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abstract

PURPOSE Chemoimmunotherapy for patients with newly diagnosed diffuse large B-cell lymphoma (DLBCL) is
largely unchanged for decades. Both preclinical models and clinical data suggest the combination of lenali-
domide and ibrutinib may have synergy in DLBCL, particularly in the non–germinal center B-cell-like subset.

METHODS We enrolled 60 patients with newly diagnosed non–germinal center B-cell-like DLBCL in this
investigator-initiated, single-arm phase II trial of rituximab, lenalidomide, and ibrutinib (RLI) with the sequential
addition of chemotherapy (ClinicalTrials.gov identifier: NCT02636322). Patients were treated with rituximab
375 mg/m2 intravenous once on day 1, lenalidomide 25 mg once per day on days 1-10, and ibrutinib 560 mg
once daily continuously of each 21-day cycle (RLI). After two cycles, standard chemotherapy was added to RLI
for six additional cycles. The primary end points were overall response rate (ORR) after two cycles of RLI alone
and complete response rate after completion of RLI with chemotherapy. In evaluable samples, circulating tumor
DNA and DLBCL90 assays were performed.

RESULTS The median age was 63.5 years (range, 29-83 years) with 28% age 70 years or older. The revised
international prognostic index identified 42% as high risk, and 62% were double expressor of MYC and BCL2
protein. The ORR after two cycles of RLI was 86.2%, and the complete response rate at the end of RLI-
chemotherapy was 94.5%. With a median follow-up of 31 months, the progression-free survival and overall
survival were at 91.3% and 96.6% at 2 years, respectively.

CONCLUSION Smart Start is the first study, to our knowledge, to treat newly diagnosed DLBCL with a targeted
therapy combination before chemotherapy. RLI produced a high ORR, and RLI with chemotherapy resulted in
durable responses. This establishes the potential for developing biologically driven and noncytotoxic first-line
therapies for DLBCL.

J Clin Oncol 41:745-755. © 2022 by American Society of Clinical Oncology

INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL), the most
common lymphoid cancer, represents two of every five
lymphoma diagnoses worldwide.1 Therapy for newly
diagnosed DLBCL is commonly rituximab, cyclo-
phosphamide, doxorubicin, vincristine, and predni-
sone (R-CHOP), which cures approximately 60% of
patients, despite originating before modern classifi-
cation systems.2,3 Because a high rate (40%) of pa-
tients are either refractory to initial treatment or relapse
afterward, there is an unmet need to identify novel
approaches to incorporate new drugs in first-line
treatment.4 Numerous randomized phase III trials
have evaluated combining R-CHOP with a single agent
(X) known to be active in relapsed DLBCL, but results
have been disappointing,5-7 with the exception of the
recent POLARIX trial, which replaced vincristine with
polatuzumab vedotin.8 The R-CHOP 1 X approach is
limited by factors including increased toxicity, lack of

drug synergy, and biopsy-requiring or complicated
eligibility criteria, which may prevent enrollment of
patients with rapidly proliferating disease.9,10 The bi-
ology of DLBCL is heterogeneous, and is most fre-
quently classified via the putative cell of origin into
germinal center B-cell-like (GCB), activated B-cell-like
(ABC), or unclassified subtypes. The ABC subtype,
included in the non-GCB subtype if defined by im-
munohistochemistry (IHC),11 has inferior clinical out-
comes with R-CHOP, achieving 2-year progression-
free survival (PFS) rates of 40%-64%,6,7,12 yet has
multiple targetable vulnerabilities including chronic
activated B-cell receptor signaling and nuclear factor
kB activation, associated with expression of IRF4, a
key transcription factor for B-cell differentiation.13,14

Lenalidomide, an immunomodulatory drug targeting
cereblon, has an overall response rate (ORR) of
28%-53% in patients with relapsed non-GCBDLBCL (9%
in GCB DLBCL); however, median PFS is 2.6 months
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alone and 2.8 months combined with rituximab.15,16

