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Key Points

• Omics analyses
demonstrated that
BTK-mutated CLL has
augmented
proliferative signaling
when compared with
BTK-WT CLL.

• Proliferation-promoting
pathways are
suppressed after the
first cycle of treatment
with pirtobrutinib in
BTK-WT and -mutated
CLL.
Covalent Bruton tyrosine kinase inhibitors (cBTKis), which bind to the BTK C481 residue,

are now primary therapeutics for chronic lymphocytic leukemia (CLL). Alterations at C481,

primarily C481S, prevent cBTKi binding and lead to the emergence of resistant clones.

Pirtobrutinib is a noncovalent BTKi that binds to both wild-type (WT) and C481S-mutated

BTK and has shown efficacy in BTK-WT and -mutated CLL patient groups. To compare

baseline clinical, transcriptomic, and proteomic characteristics and their changes during

treatment in these 2 groups, we used 67 longitudinal peripheral blood samples obtained

during the first 3 cycles of treatment with pirtobrutinib from 18 patients with CLL (11 BTK-

mutated, 7 BTK-WT) enrolled in the BRUIN (pirtobrutinib in relapsed or refractory B-cell

malignancies) trial. Eastern Cooperative Oncology Group performance status, age, and Rai

stage were similar in both groups. At baseline, lymph nodes were larger in the BTK-mutated

cohort. All patients achieved partial remission within 4 cycles of pirtobrutinib. Lactate

dehydrogenase and β2-microglobulin levels decreased in both cohorts after 1 treatment

cycle. Expression analysis demonstrated upregulation of 35 genes and downregulation of 6

in the BTK-mutated group. Gene set enrichment analysis revealed that the primary

pathways enriched in BTK-mutated cells were involved in cell proliferation, metabolism,

and stress response. Pathways associated with metabolism and proliferation were

downregulated in both groups during pirtobrutinib treatment. Proteomic data corroborated

transcriptomic findings. Our data identified inherent differences between BTK-mutated and

-WT CLL and demonstrated molecular normalization of plasma and omics parameters with

pirtobrutinib treatment in both groups.
Introduction

The B-cell receptor (BCR) pathway is integral to the survival, proliferation, and mobilization of normal
and malignant B cells.1,2 Several members of the BCR pathway have been targeted using small-
molecule drugs, and the greatest efficacy has been seen by inhibiting Bruton’s tyrosine kinase
(BTK). The first molecule to block BTK signaling was ibrutinib, which was followed by acalabrutinib and
zanubrutinib.3 All 3 agents are irreversible covalent BTK inhibitors (cBTKis), and they bind chemically to
BTK at cysteine 481 (C481). All 3 demonstrated clinical efficacy in phase 3 trials by significantly
increasing progression-free survival. Authors reported some differences in adverse event type,
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frequency, and severity among these agents likely owing to dif-
ferences in off-target kinase inhibition demonstrated in their
respective kinome profiles. However, 1 effect common to all 3
cBTKis was the development of resistance via acquisition of a
substitution mutation at the binding site (C481). The most prev-
alent substitution at this site is cysteine to serine (C481S); none
of the 3 cBTKis can bind to a BTK-C481S clone, rendering it
resistant to cBTKi treatment. Although rare, gatekeeper mutations
of BTK at T474 are also observed, most commonly T474I, and
simultaneous mutations at C481 and T474 seem to lead to a
highly resistant phenotype.4 Additional anomalies associated with
cBTKi resistance, such as Phospholipase C Gamma 2 (PLCG2)
gain of function, have also been observed downstream of BTK,
and some rare BTK non-C481 mutations were reported.5

A strategy to regain sensitivity and efficacy of BTKi in resistance
to cBTKi consisted of developing and testing noncovalent BTKis
(ncBTKis) that bind to BTK but that do not require the C481
amino acid. To date, 6 ncBTKis have been evaluated in preclinical
and clinical settings, namely RN486,6-8 nemtabrutinib/ARQ
531,9,10 fenebrutinib/GDC-0853,11 vecabrutinib/SNS-062,12,13

luxeptinib/CG-806,14 and pirtobrutinib/LOXO-305.15-17 Pirto-
brutinib is the most advanced and is approved by the US Food
and Drug Administration for patients with mantle cell lymphoma
or chronic lymphocytic leukemia (CLL).18 The BRUIN (pirto-
brutinib in relapsed or refractory B-cell malignancies) trial
(NCT03740529) was a first-in-human phase 1/2 trial of pirto-
brutinib that included 725 patients with B-cell malignancies. In
this study,16,19 all patients previously received a cBTKi and could
either not tolerate it or developed resistance to it. Those who
could not tolerate cBTKis generally are wild-type (WT) for BTK,
whereas those with resistant disease generally have BTK muta-
tions. There were several key observations in this trial. First, pir-
tobrutinib was well tolerated, and 200 mg was identified as the
phase 2 dose. Second, patients with B-cell malignancies had
good responses. Third, among patients with CLL or small lym-
phocytic lymphoma, the overall response rate was 80%.19

Fourth, and most relevant to this study, patients with BTK-WT
CLL and those with BTK C481–mutated disease had similar
clinical responses. Pirtobrutinib has also demonstrated efficacy
against Waldenström macroglobulinemia,16,20 mantle cell lym-
phoma,16,21,22 and Richter transformation.23

These clinical observations of a similar efficacy of pirtobrutinib in
BTK C481–mutated and in BTK-WT CLL cases were confirmed
at the cellular and molecular levels using cell lines, murine model
systems, and primary CLL cells. In addition, by transduction of
MEC-1 CLL cells,24 cell lines that overexpress BTK-WT or BTK-
C481S and BTK-C481R were established to test the molecular
effects of ncBTKi-based treatment on the BCR pathway.25 MEC-
1 cells bearing C481S exhibited augmentation of phospho-BTK,
phospho-PLCγ2, and phospho-extracellular signal–regulated
kinase (ERK) (ie, BCR signaling), which was further stimulated
by treatment with immunoglobulin M (IgM). Pirtobrutinib treat-
ment inhibited BCR signal transduction in both BTK-WT and
BTK C481S–mutated CLL cells.15 Similar observations were
reported for Human Embryonic Kidney 293 (HEK-293) cells
(non-B cells) that expressed either WT or C481S-mutant BTK.26

A comparison of pirtobrutinib with a cBTKi in BTK C481S–driven
cBTKi-resistant CLL models showed that pirtobrutinib more
effectively mitigated BTK-mediated BCR signaling. Consistent
4488 ASLAN et al
with this finding, authors reported that samples from patients
with CLL had suppression of BCR signaling during pirtobrutinib
therapy and reactivation of signaling during disease
progression.15,26,27

It has been established that when a cBTKi is used during in vitro
incubation or during therapy in patients, BTK-WT CLL behaves
differently from BTK C481–mutated CLL. However, in both cases,
treatment with pirtobrutinib successfully inhibited BTK and BCR
signaling, leading to similar clinical outcomes. Hence, we hypoth-
esized that the molecular mechanisms underpinning these positive
responses, specifically at the transcript and protein levels, may
differ in patients with BTK-WT and those with BTK C481–driven
CLL at baseline but are repressed equally in both cohorts by pir-
tobrutinib. To test our hypothesis, we performed transcriptomic and
proteomic analyses using multiple longitudinal peripheral blood
samples obtained from patients with CLL at baseline and during
pirtobrutinib therapy. Although CLL driven by BTK-mutated clones
displayed markers of enhanced cell proliferation and augmented
BCR signaling, we showed that, within the first 2 cycles of pirto-
brutinib, signaling and proliferative pathways were dampened in
both BTK-WT and BTK C481–mutant cohorts. In parallel with
these omics changes, clinical parameters were similarly resolved
both in patients with BTK-WT and those with BTK-mutant CLL
during the first 2 cycles of pirtobrutinib. Our findings provide a
deeper understanding of the molecular mechanisms underlying
CLL response to pirtobrutinib.
Patients and methods

