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Abstract
Purpose of the Review Lymphomas represent clinically and molecularly heterogeneous diseases with variable presentations,
treatment algorithms, and outcomes. As treatment options continue to expand, more sophisticated prognostic and predictive
biomarkers are needed to guide personalized treatment approaches.
Recent Findings Liquid biopsies, in which the sequencing of circulating tumor DNA (ctDNA) in peripheral blood serves as a
surrogate for a tumor biopsy, are now being studied across cancer subtypes, including in lymphoid malignancies. Recent studies
have demonstrated the potential of these techniques to improve prognostication and guide individualized treatment strategies,
providing a significant advance in the field of precision medicine.
Summary In this review, we describe the sequencing platforms currently available for analysis of ctDNA in lymphoma and their
potential applications in clinical practice, which seem poised to refine treatment paradigms across lymphoma subtypes.
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Introduction

As treatment options for lymphoma continue to evolve, there
is a need for improved prognostic biomarkers that can guide
individualized treatment strategies. Current strategies rely on
clinical prognostic scoring systems or response assessment by
imaging, which have significant limitations in guiding treat-
ment selection. More recently, “liquid biopsies,” in which cir-
culating DNA shed from tumors into the blood is used to
identify and track disease, have emerged as a powerful new
tool to improve prognostication, guide risk-adaptive treatment
strategies, and detect early disease relapse.

Furthermore, in the evolving era of targeted therapies, tu-
mor biopsies have become increasingly important for the iden-
tification of genomic alterations that can drive treatment
choice. Traditional tumor biopsies, while fundamental to

diagnosis, are associated with procedural risks, cost, sampling
error, and the potential inability to capture spatial heterogene-
ity in the setting of multifocal disease [1]. Given these chal-
lenges and risks, it is rare to be able to obtain serial samples
during or after therapy, which limits the ability to monitor for
clonal evolution or the development of resistance mutations.
In addition, the optimal stratification of patients for treatment
duration or intensity depends on the detection of tumor bur-
dens that are below the sensitivity of current radiographic
techniques, requiring techniques capable of detecting and
quantifying minimal residual disease (MRD).

Liquid biopsies rely on the identification of circulating tu-
mor cells (CTCs) or circulating tumor-specific DNA fragments
(cell-free DNA [cfDNA]). cfDNA is shed from both normal
and malignant cells, primarily through apoptosis and necrosis,
but also through secretion [2–4]. DNA fragments, which are
stable in circulation, are present in increased amounts in pa-
tients with malignancy [5]. Given their relatively short half-life,
they are thought to serve as a reflection of the current state of
disease [6]. Since the initial discovery of CTCs and cfDNA,
there have been extensive efforts to identify their utility. With
the advent of next-generation sequencing (NGS) and the grow-
ing knowledge of tumor-specific genomic abnormalities, there
has been an increasing interest in the use of liquid biopsies
across many types of malignancies. The role of liquid biopsies
and cfDNA has been widely studied in solid tumors and has
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resulted in the first liquid biopsy test to be approved by the U.S.
Food and Drug Administration (FDA) [7].

Lymphomas represent a heterogeneous group of malignan-
cies with a broad range of treatment approaches and out-
comes. While some lymphomas often have a circulating com-
ponent, lending themselves to straightforward application of
liquid biopsies, other subtypes, such as diffuse large B-cell
lymphoma (DLBCL) and Hodgkin lymphoma (HL), are typ-
ically limited to nodal or solid organ involvement. In these
cases, analysis of CTCs and cfDNA is fundamental to the
successful implementation of liquid biopsies. In this review,
we briefly describe the current methods for performing liquid
biopsies and some of the possible applications of this technol-
ogy across a range of lymphoma subtypes.

Methods for Liquid Biopsies in Lymphoma

Flow Cytometry

Traditionally, liquid biopsies were limited to lymphoidmalignan-
cies with circulating disease, such as chronic lymphocytic leuke-
mia (CLL) and mantle cell lymphoma (MCL). In these cases,
multicolor flow cytometry (MCFC) has been used to detect
CTCs in the peripheral blood, marked by fluorescently labeled
antibodies, with a detection limit of 10−4 or 10−5 (Table 1)
[10–12].MCFC is a widely availablemethod forMRDdetection
and response assessment and thus remains a commonly used tool
especially in CLL; however, it is not sensitive enough to be used
for liquid biopsies of other lymphoid cancers in which the circu-
lating component is too small or non-existent.

PCR-Based Methods

Polymerase chain reaction (PCR)-based methods, including
quantitative real-time quantitative PCR (qPCR) and digital
droplet PCR (ddPCR), provide another means to identify circu-
lating tumor from peripheral blood, either from DNA obtained
from CTCs or cfDNA (Table 1) [13]. In these approaches,
primers are utilized for amplification of specific genomic re-
gions of interest, including disease-defining or patient-specific
genomic abnormalities. MCL and follicular lymphoma (FL)
often harbor canonical chromosomal rearrangements, t(11;14)
and t(14;18), respectively [14]. In these cases, using qPCR,
primers targeting these known rearrangements can detect circu-
lating disease with a limit of detection to ~ 10−5 [8]. In cases
where there is not a cancer-defining genomic abnormality, as in
DLBCL or variants of MCL or FL, primers against patient-
specific DNA from the clonal rearrangement of the immuno-
globulin heavy (IGH) gene locus can be used with a limit of
detection as low as 10−6. It should be noted that IGH clonal
rearrangements are unique to each B-cell clone; thus, patient-
specific primers targeting allele-specific oligonucleotides

(ASOs) must be designed using biopsy samples or peripheral
blood, which has heretofore limited the use of this method to
specialized laboratories [15•]. ddPCR, which is less labor inten-
sive than qPCR and does necessarily rely on patient-specific
primers, can also be used to identify specific somatic mutations
of interest [16, 17]. In general, these methods can be used for
MRD detection and potentially to identify the presence of spe-
cific targetable mutations. However, the necessity to construct
patient-specific primers (for ASO-PCR) and the limited breadth
of genomic sampling (for ddPCR) have hampered their broad
use in clinical research and practice.

NGS-Based Methods

The advent of NGS, which involves massive parallel sequenc-
ing of DNA molecules to read through millions of concurrent
sequences, has dramatically improved the ability to analyze
ctDNA. This can range from the identification of single nu-
cleotide variants (SNVs) to whole genome or exome sequenc-
ing, depending on the method used. Incorporation of NGS
into liquid biopsy testing provides several advantages as com-
pared to alternative approaches, expanding its application be-
yond MRD monitoring to also allow sophisticated genomic
evaluation at the time of diagnosis, assessment of clonal evo-
lution, and identification of resistance mutations.

One of the most widely used assays in lymphoma involves
NGS of the immunoglobulin heavy chain (IgNGS) or T cell
receptor (TCR) genes, such as the ClonoSEQ® assay
(Adaptive Biotechnologies, Seattle, WA) (Table 1). As with
qPCR, in B-cell malignancies, this allows for tracking of spe-
cific immunoglobulin genes within a B-cell clone. Rather than
using patient-specific primers, PCR is performed with univer-
sal primers that target all possible VDJ, DJ, or Igκ rearrange-
ments in primary tumor tissue or blood samples [8].
Subsequent deep sequencing allows determination of the
clonotype(s), or unique nucleotide sequence of the immuno-
globulin heavy chain gene for a given patient’s malignant
clone. PCR amplification and NGS can subsequently be per-
formed using CTCs (in peripheral blood mononuclear cells
[PBMCs]) or cfDNA (in plasma) to detect and quantify the
pre-determined clonotype(s) [8]. IgNGS is able to detect
ctDNAwith a detection limit of ~ 10−6.