Lenalidomide decreases expression of IRF4 in ABC
DLBCL, resulting in increased interferon b signaling.17

Ibrutinib, a Bruton’s tyrosine kinase (BTK) inhibitor, has
an ORR of 37% in patients with relapsed ABC DLBCL (5%
in GCB DLBCL); however, median PFS is 2 months.18 In
preclinical ABC DLBCL models, lenalidomide combined
with ibrutinib results in a complete block of IRF4 expres-
sion, synergistic increase in interferon b, resulting in a
synthetic lethal response.17 In addition to direct anti-
lymphoma activity, both lenalidomide and ibrutinib have
significant immunomodulatory effects, which promote a
shift from a tumor-mediated immune suppression to an-
titumor activity.19-21 In patients with relapsed non-GCB
DLBCL, the combination of rituximab, lenalidomide, and
ibrutinib (RLI) has an ORR of 65% and median PFS of
5.5 months, and when combined with infusional etoposide,
doxorubicin, vincristine, with prednisone and cyclophos-
phamide (EPOCH) has 71% ORR and a median PFS of
6.5 months.22,23

Based upon preclinical synergy, promising clinical results
in relapsed DLBCL, and the historical limitations of the
R-CHOP 1 X approach, we designed Smart Start, an
investigator-initiated, open-label, single-center, phase II
trial of RLI in patients with newly diagnosed non-GCB
DLBCL. We hypothesized that using a window of RLI
alone in this subtype, followed by a combination of RLI with
standard chemotherapy, would be effective and safe, allow
partial evaluation of RLI alone, and when followed by a
combination of RLI with standard chemotherapy would
preserve or improve the chance for a curative outcome.
Here, we present the primary analysis of Smart Start, the
first trial, to our knowledge, to evaluate a targeted therapy
combination without chemotherapy in patients with newly
diagnosed DLBCL, and set the stage for the development of

future trials to evaluate additional targeted therapy com-
binations in DLBCL.

METHODS

Study Design and Patient Population

The Smart Start study was an investigator-initiated, open-
label, single-center, phase II clinical trial. Adult patients
were eligible if they had previously untreated non-GCB
DLBCL defined by IHC,11 Eastern Cooperative Oncology
Group performance status of # 3, with additional eligibility
criteria listed in the Data Supplement (online only). The
initial trial design was modified based upon new data from
concurrent studies,5,24 including to allow eligibility re-
gardless of revised International Prognostic Index (R-IPI) or
Ki-67 expression, with modifications defined in the Data
Supplement.

Treatment

Patients received RLI (rituximab 375 mg/m2 intravenous
once on day 1, lenalidomide 25 mg orally once per day on
days 1-10, and ibrutinib 560 mg orally once daily continu-
ously of each 21-day cycle) alone for cycles 1 and 2, andwith
chemotherapy for cycles 3 through 8 (Data Supplement).
Steroid prephase therapy was originally allowed if needed for
symptom control; however, after a patient experienced a
fungal infection, steroid prephase therapy was subsequently
prohibited with no further fungal infections noted. The initial
design of the trial defined chemotherapy as EPOCH with
fixed dosing; however, when an unrelated first-line trial in
DLBCL patients found R-CHOP equivalent to R-EPOCH,24

the study protocol was amended to allow the treating phy-
sician to choose EPOCH or cyclophosphamide, doxorubicin,
vincristine, and prednisone (CHOP; Data Supplement).
When an unrelated randomized trial found ibrutinib 560 mg
with R-CHOP was associated with increased toxicity in pa-
tients age . 65 years,5 the study protocol was amended to

CONTEXT

Key Objective
The Smart Start study was designed to evaluate if the targeted therapy combination of rituximab, lenalidomide, and ibrutinib

would be effective and safe before and in combination with chemotherapy in patients with newly diagnosed diffuse large
B-cell lymphoma (DLBCL) based upon preclinically predicted synthetic lethality.

