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The covalent inhibitor of Bruton’s tyrosine kinase ibrutinib and the specific Bcl-2 inhibitor

venetoclax are both highly efficacious single-agent drugs in the treatment of chronic

lymphocytic leukemia (CLL). Based on their complementary modes of action, ibrutinib and

venetoclax are hypothesized to act in a synergistic fashion. Currently, it is unclear whether

combined treatment is indeed superior to continuous single-agent treatment and what mech-

anisms underlie the resistance to combination treatment. In addition, the effects of such treat-

ment on the skewed T-cell compartment characteristic of CLL are as yet unknown. In the

murine Em-TCL1 adoptive transfer model resembling aggressive CLL, we found that combined

treatment resulted in the deepest responses, with the longest duration related to a combina-

tion of decreased proliferation and increased induction of apoptosis. In addition, alterations

in T-cell subsets were most prominent after combination treatment, with increased naive

cells and reduced effector memory cells. Remarkably, effects of single agents but also combi-

nation treatment were eventually interrupted by relapse, and we found downregulation of

BIM expression as a plausible cause of acquired drug resistance. Nevertheless, in this

murine model, the combination of venetoclax and ibrutinib has increased efficacy over sin-

gle agents, accompanied by a restoration of the T-cell compartment.

Introduction

Ibrutinib, the covalent inhibitor of Bruton’s tyrosine kinase (BTK), is a highly efficacious single-agent drug
for treating chronic lymphocytic leukemia (CLL). Most responses with continuous treatment are partial,
with reductions in spleen and lymph node (LN) disease, but typically with persistence in the bone mar-
row.1 In contrast, the BCL-2 inhibitor venetoclax results in deep clearance of peripheral blood (PB) and
marrow but LN responses are often partial.1

Venetoclax and ibrutinib have distinct mechanisms of action. Ibrutinib inhibits CLL adhesion and migra-
tion, thereby blocking interaction with the LN tumor microenvironment (TME), which causes rapid redistri-
bution from the LN into the PB.2 If kept in circulation, CLL cells are deprived of prosurvival stimuli and
eventually die. Ibrutinib also inhibits proliferation evoked by stimuli that mimic the LN TME, such as
CD40L/IL-21 and CpG.3 Venetoclax selectively binds to BCL-2, which leads to release of proapoptotic
proteins such as BIM, resulting in activation of the intrinsic apoptotic pathway.4 However, rebinding of
BIM to other antiapoptotic proteins, especially BCL-XL and MCL-1, when expressed, prevents the onset
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Key Points

� Synergy of venetoclax
and ibrutinib occurs in
vivo via inhibition of
proliferation by
ibrutinib and
increased cell death
by venetoclax.

� Combined treatment
with ibrutinib and
venetoclax results in
T-cell subset
normalization in all
compartments.
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of an apoptotic response.5 Expression of these antiapoptotic pro-
teins is specifically increased within the LN TME through both tran-
scriptional (BCL-XL) and posttranscriptional (MCL-1)
mechanisms.6,7 Based on their distinct and complementary modes
of action, ibrutinib and venetoclax are hypothesized to act synergisti-
cally. Indeed, preliminary phase 2 results of combination trials have
demonstrated high overall response rates and undetectable minimal
residual disease response rates in the first-line and relapsed set-
tings.8-10 So far, it is unclear whether combined treatment is indeed
superior to continuous single-agent treatment, what the exact impact

of combined vs single agent treatment is on the different compart-
ments (lymph node/spleen, blood, and marrow) and what mecha-
nisms underlie resistance to combination treatment. In addition, the
effects of targeted treatment on the skewed T-cell compartment
observed in CLL is currently not well characterized. Interest in T-cell
function is currently increasing because of the exploration of autolo-
gous T-cell–based treatment options.

