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1 | INTRODUCTION

Abstract

Diffuse large B-cell lymphoma (DLBCL), the most frequent non-Hodgkin’s lymphoma
subtype, is characterized by strong biological, morphological, and clinical heterogene-
ity, but patients are treated with immunochemotherapy in a relatively homogeneous
way. Here, we have used a customized NanoString platform to analyze a series of
197 homogeneously treated DLBCL cases. The platform includes the most relevant
genes or signatures known to be useful for predicting response to R-CHOP (Ritux-
imab, Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone) in DLBCL cases.
We generated arisk score that combines the International Prognostic Index with cell of
origin and double expression of MYC/BCL2, and stratified the series into three groups,
yielding hazard ratios from 0.15 to 5.49 for overall survival, and from 0.17 to 5.04 for
progression-free survival. Group differences were highly significant (p < 0.0001), and
the scoring system was applicable to younger patients (<60 years of age) and patients
with advanced or localized stages of the disease. Results were validated in an indepen-
dent dataset from 166 DLBCL patients treated in two distinct clinical trials. This risk
score combines clinical and biological data in a model that can be used to integrate bio-

logical variables into the prognostic models for DLBCL cases.
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asignificant part of the DLBCL molecular heterogeneity [5, 6], but data

concerning clinical applicability have been controversial [6-12]. The

Diffuse large B-cell lymphoma (DLBCL) is the most frequent non-
Hodgkin lymphoma subtype. It is a highly clinically, morphologically,
and biologically heterogeneous group of aggressive lymphoprolifera-
tive disorders [1]. Although more than 50% of DLBCL patients can be
cured by currently available therapies and have prolonged survival, the
clinical outcome of DLBCL is highly variable, emphasizing the impor-
tance of DLBCL subclassification, since this can lead to more effec-
tive personalized treatment [2]. Gene expression profiling (GEP) stud-
ies led to the discovery of several DLBCL molecular subtypes based on
the cell-of-origin (COO): germinal center B-cell-like (GCB), activated B-
cell-like (ABC) subtypes [3, 4], and a third subtype, termed “type 3" or
“unclassifiable,” which does not express genes characteristic of either
GCB- or ABC-type cells. COO information has been found that explains

possibility of using COO as a predictor of response to Lenalidomide,
Ibrutinib, or Bortezomib, when associated with R-CHOP (Rituximab,
Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone) remains
contentious [13-15]. Parallel efforts have revealed that a variety of
molecular events leading to the deregulation of MYC and BCL2 expres-
sion, or the simultaneous expression of both protein markers, also have
a prognostic value, regardless of the COO [11, 16-22]. Most of these
studies were performed using immunohistochemistry (IHC) to assess
BCL2 and MYC expression, while the COO is widely determined using
the NanoString platform.

Other prognostic markers have also been proposed, including
Epstein-Barr virus (EBV), P53,CD5,CD30, PD-L1, and others [23-29].
mostly using IHC or in situ hybridization (ISH) (e.g., EBER) markers.
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Interactions between these markers are complex and, in many cases,
have not been fully assessed. Here, we examine whether a customized
NanoString panel including genes providing information about COO,
MYC/BCL2, and a selection of genes known to predict survival in R-
CHOP-treated DLBCL can integrate all these sources of information to
create a robust and reproducible prognostic score. These results were
validated in an independent DLBCL cohort.

