Cohort!B!
(n=63)!

Pembrolizumab!
(n=153)!

ChT!
(n=154)!

%!ORR!(No.)!! 31%!(23)!! 65%!(77)!! 69%!(31)!! 33%!(20)!! 33%!(21)!! 44%!(67)!! 33%!(51)!
%!CR!(No.)!! 0%!(0)!! 13%!(15)!! 13%!(6)!! 3%!(2)!! 8%!(5)!! 11%!(17)!! 4%!(6)!
%!PR!(No.)!! 31%!(23)!! 52%!(62)!! 56%!(25)!! 30%!(18)!! 25%!(16)!! 33%!(50)!! 29%!(45)!
%!SD!(No.)!! 38%!(28)!! 21%!(25)!! 16%!(7)!! 18%!(11)!! 24%!(15)!! 21%!(32)!! 42%!(65)!
%!PD!(No.)!! 26%!(19)!! 12%!(14)!! 13%!(6)!! 46%!(28)!! 40%!(25)!! 29%!(45)!! 12%!(19)!

dMMR,!de"cient!mismatch! repair;!MSI-H,!high!microsatellite! instability;!ChT,!chemotherapy;!ORR,!objective! response! rate;!CR,!complete! response;!PR,!partial!
response;!SD,!stable!disease;!PD,!progressive!disease.!
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the! different! factors! contributing! to! TMB! variability! are! extensively!
described!elsewhere!(McNamara!et!al.,!2020;!Sung!et!al.,!2022),! it! is!
clear!that!standardization!of!TMB!scoring!will!be!crucial!to!its!imple-
mentation!into!clinical!practice.!

In!addition!to!methodological!limitations,!some!challenges!persist!in!
interpreting!the!clinical!signi"cance!and!utility!of!TMB,!as!some!tumors!
have!not!responded!as!well!to!checkpoint!inhibitors!as!their!TMB!status!
predicted! (Rousseau! et! al.,! 2021;! Stenzinger! et! al.,! 2019).! This!
discrepancy!may!stem!from!the!realization!that!a!high!neoantigen!load!
by! itself! is!not!enough!to!elicit!an!adequate! immune!response;!These!
antigens! must! be! adequately! processed! and! presented! via! human!
leukocyte!antigen!(HLA)!molecules!at!the!surface!of!cancer!cells!to!be!
recognized!as!non-self!by!the!immune!system.!However,!only!a!minority!
of!mutations!result!in!such!antigens.!Other!factors!related!to!the!tumor!
microenvironment,!such!as!the!presence!of!inactivating!mutations!in!the!
antigen!presentation!pathway,!the!downregulation!of!MHC!expression,!
and!the!type!of!checkpoint!exploited!by!the!tumor,!may!also!contribute!
to!a!poor!association!between!elevated!TMB!and!response!to!ICIs!(Chan!
et! al.,! 2019;! Jardim! et! al.,! 2021;! Pecci! et! al.,! 2021).! Nevertheless,!
existing!data!shows!that!responding!tumors!have!generally!higher!mu-
tation! and! neoantigen! burden! than! non-responders! (Schrock! et! al.,!
2019),!and!panel-based!TMB!has!consistently!shown!a!predictive!value!
for!ICI!response!in!different!tumor!types,!including!CRC!(Jardim!et!al.,!
2021).!

3.3. A!focus!on!colorectal!cancer!

Current! clinical! use! of! immune! checkpoint! blockade! is! mostly!
restricted!to!those!with!high!MSI!or!dMMR!(Roth!and!Das,!2021),!but!
response!rates!to!ICIs!are!variable,!even!in!this!small!subgroup!of!pa-
tients:!half!of!all!MSI-H!CRCs!will!either!possess!intrinsic!resistance!to!
ICIs!or!eventually!develop!acquired!resistance!(Jenkins!et!al.,!2018;!Roth!
and!Das,!2021).!There!have!also!been!reports!of!patients!with!micro-
satellite! stable!CRC!who!have! shown!durable,! complete! responses! to!
checkpoint!inhibitors!(Gomar!et!al.,!2021;!Gong!et!al.,!2019;!Lut"!et!al.,!
2023).!For!instance,!in!a!case!report!published!by!Gong!et!al.,!a!61-year--
old! male! with! chemorefractory! metastatic! rectal! adenocarcinoma!
showed!radiographic!disease!regression!after!two!months!of!palliative!
pembrolizumab,!and!this!response!was!sustained!at!least!for!nine!months!
(time!of!the!report).!This!patient!had!pMMR!and!a!TMB!of!32!mutations!
per!megabase,!which!was!considered!high!(Gong!et!al.,!2019).!A!similar!
outcome!was!observed!in!the!case!of!a!50-year-old!male!with!MSS!CRC!
that!showed!a!persistent!positive!circulating!tumor!DNA!(ctDNA)!assay!
despite! no! radiological! evidence! of! disease! after! systemic! treatment.!
Given!the!suspicion!of!recurrence,!the!tumor!specimen!was!evaluated!
with! the! FoundationOne! assay,! which! revealed! a! high! TMB! of! 295!
mut/Mb,!secondary!to!POLE!mutation.!A!near-complete!response!was!
quickly!observed!after!weekly!treatment!with!400!mg!of!pembrolizumab!
(Lut"!et!al.,!2023).!

The!basis!of!TMB’s!utility!as!a!predictive!biomarker!is!the!ability!to!
stratify!patients!according!to!their!mutational!status:!TMB-high!or!TMB-!
low.!However,!the!threshold!at!which!a!tumor!is!de"ned!as!“TMB-high” 

has!varied!across!studies,!cancer!types,!assays!used,!and!even!pharma-
cological!agents!(Klempner!et!al.,!2020;!McNamara!et!al.,!2020).!In!a!
predetermined!exploratory!analysis!of!the!KEYNOTE-158!clinical!trial!
(NCT02628067),!a!high!TMB—de"ned!in!the!study!as!TMB!≥ 10!mu-
tations!per!megabase!of!genomic!material—was!associated!with!a!better!
response!to!pembrolizumab!regardless!of!MSI!status!or!PD-L1!expression!
by!the!tumor!(ClinicalTrials.gov,!n.d.;!Marabelle!et!al.,!2020).!The!re-
sults! of! this! phase! II! trial! led! to! the! approval! of! pembrolizumab! for!
advanced!solid!tumors!with!TMB-high,!de"ned!by!the!same!cut-off,!by!
the!FDA!(Graham!et!al.,!2021;!Marabelle!et!al.,!2020).!Importantly,!no!
patients!with!CRC!(or!many!other!frequently!diagnosed!cancers)!were!
included!in!this!analysis.!Although!the!predictive!potential!of!TMB!has!
been!observed!in!other!studies,!different!thresholds!for!high-TMB!may!
be! more! suitable! considering! that! ~10! mutations! per! megabase!

corresponds! to! the! average!mutation! density! in!CRC! (Graham!et! al.,!
2021;!Zheng!et!al.,!2022).!

