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SUMMARY

Background—Diffuse large-B-cell lymphoma (DLBCL) is curable but when treatment fails, 

outcome is poor. Imaging scans help identify patients at risk of treatment failure but are often 
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imprecise, and the radiation exposure is a potential health risk. Specific, sensitive and readily 

available biomarkers of treatment failure are needed.

Methods—We retrospectively analyzed cell-free circulating tumor DNA (ctDNA) in patients 

treated on one of 3 treatment protocols using quantitative next-generation DNA sequencing. 

Eligible patients had DLBCL, no evidence of indolent lymphoma and were previously untreated. 

Serial serum samples and concurrent computed tomography scans were obtained at specified times 

during most treatment cycles and 5-years of follow-up. VDJ gene segments of the rearranged 

immunoglobulin receptor genes were amplified and sequenced from pre-treatment specimens and 

serum ctDNA encoding the VDJ rearrangements was quantitated.

Findings—Tumor clonotype(s) were identified in pretreatment specimens from 126 patients who 

were followed for a median (interquartile range) of 11 (6.8 to 14.2) years. Interim ctDNA 

monitoring at the end of 2 treatment cycles in 108 patients showed a time to progression (TTP) of 

41.7% (95% Confidence Interval (CI): 22.2% to 60.1%) and 80.2% (95% CI: 69.6% to 87.3%), at 

5-years (p<0.0001) in patients with and without detectable ctDNA, respectively, and a positive 

and negative predicative value (PPV and NPV) of 63% and 80%, respectively. Surveillance 

ctDNA monitoring was performed in 107 patients who achieved complete remission. A Cox 

proportional hazards model showed patients who developed detectable ctDNA during surveillance 

had a hazard ratio 228 times that of patients with undetectable ctDNA for clinical disease 

progression (95% CI: 51 to 1022) (p<0.0001). Surveillance ctDNA had a PPV and NPV of 88% 

and 98%, respectively, and identified recurrence a median (range) of 3.5 months (0 to 200) before 

evidence of clinical disease.

Interpretation—Surveillance ctDNA identifies patients at risk of recurrence before clinical 

evidence of disease in most patients and results in lower disease burden at relapse. Interim ctDNA 

is a promising biomarker to identify patients at high risk of treatment failure.

INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoma.1 Most patients 

achieve remission after frontline therapy and undergo surveillance imaging for disease 

recurrence. However, disease recurs in up to 40% of patients and most are incurable, 

particularly those who progress early and/or have significant tumor burdens.2 A reliable 

biomarker that detects subclinical disease offers the potential to improve long-term survival.

Relapse detection entails computerized tomography (CT) and/or positron emission/CT 

(PET/CT) scans to detect disease at an asymptomatic stage.3, 4 More recently, interim PET 

(iPET) scans during treatment have been investigated to predict treatment failure.5–7 The 

clinical utility of surveillance and interim imaging, however, is limited by significant 

imprecision.8–10 Further, imaging-associated ionizing radiation carries potential health risk, 

limiting their use, and adds significant health care costs.4, 11

DLBCL relapses most likely originate from the persistence of minimal residual disease 

below the detection of imaging. Apoptosis and necrosis of the malignant cells leads to the 

release of tumor DNA into the circulation.12 Next-generation sequencing (NGS) can detect 

and quantify circulating tumor DNA (ctDNA) and can non-invasively assess tumor 

dynamics.13–15 The VDJ immunoglobulin genes contain unique sequences that are markers 
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of clonality.16 We hypothesized the malignant cell VDJ gene sequences could be detected in 

the serum of DLBCL patients and used to predict clinical disease recurrence in frontline 

treatment.17

We employed a quantitative high-throughput method that combines amplification of 

immunoglobulin gene segments with NGS to detect ctDNA in serum.18 Circulating tumor-

specific DNA was quantitated in serial samples obtained during treatment and follow-up of 

patients with newly diagnosed DLBCL. Herein, we show ctDNA identifies patients at risk of 

recurrence prior to imaging.