The panel-specific NGS-based assay, cancer personalized
profiling by deep sequencing (CAPPSeq), is another emerging
assay that can be successfully used in lymphoid malignancies
(Table 1). This technique utilizes a sequencing panel that can be
tailored for the disease of interest, targeting recurrent SNVs,
insertions/deletions, and breakpoints of genes that participate
in canonical fusions, which in the case of DLBCL, includes
BCL-2, BCL-6,MYC, and IGH [18••]. Targeted sequencing ap-
proaches using a hybrid capture approach is then applied to
identify and enrich genetic regions of interest [2]. Deep sequenc-
ing of these loci can be used to compare variant and normal
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reads, allowing for quantification of cfDNA [8]. Like IgNGS,
CAPPSeq has a limit of detection of cfDNA of 10−6 [8].
CAPPSeq has several unique advantages over other tools for
liquid biopsy because it can capture comprehensive genetic al-
terations. This provides molecular information that can be used
to refine treatment choice, as well as a way to dynamically
monitor for clonal evolution and the emergence of resistance
mutations. It also provides a more robust way of identifying
tumor ctDNA when a primary tissue biopsy is not available,
which is less often successful with IgNGS [8]. However, while
targetedNGS approaches can capture a range ofmutations, prior
knowledge of the abnormalities of interest is required. In addi-
tion, targetedNGS is limited in its ability to capture other aspects
of genetic diversity, including somatic copy number alterations
(SCNAs). Whole genome- and whole exome-based sequencing
methods have the potential to overcome these limitations,
though require at least 5–10% tumor content in the plasma in
order to achieve reasonable sensitivity with standard depth se-
quencing (Table 1) [19]. Whole genome sequencing (WGS)
performed at ultralow coverage (0.1×) has recently been applied
in solid tumors as a means to estimate tumor fraction and iden-
tify patients suitable for whole exome sequencing (WES) and
has potential to be applied in lymphoid diseases [19].

Application of Liquid Biopsies in Lymphoma

DLBCL

DLBCL is the most common subtype of non-Hodgkin lym-
phoma (NHL), with approximately 27,000 new diagnoses in
the USA each year [20]. Defining features of DLBCL include
clinical and molecular heterogeneity. While treatment with
rituximab and multi-agent chemotherapy results in cure for
many patients, approximately a third of patients have relapsed
or refractory disease [21, 22]. A variety of prognostic tools
predict response to frontline therapy, including the internation-
al prognostic index (IPI) and cell-of-origin (COO) classifica-
tion, though none have yet definitively impacted therapeutic
management [23]. While efforts to intensify therapy for high-
risk groups have been explored, these trials have not demon-
strated improvements in survival [24–26]. Interim positron
emission tomography (PET) has similarly been utilized to
identify patients for treatment intensification but so far with-
out success [27, 28]. Furthermore, the use of CT or PET scan
for post-treatment disease monitoring, which is associated
with significant cost and radiation exposure, has been shown
to be of limited if any utility in this disease [29, 30].

Table 1 Methods available for liquid biopsies use in lymphoid malignancies [8, 9]

Technique details Detection
limit

Advantages Disadvantages

Multicolor flow
cytometry

-Use of 3 to 8 fluorescently
labeled antibodies on flow
cytometry

~ 10−4 -Widely available
-No individualization required

-Decreased sensitivity compared
to other methods

-Requires circulating disease

qPCR -PCR using primers targeting
known gene rearrangements

-PCR performed using
patient-specific primers

~ 10−5 -Well validated in some lymphoma
subtypes (e.g., mantle cell
lymphoma, follicular lymphoma)

-Time intensive
-Typically requires development

of individual patient primers

ddPCR -Wild type and mutant
fluorescent probes applied

-Individual PCR reactions
performed within partitioned
droplets

~ 10−5 -Does not require patient-specific
primers

-Quantitative
-Can identify somatic mutations

of interest

-Requires individual optimization
-Limited breadth of genomic

sampling as compared to NGS
-Limited to research settings

IgNGS -Tumor clonotype determined
from tumor or in some cases
blood

-PCR performed using consensus
primers

~ 10−6 -Quantitative
-High sensitivity
-Commercial assay available

-Typically requires access to
biopsy sample

Targeted NGS -NGS performed using a panel
of preselected genes of interest

~ 10−6 -Allows for profiling of
comprehensive gene panels

-No individualization required
-Applicable across lymphoma subtypes
-Ability to identify clonal evolution

and de novo resistance mutations

-Limited to research setting
-Only assesses for mutations in

pre-determined sequencing
panel

-Limited detection of mutations
with low allele frequencies

WGS/WES -WGS performed to estimate
tumor content

-WES performed if adequate
tumor fraction

> 10% cfDNA
content

-Full characterization of genomic
landscape

-Has ability to detect structural
variants and copy number alterations

-Expensive
-Time consuming
-Requires adequate circulating

tumor fraction

qPCR quantitative polymerase chain reaction (PCR), ddPCR digital droplet PCR, IgNGS immunoglobulin heavy chain next generation sequencing,
WGS whole genome sequencing, WES whole exome sequencing, cfDNA cell-free DNA
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The identification of ctDNA in DLBCL has emerged as a
potential means to improve prognostication, guide risk-
adaptive therapy, and detect patients at highest risk for disease
relapse (Fig. 1a) (Table 2). Studies applying IgNGS technol-
ogy and targeted NGS panels have shown cfDNA detection
rates in 80 to 100% of patients with DLBCL, with baseline
levels correlating with known prognostic features, such as IPI
[15•, 18••, 31•, 32]. In one study using CAPPSeq, cfDNA
levels at diagnosis continuously and independently correlated
with inferior progression-free survival (PFS) in a multivariate
analysis incorporating key clinical parameters, suggesting that
cfDNA measurements serve as an independent prognostic
biomarker [18••]. A similar study using CAPPSeq demon-
strated that ctDNA could be detected in 98% of patients and
that levels were continuously associated with event-free sur-
vival (EFS) and overall survival (OS) in patients receiving
either frontline or salvage therapy [33••].

cfDNA has also been utilized for response monitoring
(Table 2). In one study, IgNGS after two cycles of chemother-
apy provided significant prognostic information [31•]. Sixty-
three percent of patients with detection of MRD at that time
point clinically progressed, as compared to only 20% in pa-
tients with undetectable cfDNA [31•]. At 5 years, this

translated to time to progression of 41.7% versus 80.2% in
patients with and without detectable interim cfDNA and an
OS of 65% as compared to 83% [31•]. A recent study using
CAPPSeq has also demonstrated a prognostic role of ctDNA
dynamics in response to therapy [33••]. This study demon-
strated that an early molecular response (EMR), as defined
as a 2-log decrease in ctDNA after one cycle of chemotherapy,
or a major molecular response (MMR), as defined as a 2.5-log
decrease after two cycles, was associated with improvements
in EFS at 24 months in patients receiving both frontline and
salvage therapies [33••]. While the role of interim response to
guide therapy remains an active area of research, this data
suggests that cfDNA monitoring may be an alternative or
complementary risk-adaptive tool. Additionally, surveillance
cfDNA at the end of treatment using IgNGS has a positive
predictive and negative predictive value of 88% and 98%,
respectively, with detection of molecular disease in the plasma
often preceding the detection of relapse by either CT or PET
among patients who initially achieved remission [31•].
CAPPSeq has been used to demonstrate that cfDNAwas de-
tectable in 73% of patients prior to disease relapse, with a
mean time from cfDNA detection to clinical relapse of
188 days [18••]. Similarly, cfDNA detection as determined

Potential Applications of Liquid Biopsies 
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Fig. 1 a Possible applications of liquid biopsies. b Application of liquid biopsies for precision medicine
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Table 2 Studies incorporating the use of liquid biopsies in lymphoma

Role of liquid biopsy Type of
sequencing

Findings

DLBCL Prognostication IgNGS CAPPSeq -IgNGS measurements reflected metabolic tumor burden by PET (Kurtz et al. [15•])
-IgNGS measurements correlated with LDH and IPI (Roschewski et al. [31•])
-ctDNA by CAPPSeq correlated with LDH, metabolic tumor burden, Ann Arbor

stage, and IPI (Scherer et al. [18••])
-Pretreatment ctDNA levels by CAPPSeq were continuously associated with EFS

and OS in patients receiving frontline or salvage therapy (Kurtz et al. [33••])

