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ABSTRACT

BACKGROUND
Covalent (irreversible) Bruton’s tyrosine kinase (BTK) inhibitors have transformed
the treatment of multiple B-cell cancers, especially chronic lymphocytic leukemia
(CLL). However, resistance can arise through multiple mechanisms, including
acquired mutations in BTK at residue C481, the binding site of covalent BTK
inhibitors. Noncovalent (reversible) BTK inhibitors overcome this mechanism and
other sources of resistance, but the mechanisms of resistance to these therapies
are currently not well understood.

METHODS
We performed genomic analyses of pretreatment specimens as well as specimens
obtained at the time of disease progression from patients with CLL who had been
treated with the noncovalent BTK inhibitor pirtobrutinib. Structural modeling,
BTK-binding assays, and cell-based assays were conducted to study mutations that
confer resistance to noncovalent BTK inhibitors.

RESULTS

Among 55 treated patients, we identified 9 patients with relapsed or refractory CLL
and acquired mechanisms of genetic resistance to pirtobrutinib. We found muta-
tions (V416L, A428D, M437R, T4741, and L528W) that were clustered in the kinase
domain of BTK and that conferred resistance to both noncovalent BTK inhibitors
and certain covalent BTK inhibitors. Mutations in BTK or phospholipase C gamma 2
(PLCvy2), a signaling molecule and downstream substrate of BTK, were found in
all 9 patients. Transcriptional activation reflecting B-cell-receptor signaling per-
sisted despite continued therapy with noncovalent BTK inhibitors.

CONCLUSIONS
Resistance to noncovalent BTK inhibitors arose through on-target BTK mutations
and downstream PLCy2 mutations that allowed escape from BTK inhibition. A
proportion of these mutations also conferred resistance across clinically approved
covalent BTK inhibitors. These data suggested new mechanisms of genomic escape
from established covalent and novel noncovalent BTK inhibitors. (Funded by the
American Society of Hematology and others.)
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OVALENT (IRREVERSIBLE) BRUTON’S TY-

rosine kinase (BTK) inhibitors bind to

the C481 residue of BTK and block the
ATP-binding pocket, thereby preventing catalytic
activity. Despite excellent outcomes for patients
with chronic lymphocytic leukemia (CLL) treated
with covalent BTK inhibitors, resistance is ulti-
mately acquired in many patients.? Resistance
to covalent BTK inhibitors is best understood in
CLL, in which mutations at the BTK C481 amino
acid residue impair drug binding and thereby
restore the catalytic activity of BTK.? In addition,
activating mutations in phospholipase C gamma
2 (PLCy2), a direct substrate of BTK, render ma-
lignant cells less reliant on BTK.?

Noncovalent (reversible) BTK inhibitors were
developed to improve on the pharmacologic prop-
erties of covalent BTK inhibitors while also main-
taining potency against BTK C481 mutations.
These agents do not require binding to the BTK
C481 residue and effectively inhibit both wild-
type and mutant BTK with C481 substitutions.*
In preclinical studies, noncovalent BTK inhibi-
tors, including pirtobrutinib (LOXO-305), ARQ-
351,* fenebrutinib, and vecabrutinib, inhibited
B-cell-receptor signaling in BTK C481-mutant
cell and animal models. Moreover, the phase 1-2
clinical trial of pirtobrutinib showed promising
efficacy for patients with B-cell cancer who had
previously been treated with covalent BTK inhibi-
tors (with 62% of patients with CLL having a
response), including patients with or without
BTK C481 mutations (with a response occurring
in 71% and 66% of the patients, respectively).’

Because most patients with CLL receive mul-
tiple therapies over the course of their treatment,
an understanding of the mechanisms of resis-
tance to each class of agents is critical. However,
published reports of resistance to noncovalent
BTK inhibitors in patients have been lacking. We
therefore set out to identify the genetic mecha-
nisms and transcriptional characteristics of CLL
in patients with clinical resistance to noncovalent
BTK inhibitors.