Clinical protocol

All patients included in our study were participants in the BRUIN
trial, an open-label, multicenter, phase 1/2 study of pirtobrutinib in
patients with previously treated CLL/small lymphocytic lymphoma
or non-Hodgkin lymphoma. The efficacy results for treatment of B-
cell malignancies16 and CLL19 with pirtobrutinib have been pub-
lished. In total, 26 patients with CLL in the BRUIN trial underwent
treatment at The University of Texas MD Anderson Cancer Center
(Figure 1A; supplemental Table 1). All patients had been treated
previously with a cBTKi (ibrutinib or acalabrutinib). They either
could not tolerate the cBTKi or had disease progression with BTK
C481 or PLCG2 pathologic mutations. All patients (except
patient number 1 who was treated at 250 mg/d) received 200 mg
pirtobrutinib per day. Patients began receiving pirtobrutinib on
cycle 1 day 1 (C1D1), and each cycle length was 28 days. The
duration of pirtobrutinib therapy varied from 6 months to >2 years.
At baseline, patient number 16 had both BTK and PLCG2
mutations and discontinued pirtobrutinib within 6 months. How-
ever, 7 patients (patients 4, 5, 8, 11, 12, 14, and 17) were still
receiving therapy, and their disease is responding. All patients
provided written informed consent to participate in the clinical trial
and separate consent to participate in the accompanying labo-
ratory correlative studies. The clinical trial was approved by the
MD Anderson institutional review board and was conducted in
accordance with the Declaration of Helsinki.

Patients and collection and processing of samples

Among the 26 patients treated at MD Anderson, cell samples from
18 patients were available for longitudinal studies. These patients
10 SEPTEMBER 2024 • VOLUME 8, NUMBER 17
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Figure 1. Study flowchart and baseline clinical

characteristics of CLL patients. (A) Study flowchart. Of

23 eligible patients with CLL, 18 had adequate circulating

cells for RNA sequencing and RPPA. All 18 experienced

partial remission while receiving pirtobrutinib. (B) Mutation

status at baseline. BTK and PLCG2 mutations were

identified using targeted next-generation sequencing. (C)

The LDH levels in peripheral blood samples (left) and log-

transformed lactate dehydrogenase A (LDHA) transcript

levels in patients with WT and mutated BTK (right) are

shown. (D) Showing the lymph node size in the 18 patients.

To obtain the lymph node sizes, electronic medical records

were reviewed, and the sum of the products of the diameter

was plotted. For statistical evaluation, Welch’s unpaired, 1-

tailed t test was used. (E) OncoPrint data demonstrating the

baseline clinical features and genomic alterations of

patients with BTK-WT or -mutated CLL. The data were

obtained from patients’ medical records. All patients

received treatment at MD Anderson as part of the

multicenter BRUIN trial and previously received cBTKi-

based therapy. Data in panels C-E were obtained from

patients’ electronic medical records before initiation of

treatment with pirtobrutinib. In addition, the data in panel C

were obtained using a human ProcartaPlex Human

Cytokine/Chemokine/Growth Factor Panel 1 cytokine assay

kit using plasma samples obtained at baseline. P values for

comparisons by BTK mutation status were determined

using Welch’s unpaired, 1-tailed t test. MDACC, MD

Anderson Cancer Center; monoRx, monotherapy; pirto,

pirtobrutinib; R/R, relapsed/resistant.
had CLL except for patient number 15 who was diagnosed with
Richter transformation but with a high number of circulating
peripheral blood cells. Peripheral blood samples (n = 67) were
collected from these 18 patients before initiation of pirtobrutinib
therapy (C1D1), after 1 week (C1D8) of therapy, after 4 weeks or
1 cycle (C2D1), and after 3 cycles of treatment (C4D1). For
patients 1, 8, and 18, because of the COVID-19 pandemic and
10 SEPTEMBER 2024 • VOLUME 8, NUMBER 17
closure of laboratories, C1D1 samples were not obtained, and
thus, samples previously collected from these patients were
used. Peripheral blood samples were collected into vacutainer
green-top tubes. Plasma samples were obtained by centrifuga-
tion at 1500 rpm (475 g) for 10 minutes. Cells were isolated
using a Ficoll-Hypaque gradient,28 and pellets were saved for
further investigations.
OMICS DURING PIRTOBRUTINIB THERAPY FOR CLL 4489



Table 1. Comparison of patient status, clinical features, genetics,

and genomics in BTK-WT and BTK-mutant cohorts

Clinical feature

n (%) or median (range)

P valueBTK-WT; n = 7 BTK-mutant, n = 11

Age, y 71 (59-82) 75 (54-87) .429

ECOG status

0 4 (57) 5 (46) .581

1 3 (43) 5 (46)

2 1 (8)

Immunoglobulin (Ig), mg/dL

IgA 92 (17-240) 54 (2-117) .091

IgG 748 (440-1161) 565 (147-1026) .061

IgM 28 (10-81) 27 (10-225) .187

% lymphocyte 85 (26-96) 71 (50-97) .394

Platelets, ×103/uL 148 (35-230) 59 (17-184) .021

% neutrophils 13 (3-64) 20 (0-43) .469

Hemoglobin, g/dL 12.1 (10.5-14.5) 10.7 (7.1-14.5) .195

B2M, mg/L 3.80 (2.60-4.45) 4.40 (2.2-6.20) .034

Cytogenetics by FISH

Del(17p) 2 (29) 2 (18) 1

Del(11q) 2 (29) 3 (27)

Trisomy 12 1 (14) 2 (18)

None 1 (14) 2 (18)

Del(13q) 5 (71) 6 (55)

IGHV status

Unmutated 6 (86) 9 (75) .846

Mutated 1 (14) 1 (8) + 1 (8) undetermined

FISH, fluorescence in situ hybridization
Chemokine assay

The levels of chemokines in plasma were quantified using a Pro-
cartaPlex Human Cytokine/Chemokine/Growth Factor Panel 1
(Thermo Fisher Scientific), as described previously.15

RNA isolation, RNA sequencing, and real-time PCR

Cell pellets were processed using an RNeasy Mini Kit (Qiagen),
and total RNA was isolated according to the manufacturer’s
instructions. RNA samples were sequenced using a NovaSeq
6000 S2-200 sequencing system (Illumina) by the The Advanced
Technology Genomics Core at MD Anderson. TaqMan real-time
polymerase chain reaction (PCR) primers and probes were pur-
chased from Life Technologies (supplemental Table 1).

Protein extraction and reverse-phase protein array

Cell pellets were lysed with 1× lysis buffer (EMD Millipore), and
cellular proteins were denatured in 1% sodium dodecyl sulfate
containing β-mercaptoethanol. Lysates were submitted to the
Functional Proteomics reverse phase protein array (RPPA) Core
Facility at MD Anderson for RPPA analysis. The samples were
serially diluted and printed on nitrocellulose-coated plates (Grace
Bio-Labs). The slides were probed with 491 antibodies
(supplemental Table 2) and scanned, analyzed, and quantified
using Array-Pro Analyzer software (Media Cybernetics).

