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ABSTRACT 
 

Diffuse large B-cell lymphoma (DLBCL) is a molecular heterogeneous disease and patients 

have a variable clinical course and prognosis. GEP has identified 3 molecular subtypes 

according to COO: germinal center B-cell-like (GCB)-DLBCL, activated B-cell-like (ABC)-

DLBCL and unclassified cases. Recent genomic studies have identified different molecular 

clusters on tissue biopsy samples harboring unique genetic lesions and therapeutic 

vulnerabilities. However, different anatomical sites of the disease may harbor unique genetic 

lesions that are not captured in the diagnostic tissue biopsy. In this contest, liquid biopsy is a 

non-invasive tool that allows the collection of circulating tumor DNA (ctDNA) shed by 

apoptotic tumor cells potentially deriving from all the different sites of the lymphoma. This may 

provide an integrative source of tumor DNA for DLBCL genotyping, for clonal evolution 

assessment, and for the identification of genetic mechanisms of resistance. 

The aims of the study are: i) to identify new prognostic molecular markers on ctDNA and 

on lymph node biopsy; and ii) to compare the DLBCL molecular clusters between the lymph 

node biopsy (LN) and the ctDNA in newly diagnosed DLBCL patients.  

The mutational profiling performed in 77 DLBCL patients treated with R-CHOP, through 

a NGS approach, allows to identify at least one somatic non-synonymous mutation in 92.2% 

(71/77) of patients in the LN biopsy, and in 87.0% (67/77) in the ctDNA. Mutation analysis of 

different compartments allowed to identify mutations with potential clinical impact. In 

particular, GRHPR (p=0.035) and SGK1 (p=0.039) mutations identified only on the liquid 

biopsy, and MYC mutations identified only on the lymph node biopsy (p=0.021) were 

associated with a shorter PFS. Moreover, ctDNA levels harbor prognostic impact since higher 

levels of ctDNA (≥2.5 log hGE/mL) showed a significantly worse PFS (p=0.025) and OS 

(p=0.004). Based on the mutational landscape identified, the LymphGen tool allowed to assign 

to a specific molecular cluster 46.5% (33/71) of patients on the LN biopsy, and 40.3% (27/67) 

on the liquid biopsy. The combination of mutational data from LN and ctDNA improved 

DLBCL assignment to a specific cluster, thus classifying 48.7% (36/74) of cases. From a 

clinical perspective, by combining mutational data from the LN and from the ctDNA, patients 

belonging to the BN2 and ST2 clusters showed a favorable outcome with a 36-month PFS of 

100% compared to 62.3% for patients belonging to the MCD or EZB clusters (p = 0.040). The 

combination of mutational data from LN biopsy and liquid biopsy provides complementary 

information for the molecular classification and prognostic stratification of newly diagnosed 

DLBCL patients. 
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1. INTRODUCTION 

1.1 Diffuse large B-cell lymphoma (DLBCL) 

 Diffuse large B cell lymphoma (DLBCL) is the most common lymphoid malignancy in 

adults with an annual incidence of over 100.000 cases worldwide, accounting for up to 35% of 

non-Hodgkin lymphomas (NHL) (Teras et al., 2016). DLBCL is a highly heterogeneous group 

of neoplasms and patients have a variable clinical course and prognosis (Li et al., 2018). 

Approximately 50-60% of DLBCL patients are cured with the rituximab plus 

cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP) treatment, however, 

the majority of the DLBCL patients remain incurable (relapsed/refractory patients; R/R) and 

die due to progressive disease (Tilly et al., 2015; Zhang et al., 2015). 

  Novel molecular studies have characterized the pathogenesis of DLBCL and identified 

molecular subgroups of patients with different clinical outcome and for whom different 

therapeutic strategies should be applied. DLBCL results from the malignant transformation of 

mature B cells that have experienced the germinal center (GC) reaction (Pasqualucci et al., 

2018). GCs are dynamic compartments that form when B cells are challenged by a foreign 

antigen and represent the primary site for clonal expansion and antibody affinity maturation 

(De Silva et al., 2015; Mesin et al., 2016). Gene expression profile analysis has identified two 

major subtypes of DLBCL according to cell of origin (COO): i) germinal center B-cell-like 

(GCB) DLBCL, which derives from GC light zone B cells, and ii) activated B-cell-like (ABC) 

DLBCL, which originates from a  later stage of GC differentiation when B cells are committed 

to plasmablastic differentiation (Alizadeh et al., 2000) (Figure 1). 

 

 
Figure 1. Cell of origin of DLBCL subtypes 
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In addition, 15-30% of cases remain unclassified and represent a unique entity with peculiar 

molecular and clinical features (Alizadeh et al., 2000). Consistent with their putative COO, 

GCB-DLBCLs display high-level expression of the master regulator B-cell 

lymphoma/leukemia-6 (BCL-6) and harbour hypermutated immunoglobulin (Ig) genes with 

ongoing somatic hypermutation, whereas ABC-DLBCLs show activation of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) and B-cell receptor (BCR) signaling 

pathways and upregulation of genes required for plasmatic differentiation (Shaffer et al., 2012). 

DLBCL risk stratification according to COO has prognostic value upon R-CHOP treatment. 

GCB-DLBCL patients have a more favourable clinical outcome, whereas ABC-DLBCL 

patients fail more frequently this kind of immunochemotherapy (Rosenwald et al., 2002; 

Thieblemont et al., 2011; Scott et al., 2015; Dunleavy et al., 2014) (Figure 2). 

 

 

 
 

 
 

Figure 2. Outcome of GCB-DLBCL and ABC-DLBCL with R-CHOP 
 

 

 

 

1.2 Molecular pathogenesis of DLBCL 

 DLBCL pathogenesis is associated with a consistent number of genetic lesions; some of 

them are shared in both GCB and ABC-DLBCL, whereas others are unique of each molecular 

subtype. Genetic lesions found in both GCB and ABC-DLBCL include: i) alterations of 

histone/chromatin modifiers; ii) deregulation of BCL-6 activity; iii) escape from immune 

surveillance, and iv) other mutations including somatic copy number alterations (SCNAs) and 

structural variants (SVs). 
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i) Alterations of histone/chromatin modifiers: 

 Monoallelic and biallelic somatic mutations of lysine-specific methyltransferase 2D 

(KMT2D) gene are found in 30% of DLBCL cases, representing the single most frequent genetic 

aberration associated with this disease (Morin et al., 2011; Pasqualucci et al., 2011). The 

KMT2D gene encodes a member of the SET1 family of histone methyltransferases that induce 

an active chromatin conformation by predominantly trimethylating the lysine at position 4 of 

histone H3 (H3K4) (Shilatifard et al., 2012). KMT2D mutations comprise mostly truncating 

events and missense mutations that impair the protein enzymatic function by removing the C-

terminal cluster of conserved domains, including the SET domain (Morin et al., 2011; 

Pasqualucci et al., 2011). Deletion of KMT2D in mouse pre-GC B cells leads to a significant 

expansion of GC B cells, supporting the notion that KMT2D inactivation is an early event (Zhang 

et al., 2015). 

 One-third of DLBCL samples displays somatic mutations and/or deletions affecting the 

acetyltransferase genes coding for CREB binding protein (CREBBP) (∼50% in GCB-DLBC 

and ∼30% in ABC-DLBCL) and, less frequently, the E1A binding protein P300 (EP300) 

(Pasqualucci et al., 2011). These enzymes are pleiotropic regulators of gene expression that 

catalyze the addition of acetyl groups to specific lysine residues in histone and non-histone 

proteins, also including tumor protein p53 (TP53) (Brooks et al., 2011; Goodman et al., 2000). 

DLBCL-associated mutations and small insertion or deletion (indels) disrupt the function of the 

CREBBP/EP300 proteins either by removing the histone acetyltransferase domain or by 

introducing amino acid changes within this domain, which cause diminished affinity for Acetyl-

CoA (Pasqualucci et al., 2011). 

