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INTRODUCTION 

Lymphomas represent a heterogeneous group of malignancies that arise from B or T lymphocytes or 

natural killer (NK) cells, transformed at different stages of maturation. Lymphomas are classified in 

macro-groups, Hodgkin’s lymphomas (HL), aggressive non-Hodgkin’s lymphomas (NHL) and 

indolent NHL, each with different biological and clinical features as well as therapeutic approaches. 

The histological classification of lymphomas is far more complex and has greatly evolved over the 

years with the accumulation of the knowledge on single lymphomas entities. Indeed, NHL comprise 

more than 30 subtypes, each with different epidemiology, etiology, immunophenotypic, genetic, 

clinical features, and response to therapy. 

In the Western world, NHL constitute about 80% of all lymphomas. About 85–90% of NHL derive 

from B cells, whereas the remaining derive from T cells or NK cells. The more frequent forms are 

diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma (FL) (Sapkota & Shaikh, 2022; 

Armitage et al, 2017; Zelenetz et al, 2011). 

 

1. DIFFUSE LARGE B-CELL LYMPHOMA 

DLBCL, with estimated 150,000 new cases annually worldwide, represent the most prevalent B-cell 

NHL (B-NHL) in the adults, representing about one third of NHL in the Western world and 30% to 

40% of all new lymphoma diagnoses. It includes cases that arise de novo and cases that result from 

the histologic transformation of indolent B-NHL (i.e., FL and chronic lymphocytic leukemia [CLL]) 

(Armitage et al, 2017; Pasqualucci et al, 2015). 

The median age at diagnosis of DLBCL is in the mid-60s; 30% of patients are older than 75 years of 

age. Epidemiologic studies support complex and multifactorial causes of DLBCL, with risk factors 

including genetic features and immune dysregulation, as well as viral, environmental, or occupational 

exposures (Cerhan et al, 2014). 

The number of DLBCL cases in the United States (US) is projected to increase from 29,108 to 32,443 

and from 26,078 to 27,981 in Western Europe (WE) from 2020 to 2025, with a total increase rate of 

11% in the US compared to 7% in the WE. This increase is also related to the increase in the 

underlying patient populations with older age groups having higher incidence rates (Kanas et al, 

2022). 

DLBCL itself comprises a heterogeneous group of biologically distinct entities resulting in the clonal 

proliferation of a malignant B-cell in the germinal center (GC) or post-GC. GCs are highly dynamic 

structures where mature B-cells undergo rapid proliferation and iterative rounds of somatic 

hypermutation (SHM), affinity maturation and clonal selection, as well as class switch recombination 
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(CSR), with the aim of favoring the emergence of cells that produce antibodies with increased affinity 

for the antigen and capable of distinct effects or functions (Pasqualucci et al, 2015).  

The disease is aggressive, and the diagnosis is commonly made by the biopsy of a suspicious lymph 

node or an extranodal site, where the normal architecture is replaced by sheets of large cells that stain 

positive for pan-B cell antigens, such as CD20 and CD79a.  

 

2. CLASSIFICATION 

The clinical and biological heterogeneity of DLBCL has been known to pathologists, molecular 

scientists and clinicians for decades. Over the last two decades, multidisciplinary efforts allowed to 

identify unique DLBCL subtypes by either cell of origin (COO) or molecular characteristics. Current 

classifications of B cell lymphomas are indeed based on multiple parameters, such as morphology, 

immunophenotype and genetic aberrations (Alaggio et al, 2022). 

These classification systems are now routinely used to identify subsets of patients with high-risk 

disease and poorer outcomes to up-front standard R-CHOP (rituximab, cyclophosphamide, 

vincristine, doxorubicin, prednisone) therapy (Susanibar-Adaniya & Barta, 2021).  

 

CELL OF ORIGIN 

It was the introduction of gene expression profiling (GEP) technologies that allowed the formal 

recognition of multiple distinct subtypes, reflecting either the derivation from discrete B-cell 

differentiation stages or the coordinated expression of specific transcriptional signatures.  

According to the current taxonomy for DLBCL and based on resemblance to the transcriptional 

profiles of their presumed COO, two main molecular subgroups have been recognized within this 

diagnostic entity: GC B-cell–like (GCB) DLBCL and activated B-cell–like (ABC) DLBCL, with 

10%–15% of cases declared “unclassified”. GCB and ABC subgroups are distinguished by the 

differential expression of hundreds of different genes, and these genes relate each subgroup to a 

separate stage of B-cell differentiation and activation.  

ABC-DLBCLs are currently thought to be derived from B-cells that have passed through the GC and 

are committed to plasmablastic differentiation. In contrast, GCB-DLBCLs are postulated to originate 

from light-zone GC B-cells. 

GCB DLBCL have a gene expression profile characteristic of normal GC B-cells with intraclonal 

heterogeneity, ongoing SHM, CD10 and BCL6 expression.  
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Conversely, the GEP of ABC DLBCL resembles that of post-germinal or activated B-cells with high 

expression and constitutive activity of the nuclear factor kappa B (NF-KB) complex and expression 

of IRF4 and BCL2. 

Moreover, while patients with GCB show an overall favorable prognosis, the ABC subtype is 

characterized by increased aggressiveness and has been associated with a less favorable disease 

outcome (Pasqualucci et al, 2015; Alizadeh et al, 2000; Rosenwald et al, 2002; Basso & Dalla-Favera, 

2015). The COO is determined by the expression of a panel of genes by the nanostring technology, 

although some immunohistochemistry (IHC) markers can approximate the molecular classification 

(Hans algorithm) (Hans et al, 2004). 

 

MOLECULAR FEATURES 

C-MYC is a proto-oncogene located at chromosome 8q24. Ten to 15% of patients with newly 

diagnosed DLBCL have an underlying MYC rearrangement, identified by fluorescent in-situ 

hybridization (FISH) (Rosenwald et al, 2019). Approximately half of these cases also carry a 

rearrangement of the anti-apoptotic proto-oncogene BCL2 and/or its transcription repressor BCL6.  

Their presence defines a DLBCL subset known as double-hit or triple-hit lymphoma, recognized in 

the 2016 WHO classification as high-grade B-cell lymphoma (HGBCL-DH/TH) (Swerdlow et al, 

2016). Also, DLBCL can be defined as double expressor lymphoma (DEL) if characterized by 

overexpression of the c-MYC and BCL2 proteins detected by IHC (≥40% and > 50%, respectively). 

DELs account for approximately a third of de novo cases and have an intermediate prognosis. DELs 

can also be detected in up to 50% of relapsed/refractory DLBCL, also associated with poorer 

outcomes with salvage chemotherapy treatment (Savage et al, 2009). Notably, GCB is enriched for 

DH/TH subtypes and ABC for DEL (Nowakowski et al, 2015). 

 

GENETIC SUBTYPES 

While recurrent genetic aberrations in individual genes have elucidated oncogenic mechanisms in 

DLBCL, progresses toward a genetic classification of DLBCL tumors have required the integration 

of genomic data from multiple analytic platforms to identify genes that were recurrently altered by 

mutations, translocations, and/or copy-number alterations. Mathematically distinct clustering 

methods were used to assort DLBCL tumors into genetic subtypes that are characterized by genomic 

aberrations in subtype-specific hallmark genes. 

Schmitz et al. analyzed 574 pre-treatment DLBCL biopsy samples and identified four prominent 

genetic subtypes each distinguished by genetic aberrations in multiple genes at significantly different 

frequencies in GCB and ABC cases. These categories include the MCD, BN2, N1, and EZB subtypes. 
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The MCD subtype was characterized by the co-occurrence of MYD88 (L265P) and CD79B 

mutations, the BN2 subtype by BCL6 translocations and NOTCH2 mutations, the N1 subtype had 

frequent NOTCH1 mutations and the EZB subtype had EZH2 mutations and BCL2 translocations. 

The MCD and N1 subtypes corresponded to ABC disease, while the BN2 and EZB subtypes 

corresponded to the GCB subtype. These groups differed in responses to immunochemotherapy, with 

favorable survival in the BN2 and EZB subtypes and inferior outcomes in the MCD and N1 subtypes 

(Schmitz et al, 2018). In parallel, Chapuy and colleagues highlighted the complexity of DLBCLs by 

classifying 304 primary, previously untreated DLBCLs into five different DLBCL clusters. These 

include a previously unrecognized group of low-risk ABC DLBCLs of extrafollicular/marginal zone 

origin; two distinct subsets of GCB DLBCLs with different outcomes and targetable alterations; and 

an ABC/GCB-independent group with biallelic inactivation of TP53, CDKN2A loss and associated 

genomic instability (Chapuy et al, 2018). Later, Wright and colleagues developed an algorithm called 

“LymphGen” to provide a probabilistic classification of a tumor from an individual patient into a 

genetic subtype. They noted that TP53 was the most frequently mutated gene that was significantly 

enriched not only in one of the previous described subtypes. Tumors with a homozygous TP53 

deletion or the combination of a heterozygous TP53 deletion and a TP53 mutation had the highest 

aneuploidy, therefore they formed a class of cases called A53. They also observed that mutations in 

TET2, P2RY8, and SGK1 were recurrently mutated among the genetically unassigned cases, leading 

to the creation of a new class, termed ST2 (Wright et al, 2020).  

Figure 1 shows the heterogeneous biologic features that reflect the insights gained over the past 20 

years.  
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3. RISK STRATIFICATION  

A combination of several prognostic tools to stratify DLBCL patients into risk groups are employed, 

utilizing clinical, molecular, or radiographic features.  

Patients with DLBCL were first shown to be potentially curable with anthracycline-containing 

polychemotherapy in the mid-1970s (McKelvey et al, 1976; Anderson et al, 1977; Fisher et al, 1993). 

