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Recent randomized trials focused on gene expression-based deter-
mination of the cell of origin in diffuse large B-cell lymphoma 
could not show significant improvements by adding novel agents 

to standard chemoimmunotherapy. The aim of this study was the iden-
tification of a gene signature able to refine current prognostication algo-
rithms and applicable to clinical practice. Here we used a targeted gene 
expression profiling panel combining the Lymph2Cx signature for cell of 
origin classification with additional targets including MYC, BCL-2 and 
NFKBIA, in 186 patients from two randomized trials (discovery cohort) 
(clinicaltrials gov. Identifier: NCT00355199 and NCT00499018). Data 
were validated in three independent series (two large public datasets and 
a real-life cohort). By integrating the cell of origin, MYC/BCL-2 double 
expressor status and NFKBIA expression, we defined a three-gene signa-
ture combining MYC, BCL-2 and NFKBIA (MBN-signature), which out-
performed the MYC/BCL-2 double expressor status in multivariate 
analysis, and allowed further risk stratification within the germinal cen-
ter B-cell/unclassified subset. The high-risk (MBN Sig-high) subgroup 
identified the vast majority of double hit cases and a significant fraction 
of activated B-cell-derived diffuse large B-cell lymphomas. These results 
were validated in three independent series including a cohort from the 
REMoDL-B trial, where, in an exploratory ad hoc analysis, the addition of 
bortezomib in the MBN Sig-high subgroup provided a progression free 
survival advantage compared with standard chemoimmunotherapy. 
These data indicate that a simple three-gene signature based on MYC, 
BCL-2 and NFKBIA could refine the prognostic stratification in diffuse 
large B-cell lymphoma, and might be the basis for future precision-ther-
apy approaches. 
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ABSTRACT



Introduction 

The biologic complexity of diffuse large B-cell lym-
phoma (DLBCL) was first dissected in the early 2000s by 
gene expression profiling (GEP) studies, which subdivided 
DLBCL into two groups based on GEP signatures reminis-
cent of the respective cell of origin (COO). These studies 
showed that DLBCL with a gene signature related to acti-
vated B lymphocytes (ABC subgroup) had a significantly 
worse response to anthracycline-based therapies com-
pared to those histogenetically related to germinal center 
B cells (GCB subtype), and were dependent on nuclear fac-
tor k-B (NF-kB) signaling.1-3 Since immunohistochemical 
algorithms failed to reproduce the results of GEP,4-10 the 
Lymphoma Leukemia Molecular Profiling Project (LLMPP) 
proposed a targeted GEP (T-GEP) panel (Lymph2Cx) 
desumed from previous studies on fresh/frozen tissue 
(FFT).11,12 This assay was applied on the NanoString plat-
form to formalin-fixed, paraffin embedded (FFPE) tissue 
from DLBCL patients treated with R-CHOP,11,12 identify-
ing three subgroups: GCB, ABC and unclassified, the latter 
representing about 15% of all cases and prognostically 
closer to the GCB.11,13 The reproducibility of this assay 
was confirmed in several studies.131-5 However, recent 
results from three independent phase III randomized tri-
als16-18 based on COO classification were largely negative. 
Although these unsatisfactory results could be due to sev-
eral reasons, including unexpected toxicities and subopti-
mal efficacy of these drugs in vivo, these data also indicate 
that the clinical development of predictive T-GEP signa-
tures able to complement the COO for precision therapy 
approaches is an urgent unmet need. Besides the COO, 
current evidence indicates a negative prognostic value of 
double MYC and BCL-2 protein overexpression deter-
mined by immunohistochemistry (IHC).19-21 Furthermore 
those DLBCL with concurrent MYC and BCL-2 and/or 
BCL-6 genomic rearrangements are characterized by an 
even worse prognosis, being now classified as a separate 
entity, high-grade B-cell lymphoma (HG-BCL) with dou-
ble/triple hits (w DH/TH).19,20,22 Recently large genomic 
studies integrating DNA and RNA sequencing data identi-
fied additional DLBCL subgroups beyond the COO and 
MYC/BCL-2 double expressor (DE) status,23-25 based on 
the mutational landscape, GEP signatures, copy number 
changes, and differences in outcome. Furthermore, recent 
studies identified GEP signatures able to define high-risk 
populations within the GCB/unclassified (GCB/U) sub-
group.26,27 However, given their complexity, large-scale 
application of these prognostication algorithms could be 
difficult in daily clinical practice. The aim of this study 
was the implementation of a simple T-GEP panel able to 
complement and improve COO-based prognostic strati-
fication for routine clinical application. We designed a 
panel of genes corresponding to those of the Lymph2Cx 
assay for COO determination plus additional candidates 
selected because of their potential prognostic and/or 
therapeutic interest including MYC, BCL-2 and central 
nodes of NF-kB, Janus kinase (JAK)/signal transducer and 
activator of transcription (STAT), and phosphatidylinosi-
tol-3 kinase (PI3K) signaling.3,28-33 This panel of genes was 
applied to 186 DLBCL enrolled in two recently reported 
large Italian trials (DLCL04 and  
R-HDS0305; clinicaltrials gov. Identifier: NCT00355199 
and NCT00499018).34,35 We found that a three-gene signa-
ture based on MYC, BCL-2 and NFKBIA (MBN signature), 
identified a significant fraction of ABC cases and a sub-

