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when progressive disease was first noted (88% 
of reads) and before dose escalation (92% of 
reads) but not in those collected before ibruti-
nib administration or while the patient was 
having a response (Fig. S2A in the Supplemen-
tary Appendix). No other genetic changes were 
identified that correlated with the patient’s 
clinical course in the same manner as the BTK 
mutation. Sanger sequencing of cDNA verified 
that the mutation was detected only in the 
samples collected during relapse (Fig. S2B in 
the Supplementary Appendix). A more sensi-
tive, allele-specific polymerase-chain-reaction 
assay (1% analytic sensitivity) detected the mu-
tation in the genomic DNA of samples collected 
during relapse but not in those collected before 
ibrutinib administration or while the patient 

was having a response (Fig. S3 in the Supple-
mentary Appendix).

Ibrutinib binds covalently to the sulfhydryl 
group of C481 of BTK in the active site, resulting 
in irreversible inhibition of its kinase activity.5
Structural modeling suggested that the C481S 
mutation would disrupt this covalent binding, 
changing irreversible binding to reversible bind-
ing (Fig. 1A). Fluorescently tagged ibrutinib la-
beled the nonmutant BTK, and the covalent 
binding that was formed withstood electropho-
resis, whereas reversible binding to the C481S or 
C481A mutant of BTK did not. This showed 
biochemically the critical role of cysteine in co-
valent-bond formation (Fig. S4 in the Supple-
mentary Appendix).
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Figure 1. Effect of C481S Mutation of Bruton’s Tyrosine Kinase (BTK) on Ibrutinib Binding and the Ability of Ibrutinib to Inhibit BTK 
Phosphorylation.

Panel A shows structural modeling of nonmutant and mutant BTK with ibrutinib. The red arrows indicate the covalent bond between 
ibrutinib (purple and blue) and BTK (green and yellow) before and after the mutation. Panel B shows the inhibition of nonmutant BTK 
or C481S BTK phosphorylation by ibrutinib in HEK 293 cells. The half-maximal inhibitory concentration (IC50) of ibrutinib for inhibition 
of BTK phosphorylation was analyzed and plotted with GraphPad Prism. GFP denotes green fluorescent protein. 

The New England Journal of Medicine 
Downloaded from nejm.org at CLINICIANS HEALTH CHANNEL on August 6, 2014. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 

ID Type of 
Relapse

BTK 
mutation

PLCγ2 
mutation

605* CLL no R665W
1694 CLL C481F no
883 CLL C481S no
934 CLL C481S D1140G

1602* CLL C481S no

1140* CLL C481S R665W, L845F, 
S707Y

1151 CLL C481S no
62 CLL --- ---

1314 CLL --- ---
1716 CLL C481S no
1833 CLL C481S no

2 CLL no
R665W, S707P, 
S707F, R742P, 

L845fs

Maddocks et al JAMA Oncol, 2015
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Leu528Trp is detectable in zanubrutinib treated patients 
before clinical CLL progression



BTK Leu528Trp and Cys481 mutations are present in 
different cells in zanubrutinib progressors
Leu528Trp Cys481Ser
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Resistance to BTK Inhibitors Conferred by BTK Mutations Outside the C481 Residue.

Wang E et al. N Engl J Med 2022;386:735-743



*Others: APC, ATM, CDKN2A, CDKN2B, EP300, ERBB3, IRF4, KIT, KMT2C, NOTCH1, NRAS, NTRK1, PIK3CG, RB1, SMARCA4, TNFAIP3, XPO1.
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Acquired Resistance to Pirtobrutinib Converged Around On-
target BTK Mutations (Non-C481)

• 71% (35/49) of patients had at least one acquired mutation at progression
• Total of 82 acquired mutations in 35 patients
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• Decrease/clearance of C481 clones observed at progression on pirtobrutinib in 92% (22/24) patientsa

• BTK C481R/S/Y, T474, L528, other kinase mutations arose at/near progression (n=27 patientsa)
• ORR and time on treatment were similar across groups regardless of the acquired BTK mutation

aNumber of mutations is higher than number of patients because patients had multiple BTK mutations. b9 patients acquired multiple BTK mutations. VAF, variant allele frequency; VUS, variants of unknown significance; PD, at progressive disease.

Majority of BTK Acquired Mutations were BTK T474, L528



Woyach ASH 2019; Rogers Haematologica 2021; Sun ASH 2022; Blombery Blood Adv 2022; Wang NEJM 2022; Dhami Sci 
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ICML 2023

BTK Mutations Dominate CLL Progression in Both Arms

Acalabrutinib Arm Associated with T474I “Gatekeeper” Mutations…

T474I = 9/31 (29%)

… However T474I Mutations Tend to be Low VAF



BTK Mutations (Oct 2023)

Drug Resistant Mutations Has In-Vitro Activity Against
Ibrutinib C481S in >90%

(Rare – D43H, C481 kinase dead, A428D, L528W, T474I)
L528W, T474I/L, C481 kinase 
dead (via HCK), V416L/M, A428D

Acalabrutinib C481S, C481 kinase dead, T474I, E41V L528W
Zanubrutinib C481S, C481 kinase dead, L528W, A428D T474I, V416L/M
Pirtobrutinib C481 kinase dead, L528W, V416L, 

T474I/F/L/Y, A428D, M477I, M437R, 
D539G/H, Y545N

C481S

Woyach ASH 2019; Rogers Haematologica 2021; Sun ASH 2022; Blombery Blood Adv 2022; Wang NEJM 2022; Dhami Sci Signal 2022;  Woyach JCO 2017; 
Landau Nat Comm 2017; Quinquenel Blood 2019; Estupinan Leukemia 2021; Byrd NEJM 2013; Song BJH 2022; Mato Lancet 2021; Naeem ASH 2022; 
Gomez Blood 2023; Brown ASH 2023; Brown EHA 2023; Woyach ICML 2023; Ahn IWCLL 2023; Qi Blood Advances 2023.

*C481 Kinase Dead = C481F, C481Y, C481W, C481G, C481R. C481T is catalytically active (Hamasy Leukemia 2017)


