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Editorial on the Research Topic

The molecular landscape and promising therapeutic targets in
aggressive B-cell non-Hodgkin lymphomas

Precision oncology attempts to translate the results of next-generation sequencing and
array-based methods into molecularly stratified therapeutic concepts for cancer. To date,
aggressive B-cell non-Hodgkin lymphomas (B-cell-NHL) have received only marginal
access to molecularly stratified therapeutic approaches. In addition to the most common
entity, diffuse-large B-cell lymphoma (DLBCL), the spectrum of aggressive B-cell-NHL
includes 25 other distinct entities. Molecular analyses have been performed in varying
degrees for most of these entities, revealing their therapeutic vulnerabilities. However,
particularly with the advancements in novel molecular technologies (e.g., single-cell RNA-
sequencing, spatial-transcriptomics), some of these entities remain insufficiently
characterized. Novel technologies allow a subjacent understanding of molecular tumor-
biology, making individual risk-stratification more precise and molecularly stratified
therapy recommendations increasingly specific. In addition, new dimensions of tumor-
biology, such as phylogenetic evolution, cell-cell interactions or epigenetic regulation of
lymphomas can be considered for treatment decision-making in precision oncology.

This editorial presents the results of ten published articles in the Frontiers in Oncology
Research-Topic “The Molecular Landscape and Promising Therapeutic Targets in
Aggressive B-cell Non-Hodgkin Lymphomas”.

The original research article by Zhang et al. highlights the prognostic implications of
cuproptosis in DLBCL, a copper-induced form of programmed cell-death that is tightly
interconnected with mitochondrial metabolism. Here, the authors characterized
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cuproptosis-related genes (CRG) in DLBCL and identified two
biologically and prognostically distinct subtypes. Moreover, the
two CRG-clusters differed in terms of immune-cell infiltration
and treatment response. The authors constructed a prognostic
model incorporating CRG gene-expression and demonstrated the
prognostic superiority of this model over the International-
Prognostic-Index (IPI).

The success of rituximab in DLBCL treatment is undisputed. To
date, the synergistic molecular mechanisms between the CD20-
antibody and also those of the next generation (ofatumumab) with
components of chemotherapy (CHOP-protocol) are poorly
understood. In a preclinical cell-culture approach, Lee et al.
addressed this question using transcriptome-sequencing. Based on
transcriptional profiles, the authors discovered that CD20-
antibodies modulate genes in the JNK and p38 MAPK-family,
and thus apoptosis and proliferation of lymphoma-cells through
different mechanisms. These findings contribute significantly to our
understanding the molecular mechanism of action of CD20-
antibodies in DLBCL.

CAR-T-cell therapy is an essential component of novel targeted
options for the treatment of lymphoma. The article of the
international workgroup of Albendea et al. highlights the existing
problems of access and challenges of CAR-T-cell therapy within
European healthcare-systems. Comparatively, country-specific
measures and solutions are discussed in this manuscript to
improve the CAR-T-cell provisioning structure and manufacturing.

In the original research article by Xu et al., panel-sequencing
(121 genes) was performed on 259 DLBCL-patients. The molecular
alterations were then placed in the context of genomic-clusters
according to Wright et al. (1). Subsequently, the presence of
dyslipidemia, a risk-factor for cardiovascular disease, was
correlated with genomic clusters in DLBCL. Strikingly, DLBCL
belonging to the EZB-cluster, in particular, was significantly more
frequently associated with dyslipidemia. Pathophysiologically,
DLBCL of the EZB-cluster is closely associated with the
pathogenesis of follicular lymphoma. Consequently, the rate of
dyslipidemia was significantly higher in DLBCL with BCL2-
fusions (t(14;18)) which represents the genomic hallmark in FL.
Ultimately, dyslipidemia had no prognostic impact on overall-
survival (OS) in DLBCL.

NTRK is an increasingly common therapeutic target in
molecular oncology. A separate ESMO-guideline has already been
published on this topic. Despite single references indicating that
NTRK is also detectable in aggressive B-cell-NHL, Ghandili et al.
demonstrated on tissue-microarrays that NTRK does not represent
a promising target for DLBCL-treatment.

At the recent ASH Annual-Meeting, the 5-year update of the
REMoDL-B trial was presented, in which DLBCL-patients treated
with R-CHOP were randomized to the addition of bortezomib and
their benefits were analyzed based on gene expression profiles
(whole-genome ¢cDNA-mediated assay) (2, 3). In our Research
Topic, Orguirea et al. presents the application of an artificial
intelligence approach (LymForest-25 profile) to the data from the
REMoDL-B trial, considering not only clinical but also
transcriptomic characteristics. The result is a significant
improvement in individual risk-stratification, leading to a 30%
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risk-reduction in half of the (molecularly) high-risk DLBCL-
patients in the study.

A subgroup among DLBCL-patients, for whom the greatest
challenge in treatment remains to strike an optimal balance between
therapy intensity, life-expectancy, and adverse-event management,
is represented by geriatric patients. In recent years, the evaluation of
nutritional status has become increasingly important with regard to
risk stratification of cancer patients. In a comprehensive review
article (2,353 cases), Cao and Zhang summarize the available
evidence on the Geriatric-Nutritional-Risk-Index (GNRI) and
demonstrate that a low GNRI is associated with unfavorable
prognosis and disease-progression in elderly and/or frail
DLBCL-patients.

Our Research-Topic also included articles on other aggressive
B-cell NHL entities. A meta-analysis by Zeremski et al. addressed
the still existing question of the value of treatment-intensification in
high-grade B-cell lymphomas with MYC and BCL2- and/or BCL6-
rearrangements (HGBL-DH/TH). Despite the consideration of
some limitations (e.g., retrospective study design, renewed WHO-
classification), this meta-analysis provides evidence that
chemotherapy-intensification benefits 2-year-PFS and -OS in
HGBL-DH/TH.

Plasmablastic lymphoma (PBL) is one of the most aggressive
entities in the spectrum of B-cell NHL. Almost no targeted options
have been investigated for the treatment of this CD20-negative and
rare neoplasm. After progression on first-line chemotherapy, few
treatment options are available for these patients representing an
urgent unmet clinical need. In a virtual molecular tumor board
discussing whole exome and whole transcriptome data from 14
primary-refractory PBL cases, Witte et al. demonstrate that
numerous targeted therapeutic vulnerabilities can be evaluated for
this difficult-to-treat entity.

The Research-Topic is completed by the presentation of a novel
primary renal lymphoma cell line and the corresponding gene
expression signature. Li et al. give an outlook on the clinical
relevance of this cell line and its application in animal
experimental approaches.

The Research-Topic article-collection contains interesting
contributions to improve individual risk-stratification, molecular
diagnostics and therapeutic implications in aggressive B-cell NHL.
On the one hand, the articles demonstrate profound insights into
molecular lymphoma biology and on the other hand, they illustrate
potential future directions in lymphoma research. The felicitous
spectrum of experimental, translational and clinical topics also
underlines the multimodality of precision oncology in the field of
aggressive B-cell NHL.
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Diffuse large B-cell lymphoma (DLBCL) is a highly heterogeneous disease.
Therefore, more reliable biomarkers are required to better predict the
prognosis of DLBCL. Cuproptosis is a novel identified form of programmed
cell death (PCD) that is different from oxidative stress-related cell death (e.g.,
apoptosis, ferroptosis, and necroptosis) by Tsvetkov and colleagues in a recent
study released in Science. Cuproptosis is copper-dependent PCD that is closely
tied to mitochondrial metabolism. However, the prognostic value of
cuproptosis-related genes (CRGs) in DLBCL remains to be further elucidated.
In the present study, we systematically evaluated the molecular changes of
CRGs in DLBCL and found them to be associated with prognosis. Subsequently,
based on the expression profiles of CRGs, we characterized the heterogeneity
of DLBCL by identifying two distinct subtypes using consensus clustering. Two
isoforms exhibited different survival, biological functions, chemotherapeutic
drug sensitivity, and immune microenvironment. After identifying differentially
expressed genes (DEGs) between CRG clusters, we built a prognostic model
with the Least absolute shrinkage and selection operator (LASSO) Cox
regression analysis and validated its prognostic value by Cox regression
analysis, Kaplan-Meier curves, and receiver operating characteristic (ROC)
curves. In addition, the risk score can predict clinical characteristics, levels of
immune cell infiltration, and prognosis. Furthermore, a nomogram
incorporating clinical features and risk score was generated to optimize risk
stratification and quantify risk assessment. Compared to the International
Prognostic Index (IPl), the nomogram has demonstrated more accuracy in
survival prediction. Furthermore, we validated the prognostic gene expression
levels through external experiments. In conclusion, cuproptosis-related gene
signature can serve as a potential prognostic predictor in DLBCL patients and
may provide new insights into cancer therapeutic targets.

KEYWORDS

diffuse large B-cell lymphoma, cuproptosis, subtypes, prognostic gene signature,
overall survival, tumor microenvironment
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1 Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common
non-Hodgkin’s lymphoma (NHL) in adults and represents a highly
heterogeneous group of tumors in terms of morphology,
phenotype, molecular features, clinical course, and response to
therapy (1, 2). Based on gene expression profile, DLBCL can be
classified from the cell of origin (COO) into at least two subtypes,
germinal center B-cell-like (GCB) and activated B-cell-like (ABC),
while 10-20% of cases remain unclassified (3). R-CHOP (rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone) is
currently the first-line treatment for patients with DLBCL and
contributes to a significant improvement in prognosis (4, 5).
However, many patients of DLBCL do not respond to treatment
and usually have a poor prognosis, especially in patients with the
ABC subtype (6, 7). Tumor heterogeneity and the inevitable
acquisition of drug resistance make DLBCL still incurable.
Therefore, there is an urgent need to identify novel and reliable
biomarkers that can aid in clinical risk stratification and the
guidance of precision therapy.

Copper is an enzyme cofactor involved in a variety of biological
functions in humans and other mammals, including cellular
respiration, regulation of energy production and other redox
reactions, neurotransmitter biosynthesis, and connective tissue
formation (8). Moreover, copper is a key regulator of cellular
signal transduction pathways, regulating or triggering multiple
biological pathways in response to external stimuli (9). Therefore,
the maintenance of copper homeostasis plays a crucial role in the
biological activities of the organism. Many associations have been
observed between cancer and copper. Several studies have reported
elevated copper levels in serum and tumor tissue of patients with
various malignancies, including lymphomas, compared to normal

Abbreviations: DLBCL, diffuse large B-cell lymphoma; PCD, programmed
cell death; CRGs, cuproptosis-related genes; OS, overall survival; DEGs,
differentially expressed genes; LASSO, least absolute shrinkage and
selection operator; ROC, receiver operating characteristic; IPI, International
Prognostic Index; NHL, non-Hodgkin’s lymphoma; GCB, germinal center B-
cell-like; ABC, activated B-cell-like; TCA, tricarboxylic acid; GEO, Gene
Expression Omnibus; TCGA, The Cancer Genome Atlas; FFPE, formalin-
fixed paraffin-embedded; GDC, Genomic Data Commons; SNV, single
nucleotide variant; CNV, copy number variation; GSCA, Gene Set Cancer
Analysis; PCA, principal component analysis; ssGSEA, single-sample gene set
enrichment analysis; GSVA, gene set variation analysis; KEGG, Kyoto
Encyclopedia of Genes and Genomes; GSEA, Gene Set Enrichment
Analysis; CCLE, Cancer Cell Line Encyclopedia; time-ROC curve, time-
dependent receiver operating characteristic curve; AUC, area under the
curve; GO, Gene Ontology; FP, forward primer; RP, reverse primer; qRT-
PCR, quantitative real-time PCR; TME, tumor microenvironment; DSS,
disease-specific survival; STRING, Search Tool for the Retrieval of
Interacting Genes; Tregs, regulatory T cells; ECOG, Eastern Cooperative
Oncology Group; LDH, lactate dehydrogenase; ES, extranodal sites; COO, cell
of origin; BCR, B-cell receptor; OxPhos, oxidative phosphorylation.
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tissue (10-16). Copper accumulation has been associated with the
promotion of proliferation and growth, angiogenesis, metastasis, and
drug resistance (17-22). In lymphoma, serum copper level is an
independent prognostic factor, closely related to tumor activity (23—
25). Copper compounds are considered to be effective inducers of
apoptosis in lymphoma cells (26-28). In addition, targeting
mitochondria with the copper chelator drug ATN-224 may serve
as an important therapeutic strategy for apoptosis-resistant DLBCL
(29). A completely new form of cell death has recently been
proposed that differs from all other known programmed cell death
mechanisms, including apoptosis, ferroptosis, pyroptosis, and
necroptosis (30). Characterized by protein lipoylation in the
tricarboxylic acid (TCA) cycle, it causes acute proteotoxic stress
through lipid-acylated protein aggregation and subsequent loss of
iron-sulfur cluster protein, ultimately leading to cell death.
Additionally, they identified seven genes (FDXI, LIAS, LIPTI,
DLD, DLAT, PDHAI, and PDHB) that sensitized the cells to
cuproptosis by genome-wide CRISPR-Cas9 loss-of-function screen,
while three genes (MTFI, GLS, and CDKN2A) with resistance to
cuproptosis. Copper importer (SLC31AI) and copper exporter
(ATP7B) have also been found to promote and inhibit
cuproptosis, respectively, by regulating intracellular copper
concentrations (30). As we know, cuproptosis mainly targets
mitochondrial respiration and the TCA cycle. In another study,
the consistent cluster classification scheme identified three isoforms
of DLBCL by molecular analysis, the BCR/proliferative cluster
(BCR-DLBCL), OxPhos cluster (OxPhos-DLBCL), and host
response cluster. Among them, the OxPhos-DLBCL was
significantly enriched in genes regulating oxidative
phosphorylation (OxPhos), mitochondrial membrane potential,
and electron transport chain (31). A subsequent study unearthed
that the OxPhos-DLBCL was insensitive to conventional drugs
targeting the BCR signaling axis. With enhanced mitochondrial
energy transduction, the OxPhos cluster exhibited an increased
admixture of nutrient carbon in the TCA cycle (32). Furthermore,
another study used immunohistochemical markers of glycolysis and
mitochondrial OxPhos metabolism to explore the metabolic
phenotype of human DLBCL tumors. Compared to non-tumor
lymphoid tissue, the OxPhos phenotype was highly expressed in
tumor lymphocytes in DLBCL samples, while stromal cells strongly
expressed the glycolytic phenotype. They hypothesized that tumor
cells meet their own TCA cycle substrate requirements by mediating
stromal cell metabolic reorganization (33). Not surprisingly, the
oxidative phosphorylation inhibitor Gboxin analog was found to
have a strong proliferation inhibitory and cell cycle blocking effect on
DLBCL with specific selectivity for it (34). Several recent studies have
revealed the potential role of CRGs in the prognosis of cancers, such
as kidney cancer (35-42), hepatocellular carcinoma (43-47), lung
cancer (48-53), head and neck squamous cell carcinoma (53-60),
glioma (61-66), breast cancer (67-70), endometrial carcinoma (71,
72), melanoma (73-75), pancreatic cancer (76, 77), colorectal cancer
(78-81) and so on. However, no reports describe any effects of the
cuproptosis regulatory mechanism on DLBCL.
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This study divided 400 DLBCL samples into two subtypes
based on the 12 cuproptosis-related genes (CRGs) mentioned
above. The differences in survival, drug sensitivity, and immune
cell infiltration between subtypes were also integrated.
Subsequently, we constructed a prognostic model to stratify
patients at risk. Furthermore, we developed a nomogram
integrating clinical features and risk scores to quantify risk
assessment and predict the overall survival (OS) of DLBCL
patients. The results showed that the nomogram was an effective
prognostic indicator. Finally, we performed an experimental
verification on our clinical samples.

2 Materials and methods
2.1 Data acquisition

Gene expression and the relevant prognostic and
clinicopathological data of DLBCL were downloaded from the
public database Gene Expression Omnibus (GEO) (https://www.
ncbinlm.nih.gov/geo/) and The Cancer Genome Atlas (TCGA)
(https://portal.gdc.cancer.gov/). Microarray expression profiles
of DLBCL patients were obtained from GSE10846, GSE31312,
and GSE87371 datasets using Affymetrix Human Genome U133
Plus 2.0 platform. Transcriptional data for 48 DLBCL samples
from TCGA were retrieved from UCSC Xena (https://
xenabrowser.net/datapages/). All the microarray data included
were normalized and log2 transformed. Probe IDs were mapped
to gene symbols according to the corresponding annotation files,
expression measurements for all probes associated with the same
gene were averaged and the maximum value was finally taken.
The pathology image data (formalin-fixed paraffin-embedded
(FFPE) slide) were downloaded from the Genomic Data
Commons (GDC; https://portal.gdc.cancer.gov/). After
excluding samples with missing survival information or
survival time of less than one month, the GSE10846,
GSE31312, and GSE87371 included 400, 466, and 216 tumor
specimens of DLBCL respectively. GSE10846 was used as the
training dataset for constructing the subtype and prognostic
model, while GSE31312 and TCGA-DLBCL were the validation
sets for subtype identification and GSE87371 was the validation
for the prognostic model. 12 CRGs (FDX1, LIAS, LIPT1, DLD,
DLAT, PDHAI, PDHB, MTFI, GLS, CDKN2A, SLC31A1, and
ATP7B) were obtained from the article by Tsvetkov et al. (30).

2.2 Clinical samples

The FFPE lymphoma tissue samples were collected from 7
patients with incipient untreated DLBCL in the First Affiliated
Hospital of Wenzhou Medical University, and normal lymphoid
tissues in the control group were taken from a healthy volunteer.
The histological diagnosis was established according to the World
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Health Organization (WHO) classification (82). The study was
approved by the Review Board of the First Affiliated Hospital of
Wenzhou Medical University with informed consent obtained from
all subjects in accordance with the Declaration of Helsinki. The
clinical data of the patients are listed in Supplementary Table 1.

2.3 Gene interaction network and the
effects of genetic alterations

The correlation network of 12 CRGs was derived from the
“corrr” R package. To determine the somatic mutations of 12
CRGs, the single nucleotide variant (SNV) data of these 12 CRGs
in all cancers, as well as the copy number variation (CNV) data
in DLBCL, were mined in Gene Set Cancer Analysis (GSCA)
(http://bioinfo.life.hust.edu.cn/GSCA/) (83). We also used
GSCA to analyze the relationships between survival and gene
expression, CNV, gene methylation, and the relationship
between expression and pathway activity in DLBCL.

2.4 Consensus clustering analysis
of CRGs

Consistent unsupervised clustering analysis was performed
using the R package “ConsensusClusterPlus” (84) to classify
patients based on CRG expression. Consensus clustering is based
on resampling to verify the rationality of clustering, whose main
purpose is to assess the stability of the clustering. The maximum
number of classifications (maxK) was set to 6. The K-Means
clustering algorithm was chosen and euclidean calculated the
distances. 80% of the samples were resampled 1000 times by this
procedure to ensure the stability and reproducibility of the
classification. The optimal number of clusters k was determined
by combining the graphs of each clustering result and the
proportion of ambiguous clustering (PAC) method (85).
GSE31312 and TCGA-DLBCL were also used for unsupervised
clustering analysis to verify the accuracy of clustering. Principal
component analysis (PCA) was generated by “scatterplot3d”
packages to further determine the validity of the clustering.
Furthermore, the differences in survival among different subtypes
were assessed using Kaplan-Meier curves derived from the
“survival” and “survminer” R packages. Heatmap created by the
“pheatmap” software package displayed the clinical characteristics
and survival differences of the different clusters.

2.5 Evaluation of tumor
microenvironment and biological
function in the cuproptosis subtypes

The infiltration fractions of 22 human immune cell subsets
of every DLBCL sample were calculated by the CIBERSORT
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algorithm (86). Furthermore, we also used the single-sample
gene set enrichment analysis (ssGSEA) algorithm (87) to
validate the difference in immune cell infiltration between the
subtypes in TCGA-DLBCL. Additionally, through TCGA
Pathology Slides, we were able to confirm the above analysis.
To investigate the differences of CRGs subtypes in biological
processes, gene set variation analysis (GSVA) was performed
with the Kyoto Encyclopedia of Genes and Genomes (KEGG)
gene set (c2. cp. kegg. v7.2) obtained from Gene Set Enrichment
Analysis (GSEA) database (http://www.gsea-msigdb.org/gsea/
msigdb). Furthermore, we used the R software package
“pRRophetic” (88) to evaluate the chemotherapeutic sensitivity
between different subgroups.

2.6 Construction and validation of the
prognostic signature based on the DEGs
between the CRG clusters

Identification of DEGs between different subtypes using the
R package “limma” (|logFC|>2, adjusted P <0.01) (89). Then
prognosis-related DEGs were obtained by Cox regression
analysis (P<0.001). Based on prognostic DEGs associated with
cuproptosis, the Least absolute shrinkage and selection operator
(LASSO) Cox regression analysis was used to minimize the risk
of overfitting with the “glmnet” R package (90, 91). After 1000-
fold cross-validation of the maximum likelihood estimate of
penalty, a cuproptosis-related prognostic model was finally
constructed. According to the median risk score, patients in
the training and validation datasets were divided into low-risk
and high-risk groups respectively, then subjected to Kaplan-
Meier survival analysis. The prognostic value of the model was
confirmed by univariate and multivariate Cox regression.
Further validation of the model was performed with the gene
expression data in lymphoma from the Cancer Cell Line
Encyclopedia database (CCLE, https://portals.broadinstitute.
org/ccle). Time-dependent receiver operating characteristic
curve (time-ROC curve) analysis was conducted using the
“timeROC” R package (92) to obtain the area under the curve
(AUC) value and evaluate the predictive power of the signature.
The “ggrisk” package integrated the ranking dot map, scatter
map, and heatmap to show the difference in survival and gene
expression between high- and low-risk groups.

2.7 Comprehensive analysis of CRGs-
related prognostic model

The co-expression matrix of CRGs and genes in the prognostic
model was established using the “ggcorrplot” package in R. For the
DEGs between risk groups identified by the “limma” package, we
conducted Gene Ontology (GO) enrichment analysis using the
“clusterProfiler” package (93, 94). Spearman correlation analysis
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was used to test the correlation between tumor microenvironment
(TME) and risk score.

2.8 Construction and evaluation of a
combined nomogram

A predictive nomogram integrating the clinical
characteristics and risk score was developed using the “rms”
package according to the outcome of the independent prognosis
analysis. Calibration plots of the nomogram were used to
measure the consistency of predicted survival events and
actual observed results at 1-, 2- and 3 years. Time-ROC curves
for 1-, 2- and 3-year survival were performed for the assessment
of accuracy in DLBCL prognosis.

2.9 RNA extraction and reverse
transcription

RNA was extracted from the FFPE samples using the
Paraffin-Embedded Tissue RNA Extraction Kit (AIDISHENG,
Yancheng, China) according to the manufacturer’s instructions.
Reverse transcription was performed with the cDNA synthesis
kit (Vazyme, Nanjing, China) to generate cDNAs.

2.10 Quantitative real-time PCR

Taq Pro Universal SYBR qPCR Master Mix (Vazyme,
Nanjing, China) was then used for quantitative PCR. -
ACTIN was used as an internal control, and each sample was
repeated in triplicate. The relative fold-change in expression
with respect to a control group was calculated by the 2-AACt
method. The PCR cycle conditions were 95 °C for 30 s, followed
by 40 cycles of 95°C (10's) and 60 °C (30 s). Three biological
replicates were performed. The PCR primers used were
as follows:

TUBB4A forward primer (FP): 5-GAGTTCCCAGACC
GCATCA-3';

TUBB4A reverse primer (RP): 5'-CGGAAACAGATGTC
GTAGAGTG-3;

SLC38A5 FP: 5'-AACAGCAATGGAGAGTGAAGC-3';
SLC38A5 RP: 5'-ACCTCAGGGTGGCAGACAA-3;
TEX9 FP: 5-TTTATGAGACAGCAGCGAACA-3;
TEX9 RP: 5'-GAACCTCTGTGGCACTTTGAC-3';
S100B FP: 5'-GGAAGGGAGGGAGACAAGCA-3';
S100B RP: 5'-CTGGAAGTCACATTCGCCGT-3%
ACTIN FP: 5'-TCAAGATCATTGCTCCTCCTGAG-3';
ACTIN RP: 5'-ACATCTGCTGGAAGGTGGACA-3';
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2.11 Statistical analyses

All statistical analyses were performed with R version 4.1.1,
GraphPad Prism 9.0.0, and SPSS software version 26.0. Student’s
t-test or one-way analysis of variance was used to analyze
differences between groups in variables with a normal
distribution. Wilcoxon test was used to analyze the differences
between groups of skewed distribution variables. And we used
the Kaplan-Meier method for survival analysis and the log-rank
test to analyze the differences in overall survival. P < 0.05 was
considered statistically significant.

3 Results

3.1 Genetic alterations and interactions
of CRGs in DLBCL

The detailed clinical characteristics of patients from the three
GEO datasets are summarized in Table 1. The interaction of
these 12 genes was shown in Figure 1A. Among the 12 CRGs, 10
of them were mutated in 98.23% (941/958) of tumor samples in
pan-cancer analysis with the TCGA database (Figure 1B). The
missense mutation was the most common mutation variant.
CDKN2A was the most frequent mutated CRG (42%), followed
by ATP7B, MTF1, GLS, and DLD (22%, 13%, 9% and 9%
respectively). Next, we investigated somatic copy number
changes in these CRGs of DLBCL and found widespread copy
number alterations in all 12 CRGs (Figure 1C). Among them, the
copy number variations (CNVs) of FDXI, DLAT, DLD,
SLC31A1, PDHB, GLS, and ATP7B were mainly amplifications,
while the CNVs of CDKN2A, MTFI, PDHAI, LIAS, and LIPTI
were mainly deletions (Figure 1C). Furthermore, we explored
the relationships between CNV, gene expression, gene
methylation, and survival in the TCGA DLBCL dataset. The
difference in survival between CNV and wide type was shown in
Supplementary Figure 1A. The CNVs of MTFI, GLS, LIPT1, and
LIAS were closely related to the survival of DLBCL patients
(P<0.05). Meanwhile, the results showed that the expression of
ATP7B, GLS, MTF1, and LIPTI were negatively correlated with
the overall survival (OS) of DLBCL (P<0.05), and the first three
genes were previously identified as negative regulators of
cuproptosis (30). In addition to these 4 genes, the other 8
CRGs were positively correlated with OS (P<0.05)
(Supplementary Figure 1B). We then explored the correlation
between the expression of 12 genes and pathway activity.
SLC31A1 may have a potential activating effect on apoptosis
(FDR=0.0114) and a possible inhibiting effect on DNA damage
(FDR=0.0105) response (Figure 1D). CDKN2A may potentially
inhibit the TSC/mTOR pathway (FDR=0.0260) (Figure 1D). As
for methylation, hypermethylation of SLC31AI, DLAT, DLD,
ATP7B, GLS, and FDX1 was associated with shorter disease-
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specific survival (DSS) (P<0.05) (Supplementary Figure 1C). In
addition, we explored the relationship between the proteins
encoded by CRGs based on the Search Tool for the Retrieval
of Interacting Genes (STRING) network (95) (Figure 1E).

3.2 ldentification and assessment of the
CRG subtypes

To further understand the expression characteristics of CRGs in
DLBCL, we used a consistent clustering algorithm to classify
patients with DLBCL according to the expression profiles of 12
CRGs (Figure 2A). Our results indicated that k=2 appeared to be
the best choice for dividing the entire cohort into A subtype (n=194)
and B subtype (n=206) (Figure 2A). PCA revealed significant
differences in the cuproptosis transcription profiles between the
two subtypes (Figure 2B). Additionally, we used GSE31312 and
TCGA-DLBCL to verify the repeatability of the clustering.
Unsupervised clustering of this cohort also clearly identified 2
distinct subtypes (Supplementary Figure 2). The Kaplan-Meier
curve showed that patients with subtype A had worse survival
compared to those with subtype B (P<0.001; HR=1.881 [1.328,
2.664], P<0.001) (Figure 2C). Heatmap revealed differences in
CRGs expression between subtypes as well as clinical features
(Figure 2D). GLS, MTFI, and ATP7B were highly expressed in
subtype A and were previously found to inhibit cuproptosis (30). In
contrast, PDHB, FDX1, DLD, DLAT, LIPT1, LIAS, and SLC31A1
were highly expressed in subtype B.

3.3 Characteristics of TME cell infiltration
and biological function in the
cuproptosis subtypes

To investigate TME differences in CRGs-related subtypes,
the enrichment fraction of 22 kinds of immune cells in both two
clusters was evaluated using the CIBERSORT algorithm (86).
Significant differences in the infiltration of most immune cells
between the two subtypes were observed (Figure 3A). The
infiltration levels of naive B cells, memory B cells, resting
CD4" memory T cells, regulatory T cells (Tregs), follicular
helper T cells, and activated natural killer (NK) cells were
higher in subtype A, while CD8" T cells, activated CD4"
memory T cells, gamma delta T cells, M1 macrophages,
plasma cells had significantly lower infiltration in subtype A
compared to those in subtype B. In addition, we also carried out
the ssGSEA algorithm in TCGA-DLBCL to further validate the
differences in TME cell infiltration between the cuproptosis
subtypes (Figure 4A). In conclusion, a higher level of immune
infiltration was observed in subtype B. TCGA Pathology Slides
further confirmed the difference (Figure 4B) (P-value < 0.05 was
considered statistically significant).
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TABLE 1 The clinical characteristics of the training and validation cohorts.

Training cohort Validation cohort Validation cohort
Characteristics GSE10846 GSE31312 GSE87371
n=400 n=466 n=216
Gender
Female 167(41.75%) 196(42.06%) 101(46.76%)
Male 216(54.00%) 270(57.94%) 115(53.24%)
Unknown 17(4.25%) - -
Age
<60 years 185(46.25%) 200(42.92%) 113(52.31%)
>60 years 215(53.75%) 266(57.08%) 103(47.69%)
Stage
I- I 186(46.50%) - 71(32.87%)
I-IV 208(52.00%) - 145(67.13%)
Unknown 6(1.50%) - -
(€o]e]
GCB 181(45.25%) - 82(37.96%)
Non-GCB 219(54.75%) - 134(62.04%)
ECOG PS
0-1 291(72.75%) 372(79.83%) -
2-4 86(21.50%) 94(20.17%) -
Unknown 23(5.75%) - _
LDH
Normal 167(41.75%) 148(31.76%) -
>ULN 175(43.75%) 275(59.01%) -
Unknown 58(14.50%) 43(9.23%) -
ES
<2 342(85.50%) 364(78.11%) -
22 29(7.25%) 102(21.89%) -
Unknown 29(7.25%) - -
Survival status
OS years (median) 2.45 2.95 3.06
Censored(%) 151(37.75) 167(35.84) 45(20.83)
COO, cell of origin; GCB, germinal center B-cell-like subtype; ECOG PS, The Eastern Cooperative Oncology Group performance score; LDH, lactate dehydrogenase; ULN, the upper
limit of normal; ES, extranodal sites; OS, overall survival.

To better understand the survival differences between the mainly enriched in cell signal transduction pathways and
two subtypes, GSVA enrichment analysis of the KEGG pathway immune-related pathways, such as the Notch signaling
was conducted on these two clusters to assess the functional and pathway, MAPK signaling pathway, VEGF signaling pathway,

biological differences. The results showed that the subtype A was ERBB signaling pathway, primary immunodeficiency, and Fc
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FIGURE 1

Genetic alterations and interactions of CRGs in DLBCL. (A) The correlation network of 12 CRGs. The correlation coefficients are represented by
different colors. (B) The tumor mutation burden frequency of CRGs in pan-cancer analysis. (C) The CNV percentage of 12 CRGs in DLBCL. (D)

The associations between expression of SLC31A1 and activity of DNA

damage and apoptosis pathway and the relationship between CDKN2A

expression and mTOR pathway activity in DLBCL. (E) The PPI network encoded by CRGs in DLBCL. CNV, copy number variation; PPI, protein-

protein interaction.

epsilon RI signaling pathway. B subtype was mainly enriched in
the p53 signaling pathway and metabolism-related pathways,
including the metabolism of sugar, protein, fat, and
nucleotide (Figure 3B).

We then evaluated the therapeutic responsiveness of
chemotherapeutic agents between the two subgroups, subtype
A exhibited a resistance tendency to bleomycin, cisplatin,
doxorubicin, etoposide, vincristine, vinorelbine and elesclomol,
a kind of copper ionophore, while B was more resistant to
paclitaxel and methotrexate (Figure 3C; Supplementary
Figure 3) (P-value < 0.05 was considered statistically significant).
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3.4 Construction and validation of the
prognostic signature based on the DEGs
between the CRG clusters

To explore the potential biological functions of the
cuproptosis subgroups in DLBCL, we identified the DEGs
between the two clusters with the “limma” R package, and 180
genes were obtained (|logFC|>2, adjusted P <0.01). Univariable
Cox regression analysis was then performed to acquire 66 DEGs
associated with prognosis (p< 0.001). Finally, the candidate
genes were incorporated into the construction of the
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Identification and assessment of the CRG subtypes. (A) The consensus matrix, consensus cumulative distribution function (CDF), and delta area
by cluster analysis based on CRGs. Two clusters (k=2) would be best. (B) Principal component analysis of two CRG clusters. (C) Kaplan-Meier
survival curves of two CRG clusters (p < 0.001). (D) Heatmap of clinical features and CRGs expressions between subtypes. LDH, lactate
dehydrogenases; ES, extranodal sites; ECOG, The Eastern Cooperative Oncology Group performance score; COO, cell of origin; IPI,

International Prognostic Index.

prognostic model using LASSO Cox regression analysis, and a
signature of 5 genes (S100B, TUBB4A, SLC38A5, LOC100507477,
and TEX9) was discovered. The optimal weighting coefficient for
each gene was determined by the regularization parameter
lambda using the min standard (Figure 5A).

The risk model was constructed as follows: risk score =
(0.1239 x expression of SLC38A5) + (0.0194 x expression of

TUBB4A) + (0.0458 x expression of LOC100507477) - (0.0192 x
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expression of SI00B) - (0.0541x expression of TEX9). According
to the median risk score of the corresponding datasets, the
patients with DLBCL were divided into high-scoring and low-
scoring groups respectively in training and validation datasets.

Multivariate Cox regression analysis showed that the risk
score was an independent prognostic factor for DLBCL
(Figure 5B). Next, we performed the external validation on the
expression of these four genes in lymphoma using the online
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database CCLE (no data was available for LOC100507477), and
the expression levels of S100B and TEX9 were relatively low,
consistent with the above formula (Figure 5C). The Kaplan-
Meier survival curve showed a significant difference between the
groups. The high-risk group had a poor prognosis in the
GSE10846 (P<0.0001; HR=2.280 [1.593, 3.263], P<0.001)
(Figure 5D). In the GSE87371, the ability of the model to
predict patient prognosis was further verified (P=0.040;
HR=1.829 [1.019, 3.282], P=0.043) (Supplementary Figure 4A).
Additionally, the 1-year, 2-year, and 3-year survival predicted by
the risk score exhibited AUC values of 0.625, 0.637, and 0.636,
respectively (Figure 5E). AUCs for the validation dataset were
shown in Supplementary Figure 4B. The ranked dot demonstrated
that the prognostic model can well distinguish high-risk groups
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from others. The scatter plot further revealed the worse survival
outcome in the high-scoring group compared to the low-scoring
group (Figure 5F). The same was true in the validation queue
(Supplementary Figure 4C).

3.5 Comprehensive analysis of
cuproptosis-related prognostic model

To further analyze the differences between high- and low-risk
groups, we investigated the relationship between different clinical
characteristics and risk scores. The risk scores were higher in those
LDH above normal levels and non-GCB subgroups (P<0.05)
(Supplementary Figure 5A). And these factors were also
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Characteristics of TME in the cuproptosis subtypes of TCGA-DLBCL. (A) The abundance of different infiltrating immune cells in the two clusters.
(B) Representative images of pathological H&E staining of two cuproptosis subtypes. * P < 0.05; ns, not significant. TME, tumor microenvironment.

identified as risk factors for poor prognosis of DLBCL in previous
studies (96). A high score was also closely associated with subtype
A (P<0.05), consistent with the previous results of poor prognosis
for subtype A (Supplementary Figure 5A).

Then we constructed the co-expression matrix of CRGs and
genes in the prognostic model to further explore the association
between cuproptosis and the model. The results revealed
widespread correlations in these genes (Figure 6A). For
instance, LIPT1 and PDHB (r=0.64, P<0.05) were positively
correlated, while LIPTI was negatively correlated with
TUBB4A (r=-0.58, P<0.05). Alluvial diagram is plotted for a
better display of clinical characteristics and survival differences
between CRG clusters and risk groups (Figure 6B).
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To better understand the difference in survival in the
prognostic signature, the analysis of the molecular alterations
in five genes of the prognostic model was performed. The
summary report showed that four of them were mutated at a
high frequency in tumor specimens (Figure 6C). Mutations were
present in all 228 samples (100%) (Figure 6C). Among them,
TUBB4A had the highest mutation frequency (45%), followed by
SLC38A5 (29%). The proportion of the CNV for each gene was
summarized in Supplementary Figure 5B.

To further explore the biological differences between
different risk groups, we investigated the DEGs between the
two groups, which generated 2624 genes (|logFC|>1, adjusted P
<0.01) (Figure 6D). GO enrichment analysis indicated that the
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Construction and validation of the prognostic signature according to cuproptosis-related DEGs. (A) Construction of the prognostic model using
LASSO Cox regression analysis. (B) Univariate and multivariate Cox regression analysis of clinical features and risk score in the training dataset.
(C) Expression of the 4 genes in the CCLE database. (D) Kaplan-Meier curve in the high- and low-risk group. (E) Sensitivity and specificity of the
risk score model assessed by time-dependent ROC analysis. (F) Ranked dot and scatter plots showing the risk score distribution and patients’
survival status. LASSO, the Least absolute shrinkage and selection operator; ROC, receiver operating characteristic. LDH, lactate
dehydrogenases; ES, extranodal sites; ECOG, The Eastern Cooperative Oncology Group performance score.

functions of the DEGs were predominantly related to ion
transport, such as regulation of metal ion transport and
regulation of transmembrane transporter activity (Figure 6E).
The association between CRGs and the abundance of
immune cells had been previously demonstrated, and here we
also investigated the correlation between DEGs-related risk core
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and immune cell infiltration. As shown in the correlation scatter
plot, Tregs, follicular helper T cells, activated and resting NK
cells, naive B cells, memory B cells, and activated dendritic cells
were positively correlated with the risk score. However, a
negative correlation was found between the risk score and
gamma delta T cells, activated memory CD4" T cells, CD8" T
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cells (Supplementary Figure 5C).

3.6 Construction and evaluation of
combined nomogram

To improve the predictive accuracy as well as the clinical
utility of the prognostic model, we constructed a nomogram
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Comprehensive analysis of the cuproptosis-related prognostic model. (A) Correlations between CRGs and the prognostic model. The results of
P>0.05 were not shown. (B) Alluvial diagram showing clinical characteristics distribution and survival differences of CRG clusters and risk groups.
(C) The tumor mutation burden frequency of genes in the prognostic model in the pan-cancer analysis. (D) The DEGs between high- and low-
risk groups. (E) GO enrichment analyses of DEGs. COO, cell of origin; LDH, lactate dehydrogenases; IPI, International Prognostic Index; DEGs,
differentially expressed genes; GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function.

based on multivariate Cox regression analysis, and the

nomogram incorporated age, the Eastern Cooperative
Oncology Group (ECOG), lactate dehydrogenase (LDH),
extranodal sites (ES), and risk sore (Figure 7A). A C-index of
0.735 indicated that the nomogram had a good predictive value.
The calibration plot for survival probability exhibited a
satisfactory consensus between the prediction and observation

19

(Figure 7B). The 1-, 2- and 3-year AUC of the nomogram were
77.61%, 75.09%, and 76.36%, respectively, higher than the AUC
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FIGURE 7

Constructing and evaluating the combined nomogram. (A) The nomograms with age, LDH, ES, ECOG, and risk score. (B) Calibration curves of
the nomogram for predicting 1-, 2-, and 3-year survival. ROC curves of the nomogram, risk score, COO+IPI, and IPI score for (C) 1-year and
(D) 2-year, and (E) 3-year survival prediction. LDH, lactate dehydrogenases; ES, extranodal sites; ECOG, The Eastern Cooperative Oncology
Group performance score; ROC, receiver operating characteristic; COO, cell of origin; IPI, International Prognostic Index.

of the cell of origin (COO) plus/or International Prognostic
Index (IPI) alone (Figures 7C-E). IPI is the current prognostic
benchmark for DLBCL.

3.7 External experimental validation of
prognostic genes

To validate the expression changes of these prognostic
signature genes in patients with DLBCL, we collected 7 clinical
samples of DLBCL and detected the mRNA expression of these
four genes (TUBB4A, SLC38A5, S100B, and TEX9) using qRT-
PCR. The trend of gene expression in the QRT-PCR analysis was
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basically consistent with our prognostic model. Compared with
the normal lymphoid tissue in the control sample, the expression
of risk genes (TUBB4A and SLC38A5) was up-regulated, while
the expression of protective genes (SI00B and TEX9) was down-
regulated in most DLBCL samples (P < 0.05) (Figures 8A-D).