3.3.1. The!current!landscape:!an!overview!of!TMB!methodology!in!CRC!
studies!

We! sought! to! understand! what!methods! and! thresholds! for! TMB!
assessment!were!most!often!found!in!the!published!literature,!as!well!as!
the!rationale!behind!these!choices.!To!explore!common!patterns!in!TMB-!
based!strati"cation!in!colorectal!cancer,!we!compiled!CRC!studies!uti-
lizing!numerical! thresholds! for!high!TMB.!We!performed!a! literature!
search!in!the!Pubmed!database!for!original!research!articles!written!in!
English,!using!the!search!strategy!((colorectal!cancer!OR!colon!cancer!
OR!colorectal!adenocarcinoma!OR!colon!adenocarcinoma)!AND!(tumor!
mutational! burden! OR! tumor! mutational! load! OR! tumor! mutation!
burden!OR!tumor!mutation!load)!AND!(checkpoint!inhibitor!OR!PD-1!
OR!PD-L1!OR!CTLA-4!OR!ipilimumab!OR!pembrolizumab!OR!nivolu-
mab))!NOT!(Review[Publication!Type]).!This!search!yielded!295!results,!
and!the!titles!and!abstracts!were!screened!for!relevance.!The!remaining!
95! publications! underwent! full-text! screening:! we! removed! all! com-
ments!and!editorials,!animal!studies,!case!reports,!and!articles!where!the!
full!text!was!unavailable.!We!also!excluded!articles!where!the!cut-off!for!
high-TMB!was! entirely! data-driven! (e.g.,!median,! upper! 20%,! higher!
tertile)! and! no! numerical! cut-offs! were! provided.! We! subsequently!
reviewed! the! reference! lists! of! the! identi"ed! papers! to! capture! any!
relevant!publications!we!missed!in!the!electronic!search.!Ultimately,!we!
included!45!original!research!articles,!which!were!published!from!2017!
to!2023!and!include!data!from!over!120!thousand!patients!(Table!2).!
Data!collection!ended!on!25!August!2023.!

Most!of!the!45!original!articles!included!in!this!review!determined!
TMB! through! next-generation! sequencing! of! tumor! tissue! samples.!
Across!these!studies,!a!total!of!12!different!NGS!panels!were!used.!The!
FoundationOne!CDx!assay!was!by!far!the!most!frequently!used!panel,!
corresponding!to!over!a!third!of!all!NGS!panels!mentioned.!In!the!studies!
included,! information! regarding! the! details! of! TMB! assessment! and!
de"nition!was!often!unclear!or!entirely!absent,!which!con"rmed!the!lack!
of!standardization!and!clarity!mentioned!by!other!authors.!Even!in!the!
cases!where! all! the! data! elements!were! provided,! the! level! of! detail!
varied! greatly,! ranging! from! simple! mentions! of! “number! of! non-
synonymous! mutations” to! more! comprehensive! descriptions,! such! as!
“number!of!somatic!synonymous!and!non-synonymous!mutations,!stop!gain/!
loss!and!splicing!variants!and!frameshift!and!non-frameshift!insertions!and!
deletions”.!Despite!these!disparities,!the!methodologies!themselves!were!
generally!similar,!and!the!observed!variations!may!be!due!to!the!panel!
selected.!Additionally,!only!8!studies!(evident!in!the!second!column!of!
Table!2)!speci"ed!whether!the!analysis!was!carried!out!on!MSI-H!or!MSS!
tumors,! critical! information! which! undoubtedly! affects! the! results!
(Chida!et!al.,!2021;!Crisafulli!et!al.,!2022;!Klemen!et!al.,!2022;!Manca!
et!al.,!2023;!Salem!et!al.,!2020;!Schrock!et!al.,!2019;!Valero!et!al.,!2021;!
Voutsadakis,!2023).!

Similar!to!the!"ndings!reported!by!Li!et!al.!(Y.!Li!et!al.,!2021),!our!
compilation!suggests!that!the!cut-off!used!to!de"ne!a!“high” TMB!is!the!
main!source!of!variation!between!the!different!studies.!So,!we!aimed!to!
explore!the!rationale!behind!the!selection!of!these!thresholds,!particu-
larly!the!most!common!ones.!In!the!studies!included!in!our!review,!TMB!
cut-offs!ranged!from!6.88!mut/Mb!to!41!mut/Mb!and!were!most!often!
set!at!10!mut/Mb!(29.2%),!17!mut/Mb!(12.5%),!or!20!mut/Mb!(18.8%).!

3.3.1.1. Cut-off! set! at! 10!mutations/megabase. Although!this! rationale!
was!not!explicit! in!most!studies,! it! is!reasonable!to!assume!that!most!
thresholds!set!at!10!mut/Mb!were!so!de"ned!based!on!the!results!of!the!
KEYNOTE-158!trial!and!subsequent!FDA!approval;!This!was!the!case!of!
Moretto! et! al.,! for! example! (Moretto! et! al.,! 2022).!Budczies! and! col-
leagues!also!suggested!10!mut/Mb!as!an!appropriate!cut-off!in!colorectal!
adenocarcinoma,!as!it!adequately!separated!tumors!with!MSI-H!and/or!
POLE/POLD1!mutations! from! those!with! an!MSS! phenotype.! In! this!
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Table!2!
Selected!original!research!articles!with!a!numerical!threshold!for!high-TMB!in!colorectal!cancer!or!multiple!cancer!types.!!

Author,!Year!of!
Publication!
(Ref.)!

Cancer!Type!(no.!
Patients)!

ICI!Agent! TMB!De"nition! Methodology! TMB-H!Cut-off!

(Chida!et!al.,!
2021)!

MSI-H!or!dMMR!
advanced!
gastrointestinal!
cancers!(45!total;!17!
CRC)!

Pembrolizumab,!nivolumab! Number!of!nonsynonymous!mutations,!
including!indels,!per!Mb!

FFPE!tissue!specimens:!WES!or!NGS!
panels!(Oncomine!Cancer!Research,!
FoundationOne)!

10!mut/Mb!

(Xiao!et!al.,!
2021)!

CRC!(430!total)! Not!applicable! Number!of!somatic!SNVs!(synonymous!
and!non-synonymous!mutations,!stop!
gain/loss!and!splicing!variants)!and!
indel!variants!(frameshift!and!non-!
frameshift!insertions!and!deletions),!
per!Mb.!Non-coding!alterations!were!
excluded!

FFPE!tissue!samples:!MasterView!
NGS!panel!(381!genes)!

29!mut/Mb!

(Lin!et!al.,!2020)! CRC!(110!total)! Anti-PD1/PDL1!
monotherapy!or!in!
combination!with!anti-CTLA-!
4!

Number!of!replacement!and!indels!per!
Mb!in!the!exon!coding!region!

Data!obtained!from!the!MSK-!
IMPACT!cohort!(MSK-IMPACT!NGS!
panel)!and!TCGA!database!

11!mut/Mb!

(Sibilio!et!al.,!
2022)!

CRC!(520!total)! Not!applicable! Number!of!nonsynonymous!mutations!
per!30!Mb!(average!size!of!the!exome)!

Data!obtained!from!the!TCGA!
database:!WES!(30!Mb)!

20!mut/Mb!

(Chalmers!et!al.,!
2017)!

Multiple!cancer!types!
(92!439!total,!7758!
CRC)!

Not!applicable! Number!of!somatic,!coding,!base!
substitution!and!indel!mutations!
(including!synonymous!alterations),!
excluding!non-coding!alterations,!per!
Mb!

FFPE!clinical!cancer!specimens:!
WES!and!FoundationOne!NGS!panel!
(315!genes!across!1.1!Mb)!

20!mut/Mb!

