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Abstract

Acalabrutinib, a highly selective Bruton’s tyrosine kinase inhibitor, is associated with high overall 

response rates and durable remission in previously treated chronic lymphocytic leukemia (CLL), 

however, complete remissions were limited. To elucidate on-target and pharmacodynamic effects 

of acalabrutinib, we evaluated several laboratory endpoints, including proteomic changes, 

chemokine modulation, and impact on cell migration. Pharmacological profiling of samples from 

acalabrutinib-treated CLL patients was used to identify strategies for achieving deeper responses, 

and to identify additive/synergistic combination regimens. Peripheral blood samples from 21 

patients with relapsed/refractory CLL in acalabrutinib phase I (100–400 mg/day) and II (100 mg 

BID) clinical trials were collected prior to and on days 8 and 28 after treatment initiation and 

evaluated for plasma chemokines, reverse phase protein array, immunoblotting, and 
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pseudoemperipolesis. The on-target pharmacodynamic profile of acalabrutinib in CLL 

lymphocytes was comparable to ibrutinib in measures of acalabrutinib-mediated changes in CCL3/

CCL4 chemokine production, migration assays, and changes in B cell receptor signaling pathway 

proteins and other downstream survival proteins. Among several CLL-targeted agents, venetoclax, 

when combined with acalabrutinib, showed optimal complementary activity in vitro, ex vivo, and 

in vivo in TCL-1 adoptive transfer mouse model system of CLL. These findings support selective 

targeting and combinatorial potential of acalabrutinib.
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Introduction

Bruton’s tyrosine kinase (BTK) is a member of the Tec family of kinases that play a critical 

role in normal and malignant B cells. It is a vital element in the B cell receptor (BCR) 

pathway that is important in maintenance, survival, proliferation, and migration of chronic 

lymphocytic leukemia (CLL) cells (1, 2). Ibrutinib is a potent irreversible inhibitor of BTK 

that covalently binds to the Cys-481 residue of the enzyme (3, 4). Acalabrutinib also binds 

irreversibly to Cys-481 residue of BTK but is more selective BTK inhibitor in clinical 

development for the treatment of hematologic malignancies, solid tumors, and autoimmune 

diseases. It was designed to elicit critically important on-target effects of ibrutinib on BTK 

(5), while reducing or abrogating off-target influence on other kinases that contain cysteine 

residues that align with Cys-481 of BTK (6).

Consistent with their expected functionality, in vitro investigations in CLL cells suggested 

that acalabrutinib and ibrutinib have similar CLL cytotoxicity, effect on adhesion and 

motility, inhibition of chemokine production, and attenuation of the BCR signaling pathway 

(7, 8). In contrast, when comparing effects in healthy T cells, ibrutinib inhibited the T cell 

receptor pathway, while acalabrutinib had a sparing effect (8). Ibrutinib’s effect on T cells 

was mediated through ITK, which has functional similarity to BTK (9). In addition to T 

cells, ibrutinib showed antitumor activity in nonhematologic cancers by inhibiting other 

cysteine-containing kinases, such as epidermal growth factor receptor (EGFR) (10).

Clinically, ibrutinib showed dramatic and stable overall and progression-free survival in 

previously treated CLL (11), in elderly patients (12), in CLL patients that harbor del17p 

(13), and in treatment-naïve disease (14). While the overall response rate was consistently 

high, these clinical responses consisted mostly of partial remissions.

Acalabrutinib was designed to be a potent BTK inhibitor with improved selectivity toward 

other kinases compared to ibrutinib. Phase I and II clinical trial results with acalabrutinib 

further validated its on-target effects on CLL cells, as observed through pharmacodynamic 

endpoints such as lymph node reduction, blood lymphocytosis and its resolution, and 

inhibition of several cytokines and chemokines (5). The effect of acalabrutinib on T cells, 

natural killer (NK) cells, and monocytes, as well as drug-driven toxicity profiles, have 

suggested minimal off-target impact (5). These clinical, pharmacokinetic, and 
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pharmacodynamic investigations on target malignant B cells and non-target hematological 

cells suggest mechanistic similarities and differences between the activity of ibrutinib and 

acalabrutinib.

Laboratory endpoints, such as the effect on BCR signaling in malignant CLL cells, impact 

on adhesion and motility, and other pharmacodynamics parameters during therapy, have not 

previously been reported. Additionally, in the clinic, while an overall response rate of 95% 

was observed, there were no complete remissions in patients with CLL with a median follow 

up of less than 15 months (5). These data strongly underscore the need for identification of 

currently used drugs that can be paired with acalabrutinib to achieve deeper responses which 

may translate to complete remissions.

