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ORIGINAL ARTICLE

Phase 1b/2 study of ibrutinib and lenalidomide with dose-adjusted EPOCH-R
in patients with relapsed/refractory diffuse large B-cell lymphoma�
Wyndham H. Wilsona, Tycel Phillipsb, Leslie Popplewellc, Sven de Vosd, Saurabh Chhabrae, Amy S.
Kimballf, Darrin Beaupreg, Da Wei Huanga, George Wrighta, Kevin Kweih, Jerry Pingi, Jutta K. Neuenburgj

and Louis M. Staudtk

aLymphoma Therapeutics Section, National Cancer Institute, Bethesda, MD, USA; bDivision of Hematology and Oncology, University
of Michigan, Ann Arbor, MI, USA; cDepartment of Hematology and Hematopoietic Cell Transplantation, City of Hope National
Medical Center, Duarte, CA, USA; dDepartment of Medicine, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA;
eDepartment of Medicine, Medical College of Wisconsin, Milwaukee, WI, USA; fUniversity of Maryland School of Medicine, Baltimore,
MD, USA; gEarly Development and Immunotherapy, Pharmacyclics LLC, an AbbVie Company, Sunnyvale, CA, USA; hDepartment of
Translational Medicine, Pharmacyclics LLC, an AbbVie Company, Sunnyvale, CA, USA; iDepartment of Statistics, Pharmacyclics LLC, an
AbbVie Company, Sunnyvale, CA, USA; jDepartment of Oncology, Pharmacyclics LLC, an AbbVie Company, Sunnyvale, CA, USA;
kLymphoid Malignancies Branch, National Cancer Institute, Bethesda, MD, USA

ABSTRACT
Relapsed/refractory diffuse large B-cell lymphoma (DLBCL) is difficult to cure; non-germinal cen-
ter B-cell-like (non-GCB) and activated B-cell-like (ABC) DLBCL have worse outcomes than GCB
DLBCL. Ibrutinib and lenalidomide are synergistic in vitro in ABC DLBCL and may augment sal-
vage chemotherapy. In part 1 of this phase 1b/2 study (NCT02142049), patients with relapsed/
refractory DLBCL received ibrutinib 560mg and escalating doses of lenalidomide on Days 1–7
with DA-EPOCH-R (Days 1–5) in 21-day cycles. In part 1 (N¼ 15), the maximum tolerated dose
was not reached with lenalidomide 25mg (recommended part 2 dose [RP2D]); most common
grade �3 adverse events were anemia (73%) and febrile neutropenia (47%); the overall response
rate (ORR) was 40%. At the RP2D (n¼ 26), ORR was 71% in non-GCB and 64% in ABC. Ibrutinib
and lenalidomide with DA-EPOCH-R had a manageable safety profile and antitumor activity in
relapsed/refractory DLBCL, especially the non-GCB subtype.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most com-
mon subtype of non-Hodgkin lymphoma in the USA [1].
DLBCL includes two major subtypes: non-germinal cen-
ter B-cell-like (non-GCB), including activated B-cell-like
(ABC) DLBCL, and germinal center B-cell-like (GCB)
DLBCL [2]. Recommended first-line therapy for DLBCL is
rituximab, cyclophosphamide, doxorubicin, vincristine,
and prednisone (R-CHOP) [3,4] or dose-adjusted etopo-
side,prednisone, vincristine, cyclophosphamide, doxo-
rubicin, and rituximab (DA-EPOCH-R) for patients with
high-risk features [5–7]. While �60% of patients are
cured by standard therapy [8], prognosis is poor among
patients who are refractory or who relapse early [9,10].
Second-line salvage treatments for relapsed/refractory

(R/R) DLBCL include rituximab plus ifosfamide, carbopla-
tin, and etoposide (R-ICE) [10,11]; rituximab plus dexa-
methasone, cisplatin, and cytarabine [10,12]; and DA-
EPOCH-R [13,14]. CAR T cells, polatuzumab,
selinexor, and MOR208 have recently become available
[15,16], and ibrutinib [17] and lenalidomide [18,19] for
non-GCB DLBCL.