Analysis of RNA sequencing data

Raw reads were aligned to the human genome reference Genome
Reference Consortium Human Build 38 (GRCh38) using the
Spliced Transcripts Alignment to a Reference (STAR) tran-
scriptome alignment tool.29 Python package for High-throughput
sequence analysis (HTSeq) software was used to summarize the
gene expression counts from the Binary Alignment Map (BAM)
files.30 The normalization of counts and analyses of differential
gene expression were performed using read counts with the R
package for differential expression analysis of sequence count data
(DESeq2).31 Significantly differentially expressed genes were
defined as having a false discovery rate (FDR) of 0.05 and an
absolute log fold change of at least 2. Hierarchical clustering
(Pearson distance and Ward linkage) and principal component
analyses (PCAs) were used for unsupervised expression investi-
gations. Functional evaluation of the transcriptomic data was per-
formed using ingenuity pathway analysis (IPA) and gene set
enrichment analysis (GSEA) with the Hallmark pathway data-
base.32,33 Preranked GSEA was performed based on test statistics
that were obtained by determining differential gene expression
among the 2 cohorts.

Analysis of RPPA data

Relative protein levels were quantified using the SuperCurve
method in R. The relative levels were normalized for protein loading
and were median centered for downstream data analyses. Differ-
ential protein expression analysis was performed with log-
normalized data using unpaired t tests for groups segregated by
BTK status and treatment cycle. One-way analysis of variance was
used to determine whether protein levels differed significantly
across the treatment time points. P values obtained in multiple
testing, when applicable, were adjusted by estimating the FDR
using the Benjamini-Hochberg method.34
4490 ASLAN et al
Statistical analysis

The BTK mutation status was analyzed using various clinical markers
(levels of β2-microglobulin [B2M], lactate dehydrogenase [LDH],
cytokines, chemokines, counts of white blood cells and platelets, and
size of lymph nodes) using Welch’s unpaired, 1-tailed t test. The
Fisher exact test was used for contingency tables (Eastern Cooper-
ative Oncology Group [ECOG] performance status, fluorescence in
situ hybridization results, and immunoglobulin heavy-chain variable
[IGHV] mutational status) to determine the significance. These
markers and normalized expression data for genes of interest (BTK
and provirus integration site for Moloney murine leukemia virus
oncogene (PIM2)) were analyzed, and reverse transcription-PCR
analysis was performed across treatment cycles using the Kruskal-
Wallis test for the BTK-mutated and -WT cohorts separately. P
values obtained from multiple testing, when applicable, were adjusted
by estimating the FDR using the Benjamini-Hochberg method. Sta-
tistical tests with adjusted P values <.05 are considered significant.

Results

Baseline patient characteristics and prognostic

factors in the BTK-WT and -mutated cohorts

To identify molecular differences at baseline and changes during
pirtobrutinib therapy in the BTK-WT and BTK C481–mutated
10 SEPTEMBER 2024 • VOLUME 8, NUMBER 17
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cohorts, we analyzed 67 blood samples from 18 patients at
baseline and at 3 time points during therapy (Figure 1A). The
baseline clinical characteristics of the patients are provided in
Table 1. Eleven patients harbored single or double mutations in
BTK, and 7 patients were WT for BTK. In the BTK-mutated group,
5 patients had a single C481S mutation, 2 had a single C481R
mutation, 2 had double mutations in the BTK C481 residue, and 2
had double mutations involving BTK C481S and the gatekeeper
T474I. One patient also had a PLCG2 mutation (Figure 1B). Two of
these patients (patient number 3 and 10) previously received
treatment with acalabrutinib, whereas the others received ibrutinib.

Ages, ECOG performance status, immunoglobulin levels, and most
blood parameters were similar in both cohorts, indicating that
patients in both groups were in similar condition (Table 1). Among
the known CLL prognostic factors, at baseline, Rai stage was not
significantly different in the 2 groups. However, we found markedly
higher B2M plasma levels, higher LDH plasma and transcript levels,
and lower platelet counts in BTK-mutated samples than in BTK-WT
samples, indicating that BTK-mutated CLL is more aggressive than
BTK-WT disease (Figure 1C; Table 1). In addition, the lymph node
sums of the product of diameters were considerably higher in the
BTK-mutated group (Figure 1D). The genetic and genomic alter-
ations were similar to those reported before.35 The cytogenetics
were comparable in the cohorts (Table 1), although the numbers of
patients in the groups were small. Comparison of OncoPrint data
demonstrated no specific associations of either group with
genomic mutations. Only the BTK-mutated cohort had XPO1
aberrations, which were present in 36% of these patients; how-
ever, this was not significant (P = .12) (Figure 1E).

Baseline transcriptomic differences between the

BTK-WT and -mutated groups

The PCAs showed that transcriptomic data identified differences
based on BTK mutation status (Figure 2A) but not based on patient
or treatment cycle (supplemental Figure 1). GSEA revealed that 28
of 50 Hallmark pathways were significantly enriched (FDR <0.05) in
the BTK-mutated group (Figure 2B). The enriched pathways were
related to metabolism (oxidative phosphorylation, glycolysis, fatty
acid metabolism, hypoxia, and reactive oxygen species), proliferative
signaling pathways (Myelocytomatosis oncogene (Myc), mitotic
spindle, G2/M checkpoint, Early Region-2 binding factor (E2F), and
DNA repair), cell signaling (mammalian target of rapamycin complex
(mTORC), tumor necrosis factor via nuclear factor-κB, and inter-
leukin-2–signal transducer and activator of transcription-5 (STAT5)),
and cellular stress response signaling pathways (tumor protein p53,
unfolded protein, and apoptosis) (Figure 2B).

Our comparison of the transcriptomes of baseline BTK-WT and
-mutated samples identified 41 differentially expressed genes
(Figure 2C). The expression of 6 of these genes was lower and that
of the remaining 35 genes was higher in cells harboring BTK
mutations than in cells from the BTK-WT group (log twofold-
change >2, FDR <0.05) (Figure 2C). IPA comparing baseline
transcriptomic data in the BTK-mutated and -WT groups revealed
11 pathways that were different between them (supplemental
Figure 2 (continued) compared with the BTK-WT group. The significantly enriched pathw

(C) A heat map of significantly differentially expressed genes in the BTK-WT and -mutated

Table 1. Gene names are provided on the right y-axis.
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Figure 2). Most of these pathways are involved in B-cell biology,
inflammation (ID1, IL-15, and p70S6K signaling), and cell prolif-
eration. Moreover, assessment of the transcriptome-based tumor
purity and B-cell proportion using the ESTIMATE (Estimation of
Stromal and Immune cells in Malignant Tumor tissues using
Expression data) and CIBERSORT (Cell-type Identification By
Estimating Relative Subsets Of RNA Transcripts) algorithms,
respectively, revealed no significant associations between them
based on BTK mutation status. At the RNA level, several genes
involved in mitosis (CCNB2, CDC20, LMNA, KIF4A, DLGAP5,
and TUBB6) were upregulated in the BTK-mutated group
(Figure 2C). Overall, this comparative transcriptomic analysis
revealed that, at baseline, CLL cells with BTK mutations displayed
upregulation of BCR and the signaling pathways associated with
cell survival, mitotic proliferation, and cellular metabolism.