4 Discussion

Copper is a trace metal essential to life. The amount of
copper in the organism is strictly controlled. Due to the close
relationship between copper and the occurrence and
development of cancer, copper ionophores (disulfiram/DSF,
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DLBCL patients. (D) The expression of S100B in DLBCL patients.

dithiocarbamates, elesclomol, etc.) and copper chelators
(trientine, tetrathiomolybdate, etc.) have been applied in
anticancer treatment (97, 98). Cu-DSF has strong cytotoxicity
to leukemic stem cell-like cells in a dose-dependent manner,
whereas it does not affect normal hematopoietic progenitor cells
(99). This may be related to the ability of cancer cells to
accumulate copper, but also to their oxidative sensitivity.
Elesclomol has been included in the clinical trial for acute
myeloid leukemia (100). Copper chelating agents, known to
have anti-angiogenic and anti-tumor activity, have been
demonstrated the rate-limiting effects on tumor growth (101-
104). Choline tetrathiomolybdate (ATN-224) was found to
induce mitochondrial dysfunction and caspase-independent
cell death in DLBCL (29). Recently, a novel mode of cell death
that relies on the TCA cycle and mitochondrial oxidative
respiration has been proposed, called cuproptosis (30). TCA
cycle and OxPhos are also known to play important roles in
DLBCL. B-cell lymphoma uses glucose and glutamine to fuel the
TCA cycle for producing energy and metabolic precursors to
support cell growth and proliferation (32, 105). Glucose-
independent glutamine metabolism promotes the proliferation
and survival of human lymphoma cells through the TCA cycle
(105). Impaired TCA cycling has been reported to induce
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autophagy (106), which acts as a tumor suppressor in DLBCL
(107). Currently, efforts to capture the molecular heterogeneity
of DLBCL depend on gene expression profiles. In another
transcriptomic approach, consensus cluster classification
identified three subgroups, the BCR/proliferative cluster (BCR-
DLBCL), showing upregulation of genes encoding B-cell
receptor (BCR) signaling components, OxPhos cluster
(OxPhos-DLBCL), which was significantly enriched in
mitochondrial OxPhos-related genes, host response tumors
were characterized by active host inflammatory infiltration
(31). The OxPhos subset was characterized by non-functional
BCR signaling and increased mitochondrial metabolism.
Compared with BCR-DLBCL, OxPhos-DLBCL showed
enhanced mitochondrial energy transduction, greater
incorporation of nutrient-derived carbon into the TCA cycle,
and consequent activation of antioxidant defense mechanisms
(108). The OxPhos molecular marker provided these
subpopulations with alternative survival benefits independent
of the BCR network (32). In a study of the metabolic phenotype
of DLBCL, neoplastic lymphocytes in DLBCL samples expressed
a significant OxPhos phenotype, whereas stromal cells strongly
exhibited a glycolytic phenotype, compared with non-tumor
lymphoid tissues from control samples. This suggests that
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tumor lymphocytes in DLBCL undergo a significant degree of
mitochondrial oxidative metabolism rather than aerobic
glycolysis. They then hypothesized that DLBCL’s multi-
compartment metabolism is a result of adapting to its high
metabolic demands. Neoplastic cells metabolically reorganize
the surrounding stroma to undergo aerobic glycolysis, providing
them with substrates for the TCA cycle (33). As an OxPhos
inhibitor, the Gboxin analog 5d has specific selectivity for
DLBCL. Given its strong proliferation inhibition and cell
cycle-blocking effects on DLBCL, 5d is considered a candidate
agent for DLBCL alternative drug development (34). In
conclusion, the TCA cycle and mitochondrial oxidative
respiration are closely associated with DLBCL. However, the
role of cuproptosis in DLBCL has not been explored.
Identifying tumor subgroups with different pathogenesis and
possible therapeutic targets to characterize the genetic
heterogeneity of DLBCL will facilitate a deeper understanding
and precise treatment of the disease. In this study, we identified
two isoforms by consensus clustering based on the expression
profiles of 12 CRGs. Meanwhile, we explored the CNV, gene
expression, and methylation of 12 CRGs in the TCGA DLBCL
dataset. Due to the small number of samples in the dataset
(n=48), we performed a pan-cancer analysis of the SNVs in 12
CRGs. The results showed that 10 of 12 genes were mutated in
98.23% (941/958) of tumor samples, of which CDKN2A was the
most (42%). In addition, CNVs were present in all 12 CRGs.
Among them, the most frequent were CDKN2A (predominantly
deletion) and FDXI (predominantly amplification). FDXI is
known to regulate protein lipoylation and is a key regulator in
the process of cuproptosis (30). Furthermore, the CNVs of
MTF1, GLS, LIPTI, and LIAS were closely related to the
survival time of DLBCL patients. We then found that the high
expressions of 3 genes identified as cuproptosis-negative
regulators (MTF1, GLS, and ATP7B) (30) were associated with
shorter OS. In addition, in the study of the correlation between
gene expression and pathway activity, SLC31A1 was found to
have a potential activating effect on the apoptosis pathway and a
potentially inhibiting effect on DNA damage. And CDKN2A
exhibited potential inhibition of the TSC/mTOR pathway. All of
these pathways are known to play a critical role in tumor growth
and progression. SLC31A1 and ATP7B are copper importer (109,
110) and copper efflux transporter, respectively (30). SLC31A1
has been reported to be an important pathway for platinum drug
import into cells (111). In addition, a lower expression level of
SLC31A1 is usually associated with increased cisplatin resistance
in tumors (112). Conversely, ATP7B is involved in the efflux and
sequestration of cisplatin, thereby increasing the resistance of
tumor cells to platinum treatment (113, 114). CDKN2A, an
important tumor suppressor gene, which is frequently mutated
or absent in a variety of tumors, is capable of inducing cell cycle
arrest in G1 and G2 phases (115). CDKN2A deletion is the most
common gene copy number abnormality in DLBCL, which is
associated with poor prognosis (116-118). Metal-responsive
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transcription factor-1 (MTFI) is a candidate susceptibility gene
for lymphoma. Since the products of targets such as
metallothionein can suppress cellular stress generated by
ionizing radiation (119). Glutaminase (GLS) is a mitochondrial
enzyme that catalyzes the conversion of glutamine to glutamate
(120). Highly expressed in cancers including lymphoma,
blocking its enzymatic activity or gene knockout has been
shown to have antitumor activity (121, 122). Under the stress
of PD-1-expressing ¥ T cells, GLS confers immunosuppressive
properties to ABC-DLBCL cells by enhancing mitochondrial
bioenergetics and consequent STAT3 activation and PD-L1
expression in ABC-DLBCL cells (123). These analyses above
have demonstrated the potential role of cuproptosis in the
prognosis of DLBCL.

In the subsequent comparative analysis of the two subtypes,
we found that subtype A had poorer survival than B, and the
four cuproptosis-negative regulatory genes (CDKN2A, MTFI,
GLS, and ATP7B) were more highly expressed in subtype A. The
difference in the expression of CRGs between the two subtypes
may be a potential reason for their distinct prognosis. Next,
potential biological differences between subtypes were explored
by GSVA. The results showed that subtype A was mainly
enriched in pathways closely related to tumor growth and
development, such as the Notch signaling pathway, MAPK
signaling pathway, VEGF signaling pathway, and ERBB
signaling pathway. For instance, Notch2 is a key membrane
receptor for B-cell function and plays a critical role in the
pathogenesis of lymphoma (124). The main enriched pathways
of subtype B include the p53 signaling pathway and metabolism-
related pathways, such as oxidative phosphorylation and the
TCA cycle. Subtype B may be closely related to OxPhos-DLBCL
identified by Monti et al. (31).

Given the increasing importance of TME in cancer
treatment and prognosis, immune cell infiltration between the
two subtypes was assessed by the CIBERSORT algorithm. Tregs
and resting CD4" memory T cells were more infiltrated in
subtype A, whereas CD8" T cells, gamma delta T cells, and
CD4" memory-activated T cells were more infiltrated in subtype
B. Similarly, the immune infiltration ssGSEA scores in TCGA-
DLBCL and the pathological slide data showed a higher immune
infiltration in cluster B. In the subsequent drug sensitivity
prediction analysis, subgroup A exhibited resistance to
doxorubicin, bleomycin, etoposide, elesclomol, and cisplatin.
Resistance to cisplatin may be related to higher expression of
ATP7B and lower expression of SLC3IAIl in subgroup A.
Differences in immune status and treatment responsiveness
between subtypes may contribute to the differences in
survival outcomes.

Based on DEGs between cuproptosis-related subpopulations,
we constructed and validated a prognostic model integrating five
genes (SI100B, TEX9, TUBB4A, SLC38A5, LOC100507477) using
LASSO regression analysis. The model was identified as an
independent prognostic factor in Cox regression analysis.
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Different clinical characteristics and prognoses were demonstrated
between high- and low-risk groups. The prognosis of the high-risk
group was worse compared to the low-risk group. Subtype A,
LDH>ULN, and non-GCB subpopulations tended to have a
higher risk score.

Furthermore, four of the five genes in the prognostic model
had SNVs in all 228 samples (100%) of the pan-cancer analysis,
with the most variant being TUBB4A (45%). All four genes had
copy number abnormalities in patients with DLBCL. The human
microtubulin B-IVa class (TUBB4A), which pertains to the B-
microtubulin family, has little or no expression in most normal
tissues but is highly expressed in a variety of human cancer cell
lines (125). TUBB4A deletion has been reported to reduce
prostate tumor growth and metastasis by inhibiting the
activation of NF-kB, cell cycle protein D1, and ¢-MYC
signaling (126). It is also involved in the resistance of multiple
cancer cells to chemotherapy and radiotherapy (127-129).
Likewise, TEX9 is a testis-expressed protein that belongs to
cancer/testis antigen (CTA) and is normally expressed only in
the testis, except in early-developing embryos and the placenta.
TEX9 expression can be induced in tumor cells when cancer
occurs. TEX9 has been shown the promotion of proliferation
and migration and has an inhibitory effect on the apoptosis of
esophageal squamous carcinoma cells (130). S100 calcium-
binding protein B (S100B) is a Ca*?/Zn**-p53 binding protein
that blocks phosphorylation and acetylation sites on p53
important for transcriptional activation (131). In addition, it
appears as a key signaling molecule in many physiological and
pathological processes, including inflammation, apoptosis, and
cell growth (132). High expression of SI00B in antigen-
presenting cells correlates with a good prognosis (133).
SLC38A5 is a sodium-coupled transporter upregulated in
multiple cancers, mediating the influx of glutamine, serine,
glycine, and methionine into cancer cells. It responds to the
metabolic reprogramming of cancer cells to meet the expansive
demands of tumor growth and proliferation (134). Furthermore,
the gene co-expression matrix revealed the close association of
12 CRGs with genes in the prognostic model. However, the
relationship between these genes in model and DLBCL still
needs to be further investigated.

According to GO enrichment analysis, DEGs between high-
and low-risk groups were closely associated with the metal ion
transport-related pathways. This suggests that there may be
differences in copper transport capacity between the high and
low-risk groups, which may be one of the potential reasons for
the different prognoses in the two groups. Since serum copper
levels have previously been shown to be positively correlated
with disease status in non-Hodgkin lymphoma, with
significantly higher levels in active or relapsed patients than in
patients in remission (16, 23-25).

Correlation analysis of risk score and immune cell
infiltration indicated that the risk score was positively
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correlated with the infiltration of Tregs, but negatively
correlated with the abundance of gamma delta T cells, CD8"' T
cells, and activated CD4" memory T cells. This may have led to
the difference in survival between the high- and low-risk groups.
Ultimately, a nomogram integrating clinical features and risk
scores was constructed. IPI is the main clinical tool used to
predict the prognosis of patients with aggressive NHL and is the
current prognostic benchmark for DLBCL (2, 96). Compared
with IPI, the nomogram demonstrated higher accuracy and
discrimination in predicting survival.

To further verify the expression level of signature genes in
DLBCL, we performed qRT-PCR on our clinical samples to
quantify the mRNA expression of these four genes (TUBB4A,
SLC38A5, S100B, and TEX9). qRT-PCR analysis showed that the
expression of risk genes (TUBB4A and SLC38A5) was up-
regulated, while the expression of protective genes (S100B and
TEX9) was down-regulated in DLBCL. This was generally
consistent with our prognostic model.

Our study has several limitations. Firstly, our clustering
typing strategy and prognostic signature need to be further
validated for their robustness and clinical utility in a larger
sample. Secondly, since the establishment and validation of the
prognostic model were primarily based on public databases,
further validations are required through cell experiments and
larger clinical samples. In addition, the specific mechanism of
CRG in DLBCL and the underlying mechanism between CRGs
and tumor immunity in DLBCL are currently unclear and
require further study.

In conclusion, we performed systematic analyses on the
molecular alterations of CRGs in DLBCL, and our study
suggests that these genes may play a key role in the prognosis
of DLBCL. The two subtypes identified based on the CRGs
expression signature were significantly different in biological
function, immune cell infiltration, treatment responsiveness, and
clinical prognosis. In addition, the prognostic model constructed
from CRG performed well in predicting the survival of DLBCL
patients and was significantly correlated with the level of
immune infiltration. Furthermore, we built a nomogram
combining clinical features and risk scores that improved the
predictive power of DLBCL. Finally, we carried out an external
experiment to verify the level of prognostic gene expression. Our
work provides new directions for prognostic prediction and
potential therapeutic targets in DLBCL and may provide the
basis for more in-depth studies in the future.
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Primary refractory plasmablastic
lymphoma: A precision
oncology approach
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Hospital, Ulm, Germany, *Medical Systems Biology Group, Lubeck Institute of Experimental
Dermatology, University of Lubeck, Lubeck, Germany, “Institute for Cardiogenetics, University of
Lubeck, Lubeck, Germany, *University Cancer Center Schleswig-Holstein, University Hospital of
Schleswig- Holstein, Lubeck, Germany, °®Hamatopathologie Lubeck, Reference Centre for Lymph
Node Pathology and Hematopathology, Lubeck, Germany

Introduction: Hematologic malignancies are currently underrepresented in
multidisciplinary molecular-tumor-boards (MTB). This study assesses the
potential of precision-oncology in primary-refractory plasmablastic-lymphoma
(prPBL), a highly lethal blood cancer.

Methods: We evaluated clinicopathological and molecular-genetic data of 14
clinically annotated prPBL-patients from initial diagnosis. For this proof-of-
concept study, we employed our certified institutional MTB-pipeline
(University-Cancer-Center-Schleswig-Holstein, UCCSH) to annotate a
comprehensive dataset within the scope of a virtual MTB-setting, ultimately
recommending molecularly stratified therapies. Evidence-levels for MTB-
recommendations were defined in accordance with the NCT/DKTK and ESCAT
criteria.

Results: Median age in the cohort was 76.5 years (range 56-91), 78.6% of patients
were male, 50% were HIV-positive and clinical outcome was dismal.
Comprehensive genomic/transcriptomic analysis revealed potential
recommendations of a molecularly stratified treatment option with evidence-
levels according to NCT/DKTK of at least m2B/ESCAT of at least IlIA were
detected for all 14 prPBL-cases. In addition, immunohistochemical-assessment
(CD19/CD30/CD38/CD79B) revealed targeted treatment-recommendations in
all 14 cases. Genetic alterations were classified by treatment-baskets proposed
by Horak et al. Hereby, we identified tyrosine-kinases (TK; n=4), PI3K-MTOR-
AKT-pathway (PAM; n=3), cell-cycle-alterations (CC; n=2), RAF-MEK-ERK-
cascade (RME; n=2), immune-evasion (IE; n=2), B-cell-targets (BCT; n=25) and
others (OTH; n=4) for targeted treatment-recommendations. The minimum
requirement for consideration of a drug within the scope of the study was
FDA-fast-track development.
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Discussion: The presented proof-of-concept study demonstrates the clinical
potential of precision-oncology, even in prPBL-patients. Due to the aggressive
course of the disease, there is an urgent medical-need for personalized
treatment approaches, and this population should be considered for MTB
inclusion at the earliest time.

KEYWORDS

molecular tumor board, plasmablastic lymphoma, whole exome sequencing, whole
transcriptome sequencing, recurrent aberrations, targeted therapy

Introduction

The success of targeted cancer therapies depends on the
therapeutic detection of the targetable biomarker rather than the
histologic subtype (1). Consequently, the number of basket trials
investigating the efficacy of molecularly stratified therapeutic
options is continuously increasing in recent years (2).
Abandoning omnidirectional and unspecific treatment strategies,
implementing multidisciplinary molecular tumor boards (MTB),
and synchronous advancements in genomic profiling rapidly
expand the spectrum of existing treatment strategies in cancer
patients (3-5). To date, the implementation rate of effective MTB
recommendations resulting in a beneficial outcome for cancer
patients is in great need of improvement as most patients in the
MTB setting are heavily pre-treated and at a very late stage within
the course of the disease. Furthermore, the turn-around time for
molecular and genetic diagnostic workups is between three and four
weeks. Consecutively, recommended treatments are implemented
in a minority of cases (4). Additionally, the performance of genomic
profiling and allocation to rational therapies within the context of
MTB evaluations is extremely heterogeneous (6, 7). Some Cancer
Centers derive MTB recommendations merely from targeted panel
sequencing, whereas others perform whole exome/genome
sequencing (WES/WGS) potentially complemented with entire
transcriptome sequencing (WTS) and epigenetic analyses
resulting in a more refined understanding of variants and
processes driving each cancer (6, 8, 9). However, the
representation of hematologic malignancies in MTBs remains
disproportionally low (4, 10) and MTB activities focus on solid
tumors in most cases (4). Through implementing MTB platforms
and growing experience with molecular diagnostics in a clinical
setting, vast datasets for molecularly stratified treatments were
generated (11). Consecutively, clinical outcome in personalized
cancer therapies is steadily improving (12). At the same time,
high-throughput sequencing and single-cell profiling allowed the
refinement of the taxonomy, e.g. of aggressive B-cell non-Hodgkin
lymphomas (B-NHL), uncovering novel potential therapeutically
targetable vulnerabilities for personalized treatment strategies (13-
17). Notably, the fusion of both fields, incorporating the advantages
of state-of-the-art MTB diagnostics and decision-making as well as
a growingly refined molecular understanding of hematological
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malignancies appear exceptionally promising, especially in rare
entities associated with a dismal outcome such as plasmablastic
lymphoma (PBL) (18). Poor prognosis and frequent concomitant
HIV infections in younger PBL patients or immunodeficiency of
other causes (e.g,. age-related immunosenescence or secondary to
organ transplant recipients) underline the urgent need for novel
therapeutic strategies (19, 20).

Moreover, this heterogeneous clientele of patients entails a relevant
subgroup frequently not eligible for intensive treatment (21). The
present study aimed to evaluate a subcohort of primary refractory
(pr) PBL patients from a previous study by our group from the
precision hematologist’s perspective applying the certified
institutional MTB pipeline (University Cancer Center Schleswig-
Holstein, UCCSH) to a highly lethal blood cancer (20). Based on the
histopathological and immunophenotypic assessment, whole exome
and transcriptome sequencing data, immunological and genetic targets
were individually annotated within the scope of a virtual MTB setting.
This resulted in recommending immunologically and/or molecularly
stratified treatment strategies for prPBL patients.

Methods
Study design and patient characteristics

For this proof-of-concept study, a virtual MTB approach was
conducted in a retrospectively assembled cohort of prPBL aiming to
address an urgent unmet medical need in an extremely rare and
aggressive subtype of B-cell non-Hodgkin lymphoma of post-
germinal origin. As previously reported, screening of our
institutional database revealed 76 PBL cases whose biopsy
specimens were transferred to the reference center for
Haematopathology, University Hospital Schleswig Holstein
Campus Litbeck and Haematopathology Liibeck for centralized
histopathologic expert review between January 1998 and
December 2020. Due to the rarity of this entity, the sample size
was not statistically predetermined. The number of cases included
in the study corresponds to all PBL cases that have been referred to
the reference center of Hematopathology within two decades.
Investigations were not randomized, and investigators were not
blinded. After excluding PBL cases with insufficient or
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unrepresentative tissue samples, the molecular landscape of PBL
was characterized based on WES and WTS from 33 and 20 PBL
cases, respectively (20). From this cohort, 14 PBL cases presented
with the primary refractory disease were selected, deducing
potential advantages from applying a certified MTB-pipeline
approach in the era of precision oncology. No data were excluded
from analyses.

Genomic and transcriptomic analysis

Sample preparation, whole exome, and RNA-sequencing from
formalin-fixed, paraffin-embedded (FFPE) tissue sections, as well as
the process of raw data preparation, filtering, and the detection of single
nucleotide variants (SNVs), short insertions and deletions (indels),
somatic copy number aberrations (SCNAs) and fusion genes, were
performed as previously described by Witte et al. (20) and Kiinstner et
al. (22). MSI sensor was applied for the detection of microsatellite
instability (MSI). For gene expression analysis from RNA-seq data,
STAR ALIGNER (version 2.7.2b) and MIXNORM were used. The
hgl9 genome served as the reference genome. Several steps of
bioinformatic analysis are integrated into the institutional MTB
pipeline at University Cancer Center Schleswig-Holstein (UCCSH),
which is certified for routine clinical diagnostics (Figure 1).

MTB data preparation

Standardized sheets (genomic reports) that were constructed for
MTB database research upon Medical Informatics for Research and
Care in University Medicine (MIRACUM) pipeline analysis list the
tumor mutational burden (TMB) and the percentual content of tumor
cells (23). Apart from microsatellite (MSI) status, we calculated the
BRCAness score (cut-off > 20%), and variant allele frequency (VAF) for
each mutation and provided information regarding tumor
heterogeneity as we reported on tumor subclones. Genomic reports
were provided by the Medical Systems Biology Group (University of
Liibeck). An individual genomic report was prepared for each case.

ANNOVAR was used for the annotation of filtered variants.
Coverage for reference and alternative alleles for each variant was
extracted using VCF- QUERY (VCFTOOLS version 0.1.13).
Somatic variants were filtered as follows: at least 8 reads per base,
minimum VAF of 5%, and only variants with a frequency below
0.001 in 1000 genomes, gnomAD, or ExAC, were considered for
subsequent downstream analysis. Serving as a component for
treatment prioritization, the effect of strong deleterious effects
(CADD phred score > 20) was assessed per sample, and a gene
set variation analysis was performed for WES and RNA-seq data
against HALLMARK gene sets. More details on bioinformatics are
provided in the Supplementary Material.

MTB annotation and data analysis

In the first step, the recurrence of a genomic alteration was
checked to employ the databases COSMIC, OncoKB (prognostic &
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diagnostic levels), ClinVar (clinically relevant variation), and
cBioPortal. Afterward the functional relevance of an alteration
was verified with ProteinPaint. Once an alteration was found to
be recurrent as well as functionally relevant, its therapeutic
vulnerability was annotated with CIVIC, OncoKB (therapeutic &
FDA levels), Cancer-Genome-Interpreter (CGI), and the Drug-
Gene-Interaction database (DGIdb) in a third step of database
research (Figure 1). Apart from genomic alterations, we included
immunohistochemical findings identified upon histopathologic
diagnostics (CD19, CD30, CD38, and CD79B) to potentially serve
as a relevant therapeutic target (Supplemental Table 1). A rationale
for an immunotherapeutic strategy was recommended if a high
TMB status was detected (=10 mut/Mb) or in samples with MSI
high status.

Finally, the annotation ended up concluding research of
ongoing studies on https://clinicaltrials.gov and preclinical data
on https://pubmed.ncbi.nlm.nih.gov. Only resources open for
academic research purposes were considered for MTB
recommendations. Evidence levels for MTB recommendations
were defined in accordance with the NCT/DKTK MASTER
program (Figure 1) and with the European Society for Medical
Oncology Scale for Actionability of Molecular Targets (ESCAT) (4,
24). Additionally, genetic alterations were classified by biomarker/
treatment baskets proposed by Horak et al. (Figure 1) (4).

Prioritization of therapeutic vulnerabilities

The relevance of genomic alterations was considered based on
VAF and CADD score. Variants of unknown significance were
excluded. Each recommended drug was either approved by the
Food and Drug Administration (FDA) and/or European Medicines
Agency (EMA) or at least designated for FDA fast-track
development as a minimum requirement for consideration within
the scope of this study (cutoff date 31* October 2022).

Treatment was recommended if at least one agent targeted at
least one genomic alteration, one protein with relevant expression
levels or if the TMB status was high. As data on the efficacy of agents
targeting a non-mutated pathway component up- or downstream in
an altered pathway detected upon gene set enrichment analysis
remains insufficient, such agents were not considered for MTB
recommendations. We excluded immunotherapeutic rationales
based on the mutational signature SBS26, which was found in 6
cases as this rationale represents a biological rationale, so far lacking
clinical validation (25).

Considering the matching score (MS) calculation by Sicklick
et al., we adapted the calculation to our retrospective virtual MTB
setting and provided a modified matching score (mMS) for each
PBL case (26). The calculation was performed by dividing the
number of alterations serving as a potential target for
recommended drugs by the total number of characteristic
alterations after excluding variants of unknown significance and a
VAF lower than 5%. Apart from genomic alterations,
immunohistochemical targets and immunotherapeutic rationales
(TMB > 10mut/Mb, MSI status), as well as positive BRCAness
scoring pleading for PARP-inhibition, were considered equally for
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mMS calculation. In the present calculation, a synergistic and well-
established drug combination targeting the same aberration (such
as dabrafenib plus trametinib for BRAF mutations) the impact was
counted as one. Results ranged from 0% to 100%. Higher scores
represented better matches.

x
mMs(%) = — x 100
y
x = number of targetable vulnerabilities

(genomic alterations + IHC + MSI - high status + TMB - high
status + BRCAness score)
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y = number of characteristic and significant alterations
(targetable + un - targetable with a VAF > 5%)

Combinations of drugs were considered and recommended
according to the I-PREDICT study (9). Congruent to the
approach of Sicklick et al. (9), the participating pharmacist
screened each potential combination for feasibility in the light of
drug interactions.

Each mutation was proved for its biological relevance and
conclusiveness based on VAF, gene set enrichment analysis, and
RNA-sequencing data, if available.
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In summary, the prioritization of MTB recommendations was a
multifactorial process simultaneously considering several
considerations (Figure 1, Supplementary Table 2).

Virtual MTB setting

The detailed MTB workflow is visualized in Figure 1. In total, we
performed three rounds of virtual multicentre MTB conferences in
accordance with the institutional standards of UCCSH, retrospectively
discussing the 14 prPBL cases (1* round: 4 cases; 2™ round: 5 cases; 3"
round: 5 cases). A board-certified hematologist presented the case. The
conference included at least a molecular oncologist, a bioinformatician,
a pathologist, a pharmacist, a radiologist, and a medical geneticist.
Centralized documentation of MTB recommendations was conducted
in each case (Supplementary Material).

Data availability

Data was taken from accession number EGAD00001006795
(European genome-phenome archive (EGA)).

Ethical regulation

This retrospective study was approved by the ethics committee
of the University of Liibeck (reference no. 18-311), conducted in
accordance with the Declaration of Helsinki, and patients have
provided written informed consent regarding routine diagnostic
and academic assessment, including genomic studies of their biopsy
specimen in addition to the transfer of their clinical data.

Results

Patient characteristics and clinical
outcome

Here, we report on the potential of molecularly stratified
treatment options in 14 cases presenting with prPBL (median age

10.3389/fonc.2023.1129405

76.5 years, range 56 - 91). Additional PBL cases responding to initial
cytoreductive treatment served as a comparison cohort (n = 19)
(20). The majority of patients were male (11/14; 79%) and presented
with advanced-stage disease (10/14; 71%) as well as an adverse
prognostic constellation (11/14; 79% had an NCCN-IPI scoring
>4). All patients had elevated lactate dehydrogenase (LDH) serum
levels and the frequency of reduced performance status, according
to the Eastern Cooperative Oncology Group (ECOG),
demonstrated the frailty of patients included in the present
cohort. Half of the current cohort was HIV positive (7/14 cases)
and had underlying EBV (7/14 cases) infections at initial diagnosis.
In 6 cases, we detected both HIV and EBV infections (43%).
Cytoreductive treatment was applied in 13/14 cases (92.8%).
More than half of the patients (8/14; 57%) received a CHOP-
based (cyclophosphamide, hydroxydaunorubicin, vincristine, and
prednisolone) treatment in 1* line setting. In relapsed or refractory
settings, 10/14 (71.4%) patients were eligible for 2" line
cytoreductive treatment. Across any line of treatment, only five
PBL patients responded to therapy (partial remission; PR), and
another five PBL patients had stable disease (SD) as the best
response. Three PBLs were completely refractory (progressive
disease; PD) towards any treatment approach, and one PBL died
shortly after initial clinical presentation. This underlines the urgent
unmet clinical need for individualized treatment options among
rare entities in hematology, such as PBL. Tumor cell content,
immunohistochemical findings, and the contribution of MYC
alterations were comparable between primary refractory cases and
the comparison cohort. All baseline clinicopathological
characteristics are summarized in Table 1.

The course of the disease, information on clinical
characteristics, and treatment sequences for each prPBL case is
visualized in Figure 2A. Survival analysis revealed significantly
inferior PFS (p< 0.0001) and OS (p = 0.002) in prPBL compared
to those cases responding to first-line treatment (Figure 2B).

Genomic profiling in primary refractory
plasmablastic lymphomas

Since the genomic and transcriptomic landscape of PBL
recently has been described comprehensively (20, 27, 28), we

TABLE 1 Baseline clinicopathological characteristics in primary refractory PBL.

Characteristic

Primary refractory PBL

Comparison cohort PBL

(n=14) (n=19)

Age, median (range), y 76.5 (56 - 91) 60 (32 - 83)
Sex

Female 3 (21%) 7 (37%)

Male 11 (79%) 12 (63%)
HIV positivity 7 (50%) 7 (37%)
EBV positivity 7 (50%) 13 (68%)
HIV and EBV positivity 6 (43%) 10 (53%)

(Continued)
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TABLE 1 Continued

Characteristic

10.3389/fonc.2023.1129405

Comparison cohort PBL

Primary refractory PBL

(n = 14) (n=19)

NCCN-IPI

Low risk - 3 (16%)

Low intermediate risk 3 (21%) 7 (37%)

High intermediate risk 4 (29%) 3 (16%)

High risk 7 (50%) 6 (32%)
Stage (Ann Arbor)

1-1I 4 (29%) 10 (53%)

I - IV 10 (71%) 9 (47%)
B-symptoms 8 (57%) 7 (37%)
Extranodal sites

0 3 (21%) 1 (5%)

1-2 10 (71%) 17 (89%)

>2 1 (7%) 1 (5%)
ECOG-PS

0-1 4 (29%) 12 (63%)

>2 10 (71%) 7 (37%)
Elevated LDH 14 (100%) 9 (47%)

Tumor cell content, median (range)

70% (60 - 90%) 70% (55 - 85%)

Immunohistochemistry
CD38
CD19
CD30
CD79B
Ki-67, median (range)

14 (100%) 19 (100%)

5 (36%) 8 (42%)
2 (14%) 5 (26%)
4 (29%) 6 (32%)

78% (60 - 90%) 80% (60 - 90%)

Chromosomal aberration
MYC overall
MYC amplification
MYC split

10 (71%) 16 (84%)
5 (36%) 7 (37%)
5 (36%) 9 (47%)

Median TMB in mut/Mb (range)

4.06 (2.18 - 9.87) 3.09 (1.38 - 8.42)

Frontline therapy regimen
CHOP-like
Bendamustine-like
Others
Refusal or no treatment

Frontline therapy SAE (grade 3-5)
Polyneuropathy
Acute kidney injury
Febrile neutropenia
Sepsis

8 (57%) 13 (68%)
3 (21%) -

2 (14%) 4(21%)
1.(7%) 2 (11%)
2 (14%) 3 (16%)
3 (21%) 2 (11%)
4.(29%) 4(21%)
5 (36%) 2 (11%)

CHOP, cyclophosphamide/hydroxydaunorubicin/vincristine/prednisolone; EBV, Epstein Barr virus; ECOG-PS, Eastern Cooperative Oncology Group performance status; HIV, human
immunodeficiency virus; LDH, lactate dehydrogenase; Mb, megabase; mut, mutations; NCCN-IPI, National Comprehensive Cancer Network International Prognostic Index; PBL, plasmablastic

lymphoma; SAE, severe adverse event; TMB, tumor mutational burden; y, years.

carved out genomic features of primary refractory cases to detect
potential therapeutic vulnerabilities in this difficult-to-treat
hematologic malignancy and verified their biological significance
based on transcriptomic data.

Our WES analysis revealed 3,955 SNVs and indels involving
2,700 genes after variant filtering. Investigations regarding the
functionality of such mutations revealed that 17.1% were
functionally relevant, whereas 26.5% were functionally neutral,
and 56.4% were found to be functionally inconclusive. Across the
detected mutations, the most frequent alterations were missense
mutations (74.2%), followed by frameshift mutations (16.1%;
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indels) and nonsense mutations (9.7%). Further investigations
revealed loss of function (LOF) in 48.4% and gain of function
(GOF) in 51.6% among the spectrum of mutations (Figure 2C). The
median TMB was slightly higher in primary refractory cases (4.06
mut/Mb in primary refractory PBL vs. 3.09 mut/Mb in the
comparison cohort; Figure 2D; Supplemental Table 3). Given the
limited sample size, this result was statistically insignificant (p =
0.337). TMB values in PBL displayed an overall low to intermediate
TMB (29, 30). As previously reported, no evidence for MSI-based
hypermutations in PBL, and matched germline DNA was not
available for comparative analysis (20). After the identification of
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mutational subtypes and their functionality, the MIRACUM
pipeline analysis identified 26 relevant genes carrying driver
mutations (Figure 3A).

Annotation of therapeutic vulnerabilities

In total, MIRACUM pipeline analysis identified 47 variants
potentially driving cancer growth across 26 genes in the cohort of 14
prPBL. Among these variants, individualized database research
assigned potential treatment recommendations for 15 variants
involving 9 genes. For targets amenable to multiple agents, we
favored agents with the highest level of evidence according to the
NCT/DKTK classification (reference). The heterogeneous spectrum
of treatment recommendations comprised well-known agents such
as idelalisib (targeting PI3KCD) (31) or everolimus (targeting
mTOR) (32) and novel agents such as eprenetapopt (targeting
TP53) (33), napabucasin (targeting STAT3) (34) or
bemarituzumab (targeting FGFR2) (35). Moreover, recurrent LOF
variants in TP53 were previously related to treatment
recommendations with CDK4/6 inhibitors (e.g., palbociclib/
abemaciclib) (4). However, novel data suggest the inefficacy of
CDK4/6 inhibitors in TP53-mutated malignancies as such
mutations promote resistance to this class of drugs prompting us
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to exclude this recommendation (36). Results from the conducted
MIRACUM pipeline analysis are outlined in Figure 3A.

Second, treatment recommendations based on
immunohistochemical investigations were found in each case.
Among the four immunohistochemical targets, a rationale for
anti-CD38 (e.g., daratumumab) (37), anti-CDI19 (e.g.,
tafasitamab) (38), anti-CD30 (brentuximab vedotin) (39) and
anti-CD79B (e.g., polatuzumab vedotin) (40) was found in 14/14
(100%), 6/14 (43%), 2/14 (14%) and 2/14 (14%) cases,
respectively (Figure 3A).

Third, exhaustive database research and annotation for
recurrent genomic alterations beyond the MIRACUM pipeline
analysis revealed four additional targetable mutations potentially
acting as relevant drivers (ERBB2, KIT, IDH2, and TET2)
(Figure 3B). In the era of precision oncology, alterations in such
genes represent trailblazers for molecularly stratified treatment
strategies. Further characteristics of annotated mutations are
summarized in Supplemental Table 4. Particular attention was
paid to the functional alignment concerning the biological
significance and conclusiveness of each annotated mutation.

For potential treatment recommendations emerging from the
annotation process, FDA approval was available for 14 agents, EMA
was approved for 12 agents, and three agents were designated for
FDA fast-track development (Figure 3C).
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FIGURE 3

Results from manual database research and annotation of relevant genomic alterations. (A) Oncoplot summarizes relevant driver mutations and
immunohistochemical targets detected upon MIRACUM pipeline analysis and potential therapeutic options. (B) Additional therapeutic vulnerabilities
resulting from manual annotation procedure. (C) Bar plot visualizing the status of approval for annotated therapeutic options. (D) Sankey plot

assigning molecular evidence levels to treatment baskets.

Immunotherapeutic strategies and
homologous recombination deficiency

There exists a rationale for immune checkpoint blockade in
tumors with high TMB status and DNA MMR deficiency (41-
44). We used a cut-off for TMB-high status of 210 mut/Mb (43).
Contrary to expectations, all PBL cases presented with a
TMB<10 mut/Mb. In six cases, we found a predominant DNA
MMR deficiency signature (single base substitution signature
SBS26) (25, 45). For this constellation, the rationale for
immunotherapy based on a mutational signature associated
with DNA MMR deficiency corresponds to a molecular
evidence level no higher than m3/m4 (in vitro data/biologic
rationale). Consequently, there was no TMB- or DNA-MMR-
deficiency-related recommendation for immunotherapy in the
present prPBL cohort. However, immune checkpoint blockade
was recommended in two cases (X%) harboring ROSI alterations
associated with resistance towards crizotinib and other targeted
agents by propagating an immune escape mechanism (46).
Moreover, we applied the calculation of the UCCSH MTB-
pipeline BRCAness score (based on SBS6 signature) to predict
the responsiveness towards PARP inhibitors (47). The BRCAness
score incorporates mutations coming along with homologous
recombination deficiency (HRD), such as BRCAI or BRCA2
losses or alterations mimicking these losses (ATM, CHEK2,
RAD51) (48). In the present cohort, BRCAness scoring
revealed no evidence for PARP inhibition.
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Molecular evidence levels and assignment
to therapeutic baskets

This proof-of-concept approach evaluated treatment options
associated with NCT-DKTK molecular levels of evidence of at least
m2B or higher for each prPBL case beyond anti-CD38 antibodies
(daratumumab: 14x m1C rationale, ESCAT tier IIA; 32%). In the
light of therapeutically addressable genomic alterations, 19 potential
therapeutic vulnerabilities were assigned to m2A (n = 10; 23%) or
m2B (n = 9; 20%) rationales. As already stated,
immunohistochemical targets displayed a promising therapeutic
option in primary refractory PBL. Assignment to molecular
evidence levels revealed two m1C (brentuximab vedotin; 5%) and
nine m2A (tafasitamab and polatuzumab vedotin; 20%) rationales.

Considering ESMO Scale for Clinical Actionability of molecular
Targets (ESCAT) (reference), it has to be mentioned that
recommendations based on higher ESCAT levels can hardly be
reached in rare entities, especially among the spectrum of
hematologic malignancies, due to the lack of prospective
(randomized) clinical trials and their underrepresentation in MTB
settings. Consequently, the experience in the molecularly stratified
treatment of rare hematologic malignancies lags far behind recent
developments in the field of solid tumors. However, the assignment
of ESCAT evidence levels to therapeutic vulnerabilities found in this
difficult-to-treat entity allocated 8 recommendations to ESCAT tier
IC (18%), 14 recommendations to ESCAT tier ITA (32%), two
recommendations to ESCAT tier IIB (5%) and 20 recommendations
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were allocated to ESCAT tier IITA (45%). More preclinical options
(NCT DKTK evidence level m3/m4 or ESCAT tier IV/V) were not
considered in the present cohort, characterized by an urgent need
for treatment recommendations in primary refractory setting due to
the aggressive biologic features in PBL.

The calculation of the mMS ranged from 21% to 100% (median:
50%). In eight cases, a mMS of > 50% was calculated (57%). The
prognostic impact of the mMS remains speculative at this point, as no
recommended treatment was administered in this virtual setting.
However, the higher the mMS, the more alterations and pathways
relevant to each case can be addressed upon recommended treatment
strategies. Therefore, it can be expected that the mMS will be associated
with overall response rates (ORR) and patient outcomes referring to
the MS calculation reported in the I-PREDICT study (9).

The assignment to treatment baskets was made under the
consideration of the drug’s mechanism of action rather than its
functionality regarding the targeted alteration. According to baskets,
we identified tyrosine kinases (TK; n=>5), PI3K-MTOR-AKT pathway
(PAM; n=3), cell cycle alterations (CC; n=2), RAF-MEK-ERK cascade
(RME; n=2), immune evasion (IE; n=2) and others (OTH; n=4) for
targeted treatment recommendations. An additional treatment basket
based on B-cell-specific immunohistochemical markers has been
added: B-cell targets (BCT; n=25) representing the elementary
therapeutic basket in the present study (Figure 3D). Our analysis
revealed 3.0 MTB recommendations in the median across the entire
cohort of prPBL (range 2 - 5) (Figure 4A). All potential MTB
treatment recommendations are summarized in Table 2.

A Summary of MTB recommendations per case
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Transcriptomic profiling and verification of
biological significance

RNA-sequencing data was available in 10 cases (71.4%). A gene set
enrichment analysis and an integrated analysis of WES and RNA-seq
data were performed for these cases. RNA expression patterns were
used to underline or refute the biological significance of an annotated
and potentially addressable mutation (Figure 4B). Based on this
integrated analysis, one potential candidate driver mutation (KIT)
was excluded as we evaluated inconclusive results for mRNA
expression. KIT represents an oncogene, and consecutively we
expected an overexpression of KIT mutation-related transcripts.
However, the present analysis revealed an inconclusive under-

expression. Others (n = 18) were found to be conclusive. We
assumed driver mutations to be recurrent based on database
research, functionally relevant based on RNA expression patterns,
and represent an essential mutation within an altered pathway
enriched in a sample (49). Following these criteria, we identified
seven conclusive driver mutations (one in a tumor suppressor gene
and six in oncogenes) and nine conclusive mutations in oncogenes, as
well as one conclusive mutation in a tumor suppressor gene
(Figure 4B). However, the significance of specific variants (driver or
not) remained unresolved due to the lack of RNA-seq data in four
cases. In such cases, a variant was categorized as a provisional mutation
but not as a driver mutation.

Apart from this, RNA-seq did not reveal a distinct transcriptomic
signature of prPBL compared to the comparison cohort

C Virtual MTB recommendations in 2nd line setting

Immunchistocheristry

D Visualization of relationships between case related therapeutic targets, drugs and evidence levels

Therapeutic targets und treatment recommendations. (A) Case-related summary of MTB recommendations and associated molecular evidence
levels. (B) Evaluation of RNA expression, gene set enrichment analysis and variant allele frequency (VAF) for each mutation serving as a therapeutic
vulnerability. (C) Sankey plot allocating patients dependent on HIV status and age. The plot shows the best response of prPBL patients after standard
chemotherapy. Moreover, the Sankey plot illustrates therapeutic vulnerabilities beyond standard chemotherapy based on genomic alterations and
immunohistochemical targets. (D) Both chord plots demonstrate the relationships between cases and potential therapeutic targets, drugs and

related evidence levels.
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TABLE 2 Summary of MTB treatment recommendations.

10.3389/fonc.2023.1129405

ID Target Drug NCT DKTK EL ESCAT Approval mMS
1 CD38 Daratumumab mlC JIVN EMA/FDA
CD30 Brentuximab vedotin mlC 1B EMA/FDA 50%
STAT3 Napabucasin m2B IC FDA-FT
2 CD38 Daratumumab mlC JITN EMA/FDA
CD79B Polatuzumab vedotin m2A IITA EMA/FDA
44%
NF1 Selumetinib m2A IITA EMA/FDA
ERBB2 Pertuzumab, trastuzumab, docetaxel m2A IITA EMA/FDA
3 CD38 Daratumumab mlC JIVN EMA/FDA
50%
PIK3CD Idelalisib m2B IITA EMA/FDA
4 CD38 Daratumumab mlC ITA EMA/FDA
TP53 Eprenetapopt + pembrolizumab m2A (¢} FDA-FT 60%
KIT Ripretinib m2A IITA EMA/FDA
5 CD38 Daratumumab mlC IIA EMA/FDA
43%
ROS1 Pembrolizumab m2B IITA EMA/FDA
12 CD38 Daratumumab mlC JITN EMA/FDA
38%
CD79B Polatuzumab vedotin m2A IITA EMA/FDA
13 CD38 Daratumumab mlC IIA EMA/FDA
40%
mTOR Everolimus + pazopanib m2A 1IIA EMA/FDA
14 CD38 Daratumumab mlC IIA EMA/FDA
CD19 Tafasitamab m2A 1A EMA/FDA 21%
ROS1 Pembrolizumab m2B IIIA EMA/FDA
15 CD38 Daratumumab ml1C ITA EMA/FDA
CD19 Tafasitamab m2A IITA EMA/FDA
45%
STAT3 Napabucasin m2B IC FDA-FT
PIK3CD Idelalisib m2B IITA EMA/FDA
20 CD38 Daratumumab mlC 1A EMA/FDA
STAT3 Napabucasin m2B IC FDA-FT 57%
NRAS Ulixertinib m2A IC FDA-FT
22 CD38 Daratumumab ml1C ITA EMA/FDA
CD19 Tafasitamab m2A IIIA EMA/FDA
50%
IDH2 Enasidenib + azacitidine m2A 1A FDA
TET2 Azacitidine m2B IIIA EMA/FDA
23 CD38 Daratumumab ml1C ITA EMA/FDA
CD19 Tafasitamab m2A IITA EMA/FDA
57%
CD79B Polatuzumab vedotin m2A IIIA EMA/FDA
IDH1 Ivosidenib + azacitidine m2A (¢ FDA
30 CD38 Daratumumab mlC JIFN EMA/FDA
CD19 Tafasitamab m2A IIIA EMA/FDA 100%
TP53 Eprenetapopt + pembrolizumab m2A IC FDA-FT
(Continued)
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TABLE 2 Continued

10.3389/fonc.2023.1129405

ID Target Drug NCT DKTK EL ESCAT Approval mMS
35 CD38 Daratumumab mlC IIA EMA/FDA
CD30 Brentuximab vedotin mlC 1B EMA/FDA
CD79B Polatuzumab vedotin m2A JIIVN EMA/FDA 71%
STAT3 Napabucasin m2B 1C FDA-FT
FGFR2 Bemarituzumab m2A IITA EMA-FT

(Supplementary Figure 1). However, we found exclusive expression
patterns of TAF9, CCDC125, ALMSIand ZNF462 in prPBL but not in
the comparison cohort. RNA expression of such genes did not
contribute novel insights into the pathogenesis of these difficult-to-
treat cases.