In the current report, we describe several pharmacodynamic and proteomic endpoints during 

acalabrutinib therapy in patients with CLL. We also utilize pre- and post-treatment CLL 

cells to conduct pharmacological profiling of several targeted and non-targeted agents 

currently used in CLL. Finally, using various in vitro, ex vivo, and mouse model approaches, 

we provide evidence for combination with venetoclax to enhance acalabrutinib’s activity in 

CLL cells.

Materials and Methods

Patient sample collection and culture

Samples were collected from two cohorts. The first consisted of patients enrolled in 

acalabrutinib clinical trials (NCT02029443 and NCT02157324). Patients received oral 

acalabrutinib 100–400 mg daily or 100 mg twice daily (BID). Blood samples were obtained 

from 21 patients. For 11 patients, samples were generally obtained prior to therapy and on 

days 8 and 28 after treatment initiation. The second group consisted of CLL patients not 

enrolled in any clinical trials. These samples were used for in vitro incubation assays for 

drug combination experiments.

For all blood sample collections, patients provided written informed consent for protocols 

approved by the Institutional Review Board of The UT MD Anderson Cancer Center, in 

accordance with the Declaration of Helsinki. CLL cells were collected in green-top blood 

collection tubes and were isolated by Ficoll-Hypaque density centrifugation (Atlanta 

Biologicals, Norcross, GA), suspended in RPMI-1640 medium with 10% human serum 

(Sigma Aldrich, St. Louis, MO), and were freshly used.

Drugs

For in vitro drug combination studies, acalabrutinib was provided by Acerta (Redwood City, 

CA), and venetoclax was purchased from Xcessbio (San Diego, CA). For mouse studies, 

acalabrutinib and venetoclax were purchased from ChemieTek Inc (Indianapolis, IN).

Endogenous cell death assays

CLL cells were isolated from blood samples pre- and post-acalabrutinib therapy, suspended 

in medium, then incubated with dimethylsulfoxide (DMSO) for 24 hours and stained with 

Annexin/propidium iodide and spontaneous apoptosis was measured (8).
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BTK target occupancy ELISA

Blood samples prior to and after start of therapy were collected and PBMC were analyzed to 

determine occupancy of BTK by acalabrutinib as described in detail in the Supplemental 

Information section.

Chemokine assays

CCL3 (Mip-1α) and CCL4 (Mip-1β) levels were measured in plasma of patients before and 

after acalabrutinib therapy using a Quantikine enzyme-linked immunosorbent assay (R&D 

Systems, Minneapolis, MN) (8).

Transwell migration assays

CLL lymphocytes isolated from peripheral blood obtained pre- and post-acalabrutinib 

therapy were suspended in RPMI + 10% autologous plasma. Chemotaxis assays were done 

as described previously (15). Briefly, cells were added to top chamber of transwell culture 

inserts (Costar), with a diameter of 6.5 mm and a pore size of 5 μm. Filters were placed onto 

wells containing medium (control) or medium with 200 ng/mL CXCL12 (SDF-1α) (R&D 

Systems), and CLL cells were allowed to migrate for 3 hours at 37°C. The migrated cells in 

the lower chamber were collected and counted (16).

RPPA assay

Protein extracts, obtained from CLL cells pre- and post-acalabrutinib, were prepared and 

analyzed for reverse phase protein array (RPPA) at The MD Anderson RPPA Core facility 

(n=10 patients). The RPPA set included ~300 proteins.

Immunoblot analyses

Protein extracts from cells were tested for immunoblot assays using the Odyssey Infrared 

Imaging System (LI-COR Biosciences, Lincoln, NE) (16). Antibodies for specific proteins 

are listed (Supplementary Table 1).

Pharmacological profiling and cytotoxicity assays

CLL cells were obtained before and after therapy and incubated with different drugs to 

assess cell death (Supplementary Information).

Preclinical studies in the TCL1-192 mouse model

All mouse studies were done in a TCL1-192 adoptive transfer mouse model (CB17 SCID, 

females, 6-weeks-old) and experimental details are provided in the Supplementary 

Information. These experiments were approved by The University of Texas MD Anderson 

Cancer Center’s Institutional Animal care and Use Committee. Although randomization was 

not done, 10 or 15 mice were used per group.