Response assessment IgNGS CAPPSeq -MRD by IgNGS after two cycles of chemotherapy-stratified patients (5-year OS
of 65% versus 83% in MRD-negative patients) (Roschewski et al. [31•])

-EMR (2-log decrease in ctDNA after one cycle of chemotherapy) or MMR
(2.5-log decrease in ctDNA after two cycles) using CAPPSeq associated with
improvements in EFS at 24-months in patients receiving frontline and salvage
therapy. Following frontline therapy, EMR: EFS, 83% vs. 50% and MMR:
EFS, 82% vs.46%. Following salvage therapy, EMR: EFS, 100% vs.13%
(Kurtz et al. [33••])

MRD evaluation IgNGS CAPPSeq -MRD by IgNGS preceded clinical relapse by a median of 88 days (Kurtz et al. [15•])
-80% of patients had detectable ctDNA by IgNGS prior to clinical relapse. 98%

of patients without progression remained MRD negative. (Roschewski et al. [31•])
-Using CAPPSeq, mean of 188 days from ctDNA positive result to clinical

relapse (Scherer et al. [18••])

Identification of mutational
landscape, evaluation of
clonal evolution

ddPCR
CAPPSeq

-ddPCR detected XPO1, EZH2, and MYD88 mutations in cfDNA, with a
sensitivity of 0.05% (Camus et al. [17])

-CAPPSeq detected a median of 134 somatic variants, assigned cell-of-origin
classification, monitored clonal evolution associated with transformation, and
identified resistance mutations (Scherer et al. [18••])

-CAPPSeq accurately identified somatic mutations of > 20% allelic abundance
and tracked emergence of treatment-resistant clones (Rossi et al. [35••])

Mantle cell
lymphoma

MRD evaluation qPCR -PFS of 20 months if MRD-positive by qPCR post-ASCT, compared with
142 months in the MRD-negative group. OS was 75% at 10 years in the
MRD-negative group, compared with only 35 months in the MRD-positive
group (Kolstad et al. [51•])

-Pre-emptive rituximab converts patients to MRD negativity and possibly
postponing clinical relapse (Kolstad et al. [51•])

-MRD positivity at end of induction in PB and BM associated with a HR for PFS
of 2.26 and 1.40, respectively. Similar findings based on MRD after ACST
(Hermine et al. [52])

-End of induction MRD-positivity associated with shorter OS and PFS. Median
OS for MRD-negative patients not reached with 82% survival at 5 years versus
3.01 years for MRD-positive patients (Cowan et al. [53])

Follicular
lymphoma

Prognostication qPCR
ddPCR
IgNGS

-Baseline undetectable ctDNA by qPCR or low molecular tumor burden showed higher
CR rate and longer PFS with a 3-year PFS of 80% vs. 59% (Galimberti et al. [56])

-PFS was shorter for patients with high baseline cfDNA using ddPCR
(Delfau-Larue et al. [59])

-High levels of ctDNA by IgNGS independent predictor of PFS (Sarkozy et al. [62])

MRD evaluation qPCR -3-year PFS was 66% for MRD-negative disease versus 41% for MRD-positive
disease by qPCR at 12 months, and 84% versus 50% at 24 months
(Galimberti et al. [56])

Hodgkin
lymphoma

MRD CAPPSeq -Patients with CR had a larger drop in ctDNA load after two cycles of
chemotherapy (Spina et al. [74••])

-Quantification of ctDNA complemented PET in determining residual
disease (Spina et al. [74••])

Identification of
mutational
landscape, evaluation
of clonal evolution

CAPPSeq -CAPPSeq detected nonsynonymous mutations in 81.2% of patients
and able to monitor clonal evolution (Spina et al. [74••])

PET positron emission tomography, LDH lactate dehydrogenase, IPI international prognostic index, EFS event-free survival,OS overall survival,MRD
minimal residual disease, EMR early molecular response, MMR major molecular response, PFS progression-free survival, ASCT autologous stem cell
transplantation, CR complete response
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by IgNGS was often detected prior to clinical disease relapse
in patients with lymphoma, including DLBCL, after allogene-
ic transplant [34]. Further investigation will be required to
determine whether intervention on earlier detection can trans-
late to improved outcomes, though the use of cfDNA remains
a promising strategy in this regard. Surveillance monitoring of
cfDNA specifically has the potential to guide the use of
maintenance therapy or early therapeutic intervention.

Use of cfDNA has also been utilized to identify specific
mutations that have therapeutic implications, thus serving as a
true “liquid biopsy” (Fig. 1a) (Table 2). Camus et al. used
ddPCR to detect PO1, EZH2, and MYD88 mutations in
plasma cfDNA, with a sensitivity of 0.05% [17]. CAPPSeq
studies have also demonstrated that sequencing of cfDNA is
as accurate as genotyping of diagnostic biopsy samples for
somatic mutations with > 20% allelic abundance [35••]. In
one study, sequencing of cfDNA also identified mutations that
were not detected from tumor biopsies, presumably due to
broader tumor sampling than an actual tissue biopsy [35••].
Lastly, CAPPSeq is able to detect the emergence of new ac-
quired mutations, marking clonal evolution and potential
mechanisms of resistance [18••, 35••].

Recent comprehensive genomic analyses in DLBCL have
shed further light into the genomic complexities of DLBCL
[36–38]. One study specifically revealed that a range of aber-
rations, including SCNAs and SVs, contribute to distinct ge-
nomic subtyping [36]. The use of WES of cfDNA has yet to
be studied in lymphoid malignancies, though it holds great
promise as a means to identify personalized therapeutic strat-
egies for DLBCL (Fig. 1b).

Mantle Cell Lymphoma

MCL is an aggressive, small B cell lymphoma that comprises
4–9% of NHLs [39, 40]. It is often characterized by the mo-
lecular hallmark, t(11;14), which leads to dysregulation of the
gene encoding cyclin D1. In the absence of allogenic stem cell
transplantation, MCL is thought to be an incurable disease. It
is also known to be a heterogeneous disease, with variable
clinical and biologic features [41]. While there is no standard
frontline therapy, younger patients are typically treated with
intensive cytotoxic chemotherapy, followed by consolidation
with autologous stem cell transplantation and maintenance
rituximab [42–46]. More indolent presentations, in which ac-
tive surveillance may be appropriate, have also been well-
described [47, 48].

While prognostic biomarkers have been identified inMCL,
ctDNA has the capacity to provide enhanced prognostication
and guide treatment selection and duration (Table 2). The
ability to achieve deep molecular remissions, as measured
by MRD-negativity, has been identified as an independent
predictor of outcome in MCL in a number of studies
[49–52]. The Nordic Lymphoma Group, for example, has

demonstrated that MRD after autologous transplant, deter-
mined by ASO-PCR, was associated with shorter
progression-free and OS [51•]. The PFS was 20 months in
patients who were MRD-positive after transplant, as com-
pared to 142 months in the MRD-negative group [51•].
Studies have demonstrated that MRD at the end of induction
therapy, but before transplantation, is also associated with
shorter progression-free and OS as compared with MRD-
negative patients [49, 52, 53]. These studies have called into
question the role of autologous stem cell transplantation in
patients with deep molecular remissions, thus prompting the
Eastern Cooperative Oncology Group’s (ECOG-ACRIN)
phase III, randomized trial, comparing autologous stem cell
transplant and maintenance rituximab to maintenance rituxi-
mab alone in patients achieving MRD-negative remission af-
ter induction therapy (NCT03267433) [41]. Of note, this trial
will incorporate an IgNGS approach for MRD assessments,
given improved detection of cfDNA as compared to qPCR.

MRD assessments following completion of therapy also
have a role in pre-emptive treatment initiation (Table 2). The
Nordic Lymphoma Group demonstrated that rituximab could
lead toMRD negativity if not initially achieved after transplant,
thus deepening responses in high-risk patients [51•]. Currently,
standard therapy involves maintenance rituximab for all pa-
tients after transplant, though given risks of prolonged therapy,
including, immune suppression, it would be valuable to identify
patients likely to have maximum benefit. As targeted therapies,
such as BTK and BCL2 inhibitors, are active in relapsed/
refractory disease, there may also be a role for cfDNA detection
using a panel-specific NGS method such as CAPPSeq to guide
early discontinuation (in case of emergent resistant mutations)
or treatment holidays (for patients achievingMRD clearance) in
patients being treated with targeted therapy.

