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Abstract

Although the BTK inhibitor ibrutinib has transformed the management of patients with CLL, it 

does not induce substantial apoptosis in vitro, and as such the mechanisms underlying its ability to 

kill CLL cells are not well understood. Acalabrutinib, a more specific BTK inhibitor now in 

development, also appears to be highly effective in CLL, but the connection of its mechanism with 

CLL cell death is also unclear. Using dynamic BH3 profiling, we analyzed alterations in the 

function of the mitochondrial apoptotic pathway induced by ibrutinib and acalabrutinib. We 

studied CLL patient samples treated ex vivo with both drugs, as well as primary samples from 

CLL patients on clinical trials of both drugs. We found that BTK inhibition enhances 

mitochondrial BCL-2 dependence without significantly altering overall mitochondrial priming. 

Enhancement of BCL-2 dependence was accompanied by an increase in the pro-apoptotic protein 

BIM. In contrast, treatment with the selective BCL-2 inhibitor venetoclax enhanced overall 

mitochondrial priming without increasing BCL-2 dependence. Pre-treatment of CLL cells with 

either BTK inhibitor, whether ex vivo or in vivo in patients, enhanced killing by venetoclax. Our 

data suggest that BTK inhibition enhances mitochondrial BCL2 dependence, supporting the 

ongoing development of clinical trials combining BTK and BCL-2 inhibition.
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Introduction

The treatment of chronic lymphocytic leukemia (CLL) has recently been transformed by 

novel oral agents targeting B cell receptor (BCR) pathway kinases that are critical to 

malignant B cell survival.1 Ibrutinib is a covalent, irreversible inhibitor of Bruton’s tyrosine 

kinase, a key BCR protein.2 It was approved for the treatment of CLL based on its excellent 

efficacy and tolerability, even in patients with high risk disease.3 Interestingly, although 

ibrutinib inhibits malignant B cell proliferation, survival, and migration, resulting in 

decreased tumor burden in patients, it typically does not induce a substantial amount of 

apoptosis in vitro4, and complete responses occur in only 2–4% of patients.3, 5 However, the 

progression free survival benefits of ibrutinib are substantial, and the complete response rate 

is likely to rise as patients stay on therapy longer.6, 7 Despite these clear clinical 

observations, the mechanisms by which ibrutinib interacts with the apoptotic cascade are 

incompletely understood.

In addition to BTK, ibrutinib targets several other kinases such as ITK and TEC, and it is 

likely that some of its toxicities are related to these off-target effects. A more specific BTK 

inhibitor, acalabrutinib (ACP-196) recently entered the clinic and was also found to be 

highly effective in relapsed/refractory CLL with a favorable toxicity profile in early phase 

clinical trials.8 As with ibrutinib, the effect of BTK inhibition with acalabrutinib on the 

mitochondrial pathway of apoptosis has not been fully explored.

Dysregulation of the mitochondrial pathway of apoptosis is one of the hallmarks of CLL cell 

pathophysiology. Indeed, CLL cells rely heavily on the anti-apoptotic protein BCL-2 for 

survival,9 and thus targeting this protein is another promising new therapeutic strategy. 

Venetoclax (ABT-199/GDC-0199) is a highly selective oral BCL-2 antagonist10 that induces 

rapid and deep responses in CLL,11 even in patients with high risk TP53 deficient 

disease.12, 13 The mechanism of action and toxicities of venetoclax are distinct from BTK 

inhibitors, suggesting that the combination of these agents would be feasible in the clinic. 

Recent work has provided evidence for the preclinical efficacy of the ibrutinib plus 

venetoclax combination in CLL.14 In that study, levels of the anti-apoptotic proteins MCL-1 

and BCL-XL were found to decrease after ibrutinib therapy. Whether this effect is a property 

of ibrutinib specifically, or of BTK inhibition more generally, is not known. We 

hypothesized that if we found the same effects with ibrutinib and the more BTK-specific 

inhibitor acalabrutinib that this would support the idea that BTK inhibition is the critical 

factor that enhances the sensitivity of malignant B cells to BCL-2 antagonism by venetoclax.