METHODS

Study Framework

We performed a retrospective analysis of ctDNA in patients with DLBCL enrolled on one of 

3 frontline protocols of EPOCH (etoposide, prednisone, vincristine, cyclophosphamide and 

doxorubicin) with or without rituximab (based on protocol era), between May 1993 and 

December 2013 (ClinicalTrials.gov NCT00001563, NCT00001337, and 

NCT00006436).19–23 Eligibility included a diagnosis of DLBCL without evidence of an 

indolent histology, no prior treatment, negative pregnancy test, and normal laboratory values 

unless due to respective organ involvement by lymphoma. Eligibility required at least stage 

II disease except patients with bulky stage I mediastinal B-cell lymphoma or all stages in 

patients with human immunodeficiency virus infection (HIV). Patients with other systemic 

malignancies, serious infections, recent myocardial infection or inadequate cardiac function 

(ejection fraction < 40%) were ineligible. Eligibility evaluation included standard laboratory 

tests for organ function, whole body CT scans and history and physical examination.

All 3 protocols included the prospective collection and banking of research serum samples 

pre-treatment, before each chemotherapy cycle, at the end of treatment and at every staging 

evaluation for analysis of outcome biomarkers. At each predetermined time point, 10 cc of 

blood was drawn into a red top serum separator tube, centrifuged, aliquoted into 1-milliliter 

eppendorf tubes and stored at least minus 20 degrees centigrade. Due to evolving 

technology, the biomarker assays were not stipulated in the protocols. The protocols also 

included scheduled evaluations with whole body CT scans pre-treatment, after cycle 2 or 4 

(depending on study), after the last cycle of treatment, and post-treatment surveillance 

evaluation every 3 months for the first year, every 4 months for the second year, every 6 

months for the third year and yearly for the next 2 years. Beyond 5 years, surveillance was 

yearly and only included a clinical evaluation and a research serum sample. Research serum 

samples were always drawn at the same time as the evaluation, which included CT scans as 

outlined above. No research samples were drawn at other time points and all times points 

with samples were analyzed for ctDNA, which was blinded to clinical outcome.

Patients provided written informed consent in accordance with the Declaration of Helsinki, 

and the institutional review board (IRB) approved the protocols. Exemption from IRB 

review was obtained for the coded analysis of ctDNA performed at Sequenta Inc, South San 

Francisco. Treatment response followed the International Working Group criteria.24
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Isolation and quantification of circulating tumor DNA

Pre-treatment formalin-fixed paraffin embedded biopsy specimens were analyzed for tumor-

specific clonotypes based on the LymphoSIGHT™ method (Figure 1).15 Inpatients without 

biopsies, tumor clonotypes were determined using pre-treatment serum samples. ctDNA unit 

of quantitation was the number of lymphoma molecules (one tumor cell equivalent) per 106 

diploid genomes (106 cells equivalent) with a limit of detection of 1 lymphoma molecule per 

sample. The tumor clonotype analysis was blinded. For surveillance analysis, we measured 

ctDNA in 980 serum samples, which included 889 in non-progressors and 91 in progressors, 

drawn at pre-determined time points. In addition, for interim analysis, we measured ctDNA 

in 578 serum samples, which included 410 in non-progressors and 168 in progressors.

Circulating tumor DNA and Clinical monitoring

ctDNA monitoring was performed on serial serum samples. Interim monitoring was based 

on 108 patient-samples obtained after 2 treatment cycles (i.e. day 1 of cycle 3), and 

surveillance monitoring was based on 107 patients with serial samples from end-of-

treatment until disease progression and only included patients in complete remission at the 

end of treatment (Figure 2). Patients underwent whole body CT scans between cycles 2 and 

4, end-of-treatment, and every 3–4 months for the first 2 years and every 4–6 months for the 

next 3 years. After 5-years, annual evaluation occurred without routine imaging.

Statistical analysis

For the interim analysis, time to progression (TTP) and survival were calculated from day 1 

of cycle 3 as a land-mark analysis until disease progression/radiotherapy for active disease 

or death, respectively, or last follow-up by the Kaplan-Meier method.25 The log-rank test 

was used to determine the significance of the difference between Kaplan-Meier curves. The 

median follow-up was calculated from the on-study date to death or last follow-up.26 For the 

surveillance analysis, a Cox proportional hazards model of ctDNA as a time-varying 

covariate was used to assess the association of this factor on TTP. For determining 

differences in progression time according to pattern of ctDNA for those who progressed 

early, a Kruskal-Wallis test was used. Sensitivity, specificity, and positive and negative 

predictive (PPV and NPV) of ctDNA detection of clinical disease were calculated based on 

the final determinations of ctDNA and clinical progression or not as dichotomous 

outcomes.27 All p-values are two-tailed. Statistical analyses were performed using SAS 

version 9.3 and Prism version 6.0.