The continued development of prospective clinical trials
that incorporate the use of cfDNA will be required to further
identify the optimal use of cfDNA in guiding treatment inten-
sification and duration. Additionally, as we gain further in-
sights into the underlying molecular pathogenesis of MCL
and resistancemechanisms to chemotherapy and targeted ther-
apy, the role of liquid biopsy is likely to expand.

Follicular Lymphoma

FL is a common, indolent NHL characterized by the frequent
(though not universal) chromosomal translocation
t(14;18)(q32;q21), which involves the BCL-2 and IGH genes.
While a subset of patients with early-stage disease have the
potential for cure, advanced-stage FL, like MCL, is thought to
be incurable with traditional chemoimmunotherapy. FL is
markedly heterogeneous, with some patients experiencing
prolonged periods of observation or remission, while others
have more aggressive disease that is refractory to or relapses
early after therapy. Clinical prognostic scoring systems, such

16 Curr Hematol Malig Rep (2019) 14:11–21



as the FLIPI score can be used to predict survival, but are
unable to identify biologic mechanisms that drive disease het-
erogeneity or guide risk-adaptive approaches [54]. Prognostic
models have incorporated somatic gene mutations, though
have found limited utility so far in clinical practice [55].

Baseline levels of cfDNA and detection of MRD after ther-
apy has been shown to have prognostic value in FL in predicting
PFS with conventional therapy (Table 2) [56–59]. In one study,
3-year PFS was 66% for MRD-negative disease versus 41% for
MRD-positive disease at 12 months, and 84% versus 50% at
24 months [56]. MRD assessments have primarily utilized
qPCR-based assays targeting the major breakpoint region or
minor cluster region of BCL-2, the two most common regions
involved in the translocation. While this approach is appealing,
this technique has only able to detect cfDNA in approximately
half of patients, likely given variability in the translocation locus
[56]. Baseline levels of cfDNA have also been shown to corre-
late with known prognostic markers, such as FLIPI score,
though not universally across studies, potentially reflecting the
limitations of qPCR in this disease [59–61]. The use of IgNGS
appears to increase the yield of detection, with one small study
identifying tumor clonotypes from plasma of 74% of patients
tested [62]. In this study, high levels of cfDNAwere found to be
an independent factor associated with PFS. Of note, detection of
Ig rearrangements can also be limited in the setting of high rates
of somatic hypermutation in FL [9, 63].

While data suggests that detection of MRD has the ability
to predict PFS, studies have not clearly identified an impact on
testing on OS (Table 2). This is consistent with the absence of
proven survival advantage with earlier therapy, whether at
diagnosis or at relapse [64, 65]. Further investigation will be
required to determine whether cfDNA levels (or MRD status)
can be used to guide treatment interruption or intensification
and ultimately impact OS (Fig. 1a).

Additionally, there is limited data on the use of targeted
NGS panels for detection of cfDNA in FL, though whole
genome and WES of FL biopsy samples have significantly
improved the understanding of the FL mutational landscape
[66]. Recurrent mutations in linker histone, JAK-STATsignal-
ing, NF-κB signaling, and B-cell developmental genes have
been presumed to play a role in lymphomagenesis [66, 67].
Additionally, early driver mutations appear to be distinct from
those seen with transformation [18••, 67]. The application of
NGS to cfDNA holds great promise to identify the prognostic
and potentially therapeutic implications of these mutations. As
in other lymphoma subtypes, there is also utility in monitoring
for clonal evolution of the development of resistance muta-
tions in patients on targeted therapy.

Hodgkin Lymphoma

HL is an uncommon lymphoma affecting approximately 8500
people in the USA each year [68]. HL occurs in a bimodal

distribution, often occurring in patients between 15 and
30 years of age and in those older than 55 years [69]. The
main challenge in the treatment of HL has been balancing
the risk of relapse with the late toxicities associated with in-
tensive therapy. There has therefore been a strong focus on
devising risk-adaptive treatment algorithms. To date, those are
primarily based on the use of interim PET scan to guide treat-
ment intensification or de-escalation [70–72]. While interim
PET has been a useful tool to guide therapy, it remains an
imperfect method for guiding treatment, as a significant subset
of patients with PET positivity experience sustained responses
without intensification [73].

Given the rarity of neoplastic cells in HL, detection of
cfDNA might have been more elusive than for NHL.
Interestingly, pregnant women with HL undergoing non-
invasive prenatal testing (NIPT) through massive parallel se-
quencing of circulating fetal DNAwere found to have complex
cfDNA profiles, presumably due to circulating tumor DNA.
Follow-up prospective analyses of cfDNA in patients with
HL revealed specific genomic imbalances, including 2p and
9p gain, which were known to be characteristic of HL [75].
Furthermore, initiation of chemotherapy normalized cfDNA
profiles, suggesting the possible utility of cfDNA as a risk-
adaptive tool [75]. Another study identified that the presence
of XPO1 mutations at the end of therapy, as detected by
ddPCR, conferred an inferior prognosis [76]. This study again
highlighted the potential prognostic utility of cfDNA in HL.

More recently, CAPPSeq has been used in HL to identify a
range of mutations without the need for microdissection or
sorting of malignant cells (Table 2). In a recent study,
CAPPSeq was used to identify the mutation profile of pa-
tients, with high concordance between cfDNA and microdis-
sected tumor genomic DNA. Additionally, CAPPSeq allowed
early identification of treatment failure and the longitudinal
assessment of clonal evolution throughout treatment [74••].
A reduction in cfDNA by 100-fold after two cycles of chemo-
therapy was associated with a complete response to therapy,
while less than 100-fold reduction was associated with disease
progression and inferior survival [74••]. In fact, this assay was
superior to interim PET in predicting treatment failure, strong-
ly suggesting the possible benefit of this technique in risk-
adaptive treatment algorithms [74••]. cfDNA may also find
use in assessing response following treatment with checkpoint
blockade, in which PET scans may provide equivocal results
[74••].

Conclusions

The past decade has witnessed a dramatic expansion of our
knowledge of lymphoma biology and its heterogeneity be-
tween and within tumor types, as well as in therapeutic op-
tions. With this has come an increased need for biomarkers
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that can underpin personalized treatment algorithms. cfDNA
has clearly demonstrated prognostic value across several
lymphoma subtypes. The next steps, besides validating and
extending those findings, and broadening the availability of
liquid biopsy, will be to explore whether this can indeed be
used to beneficially guide treatment strategies. Clinical trials
aimed at determining how to incorporate cfDNA for treatment
change, intensification or de-escalation, use and choice of
maintenance therapy, and pre-emptive intervention at molec-
ular relapse, may provide the next step in the use of liquid
biopsy in lymphoma, and ultimately are likely to fundamen-
tally alter treatment paradigms in all subtypes.

Compliance with Ethical Standards

Conflict of Interest Philippe Armand reports interest from Adaptive,
BMS, Merck, Affimed, Pfizer, and Roche, outside the submitted work.
Jennifer Crombie declares that she has no conflicts of interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance
•• Of major importance

1. Melani C, Roschewski M. Molecular monitoring of cell-free circu-
lating tumor DNA in non-Hodgkin lymphoma. Oncology
(Williston Park). 2016;30(8):731–8 44.

2. Wan JCM, Massie C, Garcia-Corbacho J, Mouliere F, Brenton JD,
Caldas C, et al. Liquid biopsies come of age: towards implementa-
tion of circulating tumour DNA. Nat Rev Cancer. 2017;17(4):223–
38. https://doi.org/10.1038/nrc.2017.7.

3. Bardelli A, Pantel K. Liquid biopsies, what we do not know (yet).
Cancer Cell. 2017;31(2):172–9. https://doi.org/10.1016/j.ccell.
2017.01.002.