group of GCB/U cases (roughly 30%) enriched in HG-BCL 
w/DH, at increased risk of treatment failure. These data 
were validated in a real-life cohort and in silico in two large 
independent series, including one cohort of patients 
enrolled in the REMoDL-B trial,18,27 where the addition of 
bortezomib to chemoimmunotherapy provided a signifi-
cant advantage for high-risk patients identified by the 
MBN signature.  

 
 

Methods 

Study design 
Patients considered in this study had been enrolled in two 

prospective randomized phase III clinical trials investigating the 
role of first line autologous stem cell transplant (ASCT) consolida-
tion in intermediate/high-risk DLBCL.34,35 Only cases of DLBCL 
not-otherwise specified (NOS) (including those originally diag-
nosed as DLBCL and nowadays included in the HG-BCL provi-
sional category22) were selected for the present study (Figure 1). 
Patients’ characteristics and study algorithm are summarized in 
Table 1 and Figure 1.  

Results were validated in three independent cohorts, (two  
in silico validation datasets and one “real-life” cohort): a dataset 
from Sha and coworkers (n=928 patients: 469 treated with R-
CHOP and 459 with R-CHOP plus bortezomib [RB-CHOP]);27 a 
public dataset from Lenz et al.36 (n=233 patients treated with R-
CHOP); a “real-life” cohort including 102 consecutive DLBCL-
NOS cases with available FFPE tissue, treated with R-CHOP/R-
CHOP-like regimens in Bologna (S.Orsola-Malpighi Hospital), and 
in Milan (European Institute of Oncology) from 2007 to 2018.  

This study was approved by the Institutional Review Boards 
and Ethics Committees of the participating centers, in accordance 
with the Declaration of Helsinki. 

Procedures 
Gene expression was measured on the NanoString nCounter 

Analysis System (NanoString Technologies, Seattle, USA). The T-
GEP panel contains 26 genes: 15 genes for COO subtyping;11 five 
housekeeping genes (UBXN4, ISY1, R3HDM1, WDR55, TRIM56); 
and six additional genes (MYC, BCL-2, STAT3, NFKBIA, PTEN, 
PIK3CA). Besides MYC and BCL-2, the additional genes were 
selected based on their known functions in key pathways 
involved in DLBCL lymphomagenesis and potential druggability.  

Statistical analysis 
Survival data were analyzed retrospectively. We used Kaplan-

Meier method37 for overall survival (OS) and progression-free sur-
vival (PFS) analyses. Multivariate and univariate analyses were 
constructed with the Cox proportional hazards regression model. 
A P-value ≤0.05 was considered  statistically significant. Recursive 
Partitioning Analysis (RPA)38 was applied to classify patients into 
more homogenous prognostic groups based on survival. All analy-
ses were performed using R 3.5.0 software.39 Correlations and dif-
ferences in patient characteristics were analyzed with the χ2 and 
Fisher’s exact test. 

Development of the three-gene prognostic signature  
(MBN signature) 

An expression ratio-based test was developed by selecting those 
genes significantly deregulated in the high risk subgroups identi-
fied by the RPA shown in Figure 2A and whose normalized 
mRNA levels were significantly associated with OS. We defined 
high and low MYC and BCL-2 expressors based on the median 
normalized MYC and BCL-2 mRNA levels. The high-risk groups 
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included the ABC and double expressor GCB/unclassified 
(GCB/U) DLBCL (hereafter defined as DEXP_mRNA); the low risk 
group was constituted by the non-DEXP_mRNA GCB/U subset. 
Since the expression levels of MYC and BCL-2 on one hand and 
NFKBIA on the other hand had opposing patterns being inversely 
associated with OS (with higher MYC/BCL-2 and lower NFKBIA 
levels associated with worse outcome), we combined the expres-
sion levels of the three genes in a synthetic predictor called MBN-
signature (MBN-Sig) and defined as:  

 
MBN-Sig= (MYC + BCL-2)/NFKBIA 

 
Detailed information on study cohorts (Online Supplementary 

Table S1), T-GEP procedures with list of genes and target 
sequences, fluorescence in situ hybridization (FISH), IHC methods 
and antibodies (Online Supplementary Table S2), and random forest 
(RF) classifier are described in the Online Supplementary Appendix. 