METHODS

PATIENTS

We obtained peripheral blood specimens (and
bone marrow aspirates and lymph node—biopsy
specimens, when clinically indicated) before
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treatment and at the time of disease progression
during treatment from patients at the Memorial
Sloan Kettering Cancer Center with relapsed or
refractory CLL treated with pirtobrutinib who
were participating in the phase 1-2 BRUIN study
(NCT03740529°). The BRUIN study is an open-
label study of pirtobrutinib in patients with re-
lapsed or refractory B-cell cancers.® In the phase 1
portion, patients were treated with pirtobrutinib
monotherapy according to a standard dose-esca-
lation study design in 28-day cycles. In the phase 2
dose-expansion cohort, patients were treated with
pirtobrutinib at the recommended phase 2 dose
of 200 mg once daily. Key eligibility criteria for
the enrollment of patients with CLL in the BRUIN
study included two previous lines of therapy
(later amended to one previous line of therapy if
it included a covalent BTK inhibitor). All the
patients provided written informed consent, and
the institutional review board at Memorial Sloan
Kettering Cancer Center approved the protocol.
Responses were assessed by the investigators
in accordance with the criteria from the 2018
International Workshop on Chronic Lymphocytic
Leukemia.” Institutional review board—approved
correlative studies conducted as part of a sepa-
rate biospecimen protocol were performed with
the use of specimens obtained from patients
before pirtobrutinib treatment and at the time of
the occurrence of resistance to pirtobrutinib dur-
ing treatment. Clinical data were collected and
collated by the Memorial Sloan Kettering Cancer
Center without the involvement of Loxo Oncol-
ogy and include clinical outcomes in this sub-
group of patients as of May 1, 2021. The authors
designed the correlative analysis, gathered the
data, analyzed the data, and vouch for the ac-
curacy and completeness of the data. The corre-
sponding authors wrote the submitted manu-
script without sponsor-funded editorial support.

ANALYSIS AND VALIDATION OF RESISTANCE
MECHANISMS

Mutational analysis was performed with speci-
mens from nine patients with resistance by means
of targeted next-generation sequencing with the
MSK-IMPACT Heme/HemePACT?® platform for all
patients and by means of single-cell DNA se-
quencing with the Mission Bio Tapestri plat-
form’® for two of the patients. Additional details
are provided in the Supplementary Appendix,
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available with the full text of this article at
NEJM.org.

For the validation of resistance mutations,
BTK and PLCG2 plasmids were transduced into
TMD8 cells (a B-cell lymphoma line with consti-
tutive Notch signaling) and OCI-LY10 cells (de-
rived from an activated B-cell-type diffuse large
B-cell lymphoma). Cells expressing mutant or
control alleles were used for competition assays,
cell-viability assays, immunoblots, and intracel-
lular calcium-release assays. Further details re-
garding the methods of validation are provided
in the Supplementary Appendix.

STRUCTURAL MODELING

Structural modeling of BTK was performed with
UCSF ChimeraX.® The published structures of
ibrutinib (Protein Data Bank ID, 5P9J') and
ARQ-531 bound to BTK (Protein Data Bank ID,
GE4F*) were used to map mutations found in
patients onto the BTK kinase domain. Pirtobru-
tinib was modeled into the BTK structure with
the use of induced fit docking and binding pose
metadynamics'> with Schrodinger Suite soft-
ware, version 2021-1 (Schrodinger).

SINGLE-CELL RNA SEQUENCING

Single-cell RNA sequencing and CITE-seq (cellu-
lar indexing of transcriptomes and epitopes by
sequencing) were performed on specimens from
five healthy donors between the ages of 46 and
58 years and from six patients with CLL treated
with pirtobrutinib (four who had a relapse dur-
ing treatment and two who had a sustained re-
sponse to treatment), with the use of a panel of
277 antibodies.’ Details of the CITE-seq assay
and analyses are provided in the Supplementary
Appendix.

