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Abstract

In this article, we broadly review the application of cfDNA analysis to the diagnosis and 

management of lymphoma. We introduce the advantages of cfDNA measurement over 

conventional tissue biopsy and describe how cfDNA may be utilized for both genotyping and 

detection of minimal residual disease. First, we discuss genotyping, beginning with differences in 

identifying mutations from the blood plasma vs. from circulating cells. We review the technical 

distinctions between PCR- and NGS-based assays and describe two important applications of 

NGS-based cfDNA tests, namely the identification of resistance mutations and classification of 

disease subtype. We discuss difficulties in genotyping diseases with low burden of tumor cells and 

the application of cfDNA assays in these contexts. Second, we describe the utility of ctDNA 

measurement in assessing MRD. We cover recent advances in the assessment of pre-treatment 

disease burden as a prognostic biomarker, detection of molecular response to therapy, and early 

detection of relapsing disease. Third, we explore select emerging areas of research in ctDNA 

technologies that show promise in boosting the performance of existing ctDNA-based assays. 

These include cell-free DNA fragment structure analysis or ‘fragmentomics’, epigenetic 

modifications, and novel circulating analytes such as tumor-educated platelets and extracellular 
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vesicular DNA. We also discuss alternative analytes to blood plasma for tumor detection, such as 

urine, saliva, and stool. Finally, we present a case that highlights potential applications of ctDNA 

approaches to the management of patients with lymphoma, while also defining important 

prerequisite advances before this can be fully realized. We close with a look to the future of 

cfDNA applications, outlining one potential timeline and path forward towards routine clinical 

application.
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Introduction:

‘Precision Medicine’ requires detailed knowledge of the molecular profile of a patient’s 

lymphoma. Currently, this information is typically obtained from a tissue biopsy; however, 

invasive biopsies have significant limitations. Tissue biopsies carry procedural risks and 

cannot account for spatial inter- and intra-tumor heterogeneity (1, 2) due to sampling from 

only one location in a single tumor lesion. ‘Liquid biopsies’ – an emerging class of methods 

to detect and characterize tumors through a blood draw – can potentially improve on these 

limitations. Analysis of circulating tumor DNA, or ctDNA, is the leading liquid biopsy 

approach in lymphomas, allowing for assessment of tumor-derived DNA through analysis of 

cell-free DNA (cfDNA) from a typical blood plasma collection. Liquid biopsy via ctDNA 

can capture the average of a patient’s tumor mass at any location, including its clonal 

architecture. Furthermore, given procedural risks and small residual lymphoma masses after 

therapy, re-biopsy can be challenging. Hence, a reliance on tissue biopsy often fails to reflect 

temporal heterogeneity and the emergence of treatment-resistant clones (3). Considering 

this, there is a strong case for liquid biopsies as a tool to characterize lymphoma on a 

molecular basis (i.e., genotype) before and during treatment.

The identification of specific mutations and molecular subtypes is a key feature of a liquid 

biopsy; however, it is only one aspect of ctDNA analysis. The ability of ctDNA to 

quantitatively assess disease burden has significant potential clinical utility, not only at the 

time of diagnosis, but also during and after therapy. Indeed, detection of minimal residual 

disease (MRD) from peripheral blood has become a powerful tool in many hematologic 

malignancies, including chronic myelogenous leukemia (CML) and chronic lymphocytic 

leukemia (CLL) (4, 5). As most lymphomas do not present with circulating lymphoma cells, 

few patients would harbor circulating tumor cells (CTC) in high enough levels for MRD 

detection from peripheral blood. This makes disease quantification from plasma-derived 

cfDNA attractive in many lymphoma subtypes, with significant clinical data already 

published in diffuse large B-cell lymphoma (DLBCL), classical Hodgkin lymphoma (cHL), 

mantle cell lymphoma (MCL), and peripheral T-cell lymphoma (PTCL) (6–14).

Here, we will assess the current state-of-the-art methods for both disease characterization 

and quantification from ctDNA-based liquid biopsies. We will explore emerging 

methodologies aiming to extend the utility of liquid biopsies in diverse malignancies 
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including lymphomas. Finally, we present a real-world clinical case highlighting how 

ctDNA analysis can move forward and impact patient care in the clinic today and in the near 

future.