4. Jahr S, Hentze H, Englisch S, Hardt D, Fackelmayer FO, Hesch
RD, et al. DNA fragments in the blood plasma of cancer patients:
quantitations and evidence for their origin from apoptotic and ne-
crotic cells. Cancer Res. 2001;61(4):1659–65.

5. Leon SA, Shapiro B, Sklaroff DM, Yaros MJ. Free DNA in the
serum of cancer patients and the effect of therapy. Cancer Res.
1977;37(3):646–50.

6. Lo YM, Zhang J, Leung TN, Lau TK, Chang AM, Hjelm NM.
Rapid clearance of fetal DNA from maternal plasma. Am J Hum
Genet. 1999;64(1):218–24. https://doi.org/10.1086/302205.

7. Kwapisz D. The first liquid biopsy test approved. Is it a new era of
mutation testing for non-small cell lung cancer? Ann Transl Med.
2017;5(3):46. https://doi.org/10.21037/atm.2017.01.32.

8. Herrera AF, Armand P. Minimal residual disease assessment in
lymphoma: methods and applications. J Clin Oncol. 2017;35(34):
3877–87. https://doi.org/10.1200/JCO.2017.74.5281.

9. Scherer F, Kurtz DM, Diehn M, Alizadeh AA. High-throughput
sequencing for noninvasive disease detection in hematologic ma-
lignancies. Blood. 2017;130(4):440–52. https://doi.org/10.1182/
blood-2017-03-735639.

10. Bottcher S, Ritgen M, Buske S, Gesk S, Klapper W, Hoster E, et al.
Minimal residual disease detection in mantle cell lymphoma:
methods and significance of four-color flow cytometry compared
to consensus IGH-polymerase chain reaction at initial staging and
for follow-up examinations. Haematologica. 2008;93(4):551–9.
https://doi.org/10.3324/haematol.11267.

11. Bosch F, Ferrer A, Villamor N, Gonzalez M, Briones J, Gonzalez-
Barca E, et al. Fludarabine, cyclophosphamide, andmitoxantrone as
initial therapy of chronic lymphocytic leukemia: high response rate
and disease eradication. Clin Cancer Res. 2008;14(1):155–61.
https://doi.org/10.1158/1078-0432.CCR-07-1371.

12. Cheminant M, Derrieux C, Touzart A, Schmit S, Grenier A,
Trinquand A, et al. Minimal residual disease monitoring by 8-
color flow cytometry in mantle cell lymphoma: an EU-MCL and
LYSA study. Haematologica. 2016;101(3):336–45. https://doi.org/
10.3324/haematol.2015.134957.

13. van der Velden VH, Hochhaus A, Cazzaniga G, Szczepanski T,
Gabert J, van Dongen JJ. Detection of minimal residual disease in
hematologic malignancies by real-time quantitative PCR: princi-
ples, approaches, and laboratory aspects. Leukemia. 2003;17(6):
1013–34. https://doi.org/10.1038/sj.leu.2402922.

14. Pott C, Bruggemann M, Ritgen M, van der Velden VH, van Dongen
JJ, Kneba M. MRD detection in B-cell non-Hodgkin lymphomas
using Ig gene rearrangements and chromosomal translocations as
targets for real-time quantitative PCR. Methods Mol Biol.
2013;971:175–200. https://doi.org/10.1007/978-1-62703-269-8_10.

15.• Kurtz DM, Green MR, Bratman SV, Scherer F, Liu CL, Kunder
CA, et al. Noninvasive monitoring of diffuse large B-cell lympho-
ma by immunoglobulin high-throughput sequencing. Blood.
2015;125(24):3679–87. https://doi.org/10.1182/blood-2015-03-
635169 This study establishes the prognostic utility of IgNGS
in DLBCL and potential role in surveillance.

16. Drandi D, Kubiczkova-Besse L, Ferrero S, Dani N, Passera R,
Mantoan B, et al. Minimal residual disease detection by droplet
digital PCR in multiple myeloma, mantle cell lymphoma, and fol-
licular lymphoma: a comparison with real-time PCR. J Mol Diagn.
2015;17(6):652–60. https://doi.org/10.1016/j.jmoldx.2015.05.007.

17. Camus V, Sarafan-Vasseur N, Bohers E, Dubois S, Mareschal S,
Bertrand P, et al. Digital PCR for quantification of recurrent and
potentially actionable somatic mutations in circulating free DNA
from patients with diffuse large B-cell lymphoma. Leuk
Lymphoma. 2016;57(9):2171–9. https://doi.org/10.3109/
10428194.2016.1139703.

18.•• Scherer F, Kurtz DM, Newman AM, Stehr H, Craig AF, Esfahani
MS, et al. Distinct biological subtypes and patterns of genome
evolution in lymphoma revealed by circulating tumor DNA. Sci
Transl Med. 2016;8(364):364ra155. https://doi.org/10.1126/
scitranslmed.aai8545 This study highlights the role CAPPSeq
to provide prognostic information in DLBCL and identify and
track somatic mutations.

19. Adalsteinsson VA, Ha G, Freeman SS, Choudhury AD, Stover DG,
Parsons HA, et al. Scalable whole-exome sequencing of cell-free
DNA reveals high concordance with metastatic tumors. Nat
Commun. 2017;8(1):1324. https://doi.org/10.1038/s41467-017-
00965-y.

20. Teras LR, DeSantis CE, Cerhan JR, Morton LM, Jemal A, Flowers
CR. 2016 US lymphoid malignancy statistics by World Health
Organization subtypes. CA Cancer J Clin. 2016;66:443–59.
https://doi.org/10.3322/caac.21357.

18 Curr Hematol Malig Rep (2019) 14:11–21

https://doi.org/10.1038/nrc.2017.7
https://doi.org/10.1016/j.ccell.2017.01.002
https://doi.org/10.1016/j.ccell.2017.01.002
https://doi.org/10.1086/302205
https://doi.org/10.21037/atm.2017.01.32
https://doi.org/10.1200/JCO.2017.74.5281
https://doi.org/10.1182/blood-2017-03-735639
https://doi.org/10.1182/blood-2017-03-735639
https://doi.org/10.3324/haematol.11267
https://doi.org/10.1158/1078-0432.CCR-07-1371
https://doi.org/10.3324/haematol.2015.134957
https://doi.org/10.3324/haematol.2015.134957
https://doi.org/10.1038/sj.leu.2402922
https://doi.org/10.1007/978-1-62703-269-8_10
https://doi.org/10.1182/blood-2015-03-635169
https://doi.org/10.1182/blood-2015-03-635169
https://doi.org/10.1016/j.jmoldx.2015.05.007
https://doi.org/10.3109/10428194.2016.1139703
https://doi.org/10.3109/10428194.2016.1139703
https://doi.org/10.1126/scitranslmed.aai8545
https://doi.org/10.1126/scitranslmed.aai8545
https://doi.org/10.1038/s41467-017-00965-y
https://doi.org/10.1038/s41467-017-00965-y
https://doi.org/10.3322/caac.21357


21. Sehn LH, Donaldson J, Chhanabhai M, Fitzgerald C, Gill K, Klasa
R, et al. Introduction of combined CHOP plus rituximab therapy
dramatically improved outcome of diffuse large B-cell lymphoma
in British Columbia. J Clin Oncol. 2005;23(22):5027–33. https://
doi.org/10.1200/JCO.2005.09.137.

22. Pfreundschuh M, Schubert J, Ziepert M, Schmits R, Mohren M,
Lengfelder E, et al. Six versus eight cycles of bi-weekly CHOP-14
with or without rituximab in elderly patients with aggressive
CD20+ B-cell lymphomas: a randomised controlled trial
(RICOVER-60). Lancet Oncol. 2008;9(2):105–16. https://doi.org/
10.1016/S1470-2045(08)70002-0.

23. International Non-Hodgkin’s Lymphoma Prognostic Factors P. A
predictive model for aggressive non-Hodgkin’s lymphoma. N Engl
J Med. 1993;329(14):987–94. https://doi.org/10.1056/
NEJM199309303291402.

