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abstract

PURPOSE In previous analyses of the MURANO study, fixed-duration venetoclax plus rituximab (VenR) resulted
in improved progression-free survival (PFS) compared with bendamustine plus rituximab (BR) in patients with
relapsed or refractory chronic lymphocytic leukemia (CLL). At the 4-year follow-up, we report long-term out-
comes, response to subsequent therapies, and the predictive value of molecular and genetic characteristics.

PATIENTS ANDMETHODS Patients with CLL were randomly assigned to 2 years of venetoclax (VenR for the first six
cycles) or six cycles of BR. PFS, overall survival (OS), peripheral-blood minimal residual disease (MRD) status,
genomic complexity (GC), and gene mutations were assessed.

RESULTS Of 389 patients, 194 were assigned to VenR and 195 to BR. Four-year PFS and OS rates were higher
with VenR than BR, at 57.3% and 4.6% (hazard ratio [HR], 0.19; 95% CI, 0.14 to 0.25), and 85.3% and
66.8% (HR, 0.41; 95% CI, 0.26 to 0.65), respectively. Undetectable MRD (uMRD) at end of combination
therapy (EOCT) was associated with superior PFS compared with low MRD positivity (HR, 0.50) and high
MRD positivity (HR, 0.15). Patients in the VenR arm who received ibrutinib as their first therapy after progression
(n5 12) had a reported response rate of 100% (10 of 10 evaluable patients); patients subsequently treated with
a venetoclax-based regimen (n 5 14) had a reported response rate of 55% (six of 11 evaluable patients).
With VenR, the uMRD rate at end of treatment (EOT) was lower in patients with GC than in those without GC
(P5 .042); higher GC was associated with shorter PFS. Higher MRD positivity rates were seen with BIRC3 and
BRAF mutations at EOCT and with TP53, NOTCH1, XPO1, and BRAF mutations at EOT.

CONCLUSION Efficacy benefits with fixed-duration VenR are sustained and particularly durable in patients who
achieve uMRD. Salvage therapy with ibrutinib after VenR achieved high response rates. Genetic mutations and
GC affected MRD rates and PFS.
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INTRODUCTION

Chronic lymphocytic leukemia (CLL) remains largely
incurable despite recent therapeutic advances. Bend-
amustine plus rituximab (BR) was previously widely used
as salvage therapy based on a high overall response rate
and favorable overall survival (OS) data.1 Concurrently,
the Bruton tyrosine kinase inhibitor (BTKi) ibrutinib was
established as an effective monotherapy option in re-
lapsed or refractory (R/R) CLL.2 However, neither of these
regimens are curative, resulting in a patient population

enriched for resistance mutations after disease pro-
gression (PD). Postprogression therapies include tar-
geted agents such as BTKis or inhibitors of the
phosphoinositide 3-kinase (PI3K) pathway. However,
these require extended administration until PD or de-
velopment of unacceptable toxicity.3 Fixed-duration
therapies that achieve deep and durable clinical re-
sponses are attractive because they may limit the de-
velopment of resistant subclones and therapy-related
toxicity and reduce the financial burden of treatment.3
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Venetoclax is a highly selective inhibitor of BCL-2,
acting independently of TP534 to induce high response
rates in patients with R/R CLL and those with tradi-
tionally poor prognostic features such as chromosome
17p deletion (del[17p]).5 MURANO (ClinicalTrials.gov
identifier: NCT02005471) is an ongoing, global, phase III,
open-label, randomized study investigating the efficacy and
safety of fixed-duration venetoclax plus rituximab (VenR)
therapy compared with BR in patients with R/R CLL.6,7

With chemoimmunotherapy (CIT), minimal residual dis-
ease (MRD) status at end of treatment (EOT) predicts
clinical outcome; specifically, undetectable MRD (uMRD;
, 1 CLL cell per 10,000 leukocytes) is consistently linked to
more favorable progression-free survival (PFS) and OS.8

