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Abstract

Mantle cell lymphoma (MCL) comprises around 6% of all non-Hodgkin’s lymphoma (NHL) diagnoses. In younger patients, age
less than 60 to 65 years, aggressive induction often followed by consolidation with autologous stem cell transplant has
suggested improved outcomes in this population. Less intensive therapies in older patients often followed by maintenance
have been studied or are under active investigation. However, despite recent advances, MCL remains incurable, with a
median overall survival of around five years. Patients with high-risk disease have particularly poor outcomes. Treatment
varies widely across institutions, and to date no randomized trials comparing intensive vs less intensive approaches have
been reported. Although recent data have highlighted the heterogeneity of MCL outcomes, patient assessment for treatment
selection has largely been driven by patient age with little regard to fitness, disease biology, or disease risk. One critical ad-
vance is the finding that minimal residual disease status (MRD) after induction correlates with long-term outcomes. As such,
its use as a potential end point could inform clinical trial design. In order to more rapidly improve the outcomes of MCL pa-
tients, clinical trials are needed that prospectively stratify patients on the basis of MCL biology and disease risk, incorporate
novel agents, and use MRD to guide the need for additional therapy.

Mantle cell lymphoma (MCL), which accounts for approxi-
mately 6% of non-Hodgkin lymphoma (NHL), was recognized
internationally as a distinct diagnosis in 1994 (1,2). In the
1990s, cyclophosphamide, doxorubicin, vincristine, and pred-
nisone (CHOP) or purine analog-based chemotherapy regimens
were largely accepted as the standard first-line treatment.
Since that time, efforts to improve MCL outcomes have incor-
porated rituximab as well as more aggressive therapeutic

strategies, including autologous transplant and high-dose
cytarabine-containing regimens. These strategies appear to
have had a substantial impact on disease outcomes, with sev-
eral studies suggesting improved overall survival (OS). Despite
this therapeutic progress, median OS remains around five
years, and it is not yet entirely clear how the improved out-
comes observed in clinical trial settings have translated to the
general US population (3–6). In an attempt to improve
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outcomes, studies have incorporated different induction and
consolidation strategies, maintenance, and agents with unique
mechanisms of action including proteasome inhibitors, immu-
nomodulatory drugs/cereblon inhibitors, and kinase inhibitors.
Despite these therapeutic advances, the majority of patients
will relapse and die from their disease. Therefore, relapsed and
refractory disease also remains an area where novel agents are
needed.

Only recently has the heterogeneity of MCL been better de-
fined. Several studies have identified a subset of patients
with a more indolent lymphoma that may be safely observed
for a period of time prior to initiation of treatment (7–9).
Conversely, certain clinicopathological features such as ad-
vanced age, male sex, blastoid variant morphology, elevated
lactate dehydrogenase (LDH) or white blood cell (WBC) count,
high proliferative index (Ki-67), complex karyotype, unmu-
tated (<5%) immunoglobulin variable region heavy chain
(IgVh), and p53 abnormalities have been associated with infe-
rior outcomes (6,10–14). However, few prospective data are
available to inform optimal therapeutic approaches based on
disease risk.

The National Clinical Trials Network member groups have
engaged in a number of informative therapeutic studies in
MCL (Table 1) that have helped shape the current treatment
landscape. This landscape is rapidly evolving as novel targets
are identified, clinically effective oral agents are developed,
prognostic subgroups based on disease biology are defined,
more sensitive indicators of remission are employed, and bet-
ter consolidation and maintenance strategies are incorporated
into treatment algorithms. These advances afford a notewor-
thy opportunity to impact the standard of care for this disease.
In trying to foresee where we want the field to be in the future,
we recognize that certain studies may not be feasible, and re-
sults from current ongoing trials will likely have a major influ-
ence on treatment standards and inform future clinical trial
priorities.

Current Landscape of Clinical Trials in Mantle
Cell Lymphoma

There are currently many different treatment approaches for
MCL, often influenced by age and comorbidities, as well as patient
and physician preference. This is reflected by the initial treatment
guidelines outlined by the National Comprehensive Cancer
Network (NCCN), which lists 10 potential regimens for the initial
treatment of MCL. Treatment strategies are typically divided into
“intensive” and “less intensive” approaches. Intensive approaches
typically include more aggressive induction regimens as well as
consolidative autologous stem cell transplantation (ASCT). Less
intensive approaches include less aggressive induction regimens
frequently followed by longer-term consolidation/maintenance
therapy rather than ASCT (15). Most trials published to date have
selected patients solely based on age, with limited consideration
for fitness/comorbidities or disease biology. Notably, there have
been no phase III trials comparing intensive vs less intensive strat-
egies in the rituximab and targeted agent era. A number of re-
cently reported or ongoing trials, listed below (Table 2), will help
define potential standards moving forward.

Standard Therapy for Treatment-Naı̈ve MCL:
Defining the Appropriate Comparator Arm for
Randomized Studies

Several active regimens are commonly used, but have not been
directly compared, thus a comparator arm is not yet completely
defined. Furthermore, any standard selected may become obso-
lete as ongoing studies may define new standards of care.