 

ii) Deregulation of BCL-6 activity: 

 Approximately one-third of DLBCL cases carries chromosomal translocations that 

prevent  BCL-6 downregulation by positioning the intact coding domain of the gene downstream 

to heterologous promoter sequences derived from chromosomal partners, leading to 

deregulation of BCL-6 expression by a mechanism known as “promoter substitution” (Iqbal et 

al., 2007; Ye et al., 1995). As a consequence, chromosomal translocations induce constitutive 

BCL-6  expression and pathologic maintenance of GC phenotype, including tolerance to DNA 

damage  and block of terminal differentiation (Pasqualucci et al., 2018). The BCL-6 gene can 

be also altered by somatically acquired point mutations and some abrogate a negative 

autoregulatory loop by which the BCL-6 protein controls its own transcription (Pasqualucci et 

al.,1998; Shen et al.,1998; Pasqualucci et al., 2003; Wang et al., 2002). 
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 In addition to alterations that directly involve the BCL-6 locus, several other genetic 

lesions deregulate the expression of BCL-6 by alternative or indirect mechanisms. Deleterious 

mutations of CREBBP/EP300 impair acetylation-mediated inactivation of the BCL-6 

transrepressive function (Pasqualucci et al., 2011; Bereshchenko et al., 2002). Approximately 

15% of cases display somatic mutations in the myocyte enhancer binding factor 2B (MEF2B) 

(Morin et al., 2011; Ying et al., 2013). MEF2B mutations enhance its transactivator function 

and consequently BCL-6 expression (Ying et al., 2013). Lastly, 5% of DLBCL cases display 

loss-of-function mutations and/or deletions of F-box only protein 11 (FBXO11), a ubiquitin 

adaptor protein that normally targets BCL-6 for proteasomal degradation (Duan et al., 2012; 

Schneider et al., 2016). 

 

iii) Escape from immune surveillance: 

 Approximately 60% of DLBCL samples fail to express the major histocompatibility 

complex (MHC) class I due to a variety of genetic and epigenetic mechanisms. These include: 

i) deletions of the B2M locus, encoding for the beta-2-microglobulin variant subunit which is 

necessary for the formation of human leukocyte antigen class I (HLA-I) complex on the cell 

surface; ii) point mutations; and iii) genomic loss of the HLA loci and lack of expression or 

aberrant cytoplasmic localization of the B2M/HLA-I protein represent the genetic and 

epigenetic mechanisms of immune evasion (Challa-Malladi et al., 2011). 

 

iv) Other lesions: 

 TP53 mutations are present in about 20% of DLBCL cases and have been shown to be an 

independent predictor of poorer prognosis (Karube et al., 2018; Young et al., 2007; Ichikawa 

et al., 1997; Kerbauy et al., 2004; Xu-Monette et al., 2012). Mutations in TP53 usually result 

in loss-of-function and can occur in the DNA binding domain or in other locations; DNA 

binding domain mutations have greater adverse prognostic impact (Karube et al., 2018; Young 

et al., 2007; Xu-Monette et al., 2012). Forkhead box protein O1 (FOXO1) mutations were 

identified in 8% to 10% of all DLBCL cases. These mutations, localized in the first exon, 

particularly in the N-terminal region, in the DNA binding domain and comprise amino acid 

changes that cluster around a phosphorylation site required for serine/threonine kinase (AKT)-

mediated nuclear-cytoplasmic translocation, likely preventing the inactivation of FOXO1 in 

response to phosphoinositide 3-kinase (PI3K) signaling (Trinh et al., 2013). The transcription 

factor FOXO1 is a key player during B cell differentiation, and its activity is negatively 

regulated by PI3K-AKT (Dominguez-Sola et al., 2015). As consequence, alterations within 
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FOXO1 decrease OS in patients treated with R-CHOP (Trinh et al., 2013). 

 

1.3 Genetic lesions associated with GCB-DLBCL 

The genetic lesions that have been associated preferentially with GCB-DLBCL include: i) 

chromosomal translocations of B-cell lymphoma/leukemia-2 (BCL-2) and myelocytomatosis 

viral oncogene homolog (MYC) genes; ii) mutations of the enhancer of zeste homolog 2 (EZH2) 

methyltransferase; iii) mutations of the tumor necrosis factor-receptor superfamily member 14 

(TNFRSF14) and iv) alterations affecting B cell migration. 

 

i) Chromosomal translocations of BCL-2 and MYC: 

 BCL-2 is a key antiapoptotic molecule expressed in most tissues but absent in the GC, 

consistent with the need of GC B cells to maintain a default proapoptotic program (Saito et al., 

2009; Iqbal et al., 2004). In ~30% of GCB-DLBCL, the t(14;18) translocation juxtaposes the 

BCL-2 coding exons under the control of the immunoglobulin (IG) locus, resulting in its 

constitutive expression. Deregulation of BCL-2 has been associated with an inferior outcome, 

particularly coupled with MYC deregulation (Barrans et al., 2003). 

 The MYC gene encodes for a transcription factor that controls numerous biological 

functions, including proliferation, cell growth, telomerase activity, energy metabolism, 

differentiation, and apoptosis (Conacci-Sorrell et al., 2014). MYC is ectopically and 

constitutively expressed in 10% to 14% of GCB- DLBCLs, often as the result of chromosomal 

translocations that join its intact coding domain to the IG heavy or light chains loci (Karube et 

al., 2015; Dalla-Favera et al., 2010). The presence of MYC translocations has been linked to 

worse prognosis in DLBCL (Barrans et al., 2010). In 5% to 10% of DLBCL, chromosomal 

translocations of MYC and BCL-2 coexist (Burotto et al., 2016). 

 In the latest World Health Organization (WHO) Classification was introduced a new 

entity, termed high-grade B cell lymphoma (HGBL), characterized by the presence of 

MYC and BCL2 and/or BCL6 rearrangements, DLBCL morphology and with worst outcome 

when treated with R-CHOP chemotherapy. As consequences,  more intensive chemotherapy is 

required, R-EPOCH (rituximab, etoposide phosphate, prednisone, vincristine sulfate, 

cyclophosphamide, and doxorubicin hydrochloride) in an effort to improve outcome (Barrans 

et al., 2010). 

 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/cyclophosphamide-plus-doxorubicin-plus-etoposide-plus-prednisolone-plus-rituximab-plus-vincristine
https://www.sciencedirect.com/science/article/pii/S0014480018303265#bb0015
https://www.sciencedirect.com/science/article/pii/S0014480018303265#bb0015
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ii) Mutations of EZH2 methyltransferase: 

 EZH2 encodes a SET-domain histone methyltransferase that is responsible for 

trimethylating the lysine 27 residue of histone H3 (H3K27me3) (Czermin et al., 2002). 

Approximately 22% of GCB-DLBCL display heterozygous EZH2 gene mutations, which in 

most cases replace a single evolutionarily conserved residue (Y641) within the protein SET 

domain, enhancing its ability to catalyze the addition of H3K27me3 mark (Morin et al., 2010; 

Sneeringer et al., 2010). 

 

iii) Mutations of TNFRSF14: 

 TNFRSF14 encodes for a member of the tumor necrosis factor-receptor superfamily that 

is expressed in both T and B cells and can deliver opposing signals based on its specificity for 

diverse ligands (Steinberg et al., 2011). High TNFRSF14 expression correlates with poor 

overall survival (OS) and progression-free survival (PFS) (Carreras et al., 2019). Deletions and 

mutations of TNFRSF14, including missense (~50%), nonsense (~40%), and frameshift (2.5%) 

events confined to the exons encoding for its ectodomain, are recurrently found in DLBCL and 

segregate with the GCB subtype (30% of cases) (Boice et al., 2016). One mechanism underlying 

the tumorigenic effect of TNFRSF14 loss is the inhibition of cell-cell interactions between this 

receptor and its ligand B- and T-lymphocyte attenuator (BTLA), which induces a tumor-

supportive microenvironment (Boice et al., 2016). 

 

iv) Alterations affecting B cell migration: 

 The GC, specialized microstructure in the secondary lymphoid tissues, physiologically 

produces plasma cells (PCs) secreting antibodies and memory B cells upon infection or 

immunization (Stebegg et al., 2018). The confinement of B cells within this microenvironment 

is modulated by the activity of two GC-specific-G-protein–coupled receptors (GPCRs): 

sphingosine-1-phosphate receptor 2 (S1PR2) and the orphan purinergic receptor P2RY8. In 

response to lipid ligands, these receptors recruit two closely related G proteins (Ga12 and Ga13) 

(McCabe et al., 2012; Green et al., 2012). 

Within the GC, B cells undergo somatic mutations of the gene, encoding their receptors, 

which can lead to B cell clones to bind antigen with high affinity (Stebegg et al., 2018). 

However, this mutation can also have negative effects, as it can be involved in multiple 

inflammatory states, including autoimmune disease and cancer (Pitzalis et al., 2014). 