Knowledge Generated
Smart Start demonstrated the significant clinical activity, manageable safety profile, and promising survival outcomes of

targeted therapy alone and with chemotherapy as a frontline treatment for patients with newly diagnosed DLBCL,
establishing the precedent that window trials are feasible.

Relevance (J.W. Friedberg)
The Smart Start trial demonstrates feasibility of using targeted therapy combinations alone before chemoimmunotherapy for

patients with newly diagnosed DLBCL. These results indicate the potential for a new screening strategy paradigm to more
rapidly identify efficacy of rational targeted therapies in biologically defined subsets of this disease.*

*Relevance section written by JCO Editor-in-Chief Jonathan W. Friedberg, MD.
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reduce ibrutinib dosing in subsequent patients age
. 65 years to 420 mg daily. Prophylaxis for tumor lysis
syndrome, venous thrombosis, infection, and neutropenia
were mandatory (Data Supplement).

Response Assessments

Disease assessment was performed at baseline, end of
cycle 2 and 4, therapy completion, every 3 months during
year 1, and every 4 months in year 2. Imaging with
18F-fluorodeoxyglucose positron emission tomography-
computed tomography (PET-CT) was performed during
and at the end of therapy to determine response via Lugano
criteria, with a Deauville score of 1-3 indicating complete
metabolic response.25,26 At subsequent time points, re-
sponse was defined by CT or PET-CT. In addition,
screening and first restaging PET-CT were analyzed for total
metabolic tumor volume (TMTV) and total lesion glycolysis
(TLG) using standard techniques (Data Supplement).27-29

Testing for circulating tumor DNA (ctDNA) was performed
at baseline, on day 1 of cycles 1-3, and at the end of therapy
using hybrid-capture techniques for exploratory analyses.30

Tumors were classified based upon cell of origin and
double-hit signature by the DLBCL90 NanoString assay.31

Adverse events were graded according to the National
Cancer Institute Common Terminology Criteria for Adverse
Events, version 4.0.32

Study Oversight

The study concept and protocol were designed by the first
author; MD Anderson Cancer Center had overall respon-
sibility for the study and its conduct, and the Institutional
Review Board approved the trial. All patients provided in-
formed consent. Janssen and Celgene provided study
drugs and funding, and were allowed to review the man-
uscript, but had no role in the conduct of the study, col-
lection and/or analysis of data, and had no influence on the
content or submission of the manuscript for publication.
The study was conducted in accordance with ethical
principles defined by the Declaration of Helsinki and the
International Conference on Harmonization Guidelines for
Good Clinical Practice.

Statistical Analysis

The primary end points were to estimate ORR at the end of
cycle 2 of RLI and complete response (CR) rate at the end
of all therapy. Because of the unprecedented design in
patients with newly diagnosed DLBCL, we used indepen-
dent Bayesian futility and toxicity monitoring rules in a
rolling evaluation to ensure adequate clinical activity and
acceptable toxicity (Data Supplement).33 Descriptive sta-
tistics including mean, standard deviation, median, and
range for continuous variables such as age and marker
scores, and frequency counts and percentages for cate-
gorical variables such as stage and response status are
provided. Chi-square test or Fisher’s exact test was used to
evaluate the association between response and other
variables. Wilcoxon rank sum test or Kruskal-Wallis test

were used to evaluate the difference in a continuous var-
iable between or among patient groups. Kaplan-Meier
method was used to estimate the time-to-event end
points including PFS and overall survival (OS, Data Sup-
plement). Statistical software programs SAS 9.4 (SAS, Cary,
NC) and S-Plus 8.2 (TIBCO Software Inc, Palo Alto, CA)
were used for all the analyses.