Baseline proteomic differences between the BTK-WT

and -mutated groups

Like the transcriptomic data, PCAs of our proteomic data identified
differences based on BTK mutation status (Figure 3A) but not
based on patient or treatment cycle (supplemental Figure 3). We
identified the top 20 differentially expressed proteins (total or
phosphorylated) by log twofold-change (Figure 3B) or P value
(Figure 3C). The 10 most overexpressed proteins in the BTK-
mutated group were linked to metabolism (fatty acid synthase,
CD29, and caveolin-1), apoptosis (myeloid cell leukemia-1 (Mcl-1)
and Puma), and inflammation and stress response (phospho-JNK
and ubiquilin-4), and also included cyclin-dependent kinase inhibi-
tor 2A, migration inhibitory factor, and porin (Figure 3D). In
contrast, Bcl-2- antagonist/killer (Bak), cyclin-E1, Lymphocyte-
specific protein tyrosine kinase (LCK), Serum/glucocorticoid
regulated kinase 3 (SGK3), TAZ, Octamer binding-transcription
factor 4 (Oct-4), and other proteins were downregulated in the
BTK-mutated group (Figure 3E). LCK is generally a T-cell receptor
protein, however, it is also expressed in CLL cells,36 and its
expression is regulated through NFAT2.37 This protein is a medi-
ator of the BCR pathway in CLL38 and may serve as a target for
this disease.39 The IPA results identified 10 signaling pathways that
were affected (supplemental Figure 4).

Changes in biomarkers during pirtobrutinib therapy

All 18 patients achieved partial remission after 1 (C2D1) or 2
(C3D1) cycles of treatment with pirtobrutinib. Therefore, we
determined changes in the levels of plasma biomarkers, transcripts,
and proteomics from baseline to C1D8 and C2D1 in both patient
groups. LDH and B2M levels, which differed in the 2 groups at
baseline, decreased during cycle 1 in all patients and was signifi-
cantly different in the BTK-mutated cohort (Figure 4A-D). Lymph
node size decreased in both groups. None of the other clinical
parameters (white blood cell count, platelet count, or immuno-
globulin levels) exhibited distinct patterns in the BTK-WT and
-mutated groups (data not shown). Previously, we reported a pre-
cipitous decline in CCL2, CCL3, and CCL4 levels during the first
few cycles of pirtobrutinib therapy.15 In agreement with these
previous findings, we observed a trend of decreased levels of many
ays were metabolism, proliferation, cell signaling, cellular stress response, and other.

groups at baseline. The numbers on the x-axis correspond to the patient numbers in
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Figure 3. Baseline proteomic differences between patients with BTK-WT CLL and those with BTK-mutated CLL. An RPPA assay was used for protein analyses as

described in the “Patients and methods” section. Analysis of differential protein expression was performed using unpaired, 2-tailed t tests. No proteins were significantly

differentially expressed after adjusting for multiple testing. (A) A PCA plot of the baseline RPPA data by BTK mutation status (BTK-WT, n = 7; BTK-mutated, n = 11). (B) Heat map

of the top 20 differentially expressed proteins by log fold change. Numbers on the x-axis correspond to the patient numbers in supplemental Table 1. (C) Heat map of the top 20

differentially expressed proteins by P value. Numbers on the x-axis correspond to the patient numbers in supplemental Table 1. (D) Box plots comparing the expression of the

top 10 overexpressed proteins (by P value) in the BTK-mutated and BTK-WT groups at baseline. (E) Box plots comparing the expression of the top 10 downregulated proteins

(by P value) in the BTK-mutated and BTK-WT groups at baseline.
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Figure 4. Changes in biomarker levels during therapy

with pirtobrutinib. Biomarker levels were obtained from

the electronic medical records of the patients at baseline

(C1D1) and 1 week (C1D8), 4 weeks/1 cycle (C2D1), and

3 cycles (C4D1) after the initiation of pirtobrutinib. P values

were determined using the Kruskal-Wallis test. (A) LDH

levels in BTK-WT patients (n = 7) during therapy. (B) LDH

levels in patients with mutated BTK (n = 11) during therapy.

(C) B2M levels in patients with WT BTK during therapy. (D)

B2M levels in patients with mutated BTK during therapy.
other cytokines and chemokines, such as interleukin-18, stromal
cell–derived factor 1α, CXCL-10, and hepatocyte growth factor,
during therapy in the majority of samples tested (data not shown).

Transcriptomic changes during pirtobrutinib therapy

Examination of the changes in differentially expressed genes during
therapy demonstrated similar trends in the expression of several
common genes in both cohorts (Figure 5A). In the BTK-mutated
group in particular, we observed no association between any
specific BTK mutation (single or double C481 mutant, C481S or
C481R variant, or C481S and T474I) and gene expression,
although the sample size in each of these subgroups was too small
to draw any conclusion.

Subsequently, we assessed the enriched signaling pathways in the
BTK-WT and -mutated groups by comparing Hallmark GSEA data
obtained at each time point with data obtained for C1D1. Bubble
charts of the identified pathways for the BTK-WT and BTK-mutated
groups are shown in Figures 5B and C, respectively. Pathways
enriched at baseline in both groups (supplemental Figure 5) included
metabolism (oxidative phosphorylation, glycolysis, fatty acid meta-
bolism, and reactive oxygen species), proliferation pathways (Myc_1,
Myc_2, E2F, and DNA repair), and prosurvival signaling pathways
(mTORC, interleukin-2–STAT5, and interferon-α). In contrast, G2M
checkpoint and unfolded protein response pathways were enriched
in the BTK-mutated group, whereas tumor necrosis factor-α and JAK-
STAT3 pathways were enriched in the BTK-WT group. A compari-
son of the IPA data for C2D1 and C1D1 revealed the top 26
canonical pathways that distinguished the BTK-mutated group from
the BTK-WT group during the first cycle of pirtobrutinib therapy
4494 ASLAN et al
(supplemental Figure 6). Mitosis-, cell cycle–, and cytoskeleton-
related pathways were the primary pathways affected.

BTK and provirus integration site for Moloney muring leukemia virus
(PIM2) oncogene are considered early response genes and are
downregulated with BTKi therapy. This was also the case with
pirtobrutinib in the BTK-WT and -mutated groups (supplemental
Figure 7A-B). To validate our transcriptomic data, we performed
real-time PCR assays. Despite some variations, we found that
transcript levels decreased in most of the samples tested in both
groups (supplemental Figure 7C-D).

Proteomic changes during pirtobrutinib therapy

To assess the response to pirtobrutinib therapy at the protein level,
we conducted RPPA analyses on samples obtained during treat-
ment. When we compared the top 20 differentially altered proteins
after 1 cycle of therapy, we found that 6 proteins—Mcl-1, enzyme
PAICS, 3 immunity-related proteins (LCN2, CD20, and HLA-
DQA1), and transferrin receptor—were downregulated in the
BTK-WT and -mutated cohorts (Figure 6A-B). Eight proteins were
upregulated, including phosphorylated protein kinase C (PKC)
proteins. Some of these proteins exhibited similar upregulation or
downregulation trends in both groups during pirtobrutinib therapy
(Figure 6C). Significant changes in protein expression over the
course of therapy mostly occurred in the BTK-mutated cohort
(Figure 6D). These proteins are associated with the BCR pathway,
survival and proliferation, and metabolism. In contrast, several
phosphorylated and total proteins were upregulated (Figure 6D,
bottom row). We saw a similar trend in the BTK-WT group (data
not shown).
10 SEPTEMBER 2024 • VOLUME 8, NUMBER 17