Clinically relevant biomarkers predictive of poor response to
CIT include unmutated immunoglobulin heavy chain
(IGHV) gene, del(17p), mutated TP53, and cytogenetic or
genomic complexity (GC).8-11 Targeted therapies overcome
the adverse impact of IGHV status,12,13 but the identification
of biomarkers for targeted therapies is required to guide
clinical practice. Specific biomarkers that might have pre-
dictive value with targeted agents as well as CIT are certain
recurrent mutations and GC.10,11,14-20 How to define GC is
currently under debate. It was recently found that presence
of five or more, but not three or more, chromosomal aber-
rations is an independent prognostic factor with adverse
outcome in CLL after chemotherapy.10,11 Whether this also
holds true for targeted agents is currently unknown.

Here, we present a 4-year clinical update of MURANO that
describes outcomes after venetoclax cessation and the
impact of MRD status, including response to subsequent
therapies. Furthermore, we explore the predictive value of
baseline molecular characteristics in clinical responses to
2-year fixed-duration therapy with VenR.

PATIENTS AND METHODS

Study Design and Conduct

The study design and eligibility criteria have been pub-
lished previously.6 The trial was conducted in accordance
with the Declaration of Helsinki and the International
Conference on Harmonisation of Good Clinical Practice
guidelines. Trial protocol approval was obtained from the
ethics committee at each participating institution, and
written informed consent to participate was provided by all
patients. The data cutoff date was May 8, 2019, for PFS,
OS, and safety and December 1, 2019, for response to
subsequent therapy.

Treatment

Patients were randomly assigned (1:1) to receive either six
28-day cycles of VenR, followed by single-agent venetoclax
(400 mg) once daily for a total of 2 years, or six 28-day
cycles of standard BR. The 2-year venetoclax treatment
period was calculated from day 1 of cycle 1 after venetoclax
dose ramp-up. Information on dosing, prophylactic mea-
sures, and monitoring has previously been published.6 An
optional re-treatment/crossover substudy was added as
part of a protocol amendment activated in March 2018.
Patients from either study arm with PD after completing
treatment, who needed treatment and had not received
further anti-CLL therapy, were eligible to receive VenR for
an additional fixed duration (approximately 2 years).

Clinical Assessments

The primary efficacy end point was investigator-assessed
PFS, defined as the time from randomization to first oc-
currence of PD, relapse, or death, whichever occurred first.
MRD status (peripheral blood [PB] only) was assessed at
cycle 4, 2 to 3 months after end of combination therapy
(EOCT; secondary end point), and then every 3 to 6
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This analysis of the phase III MURANO study investigated long-term follow-up, predictive biomarkers, and response to next-

line therapy in patients with relapsed or refractory (R/R) chronic lymphocytic leukemia (CLL) treated with fixed-duration
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re-treatment as a treatment option after progression on VenR. The clinical relevance of the biomarker findings requires
validation in further studies.
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months. Allele-specific oligonucleotide polymerase chain
reaction and flow cytometry were used in the central
analysis of serial PB MRD samples, as described
previously.6,7 uMRD was defined as , 1 CLL cell/10,000
leukocytes (MRD value , 0.0001, or 1024)8; low MRD
positivity was defined as 1024 to , 1022, and high MRD
positivity was defined as $ 1022.

Other end points included OS, complete response (CR) and
partial response (PR) rates (International Workshop on
Chronic Lymphocytic Leukemia 2008 criteria21), and safety
assessments. Safety data collected for the current analysis
period were prespecified adverse events (AEs) of concern,
serious AEs (SAEs) related to study drug, and development
of a second primary malignancy.

Molecular Assessments

Whole-exome sequencing (WES) and analysis of GC by
high-density array comparative genomic hybridization
(aCGH) were performed on CD19-enriched baseline
samples for 314 of 389 enrolled patients. GC analyses were
performed at the Laboratory of Genome Diagnostics of the
Amsterdam University Medical Centers, University of
Amsterdam (Amsterdam, the Netherlands). WES was
performed by EA Genomics using SureSelect (Agilent,
Santa Clara, CA) using 100-bp paired-ends reading.

