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Summary
Hepatitis C virus (HCV)-associated diffuse large B-cell lymphoma (DLBCL) dis-
plays peculiar clinicopathological characteristics, but its molecular landscape is not 
fully elucidated. In this study, we investigated the clinicopathological and molecular 
features of 54 patients with HCV-associated DLBCL. The median age was 71 years. 
An underlying marginal zone lymphoma component was detected in 14.8% of cases. 
FISH analysis showed rearrangements involving BCL6 in 50.9% of cases, MYC in 
11.3% and BCL2 in 3.7%. Lymph2Cx-based assay was successful in 38 cases, rec-
ognizing 16 cases (42.1%) as ABC and 16 cases as GCB subtypes, while six resulted 
unclassified. ABC cases exhibited a higher lymphoma-related mortality (LRM). 
Next-generation sequencing analysis showed mutations in 158/184 evaluated genes. 
The most frequently mutated genes were KMT2D (42.6%), SETD1B (33.3%), RERE 
(29.4%), FAS and PIM1 (27.8%) and TBL1XR1 (25.9%). A mutation in the NOTCH 
pathway was detected in 25.9% of cases and was associated with worst LRM. Cluster 
analysis by LymphGen classified 29/54 cases within definite groups, including BN2 
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I N TRODUC TION

Diffuse large B-cell lymphoma (DLBCL) accounts for nearly 
40% of mature B-cell neoplasms. Hepatitis C virus (HCV) in-
fection, estimated to affect about 70 million people worldwide, 
has been consistently associated with DLBCL, especially in 
countries with a high prevalence of infection.1 Several studies 
have demonstrated the presence of typical features in patients 
with HCV-associated DLBCL, such as older age, extra-nodal 
involvement, elevated serum lactate dehydrogenase (LDH) 
and high International Prognostic Index (IPI).2–4 Moreover, it 
was observed that the proportion of ‘transformed’ DLBCL, in 
particular from a previous marginal zone lymphoma (MZL), 
is substantially higher among HCV-positive patients (up to 
30%) compared to HCV-negative DLBCL.5 Furthermore, 
up to a quarter of de novo HCV-associated DLBCL cases 
display histological evidence of a residual low-grade lym-
phoma component, consistent with MZL features.6 In recent 
years, the use of novel direct-acting anti-virals (DAAs), with 
the achievement of sustained virological response (SVR) in 
nearly all treated cases with negligible toxicity,7 has demon-
strated to induce lymphoma regression in about half of pa-
tients with HCV-associated indolent lymphomas. These 
cases are largely represented by MZL, for which DAAs are 
now recommended as first-line treatment.8–11 In the DLBCL 
setting, although data are less conclusive, the use of DAAs, 
either concurrently or subsequently to standard immunoche-
motherapy, has been suggested to potentially ameliorate the 
long-term outcome.12–14

In the last few years, the genetic landscape of DLBCL has 
been thoroughly investigated, and novel molecular classifi-
cations have been introduced. However, these studies only 
evaluated patients who were HCV-negative or with un-
known HCV status.15–18 Consequently, data regarding the 
molecular characteristics of HCV-associated DLBCL remain 
limited. A case–control study reported that patients with 
de novo HCV-associated DLBCL lack BCL2 translocations 
and exhibit differential expression of genes involved in in-
nate immune regulation and apoptotic pathway compared to 
HCV-negative controls.19 Only two small series (less than 20 
cases) described cell-of-origin (COO) distribution by gene 
expression profiling (GEP) in HCV-associated DLBCL, with 
conflicting results (activated B-cell-like [ABC] in 47%19 and 
18%14). With regards to mutational analysis, through targeted 
sequencing of hotspots of 11 genes in 46 patients, we have 
previously shown that about a quarter of HCV-associated 
DLBCL display mutations in the NOTCH pathway,6 which 

is also typically mutated in MZL.20,21 Finally, a recent study 
evaluated a cohort of HCV-positive lymphoma, including 
eight cases of DLBCL, by whole exome sequencing (WES) 
and described novel putative genes with pronounced speci-
ficity for HCV-associated DLBCL.22

In this study, we performed a comprehensive characteriza-
tion of the COO and molecular landscape of a well-annotated 
series of HCV-associated DLBCL cases and applied the 
LymphGen classification for the first time in this setting.17

M ETHODS

We retrospectively evaluated 54 patients diagnosed with 
DLBCL and positive HCV serology between 2000 and 2021 at 
the Divisions of Hematology of Fondazione IRCCS Policlinico 
San Matteo, Pavia and Ospedale di Circolo e Fondazione 
Macchi, Varese (Italy). The study was approved by the local 
Ethics Committee of the two participating institutions. Data 
collection and analysis were conducted by the tenets of the 
Declaration of Helsinki of 1964, as revised in 2000.