2 | MATERIAL AND METHODS

2.1 | Study design and patients
A total of 197 DLBCL patients were retrospectively enrolled in the
study, which was developed in collaboration with many Spanish hos-
pitals working in adherence to the clinical protocols of the GELTAMO
Group, under the supervision of the Fundacion Jiménez Diaz Ethics
Committee, and conducted in accordance with the Declaration of
Helsinki. All participants signed an informed consent form at diagnosis.
Samples were collected and clinical data were managed, following
protocols guaranteeing the confidentiality of donor data. Material
and data from other centers were anonymously transferred to the
Lymphoma Research Laboratory (Pathology Department, 1I1S-FJD)
after obtaining approval from the corresponding ethics committees,
in accordance with the relevant Spanish legislation (Law 14/2007
Biomedical Research, Law 3/2018 Protection of Personal Data and
Guarantee of Digital Rights, and RD 1716/2011 of Biobanks). Diag-
noses were made using whole sections. All cases were reviewed, and
a consensus diagnosis was made by two expert hematopathologists
(SMRP, MAP) based on the World Health Organization Guidelines
from 2017. Double Hit/Triple Hit (DH/TH) large B-cell ymphoma were
not excluded from this study. Samples and clinical data from patients
were provided by the following departments and biobanks: Pathology
Department of Bellvitge Hospital and HUB-ICO-IDIBELL Biobank,
funded by Instituto of Salud Carlos Il (PT17/0015/0024); Pathology
Department of Clinico Universitario of Santiago Hospital-CHUS
and HULA Biobank-Biobanco do Complexo Hospitalario Univer-
sitario of Santiago de Compostela (PT17/0015/0002); Biobank of
Virgen del Rocio Hospital (PT17/0015/0041); Valdecilla Biobank
(PT17/0015/0019); and MD Anderson Biobank (PT17/0015/0008).

Tissue for biological studies was collected at the time of diagnosis
before initiating an R-CHOP/R-CHOP-like regimen. Clinical features
(gender; Ann Arbor classification stage; International Prognostic Index
(IP1); Eastern Cooperative Oncology Group Performance Status; lac-
tate dehydrogenase; number of extranodal sites) were also recorded at
the time of the initial diagnosis [30]. Clinical and IHC features, follow-
up time, and current status are summarized in Supporting information
Tables S1 and S2. Primary mediastinal B-cell ymphoma (PMBCL) cases
were excluded from the analysis. For the IPI analysis, we reclassified
the patients into three risk categories: low (0-1), intermediate (2-3),
and high (4-5) risk.

The validation series comprised the 166 DLBCL patients retro-

spectively enrolled in two multicenter clinical trials (RHDS0305 and

DLCLO4) and treated with R-CHOP and R-CHOP-like regimen [31-33].
Clinical and molecular features, follow-up time, and current status are
summarized in Supporting information Table S3.

2.2 | Sample collection and processing

RNA was isolated from formalin-fixed, paraffin-embedded (FFPE)
diagnostic tissue biopsies. Total RNA was extracted with an RNeasy
FFPE kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. RNA quality and quantity were assessed with an RNA
6000 Nano kit (Agilent Technologies, Santa Clara, CA, USA) using the
Agilent 2100 Bioanalyzer System (Agilent Technologies).

23 |
assay

NanoString LST nCounter gene-expression

We used the Research Use Only Version of the NanoString LST assay (a
customized 27-gene panel, listed in Supporting information Table S4) in
conjunction with the nCounter Flex Analysis System (NanoString Tech-
nologies, Seattle, WA, USA) to determine the COO (Lymph2Cx NanoS-
tring assay, WO 2018/231589 A1), and to measure MYC and BCL2 gene
expression [12].

Briefly, the probes were hybridized to 400 ng of the total RNA for
16 h at 65°C. Automated removal of excess probe and immobilization
of probe-transcript complexes on a streptavidin-coated cartridge were
carried out in the nCounter Preparation Station. Gene expression val-
ues were normalized with respect to housekeeping genes. Normalized
count data were log,-transformed and agglomerative hierarchical clus-
tering of gene expression was performed. The data were analyzed using
nSolver Analysis Software 4.0 (NanoString Technologies).

COO was determined on paraffin-embedded tissue using the
Lymph2Cx NanoString assay, in which low and high linear predictor
scores enable samples to be assigned to the GC and ABC groups,
respectively. We classified each of the samples using the NanoString
COO algorithm and the scores [34]. Samples that could not be con-
fidently assigned to either group were considered “unclassified.” The
COO based on IHC was identified by the Hans algorithm [35].