Our group previously developed BH3 profiling, a functional assay designed to interrogate 

mitochondria to determine their proximity to the threshold of apoptosis, a property called 

“mitochondrial priming”, which can be measured using a BH3 peptide derived from the pro-

apoptotic protein BIM, which interacts with all major anti-apoptotic proteins.15 BH3 

profiling is also able to determine BCL-2 dependence of a cell compared to related anti-

apoptotic proteins such as MCL-1 or BCL-XL, as measured using a BH3 peptide derived 

from the pro-apoptotic protein BAD, which interacts selectively with BCL-2 in CLL cells. 

Dynamic BH3 profiling (DBP) is a new variation of this technique that measures early 

changes in net pro-apoptotic signaling at the mitochondrion that are induced in cancer cells 
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treated with anti-cancer agents.16 We hypothesized that DBP would allow us to determine 

how BTK inhibitors and venetoclax influence mitochondrial priming and anti-apoptotic 

dependence in primary CLL cells.

Here, we utilize DBP to show that venetoclax increases the overall level of mitochondrial 

priming of CLL cells ex vivo. In contrast, ibrutinib and acalabrutinib selectively increase the 

dependence of mitochondria on BCL-2, and hence increase the sensitivity of CLL cells to 

venetoclax. Importantly, we confirmed these findings in vivo in primary CLL cells isolated 

from patients treated with ibrutinib on the phase 3 PCYC-1112 (RESONATE) trial17 and 

with acalabrutinib on its phase I first-in-human trial.8 These data help elucidate the 

interactions of BTK inhibitors with the mitochondrial pathway of apoptosis, and provide 

further preclinical rationale for clinical trials combining these novel agents in the clinic.

Methods

CLL patient samples and cell purification

After obtaining informed consent, peripheral blood was obtained from patients fulfilling 

diagnostic criteria for CLL. Consent was obtained in accordance with the Declaration of 

Helsinki on protocols reviewed and approved by the Dana-Farber / Harvard Cancer Center 

Institutional Review Board.

Mononuclear cells were isolated from blood and tissue samples by Ficoll-Paque (GE 

Healthcare, Waukesha, WI) density gradient centrifugation. Samples were viably frozen in 

10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) in fetal bovine serum 

(FBS, Sigma-Aldrich), stored in liquid nitrogen, and later thawed for analysis. Single cell 

suspensions were prepared, and CD19+CD5+ CLL cells generally accounted for >85% of 

analyzed cells.

CLL cell and stromal cell co-cultures

The stromal NKTert cell line was purchased from the Riken cell bank (Tsukuba, Japan) and 

maintained in RPMI 1640 medium supplemented with 10% FBS, 2.05mM L-glutamine, and 

penicillin-streptomycin (Life Technologies, Grand Island, NY). Primary CLL cells were 

cultured with the same complete RPMI media. For co-culture experiments, CLL cells were 

seeded with NKTert as previously described.18 Cells were then treated with drugs for the 

specified time periods (see Supplemental Methods) and analyzed.

Cell viability testing, reagents

CLL cell viability was determined by flow cytometric analysis using surface marker staining 

antibodies, Annexin V-FITC (BD Biosciences, San Diego, CA) and Propidium Iodide (PI) 

(Sigma). Analysis was performed with a BD FACS Fortessa or Fortessa × 20 machine.

Dynamic BH3 profiling

BH3 profiling was performed by flow cytometry, as previously described.18, 19 Briefly, CLL 

cells were thawed from viably-frozen vials or harvested from ex vivo treatments, washed, 

and stained with fluorescent antibodies. Single cell suspensions were exposed to 0.002% 
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digitonin and then BH3-only peptides for 60 minutes. After formaldehyde fixation, anti-

cytochrome C-Alexa 488 (BD Pharmingen) was added, and to analyze the plate flow 

cytometry was performed.

Western blot analysis

Protein lysates were obtained by cell lysis, electrophoretically separated on NuPAGE 10% 

Bis-Tris polyacrylamide gels (Life Technologies) and transferred to PVDF membrane (EMD 

Millipore, MA). Images were obtained by exposing membranes to ECL solution and the 

signals were captured by an LAS 4000 imager (Fuji Film). Densitometry was done with 

ImageQuant software equipped in the imager.