Induction and Consolidation

One potential treatment paradigm classifies therapeutic
approaches as intensive and less intensive. Although this may

Table 1. Recent NCTN clinical trials in mantle cell lymphoma*

Protocol title Treatment regimen

Date re-
ported/

published

A phase II multicenter trial of hyperCVAD MTX/Ara-C and rituximab in pa-
tients with previously untreated mantle cell lymphoma; SWOG 0213 (17)

R-HyperCVAD 2013

Immunochemotherapy and autologous stem cell transplantation for untreated
patients with mantle cell lymphoma: CALGB 59909 (40)

Detection of minimal residual disease following induction immunochemother-
apy predicts progression free survival in mantle cell lymphoma: Final results
of CALGB 59909 (41)

R-CHOP/MTX plus ara-C/etoposide
!carmustine/etoposide/cyclophospha-
mide followed by ASCT

2009
2012

Phase II study of rituximab plus cyclophosphamide, doxorubicin, vincristine,
and prednisone immunochemotherapy followed by yttrium-90-ibritumo-
mab tiuxetan in untreated mantle cell lymphoma: E1499 (42)

R-CHOP x 4 followed by (90)Y-ibritumomab
tiuxetan

2012

Phase 2 study of VcR-CVAD with maintenance rituximab for untreated mantle
cell lymphoma: An Eastern Cooperative Oncology Group study (E1405) (31)

VcR-CVAD (�1/3 received consolidation with
ASCT)

2014

Phase II trial of R-CHOP plus bortezomib induction therapy followed by borte-
zomib maintenance for previously untreated mantle cell lymphoma: SWOG
0601 (29)

R-CHOP plus bortezemib followed by borteze-
mib maintenance

2014

Therapy with bortezomib plus lenalidomide for relapsed/refractory mantle cell
lymphoma: Final results of a phase II trial: CALGB 50501 (43)

Lenalidomide plus bortezomib followed by
maintenance lenalidomide and bortezomib

2015

*ASCT ¼ autologous stem cell transplantation; hyperCVAD ¼ hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone; MTX/Ara-C ¼meth-

otrexate/cytarabine; NCTN ¼ National Cancer Institute’s National Clinical Trials Network; R-CHOP ¼ rituximab, cyclophosphamide, doxorubicin, vincristine, and pred-

nisone; VcR CVAD ¼ bortezomib, rituximab, cyclophosphamide, vincristine, doxorubicin, and dexamethasone.
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be appropriate for certain studies, in other instances subjects
should be selected or stratified by disease risk, clinical features,
and comorbidities.

Intensive

There are a number of active regimens in this setting, many of
which have been studied in combination with postinduction
consolidation, that is, ASCT. The most active regimens have in-
cluded rituximab (R) and cytarabine, and therefore these agents
should be incorporated as part of any standard intensive induc-
tion arm. Although rituximab-hyperfractionated cyclophospha-
mide, vincristine, doxorubicin, and dexamethasone (R-
HyperCVAD) alternating with high dose methotrexate plus
cytarabine (HDMTX/Ara-C) was active in a single-center experi-
ence (16), it has not performed as well in cooperative group set-
tings (17). Furthermore, this regimen has been associated with
substantial toxicity, resulting in the inability to deliver full
doses in many patients (17,18). Additionally, HyperCVAD/
HDMTX/Ara-C was studied as a pre-ASCT induction regimen in
a US intergroup trial (S1106), and the study was closed early be-
cause of toxicity and an unacceptably high rate of stem cell col-
lection failures in the R-HyperCVAD arm (19). Therefore, we
recommend that R-HyperCVAD alternating with high-dose
MTX/Ara-C not be used as a standard comparator.

Four intensive induction regimens containing high-dose
cytarabine have been studied in Europe, each followed by ASCT:
rituximab, cyclophosphamide, doxorubicin, vincristine, and
prednisone (R-CHOP) with augmented doses alternating with R
þ high-dose cytarabine (20,21), CHOP x 2 and R-CHOP x 1, fol-
lowed by three cycles of rituximab-dexamethasone, high-dose
cytarabine, and cisplatin (R-DHAP) (22), R-CHOP x 3 alternating
with R-DHAP x 3 (23), and R-DHAP x 4 followed by R-CHOP x 4

for patients not achieving at least a partial response (PR) þ/� R
maintenance in responding patients (24). These regimens all
produced similarly high complete response (CR) rates and rela-
tively prolonged progression-free survival (PFS), and it is not
clear that one regimen is superior as they have not been directly
compared. The randomized study by Hermine et al. (23), how-
ever, did establish the superiority of a high-dose cytarabine–
containing induction regimen over R-CHOP alone.

Furthermore, the optimal ASCT conditioning regimen is not
established and has largely depended on institutional prefer-
ences, with the most commonly used regimens being total body
irradiation (TBI), Ara-C, and melphalan (TAM), TBI plus cyclo-
phosphamide, or carmustine, etoposide, Ara-C, and melphalan
or cyclophosphamide (BEAM/BEAC), all of which are acceptable
standards.