Congruent to previous results published by our work group, the
current re-evaluation of RNA-seq data did not reveal any novel,
recurrent, and therapeutically relevant genomic fusion beyond
those affecting MYC (Supplemental Table 5).

Drug combinations

MTB recommendations for drug combinations considered insights
from previous studies such as the I-PREDICT (NCT02534675) or the
TOP-ART trials (NCT03127215) and other studies investigating the
efficacy of drug combinations within the context of targeted therapies
(9). Previous studies highlighted the advantages of drug combinations
in molecularly stratified treatment settings (9). Preferably, drug
combinations were chosen based on available datasets demonstrating
their feasibility and efficacy in distinct entities or basket trials (11/14
cases; 79%). Novel drug combinations were selected considering the
potential of overlapping drug toxicities, the molecular evidence levels
for involved single agents, and the availability of such agents. Due to a
distinct toxicity profile, immune checkpoint inhibition was a promising
component for several drug combinations (4/14 cases; 29%). Moreover,
several therapeutic options identified by immunohistochemical
assessment harbored the potential for various additional drug
combinations in all cases (Supplemental Table 6). There is growing
evidence for using immunotherapeutic agents and/or agents targeting
immunohistochemical assessable structures in the context of
cytoreductive drug combinations in MTB settings as those
combinations represent the standard of care among a variety of both
solid and hematologic malignancies (40, 50, 51). However, there is still
significant room for improvement in determining the combination of
targeted therapeutics in the era of precision oncology.

Summary of virtual MTB recommendations

The median turnaround time from DNA/RNA isolation to
virtual MTB recommendations was 28 days. In this virtual MTB
approach, solely recommendations on treatment but not additional
diagnostics were enunciated. After the exclusion of one inconclusive
mutation upon integrated WES and RNA-seq analysis, the

Frontiers in Oncology 38

standardized institutional UCCSH MTB pipeline application
revealed 43 treatment recommendations across the 14 cases of
prPBL. Because PBL represents an extremely rare and aggressive
hematologic malignancy, most recommendations were based on
evidence deduced from evidence generated in different entities
(m2A-B; 28/43 recommendations; 65%). Subsequently, class ml
evidence (NCT-DKTK) was gained from case reports (m1C; 16/43
recommendations; 37%) as prospective clinical trials are in short
supply (37, 39, 52).

As outlined in the methods section, treatment prioritization
reflected a multifactorial process that incorporated patient-related
clinical features (such as ECOG-PS), drug availability, molecular
evidence levels, the calculation of the mMS, the modality of a
therapeutic target, the biologic significance of an alteration (based
on RNA-seq data, VAF and gene set enrichment analysis) and the
feasibility of drug combinations. Most recommendations were
based on single agents (38/43; 88%). The spectrum of MTB
recommendations expanded when potential drug combinations
were considered (28 additional recommendations, Supplementary
Table 6), and/or alternative agents to preferred recommendations
were considered as well (10 additional recommendations;
Supplementary Table 7). The decision towards the preference for
a specific agent over another addressing the same target was made
based on available molecular evidence levels (e.g., daratumumab =
ml1C versus isatuximab = m2A).

In summary, whole exome and partially whole transcriptomic
sequencing data of 14 primary refractory PBL cases were processed
through the UCCSH MTB pipeline. They revealed a total of 43
treatment recommendations in this aggressive and chemo-
refractory hematologic B-cell malignancy. Treatment
recommendations comprised molecular evidence levels from m2B
to m1C rationales. The heterogeneous distribution of treatment
basket allocations underlines the diversity of potential treatment
strategies in a virtual second-line setting (Figure 4C), and
demonstrates the relevance of molecular diagnostics in rare and
aggressive B-cell malignancies such as PBL. The interdependence
between case-related targets, treatment recommendations, and
evidence levels is visualized in Figure 4D.

Discussion

Our virtual approach of a molecular tumor board provides
evidence for promising therapeutic options and draws attention to
an urgent medical need in this patient population which is yet
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underrepresented in MTB efforts. Including 1 line treatment,
therapeutic options are limited and often ineffective for PBL (53).
Our work provides evidence that applying a validated MTB pipeline
might open up therapeutic avenues for prPBL, a highly lethal blood
cancer, serving as a role model for rare and aggressive
hematologic neoplasms.

Several challenges are coming along with the introduction of an
MTB process for patients with highly proliferative hematologic
malignancies. One challenge is the transit of a histologic sample
from making the correct diagnosis to MTB recommendations
within a preferably short timeframe (54). Especially in highly
aggressive malignancies, there is a relevant risk of terminal
progression of the disease if molecularly targeted therapies are
not rapidly identified and applied.

The PETAL trial demonstrated prognostic implications of
interim fluorodeoxyglucose positron emission tomography (FDG-
PET) imaging in patients with diffuse-large B-cell lymphoma
(DLBCL) indicating poor event-free survival rates in patients with
remaining PET-positivity after two cycles of R-CHOP-like
immunochemotherapy (55). Outcome prediction by PET was
independent of the International Prognostic Index (IPI) (55). This
sparks the assumption that this observation might be transferred to
other aggressive B-cell non-Hodgkin lymphomas such as PBL.
Consecutively, PBL-cases with FDG-avidity upon interim PET-
imaging may be associated with dismal prognosis and should be
considered for early extened molecular testing. Therefore, we
suggest including patients with rare, aggressive hematologic
malignancies in clinical high-risk settings in precision oncology
programs as early as possible, preferentially after the first evaluation
of response in terms of interim FDG-PET (55). This would enable
the identification of biomarkers for targeted therapeutic options in
the relapsed or refractory setting at a point during the course of the
disease when a successful bridging therapy may still be feasible. If
previously identified biomarkers can be confirmed in the relapsed
or refractory settings, this may accelerate the process of MTB
treatment recommendations. Otherwise, novel targetable genomic
alterations emerge in the relapsed or refractory setting, harboring
novel options for targeted treatments (56). Moreover, repeated
sampling might provide insights into the clonal evolution in such
malignancies (57). This double-tracked strategy seems feasible in
the light of cost efficacy, as financial analyses have shown that
diagnostics in MTB settings represent 0.3% of total costs (58).

Such strategies require a simple and readily available diagnostic
tool for the detection as well as monitoring of targetable genomic
alterations over the course of disease. In recent years, liquid biopsy
approaches analyzing cell-free DNA fragments (cfDNA)/circulating
tumor DNA (ctDNA) from the peripheral blood have steadily
evolved into an attractive component in genomic diagnostics (59).
Liquid biopsies represent an extract of the current mutational status
in a tumor, partially even reflecting subclonal architecture (60). To
date, the essential critical aspects regarding the implementation in
routine clinical use of liquid biopsy remains the insufficient
sensitivity and lack of technological standardization between
laboratories as well as pending results from prospective studies
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showing clinical benefit in a large scale prospective setting (61).
Additionally, genomic profiling of tumor sites provides a more
decisive overview on its molecular constitution leading to the most
reliable identification of therapeutic vulnerabilities (62, 63).
However, recent major technical advances have broadened the
spectrum of molecular techniques leading to a more and more
comprehensive convergence between the molecular studies from
primary tumor tissues on the one hand and from the peripheral
blood (liquid biopsy) on the other (64). We believe that there will be
an essential role for liquid biopsy approaches in the upcoming era of
precision oncology. Transferring the potential of liquid biopsy to
our virtual MTB approach, we suggest its application from the
initiation of a targeted and molecularly stratified treatment
recommendation as a tool for drug monitoring, monitoring of
response and for the detection of potential escape mechanisms
related to the tumor (65, 66).

The lack of suitable basket trials for rare hematologic
malignancies poses a significant challenge in applying molecularly
stratified treatments. Consecutively, knowledge from MTB settings
affecting solid tumors is often extrapolated into the field of
hematology and generated molecular evidence, therefore, does
hardly ever exceed the m2A level according to NCT/DKTK or
ESCAT tier IITA according to ESCAT recommendations. This also
affects the transferability of established biomarkers associated with
designated MTB rationales, such as olaparib therapy in
malignancies with HRD deficiency or immune checkpoint
inhibitor therapy in cancers harboring a DNA MMR mutational
signature (24, 67). Moreover, there needs to be standardized
practice to draw coherent conclusions from RNA-seq data and
gene set enrichment analyses within an MTB setup. Accordingly, we
used our RNA-seq data for an integrated analysis to verify the
biological significance of mutations previously identified by WES.
This integrated analysis supported the functional relevance for most
mutations yet led to the exclusion of one modification (KIT) as a
potential therapeutic target.

Including patients with rare hematologic malignancies in MTBs
is associated with several chances. An essential finding of this study
is that comprehensive genomic characterization of PBL revealed a
broad range of promising therapeutically targetable vulnerabilities.
Even today, many novel agents approved in the U.S. (FDA) and/or
in Europe (EMA) are available and ready for clinical use, including
a drug repurposing approach outside of the approved drug label.
However, the steady increase of knowledge regarding the efficacy
and toxicity profiles of novel agents in the light of molecularly
stratified therapies used as single agents or as components in drug
combinations will lead to a variety of therapeutic options in rare
hematologic entities in which there is no supporting evidence
beyond the application of CHO(E)P or an equivalent
chemotherapeutic regimen with or without bortezomib (53, 68).
Moreover, there is growing evidence for recommending drug
combinations in MTBs (9). The stringent inclusion of rare
hematologic malignancies into MTBs and basket trials will help
gain experience regarding the application of drug combinations in
such entities. Such processes require monitoring by Data Safety
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Monitoring Boards (9). Additionally, helpful tools such as matching
score calculation should be used to predict the effectiveness and
toxicity of single agents or drug combinations. In the present study,
the calculation of the mMS is exclusively descriptive in nature. As
this proof-of-concept study created a virtual MTB setting in which
patients were not treated according to the recommended MTB
strategies, the benefit of such strategy on the clinical outcome of
PBL and other rare, aggressive hematologic neoplasms has yet to be
demonstrated. In addition, further studies are needed to validate the
modified way of MS calculation performed here and to define a
practical cut-off value in a minimum p-value approach. The era of
precision oncology is paralleled with the era of deep learning and
machine learning approaches based on artificial intelligence (AI)
models. Integrating Al into precision oncology is promising in
order to standardize MTBs and to provide information on
administered molecularly stratified therapies in a more
standardized way (69). The increment of evidence in this rare
entity associated with a high prevalence of HIV infections, is
challenging as HIV infections pose a central exclusion criterion
for the majority of clinical trials (70, 71). Currently, there exist
negligible initiative on behalf of pharmaceutic companies regarding
funding prospective clinical trials. Consecutively, the MTB setting
represents a relevant alternative to gain more evidence in treating
PBL and other rare, aggressive hematologic neoplasms.

Limitations of the present study predominantly include its
limited sample size and shortcomings inherent to the
retrospective nature harboring the potential of incomplete data, a
selection bias during the inclusion procedure, and a detection bias
during the analysis procedure, as well as limitations coming along
with the fact that we present a solely virtual setting. Apart from
WES, complete genomic RNA-seq data for each case and matched
germline DNA for processing would have been desirable,
including comparative analysis (4). In the present cohort,
immunotherapeutic recommendations were concluded based on a
mutational signature predominantly affecting DNA MMR genes.
Immunohistochemical investigations included CD19, CD30, CD38,
and CD79B but not programmed cell death ligand-1 (PD-L1)
staining. PD-L1 staining probably extends the fraction of cases in
which immune checkpoint blockade displays an appropriate
therapeutic option, especially as a component of potential
drug combinations.

In summary, the presented approach of an MTB for patients
with prPBL is theoretical in nature. As none of the molecularly
analyzed cases were treated according to the virtually recommended
options in a prospective manner, optimal dosing as well as the
applicability of considered drugs as monotherapy or as a
combination needs further validation within the scope of clinical
trials (e.g. umbrella and/or basket trials). A limited number of
ongoing clinical trials will amplify the spectrum of therapeutic
options in PBL and other rare hematologic malignancies
investigating the efficacy of novel agents such as the anti-CD27
antibody varlilumab (NCT03038672) or the BCMA-directed
antibody-drug conjugate belantamab mafodotin (NCT04676360).
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Conclusion

With the present study, we aim to draw attention to the
potential benefits of a more frequent inclusion of rare
hematologic malignancies such as PBL in MTB settings, as our
work demonstrates the vast potential for molecularly stratified
therapeutic approaches with reasonable molecular evidence levels.
Such patients should therefore be introduced to precision oncology
programs as early as possible due to the aggressive biology of the
tumor. Our suggestion intends to initiate a learning process for
improved patient care. To the best of our knowledge, this is the first
approach of a virtual MTB in hematologic malignancies. Future
studies are warranted to demonstrate the effectiveness and
tolerability of molecularly stratified treatments in PBL patients
and other rare hematologic neoplasms.
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Background: Even though two NTRK-targeting drugs are available for the
treatment of irresectable, metastatic, or progressive NTRK-positive solid
tumors, less is known about the role of NTRK fusions in lymphoma. For this
reason, we aimed to investigate if NTRK fusion proteins are expressed in diffuse
large B-cell lymphoma (DLBCL) by systemic immunohistochemistry (IHC)
screening and additional FISH analysis in a large cohort of DLBCL samples
according to the ESMO Translational Research and Precision Medicine
Working Group recommendations for the detection of NTRK fusions in daily
practice and clinical research.

Methods: A tissue microarray of 92 patients with the diagnosis of DLBCL at the
University Hospital Hamburg between 2020 and 2022 was built. The clinical data
were taken from patient records. Immunohistochemistry for Pan-NTRK fusion
protein was performed and positive staining was defined as any viable staining.
For FISH analysis only results with quality 2 and 3 were evaluated.

Results: NTRK immunostaining was absent in all analyzable cases. No break apart
was detectable by FISH.

Conclusion: Our negative result is consistent with the very sparse data existing
on NTRK gene fusions in hematologic neoplasms. To date, only a few cases of
hematological malignancies have been described in which NTRK-targeting drugs
may provide a potential therapeutic agent. Even though NTRK fusion protein
expression was not detectable in our sample cohort, performing systemic
screenings for NTRK fusions are necessary to define further the role of NTRK
fusions not only in DLBCL but in a multitude of lymphoma entities as long as the
lack of reliable data exists.

KEYWORDS

diffuse large B-cell lymphoma, NTRK fusion protein, immunohistochemistry, tissue
microarray, molecular landscape
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Introduction

With an incidence of 7 cases per 100,000 persons per year, diffuse
large B-cell lymphoma (DLBCL) is the most frequently observed
histological type of non-Hodgkin lymphoma (NHL), accounting for
approximately 25% of all NHL (1-3). DLBCL typically presents as
rapidly enlarging lymphoma, commonly with extranodal
involvement and/or constitutional symptoms (4). With current
treatment approaches mainly consisting of combined therapy with
CD20, CD79b-directed monoclonal antibodies, and conventional
chemotherapy, DLBCL is curable in approximately 70% of patients
(5). However, a lack of chemotherapy sensitivity must be assumed in
patients with primary refractory or early relapsing DLBCL. To
overcome the dismal prognosis of refractory or relapsed DLBCL,
promising newly developed treatment approaches like CD19-
directed CAR-T-cell therapies are already approved and available
in selected countries or in the case of T-cell-engaging bi-specific
antibodies currently investigated during multiple clinical trials (6-
11). Nevertheless, despite the high overall response rates, the average
time to CAR-T-cell reinfusion is approximately four weeks (12).

For this reason, the need for non-lymphodepleting chemotherapy-
free bridging strategies is undisputed. In clinical routine, approved as
well as off-label, individual bridging therapies with, for example,
tafasitamab/lenalidomide, ibrutinib, or rituximab with polatuzumab
vedotin are commonly used. In this setting, precision medicine based
on the identification of driver mutations might provide additional
treatment possibilities in a subset of DLBCL patients.

The neurotrophic tyrosine receptor kinase (NTRK) genes 1, 2, and
3 encode a tyrosine receptor kinase (TRK) receptor family (TRKA,
TRKB, and TRKC), which plays an essential role during
embryogenesis in the development of the nervous system and is
moreover physiologically expressed in neuronal tissue (13-16).
However, a gene rearrangement caused by a fusion of NTRK genes
with different fusion partners can result in the development of TRK
fusion oncoproteins which themselves lead to constitutive kinase
activity or a simple overexpression of the kinase domain with
subsequent activation of downstream cellular signaling pathways,
which are involved in cell proliferation and survival (17, 18). NTRK
fusions can occur with a high frequency (defined as > 25-35%) in a
selected spectrum of rare pediatric cancers e.g. congenital infantile
fibrosarcoma, congenital mesoblastic nephroma, secretory breast
carcinoma or, mammary analog secretory carcinoma of the salivary
gland or with an intermediate (>1% but < 25%) or low frequency (<
1%) in common adult solid cancers (19). The role of NTRK fusion
genes has been extensively investigated and described in a broad
spectrum of solid cancers leading to one of the first tissue-agnostic
approvals of a highly effective targeted therapy by the Food and Drug
Administration (FDA) when in 2018, larotrectinib was granted
accelerated approval by the FDA as the first-in-class selective
NTRK-inhibitor for the treatment of adult and pediatric patients
with irresectable, metastatic, or progressive NTRK-positive solid
tumors (20). However, the occurrence of NTRK-associated
molecular findings in large cohorts of patients with hematological
malignancies is rarely investigated. In 2020, Joshi et al. analyzed
samples of 185 patients with acute myeloid leukemia, acute
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lymphoblastic leukemia, or myeloproliferative neoplasm. The
authors identified a total of nine NTRK mutations, including four
novel oncogenic NTRK point mutations potentially targetable by
entrectinib (21). Recently, Witte et al. identified two cases of NTRK3
mutation in a cohort of 33 consecutive patients with plasmablastic
lymphoma (22).

However, up to now, the occurrence of NTRK fusion
protein expression or NTRK gene fusion in DLBCL has yet to be
investigated. Since larotrectinib and entrectinib, two approved
NTRK-targeted drugs are now available; we aimed to investigate
the expression of NTRK fusion proteins in DLBCL by a systemic
immunohistochemistry (IHC) screening and additional fluorescence
in situ hybridization (FISH) analysis on a tissue microarray (TMA)
containing samples from 92 DLBCLs from patients with newly
diagnosed or refractory or relapsed (r/r) DLBCL according to the
ESMO Translational Research and Precision Medicine Working
Group recommendations for the detection of NTRK fusions in
daily practice and clinical research (13).

Materials and methods
Patients

In this prospective observational, single-center analysis, we
studied 92 consecutive patients with DLBCL, aged 18 years or
older, who were immunohistochemically screened for an NTRK
fusion gene protein overexpression. Samples of all patients included
in this analysis were previously diagnosed with DLBCL as part of the
clinical routine at the Institute of Pathology of the University Medical
Center Hamburg-Eppendorf between 2020 and 2022. Patients

with high-grade B-cell lymphoma with MYC and BCL2 and/or
BCL6 rearrangements were not excluded from this study. DLBCL
was defined according to the 2016 revision of the World Health
Organization classification of lymphoid neoplasms criteria (23). If
available, clinical data regarding patients’ characteristics and DLBCL
treatment were collected from the patient’s electronic medical
records (Figure 1). The Ann Arbor classification was used for
disease staging assessment (24). The International Prognostic
Index (IPI) was used to calculate prognostic risk scores (25).

The data cut-off was on December 21, 2022. The use of archived
remnants of diagnostic tissues for manufacturing of tissue
microarrays and their analysis for research purposes as well as
patient data analysis has been approved by local laws (HmbKHG,
§12) and by the local ethics committee (Ethics Commission
Hamburg, WF-049/09). All work has been carried out in
compliance with the Helsinki Declaration.

Tissue microarray (TMA)
The Institute of Pathology of the University Medical Center
Hamburg-Eppendorf database includes 414 diagnoses of DLBCL

for the years 2020 to 2022. Of these, 92 cases could be used to
construct the TMA. The reasons for exclusion were mainly
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Number of patients diagnosed with diffuse large B cell

lymphoma (DLBCL) as part of the clinical routine in the

Institute of Pathology of the University Medical Center
Hamburg-Eppendorf between 01/2020 and 12/2022

(n=414)

Excluded:
No suitable tumor
sample available

(n=322)

Excluded:
Not analyzable by
immunohistochemistry

(n=1)

—_— >

v

Number of analyzable patients
by immunohistological
screening

(n=91)

FIGURE 1
Flow chart of study design and population.

insufficient tissue quantities. Either because the tissue was already
entirely or nearly completely utilized in the diagnostic workup or
because it was a small needle biopsy containing too little material
for tissue extraction for the TMA. Moreover, bone marrow biopsies
are also generally unsuitable for TMAs. TMA construction was as
previously described (26). In brief, tissue cylinders with a diameter
of 0.6 mm each were taken from tumor-containing areas of selected
“donor” tissue blocks and brought into empty recipient paraffin
blocks. A large section of cerebral tissue was used as an on-slide
positive control (27).

Immunohistochemistry (IHC)

Freshly prepared TMA sections were immunostained on one day
in one experiment. Slides were deparaffinized and exposed to heat-
induced antigen retrieval for 5 minutes in an autoclave at 121°C in pH
9 Dako Target Retrieval Solution buffer (Dako, Glostrup, Denmark).
Primary Anti-Pan Trk antibody (rabbit monoclonal, EPR17341,
Abcam, Cambridge, MA) was applied according to the
manufacturer’s instructions. The antibody reacts with a conserved
proprietary peptide in the C-terminal part of TRK A, B and C. Bound
antibody was then visualized using the EnVision Kit (Dako, Glostrup,
Denmark) according to the manufacturer’s instructions. The
percentage of NTRK-positive tumor cells was estimated, and the
staining intensity was semi-quantitatively recorded (0, 1+, 2+, 3+).
For statistical analyses, the staining results were categorized into four
groups: Negative: no staining at all, weak staining: staining intensity of
1+ in < 70% or staining intensity of 2+ in < 30% of tumor cells,
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moderate staining: staining intensity of 1+ in > 70%, staining intensity
of 2+ in > 30% but in < 70% or staining intensity of 3+ in < 30% of
tumor cells, strong staining: staining intensity of 2+ in > 70% or
staining intensity of 3+ in > 30% of tumor cells.

Fluorescence in situ hybridization (FISH)

Freshly prepared TMA sections were pretreated (dewaxing,
proteolysis) according to the instructions for use of the ZytoLight
FISH-tissue Implementation Kit (Zyto Vision, Bremerhaven,
Germany). 10 pl of SPEC NTRK1/NTRK2/NTRK3 Dual Color
Break Apart Probe (Zyto Vision, Bremerhaven, Germany) was
applied, posttreated and interpreted according to the
manufactures manual. Hybridization quality was assessed
semiquantitatively on a 1 - 3 scale (1=poor, 2=moderate,
3=good). Only results with quality 2 and 3 were evaluated.

Endpoints

The primary aim of this study was to evaluate the rate of
immunohistochemical expression of NTRK fusion protein in tumor
samples of patients with newly diagnosed or r/r DLBCL.

Statistical analysis

All statistical analyses were performed using Microsoft Excel for
Mag, version 16.38 (Microsoft Cooperation, Redmon, Washington
USA). Continuous values are presented as median. Nominal
variables are expressed as numbers (%).

Results
Patients’ characteristics

A total of 92 samples of 92 consecutive patients diagnosed with
DLBCL were included in the analysis. The most frequent tissue
samples originated from lymph nodes (38%), followed by the testis
(9%). The remaining samples originated from other extranodal
tissues, including the small intestine, colon, skin, spleen, liver,
buccal mucosa, and nasal mucosa. Patients’ demographics and
baseline characteristics are presented in Table 1. The median age
was 74 years (range 32-90), and the majority of patients were male
(60%). In 41 (45%) patients, a germinal center B-cell-like cell of
origin type was observed. Epstein-Barr-virus positivity was
detectable in four patients (4%). Double hit expression was
detectable in two patients (2%), whereas MYC-translocation was
not assessed in 14 patients. IPI risk stratification showed high-risk
DLBCL with IPI 4 or 5 in of 30 evaluable patients (17%, IPI was not
assessable in 62 patients). In 13 patients, DLBCL transformed out of
indolent lymphoma, including follicular lymphoma,
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TABLE 1 Patients’ characteristics.

Total number of analyzable patients, n 91
Age at DLBCL diagnosis, median (range) 74 (32-90)
Female sex, n (%) 37 (40)
Subtypes, n (%)

Cell of origin type: Germinal enter B-cell-like 41 (45)
Epstein-Barr-virus positivity 4(4)
Double hit 2(2)
Triple hit 0

Ann Arbor stage, n (%)

1A or 1B and 2A or 2B 18 (20)
3A or 3B 5(5)
4A or 4B 14 (15)
Not evaluable 59 (65)
IPL, n (%)

01 12 (13)
23 13 (14)
4-5 4(4)
Not evaluable 62 (68)

lymphoplasmacytic lymphoma, chronic lymphatic lymphoma, and
one case of angioimmunoblastic T-cell lymphoma.

Immunohistochemical findings

In the TMA, 91 out of 92 (99%) DLBCL were analyzable. The
one non-informative case was excluded due to unequivocal tumor
tissue on the slide. Positive staining was defined as any viable
staining, whether nuclear, paranuclear, cytoplasmatic, or

FIGURE 2
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membranous. No positive case was detected with valid positive on
slide control (Figures 2, 3).

Findings by FISH

For NTRK1, the hybridization quality was 2 and all spots were
evaluable. For NTRK2 and NTRKS3, the hybridization quality was 3
and 2, respectively, and all spots could be evaluated. All tests
showed no break apart event (Figure 4).

Discussion

Up to now, the role of NTRK fusion genes and protein
expression in lymphoma, particularly in DLBCL, has been
scarcely investigated. For this reason, we aimed to investigate
whether NTRK fusion proteins are expressed in samples of
DLBCL patients. By conducting a systemic immunohistochemical
screening for the expression of NTRK fusion proteins and an
additional FISH analysis in a large cohort of 92 consecutive
DLBCL samples, an NTRK fusion protein expression was
undetectable in all analyzable samples. Our results are underlined
by the few data sets provided by the National Cancer Institute
Genomic Data Commons data portal in which NTRK3 receptor
mutations (D98N) were detectable in only one of 28 (3.6%)
provided cases of mature B-cell lymphoma, whereas mutations in
NTRK1 and two were not detected at all (28). One of the few
analyses describing the examination of NTRK fusions in B-cell
lymphoma samples is a recently published study by Witte and
colleagues. The authors reported two cases of NTRK3 mutations in
a subset of patients with plasmablastic lymphoma using whole-
exome and RNA-sequencing (22). Similar findings were reported by
Li et al. who performed a whole-exome sequencing of matched
tumor tissues and blood samples from 53 patients with primary
gastrointestinal diffuse large B-cell lymphoma. NTRK2 and NTRK3
were detectable in two and one sample, respectively (29). To detect

Left (40x): Overview of six spots from the TMA. Right (100x): Magnification of the spot e. (A—F) shows six exemplary TMA spots.
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FIGURE 3

10.3389/fonc.2023.1146029

ot

Left (400x): High magnification of spot e. No detectable positive signal. Right (100 x): Grey matter of the brain containing cell bodies with strong
diffuse cytoplasmatic positivity. Of note are the negative vessels in the upper left corner

FIGURE 4

Representative example of interphase FISH finding using the NTRK2
probe (100x): Lymphoma cells lacking a translocation with two
orange/green fusion signals

NTRK fusions, several techniques are generally recommended by
the ESMO Translational Research and Precision Medicine Working
Group, including THC, FISH, real-time polymerase-chain-reaction,
and both RNA-based and DNA-based next-generation sequencing
(13). Even though RNA-based sequencing is considered the gold
standard for screening, it requires high-quality RNA for reliable
sequencing and reducing the risk of false negative results (30).
Moreover, next-generation sequencing remains an expansive
technique that is not always widely available (13). However, IHC
and FISH have been proven to have high sensitivity and specificity
for detecting NTRK fusions or break aparts, respectively. False
positive results are unlikely based on the limited expression of
TRKA, TRKB, and TRKC in other tissues (13, 31-34). Both
methods combine the advantages of rapidness, saving tumor
material, and costs. Therefore a stepwise approach using THC

Frontiers in Oncology

and/or FISH as a screening tool followed by RNA-based
sequencing in cases of NTRK staining is recommended as one
possible approach for the detection of NTRK fusions even in
routine diagnostics (13). However, there remains a residual risk of
false negative IHC results as recently described (35).

Even though no NTRK fusion protein expression and no NTRK
break apart was detectable in our sample cohort, performing
systemic screenings for NTRK fusions is necessary to further
define the role of NTRK fusions not only in DLBCL but also in a
multitude of lymphoma entities as long as the lack of reliable data
exists. For this reason, additional analyses of NTRK fusions in
cohorts of DLBCL by samples of similar size or larger and different
detection technics are necessary to discuss our results.
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Background: Previous studies have explored the relationship between the
geriatric nutritional risk index (GNRI) and survival outcomes of diffuse large B-
cell lymphoma (DLBCL) cases, but the results were inconsistent. Consequently,
the present meta-analysis was conducted to investigate how GNRI affects DLBCL
and its function in terms of prognosis.

Methods: The Web of Science, PubMed, Embase, and Cochrane Library databases
were thoroughly searched until January 18, 2023. We calculated combined hazard
ratios (HRs) and 95% confidence intervals (Cls) to estimate the relationship
between the GNRI and survival outcomes of patients with DLBCL.

Results: This meta-analysis included seven articles involving 2,353 cases. A lower
level of GNRI predicted dismal overall survival (HR=1.40, 95% Cl=1.25-1.56,
p<0.001) and inferior progression-free survival (HR=1.46, 95% CI=1.19-1.80,
p<0.001) of DLBCL patients. Moreover, a low GNRI was significantly related to
Eastern Cooperative Oncology Group Performance Status >2 (odds ratio [OR]
=455, 95% Cl=2.75-7.54, p<0.001), Ann Arbor stage IlI-IV (OR=2.91, 95%
Cl=2.38-3.57, p<0.001), B symptoms (OR=3.51, 95% Cl=2.34-5.29, p<0.001),
and extranodal disease (OR=2.90, 95% Cl=2.32-3.63, p<0.001).

Conclusion: A lower GNRI level predicted poorer short- and long-term
prognosis in patients with DLBCL. A low GNRI was correlated with clinical
factors of disease progression in DLBCL patients.

KEYWORDS

geriatric nutritional risk index, meta-analysis, diffuse large B-cell lymphoma, prognosis,
clinical practice
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Introduction

Among non-Hodgkin lymphoid (NHL) malignancies, diffuse
large B-cell lymphoma (DLBCL) accounts for the highest
proportion (30-40% of NHL cases) (1). Approximately 60% of
the DLBCL cases can be treated using standard therapeutic
regimens (such as rituximab, cyclophosphamide, doxorubicin,
vincristine, and prednisone) (2). However, 45-50% of the cases
relapse or become refractory after a complete response (3). The
prognosis for patients experiencing relapse is poor because 80% of
them ultimately die from DLBCL, even after treatment with
subsequent regimens (4). The poor survival outcomes of DLBCL
patients are partially due to the lack of effective prognostic markers.
Therefore, identifying novel and readily available biomarkers is
important for the prognosis of DLBCL.

Growing evidence has shown that nutritional status and
immune responses play essential roles in tumor initiation,
development, and metastasis (5, 6). Many parameters derived
from laboratory examinations have drawn considerable attention
because of their prognostic value. Recently, numerous studies
reported the relationship between a series of serum-based
parameters and the prognosis of DLBCL (7-10). These indexes
include the lymphocyte-to-monocyte ratio (7), neutrophil-to-
lymphocyte ratio (NLR) (8), C-reactive protein (9), and platelet-
to-lymphocyte ratio (PLR) (10). The geriatric nutritional risk
index (GNRI) is a nutritional marker that includes patient’s body
weight (BW), height, and serum albumin content. It is calculated
by the formula: GNRI = 1.487 x serum albumin (g/L) + 41.7 X
present/optimal BW (kg) (11). In clinical settings, the GNRI is
used as a simple nutrition evaluation approach, and a low GNRI
indicates poor nutritional status of patients (12, 13). In recent
years, numerous studies have analyzed the role of GNRI in
predicting the prognosis of DLBCL cases (14-20), but their
findings remain controversial. For example, in some studies,
low GNRI significantly predicted poor survival in DLBCL
patients (14, 16, 19). However, other researchers have reported
that the GNRI is not related to DLBCL survival (15). Previous
studies that adopted different cut-off values of the GNRI could
also contribute to the conflicting results. Therefore, we searched
recent literatures and carried out a meta-analysis to identify
whether the GNRI predicted DLBCL prognosis accurately.

Abbreviations: GNRI, geriatric nutritional risk index; DLBCL, diffuse large B-cell
lymphoma; HR, hazard ratio; CI, confidence interval; OS, overall survival; PES,
progression-free survival; ECOG-PS, eastern cooperative oncology group
performance status; NHL, non-Hodgkin lymphoid; R-CHOP, rituximab,
cyclophosphamide, doxorubicin, vincristine and prednisone; LMR,
lymphocyte-to-monocyte ratio; NLR, neutrophil-to-lymphocyte ratio; CRP, C-
reactive protein; PLR, platelet-to-lymphocyte ratio; PRISMA, Preferred
Reporting Items for Systematic Reviews and Meta-Analyses; NOS, Newcastle-

Ottawa Scale; OR, odds ratio; ROC, receiver operating characteristic.
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Materials and methods
Study guideline

This study was performed following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines (21).

Literature search

Studies were identified in the Web of Science, PubMed, Embase,
and Cochrane Library databases. The search strategies were as
follows: (geriatric nutritional risk index or GNRI) and (diffuse large
B-cell lymphoma or DLBCL or lymphoma). Detailed search strategies
for each database are provided in Supplementary File 1. Retrieval
timeline was from inception until January 18, 2023. Only publications
published in the English language were considered. Relevant
documents in references of the identified studies were also searched.

Eligibility criteria

Studies conforming to the following criteria were included (1):
cases with a pathological diagnosis of DLBCL; (2) GNRI determined
prior to anticancer therapy; (3) studies mentioning the function of
GNRI in predicting prognosis, such as overall survival (OS),
progression-free survival (PFS), recurrence-free survival (RFS),
and cancer-specific survival (CSS); (4) studies with available
hazard ratios (HRs) together with associated 95% confidence
intervals (CIs) regarding patient outcomes; (5) studies with a
threshold to classify high/low GNRI; and (6) articles written in
the English language. Studies conforming to the following standards
were excluded: (1) reviews, case reports, meeting abstracts, letters,
and correspondences; (2) articles that included overlapping
patients; and (3) animal studies.

Data collection and quality evaluation

Two independent reviewers (D.C. and Z.Z.) were responsible for
data collection from qualified articles. Any disagreement between the
reviewers was resolved through mutual negotiation until a consensus
was reached. The following data were collected: name of first author,
country, publication year, sample size, age, sex, study duration,
follow-up, threshold GNRI, threshold measurement approach,
study center, survival analysis, survival endpoints, treatment, and
HRs with 95% CIs. The methodological quality of the eligible articles
was evaluated using the Newcastle-Ottawa scale (NOS) (22). Articles
with NOS scores of 26 were regarded as high-quality articles.

Statistical analysis

Combined HRs and 95% ClIs were determined to estimate the

relationship between the GNRI and survival outcomes in the
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DLBCL cases. Heterogeneity among the enrolled articles was
analyzed using I” statistics and the Cochran’s Q test. An I’
statistics of >50% and/or p<0.10 on the Cochran Q test indicated
obvious heterogeneity, and the random-effects model was used;
otherwise, the fixed-effects model was adopted. Diverse factor-
stratified subgroup analyses were carried out to detect sources of
heterogeneity. Correlations of GNRI with clinicopathological
features in DLBCL were explored by combining odds ratios (ORs)
and associated 95% Cls. The Begg’s test was used for publication
bias, while an asymmetry assessment was performed using a funnel
plot. All statistical analyses were carried out using Stata software
(version 12.0; Stata Corporation, College Station, TX, USA).
Statistical significance was set at p<0.05 (two-sided), which
represented statistical significance.

Ethnics statement

The need for ethical approval was waived from this work, and
no informed consent was obtained because no patient information

was involved.

Results
Study selection process

As shown in Figure 1, the original study selection detected 60
studies, and after removal of the duplicates, 32 records remained.
Subsequently, titles and abstracts were scanned, and 21 articles were
discarded because of their irrelevance. By reading the full texts of 11
articles, 4 articles were then eliminated due to no cut-off value of
GNRI (n=3) and inclusion of overlapping patients (n=1). Finally,

Additional records identified
through other sources
(n=0)

Records identified through
database searching
(n=60)

Records after duplicates removed
(n=32)

|

Records screened Records excluded by titles
(n=32) and abstract (n= 21 )
l Full-text articles excluded,
Full-text articles assessed with reasons (n=4 )
Z for eligibility No cut-off value identified
3 (n=11) (n=3)
2 Overlapped patients
| (n=1)
J Studies included in
qualitative synthesis
() (n=7)
3 |
s
3 Studies included in
£ quantitative synthesis
(meta-analysis)
L (n=7)
FIGURE 1

PRISMA flow diagram of the study selection process.
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seven articles, involving 2,353 cases (14-20), were included in the
present study (Figure 1; Table 1).

Qualified article characteristics

Table 1 shows the basic characteristics of the qualified articles.
All the eligible articles were published between 2018-2022 (14-20).
Three studies were conducted in Japan (14, 16, 18), two in China
(15, 19), and one each in Taiwan (17) and Turkey (20). The sample
size was 133-615 (median, 267). All the included studies had a
retrospective design and enrolled DLBCL patients with Ann Arbor
stage I-IV (14-20). The threshold GNRI was 92-106.26 (median,
96.8). Six studies analyzed thresholds with receiver operating
characteristic (ROC) curves (14, 16-20), while one study selected
cut-off values according to the literature (15). Five studies were
carried out in a single center (14, 15, 17, 19, 20), and two were
multicenter trials (16, 18). All seven articles mentioned the role of
GNRI in predicting OS (14-20), and two studies reported an
association between the GNRI and PFS (14, 17) in DLBCL. Six
articles mentioned the HRs and 95% Cls through multivariate
regression (14-18, 20), and one study adopted a univariate
analysis (19). The NOS scores were 6-9 (median, 7), indicating
high quality.

Prognostic value of GNRI for OS and PFS

Seven articles with 2,353 patients (14-20) reported GNRI values
for predicting OS in DLBCL. No obvious heterogeneity (I* ~ 48.8%,
p=0.069) was detected; therefore, we selected a fixed-effects model.
According to Table 2 and Figure 2, the combined results were:
HR=1.40, 95% CI=1.25-1.56, p<0.001, demonstrating that low
GNRI was markedly associated with poor OS in DLBCL.
Subgroup analysis by various factors was conducted (Table 2),
which showed that the reduced GNRI significantly predicted poor
OS, regardless of the study center, sample size, treatment, or
survival analysis type. Furthermore, a lower GNRI markedly
predicted poor OS when using a cut-off value of <98 when the
patients’ median age was =60 years, and cut-off values were
determined using the ROC curve (Table 2). Two studies involving
681 patients reported an association between the GNRI and PFS in
DLBCL (14, 17). Based on the combined data, a lower GNRI
significantly predicted dismal PFS in DLBCL cases (HR=1.46,
95% CI=1.19-1.80, p<0.001; Figure 3 and Table 2).

Relationship of GNRI with
clinicopathological factors

Five studies, involving 1,769 cases, mentioned the correlation
between the GNRI and clinicopathological characteristics of
DLBCL (14-17, 20). As shown in Table 3 and Figure 4, the
combined results revealed a marked relation between the lower
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TABLE 1 Baseline characteristics of included studies in this meta-analysis.

Year Country/ Sample Age Gender  Study Ann Treatment = Follow-up Cut-off deter- Study rvival Survival NOS
region size (years) (M/F) period Arbor (month) mination center  endpoints analysis = score
Median stage Median
(range) (range)
Kanemasa, 2018 Japan 476 68(27-97) 266/210 2004- -1V R-CHOP or 45 96.8 ROC curve Single OS, PFS Multivariate 8
Y. 2017 R-CHP-COP center
Li, Z. 2018 | China 267 59 156/111 2010- I-1v R-CHOP 1-72 98 Literature Single oS Multivariate 7
2016 center
Matsukawa, 2020 Japan 615 69(20-97) 337/278 2008- I-Iv R-CHOP 1-60 95.7 ROC curve Multicenter =~ OS Multivariate 7
T. 2018
Chuang, T. 2021 Taiwan 205 75(65-96) 107/98 2010- I-IvV R-CHOP 1-140 92.5 ROC curve Single OS, PFS Multivariate 9
M. 2019 center
Lee, S. 2021 Japan 451 78(65-96) 223/228 2007- I-Iv R-CHOP or 22.3(1-140.3) 92 ROC curve Multicenter = OS Multivariate 6
2017 R-CHP-COP
Yan, D. 2021 China 133 71(60-91) 67/66 2014- I-IvV R-CHOP 352 106.26 ROC curve Single (6N Univariate 7
2018 center
Atas, U. 2022 Turkey 206 58.5 112/94 2008- I-1v R-CHOP 27.5(1-164) 104.24 ROC curve Single oS Multivariate 7
2020 center

M, male; F, female; ROC, receiver operating characteristic; OS, overall survival; PFS, progression-free survival; NOS, Newcastle-Ottawa Scale; R-CHOP, rituximab with cyclophosphamide, doxorubicin, vincristine and prednisone; R-THP-COP, rituximab with

cyclophosphamide, tetrahydropyranyl adriamycin, vincristine, prednisolone.
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TABLE 2 Subgroup analysis of the prognostic value of GNRI for OS and PFS in patients with DLBCL.