1. Lymphoma Genotyping

There are two ways in which genetic information from lymphoma tissue can be detected in 

the blood: analysis of CTCs or circulating cfDNA. The analysis of CTCs is only possible in 

some lymphomas where circulating tumor load exists, such as MCL, follicular lymphoma 

(FL), marginal zone lymphoma, small lymphocytic lymphoma, and a subset of Burkitt 

lymphoma. In contrast, DLBCL (15) and cHL do not typically harbor CTCs. However, 

cfDNA regularly contains low levels of detectable lymphoma-derived ctDNA (16). 

Therefore, ctDNA-based liquid biopsy has emerged as a platform to genotype diverse 

lymphomas.

Two main types of assays exist to genotype ctDNA: polymerase chain reaction (PCR)-based 

assays, often using droplet digital PCR (ddPCR), and next-generation sequencing (NGS)-

based assays. Although (dd)PCR-based assays are cheap, relatively easy to perform, and 

have a short turnaround time, they can only genotype recurrent, truncal mutation hotspots. 

These assays quickly lose their advantages if multiple, non-recurrent loci of interest exist. In 

contrast, NGS-based assays can target hundreds of genes representing a target region also 

known as a selector. This selector is designed based on prior knowledge of a specific 

lymphoma’s common genetic aberrations, enabling NGS-based assays to identify most 

somatic genetic changes that define a lymphoma including single nucleotide variants (SNV), 

insertions/deletions, and structural variants (9, 10, 17–19). Despite the often high amount of 

total plasma cfDNA in patients with lymphoma (16), the proportion of tumor-derived ctDNA 

can be low. This highlights the importance of high-sensitivity assays with suppression of 

technical (e.g., PCR-induced) background errors (20) and simultaneous sequencing of 

germline DNA. These methods enable differentiation of true, tumor-derived changes from 

constitutional variants or clonal hematopoiesis of indeterminate potential (CHIP) (21, 22).

To judge the quality of genotyping from cfDNA, mutations identified by liquid biopsy and 

tissue genotyping have been compared. Several studies have estimated the concordance of 

tissue and liquid biopsy-based genotyping in lymphoma to be greater than 80%. (10, 23, 24). 

Interestingly, studies usually identify variants from liquid biopsies that were not identified in 

tumor tissue. At least one study performed in-depth validation of variants identified in liquid 

biopsies from HL using nested PCR amplification and Sanger sequencing, thereby validating 

all variants (25). This highlights the ability of liquid biopsy-based assays to identify sub-

clones that might be missed in a single-site tumor biopsy.

An example for potential clinical use of liquid biopsy-based genotyping in DLBCL is the 

recent finding by Wilson et al. that co-occurring mutations in MYD88 and CD79B can 

predict response to Ibrutinib (26). Considering the overall low response rates in DLBCL to 

Ibrutinib (26), such a predictive molecular profile is relevant for patient and therapy 

selection. Identifying such targets using liquid biopsies will not only be useful for selecting 

treatment options, but also for the identification of resistance mutations by repetitive 
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genotyping. A small series of FL patients has already shown that this is feasible, where 

Scherer et al. (2) identified emergent resistance mutations to Ibrutinib noninvasively from 

cfDNA.

Genotyping lymphomas using liquid biopsies can also classify disease to individualize 

treatment. In DLBCL, this includes classification of the activated B-cell-like (ABC) and 

germinal center B-cell-like (GCB) cell-of-origin (COO) groups, originally developed based 

on gene expression profiling (GEP) (27). Other tissue-based methods of COO classification 

have been developed, utilizing immunohistochemistry (Hans algorithm) (28) or gene-

expression profiling of only a few targets with high discriminative power (29). COO 

classification based on the identification of mutations using liquid biopsies has recently been 

tested in one study with an 80% concordance rate with the Hans algorithm (9). More 

recently, two novel classifications based on the presence or absence of mutations and 

structural variations have been proposed by Schmitz et al. (30) and Chapuy et al. (31). While 

the clinical relevance of these classifications is not yet established, it is encouraging that at 

least one study was able to categorize DLBCL into the classification proposed by Schmitz et 
al. (30) using only liquid biopsy-derived information with high concordance (32).

Genotyping Lymphoma with low tumor cell burden

Hodgkin Lymphoma—Genotyping of HL using tissue-based methods is difficult due to 

the low tumor cell content – often only 1% – of the lymphoma tissue. Previous studies have 

used laser microdissection (33) and flow sorting (34) of the malignant Hodgkin-Reed-

Sternberg (HRS) cells to molecularly profile HL, but these technically challenging methods 

have resulted in less than 100 HL genomes being profiled to date. Recently, two studies 

developed targeted NGS assays to genotype HL from liquid biopsies (24, 25). Both studies 

demonstrated the feasibility of liquid biopsy genotyping in HL and identified similar 

recurrently mutated genes, such as STAT6, GNA13, ITPKB, SOCS1 and TNFAIP3 (24, 25).