Data processing of WES included mapping to the National
Center for Biotechnology Information (NCBI) Build 38
human reference genome using the Genomic Short-Read
Nucleotide Alignment Program (GSNAP)22,23 and base
quality score recalibration (Genome Analysis Toolkit
[GATK] tools BaseRecalibrator and ApplyBQSR).24 Somatic
variants were called using LoFreq25 and GATK Mutect2
followed by FilterMutectCalls. Variants were filtered by
requiring calls from both LoFreq and Mutect2/Filter-
MutectCalls, excluding variants present in dbSNP (version
b151) and those present in a panel of normals generated
from 40 normal samples from patients with solid tumors.
Variants were annotated according to Variant Effect Pre-
dictor (VEP) version 77.26 Final mutation calls only included
predicted deleterious mutations called by Condel score.27

Herein, 47 genes commonly mutated in CLL28 were ana-
lyzed in relation to PFS and MRD status at EOCT and EOT
(Data Supplement, online only).

aCGHwas performed using commercially available 43180K
slides (AMADID 023363; Agilent) according to the manu-
facturer’s protocol, with NCBI Build 37 as reference genome.
Spot intensities were measured with a filter of a minimum of
100 adjacent clones to define an aberration. Array-based GC
status was defined by number of genomic aberrations, as
follows: noncomplex, zero to two aberrations; low, three to
four aberrations; or high, five or more aberrations.11

Statistical Analyses

There is no a spending allocated to the current analysis
of end points; therefore, all P values are considered

descriptive.7 Kaplan-Meier estimates were used to analyze
time-to-event data, including landmark analyses from
EOCT and EOT according to MRD status. The log-rank test
and Cox proportional hazards regression model were used
to compare overall PFS and OS across treatment arms.
Fisher’s exact test was performed to compare MRD status
at EOCT and EOT and clinical and cytogenetic risk factors in
VenR-treated patients with and without PD after EOT.
Multivariable analysis was used to determine the impact of
gene mutations and GC on MRD and PFS at EOCT and
EOT; covariates included IGHV status, Rai stage at baseline,
TP53 mutation status and/or del(17p) by aCGH, fludarabine
resistance status, andmaximumnodal size. 10 cm. Analysis
of the impact of TP53 mutation excluded TP53 genomic
disruption and del(17p) as covariates.

RESULTS

Patients

In total, 389 patients were enrolled; 194 were assigned to
receive VenR, and 195 were assigned to receive BR (Data
Supplement). As reported previously, patients’ clinical
characteristics were similar between study arms.6 The
median duration of follow-up from study enrollment was
48 months.

PFS and OS

At the 4-year follow-up, the PFS benefit with VenR over BR
remained (hazard ratio [HR], 0.19; 95% CI, 0.14 to 0.25;
P , .0001; Fig 1). Four-year PFS estimates were
57.3% (95% CI, 49.4% to 65.3%) for VenR and
4.6% (95% CI, 0.1% to 9.2%) for BR. For patients who
completed 2 years of venetoclax therapy without de-
veloping PD (n 5 130; reasons for venetoclax discontin-
uation [n5 64]: AEs, 45.3% [n5 29]; PD, 34.4% [n5 22];
death, 3.1% [n 5 2]; other, 17.2% [n 5 11]7), the median
follow-up after venetoclax completion was 22 months
(range, 1-35 months). The PFS estimates 18 and
24 months after treatment cessation in these VenR pa-
tients were 75.5% (95% CI, 67.4% to 83.7%) and
68.0% (95% CI, 57.6% to 78.4%), respectively.