RESULTS

Characteristics and Disposition of the Patients

From May 2016 through February 2019, 60 patients with
non-GCB DLBCL were enrolled (Table 1). The median age
was 63.5 years, and 28% were age 70 years or older.
According to the R-IPI, 42% (25/60) of patients were
considered poor risk.34 Of patients with testing for Ki-67,
45% (23/51) had $ 90% expression. Only 13% (n 5 8) of
patients had both R-IPI , 3 and Ki-67 , 80%. Of patients
with testing for bothMYC and BCL2 overexpression via IHC,
62% (24/39) were double expressor.35 Median time from
diagnosis to treatment was 28 days (range, 9-138 days).36

Two patients withdrew consent from the trial before first
restaging because of patient preference and were evaluable
for safety only (Data Supplement). Two patients received two
cycles of RLI therapy only without chemotherapy, one
withdrew consent after a CR, and one because of progressive
disease and grade 5 CNS aspergillosis infection in the first
patient enrolled potentially associated with a steroid pre-
phase therapy administered while awaiting study activation
(Data Supplement). Fifty-six patients received RLI combined
with chemotherapy, including RLI 1 EPOCH in 31 patients
(one changed to CHOP after three cycles because of phy-
sician preference), and RLI 1 CHOP in 25 patients. One
patient had preplanned radiation to the contralateral testicle
after completing study therapy with a CR.

Efficacy

Primary end points. After two cycles of RLI, 58 patients
were evaluable; the ORR was 86.2% (95% CI, 74.6 to
approximately 93.9, primary end point 1), the CR rate was
36.2% (95% CI, 24.0 to approximately 49.9), and 50% had
a partial response (PR, Fig 1). After two cycles of RLI and
two cycles of RLI-chemotherapy, 56 patients were evalu-
able; the ORR was 100% (95% CI, 93.6 to approximately
100%) and the CR rate was 75% (95% CI, 61.6 to ap-
proximately 85.6%). At the end of therapy, 55 patients were
evaluable; the ORR was 100% (95% CI, 93.5 to approxi-
mately 100%) and the CR rate was 94.5% (95% CI, 84.9 to
approximately 98.9%, primary end point 2). The response
rates were not different between patients treated with
EPOCH or CHOP (Data Supplement). Three patients had a
PR on end of therapy PET, two of which had a subsequent
negative biopsy, and none had subsequent therapy or
suffered relapse with . 2 years of follow-up.
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Secondary end points. With a median follow-up of
31 months (95% CI, 30 to approximately 40.9), the median
PFS was not reached and the PFS rate at 2 years was

91.3% (95% CI, 84.3 to 98.9; Fig 1). The median OS was
not reached, and the OS rate at 2 years was 96.6% (95%
CI, 92 to 100). Two deaths occurred during therapy (Data
Supplement, fungal infection, Clostridium difficile infec-
tion), and two additional deaths occurred . 24 months
after enrollment (DLBCL progression, unrelated malig-
nancy). The patient who achieved CR after two cycles of RLI
and withdrew consent for further therapy is in a confirmed
remission ongoing at . 3.9 years.

In patients with sufficient samples for detection of common
DLBCLmutations in ctDNA available at baseline and during
treatment for clearance and/or emergence of new muta-
tions, 29/36 (81%) were of sufficient quantity (. 10 ng)
and quality (low genomic DNA contamination) for library
preparation. In two patients with sufficient ctDNA available,
high-confidence mutations were not detected at baseline,
and thus, they were excluded from additional analysis. Two
patients had both EZH2 and TNFRSF14 mutations at
baseline, typically synonymous with the GCB subtype of
DLBCL (Fig 2).37 There were no baseline mutations that
were associated with ORR after cycle 2 of RLI or CR at
the end of therapy. In four patients who did not achieve
response after cycle two of RLI and had ctDNA data
available, no pattern of mutation was associated with lack of
response and all subsequently achieved a CR with RLI-
chemotherapy. The patient who achieved durable remis-
sion after only two cycles of RLI had mutations of both
CD79B and PIM1, which were also present in eight and
nine other patients, respectively, including in one and two
nonresponders to RLI alone. After one cycle of RLI, early
molecular responses of $ 2-log reduction in ctDNA from
baseline were identified in 54.5% (12/22, Fig 2A), and two
additional patients were within 1% of achieving this
threshold.38

