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Introduction

Although general ly  incurable  in advanced stage, 
outcomes of follicular lymphoma (FL) have improved 
continuously over the last two decades. Thanks to novel 
treatment modalities including the anti-CD20 antibodies 
rituximab and obinutuzumab, myeloablative chemo- 
or radio-chemotherapy followed by autologous stem 
cell transplantation (ASCT) and the availability of new 
biologic agents, a significant improvement of response 

rates, response duration and overall survival (OS) has been 
achieved with a substantial impact on long term outcome. 
Median OS in advanced stage FL is now approaching nearly 
20 years, with this approaching the life-expectancy of the 
general population matched by gender and age (1,2).

Despite the overall improvement in first line treatment, 
progression-free survival (PFS) and OS of patients with 
clinical remission at the end of induction (EOI) and the end 
of treatment (EOT) varies substantially among individual 
patients. The life expectancy of FL-patients is mainly 
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determined by the response to initial treatment and the 
time point of relapse (3). Thus, treatment recommendations 
during the course of the disease are challenging and range 
from a watch-and-wait strategy to single-agent treatment 
with an anti-CD20 monoclonal antibody, or different 
immuno-chemotherapy combinations up to intensive 
multimodal concepts including ASCT (2,4). Despite 
long-term disease control in the majority of patients, 
approximately 20% of patients progress within 2 years after 
immunochemotherapy with a short 5-year OS of only 50% 
(3,5).

A number of baseline clinical, histological and biological 
predictors have been identified in FL like the “Follicular 
Lymphoma International Prognostic Indexes” FLIPI (6), 
FLIPI-1 and FLIPI-2 based on clinical parameters, and m7-
FLIPI (7) including genetic risk factors to define prognostic 
subgroups. With the exception of the “late” prognostic 
factor progression of disease within 2 years (POD24) these 
take into account only pretherapeutic risk factors. Although 
prognostic, they are not used for risk adapted treatment 
strategies.

As in general FL remains an incurable disease, the 
duration of remission in individual patients is determined 
by the quantitative extent of residual lymphoma cells after 
treatment [minimal residual disease (MRD)] as well as their 
proliferation kinetics during follow-up. Both parameters 
reflect the individual disease biology that determines long-
term prognosis. Thus, the concept of management of 
indolent lymphomas relies on the most efficient reduction 
of the tumor burden as relevant step to achieve a long-
term disease control. In recent years the concept of MRD 
detection has gained relevant interest as a post-treatment 
outcome predictor in lymphoma and a considerable amount 
of data has been generated in the field (8-11).

In combination with imaging tools such as computed 
tomography (CT) or 18F-fluorodeoxyglucose positron 
emission tomography (18F-FDG-PET) CT, laboratory 
based MRD tools could allow a more accurate assessment 
of remission and thereby the identification of different 
risk groups after treatment, an important step towards a 
risk adapted treatment approach (12). Possible scenarios 
for risk adapted treatment strategies are a stop or change 
of treatment, the direction of maintenance or initiation 
of preemptive therapy, treatment intensification or 
consolidation (9).

Several methods have been proven to be useful for MRD 
monitoring in the context of indolent lymphomas. Different 
techniques for MRD detection vary not only in a different 

performance in terms of applicability, accuracy, sensitivity 
and specificity but also with respect to disease specifications 
and the availability of diagnostic material with sufficient 
tumor cells to identify an MRD marker (13-15).

This review discusses major technical aspects of the 
available methods for the analysis of MRD in FL with 
their individual advantages and disadvantages and the 
significant clinical messages that have been derived from 
the application of MRD monitoring in controlled clinical 
trials during the last decade.

Methods for MRD analyses

Different methods are available to detect residual lymphoma 
cells in peripheral blood (PB) and bone marrow (BM) 
during and after treatment below the sensitivity threshold 
of common diagnostic techniques. A general requirement 
of MRD techniques is that a minimum sensitivity of 10E-4 
to 10E-5 should be reached to accurately define the MRD-
based risk groups. Currently available MRD methods 
vary according to sensitivity, specificity and accuracy of 
target quantification and have individual technical biases 
(13,14,16-18). Overall, MRD techniques have improved 
over the last 10 years especially in their quality and the 
practical knowledge of their use (13,14,19). New high-
throughput PCR sequencing techniques [next-generation 
sequencing (NGS)] for MRD detection have been 
developed with the option to reach a higher sensitivity and 
specificity, but its application still needs validation in clinical 
studies as well as standardization for a broad application 
in clinical trials. Each method has specific advantages and 
disadvantages that will be described (Table 1) and critically 
discussed in the following paragraphs.