OS benefit with VenR versus BR remained (HR, 0.41;
95% CI, 0.26 to 0.65; P, .0001; Fig 1). Four-year OS rates
were 85.3% with VenR and 66.8% with BR. This benefit
with VenR was seen despite a high proportion of patients in
the BR arm receiving novel targeted agents after PD (81 of
103 patients; 79%), including BTKis (n 5 60), PI3K in-
hibitors (PI3Kis; n 5 9), venetoclax (n 5 10), or other
investigational medicinal products (IMPs; n 5 2). Twenty-
eight (67%) of 42 patients in the VenR armwith subsequent
therapy after PD received novel agents: BTKis (n 5 12),
PI3Kis (n 5 1), reintroduction of venetoclax (n 5 14), or
IMPs (n 5 1). Among patients treated with ibrutinib after
venetoclax (n 5 12), the response rate was 100% in
evaluable patients (10 of 10 patients; all PRs). At a follow-
up of 6.2-42.9 months, eight patients were still receiving
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ibrutinib therapy, and three patients had PD (two of three
patients died as a result of PD; Table 1; Data Supplement).
Among patients treated with a venetoclax-based regimen
after venetoclax therapy (n 5 14), the response rate was
55% (six of 11 evaluable patients; all PRs); two patients
achieved stable disease, one was considered a non-
responder, and three had PD (Table 1).

MRD

Patients achieving uMRD at EOCT had the most favorable
outcome in both treatment arms, with HRs for PFS in the
VenR arm of 0.50 (95% CI, 0.28 to 0.89) versus low MRD
positivity and 0.15 (95% CI, 0.06 to 0.36) versus high MRD
positivity (Fig 2A). During post-venetoclax follow-up in the
VenR arm, with a median of 22 months off therapy,

73.1% of patients (95 of 130 patients) who completed
2 years of venetoclax without PD remained progression free
(Data Supplement). PFS rates at 18 months after EOT were
90.3% (95% CI, 83.5% to 97.2%) in patients with uMRD,
64.4% (95% CI, 42.1% to 86.6%) in patients with lowMRD
positivity, and 8.3% (95% CI, 0.0% to 24.0%) in patients
with high MRD positivity (MRD status at EOT; Fig 2B). Few
patients with high MRD positivity at EOT ever achieved
uMRD (three of 14 patients); most patients in this group
demonstrated increasing PB MRD before venetoclax
cessation (13 of 14 patients; Data Supplement).

VenR-treated patients who achieved a best response of PR
solely as a result of residual lymph node enlargement but
who achieved uMRD in PB at EOCT had PFS similar to that

No. at risk:

VenR

BR

194 190 185 179 176 174 170 167 161 150 141 134 130 118 101 55 40 14 7 2 —

195 178 165 143 129 104 85 80 66 56 45 40 32 23 14 9 3 2 — — —

Time (months)

100

80

60

20

40

5718126 602115930 5451484542393633302724

HR, 0.19 (95% CI, 0.14 to 0.25); P < .0001

EOCT EOT

PF
S 

(%
)

VenR (n = 194)

BR (n = 195)

Censored

A

No. at risk:

VenR

BR

194 190 185 183 182 179 178 176 173 168 166 165 164 163 154 110 84 34 15 6 1

195 181 175 167 162 155 152 150 147 141 140 138 134 130 116 94 58 29 7 — —

OS
 (%

)

Time (months)

100

80

60

20

40

5718126 602115930 5451484542393633302724

HR, 0.41 (95% CI, 0.26 to 0.65); P < .0001

EOCT EOT

VenR (n = 194)

BR (n = 195)

Censored

B

FIG 1. Kaplan-Meier assessments of
(A) progression-free survival (PFS)
and (B) overall survival (OS). BR,
bendamustine plus rituximab; EOCT,
end of combination therapy; EOT, end
of treatment; HR, hazard ratio; ITT,
intent-to-treat; VenR, venetoclax plus
rituximab.
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of patients attaining CR or CR with incomplete marrow
recovery (CRi; Fig 2C). With this duration of follow-up, MRD
status did not appear to affect PFS in patients achieving CR/
CRi; all had either uMRD (n 5 33) or low MRD positivity
(n 5 8).

