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Background
In the present study, the prognostic impact of minimal residual disease during treatment on
time to progression and overall survival was analyzed prospectively in patients with mantle cell
lymphoma treated on the Cancer and Leukemia Group B 59909 clinical trial.

Design and Methods
Peripheral blood and bone marrow samples were collected during different phases of the
Cancer and Leukemia Group B 59909 study for minimal residual disease analysis. Minimal
residual disease status was determined by quantitative polymerase chain reaction of IgH and/or
BCL-1/JH gene rearrangement. Correlation of minimal residual disease status with time to pro-
gression and overall survival was determined. In multivariable analysis, minimal residual dis-
ease, and other risk factors were correlated with time to progression. 

Results
Thirty-nine patients had evaluable, sequential peripheral blood and bone marrow samples for
minimal residual disease analysis. Using peripheral blood monitoring, 18 of 39 (46%) achieved
molecular remission following induction therapy. The molecular remission rate increased from
46 to 74% after one course of intensification therapy. Twelve of 21 minimal residual disease
positive patients (57%) progressed within three years of follow up compared to 4 of 18 (22%)
molecular remission patients (P=0.049). Detection of minimal residual disease following induc-
tion therapy predicted disease progression with a hazard ratio of 3.7 (P=0.016). The 3-year
probability of time to progression among those who were in molecular remission after induc-
tion chemotherapy was 82% compared to 48% in patients with detectable minimal residual
disease. The prediction of time to progression by post-induction minimal residual disease was
independent of other prognostic factors in multivariable analysis.

Conclusions
Detection of minimal residual disease following induction immunochemotherapy was an inde-
pendent predictor of time to progression following immunochemotherapy and autologous stem
cell transplantation for mantle cell lymphoma. The clinical trial was registered at ClinicalTrials.gov:
NCT00020943. 
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ABSTRACT



Introduction

Mantle cell lymphoma (MCL) is an aggressive form of
non-Hodgkin’s lymphoma (NHL) with a median overall
survival (OS) of approximately 4.8 years following stan-
dard combination chemotherapy.1 Current treatment
strategies include the addition of rituximab to different
combination chemotherapy regimens including CHOP
and Hyper-CVAD.2-3 Several phase II studies and one
phase III study demonstrated that remission induction
with combination chemotherapy followed by dose inten-
sification with autologous stem cell transplantation
(ASCT) prolongs progression-free survival (PFS) for
patients with previously untreated MCL.4-6

The prognostic role of minimal residual disease (MRD)
has been established in MCL.7 The introduction of ritux-
imab to high-dose Ara-C led to successful in vivo purging
of MCL cells from peripheral blood cells containing CD34
harvested from patients with MCL, resulting in a high
molecular remission (MRD-) rate of over 90% and
improved clinical outcome.8-9 Recently, MRD was evaluat-
ed retrospectively by quantitative real-time polymerase
chain reaction (RQ-PCR) of clonal IgH rearrangements in
29 patients with MCL treated with high-dose radio-
chemotherapy and ASCT. Molecular remission after
ASCT strongly predicted for improved outcome.7

Andersen et al. showed that molecular relapse may occur
many years after ASCT in MCL, and pre-emptive treat-
ment using rituximab for MRD detected by RQ-PCR was
able to re-induce molecular remission, and delay or pre-
vent clinical relapse.10

CALGB 59909 was a recently published prospective trial
that demonstrated the efficacy and tolerability of aggres-
sive induction immunochemotherapy followed by ASCT
for patients up to 70 years of age with previously untreat-
ed MCL.11 In the present study, the prognostic impact of
MRD during treatment on time to progression (TTP) and
overall survival (OS) was analyzed prospectively in
patients with MCL treated on the CALGB 59909 clinical
trial. Our study demonstrates for the first time that MRD

status after induction immunochemotherapy predicted
TTP independently of other previously defined prognostic
factors.

Design and Methods

Patients’ characteristics and sample collection 
for minimal residual disease 

Seventy-eight patients began treatment according to the
CALGB 59909 clinical protocol.11 The study was approved by the
Institutional Review Board of the participating institutions. All the
participants signed an institutional review board-approved
informed consent document. The study was conducted in accor-
dance with the Declaration of Helsinki and was registered on clin-
icaltrials.gov (NCT00020943).

