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ABSTRACT

Hepatitis C virus has been found to be associated with B-cell non-Hodgkin lymphomas, mostly marginal zone lym-
phomas and diffuse large B-cell lymphoma. Deregulation of signaling pathways involved in normal marginal zone
development (NOTCH pathway, NF-kB, and BCR signaling) has been demonstrated in splenic marginal zone lym-
phoma. We studied mutations of NOTCH pathway signaling in 46 patients with hepatitis C virus-positive diffuse
large B-cell lymphoma and in 64 patients with diffuse large B-cell lymphoma unrelated to HCV. NOTCH2 muta-
tions were detected in 9 of 46 (20%) hepatitis C virus-positive patients, and NOTCH1 mutations in 2 of 46 (4%).
By contrast, only one of 64 HCV-negative patients had a NOTCH1 or NOTCH2 mutation. The frequency of the
NOTCH pathway lesions was significantly higher in hepatitis C virus-positive patients (P=0.002). The 5-year over-
all survival was 27 % (95%ClI: 5%-56%) for hepatitis C virus-positive diffuse large B-cell lymphoma patients carry-
ing a NOTCH pathway mutation versus 62% (95%CI: 42%-77 %) for those without these genetic lesions. By uni-
variate analysis, age over 60 years, NOTCH2 mutation, and any mutation of the NOTCH pathway (NOTCHZ,
NOTCH1, SPEN) were associated with shorter overall survival. Mutation of the NOTCH pathway retained an
independent significance (P=0.029). In conclusion, a subset of patients with hepatitis C virus-positive diffuse large

B-cell lymphoma displays a molecular signature of splenic marginal zone and has a worse clinical outcome.

Introduction

Hepatitis C virus (HCV) HCV infection is a risk factor for
the development of B-cell non-Hodgkin lymphomas (B-NHL),
either indolent B-NHL, such as splenic marginal zone lym-
phoma (SMZL), or diffuse large B-cell lymphoma (DLBCL)."?

Beside epidemiological evidence, the direct relationship
between SMZL and HCV infection is also clinically supported
by SMZL regression after antiviral treatments.>*

Unbiased genomic studies have unraveled the typical cod-
ing genome of SMZL, which is characterized by mutations of
genes involved in the physiological differentiation and home-
ostasis of marginal zone (MZ) B cells.**Indeed, the commit-
ment and retention of mature B cells to the MZ compartment
requires NOTCH2 signaling activation. Consistently, the
NOTCH pathway is affected in approximately 30%-40% of
SMZL, including mutations of NOTCH2, the master regulator
of MZ B-cell differentiation, in approximately 25% of cases.
In addition to NOTCH2, other modulators or members of the
NOTCH pathway are recurrently targeted by genetic lesions
in SMZL, including NOTCH1, a paralog of NOTCH2, and
SPEN, the main negative regulator of NOTCH signaling in
MZ B cells. NOTCH?2 mutations are also recurrent in clonal B-
cell lymphocytosis with an MZ phenotype,” a recently recog-
nized entity® that may represent a precursor of MZL.

HCV-positive DLBCL patients display specific presentation
with respect to their HCV-negative counterparts, as docu-
mented by the preferential involvement of the spleen, and the
occasional residual signs of low-grade lymphoma.”" These
clinical and pathological features suggest that at least a frac-
tion of HCV-positive DLBCL may represent the transforma-
tion of a pre-existent, though unrecognized MZL clone.

Though the genetics of DLBCL arising in HCV-negative
patients has been extensively investigated, few data are cur-
rently available about the molecular mechanisms involved in
the development of DLBCL in HCV subjects.

In this study we document that: i) NOTCH pathway muta-
tions are a molecular clue associated to approximately 25%
HCV-positive cases among DLBCL; and ii) among HCV-posi-
tive DLBCL, the molecular deregulation of NOTCH signaling
associates with the co-existence of a low-grade component in
the diagnostic biopsy and poor outcome. Overall, these data
suggest that at least a fraction of HCV-positive DLBCL may
represent the transformed phase of an MZL clone.