Histological diagnosis of DLBCL was established by 
expert pathologists at each participating institution and 
reviewed in accordance with the 5th edition of the World 
Health Organization Classification of Haematolymphoid 
Tumours.23 HCV positivity was defined as the presence of 
serum antibodies against HCV using an enzyme-linked 
immunosorbent assay (ELISA) at the time of lymphoma di-
agnosis. Human immunodeficiency virus-positive patients 
were excluded. The serum HCV-RNA load was determined 
by a reverse transcriptase polymerase chain reaction.

The disease stage was assessed according to the Lugano 
Classification.24 IPI,25 revised-IPI (R-IPI)26 and hepatitis C 
prognostic score (HPS)4 were calculated for all patients with 
available data.

Histology, immunohistochemistry and FISH

The scoring of CD10, MUM1 and BCL6 staining and sub-
sequent classification as germinal center B-cell-like (GCB) 
or non-GCB was performed by Hans algorithm-based 
immunohistochemistry.27

FISH analysis was performed on formalin-fixed and 
paraffin-embedded (FFPE) tissue sections and was carried 
out using dual colour break-apart probes for BCL2 (18q21 
region), BCL6 (3q27) and MYC (8q24) (Supplementary data).

in 14 (48.2%), ST2 in seven (24.2%) and MCD and EZB in four each (13.8%). Overall, 
these results indicate a preferential marginal zone origin for a consistent subgroup 
of HCV-associated DLBCL cases and suggest potential implications for molecularly 
targeted therapies.

K E Y W O R D S
diffuse large B-cell lymphoma, hepatitis C virus, Nanostring, NGS

 13652141, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bjh.19378 by U

ni D
ell Insubria, W

iley O
nline L

ibrary on [07/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2244  |      MOLECULAR CHARACTERIZATION OF HCV-ASSOCIATED DLBCL

Gene expression profiling by Lymph2Cx-based 
assay (Nanostring)

Gene expression analysis was conducted through the 
Lymph2Cx-based assay with NanoString Technologies, as 
previously described.28 Each sample was reported as one 
of the two molecular subtypes, that is ABC and GCB, or 
Unclassified (Supplementary data).

Mutational analysis

Targeted NGS was performed on DNA extracted from 
FFPE tissue biopsies using a probe capture-based strat-
egy. The probe panel included 184 genes (coding exons 
and splice sites) recurrently mutated in B-cell neoplasms. 
The gene panel included a cluster of histone genes, major 
histocompatibility complex genes, transcription factor 
genes and chromatin-remodelling genes. To generate li-
braries, we used the Illumina DNA prep with enrichment 
(Supplementary data).

Based on the information retrieved from the KEGG and 
REACTOME databases, each mutated gene was assigned to 
a specific lymphoma-enriched pathway.

To calculate the probability of a given DLBCL sample 
belonging to one genetic subtype according to Wright et al 
classification,17 we used the web-based implementation of 
the LymphGen algorithm (https://​llmpp.​nih.​gov/​lymph​gen/​
index.​php).

Statistical analysis

Demographic and clinical characteristics were summa-
rized using descriptive statistics. Overall survival (OS) was 
defined as the time from diagnosis to death or last follow-
up. Progression-free survival (PFS) was defined as the time 
from diagnosis to progression, relapse, death or last follow-
up, whichever occurred first. Lymphoma-related mortality 
(LRM) was defined as the time from diagnosis to death due 
to lymphoma or treatment-related toxicity.29 OS and PFS 
were estimated by the Kaplan–Meier method, and compari-
son between curves was tested via the log-rank test and pro-
portional hazard Cox regression model. Results from Cox 
models were reported in terms of Hazard Ratios (HR) with 
its 95% confidence interval (95% CI). LRM was estimated in 
a competing-risk approach (considering events not related 
to lymphoma as competing events) with the Kalbfleisch and 
Prentice method. The comparison of LRM between groups 
of patients was evaluated by the Pepe&Mori test and by the 
Fine & Gray regression model. Results from Fine & Gray 
models were reported in terms of subhazard ratios (sHR) 
with its 95% CI.