Results 

Univariate analyses and a decision-tree classification 
model integrating the cell of origin and MYC/BCL-2 
status 

Given their established clinical relevance, we first inves-
tigated the prognostic significance of T-GEP-based COO 
classification and MYC/BCL-2 status in the R-HDS0305 
and DLCL04 trials34,35 (discovery cohort). Patient’s charac-
teristics are summarized in Table 1. In line with previous 
findings11,12 COO classification by T-GEP clearly outper-
formed the immunohistochemical Hans algorhitm for sur-
vival prediction and retained its prognostic significance in 
the presence or absence of ASCT consolidation (Online 
Supplementary Figure S1A to D). In order to investigate the 
prognostic impact of concurrent overexpression of MYC 
and BCL-2, we defined high and low expressors based on 
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Figure 1. Study algorithm. On the left, 
the discovery cohort is represented; 
224 diffuse large B-cell lymphoma 
(DLBCL) patients enrolled in the 
DLCL04 (n= 130) and R-HDS0305 (n= 
94) trials with available formalin-fixed, 
paraffin embedded (FFPE) tissue were 
initially considered in this analysis. 
Targeted gene expression profiling (T-
GEP) success rate was 92.4% (n=207), 
with 17 cases not yelding enough high-
quality mRNA to undergo successful 
GEP assessment. Only cases originally 
diagnosed as DLBCL non-otherwise 
specified (NOS) were considered. 
Therefore 21 cases classified in differ-
ent DLBCL categories were excluded; 
99 NOS-DLBCL FFPE patient samples 
from the DLCL04 trial and 87 samples 
from the R-HDS0305 trial were finally 
included in this study. On the right, the 
three validation cohorts: a cohort of 
928 patients from Sha and coworkers27 
(469 treated with R-CHOP; 459 with RB-
CHOP), a public gene expression 
dataset (Affymetrix Human Genome 
U133 Plus 2.0 Array), GSE10846, 
( h t t p s : / / w w w . n c b i . n l m . 
nih.gov/geo/query/acc.cgi?acc=GSE1
0846), including 233 patients treated 
with R-CHOP regimen (Lenz et al. 
2008)36; an additional validation cohort 
including 102 consecutive DLBCL NOS 
cases with available FFPE tissue, treat-
ed with R-CHOP/R-CHOP-like regimens. 
RB-CHOP: R-CHOP plus bortezomib. 



the median normalized MYC and BCL-2 mRNA levels, 
which correlated well with the respective protein levels 
assessed by IHC (Online Supplementary Figure S2A). 
MYC/BCL-2 mRNA double expressors (defined as 
DEXP_mRNA) patients showed a worse outcome com-
pared to non-DEXP_mRNA cases (Online Supplementary 
Figure S2B). Although DEXP_mRNA cases were more 
prevalent in the ABC compared to the GCB/unclassified 
(GCB/U) subgroup9 (Online Supplementary Table S3), the 

prognostic relevance of the MYC/BCL-2 DEXP_mRNA 
status was particularly evident in the GCB/U subset 
(Online Supplementary Figure S2C to F). Focusing the analy-
sis on the additional genes (STAT3, NFKBIA, PTEN, 
PIK3CA), which were selected based on their biologic rel-
evance in potentially druggable pathways, only NFKBIA 
and STAT3 mRNA levels were significantly associated 
with patient’s outcome, with low STAT3 and low NFKBIA 
expression predicting worse prognosis (Online 

E. Derenzini et al.

2408 haematologica | 2021; 106(9)

Figure 2. Integrating cell of 
origin with MYC/BCL-2 
DEXP_mRNA status for prog-
nostication in diffuse large B-
cell lymphoma.  (A) Recursive 
partitioning analysis integrat-
ing cell of origin (COO) classifi-
cation and DEXP_mRNA sta-
tus, allowing segregation of 
patients in three main prog-
nostic subgroups (a low risk 
non-DEXP-mRNA GCB/U sub-
set, and two high risk groups: 
M Y C / B C L - 2 - D E X P - m R N A 
GCB/U and ABC). (B) Box plot 
graphs indicating the expres-
sion levels of the additional 
targets included in the panel 
(MYC, BCL-2, NFKBIA, STAT3, 
PIK3CA, PTEN) in the three 
main patients subgroups iden-
tified by the recursive parti-
tioning analysis (non-DEXP-
mRNA GCB/U, MYC/BCL-2 
DEXP_mRNA GCB/U, ABC-
derived diffuse large B-cell 
lymphoma [DLBCL]. P-value 
was calculated with Student t-
test by comparing non 
DEXP_mRNA GCB/U group, 
selected as a reference, ver-
sus other groups. ABC: activat-
ed B-cells; GCB: germinal cen-
ter B cells; GCB/U: GCB 
unclassified; DEXP_mRNA: 
double expressor GCB/U 
DLBCL. COO Nano: COO as 
determined by T-GEP with 
NanoString profiling 
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Supplementary Figures S3A and B). In univariate analyses 
only the age adjusted International Prognostic Index 
(aaIPI) score (intermediate-high vs. high), the COO classi-
fication, MYC/BCL-2-DE status, NFKBIA and STAT3 lev-
els determined by T-GEP, were significantly associated 
with OS (Table 2). As observed in the original studies,34,35 
first-line ASCT consolidation was not associated with 
patient’s outcome. 

