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Ibrutinib is approved for all lines of therapy in patients with
chronic lymphocytic leukemia (CLL) in theUnited States. Randomized
studies have consistently demonstrated superior progression-
free survival (PFS) in relapsed/refractory1,2 and treatment-naı̈ve
CLL patients treated with ibrutinib.3-5 Furthermore, single-agent
ibrutinib improved overall survival (OS) in 2 phase 3 studies com-
pared with ofatumumab in relapsed/refractory CLL (RESONATE)1

and with chlorambucil in treatment-naı̈ve patients older than
65 years (RESONATE-2).3 In these studies, ibrutinib was dosed
continuously at 420 mg once daily. A retrospective analysis of
the RESONATE trial reported that mean ibrutinib dose intensity
,95% was associated with inferior PFS but not OS.6 However,
observation time of this study was limited to the first 9 months
of therapy, when dose adherence is particularly important and
early interruptions may indicate more advanced disease or
concurrent health issues that interfere with effective delivery of
therapy. In contrast, CLL progression, which tends to occur later,
may have been underrepresented in this short follow-up. Sim-
ilarly, a study by the UK CLL Forum reported treatment breaks
.14 days within the first year of ibrutinib were associated with
inferior OS.7 However, the latter study noted patients with early
treatment breaks had a poor performance status and were
4 times more likely to permanently stop ibrutinib within the first
year, suggesting host-related factors as a confounder. In clinical
practice, ibrutinib dose modifications are often medically in-
dicated, either to mitigate clinically significant adverse events
(grade $3, including serious adverse events requiring hospi-
talizations or urgent medical interventions) or as precautionary
drug holds for invasive procedures. Therefore, the question of
the degree to which ibrutinib dose interruptions may limit long-
term benefit deserves further study.

We analyzed a cohort of 84 treatment-naı̈ve (n5 52) or relapsed/
refractory (n5 32) CLL patients treated with ibrutinib in a phase 2
study (NCT01500733). Demographics and safety and efficacy
outcomes at 5 years were previously reported.8 Eligible patients
either had a TP53 aberration, defined by detection of TP53 muta-
tion or deletion 17p (n 5 53), or were age $65 years (n 5 31).
Decisions on permanent dose reductions were exclusively
made and documented by the investigators. Each dose re-
duction event was also confirmed on a review of electronic
pharmacy orders for ibrutinib at the time of analysis. Dose in-
terruption data were based on documented patient history.
Specifically, ibrutinib was held for elective procedures and at the
time of serious adverse events or grade $3 adverse events,

consistent with holding guidelines from the current US pre-
scribing information for ibrutinib.9 To screen for noncompliance,
we dispensed up to 3 months supply of ibrutinib and obtained
verbal reports from patients on any missed doses at each clinic
visit. The study did not use patient diaries or pill counts. Assuming
ibrutinib dose reductions or interruptions occur randomly during
the course of a study, patients receiving long-term therapy
will accumulate more treatment breaks, resulting in a confounder,
called guarantee-time bias, that interferes with conventional sur-
vival analyses.10,11 Therefore, we used both landmark analysis
and a Cox regression model to assess the effect of ibrutinib dose
intensity on PFS and OS.10,12 PFS and OS were estimated by the
Kaplan-Meier method and compared between subgroups by the
log-rank test. Statistical analyses were conducted using R soft-
ware (version 3.5.1; R Foundation for Statistical Computing).

At a median follow-up of 5.1 years, 75 patients (89.3%) had
missed at least 1 dose of ibrutinib, and 12 patients (14.3%) re-
quired permanent dose reductions, 10 to 280 mg per day and
2 to 140 mg per day (Figure 1A). The most common reason for
treatment breaks were elective procedures (152 [45.8%] of a
total 332 dose interruption events) followed by adverse events
(70 [21.1%] events) and noncompliance (68 [20.5%] events). Fifty-
seven patients (67.9%) missed ibrutinib for $8 consecutive
days, and 40 (47.6%) missed ibrutinib for $15 consecutive days
(Figure 1B). Among 12 patients who required permanent dose reduc-
tions, atrial fibrillation, in 5 patients, was the most common reason.