BTK Mutant

18 11 3 10 2 7 6 4 9 15 3 10 2 16 11 7 6 9 4 3 11 10 4 16 9 15 18 3 16 6 9 15 10 11 4 7

BTK Wildtype

8 1 17 5 13 12 14 17 1 8 5 13 12 14 5 1 17 8 13 14 17 5 13 14

Cycle

BTK Status

Cycle

C1D1
C1D8
C2D1
C4D1

BTK Status

C481R
C481S
C481S+T474I
C481S+C481F
C481S+C481R
+PLCG2

Expression

–2

–1

0

1

2

A

B

Enrichment_
Score

–3

–2

–1

0

1

2

3

−log10(FDR)

1

2

3

4

ADIPOGENESIS

ALLOGRAFT REJECTION

CHOLESTEROL HOMEOSTASIS

COAGULATION

COMPLEMENT

DNA REPAIR

E2F TARGETS

EPITHELIAL MESENCHYMAL
TRANSITION

ESTROGEN RESPONSE LATE

FATTY ACID METABOLISM

GLYCOLYSIS

HEME METABOLISM

IL2 STAT5 SIGNALING

IL6 JAK STAT3 SIGNALING

INTERFERON ALPHA RESPONSE

INTERFERON GAMMA RESPONSE

KRAS SIGNALING UP

MTORC1 SIGNALING

MYC TARGETS V1

MYC TARGETS V2

MYOGENESIS

OXIDATIVE PHOSPHORYLATION

ROS PATHWAY

TNFA SIGNALING VIA NFKB

XENOBIOTIC METABOLISM

C
1D

8 
vs

C
1D

1

C
2D

1 
vs

C
1D

1

C
4D

1 
vs

C
1D

1

C

ADIPOGENESIS

ANGIOGENESIS

CHOLESTEROL HOMEOSTASIS

COAGULATION

DNA REPAIR

E2F TARGETS

EPITHELIAL MESENCHYMAL
TRANSITION

ESTROGEN RESPONSE LATE

FATTY ACID METABOLISM

G2M CHECKPOINT

GLYCOLYSIS

HEME METABOLISM

IL2 STAT5 SIGNALING

INTERFERON ALPHA RESPONSE

MTORC1 SIGNALING

MYC TARGETS V1

MYC TARGETS V2

MYOGENESIS

OXIDATIVE PHOSPHORYLATION

PEROXISOME

ROS PATHWAY

UNFOLDED PROTEIN RESPONSE

XENOBIOTIC METABOLISM

C
1D

8 
vs

C
1D

1

C
2D

1 
vs

C
1D

1

C
4D

1 
vs

C
1D

1

Enrichment_
Score

–3

–2

–1

0

1

2

3

−log10(FDR)

1

2

3

4

Figure 5. Transcriptomic changes during therapy with pirtobrutinib. Cells were isolated from patients’ peripheral blood samples (n = 18), which were collected before

treatment with pirtobrutinib (C1D1) and at the indicated time points (C1D8, C2D1, and C4D1). Transcript levels in the samples were quantified using RNA sequencing. Significant
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Discussion

Clinical and outcome data from the BRUIN trial clearly demon-
strated that both the BTK-WT and BTK-mutated cohorts of
patients with CLL had responses to treatment with pirto-
brutinib.16,18,19 Our study identified several transcriptomic and
proteomic differences that may be associated with the overall
positive responses to pirtobrutinib treatment in CLL that bears WT
or mutated BTK. We demonstrated that although patients with
WT-BTK CLL have inherent differences when compared with
those with mutated-BTK CLL subtypes using omics, within the first
few cycles, treatment with pirtobrutinib–suppressed, BCR–
mediated signal transduction in both cohorts.

We identified that the BTK-WT and -mutated cohorts were com-
parable in terms of ECOG performance status, immunoglobulins,
fluorescence in situ hybridization data, and the IGHV gene. How-
ever, several baseline characteristics were different between the
cohorts, and these may account for the aggression of BTK-mutated
CLL when compared with CLL with WT BTK. First, PCAs differ-
entiated the BTK-mutated group from the BTK-WT group at both
the transcript and protein level. Second, plasma and transcript
levels of B2M and LDH, which are established prognostic factors
for poor outcome after ibrutinib-based therapy in patients with
CLL,40 were higher in the BTK-mutated group. Third, the tran-
scriptomic analysis demonstrated enhancement of pathways
involved in metabolism, proliferation, B-cell signaling, and inflam-
mation in the BTK-mutated group, which was confirmed by IPA.
Fourth, proteomic data and the associated IPA results corrobo-
rated the transcriptomic findings of enhanced cellular metabolism,
B-cell signaling, and inflammation in the BTK-mutated group. An
important study on CLL proteomics reported that PCA separated
groups by trisomy 12 and IGHV mutation status, but that study did
not include a BTK-mutated subgroup.41 Among the genomic
alterations, SF3B1, NOTCH1, ATM, TP53, POT1, CHD2, and
XPO1 were the most common.35 In our analyses, only 1 patient had
an IGHV mutation, and only 2 had trisomy 12, but we found that the
BTK status was discriminatory in the PCA. Collectively, our clinical,
transcriptomic, and proteomic data suggest that BTK-mutated CLL
is aggressive.

Our data are consistent with those of previous preclinical investi-
gations that used CLL and non-CLL cell lines that expressed
BTK.25,26 In 1 study, untreated MEC-1 CLL cells that overex-
pressed WT or C481-mutant BTK had similar doubling times, but
BCR pathway signaling was higher in cells transduced with
mutated BTK.25 Furthermore, mice that bore BTK-mutated xeno-
grafts had more aggressive disease and slightly shorter survival
times.25 These molecular differences may explain the more
aggressive phenotype of BTK-mutated disease in cell lines and
primary CLL cells.15,26 Clinically, the development of mutant BTK
clones after treatment with a cBTKis, such as ibrutinib, is reported
to lead to aggressive and resistant disease42-44 and CLL pro-
gression but not to Richter transformation.45,46 The presence of
non-BTK mutations and ibrutinib-resistant subclones before
Figure 5 (continued) (FDR < 0.01) that were shared between the WT and mutated BTK g

the x-axis correspond to the patient numbers in Table 1. (B-C) Bubble charts illustrating a c

C4D1 with reference to baseline (C1D1) in the BTK-WT group (B) and the BTK-mutated

whereas FDR values are represented by the size of the bubbles.
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therapy have also been reported to impact CLL aggression and
resistance.47 Functional characterization and gene expression
analyses in a few patients with C481 mutations suggested the
presence of increased BCR signature gene expression, elevated
BCR signaling, and accelerated cell proliferation with consequent
increased cellularity.48

Our analyses of pirtobrutinib’s immediate effect on global gene
expression clearly demonstrated similar declines in the transcript
levels in the BTK-WT and BTK-mutated groups. GSEA suggested
suppression of pathways involved in cell metabolism, nuclear fac-
tor-κB signaling, cell proliferation, and the cellular stress response.
Similarly, pathway suppression at the transcriptomic level has been
reported with ibrutinib use.49 Inhibition of these pathways by
treatment with pirtobrutinib may be responsible for the partial
responses observed in the BTK-WT and -mutated groups.
Furthermore, the hallmark feature of cBTKi and ncBTKi, blockade
of BCR signaling is reflected in the decline in lymph node size and
B2M and LDH levels.50