In line with the data presented above (Online 
Supplementary Figure S1 and S2), a recursive partitioning 
analysis integrating the COO with MYC/BCL-2 status 
identified three main patient subgroups: two high risk 
subsets with similar outcome (ABC [n=40) and 
MYC/BCL-2 DEXP_mRNA GCB/U [n=27]) and a low-risk 
subgroup including non-DEXP_mRNA GCB/U DLBCL, 
(n=119) (Figure 2A). Evaluating the relative expression of 
the additional genes included in the panel across the three 
groups identified by the recursive partitioning analysis 
(non-DEXP_mRNA GCB/U, DEXP_mRNA GCB/U and 
ABC DLBCL patients) (Figure 2B), we found that only 
MYC, BCL-2 and NFKBIA were significantly deregulated 
in both the high-risk ABC and MYC/BCL-2 DEXP_mRNA 
GCB/U subgroups, which were characterized by similarly 
increased MYC and BCL-2 and lower NFKBIA mRNA lev-
els compared to the low risk non-DEXP_mRNA GCB/U 
subset. The NFKBIA gene, a frequent target of deletions 
and mutations in DLBCL,23 encodes for the IkB-α protein, 
which is a central node of the NF-kB pathway and inhibits 
nuclear translocation and activity of the NF-kB transcrip-
tion factors.40 STAT3 levels were similar in the high risk 
ABC and low risk non-DE GCB/U cases being significant-
ly downregulated only in the DEXP_mRNA GCB/U sub-
set. PIK3CA and PTEN levels did not vary significantly 
across different groups (Figure 2B).  

 
Development of a three-gene prognostic signature  
combining MYC, BCL-2 and NFKBIA 

In an effort to build a GEP signature aimed at refining 
current prognostication algorithms and suitable for clinical 

practice, we considered only those genes whose expres-
sion was significantly associated with OS and differential-
ly represented in both high risk (ABC and DEXP_mRNA 
GCB/U) versus low risk (non-DEXP mRNA GCB/U) 
patient subsets. Using these criteria, we constructed a 
prognostic signature considering three genes (MYC, BCL-
2 and NFKBIA), which combines the MYC/BCL-2 
DEXP_mRNA status with NFKBIA expression (hereafter 
called MBN signature, see methods). Besides MYC and 
BCL-2, (defining the DEXP_mRNA status), NFKBIA 
emerged as the best survival predictor by gene ranking 
according to the predictive power (univariate z score) 
(Online Supplementary Figure S4). With this strategy, 
patients were divided in two risk categories characterized 
by different outcome: low risk patients (MBN-Sig low) 
had a very favorable prognosis (91% 5-year OS; 84% 5-
year PFS), whereas high-risk patients (MBN-Sig high) had 
a significantly worse prognosis (64% 5-year OS; 59% 5-
year PFS) (Figure 3A; Online Supplementary Figure S5A). 
Importantly the MBN signature retained its significance 
and outperformed the MYC/BCL-2 DEXP_mRNA status 
in multivariate analysis (Figure 3B; Online Supplementary 
Table S4). In fact, only the COO, the aaIPI score and the 
MBN signature were significantly associated with out-
come in multivariate analyses (Figure 3B). These findings 
were confirmed in silico in a large independent validation 
cohort of 469 patients27 treated with R-CHOP (88%  
5-year OS and 78% PFS for MBN-Sig low vs. 72% OS and 
57% PFS for MBN-Sig high patients) (Figure 3C and D; 
Online Supplementary Figure S5B; Online Supplementary 
Table S5). The prognostic value of the MBN signature was 
further tested in a publicly available data set including 233 
patients (from Lenz at al. 2008)36 treated with  
R-CHOP/R-CHOP-like regimens and in a real-life cohort 
(n=102 patients) with similar results (Online Supplementary 
Figure S6A and B). The MBN signature was able to identify 
a significant fraction of ABC-derived cases and about a 
third of GCB/U cases (Figure 3A and C; Online 
Supplementary Figure S6C and D).        
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Table 1. Patients characteristics.                                                                                                                         
                                  Trial name                             RHDS0305                             DLCL04                               P*                       RHDS0305 + DLCL04 