(Parikh!et!al.,!
2019)!

Tubular!
gastrointestinal!
cancers!(17!486!total,!
12!569!CRC)!

Not!applicable! Number!of!somatic!base!substitutions!
or!indel!alterations,!excluding!known!
somatic!and!deleterious!mutations,!per!
Mb!

FFPE!tumor!tissue:!FoundationOne!
NGS!panel!(255!across!0.83!Mb!or!
343!genes!across!1.14!Mb,!
depending!on!assay!version)!

20!mut/Mb!

(Fabrizio!et!al.,!
2018)!

CRC!(6!004!total)! Not!applicable! Number!of!synonymous!and!
nonsynonymous!mutations,!with!
computational!germline!status!
"ltering,!per!Mb!

FFPE!tumor!tissue:!FoundationOne!
NGS!panel!(exons!of!185,!236,!315!
or!405!genes!and!select!introns!of!
19,!28!or!31!genes!across!1.11!Mb,!
depending!on!assay!version)!

12!mut/Mb!
(11.7!mut/Mb)!

(Lee!et!al.,!2021)! mCRC!(994!total)! Not!applicable! Not!speci"ed! FFPE!tumor!tissue!(blood!when!
tissue!unavailable):!FIRST!NGS!
Panel!(183!genes),!K-MASTER!NGS!
panel!(435!genes)!

13!mut/Mbp!
(FIRST!panel)!
16!mut/Mbp!(K-!
MASTER!panel)!

(Kim!et!al.,!2021)! Multiple!advanced!
cancer!types!(501!total,!
151!CRC)!

Not!speci"ed!(65!patients!
received!ICIs)!

Not!speci"ed! FFPE:!TruSight!Oncology!500!NGS!
panel!(500!genes)!

10!mut/Mb!

(Quintanilha!
et!al.,!2023)!

mCRC!(320!total)! Pembrolizumab,!nivolumab,!
nivolumab/ipilimumab!

Not!speci"ed! Tumor!specimens:!FoundationOne!
NGS!panel!(1.1!Mb)!

10!mut/Mb!

(Chen!et!al.,!
2020)!

Advanced!CRC!(180!
total)!

Durvalumab/tremelimumab! Number!of!somatic!synonymous!and!
nonsynonymous!SNVs!and!indels,!
excluding!germline,!clonal!
hematopoiesis!of!indeterminate!
potential!(CHIP),!driver!and!resistance!
variations!

Plasma:!GuardantOMNI!NGS!panel!
(500!genes!across!2.15!Mb)!

28!vts/Mb!

(Zhou!et!al.,!
2021)!

Multiple!cancer!types!
(309!total,!78!CRC)!

Nivolumab,!atezolizumab,!
pembrolizumab,!ipilimumab,!
toripalimab!

Number!of!somatic!nonsynonymous!
mutations!(including!SNVs!and!indels!
in!the!coding!regions!and!splicing!sites)!
in!the!tumor!exome,!per!Mb!

FFPE!tumor!samples:!WES!(35!Mb)! 10!mut/Mb,!top!
tertile!

(Lou!et!al.,!2021)! CRC!(17!909!total)! Not!applicable! Number!of!nonsynonymous!missense!
mutations,!excluding!those!previously!
described!as!germline!alterations!

FFPE!tumor!samples:!NGS!using!the!
NextSeq!platform!(592!genes!across!
1.4!Mb)!

17!mut/Mb!

(Kitsou!et!al.,!
2020)!

CRC!(453!total)! Not!applicable! Not!speci"ed! Data!obtained!from!the!TCGA!
database:!NGS!

34!mut/Mb!

(Voutsadakis,!
2023)!

MSS!CRC!(2!186!total)! Not!applicable! Not!speci"ed!/!May!depend!on!the!
cohort!

Data!obtained!from!the!cBioPortal!
MSK!cohorts:!MSK-IMPACT!NGS!
panel!(341!or!468!genes,!depending!
on!assay!version)!
TCGA!and!DFCI!cohorts:!WES!

10!mut/Mb!

(Jung!et!al.,!
2023)!

Multiple!solid!cancer!
types!(1!744!total,!547!
CRC)!

Anti-PD-(L)1,!not!speci"ed! Number!of!non-synonymous!and!
synonymous!SNVs!and!indels!in!the!
coding!region!with!a!variant!frequency!
≥5%,!excluding!the!variants!with!an!
observed!allele!count!≥10!in!any!of!the!
GnomAD!exome,!genome,!or!1000!
genome!databases!

FFPE!tissue!blocks:!TruSight!
Oncology!500!NGS!panel!

10!mut/Mb!
(TMB!
intermediate!
high)!
16!mut/Mb!
(TMB!very!high)!

(Shimada!et!al.,!
2021)!

CRC!(201!total)! Not!applicable! Number!of!nonsynonymous!mutations,!
per!Mb!

FFPE!samples:!NGS!panel!(1.3!Mb)! 27!mut/Mb!

(continued!on!next!page)!
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Table!2!(continued )!

Author,!Year!of!
Publication!
(Ref.)!

Cancer!Type!(no.!
Patients)!

ICI!Agent! TMB!De"nition! Methodology! TMB-H!Cut-off!

(Moretto!et!al.,!
2022)!

CRC!(9!321!total)! Not!applicable! Number!of!nonsynonymous!missense,!
nonsense,!inframe!insertion!and/or!
deletion,!and!frameshift!mutations,!
excluding!those!previously!described!
as!germline!alterations!in!dbSNP151,!
Genome!Aggregation!Database,!or!
benign!variants!identi"ed!by!Caris!
geneticists!

FFPE!tumor!samples:!Caris!MI!
TumorSeek!NGS!panel!(592!genes),!
whole!transcriptome!sequencing!

10!mut/Mb!

(Xu!and!Zheng,!
2021)!

CRC!(457!total)! Not!applicable! Number!of!somatic!mutations,!per!Mb! Data!obtained!from!the!TCGA!
database!

10!mut/Mb!

(R.!K.!Yang!et!al.,!
2020)!

Multiple!advanced!
solid!cancer!types!(554!
total,!87!CRC)!

Ipilimumab,!tremelimumab,!
nivolumab,!pembrolizumab,!
Cemiplimab,!atezolizumab,!
durvalumab!

Number!of!reported!somatic!mutations!
(including!SNV!and!indels),!excluding!
intronic!or!silent!mutations,!and!
germline!SNPs!

FFPE!tumor!tissue:!NGS!panel!(409!
genes!across!1.745!Mb)!

12!reported!
mutations!
(6.88!mut/Mb)!

(Zhao!et!al.,!
2021)!

CRC!(382!total)! Not!applicable! Number!of!somatic!truncating!
(nonsense,!frameshift!indels!and!
splice-site!mutations)!and!non-!
truncating!(missense,!in-frame!indels)!
mutations,!per!Mb!

Data!obtained!from!the!TCGA!
database:!WES!

20!mut/Mb!

(Bortolomeazzi!
et!al.,!2021)!

mCRC!(29!total)! Pembrolizumab,!nivolumab,!
nivolumab/ipilimumab!

Unclear!/!Not!speci"ed! FFPE!tumor!blocks:!WES! 12!mut/Mbp!

(Puccini!et!al.,!
2019)!

CRC!(1!126!total)! Not!applicable! Number!of!somatic!nonsynonymous!
missense!mutations,!excluding!those!
previously!described!as!germline!
alterations!