Primary Central Nervous System Lymphoma and Vitreoretinal Lymphoma—
Genotyping of PCNSL using tissue biopsies has the disadvantage of requiring an often 

challenging stereotactic biopsy. In addition to blood, cerebrospinal fluid (CSF) and vitreous 

fluid are compartments that are easier to access than brain parenchyma and might be 

enriched for ctDNA. In vitreoretinal lymphoma (VRL), direct biopsy of the vitreous fluid 

typically allows for cytology and flow cytometry that aid in the diagnosis. However, 

molecular analysis of vitreous fluid could also detect cfDNA that gives diagnostic 

information by confirming a disease-specific genotype. PCNSL and VRL are defined by the 

pathognomonic, highly recurrent MYD88 L265P mutation occurring in up to 85% of 

patients (35, 36). As this mutation is exceedingly rare in non-lymphoma central nervous 

system cancers, it can be used to differentiate lymphoma from non-lymphoma lesions. 

Through targeted sequencing or (dd)PCR assays of plasma, CSF, or vitreous humor cfDNA, 

multiple studies have identified this and other mutations previously described in tissue 

biopsies from PCNSL or VRL (37–40). However, the cohort sizes in existing studies are still 

limited, and assays are not yet sufficiently standardized (Fig. 1) to judge the value of liquid 

biopsy-based genotyping in PCNSL and VRL.

Cirillo et al. Page 4

Cancer Treat Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Disease burden and minimal residual disease monitoring

2.1 Assessment of pre-treatment disease burden as a prognostic biomarker

Pre-treatment burden of disease is an established risk-factor in lymphomas, where larger 

volume disease portends worse outcomes. Multiple prior risk factors are related to tumor 

burden, including the International Prognostic Index (IPI) (41) and more directly, total 

metabolic tumor volume (TMTV) from PET/CT scans (42). In addition to mutational 

genotyping and molecular characterization, the ability to quantitatively measure disease 

burden is a key advantage of ctDNA-based liquid biopsies. While bulk cfDNA – which 

contains DNA derived from both tumor cells and healthy cells – has been proposed as a 

biomarker in DLBCL (43), its detection is not sufficiently specific to detect MRD and low 

burden disease, as all patients have some amount of cfDNA in their blood plasma. Thus, 

quantitation of tumor-specific ctDNA using sequencing or PCR-based approaches outlined 

above has become the mainstay of disease quantification from liquid biopsies. Accordingly, 

pre-treatment levels of ctDNA in DLBCL measured by Cancer Personalized Profiling by 

Deep Sequencing (CAPP-Seq) are significantly correlated with TMTV and IPI (7). Similar 

correlations between ctDNA and TMTV also exist with alternative amplicon-based 

approaches (44). Importantly, quantitative ctDNA levels are also predictive of outcomes 

including event-free survival (EFS) (7). Pre-treatment ctDNA levels have clinical utility in 

other lymphomas, including correlations with TMTV in classical Hodgkin lymphoma (14) 

and the ability to help differentiate between lymphoma subtypes, such as indolent and 

transformed follicular lymphoma (9, 45).

2.2 Detection of molecular response to therapy

In addition to pretreatment levels, quantitative assessment of therapeutic response from 

ctDNA can be highly prognostic in diverse lymphoma subtypes. The concept of detecting a 

target threshold or drop in MRD levels by a given landmark – a so-called ‘molecular 

response’ – was first described in CML (46). Accordingly, multiple studies have sought to 

establish a ‘molecular response’ in ctDNA-based MRD to predict outcomes in lymphoma. 

Similar to pre-treatment ctDNA levels, most of the data supporting this approach come from 

DLBCL.

An initial approach in DLBCL utilized ctDNA detection by immunoglobulin high 

throughput sequencing (IgHTS) in 126 patients with untreated DLBCL receiving dose-

adjusted EPOCH +/− Rituximab therapy (8). Here, detection of ctDNA prior to cycle 3 of 

therapy identified a group with inferior time-to-progression. Similarly, in a study of over 200 

subjects, Kurtz et al. demonstrated superior EFS in patients who have at least a 2-log 

reduction in ctDNA after one cycle of therapy compared to pre-treatment levels. (7). 