Less Intensive

A number of regimens have shown promising activity. While
rituximab is generally included, otherwise the standard is yet to
be completely defined and may be informed by ongoing studies.
To this end, regimens that may be considered include benda-
mustine plus rituximab (25,26), rituximab plus cladribine
(27,28), or bortezomib-containing regimens (29–32). Given the
relatively poor results with R-CHOP alone (without mainte-
nance) (33,34), R-CHOP alone should not be used as a potential
standard comparator. In SWOG S0601 and the LYM-3002 study,
R-CHOP in combination with bortezomib or VR-CAP (R-CHOP,
replacing vincristine with bortezomib), respectively, have estab-
lished bortezomib plus chemo-immunotherapy as potential
comparators. The LYM-3002 study reported a statistically signif-
icant improvement in PFS (24.7 months, 95% confidence interval
[CI] ¼ 19.8 to 31.8 months, vs 14.4 months, 95% CI ¼ 12.0 to 16.9

Table 2. Recently reported and ongoing clinical trials in MCL*

Study Intensity Treatment Status/results

TRIANGLE
(EMCL)

Intensive Induction þ/� consolidative auto vs ibrutinib; R-CHOP/DHAP! ASCT vs R-CHOP/
DHAP þ ibrutinib! ASCT! ibrutinib maintenance vs R-CHOP/DHAP þ ibruti-
nib! ibrutinib maintenance

Ongoing

S1106 Intensive A randomized phase II trial of R-HCVAD-MTX/ARA-C induction followed by con-
solidation with an autologous stem cell transplant vs R-bendamustine induc-
tion followed by consolidation with an autologous stem cell transplant for
patients age �65 y with previously untreated mantle cell lymphoma

Terminated

LYM-3002 Less
intensive

Randomized phase III study of R-CHOP vs bortezomib, rituximab, cyclophospha-
mide, doxorubicin, prednisone (VR-CAP), which showed significantly im-
proved 2-year PFS in the VR-CAP arm

Reported

S0601 Less
intensive

Single-arm phase II study of RCHOP plus bortezomib, improved PFS as compared
with R-CHOP historical controls

Reported

SHINE Less
intensive

Bendamustine-rituximab þ/� ibrutinib or placebo followed by rituximab and
ibrutinib maintenance in patients age > 65 y (Janssen sponsored, phase III,
international study)

Enrollment
completed

E1411 (CTSU)/
Intergroup

Less
intensive

Phase II four-arm study (initially only enrolled age � 60 y, now open to all ages)
Arm A: bendamustine plus rituximab (BR) followed by rituximab (R consolida-

tion) (BR!R)
Arm B: BR plus bortezomib (V) followed by R consolidation (BVR!R)
Arm C: BR followed by lenalidomide (L) plus R consolidation (BR!LR)
Arm D: BR plus bortezomib followed by R plus L consolidation (BVR!LR)

Ongoing: ex-
pected to reach
target accrual
in third quar-

ter of 2016

MCL elderly
R2 (EMCL)

Less
intensive

8x R-CHOP vs 6x R-CHOP/R-DHA -> rituximab maintenance vs
rituximab/lenalidomide (2 y)

Ongoing

*ASCT ¼ autologous stem cell transplantation; BR ¼ bendamustine plus rituximab; BVR ¼ BR plus bortezomib; LR ¼ lenalidomide plus R consolidation; MCL ¼mantle

cell lymphoma; PFS ¼ progression-free survival; R-CHOP/DHA ¼ rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone/dexamethasone, high-dose

cytarabine; R-CHOP/DHAP ¼ rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone, high-dose cytarabine, cisplatin.
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months, P < .001, two-sided) with VR-CAP compared with R-
CHOP (29,30). These results led to US Food and Drug
Administration (FDA) approval of bortezomib in combination
with R-CAP for the initial treatment of MCL.

Recently, the bendamustine þ rituximab (B-R) regimen has
been adopted by many as a standard first-line regimen because
of superior outcomes and somewhat less toxicity than R-CHOP
in the MCL subset of patients in a randomized trial (25), as well
as improved CR rates in the MCL subset within the BRIGHT trial
(26). Because B-R and VR-CAP have not been compared directly
and both are superior to R-CHOP, we consider either to be an ac-
ceptable standard regimen. Ultimately, E1411, which utilizes
the B-R backbone and compares the addition of bortezomib to
induction, may define the optimal standard induction treat-
ment arm for future trials. The addition of cytarabine to B-R has
shown efficacy in an older patient population (35), and studies
are underway to better define treatment sequencing. As such,
incorporation of cytarabine into the B-R backbone is another po-
tential induction strategy.