Methods

Patients
This study was approved by the institutional Ethics Committee
(Comitato di Bioetica, Fondazione IRCCS Policlinico San Matteo,
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Pavia, Italy). The procedures followed were in accordance with
the Declaration of Helsinki of 1975, as revised in 2000.

Fifty-six cases of newly diagnosed, previously untreated DLBCL
arisen in HCV-positive subjects were retrieved from the files of the
Departments of Hematology and Anatomic Pathology of the
University of Pavia and the Amedeo Avogadro University of
Eastern Piedmont, Italy. A total of 46 cases were included in the
study based on the availability of adequate biological material,
complete clinical data and final diagnosis after histological review.
The cases arising in a setting of congenital or acquired (HIV-related
or iatrogenic) immunodeficiency or with a history of previous
low-grade NHL were excluded.

The 46 cases of DLBCL included in the study were differentiat-
ed into a discovery panel (n=19 cases) and an extension panel (n =
27 cases), based on the availability of frozen samples from pre-
treatment diagnostic biopsies. The full set of candidate genes was
initially assessed in the discovery panel for which frozen material
was available. The size of the discovery panel allowed a 90% sta-
tistical power to detect mutations represented in at least 10% of
HCV-associated DLBCL. In order to refine the mutation frequen-
cy, genes that turned out to be mutated in the discovery panel
were further investigated in the extension panel, for which only
FFPE tissue samples were available.

All the diagnostic samples, were reviewed by 4 expert
hematopathologists (ME, ML, MN, AR) according to the 2008
WHO Lymphoma Classification joining morphological, immuno-
histochemical and molecular information."” Bone marrow biopsy
was available in 36 patients.

For comparative purposes, 64 HCV-negative DLBCL were also
included in the study. All of the 64 samples had been obtained at
diagnosis from the involved site (lymph nodes or extranodal sites).
HCV-positive and HCV-negative cohorts were matched for age.

Mutation analysis

The mutation hotspots of NOTCH1 (exon 34; RefSeq
NM_017617.2), NOTCH2 (exon 34; RefSeq NM_024408.3), SPEN
(exons 1-15; RefSeq NM_015001.2), MYDS8S8 (exons 3, 5; RefSeq
NM_001172567.1),>**  BIRC3 (exons 6-9; RefSeq
NM_001165.4),"* [KBKB (exon 7; RefSeq NM_001556.2),14
TNFAIP3 (exons 2-9; RefSeq NM_001270508.1), TRAF3 (exons 3-
12, RefSeq NM_145725.2), CARD11  (exons 5-9; RefSeq
NM_032415.5)." CD79A (exons 4-5, RefSeq NM_001783.3) and
CD79B (exons 5-6; RefSeq NM_001039933.1)" genes were ana-
lyzed by PCR amplification and DNA direct sequencing of genom-
ic DNA.

Statistical analysis

The non-parametric Wilcoxon rank-sum test was used to com-
pare quantitative variables across groups of patients. Association
between categorical variables was tested by Fisher exact test.
Overall survival (OS) was measured using the Kaplan-Meier prod-
uct limit method. Multivariate Cox regression model was also
applied to evaluate the adjusted influence of mutations and clinical
features significantly associated to OS in univariate analysis.
P<0.05 was considered statistically significant. Statistical analyses
were performed using Stata 12.1 (StataCorp. 2011. Stata Statistical
Software: Release 12. College Station, TX, USA: StataCorp LP)
software.