Statistical analysis

Paired 2-tailed Student t-tests were performed using Prism-6 software (GraphPad Software, 

Inc., La Jolla, CA).
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Results

Acalabrutinib triggers lymphocytosis and these cells are primed for apoptosis

Clinical studies with ibrutinib and acalabrutinib have shown onset of lymphocytosis, where a 

dramatic decrease in lymph node size is accompanied by an increase in CLL cell count in 

the peripheral blood. Absolute lymphocyte count was charted from patient samples used in 

pharmacodynamic assays. As shown in Figure 1A, the lymphocytosis profile varied among 

patients. At 4 hours post-dose at steady state (day 8) there is full BTK occupancy both for 

daily and BID cohorts. However at trough, patients who received bid dosing showed higher 

BTK occupancy (Figure 1B), which resulted in bid as the recommended schedule. To 

determine if circulating cells were sensitized after acalabrutinib therapy, PBMCs isolated at 

baseline (day 0) or after 8 days of therapy were incubated in culture for 24 hours. Cells at 

baseline showed heterogeneous levels of spontaneous apoptosis, which was generally 

increased in the day 8 sample (P = 0.038; Figure 1C). These data suggest that acalabrutinib 

therapy may prime CLL cells for apoptosis.

Acalabrutinib therapy is associated with decline in plasma chemokines CCL3 and CCL4

In response to BCR stimulation, CLL and other cells in the microenvironment secrete 

chemokines, and, conversely, inhibition of this pathway results in a decline in these chemo-

attractants (17). The baseline plasma CCL3 and CCL4 levels in day 0 samples ranged 

between 10–68 pg/mL and 11–86 pg/mL, respectively (n = 10; Figure 2A–B). Acalabrutinib 

therapy generally decreased circulating plasma chemokines levels to 3–10 pg/mL and 4–22 

pg/mL for CCL3, days 8 and 28, respectively, and 3–22 pg/mL and 3–29 pg/mL for CCL4, 

days 8 and 28, respectively. These data demonstrated that acalabrutinib therapy lowers 

circulating CCL3 and CCL4 levels.

Acalabrutinib therapy is associated with inhibition of migration towards SDF-1

CXCR4 is highly expressed on the surface of CLL cells and mediates chemotaxis and 

migration towards SDF1 (CXCL12), which is secreted in a lymphatic microenvironment that 

promotes B cell homing within lymph tissue. CLL cells isolated at baseline exhibited 

increased migration towards SDF-1 in transwell migration experiments, compared with 

control (white bars; n = 6; Figure 2C). Interestingly, the migratory properties of CLL cells 

with or without SDF-1 were significantly reduced after therapy on day 8 compared with 

baseline (D0) samples (white bar versus grey bars in control and SDF-1 samples). This 

either continued or was reversed at day 28. In summary, acalabrutinib therapy mitigated 

CLL cell migratory capacity towards tissue-homing chemokines.

Proteomics after acalabrutinib therapy

Among ~300 proteins from circulating CLL lymphocytes analyzed by the RPPA assay, 

acalabrutinib treatment significantly modified levels of 26 proteins after 1 week (Figure 3A), 

and 42 proteins after 4 weeks (Figure 3B). Changes were generally modest. The number of 

proteins showing elevated expression increased from 8 on day 8 of acalabrutinib therapy to 

24 at 4 weeks of therapy; 3 of these showed increased expression at both time points (Figure 

3C). Protein expression was decreased for 18 proteins on day 8 and 18 proteins on day 28, 
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but only 6 of these overlapped at both time points (Figure 3C). In general, changes were 

observed in signaling molecules, cell cycle-related proteins, proteins involved in 

transcription, translation and metabolism, and Bcl-2 family proteins (Figure 3A–B). Some of 

these were upregulated (Supplementary Figure 1) while several others were decreased 

(Supplementary Figure 2).

Acalabrutinib treatment inhibits the activation of BTK and decreases total BTK protein

Among 15 proteins from the RPPA assay that were in the BCR axis, levels of total S6 were 

increased while phospho-S6 was decreased. Levels of p38-MAPK were significantly 

decreased while phospho-ERK showed a trend toward decline after 4 weeks of acalabrutinib 

(Supplementary Figure 3). BCR-associated kinases (BTK, AKT, ERK, and S6) and their 

activation were further evaluated using immunoblotting (n = 10; Figure 4A; Supplementary 

Figure 4). Quantitation data (ratio of phosphorylated protein to total) in day 8 and day 28 

samples indicated significant inhibition of pBTK (Y223) (n = 8; P = 0.00006 and 0.001, 

respectively) and pS6 (S235/236) (n = 6; P = 0.007 and 0.95, respectively) (Supplementary 

Figure 5); however, no significant changes were seen in pAKT (Thr 308) (n = 6; P = 0.21 

and 0.42, respectively) or pERK (T202/Y204) (n = 8; P = 0.26 and 0.67, respectively) (data 

not shown). In line with previous studies suggesting decrease in total BTK protein after 

ibrutinib therapy, 7 of 9 samples also showed decline after 4 weeks of acalabrutinib (Figure 

4B).