The TCL1 transgenic mouse model recapitulates many aspects of
aggressive human CLL disease, including overexpression of
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Figure 1. Combined venetoclax and ibrutinib vs single-agent treatment in the Tcl1 mouse model of CLL (A-B) Mice were treated with ibrutinib (0.16 mg/mL in

drinking water), venetoclax (once daily 100 mg/kg, intragastric), or a combination of both agents and assessed on a weekly basis for WBC count (A) and percentage of CLL cells

(B). Means of WBC counts and percentage of CLL cells6 standard error of the mean (SEM) are presented. The figure is representative of 4 independent experiments, including 5

mice in each arm of the respective experiments. (C) Splenomegaly was partially reversed after 4 weeks of treatment and is more pronounced in the combination treatment. At this

time point, WBCs were 1.183 108 in untreated, 1.263 107 in ibrutinib-treated, 6.23 106 in venetoclax-treated, and 1.33 107 in combination-treated mice. Photographs showing

spleen size are representative of 3 experiments. Means of spleen weights6 SEM are presented; significant differences were determined by 1-way analysis of variance (ANOVA) with

Tukey’s multiple-comparisons test. ***P, .001; ****P, .0001. (D) Single-agent and combination treatment decreased CLL cell accumulation in mouse spleen and combination-

treatment decreased CLL cell accumulation in bone marrow (BM). Means of the percentage of CLL cells6 SEM are presented. Significant differences were determined by 2-way

ANOVA with Tukey’s multiple-comparisons test. *P, .05; **P, .01; ****P, .0001. Reduced percentage of proliferating cells (E) and increase in apoptotic cells measured in PB,

spleen, and LN (F) after 4 weeks of the indicated treatments. Mean percentage of Ki671 or of cleaved caspase 31 cells6 standard error of the mean (SEM) are presented; signifi-

cant differences were determined by 2-way analysis of variance with Tukey’s multiple-comparisons test. *P, .05; **P, .01; ***P, .001; ****P, .0001.
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antiapoptotic BCL-2 family members, enlarged spleen sizes (as a
proxy for LN disease, as in this model, spleens are heavily infiltrated
in contrast to sparse infiltration of LN),11 and shifts in T-cell subsets
toward accumulation of pseudoexhausted effector memory cells.12,13

We therefore used the TCL1 model to study and compare single-
agent ibrutinib or venetoclax treatment with combined treatment.

Methods

Immune-competent C57BL/6J mice received an adoptive transfer (AT)
of TCL1 splenocytes (20 3 106), obtained from full leukemic TCL1
transgenic mice with the same genetic background. Three weeks after
AT, or when CD5/CD19 reached .70% of all B cells, the mice were
treated with cyclophosphamide (10 mg/kg; positive control), venetoclax
(once daily 100 mg/kg, intragastric),14,15 ibrutinib (0.16 mg/mL in drink-
ing water, which is equivalent to 25 mg/kg per day and results in.90%
inhibition of BTK),16,17 or a combination of ibrutinib and venetoclax (n5

5 in all arms). The study was approved by the animal ethics committee
of the Academic Medical Center, Amsterdam. For a table of antibodies
and primer sequences, see the supplemental Tables 1 and 2.

Results and discussion

After AT, the mice developed overt leukemia, reflected by increased
percentages of CD51CD191 cells (supplemental Figure 1A) and
absolute white blood cell (WBC) counts (supplemental Figure 1B).
The time to leukemia development varied per clone in all experi-
ments, as previously described.12

Untreated mice experienced a rapid progression of disease, reaching
a WBC count of .2 3 108/mL and requiring euthanasia. The mice
responded to treatment with cyclophosphamide, which indicates that
the model is suitable for the study of therapy responses (supplemen-
tal Figure 1A-B). Within the first 5 days of treatment, mice receiving
ibrutinib showed a rapid lymphocytosis (mean WBC counts at the
start of treatment, 2.03 3 107/mL; peak mean at day 2 of treatment,
1.2 3 108/mL), followed by a reduction in WBCs (Figure 1A).
Single-agent venetoclax as well as the combination treatment
resulted in rapid reductions in WBCs (Figure 1A). The maximum
drop in WBCs compared with baseline were as follows: ibrutinib
50% at week 6, venetoclax 70% at week 4, combination 91% at
week 5 (P , .001). In contrast to absolute WBC counts, percen-
tages of CD51CD191 cells remained .75% during single-agent
treatment and dropped to �50% only during combination treatment
(Figure 1B). The mice receiving either monotherapy showed signs of
relapse after 4 weeks of treatment, which was manifested by an
increase in WBC counts, whereas those with the combination treat-
ment did not relapse until week 9 (Figure 1A), resulting in significantly
improved progression-free survival (Figure 1C). Using different TCL1
clones, we found that development of leukemia after AT and the dura-
tion of the responses varied per donor, yet in all experiments, the
deepest responses were observed with the combination treatment
(supplemental Figure 1C-D).

