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ABSTRACT Lymphomas are heterogeneous tumors with striking genetic diversity and vari-
able outcomes even within pathologic diagnoses. Treatment response assessment  

relies on radiologic and nuclear scans, which cannot detect disease at the molecular level. Molecular 
tumor analyses require invasive tissue biopsies that cannot accurately capture spatial tumor hetero-
geneity within each patient. Circulating tumor DNA (ctDNA) is a minimally invasive and highly versatile 
biomarker that overcomes fundamental limitations of imaging scans and tissue biopsies and may aid 
clinical decision-making in lymphoma. In this review, we highlight the key established principles regard-
ing ctDNA in lymphoma and emphasize the important research questions and future directions.

Significance: ctDNA is an emerging biomarker for lymphomas that noninvasively provides genotypic 
information and can measure the effectiveness of treatment by detecting the presence of minimal 
residual disease. Key principles have emerged related to ctDNA for lymphoma, but further studies are 
needed to standardize its use and establish clinical utility.

INTRODUCTION
Lymphomas are a heterogeneous group of tumors with 

striking underlying genetic diversity and a wide range of clini-
cal presentations. Aggressive B-cell lymphomas are mostly 
curable with combination chemotherapy and immunother-
apy, whereas indolent lymphomas are generally incurable 
but often achieve durable remissions that require lifelong 
monitoring. Prognostic tools for lymphoma are principally 
based on pretreatment characteristics and do not incorpo-
rate information that emerges during treatment. Indeed, 
lymphomas undergo clonal evolution during and after treat-
ment that is not easily captured with readily available clinical 
tools (1). The criteria that determine the quality of treat-
ment response rely on imaging scans such as computerized 
tomography (CT) and FDG-positron emission tomography 
(PET) scans, which lack sensitivity to detect minimal residual 

disease (MRD) or clonogenic selection (2). Indeed, genomic 
profiling currently requires invasive tissue biopsies, which 
are limited by sampling error and do not capture spatial 
tumor heterogeneity or treatment-emergent clonal evolution 
(3–5). Further, tissue biopsies are problematic for numerous 
anatomic sites such as the central nervous system and deep 
abdominal compartments.

Liquid biopsies are being developed across numerous can-
cer types to overcome these fundamental limitations of cur-
rently available clinical tools (6). Cell-free DNA (cfDNA) 
refers to the circulating double-stranded DNA fragments 
that are freely released into the peripheral blood after normal 
physiologic processes of apoptosis, proliferation, and necro-
sis (Fig. 1; refs. 7, 8). In patients with cancer, the proportion 
of tumor-derived cfDNA, termed circulating tumor DNA 
(ctDNA), is the most well-studied form of liquid biopsy for 
lymphoma (9, 10). A number of studies have investigated the 
role of ctDNA for monitoring treatment and detecting early 
molecular relapse in aggressive lymphomas, including diffuse 
large B-cell lymphoma (DLBCL) and Hodgkin lymphoma 
(HL; refs. 11–21). These studies have laid the foundation for 
clinical applications, but critical questions remain regarding 
sample timing and assay methodology (22). First, the opti-
mal methods of collection and processing need standardiza-
tion, and analytical techniques should be harmonized across 
clinical settings (23, 24). Second, the absence of detectable 
MRD by ctDNA after therapy needs to be established as a 
surrogate for survival across lymphomas and prospectively 
assessed as a clinical trial endpoint. Third, genetic informa-
tion from ctDNA needs to be actionable and accessible in 
real time for clinical applications. In this review, we focus on 
the key foundational principles that have been established 
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Figure 1.  Tumor-derived cfDNA can be 
noninvasively detected from peripheral blood 
as a liquid biopsy. As a result of the physiologic 
processes of apoptosis, proliferation, and secre-
tion, degraded DNA fragments are constantly 
released into the peripheral blood as cfDNA; 
cfDNA has a short half-life of only 1 to 2 hours 
before being cleared from plasma by the liver, 
spleen, and kidney. Patients with cancer have 
higher total body levels of cfDNA than healthy 
individuals, and the tumor-derived proportion of 
cfDNA is termed ctDNA—the most well-studied 
form of liquid biopsy for lymphoma. Liquid 
biopsies allow for noninvasive monitoring from 
peripheral blood collection in specialized cell-
stabilizing tubes to minimize contamination from 
lysis of normal white blood cells (WBC). DNA can 
be extracted from plasma and analyzed for the 
presence of tumor-specific markers includ-
ing immunoglobin gene rearrangements and 
lymphoma-specific genetic aberrations.
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through studies of ctDNA in DLBCL and HL and identify key 
research questions that need to be addressed before ctDNA 
can emerge as a reliable clinical decision-making tool in lym-
phoma (Table 1).

TECHNICAL AND PREANALYTICAL 
CONSIDERATIONS: SPECIMEN COLLECTION 
AND PROCESSING

The amount of cfDNA in plasma corresponds to a few 
thousand genomic equivalents of highly fragmented DNA 
per milliliter. The estimated size of cfDNA varies from ∼40 
to 200 base pairs (bp), with a peak at approximately 166 bp  
(25). The size of cfDNA fragments, which is characteristic of 
caspase-dependent DNA cleavage, is due to variable length 
of intranucleosomal linker DNA and predominantly cor-
responds to mononucleosomes. Consequently, it is assumed 
that the bulk of cfDNA is released by cells undergoing apop-
tosis. Epigenomic foot printing through both nucleosome 
occupancy inferred from cfDNA fragmentation patterns and 
methylation profiling point to the hematopoietic lineages as 
a major source of cfDNA in healthy subjects (25, 26).