Molecular Biomarkers and Clinical Outcomes

Baseline characteristics, uMRD status at EOCT, and effi-
cacy outcomes in the subset of 314 patients in whom
molecular assessments were performed were similar to
those in the intent-to-treat population (Data Supplement).
The number of events after VenR treatment cessation
remained low; because MRD status proved to be a strong
predictor of PD after treatment cessation, MRD status was
used as a surrogate for PFS.

In this study, there was 83.5% concordance between
detection of del(17p) by clinically applied aCGH ($ 100
adjacent clones) and the fluorescence in situ hybridization
(FISH) assay by central laboratory (Vysis CLL FISH Probe
Kit, Abbott Laboratories, Abbott Park, IL) using a detection
limit of 7% (P , .0001; Cohen’s k 5 0.502), with most of
the discordance being a result of the detection of low-clone
del(17p) by FISH that was not detected by aCGH (Data
Supplement). Analysis revealed that patients with low-clone
del(17p) by FISH had similar PFS to patients with normal
17p (Data Supplement); therefore, we used aCGH as the
determinant of 17p status in this analysis. At baseline,
major genomic aberrations were detected by aCGH in the
VenR arm at the following rates: 44.4% del(13q14) mon-
oallelic, 31.7% del(11q22.3), 16.9% del(13q14) biallelic,
12.0% del(17p13.1), and 9.9% trisomy 12 (Data Sup-
plement). Most VenR patients (79 of 121 patients; 65.3%)
had multiple abnormalities, whereas 42 (34.7%) of 121
patients harbored one aberration. In the VenR arm, MRD
positivity (low or high MRD positivity) at EOCT was

significantly more frequently observed using the Döhner
hierarchical classification system29 in patients with del(17p)
versus those without del(17p) (P 5 .031) or without any of
the four major alterations (P5 .004; Fig 3A). There was also
an association between MRD-positive status at EOCT and
trisomy 12 (P 5 .024), although this was based on data for
only 10 patients. In contrast, no association with MRD status
was observed at EOT for any of the four major cytogenetic
alterations (biomarker-evaluable population; Fig 3B).

Of 288 patients with GC data, 194 (67.3%) had non-
complex status (zero to two aberrations), 63 (21.9%) had
low GC (three to four aberrations), and 31 (10.8%) had high
GC (five or more aberrations). High- and low-GC status
correlated with an increased frequency of high MRD
positivity at EOT (P 5 .042; Fig 3C).

We assessed the association between baselinemutations in
47 commonly mutated genes28 (Fig 4A details mutations
seen in$ 5% of patients in the VenR arm) and MRD status
at EOCT and at EOT. The number of patients in the
biomarker-evaluable population with high MRD positivity
harboring mutations was low, especially at EOCT, because
of the high response rates to VenR in this cohort, resulting in
low statistical power for all analyses. Numerically lower
uMRD rates were seen at EOCT in VenR patients withBRAF
orBIRC3mutations compared with wild-type patients (Data
Supplement). As expected, a larger number of patients with
high MRD positivity were present at the EOT time point,
increasing the power of analyses at that time. Numerically
lower uMRD rates at EOT were reported in VenR patients
with the following mutated genes: TP53, NOTCH1, XPO1,
and BRAF (Data Supplement). Overall, a reduced uMRD
rate was observed for patients harboring one or more driver
mutations in both the BR and VenR arms at EOCT, but this
was not statistically significant (Data Supplement).

TABLE 1. Novel Agents After Progression: Best Response by Treatment Subgroup

Treatment Received

No. of Patients

BR Arm VenR Arm

PD SD nPR/PR CR/CRi NA PD SD nPR/PR CR/CRi NA Nonrespondera

BTKi 3 7 30 5 15 0 0 9 1 2 0

PI3Ki 1 0 6 1 1 0 1 0 0 0 0

Venetoclaxb 0 1 1 2 6 2 2 6 0 3 1

Other 0 0 2 0 0 1 0 0 0 0 0

NOTE. Median follow-up time was 52.1 months (range, 37.8-65.8 months) in the VenR arm and 51.1 months (range, 8.6-61.0 months) in the
BR arm. Median time on next therapy was 8.7 months (range, 0.7-42.9 months; 17 of 28 patients still on treatment) in the VenR arm and
16.5 months (range, 0.03-47.4 months; 47 of 81 patients still on treatment) in the BR arm.