Acalabrutinib treatment modulates Bcl-2 family proteins

Our previous data with ibrutinib therapy showed changes in Bcl-2 family protein levels in 

CLL cells. We evaluated modulation of Bcl-2 family protein expression during acalabrutinib 

therapy using the RPPA assay (Supplementary Figure 6). Statistically significant changes 

were observed only in Mcl-1 and Bim proteins, with anti-apoptotic protein Mcl-1 decreased 

at both time points (Supplementary Figure 2, 7) and pro-apoptotic protein Bim increased at 

both time points (Supplementary Figure 1, 7). Quantitative immunoblot assays suggested a 

trend toward Mcl-1 decline on day 8 that did not reach statistical significance (n = 7; P = 

0.137). There was an increase in Bim protein at both day 8 and day 28 time points (n = 8 and 

9; P = 0.003 and 0.049, respectively) (Supplementary Figure 8). Bcl-2, the target protein for 

venetoclax, showed minor increases that were not statistically significant in both RPPA and 

immunoblot assays.

Pharmacological screening of acalabrutinib–treated CLL cells for potential combinations

Acalabrutinib clinical trial data showed an overall response rate of 95% without any 

complete remissions at the less than 15 months follow-up time. This observation underscores 

a need for a second agent to achieve deeper responses which ultimately may lead to 

complete remission. We performed pharmacological profiling to identify suitable 

combination partners for acalabrutinib. CLL cells obtained from days 0, 8, and 28 were 

incubated with agents, such as venetoclax (Bcl-2 inhibitor), bendamustine (alkylating agent), 

carfilzomib (proteasome inhibitor), fludarabine (nucleoside analog), duvelisib (PI3K 

inhibitor), ACP-319 (PI3K delta inhibitor), or additional acalabrutinib for 24 hours. Of all 

agents screened, venetoclax and carfilzomib demonstrated enhanced apoptosis in day 8 and 

day 28 samples in comparison to day 0 samples (Figure 5A–C).
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Venetoclax complements acalabrutinib–mediated apoptosis in CLL cells

Data from pharmacological profiling indicated that venetoclax complements acalabrutinib–

mediated apoptosis in CLL cells. Hence, additional samples were screened with venetoclax. 

Samples from patients treated with acalabrutinib for 8 days (n = 6; Figure 6A) or 28 days 

(n=9; Figure 6A) were incubated with 10 nM venetoclax. Venetoclax treatment resulted in 

similar or higher rates of apoptosis in acalabrutinib-treated samples, compared to 

pretreatment samples (Figure 6A). Additional samples obtained during day 28 (n=14) 

incubated with either 5 nM or 10 nM venetoclax also indicated considerable augmentation 

of apoptosis in these samples (Figure 6B).

In vitro combination of acalabrutinib and venetoclax

To further test this combination, in vitro studies were conducted in patient samples (n = 24) 

before and after BCR activation with IgM. Acalabrutinib alone did not induce much 

cytotoxicity. Compared to either agent alone, combination of acalabrutinib with venetoclax 

resulted in higher rates of cell death (Figure 6C). Similar results were observed with 

ibrutinib (Supplemental Figure 9).

Preclinical studies in the TCL1-192 mouse model

To evaluate the in vivo potency of acalabrutinib and venetoclax as single agents or in 

combination, we used the CLL TCL1-192 adoptive transfer mouse model (18). In the initial 

experiment, single agent and sequential combination (acalabrutinib followed by venetoclax) 

were tested. SCID mice injected with TCL1-192 leukemic cells received treatment with 

acalabrutinib on day 19 post-injection then venetoclax as a single agent or in combination 

with acalabrutinib on day 26 post-injection (see Schema, Figure 7). Mice were assessed for 

expansion of leukemic cells by evaluating white blood cell count and lymphocytes count in 

the peripheral blood. Mice treated with vehicle only were used as negative controls. 