DLBCL90 was used to profile the baseline biopsy in 25
patients with sufficient biopsy material. Thirteen were
classified ABC, five GCB, four unclassified, and quality
criteria were not met in 3. None were classified as double-
hit signature–positive by the DLBCL90. Of the two patients
with TNFRSF14 and EZH2 mutations by ctDNA, one was
also tested with DLBCL90 and confirmed GCB, resulting in
six total patients with presumed GCB DLBCL. Although
patients classified as ABC were more likely to achieve a CR
with RLI, two of the six patients classified as GCB had a CR,
and the remaining four had a PR before chemotherapy
(Figs 2B and 2C).

Safety

The most common adverse events (AEs, Table 2) were
nausea, peripheral sensory neuropathy, diarrhea, and
mucositis. Other AEs of interest included rash (grade 3:
16%, no patients discontinued therapy related to rash),
febrile neutropenia in 38% of patients (24% of CHOP- and
52% of EPOCH-treated patients, respectively), and atrial
fibrillation in 12% of patients.

TABLE 1. Characteristics of All 60 Patients at Study Entry
Characteristic Value

Age, years, median (range) 63.5 (29-83)

$ 60, No. (%) 43 (72)

$ 70, No. (%) 17 (28)

$ 80, No. (%) 4 (7)

Sex, No. (%)

Female 28 (47)

Male 32 (53)

Revised IPI, No. (%)

0-1 19 (32)

2 16 (27)

3-5 25 (42)

ECOG PS score, No. (%)

0 27 (45)

1 32 (53)

2 1 (2)

LDH, No. (%)

Normal 27 (45)

Elevated 33 (55)

Extranodal site, No. (%)

0-1 45 (75)

. 1 15 (25)

Stage, No. (%)

I-II 22 (37)

III-IV 38 (63)

Bulky tumor ($ 10 cm), No. (%)

Yes 13 (22)

No 47 (78)

Ki-67 $ 90%, n 5 51, No. (%) 23 (45)

Median time from diagnosis to treatment
(range), days

28 (9-138)

Double expressor of MYC and BCL2 on IHC,
n 5 39, No. (%)

24 (62)

DLBCL90 cell of origin classification, n 5 25,
No. (%)

ABC 13 (52)

GCB 5 (20)

Unclassified 4 (16)

Insufficient 3 (12)

Abbreviations: ABC, activated B-cell subtype; DLBCL, diffuse large
B-cell lymphoma; ECOG PS, Eastern Cooperative Oncology Group
performance status; GCB, germinal center B-cell subtype; IHC,
immunohistochemistry; IPI, International Prognostic Index; LDH,
lactate dehydrogenase.

748 © 2022 by American Society of Clinical Oncology Volume 41, Issue 4

Westin et al



The mean (6 standard deviation) relative dose intensities
were 91 6 17% for lenalidomide and 89 6 18% for
ibrutinib, with eight patients receiving a maximum
starting dose of ibrutinib of 420 mg because of a protocol