FFPE!tumor!samples:!NGS!using!the!
NextSeq!platform!(592!genes,!
across!1.4!Mb)!

17!mut/Mb!

(Budczies!et!al.,!
2018)!

Multiple!cancer!types!
(5!722!total,!CRC!not!
speci"ed)!

Not!applicable! Number!of!nonsilent!mutations!
(nonsynonymous!mutations!in!exonic!
regions!and!splice!sites),!per!Mb!

Data!obtained!from!the!cBioPortal!
and!TCGA!database!

10!mut/Mb!

(Pham!et!al.,!
2021)!

Multiple!advanced!
cancer!types!(225!total,!
29!CRC)!

Not!speci"ed!(55!patients!
received!immunotherapy)!

Number!of!mutations,!excluding!
germline!and!characterized!oncogenic!
alterations!

FFPE!tumor!samples:!
FoundationOne!NGS!panel!(182,!
236,!315,!or!406!genes,!depending!
on!the!time!period,!across!1.2!Mb)!

20!mut/Mb!

(Zaidi!et!al.,!
2020)!

CRC!(2!105!total)! Not!applicable! Number!of!somatic,!non-silent,!point!
mutations!

FFPE!tumor!samples:!AmpliSeq!NGS!
panel!(205!genes)!

17!mut/Mb!

(Salem!et!al.,!
2018)!

Gastrointestinal!
cancers!(4!125!total,!1!
556!CRC)!

Not!applicable! Number!of!somatic!nonsynonymous!
missense!mutations,!excluding!those!
previously!described!as!germline!
alterations!

FFPE!tumor!specimens:!NGS!using!
the!NextSeq!platform!(592!genes!
across!1.4!Mb)!

17!mut/Mb!

(Klemen!et!al.,!
2022)!

MSI-H!or!TMB-H!mCRC!
(111!total)!

Nivolumab,!pembrolizumab,!
durvalumab!

Unclear!/!Not!speci"ed! Tumor!tissue!and!blood:!MSK-!
IMPACT!NGS!panel!(>400!genes)!

25!mut/Mb!

(Huang!et!al.,!
2021)!

CRC!(27!total)! Not!applicable! Number!of!somatic!mutations!
(including!coding!SNVs!and!indels),!
excluding!driver!mutations!and!
germline!alternations!previously!
described!in!dbSNP,!per!Mb!

FFPE!tissue!samples:!Cancer!
Sequencing!YS!NGS!panel!(coding!
exons!from!578!genes!and!47!
selected!introns,!across!1.25!Mb)!

10!mut/Mb!

(Goodman!et!al.,!
2019)!

Multiple!cancer!types!
(60!total,!0!CRC)!

Multiple!agents,!not!speci"ed! Number!of!somatic!mutations,!
excluding!alterations!known!to!be!
oncogenic!drivers!

Tumor!samples:!FoundationOne!
NGS!panel!(182,!236,!315,!327,!or!
405!genes,!depending!on!the!time!
period,!across!1.2!Mb)!

20!mut/Mb!

(Xue!et!al.,!2021)! CRC!(323!total)! Not!applicable! Not!speci"ed! Data!obtained!from!the!TCGA!
database!

10!mut/Mb!

(Sicklick!et!al.,!
2021)!

Multiple!advanced!
cancer!types!(76!total,!
7!CRC)!

Not!speci"ed! Not!speci"ed! Tumor!tissue:!NGS!(236–405!genes)!
ctDNA:!NGS!(62!genes)!

20!mut/Mb!

(Tokunaga!et!al.,!
2019)!

Appendiceal!(224!
total)!and!CRC!(4!600!
total)!

Not!applicable! Number!of!non-synonymous!missense!
mutations,!excluding!those!previously!
described!as!germline!alterations,!per!
Mb!

FFPE!samples:!Caris!NGS!panel!(592!
genes!across!1.4!Mb)!and!NextSeq!
platform!

17!mut/Mb!

(Cristescu!et!al.,!
2018)!

Multiple!advanced!
cancer!types!(315!total,!
5!CRC)!

Pembrolizumab! Number!of!somatic!nonsynonymous!
SNVs!in!protein!coding!regions!

FFPE!pretreatment!samples:!WES! 102.5!mut/!
exome!

(Yarchoan!et!al.,!
2019)!

Multiple!cancer!types!
(9!887!total,!CRC!not!
speci"ed)!

PD-1/PD-L1!inhibitors! Number!of!base!substitutions,!short!
indels,!copy!number!alterations!and!
gene!fusions/rearrangements,!
excluding!oncogenic!driver!events!and!
germline!mutations!recorded!in!the!
COSMIC,!dbSNP!and!ExAC!databases,!
per!Mb!

FFPE!clinical!cancer!specimens:!
FoundationOne!NGS!panel!(up!to!
405!genes)!

10!mut/Mb!

(Cho!et!al.,!2021)! Multiple!cancer!types!
(588!total,!143!CRC)!

Not!applicable! Number!of!clinically!relevant!classes!of!
genomic!alterations!(including!SNVs,!
small!indels,!CNVs!and!
rearrangements/fusions),!excluding!
any!variant!with!an!observed!allele!
count!≥10!in!any!of!the!GnomAD!

FFPE!tumor!samples:!TruSight!
Oncology!500!NGS!panel!(>500!
genes,!1.28!Mbps),!validated!
against!WES!(35.9!Mbps)!

10!mut/Mb!

(continued!on!next!page)!
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study,!PD-L1!was!also!signi"cantly!overexpressed!in!hypermutated!tu-
mors!as!de"ned!by!this!threshold!(Budczies!et!al.,!2018).!This!was!also!
the!cut-off!recommended!by!the!FoCR!TMB!Harmonization!Project!in!a!
pan-cancer!context!(Research,!2021).!

3.3.1.2. Cut-off! set! at! 17! mutations/megabase. Six! out! of! forty-"ve!
studies! included! in! this! review! categorized! tumors! as! hypermutated!
when! the!TMB! surpassed! the! cut-point! of!17!mut/Mb.!Four!of! those!
(three!by!the!same!team)!based!this!decision!on!the!fragment!analysis!of!
CRC!cases!and!subsequent!comparison!of!TMB!and!MSI!(Puccini!et!al.,!
2019;!Salem!et!al.,!2020,!2018;!Tokunaga!et!al.,!2019).!Zaidi!and!col-
leagues!reached!the!same!conclusion,!although!by!a!different!method:!
the!group!observed!that!23!point!mutations!per!sample—equivalent!to!
17!mut/Mb—was!the!minimum!value!between!the!two!distinct!peaks!
observed! when! plotting! all! the! included! CRC! samples! (Zaidi! et! al.,!
2020).!