Role of the funding source

The clinical studies were funded by the National Cancer Institute and the sample analysis 

was funded by Sequenta, Inc. Investigators from the National Cancer Institute participated in 

study design, patient management, sample collection, data analysis and interpretation and 

writing the manuscript. Investigators from Sequenta, Inc. participated in study design, 

sample analysis, data analysis and interpretation and writing the manuscript. MR, KK, MF 

and WHW had access to the raw data. The corresponding author, WHW, had full access to 

all of the data and final responsibility to submit for publication.
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RESULTS

Patient characteristics

Among 198 patients with untreated DLBCL, a tumor-specific clonotype was identified in 

126 (64%) study cases (Figure 1). The characteristics of the study cases and the excluded 

cases, due to inadequate DNA samples, were similar except for the distribution of DLBCL 

variants (Figure 1, Table 1). Characteristics of the 126 study patients included a median age 

of 44 years, high-risk disease in 31 (25%), and male sex in 78 (62%) patients. All patients 

received EPOCH-based chemotherapy, which included rituximab in 99 (79%) patients. 

Treatment failure occurred in 36 (29%) patients with 25 (69%) early (≤ 6 months) and 11 

(31%) (> 6 months) late progressions. Overall 126 study patients, there were 34 (27%) 

deaths, which included 11 (32%) deaths without progression due to second malignancy 

(N=2), Acquired Immunodeficiency Syndrome (N=2), infection (N=2), liver failure (N=1), 

drug overdose (N=1), unknown (N=3). With a median (interquartile range) follow-up of 11 

(6.8 to 14.2) years, the TTP and survival at 5-years were 72.1% (95% CI: 63.5% to 79.3%) 

and 77.4% (95% CI: 69.2% to 83.9%), respectively.

Identification of tumor clonotypes

Among 112 patients with pretreatment biopsy samples, adequate DNA for calibration was 

available in 109 (97%) patients. Within this group, 94 (86%) patients had a calibrating 

rearrangement, of which 30 (32%) were obtained from core biopsies. In 86 patients without 

a biopsy sample, a calibrating rearrangement was detected in pretreatment serum specimens 

from 32 (37%) cases. Including all 126 patients, 71 (56%) calibrated for one receptor (18 

IGH-VDJ; 20 IGH-DJ; 33 IGK), 46 (37%) calibrated for 2 receptors (9 IGH-DJ and IGK; 20 

IGH-VDJ and IGK; 17 IGH-VDJ and IGH-DJ) and 9 (7%) calibrated for all 3 receptors. 

Tumor clonotype was also assessed by sample type. Among the 94 biopsies, 47 (50%) 

calibrated for one receptor (15 IGH-VDJ; 15 IGH-DJ; 17 IGK), 39 (41%) calibrated for 2 

receptors (5 IGH-DJ and IGK; 18 IGH-VDJ and IGK; 16 IGH-VDJ and IGH-DJ) and 8 

(9%) calibrated for all 3 receptors. In the 32 serum specimens, 24 (75%) calibrated for one 

receptor (3 IGH-VDJ; 5 IGH-DJ; 16 IGK), 7 (22%) calibrated for 2 receptors (4 IGH-DJ 

and IGK; 2 IGH-VDJ and IGK; 1 IGH-VDJ and IGH-DJ) and 1 (3%) calibrated for all 3 

receptors.

Of 83 patient-biopsy samples with clonotypes that could potentially undergo somatic 

hypermutation (IGH-VDJ and IGK), 24 (29%) had mutated clones in the pretreatment 

biopsies. In these 24 cases, 13 (54%) also had detectable mutated clones in the follow-up 

serum, and in 7 (54%) of these cases, the serum sample had a mutated clone not found in the 

biopsy sample. A further 5 cases had no mutated clones in the biopsy sample but had 

mutated clones in the serum samples. Among 28 patients with only pretreatment serum 

samples with clonotypes that potentially undergo somatic hypermutation, 3 (11%) had 

mutated clones.