A two-tailed type I error was set at 5%. Statistical 
analysis was performed using Stata 18 (StataCorp. 2023. 
Stata Statistical Software: Release 18. College Station, TX: 
StataCorp LLC).

R E SU LTS

Baseline characteristics, treatment and outcome

Clinical, histological and virological features of 54 HCV-
positive patients affected by DLBCL are reported in Tables 1 
and 2 and Table  S1. The median age was 71 years (33–84), 
with 36 patients (66.7%) aged ≥65 years. Twenty-two patients 
(40.7%) presented with extra-nodal localization (bone in eight 
cases, liver in five, gastrointestinal tract in four, lung, soft tissue 
and upper airways in two, kidney, breast, pleura, parotid and 
skin in one), including six patients with involvement of mul-
tiple extra-nodal sites. Spleen involvement was detected in 22 
patients (40.7%), including eight with exclusive splenic involve-
ment (diagnosis performed on splenic tissue by splenectomy), 
six with splenic and nodal involvement, four with coexisting 
liver localization and four with other extra-nodal sites.

A history of previous indolent lymphoma was reported 
in four patients (7.4%) (three follicular lymphoma, one low-
grade lymphoma not otherwise specified), two of which dis-
played a residual component of indolent lymphoma in the 
diagnostic DLBCL sample. In eight additional cases (14.8%), 
including four with splenic, two with extra-nodal (lung and 
soft tissue) and two with exclusive nodal involvement, a co-
existing infiltrate of small to medium-sized monocytoid B 
cells resembling histological features of MZL was detected.

HCV-RNA was detectable at baseline in 52 patients 
(96.3%), while it was negative in two patients previously 
treated with anti-viral therapy (AT). All patients were 
HBsAg negative, 15 were HBcAb positive and HBV-DNA 
was negative in all patients.

Overall, 21 out of 46 patients with available data (45.6%) 
received a course of AT, including six (28.6%) with inter-
feron (IFN)-based regimens and 15 (71.4%) with direct-
acting anti-virals (DAA). Six patients received AT before 
lymphoma onset, two of which achieved SVR (one with IFN, 
one with DAA); the remaining four, all treated with IFN-
based regimens, did not. Among the remaining 15 patients, 
one was treated with DAA concurrently with immunoche-
motherapy, 13 received DAA and 1 IFN after a median of 
15.5 months from lymphoma treatment completion (range 
1–82). Overall, 16 patients achieved SVR after AT, including 
all 15 patients treated with DAAs (100%) and one out of six 
treated with IFN-based regimens (16.7%).

Three patients were lost to follow-up early after diagno-
sis, and one received only palliative care. Overall, 50 patients 
were treated with curative-intent regimens (Table 1).

In an intention-to-treat analysis, with a median fol-
low-up of 8.2 years (IQR: 4.6–10.6), median OS and PFS were 
4.4 years (95% CI: 1.5–8.0) and 2.4 years (95% CI: 0.9–5.5) 
respectively (Figure 1).

FISH and cell-of-origin

FISH analysis showed rearrangements involving BCL6 in 
27 patients (50.9%), MYC in six (11.3%) and BCL2 in two 
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(3.7%), of which one had DLBCL transformed from previ-
ous follicular lymphoma. Only three patients (5.6%) exhib-
ited translocation of MYC concurrent with BCL2 (1 case) or 
BCL6 (2 cases).

Hans algorithm classified 22 out of 45 revised samples as 
GCB (48.9%) and 23 (51.1%) as non-GCB.

Lymph2Cx-based assay was successful in 38 out of 54 
cases (70.4%) and recognized 16 cases each (42.1%) as ABC or 
GCB subtypes, while six cases (15.8%) resulted Unclassified 
(Table  2; Tables  S1 and S2). The concordance between the 
Hans immunohistochemistry algorithm and GEP-based 
methods was 60% (Cohen's K = 0.57, 95% CI: 0.27–0.87). 
Notably, both cases with BCL2 translocation, all cases with 
concurrent translocation of MYC and BCL2 or BCL6, and 
four out of five available cases (80%) with MYC rearrange-
ments were GCB by Nanostring.