Distinguishing ctDNA from background cfDNA released 
by normal hematopoietic cells may be confounded by biologi-
cal signals arising from clonal hematopoiesis. Clonal hemat-
opoiesis is a common aging-related phenomenon where 
somatic mutations in hematopoietic stem cells are clonally 
propagated to their progeny. Deep next-generation sequenc-
ing (NGS) used in ctDNA mutation recovery can identify 
biological signals from clonal hematopoiesis in up to 90% of 
patients with cancer and must be distinguished from tumor-
associated mutations. Consistently, a large fraction of cfDNA 
mutations recovered in patients with cancer have features 
consistent with clonal hematopoiesis (27), which confounds 
accurate ctDNA quantification and mutational signature 
recovery. Joint analysis of cfDNA and matched normal leu-
kocytes distinguishes background mutations due to clonal 
hematopoiesis and allows accurate variant interpretation and 
recovery of lymphoma-associated mutations (27).

The concentration of cfDNA in blood varies significantly. 
It ranges between 0 and 100 (median ∼5) ng/mL in healthy 

subjects and is usually elevated, though with great vari-
ability, in patients with lymphoma, ranging from 5 to 100 
(median ∼25) ng/mL (28). There is no broad consensus or 
standardization regarding reporting the concentration of 
cfDNA or ctDNA in plasma. Hence, different units of meas-
urement have been used across various studies. Consider-
ing that 3.3 pg is the mass of a single haploid copy of the 
human genome (hGE), the typical cfDNA concentration is 
∼1,500 hGE/mL in healthy subjects and ∼7,500 hGE/mL in 
lymphoma patients. In patients with aggressive lymphomas, 
the fraction of ctDNA constitutes a median ∼5% of cfDNA in 
plasma at the time of diagnosis. Therefore, in most patients 
with lymphoma, only a small part of total cfDNA consists of 
ctDNA, though the ctDNA fraction is highly dependent on 
tumor bulk and histology. Indeed, ctDNA fraction is higher 
in patients with larger tumor volumes and/or aggressive lym-
phomas compared with patients with low tumor volume and/
or indolent lymphomas. Given the typically low ctDNA frac-
tion, high-sensitivity wet lab approaches and bioinformatics  
pipelines are needed for the accurate quantification and 
mutation profiling of ctDNA.

Preanalytical variables that reduce the ctDNA fraction 
affect the sensitivity of laboratory tests aiming at identifica-
tion, quantification, and qualification of ctDNA. Elevated 
cfDNA content in plasma is not specific to lymphoma (or 
malignancies in general) and may occur after exercise, inflam-
mation, and tissue damage (i.e., trauma or infarction) as well 
as during pregnancy. In patients with lymphoma, such con-
comitant conditions may decrease the ctDNA fraction. The  
ctDNA fraction is also affected by blood sampling techniques 
and collection tubes (29). Indeed, the collection of serum 
stimulates a release of necrotic DNA from blood cells. This 
mechanism could account for the lower ctDNA fractions 
found in serum compared with plasma samples. cfDNA 
is quickly cleared from plasma by organs such as the liver, 
spleen, and kidney. Therefore, cfDNA has a short half-life, 
which varies from several minutes to 1 to 2 hours. This effect 
has direct implications on the collection timing following 
lymphoma treatment when used as a surrogate biomarker for 
tumor reduction. Plasma collected in EDTA tubes must be 
isolated from the blood cellular component within 6 hours 
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Table 1. Key established principles and remaining questions on ctDNA in lymphoma

Biological principles
1. Virtually all cases of lymphoma have measurable levels of ctDNA in the peripheral blood, including 

early-stage disease.
2. cfDNA is more reliable than circulating tumor cells for detection of disease in most lymphomas.
3. Genotypic profiles in ctDNA strongly correlate with profiles in tumor tissue.
4. Unique mutations can be detected from ctDNA not detected in tumor tissue.

Processing and analytical principles
1. Cell-stabilizing tubes minimize the effect of white blood cell lysis.
2. Plasma has less germline DNA contamination than serum and is preferred for genotyping ctDNA.

Clinical principles
1. Baseline ctDNA levels are prognostic and correlate with other measures of tumor burden.
2. Levels of ctDNA change rapidly after institution of effective therapy (early detection of sensitivity/

resistance).
3. Dynamic ctDNA kinetics are strongly prognostic for survival and establish a framework for person-

alized strategies.
4. ctDNA can be detected prior to clinical relapse in many cases.

Technical questions
1. What are the optimal collection processes to avoid preanalytical confounders?
2. What are the optimal collection methods (standardization)?
3. Do all labs report similarly reliable information (harmonization)?

Analytical questions
1. What is the minimum number of genetic aberrations that must be included in ctDNA genotyping?
2. What is the best method for detection of genetic aberrations with low variant allele fractions?
3. What is the best method for detection of MRD at the end of planned therapy?

Clinical questions
1. Are turnaround times sufficient for clinical applications (feasibility)?
2. Can genotyping from ctDNA be used to select therapy?
3. Is eradication of MRD a surrogate for overall survival?
4. Can presence/absence of MRD be used to determine need for consolidation or maintenance?
5. Do clinical applications apply across lymphoma subtypes?
6. Does earlier treatment based on ctDNA results improve clinical outcomes?
7. What is the optimal ctDNA monitoring schedule when used as a surveillance tool?
8. Can clonal evolution detected by ctDNA be used to select salvage treatment?

to avoid the dilution effect of ex vivo cfDNA release by white 
blood cell lysis, which also decreases the ctDNA fraction. 
Cell-stabilizing tubes avoid white blood cell lysis, thus pre-
serving the ctDNA fraction up to 96 hours after collection. 
Recommendations and unresolved issues regarding proper 
preanalytical handling of cfDNA have been discussed in a 
position paper of the American Society of Clinical Oncology 
and College of American Pathologists (30).