Flow-cytometry (FC) based methods

FC i s  f requent ly  used  in  rout ine  d iagnost ic s  o f 
hematological diseases. FC is broadly available and one 
major advantage is to get a quick result in a few hours 
compared to more laborious molecular methods. The 
principle of FC is the detection of the immunoglobulin 
(IG) light-chain restriction in B-cell lymphomas and 
the identification of immunophenotypic abnormalities. 
However, while FC is an established method for MRD 
detection in chronic lymphocytic leukemia (CLL) (20-22)  
and mantle cell lymphoma (MCL) (23), there are no 
established FC panels for MRD detection in FL. While 
the EuroFlow consortium offered a standardized approach 
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Table 1 Advantages and disadvantages of different methods for MRD detection

qPCR ddPCR IG-NGS

Advantages Fully standardized No need of standard curve quantification Patient independent 
approach

Regular Euro-MRD QC rounds Regular Euro-MRD QC rounds High specificity

Short turnaround time (when marker defined) 
and cost-effective

Short turnaround time (when marker defined) 
and cost-effective

Sensitivity 10E-6

Prognostically relevant time points defined Direct quantification Direct quantification

Guidelines and recommendations for reporting Guidelines and recommendations for reporting High-throughput method

Disadvantages Sensitivity limited to 10E-5 Sensitivity limited to 10E-5 Expensive

Marker screening and sequencing,  
ASO primer design required

Marker screening and sequencing,  
ASO primer design required

Long turnaround time

Patient specific approach Patient specific approach Validation in clinical trials 
lacking

Grey zone of non-quantifiable results Grey zone of non-quantifiable results  
(less than qPCR)

Not standardized, no 
guidelines or QC

Requires high infiltrated diagnostic  
sample to establish a serial dilution

Low-throughput method Laborious (high 
bioinformatic input is 
needed)

Low-throughput method Risk of contamination

MRD, minimal residual disease; qPCR, quantitative real-time PCR; ddPCR, digital droplet PCR; IG, immunoglobulin; NGS, next-generation 
sequencing; QC, quality control; ASO, allele-specific oligonucleotide.

for effective FL diagnostics (24), no standardized approach 
for FC based MRD detection has been implemented for 
an application in prospective clinical trials. This can be 
explained in part by the fact that CD10 as a hallmark for 
histopathology in FL is frequently down regulated when FL 
becomes leukemic (25).

PCR based methods

Quantitative real-time PCR (qPCR)

qPCR is the most frequently used and best validated 
method for MRD detection in FL. Uniform guidelines and 
quality control (QC) rounds are in place and the majority of 
MRD data in FL have been produced by using qPCR.

The sensitivity of qPCR routinely reaches from 10E-4 to 
10E-5 (1 lymphoma cell in 10,000 to 100,000 non-involved 
cells) in an adequate DNA amount. PCR data in FL are 
mainly based on MRD assessment of t(14;18) positive cells, 
the genetic hallmark of FL (26). The t(14;18) translocation 
results from the juxtaposition between chromosome 18 
and chromosome 14 including the immunoglobulin heavy-

chain (IGH) genes and the BCL-2 gene (26,27) and is a 
robust and stable target for MRD analysis. It is however, 
restricted only to those 60% of FL cases with a PCR 
detectable t(14;18) breakpoint. About 40% of chromosome 
18 breakpoints occur in the major breakpoint region (MBR) 
of the BCL-2 gene spanning a region of 150 bp. There are 
two other breakpoint regions that have to be taken into 
account for an efficient PCR strategy, the 3'MBR subcluster 
located 4 kb downstream of the MBR encompassing a 
region of 3.8 kb [9% of all t(14;18) breakpoints] and the 
minor cluster region (MCR) located 20 kb 3' of the MBR 
covering a region of about 500 bp [10–15% of all t(14;18) 
breakpoints]. A number of variant translocations have been 
described that cannot be routinely assessed by PCR (28,29). 
The translocation partner of chromosome 18 is the joining 
region of the IGH gene on chromosome 14, where the 
breakpoints are almost exclusively located within one of 
the six germline JH regions encompassing allowing PCR 
amplification of the translocation (26).

The t(14;18) qPCR assays employ a forward primer and 
a fluorogenically labelled hybridization probe positioned 
on chromosome 18, the reverse primer is located in the 
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Figure 1 Workflow for MRD quantification for the different methods. (A) Allele-specific qPCR: after a consensus PCR approach 
followed by gene scan analysis [1]. Sequencing of the PCR product [2] allows ASO primer design according to the disease specific clonal 
rearrangement [3]. qPCR uses a hydrolysis probe (TaqManTM) hybridizing on the complementary nucleotide sequence of the template 
during the PCR reaction. Quantification of the sample is based on the fluorescent signal during the exponential phase of amplification [4]  
and requires a serial diluted diagnostic sample with known tumor cell infiltration [5]. (B) Principle of allele-specific ddPCR. The same primers 
and probes like in qPCR can be used. By dividing DNA molecules into individual partitions (i.e., droplets) prior to amplification [4a], the 
droplets are amplified [4b] and screened for fluorescent signal [4c]. Quantification of the target concentration is achieved by Poisson correction 
on the fraction of positive droplets and allows a direct quantification of every sample. (C) Amplicon based high- throughput sequencing 
for MRD detection. Consensus primers are used to amplify rearranged VDJ sequences, followed by sequencing library construction and 
sequencing. The bioinformatic analysis identifies the disease specific clonotype according to a complex bioinformatic process. MRD, minimal 
residual disease; qPCR, quantitative real-time PCR; ASO, allele-specific oligonucleotide; ddPCR, digital droplet PCR.
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(Figure 1). The advantage of this approach is its uniform 
applicability to t(14;18) MBR positive FL patients without 
the need of sequencing of the junctional region. One 
disadvantage is the considerable variability of the PCR 
product size, that can vary from 150 up to 500 bp depending 
on breakpoint location and the N-region length of the 
individual t(14;18) translocation. This has to be considered 
when comparing MRD results among individuals. The 
EuroMRD consortium, founded in 2001 as a division of 
ESLHO (European Scientific foundation for Laboratory 
Hemato Oncology EuroMRD network), has standardized 
qPCR approaches for the translocation and moreover has 
designed plasmid standards also for the assessment of the 

variant rare breakpoints. These plasmids are available on 
request (http://www.euromrd.org).