Results

Clinico-pathological features of HCV-positive DLBCL
Clinical and pathological features of 46 patients with

HCV-positive DLBCL are summarized in Table 1. All

patients, with the exception of 2, have been treated with

Table 1. Clinical features at presentation of 46 cases of diffuse large
B-cell lymphoma associated with hepatitis C virus infection

Age, years (median, range) 70 (44-88)
Sex

M 18 (39.1%)

F 28 (60.9%)
Low-grade component
Yes 12 (26.1%)
No 34 (73.9%)
Ann Arbor III-IV: n (%) 30 (65.2%)
Nodal 13 (28.3%)
Extranodal 33 (71.7%)
Extranodal site>1 5 (15.2%)
LDH UNL 35 (87.5%)
IPI

Low 5 (19.2%)

Low-Intermediate 6 (23.1%)

High-Intermediate 10 (38.5%)

High 5 (19.2%)
B symptoms: n (%) 12 (26.1%)

ECOG PS 2-3*:n (%) 6 (18.2%)
Low-grade component: n (%) 12 (26.1%)
Histogenesis: n(%)

Germinal center 14 (30.4%)

Non-germinal center 32 (69.6%)
HCV genotype

1b 5 (45.5%)

2a/2¢ 6 (54.5%)
Cryoglobulins n (%) 8 (25.8%)
Bone marrow involvement n (%) 4 (11.1%)
Treatment with rituximab n (%) 15 (33.3%)

CHOP or CHOP-like regimen (in 15 coupled with ritux-
imab). All cases were HCV-RNA positive and HCV geno-
type was investigated in 11 patients: 5 had genotype 1b
and 6 genotype 2a/2.

Extranodal disease was present in 72% (33 of 46) of
patients and 17 patients had splenic involvement, includ-
ing 32% (15 of 46) of patients with primary splenic dis-
ease. Cryoglobulins were detected in 26% (8 of 31)
patients.

Histologically, most cases (37 of 46, 80%) had centrob-
lastic cytology, with a minority of cases showing
immunoblastic (1 of 46, 2%) or anaplastic (1 of 46, 2%)
features. In 7 cases, the presence of some artifactual
changes allowed a DLBCL diagnosis, but prevented any
further subtyping. In 26% (12 of 46) of cases, a minor area
of the diagnostic biopsy was composed of small to medi-
um sized monocytoid B cells, suggesting a progression
from an MZL that had not previously been recognized
(Figure 1). According to the Hans algorithm, 30% (14 of
46) of cases had a germinal center (GC) phenotype while
70% (32 of 46) were of non-germinal center origin (non-
GC). Median Ki67 expression was 70%. Bone marrow
infiltration was documented in 11% (4 of 36) of cases,
including one patient showing a small B-cell marrow infil-
trate with features consistent with MZL. In 2 additional
cases, a B-cell clone CD20*, CD5~, CD10" of small size was
detected by flow cytometry in the bone marrow, despite
the absence in these cases of lymphoma infiltration by
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morphology and the absence of a low-grade component in
diagnostic biopsy. There was no difference in clinical and
histological features among discovery and extension pan-
els, except for more frequent detection of B symptoms in
the discovery panel (Online Supplementary Table S1).
Clinical features of a comparative cohort of HCV-negative
DLBCL are reported in Online Supplementary Table S2.

The NOTCH pathway is recurrently mutated in
HCV-positive DLBCL

Overall, the NOTCH pathway was recurrently mutated
in 26% (12 of 46) HCV-positive DLBCL (Figure 2A).
Among NOTCH pathway genes, NOTCH2 was mutated
in 20% (9 of 46) of HCV-positive DLBCL, NOTCH1 in 4%
(2 of 46), and SPEN in 2% (1 of 46); NOTCH1 and
NOTCH2 mutations occur in a mutually exclusive manner
(Figure 2A). In both NOTCH1 and NOTCH1 genes, muta-
tions were represented by frame-shift indel or stop codons
that truncated the PEST domain of the protein.

In our discovery panel of HCV-positive DLBCL, the
prevalence and type of NF-kB pathway mutations was
consistent with that of a cohort of unselected non-GC
DLBCL," while BCR pathway genes (CARD11, CD79A
and CD79B) were never affected by mutations in HCV-
positive DLBCL (Figure 2B). A detailed description of
mutations is reported in Online Supplementary Table S3.