Acalabrutinib as a single agent administered twice daily by gavage resulted in significant 

decrease in both white blood cell and lymphocyte counts (Figure 7A and B). Venetoclax 

alone had minor impact in leukemic expansion, but boosted the anti-leukemic effect of 

acalabrutinib (Figure 7A and B). Spleen weight had minor yet significant change with the 

acalabrutinib and venetoclax couplet (Supplemental Figure 10). Liver weight evaluation 

showed that attenuation of hepatomegaly was evident with single agent acalabrutinib but 

was further augmented with addition of venetoclax (Supplemental Figure 10). Other organs’ 

weight such as heart and kidney had minor or no change (Supplemental Figure 10). 

Histopathology evaluation of the liver by hematoxylin and eosin staining confirmed 

attenuation of leukemic cells infiltration in the liver of mice treated with acalabrutinib alone 

or in combination with venetoclax, despite reduced activity with single agent venetoclax 

(Supplemental Figure 11). Treatment with acalabrutinib increased survival (median survival 

was 60 days with acalabrutinib vs. 36 days for vehicle only) indicating in vivo therapeutic 

effectiveness of this BTK inhibitor (Figure 7C). Venetoclax alone, at this dose and schedule, 

had only marginal benefit (median survival was 39 days) (Figure 7C). Survival showed 

greatest prolongation when acalabrutinib was combined with venetoclax (median survival 

was 67 days with the combination) (Figure 7C) suggesting intensification of therapeutic 

response with this couplet treatment.
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Concurrent versus sequential in vivo combination in the TCL1-192 mouse model

We next investigated the therapeutic benefit to administer acalabrutinib and venetoclax 

combination simultaneously versus sequentially in the TCL1-192 mouse model (see 

Schema, Figure 8). Additionally, in this experiment, treatment was started at day 7 and/or 

day 14 (see Schema, Figure 8) versus day 19 and day 26 (See Schema, Figure 7) post cell 

injection. Early treatment resulted in improved therapeutic benefit on leukemic expansion 

with acalabrutinib as a single agent or in combination with venetoclax both in sequential and 

simultaneous administration (Figure 8A–B vs Figure 7A–B). As compared to the first 

experiment (Supplemental Figure 10), early treatment resulted in significant attenuation of 

spleen weight with all agents (Supplemental Figure 12). However, only treatment with 

acalabrutinib as a single agent or in combination with venetoclax resulted in significant 

diminution of liver weight independently of venetoclax scheduling (Supplemental Figure 

12). Early treatment did not improve survival of diseased mice with single agent (median 

survival was 39 days with venetoclax independent of sequential or simultaneous scheduling; 

65 days with acalabrutinib) (Figure 8C). However, on day 77 post cell injection, end point of 

the study, simultaneously versus sequential combination therapy showed improved survival 

(Figure 8C). Correspondingly, 4 of 10 mice survived with acalabrutinib, 4 of 10 mice 

survived with sequential administration of acalabrutinib and venetoclax (D14 start), and 7 of 

10 mice survived with simultaneous therapy of acalabrutinib and venetoclax (D7 start). 

These results confirmed the therapeutic advantages of combining acalabrutinib and 

venetoclax.

Discussion

Ibrutinib is a potent irreversible inhibitor of BTK with an IC50 value of 1.5 nM 

(Supplementary figure in ref 6). However, it also blunts the activity of 9 other kinases that 

have cysteine residues aligning with Cys481 of BTK, with IC50 < 8 nM (except Jak3, IC50 = 

32 nM). Furthermore, it impedes several other enzymes, such as FGR, FYN, LCK, HCK, 

LYN, SRC and YES1, with IC50 < 30 nM (6). Compared to ibrutinib, acalabrutinib was less 

potent for inhibiting BTK (IC50 = 5.1 nM), but inhibited only ERBB4 and BMX at IC50 < 

50 nM. The differences in kinase selectivity between ibrutinib and acalabrutinib are 

expected to impact their off-target and on-target effects.

Off- and on-target effects were analyzed in our previous investigations in primary CLL cells 

treated in vitro with the two agents (8). Data suggested modest yet comparable rates of cell 

death, accompanied by cleavage of PARP and caspase-3. Induction of cytokines, such as 

CCL3 and CCL4, and pseudoemperipolesis, were inhibited by both agents to a similar 

extent. BCR pathway signaling, including phosphorylation of BTK and downstream S6 and 

ERK kinases, were inhibited at parity by these agents when examined using immunoblot (8) 

or flow cytometry (19).

The recommended phase 2 dose of acalabrutinib is 100 mg BID. At this dose, the Cmax is 

around 825 ng/mL or 1.8 μM (n = 26), which was achieved approximately 1 hour after start 

of therapy. While the drug is eliminated with a half-life of 1 hour, the recommended BID 

dosing ensures maintenance of plasma concentrations that result in more than 95% BTK 

occupancy over the treatment interval and inhibition of BTK phosphorylation and activity in 
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peripheral blood circulating CLL cells (5). This was also observed in samples used in the 

current study (Figure 1B).