The restriction of t(14;18) qPCR to those FL with a 
PCR detectable translocation lead to the exploration of 
clonal IG light-chain and IGH rearrangements as PCR 
targets. A clonal IGH rearrangement is detectable in more 
than 80–95% of B-cell neoplasia (30) and can be successfully 
used for MRD assessment. Sequencing of the junctional 
region of rearranged IGH genes allows the identification 
of the tumor specific VH-DH-JH rearrangement and by 
this an allele-specific oligonucleotide (ASO) primer can be 
designed for a sensitive qPCR approach (31,32). Because 
each patient’s clonal IG rearrangement is unique, the 
assay characteristic (sensitivity and the quantitative range) 

http://www.euromrd.org
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differ among patients and therefore need to be individually 
established.

One challenge of using clonal IGH rearrangements as 
MRD targets is the fact that mature B-cell lymphomas, 
specifically FL, feature somatic hypermutation (SHM) of 
the IGH target region as well as ongoing SHM during 
clonal evolution. This can hamper accurate primer binding 
in the IGH region and might underestimate the true MRD-
value. Approaches with IGH probes placed in the consensus 
(framework) regions of the respective IGH gene try to 
circumvent this problem (31) and have been successfully 
applied also in somatically mutated subtypes (31,33).

One further issue for IGH based MRD detection in 
FL is the non-universal presence of a substantial tumor 
infiltration in the diagnostic PB or BM sample. This 
is a prerequisite for target identification and for the 
establishment of a reference standard curve for quantitation 
of follow-up samples by qPCR. For generating a reference 
standard curve the lymphoma cell infiltration should ideally 
be ≥5% of FL cells. As this is sometimes difficult to assess, 
cloning of rearrangements and the usage of plasmids for 
MRD quantification may be an alternative (34). This 
approach has been successfully used for MRD detection in 
a large prospective phase III trial in the first-line treatment 
of FL (10), but it is a laborious process that requires 
individually cloned plasmids and the sensitivity and the 
quantitative range of qPCR has to be assessed separately for 
each individual qPCR assay. Therefore, new technologies 
like high-throughput sequencing might overcome this 
limitation in the future (13).

For the application of MRD in clinical studies, uniform 
guidelines for application, sensitivity and quantitative 
range as well as data interpretation are a substantial 
requirement (35). This has been a major task of the 
EuroMRD consortium, founded in 2001 as a division of 
ESLHO (European Scientific foundation for Laboratory 
Hemato Oncology, see www.EuroMRD.org). Within the 
EuroMRD consortium a working group focusing on the 
specific requirements of MRD in lymphomas has advanced 
standardization and data interpretation in this setting 
and also offers regular control rounds to monitor the 
performance of the participating laboratories and to further 
improve and standardize qPCR analyses.

Digital PCR

One of the major limitations of qPCR is the detection 
of MRD below the quantitative range [positive non 

quantifiable (PNQ)]. After effective immunochemotherapy, 
2/3 of patients achieve PCR positivity within this grey-
zone. The occurrence of PNQ may be due to technical 
reasons and can reflect true low-level residual disease, or 
non-specific target amplification, resulting in a false positive 
result (14,36).

Digital  droplet  PCR (ddPCR),  is  a  PCR based 
method for absolute quantification of MRD via target 
compartmentalization in a water-oil emulsion with patient-
specific primers and/or -probes. ddPCR is less sensitive to 
PCR inhibitors based on endpoint amplification (14) and 
reaches a sensitivity comparable to qPCR (37-39). ddPCR 
is able to provide an accurate quantitative MRD result in 
20–45% of positive non-quantifiable samples quantified 
by qPCR thanks to its absolute quantification. This is 
advantageous for MRD diagnostics in a low-throughput 
setting and allows MRD quantification also in those patients 
in which a standard curve cannot be reliably generated due 
to low tumor burden at diagnosis. However, the laborious 
design of patient-specific assays cannot be avoided.

Guidelines for ddPCR-based MRD detection have been 
defined for the application in lymphomas by the lymphoma 
working group of the EuroMRD consortium (36).  
In a recently published series of patients with MCL, 
ddPCR was superior to qPCR since it provided more robust 
quantification at positivity in the range between 10E-4 and 
10E-5 (36). This is mainly observed for qPCR with ASO 
primers while for the translocation t(14;18) both methods 
yield comparable MRD results (14).

The predictive value of ddPCR in comparison to 
qPCR has been confirmed in FL and MCL (14,37). In a 
comparative analysis of qPCR and NGS the prognostic 
relevance of ddPCR could be demonstrated in prospective 
trials of the European MCL Network. The results have 
been submitted to the International Conference on 
Malignant Lymphoma 2021 (40).