In particular, Green et al., described recurrent inactivating mutations in several 

components of the above, mentioned pathway, in the GCB-DLBCL subtype (Green et al., 
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2012). Accordingly, disruption of the GC architecture, eventually leads the spread of malignant 

GC B cells to the peripheral blood (PB) and bone marrow (BM). (Muppidi et al., 2014; 

Cattoretti et al., 2009). 

 

1.4 Genetic lesions associated with ABC-DLBCL 

The core biology of ABC-DLBCL is defined by alterations leading to constitutive 

activation of NF-κB pathway, the expression of which is required for ABC-DLBCL survival 

(Pasqualucci et al., 2018). These lesions include: i) mutations in the B cell receptor (BCR) 

signaling pathway; ii) mutations of myeloid differentiation primary response 88 (MYD88); iii) 

mutations of tumor necrosis factor alpha-induced protein 3 (TNFAIP3); and iv) lesions blocking 

terminal B cell differentiation. 

 

i) Mutations in the BCR signaling pathway: 

ABC-DLBCL displays a “chronic active” form of BCR signaling that is sustained by 

genetic alterations affecting proximal members of the pathway (Davis et al., 2010). In 21% of 

cases, these are gain-of-function mutations in the immunoreceptor tyrosine-based activation 

motifs of cluster of differentiation 79B (CD79B), which maintain BCR signaling by attenuating 

a negative feedback (Davis et al., 2010). In 9% of cases, mutations involve the gene encoding the 

caspase recruitment domain family member 11 (CARD11) (Lenz et al., 2008), a component of 

the “signalosome” complex that needs to be assembled for the proper transduction of BCR 

signaling (Thome et al., 2004). These events cluster in the exons encoding for the protein coiled-

coil domain and enhance the ability of CARD11 to transactivate NF-κB target genes (Davis et 

al., 2010; Knies et al., 2015). 

 

ii) Mutations of MYD88: 

Approximately 30% of ABC-DLBCLs harbour mutations leading to a hotspot L265P 

substitution in the hydrophobic core of the MYD88 Toll/interleukin-1 receptor (TIR)-domain. 

This adaptor molecule is critical for relaying signals from the TLR to NF-κB transcription 

complex (Ngo et al., 2011; Lam et al., 2008). In particular, L265P substitution induces 

interleukin-1 receptor-associated kinase 4 (IRAK4) activity and phosphorylation through the 

spontaneous assembly of a protein complex containing interleukin 1 receptor-associated kinase 

1 (IRAK1) and IRAK4, which in turn can activate NF-κB and the Janus kinase/signal 

transducers and activators of transcription (JAK/STAT3) responses (Rhyasen et al., 2015). 
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iii) Mutations of TNFAIP3: 

Nearly 30% of ABC-DLBCL cases display biallelic truncating mutations and/or focal 

deletions inactivating the TNFAIP3 gene, which encodes a dual function ubiquitin- 

modification enzyme involved in the negative regulation of NF-κB responses triggered by TLR 

and BCR signaling (Compagno et al., 2009; Kato et al., 2009; Boone et al., 2004). Inactivation of 

TNFAIP3/A20 may thus contribute to lymphomagenesis by reducing inappropriately prolonged 

NF-κB responses (Compagno et al., 2009; Kato et al., 2009). 

 

iv) Lesions blocking terminal B cell differentiation: 

  In ABC-DLBCL, genetic driven constitutive activation of NF-κB, is frequently 

complemented by lesions, blocking terminal B cell differentiation. 25% of cases displays 

biallelic loss of function mutations/deletions of PR domain-containing protein 1 Positive 

regulatory domain factor 1 (PRDM1)/β-interferon gene positive regulatory domain I-binding 

factor (BLIMP1), a transcriptional repressor committed to plasmacytic differentiation and 

required for PCs development (Pasqualucci et al., 2018). 

 

1.5 Novel DLBCL molecular subtypes 

The advent of gene expression profile (GEP), which was used to define two prominent 

COO subtypes, GCB-DLBCL and ABC-DLBCL, and a third subtype, consisting of 

“unclassified” cases, started the initial progress toward a molecular diagnosis of DLBCL 

subtypes (Alizadeh et al., 2000; Rosenwald et al., 2002). This classification has proved useful 

in understanding the different responses of DLBCL patients to target therapies (Wilson et al., 

2015). However, the COO distinction, providing a phenotypic rather than genetic description, 

does not fully account for the different outcomes, following chemotherapy and targeted therapy 

(Wright et al., 2020). Several studies have recently identified genetic subtypes, characterized 

by distinct outcomes and pathway dependencies (Chapuy et al., 2018; Schmitz et al., 2018; 

Wright et al., 2020). 

In their study, Chapuy and colleagues conducted a comprehensive genetic analysis of 

304 primary DLBCLs. By integrating recurrent mutations, low-frequency alterations, SCNAs 

and SVs identified, they defined five DLBCL subsets and one small subset of 12 DLBCLs 

(termed cluster 0), with different prognostic significance, in terms of both PFS and OS. Cluster 

1 (C1): favorable outcome ABC-DLBCLs with extrafollicular genetic features, possibly 

marginal zone (MZ) origin. C1 DLBCLs exhibited BCL6 SVs in combination with aberrations 
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of notch receptor 2 (NOTCH2) signaling pathway components and mutations affecting 

different components of the NF-κB pathway members: BCL10 immune signaling adaptor 

(BCL10), TNFAIP3 and Fas cell surface death receptor (FAS). Cluster 3 (C3): poor risk GCB-

DLBCLs with BCL2 SVs and alterations of phosphatase and tensin homolog (PTEN), KMT2D, 

CREBBP, EZH2, hydrogen voltage gated channel 1 (HVCN1) and G protein subunit alpha 13 

(GNA13), B cell transcription factors myocyte enhancer factor 2B (MEF2B), interferon 

regulatory factor 8 (IRF8), BCR signaling, PI3K signaling and in TNFSF14 pathway. Cluster 

4 (C4): newly defined group of good-risk GCB-DLBCLs with distinct alterations in 

BCR/PI3K, JAK/STAT, and BRAF pathway components and intermediates Ras homolog 

family member A (RHOA), GNA13, and serum/glucocorticoid regulated kinase 1 (SGK1), NF-

κB modifiers, NF-κB inhibitor ɛ (NFKBIE), NF-κB inhibitor α (NFKBIA), and STAT3. Cluster 

2 (C2): COO-independent group of tumors with biallelic inactivation of TP53 and 17p, 

9p21.3/CDKN2A and 13q14.2/retinoblastoma-associated protein (RB1) copy loss, which 

perturb chromosomal stability and cell cycle. Cluster 5 (C5): less favorable outcome ABC-

DLBCLs, characterized by 18q gain, increasing the expression of driver genes, such as BCL2 

and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1) (Ennishi 

et al., 2017; Dierlamm et al., 2008), CD79B and MYD88 aberrations (Ngo et al., 2011; Davis 

et al., 2010; Dubois et al., 2017). Cluster 0 (C0): small subset of 12 DLBCLs, lacking genetic 

drivers, with good outcome. This group includes a morphologically defined subtype of T 

cell/histocyte-rich large B DLBCS (THRLBC), characterized by inflammatory/immune cell 

infiltration (Chapuy et al., 2018). 

In the same year, Schmitz et al. studied ~500 DLBCLs, using exome and transcriptome 

sequencing, array-based DNA CN analysis and targeted amplicon resequencing of 372 genes 

to identify more recurrent aberrant genes and pathways (Schmitz et al., 2018). They classified 

four genetic DLBCL subtypes, applying a predictor algorithm, termed Genclass (based on 

mutations in 50 genes and translocations of BCL2 and BCL6): i) MCD subtype, characterized 

by a less favorable outcome ABC-DLBCLs with the co-occurrence of MYD88 L265P and 

CD79B mutations. MCD subtype has frequent gain or amplification of SPIB, encoding a 

transcription factor that, with interferon regulatory factor 4 (IRF4), defines and promotes the 

plasmacytic differentiation; ii) BN2 subtype, characterized by good response to 

immunochemotherapy. This cluster exhibits BCL6 fusions and NOTCH2 mutations or 

amplification, spen family transcriptional repressor (SPEN) mutations as well as mutations in 

Deltex E3 Ubiquitin Ligase 1 (DTX1). The NF-κB pathway and BCR-dependent NF-κB 

pathway aberrations are prominent features of BN2 subtype, in details alterations in TNFAIP3, 
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TNFAIP3 interacting protein 1 (TNIP1), protein kinase C β (PRKCB); iii) N1 subtype, 

dominated by ABC-DLBCL cases and characterized by inferior outcomes, harbours notch 

receptor 1 (NOTCH1) mutations and aberrations targeting IRF4, transcriptional regulators of 

B cell differentiation, inhibitor of DNA binding 3 (ID3) and BCL6 corepressor (BCOR), which 

may contribute to its plasmocytic phenotype; iv) EZB subtype, a favorable outcome GCB-

DLBCL subtype, is based on BCL2 translocations, EZH2 mutations, and NF-κB proto-

oncogene subunit (REL) amplification, as well as aberrations of the tumor suppressor genes 

(TNFRSF14, CREBBP, EP300) (Schmitz et al., 2018). Unclassified cases are enriched for 

aberrations targeting SPEN and NOTCH1; NOTCH2 mutations and BCL6 fusions significantly 

co-occurred and distinguished these DLBCLs from others (Schmitz et al., 2018).  