ANALYTICAL TECHNIQUES AND  
TARGET CONSIDERATIONS

Although there are numerous potential applications of 
ctDNA for lymphoma, they largely fall into one of two 
categories: disease detection and mutational genotyping. 
The choice of liquid biopsy technique depends on which 
application is of interest. Moreover, although many tech-
niques have been studied, an optimal ctDNA assay has mul-
tiple challenges including low total and fractional (often less 
than 0.5%) amounts of ctDNA, and the diversity of mutations 
across lymphomas (Fig. 2). Therefore, a useful ctDNA assay in 

lymphoma must efficiently utilize all available cfDNA, have a 
low background error profile to detect low-level signals, and 
identify the relevant mutations.

Methods for ctDNA Disease Detection:  
PCR-Based versus NGS-Based Platforms

Both PCR-based and NGS-based ctDNA methods have 
been applied in lymphomas, most commonly for detection 
of disease (Table 2). Although digital PCR (dPCR) methods 
assessing hotspot mutations have been used in proof-of-
concept studies to track the MYD88 L265P (31, 32) and XPO1 
E571K variants (33), few mutations occur with sufficient 
frequency to make dPCR broadly applicable. Therefore, NGS-
based methods are favored for detecting and tracking ctDNA 
in lymphoma. These methods can assess a variety of genomic 
alterations, including the rearranged immunoglobulin loci 
(i.e., IGH, IGL, and IGK; refs. 11, 12, 34), single-nucleotide 
variations (SNV) and tumor-specific mutations from tar-
geted sequencing (13, 20), and even copy-number alterations 
from low-pass whole-genome sequencing (WGS; ref. 16). To 
allow for detection of low tumor fractions, detection of 
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Ig rearrangements through Ig high-throughput sequencing 
(IgHTS) was applied in initial studies for MRD detection 
(11, 12, 35). While showing initial promise due to its broad 
applicability, as most tumors contain a rearranged IGH, IGK, 
or IGL receptor, and low technical background error profile 
(36), MRD analysis is limited by the amount of total cfDNA. 
Indeed, the typical patient has only ∼2,000 genomes or cells 
worth of DNA per mL of plasma (37), so an assay that fol-
lows only one mutation—such as dPCR or IgHTS—cannot 
have greater sensitivity than 1:2,000 from a single millim-
eter of plasma, despite superior technical background error 
rates, when compared with higher cfDNA concentrations. 
Although methods to multiplex a few independent loci have 
emerged for both dPCR and amplicon-based Ig sequencing, 
the sensitivity of these methods remains fundamentally lim-
ited by the number of available DNA molecules.

Overcoming Low Amounts of cfDNA
In theory, there are two ways to overcome the low amount 

of cfDNA found in plasma for MRD detection. First, an assay 
could simply use more plasma as input material. For exam-
ple, starting with 10 mL of plasma instead of 1 mL increases 
the number of available genomes of DNA from 2,000 to 
20,000, based on a typical cfDNA concentration. This concept, 
analogous to increasing “depth” of sequencing, has practi-
cal limitations, as obtaining more than 10 mL of plasma is 
challenging in routine clinical care. Alternatively, an assay 

could assess multiple mutations or loci to increase the num-
ber of available cfDNA fragments to assess for tumor content. 
Several assays to track multiple SNVs have been applied to 
ctDNA in solid tumors (38, 39), although the most frequent 
assay applied to lymphoma is targeted hybrid capture sequenc-
ing via cancer personalized profiling by deep sequencing  
(CAPP-seq; refs. 13, 20). Through CAPP-seq, many mutations— 
often over 100—can be leveraged for disease detection in B-cell 
lymphomas. Indeed, B-cell lymphomas are excellent targets 
for the CAPP-seq approach, as several regions of the genome 
are frequently and recurrently mutated by activation-induced 
cytidine deaminase (AICDA), making them suitable tumor 
reporters. In contrast to IgHTS or other single allele–based 
methods, where sensitivity is limited by the number of avail-
able molecules, CAPP-seq is limited by the background error 
rate of the assay. As such, a number of error-suppression 
methods, such as molecular barcoding and in silico error sup-
pression, have been applied to lower the background rate, 
resulting in sensitivity of ∼2.5 parts per 100,000 (40).

Even lower background rates could further improve sensi-
tivity for ctDNA MRD, as the number of mutations available 
due to AICDA and other mutational mechanisms allows for 
hundreds of thousands or millions of cfDNA fragments 
to be evaluated for tumor mutations. Such approaches to 
improving the sensitivity for MRD detection represent the 
next key advance in liquid biopsies for lymphoma, allow-
ing disease detection at the time of lowest disease burden, 

Figure 2.  Current challenges for ctDNA in lymphomas across common methodologies. A, Analysis of ctDNA in lymphoma has many challenges, 
including some shared in other cancer types and some more specific to lymphoma. These include: (i) a significantly lower amount of total DNA in the 
plasma compared with peripheral blood mononuclear cells (PBMC; left), (ii) a low proportion of tumor-derived molecules in the plasma compared with all 
molecules (middle), and (iii) the diverse mutational profiles of lymphomas. B, To overcome these challenges, several different approaches have been taken. 
These include both PCR-based and sequencing-based approaches. Each of these methods has distinct performance characteristics for both disease 
detection or mutational genotyping, which is qualitatively shown here. For additional details on performance between different methods for disease 
detection, see Table 2. CAPP-seq, cancer personalized profiling by deep sequencing; dPCR, digital PCR; WGS, whole-genome sequencing.
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Table 2. Various methodologies applied to ctDNA in lymphomas