NGS

NGS is a high-throughput sequencing method that can also 
be applied for MRD detection in hematological diseases 
by addressing the clonal IG or T-cell receptor (TR) gene 
rearrangements characterizing the disease. NGS may 
overcome some limitations of PCR-based methods and has 
the potential of a higher sensitivity and specificity. NGS 
based MRD assessment does not require the laborious 
design of patient-specific tests as the same multiplex primer 
set is used for marker screening and MRD assessment.

http://www.EuroMRD.org
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As in PCR based methods, the IG rearrangement 
representing the clonal fingerprint of the disease is 
determined by marker screening and subsequently traced 
for MRD assessment. For marker identification by 
amplicon NGS, the initial step is a multiplex PCR for the 
amplification of the clonal IG or TR gene rearrangement, 
followed by a second-round PCR with barcoded primers 
for library preparation and subsequent high-throughput 
sequencing. Also a one-step PCR with barcoded multiplex 
primers can be used.

Marker identification by NGS can be challenging and 
requires a substantial infiltration of PB or BM by lymphoma 
cells, as unrelated B- or T-cell clones can contribute to 
a significant background of IG and TR sequences not 
related to the malignant clone (41). In leukemic diseases 
like acute lymphocytic leukemia (ALL), MCL and CLL, 
a 5% frequency cut-off for the most abundant clonotype 
can be used to allocate a clone as disease related clonotype 
(13,18,19,42,43).

In our hands, a correction of marker reads according to 
the number of cell equivalents sequenced in the reaction 
resulted in a more precise identification of the lymphoma 
specific clonotype when a threshold for the most abundant 
clonotype of ≥1% in a polyclonal background is chosen 
(18,44).

Notably, this requires the usage of reference standard 
DNA that is spiked into each sample in known copy number 
to correct for amplification biases and to allow NGS-MRD 
quantification by normalization of NGS reads to cell copy 
numbers (45).

Our group has shown that marker screening by IG-
NGS in unselected diagnostic PB and BM of patients 
receiving first-line treatment for advanced FL was 
successful in only 50% of the cases independent of the 
use of PB or BM (44), the latter expected to have a higher 
degree of infiltration. This detection rate is lower than that 
reached with PCR with consensus primers and gene scan 
analysis (10) and underlines the importance of infiltrated 
tumor tissue for IG-NGS MRD marker screening. When 
IGK light chain clonotypes were additionally sequenced, 
lymphoma related IG clonotype could be detected in 64% 
of diagnostic samples (44). Therefore, analysis of formalin-
fixed diagnostic lymph-node tissue might be necessary 
for screening and identification of the tumor-specific 
clonotypic at least in typical nodal types of lymphomas.

A further issue in amplicon-based sequencing strategies 
are somatic mutations in primer binding sites hampering 
proper primer binding. This occurs mainly in the IGH 

region during B-cell maturation and is particularly important 
in mature B-cell malignancies like FLs, diffuse large B-cell 
lymphomas and multiple myeloma (46-48), where the clonal 
IG index sequence might harbor considerable rates of SHM 
resulting in a decreased amplification efficiency.

Alternatively, incomplete IGHD-IGHJ rearrangements 
and IGK gene rearrangements could be used as targets for 
MRD (49). Both rearrangement types are mainly unmutated. 
Incomplete rearrangements in the IGH locus do not contain 
SHMs in the majority of cases because transcription starting 
from the promoters in the V gene segments does not occur. 
The finding of hypermutation in a small proportion of 
incomplete DH-JH rearrangements suggests important 
biological implications concerning the process of SHM. The 
rearrangements of the IGK genes can also be an important 
complementary MRD target, as in rearrangements involving 
the kappa deletion element (Kde) no SHM can occur after 
Kde recombination, since the deletion of the JK-CK introns 
removes the IGK enhancer essential for SHM (50).

MRD assessment by IG-NGS

For MRD analysis by NGS, the clonally rearranged IG 
loci are sequenced by using the same consensus primer 
set in follow-up samples, followed by sequencing library 
construction and data evaluation. This allows sensitive 
detection of lymphoma-specific clonotypes with a sensitivity 
of up to 10E-6, dependant from the amount of input DNA.

Most published data in the literature using IG-NGS for 
MRD assessment refer to a commercially available assay 
using the ClonoSeq platform (Adaptive, Seattle, WA, USA) 
which has been tested in a broad array of hematological 
malignancies like CLL (51) and ALL (43,52) and B-cell 
lymphomas (13). A comparative analysis of our group in 
patients with ALL, MCL and FLs addressing the potential 
of NGS to overcome some of the limitations of ASO-
qPCR have shown that both methods have comparable 
sensitivity, and NGS has the potential for further increased 
sensitivity and specificity (13). Recent studies have shown 
that undetectable MRD determined by IG-NGS below the 
level of 10E-5 reveals advantageous prognostic subgroups 
in patients with CLL (53) and multiple myeloma (54), so it 
would be very attractive to investigate the potential of IG-
NGS also in FL.