Interestingly, this 2-log reduction in ctDNA after 1 cycle of therapy was prognostic in both 

front-line and salvage therapeutic regimens. This landmark reduction in ctDNA was 

therefore termed an Early Molecular Response (EMR). Similarly, a 2.5-log reduction in 

ctDNA after 2 cycles of therapy was also found to be highly prognostic and was termed a 

Major Molecular Response (MMR). Notably, both EMR and MMR had higher prognostic 

value than pre-treatment ctDNA levels. Furthermore, molecular response by ctDNA 

remained prognostic for both EFS and overall survival (OS) even when controlling for other 
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relevant factors in multivariate analysis, including the IPI, cell-of-origin, and interim 

PET/CT scans. Given the prognostic utility of interim PET/CT scans in DLBCL, albeit with 

suboptimal utility to select therapy for patients (47), the independence of ctDNA molecular 

response suggests significant value as a prognostic biomarker alone and potentially, in 

combination with these scans (48).

While most of the evidence for ctDNA-based molecular response assessment in lymphomas 

comes from DLBCL, similar approaches have been examined in other lymphomas. Indeed, a 

similar 2-log threshold for decrease in ctDNA was found to be prognostic in 24 cHL patients 

receiving ABVD therapy (49). Both interim and end-of-therapy ctDNA detection by IgHTS 

were found to be prognostic for outcomes in MCL patients undergoing first-line therapy 

(11).

2.3 Early detection of relapse

In addition to monitoring treatment response, ctDNA has utility for early detection of 

relapsing disease. While many patients with aggressive lymphomas are treated with curative 

intent, a significant fraction will experience relapse. In some centers, surveillance strategies 

with radiographic imaging (i.e., CT or PET/CT scans) are used; however, their utility is 

controversial (50) due to suboptimal specificity (47, 51) and radiation exposure. In contrast, 

ctDNA-based methods have high specificity due to their reliance on tumor-specific DNA 

sequences (6, 8, 9), making them attractive candidates for disease surveillance.

In two independent proof-of-concept studies, monitoring DLBCL patients in remission with 

IgHTS from ctDNA demonstrated a ~3–3.5 month ‘lead-time’ for recurrent disease over 

radiographic imaging (6, 8). Improvements in this lead-time could potentially be achieved 

with more sensitive methodologies (Fig. 1). Indeed, by following multiple somatic mutations 

per patient, Scherer et. al were able to detect relapse of DLBCL an average of ~6 months 

prior to clinical relapse in a cohort of 11 patients (9). Beyond DLBCL, studies have 

demonstrated earlier detection of relapsing disease from ctDNA in diverse lymphoma types, 

including in MCL by using IgHTS (13) and T-cell receptor sequencing in peripheral T-cell 

lymphomas (12).

3. Novel Methods in Cell-Free DNA Applications

Over the past decade, studies of ctDNA have consistently shown impressive capabilities for 

non-invasive cancer detection and monitoring of MRD. Many of the early issues with 

ctDNA analysis stemmed from both biological factors such as low recovery of cfDNA 

molecules in some samples, and non-biological factors such as technical errors that 

accumulate throughout the processes of library preparation, hybridization, and sequencing 

(20). Techniques to maximize depth of sequencing and integrate error-suppression 

algorithms using molecular biology and in silico designs have resulted in substantial strides 

forward for ctDNA analysis (20). Extensive reviews have already been conducted to 

document the limits to which ctDNA analysis has been pushed, both biologically and 

bioinformatically, without help from any adjunct analytes (52–55). Furthermore, significant 

limitations – including sensitivity limited by biological background, difficult application to 

solid tumors, and dependency on total number of mutations — still present a major obstacle, 
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and translation of the liquid biopsy into the clinic has remained elusive in many cases. A 

variety of novel techniques and methodologies are under active development to address these 

limitations by focusing on additional aspects of cfDNA biology to improve performance of 

ctDNA detection, beyond ctDNA quantitation and mutational analysis (Fig. 1). Unlike prior 

approaches discussed above, this work focuses on leveraging additional analytes to boost 

ctDNA performance beyond what is currently possible. We here review four nascent realms 

of research in non-invasive cancer detection: (1) cfDNA fragment structure, (2) epigenetic 

modifications, (3) the circulating microenvironment, and (4) alternative anatomic 

compartments for non-invasive detection.

3.1 Cell-free DNA fragment structure

Correlation of cfDNA fragment size with cancer activity has been an active area of interest 

in recent years. This field of ‘fragmentomics’ focuses on utilizing patterns in healthy cell-

free DNA to help identify non-conforming molecules as potentially tumor-derived, without 

knowledge of any potential mutations within those molecules.