Method Technology Sensitivity for ctDNA Sensitivity limited by
dPCR PCR-based ∼1:10,000 Amount of available DNA

Ig sequencing NGS-based ∼1:10,000 Amount of available DNA

CAPP-seq NGS-based ∼2.5:100,000 Error profile

Lymphopanel NGS-based ∼1:1,000 Error profile

WGS NGS-based ∼1:100 Error profile

Abbreviations: CAPP-seq, cancer personalized profiling by deep sequencing; dPCR, digital PCR; WGS,  
whole-genome sequencing.

such as the end of induction therapy. One approach for 
improving the limit of detection for ctDNA is phased variant 
enrichment and detection by sequencing (PhasED-seq; ref. 
41). Although most ctDNA methods track SNVs (i.e., single 
mutations on a cfDNA molecule), PhasED-seq tracks mul-
tiple somatic alterations seen on the same cfDNA molecule 
(i.e., two or more mutations on a single molecule). Multiple 
phased variants, where two or more mutations occur in cis 
(i.e., on the same strand of DNA), occur in stereotyped por-
tions of the genome in B-cell malignancies, likely due to 
on-target and aberrant somatic hypermutation driven by 
activation-induced deaminase. By detecting multiple muta-
tions and individual cfDNA fragments, PhasED-seq lowers 
the background signal arising from technical or biological 
sources. This allows disease detection down to one part 
per million or lower in both technical and biological sam-
ples, including improved disease detection in plasma from 
patients with DLBCL both during and after completion of 
first-line therapy. Importantly, this improved detection sen-
sitivity directly led to superior stratification of patient out-
comes and identification of patients with relapsing disease 
after an initial radiographic remission (41). Although this 
initial report is promising, additional studies of PhasED-seq 
will be required to confirm its superior performance for MRD 
detection. Additional studies in diverse lymphoma subtypes 
with varying levels of activation-induced deaminase will also 
be useful to understand the best-use cases for this technology.

Mutational Genotyping
An additional advantage of CAPP-seq, PhasED-seq, and 

other targeted sequencing approaches is the ability to move 
beyond simple disease detection and perform mutational 
profiling and molecular genotyping. In the last 10 years, sig-
nificant strides have been made in identifying prognostic and 
even predictive molecular subtypes of lymphomas. This began 
with the molecular cell of origin (COO) in DLBCL from gene 
expression (42), but more recently prognostically significant 
mutations in follicular lymphoma (FL; ref. 43), chronic lym-
phocytic leukemia (44), as well as genetic subtypes of DLBCL 
(45–47) have been identified. Indeed, targetable genetic altera-
tions such as EZH2 mutations in FL (48) are emerging that 
can be detected by ctDNA (49). By assessing a broader panel 
of genes and loci, targeted sequencing with error suppression 
can directly assess these alterations from a liquid biopsy rather 
than requiring tumor tissue. This is particularly true for SNVs 

and small insertions and deletions, although methods for copy-
number alteration detection are also in development (50, 51).

KEY STUDIES IN DLBCL
First-line combination chemotherapy cures ∼60% of 

DLBCL cases, but disease that relapses or is refractory to 
first-line therapy is difficult to cure (52). Biomarkers that reli-
ably identify patients at high risk for treatment failure before, 
during, or after therapy allow for risk-adapted approaches 
designed to improve the cure rate. Complete eradication of 
disease is required to cure DLBCL, yet the current response 
criteria do not incorporate markers that detect the presence 
of MRD at the end of therapy, as has become standard in 
other hematologic diseases (53–56).

Multiple studies have explored the role of ctDNA in DLBCL 
and have established key principles regarding its potential as 
a tumor-specific biomarker that provides unique prognostic 
information before and throughout therapy. These studies 
have utilized different methods for ctDNA detection and 
have focused on different lymphoma-specific targets. Despite 
these technical differences, the key findings from these stud-
ies have shown striking similarities and have informed our 
current understanding of the potential clinical utility of 
ctDNA across lymphoma subtypes (57).

ctDNA as a Baseline Prognostic Marker in DLBCL
The prognosis for patients with DLBCL is related to overall 

tumor burden, the underlying condition of the patient, and 
tumor biology. Quantitative levels of baseline ctDNA have been 
shown to be surrogates of overall tumor burden in DLBCL. 
In a study of 126 patients with DLBCL, the baseline level 
of ctDNA for immunoglobulin receptor gene sequences was 
significantly associated with baseline international prognostic 
index (IPI) scores (P < 0.0001) and lactate dehydrogenase levels 
(P < 0.0001; ref. 11). Further, patients with early-stage DLBCL 
had significantly lower median ctDNA levels than those with 
advanced-stage disease (P = 0.014; ref. 11). A separate study 
using the same assay for ctDNA confirmed that baseline levels 
of ctDNA were correlated with total metabolic tumor volume 
(TMTV) as measured on baseline FDG-PET scans and deter-
mined that the cell-free component of the peripheral blood (i.e., 
plasma) was a better source of circulating DNA than the cellu-
lar component in DLBCL (12). Another key observation from 
these studies was that identification of a trackable clonotype 
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required interrogation of the baseline tumor in most cases (11). 
This critical baseline validation step is affected by the quality of 
the tissue biopsy and amount of DNA input; hence, it is most 
successful when ≥60 ng of DNA can be extracted from baseline 
tissue biopsies (12). The largest study of ctDNA in DLBCL used 
the targeted sequencing approach CAPP-seq and analyzed the 
prognostic role of baseline ctDNA levels in 217 patients across 
6 different treatment centers. The authors demonstrated that 
baseline ctDNA was associated with both event-free survival 
(EFS) and overall survival (OS) in patients receiving first-line 
or salvage therapy (14). Importantly, on multivariable analysis, 
the concentration of baseline ctDNA predicted EFS better than 
traditional prognostic variables including COO, IPI score, or 
TMTV on FDG-PET scans (14).