B-cell receptor (BCR) signaling is a pathogenic
mechanism of ABC DLBCL, activating the NF-jB path-
way, and potentially increasing chemotherapy resist-
ance [20]. Bruton’s tyrosine kinase inhibition blocks
downstream BCR signaling and prevents B-cell prolifer-
ation [21]. Ibrutinib, a once-daily Bruton’s tyrosine
kinase inhibitor, is approved in the United States for
various B-cell malignancies. Single-agent ibrutinib and
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ibrutinib-based combinations are active in R/R DLBCL,
especially the ABC subtype [17]. Results of a phase 1/2
study of single-agent ibrutinib showed an overall
response rate (ORR) of 37% (complete response [CR],
16%) in R/R ABC DLBCL (n¼ 38) and 5% in GCB DLBCL
(n¼ 20) [17]. Median overall survival (OS) was
10.32months in ABC and 3.35months in GCB DLBCL
[17]. Furthermore, ibrutinib plus R-ICE showed activity
and tolerability in a phase 1 dose-escalation study of
R/R DLBCL, with ORRs of 90% overall and 100% in the
non-GCB subtype [22]. In the phase 3 PHOENIX study
(NCT01855750; N¼ 838), ibrutinib plus R-CHOP versus
R-CHOP alone showed increased toxicity but signifi-
cantly improved event-free survival and OS in patients
<60 years of age [23]. There was no benefit in patients
�60 years, likely due to a higher rate of R-CHOP dis-
continuations and reduced ibrutinib exposure com-
pared to patients <60 years.

Lenalidomide, an immunomodulatory drug, has
demonstrated single-agent activity in R/R DLBCL, espe-
cially the non-GCB subtype [18]. ORRs of 52.9% (CR,
29.4%) and 8.7% (CR, 4.3%) were achieved in lenalido-
mide-treated patients with non-GCB (n¼ 17) and GCB
(n¼ 23) subtypes, respectively; median progression-
free survival (PFS) was 6.2 and 1.7months [18].
However, lenalidomide combined with R-CHOP did
not significantly prolong PFS versus R-CHOP alone
(hazard ratio, 0.85; 95% confidence interval [CI],
0.63–1.14; p¼ 0.29) in first-line ABC DLBCL [24].

Ibrutinib and lenalidomide may augment the activ-
ity of DA-EPOCH-R via inhibition of BCR signaling and

NF-jB activation, as both are drivers in non-GCB and
ABC DLBCL; thus, the combination of DA-EPOCH-R,
ibrutinib, and lenalidomide was evaluated in
R/R DLBCL.

Methods

Patients and treatment

This phase 1b/2, nonrandomized, multicenter, open-
label study enrolled patients with R/R DLBCL
(NCT02142049). The study was conducted in two parts.
Part 1 used a standard 3þ 3 design to determine the
maximum tolerated dose (MTD) of the ibrutinib,
lenalidomide, and DA-EPOCH-R combination. Patients
received a fixed dose of ibrutinib (560mg) and
lenalidomide (escalating doses: 0 [level 1], 15 [level 2],
20 [level 3], and 25 [level 4] mg) on Days 1–7 of each
21-day cycle and standard doses of DA-EPOCH-R on
Days 1–5 of each 21-day cycle (Figure 1). Part 2 eval-
uated therapeutic activity and safety. The lenalidomide
dose was to be adjusted for hematologic toxicities
(Supplementary Text S1).

Adults �18 years of age with pathologically con-
firmed, measurable DLBCL were eligible for the study.
Part 1 enrolled patients with all subtypes of DLBCL;
part 2 enrolled patients with the non-GCB subtype as
determined by immunohistochemistry (IHC) using the
Hans criteria. Patients had R/R disease defined as
recurrence of disease after CR or disease progression,
an Eastern Cooperative Oncology Group performance
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Figure 1. Study schema. DA-EPOCH-R: dose-adjusted cyclophosphamide, doxorubicin, etoposide, vincristine, and prednisone, with
or without rituximab; IV: intravenous; PO: orally; SC: subcutaneous. aIbrutinib and lenalidomide were administered on days 1–7 of
a 21-day cycle for up to six cycles. bDose escalated at doses of 0, 15, 20, and 25mg (dose levels 1, 2, 3, and 4, respectively).
Dose-limiting toxicity was assessed during the first treatment cycle.
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status of �2, and left ventricular ejection fraction
>45%. Patients with transformed DLBCL, coexisting
histologies, or primary mediastinal lymphoma were eli-
gible for part 1 only. Patients with an allogeneic stem
cell transplant within 6months of study start were
ineligible. Patients did not receive prophylactic antibi-
otics. This study was conducted in accordance with
the ethical principles of the Declaration of Helsinki,
consistent with Good Clinical Practices and applicable
regulatory requirements. All patients provided written
informed consent.

Endpoints and assessments

Part 1 primary endpoints were MTD and safety and
tolerability in R/R DLBCL; the secondary endpoint was
ORR (CR plus partial response [PR]). The part 2 primary
endpoint was ORR in ABC DLBCL (subtype determined
per gene expression profile [GEP]); secondary end-
points were duration of response (DOR), PFS, OS, and
safety and tolerability in R/R ABC DLBCL. Exploratory
endpoints were pharmacokinetics and biomarkers of
ibrutinib sensitivity or resistance.

Response assessments were performed per investi-
gator according to the revised International Working
Group Response Criteria for non-Hodgkin lymphoma
[25]. Computed tomography and positron-emission
tomography scans were required for pretreatment
assessment within 21 days of first dose and for CR
(Supplementary Text S2). All adverse events (AEs) were
recorded from first dose until 30 days after last dose
of study drug.