Like in PCR-based MRD methods, the sensitivity of 
MRD detection by NGS is depending on the number of 
analyzed cells corresponding to the amount of DNA. A 
sequencing depth of 10E-6 requires sufficient DNA of 
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at least one million cells, equivalent to 10–12 μg DNA, 
assuming high quality DNA without PCR inhibitors. This 
could be critical to achieve, in particular after a B-cell 
depleting therapy or during maintenance treatment.

The Euro Clonality NGS working group of ESLHO 
has put great efforts in the development of new IG/TR 
NGS assays as well as their standardization and validation 
(19,45,55) to broaden access to NGS based techniques for 
clonality assessment, MRD detection and IG/TR repertoire 
analyses. This network approach includes the definition 
of guidelines for application, required sensitivity and data 
interpretation.

Correct MRD quantification by amplicon NGS requires 
the use of standardized internal controls to correct for 
amplification biases and to allow NGS-MRD quantification 
by normalization of NGS reads to cell copy numbers. This 
is of particular importance in the situation of low numbers 
of polyclonal background B-cells, as MRD quantification 
by counting number of index sequences and dividing them 
by the total number of sequenced amplicons might lead to a 
considerable overestimation of MRD.

Correct and reproducible IG-NGS MRD quantification 
is complex and requires a bioinformatic platform for the 
standardization of input processing, selection and filtering 
of data, comparative calculation and visualization of 
immunogenetic annotation of sequences. The published 
pipeline ARResT/Interrogate of the EuroClonality-NGS 
consortium is already being used for standardized MRD 
in NGS (45,56) and has recently been adapted for MRD 
quantification in FL, where excessive clonal heterogeneity 
requires systematic merging of IG clones for MRD 
calculation.

In the comparative analysis of qPCR, ddPCR and NGS 
in study patients with MCL, the prognostic relevance 
of all three methods could be demonstrated (40). Our 
comparative data of IG-NGS with qPCR in FL show 
adequate sensitivity and reproducibility in (44) with the 
EuroClonality-NGS approach, but the application is limited 
to those patients with successful IG-NGS marker screening 
in diagnostic PB and BM. Therefore, analysis of formalin-
fixed diagnostic lymph-node tissue might be additionally 
used for marker screening in nodal lymphomas.

Sampling and prognostic relevant time points for 
MRD detection

For MRD assessment, circulating lymphoma cells or cell 
free DNA (cfDNA) can be analyzed. Data in FL mainly 

rely on the assessment of circulating lymphoma cells in 
PB and BM, the latter being appraised as the most reliable 
specimen for MRD analysis due to the rapid clearance of 
FL from PB by anti-CD20 monoclonal antibody rituximab 
treatment (57). Therefore, most studies investigating 
the prognostic impact of MRD after intensive treatment 
including ASCT used BM for MRD assessment (11,58-61). 
In both specimen it could be shown that MRD positivity 
is correlated with a subsequent clinical relapse and a worse 
PFS and/or OS (8,62-70).

Due to the easier access PB has gained importance and 
the prognostic impact of MRD even under anti-CD20 
monoclonal antibody treatment has been proven in the 
phase 3 Gallium trial (10). This prospective analysis gave 
important hints on the timing of MRD analysis and showed 
for the first time that the prognostic impact of the MRD 
status in PB at interim staging was a strong prognostic 
factor.

MRD responses were achieved early (94% in PB in the 
obinutuzumab arm) and with a median follow-up of 57 
months, MRD response at interim staging shows a 64% 
reduction in the risk of a PFS event relative to MRD-
positive status (HR, 0.36; 95% CI: 0.25–0.53; P<0.0001). 
Moreover, PFS was longer for “early responders” in 
comparison to “late responders” (those being MRD-positive 
at the mid of induction, but MRD-negative at EOT) and 
to patients not achieving MRD response (4-year PFS, 80% 
for the “early responders” vs. 60% for the “late responders” 
vs. 30% for “always MRD positive patients. In the setting 
of highly effective treatment protocols, BM probably is the 
more significant sample for MRD assessment especially as 
it is known to be cleared from lymphoma cells later and less 
effective than PB (10). This is in particular important when 
a therapeutic intervention is considered according to the 
MRD result. Published evidence for PB or BM at different 
investigational time points is summarized in Table 2.

Clinical significance of FDG-PET

18F-FDG-PET/computed tomography is a highly sensitive 
method for baseline staging and response assessment 
after therapy in all histological subtypes of FDG avid 
lymphomas. It has also been shown, that PET response is 
an independent outcome predictor in several lymphoma 
subtypes including FL (72,73).

The prognostic role of PET measuring total metabolic 
tumor volume (TMTV) and metabolic response has 
been shown in a pooled analysis of 159 FL patients from 
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3 prospective trials (LYSA, FIL) evaluating imaging 
biomarkers for early risk stratification. TMTV and PET 
at EOI correlated significantly with the 5-year PFS (74). 
The strong prognostic significance of PET at EOI was also 
confirmed in the randomized phase 3 GALLIUM trial, 
where PET response after first-line immunochemotherapy 
identified different risk groups. The 77% of patients who 
achieved a metabolic response had a superior PFS and OS, 
independent of treatment arm (72). These studies confirmed 
that 18F-FDG-PET has the highest sensitivity and accuracy 
of all imaging techniques and is the preferred technique for 
initial staging and response assessment. Interestingly, a high 
pretherapeutic TMTV seems to correlate with circulating 
tumor cells and the abundancy of cfDNA in untreated FL 
at diagnosis and is associated with adverse outcome after 
first-line treatment (75). This association shows a relation 
between the tissue tumor burden and circulating tumor 
burden, measuring these parameters and integrating them 

in prognostic models might provide even more precise 
information for tailored treatment approaches in the future.

