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Introduction Results

Conclusions

BTK degraders are a new class of therapies designed 
to overcome common BTK inhibitor resistance 
mutations. BTK degraders mediate their therapeutic 
effects by inducing an interaction between BTK and the 
cereblon E3 ubiquitin ligase, leading to BTK’s 
ubiquitination and proteasomal degradation. 

Rationale

Approach

Understanding the genetic and molecular basis of 
resistance to BTK degraders will have important 
implications for the design of next-generation BTK 
degraders and the growing number of degraders 
entering the clinic for other targets and indications.

1. Sequence pre- and post-treatment samples from five 
patients with CLL who developed progressive disease 
while being treated on the phase 1 trials of 
zelebrudomide (NX-2127) or bexobrutideg (NX-5948).
 
2. Characterize mutations in the BTK-dependent 
DLBCL cell line, TMD8, using cellular, molecular, 
biochemical, and structural assays.

Five patients with CLL who developed progressive disease following treatment with 
zelebrudomide or bexobrutideg underwent sequencing of pre- and post-treatment 
CLL samples using MSK-IMPACT Heme, a 400-gene panel that reports mutations 
with VAF >2%. At this threshold, two patients exhibited newly detected BTK A428D 
mutations in their post-treatment samples (Fig. 1A). In both cases, deeper 
sequencing revealed that BTK A428D was present in the pre-treatment samples 
with VAFs of 0.5% and 1.3%, respectively. Additionally, both patients displayed 
rising BTK levels in peripheral blood B cells upon progression (Fig. 1B). 

1. BTK A428D is a recurrent mutation in patients who progressed 

on the BTK degraders zelebrudomide and bexobrutideg

CellTiter-Glo viability assays revealed that TMD8 single-cell clones with knock-in 
BTK A428D were resistant to all BTK inhibitors and degraders tested (Fig. 2A). 
This breadth of resistance is unique, as all previously characterized BTK inhibitor 
resistance mutations remain susceptible to at least one clinical BTK inhibitor and 
nearly all BTK degraders tested (Fig. 2B). When a 95:5 mixture of TMD8 parental 
cells and BTK A428D clone 1 were cultured in the presence of BTK inhibitors and 
degraders a resistant population consisting of BTK A428D+ cells emerged in each 
treatment condition (Fig. 2C-D).

2. BTK A428D confers pan-resistance to BTK inhibitors and 

degraders

Despite conferring pan-resistance, BTK A428D accounts for only 1.1% of BTK 
inhibitor resistance mutations. To evaluate the possibility that BTK A428D may 
confer a competitive disadvantage in the absence of selection we compared the 
proliferation rates of TMD8 parental cells, five wild-type single-cell clones, and six 
BTK A428D single-cell clones. The BTK A428D clones grew more slowly than the 
parental line and the wild-type clones (Fig. 3A). We then selected the two 
fastest-growing BTK A428D clones and mixed them 1:1 with single-cell clones 
bearing either BTK wild-type or more common BTK inhibitor resistance mutations. 
In every condition, the frequency of the A428D allele decreased (Fig. 3B).

3. BTK A428D exhibits a competitive disadvantage in the absence 

of selection pressure from BTK-directed therapies

We next solved crystal structures of the kinase domain of apo BTK wild-type (1.5 Å) and 
apo BTK A428D (1.8 Å) (Fig. 5A-C). The mutant aspartate is located in the β3 strand of 
the kinase N-lobe and projects into the ATP-binding site where its carboxylate 
introduces steric hindrance and electrostatic repulsion that would interfere with the 
hinge-binding moiety of BTK inhibitors and degraders (Fig. 5D-E).

5. The mutant aspartate clashes with the hinge-binding moiety of 

BTK inhibitors and degraders

Protein levels of endogenous BTK A428D remained stable despite treatment with 
0.1 μM of the BTK degraders zelebrudomide, bexobrutideg, BGB-16673, and 
AbbVie-1 for 24 hours (Fig. 4A). To assess drug binding affinity we employed 
surface plasmon resonance (SPR); while all BTK inhibitors and degraders tested 
exhibited nanomolar binding affinities to wild-type BTK, none showed evidence of 
binding to BTK A428D even at the highest concentrations tested (Fig. 4B). Given 
that selective BTK inhibitors and degraders could not bind to BTK A428D, we 
evaluated the ability of seven non-selective ATP-competitive kinase probes with 
broad kinome coverage to interact with BTK A428D in a NanoBRET assay in 
HEK293T cells. None of the probes showed evidence of binding to BTK A428D 
(Fig. 4C).