Another important function of baseline ctDNA is to non-
invasively capture and integrate genetic information from the 
tumor (13). The molecular diversity of DLBCL was initially 
appreciated from gene-expression profiling studies that identi-
fied subtypes based on their putative COO: germinal center 
B-cell, activated B-cell, and primary mediastinal B-cell, with 
an additional 15% to 20% of cases remaining unclassified 
(42,  58,  59). This DLBCL classification identifies molecular 
phenotypes with distinct oncogenic mechanisms and differ-
ential outcomes to therapy (58, 60). Our understanding of 
the molecular biology of DLBCL has since evolved beyond 
COO subtypes, and multiplatform genomic approaches have 
described distinct genetic subtypes (45–47). This further clas-
sification of DLBCL into genetic subtypes relies on genetic 
information that comes almost exclusively from tissue biop-
sies. Multiple studies of ctDNA using CAPP-seq have shown 
that mutations and other lymphoma-relevant genetic aber-
rations can be identified from ctDNA even without baseline 
tumor tissue (13, 18, 20). Relevant genotypic information from 
CAPP-seq including COO classification was concordant with 
the tissue nearly 90% of the time, and most translocations of 
BCL2, BCL6, and MYC detected by fluorescence in situ hybridi-
zation (FISH) were detected from ctDNA. These studies also 
showed that unique genetic alterations can be identified from 
ctDNA even when they are not identified within the tissue 
biopsy, suggesting that ctDNA may be a better overall repre-
sentation of genetic aberrations across multiple anatomic sites 
(13, 18, 20). Other studies of ctDNA in DLBCL using more 
restricted target panels have confirmed that genotypic infor-
mation from tumors is readily available from ctDNA (61, 62). 
Taken together, such studies establish baseline ctDNA as an 
independent prognostic variable in DLBCL, which serves the 
dual purpose of capturing aggregate genotypic information.

ctDNA as a Marker of Treatment Response in DLBCL
End-of-Therapy Response Assessment

The current response criteria for DLBCL rely almost exclu-
sively on imaging scans, such as CT and FDG-PET scans, to 
determine complete response (2). However, up to ∼15% of 
DLBCL will ultimately relapse despite achieving an FDG-
PET–negative complete response using these criteria, and a 
proportion of patients with positive scans will never progress 
(63). Indeed, the limitations of FDG-PET scans were further 
demonstrated in a recent randomized study in which the 
visual interpretation of the end-of-therapy FDG-PET scan 
had no association with clinical outcomes (64). Thus, the 

fundamental limitation of imaging scans to detect low levels 
of residual disease makes it particularly important to develop 
biomarkers with high sensitivity for MRD. As of yet, the prog-
nostic value of MRD is not clearly established for DLBCL as it 
is for other hematologic malignancies such as acute lympho-
cytic leukemia, chronic lymphocytic leukemia, or multiple 
myeloma (53, 55, 56). A clinically validated marker of MRD in 
DLBCL could further distinguish patients who have achieved 
a “complete molecular remission” from those with measur-
able residual disease below the detection limit of imaging.

Interim Response Assessment

Quantitative ctDNA also serves as a dynamic measure of 
treatment efficacy because levels often change rapidly after 
the initiation of therapy. In one study in DLBCL, the level 
of ctDNA for immunoglobulin receptor gene sequences was 
assessed after each cycle of first-line therapy, and patients 
without detectable ctDNA after two cycles had a superior five-
year progression-free survival (PFS) compared with patients 
who remained ctDNA positive (80.2% vs. 41.7%; P < 0.0001; 
ref. 11). A larger and more detailed study of CAPP-seq during 
therapy for DLBCL showed that a 2-log reduction in ctDNA 
after one cycle of therapy (“early molecular response”) as 
well as 2.5-log reductions after two cycles (“major molecular 
response”) were more predictive of EFS [hazard ratio (HR) 
8.58 (3.3–22.32)] and OS [HR 4.15 (1.17–15.57)] after first-
line therapy compared with baseline ctDNA levels, IPI, or 
results on interim PET scans (14). To address the complex 
interplay of prognostic variables present at baseline with 
treatment-emergent variables such as response to therapy, a 
sophisticated personalized outcome prediction model called 
the “continuous individualized risk index” (CIRI) was devel-
oped (65). In this mathematical model designed to predict 
clinical outcomes, the standard baseline variables such as 
the IPI score, TMTV on PET scans, and COO phenotype and 
exploratory variables including ctDNA levels set a pretreat-
ment probability of survival that is updated with the results 
of interim imaging scans, achievement of molecular response, 
and the response at the end of induction therapy based on 
conventional criteria. As compared with each individual com-
ponent, CIRI demonstrated a superior ability to predict out-
comes at 24 months compared with conventional prognostic 
markers. Taken together, these data highlight the potential of 
ctDNA as a dynamic biomarker that can track MRD through-
out therapy to enhance existing clinical criteria.