Data analysis and statistics

Flow cytometry data were analyzed using FACS Diva version 6.1.1 (BD Pharmingen). Delta 

priming was generated by subtracting the values of loss of cytochrome C in DMSO- or pre- 

treated samples from drug treated samples; and maximal viability decrease was the biggest 

difference in viability calculated from dose curve experiments. Statistical analysis was done 

by GraphPad Prism 6 software for PC (GraphPad Software, San Diego, CA). After assessing 

the data for normality by the Shapiro-Wilk normality test, a one sample t test was used to 

validate if delta priming was significantly different from 0. In cases where data sets did not 

pass the normality test, a sensitivity analysis using a non-parametric one sample Wilcoxon 

was also performed. Student’s paired t-tests were performed to compare two different drug 

treatments, and one-way ANOVA was used for > two group comparisons. P value ≤ 0.05 

was considered statistically significant.

Results

Ex vivo BTK inhibition increases BCL-2 dependence in primary CLL cells

We initially compared the ability of venetoclax and ibrutinib to induce apoptosis in primary 

patient CLL cells ex vivo. Consistent with prior studies, venetoclax triggered apoptosis 

rapidly, with an EC50 below 10 nM, whereas ibrutinib did not elicit significant apoptotic 

cell death even at 1 uM (Supplemental Figure 1).

Apoptosis is a threshold phenomenon, and we utilize BH3 profiling to assess mitochondrial 

priming, a cell’s proximity to the apoptotic threshold. We next asked whether even if 

ibrutinib was not inducing frank cell death, could it nonetheless be inducing sub-lethal pro-

apoptotic signaling? We assessed for changes in pro-apoptotic signaling by dynamic BH3 

profiling (DBP), a technique that allows us to measure “delta priming”, defined as the 

difference in mitochondrial response to a BH3 peptide in a drug-treated sample versus an 

untreated control (Supplemental Figure 2A).16 The BIM BH3 peptide interacts 

promiscuously with all of the anti-apoptotic proteins (Supplemental Figure 2B), as well as 

with the pro-apoptotic effector proteins BAX and BAK. As such, mitochondrial sensitivity 

to BIM is a measure of the overall proximity of the cell to the apoptotic threshold.

Primary CLL cells were prepared from a panel of CLL patients and cultured ex vivo with or 

without drugs for 72 hours in the presence of the stroma to facilitate CLL cell survival for 
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BH3 profiling analysis. We assessed whether delta priming after drug treatment was 

significantly different from 0 (i.e. no effect). We chose to study previously untreated CLL 

patients with uniform prognostic markers for these experiments to avoid potential 

confounding by biological heterogeneity in the CLL cells themselves (Supplemental Table 

1A). We found that ibrutinib did not alter mitochondrial sensitivity to the BIM peptide 

(Figure 1A) suggesting that the drug had little effect on overall mitochondrial priming of the 

CLL cells. The BAD BH3 peptide interacts more selectively with BCL-2, BCL-XL, and 

BCL-w (Supplemental Figure 2B). BCL-XL and BCL-w are expressed at much lower levels 

than BCL-2 in CLL.9 Therefore, in CLL, mitochondrial sensitivity to the BAD BH3 peptide 

can be considered a measure of the cell’s BCL-2 dependence. In contrast to the results with 

BIM peptide, ibrutinib consistently increased the response to BAD peptide (20–50% positive 

delta priming, Figure 1A). Ibrutinib treatment did not yield significant priming changes to 

MS1 (specific for dependence on MCL-1)20 or HRK (specific for dependence on BCL-

XL)15 peptide (Supplemental Figure 3). Taken together, these results suggest that ibrutinib 

selectively enhances CLL cell dependence on BCL-2.

When CLL cells were treated with venetoclax, the profiles revealed a pattern of BIM-BAD 

peptide response complementary to that observed with ibrutinib. Venetoclax elicited a 20–

70% positive delta-priming in response to BIM BH3 peptide, whereas the delta-priming in 

response to the BAD peptide was minimal (Figure 1B). These results suggest that venetoclax 

moves the cell closer to the threshold of apoptosis, but it does not render the mitochondrion 

more sensitive to the BAD BH3 peptide. In other words, it does not selectively enhance 

BCL-2 dependence. The combination of ibrutinib and venetoclax increased both BIM and 

BAD BH3 peptide response (Figure 1C), suggesting that this drug combination increases 

both CLL cell mitochondrial priming and BCL-2 dependence.