In a later study, Wright et al. created an algorithm, termed LymphGen to provide 

probabilistic classification of individual DLBCL patient into genetic subtypes, based on the 

presence or absence of predictor genes aberrations (i.e., mutations, copy number variations 

(CNVs) or fusions). 

LymphGen defines subtype predictor features expanding to seven the number of 

DLBCLs subtypes, defined in their study by Schmitz et al., (Schmitz et al., 2018): MCD 

(including MYD88 L265P and CD79B mutations); BN2 (including BCL6 translocations and 

NOTCH2 mutations); N1 (including NOTCH1 mutations); and EZB (including EZH2 

mutations and BCL2 translocations) (Schmitz et al., 2018; Wright et al., 2020). The remaining 

cases lead to create two new subtypes: A53, characterized by aneuploidy with TP53 

inactivation (the most frequently mutated gene (25.2%) (Chapuy et al., 2018; Monti et al., 

2012); and ST2, associated with SGK1 and tet methylcytosine dioxygenase 2 (TET2) mutations. 

The samples classified as “Other” had either both a TP53 mutation and a single-copy TP53 loss 

or a homozygous TP53 deletion (Schmitz et al., 2018). 

 

1.6 DLBCL genotyping on the liquid biopsy 

Limitations in accessing fresh tumor material from DLBCL tissue biopsies have 

prevented the rapid translation of DLBCL gene mutations into prognostic or predictive tools 

for clinical practice (Rossi et al., 2017). Also, serial sampling of tumors to track the acquisition 

of drug-resistance mutations requires a re-biopsy of the DLBCL, which may not be routinely 

feasible in clinical practice (Rossi et al., 2017). Therefore, alternative accessible sources of 

tumor DNA may help to complement the molecular diagnostic analyses that are routinely 

carried out on formalin-fixed paraffine-embedded (FFPE) tissue biopsies (Rossi et al., 2017). 

The availability of tumor-specific DNA simply in plasma, serum, or other body fluids, without 
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the necessity of an invasive tumor biopsy, led to the concept of “liquid biopsy” in lymphoma 

types lacking leukemic involvement (Spina et al., 2019). 

Cell-free fragments of DNA (cfDNA) are shed into the bloodstream by tumor cells 

undergoing apoptosis and circulate in plasma as double-stranded DNA fragments that are 

predominantly short (<200 bp), and normally at low concentration (Fleischhacker et al., 2007). 

Accessing tumor cfDNA through the bloodstream has clear sampling advantages and allows 

serial monitoring of disease genetics in real time. cfDNA is also representative of the entire 

tumor heterogeneity, thus enabling to bypass the anatomical biases imposed by tissue biopsies 

in the reconstruction of the entire cancer clonal architecture and to identify resistant clones that 

are dormant in non-accessible tumor sites (Jahr et al., 2001). Levels of cfDNA vary across 

different lymphoma subtypes and the concentration of cfDNA in patients with untreated 

DLBCL is significantly higher than in healthy controls (26.9 ng/ml and 12.1 ng/ml 

respectively) (Hohaus et al., 2009). 

Quantification of circulating DNA by real-time PCR at diagnosis can identify patients 

with elevated levels that are associated with disease characteristics indicating aggressive 

disease and poor prognosis (Hohaus et al., 2009). In DLBCL, cfDNA has been quantified or 

used to track tumor clonotypic immunoglobulin gene rearrangement for minimal residual 

disease (MRD) monitoring (Hohaus et al., 2009; Kurtz et al., 2015; Roschewski et al., 2015; 

Roschewski et al., 2016). During surveillance time points before relapse, high-throughput 

sequencing of immunoglobulin genes (Ig-HTS) from plasma circulating tumor DNA (ctDNA) 

demonstrated improved specificity and similar sensitivity compared with positron emission 

tomography combined with computed tomography (PET/CT) (Kurtz et al., 2015). Given its 

high specificity, Ig-HTS from plasma has potential clinical utility for surveillance after 

complete remission (Kurtz et al., 2015). 

By applying a training validation approach, it has been shown that plasma cfDNA 

genotyping: i) is as accurate as genotyping of the diagnostic biopsy to detect somatic mutations 

of allelic abundance >20% in DLBCL; ii) allows the identification of mutations that are 

undetectable in the biopsy tissue conceivably because they are restricted to clones that are 

anatomically distant from the biopsy site; and iii) is a real-time, non-invasive tool to track 

clonal evolution and the emergence of treatment-resistant clones (Rossi et al., 2017). 

Plasma cfDNA represents a complementary source of tumor DNA for DLBCL 

genotyping compared with the tissue biopsy. On the one hand, the complete molecular 

heterogeneity of a tumor cannot be adequately assessed by a single or even multiple tissue 

biopsies, whereas cfDNA genotyping captures genetic information shed from all sites of the 
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disease. On the other hand, plasma cfDNA genotyping misses a proportion of small subclonal 

mutations (Rossi et al., 2017). These notions suggest that liquid biopsy is not a substitute for 

the tumor biopsy, but instead provides complementary information in DLBCL (Rossi et al., 

2017). 

 

1.7 DLBCL diagnosis, treatment, and prognostic factors 

DLBCL is diagnosed from an excisional biopsy of a suspicious lymph node (LN), which 

shows sheets of large cells that disrupt the underlying structural integrity of the follicle center 

and stain positive for pan B cell antigens, such as CD20 and CD79A. COO is determined by 

immunohistochemical (IHC) stains (Liu et al., 2019). 

The standard therapy for patients with DLBCL is R-CHOP. Rituximab is an antibody 

directed against the CD20 protein, which is primarily found on the surface of B cells and is 

present on many lymphoma cells, while cyclophosphamide, doxorubicin, vincristine, and 

prednisone are chemotherapy agents (Kwak et al., 2012; Chiappella et al., 2013). 

Using this regimen, approximately 60-70% of patients with DLBCL are cured of 

disease. However, about 30-40% of patients will relapse or, in a small patient’s subset, be 

refractory to R-CHOP therapy (Li et al., 2018). R-CHOP failures are principally due to either 

primary refractoriness or relapse after reaching a complete response (CR) (Coiffier et al., 

2016). Relapsed DLBCL is characterized by the appearance of any new lesion after a CR, while 

refractory DLBCL is defined as the failure of <50% of lesions to be reduced in size following 

initial treatment, as per the criteria defined by Cheson et al., 2007. 

MYD88 mutation constitutively activates MYD88 signaling, which in turn activates the 

alternative NF-B pathway, bypasses the BCR-dependent NF-B activation, and confers 

resistance to ibrutinib (Wilson et al., 2015). However, MYD88 mutation together with CD79A 

or CD79B mutation, confers tumor sensitivity to ibrutinib (Wilson et al., 2015). Conversely, 

mutations in CARD11 or NF-B signaling components result in the constitutive activation of 

the NF-B signaling pathway independent of the upstream BCR signaling pathway, conferring 

potential resistance to BCR inhibitors (Wilson et al., 2012). 

MYC is rearranged in 5-15% of DLBCL patients and is frequently associated with BCL- 

2 translocation, or to a lesser extent, BCL-6 translocation, in the so-called “double hit” (i.e. 

rearrangements of MYC with either BCL-2 or BCL-6) or “triple hit” (i.e. rearrangements of 

MYC with BCL-2 and BCL-6) lymphomas, respectively (Green et al., 2012). “Double hit” or 

“triple hit” B cell lymphomas patients are associated with an aggressive clinical course, poor 

response to conventional chemotherapy (i.e. R-CHOP) and high relapse rates (Rosenthal et al., 
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2017). 