To cumulatively capture dose intensity, we integrated both dose
reductions and interruptions as a fraction of the target ibrutinib
dose of 420 mg per day, using methods previously described.6

For patients who stopped ibrutinib for reasons other than dis-
ease progression, dose intensity was calculated up to the off-
study time point. The mean dose intensity in our study was
94.4% (range, 55.3% to 100%), similar to that in the RESONATE
trial.6 Dose intensity of ,95% was observed in 21 patients
(25.0%), ,90% in 14 patients (16.7%), and ,80% in 7 patients
(8.3%). We observed a wide variation in time from start of ibrutinib
to first dose interruption (2 days to 43 months).

Twenty-three (27.4%) of 84 patients progressed, including 5 with
Richter’s transformation; 18 patients died, including 13 as a result
of disease progression. The mean dose intensity of the patients
who progressed was 97.7% (range, 88.4% to 100%). Five-year PFS
andOS estimates for the whole cohort were 64.6% (95% confidence
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Figure 1. Ibrutinib dose intensity and clinical outcomes. (A) Ibrutinib dose intensity of 84 CLL patients on study. Arrows indicate subgroups defined by dose intensity (%). The
darkest blue shade indicates 7 patients who had,80% dose intensity; the intermediate blue shade indicates those with,90% dose intensity; the lightest shade indicates those
with ,95% dose intensity. Patients receiving full-dose ibrutinib (420 mg per day) are represented by black circles; red circles indicate patients who had permanent dose
reductions to 280 mg per day; purple triangles indicate reductions to 140 mg per day. (B) Summary of the study cohort and subgroups divided by dose intensity. (C-F) Landmark
analysis of PFS (C,E) and OS (D,F) of subgroups divided by ibrutinib interruption of any duration within the first 6 months (C,D) or 1 year (E,F) of starting ibrutinib. The number
at risk for 6-month dose adherence was 79 for PFS and 80 for OS, with an additional patient who progressed and was alive at 6 months included in the OS analysis. The numbers
at risk for 1-year dose adherence were 76 and 77 for PFS andOS, respectively. (G) A landmark analysis of PFS of subgroups divided by 8-week dose intensity (DI8-week) above vs at
or below mean of the cohort. *The most common reasons for dose interruption were elective procedures (ie, Mohs surgery, ophthalmologic procedures, arthroscopy
or intraarticular injections, dental procedures) followed by toxicity and noncompliance. **The most common reason for permanent dose reduction was atrial fibrillation
(41.7%) followed by arthralgia (25%) and diarrhea (16.7%). IQR, interquartile range; SD, standard deviation.
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interval [CI], 54.6% to 76.5%) and 79.6% (95% CI, 71.1% to 89.1%),
respectively. Five-year PFS and OS estimates in patients who
missed ibrutinib for $8 consecutive days were 72.1% (95% CI,
60.7% to 85.7%) and 90.1% (95% CI, 82.2% to 98.8%), re-
spectively. Twenty-eight patients (33.3%) had early treatment
interruptions of any duration within 6 months of starting ibrutinib,
and 43 patients (51.2%) had interruptions within the first year.
Landmark analyses at 6 months and 1 year after starting ibrutinib
showed early treatment breaks did not affect PFS or OS (Figure
1C-F). Additionally, we assessed dose intensity at 8 weeks using
methods previously described.6 Four patients who progressed or
died before reaching 8 weeks on study were excluded from this
analysis, leaving 80 evaluable patients. The mean dose intensity
at 8 weeks of the overall study population was 98.6%. Ten
patients had early dose interruptions within 8 weeks, and their
dose intensity at 8 weeks was below the mean. Landmark analysis
at 8 weeks demonstrated no difference in PFS between sub-
groups of patients whose dose intensity at 8 weeks was below the
mean vs thosewhosedose intensity at 8weekswas at or above the
mean (Figure 1G). Our experience with permanent dose reduc-
tions is limited. However, we note that with a median follow-up
of 39.4 months from the first dose reduction, only 1 (8.3%) of
12 patients progressed.

To adjust for dosing changes during the treatment course, we
included dose intensity as a time-dependent covariate in the
Cox regression model. Subgroups defined by various dose in-
tensity cutoffs (95%, 90%, and 80%) had comparable PFS (hazard
ratio [HR] per 1% decrease in dose intensity, 0.95; 95% CI,
0.86-1.04; P 5 .26) and OS (HR, 0.97; 95% CI, 0.88-1.06;
P 5 .48). In multivariate analysis, dose intensity was not as-
sociated with PFS or OS (both P . .3).