 N° of patients                                                                                  87                                                  99                                            -                                             186 
 Immuno-CHT alone                                                                 49 (56%)                                     56 (57%)                                      -                                       105 (56%) 
 Immuno-CHT + ASCT                                                             38 (44%)                                     43 (43%)                                      -                                        81 (44%)  
 Median age, y (range)                                                           53 (21-65)                                   52(18-65)                                     -                                       52 (18-65)  
 COO NanoString                                                                                
     ABC                                                                                          15 (17%)                                     25 (25%)                                     ns                                        40 (21%) 
     GCB                                                                                         53 (61%)                                    58 (59%)                                     ns                                       111 (60%) 
     Unclassified                                                                          19 (22%)                                     16 (16%)                                                                                  35 (19%)  
 COO Hans IHC 
     Non-GCB                                                                                58 (67%)                                     60 (61%)                                                                                 118 (63%) 
     GCB-like                                                                                 29 (33%)                                     39 (39%)                                     ns                                        68 (37%)  
 Stage (Ann Arbor)                                                                        II-IV                                             III-IV                                          -                                            II-IV 
 aaIPI score 
     Low-Low Intermediate (0-1)                                                   -                                       -                                   -                                     -    
     Intermediate-high (2)                                                        55 (63%)                                     81 (82%)                                     ns                                       136 (73%) 
     High (3)                                                                                  32 (37%)                                     18 (18%)                                   0.005                                     50  (27%) 
*Two-sided Fisher’s exact test: N°: number; Immuno-CHT: immunochemotherapy; ASCT: autologous stem cell transplantation; y: years; COO: cell of origin; IHC: immunohistochem-
istry; aaIPI: age adjusted international prognostic index; ns: not significant; GCB: germinal center B cells; ABC: activated B-cells; IHC: immunohistochemistry. 
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Figure 3. Legend on next page.
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Real life applicability of the MBN signature 
In order to provide a risk stratification tool applicable to 

routine clinical practice in a prospective manner, we con-
structed an RF model with the expression of genes charac-
terizing the MBN signature. First, the classifier was trained 
on the discovery cohort splitting it into training (80%) and 
test (20%) dataset; in this case, the accuracy of the three-
gene model was 93% in the training and 94% in test set. In 
order to confirm the reliability of this three-gene model, 
we further tested it in an independent dataset (validation 
set) consisting of the real-life cohort (n=102 cases). Of note, 
these cases were profiled with the same T-GEP panel and 
methods used in the discovery cohort, mitigating batch 
effects phenomena. As result, the three-gene model accu-
rately classified 85% (87 of 102) cases as either MBN-Sig 
high or MBN-Sig low subgroups (Figure 4A). As reported in 
Figure 4B, the model effectively identified MBN-high and 
low categories with sensitivity (SE) and specificity (SP) of 
94% and 76% respectively. Receiver operating characteris-
tic (ROC) curve analysis revealed that the area under the 
curve (AUC) was 0.94 in the validation set (Figure 4C). 
Furthermore, this strategy produced a very efficient sur-
vival prediction, which as expected showed a worse out-
come for the MBN-high subset (Figure 4D) and mirrored 
the OS curve based on the median MBN value depicted in 
the Online Supplementary Figure S6B.  
Correlation of the MBN signature with fluorescence  
in situ hybridization status and clinical variables 

Focusing the analyses on our discovery cohort of 186 
patients (DLCL04 and R-HDS0305 trials),34,35 we observed 
that the MBN signature significantly stratified the progno-
sis GCB/U patients (Figure 5A). Since the MBN signature 
effectively stratified GCB/U DLBCL patients, we investi-
gated correlations between the MBN-signature, FISH sta-
tus and clinical variables in our discovery cohort. As 
shown in Figure 5B, we observed a significantly higher 
frequency of MYC and BCL-2 re-arrangements in the 
MBN-Sig high subgroup compared to the GCB/U MBN-
Sig low subset. According to these observations, there was 
a significant enrichement of HG-BCL w/DH in the MBN-
Sig high subgroup compared to the MBN-Sig low subset 
(Figure 5B; Online Supplementary Figure S7A). No differ-
ences in the number of cases with missing FISH analyses 
were observed between groups (data not shown). In line 
with the literature,23,26,27 all these cases, except one, were 
GCB-derived (data not shown). As previously shown in 
Figure 3, ABC-derived DLBCL were significantly more 
represented in the MBN-Sig high subgroup (Figure 5B; 
Online Supplementary Figure S7A). Finally, no significant 
differences in the aaIPI score (intermediate high vs. high) 
were observed between groups (Figure 5B; Online 
Supplementary Figure S7A). These findings were validated 
in silico in the larger cohort from Sha et al.27 (Figure 5C and 
D). As observed in the discovery cohort, the MBN signa-

ture stratified the prognosis of GCB/U patients (Figure 5C) 
and identified the vast majority of DH cases. Again ABC-
derived DLBCL were more highly represented in the 
MBN-Sig high subgroup (Figure 5D; Online Supplementary 
Figure S7B). In this study, the application of a gene expres-
sion classifier identified a molecular high grade (MHG) 
subgroup strongly enriched in DH lymphomas and com-
prising 9% of the total patient population.27 In order to 
evaluate how our MBN signature performed in the same 
patient population, we compared the MBN signature with 
the MHG signature and with the FISH status (Figure 5C). 
Notably the MBN-high subgroup was significantly 
enriched in MHG cases, identifying 76% of MHG DLBCL 
and the vast majority of DH (Figure 5D; Online 
Supplementary Figure S7B). Also in this cohort there were 
no differences in IPI score between groups (Figure 5D; 
Online Supplementary Figure S7B). 

