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Advances in the assessment of minimal

residual disease in mantle cell lymphoma
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Abstract

The clinical impact of minimal residual disease detection at early time points or during follow-ups has been shown
to accurately predict relapses among patients with lymphomas, mainly in follicular and diffuse large B cell
lymphoma. The field of minimal residual disease testing in mantle cell lymphoma is still evolving but has great
impact in determining the prognosis. Flow cytometry and polymerase chain reaction-based testing are most
commonly used methods in practice; however, these methods are not sensitive enough to detect the dynamic
changes that underline lymphoma progression. Newer methods using next-generation sequencing, such as
ClonoSeq, are being incorporated in clinical trials. Other techniques under evolution include CAPP-seq and
anchored multiplex polymerase chain reaction-based methods. This review article aims to provide a comprehensive
update on the status of minimal residual disease detection and its prognostic effect in mantle cell patients. The role
of circulating tumor DNA-based minimal residual disease detection in lymphomas is also discussed.
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Background
Minimum residual disease (MRD) in lymphoma refers to
the presence of a minimal burden of clonal lymphoma
cells without apparent signs or symptoms of the disease
[1]. Residual cancer can persist in either the bloodstream
as circulating tumor cells or can be tracked in tissue
sites as circulating tumor DNA, making MRD detection
possible via peripheral blood (PB) or bone marrow (BM)
samples [2, 3]. These persistent cancer cells can predict
relapse or recurrence of tumors in almost all cancer
types, making MRD status a good prognostic marker
(Fig. 1). MRD detection methods have been widely stud-
ied in patients diagnosed with chronic lymphocytic
leukemia (CLL) and now in large B cell lymphomas.
These studies identified MRD to be a strong independ-
ent prognostic marker predicting disease recurrence [1,
4–6]. Thus, it is important for these methods to be
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highly sensitive to detect lowest levels of clonal cells and
provide clinicians with a valuable prognostic method,
possibly aiding in better clinical management. As such,
the detection of residual disease has proven beneficial
for patient management. MRD detection is especially
important in non-Hodgkin’s lymphomas (NHLs) as a
prognostic factor, including diffuse large B cell lymph-
oma (DLBCL), follicular lymphoma (FL), and mantle cell
lymphoma (MCL) [7]. Although MCL only represents
about 6% of all NHL cases, it is one of the most aggres-
sive subtypes with a median overall survival being
around 8 years [8]. MCL’s genetic hallmark is the
chromosomal translocation t(11;14)q(13;32), which ul-
timately leads to an overexpression of cyclin D1, and is
considered heterogeneous in both biological and clinical
aspects [9]. While new treatment strategies have shown
promising results, resistance after ibrutinib is being
noted, making it even more difficult for patients to attain
a durable complete response [8]. Unlike other lymphoma
subtypes, MCL significantly invades both PB and BM in
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Fig. 1 General overview of minimal residual disease detection. The figure shows two scenarios emphasizing the importance of MRD detection
after initial treatment of mantle cell lymphoma. When MRD detection is not performed, there is no indication of how effective the treatment was
on the tumor, and relapse may eventually occur (left). If MRD diagnosis confirms a positive result, the patient can be prescribed to a more
personalized treatment to prevent any future relapses (right)
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over 90% of cases, making it more advantageous to de-
tect MRD [10].
Positron emission tomography and computed tomog-

raphy imaging are commonly utilized to assess disease
burden among cancer patients. However, these imaging
Table 1 Overview of the available MRD detection methods in MCL
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shown to be predictive of future relapse. Because im-
aging methods cannot detect MRD, techniques such as
flow cytometry (FC)- and polymerase chain reaction
(PCR)-based detection platforms have become the main
types for MRD diagnostics. The MRD concept has been
developing for the past 20 years in the context of MCL,
initially based on evidence from PCR-based methods
[13]. However, these methods also have major draw-
backs as they cannot accurately capture the tumor pro-
gression. Thus, alternative and more sensitive methods
have emerged, which can be characterized into a single
category: next-generation sequencing (NGS). Although
NGS methods have been on the rise in recent years,
real-time quantitative PCR (qPCR) is still considered to
be the gold standard as the clinical utility of NGS
methods still needs prospective evaluation [14]. Because
of this, qPCR has been compared with alternative
methods in many studies [1, 15, 16]. Since NGS methods
could have implications to change existing practices in
detecting MRD in MCL, it is crucial to acknowledge the
different methods, their strengths and limitations, and
most importantly, their applications in the clinical set-
ting (Table 1). This assessment aims to provide a com-
prehensive and comparative review of currently available
MRD detection methods and to shed light on recent im-
provements, challenges, and applications for determining
relapses in patients with MCL.

Current status of MRD detection in mantle cell
lymphoma
Commonly used MRD markers in MCL
The two commonly targeted MRD markers in MCL are
the immunoglobulin heavy chain (IgH) rearrangements
and the Bcl1-IgH rearrangement derived from t(11;14)
(q13;q32). The IgH gene is located at 11q32 on chromo-
some 14. Of the 11 IgH genes, nine are functional, cor-
responding to the nine isotypes of the heavy chain [17].
B cells’ early differentiation takes place in the BM, where
the variable (V), diversity (D), and joining (J) gene seg-
ments of the IgH undergo rearrangement. The germ-line
DNA rearranges to generate a functional repository of
cells, capable of producing antibodies that have diverse
functions in the human body. While the production of
various antibodies via VDJ rearrangement provides es-
sential immune system capacity, it also leaves an oppor-
tunity for malignant transformation through the
translocation of a proto-oncogene [17]. Therefore, amp-
lifying the genomic tumor DNA from patients using IgH
locus-specific primers, followed by IgH rearrangement
sequencing, is a very useful tactic to detect specific
clones (i.e., clonotypes). Alternatively, the recurrent
cytogenetic aberration indicated by the chromosomal
translocation t(11;14) can also serve as a valuable MRD
marker. Here, the IgH locus at 14q32.3 is involved and
the Bcl1 region from 11q13 is translocated into the IgH
locus. This translocation also involves VDJ recombin-
ation, resulting in junctional regions that are unique.
Another approach to detect MRD involves identifying
the landscape of somatic mutations in the tumor cells.
Since tumor cells divide rapidly, they form numerous
clones harboring the same mutations. Therefore, with a
priori knowledge of somatic mutations in the tumor,
one can develop a library, amplify the mutations using
gene-specific primers among patients’ specimens, and
subsequently sequence the product to detect MRD levels
[1].