Abbreviations: BR, bendamustine plus rituximab; BTKi, Bruton tyrosine kinase inhibitor; CR, complete response; CRi, complete response with
incomplete marrow recovery; NA, not available; nPR/PR, partial response with or without nodes; PD, progressive disease; PI3Ki,
phosphoinositide 3-kinase inhibitor; SD, stable disease; VenR, venetoclax plus rituximab.

aPatient discontinued follow-up venetoclax therapy at day 20 as a result of grade 3 diarrhea.
bBR arm: single-agent venetoclax, n 5 7; VenR following MURANO protocol in re-treatment/crossover substudy, n 5 3; VenR arm: single-

agent venetoclax, n 5 3; VenR, n 5 2; VenR following MURANO protocol in re-treatment/crossover substudy, n 5 8; venetoclax plus ibrutinib,
n 5 1.
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FIG 2. Landmark Kaplan-Meier analyses. (A) Progression-free survival (PFS) from end of combination therapy (EOCT) in
both study arms based on minimal residual disease (MRD) status at EOCT. (B) PFS from end of treatment (EOT) in
patients in the venetoclax plus rituximab (VenR) arm who completed 2 years of venetoclax, based on MRD status at EOT
(excludes two patients who completed venetoclax but experienced disease progression before MRD measurement). (C)
PFS from EOCT in the VenR arm based onMRD status at EOCT and involvement of lymph nodes. BR, bendamustine plus
rituximab; CR, complete response; CRi, complete response with incomplete marrow recovery; nPR, nodular partial
response; PR, partial response; uMRD, undetectable minimal residual disease.
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PFS was superior with VenR compared with BR in all
molecular subsets (Figs 4B, 4C, and 5; Data Supplement).
Within the VenR cohort, despite the observed differences in
uMRD rates, a trend for inferior PFS was observed only in
patients with del(17p13.1); however, the difference did not
reach statistical significance in multivariable adjustment
(Figs 4B and 4C). GC had a major impact on clinical
outcome, although VenR showed superiority in each GC
category (Fig 5A). Within the VenR cohort, patients with
noncomplex GC showed better PFS than those with either
high-GC or low-GC status (HR, 2.9; 95% CI, 1.1 to 3.6;
P 5 .0057; and HR, 2.0; 95% CI, 1.4 to 6.3; P 5 .025,
respectively). Patients with high-GC status showed a trend
toward inferior PFS versus those with low-GC status (HR, 1.5;
95% CI, 0.7 to 3.4; P 5 .29). Similar outcome patterns
according to GCwere observed in theBR arm (Fig 5A). In the
VenR arm, a significant impact of del(17p) on PFS (P, .01)
was seen in patients with high-GC status but not patients with
low-GC status or noncomplex GC. In contrast, del(17p) had
most effect on PFS in non-GC patients in the BR arm (Data
Supplement). A significant impact of mutation burden on
PFS by multivariable analysis was observed only in the BR
arm (HR, 2.2; 95% CI, 1.1 to 4.7; P 5 .033) when one or
more driver mutations were present (Data Supplement), but
no effect was seen in either arm when two or more re-
currently mutated genes had mutations (Fig 5B).

Safety

The current analysis showed no new SAEs considered
related to the study drug. Excluding nonmelanoma skin

malignancies, three additional second primary malignan-
cies were detected since the previous analysis (BR, n 5 1
[melanoma]; VenR, n5 2 [melanoma and breast cancer]).
There were no new reports of Richter transformation after
an additional 12-month follow-up (VenR, n5 7; BR, n5 6;
Data Supplement).