CCL3 and CCL4 levels are considered key biomarkers of BCR
pathway signaling.51,52 Previously, we reported that baseline
plasma CCL3 and CCL4 levels were higher in patients with BTK
C481–mutated CLL than in those with BTK-WT disease.15 We
also found this pattern at the transcriptomic level in the 18 patients
included in this analysis, corroborating our observation of increased
BCR and other signaling pathways. CCL3 and CCL4 levels
declined in cells and plasma in both the BTK-mutated cohort and
BTK-WT cohort, which is consistent with other reports.15,26,40,47,52

A few key observations provide a rationale for the use of other
agents with or after pirtobrutinib for CLL treatment. First, we found
that XPO1 mutations were associated with BTK-mutated disease.
However, this must be assessed in a larger cohort. XPO1 point
mutations have been shown to prime preneoplastic lymphocytes for
acquisition of other aberrations,53 and XPO1 upregulation is asso-
ciated with B-cell survival, even when the BCR pathway is
blocked.54 XPO1 mutants are sensitive to treatment with selinexor
and ibrutinib.55 Second, we observed that both BTK-WT and BTK-
mutated samples, especially the latter, had high expression of Mcl-1
transcripts and protein. This finding provides a rationale for
combining pirtobrutinib with Mcl-1 inhibitors.56 We previously
demonstrated the use of venetoclax and AZD5991 in combination
with pirtobrutinib for patients with CLL with disease progression
after pirtobrutinib therapy.57 Third, we found that phosphorylation of
PKC-β was upregulated after 1 cycle of pirtobrutinib in both the
BTK-WT and BTK-mutated group. After disease progression,
several of these patients received treatment with a PKC-β inhibi-
tor.58 Fourth, 1 of the top 3 genes that were markedly more
expressed in our BTK-mutated group was WNT5A, providing a
rationale for targeting this pathway in BTK-mutant CLL treatment.
Receptor Tyrosine Kinase-Like Orphan Receptor 2 (ROR2) serves
as a receptor for WNT5A59 and mediates noncanonical WNT5A
signaling in patients with many cancers.60 In CLL, WNT5A induces
oligomerization of ROR1/ROR2, which leads to enhanced cell
roups. The thick white line separates the WT and mutated groups, and the numbers on

omparison of Hallmark pathway enrichment analyses at time points C1D8, C2D1, and

group (C). Enrichment scores for the signaling pathways are indicated by the colors,
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Figure 6. Proteomic changes during therapy with pirtobrutinib. Cells were isolated from patients’ peripheral blood samples (n = 18), which were collected before

pirtobrutinib treatment (C1D1) and at the indicated time points (C1D8, C2D1, and C4D1). Total proteins in the samples were isolated and assayed using RPPA. Differential

protein analysis between the time points was performed using t tests for the BTK-WT and BTK-mutated cohorts separately. No significant differences in protein expression were

observed after adjusting for multiple testing. (A) A heat map of the top 20 differentially expressed proteins by log fold change at 1 month after therapy (C2D1) in comparison with
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Table 1. (B) A heat map of the top 20 differentially expressed proteins by log fold change at 1 month after therapy (C2D1) in comparison with that before treatment (C1D1) in

patients with mutated BTK (n = 11). The numbers at the bottom of the heat map are patient identifiers that were provided with the patient characteristics in Supplemental Table 1.
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the corresponding patient identifiers are provided at the bottom of the heat map. (D) Box plots comparing the baseline (C1D1) protein expression levels with that at C1D8 and
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Figure 6 (continued)
proliferation and chemotaxis.61-63 Increased levels of these recep-
tors are associated with accelerated64 and/or drug-resistant CLL.65

Administration of cirmtuzumab blocks this pathway66,67 and is being
tested in clinical trials for CLL treatment.68 Collectively, these
observations provide therapeutic strategies after pirtobrutinib.

This study had some limitations. We evaluated only 18 patients, and
within the BTK-mutated group, only a few patients had double BTK
mutations, making interpretation of our results for cells harboring
kinase and gatekeeper mutations difficult. Only 1 patient in our
cohort had a PLCG2 mutation. Lastly, the variant allele frequency for
each mutation varied among the patients, which may have impacted
how BTK mutations affected the speed and type of response of CLL
to pirtobrutinib. Single cell–based profiling of the transcriptome and
variants in the context of the BTK mutation status may provide
further insight into the evolution of CLL during pirtobrutinib therapy.

Even with the limitations described above, our data provide
important information that demonstrates that treatment with pirto-
brutinib is effective against both BTK-WT and -mutated CLL. This
study demonstrated several changes at the transcript and protein
levels in both BTK-WT and -mutated CLL cells during 3 cycles of
treatment with pirtobrutinib. Changes in the inhibition of BCR
pathway signaling, downregulation of numerous molecular markers
of disease, and activation of apoptosis in the BTK-WT and
-mutated groups may account for the efficacy of pirtobrutinib at the
molecular level in both groups.
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4. Estupiñán HY, Wang Q, Berglöf A, et al. BTK gatekeeper residue variation combined with cysteine 481 substitution causes super-resistance to
irreversible inhibitors acalabrutinib, ibrutinib and zanubrutinib. Leukemia. 2021;35(5):1317-1329.

5. Blombery P, Thompson ER, Lew TE, et al. Enrichment of BTK Leu528Trp mutations in patients with CLL on zanubrutinib: potential for pirtobrutinib
cross-resistance. Blood Adv. 2022;6(20):5589-5592.

6. Dong X-D, Zhang M, Ma X, et al. Bruton’s tyrosine kinase (BTK) inhibitor RN486 overcomes ABCB1-mediated multidrug resistance in cancer cells.
Front Cell Dev Biol. 2020;8:865.

7. Xu D, Kim Y, Postelnek J, et al. RN486, a selective Bruton’s tyrosine kinase inhibitor, abrogates immune hypersensitivity responses and arthritis in
rodents. J Pharmacol Exp Ther. 2012;341(1):90-103.

8. Wang S, Mondal S, Zhao C, et al. Noncovalent inhibitors reveal BTK gatekeeper and auto-inhibitory residues that control its transforming activity. JCI
Insight. 2019;4(12):e127566.

9. Reiff SD, Mantel R, Smith LL, et al. The BTK inhibitor ARQ 531 targets ibrutinib-resistant CLL and Richter transformation. Cancer Discov. 2018;8(10):
1300-1315.

10. Woyach JA, Flinn IW, Awan FT, et al. Preliminary efficacy and safety of MK-1026, a non-covalent inhibitor of wild-type and C481S mutated Bruton
tyrosine kinase, in B-cell malignancies: a phase 2 dose expansion study. Blood. 2021;138(suppl 1):392-394.

11. Reiff SD, Muhowski EM, Guinn D, et al. Noncovalent inhibition of C481S Bruton tyrosine kinase by GDC-0853: a new treatment strategy for ibrutinib-
resistant CLL. Blood. 2018;132(10):1039-1049.

12. Aslan B, Hubner SE, Fox JA, et al. Vecabrutinib inhibits B-cell receptor signal transduction in chronic lymphocytic leukemia cell types with wild-type or
mutant Bruton tyrosine kinase. Haematologica. 2022;107(1):292-297.

13. Allan JN, Pinilla-Ibarz J, Gladstone DE, et al. Phase Ib dose-escalation study of the selective, noncovalent, reversible Bruton’s tyrosine kinase inhibitor
vecabrutinib in B-cell malignancies. Haematologica. 2022;107(4):984-987.

14. Thieme E, Liu T, Bruss N, et al. Dual BTK/SYK inhibition with CG-806 (luxeptinib) disrupts B-cell receptor and Bcl-2 signaling networks in mantle cell
lymphoma. Cell Death Dis. 2022;13(3):246.