Mutational profile

A targeted NGS panel of 184 genes was applied in 51 sam-
ples, while in the first three patients, we used a panel includ-
ing 144 genes. The prevalence of gene mutations is shown in 
Figure 2 (complete data in Figure S1 and Tables S3 and S4).

The panel revealed 801 somatic mutations, with at least 
one mutation in 158 out of the 184 analysed genes. Notably, 
97 genes (52.7%) were recurrently mutated in at least 5% of 
patients, suggesting that the panel was highly informative.

All samples harboured at least one oncogenic variant 
with a median mutation load (MML) of 13 mutated genes 
per case (range 2–26; IQR: 9–16) and a median of 14 mu-
tations per case (range 2–32; IQR: 9.25–19). The most fre-
quently mutated gene was the epigenetic regulator KMT2D 
(n = 23 patients, 42.6%). Specifically, we identified 29 
KMT2D mutations (double mutations in six patients), the 
majority represented by potentially inactivating mutations, 
that is, stop-gain mutations (11; 37.9%), frameshift muta-
tions (n = 10; 34.5%) and splice donor variant (n = 1). The 
remaining mutations included missense variant mutations 
(n = 6; 20.7%) and disruptive in-frame insertions (n = 1). 

T A B L E  1   Baseline clinical characteristics of 54 HCV-positive 
patients affected with diffuse large B-cell lymphoma.

Patients, N
Total data 
available

Age, median (range) 71 (33–84; IQR: 
61.9–77)

54

Sex (M/F) 27/27 (50%/50%) 54

Involved site

Nodal 32 (59.3%) 54

Extra-nodal 4 (7.4%)

Nodal and extra-nodal 18 (33.3%)

Spleen involvement 22 (40.7%) 54

Bone marrow involvement 6 (16.2%) 36

B symptoms 23 (42.6%) 54

Stage

I 6 (11.1%) 54

II 14 (25.9%)

III 18 (33.3%)

IV 16 (29.7%)

ECOG PS

0–1 14 (25.9%) 54

2–4 40 (74.1%)

IPI score

Low 13 (25.0%) 52

Low-intermediate 10 (19.2%)

High-intermediate 18 (34.6%)

High 11 (21.2%)

R-IPI score

Good 2 (3.7%) 54

Intermediate 22 (40.7%)

Poor 30 (55.6%)

LDH > UNL 36 (66.6%) 54

β2-microglobulin > UNL 36 (66.6%) 54

ALT > UNL 19 (35.8%) 53

Albumin <3.5 g/dL 11 (23.9%) 46

HCV genotype

1 10 (33.3%)

2 16 (53.4%) 30

3 4 (13.3%)

HPS

Low 11 (23.9%) 46

Intermediate 18 (39.1%)

High 17 (37.0%)

Anti-HBc positive 15 (28.3%) 53

Cryoglobulins 5 (21.7%) 23

First-line therapy

R-CHOP-like 28 (56.0%) 50

CHOP-like 19 (38.0%)

Other (VACOP-B, IPAD) 4 (8.0%)

Patients, N
Total data 
available

First-line response

CR 32 (64.0%) 50

PR 2 (4.0%)

SD/PD 14 (28.0%)

Death during therapy 
(toxicity)

2 (4.0%)

Abbreviations: ALT, alanine transaminase; CR, complete response; ECOG, Eastern 
Cooperative Oncology Group; F, female; HCV, hepatitis C virus; HPS, Hepatitis C 
Prognostic Score; IPI, International Prognostic Index; LDH, lactate dehydrogenase; 
M, male; PD, progressive disease; PR, partial response; PS, performance status; R-IPI, 
revised International Prognostic Index; SD, stable disease; UNL, upper normal limit.

T A B L E  1   (Continued)
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The second most frequently mutated gene was SETD1B 
(n = 17, 33.3%), with 16 out of 19 mutations (84.2%) rep-
resented by frameshift substitutions, while the remaining 
were missense mutations (n = 2) and splice variants (n = 1).