2.4 | Tissue microarrays, immunostaining, and
fluorescence in situ hybridization

Tissue microarrays (TMAs) were designed and constructed using two
0.6-mm tissue cores per case, taken from archival FFPE patient tumor
blocks, using reactive tonsils as control. Inmunohistochemical staining
was performed and assessed by an expert central pathology commit-
tee. All diagnostic immunostaining was done, following standardized
protocols in whole sections. The panel of antibodies was chosen on the
basis of their biological and clinical relevance to clinical classification
and DLBCL pathogenesis. Positive tumor cells were scored in percent-
age classes of the following markers: CD10, BCL6, MUM1, P53, CD5,
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CD30, Ki67, PDL1, BCL2, MYC, EBV (EBER), CYCLIN D1, and CD20
(Supporting information Table S5).

Each TMA was analyzed and scored by at least two independent
pathologists (SMRP, MAP), who considered either the cytoplasmic,
membranous, or nuclear staining intensity, or the percentage of posi-
tive cells. The thresholds used were those recommended by the WHO
classification of tumors of hematopoietic and lymphoid tissue crite-
ria[1]: CD10, MUM1, and BCLé6 were considered positive if >30% of
the neoplastic cells stained positively. EBV (EBER) and Ki6é7 were con-
sidered positive in cases with more than 75% positive neoplastic cells.
BCL2 and MYC were considered positive if more than 40% of the neo-
plastic cells exhibited distinct, strong staining. CD30, CD5, CD20, PD-
L1, and CYCLIN D1 were considered positive when they comprised
>15% of the tumor cells. Expression of tumor protein P53 was scored
as negative, positive (1-50%), or very positive (>50%).

Fluorescence in situ hybridization (FISH) was performed following
the routine protocol at the Pathology Department of our hospital. Vysis
LS| Break Apart FISH probes (Abbott Laboratories, Chicago, IL, USA)
were used to analyze BCL2 (18921.33 region), BCL6 (3q27.3 region),
MYC (8q24.21 region), and IGH (14932.33 region), in accordance with
the manufacturer’s instructions.

2.5 | Survival analysis

Survival data were available for 197 patients with DLBCL from the
discovery series and for 166 patients with DLBCL from the validation
series. Follow-up was calculated based on observation time by Kaplan-
Meier curve analysis. Progression-free survival (PFS) was calculated
from the date of diagnosis to the date of disease progression. Overall
survival (OS) was evaluated from the date of diagnosis to the date of
death. The Kaplan-Meier method was used to estimate OS and PFS,
and the log-rank (Mantel-Cox) test was used to assess differences in
OS and PFS between the patient groups.

2.6 | Statistical analysis

All statistical analyses were performed using R 3.6.1 ( https://www.R-
project.org , R Foundation for Statistical Computing, Vienna, Austria)
and GraphPad PRISM version 8.4.0 software (San Diego, CA, USA). Cat-
egorical variables are reported as percentages. Continuous variables
are summarized as the median and range. For all analyses, values of
p < 0.05 were considered statistically significant.

We performed a Cox proportional hazards analysis with the IPI,
COO, and MYC/BCL2 variables for OS and PFS in the discovery set,
and validated the results in the validation series. This model gives an
individual risk score for each sample. Taking the terciles of the whole
series (N = 197) as cut-off points, we generated three risk groups (high-,
intermediate-, and low-risk) with different prognoses.

Finally, to reinforce the robustness of the conclusions, we validated
the prediction model in the validation set (N = 166).

WILEY -2
3 | RESULTS

3.1 | General features of the DLBCL series

The clinical characteristics of the discovery series are summarized in
Supporting information Tables S1 and S2. The series includes 197 cases
diagnosed with DLBCL, subdivided into COO groups based on the
results of GEP (COO by Lymph2Cx assay): 105 (53.3%) germinal cen-
ter B-cell (GC-DLBCL) cases, 59 (29.9%) activated B-cell (ABC-DLBCL)
cases, 30 (15.2%) unclassified DLBCL cases. Three cases were excluded
due to the poor quality of the results obtained using the Lymph2Cx
assay. All these patients were treated with R-CHOP, following the
guidelines of the GELTAMO group [36].