Fragment length itself has been extensively studied. Observations that cfDNA typically 

shows peaks at multiples of ~166 base pairs in length have been used as evidence that 

apoptosis serves as a major mechanism for cfDNA release (56, 57); however, exact 

mechanisms remain unclear, and other mechanisms of DNA release (e.g., necrosis or cellular 

stress) are possible. A key finding in cfDNA fragmentomics is that the difference between 

tumor-derived and healthy-derived cfDNA fragments is not limited to alterations in 

sequence, but can also entail fragment length. One study demonstrated that tumor-derived 

cfDNA molecules are on average 3–6 base pairs shorter than those of healthy origin, and 

also generally exhibit greater variability in their lengths (58, 59). This gave rise to the idea 

that describing molecules by size could improve the detection of DNA molecules of interest, 

as has been shown in fetal cfDNA studies (60, 61). A genome-wide study of fragmentation 

features showed that size-selecting for fragments 90–150 base pairs in length significantly 

improved sensitivity of detecting copy-number alterations using ctDNA (57).

The size distribution of fragmented molecules has also been used to make inferences about 

nucleosome positioning, relating to gene expression and cell-of-origin. In principle, cfDNA 

should be present in abundance around nucleosomes, where DNA is wrapped around 

histones and protected from endogenous nucleases; thus, low-depth regions should indicate 

‘open’ or transcriptionally-active DNA, and therefore correspond to areas of increased gene 

expression. Analysis of these ‘nucleosome-occupancy maps’ has been shown to improve 

detection when used to augment canonical ctDNA variant calling and enable inference of 

transcription-factor binding activity (62, 63). Additionally, these in vivo nucleosome 

footprints have been used to describe cell-of-origin, potentially enabling non-invasive 

diagnosis of cancer type by hinting at the interactions between DNA and intracellular 

proteins (62). Indeed, in one initial study, this nucleosome footprinting was used to 

determine the cell-of-origin in DLBCL subjects from cfDNA (64). It has also been 

speculated that fragment end patterns could differ between disease states (65).
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3.2 Epigenetic modifications

Rising interest in the relationship between cancer cells and their microenvironments has 

contributed to a new focus on epigenetic alterations seen in cfDNA. The theory behind this 

concept is that cancer cells should leave behind a visible trace of their growth in the form of 

epigenetic alterations to their genomes. This is a process that occurs naturally over time in 

healthy cells, but proceeds with distinct aberrations in cancer cells. Importantly, studying 

epigenetic shifts does not rely on the recovery of mutational information in cfDNA 

molecules. Thematically similar to the idea of fragmentomics, ‘epigenetic sequencing’ 

involves leveraging the entire pool of cfDNA rather than limiting analysis to somatically-

mutated ctDNA alone (66). Multiple liquid biopsy studies have been performed utilizing 

DNA methylation markers in various cancer types (67–72). In the context of lymphoma, 

abnormal methylation patterns detected in cfDNA have been shown to be an independent 

poor prognostic factor for 5-year overall survival in DLBCL (73, 74).

DNA methylation is an important mechanism of modulating gene expression in both normal 

and cancer cells (75), adding ‘punctuation’ to the genetic code. Addition of methyl groups to 

transcription start site 5’-Cytosine-phosphate-Guanine-3’ segments of DNA, also known as 

‘CpG islands’, allows for regulation of expression of the downstream gene. This occurs in 

distinct patterns that can be used to identify specific cell types and lineages (76); moreover, 

the methylation events of interest occur at known, stereotyped positions, making them 

relatively easy to target for sequencing (77). The utility of cfDNA-derived methylation 

analysis has been demonstrated in cancer as well as in other diseases such as multiple 

sclerosis and myocardial infarction, that do not always feature reliable genetic mutations to 

track by ‘conventional’ ctDNA analysis methods (76, 78). Furthermore, tissue-specific DNA 

methylation patterns have been shown to enable accurate determination of cell-of-origin 

from cfDNA and non-invasive cancer classification (79–81). Multiple probabilistic models 

have been developed for cancer detection from cfDNA methylation analysis (82, 83). 5-

hydroxymethylcytosine is also being actively investigated as a more specific marker of 

methylation in cfDNA, having been employed to accurately predict cancer type and stage in 

one study (84). DNA methylation analysis has thus been pursued as both an adjunct and a 

competitor to ctDNA in the early detection, characterization, and monitoring of various 

cancer types.