ctDNA after Therapy for Early Disease Relapse and 
Clonal Evolution in DLBCL

Serial monitoring of ctDNA after therapy for DLBCL may 
also serve as a minimally invasive surveillance strategy to 
identify asymptomatic relapse and to characterize acquired 
resistance and clonal evolution. Surveillance monitoring with 
CT scans after therapy for DLBCL has proven neither effec-
tive for improving clinical outcomes nor cost-effective when 
applied to all patients in first remission (66, 67). However, 
the lack of demonstrable benefit from these studies does not 
establish that all surveillance strategies are futile. Indeed, 
there is intuitive appeal for early detection of disease relapse 
because both chemotherapy and immunotherapy are more 
effective at stages of lower tumor burden (68, 69).
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In one study, 107 patients with DLBCL who achieved com-
plete remission after first-line therapy were monitored with 
periodic CT scans along with prospective collected paired 
blood samples that were retrospectively analyzed for ctDNA 
(11). Overall, 17 patients relapsed after remission, and 15 
(88%) of these patients had detectable ctDNA at the time 
of or prior to clinical relapse detected by CT scan. Further, 
the median (range) lead time of ctDNA detection compared 
with clinical relapse was 3.5 (0–200) months (11). Of the 90 
patients who did not relapse after remission, ctDNA was per-
sistently negative at almost all time points. In two (2%) cases, 
an isolated low-level positive ctDNA result was repeated and 
was negative. Another study reported that ctDNA became 
detectable in all 11 (100%) patients at time of relapse and in 
8 (73%) patients prior to radiographic relapse with a median 
lead time of >2 months (13). Other studies have found similar 
patterns with longitudinal sampling, suggesting that either 
resistant tumors remain positive for ctDNA at the end of 
therapy or the presence of ctDNA reappears prior to disease 
relapse (20). These data suggest that ctDNA may be an effec-
tive surveillance strategy for patients at high risk for treat-
ment failure. Interim results of a prospective study testing 
ctDNA as a surveillance strategy in 401 patients with DLBCL 
who achieved an FDG-PET–negative complete response have 
been presented (70). Patients had serial peripheral blood 
samples collected every 3 months for 2 years after treatment 
that were analyzed for MRD with an NGS-based assay for 
immunoglobin receptor sequence rearrangements and trans-
locations of Bcl1/Bcl2-IgH. In the 43 patients who relapsed, 
a trackable sequence was identified in 39 (91%) cases, and 
the ctDNA was positive before or at the time of relapse in 22 
(56%) of these cases, and 10 (26%) were positive more than  
3 months before clinical detection. Although these data sug-
gest that more sensitive assays are required for surveillance, 
it is also possible given the low detection rate compared with 
other published series, that specimen handling and storage 
diminished sensitivity (11, 12). Another function of ctDNA 
monitoring after therapy is to study clonal evolution and to 
better characterize resistant disease. One study using CAPP-
seq in DLBCL showed that mutations can appear in ctDNA 
at disease relapse that were not present in the original tumor 
(20). Another study showed that mutations that predict 
histologic transformation to DLBCL from an underlying 
indolent lymphoma are present in ctDNA prior to clinical 
recognition (13). Taken together, these data highlight the 
capacity of ctDNA as a surveillance tool in DLBCL for the 
detection of disease prior to radiologic recurrence and to 
track genomic clonal evolution. It remains unproven if earlier 
detection of DLBCL ∼3 months prior to relapse translates 
into improved clinical outcomes. Enhanced detection of per-
sistent disease at the end of therapy may lengthen the lead 
time from previously published studies and more precisely 
identify a group of patients who are not in molecular remis-
sion despite achieving radiographic remission (41).

KEY STUDIES IN CLASSICAL HL
A salient feature of Hodgkin/Reed–Sternberg (HRS) cells 

is their low abundance in biopsy samples, where they usually 
represent only 0.1% to 2% of the tumor mass within a mixture 

of nonmalignant immune cells. This has been a major obsta-
cle in the study of the biology and genetics of classical HL 
(cHL), prompting research to study HRS cells captured by 
laser microdissection or purified by flow sorting. Serendipi-
tously, a complex plasma cfDNA profile was unexpectedly 
discovered by noninvasive prenatal testing technologies in 
a pregnant woman who was subsequently diagnosed with 
early-stage cHL. This proof-of-principle observation has been 
validated by a study that showed copy-number abnormali-
ties in HRS cells can be identified in plasma cfDNA of ∼90% 
patients with early- and advanced-stage cHL with prenatal 
testing technologies that use NGS (16). A number of studies 
have identified ctDNA as a source of tumor DNA for cHL 
mutational profiling and potentially improve upon the limi-
tations of tissue-based genotyping (18, 21).

ctDNA as a Baseline Prognostic Marker in cHL
Compared with healthy subjects (∼1,700 hGE/mL of 

plasma), patients with cHL have twofold higher levels of 
cfDNA (∼3,400 hGE/mL of plasma), indicating differential 
release of DNA by the tumor. This hypothesis was confirmed 
by the discovery of cHL-specific immunoglobulin gene clo-
notypes in the serum of 89% of patients (15). The median 
ctDNA level in cHL is ∼200 hGE/mL, indicating that ∼15 
cfDNA fragments out of 100 are of tumor origin (71). Due 
to the scarcity of HRS cells, the tumor cell volume in cHL 
is tenfold smaller than that of other aggressive lymphomas, 
with cHL averaging about 15 mL (e.g., 300 mL of mass and 
assuming 5% HRS cells) and DLBCL averaging about 200 mL 
(e.g., 400 mL of mass and assuming 50% tumor cell content; 
ref. 19). Surprisingly, despite the lower tumor cell content in 
cHL compared with DLBCL, the correlation between ctDNA 
levels and radiologic tumor volume in cHL is strikingly 
similar. Specifically, cHL and DLBCL have similar ratios 
of ctDNA and FDG-PET–defined metabolic tumor volume 
(ctDNA tumor volume of ∼2 vs. ∼1.5 hGE/mL per cm3 of 
tumor, respectively; ref. 71). Hence, cHL appears to release a 
relatively greater amount of ctDNA compared with DLBCL, 
which may be due to the frequent polyploidy of HRS cells, 
suggesting that HRS cells are subject to a high cellular turnover 
rate. The frequent coexpression of both proliferative and 
apoptotic markers on HRS cells and the presence of necro-
sis in cHL biopsy samples seem to support the notion that 
active proliferation is offset by high amounts of HRS cell loss 
through apoptosis or necrosis (16).