RESULTS

BTK MUTATIONS FOUND AT CLINICAL RESISTANCE
TO NONCOVALENT BTK INHIBITORS

A total of 55 patients with CLL who were treated
with the noncovalent BTK inhibitor pirtobrutinib
in the phase 1-2 BRUIN study were evaluated for
inclusion in the current study.’ At the time of
data cutoff, 12 patients had discontinued ther-
apy because of progressive disease, 38 patients
continued to receive therapy, and 5 patients had
discontinued therapy for reasons other than dis-

ease progression. Of the 12 patients who had
discontinued pirtobrutinib therapy because of
progressive disease, 1 patient with primary re-
fractory disease (after 31 days of pirtobrutinib
treatment) was excluded from resistance analy-
ses because of the short duration of drug expo-
sure. In addition, 2 patients who had progressive
disease while receiving pirtobrutinib did not
have post-treatment specimens available. Speci-
mens were therefore available for 9 patients with
resistance to pirtobrutinib that developed during
treatment. Detailed clinical characteristics and
treatment histories for each of these 9 patients
who discontinued pirtobrutinib treatment be-
cause of progressive disease are shown in Figure
S1 and Tables S1, S2, and S3 in the Supplemen-
tary Appendix. The best overall response among
these 9 patients was partial response in 4 pa-
tients (44%). Progression during treatment mani-
fested with biopsy-confirmed Richter transforma-
tion to diffuse large B-cell lymphoma in 3 patients.

In the first 2 patients with disease progres-
sion during treatment with pirtobrutinib, sequenc-
ing at progression revealed mutations in the ki-
nase domain of BTK outside the C481 residue
(V416L and M437R) that had not been present
before treatment (Fig. 1A and 1B). Additional
acquired mutations were observed in the BTK
kinase domain, including T4741 (in 2 patients)
and L528W (in 4 patients). In one of these pa-
tients, both T4741 and L528W were found at
progression (Fig. 1A). Overall, in this heavily
pretreated group of patients with CLL with ac-
quired resistance, 7 patients had acquired non-
C481 BTK mutations and the remaining 2 had
persistence of PLCy2 mutations that had been
identified before treatment (Fig. 1B). No patient
had a new BTK C481 mutation arise during
pirtobrutinib treatment, and no other recurrent
mutation or copy-number alteration was identi-
fied at progression.

All 7 patients with newly acquired, non-C481
BTK mutations at clinical progression during
pirtobrutinib treatment had received previous
ibrutinib treatment and had discontinued ibruti-
nib for progressive CLL. In the 4 patients with
preexisting BTK C481 mutations, BTK C481
clones were suppressed by pirtobrutinib in 2 pa-
tients, followed by acquisition of new non-C481
BTK mutations associated with clinical resis-
tance to pirtobrutinib.
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A Cancer-Cell Fraction of Non-C481 BTK Mutations
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Figure 1. BTK Mutations in Patients with Chronic
Lymphocytic Leukemia with Acquired Resistance
to Noncovalent BTK Inhibitors.

Panel A shows non-C481 Bruton’s tyrosine kinase (BTK)
mutations found at the time of relapse during treatment,
as revealed by serial targeted gene sequencing of spec-
imens from patients with chronic lymphocytic leuke-
mia treated with the noncovalent BTK inhibitor pirto-
brutinib. The timing of specimen collection is shown
on the x axis, and the cancer-cell fraction of the non-
C481 BTK mutations is shown on the y axis. Panel B
shows BTK mutations outside the BTK C481 residue
found in patients with resistance to pirtobrutinib. Each
individual occurrence of a mutation is depicted as an
arrowhead. PH denotes pleckstrin homology domain,
and SH Src homology domain. Panels C and D are fish-
plot representations of single-cell mutational data from
Patient 3 (Panel C) and Patient 4 (Panel D) before
pirtobrutinib therapy and at relapse during treatment.
Patient 3 had a phospholipase C gamma 2 (PLCy2)
mutation before pirtobrutinib therapy and was found
to have acquired BTK L528W mutations at relapse after
9 months of treatment. Patient 4 had the BTK C481S
mutation before pirtobrutinib therapy, and it was sup-
pressed during treatment; this patient was found to
have acquired BTK L528W at relapse after 11 months
of treatment. Mutations in XPO1 (exportin 1), FBXW7
(F-box and WD repeat—containing protein 7), and
BIRC3 (baculoviral IAP repeat—containing protein 3)
were also found.