Other frequently mutated genes were RERE (29.4%), 
FAS and PIM1 (27.8% each), TBL1XR1 (25.9%), BCL11A 
(25.5%), SGK1 (22.2%), ZFP36L1 (19.6%), USH2A (18.5%) 
and TNFAIP3 (14.8%). TP53 was mutated in nine patients 
(16.7%). Interestingly, we did not observe a higher tumour 
mutation burden in TP53-mutated cases compared with 
TP53-wild-type cases (MML = 15 vs. 13, p = 0.27). The 
MYD88 gene presented missense substitutions in eight cases 
(14.8%), including L265P in five and S219C in three. Finally, 
a mutation in the epigenetic regulators CREBBP and EZH2 
(missense substitution in the SET domain) was detected in 
16.7% and 3.7% of cases respectively.

Compared to two large published series of HCV-negative 
DLBCL,15,18 mutational frequencies of FAS, TBL1XR1, 
BCL11A and ZFP36L1 resulted higher in our series. 
Moreover, higher mutation rates of SETDB1, RERE, SGK1 

and USH2A were detected with respect to Schmitz's series,15 
while KMTD2D, ARID1A and KLF were more frequently 
mutated compared with Lacy's one18 (Table S5).

As a next step, we integrated the mutated genes in pre-
defined signalling pathways or lymphomagenesis-related 
gene sets (Table  S6). Overall, the pathways exhibiting the 
highest number of mutated genes were those involved in epi-
genetic regulation (94.4% of patients), cell cycle or apoptosis 
(75.9%) and BCR/NF-kB signalling (70.4%). Additionally, 
51.8% of patients harboured mutations in genes involved in 
immune regulation, 25.9% in both B-cell development and 
NOTCH pathways (NOTCH2 in seven patients, NOTCH1 in 
one; SPEN in three; DTX1 in six) and finally 18.5% in the 
JAK/STAT pathway (Figure S2).

Of note, regarding the BCR signalling pathway, we did not 
identify any primary mutations affecting BTK or genes of 
the ‘alternative’ NF-kB pathway (BIRC3, TRAF3, MAP3K14). 
We identified mutations affecting CD79B (14.8%) or genes 
involved in the BTK downstream signalling pathway, such as 
PRKCB (11.8%), CARD11 and BCL10 (7.4%) and genes for the 

F I G U R E  1   Progression-free survival (PFS) (A) and overall survival (OS) (B) of 54 patients affected by HCV-positive diffuse large B-cell lymphoma.
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IKK complex (5.6%). No concurrent mutations in CARD11 
and BCL10 were identified.

The LymphGen tool classified into defined clusters 
29 of 54 patients (53.7%; Figure  3A), including 14 in BN2 
(48.3%), seven in ST2 (24.1%) and four each in MCD and 
EZB subtypes (13.8%; Figure  3B). Notably, all assessable 
MCD cases (3/3) displayed an ABC signature, while all EZB 
tumours (3/3) showed a GCB COO. Conversely, ST2 and 
BN2 subtypes comprised mixed COO subgroups (Figure 4). 
Interestingly, among seven cases exhibiting low-grade 
component with definite subtype allocation, five showed 
BN2 profile, one ST2 (transformed from previous nodular 
lymphocyte-predominant Hodgkin lymphoma) and one 
EZH2 (transformed from previous FL). Of note, the patient 
with cutaneous DLBCL was classified as MCD.

Outcome prediction

OS and PFS were predicted by standard IPI and R-IPI (all 
p < 0.003). In analysing the role of AT in the outcome, im-
proved OS was observed in the 15 patients who received 
DAA, while a landmark analysis from the time of SVR 
did not show a statistically significant survival benefit 
(HR = 0.72, 95% CI: 0.11–4.54, p = 0.73). The coexistence of a 

low-grade infiltrate did not predict a significantly different 
OS (HR = 0.56, 95% CI: 0.2–1.3, p = 0.180).

Considering FISH data, the only patient with MYC/BCL2 
rearrangement had a rapidly fatal outcome, while both pa-
tients with MYC/BCL6 translocation responded to first-line 
R-CHOP but died in CR due to lymphoma-unrelated events. 
Considering in detail the four patients with transformed 
DLBCL from a previous indolent lymphoma, two died from 
disease progression and two were alive and in CR at the last 
follow-up. The prognostic analyses did not change if exclud-
ing these latter cases.