We next sought to evaluate whether the selective increase in BCL-2 dependence observed 

with ibrutinib in the ex vivo treated CLL patient samples was a BTK-specific effect. To 

assess this, we repeated the same set of experiments on samples from the same patients, this 

time treated ex vivo with a more BTK-specific inhibitor acalabrutinib. As with ibrutinib, 

acalabrutinib consistently induces positive delta-priming (20–50%) in response to BAD but 

not BIM BH3 peptide (Figure 1D), suggesting that it also increases BCL-2 dependence 

without altering overall mitochondrial priming. The specific BCL-2 dependence was again 

confirmed by the minimal effects of MS1 or HRK BH3 peptides, suggesting that 

acalabrutinib did not alter dependency on MCL-1 or BCL-XL, respectively (Supplemental 

Figure 4). When these CLL cells were treated with venetoclax, BH3 profiling again 

demonstrated an increase in delta-priming in response to BIM BH3 peptide but not to BAD 

BH3 peptide (Figure 1E), and the combination of acalabrutinib and venetoclax increased 

both priming and BCL-2 dependence (Figure 1F). These data suggest that the increase in 

BCL-2 dependence in CLL cells observed with ex vivo ibrutinib treatment is likely due to a 

BTK-specific effect, rather than to an off-target effect of the drug.

Ex vivo BTK inhibition increases CLL cell sensitivity to BCL-2 inhibition

Our DBP results led us to hypothesize that pre-treatment with a BTK inhibitor would 

sensitize CLL cells to BCL-2 inhibition and would therefore be highly effective at killing 
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CLL cells. To test this hypothesis, we pre-treated primary CLL cells with ibrutinib or 

acalabrutinib and then subsequently added venetoclax. As predicted, pre-treatment with 

ibrutinib or acalabrutinib increased CLL cell sensitivity to venetoclax (supplemental Figures 

5 and 6). The maximal decrease in viability for each combination was calculated from the 

dose response curves and is summarized in Figure 2 (panel A for pretreatment with 

ibrutinib, panel B for pretreatment with acalabrutinib). Both drugs significantly enhanced 

killing by venetoclax.

To assess whether the effects we observed were specific to venetoclax or whether they may 

also be observed with chemotherapy, we repeated our viability experiments by pre-treating 

primary CLL cells with either ibrutinib or a vehicle treated control, and then adding the 

purine analogue fludarabine. While there was some increased killing observed with 

ibrutinib, the effects were less consistent than with venetoclax (Supplemental Figure 5B). 

This suggests that the increase in BCL-2 dependence caused by BTK inhibition enhances 

CLL cell killing by venetoclax more than by fludarabine.

Ex vivo BTK inhibition increases expression of the BH3-only protein BIM

We next assessed whether changes in BCL-2 family protein expression in response to BTK 

and BCL-2 inhibition corresponded to the changes we observed in our BH3 profiling and 

viability assays. To test this, we prepared cell extracts from control and drug treated CLL 

primary cells from our earlier experiments and performed Western blot analysis. Consistent 

with our results above, we found that expression of the BH3-only protein BIM increased 

when cells were treated with ibrutinib (Figure 3A) or acalabrutinib (Figure 3B). 

Densitometry analysis of BIM-EL protein expression confirmed this increased expression 

with both ibrutinib and acalabrutinib (Figure 3C). BAD protein was increased by ibrutinib 

but not acalabrutinib (Figure 3C). Venetoclax treatment did not significantly alter BIM or 

BAD protein expression. No consistent changes were observed in protein expression of other 

BCL-2 family members in response to any of the drug treatments, including anti-apoptotic 

proteins MCL-1 and BCL-2 or the pro-apoptotic multi-domain protein BAX (Supplemental 

Figure 7).

In vivo BTK inhibition increases BCL-2 dependence in CLL patients

We next asked whether the increased BCL-2 dependence seen with BTK inhibition ex vivo 
could be observed in vivo in primary CLL cells obtained from patients treated on ibrutinib 

and acalabrutinib clinical trials (Supplemental Table 1B). We utilized samples that were both 

pre-treatment and from multiple time points after dosing, and conducted experiments in a 

manner similar to the ex vivo work described above. These samples came from patients who 

were a mix of previously treated and untreated so that we could assess whether the biology 

we observed in CLL cells from untreated patients was retained in previously treated patients.