A feature of the technology is the ability to detect clonotypes that are similar but not 

identical to the highest frequency (index) clone(s), allowing the detection of ctDNA despite 

clonal evolution. In one case (# 210), the index clone contained a 17 bp deletion, which was 
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not present in the clone detected at relapse, indicating these two clones likely evolved from a 

common ancestor.

Circulating tumor DNA and tumor burden

We hypothesized that the pretreatment concentration of ctDNA would correlate with tumor 

burden. There was a significant association between the international prognostic index (IPI) 

and level of circulating tumor DNA with median (range) concentrations of 416 (0 to 2.4 × 

104), 5095 (0–1 × 106) and 7226 (3 to 1.6 × 105) lymphoma molecules per 106 diploid 

genomes for patients with low (0/1), intermediate (2/3) and high (4/5) risk IPI scores, 

respectively (p<0.0001). Several of the IPI characteristics reflect tumor burden including 

disease stage and lactate dehydrogenase (LDH). Specifically, patients with early stage (1 or 

2) compared to advanced stage (3 or 4) disease had significantly lower ctDNA, median 1038 

versus 3254 lymphoma molecules per 106 diploid genomes, respectively (p=0.014), and 

there was a moderately strong correlation between LDH and ctDNA levels (Spearman 

correlation 0.629; p<0.0001).

Circulating tumor DNA monitoring

In the 36 patients with clinical progression, 25 (69%) progressed early (Figure 3A). Three 

patterns of ctDNA kinetics were observed. The most common pattern was no ctDNA 

clearance before clinical progression, observed in 10 (40%) patients. The second pattern was 

transient ctDNA clearance followed by ctDNA recurrence before clinical progression, 

observed in 9 (36%) patients, and the least frequent pattern was ctDNA clearance followed 

by clinical progression, which occurred in 6 (24%) patients. Patients who never cleared 

ctDNA had the shortest time to progression of 3.84 months (range: 0.76 to 7.16), compared 

to 5.81 (range: 4 to 9.9) and 5.3 (range: 4.2 to 9.7) months, respectively, for patients with 

transient or persistent ctDNA clearance (p=0.0043 by Kruskal-Wallis test). Although not 

statistically significant, patients who never cleared ctDNA also had the shortest survival 

following recurrence with a median survival of 2.3 months compared to 9.3 and 15 months 

for patients with transient or persistent ctDNA clearance, respectively. In 11 (31%) patients, 

disease progressed late after treatment (Figure 3B). While all 11 cases had undetectable 

ctDNA after treatment, 10 (91%) subsequently developed detectable ctDNA with 8 (80%) 

occurring prior to clinical evidence of disease. Among 90 patients without clinical 

progression, 88 (98%) never developed detectable ctDNA, whereas 2 cases developed low-

level and non-reproducible ctDNA on a single measurement as discussed below.

Considering all 126 patients on the study, the blinded ctDNA results were discordant with 

the clinical outcome in 10 (8%) patients. Seven of these 10 patients (70%) patients did not 

have detectable ctDNA at clinical progression: 4 patients (# 213, 234, 269, 229) with 

mediastinal lymphoma each had an area of residual disease less than 1 cm identified by PET 

scan at the end of therapy and received radiotherapy; one patient (#173) had an isolated 

central nervous system recurrence one month after treatment; one patient (#303-41) 

progressed 5 months after treatment and had no serum sample and; one patient (#177) had a 

detectable clonotype, which was not detected in the blinded analysis (Figure 3B). Three 

(30%) patients with discordant outcomes developed positive ctDNA late in their course 

without progression on CT imaging. One patient (#126) had 4 positive ctDNA samples over 
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a 5-year period, but on restaging a tumor clone was detected in the blood. Two cases (# 35, 

62) had single samples with detectable ctDNA followed by at least 2 negative samples over 

2 years. In both cases, the ctDNA was at the detection limit (1 and 2 lymphoma molecules 

per sample, respectively) and no clinical disease was detected on restaging. Analysis of new 

samples from the same time points in both patients had no detectable ctDNA, suggesting the 

initial results were incorrect.