FC-based MRD methods
Flow cytometry uses fluorescent-labeled antibodies to
identify different cell populations according to size (light
scatter) and immunophenotype (fluorescence emission),
enabling identification of both circulating and BM tumor
cells [1]. Although multi-parameter flow cytometry
(MFC) has been tested in acute lymphocytic leukemia
for levels above 0.01% and has shown MRD to be an in-
dependent prognostic factor in CLL, the same does not
always apply to MCL [10, 18]. When comparing differ-
ent MRD detection methods in MCL, the MFC method
has a detection limit of only 8 × 10-4 within both PB and
BM samples [19]. Panels containing a range of anti-
bodies can be utilized in FC methods, with a 4-color
panel being the most commonly available but with the
lowest sensitivity for MRD quantification [10]. MFC
using extra colors have been associated with a more ro-
bust sensitivity of at least 0.01% and is clinically relevant
and feasible in managing individualized therapy [10].
The 8-color MFC was used alongside a PCR method to
assess MRD in a study involving MCL patients treated
with ibrutinib and venetoclax. MRD clearance was con-
firmed in 67% of patients using this method and among
patient samples who achieved complete response, 14 out
of 15 eligible samples showed a negative status [20]
(Table 2). When MFC was created similarly to the stan-
dardized CLL protocol to measure MRD using selected
surface antigens on MCL cells, those possessing a com-
bination of CD20/23/5/19/200/62L/3/45 was the most
favorable in MFC measurement, albeit at a sensitivity of
only 2 × 10-4. This exemplifies the importance of an ap-
propriate target for MRD [34]. Although FC methods
possess many advantages, such as being fast and readily
available, a need for improved strategies using novel
antibody combinations is still required to achieve a com-
parable sensitivity to the gold standard [10, 34]. This is
especially true for MCL due to its heterogeneity, which
requires widespread marker combinations. A major
drawback of MFC is the requisite of a cell surface
marker pattern specific to MCL at a high-enough level
(over 10-5 to 10-4). Even at the time of diagnosis, the



Table 2 Summary of MCL studies using MRD

Author MRD method/Target Population Treatment type MRD results

Cowan et al.
[4]

qPCR and MFC/IgH
rearrangement or t(11;
14) translocation

Previous ASCT MCL pts in
clinical CR

ASCT MRD positivity is independently associated with
poor outcomes after ASCT for MCL patients in CR

Liu et al. [6] qPCR/IgH
rearrangement

Treatment-naïve MCL pts R-CHOP
+ASCT*

MRD negativity: 46% (74%*)

Tam et al.
[20]

MFC and ASO-qPCR/
IgH rearrangement or
t(11;14) translocation

R/R MCL pts Ibrutinib and venetoclax MRD negativity:
-MFC 67%
-ASO-qPCR 38%

Klener et al.
[21]

qPCR/IgH
rearrangement

Transplant-ineligible MCL
pts who received R-CHOP/
R-cytarabine

R-CHOP/R-cytarabine +
rituximab maintenance

MRD (positive vs negative) after 3 or 6 cycles of
induction therapy not correlated with PFS

Hermine et al.
[22]

ASO-qPCR/not
specified

Treatment-naïve MCL pts R-CHOP + ASCT*
(control) vs R-CHOP/R-
DHAP + ASCT*
(cytarabine)

MRD negativity:
-PB: 47% in control and 79% in cytarabine (68%* vs
85%*)
-BM: 26% in control and 61% in cytarbine (59%* vs
68%*)

Kolstad et al.
[23]

Nested PCR/IgH
rearrangement

Treatment-naïve MCL pts R-HDS
+ASCT*

MRD negativity: 56% (86%*)

Albertsson-
Lindblad et al.
[24]

Nested PCR/IgH
rearrangement

Treatment-naïve MCL pts Lenalidomide +
bendamustine +
rituximab

MRD negativity:
-After 6 cycles 36%
-Therapy completion: 64%

Kolstad et al.
[25]

Combined nested and
qPCR/IgH
rearrangement

ASCT and PCR marker
available MCL pts

ASCT
Possible rituximab
maintenance

58 pts experienced MRD relapse and got rituximab
maintenance. This converted pts to MRD-(87%) but
many became positive again later (69%)

Starza et al.
[26]

Nested and qPCR/IgH
rearrangements

From 4 labs of the FIL MRD
Network: Both MCL and FL
pts

N/A 156/187 samples concordantly classified as MRD
positive or negative by both methods; 31 samples
were borderline

Szostakowska
et al. [27]

qPCR/t(11;14), IgH
rearrangement, SOX11

MCL pts at diagnosis and
treatment

Various At diagnosis: high SOX11 had shorter PFS vs low
SOX11 (p = 0.04)

Drandi et al.
[28]

qPCR, MFC, ddPCR/IgH
rearrangement

MCL MRD samples from 4
prospective trials of the
European MCL Network

N/A All 3 methods gave comparable results in MRD
samples with 0.01% positivity. ddPCR was preferable
to qPCR on BQR samples.