Briefly, patients received two cycles of induction chemotherapy
using rituximab, high-dose methotrexate and augmented-dose
CHOP chemotherapy, which was followed by high-dose consoli-
dation and stem cell mobilization using high-dose cytarabine,
etoposide, and rituximab administered as an in vivo purge. Patients
subsequently underwent ASCT using a cyclophosphamide,
BCNU, and etoposide (CBV) preparative regimen. Two weekly
doses of maintenance rituximab were administered following
recovery from ASCT (Figure 1). Sixty-seven patients (86%)
received the protocol transplant. 

In 11 patients, no clone specific molecular marker was identi-
fied; therefore, 84% of the patients had successful identification of
an allele specific primer-probe set for MRD detection. Seventeen
patients had inadequate sample collection at sequential time
points (n=15) or were not transplanted (n=2) on the protocol.
Thus, a total of 39 patients had sequential samples and were eval-
uated for MRD during treatment on CALGB 59909. 

MRD status was determined by RQ-PCR using paired peripher-
al blood (PB) and bone marrow (BM) biopsy samples post induc-
tion treatment from the peripheral blood stem cell apheresis col-
lection, and in PB and BM samples three months post ASCT (sam-
ples from PB or BM at each time point are listed in Figure 1). All
the patients gave their signed informed consent for sample collec-
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Figure 1. CALGB 59909 treatment schema
and sample collection.1 2 3 4 5
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PB: 26
BM: 27
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BM: 39
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Treatment 1: rituximab, methotrexate, cyclophosphamide, doxorubicin, vincristine, prednisone, G-CSF

Treatment 2: rituximab, methotrexate, cyclophosphamide, doxorubicin, vincristine, prednisone, G-CSF

Treatment 3: cytarabine, etoposide, rituximab, G-CSF

Treatment 4: ASCT, carmustine, etoposide, cyclophosphamide, G-CSF

Treatment 5: rituximab maintenance



tion. The study entry characteristics for these patients are shown
in Table 1. The characteristics of these 39 patients are highly com-
parable to the clinical characteristics from all the patients enrolled
on CALGB 59909 (Table 1). 

Collection of samples for minimal residual disease
evaluation

A 10 mL blood sample was collected for MRD studies in 2
EDTA tubes. Five mL of bone marrow aspirate was also collected
in an EDTA tube at the time points described above. Samples were
shipped by overnight mail to the CALGB leukemia/lymphoma tis-
sue bank at the Ohio State University where they were cryopre-
served using standard CALGB tissue bank procedures. Samples
were later batched for shipment for MRD analysis in Dr. Stock’s
laboratory which serves as an MRD reference laboratory for
leukemia/lymphoma studies in the CALGB.

WBC isolation and DNA extraction
Ficoll-Paque Plus solution (Amersham Pharmacia Biotech,

Uppsala, Sweden) was used for the isolation of mononuclear cells.
Genomic DNA was extracted from purified cells according to
standard procedures in the Puregene DNA Isolation kit (Gentra
Systems, Minneapolis, MN, USA).

Polymerase chain reaction for identification of IgH or
BCL-1/JH gene rearrangements

PCR was performed according to methods described in the
Invivoscribe IGH Clonality Assay and BCL1/JH Translocation
Assay kits (San Diego, CA 92121, USA). Following amplification,
clonal PCR products were confirmed on 6% TBE gels and clonal
fragments were excised from the 2% agarose gels following SYBR
green staining, and purified according to Rapid Gel Extraction
assay kit (Life Technologies, Rockville, MD, USA). Minimal resid-
ual disease monitoring in 11 patients was carried out using BCL-
1/JH primer-probe sets and 28 patients were evaluated using IgH
clonality.