amendment. Overall, 21 and 11 patients had an ad-
justment to the lenalidomide and ibrutinib dose, re-
spectively. All evaluable patients received two cycles
of RLI; however, 16 patients (28.5%) received , 6
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FIG 2. Molecular analysis. (A) Analysis of ctDNA in 27 patients with available samples and detectable pretreatment variants. Samples were available
from 36 patients, of which 29 were of sufficient quantity (. 10 ng) and quality (low genomic DNA contamination) from baseline samples for library
preparation, two patients had sufficient ctDNA available but did not have detectible high-confidence mutations at baseline, and thus they were
excluded from additional analysis. Pathogenic coding variants are shown, arranged according to their reported frequency in LymphGen genetic
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assessments for the patients are colored according to response. (B) PET-CT response after two cycles of rituximab, lenalidomide, and ibrutinib is
shown for patients with COO subtype by the DLBCL90 assay. (C) Molecular response at C2D1 is shown for (continued on following page)
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RLI-chemotherapy cycles (five cycles: 9, four cycles: 5,
zero cycles: 2) because of a combination of physician
and/or patient preference after early treatment response
and/or toxicity. Treatment delay because of unresolved
hematologic toxicity was rare, affecting 1.5% of RLI-
chemotherapy cycles.

Features Associated With Treatment Response

Baseline clinical parameters were evaluated for association
with CR after cycle 2 of RLI alone: lower LDH levels
(median: 427 v 615 U/L, normal , 225, P 5 .038, Data
Supplement), longer time from diagnosis to treatment
(median: 32 v 27 days, P 5 .0499), and lack of bulky
disease (P 5 .04) were significantly associated with CR on
univariate analysis. No baseline clinical parameters were
associated with end of treatment CR.

The baseline PET-CT TMTV and TLG correlated with re-
sponse after cycle 2 of RLI, but not with the end of treat-
ment response or with progression of DLBCL (Table 3).
Both TMTV and TLG after cycle 2 of RLI correlated with
progression of DLBCL. Of the 50% of patients with PR
before chemotherapy, nearly half had a $ 90% reduction
in tumor burden quantified by fluorodeoxyglucose avidity
compared with baseline.

DISCUSSION

The Smart Start trial establishes the safety and efficacy of a
targeted therapy combination in patients with newly diag-
nosed DLBCL before the confounding and/or immuno-
suppressive effects of chemotherapy, allowing for potential
synergy of the targeted agents. The combination of RLI for
two cycles had impressive clinical activity in patients with
newly diagnosed DLBCL, with 86% achieving an objective
response, including 36% having a CR before any che-
motherapy, and only one patient having progressive dis-
ease. Direct comparisons of the CR rate after two cycles of
RLI with historical results from R-CHOP are not possible;
however, a large meta-analysis identified the CR rate after
one and two cycles of R-CHOP to be 37.7% and 58.6%,
respectively.39 The Smart Start trial was designed for all
patients to receive consolidation with RLI-chemotherapy,
regardless of initial response, because of the known cu-
rative potential of chemoimmunotherapy in newly diag-
nosed DLBCL. After one cycle of RLI, more than half of
patients with data available achieved an early molecular
response defined by . 2-log reduction of ctDNA, which
was previously reported to be an excellent surrogate of early
clinical response and to be associated with a longer survival
after chemoimmunotherapy for DLBCL.38 Further speaking
to the depth of response with RLI, 69% of patients had

FIG 2. (Continued). patients with both COO subtype by DLBCL90 assay and ctDNA assessment available. ABC, activated B-cell-like; COO, cell of
origin; CR, complete response; ctDNA, circulating tumor DNA; DLBCL, diffuse large B-cell lymphoma; GCB, germinal center B-cell-like; LOD, limit
of detection; MR, mixed response; NE, not evaluable; NR, no response; PET-CT, positron emission tomography-computed tomography; PR, partial
response; SD, stable disease; Unclass., unclassified; VAF, variant allele frequency.

