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I. Introduction 

Owing to the unprecedented development of molecular laboratory techniques seen in the 

last fifty years, the genetic background of cancers had been mainly explored. These 

advancements opened a new era in the field of oncology, commonly referred to as 

personalized precision medicine. Several novel molecular biomarkers were described 

with a potential to aid diagnosis, prognostic risk stratification and treatment choice 

(predictive biomarkers), with some of these also acting as potential therapeutic targets 

(1). 

Oncohematological diseases, mainly leukemias with circulating tumor cells in the blood, 

had always been the leading subjects of molecular investigations and advancements in 

medicine, owing to the ease of collecting genetic material from the tumor. 

The discovery of tumor derived circulating cell-free deoxyribonucleic acid (cfDNA) in 

the blood plasma of oncology patients unlocked a novel field for medical and scientific 

research, namely liquid biopsy, hence similarly to leukemias, the tumor genetic material 

became relatively easily available (2). Unsurprisingly, solid tumors with great society 

burden (lung cancer, colorectal cancer, breast cancer etc.) were the leading subject of 

liquid biopsy-based studies in the past (3). Recently, oncohematological diseases, lacking 

circulating tumor cell components (lymphomas), have become one of the main targets of 

cfDNA-based research (4). My PhD work focused on potential applications of the liquid 

biopsy approach in one of the most common B-cell lymphoma subtype, follicular 

lymphoma. 

I.1. B-cells in the immune response 

The normal immune response is a complex process involving extensive changes in the 

genetic makeup of B- (and T-) cells, therefore carrying a risk for malignant transformation 

(5). It is considered that all B-cell derived malignancies can be attributed to a specific B-

cell development stage in the physiological immune response (Figure 1). B-cells are 

produced by hematopoietic progenitor stem cells in the bone marrow (BM). Here, the 

random recombination of the of the immunoglobulin gene components (V-D-J 

recombination, V (variable), D (diversity), J (joining)) occurs, resulting in a naïve B-cell 

receptor (BCR) (6). These pre-B-cells then migrate to the lymphoid organs, where after 
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antigen exposure, they go through affinity maturation via somatic hypermutation (SHM) 

and class-switch recombination (6). Consequently, a highly antigen-specific B-cell clone 

is formed and selected, which will either differentiate to immunoglobulin (IG) producing 

plasma cell or into long-lasting memory B-cell. 

 

Figure 1. B-cell development and cell of origin of B-cell malignancies. B-cells are 

produced in the bone marrow, where the recombination of the variable (V), diversity (D) 

and joining (J) genes occur forming the B-cell receptor (BCR). The naïve B-cells then 

migrate to the lymph nodes where they encounter with an antigen presented to them by 

follicular dendritic cells (FDC). After multiple cycles of dark zone entry and cell 

proliferation, the affinity of the BCR towards the antigen increases with via somatic 

hypermutation. Cells with low-affinity or self-reacting BCRs are eliminated during 

positive and negative selection. After the germinal center reaction B-cells with antigen 

specific BCRs participate in the physiological humoral immune response. After 

elimination of the pathogen these cells differentiate towards long-lived memory B-cells 

or plasma cells of the bone marrow. The genetic instability characterizing the reaction 

holds a significant oncogenic potential. Strikingly, each type of B-cell malignancy can be 

attributed to a physiological stage of B-cell development by histological and molecular 

features. ABC-DLBCL: activated B-cell type diffuse large B-cell lymphoma. BL: Burkitt 

lymphoma. FL: follicular lymphoma. GCB-DLBCL: germinal center B-cell type diffuse 

large B-cell lymphoma. MCL: mantle cell lymphoma. M-CLL: chronic lymphocytic 

leukemia with mutated BCR. MZL: marginal zone lymphoma. PCM: plasma cell 

myeloma. U-CLL: chronic lymphocytic leukemia with unmutated BCR. Created with 

BioRender.com. 
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I.2. Classification of hematological neoplasms 

The 5th edition of the Classification of Hematolymphoid Tumors released by the World 

Health Organization in 2022 separates the oncohematological malignancies into two big 

categories: myeloid and lymphoid malignancies. Within the latter, B-cell 

lymphoproliferative diseases are categorized into precursor, mature and plasma cell 

neoplasms (7). B-cell lymphomas, traditionally Hodgkin (HL) and non-Hodgkin 

lymphomas (NHL), are assigned to the mature B-cell neoplasms group (Figure 1). 

I.3. Follicular lymphoma 

Follicular lymphoma (FL) represents 5% of all hematological malignancies, it is the 

second most common NHL subtype after diffuse large B-cell lymphoma (DLBCL), 

accounting for 25% of all NHL cases (8). Moreover, it is most common indolent 

lymphoma in Western countries with an incidence rate of 2–4 per 100.000 capita-years 

(9). In Hungary, around 200 cases are diagnosed each year. FL is more common amongst 

the elderly, with a median age range of 60–65 years at the time of diagnosis. It is 

considerably more frequent in developed western societies, and it is more common among 

non-Hispanic white individuals compared to other ethnic groups in the United States (9). 

FL has an indolent disease course, the overall survival can reach 15-20 years and the 5-

year overall survival is 90% (10), however, the disease despite the modern 

immunochemotherapeutic approaches is still incurable. Moreover, FL is characterized by 

frequent relapses and high-grade histological transformation to the more aggressive 

DLBCL may occur in around 10% of the cases within five years after diagnosis (11). 

Given the incidence and the long overall survival, the prevalence of the disease in 

Hungary is around 2.000-2.500 cases. 

I.3.1. Pathogenesis and genetic background 

Based on its morphological and cellular features, FL is considered a prototypical tumor 

of germinal center origin. However, the pathognomic molecular event, namely the 

reciprocal translocation between chromosomes 14 and 18, occurs in pre-malignant naïve 

B-cells in the BM during the physiological V-D-J recombination (12). As a consequence 

of the translocation, the BCL2 oncogene is placed under the transcriptional control of 
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immunoglobulin heavy chain (IGH) regulatory regions, leading to an ectopic 

overexpression of the antiapoptotic BCL2 protein. This molecular event decreases the 

apoptotic potential of these (pre)malignant cells, therefore B-cells with low affinity BCR 

evade apoptotic signals during positive selection (the process where B-cells with high-

affinity BCRs are selected during affinity maturation) in the germinal center reaction. 

Even though the t(14;18) is a pathognomic event in the pathogenesis of FL and it occurs 

in 85% of all cases, it is not sufficient for malignant transformation, which requires 

additional genetic hits (13). Although, the presence of B-cells carrying the translocation 

in healthy individuals increases the risk of future malignant transformation to overt FL 

by around 23-fold (14), the majority of these individuals will never develop lymphoma, 

underlining that the translocation itself is not enough for malignant transformation (15). 

Unlike normal B-cells, premalignant BCL2 positive cells enter the germinal center 

reaction multiple times during the disease evolution (due to their immortality caused by 

the aberrant expression of the antiapoptotic protein), where the somatic hypermutation 

process promotes a mutagenic environment and propagates clonal evolution towards 

malignant FL transformation (16). Early transformed FL clones are considered to carry 

early founding genetic mutations and thought to be the fundamental reservoir of further 

disease evolution and progression (8). These early malignant clones are usually referred 

to as common progenitor cells (CPC), and due to their central role in the disease 

subsequent progression, the isolation and selective eradication of these cells are the main 

targets of ongoing investigations. The above mentioned early founding genetic mutations 

in the CPCs are also present in clinically manifest FL tumor bulks with additional genetic 

hits. 

Noteworthy, almost all FL cases carry at least one alteration in the epigenetic regulatory 

machinery (17), the most commonly affected genes are KMT2D (80%), CREBBP (70%), 

EZH2 (25%) and EP300 (20%) (18-20). These mutations will change the equilibrium 

between active and repressive histone marks of transcription, resulting in a shift from 

transcriptional activation towards aberrant repression of gene transcription. Other 

common FL specific mutation affects the IGH gene (80%), the BCL2 gene (50%), 

transcription factors: BCL6 (47%) and MEF2B (15%), tumor suppressors: TNFAIP3 

(26%) and TNFRSF14 (25%) and tumor metabolism: RRAGC (17%) (19, 21). 
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The third most common mutation affecting the epigenetic system are the gain of function 

mutations of the EZH2 gene (22, 23). The gene encodes a histone methyl-transferase 

enzyme, part of the polycomb repressive complex, which is responsible for transcriptional 

repression through methylating the histone 3 at 27th lysine residue (H3K27) (24, 25). The 

gain of function mutations of the gene results in an aberrant trimethylation of H3K27, 

further resulting in silencing of the target genes (Figure 2). There are seven different types 

of EZH2 mutations in this disease affecting the catalytic set domain of the protein, located 

at exon16 (p.Y646N/F/C/H/S) and exon18 (p.A682G and p.A692V). These alterations 

are considered early clonal events therefore they are thought to be present in the CPC 

population as well, however cases with EZH2 mutation restricted to disease progression 

or relapse were also described (19, 22, 26). The gain of function nature of these alterations 

proved to be an attractive pharmaceutical target, consequently tazemetostat, a first-in-its-

class small molecular inhibitor of EZH2 has recently been approved in the US for the 

treatment of relapsed/refractory (R/R) FL with EZH2 mutations (27), making EZH2 the 

first target in FL for precision oncology. The approval was based on an open-label, single-

arm, multicenter, phase II trial, where patients with an EZH2 mutation had an objective 

response rate (ORR) of 69%, meanwhile patients with wild-type EZH2 had an ORR of 

only 35% (28). In line with these results, diagnostic tests able to detect these alterations 

reliably and sensitively represent a significant clinical need. 