NOTCH pathway mutations associate with co-existence
of a low-grade component

Among pathological features, NOTCH pathway muta-
tions were enriched in cases characterized by the co-exis-
tence in the diagnostic biopsy of a small to medium cell
component along with the large cell component proper of
DLBCL (NOTCH pathway mutations in 6 of 12, 50% of
cases with low-grade component vs. 6 of 34, 18% in cases
without low-grade component; P=0.052).

There was no difference in clinical features between
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NOTCH mutated and NOTCH wild-type patients (Table
2).
Among 9 patients with NOTCH2 mutation, 4 had extra-
nodal disease (one spleen, one parotid gland, one
meninges, salivary gland and liver, and one muscle).

The 2 cases harboring NOTCH1 mutation had splenic
involvement and the trephine biopsy was negative. The
single patient harboring a mutation of SPEN had involve-
ment of Waldeyer’s ring and no involvement of bone mar-
row. One patient with a B-cell clone of MZL type in bone
marrow carries mutations of NOTCH2 and TNFAIP3.

Figure 1. Histological picture of a case of diffuse large B-cell lym-
phoma exhibiting a perifollicular growth pattern (A) (HE 20X) and
consisting of cells with abundant clear cytoplasm (B) (Giemsa 40x),
resembling monocytoid B cells, that is reminiscent of a marginal
zone origin.
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30%7 * ] ~ s “~ * e “
26.3%
9504 5/19)
19.6%
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4.3% {an g°) Figure 2. (A) Mutations of NOTCH genes in dif-
5% (2/46) 9 99, fuse large B-cell lymphoma associated with
(1746) 0% 0% 0% 0% 0% 0% hepatitis C virus infection (white: wild-type; red:
(0/1"9) (0/1‘6) (0/1"9) (0/13) (071 9)(0/1"9) mutations). (B) Percentages of diffuse large B-
0% . 4 . i cell lymphoma cases harboring mutations in
selected genes belonging to cellular pathways
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Table 2. Clinical features of 46 cases of diffuse large B-cell ymphoma associated with hepatitis C virus infection according to NOTCH mutational ®
status.
NOTCH pathway

Total Mutated Unmutated P
Age, years (median, range) 70 (44-88) 76 (53-88) 68 (44-83) 0.099
Age > 60 years 38 (82.6%) 11 (91.7%) 97 (719.4%) 0.660
Sex 0315
M 18 (39.1%) 3 (25.0%) 15 (44.1%)
F 28 (60.9%) 9 (75.0%) 19 (55.9%)
Ann Arbor [II-IV: n (%) 30 (65.2%) 8 (66.7%) 22 (64.7%) >0.900
Extranodal site>1: n (%) 5 (15.2%) 9 (25.0%) 3 (12.0%) 0574
LDH UNL: n (%) 35 (87.5%) 9 (81.8%) 26 (89.7%) 0.603
IPL:n (%) 0.167
Low 5 (19.2%) 2 (25.0%) 3 (16.7%)
Low-Intermediate 6 (23.1%) 0(0.0%) 6 (33.3%)
High-Intermediate 10 (38.5%) 3 (37.5%) 7(38.9%)
High 5 (19.2%) 3 (37.5%) 2 (111)
B symptoms: n (%) 12 (26.1%) 3 (25.0%) 9 (26.5%) 0900
ECOG PS 2-3: n (%) 6 (18.2%) 3 (30.0%) 3 (13.0%) 0.336
Low-grade component: n (%) 12 (26.1%) 6 (50.0%) 6 (17.7%) 0.052
Histogenesis: n(%) 0.294
Germinal center 14 (30.4%) 2 (16.7%) 12 (35.3%)
Non germinal center 32 (69.6%) 10 (83.3%) 22 (64.7%)
HCV genotype: n (%) >(.900
T 5 (45.5%) 1 (33.3%) 4 (50.0%)
%a/2c 6 (54.5%) 9 (66.7%) 4 (50.0%)
Cryoglobulins n (%) 8 (25.8%) 3 (37.5%) 5 (21.7%) 0393
Bone marrow involvement n (%) 4 (11.1%) 2 (33.3%) 2 (6.7%) 0.121
Treatment with rituximab n (%) 15 (33.3%) 5 (45.5%) 10 (29.4%) 0.464
NOTCH pathway mutations are restricted to Table 3. Prognostic factors at univariate analyses in 46 patients with
HCV-positive DLBCL giffuse large B-cell lymphoma associated with hepatitis C virus infec-

In order to define whether NOTCH pathway mutations o HR 95%Cl P
are a genetic event specifically associated to DLBCL of the .