TABLE 2. Adverse Events

AE

No. (%)

Any Grade (N 5 60) Grade 3 or Higher (N 5 60) Any Grade CHOP (N 5 25) Any Grade EPOCH (N 5 31)

Nausea 51 (85.0) 2 (3.0) 22 (88) 28 (90)

Peripheral sensory neuropathy 50 (83.0) 5 (8.0) 21 (84) 28 (90)

Diarrhea 47 (78.0) 8 (13.0) 18 (72) 28 (90)

Mucositis 45 (75.0) 2 (3.0) 19 (76) 25 (81)

Thrombocytopenia grade 2-4 35 (58.0) 28 (47.0) 14 (56) 21 (68)

Rash 32 (53.0) 9 (15.0) 13 (52) 17 (55)

Neutropenia grade 3-4 32 (53.0) 32 (53.0) 14 (56) 18 (58)

Anemia grade 2-4 32 (53.0) 23 (38.0) 12 (48) 19 (61)

Dyspnea 26 (43.0) 3 (5.0) 6 (24) 19 (61)

Febrile neutropenia 22 (37.0) 22 (37.0) 6 (24) 16 (52)

Vomiting 20 (33.0) 1 (1.7) 7 (28) 13 (42)

Atrial fibrillation 7 (12.0) 2 (3.0) 4 (16) 3 (10)

Syncope 6 (10.0) 6 (10.0) 3 (12) 3 (10)

Invasive fungal infection 1 (1.7) 1 (1.7) — —

Clostridium difficile 1 (1.7) 1 (1.7) — 1 (3)

Abbreviations: AE, adverse event; CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; EPOCH, infusional etoposide, doxorubicin,
vincristine, with prednisone and cyclophosphamide.
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$ 90% reduction in tumor burden defined by TLG before
chemotherapy (36.2% with CR and 32.8% with PR). It is
unclear whether additional cycles of RLI alone would have
further increased the CR rate, and whether CR after RLI
may have been durable without chemotherapy consoli-
dation. The patient who elected to stop therapy after only
two cycles of RLI resulting in a remission ongoing at
. 3.9 years had CD79B and PIM1 mutations, which are
most frequent in the MCD and C5 subtypes, predicted to be
sensitive to BTK inhibition because of chronic active B-cell
receptor signaling and constitutive nuclear factor kB
activity.40,41 The 28.5% of patients who received, 8 cycles
of therapy, which may have been influenced by high rates
of interim clinical responses, had no difference in clinical
outcomes, suggesting that targeted therapy combinations
could allow for a further reduction in or replacement of
chemotherapy, which could decrease toxicity with com-
parable efficacy. The Smart Start concept establishes a new
precedent for the feasibility of window trial designs to
evaluate targeted therapy combinations in patients with
untreated DLBCL subsets, such as those defined by the
LymphGen or Cluster classifications.41,42 Our favorable
results, potentially influenced by a small number of patients
and single-center accrual at a tertiary referral center,
warrant further validation; however, our approach has been
preliminarily replicated by other investigators,43,44 and fu-
ture similar trials are planned. The potential for targeted
therapy combinations to reduce or remove the need for
chemotherapy is further being explored in an ongoing
clinical trial that uses response to targeted therapy tomodify
the amount of chemotherapy delivered (Smart Stop, Clin-
icalTrials.gov identifier: NCT04978584), with the planned

next steps if successful of conducting a phase III trial
comparing this approach with standard chemotherapy.
This design concept could allow for unique targeted
therapy combinations to be used in different DLBCL sub-
sets with a single control arm.45,46

When RLI was combined with chemotherapy, 100% of
evaluable patients responded, including 94.5% with a CR.
All patients with PR were without relapse for . 2 years
without additional therapy, implying a false-positive PET-
CT. Although direct cross-trial comparisons are not feasi-
ble, it is informative to consider results from phase III trials
that included chemotherapy with either ibrutinib or lena-
lidomide in patients with newly diagnosed ABC DLBCL.
R-CHOP with and without ibrutinib, and with and without
lenalidomide resulted in CR rates of 68%, 67.3%, 69%,
and 65%, respectively.5,6 With a mature median follow-up
of 31 months, Smart Start resulted in PFS and OS rates at
2 years of 91.3% and 96.6%, respectively. R-CHOP with
and without ibrutinib resulted in a 3-year PFS rates of
70.8% and 68.1%, respectively, and R-CHOP with and
without lenalidomide resulted in a 2-year PFS rates of 67%
and 64%, respectively.5,6 Although the efficacy was
promising, toxicity was generally comparable with R-CHOP-
like trials,5,6,24 including two patients (3.3%) who died from
therapy-related infectious AEs. One death was due to an
invasive CNS aspergillosis in the only patient who pro-
gressed during RLI alone after a steroid prephase treatment
was administered while waiting for study activation, which
has subsequently been described as occurring in other
patients treated with ibrutinib and corticosteroids.47,48 No
additional fungal infections were observed when steroid