The median follow-up for the whole series was 27 months (range:
1-211), and survival probability for the whole series was 76.84% at
27 months. Survival probability at 36 months was 70.16% and at 60
months it was 68.1%. The median follow-up for the patients in the val-
idation series was 63.8 months (range: 0.3-119). At the time of initial
diagnosis, we observed that the median age of the series was 65 years
(range: 17-91), and more than half were male (52.3%). At the time of
initial diagnosis, this series consisted mostly of patients at advanced
stages of the disease (stages IlI-1V: 63%).

IHC with specific antibodies, listed in Supporting information Table
S5, was performed for clinical diagnosis. Immunohistochemical analy-
ses of the MYC/BCL2, EBER (EBV), P53, and Ki67 markers were per-
formedinall 197 samples. Double expression of BCL2 and MYC protein
was observed in 19 cases, EBER (EBV) was positive in 9 cases, P53 was
considered to be positive in 37 cases, and Ki-67 was scored as positive
in 102 cases. We did not find any significant differences between these
variables with respect to either OS or PFS (data not shown).

3.2 | Association of gene expression with
prognostic significance in DLBCL

Univariate analysis to evaluate factors associated with outcome
revealed significant differences. We found that IPI, COO, and
MYC/BCL2 double expression, as defined in the NanoString data, was
significantly associated with shorter OS in the Cox univariate analyses
(p < 0.0001, p = 0.018, and p = 0.046, respectively; Supporting infor-
mation Table S6). The multivariate analysis showed that IPIl, COO, and
MYC/BCL2 were independent predictors of OS (p < 0.0001, p = 0.030,
and p = 0.048, respectively; Supporting information Table Sé).

Univariate analysis showed that IPI, COO, and MYC/BCL2 double-
expression variables were also significantly associated with a shorter
PFS (p < 0.0001, p = 0.019, and p = 0.003, respectively; Support-
ing information Table S7). The Cox multivariate analysis indicated that
IPI, COO, and MYC/BCL2 had an independent relationship with PFS
(p < 0.0001, p = 0.042, and p = 0.006, respectively; Supporting infor-
mation Table S7).

Analyses to compare the effect of several risk factors on OS and

PFS are illustrated by forest plots (Figures 1 and 2, respectively). The
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BCL2,CD5, MKi67, MYC, PDL1, TNFRSF8, TP53, COO, and double expression of MYC/BCL2 by NanoString gene-expression analysis and IPl score.
(B) Multivariate analysis of BCL2, MYC, double expression of MYC/BCL2, COO by NanoString gene-expression analysis and IPl score
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(*p <0.05; **p < 0.01; ***p < 0.001). Error bars show the 95% confidence interval (95% Cl) of the HR. (A) Univariate analysis of these variables:
BCL2,CD5, MKi67, MYC, PDL1, TNFRSF8, TP53, COO, and double expression of MYC/BCL2 by NanoString gene-expression analysis and IPl score.
(B) Multivariate analysis of BCL2, MYC, double expression of MYC/BCL2, COO by NanoString gene-expression analysis and IPl score

HR and 95% CI of each variable are shown in Supporting information
Tables S6 and S7, respectively.

3.3 | Prognostic model development for DLBCL
risk stratification

We first assessed the prognostic value of the IPI score, COO clas-
sification, and MYC/BCL2 double expression (NanoString platform)
as individual variables in our series by Kaplan-Meier survival anal-
ysis. The IPI predicted shorter OS (p < 0.0001; Supporting infor-
mation Figure S1A) and PFS (p < 0.0001; Supporting information

Figure S1B) according to the Kaplan-Meier analyses, as expected.
COO subtypes differed significantly in their OS probability (p =
0.0182; Supporting information Figure S2A) and showed a nonsignif-
icant trend in the analysis of PFS (p = 0.095; Supporting informa-
tion Figure S2B). ABC patients were found to have a worse survival
probability than GC patients. In addition, MYC/BCL2 double expres-
sion showed a trend toward significance with changes in OS proba-
bility (p = 0.082; Supporting information Figure S3A) and a signifi-
cantly greater influence on PFS (p = 0.0417; Supporting information
Figure S3B).