Circulating tumor DNA dynamics

ctDNA was quantitatively assessed during treatment (Figure 3C). In 102 patients with a 

pretreatment sample, the tumor clone was detected in 94 (92%) cases with a median (range) 

of 2710 (3 to 1×106) lymphoma molecules per 106 diploid genomes. After two treatment 

cycles, 24 of 108 (22%) patients with samples had detectable ctDNA and by the end-of-

treatment, 8 of 109 (7.3%) patients with samples had detectable ctDNA. The median number 

of molecules significantly declined after the first treatment cycle and remained relatively 

unchanged over subsequent cycles (Figure 3C). We looked at ctDNA dynamics in 17 

patients who completed treatment and clinically recurred (Figure 3D). In 9 of 15 (60%) 

patients that had more than one time point with detectable ctDNA, the serum concentration 

of ctDNA increased over time, consistent with expanding tumor burden.

Interim circulating tumor DNA monitoring during therapy

We examined the association of interim ctDNA and disease progression. Based on studies 

showing a prognostic role of interim PET scans in DLBCL at the end of 2 treatment cycles, 

we analyzed ctDNA after 2 cycles (i.e. day 1 of cycle 3) in 108 patients with available 

serum.6, 7 Among 24 patients with detectable interim ctDNA, 15 (63%) clinically progressed 

with 14 occurring early. By contrast, only 17 (20%) patients with undetectable interim 

ctDNA clinically progressed, 7 of which were early. At 5-years, the TTP was 41.7% (95% 

CI: 22.2% to 60.1%) and 80.2% (95% CI: 69.6% to 87.3%) in patients with and without 

detectable interim ctDNA (p<0.0001), respectively, and the overall survival was 65.4% 

(95% CI: 42.4% to 81.1%) and 83% (95% CI: 73.1% to 89.6%) (p=0.19)(Figure 4A, 4B). 

Detectable interim ctDNA had a PPV of 63% and NPV of 80%, and a sensitivity and 

specificity of 47% and 88%, respectively.

Surveillance monitoring of circulating tumor DNA after therapy

The association of ctDNA and disease progression was assessed in 107 patients who 

achieved a complete remission at the end of treatment (surveillance group). Overall, 17 

(16%) patients had clinical progression following treatment. Of these, 17 patients developed 

detectable ctDNA and 15 clinically progressed. The 2 patients (#35, 62) (Figure 3B) who 

did not relapse had the non-reproducible ctDNA tests, as discussed above.

A Cox proportional hazards model showed that patients who developed detectable ctDNA 

had a hazard ratio that was 228 times that of patients who never had detectable ctDNA for 

developing clinical progression (95% CI: 51 to 1022) (p<0.0001). Furthermore, surveillance 

ctDNA had a PPV of 88% and NPV of 98%, and a sensitivity and specificity of 88% and 

98%, respectively. Overall, patients developed detectable ctDNA a median (range) of 3.5 (0 

to 200) months before clinical evidence of disease (Figure 4C). The median (range) lead-
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time was 1.6 (0.3 to 4.2) months in the 5 patients with early relapse and 7.4 (0 to 200) 

months in 10 patients with late relapse.

DISCUSSION

Herein, we show the capacity of ctDNA to effectively monitor disease status at the 

molecular level in DLBCL. We characterized the tumor-specific clonotype in 94 of 109 

(86%) patients who had adequate archival biopsies, demonstrating the technical ability to 

identify the malignant clonotype in most patients. Given a detection limit of one lymphoma 

molecule per 106 diploid genomes, we hypothesized ctDNA would be a sensitive and 

specific measure of disease and compared serial ctDNA samples to the standard of CT 

imaging. When serially employed to monitor disease status following treatment, surveillance 

ctDNA showed a PPV of 88% and NPV of 98%. Patients who developed detectable ctDNA 

during surveillance had a hazard risk 228 times greater than patients with undetectable 

ctDNA for developing clinical progression. The higher sensitivity of ctDNA surveillance 

compared to CT imaging resulted in a median (range) detection lead-time of 3.5 (0 to 200) 

months for all patients who relapsed, and 7.4 (0 to 200) months for patients with late 

recurrences. Due to the interest in risk-adaptive strategies based on early assessment of 

tumor response, we also assessed the performance of interim ctDNA after two treatment 

cycles. Interim ctDNA had a PPV of 63% and NPV of 80% with a 5-year TTP of 41.7% 

(95% CI: 22.2% to 60.1%) and 80.2% (95% CI: 69.6% to 87.3%), respectively, for patients 

with and without detectable ctDNA on day 1 of cycle 3.