Alterations of chromosome 9p24.1 lead to PD-1 ligand 
overexpression in cHL and are predictive of response to PD-1–
blocking antibodies (72). Although the response rate to PD-1 
inhibitors is high, preliminary data suggest that those with 
higher level 9p24.1 alterations in HRS cells have superior PFS. 
FISH assays specifically covering 9p24.1 on the tissue biopsy 
are the gold standard to determine the incidence and nature 
of 9p24.1 chromosomal abnormalities harbored by HRS cells 
(72). Compared with gold-standard FISH assays, genomic 
profiling of cfDNA can accurately discover and type ∼80% 
of copy-number abnormalities of 9p24.1 (16). Further stud-
ies could test the utility of determining 9p24.1 status from 
ctDNA as a predictive biomarker.

Genomic studies of somatic mutations of cHL are limited 
to a few studies that used laser-capture microdissection or 
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flow sorting of HRS cells from primary tumors. Based on 
the exomic mutational profile of cHL from 67 such cases 
(73), ctDNA genotyping by targeted gene panels was able to 
identify 87% to 100% of biopsy-confirmed tumor mutations. 
Defects of the antigen-presentation machinery mark was 
associated with resistance to immune-checkpoint inhibitors 
(74), and MHC class II expression on HRS cells was identi-
fied as a potential predictor of favorable outcome after PD-1 
blockade. Mutations of B2M, HLA, and CIITA are com-
plementary genetic abnormalities associated with perturbed 
MHC class I and II expression in cHL (73).

ctDNA is a rich and easily accessible source of tumor DNA 
for cHL mutation profiling. Accordingly, targeted assays of 
ctDNA can be used to delineate the molecular bases of 
response and resistance to immunomodulatory therapy in 
pivotal clinical trials. On an analytical level, the recovery rate 
of tumor biopsy–confirmed mutations in cfDNA depends on 
the size of the genomic space analyzed and the genes covered 
by the assay. It may vary from 25% when considering one 
single-nucleotide variant that is highly recurrent in cHL (i.e., 
XPO1 E571K variant; ref. 17) to 70% when the gene panel 
solely covers genes that are specific for cHL, and to 90% when 
the gene panel broadly includes all the genes that are recur-
rent in mature B-cell tumors (18, 19, 21). Disease detection in 
100% of cases could have a potential clinical impact, includ-
ing a reduced number of “false-negative” ctDNA assays. In 
addition, an important factor that underlies the detection 
limit of all ctDNA profiling methods is the number of inter-
rogated mutations in a tumor. Because cHL is targeted by 
aberrant somatic hypermutation, the recovery rate of muta-
tions from ctDNA of patients with cHL can be maximized by 
integrating regions of aberrant somatic hypermutation in the 
genomic space covered by ctDNA (41).

ctDNA as a Marker of Treatment Response in cHL
The correlation between amounts of ctDNA in plasma and 

TMTV indicates that ctDNA quantification could be useful 
for monitoring therapy in cHL. Compared with the cellular 
fraction of blood, plasma has a hundredfold more tumor 
DNA molecules, which indicates that ctDNA assays in cHL 
are more informative when applied to the liquid fraction of 
blood than the cellular fraction.

The junction between the immunoglobulin variable, diver-
sity, and joining genes provides a unique DNA clonotype that 
is shared by all malignant B cells and can be sensitively detected 
and quantified by NGS. Hence, the cHL-specific immuno-
globulin gene clonotype can serve as a reporter for measuring 
ctDNA levels and residual disease under treatment. The major 
limitation of this approach in cHL is that, in a biopsy-free set-
ting, tumor clonotypes cannot be identified in cfDNA, as they 
are admixed with and indistinguishable from the hundreds 
of thousands of clonotypes that are released in plasma by the 
normal B-cell repertoire. Before their use for monitoring in 
cfDNA, clonotypic sequences of cHL must first be identified 
in tissue biopsy. If the tissue biopsy is fresh/frozen, this step 
is successful in ∼70% of patients (15), with significantly lower 
success if formalin-fixed, paraffin-embedded (FFPE) material is 
used (12). As most patients have excisional lymph node biop-
sies stored in FFPE, this would likely be the source material in 
real-world applications.

In a retrospective study, the XPO1 E571K mutation was 
monitored in cfDNA from patients with cHL harboring 
this tumor reporter. Patients with detectable XPO1 E571K 
mutation by dPCR at the end of treatment had a shorter 
PFS than XPO1 E571K–negative cases (17). The limitation of 
ctDNA assays based on dPCR in cHL is that the tumor lacks 
a universal biomarker for monitoring, as no mutations occur 
in >90% of patients. XPO1 E571K is the sole recurrent single 
point mutation addressable by PCR approaches in cHL, but 
its frequency is limited to 10% to 20% of cases (73, 75, 76).

ctDNA assays based on disease-specific “selectors,” which are 
exonic and intronic targets chosen to cover regions of known 
recurrent mutations in a particular cancer type, allow the quan-
tification of ctDNA based on the detection of tumor-specific 
mutations and can be applied to cfDNA samples without the 
need for precalibration from the tissue biopsy. By using ctDNA 
assays based on disease-specific “selectors,” three independent 
retrospective observational studies consistently showed a cor-
relation between ctDNA load and disease remission (17–19).