15. Aslan B, Kismali G, Iles LR, et al. Pirtobrutinib inhibits wild-type and mutant Bruton’s tyrosine kinase-mediated signaling in chronic lymphocytic leukemia.
Blood Cancer J. 2022;12(5):80.

16. Mato AR, Shah NN, Jurczak W, et al. Pirtobrutinib in relapsed or refractory B-cell malignancies (BRUIN): a phase 1/2 study. Lancet. 2021;397(10277):
892-901.

17. Gomez EB, Ebata K, Randeria HS, et al. Preclinical characterization of pirtobrutinib, a highly selective, noncovalent (reversible) BTK inhibitor. Blood.
2023;142(1):62-72.

18. Wang ML, Shah NN, Jurczak W, et al. Efficacy of pirtobrutinib in covalent BTK-inhibitor pre-treated relapsed/refractory mantle cell lymphoma: additional
patients and extended follow-up from the phase 1/2 BRUIN study. Blood. 2022;140(suppl 1):9368-9372.

19. Mato AR, Woyach JA, Brown JR, et al. Pirtobrutinib after a covalent BTK inhibitor in chronic lymphocytic leukemia. N Engl J Med. 2023;389(1):33-44.

20. Sermer D, Sarosiek S, Branagan AR, Treon SP, Castillo JJ. SOHO state of the art updates and next questions: targeted therapies and emerging novel
treatment approaches for Waldenström macroglobulinemia. Clin Lymphoma Myeloma Leuk. 2022;22(8):547-556.

21. Cohen JB, Shah NN, Alencar AJ, et al. MCL-133 pirtobrutinib, a highly selective, non-covalent (reversible) BTK inhibitor in previously treated mantle cell
lymphoma: updated results from the phase 1/2 BRUIN study. Clin Lymphoma Myeloma Leuk. 2022;22(suppl 2):S394-S395.

22. Ito R, Eyre TA, Shah NN, et al. MCL-135 BRUIN MCL-321, a phase 3 open-label, randomized study of pirtobrutinib versus investigator choice of BTK
inhibitor in patients with previously treated, BTK inhibitor naïve mantle cell lymphoma (trial in progress). Clin Lymphoma Myeloma Leuk. 2022;22(suppl
2):S395-S396.

23. Jurczak W, Shah N, Lamanna N, et al. Pirtobrutinib (LOXO-305), a next generation highly selective non-covalent BTK inhibitor in previously treated
Richter transformation: results from the phase 1/2 BRUIN study. Hematol Oncol. 2021;39(S2):191-192.

24. Stacchini A, Aragno M, Vallario A, et al. MEC1 and MEC2: two new cell lines derived from B-chronic lymphocytic leukaemia in prolymphocytoid
transformation. Leuk Res. 1999;23(2):127-136.

25. Aslan B, Kismali G, Chen LS, et al. Development and characterization of prototypes for in vitro and in vivo mouse models of ibrutinib-resistant CLL.
Blood Adv. 2021;5(16):3134-3146.

26. Naeem A, Utro F, Wang Q, et al. Pirtobrutinib targets BTK C481S in ibrutinib-resistant CLL but second-site BTK mutations lead to resistance. Blood
Adv. 2023;7(9):1929-1943.

27. Wang E, Mi X, Thompson MC, et al. Mechanisms of resistance to noncovalent Bruton’s tyrosine kinase inhibitors. N Engl J Med. 2022;386(8):735-743.
10 SEPTEMBER 2024 • VOLUME 8, NUMBER 17 OMICS DURING PIRTOBRUTINIB THERAPY FOR CLL 4499

http://refhub.elsevier.com/S2473-9529(24)00407-5/sref1
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref2
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref3
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref4
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref4
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref4
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref5
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref5
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref6
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref6
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref7
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref7
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref8
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref8
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref9
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref9
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref10
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref10
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref11
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref11
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref12
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref12
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref13
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref13
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref14
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref14
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref15
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref15
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref16
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref16
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref17
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref17
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref18
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref18
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref19
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref20
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref20
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref21
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref21
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref22
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref22
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref22
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref23
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref23
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref24
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref24
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref25
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref25
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref26
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref26
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref27


28. Chen LS, Keating MJ, Gandhi V. Blood collection methods affect cellular protein integrity: implications for clinical trial biomarkers and ZAP-70 in CLL.
Blood. 2014;124(7):1192-1195.

29. Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29(1):15-21.

30. Anders S, Pyl PT, Huber W. HTSeq—a Python framework to work with high-throughput sequencing data. Bioinformatics. 2015;31(2):166-169.

31. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2.Genome Biol. 2014;15(12):550, 21.

32. Hänzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for microarray and RNA-seq data. BMC Bioinf. 2013;14:7.

33. Mootha VK, Lindgren CM, Eriksson K-F, et al. PGC-1α-responsive genes involved in oxidative phosphorylation are coordinately downregulated in human
diabetes. Nat Genet. 2003;34(3):267-273.

34. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J Roy Stat Soc B. 1995;57(1):
289-300.

35. Knisbacher BA, Lin Z, Hahn CK, et al. Molecular map of chronic lymphocytic leukemia and its impact on outcome. Nat Genet. 2022;54(11):1664-1674.

36. Bommhardt U, Schraven B, Simeoni L. Beyond TCR signaling: emerging functions of Lck in cancer and immunotherapy. Int J Mol Sci. 2019;20(14):
3500.

37. Märklin M, Heitmann JS, Fuchs AR, et al. NFAT2 is a critical regulator of the anergic phenotype in chronic lymphocytic leukaemia. Nat Commun. 2017;
8(1):755.

38. Talab F, Allen JC, Thompson V, Lin K, Slupsky JR. LCK is an important mediator of B-cell receptor signaling in chronic lymphocytic leukemia cells. Mol
Cancer Res. 2013;11(5):541-554.

39. Till KJ, Allen JC, Talab F, et al. Lck is a relevant target in chronic lymphocytic leukaemia cells whose expression variance is unrelated to disease outcome.
Sci Rep. 2017;7(1):16784.

40. Ahn IE, Tian X, Ipe D, et al. Prediction of outcome in patients with chronic lymphocytic leukemia treated with ibrutinib: development and validation of a
four-factor prognostic model. J Clin Oncol. 2021;39(6):576-585.

41. Meier-Abt F, Lu J, Cannizzaro E, et al. The protein landscape of chronic lymphocytic leukemia. Blood. 2021;138(24):2514-2525.

42. Woyach JA, Furman RR, Liu T-M, et al. Resistance mechanisms for the Bruton’s tyrosine kinase inhibitor ibrutinib. N Engl J Med. 2014;370(24):
2286-2294.

43. Furman RR, Cheng S, Lu P, et al. Ibrutinib resistance in chronic lymphocytic leukemia. N Engl J Med. 2014;370(24):2352-2354.

44. Woyach JA, Ruppert AS, Guinn D, et al. BTKC481S-mediated resistance to ibrutinib in chronic lymphocytic leukemia. J Clin Oncol. 2017;35(13):
1437-1443.

45. Maddocks KJ, Ruppert AS, Lozanski G, et al. Etiology of ibrutinib therapy discontinuation and outcomes in patients with chronic lymphocytic leukemia.
JAMA Oncol. 2015;1(1):80-87.