To understand the clonal architecture at resis-
tance to pirtobrutinib, we performed single-cell
mutational analysis of BTK, PLCG2, and 29 addi-
tional genes recurrently mutated in CLL before
pirtobrutinib therapy and at the time of progres-
sion during treatment (Table S4). A total of 14,705
cells from two patients (Patients 3 and 4) were
sequenced across these time points; each of these
patients had BTK L528W mutations identified
on the basis of bulk DNA sequencing at progres-
sion during pirtobrutinib treatment. In Patient 3,
the BTK L528W mutation was not found within
individual cells before treatment but was found
in two subclones at progression during treat-
ment, one of which also contained a PLCy2
mutation within the same cells as the BTK
L528W mutation (Figs. 1C and S2A). In Patient 4,
the BTK C481S mutation was suppressed by
pirtobrutinib treatment, but BTK L528W was
found at progression during treatment, along
with pathogenic mutations that had previously
coexisted with BTK C481S (Figs. 1D and S2B).
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A Locations of Non-C481 BTK Mutations Mapped onto the Kinase Domain

B Interactions between BTK Inhibitors and BTK Mutations
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Figure 2. Resistance to BTK Inhibitors Conferred by BTK Mutations Outside the C481 Residue.

Panel A shows the locations of non-C481 BTK mutations (V416L, A428D, M437R, T474l, and L528W) identified in patients with pirtobru-
tinib resistance mapped onto the crystal structure of the BTK kinase domain (gray ribbon). Mutated amino acids are shown as red spheres.
Panel B shows the chemical structures of ibrutinib, pirtobrutinib, and ARQ-531 overlaid onto the crystal structure of the BTK kinase do-
main to illustrate the interactions between noncovalent BTK inhibitors and the non-C481 BTK mutations identified in specimens from
patients with pirtobrutinib resistance. Panel C shows the results of experiments in which TMD8 cells transduced with mutant BTK were
treated with pirtobrutinib or ibrutinib for 72 hours and the half-maximal inhibitory concentrations (IC,) determined with the use of cell-
viability assays. Panel D shows a heat map of IC,; values at 72 hours after treatment of TMD8 cells transduced with mutant BTK with
ibrutinib or a panel of noncovalent BTK inhibitors (pirtobrutinib, fenebrutinib, vecabrutinib, or ARQ-531). These data show that BTK
C481S is resistant to ibrutinib but sensitive to noncovalent BTK inhibitors, whereas cells expressing BTK mutants V416L, A428D, M437R,
T4741, and L528W are less sensitive to noncovalent BTK inhibitors. The data in Panels C and D are from three independent replicates and
have been normalized to values obtained with a vehicle control (dimethylsulfoxide).
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A Binding Affinities of BTK Inhibitors
BTK Protein Noncovalent Inhibitors — K Covalent Inhibitors — K;../K;
Pirtobrutinib ARQ-531 Vecabrutinib Fenebrutinib Ibrutinib Acalabrutinib Zanubrutinib
nmol/liter per mmol/liter/sec (except where indicated)
Wild type 0.9 87.0 0.8 0.2 0.044 0.005 0.052
No binding No binding No binding No binding No binding No binding
A428D detected 23000 detected detected detected detected detected
M437R 71.0 29.0 1.2 159.0 0.09 <0.001 0.050
T4741 14.0 8000.0 14.0 21 0.02 <0.001 <0.001
No binding No binding No binding No binding
Ls28w detected detected 20 12 detected <o detected
C481S 2.6 79.0 2.5 5.1 29.0 nmol/liter ~ 358.0 nmol/liter ~ 69.0 nmol/liter
B Inhibitory Effects of BTK Mutants C Calcium lon Flux
BTK Vector Wild Type C481S A428D M437R V416L L528W  T4741 BTK V416L BTK A428D = BTK wild
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Figure 3. Effect of BTK Resistance Mutations on Binding of Noncovalent and Covalent Inhibitors to BTK and on B-Cell-Receptor Signaling.
Panel A shows the binding affinities (K;) of each noncovalent BTK inhibitor to purified wild-type or mutant BTK protein, determined
with the use of surface plasmon resonance technology. On the right are K, __ /K| values for covalent BTK inhibitors on the enzymatic ac-
tivity of each wild-type or mutant BTK protein. The K ___ /K| value indicates the efficiency of covalent bond formation between each drug
and BTK protein. Red values indicate mutants that decreased drug-binding efficiency by a factor of at least 10. The K values for the co-
valent inhibitors to BTK C481S are reported. Panel B shows the inhibitory effects of TMD8 cells transduced with BTK mutants (C481S,
A428D, M437R, V416L, L528W, and T474l) on BTK autophosphorylation at Y223 and PLCy2 phosphorylation at Y1217. On IgM stimula-
tion of TMD8 cells, BTK mutants activated AKT (phosphorylated S473) and extracellular signal-related kinase (ERK; phosphorylated Y202
and Y204) signaling pathways similarly to wild-type BTK. (The prefix “p” indicates phosphorylation.) However, as shown in Panel C, intra-
cellular calcium was elevated to higher levels in cells expressing BTK mutants than in those expressing wild-type BTK. The Ca* ratio is
based on flow cytometry performed with Indo-1 (Life Technologies); higher values indicate greater concentrations of intracellular calcium.
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FUNCTIONAL CHARACTERIZATION OF NON-C481
BTK MUTANTS