 

Figure 2. Epigenetic dysregulation of transcription in follicular lymphoma. The disease 

is characterized by loss (KMT2D, CREBBP, EP300) and gain (EZH2) of function 

epimutations. These result in either aberrant transcriptional activation or repression of 

target genes through methylation or acetylation. EZH2 inhibitor (EZH2i) restores normal 

chromatin mark by suppressing the elevated EZH2 protein activity.  
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The malignant transformation of premalignant t(14;18) positive cells to CPCs and 

eventually to FL cells requires several additional genetic hits acquired within years of 

slow progression during multiple re-entries to the germinal center reaction. This slow 

evolution results in a substantial clonal heterogeneity within an individual’s tumor. This 

heterogeneity can be present at molecular, cellular and morphological level as well within 

one tumor bulk (intra-tumor heterogeneity) or between distinct tumor sites (inter-tumor 

heterogeneity) (29, 30). Moreover, the disease is also characterized by temporal 

heterogeneity, meaning that the genetic/morphological architecture of the tumor sites 

collected at diagnosis and relapse can substantially differ from each other. 

I.3.2. Diagnosis and prognosis 

FL usually presents with generalized painless lymph nodes, the most commonly affected 

regions are the cervical, axillar, inguinal and abdominal lymph nodes. Although the 

disease is often symptomless, it can also present with systemic symptoms including 

fatigue and B-symptoms (weight loss, fever, night sweats). The disease can infiltrate 

extranodal organs as well, most commonly the BM, resulting in anemia, recurrent 

infections and thrombocytopenia. Other affected extranodal organs can be the liver, the 

salivary glands, the skin, the duodenum and the spleen (8). 

The cornerstone of the diagnosis remains the histopathological analysis, most commonly 

excisional or core biopsies are obtained from the affected lymph node regions. The tumor 

consists of enlarged homogenous neoplastic follicles, which can sometimes merge to 

form confluent nodules or diffuse areas of disease. By histopathological analysis, the 

tumor is CD20+ (cluster of differentiation 20), BCL2+, BCL6+, CD10+ (the activation 

induced cytidine-deaminase (AID) expression indicates the germinal center origin) and 

Ki67+ (being an indolent lymphoma, Ki67 proliferation marker is usually expressed in 

20-30% of the cells). If the histological analysis is not conclusive, other ancillary test can 

help to establish the diagnosis, such as fluorescent in situ hybridization to detect the 

t(14;18), or examination of monoclonality by the analysis of the IGH gene (8). The pre-

treatment diagnostic staging involves radiological imaging (most commonly 18F-

fluorodeoxyglucose positron emission tomography combined with computer tomography 

(PET/CT), BM aspiration, routine blood tests and sometimes flow cytometry analysis to 

detect circulating tumor cells (CTC). The Ann-Arbor system is used for staging FL, where 
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limited stage (only one or more (stage I and II, respectively) regions are affected in one 

side of the diaphragm) or advanced stage (both sides are affected with or without BM 

involvement (stage IV and III, respectively)) can be distinguished (31). 

Although FL responds well to modern treatments, the disease is incurable, and most 

patients will eventually experience relapse or disease progression. Therefore, accurate 

risk stratification prior to treatment represents an unmet clinical need. To date, several 

models have been proposed to predict treatment outcome, the most widely used one is the 

FL international prognostic index (FLIPI) incorporating five factors, namely age, stage, 

hemoglobin levels, lactate dehydrogenase (LDH) levels and number of involved nodal 

areas. Although this score was developed in the pre-rituximab era, it has maintained its 

validity (32). Taking advantage of the availability of whole genome sequencing results, a 

new prognostic model (m7-FLIPI) was created, incorporating clinical data and mutational 

status of seven genes (EZH2, ARID1A, MEF2B, EP300, FOXO1, CREBBP and CARD11) 

to predict treatment outcome of front-line immunochemotherapy regimens (R-CHOP 

(comprising rituximab, cyclophosphamide, doxorubicin, vincristine and prednisolone) or 

R-CVP (comprising rituximab, cyclophosphamide, vincristine and prednisolone)) (33). 

However, the usefulness of m7-FLIPI has not yet been proved in patients receiving 

bendamustine as chemotherapy backbone of rituximab (R-B). 

I.3.3. Patient Management 

About 20% of FL cases are diagnosed with limited stage (stage I/II) disease. Stage I and 

contiguous stage II (affected lymph nodes are in close proximity) disease can be treated 

with external beam radiation therapy alone (34). Asymptomatic patients, regardless of 

their stage, may not require treatment until symptomatic disease progression (watch and 

wait approach) (35). All other cases, including symptomatic advanced stage FL (80% of 

all cases), require systemic immunochemotherapy (ICT) regimens. The anti-CD20 

rituximab monoclonal antibody revolutionized the treatment of B-cell NHLs, which is 

still the most widely used antibody in the management of FL. However, nowadays newer 

generations of anti-CD20 antibodies (e.g., obinutuzumab) with improved efficacy are also 

available (36). Even though, in selected cases, anti-CD20 therapy alone may be sufficient, 

it is usually combined with a chemotherapy backbone, the most common first-line 

regimens are R-B, R-CHOP and R-CVP. The choice between the regimens depends on 
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prognostic factors, physician’s and patient’s preference (37). After induction ICT, 

patients usually receive maintenance antibody treatment for two years every second 

months, since it improves progression free survival (38). An exciting chemo-free 

alternative is the rituximab-lenalidomide (R2) combination which showed promising 

results in a phase III trial (39). 

FL in the R/R setting can also be treated with the above-mentioned regimens. Cases with 

rapid progression and/or histological transformation are usually treated with autologous 

stem cell transplantation (ASCT). Several new treatment modalities are also available in 

the R/R setting, namely bispecific antibodies, chimera antigen receptor T-cell therapies, 

anti-CD47 antibody and small molecular inhibitors (PI3K inhibitors, HDAC inhibitors 

and the previously mentioned EZH2 inhibitor) (25, 37, 40).  

Altogether, approximately 80% of the patients receive first-line ICT treatment. 

Progression within 24 months after initial systemic treatment occurs in 20% of these 

patients, which indicates poor prognosis and describes a patient group with highest need 

for novel treatment approaches (10). Around 40% of the patients will respond excellently 

to initial ICT and will achieve durable remission (>10 years). The last 40% of patients 

will relapse after two years and will experience the classical relapsing-remitting clinical 

course. This heterogeneous disease course requires effective patient follow-up and 

monitoring. Besides the routine blood test and physical examination performed at every 

patient-doctor encounter, the cornerstone of therapy monitoring nowadays is PET/CT 

imaging (41). During active ICT, one interim PET/CT is performed usually after the 4th 

treatment cycle and one at the end of the treatment regimen. During maintenance therapy 

and treatment-free follow-ups, imaging is performed in 6-12 months intervals until 5 

years from diagnosis. 

However, PET/CT-based patient monitoring and evaluation is hampered by its limited 

specificity and sensitivity, leading to difficulties in interpreting cases with residual 

metabolic activity (42, 43). Therefore, novel tests able to detect minimal residual disease 

or emerging relapse-driving novel clones are needed. The most promising diagnostic 

alternative proved to be the liquid biopsy analysis so far. 
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I.4. Liquid biopsy 

The term liquid biopsy refers to the molecular isolation, detection and analysis of cell-

free nucleic acid-based biomolecules. Although, all kinds of body fluids can be utilized 

for liquid biopsy analysis, the blood plasma is by far the most commonly used source 

(44). From the blood plasma cfDNA, cell-free RNA (cfRNA) and mitochondrial DNA 

can selectively be detected and analyzed, however, cfDNA is the most common type of 

biomolecule used in this regard, owing to its relative stability (45) (Figure 3). Circulating 

cfDNA in the plasma was first discovered by Mendel and Metais in 1948 (46), although 

the potential clinical significance of these biomolecules were described only decades 

later. Typically, cfDNA molecules in the plasma have a short fragment length (~100-300 

basepairs) and short half-life (~4-5 hours) owing to their renal and hepatic clearance and 

to plasma DNase enzymes (47). They are released to the blood by active secretion or 

passively from necrotic and apoptotic cells (the short fragment lengths are also the result 

of the cleavage of effector caspase enzymes). Healthy (cells of the BM, mucosa, 

parenchymal organs, and white blood cells) and tumor cells can either be the source of 

cfDNA. Therefore, the amount of cfDNA in the plasma is usually increased in patients 

with malignancies, this tumor-derived fraction of cfDNA is termed circulating tumor 

DNA (ctDNA), which can represent a wide proportion of all cfDNA molecules in the 

blood: it can vary between 0.01% to 90% (2). The molecular genetic alterations of the 

tumor are therefore mirrored in the ctDNA compartment as well; point mutations, copy 

number alterations, structural chromosome variations and methylation patterns can be 

investigated (Figure 3). 
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Figure 3. Liquid biopsy. In the peripheral blood, several cell-free nucleic acid-based 

biomarkers can be found. Cell-free DNA (cfDNA) may originate from healthy or 

malignant tissues, with the latter usually referred to as circulating tumor DNA (ctDNA). 