HCV infected patient, NOTCH2 and NOTCH1 mutations  Age, years 11 1.0-1.1 0.012
were investigated in a cohort of 64 HCV-negative DLBCL.  gqy (male vs. female) 08 03-18 0581
NOTCH?2 was rarely mutated in one of 64 (1.6%) of HCV- L q { (Yes o5 No) 15 0637 0337
negative DLBCL (comparison with HCV-positive cases oW grade component (Yes ts. 0 ’ o ’
resulted statistically significant; P=0.002) while NOTCH/  AnnArbor stage (III-IV os. I-I) 0.9 04-2.0 0.731
was never affected (0 of 64) (comparison with HCV-posi- ~ LDH UNL (s. Normal) 2.3 0.3-173 0415
tive cases; P=0.173) (Figure 3). ECOG (=2 us. <2) 2.0 05-7.3 0310
. . B t 1.2 0.5-3.0 0.737
Impact of NOTCH pathway disruption on outcome of Rl
HCV-positive DLBCL Extranodal sites = 2 vs. <2 1.8 04-8.9 0.443

After a median follow up of 3.7 years for the entire  HCVgenotype (2a/2c us. 1b) 12 0275 0816
series, the 5-year OS was 53% (95%CI: 37%-67%). In  Cryoglobulins (Yes vs. No) 0.7 0.2-2.1 0.472
univariate _anflysifsé on HC(\)/-Spositive DLBSLI; Ctihe only f%é; Histogenesis (non-GC us. GC) 08 0419 0.635
tors negatively affecting are age, nodal disease wi -
respect to extranodal disease and the mutation of NOTCH ]l\;(;dal us. Extranodal 32 LT3 0.006
pathway (Table 3). More precisely, 5-year OS was 27 % _

(95%ClI: 5%-56%) for patients carrying NOTCH pathway ;(.)V\l'{l;ltf rme(g.atf o5 ]LOW ii gHgg g;gg
mutation and 62% (95%CI: 42%-77 %) for patients with- igh-intermediate us. Low : e ‘

X . High vs. Low 5.6 0.5-56.5 0.147
out these mutations (Figure 4). )

In multivariate analysis, adjusting for clinical features ~ NOTCH pathway mutation 3.0 13-6.9 0.011
significantly associated to OS in univariate analysis, the  Rituximab 11 0.5-2.7 0.822
adverse prognostic impact of NOTCH pathway mutations

CG: germinal center; IPI: International Prognostic Score.
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was confirmed (HR=2.5; 95%ClI: 1.0-5.8; P=0.041), while
age lost its significance (HR=1.0; 95%CI: 0.9-1.1; P=0.101)
and nodal disease became of border-line significance
(HR=2.3; 95%ClI: 1.0-5.5; P=0.050).

Discussion

The majority of clinical and biological investigations
have focused on HCV-positive MZL,"” but less attention
has been paid to HCV-positive DLBCL.” In the available
series of HCV-positive DLBCL, a predilection for extran-
odal presentation, including spleen tissue, has been
observed.”"*

In the present study, we document that: i) NOTCH
pathway mutations are a molecular clue associated to
approximately 25% HCV-positive cases among DLBCL;
and ii) among HCV-positive DLBCL, the molecular dereg-
ulation of NOTCH signaling associates with the co-exis-
tence of a low-grade component in the diagnostic biopsy
and poorer outcome.

