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iffuse large B-cell lymphoma (DLBCL), the most com-

mon hematological malignancy in Western countries,’

is characterized by a high degree of clinical and biolog-

ical heterogeneity.? Current first line therapy consists
in an immunochemotherapy regimen referred to as R-CHOP
(rituximab, anti-CD20 monoclonal antibody-cyclophospha-
mide, hydroxydaunorubicine, oncovin, prednisone). Although
R-CHOP drastically improved DLBCL outcome,® around 10%
to 15% of patients exhibit primary refractory disease and an
additional 20% to 25% relapse usually within the first 2 years.?
The revised version of the International Prognostic Index (R-IPI),
combining 5 clinical and biological readouts, represents the only
robust prognostic factor for DLBCL,* but fails to accurately pre-
dict these refractory/relapse (R/R) DLBCL cases.

The clinical heterogeneity of DLBCL can be explained by
genomic alterations and phenotypic features that include: (1) gene
rearrangements involving the proto-oncogene MYC and BCL2/
BCL6, defining the high grade B-cell lymphoma (HGBL) formerly
referred as “double/triple hit” (DHL/THL) subtype, frequently
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related to R-CHOP refractory disease,’ (2) gene expression sig-
natures defining “activated B-cells” or “germinal center” (GC)
B-cells DLBCL subtypes, associated with DLBCL prognosis,® but
not correlated with R-CHOP response, and (3) recently identified
recurrent mutational events defining genetic subtypes that could
have therapeutic implications.”® But, despite this extensive charac-
terization, no clear predictive signature of R/R DLBCL has been
yet identified to guide individualized risk-adapted therapy.’

In this context, we have previously shown that CYCLON, a
nuclear germline factor, was acting as an autonomous tumor
growth driver and anti-CD20 treatment resistance factor in
DLBCL." Little information is available about CYCLON func-
tion, besides its predominant expression in germ cells and induc-
tion in several high-proliferation contexts: cytokine-signaling,'!
regulation of T-cell immune homeostasis after cell activation'?
and as a Myc downstream target in murine antigen-dependent
B cell differentiation.’® Another intriguing feature of this pro-
tein is its entirely disordered structure, which suggest a function
within phase-separated compartments.'* Here, we describe how
CYCLON subnuclear localization represents a novel potent
prognostic marker for R-CHOP-treated DLBCL patients.

Ninety-seven R-CHOP-treated DLBCL patients were
included in a bicentric retrospective cohort. Cohort character-
istics are in full accordance with the literature (Table 1) with
a near equal gender repartition and a median age of 67 years.
More than half of the patients presented an advanced stage of
the disease (Ann Arbor stage = III-IV or R-IPI score>3). Median
follow-up time, treatment details, survival, and response rates
are detailed in Table 1. Hans’ algorithm classification revealed
that non-GC subtype (62.9%) was enriched compared with
GC subtype (37.1%) and, as expected, associated with a worse
prognosis (Supplemental Digital Content, Figure 1A, http://
links.lww.com/HS/A164), similarly to the high risk R-IPI group
(Supplemental Digital Content, Figure 1B, http://links.lww.com/
HS/A164). More details about inclusion criteria, clinicobiolog-
ical data, and cohort characteristics are given in Supplemental
Digital Content, Methods, http:/links.lww.com/HS/A163.

CYCLON immunohistochemistry (IHC) analysis was per-
formed on tissue microarrays (TMA) under standard pro-
cedures using HPA041117 antibody (Atlas Antibodies) and
independently reviewed by 2 expert pathologists as described
in Supplemental Digital Content, Methods, http:/links.lww.
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Cohort Description.

Parameters Value (Range) % [Proportion]
Median age at diagnosis (y) 67 (29-94)

>60 69.1% [67/97]
Gender

Male 55.7% [54/97)

Female 44.3% [43/97)

Median follow-up time (mo)
First-line therapy

41.1 (2-93, 95% Cl, 29.0-53.6)

R-CHOP 80.4% [78/97]
+ Methotrexate 9.3% [9/97]
R-CHOP like 19.6% [19/97]
Mini R-CHOP 8.2% [8/97]
R-CVP 9.3% [9/97]
R-CHVP 1.0% [1/97]
R-COP 1.0% [1/97]
Complete response rate 78.3% [76/97]
Overall response rate 83.5% [81/97]
Primary refractory cases 20.6% [20/97]