24. Stiff PJ, Unger JM, Cook JR, Constine LS, Couban S, Stewart DA,
et al. Autologous transplantation as consolidation for aggressive
non-Hodgkin’s lymphoma. N Engl J Med. 2013;369(18):1681–
90. https://doi.org/10.1056/NEJMoa1301077.

25. Cunningham D, Hawkes EA, Jack A, Qian W, Smith P, Mouncey P,
et al. Rituximab plus cyclophosphamide, doxorubicin, vincristine,
and prednisolone in patients with newly diagnosed diffuse large B-
cell non-Hodgkin lymphoma: a phase 3 comparison of dose intensi-
fication with 14-day versus 21-day cycles. Lancet. 2013;381(9880):
1817–26. https://doi.org/10.1016/S0140-6736(13)60313-X.

26. Leonard JP, Kolibaba KS, Reeves JA, Tulpule A, Flinn IW,
Kolevska T, et al. Randomized phase II study of R-CHOP with or
without bortezomib in previously untreated patients with non-
germinal center B-cell-like diffuse large B-cell lymphoma. J Clin
Oncol. 2017;35(31):3538–46. https://doi.org/10.1200/JCO.2017.
73.2784.

27. Moskowitz CH, Schoder H, Teruya-Feldstein J, Sima C, Iasonos A,
Portlock CS, et al. Risk-adapted dose-dense immunochemotherapy
determined by interim FDG-PET in advanced-stage diffuse large B-
cell lymphoma. J Clin Oncol. 2010;28(11):1896–903. https://doi.
org/10.1200/JCO.2009.26.5942.

28. Duhrsen U, Muller S, Hertenstein B, Thomssen H, Kotzerke J,
Mesters R, et al. Positron emission tomography-guided therapy of
aggressive non-Hodgkin lymphomas (PETAL): a multicenter, ran-
domized phase III trial. J Clin Oncol. 2018;36(20):2024–34. https://
doi.org/10.1200/JCO.2017.76.8093.

29. Thompson CA, Ghesquieres H, Maurer MJ, Cerhan JR, Biron P,
Ansell SM, et al. Utility of routine post-therapy surveillance imag-
ing in diffuse large B-cell lymphoma. J Clin Oncol. 2014;32(31):
3506–12. https://doi.org/10.1200/JCO.2014.55.7561.

30. Cohen JB, Behera M, Thompson CA, Flowers CR. Evaluating
surveillance imaging for diffuse large B-cell lymphoma and
Hodgkin lymphoma. Blood. 2017;129(5):561–4. https://doi.org/
10.1182/blood-2016-08-685073.

31.• RoschewskiM,DunleavyK, Pittaluga S,MoorheadM, Pepin F, Kong
K, et al. Circulating tumour DNA and CT monitoring in patients with
untreated diffuse largeB-cell lymphoma: a correlative biomarker study.
Lancet Oncol. 2015;16(5):541–9. https://doi.org/10.1016/S1470-
2045(15)70106-3 This study identifies interim ctDNA, as assessed
by IgNGS, as a promising biomarker in DLBCL.

32. Bohers E, Viailly PJ, Becker S, Marchand V, Ruminy P,
Maingonnat C, et al. Non-invasive monitoring of diffuse large B-
cell lymphoma by cell-free DNA high-throughput targeted se-
quencing: analysis of a prospective cohort. Blood Cancer J.
2018;8(8):74. https://doi.org/10.1038/s41408-018-0111-6.

33.•• Kurtz DM, Scherer F, Jin MC, Soo J, Craig AFM, Esfahani MS,
et al. Circulating tumor DNA measurements as early outcome pre-
dictors in diffuse large B-cell lymphoma. J Clin Oncol.
2018;36(28):2845–53. https://doi.org/10.1200/JCO.2018.78.5246
This study demonstrates the prognostic utility of pretreatment

ctDNA using CAPPSeq as well as the prognostic role of ctDNA
dynamics following frontline and salvage therapy.

34. Herrera AF, Kim HT, Kong KA, Faham M, Sun H, Sohani AR,
et al. Next-generation sequencing-based detection of circulating
tumour DNA after allogeneic stem cell transplantation for lympho-
ma. Br J Haematol. 2016;175(5):841–50. https://doi.org/10.1111/
bjh.14311.

35.•• Rossi D, Diop F, Spaccarotella E, Monti S, Zanni M, Rasi S, et al.
Diffuse large B-cell lymphoma genotyping on the liquid biopsy.
Blood. 2017;129(14):1947–57. https://doi.org/10.1182/blood-
2016-05-719641 Using CAPPSEq the authors demonstrate
effective ability of genotyping cfDNA in DLBCL.

36. Chapuy B, Stewart C, Dunford AJ, Kim J, Kamburov A, Redd RA,
et al. Molecular subtypes of diffuse large B cell lymphoma are
associated with distinct pathogenic mechanisms and outcomes.
Nat Med. 2018;24(5):679–90. https://doi.org/10.1038/s41591-
018-0016-8.

37. Schmitz R,Wright GW, HuangDW, JohnsonCA, Phelan JD,Wang
JQ, et al. Genetics and pathogenesis of diffuse large B-cell lympho-
ma. N Engl J Med. 2018;378(15):1396–407. https://doi.org/10.
1056/NEJMoa1801445.

38. Reddy A, Zhang J, Davis NS, Moffitt AB, Love CL, Waldrop A,
et al. Genetic and functional drivers of diffuse large B cell lympho-
ma. Cell. 2017;171(2):481–94 e15. https://doi.org/10.1016/j.cell.
2017.09.027.

39. Swerdlow SH, Campo E, Pileri SA, Harris NL, Stein H, Siebert R,
et al. The 2016 revision of the World Health Organization classifi-
cation of lymphoid neoplasms. Blood. 2016;127(20):2375–90.
https://doi.org/10.1182/blood-2016-01-643569.

40. Vose JM. Mantle cell lymphoma: 2017 update on diagnosis, risk-
stratification, and clinical management. Am J Hematol. 2017;92(8):
806–13. https://doi.org/10.1002/ajh.24797.

41. Maddocks K. Update on mantle cell lymphoma. Blood. 2018;132:
1647–56. https://doi.org/10.1182/blood-2018-03-791392.

42. Dreyling M, Lenz G, Hoster E, Van Hoof A, Gisselbrecht C,
Schmits R, et al. Early consolidation by myeloablative radioche-
motherapy followed by autologous stem cell transplantation in first
remission significantly prolongs progression-free survival in
mantle-cell lymphoma: results of a prospective randomized trial
of the European MCL Network. Blood. 2005;105(7):2677–84.
https://doi.org/10.1182/blood-2004-10-3883.

43. Romaguera JE, Fayad L, Rodriguez MA, Broglio KR, Hagemeister
FB, Pro B, et al. High rate of durable remissions after treatment of
newly diagnosed aggressive mantle-cell lymphoma with rituximab
plus hyper-CVAD alternating with rituximab plus high-dose meth-
otrexate and cytarabine. J Clin Oncol. 2005;23(28):7013–23.
https://doi.org/10.1200/JCO.2005.01.1825.

44. Bernstein SH, Epner E, Unger JM, LeblancM, Cebula E, Burack R,
et al. A phase II multicenter trial of hyperCVAD MTX/Ara-C and
rituximab in patients with previously untreated mantle cell lympho-
ma; SWOG0213. AnnOncol. 2013;24(6):1587–93. https://doi.org/
10.1093/annonc/mdt070.

45. Armand P, Redd R, Bsat J, Mayuram S, Giardino A, Fisher DC,
et al. A phase 2 study of rituximab-bendamustine and rituximab-
cytarabine for transplant-eligible patients with mantle cell lympho-
ma. Br J Haematol. 2016;173(1):89–95. https://doi.org/10.1111/
bjh.13929.