Factors No. of studies No. of patients Effects model HR (95%(Cl) Heterogeneity
(%) Ph

oS

Total 7 2,353 Fixed 1.40(1.25-1.56) ‘ <0.001 ‘ 48.8 ‘ 0.069

Sample size

<300 4 811 Fixed 1.44(1.11-1.86) 0.005 49.8 0.113

>300 3 1,542 Random 1.60(1.17-2.19) 0.003 64.7 0.059

Cut-off value

<98 4 1,747 Random 1.68(1.22-2.31) 0.001 60.3 0.056

>98 3 606 Random 1.34(0.88-2.02) 0.171 51.8 0.126

Cut-off determination

ROC curve 6 2,086 Fixed 1.43(1.27-1.60) <0.001 40.6 0.134

Literature 1 267 - 0.81(0.44-1.48) 0.488 - -

Study center

Single center 5 1,287 Fixed 1.57(1.26-1.96) <0.001 48.5 0.100

Multicenter 2 1,066 Random 1.46(1.06-2.01) 0.022 60.4 0.112

Survival analysis

Univariate 1 133 - 1.48(1.06-2.07) 0.022 - -

Multivariate 6 2,220 Random 1.55(1.18-2.04) 0.002 56.8 0.041

Median age (years)

<60 2 473 Random 1.23(0.54-2.76) 0.623 73.0 0.054

>60 5 1,880 Fixed 1.41(1.25-1.59) <0.001 47.7 0.106

Treatment

R-CHOP 5 1,426 Fixed 1.54(1.24-1.91) <0.001 42.4 0.139

R-CHOP or R-CHP-COP 2 927 Random 1.55(1.00-2.40) 0.006 72.8 0.055

PFS

Total 2 681 Fixed 1.46(1.19-1.80) ‘ <0.001 ‘ 44.0 ‘ 0.181

ROC, receiver operating characteristic; OS, overall survival; PES, progression-free survival; GNRI, geriatric nutritional risk index; DLBCL, diffuse large B-cell lymphoma; R-CHOP, rituximab

with cyclophosphamide, doxorubicin, vincristine and prednisone; R-THP-COP, rituximab with cyclophosphamide, tetrahydropyranyl adriamycin, vincristine, prednisolone.

GNRI and Eastern Cooperative Oncology Group Performance
Status (ECOG-PS) >2 (OR=4.55, 95% CI=2.75-7.54, p<0.001),
Ann Arbor stage III-IV (OR=2.91, 95% CI=2.38-3.57, p<0.001),
B symptoms (OR=3.51, 95% CI=2.34-5.29, p<0.001), and
extranodal disease (OR=2.90, 95% CI=2.32-3.63, p<0.001).
Nonetheless, the GNRI was not significantly related to sex in
DLBCL (OR=0.93, 95% CI=0.77-1.12, p=0.436; Table 3; Figure 4).

Publication bias

We adopted the Begg’s test and funnel plot to examine possible
publication bias. As shown in Figure 5, symmetry was observed in
the funnel plot, and the Begg’s test (p=0.368 and 0.317 for OS and
PES, respectively) revealed no evidence of obvious publication bias.

Frontiers in Oncology

Discussion

The role of GNRI in predicting prognosis in patients with DLBCL
is controversial based on prior articles. We obtained data from seven
articles, comprising 2,353 cases and showed that a lower GNRI
markedly predicted worse OS and PFES in DLBCL patients. Based
on subgroup analysis, the GNRI reliably predicted OS, especially
when the cut-off value was <92. This meta-analysis also revealed that
decreased GNRI was significantly associated with clinical factors
representing aggressive biological behavior, ie., ECOG-PS >2, Ann
Arbor stage III-IV, B symptoms, and extranodal disorder. These
factors are well known high-risk factors for disease progression and
dismal outcomes in DLBCL cases. Taken together, low GNRI
significantly predicted poor OS and PFS in DLBCL patients. To the
best of our knowledge, this is the first meta-analysis to analyze the
role of GNRI in predicting DLBCL prognosis.
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Study %

D HR (95% Cl) Weight
Kanemasa, Y. (2018) +—=— 2.05(1.31,3.22) 6.31
Li, Z. (2018) * 0.81(0.44, 1.48) 3.51
Matsukawa, T. (2020) ——— 1.83(1.22,2.74) 7.80

Chuang, T. M. (2021) 2.98(1.02,8.90) 1.09

Lee, S. (2021) — 1.29 (1.13, 1.49) 66.35
Yan, D. (2021) —— 1.48(1.08, 2.08) 11.29
Atas, U. (2022) 1.85 (1.02, 3.34) 3.65

Overall (l-squared = 48.8%, p = 0.069) 1.40 (1.25, 1.56)

T
12 1 8.9

FIGURE 2
Forest plot of the association of GNRI with OS in patients with DLBCL.

Study %
ID HR (95% CI)  Weight

Kanemasa, Y. (2018) —E— 1.42 (1.15,1.75)95.77

Chuang, T. M. (2021)

2.85(1.05,7.72)4.23

Overall (I-squared = 44.0%, p = 0.181) 1.46 (1.19, 1.80)100.00

FIGURE 3
Forest plot of the association of GNRI with PFS in patients with DLBCL.

The GNRI is a beneficial tool for assessing nutritional status in
clinical practice. There are several cancers for which the GNRI
comprises serum albumin levels, BW, and height, which are
identified as efficient prognostic factors (13, 23, 24). The correlation
mechanism between the GNRI and DLBCL prognosis was interpreted
based on components of the GNRI for cancer cases. Approximately
90% of the serum proteins are derived from albumin, which is
produced by the liver. Albumin is essential to the human body (25).
In addition to reflecting the nutritional status of the human body,
serum albumin is a measure of inflammation (26). Albumin has a key
effect in maintaining blood colloid osmotic pressure and delivering
pharmaceuticals, hormones, cations, and fatty acids (27). Capillary

10.3389/fonc.2023.1169749

permeability is increased by cancer-related inflammation, which
allows serum albumin to escape into the interstitium. Second, >10%
BW loss indicates protein-energy malnutrition (28). In comparison
with normal-weight cases, underweight DLBCL cases have worse OS
and PFS, according to a meta-analysis involving 8,753 participants
(29). Patient outcomes have been shown to be significantly affected by
weight, as a modifiable factor, and weight management should be
aggressive during treatment (30). Finally, low GNRI, possibly caused
by weight loss and decreased serum albumin content, is a reasonable
and cost-effective prognostic marker for patients with DLBCL.

Notably, previous studies have also explored the prognostic
value of several inflammatory parameters, such as the Glasgow
prognostic score (GPS) (31), NLR (32), and PLR (33). These studies
demonstrated that high GPS and elevated NLR and PLR remained
effective prognostic indices for patients with DLBCL (31-33). The
GNRI has several advantages and disadvantages compared with
GPS, NLR, and PLR. The GNRI is a tool used for nutritional
assessment. The nutritional status of patients could be directly
reflected by the GNRI, but the GPS, NLR, and PLR have no such
function. Second, the GNRI is a novel index that has drawn
considerable attention in recent years. The clinical application of
the GNRI is much more promising than that of the GPS, NLR, and
PLR. However, disadvantages of the GNRI should also be
acknowledged. Calculation of the GNRI is more complex than
that of the GPS, NLR, and PLR.

We performed a subgroup analysis according to the median age
and treatment regimens. As shown in Table 2, the results indicated
that the GNRI remained a prognostic factor for OS in patients with
a median age 260 years, and the prognostic role was not influenced
by treatment strategies. Therefore, the GNRI could be a reliable
prognostic indicator for DLBCL patients aged =60 years, whether
they received the rituximab, cyclophosphamide, doxorubicin
hydrochloride (hydroxydaunorubicin), vincristine sulfate
(Oncovin), and prednisone (R-CHOP) or R-CHOP-like regimens.
The association between the GNRI and clinicopathological factors
was analyzed, and the results are shown in Figure 4 and Table 3. We
do not think that these associations are causal because the sample
size was relatively sufficient (five studies with 1,769 participants).
Moreover, the p-value was <0.001 in these groups, indicating a
positive relationship.

Recent meta-analyses have reported that the GNRI significantly
predicts cancer prognosis (34-38). Zhang et al. conducted a meta-

TABLE 3 The association between GNRI and clinicopathological features in patients with DLBCL.

Variables No. of studies No. of patients Effects model OR (95%Cl) Heterogeneity
*(%) Ph
Gender (male vs female) 5 1,769 Fixed 0.93(0.77-1.12) 0.436 0 0.425
ECOG PS (=2 vs <2) 5 1,769 Random 4.55(2.75-7.54) <0.001 66.7 0.017
Ann Arbor stage (III-IV vs I-II) 5 1,769 Fixed 2.91(2.38-3.57) <0.001 0 0.504
B symptom (present vs absent) 5 1,769 Random 3.51(2.34-5.29) <0.001 56.3 0.058
Extranodal disease (yes vs no) 5 1,769 Fixed 2.90(2.32-3.63) <0.001 40.2 0.153

GNRI, geriatric nutritional risk index; DLBCL, diffuse large B-cell lymphoma; ECOG PS, eastern cooperative oncology group performance status.
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FIGURE 4

Forest plots of the correlation between GNRI and clinicopathological features in DLBCL patients. (A) Gender (male vs female); (B) ECOG PS (>2 vs
<2); (C) Ann Arbor stage (IlI-1V vs I-11); (D) B symptom (present vs absent); and (E) Extranodal disease (yes vs no).

analysis of 5,593 patients and showed that the GNRI performed well
in predicting long-term survival, as well as complications among
surgical gastric cancer cases (34). Zhou et al. reported that a low
GNRI estimated dismal OS and CSS in esophageal cancer cases in a
meta-analysis of 11 studies (39). A recent meta-analysis involving
3,440 participants showed that a lower GNRI before treatment
predicted poorer OS and disease-free survival of colorectal cancer
cases (40). Another meta-analysis enrolling 6,792 patients indicated

that a lower GNRI strongly estimated dismal OS, RFS/PFS, and CSS
in urological cancers (38). According to Wang et al., a low GNRI
predicted dismal OS, RES, and CSS in lung cancer cases (41).
Some limitations of the present study should be noted. First, the
enrolled articles were retrospective studies, which are not as
convincing as randomized controlled trials. Second, all the eligible
studies were conducted in Asia. Therefore, the role of GNRI in
predicting the prognosis of DLBCL in non-Asian populations

Begg's funnel plot with pseudo 95% confidence limits Begg's funnel plot with pseudo 95% confidence limits
24 15
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0 |
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FIGURE 5
Publication bias. (A) OS, Begg's test, p=0.368; (B) PFS, Begg's test, p=0.317.
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should be verified. Third, an optimum cut-off value of the GNRI
was not determined in the included studies, which might have
caused selection bias. Therefore, large-scale trials in multicenter
regions should be conducted for further verification.

Conclusions

In summary, a low GNRI predicts poorer short- and long-term
DLBCL prognosis. A low GNRI was correlated with clinical factors
of disease progression in DLBCL.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

DC and ZZ designed and conceived the study. DC and ZZ
collected the data. DC analyze the data and performed the statistical
analysis. ZZ gave the important guidance for statistical analysis and
methodology. DC and ZZ provided critical intellectual
contributions. DC drafted the manuscript. All authors
contributed to the article and approved the submitted version.

References

1. Susanibar-Adaniya S, Barta SK. 2021 Update on diffuse large b cell lymphoma: A
review of current data and potential applications on risk stratification and
management. Am ] Hematol (2021) 96(5):617-29. doi: 10.1002/ajh.26151

2. Cheson BD, Nowakowski G, Salles G. Diffuse large b-cell lymphoma: New targets
and novel therapies. Blood Cancer ] (2021) 11(4):68. doi: 10.1038/541408-021-00456-w

3. Crump M, Neelapu SS, Farooq U, Van Den Neste E, Kuruvilla J, Westin J, et al.
Outcomes in refractory diffuse large b-cell lymphoma: Results from the international
SCHOLAR-1 study. Blood (2017) 130(16):1800-8. doi: 10.1182/blood-2017-03-769620

4. He MY, Kridel R. Treatment resistance in diffuse large b-cell lymphoma.
Leukemia (2021) 35(8):2151-65. doi: 10.1038/s41375-021-01285-3

5. Grivennikov SI, Greten FR, Karin M. Immunity, inflammation, and cancer. Cell
(2010) 140(6):883-99. doi: 10.1016/j.cell.2010.01.025

6. Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell (2011)
144(5):646-74. doi: 10.1016/j.cell.2011.02.013

7. Li YL, Pan YY, Jiao Y, Ning J, Fan YG, Zhai ZM. Peripheral blood lymphocyte/
monocyte ratio predicts outcome for patients with diffuse large b cell lymphoma after
standard first-line regimens. Ann Hematol (2014) 93(4):617-26. doi: 10.1007/s00277-
013-1916-9

8. Wang J, Zhou M, Xu JY, Yang YG, Zhang QG, Zhou RF, et al. Prognostic role of
pretreatment neutrophil-lymphocyte ratio in patients with diffuse large b-cell
lymphoma treated with RCHOP. Med (Baltimore) (2016) 95(38):e4893. doi: 10.1097/
md.0000000000004893

9. HongJY, RyuK]J, Lee JY, Park C, Ko YH, Kim WS, et al. Serum level of CXCLI10 is
associated with inflammatory prognostic biomarkers in patients with diffuse large b-cell
lymphoma. Hematological Oncol (2017) 35(4):480-6. doi: 10.1002/hon.2374

10. WangS,Ma Y, Sun L, Shi Y, Jiang S, Yu K, et al. Prognostic significance of pretreatment
Neutrophil/Lymphocyte ratio and Platelet/Lymphocyte ratio in patients with diffuse Large b-cell
lymphoma. BioMed Res Int (2018) 2018:9651254. doi: 10.1155/2018/9651254

11. Buzby GP, Knox LS, Crosby LO, Eisenberg JM, Haakenson CM, McNeal GE,
et al. Study protocol: A randomized clinical trial of total parenteral nutrition in

Frontiers in Oncology

10.3389/fonc.2023.1169749

Acknowledgments

We would like to thank Editage (www.editage.com) for English
language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1169749/
full#supplementary-material

malnourished surgical patients. Am J Clin Nutr (1988) 47(2 Suppl):366-81.
doi: 10.1093/ajcn/47.2.366

12. Ito Y, Abe A, Hayashi H, Momokita M, Furuta H. Prognostic impact of
preoperative geriatric nutritional risk index in oral squamous cell carcinoma. Oral
Dis (2022). doi: 10.1111/0di.14255

13. Pan Y, Zhong X, Liu J. The prognostic significance of geriatric nutritional risk
index in elderly patients with bladder cancer after radical cystectomy. Asian ] Surg
(2022). doi: 10.1016/j.asjsur.2022.11.082

14. Kanemasa Y, Shimoyama T, Sasaki Y, Hishima T, Omuro Y. Geriatric
nutritional risk index as a prognostic factor in patients with diffuse large b cell
lymphoma. Ann Hematol (2018) 97(6):999-1007. doi: 10.1007/s00277-018-3273-1

15. Li Z, Guo Q, Wei J, Jin J, Wang J. Geriatric nutritional risk index is not an
independent predictor in patients with diffuse large b-cell lymphoma. Cancer
Biomarkers (2018) 21(4):813-20. doi: 10.3233/cbm-170754

16. Matsukawa T, Suto K, Kanaya M, Izumiyama K, Minauchi K, Yoshida S, et al.
Validation and comparison of prognostic values of GNRI, PNI, and CONUT in newly
diagnosed diffuse large b cell lymphoma. Ann Hematol (2020) 99(12):2859-68.
doi: 10.1007/s00277-020-04262-5

17. Chuang TM, Liu YC, Hsiao HH, Wang HC, Du JS, Yeh TJ, et al. Low geriatric
nutritional risk index is associated with poorer prognosis in elderly diffuse Large b-cell
lymphoma patients unfit for intensive anthracycline-containing therapy: A real-world
study. Nutrients (2021) 13(9):3243. doi: 10.3390/nu13093243

18. Lee S, Fujita K, Morishita T, Negoro E, Oiwa K, Tsukasaki H, et al. Prognostic
utility of a geriatric nutritional risk index in combination with a comorbidity index in
elderly patients with diffuse large b cell lymphoma. Br ] Haematol (2021) 192(1):100-9.
doi: 10.1111/bjh.16743

19. Yan D, Shen Z, Zhang S, Hu L, Sun Q, Xu K, et al. Prognostic values of geriatric
nutritional risk index (GNRI) and prognostic nutritional index (PNI) in elderly patients
with diffuse Large b-cell lymphoma. J Cancer (2021) 12(23):7010-7. doi: 10.7150/
jca.62340

frontiersin.org


http://www.editage.com
https://www.frontiersin.org/articles/10.3389/fonc.2023.1169749/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1169749/full#supplementary-material
https://doi.org/10.1002/ajh.26151
https://doi.org/10.1038/s41408-021-00456-w
https://doi.org/10.1182/blood-2017-03-769620
https://doi.org/10.1038/s41375-021-01285-3
https://doi.org/10.1016/j.cell.2010.01.025
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1007/s00277-013-1916-9
https://doi.org/10.1007/s00277-013-1916-9
https://doi.org/10.1097/md.0000000000004893
https://doi.org/10.1097/md.0000000000004893
https://doi.org/10.1002/hon.2374
https://doi.org/10.1155/2018/9651254
https://doi.org/10.1093/ajcn/47.2.366
https://doi.org/10.1111/odi.14255
https://doi.org/10.1016/j.asjsur.2022.11.082
https://doi.org/10.1007/s00277-018-3273-1
https://doi.org/10.3233/cbm-170754
https://doi.org/10.1007/s00277-020-04262-5
https://doi.org/10.3390/nu13093243
https://doi.org/10.1111/bjh.16743
https://doi.org/10.7150/jca.62340
https://doi.org/10.7150/jca.62340
https://doi.org/10.3389/fonc.2023.1169749
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Cao and Zhang

20. Atas U, Sozel H, Iltar U, Yucel OK, Salim O, Undar L. The prognostic impact of
pretreatment geriatric nutritional risk index in patients with diffuse Large b-cell
lymphoma. Nutr Cancer (2022) 75(2):591-8. doi: 10.1080/01635581.2022.2142248

21. Moher D, Liberati A, Tetzlaff ], Altman DG, Grp P. Preferred reporting items for
systematic reviews and meta-analyses: The PRISMA statement. PLoS Med (2009) 6(7):
€1000097. doi: 10.1371/journal.pmed.1000097

22. Stang A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of
the quality of nonrandomized studies in meta-analyses. Eur J Epidemiol (2010) 25
(9):603-5. doi: 10.1007/s10654-010-9491-z

23. Riveros C, Chalfant V, Bazargani S, Bandyk M, Balaji KC. The geriatric
nutritional risk index predicts complications after nephrectomy for renal cancer. Int
Braz ] urol (2023) 49(1):97-109. doi: 10.1590/s1677-5538.1bju.2022.0380

24. Grinstead C, George T, Han B, Yoon SL. Associations of overall survival with
geriatric nutritional risk index in patients with advanced pancreatic cancer. Nutrients
(2022) 14(18):3800. doi: 10.3390/nul14183800

25. Artigas A, Wernerman J, Arroyo V, Vincent JL, Levy M. Role of albumin in
diseases associated with severe systemic inflammation: Pathophysiologic and clinical
evidence in sepsis and in decompensated cirrhosis. J Crit Care (2016) 33:62-70.
doi: 10.1016/j.jcrc.2015.12.019

26. Duran AO, Inanc M, Karaca H, Dogan I, Berk V, Bozkurt O, et al. Albumin-
globulin ratio for prediction of long-term mortality in lung adenocarcinoma patients.
Asian Pacific ] Cancer Prev (2014) 15(15):6449-53. doi: 10.7314/apjcp.2014.15.15.6449

27. He J, Pan H, Liang W, Xiao D, Chen X, Guo M, et al. Prognostic effect of
albumin-to-Globulin ratio in patients with solid tumors: A systematic review and meta-
analysis. J Cancer (2017) 8(19):4002-10. doi: 10.7150/jca.21141

28. Collins N. Protein-energy malnutrition and involuntary weight loss: Nutritional
and pharmacological strategies to enhance wound healing. Expert Opin
pharmacotherapy (2003) 4(7):1121-40. doi: 10.1517/14656566.4.7.1121

29. Wang Z, Luo S, Zhao X. The prognostic impact of body mass index in patients
with diffuse Large b-cell lymphoma: A meta-analysis. Nutr Cancer (2021) 73(11-
12):2336-46. doi: 10.1080/01635581.2020.1823437

30. Duconseil P, Garnier ], Weets V, Ewald ], Marchese U, Gilabert M, et al. Effect of
clinical status on survival in patients with borderline or locally advanced pancreatic
adenocarcinoma. World ] Surg Oncol (2019) 17(1):95. doi: 10.1186/s12957-019-1637-1

Frontiers in Oncology

57

10.3389/fonc.2023.1169749

31. Hao X, Wei Y, Wei X, Zhou L, Wei Q, Zhang Y, et al. Glasgow Prognostic score
is superior to other inflammation-based scores in predicting survival of diffuse large b-
cell lymphoma. Oncotarget (2017) 8(44):76740-8. doi: 10.18632/oncotarget.20832

32. Mu S, Ai L, Fan F, Qin Y, Sun C, Hu Y. Prognostic role of neutrophil-to-
lymphocyte ratio in diffuse large b cell lymphoma patients: an updated dose-response
meta-analysis. Cancer Cell Int (2018) 18:119. doi: 10.1186/s12935-018-0609-9

33. Chen Y, Zhang Z, Fang Q, Jian H. Prognostic impact of platelet-to-lymphocyte
ratio on diffuse large b-cell lymphoma: a meta-analysis. Cancer Cell Int (2019) 19:245.
doi: 10.1186/512935-019-0962-3

34. Zhang Q, ZhangL, Jin Q, He Y, Wu M, Peng H, et al. The prognostic value of the
GNRI in patients with stomach cancer undergoing surgery. J Pers Med (2023) 13
(1):155. doi: 10.3390/jpm13010155

35. XuJ, Sun Y, Gong D, Fan Y. Predictive value of geriatric nutritional risk index in
patients with colorectal cancer: A meta-analysis. Nutr Cancer (2023) 75(1):24-32.
doi: 10.1080/01635581.2022.2115521

36. YuJ, Zhang W, Wang C, Hu Y. The prognostic value of pretreatment geriatric
nutritional risk index in esophageal cancer: A meta-analysis. Nutr Cancer (2022) 74
(9):3202-10. doi: 10.1080/01635581.2022.2069273

37. Yang M, Liu Z, Li G, Li B, Li C, Xiao L, et al. Geriatric nutritional risk index as a
prognostic factor of patients with non-small cell lung cancer: A meta-analysis. Horm
Metab Res (2022) 54(9):604-12. doi: 10.1055/a-1903-1943

38. Wu Q, Ye F. Prognostic impact of geriatric nutritional risk index on patients
with urological cancers: A meta-analysis. Front Oncol (2022) 12:1077792. doi: 10.3389/
fonc.2022.1077792

39. Zhou J, Fang P, Li X, Luan S, Xiao X, Gu Y, et al. Prognostic value of geriatric
nutritional risk index in esophageal carcinoma: A systematic review and meta-analysis.
Front Nutr (2022) 9:831283. doi: 10.3389/fnut.2022.831283

40. Yuan F, Yuan Q, HuJ, AnJ. Prognostic role of pretreatment geriatric nutritional
risk index in colorectal cancer patients: A meta-analysis. Nutr Cancer (2023) 75(1):276-
85. doi: 10.1080/01635581.2022.2109692

41. Wang H, Li C, Yang R, Jin J, Liu D, Li W. Prognostic value of the geriatric
nutritional risk index in non-small cell lung cancer patients: A systematic review and
meta-analysis. Front Oncol (2021) 11:794862. doi: 10.3389/fonc.2021.794862

frontiersin.org


https://doi.org/10.1080/01635581.2022.2142248
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1007/s10654-010-9491-z
https://doi.org/10.1590/s1677-5538.Ibju.2022.0380
https://doi.org/10.3390/nu14183800
https://doi.org/10.1016/j.jcrc.2015.12.019
https://doi.org/10.7314/apjcp.2014.15.15.6449
https://doi.org/10.7150/jca.21141
https://doi.org/10.1517/14656566.4.7.1121
https://doi.org/10.1080/01635581.2020.1823437
https://doi.org/10.1186/s12957-019-1637-1
https://doi.org/10.18632/oncotarget.20832
https://doi.org/10.1186/s12935-018-0609-9
https://doi.org/10.1186/s12935-019-0962-3
https://doi.org/10.3390/jpm13010155
https://doi.org/10.1080/01635581.2022.2115521
https://doi.org/10.1080/01635581.2022.2069273
https://doi.org/10.1055/a-1903-1943
https://doi.org/10.3389/fonc.2022.1077792
https://doi.org/10.3389/fonc.2022.1077792
https://doi.org/10.3389/fnut.2022.831283
https://doi.org/10.1080/01635581.2022.2109692
https://doi.org/10.3389/fonc.2021.794862
https://doi.org/10.3389/fonc.2023.1169749
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

& frontiers | Frontiers in Oncology

@ Check for updates

OPEN ACCESS

EDITED BY
Francesco Piazza,
University of Padua, Italy

REVIEWED BY
Monica Balzarotti,

Humanitas Research Hospital, Italy
Liang Wang,

Capital Medical University, China

*CORRESPONDENCE
Adrian Mosquera Orgueira
adrian.mosquera.orgeira@sergas.es

RECEIVED 02 February 2023
ACCEPTED 17 April 2023
PUBLISHED 28 April 2023

CITATION

Mosquera Orgueira A, Diaz Arias JA,
Serrano Martin R, Portela Pifieiro V, Cid
Lopez M, Peleteiro Raindo A, Bao Pérez L,
Gonzdlez Pérez MS, Pérez Encinas MM,
Fraga Rodriguez MF, Vallejo Llamas JC and
Bello Lopez JL (2023) A prognostic model
based on gene expression parameters
predicts a better response to bortezomib-
containing immunochemotherapy in
diffuse large B-cell lymphoma.

Front. Oncol. 13:1157646.

doi: 10.3389/fonc.2023.1157646

COPYRIGHT
© 2023 Mosquera Orgueira, Diaz Arfas,
Serrano Martin, Portela Pifieiro, Cid Lopez,

Peleteiro Raindo, Bao Pérez, Gonzalez Pérez,

Pérez Encinas, Fraga Rodriguez, Vallejo
Llamas and Bello Lopez. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology

TYPE Brief Research Report
PUBLISHED 28 April 2023
Dol 10.3389/fonc.2023.1157646

A prognostic model based on
gene expression parameters
predicts a better response to
bortezomib-containing
Immunochemotherapy in diffuse
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Diffuse Large B-cell Lymphoma (DLBCL) is the most common type of aggressive
lymphoma. Approximately 60% of fit patients achieve curation with
immunochemotherapy, but the remaining patients relapse or have refractory
disease, which predicts a short survival. Traditionally, risk stratification in DLBCL
has been based on scores that combine clinical variables. Other methodologies
have been developed based on the identification of novel molecular features,
such as mutational profiles and gene expression signatures. Recently, we
developed the LymForest-25 profile, which provides a personalized survival
risk prediction based on the integration of transcriptomic and clinical features
using an artificial intelligence system. In the present report, we studied the
relationship between the molecular variables included in LymForest-25 in the
context of the data released by the REMoDL-B trial, which evaluated the addition
of bortezomib to the standard treatment (R-CHOP) in the upfront setting of
DLBCL. For this, we retrained the machine learning model of survival on the
group of patients treated with R-CHOP (N=469) and then made survival
predictions for those patients treated with bortezomib plus R-CHOP (N=459).
According to these results, the RB-CHOP scheme achieved a 30% reduction in
the risk of progression or death for the 50% of DLBCL patients at higher
molecular risk (p-value 0.03), potentially expanding the effectiveness of this
treatment to a wider patient population as compared with other previously
defined risk groups.

KEYWORDS

machie learning, DLBCL - diffuse large B cell lymphoma, bortezomib, R-CHOP,
lymphoma, genomics, gene expression
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Introduction

Diffuse Large B-cell Lymphoma (DLBCL) is the most common
type of aggressive lymphoma. Approximately 60% of patients achieve
curation with the standard first line treatment, which is based on the
combination of an anti-CD20 antibody (rituximab) with
chemotherapy (cyclophosphamide, doxorubicin and vincristine)
and prednisone (R-CHOP). The remaining patients have either
refractory disease or relapse after achieving a remission, and this
predicts an adverse prognosis (1). Traditionally, risk stratification has
been based on scores that combine the value of different prognostic
variables. Examples of these methods are the International Prognostic
Index (IPI), the revised IPI (R-IPI), and the National Comprehensive
Cancer Network IPI (NCCN-IPI) (2). Nevertheless, the accuracy of
these scores is far from optimal, and other strategies are actively being
explored based on novel molecular features. Earlier studies based on
transcriptomic signatures revealed 3 prognostic groups based on their
cell-of-origin (COO) status: activated B-cell-like (ABC), germinal-
center B-cell-like (GCB) and unclassified (3). Furthermore, recent
research reports proved that high risk lymphomas can also be
identified as those which share a gene expression signature with
either double & triple-hit DLBCLs or with Burkitt lymphomas (4).
These lymphomas have been termed as molecular high-grade (MHG)
by the academics (4). Finally, comprehensive classifications of
DLBCL based on patterns of somatic mutations also exist, which
are also associated with divergent clinical outcomes (5).

A few years ago, we presented a new prognostic tool in DLBCL
based on a 102-gene expression profile (6). The data from this
profile, when interpreted with machine learning tools, enabled the
inference of personalized survival outcomes that were
prognostically superior to those of the COO classification.
Afterwards, we reproduced this profile in another cohort, and
reduced the total number of genes in the signature to 19 variables
which were prognostically independently of the IPI-related
variables (7). The model was named LymForest-25. Finally, we
validated the prognostic value of this signature in the UK
population-based Haematological Malignancy Research Network
database (8), confirming its superiority with respect to the COO and
MHG cdlassifications. Notably, the performance of the predictor
continued to be high despite the exclusion of 2 genes which were
not represented in the gene expression panel used in that study.

At the same time, a growing interest for improved treatments in
DLBCL has emerged, and several trials have evaluated new upfront
combinations during the last years. The ROBUST study was a
randomized, phase III trial which explored the addition of
lenalidomide to R-CHOP (R2-CHOP) vs standard R-CHOP, but
failed to provide significant results (9). However, a tendency for an
improved progression-free survival (PFS) with R2-CHOP was
observed among patients with high risk disease (IPI > 3). More
recently, the POLARIX phase III trial evaluated a modified scheme
of R-CHOP (pola-R-CHP), in which vincristine was replaced with
polatuzumab vedotin, as compared with standard R-CHOP in
patients with previously untreated intermediate-risk or high-risk
DLBCL (10). A significant benefit in PFS was observed in the pola-
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R-CHP treatment branch, with a hazard ratio (HR) of 0.73. Notably,
exploratory subgroup analysis evidenced that this benefit was more
pronounced among patients with IPI > 3 and in those with ABC
phenotype. A different therapeutic strategy has been based on the
incorporation of the proteasome inhibitor bortezomib into the R-
CHOP scheme (RB-CHOP). Preclinical evidence indicated that
bortezomib can exert antitumoral activity in B-cell lymphoma cell
lines (11). This promoted clinical studies that ended up in the
development of the REMoDL-B trial, a randomized phase III trial
testing RB-CHOP vs R-CHOP in previously untreated DLBCL
patients (12). The results of this trial indicated no evidence for a
benefit of RB-CHOP over R-CHOP neither in PFS nor in overall
survival (OS). However, exploratory post-hoc analysis evidenced a
benefit for RB-CHOP in PFS in the MHG group, and a tendency
towards a benefit in the ABC group (13).

Methods

In the present report, we aimed to reproduce the prognostic
value of the LymForest gene expression profile in the publicly
available data of the REMoDL-B trial (13), as well as to evaluate
the possible predictive value of this signature. Briefly, normalized
gene expression estimates were downloaded from the Gene
Expression Omnibus (GEO), with ID GSE117556. This cohort
contained data for 928 patients, out of which 469 were treated
with R-CHOP and 459 were treated with RB-CHOP. Median
follow-up was 29.37 months, and median overall survival was not
reached. We created a random forest model of survival following
previous specifications (7, 8), and this model was exclusively trained
on the group of patients treated with R-CHOP. Out-of-bag metrics
were derived for patients in this subgroup, and new predictions on
patients treated with RB-CHOP were made based on the results of
the training set. The values of the cumulative hazard function were
used to calculate the c-indexes.

Results

Firstly, we decided to reproduce the machine learning
predictions based on the expression of 17 out of 19 original
genes. This was due to the fact that 2 genes (FAM208B and
TRAV6) were not included in the Illumina HumanHT-12 WG-
DASL V4.0 R2 expression beadchips. In the original UK
population-based Haematological Malignancy Research Network
database, the c-index of this signature was 0.612. In the case of the
REMoDL-B trial cohort, the c-indexes were 0.619 and 0.640 for the
R-CHOP and RB-CHOP treated patients, respectively. Then, we
reasoned that the expression of one of the missing genes (the T-cell
receptor alpha subunit variable region gene; TRAVS6), could be
substituted by the expression of the CD3 T-cell specific marker
genes, namely CD3D, CD3G and CD3E. We observed that this
strategy improved the c-index in the UK population-based
Haematological Malignancy Research Network database (original
c-index, 0.612; new c-index, 0.621). Hence, we performed the same
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modification in the REMoDL-B trial cohort, obtaining a c-index of
0.668 in the group of patients treated with R-CHOP, and a small
reduction of the c-index to 0.631 in those treated with RB-CHOP.

In a second approach, we evaluated the possible predictive value
of this signature in the REMoDL-B trial. With this aim, we extracted
the 2-year survival probabilities from the machine learning
predictions. We chose this threshold because most of the relapses
and lymphoma-related deaths are known to occur during this
period of time (14). Initially, we explored the possible utility of
the 17-gene model by splitting the patients into 2 halves and 3
tertiles of risk (Table 1). No statistically significant difference in PFS
was observed between patients treated with RB-CHOP and R-
CHOP in either the high or the low 50% risk groups. However, a
significant advantage of RB-CHOP for those patients assigned to
the higher 33% of risk was identified (p-value 0.03, HR 0.66). Then,
we reproduced the same procedure with the model enriched in T-
cell markers (Table 1). In this case, we observed a significantly
higher PFS with RB-CHOP for the 50% of patients at higher risk (p-
value 0.03, HR 0.70; Figure 1A), whereas no significant differences
were observed for those patients assigned to the lower 50% of risk
(Figure 1B). This effect appeared to be even more pronounced
among patients in the higher 33% of risk (p-value 0.03, HR 0.66)
(Figures 1C, D).

Discussion

Our data indicates a role for bortezomib-containing upfront
treatments in patients with DLBCL who have high-risk molecular
features. According to these results, the RB-CHOP scheme achieved
a 30% reduction in the risk of progression or death for the 50% of
DLBCL patients at higher molecular risk, potentially expanding the
effectiveness of this treatment to a wider patient population as
compared with other previously defined risk groups. Furthermore,
we confirmed that the inclusion of T-cell markers in the gene
expression signature enriches the prognostic performance of the
signature in patients treated with R-CHOP, although their
importance appears to diminish in patients treated with RB-
CHOP. In conclusion, the standardization and implementation of
machine learning-guided molecular risk scores based on
transcriptomic features should be performed in the context of
clinical trials evaluating novel upfront combinations in the
upfront treatment of DLBCL. Additionally, the LymForest
molecular profile improves previous transcriptomic signatures for
both prognostication and drug-response prediction in patients with
DLBCL requiring systemic immunochemotherapy. This strategy
could also be explored to enrich the results of other trials aiming to
improve R-CHOP as upfront treatment in DLBCL, such as those
based on polatuzumab (pola-R-CHP) (10) and those aiming to
incorporate immunotherapy (bispecific antibodies or CAR-T cells)
(15, 16). This is relevant because most of the new drugs in the
frontline setting face a substantial difficulty to improve R-CHOP
due to its high effectivity in the global population, and therefore the
development of biomarkers to guide their use is of the

utmost interest.
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Machine learning has the potential to play an important role in
the post hoc analysis of clinical trials by enabling more
comprehensive and accurate analysis of trial data. Al-based
methods can process large amounts of data and identify patterns,
relationships, and insights that may not be immediately apparent
through traditional statistical methods. Additionally, AI techniques
can help to identify potential safety concerns, optimize dosing
regimens, and identify subgroups of patients who may benefit the
most from a particular treatment. For example, machine learning
algorithms can be used to identify the best predictive biomarkers or
clusters of patients for a particular treatment, which can inform
future trial design and clinical decision making. Several studies have
demonstrated the potential of Al in the post hoc analysis of clinical
trials. For instance, a recent study by Yan et al. (2021) used a
machine learning algorithm to predict clinical outcomes in patients
with colorectal cancer treated with immunotherapy, achieving
better performance than traditional statistical methods (17).
Recently, newer approaches in the prediction of response to
targeted drugs and drug combinations from patients treated in
routine clinical practice have been presented. For example, Kong
et al. (2022) presented an approach to predict the response to
immune check-point inhibitors based on the construction of a
network of genes and proteins that are known to be involved in the
immune response (18). Using machine learning algorithms, they
identified patterns in the network that were associated with drug
response, proving that their approach can accurately predict
responses in several different types of cancer. In another
approach, our group explored new methods to predict risk in
multiple myeloma (MM) by the integration of clinical and
biochemical data with gene expression profiling. By applying
machine learning algorithms, we created a 50-variable model that
can predict OS with high concordance (19). The model included
patient age, ISS stage, serum B2-microglobulin, first-line treatment,
and the expression of 46 genes as covariates. Importantly, we found
that patients treated with the best-predicted drug combination were
significantly less likely to die than patients treated with other
schemes, particularly those treated with a triplet combination
including bortezomib, an immunomodulatory drug
and dexamethasone.

Validated and transparent machine learning algorithms are
essential in medical applications because they can provide
accurate and reliable predictions, which can aid clinicians in
making optimal decisions (20). Despite this great potential, it is
important to recognize their limitations and potential biases. It is
crucial to fully understand the strengths and weaknesses of each
algorithm and to ensure that they are appropriately validated and
transparent. This requires ongoing research and collaboration
between machine learning experts and clinicians (21). In the
particular context of clinical trials, post hoc analysis can be used
to analyze data from clinical trials and determine if a drug is
effective and safe (22). Machine learning can be used to identify
patterns and relationships that can later be used to develop new
drugs or optimize existing ones. However, post hoc studies also have
limitations, including the possibility of data overfitting and the
inability to control for confounding variables due to their
retrospective nature (23). In our particular case, we retrained a
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TABLE 1 Results of the cox models testing for differential PFS outcomes of the different groups of patients analyzed in the text.

17-gene model

CD3 genes + 17-gene model

P-value HR (95% Cl) P-value HR (95% Cl)

50% higher risk 029 0.84 (0.61-1.16) 2.94 x 10-2 0.70 (0.51-0.96)
50% lower risk 0.92 0.98 (0.67-1.43) 0.26 1.24 (0.85-1.82)
33% higher risk 35x10-2 0.66 (0.45-0.97) 2.88 x 10-2 0.66 (0.45-0.96)
34-65% risk 035 1.23 (0.79-1.92) 0.84 1.05 (0.67-1.65)
33% lower risk 0.97 0.99 (0.62-1.59) 036 1.25 (0.78-2.01)

P-values, hazard ratios (HR) and 95% confidence intervals of the HR are provided.

previously described prognostic model in the group of patients
treated with R-CHOP, because this population was the target of our
predictor (6-8). Afterwards, we used these predictions to risk
stratify those patients treated with RB-CHOP and compare
outcomes. However, though the use of an external cohort for
training the predictor could be an option, this should have the
same structure (e.g., inclusion and exclusion criteria, baseline
characteristics...) as the original clinical trial data. This highlights
the crucial importance of external validity in clinical trials,
particularly for the construction of new machine learning
predictors, and the need to discuss these issues with regulatory
agencies for drug approval based on such types of evidence (24).

Surely, a prospective validation of the findings on a new clinical trial
or in a post-authorization real world cohort would provide more
reliable information. Eventually, the growing application of
machine learning in clinical trials will make these post hoc
analysis more relevant, and regulators should pursue the
development of good clinical practices to ensure a reliable and
fair application (25, 26). This includes using appropriate statistical
methods, validating the model on multiple datasets, and being
transparent about its possible limitations. Another issue of
relevance for the application of this technology relies on the need
for genomic standardization, which should be pursued in order to
lead to reliable results for patient care. Standardization of genomic
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Kaplan-Meier curves representing the PFS of patients treated with RB-CHOP and R-CHOP according to their biological risk predicted by the CD3
markers & 17 gene expression signature. (A, B) Representation of RB-CHOP and R-CHOP curves for those patients in the higher 50% risk group
(A) and in the lower 50%risk group (B). (C, D) Representation of RB-CHOP and R-CHOP curves for those patients in the higher 33% risk group
(A) and in the lower 67%risk group (B).
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tests involves ensuring that the tests are performed in a consistent
and reliable manner across different laboratories, using well-defined
protocols, standardized testing platforms and quality control
measures (27). This will help to ensure that the results of the tests
are accurate and can be compared across different settings and
over time.

In conclusion, we present an evaluation of LymForest-25
machine-learning-based gene expression profile to risk stratify
patients and predict treatment responses in patients with DLBCL
within the REMoDL-B trial. The results suggest a role for
bortezomib-containing upfront treatments in molecular high-risk
patients. The standardization and implementation of machine
learning-guided molecular risk scores based on transcriptomic
features should be pursued in the context of clinical trials
evaluating novel upfront combinations in the upfront treatment
of DLBCL.
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Introduction: CAR T-cell therapy has emerged as a promising new immuno-
oncology treatment that engages the patient's immune system to fight certain
hematological malignancies, including diffuse large B-cell lymphoma (DLBCL). In
the European Union (EU), CAR T-cell therapies have been approved for relapsed/
refractory (R/R) DLBCL patients since 2018, but patient access is often still limited
or delayed. This paper is aimed at discussing challenges to access and possible
solutions in the largest four EU countries.

Methods: The analysis relied on literature review, market data collection, since
homogeneous data coming from registries were not available, and discussion
with experts coming from all four countries.

Results: We calculated that in 2020, between 58% and 83% of R/R DLBCL patients
(EMA approved label population) or between 29% and 71% of the estimated
medically eligible R/R DLBCL patients, were not treated with a licensed CAR T-cell
therapy. Common challenges along the patient journey that may result in limited
access or delays to CAR T-cell therapy were identified. These include timely
identification and referral of eligible patients, pre-treatment funding approval by
authorities and payers, and resource needs at CAR T-cell centers.

Discussion: These challenges, existing best practices and recommended focus
areas for health systems are discussed here, with the aim to inform necessary
actions for overcoming patient access challenges for current CAR T-cell therapies
as well as for future cell and gene therapies.