3.3.1.3. Cut-off! set! at! 20!mutations/megabase. In!the!ARETHUSA!trial!
(NCT03519412),!the!cut-off!for!high-TMB!was!set!at!20!mut/Mb,!double!

the! TMB! required! for! standard-of-care! use! of! pembrolizumab! (Clin-
icalTrials.gov,!n.d.;!Crisafulli!et!al.,!2022).!This!was!also!the!cut-point!
established!by!Foundation!Medicine!(the!company!behind!the!Founda-
tionOne! CDx! assay)! and,! consequently,! Goodman! (Goodman! et! al.,!
2019,! 2017)! and! Sicklick! et! al.! (Sicklick! et! al.,! 2021).! According! to!
Foundation! Medicine,! tumors! with!≥20! mut/Mb! are! TMB-high,!≤5!
mut/Mb! are! TMB-low,! and! the! remaining! tumors! are! considered!
TMB-intermediate.! Interestingly,! six! studies! used! the! FoundationOne!
panel!but!did!not!follow!the!cut-offs!prespeci"ed!by!the!manufacturer:!
three!studies!set!this!cut-point!at!10!mut/Mb,!one!at!12!mut/Mb!(Fab-
rizio!et!al.,!2018),!one!at!37–41!mut/Mb!(Schrock!et!al.,!2019),!and!one!
study!de"ned!it!as!23!or!40!mut/Mb,!depending!on!the!desired!endpoint!
(Manca!et!al.,!2023).!

Because!so!many!studies!either!adopted!their!TMB-H!cut-offs!from!
previously! published! research! (42%)! or! provided! no! explanation! for!
their!choice!in!threshold!(20%),!we!decided!to!conduct!an!overview!of!
reviews!on!this!matter;!In!addition!to!the!45!original!articles,!the!same!
search! strategy! yielded! six! scoping! reviews,! systematic! reviews,! and!
meta-analyses.!The!full!texts!were!screened!for!relevance,!and!only!two!

Table!2!(continued )!

Author,!Year!of!
Publication!
(Ref.)!

Cancer!Type!(no.!
Patients)!

ICI!Agent! TMB!De"nition! Methodology! TMB-H!Cut-off!

exome,!genome,!and!1000!genomes!
databases!

(Hoshino!et!al.,!
2022)!

Liver-metastatic!CRC!
(24!total)!

Not!applicable! Number!of!non-synonymous!SNVs!and!
short!indels!(with!allele!frequencies!of!
10%!or!greater),!per!Mb!

FFPE!tumor!blocks:!Oncomine!NGS!
panel!(exon!region!of!409!genes!
across!1.2!Mb)!

10!mut/Mb!

(Salem!et!al.,!
2020)!

Multiple!MSI-H!cancer!
types!(1!057!total;!283!
CRC)!

Not!applicable! Number!of!nonsynonymous!missense!
mutations,!excluding!those!previously!
described!as!germline!alterations!in!
gnomAD,!dbSNP!and!in!house!Caris!
databases!

FFPE!tumor!samples:!NGS!using!the!
NextSeq!platform!(592!genes!across!
1.4!Mb)!

17!mut/Mb!

(Middha!et!al.,!
2017)!

Multiple!solid!cancer!
types!(12!288!total,!1!
030!CRC)!

Not!applicable! Number!of!reported!mutations!
(somatic!mutations,!structural!
variants,!and!copy!number!alterations)!
in!all!coding!regions!and!select!introns,!
divided!by!the!evaluated!genomic!area!

Tumor!samples:!MSK-IMPACT!NGS!
panel!(341,!410!or!468!genes,!
depending!on!assay!version)!

12!mut/Mb!
(11.85!mut/Mb)!

(Valero!et!al.,!
2021)!

Multiple!MSS!solid!
cancer!types!(1!678!
total,!50!CRC)!

Anti-PD(L)1!monotherapy!or!
combination!therapy!

Number!of!somatic,!nonsynonymous!
mutations,!per!Mb!

Tumor!samples:!MSK-IMPACT!NGS!
panel!

10!mut/Mb!
(universal)!
8!mut/Mb!(8.35!
mut/Mb;!CRC)!

(Crisafulli!et!al.,!
2022)!

MSS!RAS-mutated!
mCRC!(21!total)!

Pembrolizumab! Tumor!tissue!biopsies:!Unclear!/!Not!
speci"ed!
ctDNA:!Number!of!somatic!
synonymous!and!nonsynonymous!
SNVs!and!indels!

Tumor!tissue!biopsies:!high-depth!
WES!
ctDNA:!GuardantOMNI!
NGS!panel!(2.145!Mb)!

20!mut/Mb!

(Zheng,!2022)! Multiple!cancer!types!
(1!764!total,!CRC!not!
speci"ed)!

Not!speci"ed! Not!speci"ed! NGS!panel! 13!mut/Mb!
(high!TMB!
cancer!types)!
12!mut/Mb!
(CUP)!

(Goodman!et!al.,!
2017)!

Multiple!advanced!
cancer!types!(151!total,!
5!CRC)!

Anti-PD-(L)1,!anti-CTLA-4,!
combination!anti-CTLA-4/!
anti-PD-(L)1!

Number!of!somatic!mutations,!
excluding!those!likely!or!known!to!be!
oncogenic!drivers!and!germline!
polymorphisms,!per!Mb!

FFPE!tumor!samples:!
FoundationOne!NGS!panel!(182,!
236!or!315!genes!depending!on!the!
time!period,!across!1.2!Mb)!

20!mut/Mb!

(Schrock!et!al.,!
2019)!

MSI-H!mCRC!
(22!total)!

PD-1!or!PD-L1!inhibitors!
(pembrolizumab,!nivolumab,!
nivolumab/ipilimumab,!
durvalumab/tremelimumab)!

Number!of!synonymous!and!
nonsynonymous!mutations!

FFPE!tissue!sections:!Foundation!
Medicine!NGS!panel!(0.8—1.2!Mb!
region)!

37—41!mut/Mb!

(Manca!et!al.,!
2023)!

dMMR/MSI-H!mCRC!
(110!total)!

Anti-PD-(L)1!monotherapy,!
anti-CTLA-4!combinations!

Number!of!mutations!per!coding!area!
of!the!genome!

Pre-treatment!FFPE!tumor!samples:!
FoundationOne!NGS!panel!

23!mut/Mb!
(prognosis)!
40!mut/Mb!
(treatment!
effects)!

TMB,!tumor!mutational!burden;!ICI,!immune!checkpoint!inhibitor;!TMB-H,!high!tumor!mutational!burden;!MSI-H,!high!microsatellite!instability;!dMMR,!mismatch!
repair!de"cient;!CRC,!colorectal!cancer;!indel,!insertion!and!deletion;!Mb,!megabase;!FFPE,!formalin-"xed!paraf"n-embedded;!WES,!whole!exome!sequencing;!NGS,!
next-generation!sequencing;!mut/Mb,!mutations/megabase;!SNV,!single!nucleotide!variant;!PD-1,!programmed!cell!death-1;!PD-L1,!programmed!cell!death-1!ligand;!
CTLA-4,!cytotoxic!T-lymphocyte-associated!antigen-4;!TCGA,!the!cancer!genome!atlas;!mCRC,!metastatic!colorectal!cancer;!Mbp,!megabase!pair;!CHIP,!clonal!he-
matopoiesis!of! indeterminate!potential;!vts/Mb,!variants/megabase;!GnomAD,!genome!aggregation!database;!dbSNP,! single!nucleotide!polymorphism!database;!
ctDNA,! circulating! tumor!DNA;!COSMIC,! catalogue!of! somatic!mutations! in! cancer;!EXAC,! exome!aggregation! consortium;!CNV,! copy!number!variation;!MSS,!
microsatellite-stable;!RAS,!rat!sarcoma!virus;!CUP,!cancer!of!unknown!primary.!
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studied!cut-off!values!for!high!TMB.!The!main!"ndings!from!the!included!
meta-analyses!are!summarized!in!Table!3.!