In 2019, Rushton et al., collected samples from 134 relapsed or refractory (R/R) 

patients enrolled in three clinical trials and performed a combination of exome sequencing and 

target panel sequencing of lymphoma-associated genes on ctDNA extracted from plasma 

samples and tissue biopsies. They found that R/R patients were enriched for mutations in six 

genes: TP53, KMT2D, interleukin 4 receptor (IL4R), HVCN1, RB1, and membrane spanning 4-

domains A1 (MS4A1). TP53 mutations and KMT2D were already present at the time of 

diagnosis but their frequency increased at the time of relapse. Moreover, TP53 and KMT2D at 

the time of diagnosis associated with a shorter survival (Rushton et al., 2019). The MS4A1 

encodes the CD20, the target of rituximab, and its mutations destabilize a common 

transmembrane helix leading to its lower membrane expression. MS4A1 mutations are absent 

at the time of diagnosis and increased at the time of relapse predisposing to a less efficacy of 

anti-CD20 salvage immunochemotherapy regimen (Rushton et al., 2019). 
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2. AIMS OF THE STUDY 

The aims of the present study are: 

i) To genotype both on ctDNA and on lymph node biopsy patients with newly 

diagnosed DLBCL; 

ii) To identify new prognostic molecular markers both on ctDNA and on lymph 

node biopsy; 

iii) To compare the molecular cluster identified on ctDNA with the one identified on 

lymph node.  
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3. MATERIALS AND METHODS 

 
3.1 Patients 

A multicenter cohort of 77 patients with diagnosed DLBCL have been included in this 

study. All patients were provided with synchronous samples representative of different 

anatomical compartments, including: i) tumor gDNA extracted from fresh frozen LN cells or 

formalin-fixed paraffin-embedded (FFPE) LN biopsies; ii) circulating tumor DNA (ctDNA) 

from plasma; and iii) germline gDNA extracted from granulocyte for comparative purpose. The 

study was approved by the Ethical Committee of the Ospedale Maggiore della Carità di Novara 

associated with the Università del Piemonte Orientale (study number CE 120/19). All patients 

provided informed consent according to the legislation established in accordance with the 

Declaration of Helsinki, for the use of clinical data and genetic material for research purposes. 

 

 

3.2 Separation of granulocytes from peripheral blood (PB) 

Peripheral blood (PB) granulocytes were separated by Ficoll gradient density 

centrifugation as source of normal germline genomic DNA (gDNA). PB was diluted in 1:2 ratio 

with physiological solution (NaCl 0.9%) and then centrifuged at 1800 revolutions per minute 

(rpm) for 25 minutes in a gradient differentiation Sigma DiagnosticTM Histopaque®- 1077 Cell 

Separation Medium (Sigma-Aldrich, St. Louis, MO, USA) solution to obtain granulocytes and 

mononuclear cells (monocytes and lymphocytes). 

 

3.3 Lymph node tissue processing for gDNA extraction 

The separation of tumor cells from lymph nodes was performed by processing the 

material into a Petri dish with Roswell Park Memorial Institute (RPMI) medium (Sigma- 

Aldrich, St. Louis, MO, USA) and then gently scraping the tumor tissue surface to detach the 

cells. Subsequently, the sample was centrifuged at 1500 rpm for 10 minutes in order to separate 

the tumor cells for DNA extraction. 

 

3.4 Extraction of tumor and normal gDNA 

Tumor and normal gDNA were extracted either by using the “salting out” protocol 

(Miller et al., 1988). Cells were lysed with Lysis Buffer (Tris-HCl 1M, pH 8.2, NaCl 5M, EDTA 



19  

0.5M), sodium dodecyl sulphate (SDS) 20% and digested with 20 mg/mL of proteinase  enzyme 

(pronase E). 

Samples were incubated at 37°C overnight in a shaking incubator. Proteins were 

precipitated with 6M NaCl, and subsequently discarded after centrifugation at 3200 rpm for 20 

minutes. DNA was isolated by precipitation with pure ethanol and the lactescent "jellyfish" of 

DNA, formed as a result of the addition of ethanol, was recovered with glass loops and washed 

three times in 75% ethanol. The excess of ethanol was evaporated, and the DNA was dissolved 

with TE Buffer (Tris-HCl 1M, pH 8.2, EDTA 0.5M). 

 

3.5 Extraction of tumor gDNA from formalin-fixed paraffin-embedded 

(FFPE) 

Tumor gDNA was isolated from fresh or formalin-fixed paraffin-embedded (FFPE) 

diagnostic tissue biopsies containing >70% of tumor cells, as estimated by morphology and 

immunohistochemistry. FFPE tissues biopsies were rehydrated with tissue SDS Buffer and 

transferred into microTUBE Screw-Cap. The samples were processed by using M220 focused- 

ultrasonicator (Covaris®,Woburn, MA, USA) to dissociate the paraffin and rehydrate the tissues 

for 5 minutes at 20°C (20% duty factor, 75% peak incident power, 200 cycles per burst). Proteins 

were digested by using proteinase K for 10 seconds (20% duty factor, 75% peak incident power, 

200 cycles per burst) and with the incubation at 56°C overnight. Afterwards, samples were 

incubated for 1 hour at 80°C for crosslink reversing and then DNA was purified with column. 

 

3.6 Plasma circulating tumor DNA (ctDNA) extraction 

PB samples were collected in Cell-Free DNA BCT tubes and centrifuged at 800 relative 

centrifugal force (rcf) for 10 minutes at 4°C to separate plasma from cells. Plasma was then 

further centrifuged at 13.000 rpm for 10 minutes at 4°C to pellet and remove any remaining cells 

and stored at -80°C until DNA extraction. 

ctDNA was extracted from 2-3 ml aliquots of plasma immediately after thawing by 

using Maxwell® RSC LV ccfDNA Kit Custom (Promega Corporation, Madison, WI, USA) and 

quantified by Quantus Fluorometer using QuantiFluor dsDNA System (Promega Corporation, 

Madison, WI, USA). The quality of the extracted ctDNA was assessed by 2100 Bioanalyzer 

Instrument (Agilent Technologies, St. Clara, CA, USA). 
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3.7 DNA quantification and fragmentation 

Tumor and germline gDNA were quantified using the Quant-iTTM PicoGreen dsDNA 

Assay kit (ThermoFisher Scientific, Eugene, OR, USA). PicoGreen is a molecule that binds 

selectively to double helix DNA and allows to obtain a precise estimate of the amount of DNA. 

The fluorimetric reading was performed using the Infinite F200 fluorometer (TECAN, 

Männedorf, Switzerland) using the Magellan software. The fluorimetric readings were obtained 

at a wavelength of 485 nm in absorption and 530 nm in emission. For quantification a standard 

curve was prepared using a DNA of known concentration and performing serial 1:2 scalar 

dilutions. Quant-iTTM PicoGreen dsDNA Assay kit was used at the 1:200 dilutions. 

Tumor and germline gDNA from tissues were sheared through sonication with M220 

focused-ultrasonicator (Covaris® Woburn, MA, USA) before library construction to obtain 

250/300 base-pairs (bp) fragments. The size of the fragments was checked by using the 2100 

Bioanalyzer Instrument, whereas ctDNA is naturally fragmented and was used for library 

construction without additional fragmentation. 

 

3.8 Library design for hybrid selection 

A targeted resequencing gene panel, including coding exons and splice sites of 59 genes 

(target region: 207299bp) that are recurrently mutated in DLBCL and in other B cell 

malignancies, has been specifically designed for this project. 

 

3.9 CAPP-seq library preparation 

The gene panel was analysed in: i) plasma ctDNA collected at the time of diagnosis; ii) 

germline gDNA from the paired granulocytes, for comparative purposes; iii) tumor gDNA from 

the paired tissue biopsy. 

The next generation sequencing (NGS) libraries were constructed using the KAPA 

HyperPlus Library Preparation Kit (KAPA Biosystems, Wilmington, MA, USA), and hybrid 

selection was performed with the custom SeqCap EZ Hyper Prep Kit Library (Roche, Basilea, 

Switzerland). Multiplexed libraries (n=6 samples per run) were sequenced using 300-bp paired- 

end runs on MiSeq sequencer (Illumina, San Diego, CA, USA). 
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3.10 Next generation sequencing 

The mutational analysis in NGS was performed using the MiSeq (Illumina, San Diego, 

CA, USA) platform, which allows for massive high-throughput sequencing of the genomic 

regions of interest. The sequencing workflow involves the following phases: i) generation of 

libraries containing the regions of interest; ii) sequencing; and iii) data analysis. 