DISCUSSION

The benefits of fixed-duration VenR versus BR were sus-
tained after a median follow-up of 48 months, confirming
this fixed-duration treatment strategy as broadly effective.
There has been some doubt as to whether drug cessation is
the optimal approach for patients with high MRD positivity
at 24 months, because of high rates of early progression in
this population. However, the data presented here show
that nearly all of these patients already had increasing MRD
while on venetoclax therapy. Although this indicates
emerging disease resistance and a probable lack of benefit
from ongoing single-agent venetoclax, it is possible that
treatment slowed the MRD increase, a hypothesis currently
under investigation.

The enduring PFS benefit and progressively greater OS
benefit of VenR, despite subsequent high rates of novel
agent use after progression in the BR arm, support the early
use of targeted therapies such as VenR in patients with R/R
CLL and indicate that treatment benefits are durable. Better
outcomes with earlier use have also been reported with
ibrutinib.30 Importantly, this study also presents evidence
that salvage therapy with ibrutinib or re-treatment with
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a venetoclax-based regimen is effective in patients who
develop PD after VenR. Overall, 10 of 10 patients achieved
a response with ibrutinib as their first postprogression
therapy, and six of 11 patients achieved a response
with a venetoclax-based regimen, most of whom received

VenR. These data align with previously reported high re-
sponse rates to salvage therapy with ibrutinib after
venetoclax.16,31,32 However, longer-term follow-up and
a larger patient cohort will be required to confirm these
findings.
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Here, aCGH was used to assess genomic aberrations in
preference over FISH; there was moderate agreement
between aCGH and FISH detection of del(17p). Previously,
del(17p) was considered overrepresented and clinically
overperformed in the BR arm, in comparison with other
published data sets,33-35 when detected by FISH with the
standard cutoff value of 7%. Increasing the cutoff value to

20% rectified these anomalous findings, which were at-
tributable to a high proportion of patients with low-clone
del(17p), a subgroup who had similar outcomes to patients
with normal 17p. Similar outcomes were seen in the aCGH
del(17p) and FISH high-clone del(17p) populations; we
consider aCGH to be the more robust and clinically in-
formative determinant of 17p status in this cohort.
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This analysis of MURANO study data establishes novel
associations between candidate biomarkers and clinical
outcomes (MRD and PFS or OS) with VenR therapy. We
expected to find the association between del(17p) and
reduced MRD response, as shown here in the hierarchical
analysis, but trisomy 12 CLL has previously been consid-
ered to be associated with an intermediate prognosis with
CIT. However, it is recognized that trisomy 12 CLL is as-
sociated with unmutated IGHV and NOTCH1 mutations,36

and further studies of larger cohorts are needed to de-
termine the independent contribution of these biologic
factors. In contrast, del(11q) is an established negative
prognostic marker in CLL,8 but the impact found here on
PFS and MRD response appeared greater in the BR arm
than the VenR arm. This aligns with a recent report from the
CLL14 study, in which del(11q) was identified as an in-
dependent prognostic factor for PFS with chlorambucil plus
obinutuzumab but not venetoclax plus obinutuzumab.37

Prognosis was superior in patients with noncomplex or low-
GC status; high-GC status (five or more aberrations) was
associated with inferior PFS. Use of chromosome banding
analysis (CBA) for the detection of GC recently determined

that the presence of five or more aberrations is more
clinically relevant than the previously used cutoff of three or
more abnormalities.10 The use of genomic arrays for GC
detection has been shown to perform at least as well as CBA
analysis and reinforced the cutoff of five or more aberra-
tions11; as a result of their high resolution, array-based
methods are capable of better defining small aberrant
regions.