Besides genomic DNA, mitochondrial DNA (mDNA) and exosome-bound cell-free RNA 

(cfRNA) molecules can also be found in the blood plasma. The molecular analysis of these 

biomolecules can reveal tumor specific genetic alterations, including mutations, copy 

number variations (CNV), structural variations (SV) and methylation patterns. Created 

with BioRender.com. 

Biomarker analysis for the diagnostic work-up of oncology patients can be performed on 

classical tissue biopsies (TB) or on liquid biopsies (LB). TB-based biomarker analysis 

has better analytical sensitivity, as usually large amount of DNA can be isolated from this 

sample type. The molecular and histological findings can also be aligned with each other 

when utilizing TBs. LB-based biomarker analysis, however, represents a painless, 

minimal invasive sample collection alternative, as a routine blood draw in a special 

collection tube is the only requirement. The minimal invasive nature allows for repeated 

sample collections, therefore longitudinal biomarker analysis during and after treatment 

is feasible with this method (3). Plasma cfDNA also represents the systematic disease 

because DNA fragments are shed to the bloodstream from all affected sites, therefore 

tumors with a considerable spatial heterogeneity, like FL, can be investigated (3) (Figure 

3). LBs can also convey important molecular information from hard-to-biopsy tumors, 

e.g. tumors of the retroperitoneum or the central nervous system (48) (Figure 3). 
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Noteworthy, in older patient population, somatic molecular alterations owing to normal 

physiological aging of tissues (e.g. age-related clonal hematopoiesis in the BM) can easily 

be misinterpreted as false positive results in a LB specimen, hence caution and 

appropriately chosen analytical controls are required (49). 

Nowadays, LB analysis is part of the diagnostic guidelines of non-small cell lung cancers 

and the screening guidelines of colorectal cancers (50, 51). In hematology, the most 

researched diseases in term of LB are DLBCL and HL. LBs have a potential in diagnostic, 

prognostic and predictive biomarker analysis and evaluation of general disease burden at 

the time of diagnosis, monitoring of treatment responses during therapy, and early 

detection of therapy resistance, minimal residual disease and emerging resistant clones 

after treatment (4). 

The amount of cfDNA in the blood plasma is usually low (1-500 ng/ml), and as mentioned 

above, the tumor derived ctDNA fraction can be as low as 0.01% (45), especially in 

indolent diseases, like FL. Consequently, sensitive new generation molecular biology 

techniques are needed for analysis. The two, most commonly used methods are droplet 

digital PCR (ddPCR) and new generation sequencing (NGS). 

I.5. Droplet digital PCR 

The newest generation polymerase chain reaction (PCR), the ddPCR has an increased 

sensitivity compared to previous generation PCRs, which can reach 10-4 or 10-5, meaning 

0.01% or 0.001% variant allele frequencies (VAF) can be detected. As in real-time 

quantitative PCR set ups, ddPCR uses two fluorescent-labelled probes for allele specific 

detection. Unique to ddPCR, the reaction space is divided into ~10.000 independent 

reaction spaces by lipid particles. These distinct PCR reactions will individually be 

evaluated, therefore rare molecular events (e.g. mutations with low VAFs) can be detected 

with an increased statistical probability, hence the biological noise (wild-type DNA 

background) is decreased in the droplets carrying the alteration (52) (Figure 4). Beside 

the enhanced sensitivity, another advantage of this technique is the absolute quantification 

of the target DNA alleles, hence the original copy numbers can be calculated from the 

natural logarithm of the absolute number of empty droplets (droplets not carrying target 

DNA) (53). More than one target DNA molecule may be amplified in a single droplet, 
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therefore in some cases with enough input template DNA, a sensitivity below 10-4 can be 

achieved. 

 

Figure 4. Comparison of classical and digital droplet PCR (ddPCR) setups. In an 

ordinary PCR reaction, DNA fragments are amplified in the same reaction space, 

meanwhile in a ddPCR set up the reaction space is partitioned by lipid droplets into small, 

individual spaces where amplification will occur. The partitioning significantly increases 

sensitivity, hence in a droplet, the originally low abundancy of the mutant (MT) DNA 

molecule increases as the wild-type (WT) DNA background is decreased and the 

fluorescent signs of the droplets are eventually analyzed individually (in the figure, the 

relative abundancy is 300x in the ddPCR setup). Created with BioRender.com. 

Unlike NGS-based methods, where even whole genome or whole exom coverage can be 

reached, ddPCR is a low throughput technique, where usually only specific point 

mutations or the presence of distinct short sequences can be investigated. To overcome 

this limitation, multichannel ddPCR systems can be used, where each target can be 

labelled with distinct fluorophores (54). Several groups aimed to increase the detectable 

targets in a two-channel system by applying different concentrations from distinct target 

specific probes labelled with the same fluorophore (55, 56). By using this technique, 

targets labelled with a higher concentration of hydrolysis-probes will have a higher 

fluorescent intensity generating distinct fluorescent amplitude bands, consequently 

different targets labelled with the same fluorophore can be distinguished in a two-channel 

system as well. It is also noteworthy, that ddPCR is a relatively available cost-effective 
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solution for scenarios, where a known alteration or allele is aimed to be detected with a 

decent sensitivity.  
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II. Objectives 

In my PhD work, we aimed to  

1) Develop a cost-effective molecular biology test for the reliable and sensitive 

detection of EZH2 mutations in follicular lymphoma with rapid turn-around 

time. 

2) Determine the EZH2 mutation frequency in a Hungarian FL patient cohort.  

3) Investigate the spatial heterogeneity in FL: test the extent of intra- and inter-

tumor heterogeneity in TBs and test the detectability of EZH2 mutations from 

blood plasma samples. Compare the sensitivity and negative predictive value of 

LB and TB biopsy-based EZH2 mutation analysis. 

4) Investigate the temporal dynamics of EZH2 mutations between diagnostic and 

relapse settings. 

5) Scrutinize the correlation of EZH2 mutation status and EZH2 allele burden 

measured in the peripheral blood with clinical, pathological and radiological 

parameters. 

6) Longitudinally monitor EZH2 mutations in patients receiving 

immunochemotherapy. 

7) Compare the detectability of EZH2 mutations from the cellular (peripheral 

blood mononuclear cells (PBMNC)) and acellular (cfDNA) component of the 

blood.  
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III. Methods 

III.1. Sample recruitment and patient information 

Paired pre-treatment liquid biopsy (LB) and tumor biopsy (TB) samples were obtained 

from 117 FL patients treated in 10 Hungarian hematology centers. Seventy-eight patients 

were recruited at the time of diagnosis, thirty-eight at the time of relapse and one patient 

had paired TB and LB samples at both timepoints. Additionally, 84 LB samples were 

collected longitudinally at the first day of the treatment cycles from 24 patients (from the 

same cohort) being actively treated, with 2-7 sequential samples per patient. LB samples 

from 9 progressing/relapsed patients who lacked paired relapse TB samples were also 

included. Altogether, we analyzed 195 LB, 222 TB and 55 PBMNC samples collected 

from 126 FL patients. TB sample was available for 125 patients. EZH2 mutation status 

from PBMNC samples (cellular component of the blood) was investigated if the 

corresponding LB sample collected at the same time proved to be EZH2 mutant. 

Relapse was defined as progression after at least one previous line of therapy or if the 

patient required treatment at least 12 months after watch and wait approach. The study 

was conducted in accordance with the Declaration of Helsinki, and the protocol was 

approved by the Ethics Committee of the Hungarian Medical Research Council (45371-

2/2016/EKU and IV/5495-3/2021/EKU). 

III.2. DNA isolation from LB samples 

LB samples were collected using Cell-Free DNA Collection Tubes (Roche, Switzerland). 

Plasma fraction of 3-4 ml volume was isolated using a two-step centrifugation protocol 

(whole blood was centrifuged at 1.600 g for 20 min at 4 oC, subsequently the plasma 

fraction was centrifuged at 16.000 g for 10 minutes at 4 oC), then plasma samples were 

frozen at -70 oC until further processing. cfDNA was isolated using the QIAamp 

Circulating Nucleic Acid Kit (Qiagen, Germany) following the manufacturer’s 

instructions. Isolated cell-free DNA samples were stored at -20 oC. Quantity and quality 

of cfDNA were assessed by Qubit 4 Fluorometer (Thermo Fisher Scientific, USA) and 

4200 TapeStation System (Agilent Technologies, USA), respectively. Only those cfDNA 

samples were tested further, whose short fragment length (140-450 base pairs) ratio was 

above 80%, to avoid non-tumorous white blood cell DNA contamination. 
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III.3. DNA isolation from TB samples 

Formalin fixed paraffin embedded (FFPE) TB samples were available from 125 patients. 