The standard of CT imaging for disease monitoring is limited by low sensitivity, whereas 

PET imaging, which improves sensitivity, is limited by low specificity and an unacceptable 

false positive rate. Both imaging modalities are further restricted by radiation exposure, 

invasiveness, and limits on frequency of use. In the present study, monitoring ctDNA 

overcame many of these limitations. The unique molecular sequences associated with the 

tumor immunoglobulin genes should theoretically lead to 100% specificity. It was not clear 

prior to this study whether low level tumor immunoglobulin sequences shed from pre-

malignant or malignant cells would be present in the serum of patients who do not relapse. 

This study clearly demonstrates that DLBCL patients with long-term remission are 

essentially free of ctDNA. Out of almost 1000 samples tested in patients without recurrence, 

there were only 2 discordantly positive samples. In both cases, the positive ctDNA samples 

were at the detection limit and could not be confirmed on reanalysis, highlighting the need 

to confirm low-level positives.

We were uncertain at the study’s inception whether ctDNA assays would be sufficiently 

sensitive to detect tumor recurrence. Indeed, it was unknown if ctDNA encoding the tumor 

immunoglobulin gene could be detected in serum, particularly given that patients with 

DLBCL rarely have detectable circulating tumor cells. However, we demonstrated that 

ctDNA is detectable in the serum before clinical progression in most patients. Though 7 

patients had persistent or progressive disease after treatment without ctDNA detection, 5 

cases had focal disease at the end of treatment, one patient lacked a proximal serum sample 

before a recurrence and one patient recurred with a subclone that had not been followed. 
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These results suggest that ctDNA may not be sufficiently sensitive to detect small foci of 

persistent disease in patients with mediastinal B-cell lymphoma.

Our results suggest that molecular monitoring of ctDNA improves upon conventional 

surveillance imaging. Unlike indolent lymphomas, where polymerase chain reaction-based 

ctDNA assays are prognostic, detection of ctDNA in DLBCL is a potentially actionable 

finding. Indolent lymphomas are rarely curable and patients are often observed at relapse, 

whereas patients with DLBCL are typically treated at first recurrence in an effort to improve 

outcome. Thus, based on current guidelines and standard of care, DLBCL patients undergo 

surveillance CT imaging for 2 years after treatment in an effort to identify recurrences with 

minimal disease burden. While the benefit of surveillance imaging has not been 

prospectively validated, low disease burden at relapse is associated with a significantly 

improved outcome to salvage therapy.2829 Even with frequent CT imaging, administered a 

median (range) of 11 (1–16) times per patient in our study, early disease detection is 

suboptimal. Indeed, a recent retrospective study suggested that surveillance CT scans might 

be no better than a careful history and physical, supporting the need for more effective 

monitoring technologies.30

In addition to clinical uses, ctDNA monitoring has research implications. Interim tumor 

response monitoring using iPET for risk adaptive treatment is an active area of research. 

While this approach has not proven useful so far, our study showed that interim ctDNA 

might provide a favorable alternative or complement to iPET.6 Although it would be of 

interest to compare interim ctDNA and iPET, our patients did not undergo iPET scans. 