Pharmacokinetic analyses were conducted in 15/20
patients in part 2 only. Blood samples were collected
pre-dose and at 1, 2, 4, and 6 h after ibrutinib adminis-
tration on Cycle 1 Day 5. Plasma samples were ana-
lyzed for ibrutinib and PCI-45227 (metabolite)
concentrations by Frontage Laboratories (Exton, PA,
USA); plasma concentration was analyzed by noncom-
partmental methods using validated Phoenix
WinNonlin software (version 6.3). Cmax and Tmax were
recorded; apparent t1/2 and AUC0–24h were calculated
using ln2/kz.

For eligibility in part 2, patients were identified as
GCB or non-GCB via IHC using Hans criteria [26]. For
the primary analysis in part 2, ABC DLBCL subtype was
determined by GEP. Sufficient biopsy material was
available for molecular analysis for 31 patients.
Biopsies were studied using the Lymph2CX 20-gene
GEP assay (NanoString Technologies, Seattle, WA, USA)
[27]. Of 31 samples, 30 had sufficient material for add-
itional analyses, including RNA sequencing (n¼ 28 [2

sequencing failures]) and/or whole exome sequencing
(WES; n¼ 15 [insufficient DNA/sample quality pre-
cluded WES, n¼ 15]); 13 cases were studied by RNA
sequencing and WES. Cell-of-origin assignment (ABC,
GCB, or unclassified) was based on consensus RNA
sequencing and NanoString calls [28]. Mutations were
called using the WES and/or RNA-sequencing aligned
reads [28]. Data were filtered to remove any mutation
reported in dbSNP (https://www.ncbi.nlm.nih.gov/snp)
or EXAC database (prevalence �0.0001; http://exac.
broadinstitute.org). Tumor samples were assessed by
PhenoPath Laboratories (Seattle, WA, USA) to deter-
mine tumor content. If <50% tumor content was pre-
sent on formalin-fixed paraffin-embedded slides,
samples were macrodissected to enrich for tumor
material (Supplementary Text S3).

Statistical methods

The all-treated population included enrolled patients
who received �1 dose of any study drug and was
used to analyze activity and safety endpoints in part 1
and for patients treated at the recommended part 2
dose (RP2D) in parts 1 and 2. The response-evaluable
population was used for sensitivity analyses of ORR
and included all patients in the all-treated population
who had �1 adequate post-treatment disease assess-
ment before the start of subsequent anti-
cancer therapy.

ORR and 90% two-sided exact CI were calculated
for each DLBCL subtype in the all-treated population
in part 1 (non-GCB and GCB) and 2 (ABC, GCB, or
unclassified). If the lower bound of the CI around the
ORR was �60% for the ABC DLBCL subtype, then the
hypothesis that ORR in the ABC subtype is �60%
would be rejected at the a¼ 10% level. DOR was
defined as time from first occurrence of CR or PR until
first occurrence of recurrent or progressive disease.
PFS was defined as time from first study drug adminis-
tration to disease progression or death. OS was
defined as time from first study drug administration
until death. Kaplan–Meier methodology was used to
estimate DOR distribution for responders and PFS and
OS curves, including corresponding quartiles
and median.

Results

Patients

Overall, 35 patients were enrolled (part 1, 15; part 2,
20). In part 1 (lenalidomide doses: 0mg, n¼ 3; 15mg,
n¼ 3; 20mg, n¼ 3; 25mg, n¼ 6), median age was
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58 years (range, 38–89). Median number of prior regi-
mens was three (range, 1–5); 67% of patients were
refractory to the last chemotherapy (Table 1); 53% had

GCB and 47% had non-GCB DLBCL per IHC. Most
patients were categorized as de novo DLBCL (80%);
remaining patients were categorized as transformed

Table 1. Baseline characteristics and patient disposition in study part 1 and in patients treated at the recom-
mended part 2 dose.

Part 1
All patients treated at RP2D

All patients
N¼ 15

ABC
n¼ 14

Non-GCB
n¼ 21

Total
N¼ 26

Median age (range), years 58 65 60 57.5
(38–89) (28–79) (28–79) (28–79)

Sex, n (%)
Male 13 (87) 9 (64) 14 (67) 18 (69)
Female 2 (13) 5 (36) 7 (33) 8 (31)

Race, n (%)
Asian 1 (7) 1 (7) 1 (5) 1 (4)
Black or African American 0 2 (14) 2 (10) 2 (8)
White 14 (93) 10 (71) 17 (81) 21 (81)
Unknown 0 1 (7) 1 (5) 2 (8)