Acalabrutinib therapy lowered CCL3 levels from 10–68 to 3–10 pg/mL by day 8. As 

reported previously, the corresponding values for ibrutinib are from 75 pg/mL to 5 pg/mL 

after 1 week of therapy. Similarly, CCL4 levels dropped from 25–50 pg/mL at baseline to 3–

22 pg/mL after acalabrutinib. For ibrutinib, these values were 140 pg/mL at start and 17 

pg/mL after 1 week. In general, the decline in both these chemokines by acalabrutinib was 

comparable to that of ibrutinib (20).

While on-target effects of both drugs were on par, off-target effects were dissimilar. For 

example, impairment of SRC-family kinases was more pronounced with ibrutinib than 

acalabrutinib in healthy T lymphocytes (8). With acalabrutinib, the number of T 

lymphocytes, NK cells, and monocytes were either not changed, fell only after 15 cycles, or 

decreased but reverted back to baseline during subsequent cycles (5). In contrast, ibrutinib 

either decreased the number or function of circulating T cells (21), NK cells (22), and 

monocytes (23, 24).

In the present work, we have provided comparison of on-target and off-target effects of 

ibrutinib and acalabrutinib in CLL cells and patients with CLL. It is important to mention 

that these evaluations and data are derived from different investigations. A true assessment 

in semblances of these two drugs can only occur with a two-arm randomized clinical trial 

where all other parameters are normalized. In fact, such clinical protocol is currently 

ongoing (NCT02477696) for patients with CLL.

Phase I and phase II clinical trials in CLL patients suggested that acalabrutinib was well 

tolerated and resulted in 95% overall response rate, but without complete remissions after a 

median follow-up of 14.3 months (5). High response rates with limited or no complete 

remissions have also been observed with ibrutinib (11). Failure of acalabrutinib or ibrutinib 

to induce complete remissions in patients with CLL without any BTK or downstream targets 

(such as PLC-γ) mutations indicate that other survival pathways may play a role in 

maintenance of CLL cells in body compartments, such as lymph node, bone marrow, and 

blood. Hence, approaches to blunt other survival nexuses represent a viable strategy.

Overexpression of Bcl-2 family pro-survival proteins is related to the most common 

cytogenetic abnormality in CLL, i.e., 13q deletions which result in loss of miR15-a and 

miR16-1, suppressors of Bcl-2 and Mcl-1 expression (25, 26). Bcl-2 family proteins, 

especially 3 anti-apoptotic members, Bcl-2, Mcl-1, and Bcl-xl, are established molecules 

that have been associated with survival of CLL cells (27). Further, these proteins are induced 

when CLL cells interact with signals from the microenvironment (28), which varies among 

different tissue homing niches (29). Such association of Bcl-2 proteins with CLL 

pathogenesis was the primary reason for development and design of small molecule 

antagonists to these proteins. Navitoclax targets both Bcl-2 and Bcl-XL (30) while 

venetoclax selectively neutralizes Bcl-2 (31).

Various approaches in the current paper have suggested that venetoclax complements 

acalabrutinib’s actions. In vitro incubations of both drugs in 24 samples suggested additive 
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advantage of the combination (Figure 6C). Ex vivo incubation before and after acalabrutinib 

therapy was consistent with these data and showed benefit with venetoclax, compared to 

other agents (Figures 6A and 6B). Comparison of ex vivo cell death in vehicle-only treated 

cells further demonstrated that after acalabrutinib, CLL cells were sensitized to undergo 

apoptosis (Figure 1C). Finally, in vivo investigations in a TCL-1 adoptive transfer mouse 

model (Figure 7 and 8 and Supplemental Figures 10–12) showed a survival advantage with 

the combination, as well as reduction in disease burden in blood, liver, and spleen. Survival 

benefit along with a decline in proliferation and NF-κB signaling were also reported in these 

mice with acalabrutinib and ACP-319, a PI3K inhibitor (32) but not with acalabrutinib 

alone. Our data suggest that single agent acalabrutinib was also effective; the discrepancy 

may be due to the differences in drug administration routes. While we used twice a day 

gavage to apply acalabrutinib (15 mg/kg/administration), the previous work used ad lib 

approach of 25 mg/kg/d acalabrutinib in drinking water (32).