46. Le Gouill S, Thieblemont C, Oberic L, Moreau A, Bouabdallah K,
Dartigeas C, et al. Rituximab after autologous stem-cell transplan-
tation in mantle-cell lymphoma. N Engl J Med. 2017;377(13):
1250–60. https://doi.org/10.1056/NEJMoa1701769.

47. Martin P, Chadburn A, Christos P, Weil K, Furman RR, Ruan J,
et al. Outcome of deferred initial therapy in mantle-cell lymphoma.
J Clin Oncol. 2009;27(8):1209–13. https://doi.org/10.1200/JCO.
2008.19.6121.

Curr Hematol Malig Rep (2019) 14:11–21 19

https://doi.org/10.1200/JCO.2005.09.137
https://doi.org/10.1200/JCO.2005.09.137
https://doi.org/10.1016/S1470-2045(08)70002-0
https://doi.org/10.1016/S1470-2045(08)70002-0
https://doi.org/10.1056/NEJM199309303291402
https://doi.org/10.1056/NEJM199309303291402
https://doi.org/10.1056/NEJMoa1301077
https://doi.org/10.1016/S0140-6736(13)60313-X
https://doi.org/10.1200/JCO.2017.73.2784
https://doi.org/10.1200/JCO.2017.73.2784
https://doi.org/10.1200/JCO.2009.26.5942
https://doi.org/10.1200/JCO.2009.26.5942
https://doi.org/10.1200/JCO.2017.76.8093
https://doi.org/10.1200/JCO.2017.76.8093
https://doi.org/10.1200/JCO.2014.55.7561
https://doi.org/10.1182/blood-2016-08-685073
https://doi.org/10.1182/blood-2016-08-685073
https://doi.org/10.1016/S1470-2045(15)70106-3
https://doi.org/10.1016/S1470-2045(15)70106-3
https://doi.org/10.1038/s41408-018-0111-6
https://doi.org/10.1200/JCO.2018.78.5246
https://doi.org/10.1111/bjh.14311
https://doi.org/10.1111/bjh.14311
https://doi.org/10.1182/blood-2016-05-719641
https://doi.org/10.1182/blood-2016-05-719641
https://doi.org/10.1038/s41591-018-0016-8
https://doi.org/10.1038/s41591-018-0016-8
https://doi.org/10.1056/NEJMoa1801445
https://doi.org/10.1056/NEJMoa1801445
https://doi.org/10.1016/j.cell.2017.09.027
https://doi.org/10.1016/j.cell.2017.09.027
https://doi.org/10.1182/blood-2016-01-643569
https://doi.org/10.1002/ajh.24797
https://doi.org/10.1182/blood-2018-03-791392
https://doi.org/10.1182/blood-2004-10-3883
https://doi.org/10.1200/JCO.2005.01.1825
https://doi.org/10.1093/annonc/mdt070
https://doi.org/10.1093/annonc/mdt070
https://doi.org/10.1111/bjh.13929
https://doi.org/10.1111/bjh.13929
https://doi.org/10.1056/NEJMoa1701769
https://doi.org/10.1200/JCO.2008.19.6121
https://doi.org/10.1200/JCO.2008.19.6121


48. Abrisqueta P, Scott DW, Slack GW, Steidl C, Mottok A, Gascoyne
RD, et al. Observation as the initial management strategy in patients
with mantle cell lymphoma. Ann Oncol. 2017;28(10):2489–95.
https://doi.org/10.1093/annonc/mdx333.

49. Pott C, Hoster E, Delfau-LarueMH, Beldjord K, Bottcher S, Asnafi
V, et al. Molecular remission is an independent predictor of clinical
outcome in patients with mantle cell lymphoma after combined
immunochemotherapy: a European MCL intergroup study. Blood.
2010;115(16):3215–23. https://doi.org/10.1182/blood-2009-06-
230250.

50. Liu H, Johnson JL, Koval G,Malnassy G, Sher D, Damon LE, et al.
Detection of minimal residual disease following induction
immunochemotherapy predicts progression free survival in mantle
cell lymphoma: final results of CALGB 59909. Haematologica.
2012;97(4):579–85. https://doi.org/10.3324/haematol.2011.
050203.

51.• Kolstad A, Pedersen LB, Eskelund CW, Husby S, Gronbaek K,
JerkemanM, et al. Molecular monitoring after autologous stem cell
transplantation and preemptive rituximab treatment of molecular
relapse; results from the Nordic mantle cell lymphoma studies
(MCL2 and MCL3) with median follow-up of 8.5 years. Biol
Blood Marrow Transplant. 2017;23(3):428–35. https://doi.org/10.
1016/j.bbmt.2016.12.634 This trial demonstrates the prognostic
value of MRD using qPCR in MCL.

52. Hermine O, Hoster E, Walewski J, Bosly A, Stilgenbauer S,
Thieblemont C, et al. Addition of high-dose cytarabine to
immunochemotherapy before autologous stem-cell transplantation in
patients aged 65 years or younger with mantle cell lymphoma (MCL
Younger): a randomised, open-label, phase 3 trial of the European
Mantle Cell Lymphoma Network. Lancet. 2016;388(10044):565–75.
https://doi.org/10.1016/S0140-6736(16)00739-X.

53. Cowan AJ, Stevenson PA, Cassaday RD, Graf SA, Fromm JR, Wu
D, et al. Pretransplantation minimal residual disease predicts sur-
vival in patients with mantle cell lymphoma undergoing autologous
stem cell transplantation in complete remission. Biol BloodMarrow
Transplant. 2016;22(2):380–5. https://doi.org/10.1016/j.bbmt.
2015.08.035.

54. Solal-Celigny P, Roy P, Colombat P, White J, Armitage JO, Arranz-
Saez R, et al. Follicular lymphoma international prognostic index.
Blood. 2004;104(5):1258–65. https://doi.org/10.1182/blood-2003-
12-4434.

55. Pastore A, Jurinovic V, Kridel R, Hoster E, Staiger AM,
Szczepanowski M, et al. Integration of gene mutations in risk prog-
nostication for patients receiving first-line immunochemotherapy
for follicular lymphoma: a retrospective analysis of a prospective
clinical trial and validation in a population-based registry. Lancet
Oncol. 2015;16(9):1111–22. https://doi.org/10.1016/S1470-
2045(15)00169-2.

56. Galimberti S, Luminari S, Ciabatti E, Grassi S, Guerrini F, Dondi A,
et al. Minimal residual disease after conventional treatment signif-
icantly impacts on progression-free survival of patients with follic-
ular lymphoma: the FIL FOLL05 trial. Clin Cancer Res.
2014;20(24):6398–405. https://doi.org/10.1158/1078-0432.CCR-
14-0407.

57. Ladetto M, Lobetti-Bodoni C, Mantoan B, Ceccarelli M,
Boccomini C, Genuardi E, et al. Persistence of minimal residual
disease in bone marrow predicts outcome in follicular lymphomas
treated with a rituximab-intensive program. Blood. 2013;122(23):
3759–66. https://doi.org/10.1182/blood-2013-06-507319.

58. Rambaldi A, Lazzari M, Manzoni C, Carlotti E, Arcaini L,
Baccarani M, et al. Monitoring of minimal residual disease after
CHOP and rituximab in previously untreated patients with follicu-
lar lymphoma. Blood. 2002;99(3):856–62.

59. Delfau-Larue MH, van der Gucht A, Dupuis J, Jais JP, Nel I, Beldi-
Ferchiou A, et al. Total metabolic tumor volume, circulating tumor
cells, cell-free DNA: distinct prognostic value in follicular

lymphoma. Blood Adv. 2018;2(7):807–16. https://doi.org/10.
1182/bloodadvances.2017015164.

60. Scholz CW, Pinto A, Linkesch W, Linden O, Viardot A, Keller U,
et al. (90)Yttrium-ibritumomab-tiuxetan as first-line treatment for
follicular lymphoma: 30 months of follow-up data from an interna-
tional multicenter phase II clinical trial. J Clin Oncol. 2013;31(3):
308–13. https://doi.org/10.1200/JCO.2011.41.1553.