In!a!2020!meta-analysis!of!multiple!cancer!types!(Table!3),!a!higher!
TMB!was!associated!with!reduced!mortality!and!disease!progression!and!
higher!response!rates.!These!patients!were!also!found!to!respond!better!
to!ICIs!rather!than!to!conventional!chemotherapy.!In!this!meta-analysis,!
Yang!and!colleagues!used!the!Contal!and!O’Quigley!method!to!estimate!
the!best!cut-point!for!high!TMB!in!several!cancers!based!on!the!results!
from! studies! published! until! 1! October! 2019.! Although! this! cut-off!
varied!across!cancer!types,!a!threshold!of!12.3!mut/Mb!was!found!to!
be!the!best!discriminator!in!colorectal!cancer!(Z.!Yang!et!al.,!2020).!This!
result!is!consistent!with!three!of!the!studies!we!included!in!this!review:!
Bortolomeazzi!et!al.!(12!mut/Mb)!de"ned!high!TMB!based!on!the!lower!
TMB!observed!in!hypermutated!CRC!samples!in!a!2012!study!by!The!
Cancer!Genome!Atlas!(Bortolomeazzi!et!al.,!2021),!Middha!et!al.!(11.85!
mut/Mb)! calculated! the! cut-off! based! on! the! interquartile! range! and!
median!TMB!(Middha!et!al.,!2017),!and!Fabrizio!et!al.!(11.7!mut/Mb)!
classi"ed!patients!based!on!a!Weibull!distribution!of! the!TMB!values!
observed!within! the!MSI-H! tumors! evaluated! (Fabrizio! et! al.,! 2018).!
Although! the! methodologies! used! to! determine! the! cut-point! were!
different,!these!authors!reached!a!similar!value!of!~12!mutations!per!
megabase.!In!the!study!by!Fabrizio!and!colleagues,!(which!sequenced!
the!tumors!of!over!6000!CRC!patients!with!the!FoundationOne!assay)!
not! only! did! this! threshold! capture! 99.7%!of!MSI-H! patients,! it! also!
identi"ed!3%!of!the!MSS!samples!as!being!TMB-H,!increasing!the!pool!of!
patients!who!might!be!eligible!for!treatment!with!ICIs!by!54%!(Fabrizio!
et!al.,!2018).!

One! year! later,! a! systematic! review! and!meta-analysis! by! Li! and!
colleagues!(Table!3)!evaluated!studies!published!until!1!May!2021!and!
identi"ed! cut-off! choice! as! one! of! the! key! problems! of! TMB,! as! it!
contributed!substantially!to!the!heterogeneity!of!the!results!(Y.!Li!et!al.,!
2021).! A! subgroup! analysis! based! on! the! TMB! cut-off! revealed! that!
TMB-H!CRC!patients!respond!better!to!ICIs!when!the!adopted!threshold!
is!lower!than!28!mut/Mb!(Y.!Li!et!al.,!2021).!Although!this!meta-analysis!
did!not!provide!a!single!numerical!cut-off!as!the!optimal!threshold!for!
high!TMB,!it!complements!the!results!obtained!by!Yang!and!colleagues:!
12!mut/Mb!is,!indeed,!lower!than!28!mut/Mb.!

Most!of! the! included! studies!adhered! to! this!premise! (even! if!un-
wittingly),!but!some!studies!identi"ed!thresholds!well!above!28!muta-
tions!per!megabase.!For!example,! in!a! landmark!study!of!22!patients!
with!MSI-H!mCRC,!Schrock!and!colleagues!placed!the!optimal!TMB!cut-!
off! somewhere! between! 37! and! 41! mut/Mb—which! roughly! corre-
sponded!to!the!35th!percentile!of!MSI-H!mCRC!cases!sorted!by!TMB!in!
the!Foundation!Medicine!database—after!applying!log-rank!statistics!to!
progression-free!survival!data!(Schrock!et!al.,!2019).!Kitsou!et!al.!used!

iCoMut!Beta!for!FireBrowse!to!categorize!tumors!into!low!or!high!TMB,!
according!to!a!cut-point!of!34!mut/Mb!(Kitsou!et!al.,!2020),!and!Xiao!
et!al.!set!this!threshold!at!29!mut/Mb!based!on!the!optimal!Youden!index!
obtained!in!a!Chinese!cohort!(Xiao!et!al.,!2021).!Interestingly,!Chen!and!
colleagues!found!28!variants!per!megabase!to!be!the!optimal!threshold!
in!patients!treated!with!durvalumab!plus!tremelimumab!(Chen!et!al.,!
2020)!but!did!not!de"ne!what!a!“variant” actually!entails.!

On!the!other!end!of!the!spectrum,!two!studies!de"ned!TMB-H!cut-offs!
below!10!mutations!per!megabase,!which!is!seen!as!the!current!“stan-
dard”.! In!a!pan-cancer! study,!Yang!et!al.!determined! the!optimal!cut!
point!for!the!ICI-treated!group!through!recursive!partitioning!and!tree!
methods,!ultimately!reaching!a!value!of!12!reported!mutations,!or!6.88!
mut/Mb!(R.!K.!Yang!et!al.,!2020).!An!exploratory!analysis!by!Valero!and!
colleagues!de"ned!different!optimized!cut-offs!per!cancer!type!accord-
ing!to!the!Youden!method!and!reached!a!value!of!8.35!mut/Mb!for!CRC.!
Importantly,! this! information! is! only! available! in! the! Supplementary!
Material!(Table!2),!and!the!authors!recognize!in-text!that!the!cut-off!has!
not!been!adequately!validated!and!should!not!be!considered!de"nitive!
(Valero!et!al.,!2021).!

This! manuscript! highlights! the! inconsistencies! prevalent! in! TMB!
assessment!and!reporting,!which!impact!multiple!aspects!re#ected!in!the!
data!collected!in!Table!2:!we!observed!divergent!TMB!de"nitions!(i.e.,!
differing! interpretations! of! which! mutations! are! considered! when!
quantifying! TMB),! inconsistent! disclosure! of! speci"c! methodological!
details! (e.g.,! types! of! samples! and! testing! procedures! used)! and,! of!
course,! a! wide! range! of! cut-offs! for! high! TMB.! Discrepancies! were!
identi"ed!across!all!these!categories,!which!collectively!emphasize!the!
substantial! lack! of! methodological! harmony! within! the! "eld.! For!
example,!the!absence!of!a!single!TMB!threshold!can!confuse!clinicians,!
hindering! the! decision-making! process.! Furthermore,! the! wide! vari-
ability!observed!contributes!to!the!idea!that!these!cut-offs!are!arbitrary!
and! that! the! evidence! is! inconsistent! and!untrustworthy! (Prasad!and!
Addeo,! 2020;! Zheng,! 2022).! The! recommendations! proposed! by! the!
FoCR!Harmonization!Project!will!ultimately!help!identify!the!optimal!
cut-off! for! each! situation! (Stenzinger! et! al.,! 2019).! Until! adequate!
standards!for!TMB!reporting!are!established,!we!urge!all!researchers!on!
this! topic! to! adapt! the! terminology! used! and! to! provide! all! possible!
details! regarding! the! methods! and! rationale! employed,! to! facilitate!
interdisciplinary!dialogue!and!understanding.!