Univariate and multivariate Cox proportional hazards analyses

were used to identify risk factors. Clinical and biological risk factors
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were evaluated, and IPIl, COO, and MYC/BCL2 were found to be signifi-
cantly associated with OS and PFS (p < 0.05). The full results of the uni-
variate analyses for OS and PFS are shown in Supporting information
Tables S6 and S7, respectively.

We considered risk factors with a significance of p < 0.05 in the mul-
tivariate Cox models. Data in Supporting information Tables S6 and S7
showed that IPI, COO, and MYC/BCL2 were independent prognostic
predictors of OS and PFS, respectively. A risk score was then calcu-
lated from the final multivariate Cox regression model by incorporat-
ing the three risk factors (IPl, COO, and MYC/BCL2) {coxph(formula =
Surv(PFS, RELAPSE = = 1) ~ IPI + MYC-BCL2 + NANOSTRING, data =
PFS)}, which were weighted by their Cox coefficients. For the discovery
series, risk scores for each patient are indicated in Supporting informa-
tion Table S8.

The risk score was further split into terciles for OS (66 low-risk, 68
intermediate-risk, and 63 high-risk patients) and for PFS (62 low-risk,
67 intermediate-risk, and 68 high-risk patients).

A log-rank test was also used to assess whether there were dif-
ferences in survival among the groups. Figure 3A shows that the 5-
year OS of the high-risk group was 40.7%, and that of the low-risk
group was 85.1%. Figure 3B shows that the 5-year PFS of the high-risk
group was 17.2%, and that of the low-risk group was 77.6%. The dif-
ferences between the groups were statistically significant (low-risk vs.
intermediate-risk vs. high-risk group, p < 0.0001) (Figure 3A and B for
OS and PFS, respectively).

For OS, the HRs for the three groups determined by risk score
were: low-risk, HR = 0.15, 95% Cl: 0.07-0.33; intermediate-risk, HR =
2.63,95% Cl: 1.20-5.76; and high-risk, HR = 5.49, 95% Cl: 2.54-11.90
(p <0.0001).

Analysis of PFS gave the following HRs: low-risk, HR =0.17, 95% Cl:
0.08-0.48; intermediate-risk, HR = 3.94, 95% Cl: 1.98-7.86; and high-
risk, HR = 5.04, 95% Cl 2.49-10.20 (p < 0.0001).

For predicting the OS and PFS probabilities, the univariate and mul-
tivariate analyses showed that the model derived by integrating the
variables defining IPl, COO, and MYC/BCL2 double expression was a
better risk classifier than that obtained when these characteristics
were considered separately.

As expected, ABC-DLBCL patients were increased in the high-
risk group as compared to the intermediate- and low-risk groups. On
the other hand, GC samples were increased in the low-risk group as
compared to the intermediate- and high-risk groups. The distribution
revealed a considerable significant differences (p < 0.0001; Supporting
information Figure S4).

DH DLBCL cases were all included within the high-risk group when
the model was applied. Survival probability of the DHL cases did not
differ significantly when considered separately.

As some of the more aggressive therapeutic options may only be
viable for younger patients [13], we examined whether the risk model
could be used for the under 60-year patient group (77 patients). For OS,
the risk score was further split into low- and high-risk groups (38 and
39 patients, respectively), using the median as the cut-point. For PFS,
low-risk (36 patients) and high-risk (41 patients) groups were defined
in a similar way. Figure 4A shows that the 5-year OS of the high-risk
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FIGURE 3 Kaplan-Meier analysis of (A) OS status and (B) PFS
status. The risk-prediction model of significant variables (IPIl, COO,
and double expression of MYC/BCL2). The discovery series was divided
into three groups: blue, green, and red lines represent low-,
intermediate-, and high-risk, respectively. The vertical bar represents
OS or PFS probability (%), while the horizontal bar indicates the
follow-up time in months. Patients at risk at the corresponding times
are shown. Probabilities are those associated with a log-rank test

group was 67.6%, and that of the low-risk group was 85.1%. Figure 4B
shows that the 5-year PFS of the high-risk group was 50.5%, and that
of the low-risk group was 73.6%. A log-rank test found no significant
differences in OS (p = 0.142; Figure 4A) but did reveal a significant dif-
ference in the PFS of the two risk groups (p = 0.043; Figure 4B).