Given the high sensitivity of both, PET and MRD, it 
seems reasonable to combine both methods for response 
assessment. This concept was tested for the first time in a 
subset of 41 patients of the Italian phase III (FOLL05) FL 
trial in which combined data on MRD and PET at EOT 
where available (76). With the limitation of a small series 
of patients the results indicated that the combination of the 
two approaches improve the ability to identify subgroups 
of high and low risk patients in FL, and therefore can be 
regarded as complementary response assessment tools. 
In 298 patients of the Gallium trial with both parameters 
analysed at EOI, the patient group with complete metabolic 
response (CMR) and MRD-negative response (n=246) had a 
favorable prognosis, the 2.5-year PFS (from EOI) was 85% 
(95% CI: 80–89%), compared to 69% (95% CI: 40–86%) 
in the PET and MRD-positive group (12).

These results confirm that PET and MRD at the EOI 
treatment are complementary techniques for prediction 
of outcome, suggesting that the circulating and tissue 
tumor burden at diagnosis is not equivalent with regard to 
therapeutic efficacy of a certain treatment.

Significant clinical messages for the use of MRD 
in FL

Large multicenter studies with FL patients analyzing the 
MRD detection were done to prove the value of MRD 
during and after treatment in terms of early identification of 
a molecular relapse.

A main conclusion from these clinical trials is that the 
combination of imaging and MRD tools for response 
assessment allows a more precise characterization of 
individual lymphoma biology.

In the last decade the accumulated knowledge has shown 
that MRD is a reliable tool for highly sensitive response 
assessment and identification of patients with an adverse 
prognosis.

Relevant experiences for clinical treatment are listed in 
the following:
 Staging of FL at diagnosis is mainly based on imaging 

techniques using computed tomography scan. In early 
stage FL, circulating lymphoma cells at diagnosis can 
be detected in more than 2/3 of FL with localized 
disease by imaging (37,77). This identifies a more 
extensive tumor burden than imaging techniques 
do, this is supported by the fact that patients with 

Table 2 Prognostic time points for MRD detection and 
recommended source of material

Time point Prognostic significance Material

Diagnosis Rambaldi, 2005 (61) PB, BM

Pott, 2006 (66) PB, BM

Galimberti, 2014 (71) BM

Zohren, 2015 (65) PB

Interim staging Hirt, 2008 (67) PB

Pott, 2018 (10) PB

EOT Ladetto, 2008 (60) BM

Ladetto, 2013 (11) PB, BM

Rambaldi, 2005 (61) BM

Pott, 2018 (10) PB, BM

Post remission evaluation

3–12 months after 
induction

Ladetto, 2008 (60) BM

Ladetto, 2013 (11) BM

Pott, 2018 (10) PB

López-Guillermo, 1998 (69) PB, BM

12–24 months after 
induction

Pott, 2018 (10) PB

Galimberti, 2014 (71) BM

López-Guillermo, 1998 (69) PB, BM

MRD, minimal residual disease; EOT, end of treatment; PB, 
peripheral blood; BM, bone marrow.
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disseminated disease have a poorer outcome. In early 
stage FL, also the MRD status during follow-up 
after curative intended radiotherapy with or without 
rituximab has prognostic implications (77).

 In advanced disease, achievement of MRD response 
by conventional chemotherapy was only possible in a 
small number of FL patients (57). The goal to reach 
MRD response was possible in the pre-rituximab era 
by treatment with intensive chemotherapy followed 
by ASCT in over 70% of the FL patients (58,59).

 MRD negat iv i ty  in 50–80% of  pat ients  can 
be reached by the integration of Rituximab in 
combination with chemotherapy (11,14,62,71). This 
new immunotherapeutic approach has pioneered the 
systematic MRD assessment in FL and established 
MRD as post-treatment parameter for prognosis.

 Data from randomized trials started in the 2000er 
years showed that independent from the treatment 
modality (ASCT with and without Rituximab or 
conventional immunochemotherapy alone) MRD 
response affected outcome and was an independent 
prognostic factor. An overview about the results is 
summarized in Table 3.

 MRD assessment is well suited to precisely dissect 
the impact of different treatment elements of first-
line treatment on the reduction of tumor burden and 
outcome. This was shown first in randomized trials 
including ASCT and conventional induction (60)  
where the improved outcome after high dose 
chemotherapy including ASCT compared to 
immunochemotherapy could be lead back to a 
higher number of clinical and MRD responses 
(80% of R-HDS patients) compared to only 44% 
of CHOP-R (P<0.001). MRD response was the 
strongest independent outcome predictor in this trial. 
Also after conventional chemo-immunotherapy, the 
impact of different chemotherapy backbones on the 
depth of response could be measured by MRD. In the 
phase 3 Gallium trial, where a conventional chemo-
immunotherapy with the glycoengineered antibody 
Obinutuzumab or the anti-CD20 antibody rituximab 
was compared in 1,202 FL patients receiving first-line 
treatment, obinutuzumab based treatment reduced 
the probability of progression, relapse or death up to 
30% (10,62). The prospective MRD analysis revealed 
the superiority of obinutuzumab combinations 
already early during the treatment course with higher 
MRD responses (94.3% vs. 88.9% MRD negativity) 

at interim staging and at EOT that later translated in 
an improved outcome. Noteworthy, MRD response 
translated in a superior PFS and OS independent of 
treatment arm.