Altogether, 222 TB samples were collected (154 lymph nodes, 54 BM, 14 extranodal 

tissues). Tumor DNA from FFPE samples was isolated using the QIAamp DNA FFPE 

Tissue Kit (Qiagen, Germany). Isolated DNA samples were quantified by Qubit 4 

Fluorometer (Thermo Fisher Scientific, USA) and stored at 4 oC. 

III.4. DNA isolation from PBMNC samples 

Mononuclear cell fraction of peripheral blood samples drawn into EDTA containing 

blood collection tubes was separated with Ficoll gradient centrifugation (400 g for 30 

minutes). Cellular DNA was extracted using the MagCore Plus II Automated Nucleic 

Acid Extractor (RBC Bioscience Corporation, Taiwan). Isolated DNA samples were 

quantified by Qubit 4 Fluorometer (Thermo Fisher Scientific, USA) and stored at 4 oC. 

III.5. Droplet digital PCR 

EZH2 mutation status was determined with a QX200 ddPCR system (Bio-Rad 

Laboratories, USA). All PCR reactions were performed using ddPCR Supermix for 

probes (no deoxyuridine triphosphate (dUTP)) (Bio-Rad Laboratories, USA) for single 

PCR reactions and ddPCR Multiplex Supermix (Bio-Rad Laboratories, USA) for 

multiplex PCR reactions. We aimed to input 25 ng of template DNA into each reaction. 

Amplification was carried out in a C1000 Touch™ Thermal Cycler (Bio-Rad 

Laboratories, USA) with a standard ddPCR protocol. Reactions were accepted for 

subsequent analyses if at least 7.000 droplets were detected. Results were analyzed and 

translated to copy numbers/μl values and VAF using the QuantaSoft software (version 

1.7; Bio-Rad Laboratories, USA). 

We set up a unique multiplex PCR scenario capable of analyzing seven EZH2 mutation 

hotspots in two distinct PCR reactions. In the first PCR reaction, we used four mutation-

specific (EZH2 p.Y646F/C/S and EZH2 p.A682G) and two corresponding wild-type 

(WT) probes. In the second PCR reaction, three mutation-specific (EZH2 p.Y646N/H and 

EZH2 p.A692V) and two corresponding WT probes were used. A TB sample was 

considered mutant if the detected VAF was above 1%. The EZH2 VAF values for all bone 

marrow samples were normalized for the tumor cell content (measured by flow 
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cytometry) using the following formula: VAF measured by ddPCR * (100/tumor content 

%). A VAF cut-off of 0.1% was applied for LB samples if the theoretical sensitivity was 

below this value, otherwise theoretical sensitivity was considered. The mean detected 

copy number was 333 copies/μl and 66 copies/μl, therefore the mean theoretical 

sensitivity of the ddPCR reactions were 0.03% and 0.15% for TB and LB samples, 

respectively. This was calculated from the reciprocal sum of mutant and wild type DNA 

fragments detected in 20 μl and multiplied by 100. All PBMNC samples were considered 

mutant if at least one droplet was positive for the tested mutation. If very few droplets 

(<2) supported the mutant EZH2 status in a LB specimen the reaction was repeated. 

III.6. Serial dilution 

A PBMNC derived DNA mix pooled equimolarly from five healthy subjects was used to 

generate serial dilutions up to 100.000x from known EZH2 mutant FFPE samples 

corresponding to the seven EZH2 hotspots analyzed. To increase accuracy, additional 

dilution points were used (2.000x, 5.000x, 20.000x and 50.000x) beside the 10-fold 

dilution series points (10x, 100x, 1.000x, 10.000x, 100.000x). To determine the analytical 

sensitivity, PCR reactions near the sensitivity cut-off were run in triplicates for both single 

and multiplex ddPCR reactions. Sensitivity cut-off was identified if at least a single 

positive droplet was found in each triplicate. 

III.7. Data analysis and statistical methods  

Statistical analysis was performed using the Prism 8.0.1 software (GraphPad Software, 

Inc, USA). We investigated the statistical connection between the result EZH2 mutation 

analysis and clinical parameters of the patients. Normal distribution of continuous 

variables was tested with the Shapiro-Wilk test. For the analysis of continuous variables, 

unpaired T-test, Mann-Whitney U test, one-way ANOVA or the Kruskal–Wallis one-way 

analysis of variance was used depending on the number of groups analyzed and on the 

distribution of variables. Categorical variables were studied with Chi-square test and Chi-

square test for trend. The interdependence of two continuous variables was tested with 

linear regression. Paired variables and samples were tested with paired T-test, Wilcoxon 

signed-rank test and Friedman test depending on the number of groups analyzed and on 

the distribution of variables. All tests were two-sided, p value threshold for significance 

was set to 0.05% and 95% confidence interval was applied for all analyses.  
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IV. Results 

IV.1. EZH2 mutation detection using a novel multiplex ddPCR assay 

First, we designed a novel multiplex droplet digital PCR approach for the simultaneous 

detection of distinct EZH2 mutations. We performed a series of measurements with 

varying probe concentrations and combinations, resulting in an assay mix, which can 

stably and reproducibly detect the seven EZH2 hotspot mutations in only two PCR 

reactions instead of performing seven distinct single PCR measurements. The resulting 

assay mix yields satisfactory separation in signal for each mutation. The two assay mixes 

generate up to 12 and 10 distinct fluorescent clusters upon applying to a pool of sample 

harboring each of the four and three somatic mutations plus WT DNA (Figure 5A-B). 

 

Figure 5. Droplet digital PCR dotplots after applying the two multiplex assay mixes to a 

pool of samples harboring the corresponding four (A) and three (B) EZH2 mutations plus 

wild-type (WT) DNA. Fluorescent clusters harboring only one of the mutant DNA 

fragments are colored blue, droplets harboring WT DNA are colored green, clusters 
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harboring both mutant and WT are colored orange, droplets without template DNA are 

grey. To determine the variant allele frequency of a mutation we selectively outlined the 

droplets containing the mutation with the „lasso” function of the QuantaSoft software, 

then similarly we outlined the corresponding WT droplets (WT for exon 16 and WT for 

exon 16 +18, if the mutation is p.Y646X and WT for exon 18 and WT for exon 16 + 18, if 

the mutation is p.A682G or p.A692V). 

Competition between probes used in the same multiplex PCR amplification reaction may 

affect sensitivity. To detect and analyze the rate of this phenomenon, we made serial 

dilutions of FFPE samples known to harbor one of the seven EZH2 mutation. We 

compared the limit of detection (LOD) of single vs multiplex PCR amplification for all 

alteration. With regards to all analyzed hotspots, no statistical difference was found 

between the single and multiplex PCR approach (paired T-test, p=0.75). Upon analyzing 

all hotspots individually, we have not found a difference in the LOD for mutation specific 

assays of p.Y646N/F/C/S and p.A682G, however, we detected decreased LOD for 

p.Y646H and p.A692V assays in the multiplex PCR setup, although neither exceeded one 

log difference and the analytical sensitivity remained below 0.1% for these targets as well. 

Upon comparing LB-based to TB-based EZH2 analysis, we found that the LB-based 

approach slightly outperforms the TB-based one in terms of sensitivity and negative 

predictive value (NPV) (Figure 6A-B). 

 

Figure 6A-B. Comparison between statistical sensitivity, specificity and negative 

predictive value (NPV) of liquid biopsy (LB) and tissue biopsy (TB) based EZH2 mutation 

detection analysis of the 117 patients with paired TB and LB samples. We determined the 

specificity and the NPV of the TB- and the LB-based EZH2 mutation detection compared 
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to the LB or to the TB-based approach, respectively. We did not consider those samples 

false positive where the EZH2 mutation was only found in the LB sample, therefore 

statistical sensitivity was calculated from the sum of mutant samples in TB and LB. MT: 

mutant. WT: wild-type. 

We also scrutinized if the multiplex approach affects the detected VAF compared to the 

single PCR approach. First, three experienced members of our group compared the 

measured VAF for all seven hotspot mutations after multiplex PCR in 57 TB and LB 

samples, among 3 carrying two distinct EZH2 mutations, and no significant difference 

was found between each observer (Mann-Whitney U test, p=0.72). Second, we compared 

the average VAF of the multiplex approach determined by the three independent 

observers to the VAF of the same samples determined by single PCR approach and again, 

no statistical difference was found (Friedman test, p=0.31). 

IV.2. EZH2 mutation detection in TB and pre-treatment LB samples 

EZH2 mutations were detected in 42.1% (53/126) of the patients when considering all 

available sample types (diagnostic TB, relapse TB or pre-treatment LB specimen (Figure 

7A). Analyzing the paired TB-LB samples (n=117), the EZH2 mutation frequency was 

38.4% (45/117) and it did not differ significantly between the TB and the LB samples 

(30.7% vs 33.3%, respectively, Chi-square test, p=0.68). However, in six patients (5.1%) 

the EZH2 mutation was detected exclusively in the TB samples, while in nine (7.7%) 

patients, the EZH2 mutation was only detected in the corresponding LB sample (Figure 

7B). In this cohort, 53 different mutations were found in 45 patients. Among these 53 

mutations, 30 mutations were present in both compartments, with 9 and 14 were only 

present in the TB or in the LB, respectively. 
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Figure 7. A: EZH2 mutation (MT) status in all investigated samples. B: EZH2 MT status 

in patients with paired tissue (TB) and pre-treatment liquid biopsy (LB) samples. Patients 

harboring mutation exclusively in one compartment (TB or LB only) are displayed 

individually. WT: wild-type. 