Since then, the most important advance in the management of DLBCL was the recognition that the 

addition of the monoclonal anti-CD20 antibody, rituximab, to the CHOP chemotherapy, the so-called 

R-CHOP regimen, significantly improves the outcome of patients (Sehn et al, 2005; Coiffier et al, 

2010; Tilly et al, 2015), with more than 50% of patients with advanced-stage de novo DLBCL being 

cured (Friedberg et al, 2011). 

Figure 1. From Sehn et al, N Engl J Med 2021.  
Solid arrows indicate robust associations, dashed arrows indicate weaker associations or uncertain associations. BCR denotes 
B-cell receptor, CNS central nervous system, EBV Epstein–Barr virus, HHV8 human herpesvirus 8, HIV human 
immunodeficiency virus, HL Hodgkin’s lymphoma, miR-17–92 microRNA cluster 17–92, NF-κB nuclear factor κB, PI3K 
phosphatidylinositol 3-kinase, SLE systemic lupus erythematosus, and TNF/LTA, tumor necrosis factor/lymphotoxin alpha. 
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Despite the major advances obtained with immuno-chemotherapy, a relevant number of patients still 

experience treatment failure, and the time of failure is one of the most important prognostic factors 

at relapse together with the eligibility or not for autologous stem cell transplantation (ASCT) (Coiffier 

et al, 2010; Gisselbrecht et al, 2010; Giné & Sehn, 2016). Indeed, 20% to 50% of patients will be 

refractory to R-CHOP or will relapse after achieving complete response (CR). Moreover, the current 

salvage therapy seems to be inadequate in nonresponding patients: only 30% to 35% of resistant or 

relapsed patients can achieve a prolonged progression-free survival (PFS) with high-dose 

chemotherapy followed by ASCT in the rituximab era (Gisselbrecht et al, 2010).  

It is therefore important to promptly identify patients who are unlikely to be cured with first-line 

immunochemotherapy and develop personalized therapy strategies.  

Several prognostic score systems have been established and applied to predict the survival of patients 

with DLBCL. The International Prognostic Index (IPI) has been widely used since 1993 to predict 

prognosis in aggressive NHL treated with doxorubicin-containing regimens (International Non-

Hodgkin's Lymphoma Prognostic Factors Project, 1993). It is based on age, stage, performance status 

(PS), lactate dehydrogenase (LDH), extranodal sites.  

The IPI has been validated and refined in the rituximab era (R-IPI) and in patients with <60 years of 

age (age-adjusted IPI) (Ziepert et al, 2010). It has also been expanded to include the more granular 

information about each of these variables in the recent National Comprehensive Cancer Network IPI 

(NCCN-IPI), allowing greater discrimination among high-risk patients (Zhou et al, 2014; Ruppert et 

al, 2020).  

However, these clinical indexes have limitations, since they are not able to identify patients at very 

high risk or to discern biologic heterogeneity; moreover, they are principally based on pretreatment 

characteristics and do not incorporate information that emerges during treatment (Rushton et al, 

2020). 

Invasive tissue biopsies are the gold standard to obtain, beside the diagnosis, the molecular 

information that can stratify lymphoma patients for COO and into genetic subgroups.  

However, these invasive biopsies do not capture spatial tumor heterogeneity or treatment-emergent 

clonal evolution (Hav et al, 2019; Alizadeh et al, 2015). Moreover, tissue biopsies are problematic 

for several anatomic sites such as the central nervous system and deep abdominal compartments. 

Therefore, innovative technologies that facilitate the detection, quantification, and characterization 

of lymphomas in real-time are needed to overcome these limitations, to help a modern prognostic 

stratification and to support novel strategies of lymphoma precision medicine. 
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4. STAGING AND RESPONSE ASSESSMENT 

At present, staging and response assessment should be performed in accordance with Ann Arbor 

staging and the Lugano classification criteria (Cheson et al, 2014; Barrington et al, 2014; Cheson et 

al, 2016). In the recent years, 18F-fluorodeoxyglucose positron-emission tomography with computed 

tomography (PET/CT) has replaced CT because of its higher sensitivity. End-of-treatment response 

by PET/CT is interpreted according to the Deauville five-point scale. Moreover, studies evaluating 

the value of interim PET/CT have yielded conflicting results, with no treatment modification 

performed solely on the base of interim PET/CT (Barrington et al, 2014). Moreover, its use in the 

assessment of response to therapy has limitations due to false positives results in the setting of 

concomitant inflammation or infection, or false-negative results due to its inability to detect 

microscopic disease. These limitations are demonstrated by the mixed results using the Deauville 

score visual assessment in determining early response to therapy (Mamot et al, 2015). Costs and risk 

of ionizing radiation are the main issues related to an extensive use of imaging techniques.  

Thus, limitations of imaging are represented by the following aspects: i) imaging has a relatively low 

sensitivity in assessing tumor response (Pregno et al, 2012); ii) it cannot detect disease at the 

molecular level or dynamically monitor or identify the biological mechanisms that drive the 

development of tumors, such as tumor heterogeneity and clonal evolution; iii) it often cannot 

significantly anticipate tumor relapse respect to the reappearance of clinical signs/symptoms of 

disease.  

 

5. MINIMAL RESIDUAL DISEASE 

Under the definition of minimal residual disease (MRD) are included all methods able to measure a 

disease below the sensitivity of the conventional tools. Technologies used to evaluate and measure 

MRD can be nowadays divided into three main categories: (1) those coming from the molecular 

biology, (2) the flow cytometry, and (3) the imaging. 

In the last 20 years many groups around the world focused their research on the evaluation of the 

MRD, in order to identify a disease recurrence before the time when the “conventional” laboratory 

or imaging tools can demonstrate it. 

MRD molecular techniques have been developed from the classic qualitative and quantitative PCR 

approaches to the new digital droplet PCR (ddPCR) and the next-generation sequencing (NGS) tools; 

they have been widely used in a variety of hematological malignancies with a significant circulating 

cellular component, such as leukemias (Roschewski et al, 2022; Lauer et al, 2022).  
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However, MRD in lymphoma is not as established as in leukemia. A sizable group of lymphomas do 

not show peripheral dissemination of the disease in detectable amount. Circulating tumor cells 

(CTCs), even if present at diagnosis, become negligible after therapy and confined primarily to 

inaccessible nodal sites. Therefore, hiding as a source of relapse, residual cells keep multiplying 

undetected only to re-emerge as a mass visible on imaging scans and later with clinical sign and 

symptoms.  

Most research is moving to improve the cure rate for DLBCL with the development of novel targeted 

therapies designed to overcome mechanisms of cellular resistance (Roschewski et al, 2014). With the 

emergence of targeted therapies, that will be combined (or even substitute) to immunochemotherapy 

in NHLs, and could theoretically treat subclinical disease, clinically validated molecular technologies 

are needed to assess the MRD.  

The development of robust techniques, including NGS, together with the discovery of circulating 

nucleic acids and circulating exosomes, has opened the door to leukemia-like research in NHLs, as 

advanced molecular methods are more sensitive than imaging in the measurement of residual disease 

and can do so without radiation exposure. 

Recently, the ‘liquid biopsy’ has emerged as an innovative non- or minimally-invasive approach to 

detect and characterize cancers, through profiling of tumor-derived analytes in body fluids, most 

commonly blood but also cerebrospinal fluid (CSF), urine, ascites, pleural fluid, or saliva.  

Circulating tumor DNA (ctDNA) has become the most investigated analyte in lymphomas, as the 

majority of lymphoma patients do not present with circulating disease and therefore, CTCs are usually 

a less attractive target. ctDNA is shed from tumor into circulation and represents a subset of the total 

cell-free DNA (cfDNA) pool released into the peripheral blood (PB) after normal physiologic 

processes of apoptosis, proliferation, and necrosis (Roschewski et al, 2016; Rossi et al, 2019).  

Major advances in molecular techniques have led to an improved detection of minimal ctDNA 

amounts in body fluids, facilitating ultrasensitive detection of minute residual disease during or after 

therapy for early identification of treatment failure and prediction of disease relapse in numerous 

cancer entities including lymphoma.  

 

6. ctDNA-BASED MRD ASSESSMENT BY GENE MUTATIONS 

Because of the genomic intra-tumor heterogeneity, with different areas or sites of the same lymphoma 

showing different mutations, a single tissue biopsy might not be representative of the entire tumor 

genetics and may miss subclones residing in anatomically distant sites. Therefore, ctDNA can be used 

as a non-invasive tool to track recurrently mutated genes in DLBCL, allowing to capture the 
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mutational landscape beyond the intra-tumoral heterogeneity (i.e., liquid biopsy), to monitor the 

disease after treatment and to detect the emergence of treatment-resistant clones and therefore the 

clonal evolution of the disease (Rossi et al, 2017). 

The utility of liquid biopsy requires an adequate sensitivity and specificity to detect minute amounts 

of ctDNA in body fluids. The choice of liquid biopsy technique depends on which application is of 

interest. Both PCR-based (mainly ddPCR) and NGS-based methods have been applied to analyze 

lymphoma-related mutations in ctDNA.  

ddPCR allows the quantification of single, hotspot genomic variants, with a 10−5 detection limit and 

a relatively low cost, but it has the disadvantage of screening a limited number of mutations.  

NGS techniques, with the ability to screen a wide range of genetic aberrations with high sensitivity, 

have recently proved a powerful tool for ctDNA identification. Targeted amplicon-based or hybrid-

capture NGS technologies allow to study hundreds of lymphoma-specific genetic regions, covering 

the entire spectrum of recurrent genetic alterations. In this regard, the cancer personalized profiling 

by deep sequencing (CAPP-seq) technology currently represents one of the most sensitive assay.  

The comparison of sequencing results obtained from ctDNA and the initial tumor biopsy is highly 

useful to discriminate variants that are present at a very low allele frequency from the background 

noise, particularly for monitoring the residual disease (Lauer et al, 2022; Huet & Salles, 2020).  