 I n  t h e  s a m e  t r i a l ,  a l s o  t h e  i m p a c t  o f  t h e 
chemotherapy backbone on MRD response could 
be determined. MRD analysis revealed a favorable 
impact of bendamustine and rituximab in terms 
of MRD clearance with 87% MRD responses in 
the BM in comparison to only 74% by R-CHOP. 
Noteworthy, these differences were compensated in 
the obinutuzumab arm, with a higher overall MRD 
response rate of 93.2% and 92.7%, respectively (62).

 Immunomodulatory  treatment  has  recent ly 
been  shown to  be  comparab ly  e f f i c i en t  a s 
chemoimmunotherapy with respect to response 
induction, PFS and OS in the phase 3 “RELEVANCE” 
trial in untreated of FL (Morschhauser NEJM 2018, 
RELEVANCE trial). MRD studies of a subgroup 
of 440 patients demonstrated the ability of a 
chemotherapy-free regimen to induce complete MRD 
response, MRD negativity at week 24 was reached 
more frequently in the experimental arm (105/117; 
90%) than in the R-Chemo arm (70/90; 77%) 
(P=0.022). The poor prognostic value in terms of 
PFS for persistence of molecular disease was observed 
irrespective of treatment arm (79).

 The role of maintenance therapy with an anti-
CD20 antibody after induction regimens is generally 
accepted for long-term disease control in FL, 
however MRD reappearance or continuous MRD 
positivity during maintenance is associated with 
impending clinical relapse (10,11). This has first been 
shown by Ladetto and colleagues in 227 elderly FL 
patients receiving rituximab maintenance after a brief 
chemo-immunotherapy, MRD negative patients had 
a 3-year PFS of 72% vs. 39% for those who were still 
MRD-positive after 8 months (11). Moreover, 3-year 
PFS was 77% for cases in complete remission (CR)/
MRD-negative, 59% for patients in partial remission 
(PR)/MRD negative, 45% for those in CR but MRD-
positive, and only 5% for subjects in PR and MRD-
positive, thereby showing that MRD really represents 
an adjunctive value to the clinical response. In 
the Gallium trial, where MRD was determined 
in 4–6 monthly intervals during maintenance, 
landmark analysis for PFS and MRD status at 4, 8 
and 12 months during maintenance showed that 
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independent of the antibody used, the MRD status 
during maintenance is closely associated with clinical 
relapse (10). Consequently, the study design of novel 
treatment strategies should focus on achievement 
and sustained preservation of MRD response. It 
is tempting to speculate whether an MRD driven 
maintenance approach would improve outcome.

 The first  trial  investigating an MRD driven 
maintenance approach failed to reach the primary 
endpoint. The FOLL12 trial is a multicenter, 
randomized, phase III non inferiority study by the 
Fondazione Italiana Linfomi, comparing standard 
vs. response adapted maintenance in patients with 
previously untreated, intermediate-high risk FL (78).  
Patients were randomized towards a standard 
maintenance treatment and an experimental arm, 
where treatment was conducted with three different 
treatment schemes according to centrally reviewed 
metabolic and molecular response. In case of a CMR 
and MRD response maintenance was skipped, in case 
of CMR without MRD response patients received  
4 weekly rituximab doses, and in case of not achieving 
a CMR (Deauville score 4–5) a radioimmunotherapy 
with ibritumomab tiuxetan was given followed by 
a standard rituximab maintenance was given. The 
results showed inferior outcome for patients without 
maintenance with a significant worse 3-year PFS 
of 68% compared to a PFS of 84% with standard 
maintenance. These results question not principally 
the value of an MRD driven treatment strategies, 
but essentially the concept that MRD response/
CMR justifies a treatment reduction. As MRD 
responders have an excellent outcome when receiving 
maintenance (78), the issue of MRD driven treatment 
should in fact not be treatment reduction in 
responders, but a change of treatment modalities in 
non-responders, as these patients face clinical relapse. 
Whether a switch of maintenance treatment improves 
treatment outcome in MRD positive patients should 
be a focus of future clinical trials.

 Data for the impact of MRD response at relapse in 
FL are rare. The only larger prospective trial with 
systematic MRD assessment is the phase 3 Gadolin 
trial (8). Patients received obinutuzumab (G) plus 
bendamustine (Benda) induction followed by G 
maintenance, or Benda induction alone. Patients 
achieved MRD response early and obinutuzumab 
induced a high rate of MRD responses, even in 

rituximab refractory patients. At midterm staging 
41/52 (79%) patients receiving G-Benda were MRD-
negative vs. 17/36 (47%) patients receiving Benda 
alone (P=0.0029). At EOI MRD response increased 
to 86% in the G-Benda arm, while chemotherapy 
alone was less effective (30/55, 55%) (P=0.0002). 
MRD-negative patients at EOI had improved PFS 
(HR, 0.33; 95% CI: 0.19–0.56; P<0.0001) and OS 
(HR, 0.39; 95% CI: 0.19–0.78; P=0.008) vs. MRD-
positive patients. Obinutuzumab maintenance 
was effective only in MRD-negative patients and 
potentially delayed lymphoma regrowth (8).