DLBCL category, n (%)
De novo 12 (80) 14 (100) 21 (100) 24 (92)
Transformed 2 (13) 0 0 1 (4)
Primary mediastinal 1 (7) 0 0 1 (4)

DLBCL subtype per IHC by local review, n (%)
GCB 8 (53) 0 0 3 (12)
Non-GCB 7 (47) 14 (100) 21 (100) 22 (85)
Not reported/missing 0 0 0 1 (4)

Number of prior systemic therapies for DLBCL
Median (range) 3 (1–5) 2.5 (1–4) 2 (1–4) 2 (1–4)

Disease status after last treatment before study
Relapsed 5 (33) 6 (43) 9 (43) 11 (42)
Refractory 10 (67) 8 (57) 12 (57) 15 (58)

Ann Arbor staging, n (%)
I 0 0 1 (5) 1 (4)
IE 2 (13) 0 0 0
II 0 3 (21) 5 (24) 5 (19)
IIE 0 0 1 (5) 1 (4)
III 4 (27) 3 (21) 4 (19) 8 (31)
IIIE 0 0 0 0
IIIE, S 0 1 (7) 1 (5) 1 (4)
IV 9 (60) 5 (36) 7 (33) 8 (31)
Not reported 0 2 (14) 2 (10) 2 (8)

Bulky disease, n (%)
Present 11 (73) 9 (64) 12 (57) 14 (54)
5–10 cm 8 (53) 6 (43) 9 (43) 11 (42)
>10 cm 3 (20) 3 (21) 3 (14) 3 (12)

Not present 3 (20) 5 (36) 9 (43) 11 (42)
Not reported 1 (7) 0 0 1 (4)

Discontinued ibrutinib, n (%) 15 (100) 14 (100) 21 (100) 26 (100)
Confirmed disease progression 3 (20) 1 (7) 2 (10) 4 (15)
Death 2 (13) 0 0 1 (4)
Intercurrent illness or AE 2 (13) 3 (21) 3 (14) 3 (12)
Patient withdrew from study 0 1 (7) 2 (10) 2 (8)
Investigator decisiona 4 (27) 4 (29) 8 (38) 9 (35)
Completion of treatment (6 cycles) 4 (27) 5 (36) 6 (29) 7 (27)

Discontinued lenalidomide, n (%) 12 (80) 14 (100) 21 (100) 26 (100)
Confirmed disease progression 2 (13) 1 (7) 2 (10) 4 (15)
Death 1 (7) 0 0 1 (4)
Intercurrent illness or AE 1 (7) 3 (21) 3 (14) 3 (12)
Patient withdrew from study 0 1 (7) 2 (10) 2 (8)
Investigator decision 4 (27) 4 (29) 8 (38) 9 (35)
Completion of treatment (six cycles) 4 (27) 5 (36) 6 (29) 7 (27)

Received DA-EPOCH-R, exited study, n (%) 15 (100) 14 (100) 21 (100) 26 (100)
Study terminated by sponsor 6 (40) 7 (50) 12 (57) 13 (50)
Death 9 (60) 7 (50) 9 (43) 13 (50)

ABC: activated B-cell-like; AE: adverse event; DA-EPOCH-R: dose-adjusted ibrutinib, lenalidomide, and dose-adjusted cyclophosphamide,
doxorubicin, etoposide, vincristine, and prednisone, with or without rituximab; DLBCL: diffuse large B-cell lymphoma; GCB: germinal
center B-cell-like; non-GCB: non-germinal center B-cell-like; RP2D: recommended part 2 dose.
aReasons for the investigator decision to withdraw patients were patient-pursued transplant (n¼ 5), best interest of patient (n¼ 2),
toxicity concerns despite achievement of CR (n¼ 1), failure to achieve CR after three cycles (n¼ 1), lesions remained metabolically sta-
ble after three cycles (n¼ 1), and unconfirmed PD (n¼ 1).
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(13%) or primary mediastinal (7%). The primary rea-
sons for ibrutinib discontinuation included investigator
choice (27%) and completed protocol-specified treat-
ment (6 cycles, 27%) (Table 1). Two patients experi-
enced AEs leading to ibrutinib discontinuation.
Median time of study was 30.0months (range, 1.2þ to
34.5). One dose-limiting toxicity (DLT) was reported
during the DLT assessment period: 1 grade 5 diffuse
alveolar damage at dose level 4. Level 4 was identified
as the RP2D (ibrutinib 560mg, lenalidomide 25mg,
and DA-EPOCH-R).