Relapse cases 18.5% [18/97]
SOS 24 mo: 70.3% (95% Cl, 59.4-78.8)
60 mo: 62.0% (95% Cl, 49.4-72.4)
92 mo: 62.0% (95% Cl, 49.4-72.4)
PFS 24 mo: 63.7% (95% Cl, 52.9-72.7)
60 mo: 55.7% (95% Cl, 42.7-66.9)
92 mo: 51.1% (95% Cl, 36.2-64.1)
Ann Arbor staging classification (diagnosis)
| (Single LN involves)
Il (2 or more LN ipsilateral to the diaphragm)
I (LN on both sides of the diaphragm)
IV (involvement extralymphatic organs or tissues)
LDH > upper limit of normal
R-IPI class (diagnosis)

11.3% [11/97]
20.6% [20/97]
21.6% [21/97]
46.4% [45/97)
75.0% [73/97)

Very low risk: 0 7.2% [7/97]

Low risk: 1-2 44.3% [43/97]

High risk: 3-5 48.5% [47/97)
DLBCL subtype (Hans' algorithm)

GC 37.1% [36/97]

Non-GC 62.9% [61/97]
Genetics

High grade B-cell lymphoma (double/triple hits) 3.1% [3/97]

MYC rearrangements 9.0% [8/89]

Including MYC-Ig
CYCLON (IHC pattern)

4.5% [4/89]

Negative 7.2% [7/97]

Pan-nuclear 61.9% [60/97]
Nucleolar 12.4% [12/97)
Extranucleolar 18.6% [18/97]

DLBCL = diffuse large B-cell ymphoma; GC = germinal center; IHC = immunohistochemistry;
LDH = lactate dehydrogenase; LN = lymph node; MYC-Ig = gene rearrangement involving MYC
and Immunoglobulin loci; PFS = progression-free survival; R-CHOP = rituximab-cyclophos-
phamide, hydroxydaunorubicine, oncovin, prednisone; R-CHVP = rituximab-cyclophosphamide,
hydroxydaunorubicine, vincristine, prednisone; R-COP = rituximab-cyclophosphamide, oncovin,
prednisone; R-CVP = rituximab-cyclophosphamide, vincristine, prednisone; R-IPI = revised version
of the International Prognostic Index; SOS = specific overall survival.

com/HS/A163. Reliability of positive cell rates and stain-
ing intensity scores between TMA cores was assessed using
intraclass correlation coefficients (see Supplemental Digital
Content, Methods, http:/links.lww.com/HS/A163). CYCLON
IHC showed a broad range of nuclear staining intensities and
positive cells rates (Supplemental Digital Content, Figure 2,
http://links.lww.com/HS/A164, left). Strikingly, it revealed 4
different and mutually exclusive aspects (Table 1; Figure 1A):
negative (7/97), diffuse pan-nuclear (60/97), exclusively nucle-
olar (12/97), or extranucleolar staining (18/97) confirmed by
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AgNOR (Silver-Ag-staining of Nucleolar Organiser Regions)
staining (Supplemental Digital Content, Figure 3, http:/links.
Iww.com/HS/A164). High staining intensity (score 2-3), reflect-
ing moderate/high CYCLON protein levels, was more frequently
observed for nucleolar or extranucleolar cases (Supplemental
Digital Content, Figure 2, http://links.lww.com/HS/A164, upper
left panel) and was confirmed to be a robust criterion to dis-
tinguish them from pan-nuclear pattern using a multinomial
regression model (Supplemental Digital Content, Table 1, http://
links.lww.com/HS/A164).