Armand et al.
[29]

ClonoSeq/IgH
rearrangement

Treatment-naïve MCL pts Rituximab +
bendamustine /
Rituximab + cytarabine

MRD negativity: 93%

Ruan et al.
[30]

ClonoSeq/IgH
rearrangement

Treatment-naïve MCL pts Lenalidomide +
rituximab

MRD negativity: 8 out of 10 subjects

Ladetto et al.
[31]

qPCR and NGS/IgH
rearrangement

ALL, MCL, and MM pts N/A NGS had same level of sensitivity as ASO-qPCR

Smith et al.
[32]

ClonoSeq and MFC/IgH
rearrangement

Treatment-naïve MCL pts Bendamustine-
rituximab + rituximab ±
lenalidomide

MRD negativity:
-NGS: 91% PB and 90% BM
-MFC:95% PB

Callanan et al.
[33]

qPCR/IgH
rearrangement

MCL pts < 66 years of age R-DHAP
+ASCT* + rituximab
maintenance

MRD negativity:
-80% ➔ 95%* PB
-66% ➔ 82%* BM

qPCR real-time quantitative PCR, MFC multiparameter flow cytometry, IgG immunoglobulin heavy chain, ASCT autologous stem cell transplant, pts patients, CR
complete response, R-CHOP rituximab/cyclophosphamide/doxorubicin hydrochloride/vincristine sulfate/prednisone, R/R relapsed/refractory, PFS progression-free
survival, PB peripheral blood, BM bone marrow, R-HDS rituximab/high-dose sequential chemotherapy, FL follicular lymphoma, ddPCR digital droplet PCR, BQR
below the quantitative range samples, ALL acute lymphocytic leukemia, MM multiple myeloma, NGS next-generation sequencing,
R-DHAP rituximab/dexamethasone/cytarabine/cisplatin
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circulating tumor burden is often too low for MRD de-
tection to occur [7].

PCR-based MRD methods
By detecting tumor-specific DNA sequences and
chromosomal rearrangements, PCR methods can amplify
these targets via specific primer designs for a gene of
interest. This method works well in different NHLs, as
each tumor contains a monoclonal IgH that can serve as
the measure of lymphoma cells. There are generally two
PCR-based MRD detection techniques: qPCR and digital
droplet PCR (ddPCR) (Table 1). As the most well-
known and exploited technique in the detection of MRD
in MCL, qPCR uses either IgH rearrangements or the
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Bcl1-IgH rearrangement as its clonal markers and has a
high sensitivity and ability to detect 80–95% of MCL
(Fig. 2) [1, 19]. In a study that looked at the prognostic
impact of MRD following induction immunochemother-
apy (rituximab, methotrexate, and augmented CHOP)
and before high-dose consolidation among 39 MCL pa-
tients, qPCR was successful in detecting both IgH and
Bcl-1/JH gene rearrangements. MRD detection predicted
disease progression with a hazard ratio of 3.7 (p = 0.016),
making it an independent predictor for these patients
[6]. This prognostic value of MRD status between induc-
tion immunochemotherapy and high-dose consolidation
has also been seen when evaluating if MRD at this time
point could stratify outcomes for patients in complete
remission from MCL. Among 75 MCL patients, the
MRD-positive status was indeed associated with both
shorter overall survival (OS) and progression-free sur-
vival (PFS) [4]. The same results were not replicated in a
more recent study analyzing the prognostic significance
of MRD in elderly MCL patients post induction with al-
ternating R-CHOP (rituximab, cyclophosphamide, doxo-
rubicin hydrochloride, vincristine sulfate, prednisone)
Fig. 2 PCR-based MRD detection methods. qPCR is the gold standard met
double amplification and considered to be more qualitative. ddPCR is an a
limitations. In this hypothetical situation where each MCL patient undergoe
to meet the quantitative standards and thus, is less sensitive compared wit
and R-cytarabine (3 + 3 cycles), followed by rituximab
maintenance [21].
Within qPCR is the allele-specific oligonucleotide

quantitative PCR (ASO-qPCR), in which the Ig
complementarity-determining region is used to generate
the patient-specific primers and probes [19, 35]. By
doing so, it reveals the distinctiveness of each patient at
a sensitivity of 10-4 to 10-6 [36]. In the MCL Younger
trial, ASO-qPCR detected MRD during the first-year
post-autologous stem cell transplant (ASCT) within two
cohorts: the control (R-CHOP and ASCT) and the cytar-
abine (alternating R-CHOP and R-DHAP and ASCT)
groups. While MRD assessment was not a primary out-
come, the results were strongly prognostic for PFS, inde-
pendent from the MCL International Prognostic Index
(MIPI) score [22]. In an aforementioned cohort of pa-
tients treated with ibrutinib and venetoclax, ASO-qPCR
was applied to PB samples to target either clonal IgH re-
arrangement or t(11;14) translocation. The presence of
MRD was not a primary outcome in this study either,
but it did show that among 24 samples, MRD clearance
was confirmed in 38% (9 out of 24) of patients
hod that uses IgH rearrangements as clonal markers. Nested PCR uses
bsolute quantification method that overcomes many of qPCR’s
s MRD assessment via different PCR methods, nested PCR is not able
h the qPCR and ddPCR
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posttreatment. Among those who had complete re-
sponse, 9 out of 11 samples that were eligible for ASO-
qPCR MRD detection had a negative status [20].
Nested PCR is also a commonly used method in vari-

ous MRD studies, albeit being more qualitative than
quantitative. It consists of using 2 primer sets and 2
PCR reaction steps, where the first amplification is non-
tumor specific and the second is tumor specific [9]. In
the Nordic MCL3 study where 90Y-ibritumomab-tiuxe-
tan (Zevalin) was given to patients who did not achieve
CR after BEAM/C, and before transplant, MRD clear-
ance was assessed via nested PCR. Fifty-six percent of
patients achieved MRD negativity before transplant, and
the number increased to 86% post-transplant, indicating
that high-dose consolidation can contribute to a long-
term survival in MCL [23]. When lenalidomide was
added to rituximab maintenance in the Nordic MCL4
trial, more than 50% of both BM and PB samples were
MRD positive using the standard nested PCR [24]. In
the combined Nordic MCL2 and 3 study, the nested
PCR method was combined with qPCR to detect Bcl-1/
IgH and IgH rearrangements in MCL to guide preemp-
tive treatment with rituximab. This treatment seems to
have changed MRD status from positive to negative and
delayed clinical relapse [25]. Finally, in an effort to
standardize MRD methodologies at the national level,
the Fondazione Italiana Linfomi MRD Network collabo-
rated since 2009 and were able to analyze MRD in both
FL and MCL patients. When applying both qPCR and
nested PCR to assess MRD, there was an 83% concord-
ance between the 2 methods, while the rest of the dis-
cordant samples were considered borderline. Even after
applying ddPCR to these samples, discordance still oc-
curred [26].
qPCR has also been used to detect MRD using other