CAR T-cell therapy, diffuse large B-cell ymphoma, patient access, health system,
Germany, France, Italy, Spain
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- Despite approval of CAR T-cell therapies in EU-4 countries, their use in relapsed/refractory

DLBCL patients remains limited, with between 29 and 71% of estimated eligible patients not

receiving treatment in 2020.

- Systematic challenges along the patient journey can limit or delay CAR T-cell therapy access

for eligible patients, including identification, referral, pre-treatment funding approval and

center resource needs.

- Local best practices and actionable recommendations presented in this study can guide

health system efforts to improve patient access for current and future cell and gene therapies.

1. Introduction

1.1. CAR T-cell cancer immunotherapy
developments

CAR T-cell therapies are novel anti-cancer treatments that utilize
the immune system, specifically immune T-lymphocytes, or T-cells,
to fight tumor cells. Patient T-cells are genetically modified to express
chimeric antigen receptors (CARs), which target specific cancer cell-
associated surface proteins. When infused back into the patient’s
blood, CAR T-cells bind to cancer cells expressing these antigens and
trigger a T-cell initiated cell destruction (1).

Six commercial CAR T-cell therapies have been approved by the
U.S. Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) since 2017; four of them are designed to
bind the B-lymphocyte antigen CD19 (Cluster of Differentiation 19)
expressed on the cell surface of different types of lymphoma and
leukemia, whereas the other two approved CAR T-cell therapies target
the multiple myeloma-expressed B-cell maturation antigen BCMA
(Supplementary Table 1). In 2020, EMA-approved CD19 CAR T-cell
therapies covered the following indications: R/R diffuse large B-cell
lymphoma (DLBCL) after at least two lines of therapy (2-4), with
CAR T-cell therapy after only one line of chemoimmunotherapy
approved by the EMA in October 2022 (5); R/R primary mediastinal
large B-cell lymphoma after at least two lines of therapy (2, 4); R/R
follicular lymphoma after at least two lines of therapy (2, 6); R/R
mantle cell lymphoma after at least two lines of therapy including a
Bruton’s tyrosine kinase inhibitor (7); and R/R B-cell acute
lymphoblastic leukemia in pediatric patients up to 25years after at
least two lines of therapy or after relapse post-transplant (2).
Indications approved by EMA for BCMA CAR T-cell therapies
include R/R multiple myeloma after at least three lines of systemic
therapy, including an immunomodulatory agent, a proteasome
inhibitor and an anti-CD38 antibody and with demonstrated disease
progression on the last therapy line (8, 9).

The growing number of approved CAR T-cell therapies is fueled
by a rapidly expanding pipeline with more than 500 “active” CAR
T-cell trials listed by the beginning of 2022 [“active” status
corresponding to CAR T-cell studies listed as “recruiting,” “enrolling
by invitation” or “active, not recruiting’ on www.clinicaltrials.gov;
(10)]. Ongoing research will likely increase the breadth of CAR
immunotherapy applications and includes among others CAR T-cells
targeting solid tumors, bispecific CAR T-cells targeting two different
antigens, allogeneic “off-the-shelf” CAR T-cells and CAR NK (natural
killer)-cells (1). Particularly for solid tumors, which constitute most
of malignant neoplasms, CAR immunotherapy development may one
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day bring a much-needed novel treatment approach, akin to the
successful application in different hematological cancers to date.

1.2. Access environment for DLBCL CAR
T-cell therapies in EU-4 countries

In 2018/19, Germany, Italy and Spain granted reimbursement and
commercial patient access for the CD19 CAR T-cell therapies
tisagenlecleucel and axicabtagene ciloleucel in R/R DLBCL patients
after at least two lines of therapy (11-15). France had already allowed
patient access to tisagenlecleucel and axicabtagene ciloleucel before
EMA market authorization, through its early access program (ATU),
intended for therapies addressing a high unmet need without available
alternatives [since 2021, the ATU/“Temporary Authorization for Use”
program has been replaced by the APP/“Early Access Authorization”
system (16)]. In 2019, both CAR T-cell therapies were approved by
French authorities for statutory reimbursement listing and
transitioned from the ATU program (17, 18). In the four European
countries, integration of tisagenlecleucel and axicabtagene ciloleucel
into care for R/R DLBCL patients was tightly controlled by the health
authorities, including regulations for CAR T-cell center authorization,
patient eligibility approval, data collection through registries and
funding mechanisms (Table 1).

1.2.1. Center authorization and qualification

CAR T-cell therapies can be only provided by authorized CAR
T-cell centers, that fulfil specific structural and organizational quality
requirements defined by national authorities (13, 14, 19-21). In Spain,
CAR T-cell centers were specifically designated by the Ministry of
Health (22), and in Italy, due to the decentralized architecture of the
health care system, by the respective regional authorities (13, 14),
effectively authorizing only a sub-set of the centers that fulfill the
quality criteria for active CAR T-cell therapy use. In France and
Germany, centers fulfilling national criteria were authorized by
regional health authorities or sick funds, respectively (20). In addition
to authorization by authorities, pharmaceutical manufacturers have
defined specific qualification procedures that centers need to complete
before providing commercial CAR T-cell therapies.

1.2.2. Patient eligibility criteria

Beyond the EMA-approved R/R DLBCL indication for
tisagenlecleucel and axicabtagene ciloleucel, patient eligibility criteria
were further restricted at national level in Germany, Italy and Spain
based on the selection criteria applied in the registrational trials (22—
24, 26). In Germany, although not officially published, criteria for
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TABLE 1 DLBCL CAR T-cell therapy implementation mechanisms across EU-4 countries — CAR T-cell center authorization, patient eligibility criteria,
treatment approval processes, data collection and funding mechanisms in France, Germany, Italy, and Spain.

Country

CAR T-cell center
authorization
(in addition to center

qualification by

France

CAR T-cell center criteria
defined at national level (19).
Center authorization by

regional health authorities

Germany

CAR T-cell center criteria defined at
national level (20).
Center authorization by sick funds

(and their medical review boards)

Italy

CAR T-cell center criteria defined
at national level (13, 14).
Center designation, authorization

by regional health authorities (13,

Spain
CAR-T center criteria,

designation, and authorization at

national level (21, 22).

Restrictions beyond EMA label may
be applied by sick funds (and their
medical review boards) for CAR-T
cell product funding, that are based
on clinical trial criteria and are
evolving with new clinical evidence.
The eligibility criteria applied by the
sick funds’ medical review boards

can differ across German regions.

Restrictions beyond EMA label
apply for CAR T-cell product
funding, which are based on
clinical trial criteria and additional
70 years age limit (increased to
75years in May 2022 for
tisagenlecleucel) (23-25).

manufacturer) (19). (20). 14).
Patient eligibility Patient eligibility criteria Patient eligibility criteria defined by Patient eligibility criteria defined at | Patient eligibility criteria defined
criteria defined by CAR T-cell center. CAR T-cell center. national level. at national level.

Restrictions beyond EMA label
apply for CAR T-cell product
funding, which are based on

clinical trial criteria (22).

Treatment approval

Center-level approval.

Pre-treatment approval by sick funds
may be required/requested to

minimize financial risks (26).

Center-level approval through
completion of AIFA registry form
with eligibility checklist
(corresponding to an implicit
authority approval) (23, 24).
Additional pre-treatment approval
may be required by the authorities

of the region of patient origin.

Pre-treatment approval required
by authorities of the region of
patient origin and the national

expert group (22, 27).

Registry for data
collection
(in addition to EBMT

registry requirement)

National registry (DESCAR-T)
(28).

The registry is supporting
yearly reassessment of
approval based on real world

effectiveness (17, 18, 29).

National registry (DRST) (26).
In addition, data collection by sick
funds is supporting outcome-based

rebate agreements (29).

National AIFA registry (13, 14).
The registry is supporting
implementation of outcome-based

staged payments (29).

National registry
(VALTERMED) (27, 30).
The registry is supporting
implementation of outcome-

based staged payments (29).

CAR T-cell product

funding mechanisms

National funding for
innovative, high-cost products
through the “Liste en Sus” as
well as the early access

programs ATU/AAP (16, 29).

Sick fund-level funding, e.g., through
application by the center for a NUB

innovation funding (29).

National funding for innovative
oncology products allocated to and
managed by regional authorities
(“Fondo Farmaci Oncologici

Innovativi”) (13, 14, 29).

Regional-level funding.

CAR T-cell therapy reimbursement have been developed by the sick
funds’ medical review boards under the guidance of the national
[KCO/ “Kompetenz-Centrum
Onbkologie” (31)]. These patient eligibility criteria continue to evolve

Competence Center  Oncology
based on new clinical evidence, and their implementation by the sick
funds’ medical review boards differs across German regions. In Italy,
in addition to the registrational trial criteria, a maximum patient age
of 70years was defined for CAR T-cell therapy by authorities
(increased to 75years in May 2022 for tisagenlecleucel) (23-25). In
France, no eligibility criteria for DLBCL CAR T-cell therapies beyond
EMA regulatory label were defined at the national level to
our knowledge.

1.2.3. Pre-treatment approval

In France, patient eligibility for CAR T-cell therapy is assessed and
confirmed at the discretion of the CAR T-cell center. In Germany, as
long as no automatic funding process is implemented, sick funds
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supported by their medical review board decide on funding approval
for each CAR T-cell therapy patient. Once automatic funding is
established NUB/“Neue
Behandlungsmethoden - New diagnostic and treatment method”

[via a Untersuchungs-und
funding for innovative medical procedures agreed at center level (29)],
authorized centers can in theory provide CAR T-cell therapies within
the label without pre-treatment approval by sick funds. However, due
to the financial risks involved, centers may choose or be required by
sick funds to collect this approval before use of the CAR T-cell therapy,
despite existing NUB agreement (26). In Italy and Spain, authority
approval is required for each patient before use of CAR T-cell therapy.
In Italy, funding approval is sought by CAR T-cell centers through
registration with the online AIFA registry platform (23, 24), but in
addition, approval can also be required from the region of patient
origin. In Spain, treatment approval must be given by the authorities
of the region of patient origin as well as by a national expert group that
confirms final eligibility for CAR T-cell therapy (27).
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1.2.4. Registries

In France, Italy and Spain, CAR T-cell centers are required to
collect patient outcome data in national CAR T-cell registries, which
in France are also used to reassess CAR T-cell therapy approval based
on demonstrated real-world effectiveness (17, 18, 28, 29), and in Italy
and Spain, support outcome-based staged payments with
pharmaceutical manufacturers (13-15, 29, 30). In Germany, CAR
T-cell centers report data to the German Registry for Stem Cell
Transplantation (DRST) (26). In addition, data collection for outcome-
based rebate agreements with pharmaceutical manufacturers is
managed by sick funds directly (29). In addition to national registries,
European centers are requested to participate in data collection for the
European Society for Blood and Marrow Transplantation (EBMT)
CAR T-cell registry, also supporting post-authorization safety studies
mandated by the EMA (32).

1.2.5. Funding mechanisms

Provided the above conditions are fulfilled, French and Italian
authorized centers receive CAR T-cell product funding through a
national financing mechanism for innovative, high-cost products
(“Liste en Sus”/“Supplementary List” in France, “Fondo Farmaci
Oncologici Innovativi’/“Funds for Innovative Oncological Medicines”
in Italy) (13, 14, 29). Both in France and Italy, CAR T-cell product
funding is conditioned by the centers providing information through
the national registry to health authorities. In Italy, CAR-T cell product
funding is allocated to the regions by the central government and
managed by the regional authorities. In Spain, CAR T-cell product
funding is managed at a regional level, and in Germany, CAR T-cell
therapy funding via center-level NUB agreements is managed by the
patient’s sick fund individually (29).

1.3. DLBCL patients journey to CAR T-cell
therapy

Before CAR T-cell therapy is indicated, DLBCL patients must
undergo a multi-step diagnostic and therapeutic journey. After initial
DLBCL diagnosis, patients start with a first line chemoimmunotherapy,
generally using the combination regimen R-CHOP (33). Recently, the
POLARIX trial has demonstrated significantly better PFS (Progression
Free Survival) for the combination Polatuzumab vedotin + R-CHP
compared with standard R-CHOP (34). However, it remains to
be defined whether it will be considered as a new standard, bearing in
mind the slight difference in PFS, no clear benefit in certain subgroups,
and mainly, the lack of difference in OS (Overall Survival) (35).
Otherwise, a consequence drawn from this first analysis is the
reduction of patients receiving subsequent CAR T-cell therapy (34).
Use of other R-CHOP-like regimens is generally not supported as first-
line treatment due to lack of evidence for better outcomes and/or their
higher toxicity vs. standard R-CHOP.

Up to 50% of DLBCL patients will be refractory to first line therapy
or will experience relapse after initial response, thereby requiring second
line therapy, which generally consists of salvage chemotherapy; followed
by consolidation with autologous stem cell transplantation for those
eligible (33). Around 80% of DLBCL patients undergoing second line
therapy will be refractory or eventually relapse (33), becoming eligible
for CAR T-cell therapy per the EMA regulatory label (2, 3). Based on our
analysis, this corresponds to 14-21% of DLBCL patients in the EU-4
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countries assessed (Supplementary Table 2). It must be noted that the
above treatment pathway reflects patient reality in 2020, before EMA
label for axicabtagene ciloleucel has been extended in October 2022 for
use in DLBCL patient that relapses within 12 months from completion
of, or is refractory to, first-line chemoimmunotherapy (3), which is likely
to change the patient treatment pathway from second line on.

Once a patient is identified as a potential candidate for CAR T-cell
therapy by their treating hematologist, support for confirmation of
treatment choice and eligibility ideally is sought directly from a CAR
T-cell center or from a specialized tumor board. Eligibility is
confirmed through diagnostic tests according to local criteria, and the
patient is subsequently referred to an authorized CAR T-cell center.
As discussed previously, depending on the country, formal approval
is required by payers and regional and/or national authorities before
CAR T-cell therapy. For CAR T-cell production, the patient must
undergo leukapheresis, usually at the authorized center, where T-cells
are collected and shipped to a production facility of the pharmaceutical
manufacturer. Before infusion of the CAR T-cells by the authorized
center, patient will receive bridging therapy for disease control if
required, and lymphodepleting conditioning chemotherapy to create
an optimal environment for CAR T-cells expansion after infusion.
After CAR T-cell infusion, guidelines recommend that the patient
remains at the CAR T-cell center for 10 to 14 days, and in the vicinity
of the center until day 28 post-infusion to ensure appropriate
monitoring of adverse events. Usually, the patient is referred back to
their referring physician for long-term follow-up and care (2, 3, 36).

Owing to the innovative nature and complexity of CAR T-cell
therapy, implementation into routine care has proven challenging for
health systems. This publication analyzes DLBCL patients” access to
licensed CAR T-cell therapies in the four largest EU countries and
discusses the main challenges for patient access and recommends
solutions for overcoming these challenges for current and future CAR
T-cell therapies.

2. DLBCL CAR T-cell therapy access
situation in EU-4 countries in 2020:
analysis of unpublished data

To assess the CAR T-cell therapy access situation for DLBCL
patients across the EU-4 countries, we compared the EMA label
population (R/R DLBCL patients after at least two therapy lines) as
well as the estimated fraction that is considered medically eligible for
CAR T-cell therapy, with the number of R/R DLBCL patients treated
with licensed CAR T-cell therapies in the year 2020. To ensure
comparability of the analysis across the EU-4 countries, a
normalization by the respective population size was conducted
(Supplementary Table 2). The size of the EMA DLBCL label
population was derived or estimated based on publicly available data
(Supplementary Table 2). The fraction of CAR T-cell therapy eligible
patients was estimated based on the registrational trial information
for tisagenlecleucel and axicabtagene ciloleucel, the same approach as
used by HAS (French National Authority for Health) to estimate the
number of potential CAR-T patients in France (using the average
percentage of patients selected for CAR T-cell therapy that in the end
received treatment; Supplementary Table 2). No publicly available data
could be identified reporting the number of R/R DLBCL patients
treated with licensed CAR T-cell therapies for the full year 2020
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(January to December) in the EU-4 countries. Published registry data
from France (DESCAR-T), Germany (DRST), Italy (AIFA) and Spain
(VALTERMED) cover different timeframes, aggregating patients
treated since registry opening, and may not be complete (26, 28, 37,
38). To overcome this limitation, our analysis used data and
estimations for the total number of licensed CAR T-cell therapies
(tisagenlecleucel and axicabtagene ciloleucel) for R/R DLBCL patients
in France, Germany, and Italy in the year 2020, that were provided in
personal communication by Kite Pharma Inc./ Gilead Sciences Inc.
(39). For Spain, in response to a request for data disclosure, the
Ministry of Health reported the number of R/R DLBCL patients for
whom a licensed CAR T-cell therapy was requested in 2020, as well as
the number of approved requests and the number of performed CAR
T-cell therapies for these patients (40).

We analyzed patient access to CAR T-cell therapies across the
‘EU-4’ countries (France, Germany, Italy, and Spain), comparing the
EMA DLBCL label population (R/R DLBCL patients after at least two
lines of therapy) as well as the fraction estimated to be medically
eligible with the number of R/R DLBCL patients effectively treated
with a licensed CAR T-cell therapy in the year 2020 (Figure 1;
Supplementary Table 2).

Based on public information and our calculations for the year
2020, the numbers of DLBCL patients relapsed/refractory after at least
two therapy lines (corresponding to the EMA label population for
DLBCL CAR T-cell therapies) were: 801 in France (12.3 per one
million in habitants), 661 in Germany (7.9 per one million
inhabitants), 638 in Italy (10.6 per one million in habitants), and
490 in Spain (10.5 per one million inhabitants) (Figure 1;
Supplementary Table 2). However, not all R/R DLBCL patients with
two or more lines of therapy are considered medically eligible for CAR
T-cell therapy due to their general health and disease status. Based on
the registrational trial information for tisagenlecleucel and axicabtagene
ciloleucel, on average around 60% of selected patients had been treated
in registrational trials. Therefore, we estimated that for the year 2020,

10.3389/fmed.2023.1128295

481 DLBCL patients in France would have been considered medically
eligible to undergo licensed CAR T-cell therapy, 397 patients in
Germany, 383 patients in Italy, and 294 patients in Spain [Figure 1;
Supplementary Table 2; (17, 18)]. Based on information available for
2020, 340 DLBCL patients in France received a licensed CAR T-cell
therapy [28 patients per month (39)], 250 DLBCL patients in Germany
[21 patients per month (39)], 110 DLBCL patients in Italy [9 patients
per month (39)], and 161 DLBCL patients in Spain [13 patients per
month (40); Figure 1]. The above estimations for France and Italy are
in range of DLBCL CAR T-cell therapy rates reported by the
DESCAR-T registry (30 patients per month on average between
December 2019 to January 2021) and the AIFA registry (8 patients per
month on average between August 2019 and December 2020) (24, 28).
For Germany, the DRST registry data from participating CAR T-cell
centers suggests a lower monthly DLBCL CAR T-cell therapy rate than
estimated by our analysis (15 patients per month on average between
November 2018 and April 2021, after extrapolation to all 29 active
centers in December 2020). This difference might be due to the
published DRST registry data including a long time period (from
November 2018) during which CAR T-cell therapy might have been
used only by a few centers and clinical practice was slowly building up
[Supplementary Table 2; (24, 26, 28, 39)].

This analysis indicates that in all four EU countries, less than 50%
of DLBCL patients matching the EMA label indication received a
CAR T-cell therapy in 2020 (Figure 1). Of the estimated CAR T-cell
therapy eligible patients, approximately 7 in 10 DLBCL patients in
France have been treated with a licensed CAR T-cell therapy in 2020
(71%; 42% of the EMA label population). In Germany and Spain, the
CAR T-cell therapy rate was approximately 6 in 10 eligible DLBCL
patients (63% and 55% respectively, 38% and 33% of the EMA label
population), and in Italy, less than 3 in 10 eligible DLBCL patients
received a CAR T-cell therapy in 2020 (29%, 17% of the EMA label
population). It should be noted that despite a larger population size in
Germany (83.8 million), the German Federal Joint Committee G-BAs
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averaged estimations for the number of R/R DLBCL patients after at
least two lines of therapy (661) is in range with estimations for Italy
(638 patients in 60.5 million inhabitants) and is lower than estimations
for France [801 patients in 65.3 million inhabitants; Figure 1;
Supplementary Table 2; (12, 17, 18, 20, 41-44)]. As emphasized by the
German HTA institute IQWiG in its assessment report, the estimation
of R/R DLBCL patients after two lines of therapy in Germany might
be underestimated due to data and methodical uncertainties (41);
consequently, the rate of DLBCL CAR T-cell therapies in Germany in
2020 might be lower than reported in this analysis. In summary,
between 29 and 71% of the estimated medically eligible patients did
not receive a licensed CAR T-cell therapy in 2020, despite promising
long-term efficacy and survival data (45-47). Reasons for this shortfall
might include use of alternative therapies or clinical trial enrollment,
restrictive funding criteria applied (e.g., CAR T-cell therapy not
funded for DLBCL patients above a maximum age of 70 in Italy
(increased to 75 years in May 2022) (23-25).

The number of authorized centers per population might also
influence the overall CAR T-cell therapy rate. At the end of 2020,
France, Germany, and Italy had a similar density of active DLBCL
CAR T-cell centers (one center for two to three million inhabitants),
whereas in Spain, center density was almost half of that (one center
for five million inhabitants; Supplementary
Supplementary Table 3). Of the EU-4 countries, Spain had the highest
utilization of its DLBCL CAR T-cell centers as measured by the
average number of DLBCL patients treated with licensed CAR T-cell
therapies per center in 2020 (18 patients per center), followed by

Figure 1;

France (14 patients per center), Germany (9 patients per center) and

Italy (6 patients per center; Supplementary Figure 1;
Supplementary Table 3), indicating that Spain could partially
compensate for its lower number of centers through a higher average
treatment rate per center, although still not achieving overall CAR
T-cell therapy rates at the level of France or Germany. Conversely,
despite having a similar center density as France or Germany, average
utilization of DLBCL CAR T-cell centers in Italy was the lowest,
correlating with the lower rate of licensed CAR T-cell therapies
overall. Unfortunately, no information on the theoretical CAR T-cell
therapy capacity per center could be identified.

The following chapter will discuss challenges faced by DLBCL
patients along their patient journey, which might contribute to the
differences in CAR T-cell therapy rates observed among the

EU-4 countries.

3. Challenges, best practices, and
health system focus areas for DLBCL
CAR T-cell therapy access in EU-4
countries: review of the literature and
experts’ opinion

To identify and discuss challenges, existing best practices,
and potential health system recommendations for CAR T-cell
therapy access in the EU-4 countries, the authors’ professional
experience, expertise and personal views were recorded through
individual phone interviews (Supplementary Table 4 with
interview questions). The authors have been selected based on
their relevant expertise with CAR T-cell therapies in the four
largest EU countries [convenience sample (48)] and the findings
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included in this chapter represent their personal viewpoints and
experiences, substantiated by literature review.

To capture the challenges that might limit patient access to
licensed CAR T-cell therapies and the differences seen across the EU-4
countries, we analyzed the key steps along the DLBCL patient journey,
namely patient identification and referral (chapter “Patient
identification and referral for CAR T-cell therapy”), patient approval
before treatment (chapter “Patient approval before CAR T-cell
therapy”), and CAR T-cell therapy delivery at authorized centers
(chapter “CAR T-cell therapy delivery at authorized centers”). In
addition to the identified challenges, we also discuss best practices and
potential health system focus areas for improving patient access to
CAR T-cell therapies.

3.1. Patient identification and referral for
CAR T-cell therapy

3.1.1. Challenges for patient identification and
referral

DLBCL is a fast-progressing disease, particularly in refractory
patients, with a median overall survival of 6.3 months after start of
second line therapy (33). Accurate and timely identification and
referral of eligible R/R DLBCL patients for CAR T-cell therapy are
therefore essential to ensure optimal outcomes and might represent a
significant challenge for access to CAR T-cell therapies. Based on data
available for Spain in 2020, for an estimated 294 medically eligible R/R
DLBCL patients only 200 (68%) requests for licensed CAR T-cell
therapy were submitted to the national expert group (40, 49),
suggesting that up to one in three eligible patients were not identified
or referred for CAR T-cell therapy.

Patient identification and selection for CAR T-cell therapy can
be particularly challenging in small peripheral hospitals and clinics
that treat many types of malignancies and may have only limited
specific knowledge of the benefits and eligibility criteria of CAR T-cell
therapies. Moreover, peripheral hospitals may not always be strongly
connected with CAR T-cell centers or integrated with hemato-
oncological care networks, where existing, which could support
patient identification and referral for CAR T-cell therapies. The
absence of clear and well-defined referral pathways for CAR T-cell
therapies may also limit the likelihood and timeliness of referral of an
eligible DLBCL patient to a CAR T-cell center. In addition, treating
hematologists might be hesitant to refer eligible patients due to the
perceived complexity and duration of the CAR T-cell therapy process,
potentially prioritizing local treatment options, which further delay
patient access to a CAR T-cell therapy. Despite being indicated after
two lines of therapy, data from different European registries shows
that many DLBCL patients treated or approved for treatment with
CAR T-cell therapies had received three or more lines of prior
therapies [71% of patients with at least three lines of therapy in the
German DRST registry (26), 50% of patients in the French DESCAR-T
registry (28), 42% of patients in the Italian AIFA registry (37), and
39% of patients in the UK national program (50)]. These findings
suggest that referral of these patients potentially occurred too late and
that timely identification and referral is a shared challenge across
major European countries. Of note, it is likely that a number of
patients included in these registries had already received several lines
of therapy before CAR T-cell therapies became locally approved, and
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therefore might have been overrepresented at the time of
registry opening.

CAR T-cell center density per population (discussed above;
Supplementary Figure 1; Supplementary Table 3) and moreover
uneven geographical distribution of centers, may also have a role in
creating referral delays or hesitancy, particularly if patients are
required to travel over large distances to undergo CAR T-cell therapy.
In Germany, personal experience from the authors suggests that travel
distances of up to 2 hours to receive post-therapy follow-up or adverse
event management create significant challenges, particularly for
elderly patients. In Spain, where authorities designated nine CAR
T-cell centers (and two “back-up” centers in case of capacity need),
only six out of 17 regions had an active DLBCL CAR T-cell center by
March 2021 (38). Out-of-region referral in Spain was reported to delay
CAR T-cell therapy by 6 days compared to patients who have a CAR
T-cell center in their region (67 days vs. 61 days median duration from
treatment approval request to infusion, data from March 2019 -
March 2021, including DLBCL and pediatric ALL CAR T-cell
therapies) (22, 38). To ensure broader access to CAR T-cell therapy for
lymphoma and leukemia patients across the country, the Spanish
Ministry of Health (SNS) designated 15 new CAR T-cell centers in
June 2022, including several in regions that did not have a CAR T
center so far (51). In Italy, initial delays of center authorization and
qualification by regional authorities and pharmaceutical
manufacturers resulted in a geographically heterogeneous coverage of
CAR T-cell centers. In December 2020, 70% of active CAR T-cell
centers were concentrated in only four Italian regions (37). Regional
inequities appear to have affected patient access in Italy. From August
2019-December 2020, DLBCL patients undergoing CAR T-cell
therapies came from only 10 out of 20 regions (37).

3.1.2. Best practices and health system focus
areas for patient identification and referral

Examples of successfully implemented best practices to address
patient identification and referral challenges for CAR T-cell therapies
are discussed in the following.

3.1.2.1. Educational activities

National and regional workshops and virtual roadshow events
between CAR T-cell and referring centers provide an opportunity to
discuss the CAR T-cell therapy process and patient eligibility criteria
with referring physicians. Such meetings, as implemented by many
European CAR T-cell centers, also support exchange of learnings and
best practices for patient selection, such as for complex cases with
specific comorbidities, reduced health status or age.

3.1.2.2. CAR T-cell therapy referral networks and quality
criteria

To support early patient identification and timely referral, the
hematology network around the Centre Hospitalier Universitaire de
Montpellier has expanded its regional multi-disciplinary committee
meeting to also include a CAR T-cell therapy dedicated segment. In the
weekly virtual meeting, the committee reviews all presented DLBCL
patients in the southern French region Occitania and advises referring
physicians on CAR T-cell therapy eligibility and a course of treatment as
soon as a patient fails first line therapy. The regional hematology network
also defined clear pathways and quality criteria for the CAR T-cell therapy
referral process (for instance final confirmation of patient eligibility must
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happen not more than 8 days after discussion in the regional committee,
with clear responsibilities for diagnosis at both referring and CAR T-cell
center). Similar network structures and regional dedicated multi-
disciplinary meetings for CAR T-cell therapies exist also in other French
regions (for instance implemented by the Hospices Civils de Lyon) and
their development is supported by the French authorities through the
National Cancer Plan (52). In the German region Rhineland-Palatinate,
CAR T-cell centers and larger hospitals providing second-line therapy
collaborate in a competence network for stem cell transplantation and
cellular therapy, developing CAR T-cell therapy criteria and pathways,
and organizing weekly virtual meetings to discuss individual patient cases.
Outpatient hematology care providers are, at time of writing, not yet
included in the network. In Spain, virtual weekly CAR T-cell committee
meetings, now established in the Madrid region for example, also support
referring centers with identification and referral of eligible patients.
Beyond that, the Catalunya region has also established a well-defined
hematology network with clear referral pathways that is also being used
for CAR T-cell therapy patients. Small peripheral hospitals are strongly
connected with larger hospitals, which in turn each have a designated
reference CAR T-cell center where potential patients are referred to. The
regional network also ensures continuous education of regional hospitals,
ensuring that CAR T-cell therapy benefits, safety aspects and selection
criteria are well known.

Based on the above discussed challenges and best practice
examples, the authors suggest four key areas of focus for health
systems to overcome challenges with patient identification and referral
for CAR T-cell therapies (Table 2).

3.2. Patient approval before CAR T-cell
therapy

3.2.1. Challenges

As discussed before, funding approval before CAR T-cell therapy
is required in Spain (approval by the region of patient origin and by
the national CAR T-cell therapy expert group). Depending on the
center, pre-treatment funding approval may be required in Germany
(approval by the patient’s sick fund and medical review board), and in
Italy (approval by the regional authorities). Without guarantee that the
CAR T-cell product and procedure costs are funded, it is unlikely that
authorized centers will initiate the treatment due to the high
financial risks.

Collecting funding approval before CAR T-cell therapy can be along
and complex multi-step process adding administrative burden at the
authorized centers and potentially resulting in delays in CAR T-cell

TABLE 2 Key health system focus areas for patient identification and
referral challenges.

A. Focused referring center education on CAR T-cell therapy benefits/risks, patient

selection and referral process, by CAR T-cell centers and hematology networks

B. Strengthened hematology networks, integrating referring centers through
(virtual) tumor boards with a CAR T-dedicated segment and active

communication among all network participants, including health authorities

C. Clear pathways, quality standards and responsibilities for patient referral for

CAR T-cell therapy

D. Optimized geographical distribution of CAR T-cell centers to ensure equal

access and minimal travel burden for patients
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therapy access for patients. Registry data from patients treated in
Germany and Spain report a median duration of 26 and 17days
respectively, from the moment of clinical decision for CAR T-cell therapy
until leukapheresis, which besides other aspects also reflects the time
required to receive external funding approval [Spanish data including
DLBCL and also pediatric ALL patients; (26, 38)]. For patients whose
health deteriorates during this wait time so much that they cannot
undergo a CAR T-cell therapy in the end, such delays effectively restrict
access to this therapy and its potential benefits. In Germany, personal
experience from the authors indicates that it can take up to 4 weeks to
receive funding approval by certain sick funds. These long timelines are
in part also due to paper-based communication and the absence of an
electronic information-sharing system. In addition, as no nationally
harmonized criteria for CAR T-cell therapy eligibility are published and
applied in Germany, decision making on patient eligibility can differ
across sick funds, increasing financial and process uncertainties for CAR
T-cell centers. In Spain, decisions for CAR T-cell therapy eligibility by the
national expert group have occurred within 24 hours in 68% of “vital
urgent cases” and within 72 hours in 79% of “non-vital urgent cases,’
however in a minority of cases the decisions took more time [data for
March 2019 to March 2021 (38)]. Additional delays are thought to occur
from the funding approval step with regional health authorities in Spain.
For instance, based on author experience, decisions by authorities in the
Catalunya region usually take around 2-3 days. Conversely, no additional
delays are thought to occur in the Madrid region as the regional health
authorities in Madrid only centralize and process requests for CAR T-cell
therapy to the national expert group. In France and Italy, national
financing mechanisms for innovative medicines are available for CAR
T-cell therapies [“Liste en Sus” and “Fondo Farmaci Oncologici Innovativi”
(29)] under the condition that information is provided through a national
registry to authorities. This results in funding certainty for authorized
centers and absence of a pre-treatment funding approval step in most
cases. However, authorized private CAR T-cell centers in Italy cannot
directly receive the national innovation funding, and instead require
pre-treatment approval and CAR T-cell product purchase by the regional
authorities or a public hospital in their place. In addition, for patients
referred from other regions, to ensure that procedure costs are covered,
authority approval from the region of patient origin may also be required
in certain regions before initiation of therapy. This has resulted in delay in
patient access to CAR T-cell therapies in Italy.

3.2.2. Best practices and health system focus
areas

Examples of successfully implemented best practices to address
patient approval challenges for CAR T-cell therapies are discussed in
the following.

3.2.2.1. CAR T-cell therapy decision making by authorized
centers

In France, authorized CAR T-cell centers decide on patient
eligibility based on their medical assessment and in compliance with
the licensed EMA label indication, but independent of an authority
approval requirement. This approach has also allowed authorized
centers to continuously refine patient selection based on their
experiences and new evidence becoming available, effectively ensuring
that all DLBCL patients that could benefit from CAR T-cell therapies
have timely access to treatment. In Germany, most CAR T-cell centers
have developed internal checklists over time based on their experience
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with the local sick fund process that allow them to anticipate specific
requirements for eligibility decision making and to reduce the overall
duration of pre-treatment funding approval.

3.2.2.2. National CAR T-cell therapy eligibility criteria and
harmonized approval process

In Italy and Spain, the published and nationally harmonized
DLBCL CAR T-cell therapy eligibility criteria, while restricting the
eligible population beyond the EMA label, ensure transparency for
patients and healthcare professionals and allow uniform decision-
making on patient access to CAR T-cell therapies (23, 24, 38). In
Germany, with the aim to work toward harmonization of patient
eligibility criteria and decision-making, a monthly conference
between the national Competence Center Oncology KCO, the sick
fund’s medical review boards and CAR T-cell centers, was initiated
in 2021 (53). Centralized approval processes can also support
ensuring equal access to CAR T-cell therapies for DLBCL patients. In
the UK, a weekly National CAR T Clinical Panel (NCCP), composed
of clinical experts, patient representatives and CAR T-cell center
delegates decides on patient eligibility, prioritization, and referral to
an appropriate center depending on available capacity and geographic
vicinity (49, 54). A national CAR T-cell therapy board supporting
efficient decision making on patient eligibility and referral was also
established in the Netherlands by the hemato-oncology society
HOVON (55). Similar to the centralized approval processes in the
UK and the Netherlands, the Spanish national approval process aims
to ensure equal patient access but is linked to prior regional authority
approval, which may delay the process and potentially result in
regionally heterogeneous decision-making. Of note, all described
national approval processes may carry the risk of becoming
bottlenecks to patient access in the future, when more patients in new
indications are expected to become eligible for CAR T-cell therapy.

Based on the above discussed challenges and best practice
examples the authors suggest three key areas of focus for health
systems to overcome challenges with patient approval before CAR
T-cell therapies (Table 3).

3.3. CAR T-cell therapy delivery at
authorized centers

3.3.1. Challenges

CAR T-cell centers require specific capabilities, organization, and
infrastructure to ensure optimal and timely delivery of CAR T-cell
therapy to eligible patients. Specifically trained interdisciplinary teams
are involved through various processes required for CAR T-cell
therapy administration and patient management. Due to the

TABLE 3 Key health system focus areas for patient approval challenges.

A. Ensuring nationally harmonized and transparent CAR T-cell therapy eligibility

criteria to support equal decision making and clarity on patient selection

B. Simplification of pre-treatment approval process through digitalization and
reduction of number of process steps (e.g., single-step approval process, either at

the regional or national level)

C. Decision making directly by authorized CAR T-cell centers without regional/

national authority or payer pre-treatment approval requirement (for instance,

with control through a registry documentation requirement)
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complexity of CAR T-cell therapies, authorized centers may face
challenges in providing CAR T-cell therapy capacity in a short time
window to address the urgent medical need of R/R DLBCL patients,
and in avoiding delays to other patient treatments that depend on
similar center resources. With more patients expected to undergo
CAR T-cell therapies in future indications, capacity challenges at
authorized centers are likely to increase further.

Limited center resources for CAR T-cell therapy delivery may arise
from lack of support from authorities to ensure financing for
infrastructural and organizational investments required for CAR T-cell
therapy. For instance, centers needed to invest in expanding their
hematology wards and ICU beds, as CAR T-cell therapy patients were
required to stay in the center for up to 3 weeks after infusions (2, 3, 26, 36,
38). Also, leukapheresis, cell therapy laboratory and pharmacy capacity
needed to be increased, which proved to be difficult for certain CAR T-cell
centers based on the authors’ experience. Without financial support from
authorities, such investments had to be covered by the centers
independently, potentially resulting in delays with center authorization or
limited overall CAR T-cell therapy capacity. In addition to challenges with
infrastructural investments, the build-up of highly specialized teams,
especially nurses, physicians, and pharmacists, requires significant training
investment and may become increasingly difficult. CAR T-cell center
quality criteria for instance, as introduced by the German Federal Joint
Committee G-BA, include strict requirements on the professional
qualifications of CAR T-cell therapy nurses (20), making it increasingly
challenging to identify and recruit appropriately qualified nurses.
Non-competitive compensation in public hospitals may increase staffing
challenges further.

Moreover, beyond costs of the CAR T-cell product, centers must also
cover costs of the procedure, including provision of specific care,
monitoring, and hospital resources. Such costs might not be covered
adequately through existing funding, resulting in additional financial
challenges for authorized centers. In France for instance, a study reported
that unlike CAR T-cell product costs, procedure costs were covered
through a general, non-specific tariff resulting in an approximate €19,000
loss per DLBCL patient treated with CAR T-cell therapy (56). In Italy
there are not CAR-T cell specific tariffs for the relevant inpatient service,
which are classified according to the DRG (Diagnostic-Related-Groups)
system. Currently, regions use different tariffs to cover CAR T-cell therapy
procedures, for instance tariffs for allogeneic or autologous stem cell
transplantation. There is no evidence whether these tariffs cover the
relevant procedure costs (57). In Germany, hospitals may ask for funds for
innovative and complex medicines/procedures through the NUB. Both
CAR-T cell received a NUB 1 rank, which is granted to a medicine or
procedure which is new, innovative, for a low number of patients and
which requires higher resource (58). In Spain, the costs of the drug are
covered by the patients local hospital, whereas the cost of care and
procedures are covered by the Autonomous Community where the
treatment takes place, and subsequently refunded via the Health Cohesion
Fund (30, 59, 60). In France, hospitals receive a flat supplement of 15,000
€ per patient to cover the procedures associated with the CAR T
treatment (61).

3.3.2. Best practices and health system focus
areas

Examples of successfully implemented best practices to ensure
adequate capabilities, organization, and infrastructure for CAR T-cell
therapies are discussed in the following.
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3.3.2.1. Constructive collaboration and support from
health authorities

In France, CAR T-cell therapies were introduced in specialized
centers with direct support from the regional health authorities,
through collaborations that initiated already before EMA regulatory
approval in the context of the ATU early access program (17, 18).
Under the National Cancer Plan this collaboration between centers
and authorities is expected to continue also for new CAR T-cell
therapy indications and future capacity expansions required.

3.3.2.2. Optimizing CAR T-cell therapy capacity by
utilizing network resources and reducing inpatient care

To optimize CAR T-cell therapy capacity and resource use, an
approach taken by certain authorized centers is to delegate selected
CAR T-cell therapy process steps within their network. In Spain,
leukapheresis for CAR T-cell production is also provided at the level
of certain specialized referring centers. Besides improving available
capacity at the CAR T-cell center, this approach also reduces travel
requirements for patients undergoing CAR T-cell therapy. Similarly,
in France collaboration with the French Blood Collection Association
EFS allowed to increase leukapheresis capacity outside of CAR T-cell
centers. Furthermore, specialized rehabilitation centers for follow-up
monitoring and accommodation after CAR T-cell infusion are being
used to optimize bed capacity in CAR T-cell centers in Montpellier
and Lyon. Moreover, reducing the requirement for inpatient
procedures might also improve overall efficiency of resource usage. By
conducting lymphodepletion in an outpatient setting, the Centre
Hospitalier Universitaire de Montpellier was able to reduce
hospitalization per patient by 3 days, effectively increasing their
overall CAR T-cell therapy capacity. Other evidence suggests that in
the future more procedures of CAR T-cell therapy may be provided in
an outpatient setting (62).

Based on the above discussed challenges and best practice
examples the authors suggest three key areas of focus for health
systems to ensure adequate set-up of authorized centers for CAR
T-cell therapies (Table 4).

4. Discussion

CAR T-cell therapies offer a promising new therapeutic approach
to treating a number of severe cancers, including DLBCL where R/R
patients previously had only very limited therapeutic options (33).
Despite promising results of CAR T-cell therapies (45-47), our

TABLE 4 Key health system focus areas for ensuring adequate CAR T-cell
center set-up.

A. Early and adequate authority support and coordinated capacity planning for
CAR T-cell centers, also supporting professional training for specialized

personnel

B. Leveraging network resources to optimize overall CAR T-cell therapy capacity
(e.g., leukapheresis and post-infusion care performed in referring centers).
Capacity optimization should also occur across networks, where patients are
referred from one CAR T-cell center to another in case of limited treatment

capacity

C. Sufficient CAR T-cell therapy procedure funding for authorized centers, ideally

through a dedicated national tariff
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analysis indicates that between 29% and 71% of the estimated eligible
R/R DLBCL patients have not been treated with a licensed CAR T-cell
therapy in 2020 in the EU-4 countries. While reasons for alow DLBCL
CAR T-cell therapy rate can be diverse, including rapid disease
progression and worsening of the patient’s condition before treatment,
use of alternative therapies or clinical trial enrollment, our analysis
highlights a critical role for the health system in optimizing the
patient’s journey and access to CAR T-cell therapies. DLBCL CAR
T-cell therapy rates were highest in France (71%). Reasons for this
may include the early introduction of CAR T-cell therapy through the
early access program ATU, allowing for early accumulation of
expertise before EMA approval, the strongly embedded regional
hematology networks supporting the CAR T-cell therapy patient
journey, the national CAR T-cell therapy funding through the “Liste
en Sus;,” as well as authority support driven by the National Cancer
Plan (17, 18, 29, 52). Conversely in Italy, DLBCL CAR T-cell therapy
rates were the lowest (29% of the estimated eligible patients) among
the EU-4 countries in 2020 based on our analysis. Reasons for this
may include the restrictive funding criteria for R/R DLBCL patients
(including a maximum age for patient eligibility) and a lack of
harmonized processes for managing CAR T-cell therapy pathways in
a regionalized health care system, which could particularly result in
challenges with timely patient identification and referral. The AIFA
registry suggests that regional inequalities exist in patient access to
CAR T-cell therapies, potentially also linked to a concentration of
CAR T-cell centers in few Italian regions (37).