While no significant differences in progression-free survival
(PES) or specific overall survival (SOS) were found between neg-
ative and positive CYCLON expression groups (Supplemental
Digital Content, Figure 4A, http:/links.lww.com/HS/A164),
Kaplan-Meier survival analyses showed highly significant differ-
ences between CYCLON staining patterns for PFS (P = 0.0015)
and SOS (P = 0.0033; Figure 1B). This was further supported
by a log rank test for linear trend across CYCLON staining
patterns ordered as negative, pan-nuclear, nucleolar, or extra-
nucleolar (PFS: P = 0.033, SOS: P = 0.023). CYCLON extranu-
cleolar (CYCLON®®) staining was clearly distinguishable from
the other groups as patients in this group exhibit a high-risk
profile. This was further supported by a multinomial classifi-
cation model showing that the extranucleolar staining is more
likely associated to primary refractory disease (P < 0.001) and
relapse (P = 0.026) than nucleolar and pan-nuclear patterns
(Supplemental Digital Content, Table 2, http:/links.lww.com/
HS/A164). The model showed that CYCLON extranucleolar
staining was associated to refractory or relapse condition with
equivalent probability (standard Wald test P = 0.2). CYCLON
extranucleolar staining therefore clearly emerged as a marker of
both primary refractory and relapse DLBCL. When comparing
CYCLON®=® with CYCLON® category (including nucleolar,
pan-nuclear, and negative staining patterns), the outcome of
CYCLON®®™ patients was, as expected, largely inferior to the
outcome of CYCLON® patients for PFS (P < 0.0001) and SOS
(P = 0.0003) when considering the whole cohort (Supplemental
Digital Content, Figure 4B, http:/links.lww.com/HS/A164).
This was also observed for patients below 70 years treated
with a full R-CHOP regimen (Supplemental Digital Content,
Figure 4C, http://links.lww.com/HS/A164). Bootstrap resam-
pling of Cox regression models for PFS and SOS confirmed the
robustness of CYCLON®® versus CYCLON* classification
(Supplemental Digital Content, Table 3, http:/links.lww.com/
HS/A164). No association was found between CYCLON extra-
nucleolar staining status (+/-) and GC/non-GC categories as
shown by a standard y? test (P = 0.37). The effect of GC versus
non-GC on PFS and SOS was not influenced by the CYCLON
extranucleolar (+/-) staining as demonstrated by Cox regres-
sion models including interaction terms (Supplemental Digital
Content, Table 4, http:/links.lww.com/HS/A164). Distribution
of CYCLON®*® pattern does not significantly differ neither
between patients treated with R-CHOP or R-CHOP like regi-
men (Supplemental Digital Content, Figure 4D, http:/links.lww.
com/HS/A164, y? test P = 0.725) or patients below and above
70 years old (Supplemental Digital Content, Figure 4E, http:/
links.Iww.com/HS/A164, %> P = 0.674).

We next investigated whether CYCLON can act as applicable
prognostic biomarker in the sense that its integration to R-IPI
risk model and Hans’ algorithm classification may improve
identification of high-risk patients. Multivariate Cox models for
PFS and SOS were built with CYCLON*®/CYCLON®" cate-
gories, GC/non-GC subtypes and adjusted with the R-IPI score
which was redistributed into 2 categories: low risk (R-IPI%;
49 cases, IPI score 0-2) and high-risk (R-IPI%%"; 48 cases, IPI
score 3-5). As shown in Figure 1C, all 3 CYCLON®®, non-GC
subtype, and R-IPI*#" categories were statistically significant
and independent prognostic factors with strong negative impact
on PFS and SOS. Hazard ratios were not statistically different
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Figure 1. CYCLON subcellular localization define prognosis subgroups in DLBCL patients. (A), IHC analysis of CYCLON revealing distinct expression
patterns in DLBCL patients as indicated. (B), Kaplan-Meier analyses of PFS (left) and SOS (right) associated to CYCLON patterns. P values are derived from
alog-rank test. PFS, extranucleolar: 18.52% (95% Cl, 3.98-41.4); nucleolar: 61.11% (95% Cl, 25.46-83.75); diffuse: 56.91% (95% Cl, 30.7-76.4); negative:
60% (95% Cl, 12.57-88.18); SOS: extranucleolar: 31.11% (95% ClI, 11.36-53.43); nucleolar: 48.89% (95% ClI, 8.8-81); diffuse: 74.85% (95% Cl, 60-84.75);
negative: 80% (95% Cl, 20.38-96.92). (C), Multivariate bootstrap Cox regression analyses of CYCLON extranucleolar staining status (+/-), R-IPI (high/low),
and Hans’ classification (GC/non-GC) for PFS and SOS. *Normal-approximation 95% CI based on bootstrap resampling (1000 replicates). Schoenfeld residual
test, PFS model: global P = 0.58 and SOS model: global P = 0.72; Harrell’s C statistic, PFS model: C = 0.72 and SOS model: C = 0.77. Cl = confidence interval;
DLBCL = diffuse large B-cell ymphoma; GC = germinal center; Hans = Hans algorithm defining non-GC and GC DLBCL subtypes; HR = hazard ratio; IHC = immunohistochemical; PFS =
progression-free survival; R-IPI = revised version of the International Prognostic Index; SOS = specific overall survival.