 
Rationale for a precision therapy approach in MBN-Sig 
high-risk diffuse large B-cell lymphoma patients 

Since the MBN-Sig high subgroup is characterized by 
relatively higher MYC and BCL-2 expression and lower 
NFKBIA levels indicative of constitutive NF-kB activity, 
we next investigated the effect of differential therapeutic 
strategies in this high-risk patient subset. We first ana-
lyzed the impact of ASCT versus standard chemoim-
munotherapy in the discovery cohort. ASCT consolida-

A 3-gene signature in DLBCL 

haematologica | 2021; 106(9) 2411

Figure 3. Survival curves according to MBN signature and multivariate analyses for overall survival. (A) Overall survival (OS) of the discovery cohort (R-
HDS0305+DLCL04; n=186 patients) according to the MBN signature (MBN-Sig) showing significant differences in outcome between MBN-Sig low versus MBN-Sig 
high patient subsets. P-values were calculated with the log rank test. Frequencies of MBN-Sig high versus low cases in activated B-cells (ABC) and germinal center 
B cells/ unclassified (GCB/U) subsets in the discovery cohort are represented in the pie chart. (B) Forest plot depicting multivariate analyses for OS (discovery 
cohort). Only factors significantly asociated with OS in univariate analyses were considered. According to this analysis only the cell of origin (COO) as determined by 
NanoString-based targeted gene expression profiling (T-GEP) (COO_Nano), the MBN-Sig and the age adjusted international prognostic index (aaIPI) score retained 
statistical significance for OS, whereas MYC/BCL-2 DEXP_mRNA status, STAT3 and NFKBIA levels determined by T-GEP were not significantly associated with OS. 
HR: hazard ratio. (C) OS of the 469 patients treated with R-CHOP in the Sha’s cohort according to the MBN signature showing significant differences in outcome 
between MBN-Sig low versus MBN-Sig high patient subsets. P-values were calculated with the log rank test. Frequencies of MBN-Sig high versus low cases in ABC 
and GCB/U subsets in the Sha’s cohort are represented in the pie chart. (C) Forest plot depicting multivariate analyses for OS (Sha’s dataset), confirming the sig-
nificant independent association with OS of the MBN-Sig in this large validation cohort.

Table 2. Univariate analysis for overall survival. 
                                            Hazard Ratio            95% CI                P 

 aaIPI 
     Intermediate-High                       Ref                      1.10-3.78               0.023 
     High                                                 2.04                                                          
 COO Nano 
     GCB                                                  Ref 
     ABC                                                  3.39                      1.76-6.52             <0.001 
     Unclassified                                  1.17                      0.47-2.96              0.736 
 ASCT 
    No                                                      Ref                      0.47-1.63                0.68 
     Yes                                                   0.88                               
 MYC-BCL-2 DEXPmRNA 
     No                                                    Ref                      1.26-4.29               0.007 
     Yes                                                   2.32 
 STAT3 
     Low                                                  Ref                       0.19-0.7                0.004 
     High                                                 0.37                               
 NFKBIA 
     Low                                                  Ref                      0.17-0.68               0.002 
     High                                                 0.34                               
Signif: significance; ref: reference; IPI: international prognostic index; COO: cell of ori-
gin; COO_Nano: COO defined by NanoString; ASCT: autologous stem cell transplant;  
MYC/BCL-2 DEXP_mRNA: double expressor status defined by NanoString: CI: 
Confidence Interval. *P<0.05; **P<0.01. 



tion did not provide any significant PFS or OS advantage 
compared to standard chemoimmunotherapy in the 
MBN-Sig high subgroup (Online Supplementary Figure S8A 
and B). The aberrant activation of NF-kB observed in lym-
phoma is associated with decreased abundance of IkB-α 
(which is encoded by the NFKBIA gene).41,42 Since borte-
zomib is known to increase IkB-α levels by blocking its 