Compared to patients with ABC COO, those with GCB 
or Unclassified COO by Nanostring tended to have better 
OS (HR = 0.5, 95% CI: 0.2–1.1, p = 0.089). However, a sig-
nificantly better LRM was detected in GCB/Unclassified 
patients compared to ABC ones (sHR = 0.3, 95% CI: 0.1–0.9, 
p = 0.040, Figure  S3). Conversely, the COO by Hans algo-
rithm did not predict any difference in OS (p = 0.552). We 
did not identify a difference in OS according to he number of 
mutations per patient (≤11, 12–17, ≥18, p = 0.353).

When considering NGS-defined signalling pathways, 
at least one mutation in the B-cell development gene set 
(PRDM1, BCL6, EBF1, IKZF3, ETS1), detected in 14 pa-
tients, was associated with an improved OS (unadjusted 
HR = 0.3, 95% CI: 0.1–0.9, p = 0.010; Table  S7). Conversely, 
at least one mutation in the NOTCH pathway (NOTCH1, 
NOTCH2, SPEN, DTX1), detected in 14 patients, was asso-
ciated with a worse LRM (unadjusted sHR = 2.49, 95% CI: 
1.0–5.9, p = 0.040). Perhaps due to the small number of clas-
sified cases, LymphGen-defined subtypes did not show sig-
nificantly different OS and LRM, except for the extremely 
detrimental outcome exhibited by the EZB cluster, which 
was enriched in MYC rearranged cases (two out of four; 
Figures S4 and S5).

DISCUSSION

In this study, we provided a comprehensive molecular 
characterization of a relatively large and homogeneous se-
ries of patients affected by HCV-associated DLBCL. We 
used histological revision and conventional FISH analysis 
for MYC, BCL2 and BCL6 translocations, performed GEP 
by Lymph2Cx assay (Nanostring)28 as well as an extensive 
mutational analysis using a large NGS panel including 184 
genes commonly mutated in lymphomas. Finally, we applied 
the novel LymphGen classification.17

A large body of studies have highlighted the distinct clin-
ical features of HCV-associated DLBCL compared to their 
negative counterpart.2–4 The baseline characteristics of our 
cohort are consistent with previous series concerning older 
age, frequent extra-nodal involvement and elevated LDH 
and high intermediate or high IPI score in the majority of 
patients. Similarly to what was first reported in a previous 
study,6 we found that in addition to a subgroup of patients 
with a transformed DLBCL (7%), defined by a recognized 
previous history of indolent lymphoma, a significant fraction 

T A B L E  2   Baseline characteristics of 54 HCV-positive patients 
affected with diffuse large B-cell lymphoma.

Patients, N (%)
Total data 
available

COO (by Hans algorithm)

GCB 22 (48.9%) 45

non-GCB 23 (51.1%)

COO (by NanoString)

GCB 16 (42.1%) 38

ABC 16 (42.1%)

Unclassified 6 (15.8%)

Proliferation index by Ki-67

30–50% 18 (38.3%) 47

60–80% 17 (36.2%)

≥80% 12 (25.5%)

FISH analysis

BCL2 translocation 2 (3.7%) 54

BCL6 translocation 27 (50.9%) 53

MYC translocation 6 (11.3%) 53

Cluster analysis

BN2 14 (48.3%) 29a

EZB 4 (13.8%)

MCD 4 (13.8%)

ST2 7 (24.1%)

Abbreviations: COO, cell-of origin; FISH, f luorescence in situ hybridization.
a25 cases (46.3%) were not classified by cluster analysis (‘Unclassified’).
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F I G U R E  2   Pattern of somatic mutations (with mutation rate ≥10%) in 54 patients with HCV-positive diffuse large B-cell lymphoma.
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of HCV-associated de novo DLBCL (15%) display histologi-
cal features suggestive for an underlying MZL. These find-
ings are in accordance with the most accepted model of 
HCV-driven lymphomagenesis, involving a chronic antigen 
stimulation-mediated process beginning from the achieve-
ment of B-cell clonality, progressing through the develop-
ment of an indolent lymphoma (typically MZL) and finally 
acquiring a more aggressive behaviour (DLBCL).1,6,30–32 
However, at least in some cases of de novo DLBCL, a direct 
oncogenic effect exerted by the infection of lymphoma cells 

by HCV, as suggested by the detection of in situ NS3 viral 
protein expression by immunohistochemistry,33 could not 
be ruled out.