Maintenance

Rituximab maintenance until disease progression provided PFS
and overall survival benefit compared with interferon mainte-
nance after R-CHOP chemotherapy in patients age 60 years or
older (36). Rituximab maintenance is also effective following
ASCT, with statistically significant improvement in PFS (hazard
ratio ¼ 0.48, 95% CI ¼ 0.29 to 0.82, P ¼ .007, two-sided) (24,37).
Prospective data showing an OS benefit are lacking; however,
recently published retrospective data do show potential im-
provement in OS with rituximab maintenance after ASCT (37).
Maintenance in other patient groups and settings remains
largely unexplored, although the potential benefits of rituximab
maintenance and/or alternative maintenance strategy stan-
dards will be further informed by ongoing studies. The efficacy
of rituximab maintenance after other induction regimens has
yet to be established, but given the benefit in follicular lym-
phoma, another incurable B-cell lymphoma with a pattern of
continuous relapse, as well as the low toxicity burden of rituxi-
mab, it is reasonable to consider rituximab maintenance a stan-
dard option after induction chemotherapy. The optimal timing
and duration of maintenance therapy have also not yet been de-
fined. The role of bortezomib consolidation or maintenance af-
ter ASCT is still evolving, with recently presented data
suggesting a possible PFS benefit (38) and randomized data on a
relatively small number of patients where no benefit was seen
(39). No randomized data are available yet to define mainte-
nance strategies using bortezomib after less intense induction,
lenalidomide, or novel oral agents such as ibrutinib. E1411 and
the European Triangle study will inform some of these
approaches.

Recommended Clinical Trial Questions

After considering a wide range of clinical and scientific ques-
tions of interest, as well as feasibility of trials, we recommend
that therapeutic trials focus on: 1) the initial therapy of treat-
ment-naı̈ve patients including: a) induction and b) consolida-
tion/maintenance; and 2) relapsed/refractory patients with a
special interest in those whose disease has progressed after
ibrutinib treatment. For initial therapy, trials should select and/
or stratify patients for specific trials based on a) disease risk/bi-
ology and/or b) fitness/candidacy for intensive vs. less intensive

treatment strategies. As even intensive approaches are not cu-
rative, it is imperative that novel agents be incorporated earlier
in the course of disease treatment. Trials that include patients
following ibrutinib therapy should focus on emerging mecha-
nisms of resistance to potentially individualize subsequent use
of novel agents. Lastly, although not a therapeutic intervention,
in an effort to better understand and learn from MCL treatment
in the United States, the committee also proposes establish-
ment of a multicenter and/or population-based MCL registry,
preferably with sample collection.

Given the potential for earlier application of novel agents
and to enhance patient accrual, we propose that novel agents
be incorporated into both intense regimens (including ASCT)
and less intense regimens. To date, the majority of studies have
used age as the primary eligibility criterion for evaluating a
given treatment regimen. We caution that this may interfere
with trial feasibility and applicability, limiting timely accrual
and consequently hampering the ability to measure efficacy of
the investigational therapy in subsets of disease risk/biology.

Induction

1) Fit patients: A potential research question of interest is to
investigate novel induction strategies, incorporating tar-
geted agents (kinase inhibitors, CDK inhibitors, proteasome
inhibitors, bcl-2 inhibitors) into standard immunochemo-
therapy backbones with a goal of increasing the proportion
of patients achieving MRD negativity with induction
therapy.

2) Less fit/unfit patients: With the increasing availability, tol-
erability, and effectiveness of therapeutics deemed “bio-
logics” or “non-DNA-damaging,” the committee recommends
that combinations of novel therapies with or without stan-
dard cytotoxic agents should be studied. We specify combina-
tions as current data in the relapsed setting suggest that
approved single agents (bortezomib, ibrutinib, or lenalido-
mide) are likely not adequate therapy.

3) High-risk patients: Despite the incorporation of intensive
therapies, patients with poor risk features including com-
plex karyotype, p53 abnormalities, high Ki-67, or blastoid
histology continue to have extremely poor outcomes. As
such, this population represents an area of unmet need and
an opportunity to use novel treatment approaches, al-
though the accrual challenges in this rare population are
recognized to be substantial.

Consolidation

Consolidation is defined as any therapy utilized after comple-
tion of induction. This may include approaches currently re-
ferred to as “maintenance.” Consolidation strategies should
focus on high-risk subgroups, although precisely defining such
groups remains an open question. Study designs that prospec-
tively stratify consolidation using pretreatment disease risk fac-
tors such as proliferation index (as defined by Ki67 staining),
Mantle Cell Lymphoma International Prognostic Index-biologic
(MIPI-b), and/or p53 status are deemed high-priority questions.
Of equal potential importance, however, are studies utilizing a
response-adapted approach, such as minimal residual disease
(MRD) status or occurrence of molecular relapse. Given the po-
tential expense and toxicities of ongoing therapy with novel
agents, as well as the general favorable outcomes seen in low-
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risk patients, “one size fits all” studies that do not risk-stratify
patients should be avoided.

A potential research question of interest is to investigate
consolidation treatment duration based on molecular response.
Our consensus is that, although a trial investigating ASCT vs no
ASCT in all young, fit patients is of clinical interest, this is not
likely to be feasible. Instead, given the promising outcomes of
patients who are MRD negative after induction, a more refined
approach that incorporates MRD response as a tool to risk-strat-
ify and/or select patients for ASCT is warranted. For example,
patients who are MRD negative after appropriate induction
therapy (using MRD as a surrogate for a “deep” remission) may
be appropriate to consider for random assignment to ASCT vs
no ASCT.