Spectrum of EZH2 mutations in liquid and tissue biopsy samples is summarized in Figure 

8A. We did not find any difference between the spectrum of EZH2 mutation types in TB 

and LB samples. Interestingly, we found a relative increase in the proportion of p.Y646N 

and decrease in the proportion of p.Y646F and p.Y646H mutations at the time of relapse 

(Figure 8B). Median EZH2 mutation VAF was 21.5% (range 1.0 – 54.6%) and 2.3% 

(range 0.1 – 74%) in TB samples and in pre-treatment LB samples, respectively. 

 

Figure 8. A: Distribution of SET domain EZH2 mutation types in EZH2 mutant patients 

with paired tissue (TB) and liquid biopsy (TB). B: Distribution of SET domain EZH2 

mutation types in samples collected at the time of diagnosis and at relapse. 

IV.3. EZH2 mutation detection in diagnostic and relapse samples 

With a median follow-up time of 29 months (range: 6-229), 50 patients (39.7%) relapsed 

after treatment or progressed after at least 12 months of watch and wait approach. From 

these 50 patients, 39 had an EZH2 mutation analysis both at the time of diagnosis and 

relapse/progression from at least one sample of any kind (pre-treatment LB or TB). 

Although there was no significant difference in the EZH2 mutation frequency between 

diagnosis and relapse (25.7% vs 41%, respectively, Chi-square test, p=0.15) we observed 

a switch in the EZH2 mutation status during the disease course in 14 patients out of the 
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39 (35.9%) who had paired diagnostic and relapse samples available (4 EZH2 wild-type 

relapse after EZH2 mutant FL at diagnosis and 10 EZH2 mutant relapse following EZH2 

wild-type diagnosis). Concordant mutant or wild-type EZH2 mutation status comparing 

the diagnostic and relapse samples was detected in 6 and 19 patients, respectively. In four 

patients with paired diagnostic and relapse nodal TB, the measured EZH2 VAF 

significantly increased at the time of relapse (paired T-test, p=0.02, Figure 9C). 

Altogether, 51.3% of relapsed patients in this cohort with paired diagnostic and relapse 

samples harbored an EZH2 mutation at one point during the disease course (Figure 9A-

B). 

 

Figure 9. A: Combined EZH2 mutation frequency in patients with paired diagnostic and 

relapse samples. B: EZH2 mutation status switch phenomenon in patients with paired 

diagnostic and relapse sample. C: Comparison of EZH2 VAFs between diagnosis and 

relapse in four patients with paired mutant TBs. 

IV.4. Detection of intra- and inter-tumor heterogeneity 

Multiple TB samples collected at the same time from distinct sites were available from 

54 patients. Spatial heterogeneity was documented in 8 patients (15%), in cases where 
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different EZH2 mutation types were detected in distinct sites, or in patients with at least 

one mutant and one wild-type tumor site (Figure 10). Intra-tumoral heterogeneity was 

identified in 5.4% (3/56) of all nodal mutant TB samples, where at least two EZH2 

mutations were detected from the same sample. Multiple EZH2 mutations were found in 

14% of pre-treatment LB samples (6/43), again reflecting inter-tumoral spatial 

heterogeneity (Figure 11). 

 

Figure 10. Illustration of spatial heterogeneity captured in paired multiple tissue (TB) 

and liquid biopsy (LB) specimens of 8 patients. Multiple EZH2 mutations found in the 

same specimen are also indicated. 
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Figure 11. EZH2 mutation pattern in 45 mutant follicular lymphoma patients with paired 

tissue (TB) and liquid biopsy samples (LB). Saturation of the bars represent variant allele 

frequencies (VAF) in a log2 scale. EZH2 VAFs (range: 0.1-74.0%) were multiplied by 

100 (to avoid zero and minus values), then transformed to a log2 scale. Subsequently, 

each value was converted to percentage for illustration, where 100% VAF would occur 

as a fully saturated bar. C2D1: cycle 2 day 1. C3D1: cycle 3 day 1. C4D1: cycle 4 day 1. 
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C5D1: cycle 5 day 1. C6D1: cycle 6 day 1. D: diagnosis. Pre-th: pre-treatment. R: 

relapse. Surveill: surveillance sample (LB sample collected at remission). WT: wild-type. 

In Pt-7, two distinct EZH2 mutations (p.Y646F and p.Y646N) were detected in the 

peripheral blood with different VAFs (20.4% and 0.4%, respectively). The analysis of the 

TBs proved that the p.Y646N mutation originated from a low-grade FL in the inguinal 

lymph nodes, meanwhile the p.Y646F mutation was found in an extranodal transformed 

FL from the duodenum wall (Figure 12A). Similarly, Pt-38 displayed two different 

mutations (p.Y646C and p.Y646N) in the LB specimen, however here, only the EZH2 

p.Y646C mutation was detected in the TB (in a cervical lymph node). This patient had a 

large retroperitoneal and mediastinal mass on PET/CT, which raises the possibility that 

the EZH2 p.Y646N mutant clone was restricted to this, unbiopsied site (Figure 12B). 

 

Pt-7 

Pt-38 
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Figure 12. A: Illustration of spatial heterogeneity and longitudinal treatment monitoring 

with liquid biopsy in the case of Pt-7. At the time of disease progression, a low- and a 

high-grade disease site was described by histological and molecular analysis. Both 

disease sites harbored a distinct EZH2 mutation, with both mutations recovered in the 

pre-treatment liquid biopsy specimen. These mutations rapidly eliminated from the blood 

after initiation of a successful treatment.  B: Illustration of spatial heterogeneity in the 

case of Pt-38. At the time of relapse, a subclonal EZH2 mutation was found in the TB of 

the patient, with an additional EZH2 mutation present in the paired liquid biopsy sample. 

Extensive involvement of the mediastinal and retroperitoneal region was found on 

imaging, which unbiopsied regions may have been the source of the additional p.Y646N 

mutation found in the peripheral blood. Numbers in the rectangles represent the variant 

allele frequencies (VAF) of the mutations. LN: lymph node. tFL: transformed follicular 

lymphoma. R-B: rituximab, bendamustine. R-CHOP: rituximab, cyclophosphamide, 

doxorubicin, vincristine, prednisone. R: rituximab. 

IV.5. Correlation of EZH2 mutation status and VAF levels with histological, clinical 

and radiological parameters 

Altogether, we analyzed 222 TB samples collected from 125 patients at the time of 

diagnosis or at relapse. Upon comparing the EZH2 mutation status and the EZH2 VAF 

levels with histological grade, we found that higher histological grade is significantly 

associated with mutant TB EZH2 status (Chi-square test, p=0.04) (Figure 13A) and higher 

TB EZH2 VAF level (unpaired T-test, p=0.006) (Figure 13D) but we found only a trend 

with LB EZH2 VAF level (Mann-Whitney U test, p=0.24) (Figure 13E). Similarly, we 

could only reveal a trend with linear regression analysis upon comparing corresponding 

TB and LB EZH2 VAFs (Figure 13J). However, the highest EZH2 VAF in a LB sample 

(74%) was measured in a case, who experienced early high-grade transformation 

following ICT (Pt-1), and eventually succumbed to the disease one week after sample 

collection (Figure 14). 
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Figure 13. A-K: Correlation between EZH2 mutation status, EZH2 variant allele 

frequencies (VAF) and histological and clinical variables. P values marked with an 

asterix indicates statistically significant differences. Parenchymal organ or skin 

involvements were considered as extranodal involvement, bone marrow infiltration was 

evaluated separately. BM: bone marrow. FLIPI: follicular lymphoma international 

prognostic index. GCB-DLBCL: germinal center B-cell like diffuse large B-cell 

lymphoma. LB: liquid biopsy. LDH: lactate dehydrogenase. LG: low grade. MT: 

mutant/mutation. PET/CT: 18F-fluorodeoxyglucose positron emission tomography 

combined with computer tomography. SUV max: maximum 18-fluorodeoxy glucose 

standardized uptake value. TB: tissue biopsy. VAF: variant allele frequency. WT: wild-

type. 

Interestingly, we found that wild-type EZH2 status may be associated with increased risk 

of BM infiltration, although this did not reach statistical significance (Chi-square test, 

p=0.08). However, histologically confirmed BM infiltrates (with a median 17.5% 

infiltration by tumor cells) were more frequently EZH2 wild-type, regardless of the 

mutation status of the paired TB: only six out of the ten patients with paired mutant TB 

displayed an EZH2 mutation in the BM as well. On the contrary, only one patient harbored 

an EZH2 mutation in the BM among the 34 patients with paired wild-type. Altogether, 

16% (7/44) of infiltrated BM samples harbored the mutation, meanwhile 84% (37/44) 

proved to be EZH2 wild-type. 