markers. For example, when comparing SOX11 and
CCND1 expression among MCL and healthy donor co-
horts, MRD detection using qPCR on isolated mono-
nuclear cells based on SOX11 expression mirrored the
clinical disease development among MCL patients [37].
SOX11, a member of the sex-determining region Y-
related high-motility-group box transcription factor fam-
ily, has been a marker of interest in many MRD studies
in MCL patients as it is highly expressed in MCL tumors
[38]. A key study demonstrated that SOX11 quantifica-
tion can be a valid MRD marker, possibly equivalent to
t(11;14) [39]. In a review comparing 4 possible MRD
markers for MCL (SOX11, CCND1, Bcl-1/IgH, and IgH-
VDJ), the expression of SOX11 and CCND1 were shown
to be highly correlated in a range of samples from diag-
nosis to complete remission and relapse, even at low
MRD levels. However, IgH-VDJ and Bcl-1/IgH assays
are generally more sensitive, indicating a need for im-
proved MRD assays to detect SOX11 or other marker
expression [40]. When qPCR was used to compare dif-
ferent markers by sensitivity and quantitative range,
SOX11 was found to have higher specificity and utility as
a predictive value for OS and PFS than t(11;14) in MCL,
suggesting it to be a useful marker when other markers
cannot be utilized [27].
Even so, the gold standard still has its flaws. qPCR is

limited as a choice for relative quantification; it needs a
reference standard curve, making it less adaptable for
immediate, individual patient management [10, 16]. This
makes it difficult to reapply both the primers and probes
to other samples, reducing the generalizability of use. It
is also complex, time-consuming, labor-intensive, and is
restricted in providing target quantification for samples
that have a low tumor burden below the quantitative
range [28]. This shows the sensitivity limit of PCR
methods, indicating a need for a more sophisticated de-
tection method of MRD [26].
On a different spectrum, ddPCR allows for quantifica-

tion of tumor-specific somatic mutations and is based
on sample compartmentalization in oil droplets. While
incorporating PCR reactions, ddPCR is also able to track
circulating tumor DNA (ctDNA), which is later dis-
cussed more in depth [7]. ddPCR therefore differs from
traditional PCR methods in that nucleotide particles are
segregated into various wells as droplets, giving rise to
tens of thousands of droplets [7]. This technique has be-
come quite popular in detecting mutations of interest at
baseline in DLBCL and has a detection rate of 10-5 [1].
When ddPCR was compared with qPCR among multiple
myeloma, MCL, and FL patients via patient-specific IgH
rearrangements, ddPCR showed comparable sensitivity,
accuracy, and reproducibility to the gold standard [16].
Additionally, unlike qPCR, this method does not require
a standard curve as it allows absolute quantification even
in samples with no baseline determination of tumor in-
filtration and ensures quantitative discrimination in a
broad range of target amounts (105 to 1010) [16, 28].
ddPCR was used in a multicenter phase II study of bor-
tezomib and rituximab maintenance in MCL patients
post-ASCT, using another molecular marker, CCND1
mRNA. Although feasibility was achieved with low
CCND1 mRNA being detected in all samples without
disease progression, the authors were not able to correl-
ate progression with rising mRNA levels as patients were
in remission, and relatively few relapses occurred [41].
In the past few years, the workflow and guidelines for
ddPCR have been updated within several European
countries. This was initiated from the MRD Network of
the Fondazione Italiana Linfomi and later moved to the
Euro-MRD consortium. Using this updated guideline,
the largest comparison study between qPCR and ddPCR
in MCL has been done in four prospective EU-MCL
clinical trials, with an additional prospective MFC
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application in one of these trials. The study mainly fo-
cused on low MRD level samples, or below the quantita-
tive range samples (BQR), that were defined by qPCR to
investigate if ddPCR is able to reduce the number of
samples that fall into this “grey-zone.” The results
showed that ddPCR, qPCR, and FC measured MRD in a
comparable manner, with at least 0.01% positivity from
the BQR samples. However, ddPCR was preferred over
qPCR as it was more robust in quantifying MRD positiv-
ity between the 0.01 and 0.001% range [28]. A major
drawback with the use of ddPCR in comparison with
qPCR, however, is its lack of validation as a multi-
laboratory standard [16]. Currently, the prognostic rele-
vance of ddPCR is under assessment within the EU-
MCL Network [28].

NGS-based MRD methods
Next-generation sequencing, sometimes referred to as
high throughput or deep sequencing, is expected to be-
come a companion diagnostic for a variety of lymph-
omas in the near future. For B-cell lymphomas, clinical
utility of NGS-based MRD detection has been reported
for CLL, FL, MCL, and DLBCL [16]. With the use of
consensus primers, NGS overcomes the limitations of
previous patient-specific methods. Two general classifi-
cations exist: IgNGS, which amplifies the IgH gene rear-
rangements and subsequent sequencing to track tumor
clones, and mutNGS, which sequences genomic somatic
mutations in B cells, generating a modern platform that
combines PCR primers with NGS aspects (Table 1) [11].
ClonoSeq, formerly called LymphoSIGHT, is the first