Relapsed/Refractory Patients Including Prior
Ibrutinib Exposure

Relapsed and refractory MCL remains a major therapeutic chal-
lenge even in the era of novel agents. Although the BTK inhibi-
tor ibrutinib has shown promising activity in relapsed and
refractory MCL, only one-third of patients remain progression
free two years after starting therapy (46,47). Patients who de-
velop ibrutinib resistance appear to have extremely poor out-
comes, especially those with primary drug resistance (66,67).
Emerging data may further define the biology of resistance and
potentially uncover other targetable pathways (68–70).
Therefore, we recognize ibrutinib failure as an area of unmet
need. Efforts to define “resistance signatures” will require ob-
taining biopsies of involved sites both prior to treatment and
upon progression. Ultimately, this has the potential to allow for
the development of biomarker-targeted study designs, which
could include simultaneous phase II studies that rationally se-
lect therapeutic combinations based on novel biomarkers. It is
recognized that, although scientifically and clinically important,
such studies may be limited by small patient numbers.
Nonetheless, in-depth molecular studies of resistance even in
small patient populations may be productive.

Registry

As novel therapies become more widely available—and more
expensive—studies that can evaluate therapeutic approaches
as well as outcomes and cost-effectiveness across broader pop-
ulations are needed. Although the National Cancer Institute’s
National Clinical Trials Network (NCTN) may not provide an op-
timal venue for MCL registry studies, the committee recom-
mends establishing a MCL registry, perhaps using the Cancer
Outcome Tracking and Analysis (COTA) database. In addition to
better defining actual treatment patterns, outcomes, and cost,
such a database could ultimately also serve as a platform for
evaluation of biomarkers.

Trial End Points

Appropriate trial end points will differ by study design. We sup-
port the following trial end points for frontline studies:

1) Randomized phase III: OS
2) Randomized phase II: PFS and/or MRD-negative CR as an al-

ternative to PFS
3) Single-arm phase II: MRD-negative CR

4) Alternative secondary end points: OS, duration of response
(DOR), MRD, positron emission tomography (PET), gene ex-
pression profiling (GEP), sequencing

Although definitive data correlating response or PFS with
OS are limited, for many current novel treatments OS as a pri-
mary end point may not be feasible at this time. The current
concern for using OS as an end point is based on the likeli-
hood that improved survival outcomes and rapid rate of dis-
covery and development of better therapeutics will frequently
render OS end points impractical, especially as novel agents
progressively prolong survival after disease relapse. In the sit-
uation where an impact on OS is feasible and there is high
likelihood that a difference in PFS (or an alternative early end
point such as MRD status) would be required to see an overall
survival impact by treatment, then a phase II/III design could
be undertaken. There would be a phase II determination
based on PFS to proceed to the definitive comparison, but
with the efficiency of utilizing the phase II patients for the
phase III comparison.

OS should be evaluated as a secondary end point in phase II
studies. Potential phase II end points include PFS, PET CR, and
MRD status. However, it is also recognized that PFS may be con-
founded by maintenance and consolidation strategies and, as
such, may interfere with interpreting PFS results in single-arm
studies.

Special discussion on the definition of the depth of response
including CR and MRD is warranted. The emergence of PET im-
aging and MRD techniques is redefining the ability to identify
high-quality remissions. PET has been evaluated in a number of
MCL studies, but the interpretation of some of these studies is
limited by small sample size. To date, studies in the setting of
aggressive therapeutic approaches evaluating the prognostic
significance of a negative PET scan after induction therapy sug-
gest that PET negativity after initial therapy correlates with im-
proved outcomes; however, results have not been uniform
across studies (71–77). We recognize that additional studies are
necessary to further validate these findings. The E1411 trial is
evaluating PET response at the end of induction and should
help further define the role of PET in MCL. It is imperative that
all imaging studies be reviewed centrally and with a uniform
definition of response, for example, Deauville criteria. Although
potentially interesting as an exploratory end point, current data
do not support the use of interim or surveillance PET.

That MCL patients almost universally relapse despite
achieving a clinical CR suggests the existence of disease below
the limit of detection by imaging and pathology. More sensitive
methods of detecting and quantifying minimal levels of residual
disease could therefore potentially predict clinical relapse. This
concept when first examined almost 20 years ago (78,79)
showed that polymerase chain reaction (PCR) could detect ei-
ther clonal rearranged immunoglobulin H (IgH) or the Bcl-1/IgH
translocation in the peripheral blood or marrow, correlating
with a PCR product from diagnostic material and demonstrating
the presence of MRD in patients in clinical remission. The num-
ber of patients in these studies was too small to draw statistical
conclusions. The first large study to show a correlation between
MRD status and outcome was reported by Pott et al. in an analy-
sis of a subset of patients from the European MCL Younger and
MCL Elderly studies (80). In these trials, the presence of MRD as
determined by real-time quantitative PCR (RQ-PCR) for clonal
IgH or Bcl-1/IgH was associated with inferior two-year remission
duration of both young and elderly patients. Longer-term
follow-up of these patients demonstrated superior PFS for
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patients with undetectable MRD compared with patients who
developed MRD positivity within one year (81).