4. Critical!view!and!perspectives!

Colorectal!cancer!is!the!seventh!most!mutated!neoplasm!among!the!
30! most! common! cancer! types! (Zheng! et! al.,! 2022),! but! important!
mechanisms!of!hypermutation,!like!POLE!mutation!or!ARID1A!loss!of!

Table!3!
Meta-analyses!evaluating!optimal!TMB-H!cut-offs!for!immunotherapy!response.!!

Title! No.!Studies!
(No.!Patients)!

Cancer!Type! Optimal!cut-off!
for!TMB-high!

Main!Findings! Author,!Year!of!
Publication!(Ref.)!

Clinical!signi"cance!of!tumour!mutation!burden!in!
immunotherapy!across!multiple!cancer!types:!an!
individual!meta-analysis!!

22!(6171)! Multiple!
cancer!types!

CRC:!12!mut/!
Mb!(12.3!mut/!
Mb)!!

• TMB!is!associated!with!better!overall!
survival!and!a!promising!predictor!of!ICI!
therapy,!but!the!cut-off!value!differs!across!
cancer!types.!!

• The!best!cut-off!value!in!CRC!was!12.3!mut/!
Mb.!

(Z.!Yang!et!al.,!
2020)!

Tumor!Mutational!Burden!Predicting!the!Ef"cacy!
of!Immune!Checkpoint!Inhibitors!in!Colorectal!
Cancer:!A!Systematic!Review!and!Meta-Analysis!!

13!(5062)! CRC! < 28!mut/Mb!! • The!TMB-high!patient!group!had!longer!
overall!survival!and!superior!ORR!compared!
to!the!TMB-low!patient!group.!!

• TMB!can!be!used!as!a!putative!predictive!
biomarker!of!CRC!patients!receiving!ICIs,!
but!this!"nding!isn’t!stable!enough.!!

• When!the!cut-off!value!is!< 28!mut/Mb,!
patients!with!high!TMB!respond!better!to!
ICIs!than!when!the!cut-off!is!> 28!mut/Mb.!

(Y.!Li!et!al.,!2021)!

TMB-H,!high!tumor!mutational!burden;!CRC,!colorectal!cancer;!mut/Mb,!mutations/megabase;!TMB,!tumor!mutational!burden;!ICI,!immune!checkpoint!inhibitor;!
ORR,!objective!response!rate.!
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function,! are! not! detected! by! standard-of-care! testing! (Argilés! et! al.,!
2020;!Cervantes!et!al.,!2022;!Network,!2023).!TMB!represents!a!hopeful!
way!forward,!but!its!implementation!into!the!cancer!care!continuum!has!
faced!meaningful!technical!and!methodological!challenges.!This!is!not!
unfamiliar! territory:! the!validation!of!PD-L1!encountered! similar! set-
backs,! which! emphasized! the! need! for! harmonization! in! biomarker!
testing!(Chan!et!al.,!2019;!Wang!et!al.,!2016).!

Importantly,!the!purpose!of!this!review!is!not!to!present!TMB!as!the!
de"nitive!solution!for!this!puzzle—in!fact,!the!limitations!of!TMB!as!a!
predictive!biomarker!are!highlighted!when!it!is!used!in!isolation!(Jardim!
et!al.,!2021;!Rousseau!et!al.,!2021).!Some!researchers!have!suggested!the!
implementation! of! a! cancer! immunogram! to! guide! therapeutic! de-
cisions:! Blank! and! colleagues! postulated! that! a! variety! of!
immune-related!aspects,!such!as!the!presence!of!inhibitory!checkpoints,!
in"ltration!of!immune!cells,!tumor!mutational!load,!lymphocyte!count,!
and! MHC! expression! should! all! be! considered! when! choosing! the!
appropriate! immunotherapeutic! agent! (Blank! et! al.,! 2016).! Other!
emergent! subclassi"cations! of! CRC! are! the! four! consensus!molecular!
subtypes!(CMS)!and!the!Immunoscore,!which!relies!on!the!quanti"ca-
tion!of!different! lymphocyte!populations! in!both! the! tumor!core!and!
margin!(J.!Li!et!al.,!2021;!Picard!et!al.,!2020).!The!potential!of!TMB!as!a!
response!biomarker!lies!in!its!ability!to!extend!the!use!of!ICIs!to!addi-
tional! subpopulations! of! patients—rather! than! substituting! existing!
biomarkers,! TMB! is! meant! to! complement! them.! For! example,! in!
advanced!NSCLC,!TMB!and!PD-L1!expression!were!found! to!be! inde-
pendent!of!each!other!(Hellmann!et!al.,!2018).!The!standardization!of!
TMB!assessment!and!reporting!represents!an!important!opportunity!to!
identify!further!therapeutic!possibilities!in!CRC.!

Although!current!evidence!seems!promising,!it!is!not!yet!suf"cient!to!
con"dently!determine!the!predictive!value!of!TMB!in!colorectal!cancer.!
Additional,!high-quality!information!is!required!before!it!can!be!intro-
duced! into! routine! clinical!practice.!Critical! aspects! need! to!be! thor-
oughly!considered,!such!as!the!evolution!of!a!patient’s!TMB!over!time,!
the!need!to!establish!adequate!standards!for!determining!the!optimal!
TMB!cut-off! in!each!tumor,!and!the!existence!of!a! linear!relationship!
between!sample!TMB!and!ICI!response.!Additionally,!ICIs!are!often!used!
in!combination!with!other! treatment!modalities,! such!as! radiation!or!
chemotherapy.!Certain!treatments!have!been!shown!to!affect!a!patient’s!
TMB! status! (Crisafulli! et! al.,! 2022;! Parikh! et! al.,! 2021;!Wang! et! al.,!
2020),!but!whether!this!variation!has!any!clinical!signi"cance!is!also!
unclear.!The!utility!of!TMB!and!other!immune-related!biomarkers!must!
likewise!be!validated!in!this!setting!to!better!guide!physicians!on!how!to!
sequence!or!combine!ICIs!with!other!therapies.!

To!our!knowledge,!this!is!the!"rst!comprehensive!analysis!and!crit-
ical! summary! of! TMB! use! in! colorectal! cancer,! speci"cally.!We! per-
formed! a! structured! search! for! original! studies! utilizing! numerical!
thresholds! for! high! TMB,! with! no! restrictions! regarding! the! year! of!
publication!or!assessment!methodologies!used!(Yang!and!colleagues,!for!
example,!excluded!studies!where!TMB!was!calculated!from!ctDNA!or!
blood!(Z.!Yang!et!al.,!2020)).!Furthermore,!we!explored!the!rationale!
behind! the! different! cut-offs! chosen! and! even! consulted! different!
meta-analyses!on!the!subject.! Interestingly,!only!13!of! the!45!studies!
included! in! our! compilation! calculated! their! own! TMB-H! threshold.!
None!of!these!studies!ultimately!aligned!with!either!of!the!most!common!
cut-offs,! raising! an! important! question:! are! these! thresholds! being!
perpetuated! out! of! scienti"c! convenience! rather! than! rigor?! While!
acknowledging!the!limitations!of!a!non-systematic!review!and!the!reli-
ance!on!a!single!database!(Pubmed),!this!manuscript!effectively!provides!
an!extensive!overview!of!the!current!landscape!of!TMB!assessment!in!
colorectal!cancer.!As!these!methodologies,!particularly!thresholds,!may!
need!to!be!adapted!for!different!histologies!and!medicines,!this!manu-
script!provides!a!foundational!resource!for!CRC!researchers,!successfully!
"lling!a!gap.!