It must be noted that year 2020 has posed special challenges on
the healthcare systems due to the COVID-19 pandemic, which
affected all healthcare provisions, including specialized therapies like
CAR T cell therapy. However, the authors are convinced that most of
the barriers discussed in this manuscript are of systemic nature and
not directly resulting from the pandemic situation, although they were
likely further aggravated. Furthermore, the paper has carried out a
cross-country comparison, and all analyzed countries have been
affected by COVID-19 pandemic.

It should be noted that as we report data on the CAR T-cell
therapy rate in 2020, the general patient access situation has likely
evolved in the meantime, with additional expertise having been
gained and additional CAR T-cell centers having been authorized.
More research and systemic data collection will be needed to
understand CAR T-cell therapy pathways and challenges along the
patient journey in further detail. For instance, registries as
implemented for CAR T-cell therapies in the EU-4 countries represent
an important tool for tracking and improving health system
performance for CAR T-cell therapy patients. However, these
registries require further expansion (e.g., the inclusion of referral rates
and timelines for CAR T-cell therapies) and need to provide a more
systematic read out to support health system planners and decision-
makers with the necessary information to focus improvement efforts.

5. Conclusion

Our analysis across the four largest health systems in the
European Union has identified several challenges that can impact
timely and equitable access to CAR T-cell therapy for eligible
DLBCL patients. With additional CAR T-cell therapies for
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hematological cancers entering the market in the coming years
(and potential future CAR T-cell treatments for solid tumors),
we believe that it is crucial to ensure that health systems act on
these challenges now and work to prepare a sustainable
environment that will support patient access to future innovative
therapies. The best practices and focus areas discussed in this
article can serve as a blueprint to initiate improvements designed
to fit within their national and local health system environments.
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Department of Hematology, The First Affiliated Hospital, College of Medicine, Zhejiang University,
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Background: Diffuse large B-cell lymphoma (DLBCL) is a kind of highly
heterogeneous non-Hodgkin lymphoma, both in clinical and genetic terms.
DLBCL is admittedly categorized into six subtypes by genetics, which contain
MCD, BN2, EZB, N1, ST2, and A53. Dyslipidemia is relevant to a multitude of solid
tumors and has recently been reported to be associated with hematologic
malighancies. We aim to present a retrospective study investigating
dyslipidemia in DLBCL based on the molecular subtypes.

Results: This study concluded that 259 patients with newly diagnosed DLBCL
and their biopsy specimens were available for molecular typing. Results show
that the incidence of dyslipidemia (87.0%, p <0.001) is higher in the EZB subtype
than in others, especially hypertriglyceridemia (78.3%, p = 0.001) in the EZB
subtype. Based on the pathological gene-sequencing, patients with BCL2 gene
fusion mutation are significantly correlative with hyperlipidemia (76.5%, p =
0.006) and hypertriglyceridemia (88.2%, p = 0.002). Nevertheless, the
occurrence of dyslipidemia has no remarkable influence on prognosis.

Conclusion: In summary, dyslipidemia correlates with genetic heterogeneity in
DLBCL without having a significant influence on survival. This research first
connects lipids and genetic subtypes in DLBCL.

KEYWORDS

diffuse large B-cell lymphoma, molecular typing, dyslipidemia, hypertriglyceridemia,
BN2 subtype, MCD subtype, EZB subtype, A53 subtype
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is characterized by
aggressiveness and heterogeneity epigenetically and genetically.
Besides, DLBCL accounts for approximately 35% of non-Hodgkin
lymphoma (NHL) and is the most common lymphoma in adults (1).
In 2018, the definition of molecular typing was initially propounded.
Shipp et al. classified DLBCL into clusters 1-5 by genetic abnormality
(2). Staudt et al. implemented molecular typing by analyzing genetic
alterations and proposed four prominent subtypes: MCD (featured as
the co-occurrence of MYD88 L265p and CD79B mutations), BN2
(featured as BCL6 fusion mutations and NOTCH2 mutations), EZB
(featured as EZH2 mutations and BCL2 fusion mutations), and N1
(featured as NOTCHI mutations). Later, two other types were added,
including ST2 (featured as SGKI and TET2 mutations) and A53
(featured as TP53 aneuploid mutations) (3, 4). Researchers had
considered the influence of MYC mutations and therefore divided
the EZB subtype into MYC-positive EZB isoforms and MYC-negative
EZB isoforms (4). While the prior simple algorithm of six subtypes is
more frequently being applied in clinical. Dyslipidemia has been
considered correlative to multitudes of solid tumors, like breast
cancer, prostate cancer, thyroid cancer, colorectal cancer, and lung
cancer (5-9). Recently, researchers have found that a portion of
hematologic malignancies is relative to the incidence of dyslipidemia,
for instance, chronic leukemia and acute promyelocytic leukemia (10,
11). Ma et al. recently found that cholesterol biosynthesis relative axis
may have an oncogenic activation in DLBCL with BCL2-IGH
translocations (12). While the correlation between dyslipidemia and
DLBCL has not been reported, especially on the genetic aspect.
Therefore, we aim to investigate dyslipidemia in DLBCL in the
context of molecular typing and explore the correlation between
dyslipidemia and gene mutations.

In this retrospective study, we analyzed 259 DLBCL patients
with gene sequencing to assess dyslipidemia in newly
diagnosed DLBCL.

Methods
Patients and sample collection

A total of 259 newly diagnosed DLBCL patients were selected
with indispensable pathological issues to analyze molecular typing.
All patients were admitted to the clinic center affiliated with the
First Affiliated Hospital of Zhejiang University School of Medicine
from April 2014 to November 2022. A total of 121 genes covering
exons, fusion-relevant introns and alternative splicing areas are
analyzed. Six typing methods were applied in this study, which
contain MCD, BN2, EZB, N1, ST2, and A53. In terms of
dyslipidemia, we collected lipid indices, including triglycerides
(TG), total cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-C). Lipid
profiles were stratified according to The Guidelines on Prevention
and Treatment of Blood Lipid Abnormality in Chinese Adults
(Version 2016) (13). Dyslipidemia is defined as a disease with an
abnormality in lipids, usually with increased levels of TC and TG.
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Dyslipidemia is classified into different subtypes in clinical aspects,
pathogenesis, and physical-chemistry aspects. According to the
WHO criteria developed by Fredrickson, which discriminate by
physical and chemical features. Dyslipidemia is categorized into six
types (14). Due to the complexity of this classification, another
standard is rather easier. Dyslipidemia is defined into four types:
hypertriglyceridemia, hypercholesterolemia, hypoalbuminemia,
and mixed hyperlipidemia (both hypertriglyceridemia and
hypercholesterolemia). This method is now used more frequently
in clinics, and in our study, this method was applied (15, 16).

All patients were initially treated with the first-line therapy
recommended by the National Comprehensive Cancer Network
(NCCN) (17). Patients with CD20 positivity were primely treated
with rituximab in combination with cyclophosphamide,
doxorubicin, vincristine, and prednisone (R-CHOP) or R-CHOP-
like regimens. Older patients were medicated with a dose-decreased
R-CHOP regimen. The R-DA-EPOCH regimen was administered
to patients with poor left ventricular functions.

Diagnosis and prognosis indicators related to DLBCL
were collected and concluded as follows: B symptoms,
Ann Arbor stage, international prognosis index (IPI), Eastern
Cooperative Oncology Group stage (ECOG stage), and results of
immunohistochemistry (IHC). We also collected demographic and
other clinical data from medical records that concluded: age, sex,
height, weight, body mass index (BMI), white blood count (WBC),
hemoglobin count, platelet counts, albumin, alanine transaminase
(ALT), serum creatinine, lactate dehydrogenase (LDH), ferritin, C-
reactive protein (CRP), B microglobulin (B-MG), fibrinogen,
prothrombin time (PT), activated prothrombin time (APTT),
thrombin time (TT), International normalized ratio (INR), D-
dimer, and cytokines including interleukin-2 (IL-2), interleukin-4
(IL-4), interleukin-6 (IL-6), interleukin-10 (IL-10), interleukin-17c
(IL-170r), tumor necrosis factor-o. (TNF-a.), and interferon-y (IFN-
Y). We collected a total of 22,375 samples.

The study was approved by the institutional Ethics Committee
and conducted in accordance with the Declaration of Helsinki.

Classification of abnormality

According to the Guidelines on Prevention and Treatment of
Blood Lipid Abnormality in Chinese Adults (Version 2016), we
define dyslipidemia as hypertriglyceridemia, hypercholesterolemia,
hypoalbuminemia, and mixed hyperlipidemia, which meets both
hypertriglyceridemia and hypercholesterolemia.

The upper limits of normal TG, TC, and LDL were 1.70 mmol/L
(150 mg/dl), 5.86 mmol/L (226.6 mg/dl), and 3.29 mmol/L (127.2
mg/dl), respectively. The lower limit of normal HDL was 0.78
mmol/L (30.2 mg/dl).

Definition of molecular subtypes
Biopsy samples and tissue sections from pathological entities,

such as swollen lymph nodes and gastrointestinal tissues, were
saved for analysis at the institute. The testing platform was the
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Hiseq 4000 NGS platform (Illumina system), and the testing
method was high-throughput sequencing, also called next-
generation sequencing (NGS), contrary to the reference genome
of GRCh37/hg19. This analysis covered 121 genes including exonic
areas, intronic areas related to fusion mutations, and alternative
splicing sites (3, 4). All these 121 genes are recorded in Figure 1 and
Table S1. There were 2,876 cases of gene abnormalities occurring in
259 patients, including fusion mutations, copy number variation,
gene amplification, missense variation, nonsense variation,
frameshift insertion/deletion, and non-frameshift insertion/
deletion. Besides, 2,790 protein-alternative mutations were found
based on the analysis. The LymphGen algorithm was applied in the
analysis for DLBCL subtype prediction with probability. The
probability was analyzed in the Naive Bayes algorithm [4]. All
information was collected from the clinical center. All these gene
abnormalities are listed in Table S2.

10.3389/fonc.2023.1172623

Statistical analysis

Data are presented as medians, absolute ranges, or frequencies.
The Kruskal-Wallis H test was used to compare the distribution of
numerical variables. The % test was used for qualitative variables.
The relationships between clinical factors and dyslipidemia were
assessed using univariable and multivariable logistic regression
models. All multivariable analyses were adjusted for sex and age.
The Kaplan-Meier method was used to estimate univariate survival
curves, and the differences between curves were calculated via the
log-rank test. Multivariable Cox proportional hazard regression
models were used to assess the prognostic impact of
hypertriglyceridemia with regard to overall survival (OS) and
progress-free survival (PFS). Statistical analyses were performed
using SPSS software (version 23.0) and GraphPad Prism (version
9.5). P-values below 0.05 were considered statistically significant.

FIGURE 1

A total of 121 genes analyzed in DLBCL patients. Different colors represent different types,

targeting medical-relevant genes
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A total of 121 genes being analyzed in DLBCL patients
ALK CDKN2B GNA13 MYC SGK1
AKT1 CDKN2C HRAS MYD88 SF3B1
AKT2 CD274 ID3 NF1 SOCSs1
APC CD70 IKZF1 NFKBIA SPEN
ARID1A CD79A INPP5D NFKB1 SMARCA4
ARID1B CD79B IRF4 NFKB2 STAT3
ARID2 CD83 JAK1 NFKBIE STAT6
ATM CD58 JAK2 NOTCH1 SYK
ATR CITA JAK3 NOTCH2 TBL1XR1
B2M CREBBP KDM6A NRAS TCF3
BCL10 CTLA4 KDR PAX5 TET2
BCL2 CTNNB1 KIT PDCD1LG2 TNFAIP3
BCL6 CXCR4 KLHL6 PIK3R1 TNFRSF14
BCOR CYLD KMT2A PIK3CA TP53
BCORLA1 DDX3X KMT2C PIK3CD TP63
BIRC3 DNMT3A KMT2D PIM1 TP73
BTK DTX1 KRAS PLCG2 TRAF2
BRAF EP300 LYN POT1 TRAF3
CALR ERBB4 MALT1 PRDM1 TRAF5
CARD11 EZH2 MAP2K1 PTEN WHSC1
CCND1 FAS MAP3K14 PTPN6 XPO1
CCND2 FAT1 MDM2 PTPRD
CCND3 FBXO11 MED12 RB1
CDKN1B FBXW7 MEF2B ROS1
CDKN2A FOXO1 MTOR SETD2
Prognosis-relevant gene
Diagnosis-relevant gene
Targeting medical gene
Both diagnosis-relavant and targeting medical gene
_____________________ Both diagnosis and prognosis related gene

containing prognosis-relevant, diagnosis-relevant, and
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Results
Patient characteristics

A total of 259 newly diagnosed DLBCL patients are categorized
into six genetic subtypes, and the proportion of each type is 21.6%
MCD subtype, 19.3% BN2 subtype, 8.9% EZB subtype, 3.5% N1
subtype, 4.2% ST2 subtype, and 12.4% A53 subtype, respectively
(Figure 2). Besides, 30.1% of patients are unclassified, and this
isoform is defined as a black control. To investigate the concrete
genes influencing the lipids, we considered 60 familiar decisive
molecular typing genes such as BCL2, BCL6, TP53, MYD88, MYC,
NOTCH2, and EZH2. More details regarding genetic typing and
gene translocation are shown in Figure 3.

We recorded and analyzed the initial concentration of lipids
before DLBCL patients received any treatment. Results show that
TG in the EZB subtype was higher than in the unclassified subtype
(Kruskal-Wallis H test, p = 0.001). The median concentration of
TG in these two groups is 2.01 mmol/L (range 1.76-2.48 mmol/L)
and 1.16 mmol/L (range 0.84-1.58 mmol/L), respectively. More
importantly, results show that in the EZB subtype, the incidence of
hypertriglyceridemia is 78.3% compared with 19.2% in the
unclassified subtype, 36.0% in the MCD subtype, and 18.2% in
the ST2 subtype (chi-square test and Fisher’s exact test, p <0.001, =
0.001, <0.001). In addition, dyslipidemia is discovered more
commonly in the EZB subtype than in the unclassified subtype,
with a significant statistical difference (87% vs 39.7%, p <0.001). The
other three types of lipids (TC, HDL-C, and LDL-C), meanwhile,
demonstrated no significant differences among the seven types.

According to the World Health Organization (WHO)
classification of lymphoma, researchers put forward the concept

Proportion of genetic typing

12.4%
4.3%
3.5% 30.1%
8.9% . |
- )
"
19.3% 21.6%
munclassified mBN2 =MCD =EZB =Nl mST2 TP53
FIGURE 2

Proportion of genetic typing. In the six subgroups divided by
genetics, the BN2 subtype, MCD subtype, and EZB subtype account
for most, while the N1 and ST2 subtypes account for no more than
10% of the total.
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of high-grade B-cell lymphoma based on three types of gene
translocation: BCL2, BCL6, and MYC. Thus, we also analyzed the
correlation between dyslipidemia and gene translocation. Based on
pathological gene-sequencing, patients with BCL2 gene fusion
mutation are significantly more likely to have dyslipidemia (chi-
square test, 76.5%, p = 0.006) and hypertriglyceridemia (chi-square
test, 88.2%, p = 0.002) than patients without rearrangement of these
three genes.

Other demography and clinical characteristics are
demonstrated in Table 1.

Other clinical factors about dyslipidemia

Binary logistic regression is used to analyze other clinical
elements related to hypertriglyceridemia and dyslipidemia. In
univariable analysis, molecular typing, BCL2 fusion translation,
ferritin, and BMI were risk factors for hypertriglyceridemia (p
<0.05). In terms of dyslipidemia, B symptoms, molecular typing,
BCL2 fusion translation, ferritin, CRP, and IL-6 have influenced
dyslipidemia (p <0.05).

In multivariable analysis, results indicate that being one of the
EZB subtypes (p = 0.002, OR 34.524, 95% CI 3.700-322.120) is
correlative to hypertriglyceridemia. Besides, the level of BMI affects
triglycerides (p = 0.002, OR 1.183, 95% CI 1.064-1.315). As for
dyslipidemia, the EZB subtype is significantly associated with
dyslipidemia (p = 0.020, OR 14.931, 95% CI 1.532-145.477). The
influence of ferritin level is familiar (p = 0.026, OR 1.001, 95% CI
1.000-1.001). The detailed results of the logistic regression model
are shown in Table 2.

Relation between dyslipidemia and survival

The median follow-up time is 12.3 months (range 1.1-105.0
months) among the 235 surviving patients. A total of 21 patients died,
three of whom died of complications, and 18 patients died of disease
progression. Significantly, only two patients died during induction
treatment. Moreover, up to the cut-off time, disease progress occurred
in 57 patients, and in 35 patients, disease progress occurred at the first
assessment during therapy. Three patients were lost to follow-up. The
2-year OS and 2-year PFS rates were 81.7% and 61.3%, respectively.
We interpret the influence of lipids on survival. Neither
hypertriglyceridemia nor dyslipidemia significantly affected OS and
PES in DLBCL patients (hypertriglyceridemia: OS hazard ratio HR
0.855, 95% CI 0.353-2.075, p = 0.7336; PFS HR 0.824, 95% CI 0.482-
1.407, p = 0.4730. dyslipidemia: OS hazard ratio HR 0.637, 95% CI
0.270-1.504, p = 0.3012; PFS HR 0.692, 95% CI 0.408-1.176, p =
0.1490, Figure 4). OS and PFS in different genetic subtypes showed no
significant statistical divergence (Figure 5). Interestingly, OS in the
A53 subgroup showed differences. The 32 patients who are defined as
the A53 subgroup were divided into the HTG group and the non-
HTG group by the level of triglycerides, and they also divided into the
dyslipidemia group and the non-dyslipidemia group. Although the
small number of samples precludes achieving a significant difference
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FIGURE 3

(A) shows gene mutations in detail in a total of 259 patients, and (B)
indicates the prevalence of gene mutations. A total of 121 genes
covering exon, fusion-relevant intron, and alternative splicing are
analyzed, and we selected 60 types of gene mutations that
occurred rather frequently or were molecular typing-related, like
BCL2, BCL6, MYC, MYD88, CD79B, PIM1, KMT2D, DTX1, TET2, and
SGK1. Panel (B) illustrates the prevalence of gene mutations; the
blue band in the histogram represents mutation times, and the
orange band shows percentage. Abnormalities of BCL6, TP53, PIM1,
MYDB88, and KMT2D occurred in more than 20% of patients, and
PIM1 mutations appeared most common.

10.3389/fonc.2023.1172623

in PES, the OS showed significant results. The non-HTG group
revealed better survival than the HTG group, while the non-
dyslipidemia group showed worse survival than the dyslipidemia
group (Figure 6). Relative parameters that significantly influenced
survival were not discovered in either univariable or multivariable
Cox regression models (Table S3).

Discussion

In our study, hypertriglyceridemia and dyslipidemia are
associated with the molecular typing of DLBCL, and the most
relevant is the EZB subtype. The other clinical factors also connect
with dyslipidemia, including B symptoms, BCL2 fusion translation,
ferritin, and BMI. We demonstrated the correlation of dyslipidemia
with the genetic type of DLBCL at the genetic level. While the
incidence of hypertriglyceridemia and dyslipidemia has not
influenced OS and PFS. Research shows that prostate cancer
patients with high levels of triglycerides have a higher risk of
relapse. But in some malignancies, dyslipidemia is not associated
with a poor prognosis, such as gastric cancer and breast cancer (18-
20). We conjectured that patients who have dyslipidemia were
provided therapy to lower lipids, and dyslipidemia is not an
independent prognosis factor. Besides, Schmitz et al. reported
different OS in MCD, BN2, EZB, and NI subtypes (3). In our
study, OS and PFES did not show statistical differences. We inferred
that it might be related to the small size of the patients and not
enough follow-up time.

Dyslipidemia is characterized by abnormal serum triglycerides,
cholesterol, low-density lipoprotein, and high-density lipoprotein.
The Frederickson model was raised to systematically categorize
dyslipidemia into five phenotypes. Type 2 is characterized by
elevated levels of LDL, and the rest of the types are characterized
by increased levels of various triglyceride-rich lipoprotein
subfractions (16). A more practical model of dyslipidemia defines

TABLE 1 Characteristics of democracy and clinical factors in different types of DLBCL.

Genetic typing

Unclassified
MCD n=50 BN2 n=56 EZB n=23 N1 n=9 ST2 n=11 A53 n=32 n=78

Age (years), range 66 (47-90) 62 (23-87) 60 (39-81) 70 (60-79) 69 (31-87) 64 (18-90) 58 (19-87) 0.001*°
Gender 0.747%

Male 30 (20.7) 29 (20.0) 15 (10.3) 5(3.4) 8 (5.5) 18 (12.4) 40 (27.6)

Female 20 (17.5) 27 (23.7) 8 (7.0) 4(3.5) 3(2.6) 14 (12.3) 38 (33.3)
Height (cm), b
range 165 (149-180) 165 (147-184) 167 (151-182) 158 (145-170) 165.5 (156-177) 164.5 (155-180) 166 (150-186) 0.482
a
:::giht (Kg), 60 (44-87) 61 (40-86) 65 (46-84) 55 (46-70) 58.75 (50-84) 61 (47-83) 61 (42-99) 0.530°

2
fal\rf;e(Kg/m ) 22.0 (17.0-22.4) 23.5 (14.7-29.4) 23.7 (16.5-29.0) 22.9 (17.1-25.1) 22.0 (18.7-26.8) 22.0 (18.4-29.3) 22.4 (16.2-33.9) 0.860°
(Continued)
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TABLE 1 Continued

Genetic typing

Unclassified
MCD n=50 BN2 n=56 EZB n=23 N1 n=9 ST2 n=11 A53 n=32 n=78
B symptoms, No. .
%) 14 (20.0) 16 (22.9) 8 (11.4) 4(57) 3(43) 11 (15.7) 14 (20.0) 0.390
Hans typing, No. a
0.001%
(%)
Non-GCB 38 (22.2) 43 (25.1) 5(2.9) 6 (3.5) 6 (3.5) 24 (14.0) 49 (28.7)
GCB 11 (13.4) 12 (14.6) 18 (22.0) 2(24) 5 (6.1) 1(16.7) 2(33.3)
Unclassified 1(16.7) 1(16.7) 0 (0.0) 1(16.7) 0 (0.0) 1(16.7) 2(333)
BM invol t,
involvemen 14 (28.0) 9 (18.0) 3(6.0) 3 (6.0) 5 (10.0) 5 (10.0) 11 (22.0) 0.119*
No. (%)
Ann Arbor stage, Y
0.277
No. (%)
-1 10 (17.5) 14 (24.6) 4(7.0) 0 (0.0) 0 (0.0) 9 (15.8) 20 (35.1)
1I-1IV 40 (20.0) 41 (20.5) 18 (9.0) 9 (3.5) 11 (4.3) 32 (12.5) 58 (29.0)
IPI score, No. (%) 0.175%
0-1 8 (14.5) 11 (20.0) 5(9.1) 0 (0.0) 2 (3.6) 7 (12.7) 22 (40.0)
2-3 18 (14.9) 30 (24.8) 11 (9.1) 3(2.5) 6 (5.0) 16 (13.2) 37 (30.6)
4-5 20 (27.4) 14 (19.2) 7 (9.6) 3(2.5) 6 (8.2) 16 (13.2) 15 (20.5)
BC (10x10°/L),
Wgce (10x10°/L) 5.2 (0.9-11.9) 6.7 (2.2-17.4) 7.0 (1.5-17.3) 3.7 (2.2-14.6) 7.1 (4.2-12.0) 6.6 (2.7-19.2) 5.6 (2.1-30.9) 0.093°
ran
Hb (g/L), range 123.5 (46-160) 129 (69-162) 123 (93-174) 123 (57-148) 123 (51-153) 110 (57-156) 128 (54-166) 0.265°
PLT (10x10°/L),
range( x10°/L) 171 (29-367) 202.5 (40-404) 229 (59-428) 155 (52-264) 218 (93-541) 227 (20-486) 225 (41-434) 0.163°
Ab (g/L), range 39.5 (23-51) 42.1 (24-50) 40.8 (32-48) 41.1 (30-47) 41.3 (29-47) 40.1 (27-53) 41.9 (23-52) 0.292°
ALT (U/L),
range(U/ ) 17.5 (6-53) 17.5 (6-56) 12 (7-59) 23 (11-65) 15 (7-37) 17 (4-157) 17 (5-60) 0.616°
S 1/L),
r:;g(: mol/L) 69 (34-168) 75 (32-152) 75 (49-285) 64 (36-133) 77 (55-110) 74 (37-266) 69 (42-193) 0.296"
LDH (IU/L), 280 (145-
o 291 (94-2752) 329 (139-2259) 352 (131-772) 556 (215-1429) 248 (149-630) ( 224 (118-2220) | 0.034*°
range 10540)
Ferriti L), 4294 (24- 9 (80-
erritin (ng/mL) 462.6 (35-5102) 04 ( 355.8 (34-1224) 6999 (80 3339 (12-4533) | 2888 (5-3177) | 182.6 (4-1616) | <0.001*°
range 40000) 12555)
CRP L),
range (mg/L) 10.0 (0-167) 12.7 (0-160) 19.4 (0-120) 27.3 (2-167) 41.3 (2-230) 19.5 (1-118) 5.9 (0-80) 0.082°
2795 (1160- 2470 (1150- 4190 (1990- 3550 (1450- 2470 (1329-
B2-MG 2665 (0-7460) ( ¢ ( ( ( 2070 (230-7700) | 0.008* ®
10980) 16790) 6500) 12330) 14400)
IL-6 (KU/L), 26.4 (4.0-
kU/D) 14.1 (1.5-716.6) | 9.0 (1.5-416.3) | 105 (0.7-174.6) | 10.3 (0.1-136.9) ¢ 10.1 (29-378.6) = 6.0 (0.4-424.3)  0.027*°
range 1436.1)
IL-10 (KU/L), 10.0 (0.7- 39.9 (1.8- <0.001%
3.9 (0.7-2226.2 4.6 (0.1-54.8 19(0.1-49.2 4.6(0.1-512. 5 (0.1-475.9
range 1046.7) o ) ( ) 6007.0) 59(0.1-492) o 2 35 ) b
T 1/L),
raige(mm‘)/ ) 1.3 (0.6-6.2) 1.5 (0.5-3.7) 2.0 (0.5-5.3) 1.2 (0.5-2.6) 1.3 (0.7-2.7) 1.5 (0.6-22.0) 1.1 (0.4-5.4) 0.003* ©
TC 1/L),
rangimm(’/ ) 3.6 (2.2-7.4) 4.1 (1.6-5.7) 43 (23-6.9) 4.9 (2.5-5.6) 42 (2.5-6.2) 4.1 (23-6.3) 4.1 (2.1-8.1) 0.177 ®
(Continued)
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TABLE 1 Continued

Genetic typing

Unclassified P

BN2 n=56 EZB n=23 ST2 n=11 A53 n=32
8 value
zi)gLe (mmol/L), 0.9 (0.2-2.7) 1.1 (0.2-1.6) 0.9 (0.6-1.8) 1.1 (0.3-2.2) 0.9 (0.6-1.4) 0.9 (0.2-2.0) 1.0 (0.2-2.0) 0.092°
LDL (mmol/L), 2.1 (1.0-4.6) 2.2 (0.1-3.7) 2.3 (0.6-4.3) 2.7 (1.7-3.9) 2.2 (1.0-4.4) 2.3 (0.9-3.5) 2.4 (0.3-5.7) 0.285°

range

BMI, Body Mass Index; Non-GCB, non-Germinal Center B-cell; GCB, Germinal Center B-cell; BM, bone marrow; IPI, International Prognostic Index; WBC, white blood cell; Hb, hemoglobin; PLT,
platelet; Ab, albumin; ALT, alanine aminotransferase; Scr, serum creatinine; LDH, lactate dehydrogenase; CRP, C-reaction protein; 2-MG, B2-microglobulin; IL-6, Interleukin-6; IL-10,
Interleukin-10; TG, triglyceride; TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

*Significantly different.

Continuous variables are presented as median with range and categorical variables are shown as frequency and percentage (No, %).

“Fisher's exact test. "Kruskal-Wallis test.

TABLE 2 Logistic regression models evaluating the associations between clinical variables and hypertriglyceridemia and dyslipidemia in DLBCL

patients.

Univariable analysis

Multivariable analysis

Dependent Independent

gaiictle RIS OR (95% Cl) P-value OR (95% Cl) P-value
Age 1.377 (0.816-2.321) 0.231 1.384 (0.715-2.677) 0335
Sex 0.989 (0.971-1.006) 0.199 0.879 (0.955-1.001) 0.062
B symptoms 1.738 (0.989-3.053) 0.054 1.291 (0.627-2.661) 0.488
MCD subtype 3.150 (1.454-6.822) 0.004* 3.751 (0.721-19.507) 0.116
BN2 subtype 2362 (1.055-5.292) 0.037* 2386 (0.907-6.272) 0.078
EZB subtype 15.120 (4.387-47.260) <0.001* 34.524 (3.700-322.120) 0.002*
A53 subtype 2520 (1.014-6.265) 0.047* 2741 (0.977-7.692) 0.055

HTG
BCL2 fusion mutation 4.104 (1.309-12.866) 0.015* 0.403 (0.034-4.814) 0.473
ferritin 1.000 (1.000-1.001) 0.009* 1.000 (1.000-1.001) 0.167
1L-10 1.001 (1.000-1.002) 0.096 1.001 (1.000-1.003) 0.135
BMI 1.156 (1.058-1.265) 0.001* 1.183 (1.064-1.315) 0.002*
Age 1.442 (0.877-2.371) 0.149 1.485 (0.805-2.739) 0.206
Sex 0.990 (0.973-1.007) 0.238 0.976 (0.955-0.998) 0.035*
B symptoms 2.178 (1.226-3.871) 0.008* 1.579 (0.764-3.264) 0218
MCD subtype 1.880 (0.938-3.768) 0.075 2.041 (0.405-10.287) 0387
BN2 subtype 1.642 (0.802-3.363) 0.175 1.261 (0.524-3.031) 0.605
EZB subtype 10.108 (2.767-36.919) <0.001* 14.931 (1.532-145.477) 0.020*
A53 subtype 2216 (0.958-5.126) 0.063 1.937 (0.732-5.123) 0.183

Dyslipidemia
BCL2 fusion mutation 7.232 (1.603-32.628) 0.010* 0559 (0.041-7.714) 0.664
ferritin 1.001 (1.000-1.002) 0.001* 1.001 (1.000-1.001) 0.026*
1L-6 1.006 (1.000-1.009) 0.048* 1.002 (0.998-1.005) 0.306
CRP 1.013 (1.011-1.019) 0.013* 1.000 (0.991-1.010) 0.979
BMI 1.079 (0.992-1.172) 0.075 1.080 (0.975-1.195) 0.140

OR, odd ratio; CI, confidence interval; HTG, hypertriglyceridemia; IL-10, interleukin-10; BMI, Body Mass Index; IL-6, Interleukin-6; CRP, C-reactive protein.

*Significantly different.
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OS and PFS in patients. (A) Percent of OS and (B) progress-free survival in patients with or without HTG. (C) Percent of overall survival and (D)
progress-free survival in dyslipidemia patients and non-dyslipidemia patients. OS, overall survival; PFS, progress-free survival; HTG,

hypertriglyceridemia.

it as hypertriglyceridemia, hypercholesterolemia, hypo-HDL, and
hyper-LDL. The recommended levels of TG, LDL, and HDL are 2-
9.9 mmol/L, 3.4-4.9 mmol/L, and 0.7-0.9 mmol/L (15). Exorbitant
levels of lipids express an increased risk of pancreatitis (21). In our
retrospective study, two patients had high levels of triglycerides
(28.02 and 22.00 mmol/L, respectively). While there were no
episodes of acute pancreatitis. Elevated plasma LDL-cholesterol
levels are the 8th leading risk factor for death in 2019 worldwide
(22). A large study conducted in China indicated that the most
common dyslipidemia subtypes are hypo-HDL (20.4%) and HTG
(13.8%) (23). The mechanism related to primary dyslipidemia has
not been proved definitively. According to genome-wide association
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FIGURE 5

studies (GWASes), TMEMS57, DOCK7, CELSR2, APOB, ABCG5,
HMGCR, TRIBI1, FADS2/S3, LDLR, NCAN, and TOMM40-APOE
appear to be related to increased TC levels. Similarly, CELSR2-
PSRCI-SORT1I, PCSK9, NCAN-CILP2-PBX4, LDLR, and APOCI-
APOE are associated with variations in LDL levels (24). DN and
N291S variants have been associated with elevated TG, while the
§447X variant appears to be related to depressed TG. Moreover,
APOAS5-related abnormalities appear to be potentially correlative to
TG (25, 26). Besides, pre-B-cell leukemia transcription factor 4
(PBX4/CILP2 locus) and B-cell CLL/lymphoma 3 genes are
considered to be the association factors for dyslipidemia (27, 28).
Secondary hyperlipidemia has been acknowledged as being
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OS (A) and PFS (B) in different subtypes, including MCD, BN2, EZB, N1, ST2, A53, and unclassified subtypes. OS, overall survival; PFS, progress-

free survival.

Frontiers in Oncology

83

frontiersin.org


https://doi.org/10.3389/fonc.2023.1172623
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xu et al.

>

100

p =0.048
80

60

40
== non-HTG

20 HTG

Persent of Overall Survival(%)

L] 12 24 36 48 60 72 84 96 108 120
Time (months)

(]

p=0.027
80

60
40

== non-dyslipidemia

20 dyslipidemia

Persent of Overall Survival(%)

0 12 24 36 48 60 72 84 96 108 120
Time (months)

FIGURE 6

10.3389/fonc.2023.1172623

100
p=0.358

80

60

40 == non-HTG

HTG
20

Persent of Progress-Free Survival(%)

0 12 24 36 48 60 72 84 96 108 120
Time (months)

o

p =0.432
80

60

40 == non-dyslipidemia

dyslipidemia
20

Persent of Progress-Free Survival(%)

0 12 24 36 48 60 72 84 96 108 120
Time (months)
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with a significant statistical difference only in OS. OS, overall survival; PFS, progress-free survival. HTG, hypertriglyceridemia.

associated with obesity, smoking, the metabolic syndrome,
proinflammatory and prothrombotic biomarkers, and type 2
diabetes (29). Recently, the interaction between dyslipidemia-
related genes and hematologic malignancy genes has been
reported; for instance, the PML/RARo fusion protein and
peroxisome proliferator-activated receptor-o. have a synergistic
effect on acute promyelocytic leukemia (30). Besides, the
incidence of cardiovascular disease was higher in patients with
DLBCL than in normal people (31).

Dyslipidemia has been reported to be associated with a
multitude of solid tumors, such as breast cancer, prostate cancer,
thyroid cancer, colorectal cancer, and lung cancer (5-9). In terms of
hematologic malignancies, chronic lymphocyte leukemia and acute
promyelocytic leukemia are reported to be associated with
dyslipidemia and hypertriglyceridemia (11, 32). Whereas, the
correlation between dyslipidemia and lymphoma or multiple
myeloma has not been reported. More recently, studies aimed at
lipids in DLBCL patients appeared to indicate a prognosis (33-35).
Fundamental experiments investigated cholesterol and DLBCL.
SYK inhibits cholesterol biosynthesis by modulating PI3K/AKT-
dependent survival pathways (36). SOX9-DHCR24-cholesterol
biosynthesis axis in IGH-BCL2 fusion translation positive DLBCL
plays an oncogenic role via upregulating cholesterol synthesis (12,
37). Based on molecular typing, the EZB subtype is characterized by
IGH-BCL2 fusion translation and the EZH2 mutation. Jiao et al.
proposed the SOX9-DHCR24-cholesterol biosynthesis axis, which
may interpret the association between the EZB subtype and
dyslipidemia to some extent. SOX9 was researched more
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frequently in other solid tumors like colon cancer, hepatocellular
carcinoma, and breast cancer. SOX9 plays an oncogenic role in GCB
and IGH-BCL2-positive DLBCL. In other words, SOX9-positive
DLBCLs are more likely to be categorized as EZB subtypes and are
more likely to be associated with NF-xB signaling. SOX9
upregulates DHCR24 expression, which is important in the
cholesterol biosynthesis pathway (38-40). Other studies indicate
that BCL2 may influence lipid metabolism. Downregulation of
BCL2-related transcription factors has been considered to affect
carotid atherosclerosis and be associated with oxidized LDL trans-
differentiation. Thus, we speculate that BCL2 fusion influences lipid
metabolism (41).

The concept of genetic typing was raised to provide potential
nosology for precision medicine strategies in DLBCL. According
to the research containing 574 DLBCL biopsy samples identified
genes, the BN2 subtype is dominated by NOTCH pathway
aberrations and the NF-xB pathway. Besides, the MCD subtype
is characterized by BCR and NF-xB pathway aberrations. EZB
subtype is enriched for BCL2 translocation, EZH2 mutation, and
REL amplification, involving Janus-associated kinase-signal
transducers and activators of transcription (JAK-STAT)
signaling and the PI3K pathway. BCR has been shown to
directly promote cholesterol biosynthesis through intermediate
kinases downstream of BCR to maintain cell membrane integrity
and BCR signaling (3, 42-46). Aimed at this, targeting cellular
cholesterol provides new precise treatment strategies. Thaxton
et al. investigated functional lipoprotein nanoparticles in DLBCL
via targeting both cellular cholesterol uptake and BCR-associated
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de novo cholesterol synthesis and achieved cellular cholesterol
reduction and induced apoptosis in otherwise resistant ABC
DLBCL cell lines (47).

We analyzed 259 DLBCL patients in the lipid aspect based on
genetic typing and deduced the association between dyslipidemia
and the EZB subtype without prognosis discrepancy. This study has
some deficiencies. Firstly, it is a retrospective study with limitations
in patient selection and analysis. Secondly, follow-up times are not
long enough because there have been 121 types of gene sequencing
analyses conducted in the clinical institution in recent years.
Thirdly, the role of dynamic alterations in blood biomarkers
during and after treatment was not taken into consideration
during the analysis. Further prospective and multicenter research
is needed to investigate dyslipidemia in DLBCL to instruct
prognosis evaluation and treatment.

Conclusion

A total of 259 newly diagnosed DLBCL patients were
categorized by genetic typing and analyzed for dyslipidemia.
Significant differences were found in the EZB subtype;
dyslipidemia and hypertriglyceridemia occurred in this isoform
without influence on survival. In summary, the EZB subtype is
exposed to higher risks of dyslipidemia and hypertriglyceridemia,
which may guide clinical treatment strategies.
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Background and aim: High-grade B cell ymphomas with concomitant MYC and
BCL2 and/or BCL6 rearrangements (HGBCL-DH/TH) have a poor prognosis
when treated with the standard R-CHOP-like chemoimmunotherapy protocol.
Whether this can be improved using intensified regimens is still under debate.
However, due to the rarity of HGBCL-DH/TH there are no prospective,
randomized controlled trials (RCT) available. Thus, with this systematic review
and meta-analysis we attempted to compare survival in HGBCL-DH/TH patients
receiving intensified vs. R-CHOP(-like) regimens.

Methods: The PubMed and Web of Science databases were searched for original
studies reporting on first-line treatment in HGBCL-DH/TH patients from 08/
2014 until 04/2022. Studies with only localized stage disease, <10 patients,
single-arm, non-full peer-reviewed publications, and preclinical studies were
excluded. The quality of literature and the risk of bias was assessed using the
Methodological Index for Non-Randomized Studies (MINORS) and National
Heart, Lung, and Blood Institute (NHLBI) Quality Assessment Tool for
Observational Cohort and Cross-Sectional Studies. Random-effect models
were used to compare R-CHOP-(like) and intensified regimens regarding 2-
year overall survival (2y-OS) and 2-year progression-free survival (2y-PFS).

Results: Altogether, 11 retrospective studies, but no RCT, with 891 patients were
included. Only four studies were of good quality based on aforementioned
criteria. Intensified treatment could improve 2y-OS (hazard ratio [HR]=0.78 [95%
confidence interval [CI] 0.63-0.96]; p=0.02) as well as 2y-PFS (HR=0.66 [95% CI
0.44-0.99]; p=0.045).
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Conclusions: This meta-analysis indicates that intensified regimens could
possibly improve 2y-OS and 2y-PFS in HGBCL-DH/TH patients. However, the
significance of these results is mainly limited by data quality, data robustness, and
its retrospective nature. There is still a need for innovative controlled clinical trials
in this difficult to treat patient population.

Systematic review registration: https://www.crd.york.ac.uk/prospero, identifier
CRD42022313234.

KEYWORDS
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Introduction

Large B cell lymphomas (LBCLs) represent a rather
heterogeneous group of B cell-derived entities (1). The underlying
genetic, morphologic, and clinical features of LBCLs can vary
substantially translating into different outcomes. More than 20
years ago it was suggested that LBCLs harboring MYC, BCL2, and/
or BCL6 translocation (double-hit [DH] or triple-hit [TH]
lymphoma) fare poorly under standard-intensity chemotherapeutic
regimen (2). It was however not until 2017 that this subgroup was
introduced as a separate entity and defined as “high-grade B-cell
lymphoma with MYC and BCL2 and/or BCL6 rearrangements”
(HGBCL-DH/TH) in the WHO dlassification (3). Most recently,
cases with MYC/BCL6 rearrangement were separated from this group
due to the divergent mechanisms of pathogenesis (1).

HGBCL-DH/TH patients frequently present with high-risk
features including advanced stage, a high International Prognostic
Index (IPI) score, and >1 extranodal localization. Furthermore,
central nervous system involvement is common (4-8). Earlier
works have repeatedly confirmed that HGBCL-DH/TH patients
have inferior outcome following standard DLBCL treatment (i.e., R-
CHOP), especially in advanced stage (9-12). Consequently,
intensified regimens (i.e., DA-EPOCH-R, R-CODOX-M/IVAC,
R-hyperCVAD, and GMALL protocol) have been introduced and
are currently widely used in first-line setting (13-16). In fact, even
adoptive CAR T cells therapy is currently being evaluated as a
frontline approach in this highly vulnerable patient population (17).
However, data addressing the significance of an intensified first-line
therapy have been scarce and rather disputable. Several studies
implied that intensified regimens could improve progression-free
survival (PFS) (7, 18); yet benefit in terms of overall survival (OS)
was rarely reported. Recently, we retrospectively analyzed a large,
multi-center HGBCL-DH/TH cohort of 259 patients and could not
identify a significant advantage of employing intensified regimens
over R-CHOP(-like) regimens (neither for PFS nor for OS) (19).

Thus, we decided to re-evaluate this issue and to possibly gain
additional insights that would help guide the treatment of this

88

difficult-to-treat population. With this aim, we performed a meta-
analysis of recently published studies and compared survival
outcome of intensified regimens to R-CHOP(-like) strategies in
newly diagnosed HGBCL-DH/TH patients.