The impact of MRD status, using standard nested PCR to de-
tect either Bcl-1/IgH translocation or a clonal IgH band following
therapy, was also evaluated by the Nordic Group in a population
of younger patients receiving intensive induction therapy and
ASCT (MCL-2 study) (20,21). The timing of PCR-detectable re-
lapse correlated with PFS, with patients remaining continuously
MRD-negative having the longest PFS, followed by patients who
became MRD positive after one year. Patients who developed
detectable MRD within the first year had the shortest PFS.
Similar findings were reported in the Nordic MCL-3 study, with
statistically significantly better five-year PFS of patients who
were MRD negative post-ASCT compared with patients who still
had measurable disease by PCR (P < .01, two-sided) (71).

Recent data from the French LyMa trial confirmed the im-
portance of pre-ASCT MRD status. In this study, patients re-
ceived four cycles of R-DHAP induction followed by ASCT, and
were then randomly assigned to three years of rituximab main-
tenance or observation (82). Following induction, the rate of
MRD negativity was 66% in the marrow and 80% in the periph-
eral blood. Patients who achieved an MRD-negative status after
induction in either the marrow or blood had a longer PFS,
whether they received maintenance rituximab or observation
post-ASCT. In the CALGB 50403 study, which added post-auto-
HCT bortezomib in two different extended dosing schedules to
the CALGB 59909 induction backbone, the five-year PFS was 93%
for patients who were MRD negative after induction and 51% for
patients who were MRD positive (38). In a subset analysis of
patients in the S1106 trial who were treated with BR prior to
auto-HCT, eight of nine evaluable patients achieved an MRD-
negative CR following induction therapy (19).

The Nordic group also tested the hypothesis that molecular re-
lapse heralds clinical relapse and that preemptive therapy upon
conversion from MRD negativity to MRD positivity could postpone
clinical relapse while reducing the overall number of cycles of ther-
apy compared with treating all patients with maintenance therapy.
In the MCL-2 study, upon conversion to PCR-positive status post-
ASCT, patients were treated with four weekly doses of rituximab.
There was no untreated control group for comparison, but patients
who received rituximab had a median relapse-free survival of 3.7
years from the time of preemptive therapy and a median molecular
complete remission of 1.5 years (83). As 10% of the patients in this
study (and 13% in the German/French study) relapsed clinically
while remaining MRD negative, molecular relapse using current
technologies is not a universal predictor or a surrogate for clinical
relapse. Another limitation of PCR-based molecular monitoring is
absence of a suitable MRD marker in approximately 10% of cases.
Therefore, it will be important to prospectively evaluate more sen-
sitive sequencing approaches as they continue to emerge.

Flow cytometry has been evaluated in MCL (84) and may be
an effective tool; however, it has not yet been correlated with
outcomes. More recently, efforts have been made to use other
techniques for MRD testing including next-generation sequenc-
ing (NGS) and evaluation of MRD on formalin-fixed, paraffin-
embedded samples (85,86). NGS seems to be more sensitive and
is commercially available. The E1411 trial will compare MRD as-
sessments by NGS and flow cytometry relative to outcome,
which may further define the roles of these assays in MCL.

In summary, MRD is emerging as a strong predictor of clini-
cal outcome, and we believe that there are adequate data to
support MRD negativity as a useful phase II end point at this
time. Prospective studies should continue to incorporate MRD
techniques that are feasible, can be standardized, are broadly

applicable across all treatment settings, can be correlated with
PFS and OS, and can be used experimentally to risk stratify and/
or select patients for additional therapy. Additionally, we be-
lieve that there is an opportunity to include MRD assessment as
an integral or integrated biomarker in future cooperative group
studies to address several questions, including 1) whether pa-
tients can be risk-stratified by MRD status following induction
or ASCT to allow treatment of only MRD-positive patients with
consolidation therapy and 2) whether ongoing MRD monitoring
post-therapy provides a means to allocate additional therapy in
a rational and cost-effective manner, for example, by interven-
ing only after the detection of MRD or stopping maintenance af-
ter achieving an MRD-negative status.

Biomarkers

As technology capable of discerning biologically distinct subsets
of MCL evolves and becomes more readily available and our un-
derstanding of these biological differences improves, stratification
by biology will become more important. It is likely that the optimal
therapy for each biological subtype of MCL will be different, and it
will be important for cooperative group trials to study these differ-
ences prospectively. Initially, this may be possible without
changes in trial design, but eventually, as further data are gener-
ated using existing and emerging technologies, it will be impera-
tive that studies incorporate commercially available sequencing
and gene expression platforms, as well as MRD testing into trial
designs. The ultimate goal is to utilize these data to 1) prospec-
tively stratify patients into high- and/or low-risk disease, 2) pro-
spectively use biologic or therapeutic end points to select patients
for additional therapy including consolidation, and 3) identify bio-
markers and/or unique “signatures” that can be specifically tar-
geted with novel agents. Unfortunately, to date few validated
biomarkers exist to help inform therapeutic approaches.
Therefore, defining molecular and genetic markers of response to
specific therapies remains an area of high clinical relevance.