Each of the non-C481 BTK mutations identified
in patients with pirtobrutinib resistance (V416L,
A428D, M437R, T4741, and L528W) clustered
within the kinase domain of BTK when mapped
onto the three-dimensional structure of the pro-
tein (Fig. 2A). The published structure of ARQ-
531 bound to BTK* reveals a binding mode

similar to that of ibrutinib, as does the pirtobru-
tinib—BTK interaction (Fig. 2B).

To functionally characterize these BTK mu-
tants, we introduced constructs expressing each
mutant into the BTK-dependent human B-cell
lymphoma cell line TMD8 and measured the
half-maximal inhibitory concentration (IC,) on
exposure to noncovalent BTK inhibitors (includ-
ing pirtobrutinib, fenebrutinib, vecabrutinib, and
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ARQ-531) and ibrutinib (Figs. 2C, 2D, and S3A).
Cells with BTK mutations that had been ac-
quired in patients with resistance to pirtobruti-
nib (BTK V416L, M437R, T4741, and L528W) were
much less sensitive to noncovalent BTK inhibi-
tors than were cells expressing wild-type or
C481S BTK. Measurement of the binding affin-
ity of wild-type or mutant BTK to noncovalent
BTK inhibitors indicated that each of the muta-
tions tested impaired binding of both covalent
and noncovalent inhibitors to BTK protein, a
finding consistent with the cell-viability data
(Fig. 3A). These drug-binding data also suggest
that the in vitro sensitivity of some BTK-mutant—
expressing cells to ibrutinib and ARQ-531 is most
likely a result of the ability of these agents to
inhibit numerous kinases beyond BTK with
similar potency.*