Recently, the Stanford group further improved the deep sequencing of ctDNA by developing an 

innovative approach that further maximizes the analytical sensitivity and reduces the background 

error rates by tracking two or more variants (‘phased variants’) on the same strand of one single DNA 

molecule (‘PhasED-seq’, Phased Variant Enrichment and Detection Sequencing). This method offers 

extremely low error profiles while maintaining high genome recovery, thus facilitating ctDNA 

monitoring down to an analytical detection limit of ~0.00005% (i.e., 1 in 2,000,000). PhasED-seq 

seems particularly useful in B-cell lymphomas, as mutations accumulate in stereotyped genetic 

regions caused by the ongoing and aberrant SHM through the activity of the enzyme activation-

induced cytidine deaminase (AID) (Kurtz et al, 2021). A similar strategy has been recently employed 

by Meriranta and colleagues, providing additional evidence that tracking of phased variants can 

significantly improve the sensitivity of ctDNA detection in lymphoma patients (Meriranta et al, 

2022).  
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7. ctDNA-BASED MRD ASSESSMENT BY IMMUNOGLOBULIN REARRANGEMENTS 

B-cell lymphoid malignancies are the progeny of a B-cell clone characterized by a unique footprint 

of clonal immunoglobulin (IG) gene rearrangements, that serve as a diagnostic marker for clonality 

assessment. Patient-specific primers targeting the clonal rearrangement of the IG gene locus can be 

designed for virtually all patients, although this method remains too labor intensive to be used in 

clinical practice. Alternatively, clonal rearrangement of the IG genes can be identified on the initial 

tumor tissue using a single NGS assay that uses universal primers for all possible rearrangements. 

The specific clonotype of each patient can be subsequently tracked for disease monitoring. 

The first paper demonstrating that plasma could be the best compartment for MRD assessment in 

aggressive lymphomas was published in 2015: the IG heavy chain (IGH) and IG light chain 

(IGK) clonalities were tested by the LymphoSIGHT technology in 105 tumor samples, and in 83% 

of them it was possible to find a molecular marker. Interestingly, a disease-specific molecular marker 

was identified in plasma in a higher percentage of cases than in the PB mononuclear cells, and the 

molecular disease resulted twice higher in plasma. At the time of progression/relapse, all patients 

were MRD-positive in the plasma while only 30% of them showed tumor cells circulating in the PB 

(Kurtz et al, 2015). More recently, the same group reported a strict correlation between the cfDNA 

levels and the response to therapy: in patients where cfDNA levels decreased of 2-logs after one cycle 

(=early molecular response, EMR) and of 2.5-logs after two cycles of chemo-immunotherapy (=major 

molecular response, MMR), the event-free survival (EFS) was significantly longer than that observed 

in cases with a lower molecular disease reduction. In multivariate analysis, including IPI and interim 

PET, MRD still retained its independent prognostic value (Kurtz et al, 2018). However, EMR and 

MMR still misclassified certain patients at these fixed time points. Thus, the authors developed a 

dynamic approach integrating various prognostic factors measured before and during treatment (i.e., 

IPI, pretreatment ctDNA, COO, EMR, MMR, and interim PET/CT) into one single algorithm that 

dynamically updates the patient’s risk over time as long as more information becomes available 

(Continuous Individualized Risk Index, CIRI). This personalized method was applied to an 

independent validation cohort and outperformed conventional risk factors such as IPI, COO, interim 

PET/CT, and even EMR and MMR, for outcome prediction (Kurtz et al, 2019).  

In another early study by Roschewski et al., the level of ctDNA measured by IG high-throughput 

sequencing was assessed after each cycle of first-line therapy, and patients without detectable ctDNA 

after two cycles had a superior five-year PFS compared with patients who remained ctDNA positive 

(Roschewski et al, 2015).  

In line with these observations, other studies have investigated the role of ctDNA for monitoring 

DLBCL after treatment and for detecting early molecular relapse (Scherer et al, 2016), also in other 
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therapeutic settings. For example, Hossain and colleagues for the first time assessed the MRD by 

ctDNA in 6 patients receiving the anti-CD19 chimeric antigen receptor (CAR) T cell therapy (CAR-

T) for relapsed/refractory (rr) DLBCL. The “molecular” MRD after day +28 was compared to the 

MRD assessed by PET: in four out of five cases the increased values of ctDNA preceded progression 

before PET, and all progressing patients had increasing ctDNA when PET confirmed the clinical 

progression, thus supporting the idea that the MRD when assessed in the plasma could be the most 

important predictive tool of the DLBCL patients' outcome (Hossain et al, 2019). 

Two major recent studies evaluated the role of ctDNA in DLBCL patients who were treated with 

CAR T-cell therapy in more detail. Frank et al. used IgHTS to detect V(D)J clonotypes in the plasma 

of 72 rrDLBCL patients undergoing treatment with axicabtagene ciloleucel (axi-cel). They found that 

70% of patients responding to CART-cell therapy had undetectable ctDNA 7 days after infusion, 

compared to 13% of progressing patients. At multiple time points after axi-cel infusion (days 21, 28, 

and 56), ctDNA positivity was predictive of clinical outcomes (Frank et al, 2021). In another study, 

Sworder et al. used CAPP-Seq to profile ctDNA before and after axi-cel therapy. They demonstrated 

that ctDNA levels were prognostic for PFS in univariate analyses both at diagnosis and at several 

time points after CAR T-cell infusion (Sworder et al, 2021).  

Similarly, Merryman et al. applied IgHTS to 141 patients with rrDLBCL undergoing ASCT and 

found that the identification of ctDNA in the apheresis stem cell samples was predictive of PFS and 

OS (Merryman et al, 2020). 

Although not yet entered into the clinical practice, the non-invasive quantification of tumor burden 

and the MRD monitoring during and after treatment is becoming the most established application of 

ctDNA in DLBCL (Poynton & Okosun, 2021; Cirillo et al, 2020; Melani et al, 2019; Huet & Salles 

2020; Lakhotia & Roschewski 2021). 

  

8. IMMUNOGLOBULIN GENE REARRANGEMENTS MONITORING 

To perform MRD analysis, it is necessary to identify ab initio a molecular marker that will be 

followed during or after treatment: in general, for B-cell lymphomas, rearrangements of IGH or IG 

light chains (kappa or lambda, IGk, IGλ) can be used. Indeed, the first molecular technique for MRD 

assessment in DLBCL to be published used the principle of IG rearrangements (Jiang et al, 2015).   

Since lymphomas originate from the malignant transformation of individual lymphoid cells, all 

lymphomas generally share one or more cell-specific or “clonal” antigen receptor gene 

rearrangements. Therefore, clonality assessment is based on this feature. In patients suspected for 

having a B-cell lymphoma, clonality assessment enables the demonstration of a clonal expansion of 
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clonally related B cells, all having the identical molecular footprint of the antigen receptor encoded 

by the IG genes. These clonotypes can be identified in tumor tissue and monitored in cfDNA over 

time.  

The IGH gene locus on chromosome 14 (14q32.3) includes 46-52 functional and 30 non-functional 

variable (VH) gene segments, 27 functional diversity (DH) gene segments, and 6 functional joining 

(JH) gene segments spread over 1250 kilobases. The IGH gene consists of three highly variable 

complementary determining regions and three rather conserved framework regions (FR), interspersed 

among each other. The antigen-binding site, known as CDR3, is the most variable region of the 

rearranged IGH gene.   

The proper assembly of a functional B-cell receptor (BCR) is controlled by several checkpoints at 

different stages of B-cell development (Rajewsky, 1996). Once a mature B cell has encountered an 

antigen, it will undergo SHM in the GC. The BCR is generated by a stepwise process involving 

rearrangements of the different germline variable (V), diversity (D), and joining (J) IG genes, called 

V(D)J recombination. This process is initiated by the recombination-activating gene (RAG) products 

RAG1 and RAG2, which relies on the recognition of recombination signal sequences (RSSs) flanking 

the individual genes (Gellert, 2002). V(D)J recombination starts with the IGH chain by the 

recombination of one of the D genes with one of the J genes, followed by the subsequent joining of 

one of the V genes to the rearranged DJ gene (Figure 2).  
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For the light chain (IGK or IGL), a direct V to J gene rearrangement takes place, where the IGK locus 

will first undergo gene rearrangement. When there is no productive IGKV- IGKJ rearrangement, 

additional rearrangements will occur that inactivate the IGK locus by removal of the IGKC region 

and the enhancers. These rearrangements involve the kappa deleting element (KDE) sequence that 

can rearrange to one of the kappa V genes and thereby delete the initial IGKV- IGKJ rearrangement, 

resulting in an IGKV-KDE rearrangement or to an isolated RSS that is located in the J kappa-C kappa 

intron (intron RSS- IRSS), resulting in an IRSS-KDE rearrangement. If there is no proper IGK 

rearrangement, the IGL genes will rearrange. When B cells fail or become autoreactive during this 

process, they will be silenced and eliminated. B cells that assembled a functional BCR will further 

diversify by undergoing SHM to extend the IG repertoire upon antigen recognition within the GC of 

a lymph node. During this process, random sequence alterations are introduced to improve antigen 

binding, a phenomenon called affinity maturation. Coupled to transcription, SHM occurs within a 

small defined (1.5−2 kb) region of DNA and is initiated from the transcriptional promoter 300bp 

upstream of each rearranged V segment; the process is terminated immediately downstream of the 

involved J segment. These point mutations occur over the entire length of the V-D-J exon of the IGH 

genes and the V-J exon of the IGK and IGL genes.  