A key biological limitation of this approach is that in principle, healthy cells should also 

participate in the epigenetic modification of their environment and thus contribute their own 

unique epigenetic signal (66, 76). Analogous to the concept of filtering out germline single-

nucleotide polymorphisms or clonal hematopoiesis variants from mutational analyses, these 

normal epigenetic changes need to be precisely distinguished from the effects of cancer 

cells. Combining epigenetic analysis of the entire cfDNA pool with mutational analysis of 

circulating tumor DNA molecules is a potentially promising avenue of study (Fig. 1).

3.3 The circulating microenvironment

In addition to cfDNA, an abundance of other types of tumor-derived cells and molecules 

circulate in the bloodstream, most obviously CTCs. These and other circulating analytes 

could theoretically be leveraged to improve liquid biopsy performance. An immunoglobulin 
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high-throughput sequencing approach previously showed that cfDNA more accurately 

represented global tumor burden compared to bulk CTCs (6), pointing to the robustness of 

the cell-free compartment as a biomarker, but single-cell approaches are currently being 

explored that may improve the utility of CTC sequencing. In particular, reliable tumor-

specific signals have been detected through single-cell whole-genome and whole-exome 

approaches, notably for metastatic tumors; however, challenges remain concerning 

heterogeneity, technical error, and cost prohibitive of routine clinical usage (85–88). Aside 

from cfDNA and CTCs, this ‘circulating microenvironment’ is a relatively unexplored 

compartment that could contribute valuable information to cancer diagnosis and monitoring. 

Of this microenvironment, tumor-educated platelets and extracellular vesicular DNA have 

been most robustly investigated.

Platelets circulating in the tumor microenvironment are known to promote growth, enhance 

metastasis, and induce phenotypic changes in cancer cells (89). Conversely, platelets have 

been shown to bear identifiable marks of encounters with tumor cells, mostly relating to 

RNA splice events and ingestion of local tumor-derived mRNA (90). These tumor-educated 

platelets have been used for cancer detection and monitoring throughout therapy, much like 

ctDNA. Multiple studies of RNA sequencing of these platelet contents have been performed 

and show promising results for detection and classification (90–92); one study discriminated 

metastatic cancer cases from healthy controls with 96% accuracy and localized primary 

tumors with 71% accuracy across 6 tumor types (90). Because these marked platelets appear 

to be created by a mechanism distinct from that which generates ctDNA, it is logical to 

suppose that they could provide information independent from ctDNA and thus serve as a 

useful adjunct for non-invasive cancer studies.

Tumor-derived extracellular vesicular nucleic acids have been isolated in recent years, 

nuancing our understanding of the mechanism of release of cfDNA from apoptotic cells; 

however, further research into this compartment is needed. In particular, it is currently 

unclear to what degree exosomes vs. other extracellular vesicles, including apoptotic bodies, 

contain healthy vs. tumor-derived DNA, and in what proportions (66, 93). In one recent 

analysis in lung cancer, the addition of exosomal tumor-derived RNA sequencing to ctDNA 

analysis resulted in mutant EGFR detection of 98%, superior to 84% by ctDNA sequencing 

agnostic to exosomes (94). Another study explored the ability of HL-specific exosomal 

microRNAs (miRNAs) to inform treatment response in HL. The authors found that 

specificity and sensitivity of exosomal miRNAs were superior to protein-bound miRNAs 

with regard to HL detection (95). Interactions between cfDNA circulating in the blood and 

other vesicular cfDNA molecules have yet to be elucidated and are an exciting focus of 

future work (Fig. 1).

3.4 Other anatomical compartments

Thus far, we have discussed approaches to liquid biopsies that all fundamentally rely on 

detection from the blood plasma. While these approaches are now proven in multiple 

studies, there are limitations to blood-based liquid biopsies as well, including limitations on 

blood volume collection and the need for phlebotomy. Additional anatomical compartments 

for non-invasive biopsies and detection of tumor DNA have therefore been explored in 
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diverse malignancies, including stool (96), urine (97–100), and saliva (101). Perhaps the 

furthest developed of these analytes is stool, where analysis of stool DNA has improved on 

detection rates for colon cancer using fecal immunochemical testing alone (96). Indeed, this 

test has now been commercialized as the Cologuard™ assay for colon cancer screening. 