 

i) Generation of libraries 

The library preparation using the KAPA HyperPrep Library Preparation Kit (KAPA 

Biosystems, Wilmington, MA, USA), begins with end repair and A-tailing reaction, which 

produces end repaired, 5’-phosphoryled, 3’-A-tailed double-stranded DNA (dsDNA) 

fragments, followed by the adapter ligation, during which dsDNA adapters with 3’-dTMP 

overhangs are ligated to 3’-dA-tailed molecules. 

 

ii) Sequencing 

The MiSeq Illumina sequencer is based on sequencing-by-synthesis (SBS) technology, 

in which DNA libraries are transferred onto a solid support called flowcell, to which they are 

linked by special adapters. On the flowcell the libraries are amplified by a method called bridge 

amplification, which generates clusters of identical DNA molecules, each derived from the 

amplification of a single molecule. 

Sequencing is based on the reversible cyclic termination method, with a by-synthesis 

approach, which includes three steps: the incorporation of the nucleotide, the detection of the 

fluorescence image and the cut. 

In the first phase of the cycle, the DNA polymerase elongates a specific primer by 

adding a nucleotide covalently bound to a fluorophore. This presents a block on the 3'-OH of 

ribose which does not allow polymerization with other nucleotides. Each nucleotide base is 

bound to a fluorophore of a specific colour. It follows the detection step of the image that 

recognizes the specific emission wavelength of the fluorophore. Next, the cut removes both the 

fluorophore and the inhibitory group present at the 3'-OH end, allowing the beginning of a new 

cycle. 

Libraries were sequenced by pair-end sequencing using a 300-bp paired-end cycle kit. 

The library pool was denatured using 0.2N NaOH. An amount of 10 to 12 pM denatured DNA 

was loaded into the MiSeq reagent cartridge, which also containes all the reagents necessary 

for the sequencing reaction. 
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iii) Data analysis 

During the sequencing run, the integrated software for real-time primary analysis (RTA, 

Real Time Analysis, Illumina) performs image analysis and identification of the bases and 

assigns a qualitative score (Phred score) to each base for each cycle. Once the primary analysis 

is completed, the MiSeq Reporter (Illumina) software performs a secondary analysis on the 

data generated by the RTA through a series of procedures that include: i) de-multiplexing, in 

which the data of different samples sequenced are pulled together based on the specific sample 

index sequences; ii) FASTQ generation, which are files containing all the reads obtained from 

sequencing. 

FASTQ sequencing reads were deduped by using the FastUniq v1.1. Then, the deduped 

FASTQ sequencing reads were locally aligned to the hg19 version of the human genome 

assembly using the BWA v.0.6.1 software with the default setting, and sorted, indexed, and 

assembled into a mpileup file using SAMtools v.1. 

Single nucleotide variations and indels were called in tumor gDNA or ctDNA vs normal 

gDNA, with the somatic function of VarScan2. A Z-test was used to compare the variant allele 

frequency vs the mean allele frequency in unpaired normal gDNA samples to filter out variants 

below the base-pair resolution background frequencies across the target region. Only variants 

that had a significant call in Z-test were retained (Bonferroni adjusted p ≤ 6.11x10-8). 

The variants called by VarScan 2 were annotated with the SeattleSeq Annotation 138 

tool (http://snp.gs.washington.edu/SeattleSeqAnnotation138) by using the default setting. 

Variants annotated as SNPs according to dbSNP 138 (with the exception of TP53 variants that 

were manually solved and scored as SNPs according to the International Agency for Research 

on Cancer TP53 database; http://p53.iarc.fr), intronic variants mapping >2 bp before the start 

or after the end of coding exons, and synonymous variants were then filtered out. Splice- 

acceptor and splice-donor variants were annotated by using the Mutalyzer 2.0.32 tool 

(https://mutalyzer.nl/position-converter). 

Among the remaining variants, only protein truncating variants (i.e., indels, stop codons 

and splice site mutations), as well as missense variants not included in the dbSNP 138 and 

annotated as somatic in the COSMIC v85 database (https://cancer.sanger.ac.uk/cosmic), were 

retained. All the variants were visualized using IGV (Integrative Genomics Viewer) software. 

 

 

 

 

http://snp.gs.washington.edu/SeattleSeqAnnotation138)
http://snp.gs.washington.edu/SeattleSeqAnnotation138)
https://mutalyzer.nl/position-converter
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3.11 Statistical analysis 

Medical statistical analysis was performed using SPSS version 24.0. (Chicago, IL, 

USA). Primary endpoints of survival analysis were PFS and OS. PFS was evaluated from the 

time of treatment start to the date of progression or death, and OS was evaluated from the time 

of treatment start to the date of death. Time to event outcomes (PFS and OS) were estimated 

using the Kaplan-Meier method and compared between groups using the Log-Rank test. To 

evaluate the associations between molecular features, we used Chi-square test and Fisher exact 

test. Statistical significance was defined as p value < 0.05. 

 

3.12 DLBCL clusters identification with distinct genetic signatures 

LymphGen 1.0 tool was used to classify an individual DLBCL patient, in both LN and 

plasma compartments. 

The tool uses any combination of mutational data, copy number (CN) and BCL2/BCL6 

rearrangement data, obtained from whole genome, exome sequencing or from targeted panel 

resequencing and allows for any platform besides mutational data to be omitted.  

 For analyses in which CN data are not available, LymphGen operates in a five-subtypes 

mode, omitting A53, since it is defined predominantly by CN abnormalities 

(https://llmpp.nih.gov/lymphgen/index.php) (Wright et al., 2020). 

https://llmpp.nih.gov/lymphgen/index.php
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4. RESULTS 

 
4.1 Patients characteristics 

Among the 77 patients enrolled in the study, 39/77 (50.65%) were males and 38/77 

(49.35%) were females, with a median age at the diagnosis of 61 (19-88) years. According to 

the Ann-Arbor staging system, 9/77 (11.69%) patients were in stage I, 15/77 (19.48%) patients 

in stage II, 16/77 (20.78%) patients in III, 37/77 (48.05%) patients in IV. The IPI score, at 

diagnosis, was low (0-1) for 20 (25.97%) patients, low-intermediate (2) for 16 (20.78%) 

patients, high-intermediate (3) for 24 (31.17%) patients, and high (4-5) for 17 (22.08%) 

patients. 

According to COO classification identified by Han’s algorithm (Hans et al., 2004), 

22/77 (28.57%) cases were GCB, 40/77 (51.95%) cases were non-GCB, and 15/77 (19.48%) 

cases were not available. The median lactate dehydrogenase (LDH) level was 482.5 U/L (121-

10245) and 39/77 (50.65%) patients presented  LDH values above the upper limit of normal 

(450 U/L), the median Ki-67 value was 86% (40%-100%) and the median B2M value was 2941 

ng/ml (1052-11440) (Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Patients baseline characteristics. IPI: International Prognostic Index; COO: cell-of-origin; GCB: Germinal 

Center B- cell like; non-GCB: non-Germinal Center B-cell like; LDH: lactate dehydrogenase; ULN: Upper Limit 

Normal; B2M: β2-microglobulin. 

 
Characteristics Number of patients (N=77) 

Gender 
Male 

Female 
39 (50.65%) 

38 (49.35%) 

Age at diagnosis 
Median 

Range 

61 

19-88 

Ann Arbor stage 

  

I 

II 

III 

IV 

9 (11.69%) 

  15 (19.48%) 

 16 (20.78%) 

37 (48.05%) 

IPI score 

Low (0-1) 

Low-intermediate (2) 

High-intermediate (3) 

High (4-5) 

20 (25.97%) 

16 (20.78%) 

24 (31.17%) 

  17 (22.08%) 

COO 

GCB 

non-GCB 

N/A 

22 (28.57%) 

40 (51.95%) 

15 (19.48%) 

LDH 

>ULN 

≤ULN 

N/A 

39 (50.65%) 

30 (38.96%) 

8 (10.39%) 

KI-67 Median 86 (40-100) 

B2M Median concentration 2941 ng/ml (1052-11440) 
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After a median follow-up of 27.1 months, 18/77 (23.4%) patients had disease 

progression and 15/77 (19.5%) died. The median PFS was 52 months, and the median OS was 

62.9 months. 