An unmet medical need in cHL is the early and accurate 
identification of patients who are refractory to chemother-
apy, as they are candidates for treatment modification to 
maximize the chances of cure, as well as good-risk patients, 
as they are candidates for treatment de-escalation to reduce 
complications of therapy. The ideal test for response-adapted 
treatment approaches needs to be reliable and have a strong cor-
relation with long-term treatment outcome. Interim PET/CT  
performed after two chemotherapy cycles is a clinical-grade 
tool that is used to detect residual disease in cHL and modify 
treatment accordingly. However, interim FDG-PET results 
are inconsistent with clinical outcomes, mainly due to false-
positive findings in ∼20% to 30% of patients and may result 
in overtreatment.

ctDNA assays based on disease-specific “selectors” com-
bined with FDG-PET imaging may significantly improve the 
accurate early identification of chemorefractory disease and pro-
vide proof of concept of ctDNA as a novel precision-medicine 
biomarker in cHL. More precisely, a drop of >100-fold or 
>2-log drop in ctDNA after two chemotherapy courses, a 
threshold proposed for DLBCL, is associated with complete 
response and cure in cHL (18). Conversely, a drop of <2-log 
in ctDNA after two chemotherapy courses is associated with 
progression and inferior survival. Indeed, cured patients with 
an interim false-positive FDG-PET have a >2-log drop in 
ctDNA, whereas relapsing patients with an interim false-
negative FDG-PET have <2-log drop in ctDNA.

ctDNA after Therapy for Clonal Evolution in cHL
Genotyping of longitudinal ctDNA samples collected 

before first-line treatment at the time of relapse and during 
salvage therapy with transplantation, brentuximab vedotin, 
and/or nivolumab has identified clonal evolution patterns in 
cHL. In cHL treated with ABVD (doxorubicin hydrochloride, 
bleomycin sulfate, vinblastine sulfate, and dacarbazine) or 
brentuximab vedotin, an ancestral clone that is resistant to 
chemotherapy propagates over successive disease progression. 
No single gene mutation or pathway alteration identified 
at relapse has systematically recapitulated the chemorefrac-
tory phenotype of cHL (18). In patients treated with check-
point inhibitors, the longitudinal tracking of circulating DNA 
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mutations identifies two different patterns of clonal evolution 
associated with sensitivity (clonal reshaping) or resistance 
(clonal persistence) to checkpoint blockade. Among patients 
maintaining a partial response with nivolumab, ancestral 
clones were cyclically suppressed and replaced by novel clones 
harboring new mutations (18). Such a pattern might be inter-
preted as drug-promoted selection against cancer neoantigens 
through the development of mutations that evade treatment 
sensitivity, whereas patients with primary resistance to check-
point blockade have persistence of the baseline mutation 
profile. At variance with solid tumor patients, resistance to 
checkpoint blockade in cHL is not associated with acquisition 
of B2M mutations in the immune-evasion pathway (77).

FUTURE DIRECTIONS
It is critical to note that the methodologies and technologies 

that have been studied in lymphomas remain in their infancy, 
and this is a rapidly changing field; emerging technologies or 
alternative methods may provide additional or orthogonal 
information. As an example, methylation-based ctDNA analy-
ses may emerge as important noninvasive biomarkers across 
cancer types, including lymphoma (78). Indeed, we are likely 
to see additional and novel questions that can be addressed by 
ctDNA across a variety of clinical situations.

In addition to technological improvements in assays that 
detect and quantify ctDNA, it is anticipated that the value 
of ctDNA will also be explored in other lymphoma subtypes, 
including indolent lymphomas, peripheral T-cell lymphomas, 
and lymphomas that are difficult to biopsy including those 
involving the central nervous system and intravascular large 
B-cell lymphoma (79–84). FL is an indolent B-cell lymphoma 
with marked variation in clinical behavior, including high-
risk subsets that progress shortly after diagnosis and/or 
relapse within a few years of initial therapy (85). The poten-
tial utility of ctDNA for baseline prognostication in FL or 
as a method to detect MRD at the end of induction therapy 
remains understudied. Further, the minimally invasive nature 
of ctDNA allows for serial monitoring that may capture 
important clonal evolution events that precede histologic 
transformation of FL to a more aggressive lymphoma (13).

CONCLUSIONS
ctDNA is a highly promising and versatile biomarker in 

lymphoma that can overcome fundamental limitations of 
imaging scans and tissue biopsies. Multiple landmark studies 
in aggressive B-cell lymphomas have established key princi-
ples, but prospective validation in clinical trials for DLBCL 
and HL is needed to demonstrate clinical utility. It will be 
important to establish a road map for international standardi-
zation and harmonization within lymphoma subtypes based 
on an accepted set of criteria. Indeed, the field lacks a consen-
sus on the minimum number of targets required to effectively 
genotype tumors from ctDNA, which may be different across 
lymphoma subtypes. Perhaps most importantly, MRD needs 
to be established as a surrogate marker for OS in DLBCL and 
cHL and accepted as a clinical trial endpoint. As the technol-
ogy continues to evolve, additional methods for assessing 
DNA methylation status and the use of genome-wide NGS 
may be important in certain clinical situations (50, 86). In a 

similar way to how therapies increasingly incorporate immu-
notherapy such as CAR-T treatments, the biological informa-
tion obtained from ctDNA to accurately identify patients who 
do not derive benefit may be therapy specific (87). If these 
goals can be achieved in aggressive B-cell lymphomas, then 
similar principles are likely to pertain to indolent lymphomas.
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