 

  

Figure 2. Adapted from Scheijen et al, Leukemia 2019. 
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AIMS OF THE STUDY 

DLBCL is a heterogeneous disease with striking genetic diversity and variable outcomes. Treatment 

response assessment relies on CT and PET/CT scans, which cannot detect disease at the microscopic 

level. ctDNA is an emerging biomarker that overcomes the fundamental limitations of imaging scans 

and the invasiveness of tissue biopsies. It can measure the effectiveness of treatment by detecting the 

presence of MRD any time during the course of the disease. In order to improve the cure rate of 

DLBCL patients, the clinical development of molecular monitoring tools capable of early detection 

of treatment failure and disease relapse is warranted. PB monitoring of tumor-specific molecules 

represents a paradigm shift in the way of assessing tumor response and relapse prediction in DLBCL. 

 

The present study is based on the analysis of PB samples and formalin-fixed, paraffin embedded 

(FFPE) diagnostic lymph node biopsies in a large cohort of patients with newly diagnosed DLBCL 

treated with immunochemotherapy. The aims are to:  

I) test IGH and IGK chain gene rearrangements as target of clonality using NGS in FFPE 

diagnostic lymph node biopsies and ctDNA extracted from PB; 

II) explore if tracking clonal IGH/IGK rearrangements by NGS can be a non-invasive way to 

study MRD in longitudinal ctDNA samples during/after treatment;  

III) study the correlation with radiologic disease assessment of early and final response (CT 

and PET/CT) and with several clinical variables. 

The focus of this thesis is to describe how ctDNA might enhance DLBCL treatment response 

assessment and outcome prediction thanks to the faceable monitoring of MRD, highlighting its 

potential use as a decision-making tool to guide lymphoma treatment in the future. 
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MATERIALS AND METHODS 

1. STUDY DESIGN AND PATIENTS  

A multicenter cohort of 53 consecutive newly diagnosed DLBCL (27 from Rome and 26 from 

Novara), aged >18 years, was included in this prospective study. The following biological specimens 

were collected and analyzed from patients from Rome: diagnostic FFPE lymph node biopsy (for 

genomic DNA, gDNA) and 30 ml of PB (for cfDNA) before the start of treatment, after 3 cycles of 

treatment (interim), at the end of treatment, during the follow-up (month +6, +12, +24), and at the 

time of progression. Regarding the Novara cohort, patients were studied at diagnosis and at the 

interim time point.  

Early (mid-treatment) and final (end of treatment) disease response were assessed by CT and PET/CT, 

respectively. Patients provided written informed consent, and the institutional review board approved 

the protocol. 

Patients’ characteristics are summarized in Table 1. Twenty-eight men and 25 women, diagnosed 

between 2015 and 2021, with a median age at diagnosis of 63.9 years (range, 19–84). Nine patients 

were in stage 1, 14 in stage 2, 13 in stage 3, and 17 in stage 4. Patients were followed after R-CHOP 

or R-CHOP-like chemotherapies.  

Table 1. Patients’ characteristics. 

 

 

Rome 

cohort     

(n = 27)

Novara 

cohort     

(n = 26)

Entire 

cohort     

(n = 53)

p  value

Average age (years) 60 61.7 60.8 0.8

Male, n (%) 16 (59.3) 12 (46.2) 28 (52.8)

Female, n (%) 11 (40.7) 14 (53.8) 25 (47.2)

Stage, n (%) 

1 5 (18.5) 4 (15.4) 9 (17)

2 7 (25.9) 7 (26.9) 14 (26.4)

3 9 (33.3) 4 (15.4) 13 (24.5)

4 6 (22.2) 11 (42.3) 17 (32.1)

IPI, n (%)

0 to 1 12 (44.4) 8 (30.8) 20 (37.7)

2 7 (25.9) 6 (23.1) 13 (24.5)

3 3 (11.1) 7 (26.9) 10 (18.9)

4 to 5 5 (18.5) 5 (19.2) 10 (18.9)

LDH elevated, n (%) 13 (48) 12 (46.2) 25 (47) 1

0.26

0.23

0.34
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2. gDNA COLLECTION AND EXTRACTION 

All FFPE diagnostic tissue derived from excisional biopsies or needle biopsies from lymph nodes. 

All samples were sectioned in 3-4 μm thick sections. gDNA was isolated from FFPE tissue with the 

automated Maxwell RSC DNA FFPE Kit (Promega, Madison, Wisconsin), according to the 

manufacturer’s instructions. 

DNA amounts were assessed using the NanoDrop ND-1000 UV-Vis Spectrophotometer 

(ThermoFisher, Waltham, Massachusetts). The Specimen Control Size Ladder master mix 

(Invivoscribe Inc, San Diego, California) was then used to ensure that the quantity and quality of 

sample DNA was adequate.  

 

3. cfDNA COLLECTION AND EXTRACTION 

A total of 123 PB samples were included in the study: 46/123 (37.4%) were diagnostic samples and 

77/123 (62.6%) were samples longitudinally collected: 26 (21.1%) from interim, 16 (13%) from the 

end of treatment, 15 (12.2%) from month +6, 12 (9.8%) from month +12, and 8 (6.5%) from month 

+24. At progression, occurring at month +6, +12 and +24, 5 samples were evaluated.  

Blood (30 ml) was collected in EDTA tubes (Becton Dickinson, Franklin Lakes, New Jersey) and 

processed immediately to isolate plasma. Tubes were spun at 800 g for 10 min using a refrigerated 

centrifuge. Plasma was then removed into new 1.5 ml tubes without disturbing the buffy coat and re-

spun at 13000 rpm for 10 min using a refrigerated centrifuge to remove cellular debris.  

Plasma was stored in 1 ml aliquots at -80°C.  

A total of 4 ml of thawed pooled diagnostic plasma per patient was extracted by the Maxwell RSC48 

instrument (Promega) with the commercially available cfDNA purification kit “Maxwell RSC LV 

ccfDNA kit” (Promega), used according to the manufacturer’s instructions (summarized in Table 2). 

Isolated cfDNA was stored at -20°C until analysis. 

 

DETERMINATION OF QUANTITY AND QUALITY OF cfDNA 

Quantification of cfDNA was performed using the Qubit Fluorometer 3.0 (Thermo Fisher) in 

combination with the Qubit dsDNA HS Assay Kit (Invitrogen, Life Technologies, Carlsbad, 

California). As per manufacturer’s instructions, a standard curve was prepared using the zero and 10 

ng/μl Qubit DNA standards provided in the kit. For all cfDNA extractions, 2 μl of each sample were 

diluted in 198 μl Qubit working solution prior to measurement. Following the volume used for cfDNA 

elution for each protocol, quantitative measurements of cfDNA were expressed as the total mass of 

cfDNA (ng) present in the elution volume (75 μl) of the extraction protocol. cfDNA purity (as referred 
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to absence of gDNA contamination) was established by capillary electrophoresis using an Agilent 

2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, California) equipped with the Expert 2100 

software, in combination with a high sensitivity (HS) DNA microchip and HS DNA kit (Agilent 

Technologies). The assay was performed according to the instructions provided by the manufacturer. 

Table 2. cfDNA extraction method. 

 Maxwell RSC LV ccfDNA kit 

Prepare sample  3 ml of plasma 

3 ml of Binding Buffer 

140 μl of resin  

Bind cfDNA The samples were put in rotation for 

45 min and then loaded in the 

cartridges 

Elution step 75 μl of Elution Buffer 

 

 

4.  MOLECULAR ANALYSIS  

DETECTION OF CLONAL GENE REARRANGEMENTS BY NGS ANALYSIS OF gDNA 

The LymphoTrack IGH FR1/2/3 panel (Invivoscribe) was used for the analysis of diagnostic samples 

aiming to detect clonotypic rearrangements and to identify the DNA sequence specific for each clonal 

gene rearrangement. Selected cases without a detectable index clonal sequence by IGH-targeted 

testing were also tested using IGK primers (Invivoscribe). 

Each assay has a single multiplex master mix that targets conserved regions in the IGH or IGK genes. 

The LymphoTrack IGH FR1/2/3 assay uses primers targeting the IG framework regions (FR) to 

amplify V(D)J rearrangements. Each single FR multiplex master mix for IGH contains forward 

primers targeting one of the conserved framework regions (FR1, FR2, or FR3) as well as several 

consensus reverse primers targeting the JH region. Targeting all three framework regions significantly 

reduces the risk of not being able to detect the presence of clonality, as somatic hypermutations in the 

primer binding sites of the involved VH gene segments can impede DNA amplification.  

The LymphoTrack IGK assay contains forward primers targeting conserved VK region and intron 

sequences, with reverse primers targeting JK and KDE regions.  

Identification of clonal sequences follows a three-step workflow (Figure 3, A and B): (1) PCR 

amplification, (2) NGS and (3) bioinformatics analysis.  

In 1-step PCR amplicons are generated and 1-side indexed, allowing the simultaneous sequencing of 

up to 24 samples in a single run. Each of these 24 indices can be considered to act as a unique barcode 
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that allows amplicons from individual samples to be pooled together after PCR amplification to 

generate the sequencing library. 

 

 

All baseline samples were sequenced using 150 ng of gDNA. Positive and negative controls for 

clonality were also included. 

PCR amplicons were purified to remove excess primers, nucleotides, salts, and enzymes using the 

Agentcourt AMPure XP microbeads (Beckman Coulter Inc, Brea, California). This method utilizes 

solid-phase reversible immobilization (SPRI) paramagnetic bead technology for high-throughput 

purification of PCR amplicons.  Using an optimized buffer, PCR amplicons that are 100 bp or larger 

are selectively bound to paramagnetic beads while contaminants such as excess primers, primer 

dimers, salts, and unincorporated dNTPs are washed away. Amplicons were then eluted and separated 

from the paramagnetic beads resulting in a more purified PCR product for downstream analysis and 

amplicon quantification. Amplicons purity and quantity were assessed using the KAPA Library 

Quantification Kits for Illumina platforms (KAPA Biosystems, Boston, Massachusetts).  Purified and 

diluted PCR amplicons and a set of six pre-diluted DNA standards were amplified by qPCR methods, 

using the KAPA SYBR FAST qPCR Master Mix.  The primers in the KAPA kit target Illumina P5 

and P7 flow cell adapter oligo sequences. 