Although in general, the number of subjects per treatment was limited, our data from mice 

suggest that combination is more effective than single agent and early start to therapy results 

in better benefits. Finally, our in vivo data suggest that simultaneous and sequential 

combinations were both effective, however, a strong conclusion between these two 

sequences is difficult as number of days on therapy is different between sequential and 

simultaneous drug administration. Furthermore, in the clinic for humans, sequential drug 

therapy may be preferred to reduce potential tumor lysis syndrome from massive leukemia 

cell death.

While a detailed mechanism was beyond the scope of this investigation, proteomics array 

suggested that maintained or increased Bcl-2 with a concomitant dissipation of Mcl-1 

protein may be partly responsible for the increase in venetoclax-induced cell death after 

acalabrutinib therapy. Our prior investigations during therapy of CLL with ibrutinib (33), 

idelalisib (34), or duvelisib (35) showed similar modulation in the levels of these two pro-

survival proteins, further demonstrating that this alteration in protein levels may be a 

common feature of BCR pathway inhibitors. Our observations are in line with dynamic BH3 

profiling data, which suggested Bcl-2 dependence of in vitro and in vivo ibrutinib- and 

acalabrutinib-treated CLL cells (36). PI3K/AKT cassette results in phosphorylation and 

inactivation of GSK3 enzyme, which is involved in phosphorylation of Mcl-1, priming it for 

proteasomal degradation (37, 38). The activity of GSK3 beta is high in quiescent cells (39). 

GSK3 also phosphorylates glycogen synthase (GYS) at S641 residue, which was decreased 

after acalabrutinib therapy (40). The changes in phospho-GYS levels as well as fatty acid 

synthase (FASN) further indicate modulation of CLL cell metabolomics after acalabrutinib 

therapy (Supplemental Figure 2).

In contrast to Mcl-1 and similar to our prior reports (33–35), an increase in Bim, a pro-

apoptotic BH3 only protein, was observed after acalabrutinib therapy, a finding corroborated 

by Deng et al. (36). It is likely that this increase in Bim is mediated through transcription 

activation by the FOXO transcription factor, which is phosphorylated by Akt and results in 

its cytosolic sequestration. In line with this postulate, other FOXO targets, such as SOD2, 

p27, Ets-1, etc (41), were also significantly induced after acalabrutinib treatment (Figure 

3B).
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Decline in Mcl-1 and induction of Bim with acalabrutinib therapy may prime CLL cells for 

endogenous apoptosis, as well as apoptosis induced by neutralizing Bcl-2 protein by 

venetoclax. Since venetoclax is an already approved agent for treatment of CLL, this 

complementary effect is already being tested for ibrutinib and venetoclax in a clinical trial 

for patients with CLL (NCT02756897) and the differentiated safety profile of acalabrutinib 

warrants testing this BTK inhibitor with venetoclax.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biological changes in circulating lymphocytes pre and post-acalabrutinib therapy
(A) Profile of lymphocytosis in ten patients with CLL on acalabrutinib. Cell numbers from 

peripheral blood were counted during therapy to obtain ALC. (B) BTK occupancy assay in 

ten subjects shown in 1A. Blood samples were obtained at indicated times and analyzed for 

BTK occupancy as described in the Methods. Green symbols represent twice a day 

administration while orange symbols are from patients who took the drug once daily. (C) 
Endogenous cell death in six patients prior to and after a week on acalabrutinib. CLL cells 

were isolated from peripheral blood samples obtained pre- and post-acalabrutinib and 

incubated in vitro in DMSO (vehicle only control) for 24 hours, stained with annexinV/PI, 

and positive cells counted using flow cytometer.
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Figure 2. Changes in chemokine levels and inhibition of chemotaxis during acalabrutinib 
therapy
(A) Levels of CCL3 in plasma at baseline (day 0) and 8 and 28 days of therapy. (B) Levels 

of CCL4 in plasma at baseline and 8 and 28 days of therapy. Levels of chemokines were 

measured using ELISA assay as described in the Methods. (C) Changes in chemotaxis after 

acalabrutinib therapy. Lymphocytes were isolated from 6 patients before (day 0) and after 

days 8 and 28 of acalabrutinib therapy. Cells were incubated without (control [CNT]) or 

with chemokine (SDF-1) for 3 hours, and migration of cells was accessed as described in the 

Methods.
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Figure 3. Protein profiling in CLL cells before and after acalabrutinib therapy
CLL lymphocytes were isolated at baseline (day 0) [D0] and after 8, 28, or 41 days (D8, 

D28, or D41), and protein extracts were prepared and analyzed for protein levels by the 