ubiquitination and therefore inhibiting NF-kB activity,43-45 
we next examined the Sha dataset18,27 performing an 
exploratory ad hoc analysis to investigate the impact of the 
addition of bortezomib to standard R-CHOP (RB-CHOP) 
in the MBN-Sig high subset (characterized by decreased 
NFKBIA levels).18,27 Interestingly, RB-CHOP determined a 
significant PFS advantage in the MBN-Sig high population 
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Figure 4. Real-life applicability of the MBN signature. (A) Heatmap representing the three informative genes of the MBN signature (MBN-Sig) shown as rows and dif-
fuse large B-cell lymphoma (DLBCL) tissue samples shown as columns in the real-life cohort of 102 patients, with the actual MBN-Sig and the predicted MBN-Sig 
class based on the application of a random forest (RF) model built on the discovery cohort on the top of the heatmap. (B) Violin plot showing the fractions of false 
predictions (false positive [FP], and false negative [FN]) as well as true predictions (true positive [TP], and true negative [TN]) in the real-life cohort by applying a 
three-gene RF model. (C) ROC curve of the real-life cohort using RF classifier. (D) Overall survival (OS) curve of the real-life cohort (n=102) based on the predicted 
MBN-Sig class. P-value was calculated with the log rank test.  
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Figure 5. Legend on following page.
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(P=0.012) (Figure 5E), which translated in an increased OS 
rate (P=0.052) (Figure 5F).    

 
 

Discussion 

In this study we applied a customized T-GEP panel 
(including the Lymph2Cx signature for COO classification 
and additional genes of potential prognostic and therapeu-
tic interest) to two randomized trials34,35 (n=186 patients) 
performed in the Rituximab era. The aims of this study 
were the integration of the COO with additional GEP-
based variables, and the identification of a gene signature 
applicable to routine clinical practice, able to refine current 
prognostication algorithms. The genes of the T-GEP panel 
were selected considering the relevance of the respective 
signaling pathways in B-cell lymphomagenesis, but more 
importantly based on their potential druggability.     

Our study confirmed the prognostic value of GEP-based 
COO determination, which clearly outperformed the 
IHC-based Hans algorithm (the ABC DLBCL subgroups 
having a significantly inferior OS in all case series evaluat-
ed here) (Online Supplementary Figure S1). The COO 
retained its prognostic value in patients undergoing ASCT 
consolidation, suggesting that therapy intensification is 
not able to overcome the negative prognostic value of the 
COO. A recursive partitioning analysis integrating COO 
with MYC/BCL-2 DEXP_mRNA status identified three 
main subgroups (a low risk non-DEXP_mRNA GCB/U 
subset and two high-risk groups including DEXP_mRNA 
GCB/U and ABC-DLBCLs) (Figure 2A). The observation 
of lower NFKBIA levels in the ABC and DEXP_mRNA 
GCB/U subgroups (overexpressing MYC and BCL-2 to a 
similar extent) (Figure 2B) suggests that, despite known 
biologic differences, these DLBCL subsets could share 
similar oncogenic dependencies on MYC, BCL-2 and the 
NF-kB pathway (being NFKBIA a negative regulator of 
NF-kB signaling). This observations prompted us to design 
a three-gene prognostic signature integrating MYC, BCL-2 
and NFKBIA, which we called the MBN signature. The 
signature was first tested in our discovery cohort of 186 
patients, identifying two subgroups characterized by dif-
ferent outcome (Figure 3), and was then applied to three 
independent datasets (469 patients treated with R-CHOP 
in the Sha cohort,27 233 patients from the Lenz cohort,36 

and 102 patients treated in real-life clinical practice with 
R-CHOP/R-CHOP-like regimens) confirming its high 
prognostic significance (total number of tested cases 990). 
Since the discovery cohort had some unique characteris-
tics (such as lack of low aa-IPI cases, a relatively low frac-
tion of ABC cases and no uniform first-line treatment), the 
extensive validation performed in three additional cohorts 
treated with R-CHOP/R-CHOP-like regimens confirms 

that the key findings of the present study are indeed appli-
cable to an unselected DLBCL population. Importantly, 
the MBN signature defined a high-risk group including a 
significant fraction of ABC cases (in line with data shown 
in the Online Supplementary Table S3 demonstrating a high-
er incidence of MYC/BCL-2 DEXP_mRNA and low  
NFKBIA expressors in the ABC subgroup), and about 30% 
of GCB/U cases (Figure 3). Therefore the MBN signature 
could potentially identify an increased proportion of 
patients at high risk of treatment failure, compared to 
standard risk stratifications (COO or DE status). The MBN 
signature was an independent prognostic predictor, out-
performing the MYC/BCL-2-DEXP_mRNA status in multi-
variate analyses (Figure 3), thus confirming the added 
value of the third gene (NFKBIA) for prognostic stratifica-
tion. The possible clinical applicability of the MBN signa-
ture was tested in the real-life cohort using an RF predic-
tion model built on the discovery cohort, providing a reli-
able tool for prospective risk stratification (Figure 4). 
Importantly, the integration of the MBN signature with 
the COO allowed the identification of two risk categories 
whithin the GCB/U subset. These findings, which were 
validated in independent cohorts, could have immediate 
implications (Figure 5A and C; Online Supplementary Figure 
S6A to D). Two recently published studies confirmed the 
heterogeneity of the GCB subgroup and identified gene 
signatures allowing better risk stratification of this patient 
subset.26,27 These signatures were able to identify a pro-
portion of HG-BCL with DH/TH and a further group lack-
ing MYC/BCL-2 re-arrangements but characterized by 
similar clinical features. However, the fact that these sig-
natures are composed by several genes encompassing 
multiple pathways, could make their successful transla-
tion to clinical practice and precision therapy approaches 
quite challenging.       