We also investigated whether this risk model could be applied to
advanced clinical stages (stages IlI-1V (124 patients), since previous
studies had shown that prognostic markers and the response to ther-
apy differs among clinical stages [37]. Therefore, for OS, the risk score
was further split into low-risk (65 patients) and high-risk (59 patients)
groups, using the median as the cut-point. For PFS, low-risk (63
patients) and high-risk (61 patients) groups were compared. Figure 5A
shows that the 5-year OS of the high-risk group was 48.9%, and that
of the low-risk group was 69.9%. Figure 5B shows that the 5-year PFS
of the high-risk group was 17.7%, and that of the low-risk group was
52.1%. It is noteworthy that the log-rank test revealed significant dif-
ferences in OS (p = 0.0015; Figure 5A) and PFS (p = 0.0007; Figure 5B)

when restricted to cases diagnosed in advanced clinical stages.
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FIGURE 4 Kaplan-Meier analysis curve of (A) OS status and (B)
PFS status. The risk-prediction model was applied to patients younger
than 60 years of age. Two risk groups were observed: the blue and red
lines represent low- and high-risk, respectively. The vertical bar
represents OS or PFS probability (%), while the horizontal bar
indicates the follow-up time in months. Patients at risk at the
corresponding time are shown. Probabilities are those associated with
alog-rank test

Next, we examined whether this risk model could be applied to local-
ized clinical stages (stages I-Il) (72 patients). For OS, the risk score
was split into low-risk (38 patients) and high-risk (34 patients) groups,
using the median as the cut-point. For PFS, low-risk (35 patients) and
high-risk (37 patients) groups were compared. Figure 6A shows that
the 5-year OS of the high-risk group was 64.7%, and that of the low-
risk group was 93.7%. Figure 6B shows that the 5-year PFS of the
high-risk group was 54.9%, and that of the low-risk group was 96.9%.
The log-rank analysis revealed significant differences in OS (Figure 6A,
p = 0.0269) and highly significant differences in PFS (Figure 6B, p =
0.0003).

Taken together, these findings indicate that the prognostic model,
which combines IPl with both COO and MYC/BCL2 double expression,
determined by NanoString, yields a score that makes it possible to rec-
ognize substantive differences in survival probability. This can be used
for young patients (for PFS) and patients at advanced (stages III-1V)

and localized (stages |-11) clinical stages of the disease.
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FIGURE 5 Kaplan-Meier analysis curve of (A) OS status and (B)

PFS status. The risk-prediction model was applied to patients at
advanced clinical stages (stages Il1-1V). Two risk groups were
observed: the blue and red lines represent low- and high-risk,
respectively. The vertical bar represents OS or PFS probability (%),
while the horizontal bar indicates the follow-up time in months.
Patients at risk at the corresponding time are shown. Probabilities are
those associated with a log-rank test

3.4 | Validation of the prognostic model in an
independent DLBCL series

To evaluate the performance of the predictive model, data from a
retrospective validation series of FFPE samples from 166 DLBCL
patients (enrolled in two multicenter clinical trials registered as
RHDS0305 and DLCLO4) were analyzed after they had been treated
with immunochemotherapy [31-33]. These current trials are investi-
gating the potential role of first-line autologous stem cell transplant
consolidation in intermediate- or high-risk DLBCL. Therefore, the pop-
ulation for the validation series was divided into two risk groups.