4. BTK inhibitors, degraders, and non-selective kinase probes show no 

measurable binding to BTK A428D

A B

Figure 1 | (A) Patient characteristics and results of sequencing of pre- and post-treatment samples using MSK-IMPACT Heme which 
reports mutations with a variant allele frequency (VAF) >2%. *In both cases, deeper sequencing of the pre-treatment samples 
revealed that BTK A428D was present with VAFs of 0.5% and 1.3%, respectively. (B) BTK mean fluorescence intensity (MFI) was 
measured in peripheral blood B cells using intracellular flow cytometry while patients were on treatment.
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Figure 2 | (A) TMD8 BTK wild-type (WT) single-cell clone 1 and BTK A428D single-cell clone 1 were treated with the indicated BTK 
inhibitors or degraders, cultured for four days, and then relative cell number was determined using ATP CellTiter-Glo (mean of 3 
technical replicates ± SEM). *AbbVie-1 is compound 1 from WO 2023183811. (B) Heatmap of growth inhibitor 50 (GI

50
) values for 

TMD8 BTK wild-type and mutant single-cell clones treated with the indicated drugs and analyzed with ATP CellTiter-Glo. (C) TMD8 
parental and BTK A428D clone 1 were mixed at a 95:5 ratio, treated with 0.1 μM of BTK inhibitors or degraders, and counted every 3 
days for 21 days. (D) BTK A428D allele frequency as determined with Plasmidsaurus premium PCR nanopore sequencing.
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Figure 3 | (A) 3 day fold-change in cell number for TMD8 parental, wild-type single-cell clones, and BTK A428D single-cell clones (5 
experimental replicates, error bars reflect mean and 95% confidence interval, Mann-Whitney test compared to parental, ns: p-value 
>0.05, **: p-value <0.01). (B) TMD8 BTK A428D clones 1 and 2 were mixed 1:1 with BTK wild-type or BTK knockin mutant single-cell 
clones then cultured for 28 days in the absence of drug. Samples were taken at 1 week intervals and Plasmidsaurus premium PCR 
nanopore sequencing was used to assess the relative frequency of the A428D allele.
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Figure 4 | (A) TMD8 BTK wild-type (WT) single-cell clones and BTK A428D 
single-cell clones were treated with DMSO or 0.1 μM of the indicated BTK degraders 
for 24 hours (*AbbVie-1 is compound 1 from WO 2023183811). (B) Representative 
surface plasmon resonance (SPR) sensorgrams with recombinant full-length BTK 
along with a chart providing calculated dissociation constants (K

D
, mean ± SD of 

three or more experimental replicates). (C) NanoBRET target engagement assay in 
HEK293 cells transfected with BTK WT or A428D NanoLuc constructs and treated 
with 1 μM of non-selective ATP-competitive kinase tracers.

Figure 5. | (A), (B), and (C) Crystal structures of the kinase domains of apo BTK wild-type (aa 389-658) and apo BTK A428D (aa 392-657). 
Subsets of residues in the P loop, β3-αC helix loop, and activation loop were not visualized in the A428D structure. (D) and (E) The indicated 
BTK inhibitors and degraders were superimposed with the crystal structures of BTK wild-type in (D) and BTK A428D in (E). Residues in the P 
loop that were not visualized in the BTK A428D structure were removed from the wild-type structure to standardize the views.
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Given that BTK A428D conferred a competitive disadvantage, we performed 
dynamic BH3 profiling (DBP) on TMD8 wild-type and BTK A428D cells; BTK A428D 
cells exhibited increased apoptotic priming across multiple BH3 peptides (Fig. 6A). 
When a 98:2 mixture of TMD8 wild-type and A428D cells was cultured with 0.1 μM 
of BTK degraders with or without venetoclax, the zelebrudomide plus venetoclax 
condition led to the death of all cells by day 15 (Fig. 6B).

6. BTK A428D cells exhibit increased apoptotic priming that can be 

exploited with BCL-2 inhibition

Zelebrudomide (NX-2127), bexobrutideg (NX-5948), 
and BGB-16673 are the first BTK degraders to enter 
phase 1 trials and have shown preliminary safety and 
efficacy in relapsed/refractory CLL. Notably, 
bexobrutideg and BGB-16673 elicited response rates of 
>80%, including in patients with mutations in BTK that 
confer resistance to BTK inhibitors.
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Figure 6. | (A) Delta priming responses to 
pro-apoptotic BH3 peptides in TMD8 
wild-type and BTK A428D single-cell 
clones after 16h treatment with the 
indicated compounds. Delta priming = % 
cytochrome c loss, n=3 technical 
replicates. (B) A pool of TMD8 cells 
consisting of 98% wild-type and 2% BTK 
A428D were treated with 0.1μM of the 
indicated compounds. Cell number is an 
estimated total based on the fold-change 
with each passage. 

BTK A428D is a recurrent, pan-resistance mutation in patients with CLL who 
developed progressive disease while being treated with BTK degraders.

BTK A428D has not been a frequent cause of resistance to BTK inhibitors 
because it is outcompeted by more common inhibitor resistance mutations.

BTK A428D may confer broad resistance to ATP-competitive molecules due 
to steric clash with their hinge-binding moieties.

Combination therapy with BCL-2 inhibitors may mitigate the emergence of 
BTK A428D subclones. 

BTK A428D is a recurrent pan-resistance mutation to BTK degraders in clinical trials
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