The!wide!variation!observed!in!the!compiled!studies!highlights!the!
lack!of!harmonization!when!it!pertains!to!TMB!assessment;!Besides!the!
disparate! methodological! details,! different! authors! may! even! act!

according!to!contrasting!schools!of!thought:!while!some!authors!have!
recommended!the!de"nition!of!a!single!cut-off! for!high-TMB!(Jardim!
et!al.,!2021),!some!defend!that!the!appropriate!threshold!should!depend!
on! the! cancer! type! (Samstein! et! al.,! 2019).! The!TMB!Harmonization!
Project’s!work!will!be!critical!to!further!establish!and!validate!TMB!as!a!
predictive!marker!of!ICI!response!and!demonstrates!the!importance!of!
multi-stakeholder!involvement.!While!it!is!unlikely!that!TMB!alone!will!
comprehensively!identify!all!potential!candidates!for!immunotherapy,!it!
is!now!clear!that!as!these!methods!become!more!robust!and!the!evidence!
more!conclusive,!TMB!should!be!included!in!the!diagnostic!and!staging!
workup!of!patients!with!CRC.!Placing!tumors!on!a!TMB!spectrum!will!be!
an!important!step!forward!in!the!sphere!of!precision!oncology.!
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Afr!sânie,!V.A.,!Marinca,!M.V.,!Alexa-Stratulat,!T.,!Gafton,!B.,!P!duraru,!M.,!
Adavidoaiei,!A.M.,!Miron,!L.,!Rusu,!C.,!2019.!KRAS,!NRAS,!BRAF,!HER2!and!
microsatellite!instability!in!metastatic!colorectal!cancer-practical!implications!for!
the!clinician.!Radiol.!Oncol.!53,!265–274.!https://doi.org/10.2478/raon-2019-0033.!

Aleksakhina,!S.N.,!Imyanitov,!E.N.,!2021.!Cancer!therapy!guided!by!mutation!tests:!
current!status!and!perspectives.!Int.!J.!Mol.!Sci.!22,!10931.!https://doi.org/10.3390/!
ijms222010931.!

Almquist,!D.R.,!Ahn,!D.H.,!Bekaii-Saab,!T.S.,!2020.!The!role!of!immune!checkpoint!
inhibitors!in!colorectal!adenocarcinoma.!BioDrugs!34,!349–362.!https://doi.org/!
10.1007/s40259-020-00420-3.!

Andre,!T.,!Elez,!E.,!Van!Cutsem,!E.,!Jensen,!L.H.,!Bennouna,!J.,!Mendez,!G.,!Schenker,!M.,!
De!La!Fouchardiere,!C.,!Limon,!M.L.,!Yoshino,!T.,!Li,!J.,!Lenz,!H.-J.,!Manzano!
Mozo,!J.L.,!Tortora,!G.,!Garcia-Carbonero,!R.,!Cela,!E.,!Yang,!Y.,!Lei,!M.,!Jin,!L.,!
Lonardi,!S.,!2024.!Nivolumab!(NIVO)!plus!ipilimumab!(IPI)!vs!chemotherapy!
(chemo)!as!"rst-line!(1L)!treatment!for!microsatellite!instability-high/mismatch!
repair-de"cient!(MSI-H/dMMR)!metastatic!colorectal!cancer!(mCRC):!First!results!of!
the!CheckMate!8HW!study.!LBA768–LBA768!J.!Clin.!Oncol.!42.!https://doi.org/!
10.1200/JCO.2024.42.3_suppl.LBA768.!

Argilés,!G.,!Tabernero,!J.,!Labianca,!R.,!Hochhauser,!D.,!Salazar,!R.,!Iveson,!T.,!Laurent-!
Puig,!P.,!Quirke,!P.,!Yoshino,!T.,!Taieb,!J.,!Martinelli,!E.,!Arnold,!D.,!ESMO!
Guidelines!Committee.!Electronic!address:!clinicalguidelines@esmo.org,!2020.!
Localised!colon!cancer:!ESMO!Clinical!Practice!Guidelines!for!diagnosis,!treatment!
and!follow-up.!Ann.!Oncol.!.!J.!Eur.!Soc.!Med.!Oncol.!31,!1291–1305.!https://doi.!
org/10.1016/j.annonc.2020.06.022.!

Blank,!C.U.,!Haanen,!J.B.,!Ribas,!A.,!Schumacher,!T.N.,!2016.!The!“cancer!
immunogram”.!Sci.!(80-.!)!352,!658–660.!https://doi.org/10.1126/science.aaf2834.!

Borelli,!B.,!Antoniotti,!C.,!Carullo,!M.,!Germani,!M.M.,!Conca,!V.,!Masi,!G.,!2022.!
Immune-checkpoint!inhibitors!(ICIs)!in!metastatic!colorectal!cancer!(mCRC)!patients!
beyond!microsatellite!instability.!Cancers!(Basel)!14,!4974.!https://doi.org/!
10.3390/cancers14204974.!

Bortolomeazzi,!M.,!Keddar,!M.R.,!Montorsi,!L.,!Acha-Sagredo,!A.,!Benedetti,!L.,!
Temelkovski,!D.,!Choi,!S.,!Petrov,!N.,!Todd,!K.,!Wai,!P.,!Kohl,!J.,!Denner,!T.,!Nye,!E.,!
Goldstone,!R.,!Ward,!S.,!Wilson,!G.A.,!Al!Bakir,!M.,!Swanton,!C.,!John,!S.,!Miles,!J.,!
Larijani,!B.,!Kunene,!V.,!Fontana,!E.,!Arkenau,!H.T.,!Parker,!P.J.,!Rodriguez-!
Justo,!M.,!Shiu,!K.K.,!Spencer,!J.,!Ciccarelli,!F.D.,!2021.!Immunogenomics!of!
colorectal!cancer!response!to!checkpoint!blockade:!analysis!of!the!KEYNOTE!177!
trial!and!validation!cohorts.!Gastroenterology!161,!1179–1193.!https://doi.org/!
10.1053/j.gastro.2021.06.064.!

Brahmer,!J.R.,!Drake,!C.G.,!Wollner,!I.,!Powderly,!J.D.,!Picus,!J.,!Sharfman,!W.H.,!
Stankevich,!E.,!Pons,!A.,!Salay,!T.M.,!McMiller,!T.L.,!Gilson,!M.M.,!Wang,!C.,!
Selby,!M.,!Taube,!J.M.,!Anders,!R.,!Chen,!L.,!Korman,!A.J.,!Pardoll,!D.M.,!Lowy,!I.,!
Topalian,!S.L.,!2010.!Phase!I!study!of!single-agent!anti–programmed!death-1!(MDX-!
1106)!in!refractory!solid!tumors:!safety,!clinical!activity,!pharmacodynamics,!and!
immunologic!correlates.!J.!Clin.!Oncol.!28,!3167–3175.!https://doi.org/10.1200/!
JCO.2009.26.7609.!

Budczies,!J.,!Seidel,!A.,!Christopoulos,!P.,!Endris,!V.,!Kloor,!M.,!Győrffy,!B.,!Seliger,!B.,!
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