 

4.2 Mutational profile 

Mutational analysis on tumor gDNA and ctDNA samples was performed for all 77 

patients enrolled in the study. Mutations detected in tumor gDNA, in ctDNA or in both were 

found for 58 of the 59 genes included in the gene panel. Mutation analysis identified at least 

one somatic non-synonymous mutation in 92.2% (71/77) of patients in the LN biopsy, and in 

87.0% (67/77) in the ctDNA. In total, 725 mutations have been identified, among which 

362/725 (49.93%) mutations were shared in both compartments, 179/725 (24.69%) mutations 

were identified only in gDNA and 184/725 (25.38%) mutations only in ctDNA. The average 

number of mutations identified in each patient on tumor gDNA and on ctDNA was 7. 

The most frequently mutated genes identified in tumor gDNA from the LN biopsy were: 

KMT2D, mutated in 24/77 patients (31.17%); PIM1, mutated in 19/77 patients (24.68%); 

HIS1THIE and TP53 mutated in 18/77 patients (23.38%); TNFAIP3 and B2M mutated in 13/77 

patients (16.88%); ACTB and CREBBP mutated in 12/77 patients (15.58%); HIST1HIC, 

MYD88 and NFKBIE mutated in 11/77 patients (23.38%); GNA13 mutated in 10/77 patients 

(12.99%); CARD11, CD58, FAS and HIST1H2AM  mutated in 9/77 patients (11.69%); BTG1, 

CD79B, HIST1H2BC, SGK1 and TNFRSF14  mutated in 8/77 patients (10.39%); HIST1H1B, 

IRF8, NOTCH2, , STAT3 and NFKBIA  mutated in 7/77 patients (9.09%); BCL2, ETV6, EZH2, 

MYC, PRDM1, SPEN and ZFP36L1  mutated in 6 /77 patients (7.79%); BCL10, CD70, CD83, 

HIST1H2BK, RHOA, TBL1XR1, TMEM30A and UBE2A  mutated 5/77 patients (6.49%); 

BRAF, HIST1H1D, KLHL6 and MEF2B  mutated in 4/77 patients (5.19%); BCL6, GRHPR, 

HIST1H2AC, and TOX  mutated in 3/77 patients (3.90%); SF3B1, BTK, HVCN1 and ZC3H12A 

mutated in 2/77 patients (2.60%); CD274, LTB, PLCG2, PTEN and ZEB2 mutated in 1/77 

patients (1.30%) (Figure 3A-3C-4). 

The most frequently mutated genes identified in ctDNA were: KMT2D mutated in 26/77 

patients (33.77%); HISTH1E and PIM1 mutated in 21/77 patients (27.27%); TP53 mutated in 

19/77 patients (24.68%); TNFAIP3 mutated in 14/77 patients (18.18%); HIST1H2AM and 

MYD88 mutated in 12/77 patients (15.58%); CREBBP and HIST1H1C mutated in 11/77 

patients (14.29%); TNFRSF14 mutated in 10/77 patients (12.99%); ACTB, NFKBIE and B2M 
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mutated in 9/77 patients (11.69%); NOTCH2, FAS, GNA13, SGK1, SPEN and STAT3 mutated 

in 8/77 patients (10.39%); CD58, HIST1H1D and IRF8 mutated in 7/77 patients (9.09%); 

BCL10, BTG1, CARD11, HIST1H1B, HIST1H2BK, KLHL6, PRDM1, RHOA, TMEM30A and 

ZFP36L1 mutated in 6/77 patients (7.79%); BCL2, CD79B, EZH2, HIST1H2BC, MEF2B, 

NFKBIA, TBL1XR1 and UBE2A mutated in 5/77 patients (6.49%); ETV6, TOX, ZC3H12A and 

ZEB2 mutated in 4/77 patients (5.19%); BCL6, CD70, CD83 and MYC mutated in 3/77 patients 

(3.90%); BRAF, GRHPR, HIST1H2AC, HVCN1, LTB and SF3B1 mutated in 2/77 patients 

(2.60%); BTK, PLCG2 and PTEN mutated in 1/77 patients (1.30%); CD274 was not mutated 

in any ctDNA sample (Figure 3B-3C-4). 
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Figure 3. Prevalence of mutations in tumor gDNA and ctDNA. A) The column chart represents the prevalence of genetic mutations found in tumor gDNA (N = 77), represented by 

red histograms. B) The column chart represents the prevalence of genetic mutations found in ctDNA (N = 77), represented by grey histograms. C) The column chart represents the 

prevalence of genetic mutations found in the lymph node compared to plasma ctDNA 
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Figure 4. Overview of the mutational profile identified in tumor gDNA from lymph node biopsy and ctDNA from 

plasma. Each column represents one patient, two rows represent one gene, first line represents tumor gDNA, and second 

line represents ctDNA. Mutations of tumor gDNA plotted in red, and mutations of ctDNA plotted in gray. 

  

Lymph node biopsy ctDNA 
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4.3 ctDNA amount correlates with outcome  

 The amount of ctDNA in each DLBCL patient was estimated in terms of human genome 

equivalent (hGE) assuming a DNA content of 3.3 pg per cell. ctDNA level, expressed in 

hGE/mL of plasma, was calculated by multiplying the level of ctDNA, by the percentage of 

variant allele frequency obtained by sequencing. Higher levels of ctDNA (≥2.5 log10 hGE/mL) 

showed a significantly worse PFS (p = 0.025) and OS (p = 0.004) (Figure 5). The prognostic 

value of ctDNA ≥2.5 log10 hGE/mL maintained an independent association with PFS and OS 

when corrected with COO and clinical stage with a HR of 3.01 (95% CI 1.02-8.89, p= 0.046) 

and 5.52 (95% CI 1.19-25.59, p= 0.029), respectively (Table 2). 

 

 

Figure 5. Kaplan-Meier curves estimates of PFS and OS of Log10 hGE/mL in ctDNA. The red curves represent the ≥2.5 

Log10 hGE/mL and the blue curves represent the < 2.5 Log10 hGE/mL. In the graph on the left the comparison has 

been made in terms of PFS and in the graph on the right in terms of OS. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Table 2. Multivariate analysis. COO, cell of origin; CI, confidence interval; HR, hazard ratio; P, P-value 

  

  
Progression free survival  Overall survival 

Characteristics HR 95% CI P HR 95% CI P 

ctDNA ≥2.5 log10 hGE/mL  3.01 1.02-8.89 0.046 5.52 1.19-25.59 0.029 

COO 2.29 0.66-6.63 0.645 2.23 0.45-11.02 0.645 

Ann Arbor Stage  1.71 0.43-6.82 1.694 0.9 0.15-5.37 1.694 
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4.4 Clinical and prognostic impact of mutations 

 The clinical impact of the mutations detected in tumor gDNA from the LN biopsy and 

ctDNA was assessed in terms of PFS and OS. 

 

i) Prognostic factors identified in tumor gDNA 

 MYC mutations were found in the tumor gDNA of 6 patients (7.79%) and were associated 

with a significantly shorter PFS (median = 5.3 months; p = 0.021) compared to wild type patients 

(Figure 6). 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Kaplan-Meier curves estimates of PFS of MYC mutated patients on tumor gDNA. The red corresponds to the 

mutated MYC patients, and the blue represents the wild type patients. 

 

ii) Prognostic factors identified in ctDNA 

 GRHPR mutations were found in the ctDNA of 2 patients (2.60%) and were associated 

with a significantly shorter PFS (median = 2.4 months; p =0.035) compared to wild type patients 

(Figure 7). 

 SGK1 mutations were found in the ctDNA of 8 patients (10.39%) and were associated 

with a significantly shorter PFS (median = 15.7 months; p = 0.039) compared to wild type patients 

(Figure 7). 
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Figure 7. Kaplan-Meier curves estimates of PFS of GRHPR and SGK1 mutated patients on ctDNA. The red represents 

the mutated GRHPR and SGK1 patients and the blue represents the wild type patients. 
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4.5 Molecular clusters based on gene mutations in LN and plasma ctDNA 

compartments 

Based on the mutational landscape identified in each compartment, DLBCL cases were 

analyzed with the LymphGen tool, that allows the cluster assignment in approximately 40-50% 

of DLBCLs. In our cohort, 46.5% (33/71) cases were assigned to a specific molecular cluster 

on the LN biopsy, among which 6/33 (18.18%) patients were classified in the BN2 subtype, 

8/33 (24.24%) patients were classified in the EZB subtype, 9/33 (27.28%) patients were 

classified in the MCD subtype, 8/33 (24.24%) patients were classified in the ST2 subtype, 1/33 

(3.03%) patient classified in BN2/ST2 subtype, and 1/33 (3.03%) patient classified in 

MCD/ST2 subtype. In the liquid biopsy, 40.3% (27/67) of cases were assigned to a specific 

molecular cluster, among which 5/27 (18.52%) patients were classified in the BN2 subtype, 

7/27 (25.93%) patients were classified in the EZB subtype, 9/27 (33.33%) patients were 

classified in the MCD subtype, 5/27 (18.52%) patients were classified in the ST2 subtype, and 

1/27 (3.70%) patient classified in BN2/ST2 subtype. 