 

Pt-1 
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Figure 14. Detailed illustration of Patient-1. Liquid biopsy obtained one week prior to 

the death of the patient revealed high variant allele frequency (VAF) of EZH2 p.A682G 

mutation. Numbers in the rectangles represent the VAF of the mutation. LN: lymph node, 

BM: bone marrow, tFL: transformed follicular lymphoma. R-CHOP: rituximab, 

cyclophosphamide, doxorubicin, vincristine, prednisone. R-DHAP: rituximab, 

dexamethasone, high-dose cytarabine, cisplatin. R-IGEV: rituximab, ifosfamide, 

gemcitabine, vinorelbine. 

The presence of B-symptoms was also significantly (Chi-square test, p=0.03) associated 

with mutant EZH2 status (Figure 13C). There was no difference between median EZH2 

VAF at the time of diagnosis and progression/relapse (2.5% vs 2.2%, Mann-Whitney U 

test, p=0.13). The EZH2 mutation status and the LB EZH2 VAF level did not correlate 

with any of the other parameter analyzed, however, we found a trend between LB EZH2 

VAFs and clinical stage, FLIPI, LDH levels, presence of extranodal involvement and 

PET/CT SUV max (maximum 18-fluorodeoxy glucose standardized uptake value) value, 

where the group(s) with higher mean VAFs was associated with more aggressive clinical 

factors (Figure 13F-K). 

IV.6. EZH2 mutation detection in longitudinally collected follow-up LB samples 

Follow-up LB samples collected on the first day of each treatment cycle were available 

from 24 patients. Among these, 19 patients were treated with first line 

immunochemotherapy (13 received R-B, 6 R-CHOP) or chemotherapy (Pt-36 was 

diagnosed with composite HL and FL, and was treated with ABVD (doxorubicin, 

bleomycin, vinblastine and dacarbazine)). All patients treated with first line regimen 

responded to treatment. At the time of sample collections 4 patient received therapy due 

to relapsed FL; 2 patients received R-CHOP, 1 R-DHAP (rituximab, dexamethasone, 

high-dose cytarabine, cisplatin) and 1 R2 and altogether 3 out of 4 patients responded to 

the applied therapy. 

Mean EZH2 VAF was 9.2% and 5.12% before treatment and at the time of C2D1, 

respectively (Figure 15A). The difference between C1D1 and C2D1 VAF was not 

significant (Wilcoxon signed-rank test, p=0.06), although we observed a strong 

correlation upon analyzing only those patients that responded to ICT (9.2% vs 0.2%) 

(Wilcoxon signed-rank test, p=0.005) (Figure 15B). EZH2 VAF significantly decreased 
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at the beginning of all subsequent cycles compared to C1D1 (Figure 15B). Patients 

responding to therapy were characterized by a prompt decrease in the EZH2 VAF level 

after the initiation of treatment, meanwhile this did not happen in Pt-3, Pt-6, and Pt-28 

who initially did not show clinical response (Figure 15C). 
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Figure 15. EZH2 mutation analysis in longitudinally collected follow-up liquid biopsy 

samples. A: Mean EZH2 variant allele frequencies (VAF) before each treatment cycle in 

all patients. B: Mean EZH2 variant allele frequencies (VAF) before each treatment cycle 

in patients responding to therapy. C: Spider plot showing alterations in liquid biopsy 

(LB) EZH2 VAFs in response to therapy in patients with follow-up liquid biopsy samples. 

X axis shows elapsed time in months from treatment initiation. Patients without clinical 

response are labelled with red. C1D1: cycle 1 day 1. C2D1: cycle 2 day 1. C3D1: cycle 

3 day 1. C4D1: cycle 4 day 1. C5D1: cycle 5 day 1. C6D1: cycle 6 day 1. R-CHOP: 

rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone. R-CVP: rituximab, 

cyclophosphamide, vincristine, prednisolone. 

The excellent clinical response was promptly mirrored by LB analysis in Pt-7, where both 

EZH2 mutations quickly eliminated after only one cycle of ICT treatment, five months 

prior to the PET/CT examination, which eventually confirmed the complete metabolic 

response (Figure 12A). On the other hand, Pt-6, who was first treated with R-CVP at the 

time of relapse, showed no improvement in clinical symptoms after two cycles. The 

treatment was then eventually intensified to R-CHOP and a prompt response was 

registered clinically and molecularly as well (Figure 16A). We observed fluctuant mutant 

EZH2 ctDNA kinetics in Pt-3 at the time of relapse, who was treated with intensified 

regimens with the intent of ASCT. Initially, prompt molecular responses were detected 

in the LB compartment at day 8 after R-DHAP and R-IGEV (rituximab, ifosfamide, 

gemcitabine, vinorelbine) regimens, however, the disease proved to be refractory to both 

and to all subsequent salvage therapies (Figure 16B). Surveillance LB sampling provided 

proof-of-concept for early relapse detection in the case of Pt-118, who experienced EZH2 

mutant relapse one year after rituximab monotherapy, where EZH2 p.Y646N mutation 

was detected in the LB specimen. Interestingly, the same EZH2 p.Y646N with low VAF 

was detected six months before the clinical relapse in a surveillance LB sample (Figure 

16C). 
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Figure 16. A: Illustration of temporal changes in EZH2 variant allele frequencies (VAF) 

in response to therapy in the case of Pt-6. B: Detailed illustration of treatment monitoring 

in Pt-3. EZH2 p.Y646N mutations were found in three sites at relapse. ctDNA EZH2 

Pt-6 

Pt-3 

Pt-118 
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p.Y646N allele frequencies fluctuated in parallel with treatment efficacy and 

refractoriness. Failure to eliminate EZH2 mutations from the plasma indicated poor 

prognosis. C: Illustration of clonal expansion of the EZH2 mutant clone in the case of Pt-

118. The patient was treated with upfront rituximab monotherapy and subsequently 

reached complete remission. Liquid biopsy (LB) sample collected at this timepoint was 

found to be EZH2 wild-type. Ten months later, the patient relapsed to an EZH2 mutant 

follicular lymphoma, at this timepoint the EZH2 mutation could be detected in the 

peripheral blood with a relatively high VAF. When analyzed retrospectively, the same 

mutation could be detected in the LB specimen seven months prior to relapse with low 

VAF. Numbers in the rectangles represent the VAF of the mutation. BM: bone marrow. 

Hyper-CVAD: Course A: cyclophosphamide, vincristine, doxorubicin, dexamethasone. 

Course B: methotrexate, cytarabine. LN: lymph node. R-CHOP: rituximab, 

cyclophosphamide, doxorubicin, vincristine, prednisone. R-CVP: rituximab, 

cyclophosphamide, vincristine, prednisolone. R-DHAP: rituximab, dexamethasone, high-

dose cytarabine, cisplatin. R-IGEV: rituximab, ifosfamide, gemcitabine, vinorelbine. tFL: 

transformed follicular lymphoma. 

IV.7. Comparison of EZH2 mutation analysis in LB and PBMNC specimens 

We tested the EZH2 mutation status of PBMNC samples of patients whose paired LB 

sample carried an EZH2 mutation. Fifty-five paired PBMNC and LB samples were 

available for analysis with only 17/55 (31%) PBMNC samples carrying the EZH2 

mutation detected in the corresponding LB sample. Interrogating these 17 samples, EZH2 

VAF was significantly higher in the LB samples compared to the corresponding PBMNC 

samples (mean VAF: 5.7% vs 0.05%, Wilcoxon signed-rank test, p<0.0001) (Figure 17). 
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Figure 17. Comparison of EZH2 variant allele frequencies (VAF) between liquid biopsy 

(LB) and peripheral blood mononuclear cell samples (PBMNC). VAFs are displayed on 

a log2 scale. Original VAFs (LB VAF range: 0.1-74.0%, PBMNC VAF range: 0.008-

0.77%) were multiplied by 1000 (to avoid negative and zero values), then transformed to 

a log2 scale. Values are sorted from left to right in a descending order based on LB VAFs. 

Cases with detectable EZH2 mutations in the PBMNC sample are clustered to the left.  
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V. Discussion 

In my PhD work, we developed a unique, novel, multiplex ddPCR-based approach for 

the cost-effective, reliable, and sensitive detection of EZH2 mutations from TB and LB 

samples of patients with FL (57). Owing to the substantial spatial and temporal 

heterogeneity of the disease, we detected these mutations in a significantly higher 

proportion of the patients, which finding may increase the number of FL cases, who most 

likely would benefit from recently approved selective EZH2 inhibitor treatment in the 

near future. 

V.1. Development of the multiplex ddPCR assay 

Minimal invasive ddPCR-based EZH2 analysis is mainly restricted by the usually low 

cfDNA material in the plasma and the multiple single nucleotide variations presented in 

three loci in exons 16 and 18. In this study, we designed a novel multiplex droplet digital 

PCR approach to simultaneously detect multiple EZH2 mutations in the peripheral blood, 

reducing the number of PCR reactions needed and consequently the required cfDNA 

amount. The multiplexing approach also reduces the hands-on time; hence one needs to 

perform only two PCR reactions, instead of seven individual amplifications. Previously, 

several groups have shown that multiple targets can be investigated with ddPCR in the 

same amplification (55, 56, 58). Our multiplex ddPCR assay uses different allele-specific 

hydrolysis probe concentrations, therefore different targets labelled with the same 

fluorophore can be distinguished in a two-channel system. In a dilution series, we 

demonstrated that multiplexing does not affect the LOD in the majority of the targets 

compared to single PCR. Multiplexing only affected the analytical sensitivity of two 

hotspots (p.Y646H, p.A692V), but the measured LOD for these targets are still below 

0.1%. We also showed that the multiplexing approach does not influence the calculated 

VAF, permitting this method to be an alternative of classical single target ddPCR 

experiments. 