61. Rambaldi A, Carlotti E, Oldani E, Della Starza I, Baccarani M,
Cortelazzo S, et al. Quantitative PCR of bone marrow
BCL2/IgH+ cells at diagnosis predicts treatment response and
long-term outcome in follicular non-Hodgkin lymphoma. Blood.
2005;105(9):3428–33. https://doi.org/10.1182/blood-2004-06-
2490.

62. Sarkozy C, Huet S, Carlton VE, Fabiani B, Delmer A, Jardin F,
et al. The prognostic value of clonal heterogeneity and quantitative
assessment of plasma circulating clonal IG-VDJ sequences at diag-
nosis in patients with follicular lymphoma. Oncotarget. 2017;8(5):
8765–74. https://doi.org/10.18632/oncotarget.14448.

63. Monitillo L, Genuardi E, Mantoan B, Trautmann H, Kneba M,
Brüggemann M, et al. A comparative analysis of next-generation
sequencing and real-time quantitative PCR for minimal residual
disease detection in follicular lymphomas. Blood. 2013;122(21):
4293.

64. Ardeshna KM, Qian W, Smith P, Braganca N, Lowry L, Patrick P,
et al. Rituximab versus a watch-and-wait approach in patients with
advanced-stage, asymptomatic, non-bulky follicular lymphoma: an
open-label randomised phase 3 trial. Lancet Oncol. 2014;15(4):
424–35. https://doi.org/10.1016/S1470-2045(14)70027-0.

65. Solal-Celigny P, Bellei M, Marcheselli L, Pesce EA, Pileri S,
McLaughlin P, et al. Watchful waiting in low-tumor burden follic-
ular lymphoma in the rituximab era: results of an F2-study data-
base. J Clin Oncol. 2012;30(31):3848–53. https://doi.org/10.1200/
JCO.2010.33.4474.

66. Huet S, Sujobert P, Salles G. From genetics to the clinic: a transla-
tional perspective on follicular lymphoma. Nat Rev Cancer.
2018;18(4):224–39. https://doi.org/10.1038/nrc.2017.127.

67. Okosun J, Bodor C, Wang J, Araf S, Yang CY, Pan C, et al.
Integrated genomic analysis identifies recurrent mutations and evo-
lution patterns driving the initiation and progression of follicular
lymphoma. Nat Genet. 2014;46(2):176–81. https://doi.org/10.
1038/ng.2856.

68. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer
J Clin. 2018;68(1):7–30. https://doi.org/10.3322/caac.21442.

69. Ansell SM. Hodgkin lymphoma: 2016 update on diagnosis, risk-
stratification, and management. Am J Hematol. 2016;91(4):434–
42. https://doi.org/10.1002/ajh.24272.

70. Radford J, Illidge T, Counsell N, Hancock B, Pettengell R, Johnson
P, et al. Results of a trial of PET-directed therapy for early-stage
Hodgkin’s lymphoma. N Engl J Med. 2015;372(17):1598–607.
https://doi.org/10.1056/NEJMoa1408648.

71. Johnson P, Federico M, Kirkwood A, Fossa A, Berkahn L, Carella
A, et al. Adapted treatment guided by interim PET-CT scan in
advanced Hodgkin’s lymphoma. N Engl J Med. 2016;374(25):
2419–29. https://doi.org/10.1056/NEJMoa1510093.

72. Gallamini A, Hutchings M, Rigacci L, Specht L, Merli F, Hansen
M, et al. Early interim 2-[18F]fluoro-2-deoxy-D-glucose positron
emission tomography is prognostically superior to international
prognostic score in advanced-stage Hodgkin’s lymphoma: a report
from a joint Italian-Danish study. J Clin Oncol. 2007;25(24):3746–
52. https://doi.org/10.1200/JCO.2007.11.6525.

73. Chen RW, Ansell SM, Gallamini A, Connors JM, Savage KJ,
Collins GP, et al. Brentuximab vedotin with chemotherapy for stage
III or IV Hodgkin lymphoma (HL): Impact of cycle 2 PET result on
modified progression-free survival (mPFS). J Clin Oncol.
2018;36(15_suppl):7539.

20 Curr Hematol Malig Rep (2019) 14:11–21

https://doi.org/10.1093/annonc/mdx333
https://doi.org/10.1182/blood-2009-06-230250
https://doi.org/10.1182/blood-2009-06-230250
https://doi.org/10.3324/haematol.2011.050203
https://doi.org/10.3324/haematol.2011.050203
https://doi.org/10.1016/j.bbmt.2016.12.634
https://doi.org/10.1016/j.bbmt.2016.12.634
https://doi.org/10.1016/S0140-6736(16)00739-X
https://doi.org/10.1016/j.bbmt.2015.08.035
https://doi.org/10.1016/j.bbmt.2015.08.035
https://doi.org/10.1182/blood-2003-12-4434
https://doi.org/10.1182/blood-2003-12-4434
https://doi.org/10.1016/S1470-2045(15)00169-2
https://doi.org/10.1016/S1470-2045(15)00169-2
https://doi.org/10.1158/1078-0432.CCR-14-0407
https://doi.org/10.1158/1078-0432.CCR-14-0407
https://doi.org/10.1182/blood-2013-06-507319
https://doi.org/10.1182/bloodadvances.2017015164
https://doi.org/10.1182/bloodadvances.2017015164
https://doi.org/10.1200/JCO.2011.41.1553
https://doi.org/10.1182/blood-2004-06-2490
https://doi.org/10.1182/blood-2004-06-2490
https://doi.org/10.18632/oncotarget.14448
https://doi.org/10.1016/S1470-2045(14)70027-0
https://doi.org/10.1200/JCO.2010.33.4474
https://doi.org/10.1200/JCO.2010.33.4474
https://doi.org/10.1038/nrc.2017.127
https://doi.org/10.1038/ng.2856
https://doi.org/10.1038/ng.2856
https://doi.org/10.3322/caac.21442
https://doi.org/10.1002/ajh.24272
https://doi.org/10.1056/NEJMoa1408648
https://doi.org/10.1056/NEJMoa1510093
https://doi.org/10.1200/JCO.2007.11.6525


74.•• Spina V, Bruscaggin A, Cuccaro A, Martini M, Di Trani M,
Forestieri G, et al. Circulating tumor DNA reveals genetics, clonal
evolution, and residual disease in classical Hodgkin lymphoma.
Blood. 2018;131(22):2413–25. https://doi.org/10.1182/blood-
2017-11-812073 This study identifies a prognostic role of
ctDNA in HL using CAPPSeq.

75. Vandenberghe P, Wlodarska I, Tousseyn T, Dehaspe L, Dierickx D,
Verheecke M, et al. Non-invasive detection of genomic imbalances
in Hodgkin/Reed-Sternberg cells in early and advanced stage

Hodgkin's lymphoma by sequencing of circulating cell-free DNA:
a technical proof-of-principle study. Lancet Haematol. 2015;2(2):
e55–65. https://doi.org/10.1016/S2352-3026(14)00039-8.

76. Camus V, Stamatoullas A,Mareschal S, Viailly PJ, Sarafan-Vasseur
N, Bohers E, et al. Detection and prognostic value of recurrent
exportin 1 mutations in tumor and cell-free circulating DNA of
patients with classical Hodgkin lymphoma. Haematologica.
2016;101(9):1094–101. https://doi.org/10.3324/haematol.2016.
145102.

Curr Hematol Malig Rep (2019) 14:11–21 21

https://doi.org/10.1182/blood-2017-11-812073
https://doi.org/10.1182/blood-2017-11-812073
https://doi.org/10.1016/S2352-3026(14)00039-8
https://doi.org/10.3324/haematol.2016.145102
https://doi.org/10.3324/haematol.2016.145102

	The Emerging Role of Liquid Biopsies in Lymphoproliferative Disorders
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods for Liquid Biopsies in Lymphoma
	Flow Cytometry
	PCR-Based Methods
	NGS-Based Methods

	Application of Liquid Biopsies in Lymphoma
	DLBCL
	Mantle Cell Lymphoma
	Follicular Lymphoma
	Hodgkin Lymphoma

	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