Twenty-six patients treated at the RP2D were
included in the part 2 prespecified analysis of ORR
(part 1: 25mg lenalidomide, n¼ 6; part 2: 25mg
lenalidomide, n¼ 20). Median age was 57.5 years
(range, 28–79). Median number of prior regimens was
two (range, 1–4); 58% were refractory to the last
chemotherapy. When subtype was identified using
IHC, 22 patients (85%) had non-GCB, and 3 (12%) had
GCB subtype; one patient had no data. One non-GCB
patient by IHC had GCB DLBCL by GEP and was then
categorized as GCB for further analyses; the other 21
non-GCB patients per IHC were categorized as non-
GCB per GEP (14 ABC and 1 unclassified; 6 GEP
unavailable) (Table 1). For patients treated at the
RP2D, primary reasons for ibrutinib discontinuation
included investigator decision (35%) and completion
of protocol-specified treatment (6 cycles; 27%) (Table
1). Three patients experienced AEs leading to ibrutinib
discontinuation.

All 35 patients (parts 1 and 2) have now withdrawn
from the study due to death (50%) and study closure
(50%). Median time on study was 19.4months (range,
0.26þ to 28.22). Eight patients (23%) underwent stem
cell transplant following study treatment; this was not-
able given that the primary study population was
transplant-ineligible.

Safety

In part 1, all patients (N¼ 15) experienced treatment-
emergent AEs (TEAEs), the most common being
anemia (87%); fatigue (73%); nausea (67%); constipa-
tion, diarrhea, dizziness, and peripheral edema (60%
each); and hypokalemia, hypotension, and thrombo-
cytopenia (53% each) (Figure 2(A)). Four patients
(27%) experienced atrial fibrillation, and 10 (67%)
experienced other cardiac arrhythmias. Most patients
(93%) experienced grade �3 TEAEs, the most common
being anemia (73%); febrile neutropenia (47%); and
hypokalemia, leukopenia, neutropenia, and thrombo-
cytopenia (40% each) (Supplementary Table S1). Ten

patients (67%) experienced ibrutinib-related TEAEs.
Most patients (93%) experienced serious TEAEs, with
hypotension (20%), anemia (20%), and febrile neutro-
penia (20%) being the most common. TEAEs led to
ibrutinib discontinuation in 13% of patients and to
lenalidomide discontinuation in 7% of patients. There
were three fatal TEAEs: gastrointestinal hemorrhage,
death, and diffuse alveolar damage (same DLT as
described above). Gastrointestinal hemorrhage and
death were not related to study drugs; diffuse alveolar
damage was considered related to lenalidomide and
DA-EPOCH-R.

All patients treated at the RP2D (n¼ 26) experienced
TEAEs, the most common being diarrhea (58%), anemia
(50%), fatigue (50%), and thrombocytopenia (50%)
(Figure 2(B)). Three (12%) patients experienced atrial
fibrillation, and eight (31%) experienced other cardiac
arrhythmias. No patients experienced cardiomyopathy
or cardiac failure. Most common grade �3 TEAEs were
anemia (46%), febrile neutropenia (42%), thrombocyto-
penia (38%), and hypokalemia (27%) (Supplementary
Table S1). Twenty patients (77%) experienced ibrutinib-
related TEAEs. Nineteen patients (73%) experienced
serious TEAEs; most common was febrile neutropenia
(23%). TEAEs led to ibrutinib and lenalidomide discon-
tinuation in 12% of patients each. Three patients (12%)
experienced fatal TEAEs: atrial fibrillation, colitis, and
diffuse alveolar damage (same patient from Part 1
treated at RP2D and described previously). Atrial fibril-
lation was considered related to ibrutinib and occurred
in a patient with no previous history of atrial fibrilla-
tion; colitis was considered related to DA-EPOCH-R;
and diffuse alveolar damage was considered related to
lenalidomide and DA-EPOCH-R.

Response rate and outcome

In the all-treated population of part 1 (N¼ 15), ORR
was 40% (90% CI, 19.1–64.0; CR, n¼ 2; PR, n¼ 4); three
patients (20%) had stable disease (Figure 3(A)). In
patients treated at the RP2D (n¼ 26), ORR was 62%
(16/26; 90% CI, 43.6–77.4), including 71% (15/21; 90%
CI, 51.3–86.8) in non-GCB DLBCL and 64% (n¼ 9/14;
90% CI, 39.0–84.7) in ABC DLBCL (Figure 3(B)). Among
patients with ABC DLBCL, 29% (4/14) achieved CR and
36% (5/14) achieved PR. In the response-evaluable
population treated at the RP2D (n¼ 20), ORR was 88%
(15/17; 90% CI, 67.4–97.9) in non-GCB DLBCL and 90%
(9/10; 90% CI, 60.6–99.5) in ABC DLBCL. In responders
treated at RP2D (n¼ 16), median DOR was 3.9months
(range, 0.03þ to 10.48) in all patients, 4.3months
(range, 0.03þ to 10.48) in non-GCB DLBCL (n¼ 15),
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and 4.1months (range, 0.03þ to 7.69þ) in ABC
DLBCL (n¼ 9).