Methods

This systematic review and meta-analysis was preformed
following the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines (20). The protocol was
registered at PROSPERO International Prospective Register of
Systematic Reviews (CRD 42022313234).

Selection criteria and search strategy

The Population, Intervention, Control, Outcome, Study (PICOS)
approach was used to define the inclusion criteria (Table 1) (21).
Eligible studies were included in the analysis if treatment related
outcomes were reported. The primary endpoint in our study was 2-
year OS (2y-OS) of patient groups receiving different induction
regimens (intensified regimen vs. R-CHOP|-like]). Furthermore, we
compared 2-year PFS (2y-PFS) between these 2 groups. In case of
eligible studies not reporting on treatment related outcome, the
authors were contacted in order to obtain missing data necessary
for analysis. The exclusion criteria were also reported in Table I.
Literature search for studies published from 08/2014 until 04/2022 was
carried out using the PubMed and Web of Science databases. The
following keywords were used, with the use of wildcard characters to
account for variations in spelling and plurals: “MYC/BCL2” OR
“MYC/BCL6” AND “lymphoma”, “double-hit” OR “triple-hit” AND
“lymphoma”. Two of the authors independently performed the
screening and identified studies, data selection, and data extraction.
Disagreements were resolved by a consensus-based discussion. For
studies with multiple publications or overlapping patient cohorts, the
most complete dataset amongst all available publications was used.
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TABLE 1 Inclusion and exclusion criteria for selection of the articles.

PICOS inclusion criteria

10.3389/fonc.2023.1188478

Population
Intervention
SCT)
Control
Outcome 2-years overall survival and/or progression-free survival
Study
design publications available ahead of print)

Exclusion criteria

Newly diagnosed HGBCL patients with concurrent MYC and BCL2 and/or BCL6 rearrangement (according to WHO 2017) aged >18 years

Intensified front-line treatment (i.e. DA-EPOCH-R, R-CHOEP, R-Hyper-CVAD, R-CODOX-M/IVAC, B-ALL protocol, R-CHOP with upfront autologous

Standard front-line treatment (R-CHOP[-like]: R-CHOP and its modified versions [i.e. R-miniCHOP, R-CHOP with lenalidomide or ibrutinib])

Randomized clinical trials, retrospective trials and case series written in English language and published between August 2014 and April 2022 (including e-

Studies <10 patients, single-arm studies, reviews, preclinical trials, case reports, abstracts, posters

PICOS, Population, Intervention, Control, Outcome, Study; HGBCL, high-grade B-cell lymphoma; SCT, Stem cell transplantation.

Study quality assessment

Methodological Index for Non-Randomized Studies (MINORS)
was used to assess the quality of included observational studies (22).
The MINORS consists of 12 indexes: 1) a clearly stated aim; 2)
inclusion of consecutive patients; 3) prospective collection of data; 4)
endpoints appropriate to the aim of the study; 5) unbiased assessment
of the study endpoint(s); 6) a follow-up period appropriate to the aim
of the study; 7) loss to follow-up less than 5%; 8) prospective
calculation of the study size; 9) an adequate control group; 10)
contemporary groups (control and studied group should be
managed during the same time period, no historical comparison);
11) baseline equivalence of groups and 12) an adequate statistical
analysis. The items were scored 0 if not reported; 1 when reported but
inadequate; and 2 when reported and adequate. Studies were
considered as high quality if the total score was =17, medium
quality if the total score was 9-16, and low quality if the total score
was <9 (22). In addition, the NHLBI Quality Assessment Tool for
Observational Cohort and Cross-Sectional Studies (NHLBI, National
Heart, Lung, and Blood Institute) was used (23). NHLBI developed a
set of tailored quality assessment tools to assist reviewers in focusing
on concepts that are key to a study’s internal validity. We used the
study rating tool on the range of items included in each tool to judge
each study to be of “good,” “fair,” or “poor” quality. In general terms,
a “good” study has the least risk of bias, and results are considered to
be valid. A “fair” study is susceptible to some bias deemed not
sufficient to invalidate its results. The fair quality category is likely to
be broad, so studies with this rating will vary in their strengths and
weaknesses. A “poor” rating indicates significant risk of bias (23). The
study quality was assessed by two authors.

Data analysis

All statistical analyses were performed using SPSS software,
version 28 (IBM Statistics, Armonk, NY, USA). Heterogeneity
between studies was assessed using I? statistics, with I* above 50%
being considered as an indicator for distinct heterogeneity. As large
heterogeneity among the studies was observed particularly for PES, the
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random-effects model has been applied consistently for all analyses.
The hazard ratio (HR) with a corresponding 95% confidence interval
(95% CI) for OS and PFS was utilized to compare the prognostic
survival. HR and 95% CI were directly extracted from the Cox
proportional hazards models used for the univariate analyses of the
original studies. When it was not possible to obtain these values from
the original studies, we estimated them from survival curves (where
possible) using the methods described by Parmar et al. (24) or we
derived them from the reported estimates and CIs for 2yOS or 2yPES
in the two treatment arms via normal approximation. HR less than 1.0
indicated an advantage for intensified treatment as compared to
standard treatment in terms of improving 2y-OS and 2y-PFS. p
values <0.05 were considered statistically significant. Potential
publication bias was examined using funnel plot and Eggers™ test.
Robustness of results was assessed by iterative omission of single
studies from the analysis (so-called leave-one-out analysis).

Results
Study selection and description of studies

Altogether 2411 records were identified through database
searches. After initial screening, 108 full-text articles were further
selected for eligibility. The flowchart of the reviews shows the
detailed process of selection (Figure 1). Finally, 11 relevant
studies, comprising a total of 891 HGBCL-DH/TH patients, were
included (6, 7, 18, 25-32). We identified no prospective,
randomized controlled trials (RCT); all studies included in the
meta-analysis were of retrospective design. Three authors provided
additional individual patient data on request (26, 27, 29).
Characteristics of included studies are outlined in Table 2. MYC
translocation partner was rarely stated, therefore we did not report
on this data. Studies conducted exclusively on HGBCL-DH/TH
patients with localized stage (n=3) were excluded, in order to avoid
selection bias. Eight out of 11 eligible studies were published from
2019 onwards (6, 18, 26-29, 31, 32). Only four studies were
primarily designed to compare induction treatment in HGBCL-
DH/TH patients (6, 7, 18, 31).
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FIGURE 1
PRISMA flow diagram.

Quality assessment

No standardized assessment tools exist for observational
studies. We used the MINORS scale to assess study quality
(Supplementary Table S1). The final scores for each study ranged
from 13 to 19. Overall, the studies included in the meta-analysis
were of intermediate reliability. Four studies were considered to be
high-quality studies (6, 26, 27, 31). We additionally assessed studies
for bias based on the 14 criteria in the NHLBI tool for quality
assessment (NHLBI). About a half (54.5%) of the studies were of
good quality and showed low risk of bias. All studies lacked the
following features: blinded study, exposure reassessment over time,
provided sample size justification, power description or variance/
effect estimates. Key methodological strengths in the included

studies were rare.

Outcome

All studies were analyzed regarding 2y-OS and included 464
patients that received an intensified treatment and 412 with
standard R-CHOP-like protocol. The study by Tisi et al,
compared R-CHOP to two different treatment groups: i.e., DA-
EPOCH-R and “intensive regimens” (R-CODOX-M/IVAC, R-

Frontiers in Oncology

Hyper-CVAD/R-MA, GMALL protocol) (18). Only patients
treated within the “intensive regimens” cohort were included in
our analysis (as this cohort included more patients than the DA-
EPOCH-R group). Intensified treatment resulted in improved 2y-
OS in all patients (intensified treatment vs. standard treatment:
HR=0.78 [95% CI 0.63-0.96]; p=0.02; Figure 2). There was no
heterogeneity among studies (I* = 0%; p=0.43). A sensitivity
analysis was performed using the so-called leave-one-out
approach in order to evaluate the robustness of the results. The
statistically significant combined effect size for the impact of
intensified treatment on 2y-OS was found to be lost when
omitting one of the following studies: Laude et al., Petrich et al.
and Zhang et al. (Supplementary Table S2) (6, 7, 31). No publication
bias with regard to 2y-OS was evident (p=0.11 in Egger’s test; funnel
plots are presented in Supplementary Figure SI).

Seven studies with available data for 2y-PFS were included in
the meta-analysis; altogether, 358 patients treated with intensified
and 325 patients treated with standard treatment. Intensified
treatment was shown to result in prolonged 2y-PFS as compared
to standard treatment (HR=0.66 [95% CI 0.44-0.99]; p=0.045,
Figure 3). A significant heterogeneity between the results of the
individual studies (I* = 66.7%; p=0.02) was noticed. The study by
Kuenstner et al. was shown to be the key contributor to this
between-study heterogeneity after performing the so-called leave-
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TABLE 2 Characteristics of included studies.

Country Sample Participant Treatment arm, age, median BCL2 advanced high IPI, FU months,

size (N) group (n) n (%) ((E)] +/- BCL6 translo- stage n (%) median (range)
cation, n (%)

de Jonge et al., Netherland 26 17 R-CHOP, 10 64.5 (41-80) 8 (80.0) 9 (90.0) na 40.5 (5.6-75.4) na 36.0
2016% (58.8) 7 (100) 7 (100.0) 53.6
intensified’, 7
(41.2)
Kuenster etal, | Germany 47 34 R-CHOP-like?, 73 (45-82) 11 (52.4) 10 (47.6) 13 (61.9) 92 (70.3-113.7) 2.9 61.9
2021% 21 (61.8) 60 (35-77) 10 (76.9) 12 (92.3) 9 (69.2) 23.1 462
intensified?, 13
(38.2)
Laude et al., France 156 156 R-CHOP-like?, 66 76 (76.8) 85 (85.9) 69 (75.0) 32 (28-39) 40.0 na
2021* 99 (63.5) 58 46 (80.7) 55 (98.2) 39 (72.0) 50.7
intensified®, 57
(36.5)
McPhail et al., USA 100 70 R-CHOP, 32 66 (44-79) 25 (83.3) na na 28.9 (14.3-43.5) 29.8 41.5
2019% (45.7) 59 (29-83) ns, 2 53.9 575
intensified, 38 28 (82.4)
(54.3) ns, 4
Miyaoka et al., Japan 50 21 R-CHOP-like’, 67 (49-79) 13 (86.6) 10 (66.7) 10 (66.7) 78 (0-179.3) na 41.5
20228 15 (71.4) 57.5 (39-73) 4 (66.7) 4 (66.7) 1(167) 57.5
intensified’, 6
(28.6)
Petrich et al., USA 311 311 R-CHOP, 100 60 (19-87)* 295 (95.0)* 255 (81.0) na 23 (1-126)** na na
2014° (32.0) *
intensified®, 211
(57.9)
Schieppati Italy 95 24 R-CHOP, 7 68 (59-88) 5 (71.5) 6 (85.7) 4 (57.1) 45 (28.6-58.1) 2.9 129
et al,, 2020%* (29.2) 62 (27-76) 14 (82.3) 16 (94.1) 11 (64.7) 73.1 58.8
intensified’, 17
(70.8)
Tisi et al., Ttaly 100 76 R-CHOP?®, 27 61 (21-85)* 57 (70.4)* 70 (86.0)* | 56 (69.0) 334+ 40 34
2019 (33.3) * 50 64
intensified® 34 64 66
(42.0)
DA-EPOCH-R,
15 (19.0)
Yoshida et al., Japan 22 12 R-CHOP, 7 66 (54-88) 7 (100.0) 6 (75.9) 4 (57.1) 14 na 514
2015° (58.3) 58 (46-64) 5 (100.0) 5 (71.4) 4 (80.0) (5.6-22.4) 40.0
intensified, 5°
(41.6)
Zhang F.etal, | China 139 139 R-CHOP, 76 57 (18-81)* BCL2, 109 (78.4)* 54 (71.1) 34 (44.8) 18 454 47.8
2019 (54.7) 36 (57.1) 42 (66.7) (4-39) 63.6 674
intensified, 63'°
(45.3)
Zhunég J. et al. China 51 31 R-CHOP-like'!, 56.5 (26-72) ns 13 (72.2) na 16 (10.4-21.5) na 87.7
2020 18 (58.1) 42 (19-68) 9 (61.5) 58.6
intensified, 13"
(41.9)

Sample size (N) refers to the total number of patients in each study, whereas the participant group (n) refers to the number of HGBCL-DH/TH patients included in this meta-analysis (i.e.
HGBCL-DH/TH patients who received [curative] induction treatment and had reported treatment outcome).

Savailable individual patient data, “including HGBCL-DH/TH arising from low-grade lymphomas, * data for all patients; **follow-up for all living patients.

ns, not specified; na, not applicable.

! intensified regimens: DA-EPOCH-R (dose-adjusted, rituximab, etoposide, prednisone, vincristine, cyclophosphamide and doxorubicin) 71.4%, R-CHOP+up-front autologous stem cell
transplantation (SCT) 28.6%; R-DHAP (rituximab, dexamethasone, cisplatin, high-dose cytarabine) 14.2%.

2 R-CHOP-like: R-CHOP(rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone), R-miniCHOP.

intensified regimens: GMALL (German multicenter acute lymphoblastic leukemia) protocol 61.5%, R-CHOEP (rituximab, cyclophosphamide, doxorubicin,

vincristine, etoposide, prednisone) 23.1%, DA-EPOCH-R 7.7%, other 7.7%.

* R-CHOP-like not further specified.

intensified regimens: DA-EPCOH-R 24.6%, R-ACVBP (rituximab, doxorubicin, cyclophosphamide, vindesine, bleomycin and prednisone) 28.1%, R-COPADEM (rituximab, cyclophosphamide,
vincristine, prednisone, doxorubicin and methotrexate) 47.3%.

* intensified regimens: R-CHOEP 44.7%, R-CODOX-M/IVAC 39.5%, R-hyperCVAD (rituximab, cyclophosphamide, vincristine, doxorubicin and

dexamethasone) 15.8%.

® R-CHOP-like: R-CHOP, R-COP (rituximab, cyclocphosphamid, vincristine, prednisone).

intensified regimens: DA-EPOCH-R 66.7%, R-hyper-CVAD 33.3%, R-CODOX-M 16.7%.

Sintensified regimens: R-Hyper-CVAD n=65, DA-EPOCH-R n=64, R-CODOX-M/IVAC n=42, R-ICE n=9, other n=10; up-front autologous SCT n=39, up-front

allogeneic SCT n=14.

“intensified regimens: DA-EPOCH-R (+/- up-front autologous stem cell transplantation) 58.9%, GMALL 35.3%, R-CHOP-+up-front autologous SCT 5.9%.

R-CHOP-like: R-CHOP, R-COMP (R-CHOP with liposomal anthracycline), R-miniCHOP, R-megaCHOP, R-M/VACOP-B (rituximab, methotrexate, etoposide,

doxorubicin, cyclophosphamide, vincristine, prednisone and bleomycin).

intensified regimens: R-CODOX-M/IVAC, GMALL, R-Hyper-CVAD/R-MA (rituximab, cyclophosphamide, vincristine, doxorubicin and dexamethasone/

rituximab,high-dose methotrexate and cytarabine), upfront autologous SCT (accurate treatment distribution not known).

*intensified regimens: R-CODOX-M/IVAC (rituximab, cyclophosphamide, doxorubicin, vincristine, methotrexate/ifosfamide, etoposide, high-dose cytarabine)

60.0%, R-hyper-CVAD 20.0%, R-ESHAP (rituximab, etoposide, methylprednisolone, high-dose cytarabine and cisplatin) 20.0%.

intensified regimens: DA-EPOCH-R (100 %).

"'"R-CHOP-like: R-CHOP, R-CHOP + lenalidomide, R-CHOP + HD-MTX.

intensified regimens: DA-EPOCH-R +/- HD-MTX or +/- i.th. MTX (76.9%); R-CODOX-M/IVAC (15.4%), other (7.6%).
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Study HR (95%Cl) HR (95%CI) Weight (%)
De Jonge. etal. 2016 = 0.78(0.19-3.12) 23
Kuenstner et al. 2021 —_— 1.24 (0.51-3.02) 57
Laude et al. 2021 —a— 0.74 (0.43-1.27) 15.2
McPhail et al. 2018 —_— 0.82 (0.40-1.67) 89
Miyaoka et al. 2022 0.66 (0.63-8.70) 26
Petrich et al. 2014 —.— 083 (0.59-1.16) 400
Schieppati et al. 2020 B —— 055 (0.18-1.67) 37
Tisi et al. 2019 0.38 (0.10-1.45) 25
Yoshida et al. 2015 1.16 (0.197.07) 14
Zhang F. et al. 2019 —.— 049 (0.29-0.83) 158
Zhang J. etal. 2019 » 2.1(0.47-951) 20
Overall @ 0.78 (0.63-0.96) 100.0
0.1 0.5 1 2 10

<+— favours intensified treatment

Model: Random effect model
Heterogeneity: Tau?= 0.00; H2= 1.0; P=0.0
Homogeneity: p=0.43

Test of overall effect size: Z= -2.3; p=0.02

FIGURE 2
Forest plot of 2-year overall survival.

one-out sensitivity analysis (26). Following exclusion of this study,
the combined effect size for the impact of intensified treatment on
2y-PFS was found to be stronger (HR=0.57 [95% CI 0.45-0.7];
p<0.01) and there was no longer heterogeneity among studies (I* =
0%; p=0.60) (Supplementary Table S3). There were no hints on
publication bias regarding 2y-PFS (p=0.41 in the Egger’s test; funnel
plots are presented in Supplementary Figure S2).

Toxicity

Treatment toxicity was only questioned within two studies (6,
31). As expected, Laude et al. observed significantly higher rates of
grade 3/4 hematological toxicities and mucositis in the intensified
arm (neutropenia, thrombocytopenia, anemia, and mucositis; all
p=0.01). Surprisingly, Zhang et al. reported no difference between

favours R-CHOP(-ike) —>

these
rates were unexpectedly low in patients treated with intensified

standard versus intensified approaches. Also, neutropenia

regimens (20.6%). Due to the small sample size we refrained from
further statistical analyses.

Discussion

This systematic review of published studies from 2014 to 2022,
which compared survival rates according to induction treatment in
newly diagnosed HGBCL-DH/TH patients, yielded 11 retrospective
studies. Only four of them were primarily designed to compare
outcome between intensified treatment and R-CHOP(-like)
standard protocols.

Regarding OS, previous data has been rather controversial. A
few single-arm, prospective studies reported impressive survival

Study HR (95%Cl) HR (95%Cl) Weight (%)
Kuenstner et al. 2021 —— 2.33(1.06-5.09) 124
Laude et al. 2021 —.— 0.64 (0.40-1.03) 179
McPhail et al. 2018 —— 0.64 (0.33-1.21) 146
Petrich et al. 2014 —.— 0.60 (0.43-0.85) 20.0
Schieppati et al. 2020 = 0.34 (0.10-1.13) 77
Tisi et al. 2019 — 0.76 (0.30-1.91) 105
Zhang F. et al. 2019 —B— 0.39 (0.23-0.65) 16.9
Overall —— 0.66 (0.44-0.99) 100.0
0.1 05 1 2 10

<— favours intensified treatment

Model: Random effect model
Heterogeneity: Tau?= 0.189; H2= 3.0; =0.67
Homogeneity: p=0.02
Test of overall effect size: Z= -2.0; p=0.045
FIGURE 3
Forest plot of 2-year progression-free survival.
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rates using various intensified regimens, as follows: 4-year OS of
82% with DA-EPOCH-R, 2y-OS of 76% with R-CODOX-M/R-
IVAC and 5-year OS of 83% with Nordic Lymphoma Group
protocol (R-CHOP/R-CHOEP combined with high-dose
methotrexate and intrathecal liposomal cytarabine) (33-35).
Given the rarity of HGBCL-DH/TH, these studies included only a
small number of HGBCL-DH/TH patients (n=24 and n<10
patients, respectively). Conversely, retrospective studies reported
comparably low survival rates when applying these (or similar)
intensified regimens, with only a few of them reporting a 2y-OS of
>60% (18, 31), indicating a potential selection bias toward
enrollment of healthier patients in prospective studies.

R-CHOP in combination with lenalidomide was prospectively
investigated in 82 LBCL patients with MYC translocation (also
including 24% patients with MYC single-hit translocation) within
the HOVON-2 trial (36). This resulted in 2y-OS of 73% and 2-year
event-free survival (2y-EFS) of 63%. The REMoDL trial, that
compared R-CHOP plus bortezomib vs. R-CHOP, included 35
HGBCL-DH/TH patients (37). Median OS at 30 months was
58.5% and 38.9%, respectively.

According to this systematic review, and to the best of our
knowledge, no prospective trials have directly compared the efficacy
of intensified treatment and R-CHOP(-like) so far. A previously
published meta-analysis (7), including 11 retrospective trials
(published between 2009 and 2014) with altogether 394 patients,
did not find any difference in OS between the two approaches (R-
CHOP vs. R-EPOCH: HR=0.77 [95% CI 0.51-1.13]; p=0.19; R-
CHOP vs. other intensified regimens [R-Hyper-CVAD, R-
CODOX-M/IVAC, R-ICE, and other]: HR 0.89 [95%CI 0.62-
1.13]; p=0.53). Of note, 5 of the included studies have only
reported preliminary results in abstract format and not the final
study data. Howlett et al. also included double-expressors (DEL) as
well as LBCLs with amplifications and/or extra copies of MYC,
BCL2 and BCL6 in their analysis (38). These, however, have to be
distinguished from HGBCL-DH/TH as their prognosis does not
seem to differ significantly from DLBCL (NOS) (11, 29, 39, 40).
Furthermore, DEL and HGBCL-DH/TH are considered to have
different underlying biology. DEL arise from “activated” B-cells in
contrast to HGBCL-DH/TH with germinal B-center origin (10, 41).

Our current meta-analysis suggests that 2y-OS can be improved
using intensified regimes (HR=0.78; p=0.02). Still, this needs to be
interpreted with caution, as the analysis was found to be
insufficiently robust. So-called leave-one-out analysis with any of
the three largest trials (Laude et al. n=156, Petrich et al. n=311,
Zhang F. et al. n=139) was associated with loss of statistical
significance (6, 7, 31).

Regarding PFS, previously published data are also rather
contradictory. The earlier mentioned meta-analysis by Howlett
et al. demonstrated prolonged PFS when using R-EPOCH
(HR=0.66 [95% CI 0.44-0.96]; p=0.03). The use of other
intensified regimens, however, did not lead to statistically
significant improvement of PFS (HR=0.74 [95% CI 0.51-1.05];
p=0.09) (38). In our recently published multi-center analysis on
HGBCL-DH/TH patients (also including 7 trials with 209 patients
from this meta-analysis) neither 2y-OS nor 2y-PFS was shown to be
improved with regimens other than R-CHOP(-like) (R-CHOP
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[-like] vs. intensified treatment rates for 2y-OS were 54.2% vs.
55.2% [p=0.87] and 2yPFS 44.4% vs. 48.4% [p=0.63], respectively)
(19). A subgroup analysis of different intensified regimens (i.e., R-
EPOCH vs. other treatments) was not carried out. These results
were in line with recently published data on 154 HGBCL-DH/TH
patients (42). Magnusson et al. reported 4-year OS rates of 54.5%
and 49.6% in patients treated with R-CHOP and R-EPOCH,
respectively. However, the present meta-analysis did demonstrate
an improved 2y-PFS using intensified regimens over R-CHOP
(-like) (HR=0.66; p=0.045). Interestingly, one study included in
this meta-analysis showed improved 2y-PFS with R-CHOP(-like)
protocols (26). This is possibly explained by selection bias as these
patients were older (median age 73 vs. 60 years), had less frequently
advanced stage disease (47.6% vs. 92.3%), and less often
concomitant BCL2 translocation (52.4% vs. 76.9%), signifying an
enrichment in the pathogenetically and clinically divergent MYC/
BCL6 rearranged subgroup. In fact, excluding this study from the
meta-analysis, enhanced the cumulative effect (HR=0.56; p<0.01).

When comparing induction regimens in HGBCL-DH/TH
patients, it needs to be mentioned that there is a relevant
heterogeneity among this group. Namely, localized stage HGBCL-
DH/TH result in high 2y-OS >80% using R-CHOP (with/without
consolidative radiation) (43, 44), which is comparable to outcome
in DLBCL patients (45). Thus, intensified treatment does not seem
to be required in these patients. On the other hand, transformed
HGBCL-DH/TH (with a prior history of low grade lymphoma)
seem to perform poorly comparing to de novo HGBCL-DH/TH.

McPhail et al. reported a median OS of 10.8 months and 22
months in patients with transformed and de novo HGBCL-DH/TH,
respectively (27). Conversely, Li et al. failed to reproduce these
results (46). It is to be mentioned that a number studies do not
evaluate/report whether prior low-grade lymphoma was present or
not, leaving this issue still unresolved.

HGBCL-DH/TH also encompasses both large cell and high
grade morphology, and in some studies high grade morphology
shows an association with poorer outcome (27). In addition, the
prognostic role of BCL6 rearrangement is not clear. There are data
that suggest that patients with concomitant MYC/BCL6
rearrangement (in the absence of a BCL2 rearrangement) have a
better survival as compared to patients harboring a MYC/BCL2
rearrangement (47). In fact, gene expression profile and mutational
spectra in MYC/BCL6 were shown to differ noticeably from MYC/
BCL2 lymphomas (26, 48). Consequently, MYC/BCL6 LBCLs are
now excluded from the HGBCL-DH entity, according to the
recently revised 2022 WHO classification (1). Depending on the
morphological features they are classified as DLBCLs NOS or
HGBLs NOS. The recently updated International Consensus
Classification also redefined the term of HGBCL-DH. It now
comprises two groups: HGBCL with MYC/BCL2 rearrangements
(with or without BCL6 rearrangement) and a new provisional
entity, HBGBL with MYC/BCL6 rearrangements (49). Finally, the
prognostic significance of the MYC translocation partner
(immunoglobulin [Ig] vs. non-Ig) is not clarified yet. Two large
trials (Lunenburg Lymphoma Biomarker Consortium and GELY/
LYSA trial) showed that adverse prognosis of MYC rearrangement
is confined solely to MYC/Ig translocation (50, 51). However,
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several studies failed to show a difference in outcome between
MYC/Ig and MYC/non-Ig rearranged cases (27, 46, 52). The
heterogeneity among HGBCL-DH/TH patients possibly explains
discordant outcomes in previously published studies.

Another important issue that needs to be considered, is the high
heterogeneity among “intensified regimens”. This term includes
basically all regimens beyond R-CHOP(-like) (Table 2). Some of
the previously published studies suggest that treatment outcome can
significantly vary among intensified regimens (5, 29). In fact, “more
intensified regimens” (i.e. GMALL protocol, R-CODOX-M/IVAC)
yield poorer survival rates comparing to DA-EPOCH-R, possibly due
to increased toxicity. Further treatment escalation, in terms of
consolidative autologous stem cell transplantation, also failed to
improve survival rates, especially after intensified induction (53, 54).

The results of our meta-analysis suggest that intensified
induction improves 2y-PFS and possibly 2y-OS. One could
however argue, whether a superior 2y-PES suffices to justify the
use of an intensified induction. In LBCLs, 2-years 2y-EFS was
shown to be a robust parameter for long-term survival (55).
Whether this also applies to HGBCL-DH/TH remains to be
elucidated. In order to significantly improve OS, new
consolidation strategies may be a reasonable approach. Actually,
first results of upfront use of CAR T cells in high-risk DLBCL,
including 16 HGBCL patients, showed promising results (estimated
12 months OS was 91%) (17). Another phase II study explored
blinatumomab consolidation after R-CHOP treatment in high-risk
DLBCL (12 HGBCL-DH/TH patients). A notable proportion of
patients (i.e., 7/8) with persistent disease after induction (either
partial remission or stable disease) did achieve a complete remission
after treatment with blinatumomab (56).

However, there are some limitations of this meta-analysis and
the applicability of its conclusions. Firstly, the data presented here
are derived from retrospective studies and subject to potential
sources of bias inherent to this methodology, including missing
data, and a non-uniform follow-up. In part, the small size of
included studies (<50 patients in six studies) with wide 95% Cls
of the estimated HRs in some of them may influenced the reliability
of the results. Then, the issue of treatment-related toxicity could not
be addressed here, given the scarcity of reported data. Furthermore,
most of the studies had a more exploratory design. Evaluating
whether there was adequate statistical analysis or an adequate
control group was therefore challenging in terms of bias assessment.

In summary, this meta-analysis represents a comprehensive
review of the treatment of HGBCL-DH/TH patients. Given the
rarity of this entity there is obviously a lack of large high-quality
studies. In the absence of a more robust data set, this meta-analysis
provides the rationale for using intensified induction protocols for
appropriately selected advances stage patients or to preferentially
treat them within clinical trials. Moreover, each patient should be
counseled on the risks and benefits of such treatment intensification
including the limitation of the available data. However, to definitely
clarify the question of the optimal induction in HGBCL-DH/TH
patients, prospective, randomized trials are promptly needed.
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Introduction: Rituximab (R), an anti-CD20 monoclonal antibody (mAb) and the
world's first approved antibody for oncology patients, was combined with
the CHOP chemotherapy regimen and markedly improved the prognosis of all
B- cell-derived lymphomas, the most common hematological malignancy
worldwide. However, there is a 35% disease recurrence with no advancement
in the first-line treatment since R was combined with the archetypal CHOP
chemotherapy regimen nearly 30 years ago. There is evidence that R synergizes
with chemotherapy, but the pharmacological interactions between R and CHOP
or between newer anti-CD20 mAbs and CHOP remain largely unexplored.

Methods: We used in vitro models to score pharmacological interactions
between R and CHOP across various lymphoma cell lines. We compared these
pharmacological interactions to ofatumumab, a second-generation anti-CD20
mAb, and CHOP. Lastly, we used RNA-sequencing to characterize the
transcriptional profiles induced by these two antibodies and potential
molecular pathways that mediate their different effects.

Results: We discovered vast heterogeneity in the pharmacological interactions
between R and CHOP in a way not predicted by the current clinical classification.
We then discovered that R and ofatumumab differentially synergize with the
cytotoxic and cytostatic capabilities of CHOP in separate distinct subsets of B-cell
lymphoma cell lines, thereby expanding favorable immunochemotherapy
interactions across a greater range of cell lines beyond those induced by R-CHOP.
Lastly, we discovered these two mAbs differentially modulate genes enriched in the
JNK and p38 MAPK family, which regulates apoptosis and proliferation.

Discussion: Our findings were completely unexpected because these mAbs were
long considered to be biological and clinical equivalents but, in practice, may
perform better than the other in a patient-specific manner. This finding may have
immediate clinical significance because both immunochemotherapy combinations
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are already FDA-approved with no difference in toxicity across phase |, I, and lll
clinical trials. Therefore, this finding could inform a new precision medicine strategy
to provide additional therapeutic benefit to patients with B-cell lymphoma using
immunochemotherapy combinations that already meet the clinical standard of care.

KEYWORDS

rituximab, ofatumumab, chemotherapy, R-CHOP, B-cell lymphoma, DLBCL

Introduction

Non-Hodgkin’s lymphoma is the most common hematological
malignancy worldwide, encompassing a heterogenous group of
disorders that rank fifth highest in cancer mortality and seventh
in cancer incidence (1). Rituximab (R) is the first monoclonal
antibody (mAb) used in oncology treatment, and its addition to
the CHOP [cyclophosphamide (C); doxorubicin (H), a
topoisomerase II inhibitor; vincristine (O), an anti-microtubule
drug; and prednisone (P), a glucocorticoid steroid] combination
chemotherapy regimen doubled the average cure rates from
approximately 30% to 60% of patients with non-Hodgkin’s B-cell
lymphoma without increasing toxicity (2-6). R was subsequently
combined with other chemotherapy regimens across all lymphoma
subtypes, and these new immunochemotherapy combinations
improved the prognosis of all B-cell-derived lymphoproliferative
diseases (7-12). However, at least eight clinical trials utilizing either
more intensive chemotherapy, small-molecule inhibitors, or newer
mAbs have all generally failed to improve upon the R-CHOP
regimen success (13-21). These combinations had either worse or
similar clinical outcomes or higher toxic fatality rates. Therefore,
despite over 20 years since R-CHOP was introduced, clinical
protocol for the first-line treatment of diffuse large B-cell
lymphoma (DLBCL) has remained virtually unchanged. R is an
anti-CD20 antibody whose binding induces cell death through four
different mechanisms: 1) direct signaling induced cell death, 2)
complement-dependent cytotoxicity (CDC), 3) antibody-
dependent cell-mediated cytotoxicity (ADCC), and 4) antibody-
dependent phagocytosis (ADP) (22). Newer anti-CD20s,
ofatumumab (OF) and obinutuzumab, which preferentially
activate CDC and ADCC, respectively, were combined with
conventional chemotherapy but did not improve prognosis in
patients with DLBCL in their respective 2017 and 2019 phase III
clinical trials compared with R-CHOP (18-21).

There is evidence that mAbs such as R sensitizes or confers
resistance in B-cell cancers to chemotherapeutics through
modulation of anti-apoptotic factors (23-25). Strategies that
downregulate these anti-apoptotic factors may have a high
therapeutic potential because this approach has already been
applied to other cancers, leading to FDA-approved drugs such as
venetoclax to treat leukemia (26). However, interactions between R
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and CHOP or between newer anti-CD20s and CHOP have not been
studied, despite the potential that differential interactions could lead
to better or worse outcomes depending on the mAb choice for
specific patients. Furthermore, the direct mechanisms of cell death
induced by anti-CD20s are poorly understood (22). Therefore,
understanding how R and other anti-CD20 mAbs interact with
CHOP can advise new therapeutic strategies and even help elucidate
anti-CD20’s direct biological effects.

Here, we scored and characterized the pharmacological
interactions between R and the individual components of CHOP.
We then compared these interactions to those between OF and
CHOP to identify any potential differential immunochemotherapy
interactions. Last, we compared the transcriptional profiles of R and
OF binding to mechanistically understand their differences.

Materials and methods
Cell lines and cell culture

Activated B-cell (ABC) subtypes (HBL1, U2932, SUDHL2, and
TMD8) and germinal center B-cell (GCB) subtypes (SUDHLA4, HT,
LY18, and WSL-DLCL2) were maintained in Roswell Park Memorial
Institute (RPMI) 1640 with 2 mM L-glutamine (Gibco),
supplemented with 10% Fetal bovine serum (FBS) heat-inactivated
(HI) at 56°C for 30 min (Gibco), penicillin (100 pg/mL) and
streptomycin (100 pg/mL) (Gibco), and 1 mM N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) (Gibco).
Cells were incubated at 37°C with 5% CO, and maintained in a log
growth phase. Cell viability and growth phase were measured using
trypan blue exclusion assay, and cells were only used in a log growth
phase with viability greater than 90% for all cell lines.

Reagents

R (RituxanTM, Genentech, Inc.) and OF (ArzerraTM,
GlaxoSmithKline, Inc.) were obtained through the North Carolina
Cancer Hospital pharmacy. Cyclophosphamide was replaced with
its active metabolite 4-hydroperoxycyclophosphamide (Toronto
Research Chemicals), which was dissolved in Dimethyl sulfoxide
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(DMSO) purged with nitrogen gas to make a stock concentration of
20 mM and sealed in vials with nitrogen gas at —80°C. Doxorubicin
and vincristine (Selleckchem) were dissolved in Phosphate buffered
saline (PBS) to make a stock concentration of 20 mM and were
stored at —80°C. Prednisone was replaced with a more soluble
biological and clinical analog, dexamethasone (Selleckchem), which
was dissolved in PBS to make a stock concentration of 20 mM and
stored at —80°C. We made this substitution because prednisone is
metabolically converted to the more biologically active form
prednisolone, in which the 11-C ketone is reduced to a more
soluble 11-C hydroxyl, and dexamethasone has this more soluble
substituent conferring its similar properties to prednisone in
treating hematological malignancies (27). Pooled AB human
serum (HS) was obtained from Sigma-Aldrich.

Dose—-response curves and analysis of
pharmacological interactions

Survival dose-response curves for each of the CHOP drugs, with or
without R, were generated to characterize the pharmacological
interactions between R and CHOP. Cells were resuspended in fresh
media the day before and seeded at 1.0 x 10° cells/mL in 96-well flat
bottom plates and treated for 48 h with varying concentrations of
chemotherapeutic, with or without R (at 20 pug/mL) in triplicate. This
concentration of R was used because pharmacokinetic studies have
shown that R serum levels were, on average, 20.3 pug/mL 3 months after
their infusion (28). Viability was measured using a CellTiter-Blue
reduction assay by adding 10% CellTiter-Blue at 45.5 h after
treatment and taking fluorescence readings at 540 nm/620 nm on a
microplate reader (BioTek Synergy 2) at 46 and 48 h after treatment.
Baseline fluorescent values at 46 h were subtracted from 48-h values to
measure change in reduction potentials. By means of reduction
potential, dose-response curves were made for each of the CHOP
drugs with and without R (20 pg/mL) for two ABC subtypes (U2932
and HT) and two GCB subtypes (HBLI and SUDHLA4).

The chemotherapeutic-only dose-response curve was
standardized to a medium-only control, and the R + chemo
dose-response curve was standardized to an R-treated control by
dividing fluorescent output of these two treatment groups by their
respective controls. A 15% DMSO all-kill control was subtracted
from both the numerator and denominator. Therefore, the viability
was calculated by the following equations:

AFluorescence g, — AFluorescencepyso

Viability (/control) =
AFluorescence,,,q, — AFluorescencepyso

AFluorescenceg, chemo — AFluorescencepyso

Viability (/control) = AFluorescencey — AFluorescencepyso

To design a dose-response curve with least squares fit, we
transformed the drug concentrations to logarithmic scale and
standardize viability to run between 0% and 100%. We then used
the following equation to generate a sigmoidal regression fit into
our dose-response data, where Hill slope coefficient is determined
on the basis of the data
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100
+ lolog(lcsof[dmg] xHill Slope)

Viability = !

To assess the magnitude and statistical significance of these
pharmacological interactions, we interpolated Half-maximal
inhibitory concentration (ICsy) values based on our nonlinear
regression equation and their associated p-value using extra-sum-
of-squares F-test. Last, we use the combination index analysis based
on the Loewe additivity criteria and the response additivity analysis to
score the pharmacological interactions as synergistic or antagonistic.

Growth inhibition and cell death analysis

Trypan blue exclusion assay was used to characterize the
pharmacological interactions observed in the experiments above. Cells
were treated as described above and mixed with an equal volume of 0.4%
trypan blue dye solution, and viability was determined by light
microscopy. Percent dead was calculated as proportion of dead cells
over total cells, whereas growth inhibition was calculated as total cells,
both dead and alive, over total cells in medium-only conditions. The
results were representative of three independent experiments.

Complement-dependent cytotoxicity

CDC assays were performed using pooled human AB serum
(Krackler Scientific) and R (20 ug/mL). Cell lines were incubated
with varying proportions of HI FBS and HS totaling 10% net serum
that induced approximately 50% cell death (10% HS and no HI FBS for
HBL1 and HT, 5% HS and 5% HI FBS for U2932, and 2% HS and 8%
HI FBS for SUDHI4). As a control, cells were incubated in HI HS (HI;
56°C for 30 min) and HI FBS in analogous concentrations. HI FBS was
used to recapitulate growth conditions as similarly as possible to those
used to generate dose-response curves and pharmacological analysis in
Figure 1. To investigate the pharmacological interactions between CDC
and chemotherapeutic, dose-response curves were created by treating
cells with chemo as described above with or without CDC (HS + R +
chemo and HS + chemo). As a control comparison, cells were also
treated with HI + R + chemo and HI + chemo. Viability was measured
using CellTiter-Blue as described above, and the pharmacological
interactions were scored as described above on the basis of the
relative curve shifts.

Focused comparison between R + chemo
and OF + chemo

Abbreviated experiments comparing differential interactions
between R + chemo and OF + chemo were performed by treating all
eight cell lines with physiologically relevant concentrations of C (<27
uM), H (<L.1 pM), O (9.3 x 10> uM), and P (3.1 x 10° uM) based on
the Cpax of pharmacokinetic studies for each drug (29-32), with or
without R or OF (10 pg/mL). Cell lines were treated for 48 h, and
viability was measured using CellTiter-Blue as described earlier.
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FIGURE 1

Rituximab directly synergizes and antagonizes the cytotoxic and cytostatic potential of chemotherapy. (A) Two ABC subtypes (HBL1 and SUDHL4)

and two GCB subtypes (U2932 and HT) were treated with one of the CHOP

drugs (0-15 pM C, 050 pM H, 0-0.125 uM O, and 0-1.8 x 10° uM P)

with or without R (20 pg/mL) for 48 h, and viability was measured using cell titer reduction assay. Cax for each drug are C (<27 pM), H (<1.1 uM), O
(9.3 x 102 uM), and P (3.1 x 10° uM). No R (black curve) was standardized to a media control, whereas R (red curve) was standardized to R-treated
group. This figure is representative of at least five experiments performed in triplicates. (B) ICsq of chemo and R + chemo combinations were also
compared. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. ns, not significant; na indicates that ICso was unavailable due to dose—response
curves not following sigmoidal relationship necessary for its calculation. (C) Combination index of each R + chemo combinations was scored. (D)
HBL1 and U2932 cells were treated as indicated and trypan blue exclusion assay used to determine the percent of dead cells and percentage growth
inhibition relative to a medium-only control. The dashed lines represent the expected additive effect of the sum of the individual drugs. This figure is

representative of at least three experiments performed in triplicates.

RNA extraction and gene
expression analysis

TMD8 and U2932 cells were split and cultured separately for a
week to create two biological replicates per cell line. These replicates
were then treated with R, OF, or human Immunoglobulin G1 (IgG1)
isotype (SouthernBiotech) control for 4 h, followed by collection of
RNA for sequencing. RNA from 8.0 x 10" TMDS8 and U2932 cells
was extracted using the standard TRIzol protocol. Agarose gel (1%)
was used to validate intact RNA by identifying the 28S and 18S
ribosomal RNA bands. The library preparation, sequencing, and
initial quality check were performed by the Cornell TREx
sequencing facility (https://rnaseqcore.vet.cornell.edu/index.html).
Specifically, fastq files are first processed with trim-galore to
remove low quality bases and adapter sequences. Trimmed reads
are then aligned to a human reference genome from Ensembl using
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STAR. Last, raw counts generated by STAR for annotated genes were
analyzed with DESeq2.

Reverse transcription/quantitative PCR

RNA was extracted using TRIzol reagent (Invitrogen) or an
RNAeasy kit (Invitrogen), and Complementary DNA (cDNA)
was generated using a You Prime First-beads kit (GE
Healthcare). Quantitative PCR was then performed using a
7500 Fast Real-Time PCR instrument (Applied Biosystems).
Data were analyzed using the comparative threshold cycle
2744CT method, and the values were expressed as fold change
compared to respective cell lines treated with IgG-isotype
antibody. Primer sequences for eight randomly selected genes
are provided in Table 1.
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TABLE 1 Validation of RNA sequencing (RNA-seq) using quantitative reverse transcription (qRT)-PCR.