Clinical prognostic tools have typically incorporated age, per-
formance status, and laboratory values to stratify disease risk
groups. The most extensively studied prognostic score is the man-
tle cell international prognostic index (MIPI), which includes age,
ECOG performance status, LDH, and peripheral blood leukocytes.
The MIPI appears to best stratify low-risk vs high-risk populations
and has been validated when applied to aggressive and less aggres-
sive treatment approaches. Specifically, the overwhelming major-
ity of current studies show shorter PFS, time to treatment failure
(TTF), and OS in patients with high-risk MIPI scores (14,18). Other
clinical features, such as elevated beta-2 microglobulin (b2M) and
absolute monocyte count at presentation, have also been found to
correlate with inferior outcomes (87). Although MIPI has been vali-
dated across MCL populations (88), its predictive value for response
to a given regimen may be suboptimal as a high MIPI score may be
for one patient driven by patient frailty (greater age and poor per-
formance status) and for a younger patient with good performance
status by high WBC and LDH. In this scenario, despite similar MIPI
scores, a standard biology-driven treatment approach may not be
applicable. Therefore, stratification by MIPI alone is not adequate
and patients should therefore be evaluated in the context of
biologic factors.

To date, the most informative predictive biologic factors
have measured cell proliferation. Histology, especially the blas-
toid variant, has also generally been associated with inferior
outcomes; however, it is not clear if this is the result of in-
creased proliferation or other biologic influences. Furthermore,
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stratifying solely on histologic subtype may be limited by the rela-
tively low prevalence (�10%) of blastoid variants. Further elucida-
tion of the effect of histology should be explored, but is not
sufficient for prognostic stratification at this time.

The most widely studied clinically relevant measurement of
MCL cell proliferation is the percentage of MCL cells that stain
positively for Ki-67. Ki-67 has been prospectively validated as a
powerful prognostic tool across a number of treatment settings
(11,13,89,90). The “biologic MIPI” (MIPI-b) combines Ki-67 score
with the MIPI to discriminate high-risk from low-risk patients,
and current data indicate MIPI-b may be applicable across all
treatment settings. Using MIPI-b that incorporates a Ki-67 cutoff
of greater than 30% to define poor-risk patients, it appears that
low-risk MIPI-b patients may have superior outcomes irrespec-
tive of age and treatment intensity (Figure 1) (88). Thus, the use
of MIPI-b allows for better discrimination of disease risk and
supports the idea that age alone should not be used to select
treatment. Further analysis of using the Ki-67 score plus MIPI
(“MIPI-c”) has been presented. The combination of Ki67 score
(cutoff > 30%) and MIPI stratified patients into four groups with
statistically significantly different outcomes (P < .001) irrespec-
tive of age or treatment (91). As such, incorporation of MIPI-b or
MIPI-c has important ramifications for future trial design.

It is less clear how much MIPI-b or MIPI-c improves upon the
value of the Ki-67 score alone. Depending on the study, Ki-67
cutoffs below 10% (low-risk disease), between 10% and 30% (in-
termediate risk), and greater than 30% (poor risk) have been
studied (14). However, for the purpose of risk stratification, the
most compelling data available support defining groups as
high-risk and low-risk disease using a Ki-67 cutoff of 30%
(18,88,91). Accordingly, this is the cutoff that should be used to
prospectively stratify patients in future trials.

Ki-67 staining may in some cases be limited by poor speci-
men quality, challenges of adequately defining Ki-67 on marrow
samples, and variable reproducibility/consistency across insti-
tutions. Therefore, for future studies, it is imperative that quan-
tification methods are standardized and that all specimens are
gathered prospectively and reviewed centrally. If a Ki-67 value
cannot be obtained, efforts to obtain additional tissue should be
made.

Gene expression profiling (GEP) also defined a proliferation
gene signature as an important prognostic indicator (92–94);
however, this has not yet been validated across institutions or
in prospective treatment trials and technically has remained a
challenge. However, recently more widely accessible and more
broadly applicable GEP platforms such as NanoString (Seattle,
WA) have successfully been used to define cells of diffuse large
B-cell lymphoma (DLBCL) origin (95) and evaluate key MCL
genes. In addition to defining proliferation, these assays have
the ability to further define pathway activation as well as other
markers that have been shown to correlate with outcome such
as p53 and SOX-11 (96).

Thus, we recommend that NanoString and/or similar GEP
platforms be incorporated into all trials and the results com-
pared with already validated prognostic indicators. We also en-
courage retrospective study of existing data sets for which
archival tissue is available to better define prognostic groups
and predictive markers that may define responses to a given
therapy. As patients relapse after treatment, study designs
should include repeat biopsies for analysis aimed at better un-
derstanding mechanisms of resistance, particularly in the set-
ting of novel targeted agents. Furthermore, as reviewed above,
MRD status postinduction may be used to define disease risk
and has the potential to be a powerful biomarker in MCL.