TABLE 3. PET-CT Analytics Compared With Response and Progression Events

Imaging and Response Characteristics No.

TLG TMTV

Median (range) P Median (range) P

Baseline PET-CT v response to two cycles of RLI

CR 21 261.4 (7.3-2,558.6) .003 49.0 (3.4-564.0) .003

PR 29 1,262.7 (50.0-15,554.0) 189.0 (14.6-2,855.0)

NR 8 1,861.0 (274.0-14,826.0) 313.9 (60.5-1,233.0)

Baseline PET-CT v any DLBCL progression

PD 4 1,782.0 (1,263.0-2,150.0) .160 496.0 (104.2-538.0) .100

No PD 54 753.0 (7.3-15,554.0) 117.3 (3.4-2,855.0)

Postcycle 2 RLI PET-CT v any DLBCL progression

PD 4 359.0 (43.0-10,306.0) .020 76.7 (20.0-2,171.0) .040

No PD 52 18.5 (0.0-8,488.0) 5.1 (0.0-826.1)

Postcycle 2 RLI PR: reduction in FDG, No. (%)

$ 90% 19 (65.5) 12 (41.0)

, 90% 10 (34.5) 17 (59.0)

Abbreviations: CR, complete response; DLBCL, diffuse large B-cell lymphoma; FDG, fluorodeoxyglucose; NR, nonresponder; PD, progressive disease;
PET-CT, positron emission tomography-computed tomography; PR, partial response; RLI, rituximab, lenalidomide, and ibrutinib; TLG, total lesion glycolysis;
TMTV, total metabolic tumor volume.
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prephase therapy was subsequently prohibited. It is pos-
sible the toxicity of ibrutinib and lenalidomide were not
additive to chemotherapy because of a reduction in the
tumor burden and/or immune-related effects of the initial
cycles of RLI alone.

We enrolled non-GCB DLBCL patients, defined by IHC
testing, on the assumption RLI would be of marginal benefit
in GCB patients. Interestingly, our ctDNA and GEP analyses
identified six patients (10%) with presumed GCB DLBCL,
discordantly identified as non-GCB via IHC, all of whom
responded to RLI alone (CR: 2 and PR: 4), in contrast with
the historical 30% ORR with RLI in patients with relapsed
GCB DLBCL.22 The ctDNA-classified GCB patients had
both EZH2 and TNFRSF14 mutations, which are seed
features for the EZB classification and prevalent in the
analogous C3 subtype.40,41 The EZB/C3 subtype has ge-
netic similarities to follicular lymphoma, in which rituximab

and lenalidomide are highly active in part through repair of
dysfunctional immune synapse formation with T cells.49,50

Although BTK inhibition may play a limited role in GCB
DLBCL, ibrutinib has also been shown to have immune-
potentiating activity.20 The response to RLI in these GCB
patients may therefore be influenced more by immuno-
modulatory effects, potentially amplified by our design of
RLI before immunosuppressive chemotherapy, than by
direct lymphoma cytotoxicity.19

In conclusion, the combination of RLI alone and with
chemotherapy resulted in high response rates and prom-
ising survival outcomes in patients with newly diagnosed
DLBCL. Our novel trial design of a targeted therapy com-
bination before chemotherapy demonstrates the feasibility
of this approach and establishes a new precedent for bi-
ologically guided innovative first-line trials for patients with
DLBCL.
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