Interestingly, one case was classified as EZB on the LN biopsy and as MCD on the 

ctDNA. In all the other cases, if not unclassified, the cluster identified on the ctDNA reflected 

the cluster identified on the LN biopsy.  

The combination of mutational data from LN and ctDNA improved DLBCL assignment 

to a specific cluster, thus classifying 48.7% (36/74) of cases. Among these, 6/36 (16.66%) 

patients were classified in the BN2 subtype, 8/36 (22.22%) patients were classified in the EZB 

subtype, 10/36 (27.78%) patients were classified in the MCD subtype, 10/36 (27.78%) patients 

were classified in the ST2 subtype, 1/36 (2.78%) patient classified in BN2/ST2 subtype, and 

1/36 (2.78%) patient classified in MCD/ST2 subtype; these two patients were assigned to two 

different clusters and defined as “genetically composite”. From a clinical perspective, by 

combining mutational data from the LN and from ctDNA, patients belonging to the BN2 and 

ST2 clusters showed a favorable outcome with a 36-month PFS of 100% compared to 62.3% 

for patients belonging to the MCD or EZB clusters (p = 0.040) (Figure 8). 
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Figure 8. A) Molecular clusters based on gene mutations; B and C) Clinical outcome of molecular clusters combining 

lymph node and ctDNA mutational data. 
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5. DISCUSSION 

In this study, we performed a mutational analysis of a real-life cohort of newly 

diagnosed DLBCL patients provided with paired lymph node biopsy tumor gDNA and 

plasma ctDNA. Results indicate that: i) the majority of the patients have at least one non-

synonymous mutation in tumor gDNA and in plasma ctDNA, 92.2% and 87% respectively; 

ii) 25.38% of mutations identified in plasma ctDNA are not present in tumor gDNA, 

confirming the complementary role of liquid biopsy coupled with lymph node biopsy in 

DLBCL genotyping; iii) the most frequently mutated genes identified in both tumor gDNA 

and plasma ctDNA are KMT2D, PIM1, HIST1H1E, TP53, TNFAIP3; iv) MYC  mutations, 

identified in the lymph node biopsy and GRHPR  and SGK1 mutations identified in plasma 

ctDNA samples, showed a significant association with a shorter PFS compared with wild 

type cases; v) by using the LymphGen tool, 33/71 (46.5%) cases were assigned to a specific 

molecular cluster on the lymph node biopsy, and 27/67 (40.3%) on the liquid biopsy; vi) the 

combination of mutational data from lymph node biopsy and from ctDNA improved DLBCL 

assignment to a specific cluster, thus classifying 48.7% (36/74) of cases. 

Based upon the current international guidelines, a diagnosis of lymphoma is 

performed on a tissue biopsy (Swerdlow et al., 2016). However, due to the high degree of 

molecular heterogeneity of DLBCL, mutational analysis of the tissue biopsy does not reflect 

the entire molecular heterogeneity of the disease. In this contest, liquid biopsy allows to 

collect ctDNA samples potentially deriving from all the different lymphoma sites and not 

only from one single anatomical compartment and can represent a useful approach to explore 

the entire mutational landscape of lymphoma (Rossi et al., 2019). In our study, mutational 

analysis was performed on tumor gDNA and ctDNA samples for all 77 patients enrolled. 

Mutation analysis identified at least one somatic non-synonymous mutation in 92.2% (71/77) 

of patients in the lymph node biopsy, and in 87.0% (67/77) in the ctDNA. In total, 725 

mutations have been identified, among which 362/725 (49.93%) mutations were shared in 

both compartments, 179/725 (24.69%) mutations were identified only in gDNA and 184/725 

(25.38%) mutations only in ctDNA. These results reinforced the complementary role of 

liquid biopsy in disease genotyping with lymph node biopsy.  

In a recent study, Kurtz et al. assessed ctDNA profiling by targeted high-throughput 

sequencing in DLBCL to explore the significance of pretreatment and dynamic ctDNA 

measurements for predicting outcomes in DLBCL. They showed that pretreatment ctDNA 

levels, with a threshold of 2.5 log hGE/mL, were prognostic and stratified patients outcomes 
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(Kurtz et al., 2018). In this cohort, our results validate the notion that higher levels of ctDNA 

(≥2.5 log hGE/mL) is significantly associated with worse PFS (p = 0.025) and OS (p = 0.004). 

In addition, the prognostic value of ctDNA ≥2.5 log10 hGE/mL maintained an independent 

association with PFS and OS when corrected with COO and clinical stage with a HR of 3.01 

(95% CI 1.02-8.89, p = 0.046) and 5.52 (95% CI 1.19-25.59, p = 0.029) respectively. 

Mutational analysis of different compartments, i.e., lymph node and plasma, allowed 

to identify mutations with potential clinical impact, that otherwise would have been missed 

with analysis of only one compartment. In particular, GRHPR (p=0.035) and SGK1 

(p=0.039) mutations identified only on the liquid biopsy, and MYC mutations identified only 

on the lymph node biopsy (p=0.021) showed a significant association with a shorter PFS.  

Different approaches have been used to molecularly classify DLBCL. Initially GEP 

analyses on tissue biopsy have identified 3 subgroups of DLBCL, associated with a 

differential response to therapy, according to COO: ABC-DLBCL, GCB-DLBCL and 

unclassified (Alizadeh et al., 2000; Rosenwald et al., 2002; Wilson et al., 2015). However, 

the COO classification does not fully consider the heterogeneous responses and outcomes, 

following therapy. In the recent years a series of large genomic and transcriptomic studies 

have been conducted to classify DLBCL in molecular cluster characterized by unique genetic 

features and therapeutic vulnerabilities (Chapuy et al., 2018; Schmitz et al., 2018, Wright et 

al., 2020).  

The first group identified in a cohort of primary DLBCLs five robust DLBCL subsets 

(C1-C5). The different genetic signatures also predict outcome independent of the clinical 

IPI and suggest new combination treatment strategies (Chapuy et al., 2018). The second 

group identified four prominent genetic subtypes in DLBCL, termed MCD (based on the co-

occurrence of MYD88 L265P and CD79B mutations), BN2 (based on BCL6 fusions and 

NOTCH2 mutations), N1 (based on NOTCH1 mutations), and EZB (based on EZH2 

mutations and BCL2 translocations) (Schmitz et al., 2018). In a subsequent study, Wright et 

al. devised an algorithm, termed LymphGen, to provide probabilistic classification of 

individual DLBCL patient into a genetic subtype, based on the presence specific genetic 

lesions (i.e., mutations, copy number variations (CNVs) or fusions). 

In our study, based on the mutational landscape identified in each compartment, the 

LymphGen tool, as expected, allows the classification of each patient into a specific cluster 

in approximately 40-50% of DLBCL. More precisely, 46.5% (33/71) cases were assigned to 

a specific molecular cluster on the lymph node biopsy, and 40.3% (27/67) on the liquid 

biopsy. Interestingly, one case was classified as EZB on the lymph node biopsy and as MCD 
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on the ctDNA. In all the other cases, if not unclassified, the cluster identified on the ctDNA 

reflected the cluster identified on the lymph node biopsy. The combination of mutational data 

from lymph node and ctDNA improved DLBCL assignment to a specific cluster, thus 

classifying 48.7% (36/74) of cases. From a clinical perspective, by combining mutational 

data from the lymph node and from the ctDNA, patients belonging to the BN2 and ST2 

clusters showed a favorable outcome with a 36-month PFS of 100% compared to 62.3% for 

patients belonging to the MCD or EZB clusters (p = 0.040). 

Overall, the present study confirms the role of liquid biopsy as tool for disease 

genotyping and prognostic stratification in a real-life cohort of DLBCL patients. Moreover, 

the analysis of both ctDNA and lymph node biopsy provides complementary information for 

the molecular classification and prognostic stratification of newly diagnosed DLBCL 

patients. We are currently expanding the population cohort and we are starting the analysis 

of different time points during the course of therapy to validate the role of ctDNA for minimal 

residual disease monitoring.   
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