Novel Agents

Including the currently approved drugs, bortezomib, ibrutinib,
and lenalidomide, multiple agents have demonstrated single-
agent activity in mantle cell lymphoma (Table 3). Cross-trial
comparisons cannot be made as virtually every published trial
has been a phase I or phase II design with divergent patient
sample sizes, characteristics, treatment histories, and disease
biology. Several other agents have demonstrated activity in
combination with rituximab or chemotherapy, and a multitude
of drugs is currently being evaluated. Identifying and studying
novel agents with unique mechanisms of action, especially as
further insight into disease biology emerges, is of particular im-
portance. Specifically, early studies of compounds that target
BTK, cyclin dependent kinases (CDK), Bcl-2, and PI3K appear to
be especially promising. For example, ONO-4059, a highly selec-
tive next-generation BTK inhibitor has shown activity in a
phase I study of relapsed/refractory NHL with 11 of 12 evaluable
patients responding to therapy, including five (46%) who
achieved CR (48). CDK4 as a therapeutic target in MCL is of par-
ticular interest given its interaction with cyclin D1 and en-
hanced CDK4-mediated cell cycle progression. Palbociclib and
abemaciclib are selective inhibitors of CDK4 and CDK6 that have
been evaluated in early phase trials. Single-agent activity has
been relatively modest; however, durable responses have been
noted. For example, in a phase I study of 17 relapsed/refractory
MCLs, the ORR was 18%, with five of the 17 (29%) remaining pro-
gression free after one year of treatment (range ¼ 14.9–30.1
months) (62). Bcl-2 as a unique target has also been evaluated.
The phase I results in 44 relapsed/refractory NHLs using the bcl-
2 inhibitor venetoclax, which was recently FDA approved for
chronic lymphocytic leukemia, have been reported, with nine
of 12 (1 CR) MCL patients responding to treatment (57).
Phosphoinositide 3-kinase (PI3K) inhibitors have also shown no-
table activity in MCL. Initial results with idelalisib, a PI3K-delta
isoform–specific inhibitor, in 40 relapsed/refractory MCL pa-
tients demonstrated a 40% response rate; however, response
duration and was only 2.7 months (44). Accordingly, in an effort
to potentially prolong response via broader anti-PI3K inhibition,
agents that inhibit multiple PI3K isoforms are under investiga-
tion. For example, copanlisib, a PI3K inhibitor that targets both

Figure 1. Overall survival by risk group in mantle cell lymphoma (MCL). Kaplan-

Meier analysis of overall survival in mantle cell lymphoma by risk group.

Reprinted from (88) with permission from the copyright holder. HR ¼ high risk;

IR ¼ intermediate risk; LR ¼ low risk.
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the alpha and delta isoforms has shown preliminary evidence
of activity (45).

These studies highlight the probability that new drugs and
combinations will lead to improved patient care and outcomes
but also, given the remarkable number of agents with pleotropic
effects and uncertain mechanisms of resistance, highlight the
challenges that lie ahead. In order to optimize rapid and appro-
priate drug/combination development, future trials will require
coordinated efforts throughout the MCL community, in both ba-
sic and clinical sciences and across institutions and countries.

Conclusions

Clinical trial priorities include optimizing induction therapy and
use of consolidation, as well as seeking effective therapy for pa-
tients with relapsed/refractory MCL following development of
ibrutinib resistance. Key considerations for trial design, patient
selection, and implementation include: basing selection of in-
tensity of therapy on clinically assessed fitness as well as age
cutoffs; stratifying patients based on assessment of disease risk
that includes biologic factors such as proliferation markers; in-
corporating novel agents into induction, including “biologic”-
based therapies in less fit patients; investigating consolidation
strategies based on pre-induction disease risk assessment and/
or postinduction response (eg, MRD status, PET).

Practice-changing phase III trials are the goal of the NCTN. It
should be recognized that phase III trials in MCL will be logisti-
cally challenging and must be designed to be accrual-friendly.

A number of standard comparator arms may be proposed,
but common key considerations include: intensive therapy

regimens should include high-dose cytarabine; a number of po-
tential standard chemo-immunotherapy regimens exist and are
under study for less intensive approaches; results from ongoing
clinical trials will further inform future treatment standards
and lay the foundation for future phase III studies; the current
consolidation standard is rituximab maintenance in older MCL
patients and ASCT in younger MCL patients.

Disease stratification by Ki-67 (using a cutoff of >30%), p53
mutations, and/or MIPI-b or MIPI-c should be used to risk-
stratify patients until better biomarkers are defined. MRD
should be used to risk-stratify patients to intensive vs noninten-
sive strategies appears ready for testing.

An unmet need is the identification of biomarkers that will
enhance understanding of MCL pathobiology, better define bio-
logic risk groups, and enhance prognostic ability. All MCL pa-
tients should have tumor tissue prospectively collected to
facilitate study of biologic factors. In addition to ongoing evalua-
tion of established prognostic factors such as Ki-67, studies
should evaluate new technologies such as GEP and/or sequenc-
ing platforms to better define broadly applicable biologic sub-
sets. Proposed biologic factors need to be properly validated.

Investigations of novel agents may be designed to add to or
replace current treatment standards. Such agents may also be
compared with each other in randomized phase II studies. In
the case of postibrutinib disease progression, concurrent phase
II studies with assignment based on biomarkers and resistance
signatures would be reasonable.

Ongoing exploration of potential surrogate end points such
as MRD negativity and PET CR is warranted.
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