for all 3 categories in PFS and SOS models as estimated by a
standard Wald test (P > 0.05). Internal validation of Cox models
stability was assessed by bootstrap resampling (Figure 1C and
Supplemental Digital Content, Figure 5, http:/links.lww.com/
HS/A164). The prediction performance of the multivariate mod-
els did not depend markedly on follow-up time for PFS and SOS
as assessed by ROC curves at 20, 40, 60, 80, 90 months with
area under the curve ranging from 0.768 to 0.874 for PFS and
0.802 to 0.821 for SOS (Supplemental Digital Content, Figure
6, http://links.lww.com/HS/A164), indicating an end point-inde-
pendent robust performance of PFS and SOS model predictions.

In view of the prognostic value of CYCLON staining patterns
in DLBCL, we next asked whether this might correlate to specific
genomic alterations. For this, we performed targeted next-gen-
eration sequencing of 48 DLBCL cases by using a 51-gene
sequencing panel designed to reply to diagnosis, prognosis, and
theranostic requirements in mature lymphoid neoplasms!®!'¢

(Supplemental Digital Content, Methods, http://links.lww.com/
HS/A163; Supplemental Digital Content, Table 5, http:/links.
lww.com/HS/A164; and Supplemental Digital Content, Figure
7, http://links.lww.com/HS/A164). A Fisher exact test evaluating
the association of each gene to CYCLON patterns revealed no sta-
tistically significant association between CYCLON patterns and
mutational status for any of the 43 genes identified as mutated
in this series according to our criteria. Given the broad diversity
of DLBCL mutational profiles, this preliminary observation still
warrants confirmation on a larger cohort. We also performed
karyotyping and fluorescence in situ hybridization analyses of
MYC, BCL2, and BCL6 loci, but we were not able to show any
association of CYCLON extra-nucleolar pattern with HGBL
subtype (all 3 cases presented a CYCLON pan-nuclear staining).
Fisher exact test did not revealed statistically significant differ-
ences in CYCLON staining pattern distribution between MYC
nonrearranged and rearranged cases (Fisher exact test P = 0.1,
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Supplemental Digital Content, Figure 8A, http://links.lww.com/
HS/A164). Of note, no case presenting both MYC rearrange-
ment and CYCLON extranucleolar pattern could be detected
in our series. A significant difference in CYCLON staining pat-
tern distribution was observed between IHC MYC negative and
positive cases (Fisher exact test P = 0.001, Supplemental Digital
Content, Figure 8B, http:/links.lww.com/HS/A164), but this is
due to an excess of MYC-positive cases for the nucleolar pat-
tern; MYC negative/positive cases being balanced for CYCLON
extranucleolar pattern. From this limited set of data, CYCLON
extranucleolar pattern therefore does not seem to correlate with
any specific mutational or MYC expression profile.

In summary, this study reveals an extranucleolar CYCLON
IHC staining pattern which, combined with R-IPI and GC/
non-GC classifications, contributes substantially to identify
adverse outcomes in R-CHOP—treated DLBCL. CYCLON IHC
evaluation could be easily implemented in the clinical practice,
as it would rely on standard automated procedure available
in most centers involved in DLBCL management and provide
a more precise discrimination of high-risk R-CHOP-treated
DLBCL patients that could be eligible to risk-adapted strategies.
Consistently with our previous findings'® and based on IHC
staining intensity (Supplemental Digital Content, Figure 2, http:/
links.lww.com/HS/A164 and Supplemental Digital Content,
Table 1, http://links.lww.com/HS/A164), both CYCLON nucleo-
lar and extranucleolar pattern could be related to higher expres-
sion levels of the protein, which would then accumulate either
within or outside nucleoli. CYCLON being a highly phosphor-
ylated unstructured protein, we could postulate that distinct
phosphorylation events or protein/protein and protein/nucleic
acid interactions within phase-separated compartments'* might
control these alternate localizations. Further investigations will
be required to decipher the biological mechanisms that drive
CYCLON exclusion from the nucleolus, its functional signifi-
cance and association with aggressive clinical features, as well as
to further validate its prognosis impact in a larger cohort.
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