DNA from urine is an attractive analyte for genitourinary malignancies, with high sensitivity 

for bladder cancer detection in multiple reports (97, 100) and emerging data in renal cell 

carcinoma (98, 99). A similar anatomically associated analyte-malignancy pair is saliva and 

head and neck cancer, where both somatic mutations and HPV viral DNA have been 

detected in the saliva (101). These anatomic compartments for non-invasive biopsies have 

not been widely explored in lymphoid malignancies, but provide a potential tool to expand 

on more traditional blood-based ctDNA detection.

These novel areas of investigation in non-invasive cancer detection provide new insights into 

the circulating compartment that potentially augment the quantitative and mutational 

information that somatic ctDNA analysis already provides. An effective combination of any 

of these modalities with somatic mutational ctDNA analysis has promise to revolutionize 

liquid biopsies in the future.

4. Clinical Applications and Future Directions

Liquid biopsy in the clinic: an illustrative case

A 78 year old female was diagnosed with grade 1–2 follicular NHL (FL) from a core biopsy 
of an inguinal node biopsy after presentation with widespread lymphadenopathy. Due to 
symptoms of obstructive jaundice with compressive porta-hepatis lymphadenopathy, (Figure 

2) she was transferred to our specialist unit for further diagnostic work-up. However, the 
patient subsequently suffered collapse and hematemesis. An endoscopy and biopsy of gastric 
ulceration confirmed germinal center DLBCL with BCL-2/MYC double-expression (Figure 

2). FISH for MYC and BCL2 could not be performed on the sample. Staging investigations 
included PET/CT which showed Stage IV disease (Figure 2). Her CNS-IPI at diagnosis was 
high (score 5, >10% 2-year risk of CNS progression) (102). She proceeded with 6 cycles R-
mini CHOP treatment as she was unfit for intensive therapy based on her ECOG 2 and age. 
Interim CT re-staging demonstrated a very good partial response (VGPR) and end-of-
therapy PET confirmed near complete remission. Consolidative radiotherapy to abdominal 
bulk was planned, however shortly after chemotherapy completion, the patient re-presented 
with recurrent falls. A CT-head and MRI-brain confirmed two periventricular lesions 
suspicious for lymphoma relapse (Figure 2). An LP could not be performed due to 
significant vasogenic edema and risk of uncinate herniation. After urgent steroids, the 
patient went on to have a stealth-guided brain biopsy. The biopsy was subsequently found to 
be non-diagnostic. The patient had made initial clinical and radiological improvement after 
short-term steroid exposure and was able to recover enough functional independence to 
return home. This created a difficult clinical situation, and after the patient was counselled, a 
decision was made for close observation.

Approximately 1 month later, the patient was readmitted with increasing confusion and a 

repeat CT identified a new left-sided brain lesion. The patient chose empirical lymphoma 

treatment (declining repeat biopsy) and received one cycle of IV Methotrexate without 
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clinical or radiological improvement. The patient was then treated with palliative Rituximab 

and Temozolomide, but subsequently died after 2 cycles due to progressive disease.

Practical applications of liquid biopsy

This case highlights several potential future applications of ctDNA techniques. In the 

diagnostic evaluation of this case, the patient was found on a single lymph node core biopsy 

to have low-grade FL. However, a subsequent gastric biopsy revealed a focus of high-grade 

disease transformation. Ideally a lymph node excision is performed as part of the diagnostic 

work-up in all cases, but due to clinical deterioration of this patient a repeat (endoscopic) 

biopsy had already been performed. We can only speculate on the additional information 

that liquid biopsy might have given in this particular case, where the mutational profile of 

the involved sites was likely to be heterogenous. It is clear from early work in FL that 

pretreatment ctDNA is likely to be detectable and correlates well with disease outcome and 

TMTV (103). In DLBCL, we now know that the majority of patients will have mutations 

detectable from peripheral blood cfDNA, with detection rates dependent on the applied 

molecular technique (104). Hence for those patients with localized transformation of FL, 

ctDNA might be extremely valuable at the time of diagnosis and for MRD response 

assessment.

In this case, there was a very short time between the end of therapy and development of 

progressive disease. Hence ctDNA monitoring might have been a useful adjunct to interim 

and end-of-treatment PET/CT in this scenario. As described above, Kurtz et al. defined a 2-

log reduction in MRD after 1 cycle of therapy as an excellent predictor to response, known 

as EMR (18). However, future prospective studies are needed to determine if early response 

assessment by ctDNA (such as after 1–2 cycles of therapy) is useful as a risk-adaptive 

strategy towards treatment. In DLBCL, risk-adapted therapy based on interim PET/CT 

assessment is not routine, although local practices may differ (105). There appears to be a 

trend towards risk-adapted therapy in other lymphomas such as HL (106–108), and 

clinicians are increasingly looking for methods to personalize cancer medicine, optimize 

treatment outcomes and avoid unnecessary toxicity.