The average Ct score for the pre-diluted DNA Standards were plotted against log10 to generate a 

standard curve, which was then used to calculate the concentration (nM) of the PCR amplicons 

derived from sample DNA.  Calculating the concentration of PCR amplicons allowed equal amplicon 

Figure 3. Overview of the LymphoTrack method. A, Schematic distribution of consensus primer locations on the IGH and IGK locus. 

B, Workflow diagram of assays. 
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representation in the final pooled library. Amplicons generated with this LymphoTrack master mixes 

were prepared between 12 and 20 pM. These libraries were later sequenced in a MiSeq instrument 

(Illumina, San Diego, California) using the MiSeq Reagent Kit v2 (500-cycle) with 2×251 bp length, 

aiming at achieving 1 million reads per sample.  

Specifically, the amplified products in the library are hybridized to oligonucleotides on a flow cell 

and are amplified to form local clonal colonies (bridge amplification). Four types of reversible 

terminator bases (RT-bases) are added, and the sequencing strand of DNA is extended one nucleotide 

at a time. To record the incorporation of nucleotides, a CCD camera takes an image of the light 

emitted when fluorescently labeled nucleotides are added to the sequencing strand. A terminal 3’ 

blocker is added after each cycle of the sequencing process and any unincorporated nucleotides are 

removed prior to the addition of four new RT-bases (Figure 4). 

The primer sets contain barcoded sequence adaptors, allowing demultiplexing of reads after 

sequencing on Illumina MiSeq instruments (Illumina).  

 

SEQUENCE ANALYSIS OF TUMOR BIOPSIES AND CLONALITY ASSESSMENT 

After demultiplexing, bioinformatics analysis was done by processing FASTQ files, generated during 

NGS, with the LymphoTrack Software-MiSeq v2.4.3 (Invivoscribe) to retrieve sequences from 

virtually every clonal B-cell in the samples. Tumor associated-clones at diagnosis were identified 

following 3 criteria: (1) 20,000 or more total reads for each sample; (2) at least 1 but not more than 2 

merged top reads with 2.5% or greater (for IGH) and 5.0% or greater (for IGK) of total reads; and (3) 

top first or second merged reads at least two times more abundant than the third most abundant read 

to be considered clonotypic (for IGH), top first or second merged reads at least two times more 

Figure 4. An overview of Illumina sequencing. 
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abundant than the fifth most frequent merged sequence if there is at least ore INTR-Kde rearrangement 

detected in the four most frequent merged sequences or the third if there are no INTR-Kde detected 

(for IGK).  The result of each assay was called as clonal, non-clonal or indeterminate (i.e., too few 

reads for evaluation) (Figure 5, A and B). 

Clonotype frequencies within a sample were determined by calculating the number of sequencing 

reads for each clonotype divided by the total number of passed sequencing reads in the sample.  

Data from the run were considered invalid if either the % cluster passing filter or the % base calls 

above Q30 (%>Q30) were below 75%. 
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DETECTION OF CLONAL GENE REARRANGEMENTS BY NGS OF ctDNA 

The lymphoma-derived sequences identified in biopsies were used as a target to assess the presence 

of molecular disease on serial plasma samples on ctDNA.  

The LymphoTrack IGH FR2/3 (FR1 multiplex master mixes were excluded due to the small fragment 

size of cfDNA of ~166 bp) and LymphoTrack IGK assay panels (Invivoscribe) were used to assess 

MRD following similar methods as described above. Testing was done using only the primer sets that 

successfully characterized the diagnostic clone.  

To maximize the probability to detect clonality in ctDNA samples, testing was performed in 

quadruplicate reactions using the maximum amount of ctDNA allowed by the protocol (10 μl). A 

PCR replicate was defined as an independent PCR amplification with a unique LymphoTrack master 

Figure 5. A, IGH FR1/2/3 clonality assessment flowchart and B, IGK clonality assessment flowchart. 



23 
 

mix (index); indeed, different indexes were used between replicates of the same sample. To avoid 

cross-contamination during sequencing, monitoring samples from the same patient were sequenced 

in different runs, using different barcode indexes. Moreover, a rotation instrument schedule was 

instituted so samples from the same patient would not be sequenced within 2 runs of each other, 

performing a sodium-hypochlorite post-run wash on the instrument to reduce carry-over 

contamination.  

A no-template control and a low positive control (MRD level =1,00x10-4) were also included in every 

run.     

Libraries generated with this LymphoTrack master mixes were later sequenced in a MiSeq instrument 

(Illumina) using the MiSeq Reagent Kit v2 (500-cycle) with 2×251 bp length. A total of eight 

replicates from two patients were pooled together with the low positive control aiming for >1 million 

reads per sample.  

 

SEQUENCE ANALYSIS OF PLASMA SAMPLES 

The FASTQ files were analyzed using the LymphoTrack Software-MiSeq v2.4.3 (Invivoscribe). 

MRD was then calculated with the bioinformatics tool LymphoTrack MRD Software v2.0.2 

(Invivoscribe) considering the number of replicates, the amount of DNA (ng) for each replicate, the 

“Unique Reads” file generated with the LymphoTrack Software-MiSeq v2.4.3 (Invivoscribe) and the 

number of total reads. The MRD Software generates an “output.tsv” file with the full analysis of each 

sequence and a PDF report with the MRD results for each PCR replicate analyzed.  

For an “MRD Detected” result, the software reports the number of reads and cumulative frequencies 

of exact matched sequences and similar sequences (up to two mismatched nucleotides). For an “MRD 

Not Detected” result, the software reports the number of reads and cumulative frequencies of exact 

matched sequences and similar sequences (up to two mismatched nucleotides). In addition, the 

software reports the confidence level at 10-3, 10-4, 10-5 and 10-6 sensitivity for the reached sequence 

based upon sample’s DNA input and read depth obtained.  

Sequencing results were considered invalid when fewer than 20.000 total reads were retrieved.  

 

5. STATISTICS 

Comparisons between clinical variables and clonotype frequencies on lymph node and ctDNA were 

performed by Mann-Whitney and Student t test. Pearson correlation was used to compare LDH levels, 

and a Chi-square test was performed to correlate ctDNA clonotype identification with disease stage. 



24 
 

A ROC curve was created to plot the sensitivity and specificity of both the clonotype frequencies on 

lymph node and on plasma with a threshold of 50%. 

Survival probabilities were estimated using the Kaplan-Meier method; the log-rank test was used to 

determine the significance of the difference between Kaplan-Meier curves. Two survival end points 

were considered: PFS, where an event was defined as progression or relapse, and overall survival 

(OS), where an event was defined as death resulting from any cause. Regression analysis of multiple 

covariates was conducted by Cox proportional hazards modeling. All p-values were two-tailed. 

Statistical analyses were carried out using SPSS Statistics v.27.0 (IBM Corp., Armonk, NY). 



25 
 

RESULTS 

1. PATIENTS’ POPULATION 

A prospective series of 53 consecutive untreated DLBCL patients were enrolled and followed after 

R-CHOP or R-CHOP-like chemotherapies.  

Overall, two patients showed refractory disease, 10 had a relapse after a median of 17 months from 

the start of treatment (range 9–29). After a median follow-up of 37 months (range 2–59), 41 patients 

remained disease-free.  

The refractory patients died during treatment, 7 patients died for disease progression after relapse, 2 

died of causes unrelated to lymphoma.  

 

2. IDENTIFICATION OF CLONOTYPIC IMMUNOGLOBULIN REARRANGEMENTS IN 

PATHOLOGIC SPECIMENS  

Tumor biopsies were evaluable in 52/53 patients; in one case, the diagnostic biopsy sample had 

insufficient quality and quantity of DNA and was excluded from the study.  

A total of 52 diagnostic biopsies were tested with a combination of FR1, FR2 and FR3 primer sets. 

At least one dominant tumor-specific clonotype was identified in 88.5% (46 of 52) of patients with 

sufficient amount of amplifiable DNA. Nine of the 46 patients had clonal sequences that were only 

detectable by IGK primers (Figure 6). In the remaining 6 cases (11.5%), both IGH and IGK clonality 

assessment showed polyclonal patterns and an index clone was not identified; in these cases with 

undetectable clonality, DNA was also suboptimal in terms of quantity and quality (highly 

fragmented). Total read counts averaged 370,090 (range, 10,376 to 1,604,541).  

Of all 46 patients with a tumor-specific clonotype, most cases (63%, 29/46) were successfully 

characterized by one assay (1 for IGH-FR1, 10 for IGH-FR2, 9 for IGH-FR3, and 9 for IGK); eleven 

(24%) specimens were clonal for two assays (10 for IGH-FR2/3, and 1 for IGH-FR1/2); and six (13%) 

specimens were clonal for all three IGH assays (FR1/2/3). Table 3 summarizes the cumulative 

detection of IGH and IGK rearrangements. The average length of the sequenced fragments was: 300 

bp for FR1, 250 bp for FR2, 100 bp for FR3. Overall, the usage of all primer sets extremely increased 

the clonality detection rate (Figure 7). Of the 46 cases successfully characterized, 39 (85%) showed 

one distinct clonal sequence, four cases (9%) showed two unrelated clonal sequences (likely biallelic) 

with different IGH and IGK V-J gene segment usages (Figure 8A), whereas three cases (6%) showed 

two identical IGH V-J segment usage but varying in sequence by ≥ 2bp (Figure 8B). 

Compared with the reference germline sequence, most index clones showed high somatic 

hypermutation rates, with a median rate of 7.4% (range, 0.0% to 35.8%). 
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Figure 6. Comparison of number and burden of clonal IGH and IGK rearrangements. For each patient the number of clones is shown.  