In patients treated at the RP2D (n¼ 26), median
PFS was 4.86months (range, 0.03þ to 12.45) in all
patients, 6.51months (range, 0.03þ to 12.45) in non-
GCB DLBCL, and 4.86months (range, 0.03þ to 9.69þ)
in ABC DLBCL (Figure 4(A)). Median OS was
15.84months (range, 0.26 to 28.22þ) in all patients,
not reached (range, 0.26 to 28.22þ) in non-GCB

DLBCL, and 15.84months (range, 0.26 to 28.22þ) in
ABC DLBCL (Figure 4(B)).

Pharmacokinetic analyses

Oral ibrutinib at 560mg/day was rapidly absorbed
(median time to maximum concentration [Tmax], 2.05 h;
mean apparent terminal half-life [t1/2], 6.98 h). Steady-
state levels were achieved on Day 5 of Cycle 1. Mean
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maximum concentration (Cmax; % coefficient of vari-
ation) of ibrutinib at steady state was 120 ng/mL
(84%); mean steady-state area-under-the-plasma

concentration–time curve during the dosing interval
(AUC0–24h) was 717 ng�h/mL (90%). PCI-45227, an
active metabolite of ibrutinib, was detectable at
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steady-state; mean t1/2 was 6.74 h. Mean steady-state
PCI-45227 Cmax (% coefficient of variation) was 132 ng/
mL (44%); AUC0–24h was 1270 ng�h/mL (49%). Mean
metabolite-to-parent ratio at steady state was 1.49 for
Cmax and 2.26 for AUC0–24h.

Biomarker analyses

Thirty-one of 33 tissue samples were available for
DLBCL subtyping; two had inadequate tumor content
(Supplementary Table S2). Macrodissection for tumor
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content enrichment was performed for six samples
with ˂50% tumor tissue. Of the 31 tissue samples (6
macrodissected and 25 total tissue samples), DLBCL
subtypes were available for 23 patients: ABC, n¼ 16;
GCB, n¼ 6; and unclassified, n¼ 1. The remaining
eight tumor tissue samples failed to meet the min-
imum quality or RNA quantity.

Among the 27 patients treated with ibrutinib and
lenalidomide in combination with DA-EPOCH-R who
had available molecular data, 25 had subtyping results
available. Of the 25 patients with available subtypes,
all five CRs were ABC subtype (100%; 5/5); one patient
without subtyping available also had a CR. Of the 10
patients with PR, 50% (5/10) had ABC subtype; of the
10 patients who did not achieve an objective
response, 60% (6/10) had ABC subtype. Table 2 shows
mutations in genes known to discriminate between
DLBCL genetic subtypes or to be recurrently mutated
in DLBCL. There was a skewing of MYD88 L265P muta-
tions, with a prevalence of 50% (3/6) among patients
with a CR versus 19% (4/21) among other patients.

Discussion

Current treatment options infrequently achieve dur-
able remissions in R/R DLBCL [9,10]. DA-EPOCH-R is a
recognized treatment option and a suggested second-
or later-line therapy for patients with R/R DLBCL ineli-
gible for transplant [13,14]. In this study, the hypoth-
esis that the addition of ibrutinib and lenalidomide
would inhibit BCR signaling and NF-jB in ABC DLBCL
and thereby enhance sensitivity to DA-EPOCH-R was
assessed. The safety and tolerability of ibrutinib and
lenalidomide in combination with DA-EPOCH-R in
patients with R/R DLBCL was evaluated. An ibrutinib
dose of 560mg was selected based on a phase 1b
study (n¼ 33), in which this dose combined with
R-CHOP was deemed safe [29]. In part 1, patients
received DA-EPOCH-R and ibrutinib 560mg with esca-
lating doses of lenalidomide. As the MTD was not
reached in part 1, patients received standard doses of
DA-EPOCH-R, ibrutinib 560mg, and lenalidomide
25mg as the RP2D. Ibrutinib-related TEAEs occurred in
approximately three-fourths of patients, the most com-
mon being consistent with known ibrutinib AEs, spe-
cifically diarrhea (35%) and fatigue (27%) [30,31].
Consistent with known ibrutinib and lenalidomide AEs,
31% (n¼ 8) of patients receiving the RP2D experi-
enced cardiac arrhythmias, and 12% (n¼ 3) experi-
enced atrial fibrillation. The rate of grade �3 febrile
neutropenia (42%) was higher than rates reported in
trials with newer therapies for DLBCL (6–10%) [32–34].

In patients treated at the RP2D, TEAEs led to ibrutinib
and lenalidomide discontinuation in 12% (3/26) of
patients each. These results are somewhat expected,
given the heavily pretreated patient population and
the intensity of the multidrug combination being
investigated [35,36]. The large (N¼ 838) PHOENIX
phase 3 study showed that ibrutinib 560mg plus
R-CHOP for 6–8 cycles led to more serious AEs and
R-CHOP discontinuation in patients �60 years of age,
suggesting that ibrutinib combined with R-CHOP is
not tolerable at this dose and in this particular setting
[23] and demonstrating the difficulties of combining
chemotherapy regimens with targeted agents.