Nonetheless, early disease detection based on ctDNA could be employed as a biomarker to 

test novel targeted agents with monitoring of molecular response. ctDNA also has multiple 

clinical research applications including tumor response assessment, risk adapted treatment, 

monitoring maintenance therapy and institution of salvage therapy such as autologous 

transplant. Analysis of the immunoglobulin genes may provide insight into the antigen 

receptor repertoire of DLBCL and help identify tumors that are dependent on B-cell receptor 

signaling, and analysis of clonogenic evolution may allow characterization of tumor 

molecular heterogeneity.31

In conclusion, monitoring ctDNA in DLBCL accurately identifies patients at clinical risk of 

disease progression. Unlike imaging, ctDNA is a non-invasive and dynamic test that can be 

employed as often as indicated to detect subclinical disease. Early disease detection using 

ctDNA has important clinical and research applications and provides a potential alternative 

and/or adjunct to imaging for the management of DLBCL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT

Evidence before this study

Detection of tumor cells in blood and bone marrow has been reported using polymerase 

chain reaction (PCR) technology for tumor specific gene sequences. These studies have 

shown that detection of disease by PCR in indolent lymphomas and mantle cell 

lymphoma are predictive of recurrence. To our knowledge, no molecular biomarker 

studies for detection of tumor cells have been performed in diffuse large B-cell 

lymphoma (DLBCL). Unlike indolent lymphomas, DLBCL is associated with a relatively 

low incidence of circulating tumor cells. Hence, we applied next generation sequencing 

to assess if cell free tumor DNA (ctDNA) encoding the clonal immunoglobulin gene 

sequence could be detected in the serum of patients with DLBCL and performed a study 

to assess its positive and negative predictive value for detecting disease recurrence.

Added value of this study

To our knowledge, this study provides the first evidence that ctDNA can be measured 

and detects disease progression months before conventional imaging in DLBCL. Given 

the limitations of conventional imaging due to sensitivity, specificity and radiation 

exposure, a sensitive and specific molecular biomarker like tumor ctDNA will likely 

provide an important test for surveillance and may significantly reduce the dependence 

on conventional imaging and identify recurrences at a lower tumor burden. Furthermore, 

ctDNA may be a useful research biomarker for assessment of drug activity, early 

treatment intervention with targeted agents and monitoring of disease during maintenance 

treatment.

Implications of all the available evidence

At the present time, serum tumor ctDNA may be used as an adjunct to conventional 

imaging. Although further studies are needed to assess the scope of tumor ctDNA 

applications, this test may reduce the need for conventional imaging and improve the 

monitoring of disease recurrence.
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Figure 1. Tumor Clonotype Analysis Work flow
Step 1a. Tumor DNA was amplified using locus-specific primer sets for the immunoglobulin 

heavy-chain locus (IGH) complete (IGH-VDJ), IGH incomplete (IGH-DJ), and 

immunoglobulin kappa locus (IGK). The amplified product was sequenced, and the 

frequencies of the different clonotypes determined. Step 1b. Tumor clone(s) that comprised 

at least 5% of the B-cell repertoire were identified for analysis of minimal residual disease 

(ctDNA). Step 2a. ctDNA in serum samples was calculated based on the number of 

lymphoma molecules (cell equivalent) per 106 diploid genomes (cell equivalent). The lower 

limit of detection was 1 lymphoma molecule per 106 diploid genomes. In cases with 2 or 

more tumor clones, the highest frequency clone was reported. Step 2b. ctDNA was 

quantitatively analyzed in serial serum samples over multiple time points.
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Figure 2. Patient Sample Flow Diagram
Tree diagram showing outcome of tumor clonotype analysis of pretreatment biopsy and 

serum specimens. One hundred and ninety-eight pretreatment samples were analyzed for 

tumor clonotypes and 126 patients had identifiable clones. The time to progression and 

overall survival of 108 patients with and without detectable interim ctDNA at the end of 

cycle 2 (i.e. day 1 of cycle 3) were determined by a landmark analysis. Among 107 patients 

who achieved complete remission at the end of treatment, the hazard risk of developing 

clinical progression based on detection of ctDNA was calculated using a Cox proportional 

hazard model.
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Figure 3. Circulating Tumor DNA Time Points and Kinetics
A. Tram stop showing ctDNA outcome of patients with early progression within 6 months 

of treatment completion. Time starts from pretreatment. Coded identification number shown 

for each patient. (*) Identifies patients who received rituximab. B. Tram stop showing 

outcome of all patients who completed treatment and either did not progress or had 

progression at least 6 months after treatment. Time starts from end of treatment (EoT). 