and only FDA-cleared assay used for MRD monitoring
in any lymphoid cancer. It combines multiplex PCR and
NGS techniques that is applied to tumor-enriched sam-
ples, resulting in amplified and rearranged IgH (VDJ),
IgH (DJ), IgK, IgL, and TCR gene segments. It also uses
special primers to amplify genomic regions that allows
for total nucleated cell content determination. By identi-
fying and tracking tumor clones in follow-up samples, it
can provide a comprehensive landscape of gene rear-
rangements. This method identifies “dominant” se-
quences that comprise at least 3% of all sequences in the
locus and have a frequency of at least 0.2% in the sam-
ple’s nucleated cells. This confirms the presence of MRD
on clonal lymphoma cells and these sequences are used
for MRD tracking assessment [42]. Initially, ClonoSeq
was limited by detection of somatic mutations in tar-
geted primer sequences but with recent improvements
in primer designs, sensitivity has improved. By utilizing
NGS, this method can detect lymphoma cells at a level
of one per one million cells. In posttreatment CLL pa-
tients, initial MRD testing with MFC resulted in un-
detectable MRD. However, when subject to ClonoSeq,
74% and 62% of samples in BM and PB mononuclear
cells reached a sensitivity of 10-6, respectively. These pa-
tients, who were now MRD positive, had an inferior PFS
compared with those with an undetectable MRD using
ClonoSeq [43]. However, ClonoSeq may overestimate
MRD frequencies near the limit of detection, which is
mainly based on the amount of input DNA. Both the
volume and cellularity of a BM sample can affect the
ability of this assay to detect low levels of disease [44].
At present, there is a body of scientific work that has
been published using ClonoSeq as their MRD assess-
ment tool and its value as a MRD negativity measure
and depth of response is higher than other methods in
MCL [44]. In a phase II study that tested, the efficacy of
rituximab–bendamustine followed by rituximab–cytara-
bine in transplant-eligible MCL patients, ClonoSeq was
applied to detect IgH rearrangements. Among 15 evalu-
able patients, 93% achieved MRD negativity upon treat-
ment [29]. When MCL patients treated with
lenalidomide and rituximab were followed up for 5 years,
a high rate of MRD negativity was also found by using a
PB MRD assay via ClonoSeq [30]. ClonoSeq was also
highlighted at the annual meeting for American Society
of Hematology in 2019. Upon a 2-year examination of
MRD detection with ClonoSeq in various lymphoid ma-
lignancies, ClonoSeq was found to be highly sensitive in
observing a deeper disease response to therapy and thus
may be able to aid in both therapeutic decision-making
and prognostication [45]. A more recent pooled analysis
that involved two trial cohorts of transplant-eligible
MCL patients treated with rituximab–bendamustine and
rituximab–cytarabine also used ClonoSeq. Only a subset
of patients from one of the cohorts had MRD assess-
ment done with samples collected at baseline, post-3 cy-
cles of induction, post-6 cycles of induction, and every
3–6 months thereafter. Upon assessment, it was sug-
gested that this particular regimen achieves high rates of
MRD negativity that can persist for years post-ASCT
[46]. When ClonoSeq was compared with qPCR in 158
follow-up MCL samples, 82% were concordant between
the two methods [31]. When MRD was the primary out-
come in a study of MCL patients who received bendat-
mustine–rituximab induction followed by rituximab ±
lenalidomide consolidation, MRD status detected by
both ClonoSeq and FC correlated with PFS. While both
techniques were feasible in assessing MRD and showed
concordant results at the 10-4 cutoff, ClonoSeq was
more sensitive when adequate material was available
[32]. Overall, ClonoSeq was able to reach a sensitivity of
1 × 10-5, which is comparable to qPCR, but did not re-
quire patient-specific reagents [31].
Another technique that utilizes IgNGS to detect MRD

is HashClone, which was developed to provide B cell
clonality assessment and MRD monitoring over time.
This strategy is comprised of two big steps: first,
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implementation of an alignment-free prediction method
to identify tumor clones. Then, by aligning the rear-
rangements with a reference database, IgH VDJ regions
are identified. This technique was utilized to provide
marker assessment at MCL diagnosis and MRD moni-
toring in a sub-study that involved 5 patients from Fon-
dazione Italiana Linfomi. HashClone was able to identify
a set of putative clones from each patient and IgH using
the international ImmunoGenetics information system
database. At different input genomic DNA amounts (100
or 500 ng), NGS data for MRD monitoring was analyzed
with a sensitivity comparable to ASO-qPCR [47].
With a high sensitivity and ability to identify patient-

specific target sequences, mutNGS techniques have
proven valuable in characterizing novel mutations [7].
Due to the use of library preparation and bioinformatics
pipelines, this set of techniques is also referred to as
panel-directed NGS [1]. The general method involves
tissue interrogation for a panel of single nucleotide
Fig. 3 Liquid biopsy application among MCL patients. A timeline of an MC
followed by the initial treatment. A blood sample from the patient is drawn
The units go through gene sequencing and analysis, where gene fusions, c
can be detected. Once MRD has been detected via liquid biopsy, further tr
collected during this second treatment to monitor changes in the patient
variants (SNV), insertions or deletions (indels), and/or
chromosomal translocations that frequently occur in a
specified disease [1]. However, even with a high sensitiv-
ity, this method is limited by the breadth of the genes
being interrogated as well as the depth of sequences,
making it a difficult method in cases with low allele fre-
quency [1]. Targeted locus amplification selectively amp-
lifies and sequences entire genes via crosslinking
physically proximal DNA loci. This technology was suc-
cessful in identifying novel gene fusions in acute
lymphoblastic leukemia, which led to a study that ap-
plied it to both MCL and FL baseline samples to in-
crease the rate of success marker screening for MRD.
Like other studies, this was comparable to qPCR. Among
17 MCL samples, a novel Bcl-1/IgH breakpoint was
identified by this method in all samples, indicating the
usefulness of this method among patients who did not
have traceable MRD markers [48].
L patient is shown. Upon diagnosis, baseline samples are collected,
, which includes MRD detectable units: ctDNA, CTCs, and exosomes.
opy number alterations, point mutations, and gene rearrangements
eatment options are considered. An additional series of samples are
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Liquid biopsy and circulating tumor DNA (ctDNA):
the future of mantle cell lymphoma management
Although tissue analysis provides a snapshot of what is
happening at that moment, tumor evolution at the gen-
etic and molecular level requires more than just a single
snapshot to determine the type of therapy needed and to
predict the patient’s future path [12]. The term “liquid
biopsy” has been coined from the process of integrating
a blood draw from patients to evaluate the molecular
landscape of the lymphoma. This method is able to ac-
quire all the genetic information from most disease sites,
providing both the tumor genotype and a comprehensive
picture of its heterogeneity in a noninvasive manner [1,
10, 49]. At the molecular level, the information captured
includes point mutations, rearrangements, amplifica-
tions, and gene copy variations (Fig. 3) [50]. Liquid biop-
sies can be conducted using circulating tumor cells, cell-
free DNA (cfDNA), ctDNA, exosomes, or other cell-free
nucleic acids (mRNA, microRNA) [12]. However, only
cfDNA and ctDNA are considered to be practical and
feasible for liquid biopsies in most lymphoid malignan-
cies (Table 3).
cfDNAs can originate from both tumor and non-

malignant cells, which can dilute the amount of ctDNA
that can be detected in circulation. Nonetheless, cfDNA
has been used to track the genetic profile in pre- and
post-treatment DLBCL using cancer personalized profil-
ing by deep sequencing (CAPP-seq), another NGS-based
method discussed later. cfDNA was comparable to bi-
opsy genotyping that detects somatic mutations and was
also able to detect mutations that were far from the bi-
opsy site. Thus, genotyping cfDNA in the plasma can be
a strong tool in tracking real-time clonal evolution with-
out being invasive [51]. cfDNA has also been studied as
a prognostic biomarker for survival in aggressive NHL
(i.e., DLBCL) patients before treatment. Although the
median cfDNA concentration in these patients were sig-
nificantly higher than that of healthy volunteers at 13.7
ng/dl and 7.4 ng/dl, respectively (p < 0.001), the cfDNA
level was insufficient as an independent prognostic fac-
tor, suggesting the need for larger studies [52].
Table 3 Differences in CTC, cfDNA and ctDNA utilization in MRD