Previous reports have shown that ABC tumor cells,
unlike GCB, are dependent on activation of the NF-jB
pathway for survival [37]. The addition of ibrutinib and
lenalidomide to DA-EPOCH-R was hypothesized to
inhibit BCR signaling and NF-jB activation, thus
improving the outcomes of patients with R/R ABC
DLBCL. In part 2, enrollment was limited to patients
with non-GCB DLBCL; these patients were later classi-
fied as ABC, GCB, and unclassified subtypes by GEP.
The success criterion for this study was based on his-
torical data and set at an ORR of 60% [13,38]. The ORR
was 71% in all patients with non-GCB DLBCL at the
RP2D and 64% in the subset with ABC subtype. In the
response-evaluable population, ORR was 90% in the
ABC subset and 88% in the non-GCB subset. However,
only 14/26 patients who received the RP2D had ABC
DLBCL, and the study was not powered to test the
hypothesis per the original sample size. Because of
low enrollment, the study was terminated early.
Notably, 8/35 (23%) patients underwent stem cell
transplant following study treatment, despite being
transplant-ineligible at enrollment.

The pharmacokinetics of ibrutinib in this combin-
ation regimen were similar to those reported with sin-
gle-agent ibrutinib. In line with observations in patients
with marginal zone lymphoma or mantle cell lymphoma
receiving single-agent ibrutinib 560mg/day, ibrutinib
was detected in plasma at steady state (Cycle 1, Day 5)
[30,31]. Absorption of ibrutinib was rapid (Tmax, 2.05 h)
and similar to that reported previously with single-
agent ibrutinib (Tmax, 1–2 h) [30,31]. Mean steady-state
AUC0–24h (% coefficient of variation; 717 ng�h/mL [90%])
was also comparable to that observed at the ibrutinib
560mg dose in patients with mantle cell (865 ng�h/mL
[69%]) and marginal zone lymphoma (978 ng�h/mL
[82%]) [30,31].

Molecular analysis of tumors was consistent with
the expected synergy of ibrutinib and lenalidomide in
molecular subtypes of DLBCL. There were 6 CRs in
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patients treated with ibrutinib and lenalidomide plus
DA-EPOCH-R: 1 without subtyping results and five in
the ABC subtype, consistent with previous work dem-
onstrating that ibrutinib and lenalidomide synergize in
killing cell lines in models of ABC but not GCB DLBCL
[39]. Importantly, these results conform with the pre-
study hypothesis that response to regimens containing
ibrutinib and lenalidomide would be more favorable
in patients with ABC versus non-ABC DLBCL. Recent
genetic profiling of DLBCL tumors subdivided ABC
DLBCL into four subtypes: MCD, BN2, A53, and N1
[28]. The synergy of ibrutinib and lenalidomide was
specifically observed in models of MCD DLBCL, which
is characterized by the MYD88 L265P mutation and/or
a CD79B ITAM motif mutation in 84% of cases [28].
Three of six CRs had the MYD88 L265P mutation; one
belonged to the MCD subtype due to a CD79B muta-
tion and several other mutations typical of MCD (PIM1,

HLA-B, and BTG1). Several tumors with the MYD88
L265P mutation did not respond to ibrutinib, lenalido-
mide, and DA-EPOCH-R, suggesting that additional
genetic and/or epigenetic attributes of DLBCL tumors
may influence response to this regimen.

To assess whether the combination of ibrutinib and
lenalidomide with DA-EPOCH-R has a benefit over DA-
EPOCH-R alone, a randomized study with large patient
numbers would be needed. In this study, too few
patients were enrolled to assess whether the addition
of ibrutinib and lenalidomide to DA-EPOCH-R had a
significant effect on outcomes. While the ORR was
higher than previously reported with DA-EPOCH-R
alone (68%), the combination of ibrutinib, lenalido-
mide, and DA-EPOCH-R was less tolerable [13,14].
Despite the more recent successes of CAR T-cell ther-
apy, a paucity of published trials with positive
outcomes and the lack of standard of care

Table 2. Hallmark genetic mutations by DLBCL subtype and response.