Thus, our comprehensive cytogenetic, gene expression 
and mutational data may help to elucidate the molecular 
pathogenesis of HCV-associated DLBCL and, possibly, to 
suggest novel targeted therapeutic strategies.

With regards to chromosomal translocation, we con-
firmed that a low proportion of patients with HCV-associated 
DLBCL harbour BCL2 rearrangements (4%) and, conse-
quently, BCL2/MYC double hit profile (2%). These findings 
are in line with a previous case–control study that revealed 
the absence of BCL2 translocation in 44 HCV-associated 
DLBCL cases, compared to 19% in HCV-negative ones.19 
Conversely, a large proportion of patients (51%) carried a 
BCL6 rearrangement. Interestingly, this alteration has been 
reported in about 30% of cases of large cell variants of gas-
trointestinal extra-nodal MZL and large cell component of 
MALT/DLBCL composite lymphomas, suggesting BCL6 as a 
candidate marker for transformation of MALT lymphoma.34 
MYC rearrangement was detected in 11% of patients, includ-
ing 4% with MYC/BCL6 rearrangements, in line with the lit-
erature data of HCV-negative DLBCL.19,35

Despite technical limitations in some samples due to the 
low extent or quality of tumour DNA extraction from ar-
chival tissue, in this study, we report a large series of HCV-
associated DLBCL fully characterized in terms of COO as 
determined by GEP (n = 38). Similarly to a previously pub-
lished series using the Affymetrix GeneChip platform,36 
we identified an equal proportion of ABC and GCB cases 
(42%); this is in contrast with another small cohort of elderly 
patients exhibiting a significantly lower proportion of ABC 
cases (18%) by Nanostring assay.14 Notably, despite the small 
sample size, we showed a significantly worse survival among 
ABC cases with respect to GCB or Unclassified, similar to 
that demonstrated in HCV-negative DLBCL series treated 
with R-CHOP.28 As the concordance with surrogate immu-
nohistochemistry Hans algorithm was low (60%), our data 
emphasize the importance of COO determination through 
the Lymph2Cx assay also in the setting of HCV-associated 
DLBCL.

In this study, we described the mutational landscape of 
HCV-associated DLBCL. We confirmed the well-known 
high degree of heterogeneity and the high number of muta-
tions typical of DLBCL. Interestingly, whereas some recur-
rently mutated genes (KMT2D, PIM1, CREBBP, HIS1H1E, 
TP53, MYD88, TNAIFP3, NOTCH2) were already reported 
in large published series of HCV-negative DLBCL,15,18 we 
identified a set of genes who were mutated at higher fre-
quency in our series of HCV-associated DLBCL (SETD1B, 
RERE, FAS, BCL11A, TBL1XR1, SGK1, ZFP36L1, FBXO11, 
USH2A, ARID1A, KLF2). Notably, a small independent se-
ries of HCV-associated DLBCL analysed by whole exome 
sequencing22 identified a high rate of mutations in ZFP36L1, 
a gene encoding for a negative regulator of NOTCH1 ex-
pression, and thus may represent a candidate gene involved 
in HCV-induced lymphomagenesis. Some of the genes 

F I G U R E  3   Cluster analysis by LymphGen tool, all patients (A) and 
classified patients (B).

25.9%

13.0%

7.4%
7.4%

46.3%

BN2 ST2 MCD EZB Unclassified

(A)

(B)
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described are typically mutated in MZL (NOTCH2, KLF2, 
KMT2D, TNFAIP3)21 as well as in HCV-associated indolent 
lymphomas,37 thus suggesting a possible multistep transfor-
mation pathway.

Overall, we found the most frequently involved path-
ways included those regulating epigenetics, apoptosis and 
BCR/NF-κB signalling. Interestingly, we confirmed the 
previous finding that the NOTCH pathway, one of the most 
frequently involved in MZL,21,30,38 is also involved in ap-
proximately 25% of cases of HCV-associated DLBCL and 
that a mutation in these genes seems to be associated with a 
worse prognosis.6 Surprisingly, we found that a mutation in 
genes involved in B-cell development (PRDM1, BCL6, EBF1, 
IKZF3, ETS1), observed in 25.9% of cases, was associated 
with better OS, although further investigation is required to 
confirm these findings.