CTCs cfDNA

Strengths -Minimally invasive
-Easily repeated
-FDA-approved method available
-Cancer therapy management
-Appropriate for solid tumor cancer
subtypes

-Minimally invasive
-Easily repeated
-Easily obtainable
-Detect drug mutation
-Aid in drug selection
prediction
-Monitoring for emerg

Weaknesses -Dilution by benign epithelial cells
-Large size not suitable for filtration
-Reflects circulating disease only

-Diluted with DNA from
-Present in inflammato
-Predetermined somat
-Single-cell analysis no
ctDNAs originate from tumor cells that have under-
gone apoptosis and/or necrosis. It typically comprises <
1% of total cfDNA, is highly tumor-specific, and has a
general short half-life that ranges between 16min to 2.5
h in the blood. Unfortunately, the exact mechanism be-
hind both the release and clearance of ctDNA is not yet
fully understood [53]. There are two general approaches
for detecting ctDNA. In the targeted approach, muta-
tions are detected in a predefined set of genes and is
used in technologies such as AmpliSeq, CAPP-seq, and
SFE-SeqS. In the non-targeted approach, de novo muta-
tions can be found by screening the genome without ab-
errations being a priori (i.e., whole genome sequencing,
exome sequencing). Because of these differences, the tar-
geted approach generally has a higher sensitivity than
the non-targeted ones [2]. An exception to this is the
FoundationACT, a hybrid-capture-based NGS method
developed by Foundation Medicine that takes on the
broad-based testing approach with no a priori assump-
tions, allowing detection of both frequent genomic alter-
ations and rare yet important targetable gene drivers
[54]. Researchers at Foundation Medicine confirmed
that this method reached a 99% sensitivity for short vari-
ants at low allele frequencies (< 0.5%). Although the sen-
sitivity decreases with lower allele frequencies, with the
lowest being 70% at an allele frequency between 0.125
and 0.25%, this method has been approved and imple-
mented to identify genomic alterations in ctDNA [54].
The IgNGS approach is also able to detect MRD from

peripheral blood mononuclear cells and plasma samples
using ctDNA, enabling biopsy-free lymphoma cell detec-
tion (Fig. 4) [1]. When lymphoma patients who received
hematopoietic stem cell transplantation (HSCT) went
under ctDNA-based sequencing via IgNGS techniques,
the presence of IgH gene rearrangements were associ-
ated with an increased risk of relapse. The clonotype
identification rate was 91%, which rendered it readily ap-
plicable to patients undergoing HSCT. While IgNGS im-
poses many strengths, detecting ctDNA does not
identify the site or extent of relapse and is not applicable
in patients with no identified clonotype and also involves
ctDNA

s
and therapy response

ing drug resistance

-Minimally invasive
-Easily repeated
-Drug resistance detection at gene level
-Driver mutation detection at gene level
-Appropriate for liquid tumor cancer subtypes

healthy cells
ry states and aging
ic alterations needed
t permitted

-Standardized nor validated method not
available yet
-Dilution by cfDNA from non-malignant cells
-Low amounts available



Fig. 4 Next-generation sequencing and ctDNA. The detection of plasma ctDNA IgH rearrangements is a valuable tool in MRD assessment. NGS
techniques, such as CAPP-seq, ClonoSeq, and Archer, are able to detect these rearrangements with high sensitivity. This allows continuous
monitoring of MRD in a patient
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inherent complexities at a high cost, making it not valid
in every setting [1, 16].
At the heart of mutNGS is Archer®. Anchored Multi-

plex PCR (AMP) is a patented target enrichment chem-
istry engineered to produce sequencer-ready NGS
libraries from low input, highly fragmented, or damaged
nucleic acid templates, such as formalin-fixed paraffin-
embedded samples or cfDNA (Table 4). AMP provides a
superior method for enriching specific genetic sequences
Table 4 Differences in ArcherDX and CAPP-seq

ArcherDX

Strengths -Low input
-Anchored multiplex PCR
-High sensitivity
-Good for low allelic mutations
-Fast turnaround time
-Easy workflow

Weaknesses -Not able to survey multiple loci
by utilizing a pool of single gene-specific primers where
the template must have both opposing primer binding
sites intact for PCR amplification. Prior to PCR amplifi-
cation, template molecules (i.e., ctDNA) are directly li-
gated using adapters to incorporate unique molecule
barcoding and a synthetic universal priming sequence to
enable single-GSP target enrichment, bidirectional target
coverage, and sequencing into unknown regions (i.e., fu-
sions and large deletions). Archer’s protocol increases
CAPP-seq

-Uses hybridization capture method
-Can survey multiple loci at once
-Cost effective