Figure 7. Characteristics of the clonal sequences: A, Proportion of cases with clones successfully characterized by each primer sets or 
by a combination of primer sets or not clonally characterized. B, Percentage of clonality determination detected by IGH primers (FR1, 
FR2, FR3 only) and IGK and overall clonality assessment. Note the higher percentage by using all primer sets. C, IG V and IG J family 
usage among all the clones identified by IGH and IGK primers. 
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Table 3. IGH and IGK rearrangements found in the diagnostic specimens. 
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Figure 8. A, Example of clonal characterization of tumor biopsy for a case with two unrelated clonal sequences. Bottom panel: after 
merging of sequencing reads within 2-bp differences, the sequences are ranked in descending order of % of total IGH sequencing 
reads. Clonal sequences corresponding to the tumor are highlighted in yellow. Top panel: the sequences are grouped by IGH V-J gene 
usages, with each color representing a unique sequence after merging. B, Example of clonal characterization of tumor biopsy for a 
case with clonal heterogeneity. Bottom panel: clonal sequences corresponding to the tumor are highlighted in yellow. A case is 
considered to have clonal heterogeneity if there are multiple sequences with identical length of PCR products and IGH V-J gene usages, 
and differences of ≥ 2 bp from each other. Top panel: the sequences are grouped by IGH V-J gene usages, with each color representing 
a unique sequence after merging. Right panel: a comparison of the top two sequences after merging that illustrates clonal 
heterogeneity is shown. A dot represents an identical nucleotide across the sequences, whereas the differences are highlighted with 
red bold nucleotides. 
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3. BASELINE PLASMA SAMPLES ANALYSIS AND CONCORDANCE WITH TUMOR 

BIOPSIES  

In the 46 patients with tumor-derived IG clonotype successfully identified in biopsies, paired pre-

treatment PB samples were analyzed to assess the ability of NGS to detect clonality in cfDNA. The 

mean plasma cfDNA concentration was 26.5 ng/mL (range, 1.9–155). ctDNA clonality was detected 

in 41 of the 46 (89%) patients. In the group of positive plasma samples, the average and median value 

of ctDNA were 26.4 and 12.7 ng/mL, respectively (range, 2–155); whereas among negative plasma 

samples were 7.4 and 4.3 ng/mL, respectively (range, 1.9–14.4).  

Thus, higher pretreatment concentrations of cfDNA were associated with a higher rate of clonality 

detection, possibly because of higher tumor burden (Figure 9).  

 

The clonal IG rearrangements identified in ctDNA at diagnosis were then matched with lymphoma-

specific clonotype. 

Identical clonality calls between paired samples were found in 33/41 cases, giving an informativity 

rate of 80.5%. In the remaining 8/41 cases (19.5%), different clonal rearrangements were found in 

the plasma compared to lymph node. 

Total read counts averaged 176,246 (range, 12,164 to 865,923).  

Five diagnostic biopsy samples had clonal sequences identified by FR1/2/3 assays, 2/5 ctDNA 

samples had clonal sequences that were only detectable by FR2, and 3/5 only by FR3. In 3 cases, 

diagnostic samples were characterized by FR2/3 assays and on ctDNA 2 cases showed clonality by 

Figure 9. Boxplot representation of cfDNA amount according to the 
detection of clonality in the plasma samples. 
 **p < 0.01 
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FR2 assay and the last case only by FR3 assay. Overall, the assays concordance (i.e., FR1, FR2, FR3 

or IGK) in the clonality detection between lymph node and ctDNA was of 76% (25/33). These results 

highlight the importance of applying all primer sets to detect clonality in plasma samples.  

Figure 10A and B show an example of clonality concordance on the two analyzed compartments.  

Figure 10. A, Example of a case showing the same IGH clonality in both compartments, lymph node (left panel) and plasmatic ctDNA 
(right panel). The percentage of total reads is shown on the y-axis, and each V-J rearrangement is represented along the x-axis. Each 
color within the bars of the histogram represents a unique DNA sequence. Bottom panels: sequence corresponding to the tumor-
specific clone is highlighted in yellow. B, Example of a case showing the same IGK clonality in both compartments, lymph node (left 
panel) and plasmatic ctDNA (right panel). The percentage of total reads is shown on the y-axis, and each V-J rearrangement is 
represented along the x-axis. Each color within the bars of the histogram represents a unique DNA sequence. Bottom panels: sequence 
corresponding to the tumor-specific clone is highlighted in yellow. 
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Also, clonotype frequencies were compared between the two compartments analyzed at diagnosis. 

Clonotype frequencies were calculated as the number of sequencing reads for each clonotype divided 

by the total number of passed sequencing reads in the sample. The median clonotype frequency found 

in lymph nodes was 70.23% (range, 2.96–98.97), while in the plasma was 58.61% (range, 2.34–

99.36). In cases where a different clonality was detected on ctDNA, the median frequency on lymph 

nodes was 50.68% (range, 2.5–97.12).  

Among cases with no clonality detected on ctDNA, the median frequency on lymph nodes was 

20.99% (range, 4.44–96.05). There was a trend, but not statistically significant, between the 

clonotypic frequency in the lymph node and the probability of identifying the same clonotype in the 

ctDNA.  

Interestingly, a greater clonal heterogeneity was identified at baseline in the plasma than in the lymph 

node. Overall, on tumor biopsies the heterogeneity rate was of 24.2%, while on ctDNA a 

heterogeneity of 75.8% was identified (Figure 11).  

 

4. CORRELATION OF BASELINE CLONOTYPE WITH VARIOUS CLINICAL VARIABLES 

The clonotype detection on paired samples (lymph node and baseline ctDNA) and the respective 

clonal frequencies were correlated with pre-treatment clinical characteristics including histology, 

stage, LDH elevation, IPI, B symptoms, extra nodal disease, and PS (Table 4) (for the clonotype 

frequency cut-off of 50%, see below). 

 

Figure 11. Example of case with heterogeneity between the two compartments. (A) Lymph node, (B) plasmatic ctDNA. 

A B
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Table 4. Correlations of the clonotype frequency on lymph node with pre-treatment clinical characteristics.   

 

No statistically significant differences were found between the clonotype frequencies on both lymph 

node and baseline ctDNA and histology, LDH levels, IPI and B symptoms.  

Contrariwise, there was a trend in the association of ctDNA clonotype detection with disease stage 

(Chi-square test; p=0.122). Among cases with a clone successfully identified on ctDNA, 57.9% were 

stage I-II and 81.5% were stage III-IV. Of the cases with no identified clone, 21.1% were stage I-II 

and only 3.7% were stage III-IV.  

There was a moderate correlation between the clonotype frequencies on the lymph node and the extra 

nodal disease (ANOVA; p=0.03); a correlation trend, but not significantly different, was found 

between ctDNA clonal frequencies and the extra nodal disease (p=0.074).  

A ROC curve was created to identify the clonotype frequency threshold that at diagnosis could best 

predict the PFS. Only on the lymph node a good correlation was found, identifying a frequency cut-

off of 50%. Using this threshold, patients with values higher than 50% had significantly inferior rates 

of PFS than those with lower values (p=0.05; Figure 12). The run parameters were all comparable 

across the different experiments (Table 5), fulfilling the criteria of clonality definition reported in the 

Methods section. 

 Clonotype frequency on lymph node 

<50% ³50% Total 

N %  N %  N %  p value 

Diagnosis DLBCL 6 100.0% 15 88.3% 21 91.3% 
0.54 

FL 3B 0 0.0% 2 11.8% 2 8.7% 

IPI  0 2 12.5% 5 16.7% 7 15.2% 

0.35 

1.00 5 31.3% 6 20.0% 11 23.9% 

2.00 5 31.3% 5 16.7% 10 21.7% 

3.00 3 18.8% 5 16.7% 8 17.4% 

4.00 1 6.3% 9 30.0% 10 21.7% 

PS 0 6 100.0% 11 64.7% 17 73.9% 

0.23 1 0 0.0% 4 23.5% 4 17.4% 

2 0 0.0% 2 11.8% 2 8.7% 

LDH elevated No 8 50.0% 17 56.7% 25 54.3% 
0.66 

Yes 8 50.0% 13 43.3% 21 45.7% 

Stage I 3 18.8% 4 13.3% 7 15.2% 

0.8 
II 3 18.8% 9 30.0% 12 26.1% 

III 5 31.3% 7 23.3% 12 26.1% 

IV 5 31.3% 10 33.3% 15 32.6% 

B-Symptoms No 10 90.9% 18 72.0% 28 77.8% 
0.2 

Yes 1 9.1% 7 28.0% 8 22.2% 

Extra nodal 

disease 

No 6 75.0% 7 30.4% 13 41.9% 
0.03 

Yes 2 25.0% 16 69.6% 18 58.1% 
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Table 5. Run parameters showing the percentages of Q30 and the number of sequencing reads per FFPE samples. 