Patient

Lenalidomide dose
with DA-EPOCH-R +

ibrutiniba Response
Cell-of-origin

assignment per IHC
Gene expression

subgroup Hallmark genetic mutationsb

1 25 CR Non-GCB ABC ARID1A_Q2176fs; MYD88_L265P; TBL1XR1_S447R; TP53_F134C
2 25 CR Non-GCB ABC KMT2D_L561X
3 25 CR Non-GCB ND TET2_E1106fs
4 25 CR Non-GCB ABC ARID1A_R1528X; CD58_K57fs; KMT2D_Q3499X; CREBBP_Y1503N
5 25 CR Non-GCB ABC CD79B_Y196H; MYD88_L265P; PIM1_G139D;

HLA-B_G50D; BTG1_L37L
6 15 CR Non-GCB ABC MYD88_L265P; BTG2_A45T; GRHPR_G48S;

OSBPL12_S16T; PIM1_G190D;
7 15 PR Non-GCB GCB KMT2D_Y2199fs; MYD88_L265P; NFKBIA_Q44X;

NOTCH2_R2400X; TP53_G245D
8 25 PR Non-GCB ABC BCL6_G559R; CDKN2A_R80X; IRF8_N87Y; PIM1_L93F
9 25 PR Non-GCB Unclassified CREBBP_I1084fs; KMT2D_R5048H
10 25 PR Non-GCB ABC CD79B_Splice; HLA-A_Q139X; SPEN_S1103X; BTG2_S31N;

GRHPR_G48S; HLA-C_G144D
11 25 PR Non-GCB ABC UBE2A_Y82D
12 25 PR Non-GCB ND B2M_M1?; EZH2_Y641H
13 25 PR Non-GCB ABC KMT2D_W1591X; NFKBIA_Q44X
14 25 PR Non-GCB Unclassified SPEN_Q1250X; CD70_R100C; TMEM30A_S280fs;

PRKCB_A94V;TET2_Q321X
15 25 PR Non-GCB GCB NOTCH1_Q2501X; SPEN_R1265X
16 25 PR Non-GCB GCB BCL2_L119L; IRF8_T80A; TP53_C176W; FOXC1_Q2X
17 25 PR Non-GCB ABC PRDM1_Q225X; TAP1_Splice; TP53_G245S; KMT2D_Q3599X
18 20 SD GCB GCB BCL10_L209X; EZH2_Y641F; MEF2B_D83V
19 20 SD GCB GCB ARID1A_Q405X; BCL2_L23L; MEF2B_Y69H
20 25 PD Non-GCB ABC BCL10_K146fs; CD58_K184fs; CD79B_Y196H; KMT2D_R4484X;

TET2_Q1903X; IRF8_Q371X
21 25 PD GCB GCB KMT2D_E1254X; TET2_V1371fs; TP53_Y234C
22 25 PD Non-GCB ABC ARID1A_K1815fs; CREBBP_Q249X; KMT2D_R4484X; MYD88_L265P;

NOTCH2_Q2140X; SETD1B_Q1045X;
TNFAIP3_T118fs; TET2_Q939X

23 25 non-CR/PR Non-GCB ABC CREBBP_L431P; MYD88_S243N; TP53_S215G
24 25 non-CR/PR Non-GCB ABC HLA-B_C227Y; MYD88_L265P; HLA-B_C227Y; PIM1_S77N
25 25 non-CR/PR Non-GCB ABC MYD88_L265P
26 25 non-CR/PR Non-GCB ABC CARD11_F115I; CD58_R152X; KMT2D_G2794fs; NOTCH1_P2514fs
27 25 non-CR/PR Non-GCB GCB None detected

CR: complete response; DA-EPOCH-R: dose-adjusted etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin, and rituximab; DLBCL: diffuse
large B-cell lymphoma; ND: not determined; non-CR/PR: no response clinically, but without radiologic scan evidence; PD: progressive disease; PR: partial
response; SD: stable disease; WES: whole exome sequencing.
aDoes not include three patients treated with DA-EPOCH-R plus ibrutinib (lenalidomide 0mg); of these three patients, one had a CR, one had PD, and
one had no response assessment (PFS, 1.6months). bMutation calls were more frequent from RNA-seq data than from WES data, consistent with a higher
percentage of false-positive calls using RNA-seq data. Therefore, as a quality control measure, only mutations that were confirmed on both RNA-seq and
WES or that have been recurrently identified in DLBCL tumors are displayed.
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in transplant-ineligible R/R DLBCL highlights the need
for more effective, less toxic therapies. Investigational
regimens have shown promise in transplant-ineligible
patients with DLBCL in early phase trials: the combin-
ation of polatuzumab vedotin, bendamustine, and rit-
uximab achieved a CR rate of 40%, and tafasitamab
plus lenalidomide achieved a CR rate of 43% [32,34].

In conclusion, despite a high number of individual
drug components in this regimen, the combination of
ibrutinib, lenalidomide, and DA-EPOCH-R had a man-
ageable safety profile in this patient population. In
addition, ibrutinib 560mg and lenalidomide 25mg on
Days 1–7 in combination with standard doses of DA-
EPOCH-R on Days 1–5 of a 21-day cycle demonstrated
evidence of antitumor activity in patients with
R/R DLBCL.
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