Differences in responses per compartment were examined at the
time of remission during single-agent and combination treatment at
4 weeks after initiation of treatment. Spleen sizes were reduced sig-
nificantly in monotherapies (reduction: ibrutinib, 47%; venetoclax,
44%) and were even further reduced in mice that received combi-
nation therapy (percentage reduction, 84%; Figure 1D). Untreated
mice displayed a disturbed splenic architecture with massively
enlarged marginal zones and a loss of demarcation between B and
T cells, which was partially restored only in combination treatment
(supplemental Figure 1E). The percentage of infiltrating CLL cells in
the spleen was significantly lower, only after combination treatment
(45%; P , .001; Figure 1E). Proliferating splenocytes were
reduced only in mice treated with ibrutinib (28%; Figure 1F),
whereas cleaved caspase-31 B-lymphocyte levels, a marker for apo-
ptosis, increased only in mice treated with venetoclax (Figure 1G).

Similar to human CLL, TCL1 mice developed a skewed CD4/CD8
ratio (supplemental Figure 2A). In addition, percentages of effector
memory cells increased at the expense of the naive compartment
(supplemental Figure 2B).18 Venetoclax or ibrutinib1venetoclax
combination treatment resulted in normalization of the CD4/CD8
ratio in all compartments, which was not observed after single-agent
ibrutinib (Figure 2A). Alterations in T-cell subsets were most promi-
nent upon combination treatment with increased naive cells and
reduced effector memory cells, in both CD41 and CD81 cells
(Figure 2B). At relapse, the differences between different treatment
arms were no longer apparent, and the subset distribution resem-
bled untreated mice (supplemental Figure 2C).

Finally, expression levels of BCL-2, MCL-1, BCL-XL, and BIM were
compared upon disease relapse to understand whether shifts in
these proteins could underlie development of disease resistance in
our model. Although BCL-2, MCL-1, and BCL-XL levels remained
comparatively equal to those in untreated mice, disappearance of
BIM-EL was observed in most of the mice that relapsed after single-
agent venetoclax, as well as combination treatment (Figure 2C; sup-
plemental Figure 2D). BIM-EL downregulation seemed to be partially
transcriptionally regulated (supplemental Figure 2E), although the
qPCR data did not correspond fully with the western blots.

These data support that the combination of venetoclax and ibrutinib
has increased efficacy over single agents. Even in this short treatment
time frame, there is a deeper and more durable response with the
combination. Our model suggests that inhibition of proliferation by
ibrutinib and increased cell death by venetoclax underlie the observed
synergy. With the caveat that our studies were performed in an
aggressive leukemia mouse model, the data suggest that combination
treatment is not curative and results rather rapidly in outgrowth of
apparently resistant cells. We have not been able to pinpoint a recur-
ring mutation by whole-exome sequencing or RNA sequencing that
might uniformly explain the resistance mechanism (data not shown).
An intriguing possibility may be that BIM-EL expression is silenced,
thereby interrupting an essential aspect of venetoclax action. Tran-
scriptional/epigenetic or MAPK/Erk-related mechanisms that target

Figure 2. Combination of venetoclax and ibrutinib decreases T-cell compartment skewing and acts on BIM regulation in CLL cells from a Tcl1 mouse

model (A) Quantification of the ratio of CD4/CD8 T cells in the different arms of the experiment. Means of CD4/CD8 T-cell ratio 6 standard error of the mean (SEM) are

presented; significant differences were determined by a 2-way analysis of variance (ANOVA) with Tukey’s multiple-comparisons test. *P , .05, **P , .01 ****P , .0001.

(B) Percentages of phenotypes (naive, central memory, effector memory, and double negative) from CD41 and CD81 T cells based on CD44 and CD62L expression are

presented as means 6 SEM. Significant differences were determined by 2-way ANOVA with Tukey’s multiple-comparisons test. *P , .05; **P , .01; ***P , .001;

****P , .0001. (C) Western blot analysis of sorted Tcl1 PBMC leukemia cells at time of relapse. Actin protein is presented as the loading control.
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BIM as part of resistance pathways have been described in both solid
cancers and acute lymphocytic leukemia.19,20 It would be worthwhile
to follow up this possibility in a samples of humans who have
relapsed. In addition, normalization of the T-cell compartment specifi-
cally after venetoclax-based induction treatment, suggests that
T-cell–based consolidation treatment may be effective and can be
used to deepen responses and extend disease remission.
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