Several mutations that were identified as con-
ferring resistance to noncovalent BTK inhibitors
also interfered with the ability of covalent BTK
inhibitors to block BTK enzymatic activity
(Fig. 3A). For example, BTK A428D and L528W
mutations caused resistance to ibrutinib in vitro
and prevented multiple covalent BTK inhibitors
from inhibiting mutant BTK (Figs. 2D and 3A).
Of note, several non-C481 BTK mutations and
PLCy2 mutations also conferred a growth advan-
tage on exposure to noncovalent as well as cova-
lent BTK inhibitors (Fig. S3B and S3C). Overall,
these data indicate a causal link between BTK
mutations identified here outside the C481 resi-
due as well as PLCy2 mutations and resistance
to multiple noncovalent and covalent BTK in-
hibitors.

To examine the effects of BTK mutations on
BTK autophosphorylation at Y223, a marker of
BTK catalytic activity, HEK293T cells that lacked
endogenous BTK were stably transfected with
wild-type BTK, mutant BTK, or empty vector
plasmids (Fig. S3D). Whereas wild-type BTK and
several BTK mutants (C481S and T474I) in-
creased BTK Y223 autophosphorylation, multiple
BTK mutants that confer resistance to noncova-
lent and covalent BTK inhibitors greatly dimin-
ished BTK autophosphorylation of Y223. Similar
results were seen in TMDS cells, in which ex-
pression of BTK V416L, A428D, M437R, and
L528W significantly reduced Y223 phosphory-
lated BTK and phosphorylation of PLCy2 at tyro-
sine 1217, a catalytic substrate of BTK (Fig. 3B).

The BTK residues at which mutations abrogate
BTK catalytic activity (V416, A428, and L528)
make up the ATP-binding interface of BTK and
are thereby predicted to disrupt ATP binding and
kinase activity (Fig. S3E), which would be consis-
tent with the above findings.

Although noncovalent inhibitors suppressed
BTK Y223 phosphorylation in cells expressing
wild-type or C481S BTK, the resistance muta-
tions identified here blocked the activity of mul-
tiple BTK inhibitors on BTK autophosphorylation
(Fig. S4A). Furthermore, on IgM stimulation,
catalytically inactive BTK mutants still enabled
activation of AKT, extracellular signal-related
kinase (ERK), and nuclear factor «B (Figs. 3B
and S4B through S4E). Moreover, although AKT
activation was abrogated by pirtobrutinib in cells
expressing wild-type BTK, AKT activation was
not suppressed by pirtobrutinib in cells express-
ing BTK V416L, A428D, or L528W (Fig. S4F).
Similarly, IgM stimulation of cells bearing these
BTK mutations resulted in hyperactive calcium
ion flux (Fig. 3C) and release of IP1 (inositol
monophosphate) after B-cell-receptor stimula-
tion (Fig. S4G), a reflection of intact down-
stream signaling. Overall, these data suggest
that catalytically inactive BTK mutations acquired
in patients with resistance to noncovalent BTK
inhibitors allow persistent B-cell-receptor sig-
naling despite ongoing treatment with the in-
hibitor.

TRANSCRIPTIONAL ACTIVATION OF B-CELL—
RECEPTOR SIGNALING
To better understand the heterogeneity of CLL
cells in response to BTK inhibition, we performed
single-cell RNA sequencing and CITE-seq to
simultaneously measure single-cell RNA and
surface protein expression.* CITE-seq was per-
formed on peripheral blood mononuclear cells
(PBMCs) from five age-matched healthy controls
and from six patients with CLL before pirtobru-
tinib treatment. CITE-seq was also performed
at relapse during treatment for four of these six
patients in whom resistance developed and at
the time of ongoing response for two patients
who had ongoing clinical responses after more
than 1 year of pirtobrutinib therapy (Fig. S5A,
S5B, and S5C and Table S5).