Several studies in the last few years have developed new, 
albeit similar, genetic classifications of patients with HCV-
negative DLBCL based on integrative multiplatform analysis 
of genetic aberrations, allowing for further clustering into 
homogeneous molecular subtypes.15–18 We profiled our co-
hort using the web-based LymphGen classifier, based on the 
updated NCI classification.17

In line with the original report,17 only 54% of our cases 
had a defined genetic subtype. Most cases clustered in the 
BN2 (48%) and ST2 (24%) subtypes, whereas 14% clustered 
in the MCD and EZB subtypes. Notably, the most repre-
sented cluster in our cohort was the BN2 subtype, whose 
genetic hallmarks reveal a potential pathogenic link to 
MZL. Indeed, the BN2 cluster, comprised of ABC, GCB and 
Unclassified cases,15 typically exhibits BCL6 structural al-
terations, which have been described as common in MZL 
developing an aggressive behaviour,34 and is characterized 
by mutations deregulating two pathways supposed to be 

crucial for MZL development: the NOTCH2-mediated sig-
nalling (through NOTCH2 activation or SPEN inactivation) 
and the BCR-dependent NF-κB pathway.20 On this basis, 
the relatively higher prevalence of BN2 cluster observed 
in our cohort compared to the NCI series,15,17 as well as to 
corresponding C116 or NOTCH cluster18 in other classifi-
cations seems to strengthen the hypothesis that a consis-
tent part of HCV-associated DLBCL cases may represent 
the transformed phase of an unrecognized MZL clone. Of 
ABC tumours in our series, the MCD subtype represented 
the second most frequent group, whose genetic signature is 
reminiscent of that observed in certain primary extra-nodal 
lymphomas, including central nervous system or skin,17 the 
latter being relatively frequent in HCV-associated DLBCL.

Intriguingly, our Lymph2Cx- and LymphGen-generated 
data may have potential therapeutic implications in the spe-
cific setting of HCV-associated DLBCL, giving the prelim-
inary finding of preferential activity of the BTK inhibitor 
ibrutinib in association with R-CHOP in younger patients 
with ABC DLBCL39 and those with BN2, MCD40 or N1 sub-
types.41 Moreover, the well-known activity of BTK inhibitors 
in relapsed or refractory MZL may suggest further explora-
tion of these agents in HCV-associated DLBCL cases with 
genetically defined MZL derivation.42–44

We recognize the limitations of our data. First, due 
to the retrospective nature of the study and the rarity of 
HCV-associated DLBCL, patients were diagnosed across a 
long time interval and were not homogeneously treated; in 
particular, about half of the patients did not receive ritux-
imab as part of first-line therapy. Moreover, some patients 
underwent HCV eradication therapy with DAA, which has 
been suggested to potentially improve long-term outcomes 
in this setting,12–14,45 and thus may have influenced the 
prognosis of treated patients. Second, the relatively small 

F I G U R E  4   Correspondence between cell-of-origin by Nanostring and genetic subtypes by LymphGen.
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sample size and the failure to obtain GEP results due to 
suboptimal archival samples may have limited the prog-
nostic results. Third, we did not evaluate somatic copy 
number alterations, including 17p deletion, precluding the 
identification of the A53 cluster. Finally, we were not able 
to confirm the somatic origin of mutations due to the lack 
of control germline samples.

In conclusion, our study comprehensively investigated 
the peculiar molecular landscape of HCV-associated DLBCL 
by integrating structural abnormalities by FISH, GEP by 
Lymph2Cx, mutational profile by NGS and genetic subtype 
allocation through LymphGen. We confirmed the scarcity 
of BCL2 translocations. We found the presence of the ABC 
signature in nearly 40% of cases and demonstrated its associ-
ation with a poorer outcome. Moreover, we identified a set of 
genes (SETD1B, RERE, BCL11A, TBL1XR1 and ZFP36L1) re-
currently mutated at a higher frequency compared to HCV-
negative DLBCL series and which may represent potential 
candidate genes involved in HCV-promoted lymphomagen-
esis. Finally, the involvement of NOTCH pathway signalling 
in about a quarter of cases and the prevalence of BN2 clus-
ter (48% of cases) may suggest a preferential marginal zone 
origin in a consistent subgroup of HCV-associated DLBCL 
cases and thus potential implications for molecularly tar-
geted therapies.
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