Patient plasmid construction and DNA sequencing
Purified monoclonal fragments were cloned using the pGEM-T

Vector Kit (Promega, Madison, WI, USA). In order to identify
clones harboring recombinant plasmids, 6-10 colonies were select-
ed and analyzed by PCR amplification. Recombinant plasmids
were purified with the Concert Rapid Miniprep DNA Purification
system (Life Technologies, Rockville, MD, USA) sequenced
according to the ABI Rhodamine Terminator Cycle Sequencing
procedure, and analyzed with an ABI 377 DNA Sequencer (PE
Biosystems, Foster City, CA, USA). Primers complementary to the
M13 region of the pGEM-T vector were used to determine
sequence information. VH, DH, JH, and N-nucleotide insertions were
identified by BLAST search analysis and antisense; CDRIII region,
allele specific oligonucleotides were designed with annealing tem-
peratures of approximately 60°C for quantitative PCR analysis.
Patient specific primers were synthesized by Biosearch
(Lewisville, TX, USA).

Real-time quantitative polymerase chain reaction
Quantitative PCR of IgH gene rearrangements or BCL-1/JH was

performed using previously described methods12 which have been
optimized for analysis using a LightCycler instrument (Roche
Diagnostics, Indianapolis, IN, USA). Patients’ specimens, serial
dilutions of standard templates and no template controls were
amplified in triplicate.

Quantitation of IgH or BCL-1/JH copy number using
real-time polymerase chain reaction

The patient recombinant IgH or BCL-1/JH plasmids,
described above, were diluted 10-fold and were amplified
simultaneously with patients’ specimens. For the stan-
dard curve, the copy number of plasmid was from ~10 to
106 which was further converted according to the ratio of
the size of the PCR product and the whole genome size
to give a copy number ranging from 3.1¥108 to 3.1¥1013.
Following amplification, all patient and negative control
CT (threshold cycle) values were averaged within each
triplicate set of reactions. The absolute IgH or BCL-1/JH
copy number was determined by comparing the average
CT value of each patient sample to the respective stan-
dard curve. In order to compensate for differences in
DNA quantities from sample to sample, the absolute IgH
or BCL-1/JH copy number was normalized to the
absolute copy number determined by amplification of
the GAPDH gene. The GAPDH copy number was calcu-
lated for each patient sample in a method similar to the
IgH or BCL-1/JH quantitation described above; however,
a standard curve was generated using serial 5-fold (copy
number ranging from 4.2¥108 to 1.3¥1012) dilutions of
human placenta DNA. The normalized IgH or BCL-1/JH
copy number was determined by dividing the absolute
IgH or BCL-1/JH copy number by the GAPDH copy num-
ber. The sensitivity of detection of MRD with these
methods ranges from 10-4-10-5, tested by analyzing 10-
fold serial dilutions from the patient specific plasmid in
genomic DNA derived from mononuclear cells of healthy
donors. MRD negative was defined as the absence of a
detectable signal following 40 amplification cycles under
our real-time PCR settings with the sensitivity of detec-
tion of MRD from 10-4 to 10-5.

Immunohistochemistry staining of Ki-67, PIM1 
and MIPI scoring system

The details of the immunohistochemistry staining of the
Ki-67 and PIM1 have been described previously.13 MRD
results were correlated with Ki-67, PIM1 and the MIPI
(MCL international prognostic index) score.14
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Table 1. Baseline clinical characteristics (n=39). (The data in paren-
thesis are the clinical characteristics from all the patients in CALGB
59909).
Characteristic Median Range # missing
Age (years) 56 (57) 37-68 (37-69) 0

N %
Elevated LDH 13 34.2% (32%) 1
Histologic subtype 3
Blastic 4 11.1% (15%)
Diffuse 22 61.1% (47%)
Nodular 10 27.8% (27%)
B symptoms 11 28.2% (32%) 0
Marrow involvement 35 89.7% (72%) 0
Spinal fluid involvement 1 2.6% (5%) 1

IPI risk group 1
Low 7 18.4% (19%)
Low/intermediate 15 39.5% (33%)
Intermediate/high 8 21.0% (22%)
High 8 21.0% (22%)



Statistical analysis
Cox’s regression model was used to determine associa-

tions between MRD and outcome.15 For a robust infer-
ence, Cox’s regression model uses MRD presence or
absence (binary end point), instead of the raw value, as a
covariate.16 Time to progression (TTP, time until progres-
sion, censoring deaths due to treatment or other causes)
and overall survival were used as clinical end points.
Kaplan-Meier and log rank testing were used for graphical
representation of TTP and overall survival analysis.17 The
statistical analysis was performed by CALGB statisticians.