In conclusion, we found no evidence that clinically indicated
ibrutinib dose reductions or interruptions compromised long-
term outcomes. Dose intensity was high in our study (94.4%). In
general practice, dose intensity could be lower and might affect
outcome. Our findings should not be extended to general non-
compliance with standard ibrutinib therapy. Although our study
is limited in size, because of long-term follow-up, we capturedmore
progression and dose reduction events than Barr et al6 included
in their report. Our conclusions, in part, differ from those reached
byBarr et al. However,weagree thatmaintaininghigh dose intensity
is important, and we avoided any unnecessary dose interruptions
throughout the study, particularly in the first 6 months of therapy.

There are notable differences between our study and the
RESONATE trial. Our study population was enriched in high-
risk disease characteristics, and these patients would be expected
to strictly adhere to long-term therapy, which was reflected in a
mean dose intensity of 94.4% even at 5-year median follow-up.
Our study was enriched with previously untreated patients,
which likely improved long-term outcomes compared with pa-
tients with relapsed/refractory CLL enrolled in the RESONATE
trial. In the RESONATE trial, most progression events and deaths
occurred in the first 6 months, suggesting that disease-related
factors may have contributed to inferior clinical outcomes. In
contrast, most progression events in our study occurred after
the first year of therapy, and differences in dose intensity in the
first 6 or 12 months did not translate into differences in
outcome. Furthermore, progression events in the RESONATE
trial were called by an independent review committee, and

some of these events were thought to be related to dose
interruptions and transient in nature, as evidenced by 11 pa-
tients (42%) continuing therapy without clinical progression.
In our study, we considered drug holds as a confounder for
response assessments and required evidence of sustained
progression of disease once therapy was resumed.

Our observation is consistent with known mechanisms of sec-
ondary resistance to ibrutinib, which is most commonly caused
by clonal evolution of CLL cells carrying BTK or PLCG2mutations
that often manifest only after years of therapy.13-15 Therefore,
short-term interruptions of ibrutinib are unlikely to contribute
to the emergence of drug-resistant clones. Rather, treatment
history and the biologic and geneticmake-up of CLL at the start of
therapy, reflected inTP53 aberrations,14,16 complex karyotype,14,17

and CD49d expression,18 predict long-term outcomes with
ibrutinib.15-17 In addition to biologic principles, experience in other
clinical studies supports the conclusion that clinically indicated
dose reductions do not translate into inferior outcomes.6,7,19,20
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Inhibition of LSD1 by small molecule inhibitors stimulates
fetal hemoglobin synthesis
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Increased fetal hemoglobin (HbF) leads to diminished severity of
sickle cell disease (SCD), as HbF disrupts deoxygenated sickle
hemoglobin polymerization.1 Many efforts have been made to
identify an effective way to increase HbF in adults that include
using chemical inducers,2 repressing silencers of the HbF genes,3-8

and manipulating nuclear receptors.9-11 Hydroxyurea (HU) is ap-
proved for clinical use. However, because of the heterogeneity
of response, more effective HbF therapeutics are needed.

We previously found that inhibition of lysine-specific histone
demethylase 1 (LSD1) using RNA interference or by application of
the monoamine oxidase inhibitor tranylcypromine (TC) in primary
human erythroid progenitor CD341 cell cultures induced HbF to
levels that should be efficacious in treating SCD.12 Subsequently,
we found that LSD1 inhibitor RN-1 treatment of SCD mice
resulted in increased g-globin induction and HbF synthesis and
led to improvement of many aspects of disease pathology.13,14

RN-1 also recapitulated the fetal pattern of hemoglobin in-
duction in baboons (Papio anubis).15

Here, we evaluated the effects of multiple commercially avail-
able small molecule chemical inhibitors of LSD1 on HbF syn-
thesis and erythroid physiology in SCD mice, in human primary
erythroid progenitor CD341 cells, and in induced pluripotent
stem cells (iPSC) derived from SCD patients. Two of these
agents, GSK-LSD1 and OG-L002, increased the percentage of
F cells after 4 weeks of treatment in SCD mice, which was ac-
companied by a reduction of both sickled red blood cells (RBCs)
and reticulocytes. These effects were mirrored by in vitro studies
of CD341 cells or erythroid progeny of sickle iPSCs. These findings
suggest that LSD1 is a potentially useful molecular target for
therapeutic intervention in treating SCD.

SCD mice (ha/ha::bS/bS, Townes model) experiments were
approved by Boston University’s Institutional Animal Care and
Use Committee. Human CD341 cells and sickle iPSC-derived
erythroblasts were cultured and treated with different con-
centrations of LSD1 inhibitors (supplemental Methods, avail-
able on the Blood Web site).
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