No % Total Reads Total Read Count IndexQ30 

ID29 95.65 52038 97.69 

ID2  94.22 658543 96.45 

ID14 97.77 1327600 93.08 

ID17 58.75 128517 94.25 

ID19 49.97 185750 95.14 

ID21 68.68 283783 91.87 

ID22 50.97 589432 96.05 

ID57 20.32 105460 95.54 

ID53 71.61 16310 92.41 

ID67 45.56 1178809 95.66 

ID68 46.96 253741 94.07 

ID79 2.96 376064 92.29 

ID72 98.97 504501 94.95 

ID78 74.85 65730 95.32 

ID85 59.67 379745 91.88 

ID86 13.30 763455 95.79 

ID3 23.31 95210 94.99 

ID6 2.50 67017 94.19 

ID34 4.66 588932 95.64 

ID81 96.05 556724 95.27 

ID83 73.58 458972 94.07 

ID84 40.78 10633 88.57 

ID87 97.12 552493 94.67 

ID015 78.95 21507 94.34 

ID028 91.44 613118 92.53 

ID002 19.33 49464 94.89 

ID012 90.46 1241056 93.83 

ID009 83.00 44870 90.27 

ID008 60.42 702450 93.46 

ID007 97.14 1241176 88.74 

ID027 89.54 366729 90.06 

ID025 60.58 1083450 94.62 

ID003 7.71 827625 93.8 

ID023 70.92 564281 94.68 

ID039 96.53 448626 94.17 

ID004 70.23 1604541 96.38 

ID010 20.25 40477 90.97 

ID030 67.43 80295 93.78 

ID021 90.74 887135 93.11 

ID026 47.77 64021 93.58 

ID031 20.99 743127 94.58 

ID016 86.53 474281 91.91 

ID032 70.72 284859 95.91 

ID013 4.44 546316 93.32 

ID042 89.00 45530 93.03 

ID043 85.60 87798 92.44 
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Statistically significant differences were found when correlating the lymph node clonotype 

frequencies with the PS. All patients with a clonotype frequency less than 50% had a PS=0, and no 

events have been reported. Among patients with a clonotype frequency ≥50%, 11 had a PS=0 and 2 

relapses were reported, 4 had a PS=1 with 3 relapses reported, and 2 had a PS=2 with 2 relapses 

(Figure 13).  

 

 

Finally, the identification of a clonal marker on the lymph node per sè was not found indicative of 

prognosis (Figure 14). The same result was found on baseline ctDNA (data not shown).   

Figure 12. Kaplan-Meier estimates of PFS in patients stratified by lymph node clonotype 
frequencies at diagnosis.  

Figure 13. Kaplan-Meier estimates of OS in patients stratified by PS.  
PS, Performance Status; CF, Clonotype Frequency; R/R, Relapsed/Refractory. 
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5. LONGITUDINAL MONITORING OF ctDNA LEVELS 

Longitudinal analysis of the plasmatic ctDNA samples was assessed during chemotherapy, at the end 

of treatment, and at relapse/progression in 26 patients (17 from Rome and 9 from Novara), selected 

among those with a concordance in clonality in the lymph node and plasma compartments analyzed 

at diagnosis. A total of 77 longitudinal plasma samples were studied: 33.8% at interim, 20.8% at the 

end of treatment, 19.5% at month +6, 15.6% at month +12, and 10.4% at month +24. 

The mean plasma cfDNA concentration from all the longitudinal samples was 32.06 ng/mL (range, 

3.94–110.4).  

 

INTERIM EVALUATION 

Upon treatment, ctDNA evaluation was possible in 26 patients: in 18 the basal tumor clonotype 

disappeared, in 6 persisted and in 2 a clonal shift was observed (for the latter cases with a clonal shift, 

see paragraph 6). At the interim CT, 10 patients showed a complete response, 15 a partial response 

and 1 a stable disease. 

Nine/26 patients (34.6%) subsequently experienced disease progression and in 6 of 9 patients the 

basal ctDNA clonotype did not disappear during treatment. All patients were in partial response/stable 

disease according to CT ad interim. 

Conversely, for 17/26 patients (65.4%) belonging to the non-progressive group, the ctDNA clonotype 

disappeared from the plasma at interim in 15/17 cases. At the interim CT, 6/15 showed a partial 

response and 9/15 a complete response by CT.  

Figure 14. PFS in patients stratified by lymph node marker identification 
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Overall, among the 8 patients with detectable interim ctDNA, 6 (75%) clinically progressed, after 5-

29 months from diagnosis. One patient showed refractory disease. By contrast, only 3 (16.7%) of 18 

patients with undetectable interim ctDNA clinically progressed after 16-29 months from diagnosis, 

none with early progression.  

Thus, at interim MRD negativity on ctDNA was predictive for prognosis and identified patients with 

long-term disease control, as shown in Figure 15 A. 

Overall, the concordance between molecular disease detected by ctDNA and radiological disease 

detected by interim CT was 69.2%. Among the discordances, only two patients showed undetectable 

ctDNA and a partial response and subsequently relapsed, with a time to progression of 14 and 21 

months, respectively. 

Interestingly, interim ctDNA could stratify the prognosis of the 16 patients that showed a partial 

response at the interim CT, as shown in Figure 15 B.  

 

 

DISEASE MONITORING AT THE END OF TREATMENT AND DURING SURVEILLANCE 

Fifty-one plasma samples from 16 patients were available at the end of therapy and during 

surveillance, of which 7 patients (43.7%) eventually relapsed. 

By the end of treatment, 85.7% (6 of 7) of relapsed patients had a complete response according to 

PET/CT, even though molecular disease was detected on ctDNA. One relapsing patient (#ID023) 

Figure 15. Kaplan-Meier estimates of PFS according to ctDNA interim-MRD status in all patients (A), and in patients in PR at the 

interim CT scan (B).  

CR, complete response; PR, partial response; SD/PD, stable disease/progressive disease. 
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showed a stable disease by PET/CT after therapy and had detectable disease on ctDNA. Overall, the 

median time from the end of therapy evaluation and the time of relapse was 11.5 months (range, 3–

24 months).  

Among these 7 patients, slightly different kinetics of ctDNA have been observed. The most frequent 

pattern was no clearance of molecular disease until the clinical progression (6 out of 7, 85.7%). In 

one patient (#ID009), a transient clearance (at month+6/month+12) was registered followed by 

positivity of ctDNA MRD at progression. Patients who never cleared ctDNA had a median time to 

progression of 16.5 months, compared with 21 months for patient #ID009.  

At the time of relapse/progression, all patients with plasma sample available (5 of 5, 100%) had 

detectable disease on ctDNA.  

Five of the 7 relapsed patients (71.4%) died of disease progression. The median survival after 

recurrence was of 11 months (range, 2–19).  

Nine of the 16 patients (56%) longitudinally monitored had a rapid clearance of ctDNA from plasma 

and remained negative for all the subsequent follow-ups. Two out of 9 patients had absence of 

metabolic response according to PET/CT, and the remaining patients had a complete response. None 

of the 9 patients experienced relapse. The median survival for this group of patients was 46 months 

(range, 26–53 months). Figure 16 shows the ctDNA results of all patients longitudinally monitored.  

 

Overall, plasma ctDNA evaluation had no false positives at the end of treatment, yielding a specificity 

of 100%. PET/CT scans from the same patients showed a concordance with ctDNA analysis of 50%.    

The prognostic role of molecular response was further analyzed within patients with a complete 

response according to the end of therapy PET/CT. DLBCL patients with undetectable IG on ctDNA 

at the end of therapy show a superior PFS compared with patients with positive ctDNA. Indeed, all 

Figure 16. Molecular disease evaluation on ctDNA for all patients who completed treatment and either did not progress or had 
progression within 24 months after treatment. 
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relapsed patients had detectable molecular disease at the end of treatment, while none of the patients 

with negative ctDNA ultimately relapsed (Figure 17).  

A Chi-square test was used to correlate the lymph node clonotype frequencies and the ctDNA 

positivity at the end of treatment. All patients with a clonal frequency lower than 50% were ctDNA 

negative, while patients with a clonal frequency ≥50% all had presence of disease in the plasma at 

the end of treatment (Figure 18). Therefore, a lower or higher representation of the clonal marker on 

the lymph node could be indicative of the MRD status by the end of therapy.  

 

 

 

6. CLONAL EVOLUTION 

One advantage of the NGS technology is that all the IG genes rearrangements are simultaneously 

captured, enabling to comprehensive characterize the genetic diversity and to follow clonal selection. 

In several hematologic malignancies the clinical relapse is often caused by the rise of a more 

Figure 17. Kaplan-Meier estimates of PFS for patients in CR at the end of therapy, stratified accordingly to the MRD status. 

Figure 18. Chi-square test comparing lymph node clonotype frequencies and MRD 
status at the EOT. 



39 
 

aggressive subclone after treatment, which was mostly present, but not predominant, at the initial 

diagnosis.  

In this study, the paired diagnostic and relapse plasma samples of all but two patients harbored the 

same clonal rearrangement. In two patients (#ID016 and #ID008), a different clonality was observed 

between the plasma sample of the recurrence and that of the diagnosis. Moreover, the different clone 

was not present in the FFPE specimen and was still an IGH rearrangement in both cases (Figure 19).  

 

 

An early-divergent modality of clonal evolution was observed. The clonality detected at relapse was 

already previously present on ctDNA at an earlier phase; for case #ID016 starting from the evaluation 

at interim and for case #ID008 from the end of treatment (Figure 20). This evidence supports the idea 

that the relapse-related clonotypes were selected early during treatment for an intrinsic resistance, 

being likely responsible of the progression. 

  

Figure 19. Comparison of the baseline clone identified in the FFPE sample and the clone identified in the ctDNA at 
relapse. The respective IGH rearrangements and clonal frequencies are reported.   
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Figure 20. Clonal evolution in two relapsed patients. In both cases the tumor clonotype detected 
in the two compartments (lymph node biopsy and plasmatic ctDNA) was not detected in the 
subsequent evaluations. A different clonotype emerged at the interim time point (for case 
#ID016) and at the end of treatment (for case #ID008) that was not present at baseline in either 
compartment. 
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CONCLUSIONS 

First-line combination chemotherapy cures ∼60% of DLBCL cases, and the disease that relapses or 

is refractory to first-line therapy is difficult to rescue (Crump et al, 2017). Approximately 10 to 15% 

of patients treated with R-CHOP have primary refractory disease (i.e., an incomplete response or a 

relapse within 6 months after treatment), and an additional 20 to 25% will have a relapse after an 

initial response, typically within the first 2 years of the initial diagnosis. (Maurer et al, 2014). In line 

with what was reported, in the cohort analyzed for this study all the relapses (21% of 52 cases) 

occurred within 24 months from the end of treatment.  