Results

Kinetics of minimal residual disease on CALGB 59909
The kinetics of MRD during treatment were evaluated

and are summarized in Figure 2. Using peripheral blood
monitoring, 18 of 39 patients (46%) became MRD nega-
tive following induction immunochemotherapy, while 21
(54%) remained MRD positive. Twenty-five of 34 patients
(74%) had MRD-negative leukapheresis products follow-
ing stem cell mobilization with high-dose cytarabine,
etoposide and rituximab. There was no further improve-
ment in molecular CR rate three months after ASCT.
Twenty of 27 patients (74%) were MRD negative follow-
ing ASCT.

Post-induction peripheral blood minimal residual 
disease status predicts TTP 

The prognostic significance of MRD detection at each of
these treatment time points was evaluated. Notably, MRD
status following 2 cycles of induction chemotherapy was
predictive of TTP. Twelve of 21 patients who were MRD
positive following induction therapy (57%) progressed
within three years of follow up compared to only 4 of 18
(22%) who had become MRD negative (P=0.049).
Detection of MRD in PB following induction therapy pre-
dicted disease progression with a hazard ratio of 3.7

(P=0.016, 95% CI 1.2, 11.8) (Figure 3) but not overall sur-
vival (Figure 4). The 3-year probability of remaining pro-
gression-free among those who were MRD negative after
induction chemotherapy was 82% (95% CI 55%-94%),
compared to 48% (95% CI 26%-67%) in patients who
were MRD positive.

Post-induction MRD detection of BM samples did not
predict TTP. Similarly, MRD evaluation at later treatment
time points was not significantly associated with either
TTP or survival. This included evaluation of MRD in the
apheresis specimens. Nine of the 34 (26%) patients had
MRD positive apheresis specimens. Four (44%) of these
patients eventually progressed compared to 11 of the 25
(44%) with MRD-negative specimens (P=1.00)

Post-induction peripheral blood minimal residual
disease status predicts TTP independently
of other prognostic factors 

A recently published correlative study demonstrated
that expression of Ki-67 and PIM1 were important prog-
nostic markers in patients treated on CALGB 59909.13

Thus, the correlation of the post-induction MRD status
with other prognostic factors was determined. Of the 39
patients with post-induction peripheral blood measure-
ments, 30 had Ki-67 measurements, 29 had PIM1 meas-
urements, and 38 had data to compute the MIPI. Table 2
shows the distribution of these prognostic factors by post-
induction peripheral blood MRD. P values were computed
using Fisher’s exact test. As seen in Table 2, there was no
statistically significant correlation of MRD post-induction
with the other 3 prognostic factors. Multivariable analyses
showed the MRD post-induction fit with the other three
prognostic factors. Post-induction PB MRD status predict-
ed time to progression independently of the other prog-
nostic factors.

Comparability of PB and BM for MRD detection
Paired PB and BM samples were collected for compari-

son of MRD level in PB and BM. Prior to the treatment, all
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Figure 2. Kinetics of MRD during treatment. The bar graphs demon-
strate the percentage of patients who had an MRD-negative (y axis)
sample at specified treatment time points (x axis).

Figure 3. Progression-free survival according to the MRD status in
PB after induction immunochemotherapy. MRD was assessed in PB
after the induction immunochemotherapy in MCL patients on the
CALGB 59909 clinical trial.
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the samples from PB and BM were MRD positive. After
induction chemotherapy, of the 39 pairs of samples, 19
were positive for both and 12 were negative for both. Six
patients were MRD negative in PB, but positive in BM,
while 2 patients were MRD positive in PB and negative in
BM which could be due to focal presentation of lym-
phoma in the bone marrow, or poor quality of bone mar-
row aspiration, or no bone marrow MCL involvement.
There was 21% (8 of 39) discordance between PB and BM,
and PB analysis underestimated MRD in approximately
15% (6 of 39) of patients compared to BM MRD. Among
23 sample pairs at three months post ASCT, the discor-
dance rate was 26% (6 of 23), and PB analysis underesti-
mated MRD in approximately 17% (4 of 23) of patients
compared to BM MRD.