At the time of presumed CNS relapse, this patient underwent an invasive (and potentially 

hazardous) procedure that ultimately failed to yield a diagnosis. If ctDNA assessment was 

readily available at clinical relapse, a peripheral blood sample (or potentially CSF sample) 

could have been compared to a prior tissue sample and perhaps avoided the need for such a 

procedure. In CNS lymphoma, it is likely that cfDNA collected from CSF samples are likely 

to have higher mutational load than blood, although current data is limited (39). Recurrent 

cfDNA mutations associated with both PCNSL and secondary CNS lymphoma have been 

reported from patient CSF samples (40, 109). Further prospective studies could examine the 

correlation between cfDNA in peripheral blood and CSF (at diagnosis and/or end of 

treatment) and in the case of secondary CNS relapse for selected DLBCL patients. 

Incorporating cfDNA in combination with standard CSF cytology and flow cytometry 

techniques could potentially improve diagnostic accuracy and reduce the need for invasive 

biopsy in many patients.
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While the concept is promising, there is currently a lack of data to define the positive and 

negative predictive value of cfDNA from CSF samples in lymphoma. There is also an 

absence of defined test specifications which would be applicable to a clinical assay, such as 

minimum sample volume. Thus, it would be useful to study the feasibility of CSF and 

plasma ctDNA detection and monitoring in patients with PCNSL, VRL, and DLBCL with 

moderate to high CNS-IPI risk in larger prospective studies in the future.

Lastly, this case highlights a sub-population of patients with FL who present with localized 

DLBCL transformation. There is scant information as to the molecular signature of this type 

of patient, and it is especially uncommon to have sites of low-grade (grade 1–2) FL 

concurrent with DLBCL. Here, the use of liquid biopsy opens avenues for new disease 

characterization at diagnosis and at relapse (Fig. 1). Indeed, early data suggests that 

identification of transformation of follicular lymphoma to DLBCL from ctDNA analysis is 

possible (9, 23).

Conclusion:

In the era of precision medicine, patient-centered therapy is an elusive goal, and liquid 

biopsy will likely be an important tool in our armamentarium. We have here reviewed the 

molecular methodologies and clinical applications of non-invasive tumor detection and 

monitoring in lymphoma. Our ability to detect vanishingly small quantities of ctDNA and 

accurately classify mutations is improving through advances in our understanding of ctDNA 

biology, bioinformatics and NGS. Synthesis of improved ctDNA analysis frameworks with 

novel methodologies, aided by intelligent machine-learning algorithms, has the potential to 

dramatically improve the test characteristics of liquid biopsy-based assays. With these rapid 

strides forward, we expect to see prospective evaluation of the role of ctDNA in lymphoma 

genotyping and response monitoring as well as integration into clinical trials in the very near 

future (Fig. 1).
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Highlights:

Liquid Biopsy:

1. Can detect small amounts of circulating tumor DNA from a single blood test

2. Emerges as a viable method of tumor genotyping in most lymphoma subtypes

3. Has the potential to predict relapse before clinically detectable tumor growth

4. Is evolving towards practical clinical use with new technologies and strategies
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Figure 1. Circulating Tumor DNA Applications in Lymphoma
This figure shows a timeline of select past, present, and expected key milestones in liquid 

biopsies as applied to lymphoma. We show seminal studies marking currently achieved 

milestones, as well as attempt to identify one potential roadmap to the routine application of 

ctDNA in clinical practice.

Cirillo et al. Page 21

Cancer Treat Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Tumor heterogeneity and response to treatment
A; Pre-treatment PET/CT scan in newly diagnosed lymphoma demonstrates advanced stage 

disease.

B; Inguinal lymph node biopsy demonstrating low-grade follicular NHL, H&E stain (x40 

magnification).

C; Inguinal lymph node biopsy demonstrating low-grade follicular NHL, BCL-2 IHC stain 

(x60 magnification).

D; Gastric ulcer biopsy demonstrating high grade B-cell lymphoma DLBCL, H&E stain 

(x60 magnification).

E; End of treatment PET/CT scan demonstrates near complete remission.

F; MRI scan after NHL treatment demonstrates new peri-ventricular white matter lesions 

suggestive of NHL relapse.
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