Besides the detection of EZH2 mutations (57, 59), ddPCR was previously shown to be 

useful in detecting other mutations characteristic of NHLs, including MYD88, B-RAF, 

BTK, NOTCH1, and TP53 (60, 61). As for other small molecular inhibitors, such as 

gefitinib, ibrutinib, or venetoclax, it can be anticipated that resistance mutations to 

tazemetostat will occur in the EZH2 gene, most probably in the D1 domain (62). Our 
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multiplex PCR assay will potentially be eligible for expansion towards incorporating 

future resistance mutation-specific probes as well, predicting the loss of tazemetostat 

efficacy with valuable clinical lead time. 

The real-time PCR-based cobas® EZH2 Mutation Test (Roche, Switzerland) is available 

in the United States as a companion diagnostic test for the analysis of FFPE tissues. With 

this test up to 30 samples can be tested in a 96-well plate, here the EZH2 mutation status 

is determined using 3 reactions for each sample. The test requires at least 50 ng DNA 

input per reaction, it only reports qualitative results (no VAF is reported) and it is not able 

to distinguish all of the analyzed EZH2 mutations (p.Y646H, p.Y646S and p.Y646C are 

reported as p.Y646X). The LOD of the cobas® test ranges between 1-5% mutation level. 

On the contrary, our multiplex ddPCR-based method distinguishes all EZH2 hotspots 

using only two PCR reactions, it requires only 25 ng DNA per reaction, and it yields 

quantitative results (VAF) as well. With our system up to 43 samples can be analyzed in 

a 96-well plate and the LOD for each target proved to be below 0.1%, enabling this 

technique to be used in LB-based experiments. 

Although, ddPCR offers a quick, sensitive and a relatively cheap approach for targeted 

mutation detection, it is a low-throughput method, therefore approaches, like 

multiplexing, which can increase the detected targets in a single amplification are needed. 

Multiple targets in cell-free DNA can be investigated with NGS-based methods as well, 

however the cost is substantially higher, and the interpretation requires complex 

bioinformatic approaches (63). 

V.2. Analysis of EZH2 mutations in classical TB and LB samples 

EZH2 gain of function hotspot mutations in exons 16 and 18 were discovered by Morin 

et al. (23, 64). Subsequently, EZH2 mutation frequency in FL was described to be 12% 

by Sanger sequencing (65). More sensitive NGS-based methods later revealed that 20-

27% of FL patients harbor these mutations (19, 22, 66). The largest published cohort of 

nearly 600 patients so far has confirmed these results (67). However, these studies relied 

on single-site tissue biopsies obtained at single timepoints which may not represent the 

indolent systematic disease. Here, we report EZH2 mutations in 38.4% of the 117 paired 

TB and LB samples with a mutation frequency of 42.1% in the whole cohort of 126 FL 

patients. The higher mutation frequency in our cohort can be explained by two reasons: 
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i), spatial heterogeneity in clonal processes leading to different clonal composition, both 

within one tumor site and between different tumor sites and ii), the acquisition of EZH2 

mutations during the disease course as a result of temporal evolution. 

The first explanation of the higher EZH2 mutation prevalence documented in this study 

is the phenomenon of spatial heterogeneity. Here, we report 9 patients where EZH2 

mutations were exclusively detected in the plasma specimen. These patients harbored a 

median 5 (range 2-10), metabolically active, unbiopsied tumor regions by PET/CT, which 

may indeed represent the origin of the EZH2 mutant ctDNA fragments detected in LB 

samples. This finding underlines the value of LB in capturing genetic information blinded 

to random single-site biopsies. Germinal center B-cell lymphomas are characterized by a 

profound spatial heterogeneity proved in studies investigating multisite tissue biopsies 

(29, 68). Analyzing paired LB and TB samples, 8-50% of all detected mutations were 

found only in the ctDNA compartment in studies investigating HLs or DLBCLs (69-72). 

Scrutinizing immunoglobulin gene rearrangement in FL, Sarkozy et al. found that 7% of 

all detected rearrangements were recovered only from the plasma specimen (73). In a 

recent study using targeted sequencing, 8% of all mutations were exclusively found only 

in the LB specimen of FL patients (74). In our study, interrogating only a single gene with 

high sensitivity in patients with paired TB-LB biopsies, the proportion of patients where 

EZH2 mutation was exclusively identified in the blood plasma was 7.7%. Moreover, 

26.4% (14/53) of all EZH2 mutations were exclusively found in the LB specimen, most 

likely as a result of spatial heterogeneity. The proportion of patients with spatial 

heterogeneity phenomenon may be even higher when using a larger gene panel with NGS. 

These result underlines the importance of LB-based investigation in FL. 

Second, supporting the consideration of temporal evolution in the evaluation of EZH2 

mutation status, our cohort contained 39 FL patients with paired EZH2 analysis at 

diagnosis and relapse, where we report EZH2 mutation status class switch (including both 

gain and loss) in 35.9% of cases. This data demonstrates that EZH2 mutation status can 

dynamically change throughout the disease course, may exhibit significant clonal tiding, 

therefore EZH2 mutation frequency in FL can be underestimated if not analyzed 

temporally before each therapy line. In this subgroup of patients, the EZH2 mutation 

frequency was found to be 51.3% from samples collected before treatment, which is even 

higher proportion compared to what we detected in the entire cohort, moreover, the 
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follow-up period for 30 patients at the time of data cut-off was below six months. Taken 

together, regarding that the EZH2 mutation status can appear exclusively at the time of 

disease progression or relapse, one can anticipate that the prevalence of EZH2 mutations 

is even higher if the mutation is analyzed throughout the disease course. 

Of note, we could not detect EZH2 mutations in the LB specimen of six patients, albeit 

the paired TB sample proved to harbor the mutation. This observation is in line with the 

reported result of Camus et al. where five HL patients in a cohort of 94 had WT LB test 

although their paired TB revealed an XPO1 p.E571K mutation (75). In the study of 

Fernández-Miranda et al., 25% of all mutations were only found in the TB specimen of 

FL patients (74), whereas in our study, 17% of all EZH2 mutations were not detected in 

the peripheral blood. In detail, Pt-44 carried a subclonal mutation (1.51%) in the TB 

sample, most likely explaining the EZH2 WT status in the LB sample, however, the 

discordant mutation status could not be explained by histological, clinical, and 

radiological data in the other five patients. Owing to these outlying results, the negative 

predictive value of our LB-based approach is 92% and the specificity is 89%. These 

results show that LB analysis alone may not always be sufficient in detecting disease-

specific biomarkers. However, one has to emphasize that the statistical sensitivity and the 

NPV of the LB-based mutation analysis were found to be superior compared to TB-based 

analysis (87% vs 80% and 92% vs 89%, respectively). According to our results, the best 

sensitivity for EZH2 mutation analysis can be achieved with the parallel investigation of 

TB and LB samples. 

Tazemetostat, a novel, orally active inhibitor of EZH2 was recently approved in the US 

for R/R EZH2 mutant FL patients who received at least two prior systemic therapy and 

for patients who have no satisfactory alternative treatment options, regardless of their 

EZH2 mutation status (27). The approval was based on a phase II, multicenter, single-

arm clinical study, where the objective response rate to single-agent tazemetostat in a 

pretreated cohort was found to be 69% and 35% in EZH2 mutant and wild-type FL 

patients, respectively. In a preliminary communication of this study, the authors 

highlighted that the presence of EZH2 mutation was the only predictor of response in both 

TB and LB in patients with FL (76). It is also noteworthy, that around one-third of patients 

with wild-type EZH2 also showed a response to the treatment. The substantially higher 

EZH2 mutation frequency in this study, in addition to genotypic (gene amplification), 
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gene expression-based alterations, and microenvironmental factors, may also explain at 

least a proportion of the unanticipated response to tazemetostat monotherapy in 35% of 

the EZH2 wild-type cohort of the phase II study. 

V.3. Correlation between EZH2 mutation status and allele burden and clinical 

variables 

We found a statistically significant correlation between histological grade and EZH2 

mutation status: EZH2 mutations were more common in the high-grade group 

(3B/transformed FL, 53%) compared to classical FL (grade 1/2/3A, 28%). This finding 

is in line with the result by Bouska et al., reporting an EZH2 mutation frequency of 50% 

in paired FL - transformed FL samples (26). Martínez-Laperche et al. also found an 

association between EZH2 mutation status and more aggressive FL histology (77). Of 

note, other studies did not find an increase in the EZH2 mutation frequency in transformed 

FL (19, 20, 78). In our cohort, EZH2 VAF was also higher in histologically more 

aggressive diseases, which may be explained by the more abundant immune cell 

infiltration in FL compared to aggressive lymphomas (DLBCL) (79). 