Discussion

We and others have demonstrated that monitoring
MRD using sensitive RQ-PCR techniques to identify the
malignant clone is an important tool for assessment of
treatment response and outcome in MCL.7,9,18-19 Andersen
et al.18 demonstrated that PFS following ASCT correlated
with the ability to purge MRD from the harvested mar-
row using antibody “cocktails”. Pott et al. 7 demonstrated
that the achievement of a molecular remission after high-
dose chemotherapy with ASCT was associated with a
median PFS of 92 months compared with only 21 months
in the MRD positive group. Recently published MRD
results from the European MCL intergroup study20 demon-
strated that achievement of MRD negativity after induc-
tion chemotherapy correlated with significant improve-
ment in response duration compared to patients with
detectable MRD.

Our data confirm the findings from the European MCL
intergroup study and our multivariable analysis further
demonstrated that MRD status in blood samples follow-
ing induction therapy is the most important predictor of
TTP. This relationship was shown to be independent of

other risk factors in multivariate modeling, including
expression of Ki-67, PIM1 and the clinical factors incorpo-
rated into the MIPI score. The strong predictive value of
MRD in PB following induction will facilitate identifica-
tion of those patients who are particularly sensitive to
immunochemotherapy, and could be used as a means of
stratifying post-remission therapy. The efficacy of blood
MRD detection other than bone marrow facilitates MRD
monitoring. 

In contrast to the predictive value of MRD in BM sam-
ples from the European MCL intergroup, the MRD status
in BM samples after induction chemotherapy in our study
failed to predict TTP. Interestingly, 6 of the 18 patients
with MRD negative PB following induction were still
MRD positive in BM, but at very low MRD levels. Only
one of these patients progressed after completion of all
treatment. One potential explanation for this was that
patients on the CALGB 59909 received intensification
chemotherapy (treatment 3) prior to apheresis collection
and ASCT. Among these 6 patients, 5 had evaluable
apheresis samples, and 4 of these patients had MRD neg-
ative apheresis collections. This suggests that intensifica-
tion with high-dose cytarabine, etoposide and rituximab
facilitated the mobilization of MRD negative CD34+

enriched progenitor cells and further reduced MRD to
undetectable levels in the bone marrow.

Other studies have demonstrated that the presence of
MRD in apheresis specimens was predictive of relapse of
MCL after high-dose chemotherapy with ASCT.9

Similarly, MRD negative bone marrow harvest prior to
ASCT for follicular lymphoma demonstrated that MRD
negative bone marrow was associated with a markedly
reduced relapse rate.21 The European MCL intergroup
study did not monitor MRD in the apheresis product, but
monitored MRD after ASCT in the younger MCL patient,
or after maintenance therapy with either rituximab or
interferon in older adults with MCL. They demonstrated
that sustained molecular remission during the post-induc-
tion period was predictive for outcome in MCL after
ASCT in younger patients (response duration at two years
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Figure 4. Overall survival according to the MRD status in PB after
induction immunochemotherapy. MRD was assessed in PB after the
induction immunochemotherapy in MCL patients on the CALGB
59909 clinical trial.

Table 2. Cross-tabulations of MRD in PB post-induction by prognostic
factors.
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100% vs. 65%; P=0.0007) and during maintenance in MCL
in older patients (response duration at two years 76% vs.
36%; P=0.016).20 Our data indicated in vivo purging with
etoposide, cytarabine and rituximab was very effective
and significantly increased the percentage of MRD nega-
tive samples from 46% (18 of 39) after induction
immunochemotherapy to 74% (25 of 34) in apheresis
products measured for MRD. However, there was no cor-
relation with TTP and MRD status of apheresis products
or with MRD status three months after ASCT. The dispar-
ity between our results and those of the European MCL
study group could be explained by the relatively small
number of patients with MRD positive apheresis samples.
Only 9 patients had MRD positive apheresis products, and
10 were found to be MRD positive three months post
ASCT. It is also possible that the additional doses of ritux-
imab that were given three months post rituximab on
CALGB 59909 favorably impacted MRD status.
Interestingly, pre-emptive therapy with rituximab at the
time of molecular relapse following ASCT has been
shown by others to induce molecular remissions that may
have prevented overt clinical relapse.10