A key finding of this study was the identification of
alterations on genes of the NOTCH pathway as highly
recurrent in HCV-positive DLBCL. In particular,
NOTCH2, known as a key regulator of MZ development,
was the most frequently mutated gene (20%) This fre-
quency is consistent with the prevalence of NOTCH2
mutations documented in SMZL>***%* and significantly
higher than that observed in HCV-negative DLBCL (this
study), and more in general, in unselected DLBCL
cohorts”? (Online Supplementary Table S4). Al NOTCH2
mutations observed in HCV-positive DLBCL cause disrup-
tion of the protein inhibitory PEST domain and are pre-
dicted to activate NOTCH signaling.”

In the general population, most cases of DLBCL arise de
novo, but approximately 10% of cases are transformed
from low-grade B-cell lymphomas, such as chronic lym-
phocytic  leukemia® and follicular lymphoma.”
Conversely, HCV-positive DLBCL seem to represent the
transformation of a previous low-grade MZL in up to
approximately 30% of cases.” Consistent with this notion,
our study documents that: i) 25% of HCV-positive DLBCL
harbor a minor area of the diagnostic biopsy composed of

small to medium sized monocytoid B cells consistent with
an MZL; ii) SMZL-associated NOTCH pathway muta-
tions are significantly enriched in HCV-positive DLBCL
harboring both low- and high-grade components; and iii)
HCV-positive DLBCL harboring NOTCH pathway muta-
tions are characterized by worse survival in exploratory
univariate and multivariate analyses, with an expected
survival superimposable on that of transformed DLBCL
from other indolent B-cell tumors.*"*

Overall, these data further support the notion that a sub-
group of DLBCL arising in subjects carrying HCV infection
represent the transformation of a previous, clinically
unrecognized indolent MZL.

It is noteworthy that NOTCH signaling plays a role in
marginal zone B-cell differentiation in the spleen,” and
that a lymphoid neoplasm such as splenic marginal zone
lymphoma is frequently associated to cryoglobulinemia
and HCV infection.*

From a clinical standpoint, the identification of NOTCH
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pathway mutations in HCV-positive DLBCL may have
both prognostic and therapeutic implications. The identi-
fication of predictive prognostic markers in HCV-positive
DLBCL is still a matter of debate. Indeed, at variance with
unselected DLBCL, IPI and LDH are not predictive of sur-
vival in HCV-positive DLBCL, which is conceivable
because, in these patients, LDH can be elevated not only
due to lymphoma activity, but also because of the liver
disease. Recently, the Fondazione Italiana Linfomi (FIL)
proposed a new “HCV Prognostic Score” based on 3 risk
factors (performance status, albumin level and HCV-RNA
viral load), which is able to identify 3 risk categories with
different survival, and may be a useful tool to predict the
outcome of HCV-positive DLBCL.* Considering that only
a minority of our patients received rituximab, investiga-
tion of larger cohorts of rituximab-treated patients for
NOTCH pathway mutations may be of help in integrating
this molecular biomarker in a new comprehensive clinico-
biological prognostic score useful for the stratification of
HCV-positive DLBCL treated in the rituximab era.

From a therapeutical point of view, in DLBCL, we are
facing a new era in which investigators are adding new
drugs to standard RCHOP-21. Such new agents are
designed to target the different specific oncogenic path-
ways disrupted in DLBCL.**¥ Regarding NOTCH path-
way targeting, it has recently been reported that y-secre-
tase inhibitor PF-03084014 inhibits the constitutive
NOTCH activation and induces selective apoptosis in CLL
cells carrying NOTCH1 mutations.”

In conclusion, in this study, we document that NOTCH

activation pathway mutations are a molecular clue associ-
ated to approximately 25% of HCV-positive cases among
DLBCL and that among HCV-positive DLBCL, the molec-
ular deregulation of NOTCH signaling associates with the
co-existence of a low-grade component in the diagnostic
biopsy and poor outcome. Overall, these data are consis-
tent with the notion that at least a fraction of HCV-posi-
tive DLBCL represent the transformed phase of an MZL
clone.
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