Consistent with our ex vivo findings, ibrutinib therapy led to increased mitochondrial BCL-2 

dependence in vivo, as indicated by the positive delta-priming observed in response to the 

BAD BH3 peptide in all five patients tested (Figure 4A, B). “Delta-priming” here describes 

the difference in mitochondrial response to a BH3 peptide in a clinical sample obtained on 

treatment compared to a pre-treatment control sample. The positive delta-priming was 
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observed as early as 6 hours after the first dose of ibrutinib (Figure 4A), and by day 15 on 

trial all five patients had at least a +20% delta-priming (Figure 4B). As an internal control, 

we utilized venetoclax applied directly to mitochondria like a BH3 peptide and obtained the 

same result (Figure 4A, B). Similar to the ex vivo treatment, the delta-priming observed with 

the BIM peptide was minimal after in vivo ibrutinib therapy (Figure 4A, B), and was 

significantly less than that observed with BAD peptide. No changes in MCL-1 or BCL-XL 

dependence were observed in vivo, as indicated by the lack of delta-priming after treatment 

with the MS-1 or HRK peptide, respectively (Supplemental Figure 8).

We next tested whether increased BCL-2 dependence could also be observed in CLL cells 

from patients treated with acalabrutinib. Of note, due to sample availability, the correlative 

acalabrutinib trial samples were from later time points than our samples from ibrutinib-

treated patients (week 4 and week 12 vs. 6 hours, day 8, and day 15 post-dosing, 

respectively). Nonetheless, we observed that acalabrutinib therapy also enhances 

mitochondrial BCL-2 dependence in vivo. Both BAD peptide and venetoclax used like a 

peptide in the BH3 profiling assay resulted in positive delta-priming at both 4 weeks and 12 

weeks on acalabrutinib therapy, and in both cases the delta-priming was significantly greater 

for BAD peptide than BIM peptide, which was negative in some cases, suggesting decreased 

priming (Figure 4C, D). This negative delta-priming in the less primed in vivo samples may 

reflect that the cells recently exited the protective stromal microenvironment, in contrast to 

the ex vivo treated samples that become more primed in culture. The delta-priming in 

response to MS1 and HRK was minimal (Supplemental Figure 9), suggesting again that 

BTK inhibition enhances BCL-2 dependence specifically, without affecting dependence on 

other anti-apoptotic proteins or the overall level of mitochondrial priming in the cell. As in 

the ex vivo setting, this enhanced BCL-2 dependence likely contributes to increased CLL 

cell apoptosis in patients, as has previously been demonstrated by other groups.21

In vivo BTK inhibition sensitizes CLL cells to venetoclax

We next tested whether CLL cells from patients treated with BTK inhibitors in vivo 
demonstrated increased ex vivo sensitivity to venetoclax in a standard viability assay. We 

exposed CLL cells from these patients to venetoclax ex vivo for 1 hour and measured 

viability by Annexin/PI. Using dose response curves, we found that venetoclax enhanced 

CLL cell killing at a variety of concentrations (supplemental Figures 10 and 11). The 

maximal viability decrease with the combination of a BTK inhibitor plus venetoclax is 

depicted in Figure 5. Compared to the viability decrease by ibrutinib alone this cell killing 

by ibrutinib plus venetoclax was significant (Figure 5A). There was a trend toward increased 

killing by acalabrutinib, but this did not achieve significance (Figure 5B). Overall, 

venetoclax did induce more ex vivo cell death in CLL cells from ibrutinib-trial patients 

compared to acalabrutinib-trial patients (supplemental Figure 12A), which is consistent with 

our results above showing that ibrutinib induced a greater change in delta-priming than did 

acalabrutinib (Supplemental Figure 12B, C).

In vivo BTK inhibition upregulates the pro-apoptotic protein BIM

To assess whether there is evidence at the protein level to support our findings with BH3 

profiling and cell viability assays, we performed Western blot analysis with proteins lysates 
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prepared from the same patient samples. As with our ex vivo experiments, we again found 

that BIM protein generally increased in CLL cells from patients treated with either ibrutinib 

(Figure 6A) or acalabrutinib (Figure 6B). For acalabrutinib, the increase appeared greater at 

4 weeks than 12 weeks (Figure 6C), perhaps reflecting selection against high BIM 

expressing cells at the later time point. BAD protein expression also increased in some 

ibrutinib treated patient samples. Other multi-domain BCL-2 family member proteins, 

including BCL-2, MCL-1, and BAX did not change consistently (supplemental Figure 13). 