Many studies have demonstrated superior outcomes in
MCL patients with continuous MRD negative PB or BM
samples after ASCT.7,20,22 Since we did not have MRD data
on the 6 patients with MRD positive apheresis product
after conditioning chemotherapy but prior to stem cell
infusion, it is impossible to determine if the persistent
MRD positivity after ASCT was due to infusion of con-
taminated apheresis product or persistent residual disease
after conditioning chemotherapy. Further study is also
needed to determine the clinical importance of the addi-
tion of post-transplant immunotherapy on MRD modula-
tion in this setting.

Kinetics of MRD in this intensive study showed a pro-
gressive decline in MRD detection with post-remission
therapy. The 46% MRD negative rate after induction
immunochemotherapy in our study is comparable with
the 48% MRD negative rate after induction
immunochemotherapy in a European MCL study group in
younger patients.20 The MRD negative rate increased to
74% after in vivo purging during mobilization in our study.
There was no further increase of MRD negative rate after
high-dose chemotherapy and ASCT in our study. These
data demonstrate that in vivo purging with cytarabine,
etoposide, and rituximab is very effective in achieving a
high molecular CR rate. Interestingly, there was no addi-
tional benefit of ASCT in further reducing the MRD detec-
tion rate. Recent studies from the MDACC demonstrated
excellent time to failure and overall survival using inten-
sive immunochemotherapy without transplant.23

Therefore, the results of our study raise some questions
regarding the treatment of MCL. First, do patients who
become MRD negative after intensive induction
immunochemotherapy really require ASCT, or will they
have prolonged CR with rituximab-based consolidation

chemotherapy alone without ASCT? A recently published
study demonstrated that intensive immunochemotherapy
without stem cell transplantation was effective for
untreated aggressive MCL, and the median overall sur-
vival (OS) for all patients had not been reached at ten years
follow up.23 Second, will MRD positive patients after
intensive induction immunochemotherapy benefit from
allogeneic stem cell transplant (Allo-SCT) instead of ASCT
at first remission? A recent retrospective study clearly
demonstrated that age and the effects of prior therapies
predict OS and NRM (non-relapse mortality) after RIC
(reduced-intensity conditioning) Allo-SCT in patients with
relapsed or refractory MCL,24 raising the potential value of
considering Allo-SCT for the early phase of disease man-
agement. Third, could MRD status after intensive induc-
tion immunochemotherapy be used to stratify patients for
maintenance therapy with either rituximab or another tar-
geted agent, and if sequential monitoring of MRD status
could be used to determine the duration of maintenance
therapy? Only well designed prospective studies will
answer these questions and integration of MRD measure-
ments in future clinical trials in MCL should result in a
refinement of treatment strategies to achieve better out-
comes. With this in mind, the CALGB has recently com-
pleted a trial testing the addition of bortezomib as mainte-
nance therapy in patients receiving immunochemothera-
py followed by ASCT for front-line therapy of MCL
(CALGB 50403). MRD monitoring is being carried out in a
prospective fashion to evaluate the efficacy of bortezomib
in eradication of MRD. 

In summary, our study demonstrated for the first time
that MRD status following induction immunochemother-
apy predicted TTP on CALGB 59909 independently of
other prognostic factors, including MIPI, Ki-67 and PIM1.
MRD measurements after induction immunochemothera-
py may be used for a risk-adapted treatment approach.
The ultimate goal of treatment for MCL may be to enter
molecular remission early during the treatment of MCL,
perhaps to avoid emergence of a relatively chemo-resis-
tant clone that could give rise to disease relapse. Thus, a
potential strategy for future trials in MCL could be to
incorporate novel agents25-26 during induction or early post-
remission chemotherapy. The CALGB 59909 treatment
approach is an ideal platform to evaluate the addition of
novel agents to eradicate MRD with the goal of further
improving survival in MCL.
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