Coded identification number shown for each patient. (*) Identifies patients who received 

rituximab. One patient recurred with a leukemic clone detected by flow cytometry (FCM). 
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In case #177, two clonal sequences (IGH-DJ and IGK) were initially detected, but the IGK 

clonotype sequence (subclone) was not considered sufficiently unique to ensure a low false 

positive rate (< 0.001). The biopsy sample at relapse and the two previous samples only 

contained the IGK clonotype, which was detected after the analysis was unblinded. The case 

was classified as ctDNA negative for the overall analysis as the clone was intentionally not 

prospectively followed. This case illustrates clonal heterogeneity and the utility of following 

more than one clonotype. This is an area for further optimization of the technology. Two 

patients (#35, 62) developed single low-level positive ctDNA during surveillance and did 

not have clinical progression. Separate samples from the same time points were reanalyzed 

in both cases and were negative for ctDNA as indicated on the tram stop, suggesting these 

were false positive. C. Quantitative ctDNA dynamics during treatment for all patients with 

detectable ctDNA. D. Quantitative ctDNA dynamics for patients who recurred post-

treatment (N=17). Color and symbols represent individual patient ctDNA kinetics. X-axis 

shows time (months) to relapse normalized to time of clinical recurrence.
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Figure 4. Kaplan-Meier Outcome Estimates and Lead Time
A. Time to progression (TTP) landmark analysis based on interim ctDNA result drawn on 

day 1 of cycle 3 (N= 108). The TTP at 5-years was 41.7% (95% CI: 22.2% to 60.1%) and 

80.2% (95% CI: 69.6% to 87.3%), respectively, for patients who were ctDNA positive and 

negative. B. Survival landmark analysis based on interim ctDNA result drawn on day 1 of 

cycle 3 (N=108). The survival at 5-years was 65% (95% CI: 42.4% to 81.1%) and 83% 

(95% CI: 73.1% to 89.6%), respectively, for patients with and without detectable ctDNA. C. 

The median (range) lead-time between detection of disease by ctDNA and CT or flow 
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cytometry in all 15 patients who relapsed after treatment (surveillance group) was 3.5 (0 to 

200) months.
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Table 1

Patient Characteristics and Monitoring

Patients
Screened

Study Patients Clinical
Progressors

Clinical Non-Progressors

N 198 126 36 (29%) 90 (71%)

Median age, y 43 44 50 42

  Age range (12–93) (14–85) (17–70) (14–85)

Gender, male, % 113 (57%) 78 (62%) 24 (67%) 54 (60%)

DLBCL variants (%)*

  Not otherwise specified 97 (49%) 58 (46%) 17 (29%) 41 (71%)

  HIV-associated 25 (13%) 24 (19%) 6 (25%) 18 (75%)

  Mediastinal B-cell lymphomas 76 (38%) 44 (35%) 13 (30%) 31 (70%)

International Prognostic Index score

(%) 98 (49%) 56 (44%) 13 (23%) 43 (77%)

  Low risk (0–1) 57 (29%) 39 (31%) 11 (28%) 28 (72%)

  Low-intermediate risk (2) 29 (15%) 20 (16%) 8 (40%) 12 (60%)

  High-intermediate risk (3) 14 (7%) 11 (9%) 4 (26%) 7 (64%)

  High risk (4–5)

Ann Arbor Stage (%)

I–II 88 (20%) 50 (40%) 13 (26%) 37 (74%)

  III–IV 110 (56%) 76 (60%) 23 (30%) 53 (70%)

Treatment regimen (%)

EPOCH 40 (20%) 27 (21%) 11 (41%) 16 (59%)

EPOCH with rituximab 158 (80%) 99 (79%) 25 (25%) 74 (75%)

Interim monitoring 108 32 76

Surveillance monitoring 112 22 90

Clinical Progressors 36

Early (≤ 6 months from treatment) 25 (69%)

Late (> 6 months from treatment) 11 31%

Abbreviations: DLBCL: Diffuse large B-cell lymphoma; HIV: Human immunodeficiency virus; EPOCH: adriamycin, vincristine, etoposide, 
cyclophosphamide, and prednisone.

Patients with a calibrating rearrangement (126 study patients) and without a calibrating rearrangement (72 ineligible patients) had statistically 
similar characteristics except for distribution of DLBCL variants, designated as:

*
(p<0.05).
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