The characteristics of the validation set are summarized in Support-
ing information Table S3. The series included 166 cases diagnosed with
DLBCL treated with R-CHOP, with a median follow-up of 63.8 months
(range: 0.3-119). COO analysis divided the series into 98 (59%) GC-
DLBCL, 37 (22.3%) ABC-DLBCL, and 31 (18.7%) unclassified DLBCL
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FIGURE 6 Kaplan-Meier analysis curve of (A) OS status and (B)
PFS status. The risk-prediction model was applied to patients with
localized clinical stages (stages I-1l). Two risk groups were observed:
the blue and red lines represent low- and high-risk, respectively. The
vertical bar represents OS or PFS probability (%), while the horizontal
bar indicates the follow-up time in months. Patients at risk at the
corresponding time are shown. Probabilities are those associated with
alog-rank test

cases. IPI divided the series into 122 (73.5%) intermediate-risk and 44
(26.5%) high-risk samples.

The risk model was then applied to the validation series. As a
result, the risk score was further split into terciles for OS: low-risk (58
patients), intermediate-risk (58 patients), and high-risk (50 patients)
groups. For PFS, low-risk (58 patients), intermediate-risk (52 patients),
and high-risk (56 patients) groups were established.

Figure 7A shows that the 5-year OS of the high-risk group was 69%,
and that of the low-risk group was 94.8%. Figure 7B shows that the 5-
year PFS of the high-risk group was 54%, and that of the low-risk group
was 87.9%. The differences between groups were statistically signif-
icant (low-risk vs. intermediate-risk vs. high-risk groups, p < 0.005)
(Figure 7A and B for OS and PFS, respectively).

OS probabilities for the three groups were: low-risk, HR = 0.2866,
95% Cl: 0.1473-0.5575; intermediate-risk, HR = 3.85, 95% Cl: 1.28-
11.60 (p = 0.0167); and high-risk, HR = 7.32, 95% Cl: 2.4-21.8 (p =
0.000345). Analysis of PFS identified the following HRs: low-risk, HR =
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FIGURE 7 Kaplan-Meier analysis for (A) OS status and (B) PFS
status. The risk-prediction model was applied in an independent series
for validation. Three groups were observed: blue, green, and red lines
represent low-, intermediate-, and high-risk, respectively. The vertical
bar represents OS or PFS probability (%), while the horizontal bar
indicates the follow-up time in months. Patients at risk at the
corresponding time are shown. Probabilities are those associated with
alog-rank test

0.4004, 95% Cl:0.2240-0.7155; intermediate-risk, HR = 3.07, 95% ClI:
1.30-7.24 (p = 0.0105); and high-risk, HR = 5.63, 95% Cl: 2.52-12.60
(p = 0.00002). Risk scores for each patient in the validation series are
presented in Supporting information Table S9. The Cox analysis demon-
strated that the intermediate- and high-risk groups were associated
with poorer OS and PFS. Overall, we report robust findings that vali-
dated the prognostic model in an independent DLBCL series.

4 | DISCUSSION

Although R-CHOP continues to be the most common treatment for
DLBCL patients, there are no standardized ways of predicting lack of
response or progression after treatment, which makes it more difficult
to offer therapeutic alternatives to these patients. Here, we demon-
strate the value and reproducibility of an integrative risk model to
predict PFS and OS in a large DLBCL series homogeneously treated
with R-CHOP. We employed a customized 27-gene panel for GEP using
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NanoString because of the applicability of this technique in paraffin-
embedded samples. The design of the panel included genes that pro-
vide information about COO, and the expression of MYC/BCL2 and
other genes already known to predict OS and PFS in DLBCL cases [11,
20, 22, 24, 29, 38-42]. Cases were selected carefully, excluding those
with mediastinal large B-cell lymphoma, a lymphoma type with similar
morphology but entirely different biology and prognosis. Results were
validated in an independent DLBCL series.

We do not intend for this prognostic model to capture the full range
of the genetic and epigenetic changes responsible for the diversity
of DLBCLs. COO was proposed almost 20 years ago[43] as a bridge
between the biology of germinal center differentiation in normal B
cells and the DLBCL prognosis. Although the COO signatures capture
essential parts of DLBCL pathogenesis, new findings are revealing the
spectrum of the underlying molecular history of DLBCL to be broader
than previously thought [44, 45]. Part of this complexity arises from
the deregulation of the expression of MYC and BCL2 genes because of
translocations and other genetic events. Although the most robust way
of capturing the contribution of MYC and BCL2 to DLBCL pathogene-
sis is to identify the translocations deregulating their expression, there
is solid evidence that a clinically substantive increase in expression of
MYC and BCL2 may depend on genetic and epigenetic events that occur
in addition to translocations [20, 46].