Our data are in line with these findings confirming that 
the GCB/U DLBCL subset represents indeed a rather het-
erogeneous disease category. The MBN signature could 
identify the majority of tumors with high-grade molecular 
features (HG-BCL with DH/TH) in the discovery cohort 
and Sha’s cohort (Figure 5B and D; Online Supplementary 
Figure S7A and B). Moreover, by applying the MBN signa-
ture to the Sha validation cohort we observed that the 
MBN-Sig high subroup was significantly enriched in 
MHG DLBCL cases (Figure 5D; Online Supplementary 
Figure S7B). Taken together, these data indicate that a sim-
ple there-gene signature could efficiently identify high risk 
GCB/U DLBCL cases. Furthermore, the MBN-signature is 
based on potentially druggable targets or pathways. For 
example, NFKBIA (encoding for IkB-α) could be targeted 
by proteasome inhibitors43-45 and by bromodomain and 
extraterminal protein (BET) inhibitors, which are able to 
downregulate MYC while increasing IkB-α levels.46-48 Our 
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Figure 5. The MBN signature identifies prognostically distinct subgroups including activated B cells and a fraction of germinal center B cells/ unclassified diffuse 
large B-cell lymphoma (DLBCL) enriched in double hit DLBCL cases, providing opportunities for precision therapies. (A) Overall survival (OS) of the germinal center 
B cells/ unclassified (GCB/U) subset in the discovery cohort (n=146 patients) according to the integration of the targeted gene expression profiling (T-GEP) panel 
(Lymph2Cx) with the MBN signature (MBN-Sig), distinguishing two risk categories according to the MBN-Sig. (B) Heatmap representing the three informative genes 
of the MBN-Sig shown as rows and diffuse large B-cell lymphoma (DLBCL) tissue samples shown as columns, in the discovery cohort (n=186 patients). (C) OS of the 
GCB/U subset in the Sha’s validation cohort (n=340 patients) according to the MBN-Sig, showing superimposable results compared to Figure 4C. (D) Heatmap rep-
resenting the three informative genes of the MBN-Sig shown as rows and DLBCL tissue samples shown as columns, in the Sha’s cohort (n=469 patients treated with 
R-CHOP). (E) Progression-free survival (PFS) of patients treated with R-CHOP versus RB-CHOP in the MBN-Sig high subgroup (Full Sha’s cohort, n=928 patients; MBN-
Sig high n=464 patients). (F) OS of patients treated with R-CHOP versus RB-CHOP in the MBN-Sig high subgroup (Full Sha’s cohort, n=928 patients; MBN-Sig high 
n=464 patients). In all panels the P-value was calculated with the log rank test. NA: not available; DH: double hit; DE: double expressor (based on DEXP_mRNA sta-
tus); aaIPI: age adjusted international prognostic index; COO: cell of origin; IPI: international prognostic index); MHG: molecular high grade. RB-CHOP: R-CHOP plus 
Bortezomib.



analysis on the impact of bortezomib in the MBN-high 
subgroup of the Sha cohort27 (from the REMoDL-B trial) 
seems to confirm a potential druggability of the MBN sig-
nature: in fact treatment with RB-CHOP (R-CHOP plus 
bortezomib) was associated with a significantly prolonged 
PFS which translated in increased OS rates in the  
MBN-high subgroup, as compared to standard R-CHOP 
(Figure 5E and F). Proteasome inhibitors, BET inhibitors 
and selective BCL-2 inhibitors could be the basis for 
rationally-designed combinations for the MBN-Sig high 
DLBCL subgroup. Alternative strategies to target NF-kB 
include lenalidomide and B-cell receptor signaling 
inhibitors, all of which are under clinical investigation in 
DLBCL. Three COO-based phase III trials testing R-
CHOP + Ibrutinib (Phoenix trial16) or Lenalidomide 
(ROBUST trial17) or bortezomib (REMoDL-B trial18) did 
not meet their primary endpoints. Although several fac-
tors concurred to these negative results, the development 
of alternative and druggable molecular signatures repre-
sents an unmet need and could be of primary importance 
for the design of future precision medicine clinical trials.  

The results of our study indicate that a simple and cost-
effective three-gene assay (MBN signature) could refine 
current prognostic stratification algorithms providing the 
rationale for the implementation of precision medicine tri-
als in the MBN-Sig high subset.    
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