We mapped a total of 53,722 cells from 17
specimens to a previously described multimodal
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PBMC reference atlas™ and identified six broad
hematopoietic cell types (Fig. S6A). We inte-
grated and jointly analyzed B cells and CLL cells
across patient specimens using LIGER (Linked
Inference of Genomic Experimental Relation-
ships).’® We observed reduced expression of the
B-cell-receptor signaling pathway gene set (75
genes) in patients with ongoing response to
pirtobrutinib (Figs. S6B, S7A, S7B, and S7C), a
finding consistent with the effects of BTK inhi-
bition. In contrast, transcriptional signatures
reflecting activation of B-cell-receptor signaling
increased in patients who had a relapse during
treatment.

DISCUSSION

Resistance to covalent BTK inhibitors was first
described in patients with CLL with acquired
BTK C481 and PLCy2 mutations.>"” Here, we
identified a cluster of mutations in BTK outside
the C481 residue, as well as mutations in PLCy2,
that confer resistance to noncovalent BTK in-
hibitors in patients with CLL. Although initially
found in patients with acquired resistance to
pirtobrutinib, the series of mutations described
here confer resistance to a wide array of nonco-
valent BTK inhibitors in clinical development,
including ARQ-531, fenebrutinib, and vecabruti-
nib, as well as to many existing covalent BTK
inhibitors. These mutations impair the binding
of a number of inhibitors to BTK. In so doing,
several of these mutations (e.g., BTK V416L,
A428D, M437R, and L528W) paradoxically hinder
BTK catalytic activity yet allow effective B-cell-
receptor signaling and AKT pathway activation
despite exposure to covalent and noncovalent
BTK inhibitors.

These findings of inactivating, disease-asso-
ciated BTK mutations that augment AKT activa-
tion are reminiscent of kinase-inactivating BTK
mutations in patients with previously untreated
follicular lymphoma,’®* a disease that is gener-
ally less sensitive to BTK inhibitors than CLL.
Although it is known that BTK may serve func-
tions independent of its kinase activity,®* the
data presented here underscore the need to un-
derstand the link between catalytically inactive
BTK and AKT activation. It will be important for
future studies to determine how drug-resistant,
catalytically inactive BTK mutations allow for

persistent B-cell-receptor signaling. Of note,
other well-established oncogenic mutations in
kinases impair kinase activity but result in down-
stream pathway activation. For example, a series
of BRAF mutations result in loss of BRAF kinase
activity but enhance MAP kinase signaling.?> The
non-C481 BTK mutations identified here might
confer novel protein—protein interactions or re-
lease feedback inhibition of signaling pathways
parallel to BTK-PLCy2 signaling.

Our data suggest potential new therapeutic
approaches to overcome the newly described
BTK inhibitor resistance mechanisms. For exam-
ple, these data provide a rationale for therapies
aimed at addressing the potential scaffold func-
tion of BTK rather than inhibiting BTK kinase
activity. Moreover, the finding that non-C481
BTK mutations allow persistent AKT signaling
suggests that AKT inhibition might be another
avenue to overcome resistance.

Despite these findings, it is important to note
that we have assessed resistance in only 9 pa-
tients with relapse of CLL in an ongoing study
that has enrolled more than 250 patients with
CLL. Most patients in the overall study have not
yet had a relapse, and therefore the present study
has analyzed only the patients who have had the
earliest relapses. It is therefore unclear whether
similar mechanisms of resistance will be ob-
served in patients who have had much longer
disease control. Moreover, given that the muta-
tions identified here all occurred in heavily pre-
treated patients (three of whom had progression
with Richter transformation), it will be critical to
evaluate whether similar resistance mechanisms
arise in patients receiving noncovalent BTK in-
hibitors without any previous treatment with co-
valent BTK inhibitors in earlier lines of therapy.

Overall, the development of noncovalent BTK
inhibitors represents a promising therapeutic
advance for patients with CLL and other B-cell
cancers that have previously been treated with
covalent BTK inhibitors. We have identified a
series of genetic mechanisms for acquired resis-
tance to this new class of agents. More analyses
of larger samples are necessary to characterize
the frequency of these genetic events and how
they will influence treatment options.
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