RPPA assay. (A–B) Protein expression profile after D8 and D28, respectively; statistically 

significant increases are shown in red while decreases are shown in blue. (C) Venn diagram 

depicts number of proteins that were increased on D8 and D28 shown in red and number of 

proteins that were decreased are shown in blue.
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Figure 4. Changes in BCR pathway protein levels and signaling in CLL cells before and after 
acalabrutinib therapy
CLL lymphocytes were isolated at start (day 0) [D0] and after 8, 28, or 41 days (D8, D28, or 

D41), and protein extracts were prepared for immunoblots. (A) BCR signaling proteins in 

CLL cells before (D0) and post-acalabrutinib (D8, 28, or 41). (B) Quantitation of total BTK 

protein from patient samples (n = 9), normalized to vinculin. (C) Effect of acalabrutinib 

therapy on Bcl-2 family proteins. CLL cells were obtained before (D0) and post-therapy 

(D8, 28, or 41), and cell lysates were prepared for immunoblot assays in which expression 

levels of Bcl-2 family anti-apoptotic proteins Bcl-2, Mcl-1, Bcl-xL, Bax and Bim proteins 

were measured. The immunoblots presented in figure 4 (A and C) were obtained by running 

two gels. First one had total and phospho BTK and Bcl-xL, Mcl-1, Bax, Bim, and vinculin^. 

Second gel provided Bcl-2, Puma, total and phospho AKT, ERK, and S6, and vinculin*.
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Figure 5. Pharmacological profile of CLL cells before and after acalabrutinib therapy
(A–C). CLL lymphocytes were isolated from 3 patients at baseline (D0) and after 8 and 28 

or 41 days (D8, D28 and D41) of acalabrutinib therapy. These cells were incubated with 

vehicle (DMSO) alone, or with drugs at indicated concentrations for 24 hours. Cells were 

stained with annexinV/PI and counted using a flow cytometer.
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Figure 6. Effect of venetoclax on cell death in CLL lymphocytes before and after acalabrutinib 
therapy
CLL lymphocytes isolated from patients receiving acalabrutinib were incubated with vehicle 

(DMSO) or with venetoclax (Veneto) for 24 hours. Cells were stained with annexinV/PI and 

counted with a flow cytometer. (A) Patient samples after 8 (n = 6) or 28 days (n = 9) of 

acalabrutinib followed by ex vivo incubation with venetoclax. (B) Patient samples after 28 

days of acalabrutinib, following subsequent incubation with vehicle (DMSO) or venetoclax. 

(C) In vitro cytotoxicity of nonstimulated or IgM-stimulated CLL lymphocytes treated with 

either single agent acalabrutinib (A), venetoclax (V), or both (A+V) for 24 hours; apoptosis 

measured by annexinV/PI binding assay (n = 24).

Patel et al. Page 19

Leukemia. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Acalabrutinib and venetoclax combination in the TCL1 adoptive transfer mouse model
Experimental schema depicts that SCID mice (n = 40) were injected with CLL TCL1-192 

leukemic cells on day 0. Post-injection of cells, the mice were randomly divided in 4 groups 

(n = 10 per group). On day 19 post-injection, the mice were treated with vehicle (Veh) or 

acalabrutinib (Acala) and on day 26 venetoclax (Veneto) was administrated as indicated. (A–
B) Peripheral blood was drawn before and during treatment on day 7, day 26 and day 35 

post-injection, and white blood cells (WBC; A) and lymphocytes (B) counts were assessed 

with an automated counter. (C) Kaplan-Meier survival curve analysis. Veh, vehicle; Acala, 

acalabrutinib; Veneto, venetoclax. Indicated days represent median survival. *P < 0.05 

compared to vehicle.
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Figure 8. Acalabrutinib and venetoclax combination in the TCL1 adoptive transfer mouse model 
following different scheduling treatments
Experimental schema depicts that SCID mice (n=90) were injected with CLL TCL1-192 on 

day 0 then divided into 6 groups (n=15). On day 7 and/or day 14, the indicated groups 

received vehicle (Veh), acalabrutinib (Acala), and/or venetoclax (Veneto). (A–B) On day 35, 

2 SCID (naïve, G) mice, and 5 mice from each treatment group were sacrificed. Peripheral 

blood was drawn and white blood cells (WBC; A) and lymphocytes (B) counts were 

assessed with an automated counter. (C) Kaplan-Meier survival curve analysis of the 10 

remaining mice for each group. Veh, vehicle; Acala, acalabrutinib; Veneto, venetoclax. *P < 

0.05 compared to vehicle.
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