These findings at the protein level in our in vivo samples from patients treated with BTK 

inhibitors are consistent with our observations in the primary CLL samples subjected to ex 
vivo BTK inhibition.

Discussion

Although ibrutinib monotherapy is highly effective for patients with CLL, it rarely induces 

complete remission, and the durability of response is limited in patients with high risk CLL 

such as those with del(17p) and/or complex karyotype.22 In addition, the acquisition of 

somatic resistance mutations has been described, such as the BTK C481S identified in 

several patients who progressed on ibrutinib.23 Given the plethora of novel agents now 

available for CLL, it is not feasible to examine every ibrutinib combination strategy in a 

clinical trial. Therefore, sound preclinical data allow for the rational design of CLL trials to 

explore optimal combination partners and drug sequences.

BTK inhibition leads to disruption of tonic BCR signaling, migration, and proliferation of 

CLL cells; however, the details of how BTK inhibition interacts with the intrinsic pathway 

of mitochondrial apoptosis are not fully understood. The preclinical efficacy of the ibrutinib/

venetoclax combination in killing CLL cells has recently been demonstrated using 

conventional cell death testing in both ex vivo treated CLL cells and in vivo samples from 

patients on ibrutinib therapy.14 Although this important work is suggestive of a mechanistic 

connection between ibrutinib and BCL-2, it does not address the fundamental question of 

how this interaction occurs on a functional level, nor does it shed light on whether this 

interaction is due to BTK inhibition or off target effects of ibrutinib.

In our ex vivo studies on CLL cells from patients, we found through dynamic BH3 profiling 

(DBP) that ibrutinib causes a substantial increase in BCL-2 dependence with minimal 

change in the overall level of mitochondrial priming, whereas venetoclax had the opposite 

effect. DBP provides the first direct evidence of the uniquely complementary nature of the 

effects of these two drugs on mitochondria. Importantly, we confirmed our ex vivo findings 

in samples from patients on ibrutinib, showing that these effects also apply in vivo. By 

increasing mitochondrial dependence on BCL-2, CLL cells are sensitized to BCL-2 

antagonism with venetoclax, which helps to explain why this combination is particularly 

effective at killing CLL cells (Supplemental figure 14). A possible model of how BTK 

inhibition primes CLL cells for apoptosis through BCL-2 inhibition is presented in Figure 7.

Our discovery of the complementary mechanisms of action of ibrutinib and venetoclax on 

mitochondria prompted the question of whether this interaction is a BTK specific 

phenomenon or whether it may be due to off target effects of ibrutinib. Mirroring our 
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ibrutinib results, the highly selective BTK inhibitor acalabrutinib induced a significant 

increase in BCL-2 dependence in CLL cells both ex vivo and in vivo. This suggests that 

BTK inhibition itself may be sufficient to enhance BCL-2 dependence in CLL cells, 

although differences in the ex vivo and in vivo kinase inhibitor profiles of these drugs makes 

this challenging to prove conclusively.

Our results suggest that BTK inhibition perturbs the intrinsic apoptotic pathway in CLL cells 

by increasing BCL-2 dependence directly at the level of the mitochondria. Although there 

are several potential mechanisms, one possibility is that BTK inhibition, by increasing BIM 

levels, increases the occupancy of BCL-2. Thus, when venetoclax competes for the BH3 

binding site on BCL-2, more BIM is displaced, resulting in more efficient mitochondrial 

outer membrane permeabilization (MOMP)9, the point of no return in apoptotic cell death. 

Alternatively, BTK inhibition might cause a decrease in the abundance or function of 

another key anti-apoptotic protein, MCL-1.14 In our experiments, although MCL-1 protein 

levels did appear to decrease in some samples (Supplemental Figure 13), other patients had 

increased BCL-2 dependence without a significant change in MCL-1 protein expression. 

This is consistent with recent in vitro observations by another group,24 and suggests that 

ibrutinib may inhibit MCL-1 function without necessarily decreasing its levels. A previous 

study found that phosphorylation events at serine-64 on MCL-1 may affect the function of 

the protein.25 Given that ibrutinib inhibits over a dozen other kinases besides BTK, it may be 

informative to determine whether one of these kinases normally phosphorylates MCL-1 

under physiologic conditions, and whether ibrutinib treatment can abrogate this 

phosphorylation and thereby impair MCL-1 function, although this is beyond the scope of 

our current study.