Huet et al. reported an inverse correlation between EZH2 alterations (mutation and 

amplification) and B-symptoms and rate of BM infiltration in FL (80). Here, we also 

observed an association between EZH2 mutant FL and lack of BM infiltration. When 

analyzing paired lymph node and BM biopsies we found that the EZH2 wild-type FL 

clone may be more prone to infiltrate the BM compared to the EZH2 mutant clone. These 

findings raise the idea that the lack of EZH2 mutation in FL may be a biomarker indicating 

an increased risk of BM infiltration, however, this needs to be confirmed in larger cohorts. 

In contrast with the observations by Huet et al. (80), we detected a significant association 

between the presence of EZH2 mutations and B-symptoms. 

Tumor burden is an established prognostic factor in lymphomas, therefore methods 

accurately measuring this parameter are of great clinical need. The increased metabolic 

activity, characteristic of aggressive lymphomas is usually accompanied by increased 

ctDNA excretion to the blood (81). In line with this, here we report a trend between LB 

EZH2 VAF levels and more aggressive histology. In DLBCL and HL, it is well 

documented that pre-treatment ctDNA levels independently mirror distinct parameters 

that indicate tumor burden (international prognostic index, LDH level, stage, and total 
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metabolic tumor volume (TMTV)) (70, 72, 82, 83). In FL, TMTV is the only parameter 

that has been independently linked to LB ctDNA abundance (73, 84, 85). In the study of 

Sarkozy et al., no correlation was found between ctDNA levels determined by 

immunoglobulin gene rearrangement, and FLIPI score, BM infiltration, or bulky disease 

(73). In a recent study, using a 78-gene targeted sequencing panel, baseline ctDNA levels 

correlated with FLIPI score, extranodal involvement, and elevated LDH, although no 

significant differences were observed between stage categories (74). We did not find a 

significant correlation between LB EZH2 VAF levels and basic clinical parameters, 

although we found a trend with clinical stage, FLIPI, LDH levels, presence of extranodal 

involvement and PET/CT determined SUV max value, where the more aggressive clinical 

factors were always accompanied by higher mean LB EH2 VAF levels. The non-

significant associations may be explained by the relatively small number of investigated 

patients with EZH2 mutation in the plasma (n=43), which sample size may not be enough 

to uncover statistically significant associations in an indolent lymphoma. Moreover, 

investigation of a single gene may not accurately represent the total amount of ctDNA 

molecules in the plasma in a genetically diverse disease, such as FL (the sole investigation 

of the EZH2 gene does not inform about the EZH2 wild-type fraction of the tumor). 

Importantly, in one patient (Pt-1), an extremely high VAF indicated high tumor burden 

and very poor prognosis. 

V.4. LB-based treatment monitoring in FL 

Undetectable ctDNA or at least a 100-fold reduction in ctDNA levels after 2 cycles of 

therapy indicates excellent treatment response and outcome in DLBCL, HL, and mantle 

cell lymphoma (MCL) as well (72, 86-88). Here we found a significant drop (>100-fold) 

in the EZH2 levels after two cycles of immunochemotherapy comparing pre-treatment 

and C3D1 levels. No statistical difference was observed between pre-treatment and C2D1 

timepoints regarding all patients, however, statistical difference was detected between 

pre-treatment and C2D1 levels when restricting the analysis to responding patients, 

indicating that investigation of LB samples may mirror early therapeutic response in FL 

and dynamic monitoring of ctDNA levels might have similar clinical value as in DLBCL 

or in HL. In line with this, Fernández-Miranda et al. recently showed that responding 

patients have a more rapid decrease in their ctDNA level (74). The previously presented 

cases of Pt-3, Pt-6 and Pt-7 demonstrate that monitoring of the early kinetics of ctDNA 
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offers a real-time, radiation-free disease monitoring alternative to imaging-based methods 

in FL as well. The case of Pt-6 and Pt-7 also show that failure to eliminate or significantly 

decrease the mutant allele burden in the LB compartment after even one complete therapy 

cycle indicates lack of treatment response. 

During surveillance, in the majority of DLBCL and MCL cases, signs of lymphoma 

recurrence can be detected with a 3–7-month lead time with LB analysis (83, 88, 89). To 

the best of our knowledge, no data is available in the context of minimal residual disease 

detection using ctDNA in FL. Here, we demonstrate an FL case (Pt-118) where mutant 

EZH2 ctDNA fragments could be detected during surveillance, six months prior to the 

clinical relapse, harboring an identical EZH2 mutation within the relapse sample. This 

case indicates that LB-based monitoring of FL may be valuable in predicting future 

relapses. 

V.5. EZH2 mutation detection analysis comparing the cellular and acellular 

component of the blood 

The majority of the studies in the last three decades published about the minimal-invasive 

detection and monitoring of FL focused on the interrogation of BCL2/IGH translocation 

or the clonal V(D)J rearrangements from PBMNCs (63, 90, 91). To date, no one has 

directly compared the value of the cellular and acellular compartment of the peripheral 

blood in FL for molecular analysis. Here, we show that mutant EZH2 DNA fragments 

can be more sensitively detected from ctDNA compared to PBMNCs. In our cohort, the 

majority of PBMNC samples with paired mutant LB samples lacked EZH2 mutation, 

moreover, the EZH2 VAF values in EZH2 mutant PBMNCs were substantially lower 

compared to the corresponding LB samples. This supports the theory that ctDNA may be 

more reliable in detecting traits of the disease compared to PBMNC-based methods in 

FL. 
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VI. Conclusions 

1) We developed a unique multiplex ddPCR assay, which can cost-effectively 

detect all the seven EZH2 hotspot mutations in FL using only two PCR 

reactions. 

2) In an unselected cohort of Hungarian FL patients, the EZH2 mutation frequency 

proved to be 42.1%, higher than the previously published literature data (25%). 

The higher mutation frequency in FL may further expand the subset of patients 

who would most likely benefit from the recently approved targeted therapy. 

3) Spatial heterogeneity is frequent in FL and contributes to the higher EZH2 

mutation detection rate in this study. EZH2 mutations are also directly 

detectable from LB samples. The sensitivity and NPV of the LB-based EZH2 

mutation detection analysis slightly outperforms the TB-based one (87%, 92% 

vs. 80%, 89%). 

4) EZH2 mutations represent a dynamic biomarker in FL, with the mutation 

potentially changing throughout the disease course. 

5) Mutant EZH2 status is associated with more aggressive histology, presence of 

B-symptoms and lack of BM infiltration. Mutant EZH2 allele burden showed a 

correlation trend towards higher clinical stage, FLIPI score, LDH levels, SUV 

max value, TB EZH2 VAF level, more aggressive TB histology and presence 

of extranodal involvement. These results indicate that overall ctDNA levels in 

FL may mirror tumor burden. 

6) ctDNA kinetics indicate treatment responses in FL. 

7) The acellular component of the blood (ctDNA) is more reliable sample source 

for DNA-based biomarker analysis in FL than the cellular part.  
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VII. Summary 

Follicular lymphoma is the most common indolent non-Hodgkin lymphoma. Despite the 

usual indolent nature and the modern immunochemotherapeutic regimens, the disease is 

still incurable, and frequent relapses and high-grade transformation to a more aggressive 

lymphoma can characterize the disease. Research efforts in the last decade elucidated the 

genetic background of the disease, most strikingly, they revealed that the epigenetic 

machinery is affected in all cases. Activating mutations in the epigenetic regulator gene 

EZH2 are present in around 25% of the cases. The gain of function nature of these 

mutations proved to be an attractive therapeutic target, and consequently the selective 

EZH2 inhibitor has been approved in the United States. The presence of EZH2 mutations 

is a predictive biomarker of the therapy, therefore techniques able to sensitively detect 

these alterations are needed. 

 FL is also characterized by a profound spatial heterogeneity, which means that distinct 

disease sites can differ from each other morphologically and molecularly. The minimal 

invasive investigation of circulating tumor DNA in the blood is a promising method for 

analyzing spatial heterogeneity hence it represents the systematic disease. 

In my PhD work we developed a unique multiplex ddPCR assay which can cost-

effectively detect all of the seven EZH2 mutation types using only two PCR reactions. 

In the framework of a nation-wide collaboration, we collected liquid and tissue biopsy 

samples from 126 FL patients, to test the detectability of EZH2 mutations in both sample 

types and to determine the frequency of the mutations. 

We found that EZH2 mutations are more frequent in FL if both, LB, and TB samples are 

parallelly tested, as a result of spatial heterogeneity. We also showed that EZH2 mutations 

are an unstable biomarker, hence these mutations can appear exclusively at the time of 

relapse. 

We also found that ctDNA abundance in the blood may mirror tumor burden in FL, since 

we have seen a trend between LB EZH2 VAFs and histological grade and several clinical 

parameters. In a subset of patients with follow-up LB samples, we showed that ctDNA 

kinetics reflects treatment responses; we have seen rapid elimination of the mutations in 

responding patients, on the contrary EZH2 VAFs did not decreased in non-responders.  
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