-Need large input
-Prior knowledge of tumor’s genetic landscape
-Requires tumor-specific selector
-Sample cross contamination
-Allelic bias in capture reagent
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the sensitivity in detecting low-allelic mutations in
hematologic samples and because these adapters are li-
gated to ctDNA fragments prior to PCR, every unique
template molecule can be identified, allowing detection
of allelic frequencies < 1%. Blood cancer tests combine
both FusionPlex® and VariantPlex® to characterize gene
fusions, copy number variations, and other variants from
a sample [55].
Developed at Stanford University and currently owned

by Roche, the aforementioned CAPP-seq was first vali-
dated in solid tumors covering various somatic alter-
ations that resulted in identifying mutations in over 95%
of tumors [56]. As a type of ultra-deep NGS method, it
utilizes a set of exonic and intronic targets called selec-
tors that are chosen to cover recurrent mutations occur-
ring in a particular cancer. The selected target sequences
are then amplified, enriched, and sequenced. By doing
so, CAPP-seq captures the complex landscape of somatic
mutations of the specific tumor, including SNVs, indels,
and breakpoints (Table 4). As a result, it avoids targeting
only a single tumor-specific genetic aberration, as is the
case with ClonoSeq [57]. Both Archer and CAPP-seq
start with trace amounts of ctDNA obtained in a longi-
tudinal fashion from a patient’s plasma, which is then
processed and amplified to create libraries. These gene-
enriched libraries are then subject to high efficient DNA
sequencing, aiding in driver mutation and clonal evolu-
tion identifications [54, 56]. Although CAPP-seq is able
to combine optimized library preparation and multi-
phase bioinformatics, a major limitation is the required
knowledge of the tumor’s genetic landscape and the
need for a tumor-specific selector [56]. CAPP-seq
showed excellent clinical utility in DLBCL with a true-
positive recovery rate of 95–99% and a false-negative
rate of 1–5% for confirmed mutations, such as EZH2,
MYD88, and CD79B [58]. When CAPP-seq was per-
formed with a panel designed to target 66 genes associ-
ated with NHLs on plasma cfDNA, it had a sensitivity of
88% and a specificity > 99% for detecting mutations that
are present in a frequency greater than 20% within
tumor biopsies [59]. CAPP-seq stands as a highly vali-
dated technology, but standardization is still required
before putting it into a routine diagnostic procedure for
hematological cancers.
Although not yet commercialized, various single-cell

genomic-based methods are also applicable in MRD de-
tection in lymphoma. Single-cell genomics, or single-cell
sequencing (SCS), takes individual cells to examine se-
quence information using optimized NGS methods. This
provides a higher resolution of the cell and a clearer pic-
ture of the individual cell function within its microenvir-
onment. In the context of cancer, SCS has helped in
better understanding intratumor heterogeneity, metasta-
sis, and even therapeutic resistance [60]. With
developments that involve utilization of unique molecu-
lar identifiers, data quality and reproducibility have
greatly improved in these SCS methods [61]. Unfortu-
nately, while studies have indicated that SCS methods
can aid in providing epimutation information in CLL,
not much has been published in regards to MRD assess-
ment in MCL.
Just as there is molecular and cellular heterogeneity in

cancer, the amount of ctDNA is highly variable in each
cancer subtype [30, 62]. A study that evaluated ctDNA
levels across a range of lymphomas using real-time PCR
found that the highest levels (up to 2,000 hGE/mL) can
be found in mediastinal gray zone and primary medias-
tinal B cell lymphomas, whereas classical Hodgkin’s and
FL had the least amount, up to 20 hGE/mL. Other ag-
gressive lymphomas, such as DLBCL and MCL, had a
moderate-to-high amount, somewhere between these
two numbers [62, 63]. Therefore, being able to identify
any amount of ctDNA, especially those with a very low
concentration, is a major and ongoing challenge. This is
especially true in regards to early cancer detection, trig-
gering a competitive market for a more sensitive ctDNA
technique. While methods such as CAPP-seq have
shown promising results, further improvements need to
be made, such as being able to analyze large volumes of
blood at a time [2, 59]. In a study that evaluated whether
ctDNA detection by NGS methods is associated with re-
lapse and survival among lymphoma patients, detectable
ctDNA was indeed a predictor for increased risk of re-
lapse and/or progression [64]. However, the applicability
was limited to a subset of patients with no clonotype
availability, meaning there was no tumor clone fre-
quency of > 5%, for which the authors recommended the
evaluation of both peripheral blood mononuclear cells
and plasma to reach a higher sensitivity. Using a simple
workflow, other approaches have also been considered.
The allele-specific PCR methods have been used to de-
tect hot spot mutations, with kits available for clinical
use [65]. Cancer hot spot mutations via ctDNA analysis
are also the basis for digital PCR on microfluidic plat-
forms, which allows multiplexing. For a larger number
of loci, targeted sequencing with PCR amplicons has
been used, with molecular barcoding being able to detect
allele fractions at a sensitivity below 0.1% (i.e., Archer,
CAPP-seq). Using target sequencing methods along with
multiplexed patient-specific panels can further heighten
the sensitivity [65]. Low specificity is another challenge
in the field of ctDNA detection, especially as cancer-
associated driver mutations increase with age, regardless
of actual cancer development. Somatic mutations in
clonal hematopoiesis, a major risk factor for hematologic
cancer, were found among 10% of people over the age of
65 who also had a very modest risk of becoming a can-
cer patient (1% per year). Concomitant detection of
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these mutations by ctDNA analysis will increase the risk
for false positives, and thus decrease specificity [50]. Ad-
ditions of unique molecular identifiers and digital error
suppression can aid in overcoming issues of both false-
positive and false-negative results [66].
With the first ctDNA test for EFGR mutations being