An important advantage of DBP over prior studies that relied on conventional cell death 

assays is that it allows us to identify these pro-apoptotic signals even in the absence of frank 

cell death. Thus, we could study living tumor cells that had survived contact with ibrutinib in 

the patient. This approach avoids the potential confounding factors that inevitably arise 

when CLL cells are cultured over time. Of note, although significant changes were seen in 

BCL-2 dependence through DBP, our western blot analyses demonstrated minimal changes 

in protein expression for most of the Bcl-2 family members. This highlights that examining 

protein expression levels alone fails to adequately assess the complexity of the Bcl-2 family, 

which involves protein-protein interactions, post-translational modifications, and other 

unmeasured factors which are best captured by a functional assay. This is particularly 

important in CLL where, unlike in other types of cancer, novel agents do not target specific 

somatic mutations, but rather the pathophysiology of the disease itself.26

Our study is the first demonstration of DBP using in vivo treated patient samples. By 

observing changes in circulating patient cells, we could predict the efficacy of a new 

therapeutic combination. This approach offers promise for a paradigm in which DBP can be 

used for serial tailoring of therapy on patients with accessible tumor tissue. While we 

focused here on BTK and BCL-2 inhibition, DBP can be used to examine the effects of 

many therapies with different mechanisms of action in parallel, offering the opportunity for 

a real-time approach to precision medicine.
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Our finding of the complementary effects of BTK inhibitors and venetoclax on CLL 

mitochondria strongly supports the exploration of these combinations in the clinic. One of 

these trials involving the ibrutinib/venetoclax combination in CLL (NCT02427451) recently 

opened, and future studies may utilize this backbone as a highly effective combination 

regimen in CLL. Such approaches hold promise for a well-tolerated, time-limited therapy for 

CLL that can achieve deep and durable remissions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ex vivo BTK inhibition increases CLL cell BCL-2 dependence as shown by dynamic 
BH3 profiling
Primary CLL cells were co-cultured with the NKTert stromal cell line, and subjected to 

single drug or combination treatment with ibrutinib alone (panel A), venetoclax alone (panel 

B), or the ibrutinib + venetoclax combination (panel C). Analogous experiments were 

performed with acalabrutinib alone (panel D), venetoclax alone (panel E), or the 

acalabrutinib + venetoclax combination (panel F). Ibrutinib and acalabrutinib were both 

used at 1 uM for 72 hours, while venetoclax at 1.5 nM was added only for the last 20 hours. 

Cells were then harvested for BH3 profiling. Delta priming is the difference in 
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mitochondrial response to a BH3 peptide between DMSO- and drug treated samples (Y-

axis). The response from BAD peptide, a specific indicator for BCL2 dependence, is shown 

side-by-side with BIM peptide response. Means are depicted as horizontal bars +/− SD error 

bars. p values were calculated using a one sample t test to validate if delta priming is 

different from 0. Ib, ibrutinib; ACP, acalabrutinib. * and ** indicate statistical significance.
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Figure 2. Pre-treatment with ibrutinib or acalabrutinib increases CLL cell sensitivity to 
venetoclax
Primary CLL cells were seeded on top of the NKTert stromal cells and treated with 1 uM 

ibrutinib or acalabrutinib for 72 hours. Venetoclax was added for the last 1 hour, and 

viability was measured by flow cytometry analysis using FITC conjugated Annexin V and 

propidium iodide staining. Panel A and B top panels show representative dose curves for 

ibrutinib and acalabrutinib experiments, respectively. Panel A and B bottom panels show the 

maximal decrease of viability from each CLL primary sample calculated from dose curve 

experiments shown in the supplemental data. The statistical analysis used paired t-test (two-

tailed) for a BTK inhibitor alone or in combination with venetoclax was shown in the bottom 

panels. Means are depicted as horizontal bars +/− SD error bars.
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Figure 3. Ex vivo BTK inhibition increases expression of the pro-apoptotic BH3-only proteins 
BIM
Primary CLL cells were treated with ibrutinib or acalabrutinib alone or in combination with 

venetoclax under identical conditions as in Figure 2. Cells were collected at the end of 

treatment to prepare protein lysates for SDS-PAGE electrophoresis. Specific proteins were 

detected by the antibodies indicated in the figure. Densitometry analysis was performed for 

images shown in panel A and B. Ratio of BIM-EL or BAD protein to ACTIN was compared 