Our own group and others have published several studies, all of
which have concluded that the IHC analysis of COO markers and
MYC/BCL2 protein expression could be used to predict the response to
R-CHOP[18,19,47-50], or to recognize a group with an increased risk
of central nervous system relapse [51]. However, contradictory results
have also been obtained [41, 52]. probably arising from the inherent
variability of the IHC techniques. This prompted us to perform this
study in paraffin-embedded tissue using a customized NanoString plat-
form in the hope of generating more robust and reproducible results.
Those obtained here are consistent with the findings of the German
high-grade lymphoma study for DLBCL patients treated with R-CHOP
[11], even though the foci of the two studies differ. Our approach is
also able to recognize a higher proportion of DLBCL cases that fail to
respond to R-CHOP than reported in recent published articles that
have identified either a high-grade DLBCL subclass that is limited to
the GCB group [53], or 9% of DLBCL cases with poor prognosis [54].
Nevertheless, the great majority of the cases recognized by the two
research groups belong to the category with low survival probability,
since the higher levels of expression of BCL2 and MYC genes are com-
monly revealed by all these three approaches. The results obtained
in the current study confirm previous COO data [9] and are quite
similar to those recently described by Derenzini and coworkers. They
combined BCL2/MYC and NFKBIA, a surrogate marker of NFKB activ-
ity [55], and confirmed the clinical applicability of GEP techniques to
DLBCL patient stratification and the value of combining markers mea-
suring BCL2/MYC expression with others recognizing the contribution
of COO (our model) or NF-kB activity (Derenzini’s model) [55].

This study is not comparable with those of Ennishi et al. ADDIN
EN.CITE or Sha et al [54]. The former study focused on identifying a
subset (27%) of DLBCL-GC type cases with aggressive behavior, while

we have generated a model that can be applied to GC and ABC sub-
types, recognizing a tercile of very high-risk DLBCL cases. Sha and
coworkers proposed a GEP classifier that recognizes 9% of DLBCL
cases (most with a GC phenotype) and a more aggressive behavior
[54]. Comparison of the genes used in these three studies suggests that
cases recognized by Ennishi and Sha as being molecularly high-grade
fallinto the tercile of cases with the greatest aggressivity, as seenin our
study [53, 54]. This study has selected the COO Nanostring signature
as a consistent and reproducible way of capturing COO [43, 56], rather
some individual genes of the COO signature like LMO2 or others [57].
This study has also been restricted to genes capturing DLBCL complex-
ity, but we have excluded genes expressed by the microenvironment,
an additional layer of complexity that would require a specific further
study [31, 57, 58].

This proposal combines a consolidated prognostic clinical model
with the main sources of biological variation among the DLBCL cases—
COO and MYC/BCL2 expression—in a risk model that produces a
patient-specific risk estimate based on a firmly established molecular
approach that can be used with paraffin-embedded tissues. The model
is also applicable to early stages and younger patients, which is some-
thing that models based on IHC techniques have failed to achieve [37].

This study was performed using consecutive routine cases diag-
nosed with DLBCL, and thereby closely mimicked the routine compo-
sition of cases that receive this diagnosis.

An obvious question that arises is whether this can not only stratify
patients into different risk groups, but also help establish a different
therapeutic approach. To obtain an answer will require specific clini-
cal trials to be designed and executed, although here we have demon-
strated that the risk score can be applied to patients of different ages
and clinical stages, encouraging the pursuit of risk-adjusted therapeu-
tic schemes. Our study was not designed to identify specific therapeu-
tic targets for these high-risk patients, but other experimental studies
have shown that MYC and BCL2 can be targeted using BET and BCL2
inhibitors [59].
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