 18F-FDG PET-CT and achievement of metabolic 
response has been described as a reliable predictor 
(72,73) for prognosis in FL. Additionally, the 
combination of PET-CT and MRD showed in 
untreated FL patients from the Gallium trial has a 
superior prognostic value (12). The CMR or MR 
at the EOI indicate a prolonged PFS and improved 
OS. In this subgroup analysis of the Gallium trial 
CMR was achieved in 89% and MRD negativity in 
92%, 94% of the group that achieved CMR were 
also MRD negative. The group with both criteria 
being negative the PFS after 2.5 years was 85% in 
contrast to 69% by the group with both criteria 
being positive. Patients with only one criteria, 
CMR or MRD being negative, had a higher risk of 
progression or death (12).

Expert commentary for application of MRD

The usage of specific techniques for MRD assessment is 
depending from different aspects, mainly from the context 
of MRD measurement in a clinical trial, as well as the 
availability of standardized methods. For using MRD as 
a surrogate endpoint for prognosis, the MRD technique 
needs to be sensitive enough to reach reproducibly 10E-4  
and it should furthermore be performed by standardized 
methods in an accredited laboratory.  QC rounds 
assuring reproducibility and reliability of results, as well 
as standardized data reporting should be a prerequisite 
for MRD assessment. In the context of the European 
collaborative network EuroMRD, PCR based MRD 
assessment has been fully standardized and is broadly 
available on a high standard in Europe, covering all 
hematological diseases where clonal IG or TRs serve 
as MRD targets. QPCR for MRD detection of t(14;18) 
positive FL is sensitive up to 10E-5, fast, cheap and broadly 
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available and is therefore our method of choice. In our 
hands, also the more elaborate ASO qPCR targeting IG 
rearrangements in t(14;18) negative FL turned out to be 
broadly applicable in a large prospective clinical trial (10,62) 
with well standardized procedures. Given the reasonable 
costs, the broad availability and the high importance of 
information generated by MRD diagnostics, we believe that 
its use should be strongly encouraged in all clinical trials 
aiming and obtaining prolonged remissions in FL.

However, considering the time and effort of individual 
primer design and in particular regulatory aspects for 
MRD as a surrogate endpoint in clinical trials, IG-NGS 
gains increasing importance for MRD assessment. In FL, 
one critical point for a broad application of IG-NGS is 
the availability of an infiltrated tumor sample at diagnosis 
required for MRD marker identification. While marker 
identification by conventional PCR and genescan analysis 
in random PB and BM is about 85% (10,62), this number 
drops down to 50% for IG-NGS marker screening. This 
is mainly due to the polyclonal B-cell background in FL, 
whereby the tumor infiltration should account for at 
least 1% of input cell copy numbers to allow clonotype 
identification based on abundancy of clonotypes. In the 
context of IG-NGS based MRD assessment in clinical 
trials, the analysis of diagnostic FFPE samples needs to be 
prospectively considered to increase the number of patients 
that can be traced by IG-NGS.

The potential of IG-NGS with respect to a higher 
sensitivity and a more specific readout at low-level 
MRD needs to be contrasted to rather costly sequencing 
consumables and a more elaborate and complex data 
analysis resulting in higher costs per analysis than qPCR. 
To assign the method of choice for MRD assessment in a 
clinical trial, parameters like the number of patients and 
samples and the clinical application of MRD will be crucial.

Summary and perspectives

Multiple clinical trials have proven that MRD diagnostics 
is an important method to evaluate treatment efficiency 
by assessing the depth of response. The achievement of 
MRD response in indolent lymphomas is not equate with 
cure from the disease like in acute leukemias, but reflects 
the individual responsiveness to the treatment applied, 
associated with the expectation for long-term remission. 
Consequently, MRD response assessment should be 
integrated in the design of innovative clinical trials to 
address the individual risk profile and allow a tailored 

treatment approach.
For its broad application and as a basis for comparing 

results from different clinical trials, standardized technical 
procedures must be defined for multi-center operations, 
including guidelines for a minimum sensitivity, MRD cutoff 
levels for risk group identification, practical conditions 
of application, and reporting of results. This applies in 
particular for NGS-based MRD, where standardization 
of technical procedures, bioinformatic evaluation and 
guidelines for data interpretation are currently being 
developed.

Validation of MRD diagnostics as endpoint in clinical 
trials is lacking for most mature B-cell malignancies, 
however progress in standardized technical procedures 
might change the situation soon. In the landscape of 
multiple novel drugs and their approval, an earlier read-
out of efficiency and prognosis than PFS would be highly 
desirable especially in FL with a long-lasting remission.

Currently, MRD-guided treatment decision is still 
not considered suitable for routine clinical practice and 
therefore MRD monitoring of individual patients is not 
recommended outside of clinical trials.
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