within different treatments and shown in panel C. The concentrations used in the 

experiments were 1 uM for ibrutinib and acalabrutinib; 1.5 nM for venetoclax. In patients 1 
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and 2 in panel A, the BIM antibody was run before the BAD antibody, resulting in multiple 

bands in the box labeled BAD. For all other patients BAD antibody was run after BIM 

antibody. * leftover BIM protein, ** BAD protein.
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Figure 4. In vivo BTK inhibition increases BCL-2 dependence in cells from CLL patients
CLL patient samples were collected before and after ibrutinib or acalabrutinib therapy in the 

respective clinical trials. BH3 profiling was performed under identical conditions as the ex 
vivo samples shown in Figure 1. Delta priming was calculated from pre- and post-treatment 

mitochondrial responses to BIM or BAD peptides and low-dose venetoclax (used like a 

peptide in the BH3 profiling assay). Ibrutinib samples were obtained 6 hours (panel A) and 

15 days (panel B) after the first dose. Acalabrutinib samples were obtained 4 weeks (panel 

C) and 12 weeks (panel D) after the first dose. Means are depicted as horizontal bars +/− SD 

error bars. One sample t test was used to validate if the delta priming is different from 0 and 

p values are indicated with * and ** indicating statistical significance. Normality was 
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confirmed in all experiments with the exception of BIM 0.3 uM in panel (A), which was also 

subjected to a Wilcoxon rank test and was not significant (0.0625), suggesting that delta-

priming for this peptide is not significantly changed.
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Figure 5. In vivo BTK inhibition sensitizes CLL cells to venetoclax
CLL patient samples obtained from the BTK inhibitor clinical trials for the BH3 profiling 

assays were also aliquoted for viability assessment. Cells were subjected to ex vivo 
venetoclax treatment for 1 hour and viability was measured by flow cytometry analysis 

using FITC conjugated AnnexinV and PI staining. Panel A and B top panels show 

representative dose curves for ibrutinib and acalabrutinib treated patients, respectively. Panel 

A and B bottom panels show the maximal decrease of viability from each CLL patient 

sample calculated from dose curve experiments shown in the supplemental data. The 

statistical analysis used paired t-test (two-tailed) for viability decrease resulting from a BTK 

inhibitor alone or in combination with venetoclax is shown in bottom panels. Means are 

depicted as horizontal bars +/− SD error bars. Normality was confirmed in all experiments 
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with the exception of the data for ibrutinib at day 15 and acalabrutinib at week 12. N/A: 

sample not available.
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Figure 6. BIM expression is increased in CLL cells treated in vivo with BTK inhibition
Protein lysates were prepared using aliquots of primary CLL cells obtained from clinical 

trials of ibrutinib (panel A) or acalabrutinib (panel B), and analyzed by SDS-PAGE 

electrophoresis. Antibodies were used to detect BCL-2 family proteins as indicated in the 

figure. Densitometry analysis was performed for BIM-EL and ACTIN, and their ratio is 

shown in panel C. One-way ANOVA for BIM-EL/ACTIN ratios in acalabrutinib pretreated 

and week 4 samples showed a p<0.05. Pretx=pre-treatment samples. Other specified time 
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points refer to the time after initial dosing of the respective drug. * underloaded samples not 

calculated for BIM-EL/ACTIN ratio.
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Figure 7. Schema summarizing the complementary effects of BTK and BCL-2 inhibition on CLL 
cell mitochondria
At baseline (top left), CLL cells are BCL-2 dependent and primed for apoptosis, with the 

pro-apoptotic protein BIM occupying some, but not all of the binding sites on BCL-2. 

Treatment with venetoclax (bottom left) leads to apoptosis in most CLL cells by displacing 

BIM from BCL-2, allowing it to bind to the pro-apoptotic effector proteins BAX/BAK, 

which can then homo-oligomerize leading to mitochondrial outer membrane 

permeabilization (MOMP), cytochrome C release, and subsequent caspase-mediated cell 

death. BTK inhibition with ibrutinib or acalabrutinib (right side) can increase BIM protein 
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thereby saturating essentially all of the binding sites on BCL-2 and increasing the BCL-2 

dependence of the CLL cell even further. Subsequently adding venetoclax (lower right) 

rapidly triggers MOMP and subsequent CLL cell death.
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