46. Kanagal-Shamanna R, Jain P, Patel KP, et al. Targeted multigene deep sequencing of Bruton tyrosine kinase inhibitor–resistant chronic lymphocytic
leukemia with disease progression and Richter transformation. Cancer. 2019;125(4):559-574.

47. Burger JA, Landau DA, Taylor-Weiner A, et al. Clonal evolution in patients with chronic lymphocytic leukaemia developing resistance to BTK inhibition.
Nat Commun. 2016;7(1):11589.

48. Cheng S, Guo A, Lu P, Ma J, Coleman M, Wang Y. Functional characterization of BTKC481S mutation that confers ibrutinib resistance: exploration of
alternative kinase inhibitors. Leukemia. 2015;29(4):895-900.

49. Landau DA, Sun C, Rosebrock D, et al. The evolutionary landscape of chronic lymphocytic leukemia treated with ibrutinib targeted therapy. Nat
Commun. 2017;8(1):2185.

50. Chowdhury SR, Peltier C, Hou S, et al. Ex vivo mitochondrial respiration parallels biochemical response to ibrutinib in CLL cells. Cancers. 2021;13(2):
354.

51. Sivina M, Hartmann E, Kipps TJ, et al. CCL3 (MIP-1α) plasma levels and the risk for disease progression in chronic lymphocytic leukemia. Blood. 2011;
117(5):1662-1669.

52. Byrd JC, Furman RR, Coutre SE, et al. Targeting BTK with ibrutinib in relapsed chronic lymphocytic leukemia. N Engl J Med. 2013;369(1):32-42.

53. Walker JS, Hing ZA, Harrington B, et al. Recurrent XPO1 mutations alter pathogenesis of chronic lymphocytic leukemia. J Hematol Oncol. 2021;14:
17-21.

54. Ondrisova L, Mraz M. Genetic and non-genetic mechanisms of resistance to BCR signaling inhibitors in B cell malignancies. Front Oncol. 2020;10:
591577.

55. Caillot M, Miloudi H, Taly A, et al. Exportin 1-mediated nuclear/cytoplasmic trafficking controls drug sensitivity of classical Hodgkin’s lymphoma. Mol
Oncol. 2023;17(12):2546-2564.

56. Tron AE, Belmonte MA, Adam A, et al. Discovery of Mcl-1-specific inhibitor AZD5991 and preclinical activity in multiple myeloma and acute myeloid
leukemia. Nat Commun. 2018;9(1):5341.

57. Tantawy SI, Aslan B, Chen LS, et al. Pharmacological profiling of cells from patients with chronic lymphocytic leukemia (CLL) treated with pirtobrutinib.
Blood. 2022;140(suppl 1):501-502.
4500 ASLAN et al 10 SEPTEMBER 2024 • VOLUME 8, NUMBER 17

http://refhub.elsevier.com/S2473-9529(24)00407-5/sref28
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref28
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref29
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref30
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref31
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref32
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref33
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref33
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref33
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref34
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref34
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref35
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref36
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref36
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref37
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref37
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref38
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref38
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref39
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref39
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref40
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref40
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref41
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref42
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref42
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref43
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref44
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref44
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref45
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref45
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref46
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref46
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref47
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref47
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref48
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref48
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref49
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref49
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref50
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref50
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref51
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref51
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref51
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref52
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref53
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref53
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref54
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref54
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref55
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref55
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref56
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref56
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref57
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref57


58. Blachly JS, Stephens DM, Ye JC, et al. Initial results from a phase 1/2 dose escalation and expansion study evaluating MS-553, a novel and selective
PKCβ inhibitor, in patients with CLL/SLL. Blood. 2022;140(suppl 1):2324-2325.

59. Stricker S, Rauschenberger V, Schambony A. ROR-family receptor tyrosine kinases. Curr Top Dev Biol. 2017;123:105-142.

60. Minami Y, Oishi I, Endo M, Nishita M. Ror-family receptor tyrosine kinases in noncanonical Wnt signaling: their implications in developmental
morphogenesis and human diseases. Dev Dyn. 2010;239(1):1-15.

61. Yu J, Chen L, Cui B, et al. Wnt5a induces ROR1/ROR2 heterooligomerization to enhance leukemia chemotaxis and proliferation. J Clin Invest. 2016;
126(2):585-598.

62. Yu J, Chen L, Chen Y, et al. Wnt5a induces ROR1 to associate with 14-3-3ζ for enhanced chemotaxis and proliferation of chronic lymphocytic leukemia
cells. Leukemia. 2017;31(12):2608-2614.

63. Hasan MK, Yu J, Widhopf GF, et al. Wnt5a induces ROR1 to recruit DOCK2 to activate Rac1/2 in chronic lymphocytic leukemia. Blood. 2018;132(2):
170-178.

64. Cui B, Ghia EM, Chen L, et al. High-level ROR1 associates with accelerated disease progression in chronic lymphocytic leukemia. Blood. 2016;
128(25):2931-2940.

65. Ghia EM, Rassenti LZ, Choi MY, et al. High expression level of ROR1 and ROR1-signaling associates with venetoclax resistance in chronic lymphocytic
leukemia. Leukemia. 2022;36(6):1609-1618.

66. Chen Y, Chen L, Yu J, et al. Cirmtuzumab blocks Wnt5a/ROR1 stimulation of NF-κB to repress autocrine STAT3 activation in chronic lymphocytic
leukemia. Blood. 2019;134(13):1084-1094.

67. Yu J, Chen L, Cui B, et al. Cirmtuzumab inhibits Wnt5a-induced Rac1 activation in chronic lymphocytic leukemia treated with ibrutinib. Leukemia. 2017;
31(6):1333-1339.

68. Choi MY, Widhopf GF, Ghia EM, et al. Phase I trial: cirmtuzumab inhibits ROR1 signaling and stemness signatures in patients with chronic lymphocytic
leukemia. Cell Stem Cell. 2018;22(6):951-959.e3.
10 SEPTEMBER 2024 • VOLUME 8, NUMBER 17 OMICS DURING PIRTOBRUTINIB THERAPY FOR CLL 4501

http://refhub.elsevier.com/S2473-9529(24)00407-5/sref58
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref58
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref58
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref59
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref60
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref60
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref61
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref61
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref62
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref62
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref62
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref63
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref63
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref64
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref64
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref65
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref65
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref66
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref66
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref66
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref67
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref67
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref68
http://refhub.elsevier.com/S2473-9529(24)00407-5/sref68

	Transcriptomic and proteomic differences in BTK-WT and BTK-mutated CLL and their changes during therapy with pirtobrutinib
	Introduction
	Patients and methods
	Clinical protocol
	Patients and collection and processing of samples
	Chemokine assay
	RNA isolation, RNA sequencing, and real-time PCR
	Protein extraction and reverse-phase protein array
	Analysis of RNA sequencing data
	Analysis of RPPA data
	Statistical analysis

	Results
	Baseline patient characteristics and prognostic factors in the BTK-WT and -mutated cohorts
	Baseline transcriptomic differences between the BTK-WT and -mutated groups
	Baseline proteomic differences between the BTK-WT and -mutated groups
	Changes in biomarkers during pirtobrutinib therapy
	Transcriptomic changes during pirtobrutinib therapy
	Proteomic changes during pirtobrutinib therapy

	Discussion
	Authorship
	References