approved, validation of liquid biopsy as a standardized
clinical tool for B cell lymphomas is a hopeful advance-
ment [2]. Studies have indicated the importance of
choosing the appropriate NGS method when using
ctDNA. For example, applying CAPP-seq for ctDNA
profiling in DLBCL showed that by simultaneously
tracking multiple somatic mutations, it outperforms
IgH-based next-generation sequencing methods for the
detection of MRD [67]. Pre-treatment ctDNA levels
measured by CAPP-seq by serial plasma sampling and
molecular responses were also found to be an independ-
ent prognostic factor for event-free survival and OS
among 217 DLBCL patients in a multicenter study that
used a training and validation framework [68]. In this
context, pre-treatment ctDNA levels were found to be
significantly associated with both IPI and total metabolic
tumor volume, which are both prognostic factors in
DLBCL. This suggested ctDNA to serve not only as a
prognostic factor, but also a quantitative proxy for dis-
ease burden. An optimal threshold for ctDNA change
was observed and validated, with a 2-log drop at the
start of treatment cycle 2 defined as early molecular re-
sponse and a 2.5-log drop at start of treatment cycle 3
defined as major molecular response. Both responses
predicted achievement of complete response. Such early
milestone recognition can be useful in areas such as
drug development, clinical practice, and a more person-
alized approach in clinical trial designs [68]. This can
also give insight to therapy resistance, a continuing
problem in many lymphomas. By analyzing genetic pro-
file changes posttreatment, the resistance mechanism
can provide a better therapeutic target among patients
[69]. Tracking such mechanisms at relapse has been
demonstrated in MCL patients treated with ibrutinib
and venetoclax. By exploring the role of ctDNA in real-
time monitoring among MCL patients posttreatment,
mutations in ATM and the switch/sucrose non-
fermentable complex were found to be dynamically
monitored via ctDNA profiling [70]. Not only that, it
was also revealed that when comparing FC and ASO-
qPCR to detect IgH rearrangements, ctDNA detection
via ddPCR more accurately reflected the treatment re-
sponse during disease monitoring. Out of the 11 patients
who achieved complete response by imaging, which was
the primary end point, 10 patients (91%) achieved an
MRD-negative status by ctDNA analysis. This was a
higher proportion than when assessed by either FC and
ASO-qPCR. The study highlighted ctDNA’s ability to
not only provide valuable prognostic information but
also enable real-time assessment of the treatment by de-
tecting genomic changes that can be associated with re-
sistance [70]. Although the utility of ctDNA assessment
can be applied to almost every stage in lymphoid malig-
nancies, there are still needs to be met, such as standard-
izing ctDNA quantification, using reference standards
for each platform, and determining how to integrate
ctDNA into risk stratification with established bio-
markers (i.e., IPI, interim imaging scans) [71].

Future implications
Given these MRD detection methods, it is critical to as-
sess whether and how these tools aid in improving the
management of MCL patients. At any given moment,
measuring the disease burden provides a very in-depth
detail of the patient’s progress, whether as a prognosis
value or treatment indication [56]. MRD data continues
to evolve in MCL, and while routine practice is not yet
implemented, ongoing and stronger data will make this
possible in the near future. Incorporating MRD assess-
ment as a primary endpoint in clinical studies rather
than as an exploratory one is a realistic way data can be
strengthened. As seen in Table 2, studies that have MRD
as the primary endpoint has shown significant results.
Also noteworthy is the higher MRD negative status seen
in MCL patients who receive ASCT [6, 22, 23, 33]. This
indicates that while intense and not fit for the elderly
population, ASCT can be effective in clearing any re-
sidual disease. The clinical application of MRD detection
is mostly determined by the timing of sample collec-
tions: pre-treatment, during treatment, and posttreat-
ment. Monitoring ctDNA levels via liquid biopsy can be
especially useful during cancer surveillance upon pa-
tients achieving remission. The prognostic information
obtained from such monitoring is available for use in
clinical trials as a primary or secondary endpoint. Thus,
the use of MRD detection pre-treatment provides new
opportunities for precision treatment. In a review done
by Roschewski and colleagues, a high ctDNA concentra-
tion present before treatment has shown to correlate
with poor prognosis in DLBCL, leading to the choice of
a more aggressive treatment [11]. Once treatment is
started, changes in ctDNA levels can provide early feed-
back on the treatment efficacy in patients with advanced
diseases [57]. By monitoring the changes in molecular
disease levels, one can understand the changes in tumor
burden: high levels with progressed disease and low
levels with stable disease [7]. Liquid biopsy is the most
utilized technique for mid-treatment MRD detection.
The likelihood of recurrent disease following treatment
can also be predicted via MRD detection, providing in-
formation on further prognosis. Patients with a low dis-
ease burden at recurrence have better outcomes, again
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highlighting the ability for MRD detection methods to
capture minimal amount of ctDNA [10]. An ongoing
clinical trial that is detecting and quantifying ctDNA in
MCL patients throughout therapy have demonstrated
earlier detection of relapsed disease using IgNGS [72].
Risk stratification can also be conducted, especially if a
patient is to be in a clinical trial. A study based on a
population that has been stratified by risk via MRD can
further aid in precision treatment.

Conclusion
While it is true that MRD assessment has evolved over
time as both a diagnostic tool and predictor of long-
term remission, the ability to personalize and match the
appropriate treatment to a patient while dynamically
monitoring its progress is still in the beginning stages.
Notably, while qPCR is known to be the gold standard,
it is easy to recognize that NGS methods have much
broader applicability (Table 1). By allowing precision
therapy that targets individuals rather than the popula-
tion, the noninvasive liquid biopsy is thought to be the
ultimate MRD detector in hematological cancers. Even
still, there are barriers to overcome before MRD assess-
ment can reach its full potential in MCL. First, MRD
monitoring is not validated in ongoing clinical trials, es-
pecially in trials assessing novel treatment, making it dif-
ficult to evaluate its applicability. In order to effectively
compare available data, MRD assessments need to be
standardized and interlaboratory quality control would
be required. The aforementioned study of MRD assess-
ment among MCL patients who have been treated with
ibrutinib is a good example on how future clinical trials
should amend their protocols [20]. This lack of use can
be attributed to the high cost and specificity required to
analyze the results, mandating technical expertise. A
study analyzing the overall healthcare expenses that spe-
cifically impact patients’ quality of life is a good starting
point for motivation to decrease the per sample cost of
MRD assessment via NGS. Second, there is a lack of a
reliable molecular marker for MRD in patients. Al-
though ctDNA levels have proven to be good prognostic
markers, more studies are needed as previously indi-
cated. Finally, before NGS-based MRD assessment tech-
niques can be introduced into clinical practice, a large-
scale validation study of each of the techniques must be
conducted to finalize their peak performance. Further-
more, liquid biopsy technologies are regulated by agen-
cies such as the FDA and the European Medicine
Agency, so both the safety and effectiveness criteria
must be fulfilled before being approved for clinical use.
Being able to provide accurate prognosis through proper
MRD detection can aid in selecting the most appropriate
treatment of care followed by continuous monitoring of
a patient’s progression via interim MRD detections.
While larger clinical studies that can validate MRD de-
tection to be an independent prognostic factor is still in
need, there is imminent hope for MRD-driven treatment
approaches to become the standard protocol on the road
to curing MCL.
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