Complete eradication of disease is required to cure DLBCL, yet the current response criteria do not 

incorporate markers that detect the presence of subclinical molecular disease at the end of therapy, 

the so called MRD, that has become the standard in other hematologic diseases (Bassan et al, 2019; 

Berry et al, 2017; Hallek et al, 2018; Landgren et al, 2019). The current standard for monitoring 

DLBCL response to therapy is PET/CT scan or other imaging techniques (Tilly et al, 2015), with 

associated radiation risks and a limit of detection that may miss residual disease. Up to ∼15% of 

DLBCL will ultimately relapse despite achieving a PET/CT negative complete response, and a 

proportion of patients with positive scans will never progress (Adams et al, 2015).  

Indeed, whenever a patient achieves a complete clinical remission, a number of different scenarios 

may actually take place, including the full eradication of the neoplastic clone or the persistence of 

residual tumor cells capable of giving rise to a full clinical relapse within months or years. 

The best classification of patients with good versus poor prognosis is reached by the end of treatment 

PET/CT. However, this timepoint would be rather late to adapt treatment strategies according to the 

quality and depth of response. Interim PET/CT performed after two cycles of treatment has been 

tested for the early identification of chemorefractory patients, as they are candidates for treatment 

intensification to maximize the chances of cure, as well as to early identify good-risk patients, as they 

are candidates for treatment de-escalation to avoid both short- and long-term complications of 

chemoradiotherapy (Moghbel et al, 2017). As reported, the positive predictive value of interim 

PET/CT in DLBCL is 50%, and the negative predictive value of interim PET/CT is 70% (Mamot et 

al, 2015). This means that 30% of DLBCL patients are misclassified by interim PET/CT as R-CHOP 

sensitive but will ultimately relapse. 

Promising results from the present study show that the analysis of molecular disease through ctDNA 

detection of IG rearrangements could overcome many of these limitations.  

There is an increasing literature on ctDNA analysis in Hodgkin’s and NHL, but the best developed 

area of interest is in DLBCL. Indeed, ctDNA in DLBCL was proven useful for diagnostic and 

prognostic purposes and has been explored also as a response-defining tool after treatment.  



42 
 

In terms of diagnosis and prognosis, ctDNA can provide a landscape of DLBCL-associated mutations 

(Rossi et al, 2017), that has prognostic implication, particularly useful at disease onset when the 

diagnostic lymph node biopsy is not sufficient or adequate and difficult to be repeated for a molecular 

stratification. Moreover, the levels of ctDNA before treatment can be used as a measure of tumor 

burden with prognostic implications.  

In terms of the assessment of response to therapy and relapse monitoring, ctDNA can be a non-

invasive tool to monitor MRD in DLBCL, a disease in which lymphoma cells do not circulate in the 

PB or BM, therefore the type of MRD monitoring used in other NHL or leukemias on genomic DNA 

is not applicable. Several studies tried to monitor MRD in DLBCL through a targeted-gene mutations 

monitoring or/and an IG-NGS monitoring (see below), both proving informative on patients’ outcome 

(Table 6 and 7 and Introduction paragraph 6 and 7).  

 

Table 6. Studies demonstrating the value of ctDNA-based response assessment during treatment. Adapted from Lauer et al, 2022.   

 

 

Table 7. Studies demonstrating the prognostic value of ctDNA after therapy and during surveillance. Adapted from Lauer et al, 2022. 

 

  

In this thesis, an NGS-based assay for IG rearrangements was tested to prove its suitability for 

clonotype identification and MRD analysis in plasma samples of newly diagnosed DLBCL patients.  

NGS-based IG rearrangement assays have been successfully used in the clonal characterization and 

subsequent disease monitoring in various B-cell lineage malignancies, offering the proof-of-principle 
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that NGS is more specific and potentially more sensitive than conventional low-throughput 

technology. 

Based on the current study, NGS based IG-clonality analysis is a robust method for the initial clonal 

characterization in patients with DLBCL. Indeed, clonal IG gene rearrangements were identified as 

disease biomarkers in 88.5% (46 of 52) of analyzed samples, in line with what was previously 

published by Kurtz et al (2015). Moreover, the incorporation of primer sets targeting all the 

framework regions of IGH (FR1, FR2, and FR3), as well as IGK, has increased the successful rate of 

identification of tumor-related clones. A potential reduced applicability of this approach has been 

reported in some DLBCL of the germinal center type because of SHM, leading to difficulties in 

identifying clonotypic sequences (Kurtz et al, 2015).  

Among the 46 patients with an established tumor clonotype, pre-treatment ctDNA clonality was 

detected in plasma in 41 (89%). Identical clonality calls between paired samples were found in 33/41 

cases, giving an informativity rate of 80.5%; therefore, plasma from PB could likely be an informative 

and non-invasive source of DNA for studying DLBCL patients at diagnosis. Moreover, by comparing 

tumor biopsies with ctDNA, a higher degree of clonal heterogeneity was found on ctDNA, which 

could support its role in recapitulating the molecular heterogeneity across the different disease sites.  

For MRD monitoring, assays based on plasma samples can be affected by the low concentrations of 

extracted cfDNA, which in turn, limits the maximum amount of DNA that can be used in each 

reaction and so the assay sensitivity. Indeed, preanalytical and analytical factors can have different 

impact on cfDNA applicability and some efforts have been made to validate a protocol to overcome 

these biases (Soscia et al, 2023). However, in this thesis the NGS assay proved to be highly sensitive 

giving reliable results also in this setting of critical material. 

At the interim time point during treatment, different studies showed how quantification of ctDNA 

coupled with PET/CT could improve the accuracy of residual disease assessment compared to the 

sole PET/CT. Indeed, patients inconsistently judged as interim PET/CT positive, but having a 

negative liquid biopsy, are actually cured, while patients inconsistently judged as interim PET/CT 

negative, but with a positive liquid biopsy, are actually not cured (Spina et al, 2018; Kurtz et al, 

2018). These results generated the hypothesis that ctDNA may complement interim PET/CT in 

informing on DLBCL patients’ outcome. In line with these observations, the findings reported in this 

thesis show the capacity of ctDNA to effectively monitor disease status at the molecular level in 

patients with DLBCL. Molecular disease detected on ctDNA at interim was significantly associated 

with subsequent relapses. It was positive in 6 of 9 (66.7%) and in 2 of 17 (11.8%) patients belonging 

to the relapsed and non-relapsed group, respectively. According to CT scans, 8 of 9 (88.9%) relapsed 

patients had a partial response or a stable disease, and 8 of 17 (47.1%) non-relapsed patients had 
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imaging scans positive for the disease. Overall, patients with negative interim ctDNA had excellent 

outcomes: 3 events were reported in 18 ctDNA negative patients, and 6 events in 8 ctDNA positive 

patients (p<0.0001). Interestingly, ctDNA evaluation could allow to better categorize the partial 

response by interim CT scans, as 8 patients with a partial response were ctDNA negative and two 

relapsed (25%), and 7 patients were ctDNA positive and 5 relapsed (71.4%).  

At the end of treatment, ctDNA proved a promising biomarker for the identification of patients at 

high risk of relapse, as the best PFS was observed in patients who achieved MRD negativity at this 

time point. Indeed, 100% (7 of 7) of patients who subsequently relapsed were positive on ctDNA. Of 

these 7 patients, only one had a PET/CT positive result at the end of treatment. Moreover, 9 patients 

were negative on ctDNA and never experienced relapse; 2/9 (22.2%) showed a false-positive result 

by PET/CT.  

After therapy, surveillance monitoring with PET/CT scans for DLBCL has proven neither effective 

for improving clinical outcomes nor cost-effective when applied to all patients in first remission 

(Thompson et al, 2014; Huntington et al, 2015). On the contrary, surveillance ctDNA monitoring of 

tumor-related clones identified risk of recurrence before clinical evidence of disease in most patients. 

Among patients in remission, mostly had undetectable MRD in ctDNA: of 77 plasma samples 

longitudinally tested, we noted only 3 (3.9%) discordantly positive samples in patients with no 

progression.  

In patients who relapsed early (within 6 months after treatment), interim ctDNA predicted the relapse 

in all cases. In patients who relapsed after the assessment at month +6, ctDNA was informative of 

relapse, at the evaluation time point before the relapse, in all but one patient.  

Therefore, ctDNA evaluation both at interim, at the end of treatment and thereafter allows to better 

stratify DLBCL patients’ outcome.  

These results highlight the emerging concept that testing ctDNA is a non-invasive and dynamic 

method that can be used as often as necessary to detect subclinical disease, as the longitudinally 

monitoring of tumor-related clones should theoretically lead to 100% specificity.  

In addition to these results, serial monitoring of ctDNA after therapy for DLBCL may also inform on 

acquired resistance and clonal evolution. Undoubtedly, a notable advantage of IG-NGS testing is the 

ability to broaden the molecular assessment to encompass the entire immune repertoire, the clonal 

architecture and clonal dynamics over time. In this study, two patients exhibited different clonality 

between the plasma sample of the recurrence and that of the tumor biopsy; the divergent clone was 

already present in the circulation at an early stage. One limit of the IG-NGS based monitoring 

compared to the liquid biopsy approach is the lack of information on the mutational evolution of the 
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lymphoma, that could lead to the identification of biomarker of resistance and/or target for alternative 

therapies. 

In conclusion, despite the reported positive results on ctDNA analysis in DLBCL patients, the current 

literature is mostly based on retrospective cohorts. Prospective studies are now needed to establish 

the feasibility of real-time ctDNA evaluation for diagnosis and follow-up, incorporating this tool into 

clinical trials to better characterize the clinical utility of these findings (Pirosa et al, 2022). Moreover, 

the broad application of this testing modality in routine practice is limited by the lack of standardized 

guidelines for validation and implementation processes.  

The next future will determine how ctDNA can integrate with established imaging tools for a 

complementary monitoring of treatment response, and how ctDNA can be used as an earlier surrogate 

endpoint in risk-adapted clinical trials.  
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