The likelihood of achieving uMRD status at EOCT in the
VenR arm was better in patients without mutations in
BIRC3 or BRAF; BRAF mutations have previously been
shown to arise in patients developing venetoclax resistance,
whereas BIRC3 mutations are associated with CIT
resistance.38,39 Although BRAF mutations were also as-
sociated with lower uMRD at EOT, this was not the case for
BIRC3 mutations, suggesting that a longer duration of
venetoclax therapy is effective in overcoming the negative
impact of this mutation. Lower uMRD rates at EOTwere also
seen with NOTCH1 and TP53 mutations. NOTCH1 mu-
tations promote CLL cell proliferation and are associated
with inferior outcomes with CIT, single-agent venetoclax or
ibrutinib, and higher risk of transformation.40-43 The current

B

PF
S 

(%
)

100

20

40

60

80

Time (months)
500 3417

81

74

69

89

VenR, 0 or 1 driver

VenR, 2 drivers

BR, 0 or 1 driver

BR, 2 drivers

No. at risk:

76

65

36

35

67

46

16

18

8

4

1

1

Interaction HR, 1.2 (95% CI, 0.64 to 2.3); P = .55 

Category HR (95% CI) P

VenR 0 or 1 driver v 2 drivers

BR 0 or 1 driver v 2 drivers

1.7 (0.91 to 2.9) .10

1.2 (0.83 to 1.8) .33

A
100

20

40PF
S 

(%
) 60

80

Time (months)
0 10 20 30 40 50

94

34

14

100

29

17

89

31

13

78

15

9

73

27

8

29

3

3

7

2

0

2

0

0

VenR non-GC

VenR low GC 

VenR high GC 

BR non-GC 

BR low GC

BR high GC 

No. at risk:

85

30

12

46

9

4

63

18

5

14

0

1

Category HR (95% CI) P

VenR

Non-GC v low GC

Non-GC v high GC

Low GC v high GC

BR

Non-GC v low GC

Non-GC v high GC

Low GC v high GC

2.0 (1.1 to 3.6) .025

2.9 (1.4 to 6.3) .0057

1.5 (0.69 to 3.4) .29

1.7 (1.0 to 2.7) .039

1.9 (1.1 to 3.2) .02

1.2 (0.61 to 2.2) .65

FIG 5. Multivariable analysis of progression-free survival (PFS) according to (A) genomic complexity (GC) status and (B) driver mutation burden (number of
recurrently mutated genes with mutations). Covariates were IGHV status, Rai stage at baseline, TP53 mutation status and/or del(17p) by array comparative
genomic hybridization, fludarabine resistance status, and maximum nodal size . 10 cm. BR, bendamustine plus rituximab; HR, hazard ratio; VenR,
venetoclax plus rituximab.

Journal of Clinical Oncology 4051

Fixed-Duration Venetoclax-Rituximab Benefits Sustained in R/R CLL



analysis of VenR therapy did not detect an adverse impact
on PFS from mutations in NOTCH1, despite the lower
uMRD rate.

The MURANO study has already shown that the safety
profile of venetoclax therapy is favorable.6,7 The lack of
long-term drug-related SAEs in the present analysis is
encouraging. The fixed duration of venetoclax therapy may
be advantageous over continuous therapies because it
limits the period during which patients are likely to
experience AEs.

Strengths of this study include the long duration of follow-
up, the large study population, and detailed molecular
characterization of the enrolled patient population. Limi-
tations are that the numbers of patients in specific bio-
marker subsets are modest, necessitating further studies
for validation of these results, and also that these patients,

who were enrolled in 2014-2015, had not been exposed to
targeted agents such as BTKis, which is a major difference
from current frontline management approaches and limits
generalizability. Another aspect requiring further in-
vestigation is the optimal management of patients who
develop PD after venetoclax therapy.

In this analysis, the benefits in PFS and OS with VenR versus
BR in patients with R/R CLL were sustained over a median
follow-up time of 48 months. With VenR, genetic mutations
affected MRD response, and differences in outcomes were
observed according to BRAF mutations and GC status. The
PFS rate 24 months after treatment cessation was 68.0% in
patients completing 2 years of venetoclax, with patients
attaining PB uMRD showing particularly durable responses.
These data provide further support for the application of
fixed-duration VenR in R/R CLL.
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