Gene Name Primers
ATP2A3 ATPase sarcoplasmic/endoplasmic reticulum Ca”* transporting 3 Forward 5'-GCTCCAGATATCTCTGCCTGTC-3’
Forward 5'-TATGCTGGTAGAGTCAGTGGC-3’
BCL2A1 BCL2-related protein Al
Reverse 5-TATGCTGGTAGAGTCAGTGGC-3'
Forward 5'ATTTGGAAGGACTGCGCTGC-3'
CDKN2C Cyclin-dependent kinase inhibitor 2C
Reverse 5'-GCAGTCTCCTGGCAATCTCG-3’
Forward 5'-CTGCAGCTCCTGTGGGAC-3’
DUSP5 Dual-specificity phosphatase A5
Reverse 5'-CACTGCCGAGGTAGAGGAAG-3’
Forward 5-GGAGAGATTGTGCTTGCCCT-3’
RPSKA5 Ribosomal protein S6 kinase A5
Reverse 5'-TCTGTCAGCACCACATGGC-3'
Forward 5'-GGTTCCCAGCCATTTACTTGC-3'
KCNMB4 Potassium calcium-activated channel subfamily M regulatory beta subunit 4
Reverse 5'-CATGAGTGCGATGCAGAAGC-3’
Forward 5'-GGCAGCTGCTCATAGAACAAG-3’
NDFIP Thioredoxin-interacting protein
Reverse 5'-AAGGAATGTCGGGTTGATGC-3'
Forward 5'-TCGAGGCCCGGGAGAAC-3’
NLRC3 NLR family card protein containing 3
Reverse 5'-GCGCCTTGGTGTCTTCATTTG-3’

Pathway enrichment and visual analysis of
differentially expressed genes

Kyoto Encyclopedia of Genes and Genomes (KEGG;
www.genome.jp/kegg/pathway.html) pathway analysis was conducted
to identify the most significant enriched pathways. Differentially
expressed genes were mapped onto biologically relevant pathways
using their manually annotated pathway database.

Statistical analysis

All values are presented as mean =+ standard deviation of the
mean (SD) of data from experiments performed at least in triplicate.
For comparisons between two groups, unpaired Student’s t-test was
used. P-values for IC5,’s were calculated using extra-sum-of-squares
F-test. For multiple comparisons, one-way ANOVA was used with
Bonferroni correction to adjust p-values based on the number of
comparisons performed.

Results

Rituximab directly potentiates or
antagonizes the cytotoxic and cytostatic
potential of chemotherapy

R has been shown to affect chemotherapeutic responses separately
from its immune effector functions (CDC, ADCC, and ADP), but such
interactions within the R-CHOP regimen remain largely unexplored.
Therefore, we scored the pharmacological interactions between R and
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the individual constituents of CHOP using CellTiter-Blue reduction
assays, which measure the cumulative metabolic potential of living cells
after treatment. We considered drug interactions in terms of
potentiation and antagonism based on the criteria set by Gessner
(33). Namely, we defined potentiation as a non-killing response that
enhances killing by another drug and antagonism as a non-active
response that reduces killing by another drug. We assigned R as the
non-killing drug because previous studies, and our findings, show that
R alone induces limited direct killing in most DLBCL cell lines, and this
criterion was used to study the effects of R with other chemotherapy
drugs (22, 34, 35).

Pharmacodynamic interactions between R and C, H, O, or P
were first assessed in two ABC-subtype (U2932 and HT) and two
GCB-subtype (HBL1 and SUDHL4) DLBCL. A viability dose-
response curve was created with chemotherapy treatment along a
concentration range spanning the entire drug effect. Another
viability dose-response curve was created across the same
concentration range with the addition of R (20 pg/mL). Cells
were incubated for 48 h, and cell viability was measured using
luminescent reduction assay (CellTiter-Blue). Chemo viability was
normalized to untreated viability, whereas R + chemo viability was
normalized to R-treated. This strategy removed any killing directly
induced by R, thereby allowing for a direct comparison of the
chemo-only and R + chemo dose-response curves for
pharmacological interactions. Therefore, if the viability curve of R
+ chemo shifted to the right relative to chemo-only, then viability
was higher with the addition of R to chemotherapy, indicating
antagonism. If the two curves overlap, then there is no indication of
interaction. Last, if the R + chemo viability curve shifted to the left
relative to chemo-only, then viability is reduced with the addition of
R, indicating a potentiation.
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All chemotherapy drugs, with the exception of P, induced a
significant loss of viability, with P having more modest effects
(Figure 1A). Although P is cytotoxic to DLBCL in the first-line
clinical care, the observed limited cytotoxicity in cell culture is
consistent with other reported in vitro studies, likely reflecting
selection for prednisone resistance through the establishment of
cell lines from post-treatment patients (36). R potentiated O and P
in HBL1 and U2932 but did not interact with chemotherapy in HT.
R antagonized C, H, and O in SUDHL4 and potentiated P in
SUDHL4 (Figure 1A). Therefore, R + chemo interactions were
highly heterogenous, with different cell lines having differential
responses to the same drugs, but not in a way predicted by the
classical clinical classifications, namely, ABC and GCB subtypes.
This heterogeneity in pharmacological interactions, ranging from
antagonism to potentiation, was unexpected because R has been
characterized as a general potentiator of chemotherapy in the field
(22, 34, 35, 37). This heterogeneity in drug response illustrates the
wide biological heterogeneity of DLBCL and possibly contributes to
the variability in patient response to R-CHOP (38). To further
quantify the magnitude and statistical significance of these
pharmacological interactions, we compared the ICsy’s of C, H, or
O, with or without R (Figure 1B). In addition, to assess R + chemo
interactions as synergistic or antagonistic, we use combination
index analysis based on the Loewe additivity criteria (Figure 1C).
Similar to our previous finding, R synergizes and antagonizes with
chemotherapy in an ABC- and GCB-independent manner.

Our initial approach so far measured cell viability using
CellTiter-Blue assay, which measures the cumulative metabolic
reduction of living cells after treatment. Although this assay
measures the total metabolism, and therefore viability, of the
remaining cell population, it cannot differentiate potentiation and
antagonism in terms of the cytotoxic or cytostatic effects. Therefore,

10.3389/fonc.2023.1159484

we used a trypan blue exclusion assay, able to distinguish cell death
from cell growth inhibition, to further characterize observed the
pharmacological interactions in terms of the cytotoxic and
cytostatic effects (34). We specifically examined interactions
between R + O and R + P in HBL1 and U2932 cell lines because
these combinations and their respective cell lines showed
potentiation. R + O led to additive and greater than additive
killing in HBL1 and U2932, respectively (Figure 1D). R + P
induced greater than additive growth inhibition in both cell lines.
Therefore, R can synergistically augment the cytotoxic and
cytostatic potential of chemotherapy.

R also induces cell killing through other immune effector
functions, and interactions between these immune mechanisms
and chemotherapy remain unexplored in the R-CHOP regimen.
Therefore, we investigated the interactions between R induced CDC
and chemotherapy. Although we observed that R can kill DLBCL
via CDC when HS was present versus when HI HS was present, we
observed that CDC does not synergize with nor antagonize
chemotherapy (Supplementary Figure 1).

Rituximab and ofatumumab differentially
potentiate chemotherapy in DLBCL

There are no studies on the pharmacological interactions
between newer anti-CD20 antibodies and CHOP. We therefore
compared the pharmacological interactions between R + chemo and
OF+ chemo to potentially identify any differences in
immunochemotherapy interactions, which may elucidate
molecular pathways that drive these immunochemotherapy
interactions. R binds to the large loop on the extracellular domain
of CD20, whereas OF binds an area distinct from the area bound by

-
o

30

g
©

g

o
N
S

1o
IS

01C50 ("M)
3

Viability (/control)

al
e o
o N

05 00 05 10 15
nM (10%)

FIGURE 2

ER
= oF
L LR N %
N N od
*\oo‘* NG
@ v
&
hl ]
GCB
- E

»n
o

Bk K K

Combination Index
a 5 @

4
o

Rituximab and ofatumumab induce similar levels of direct killing but differentially synergize with chemotherapy. (A) Depiction of R and OF epitopes
on CD20. (B) Direct killing induced by R and OF across eight cell lines. (C) Dose-response curve of O, R + O, OF + O, and R + OF + O. (D) ICsq of
the effect of O, R + O, OF + O, and R + OF + O on U2932 cells. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. ns, not significant. (E)
Combination index of respective anti-CD20 + chemo combinations. This figure is representative of at least three experiments performed in

triplicates.

Frontiers in Oncology

102

frontiersin.org


https://doi.org/10.3389/fonc.2023.1159484
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Lee et al.

R, a region encompassing the small and large loop (Figure 2A).
However, they both exhibit similar levels of direct killing and
performed similarly in clinical trials (18-21). We determined
their similarities in vitro via measurement of their direct killing
on four ABC-subtype DLBCLs (HBLI1, U2932, SUDHL2,
andTMD8) and four GCB-subtype DLBCLs (HT, SUDHL4,
LY18, and WSL-DLBCL2) and found that that they were
comparable in their ability to reduce viability (Figure 2B).
Although anti-CD20s usually induce limited direct killing, we
note that R induces a significant viability reduction in SUDHLA4.
Although R and OF seemed to induce similar direct effects, we
compared their pharmacological interactions with chemotherapy.
Because we previously observed that R potentiated chemotherapy in
U2932, we treated U2932 with different doses of O alone, in
combination with R and in combination with OF (Figure 2C).
Unexpectedly, despite R and OF inducing similar levels of direct
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killing, they differentially potentiated killing by O. R potentiated O
to a greater extent than OF. We also combined R + OF + O to
determine whether R and OF together potentiate chemotherapy in
an additive or synergistic manner (Figure 2C). We find that these
two antibodies sensitized U2932 to chemotherapy intermediate
between R + O and R + OF. These findings that R potentiated O
in U2932, OF potentiated O to a more limited extent, and
combining the two anti-CD20s with O led to an intermediate
effect may suggest that R and OF interfere with one another for
their respective CD20 epitope and that simply giving them both
together would not compensate for any differential interactions
with CHOP. This interference could possibly be due to the relatively
small size of CD20, causing R and OF to sterically interfere with one
another for their respective epitopes (39). To quantify the
magnitude and the statistical significance of these differences, we
compared the ICs5y’s of these of these immunochemotherapy
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interactions (Figure 2D). In addition, we use combination index
analysis based on the Loewe additivity criteria and observe that R
synergizes with chemotherapy, whereas OF does not (Figure 2E).

To determine whether this difference in pharmacological
interaction was occurring in a U2932 cell-specific manner, all other
seven cell lines mentioned previously were treated using a single
physiologically relevant dose of one of the CHOP drugs
independently or in combination with R or OF. Physiological
concentrations were based on the C,., of each drug based on
pharmacokinetic studies C (<27 pM), H (<1.1 uM), O (9.3 x 1072
uM), and P (3.1 x 10° uM) (29-32). R + Paclitaxel (PXL) was also
examined as previous published studies demonstrated that R + PXL
synergistically induces apoptosis (40). R + chemo and OF + chemo
were compared to a chemo-only treatment group to score
pharmacological interactions. R + chemo and OF + chemo were
then compared to each other to score differential interactions
between the two anti-CD20 mAbs. Although we found that R and
OF induced comparable levels of direct killing, they unexpectedly
potentiated chemotherapy differentially in six of eight cell lines
(Figure 3A). R exhibited more favorable interactions with
chemotherapy in U2932 (ABC), SUDHL2 (ABC), and LY18 (GCB),
whereas OF exhibited more favorable chemotherapy interactions in
TMDS (ABC), SUDHLA (GCB), and WSL-DLCL2 (GCB). Using the
preferred anti-CD20 antibody along with chemotherapy reduced or
eliminated antagonism and enhanced or induced potentiation with at
least one of the CHOP drugs and all four in some cases. Therefore,
tailored use of these anti-CD20 mAbs to each cell line expanded
therapeutically favorable immunochemotherapy interactions across a
greater range of cell lines than using R-CHOP or OF-CHOP alone. The
expansion of synergy through cell line-specific use of these anti-CD20s
with chemotherapy is illustrated through a heat map of the
combination index of all pharmacological interactions (Figure 3B).
Tailored use of these antibodies leads to expansion of synergy (green)
and reduction in antagonism (red).

Last, a heat map of all pharmacological interactions using
combination index analysis displays these interactions globally
(Figure 3C). From this perspective, we observe that anti-CD20s
preferentially synergize chemotherapy in the ABC subtype and
antagonize chemotherapy in the GCB subtype.

Comparison of gene expression profiles
induced by rituximab and ofatumumab

Our finding that R and OF differentially synergize with CHOP in a
cell line-specific manner suggests that additional biomarkers that
predict the differential response are needed before any trials can be
considered. To this end, we investigated the transcriptional profiles of R
and OF to determine whether changes could help elucidate the
mechanisms behind these pharmacological differences. We analyzed
the transcriptomes of cell lines that showed favorable interactions using
either R + chemo or OF + chemo. Because U2932 exhibited favorable
interactions using R + chemo combinations and TMD8 showed
favorable interactions using OF + chemo interactions, we analyzed
the gene expression profiles induced by R and OF for these two cell
lines. Four hours was chosen as the incubation time because it was the

Frontiers in Oncology

10.3389/fonc.2023.1159484

earliest time point at which differential pharmacological interactions
were detected, thereby allowing us to identify the earliest
transcriptional profiles that drive pharmacological differences (data
not shown). To validate our RNA sequencing data, we measured the
gene expression levels of eight randomly selected genes using qRT-
PCR and compared them to those found using RNA sequencing
(Supplementary Figure 2).

Fifty of the most variably expressed genes were hierarchically
clustered on a heat map to visualize the global differences between
cell lines treated with IgG isotype, R, or OF (Figure 4A). The heat
maps show distinct gene expression profiles between cells treated
with IgG isotype and anti-CD20 antibody but far smaller differences
in gene expression profiles between cells treated with either R or OF.

Next, Venn diagrams of gene expression profiles were generated to
quantify the number of upregulated and downregulated genes induced
by R and OF (Figures 4B, C). In U2932, although both mAbs caused
substantial changes compared to the isotype control, R and OF induced
remarkably similar gene expression profiles compared to each other. R
upregulated 723 genes and downregulated 530 genes, and OF
upregulated 737 genes and downregulated 608 genes. There was only
one differentially expressed gene between R and OF at a false discovery
rate (FDR) of 0.3. For TMDS8, R and OF induced substantial
transcriptional changes compared to the isotype control and had
more different gene expression profiles compared to each other.
R upregulated 697 genes and downregulated 649 genes, and
OF upregulated 692 genes and downregulated 539 genes.
R preferentially upregulated 3 genes versus OF, whereas OF
preferentially upregulated 19 genes versus R at an FDR = 0.10, a
threshold used in previous cancer drug studies (41-46).

We then used volcano plots to show the top 10 most significant
differentially expressed genes induced by R and OF (Figure 4D). In
U2932, R preferentially downregulated Deltex E3 Ubiquitin Ligase 2
(DTX2) compared to OF. In TMD8, OF preferentially upregulated
genes associated with apoptosis and chemosensitization
(Synaptojanin 2 (SYNJ2), Cathepsin D (CTSD), TNF alpha
induced protein 8 like 1 (TNFAIP8L1), and Chromosome 8 Open
Reading Frame 82 (C80rf82)) and growth inhibition (transforming
growth factor-beta 1 (TGFBI1), Interleukin 4-induced gene-1
(IL411), and Kruppel-like transcription factor 2 (KLF2)) in
DLBCLs compared to R. In summary, our data suggests that
there is strong concordance in the gene expression profiles
induced by R and OF, with subtle transcriptional differences
between R and OF.

We next wanted to understand whether the directionality of
these transcriptional differences between R and OF in TMD8 was
cell line specific. We measured the fold changes of the 22
differentially expressed genes induced by R and OF in both
TMD8 and U2932. In both cell lines, R preferentially
downregulated these genes (Figure 5A), whereas OF preferentially
upregulated these genes (Figure 5B). Interestingly, the directionality
of these differences was conserved in 21 of the 22 genes across both
cell lines (Figure 5C). Therefore, we conclude that these
transcriptional differences between R and OF are conserved
across cell lines.

Next, we proceeded to identify any biological pathways
enriched within genes differentially expressed by R and OF. The
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FIGURE 4

Rituximab and ofatumumab activate similar transcriptional profiles but differentially modulate a small subset of genes. (A) Heat map of the 50 most
variable genes expressed by U2932 and TMD8 treated with R, OF, or IgG isotype control (20 pg/mL) for 4 hours. Venn diagrams and distribution of
upregulated and downregulated genes in U2932 (B) and TMD8 (C). (D) Volcano plots of differentially expressed genes between R and isotype, OF
and isotype, and R and OF in U2932 and TMD8. The top 10 most significant differentially expressed genes were labeled in all graphs.

KEGG is an integrated database resource consisting of curated
databases manually mapped into molecular networks to biologically
interpret sequencing data. We performed gene enrichment analysis
using this database to identify enriched molecular pathways.
Because of the remarkably similar gene expression changes
induced by R and OF in U2932, we were unable to perform gene
enrichment analysis for U2932. However, we found enrichment of
nine pathways in TMD8 (Figure 5D). Among these pathways, the
Mitogen-activated protein kinase (MAPK) pathway is the most
significantly enriched and the most biologically relevant pathway,
with previous studies showing that this pathway is modulated by R
in sensitizing B-cell lymphomas to chemotherapy (47, 48).
Therefore, our gene enrichment analysis suggests that R and OF
may exert distinct effects through differential regulation of the
MAPK signaling pathway.

Because the MAPK pathway comprises many families that
modulate a broad spectrum of physiological processes, ranging
from cell survival to apoptosis, it is important to identify which
families of the MAPK pathway may be differentially modulated by R
and OF (49). Therefore, using the KEGG database, we mapped
differentially expressed genes with other known molecularly
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interacting genes to identify the most biologically relevant MAPK
family (Figure 5E). Among the differentially modulated MAPK
families, we find the c-Jun N-terminal kinases (JNK) and p38
MAPK pathway most biologically relevant to our findings for two
reasons. First, we see that chemotherapy also upregulates this
pathway. Second, previous studies have shown that upregulation
of this pathway sensitizes DLBCLs to chemotherapy, such as
vindesine and cyclophosphamide (50, 51). Therefore, these results
may suggest that OF potentiates the cytotoxic and cytostatic
potential of chemotherapy through complementary upregulation
of the JNK and p38 MAPK signaling pathway, leading to enhanced
downstream apoptosis and inhibition of proliferation.

Discussion

Our work revealed vast heterogeneity in the pharmacological
interactions within the R-CHOP regimen, illustrating the wide
genetic and phenotypic heterogeneity expected of DLBCL. This
finding may explain why some patients are cured by R-CHOP,
whereas other patients relapse. We then demonstrated, for the first
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Ofatumumab differentially upregulates genes enriched in the JNK and p38 MAPK pathway over rituximab. (A) Fold changes of the significant
differentially expressed genes modulated by R. (B) Fold changes of the significant differentially expressed genes modulated by OF. (C) Difference in
fold changes of significant differentially expressed genes between the two anti-CD20s. (D) Gene enrichment analysis using the KEGG database. (E)
These differences in TMD8 were mapped with related genes using the KEGG database to identify which specific family of the MAPK signaling
pathway was most biologically relevant and, therefore, most likely involved in differential pharmacological interactions. Green represents genes that
were preferentially upregulated by OF over R, whereas red represents genes preferentially upregulated by R over OF.

time, that two FDA-approved anti-CD20s can differentially
potentiate CHOP in a cell line-specific manner. The observed
difference between R and OF was unexpected because they have
similar direct killing capacities in vitro and were comparable in their
clinical efficacy in phase III clinical trials (18-21). For this reason,
these findings reveal novel mechanisms of different anti-CD20
mAbs independent of their ability to modulate immune function.
Although we observe that R and OF preferentially synergize with
chemotherapy in a cell line-specific manner, we also observe that
these anti-CD20s generally synergize with chemotherapy more in
ABC DLBCLs and antagonize chemotherapy more in GCB
DLBCLs. This paradoxical role of these anti-CD20s could possibly
be explained by the fact that R is known to simultaneously activate
pro-survival pathway Akt, which drives lymphomagenesis in GCB,
and to downregulate pro-survival pathway NF-kB, which drives
lymphomagenesis in ABC but not in GCB (52-54).
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Our initial findings of the pharmacological interactions between R
and CHOP validated previous studies that showed that R potentiates
some chemotherapies (35). R potentiated cytotoxic chemotherapy
drugs such as O and cytostatic properties of glucocorticoids such as
P. However, our findings also demonstrated that R can antagonize
chemotherapy in some cell lines, as we observed in SUDHL2 and
SUDHLA4. This finding is unexpected because R has been characterized
as a general chemotherapy potentiator in the field. It is possible that this
interaction could advise the use R and chemotherapy concurrently,
pre-administration, or post-administration of chemotherapy to avoid
an unfavorable immunochemotherapy interaction, which is a
recognized important question in the field (55). Last, we
characterized interactions between CDC and chemotherapy in R-
CHOP, which remained largely unexplored (34).

We also compared the transcriptional profiles of DLBCLs
bound by R and OF to uncover potential mechanisms for these
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pharmacological differences. We found that, compared to R, OF
preferentially upregulates genes enriched in the p38 MAPK
pathway, leading to downstream apoptosis and growth inhibition.
This transcriptional difference could mechanistically explain how R
and OF differentially potentiate chemotherapy for two reasons.
First, on the basis of KEGG analysis, chemotherapy upregulates this
same pathway, and, therefore, potentiated killing and growth
inhibition may occur through functional complementation. In
addition, a previous study found that an organic molecule
activating p38 MAPK synergized with vinblastine and
cyclophosphamide to kill DLBCLs (50). Interestingly, previous
studies show that R sensitizes B-cell lymphomas to chemotherapy
through inhibition, rather than upregulation of p38 MAPK,
suggesting that R and OF may sensitize DLBCLs to chemotherapy
through opposite modulation of p38 MAPK (24, 47).

R and OF were presumed to have similar direct signaling activities,
based on previous studies and our findings (39). However, our results
from in vitro experiments found that these two mAbs that bind to
different epitopes on CD20 can initiate different downstream
mechanisms that potentiate different classes of chemotherapy. A
previous report showed that R and a non-clinical anti-CD20 mAb
induced different transcriptional profiles (56). Therefore, it is
conceivable that targeting other CD20 epitopes could elicit different
pathways and activate favorable immunochemotherapy interactions
across a broader range of DLBCLs. These findings may advise a new
design strategy for new anti-CD20s that focus on targeting different
epitopes of CD20 to expand favorable immunochemotherapy
interactions across a greater range of DLBCLs. This strategy is
particularly clinically relevant since the expiration of the R patent in
2016, because there has been a breakthrough in other anti-CD20
biologics such as ocrelizumab, ublituximab, and obinutuzumab, which
are already approved for use in patients. Given the usage of anti-CD20s
in nearly all B-cell pathologies, the findings of this paper may also have
potential therapeutic value in a broad range of B-cell-related diseases
including multiple sclerosis, chronic lymphocytic leukemia,
rheumatoid arthritis, Burkitt leukemia, and others.

Further studies will be needed to address limitations of our findings
and test their potential implications. In this study, we scored the
pharmacological interactions between R and chemotherapy and
between CDC and chemotherapy. However, R is cytotoxic to
DLBCL by ADCC and ACP, and we cannot exclude that these
mechanisms could also interact with chemotherapy. Indeed, there
has been a study showing that dexamethasone enhances R-mediated
ADCC through increased phosphatidylserine exposure on DLBCLs
(34). Therefore, studying the pharmacological interactions between
cellular-mediated effects and chemotherapy could elucidate additional
immunochemotherapy interactions specific to the in vivo setting.

Our transcriptome analysis reveals a mechanistically plausible
finding explaining the pharmacological differences between R and
OF, validated by correlating gene fold expression using qRT-PCR
(Supplementary Figure 1). However, DLBCL is characterized by a
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notable degree of biological heterogeneity, and our analysis is limited
to a few select cell lines. Therefore, we present our transcriptional
analysis as hypothesis-generating, rather than conclusive across all
DLBCLs. Furthermore, the direct effects of anti-CD20 are known to
activate direct signaling and transcriptional pathways, necessitating
further investigation through a multi-omics approach (57).
Ultimately, whole-exome, transcriptomic, and phosphoproteomic
analysis would provide additional mechanistic insight into these
findings and elucidate potential baseline biomarkers predicting
favorable outcomes using either R or OF.
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Establishment of a primary
renal lymphoma model
and its clinical relevance

Xiaoxi Li*", Minyao Deng', Chenxiao Zhang, Lingli Luo
and Hui Qian*

Department of Laboratory Medicine, School of Medicine, Jiangsu University, Zhenjiang,
Jiangsu, China

Extranodal dissemination is an important feature of aggressive B-cell lymphoma.
Owing to the lack of available animal models, the study on extranodal
dissemination of lymphoma is greatly limited. Here, we identified a novel cell
line, named MA-K, which originated from the Eu—Myc;Cdana*/’ cellline, named
MA-LN in this study. Compared to MA-LN, MA-K tended to disseminate in the
kidney rather than the lymph nodes in the lymphoma transplantation model,
resembling human primary renal lymphoma. The transcriptome analysis revealed
that MA-K had undergone transcriptional evolution during the culture. The
specialized transcriptional pattern analysis we proposed in this study identified
that the FOXO1-BTG1-MYD88 pattern was formed in MA-K. Further analysis
found that the translation pathway was the most enriched pathway in specially
expressed genes (SEGs) in MA-K. Among the SEGs, three upregulated genes,
RPLP2, RPS16, and MRPS16, and five downregulated genes, SSPN, CD52,
ANKRD37, CCDC82, and VPREB3, in MA-K were identified as promising
biomarkers to predict the clinical outcomes of human DLBCL. Moreover, the
joint expression of the five-gene signature could effectively predict clinical
outcomes of human DLBCL in three groups. These findings suggested that the
MA-K cell line had strong clinical relevance with human aggressive B-cell
lymphoma. Moreover, the MA-K primary renal lymphoma model, as a novel
syngenetic mouse model, will be greatly useful for both basic research on
lymphoma dissemination and preclinical efficacy evaluation of chemotherapy
and immunotherapy.

KEYWORDS

primary renal lymphoma, extranodal lymphoma, extranodal dissemination, MA-K, MCD
subtype, LymphGen, aggressive B-cell lymphoma, translation pathway
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Introduction

B-cell lymphoma is a B-lymphoid hyperplasia disease with high
heterogeneity. While most lymphomas primarily present in lymph
nodes, extranodal dissemination of lymphoma is a common clinical
feature observed in most subtypes of Non-Hodgkin’s B-cell
lymphoma (B-NHL), including diffused large B-cell lymphoma
(DLBCL, NOS) (1, 2), Burkitt’s lymphoma (BL) (3, 4), and high-
grade B-cell lymphoma (HGBL) (5, 6). The disseminated organs
include the central nervous system (CNS) (7), skin (8), and uterus
(9). Primary renal lymphoma (PRL) is a rare malignant lymphoma
and most of the PRL cases are DLBCL (10). Patients with extranodal
lymphoma, such as CNS lymphoma, often have poor clinical
outcome. Classification of DLBCL based on transcriptional profile
(11) and genetic variation (2) links the extranodal lymphoma to the
activated B-cell-like (ABC) subtype and the MCD (including
MYD88%°F and CD79B mutations) subtype. However, because
of the lack of available animal models, the genetic and non-genetic
factors of extranodal lymphoma are still unclear.

The Eu-Myc transgenic mouse is a well-established
spontaneous B-cell lymphoma mouse model (12) resembling the
translocation of oncogenic Myc to the enhancer of immunoglobulin
heavy (IgH) u gene in human BL. Unlike human BL and DLBCL
that originated from the mature B stage, the later stage of B-cell
differentiation, Ep-Myc lymphoma mainly originates from the pro-
B and pre-B stage. Hence, Elt-Myc transgenic mouse is not an ideal
model to resemble the aggressive phenotype of human B-cell
lymphoma, such as extranodal dissemination. In the combined
Eu-Myc transgenic mouse and genetically engineered modified
mouse (GEMM) models, the knockout of tumor suppressor genes
(TSGs), such as p53 and Arf (13, 14), could significantly accelerate
lymphomagenesis and shorten survival time. Transcriptome
analysis on a large cohort of Eu-Myc transgenic mice (15)
revealed that the onset of Eu-Myc lymphoma dramatically varied
and BL-like and DLBCL-like transcriptional characteristics were
identified in early-onset and late-onset lymphoma, respectively. In
addition, genomic analysis (16) identified that disruptive mutations
in Beor contributed to spontaneously lymphomagenesis of Ep-Myc
transgenic mouse. Given that lymph node is still the major
disseminated site in most Ep-Myc-based mouse models,
understanding the mechanism of extranodal dissemination is still
difficult and challenging.

Because of ease of establishing a syngeneic lymphoma
transplantation model, a type of the GEM-derived allograft
(GDA) model (17), the Ep.—Myc;Cdanafl ~ cell line, which usually
gives rise to lymphoma in lymph nodes, is widely used for in vivo
efficacy evaluation (18, 19). In this study, we reported a Eu-Myc;
Cdkn2a™" derived cell line that could give rise to extranodal
lymphoma, specifically to kidney, in a GDA model. To
distinguish it from the parental Eu-Myc;Cdkn2a™'~
named the kidney-disseminated cell line as the MA-K cell line, in
which the M referred to Myc and the A referred to Arf. Because of
the strong clinical relevance of extranodal dissemination and

cell line, we

aggressive B-cell lymphoma, we further analyzed the
transcriptome profile of MA-K and explored prognostic
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biomarkers of human DLBCL inspired by the transcriptome of
MA-K. Translation pathway was the most enriched pathway in
SEGs in MA-K. Eight SEGs in MA-K, RPLP2, RPS16, MRPSI16,
SSPN, CD52, VPREB3, CCDC82, and ANKRD37, were identified as
promising prognostic biomarkers of human DLBCL. Together, we
report that a novel MA-K cell line with renal tropism in the GDA
model has strong clinical relevance with aggressive DLBCL. The
MA-K GDA model will be applied to explore the genetic and non-
genetic mechanism of PRL, as well as to evaluate the preclinical
efficacy of chemotherapy and immunotherapy.

Materials and methods
Cell lines

The Eu-Myc;Cdkn2a™ cell line, also named MA-LN in this
study, was a kind gift from Prof. Michael Hemann at MIT in 2011
and preserved in the laboratory of Prof. Hai Jiang at CEMCS, CAS.
The MA-K cell line was established from the Ey-Myc; Cdkn2a™"~ cell
line in our laboratory. The Eu-Myc;Cdkn2a™" cell line and the MA-
K cell line were cultured in 45% DMEM, 45% IMDM, and 10% fetal
bovine serum (Biosera, FB-1058), supplemented with 100 U/ml
penicillin and streptomycin, and 25 UM B-mercaptoethanol.

Lymphoma transplantation model

All mice were housed in a specific pathogen-free environment
at the Laboratory Animal Research Center in Jiangsu University
and treated in strict accordance with protocols, which were
approved by the Animal Care and Use Committee of Laboratory
Animal Research Center, Jiangsu University.

Six-week C57BL/6]Gpt female mice were purchased from the
GemPharmatech (Nanjing, CN). A total of 10° MA-LN cells or MA-
K cells in 200 pl of DPBS were injected into C57BL/6 female
recipient mice via the tail vein. Recipient mice transplanted with the
MA-LN cell line usually grew a palpable mass at axillary lymph
nodes at the 4th week post-transplantation. Instead, typical
symptoms, including hunch back, dull hair, movement
retardation, and abdominal bulge, were usually observed in MA-
K recipient mice at the 4th week post-transplantation. Recipient
mice transplanted with MA-LN or MA-K were monitored until any
one of the above-mentioned symptoms arose and were sacrificed for
evaluating lymphoma dissemination.

H&E staining and imaging

For histological H&E staining, lymphomas were fixed in 10%
formalin overnight and subsequently transferred into 70% ethanol,
embedded in paraffin according to standard protocols. Sections (8
um) were stained with H&E and images from the whole slide were
acquired by Pannoramic MIDI (3DHISTECH) and analyzed by
CaseViewer software (3DHISTECH).
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RNA extraction and RNA sequencing

Two replicates of MA-LN and MA-K, collected at different
times, were applied to RNA sequencing. Total RNA was extracted
using the Trizol reagent kit (15596018, Invitrogen) according to the
manufacturer’s protocol. RNA library construction and sequencing
were performed by Gene Denovo Biotechnology Co. (Guangzhou,
China). The enriched mRNA by Oligo(dT) beads was fragmented
into short fragments using fragmentation buffer and reversely
transcribed into ¢cDNA by using NEBNext Ultra RNA Library
Prep Kit for Illumina (#7530, New England Biolabs). The purified
double-stranded cDNA fragments were end repaired, A base added,
and ligated to Illumina sequencing adapters. The ligation reaction
was purified with the AMPure XP Beads (1.0x). Ligated fragments
were subjected to size selection by agarose gel electrophoresis and
polymerase chain reaction (PCR) amplified. The resulting cDNA
library was sequenced using Illumina Novaseq6000.

Specially expressed genes analysis

For each transcription region, an FPKM (fragment per kilobase of
transcript per million mapped reads) value was calculated to quantify
its expression abundance and variations, using RSEM software.

To filter SEGs with biological significance, we divided the gene
expression level into three levels as FPKM > 10, FPKM 2 1, and
FPKM < 1. Inactive genes or basal expressed genes were defined as
FPKM < 1. Active genes were defined as FPKM > 1. SEGs were
filtered as follows. Inactive genes (FPKM < 1) in both groups were
directly excluded for SEGs analysis. For active genes (FPKM > 1) in
both groups, genes with Log,(FC) < -2 and Log,(FC) > 2 were
filtered as SEGs. In the case of inactive genes (FPKM < 1) in one of
the groups, active genes (FPKM = 10) in another group were
directly listed into SEGs. All SEGs were listed in Data Sheet 1.

Pathway enrichment analysis and protein—protein interaction
(PPI) enrichment of SEGs were performed with Metascape (https://
metascape.org). PPI enrichment analysis had been carried out with the
following databases: STRING and BioGrid. Only physical interactions
in STRING (physical score > 0.132) and BioGrid were used.

Survival analysis

Survival analysis was performed with the online tool
SurvExpress (20). A human DLBCL dataset [Lenz Staudt
Lymphoma GSE10846 (21), n = 420] was chosen for survival
analysis. The prognostic index (PI) was calculated by the
expression value and the Cox model to generate the risk groups.
The optimization algorithm was applied in risk grouping. The
SurvExpress program was performed according to the tutorial.

Statistical analysis

Depending on the type of experiment, log-rank test or f-test was
used as indicated in figure legends. p-values <0.05 were considered
significant (* < 0.05, ** < 0.01, *** < 0.001).
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Results

Establishment of primary renal
lymphoma model

The Ep-Myc;Cdkn2a ™~ cell line, also called MA-LN in this
study, is a cell line widely used to establish the lymphoma
transplantation model, a type of GDA model. M refers to Myc
gene and A refers to Arf gene. MA-LN lymphoma typically
presented in lymph nodes (LNs) in recipient mice (Figure 1A),
and the progression of lymphoma could be well monitored by
touching the palpable mass arising in the axillary lymph nodes.

The MA-LN cell line was first introduced to establish the MA-
LN GDA model in 2011. In 2021, we began to notice some obvious
symptoms that we had never seen before, including hunch back,
dull hair, movement retardation, and abdominal bulge, instead of
palpable mass at LNs. Anatomical results showed that lymphoma
was mainly disseminated at the kidney and LNs and spleens were no
longer involved (Figure 1B), which was highly similar to human
PRL. Despite the differences of disseminated sites, there was no
difference in survival time of MA-LN and MA-K recipient
mice (Figure 1C).

Considering that we had changed the source of recipient mice,
we suspected that the source difference of recipient mice probably
contributed to kidney dissemination of lymphoma. Hence, we
successively replaced recipient mice from three different sources.
The results showed that lymphoma was still disseminated at
the kidney.

A study (22) had proven that cancer cell lines could evolve in
culture, forming genetic and transcriptional heterogeneity and
different drug responses. Therefore, we proposed that the Ep-
Myc;Cdkn2a™ cell line had evolved into a novel and stable cell
line, renamed as MA-K, indicating the tendency of MA-K to kidney
dissemination in the GDA model.

The histological analysis of MA-LN lymphoma showed that the
lymphoma mass was mainly composed of lymphoma cells
(Figure 1D). For MA-K lymphoma, we analyze several affected
kidneys and typical H&E staining sections were presented
(Figure 1E; Supplementary Image 1). According to HE staining
images, we found that MA-K lymphoma can infiltrate kidneys from
both renal glomerulus (#1) and renal capsule (#2 and #3). Because
of the lack of in vivo tracing analysis of pathological progression, we
cannot describe the detailed process of kidney dissemination. We
speculated that MA-K lymphoma first infiltrated from glomerulus,
and then the oversized lymphoma on the outer surface of the kidney
could invade the kidney from the renal capsule.

MA-K had specialized transcriptional
patterns and abnormal expression
of LymphGen

To identify the molecular characteristics of MA-K cells, we
performed RNA-Seq analysis and 12,809 genes were initially
detected in MA-LN and MA-K. To obtain differentially expressed
genes (DEGs) with biological significance, we removed genes with
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FIGURE 1

MA-K tends to disseminate in the kidney of recipient mice in the lymphoma transplantation model. (A) A representative picture showing the
disseminated sites of MA-LN lymphoma in recipient mouse. The lymphomas were dissociated from mandibular lymph nodes, axillary lymph nodes,
and inguinal lymph nodes of the recipient mice. Spleen was not enlarged. Bar, 1 cm. (B) A representative picture showing the unaffected lymph
nodes and affected kidney and ureter in MA-K recipient mice. Bar, 1 cm. (C) Kaplan—Mejer plots of MA-LN and MA-K recipient mice. MA-LN, n = 9;
MA-K, n = 8. The equiality of survival curves was tested using a log-rank test. (D) A representative H&E staining section of MA-LN lymphoma. Bar in
20x image, 200 um. (E). Representative H&E staining sections of primary renal lymphoma arising in MA-K recipient mice. Bar in 20x image, 200 um.

FPKM < 1 and 8,547 genes were left. Surprisingly, approximately
20% of genes (1,905 of 8,547) had differentially expressed more than
twice, indicating that MA-K was completely different from MA-N
at the transcriptional level. Given that cancer cell lines could
transcriptionally evolve in culture (22), we attributed the huge
transcriptional difference to transcriptional selection and
adaptation during the culture.

Frontiers in Oncology

To identify the molecular patterns of MA-LN and MA-K, we
proposed the specialized transcriptional pattern (STP) and specially
expressed genes (SEGs), instead of routinely DEGs, to describe the
molecular pattern of the individual sample. Four reference genes,
Gapdh, Actb, Hsp90ab1, and Myc, were used as the reference gene
panel to determine the quality and comparability of FPKM data. A
total of 44 LymphGen genes were selected to perform STP analysis.
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Owing to basic expression level (FPKM < 1), Bcl2, Bcl6, Bcl10, and
other LymphGen genes were not included in the panel of 44
LymphGen genes. Compared to MA-LN, 14 downregulated SEGs
and 3 upregulated SEGs [log,(FC) < 1 and log,(FC) = 1] in MA-K
were identified in 44 LymphGen genes (Figure 2A). The observation
indicated that gene inactivation by transcriptional inhibition was
happening during the evolution of MA-K, which is consistent with
high-frequency inactivation mutations in human B-NHL.

To test whether the gene expression level of SEGs in MA-K
could predict clinical outcome, we performed survival analysis
using a human DLBCL dataset (Lenz Staudt Lymphoma
GSE10846, n = 420). We assumed that the STP of MA-K was
associated with poor prognosis. The SurvExpress program was used
to validate if the gene expression status could predict prognosis, in
which the expression data of a single gene or multiple genes was
calculated to the risk score, also called the prognostic index (PI)
(20). The human DLBLC dataset (Lenz Staudt Lymphoma
GSE10846, n = 420) was chosen, which contained detailed clinical
information and had been adopted by many studies.

The results showed that most genes were associated with clinical
relevance, while most of the gene expression level in risk groups was
contrary to expectations (Figure 2B). Only FOXOI1, BTGI1, and
MYDB88 were in line with expectations (Figure 2C), indicating that
the abnormal transcriptional pattern for specialized lymphoma was
very complicated due to the heterogeneity of lymphoma. Although
the significance of transcriptional evolution of MA-K was not fully
understood, most LymphGen genes were indeed significantly
altered at the transcriptional level.

Translation pathway is altered in MA-K
with clinical relevance

To filter SEGs with biological significance, we analyzed the
expression data as follows (Figure 3A). Inactive genes or basic
expressed genes (defined as FPKM < 1) in both MA-LN and MA-K
had been excluded in the 8,547 genes. For active genes (FPKM > 1)
in both, genes with log,(FC) < 2 and log,(FC) = 2 were filtered as
SEGs. In the case of inactive genes in one, active genes (FPKM > 10)
in another were filtered as SEGs. All SEGs are listed in Data Sheet 1.
A total of 360 SEGs were identified, specifically 100 upregulated
SEGs and 260 downregulated SEGs in MA-K.

The pathway enrichment analysis revealed that translation
pathway was the most affected pathway in SEGs (Figure 3B). In
addition, the PPI network analysis discovered two core PPI
networks in SEGs (Figure 3C). A core PPI network involved
proteins in the translation machine, including the mitochondrial
translation machine (Figure 3D). Another core PPI network
involved proteins in Focal adhesion-MAPK, Unidentified, and
Leukocyte Differentiation (Figure 3E). Together, the results
suggested that the alteration of translation pathway and others
presented the molecular features of MA-K cells.

Considering that many ribosomal proteins were abnormally
regulated in tumors, we further analyzed the clinical relevance of the
expression level of ribosomal proteins in human DLBCL. Survival
analysis revealed that the high expression level of RPLP2, RPS16,
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and MRPS16, upregulated in MA-K, was significantly correlated
with the poor prognosis of human DLBCL (Figure 3F).

Together, the transcriptional profiles discovered that translation
pathway and others were largely altered in MA-K.

Identification of the five-gene signature to
predict prognosis of human DLBCL

Next, we investigated the clinical relevance of MA-K by
evaluating the ability of SEGs in MA-K to predict prognosis of
human DLBCL. Owing to too many SEGs in MA-K, we only chose
50 SEGs filtered with Log,(FC) < -3 or Log,(FC) > 3 for survival
analysis (Figure 4A). Finally, five genes, downregulated in MA-K to
MA-L, SSPN, CD52, VPREB3, CCDC82, and ANKRD37, were
significantly correlated with poor prognosis of human
DLBCL (Figure 4B).

To investigate whether the five genes had a synergistic effect on
the predicted clinical outcome, we compared the hazard ratio (HR)
and p-value of three-gene and four-gene combinations in two risk
groups. Notably, the five-gene signature showed improved
prognostic prediction (HR = 2.39, 95% confidence interval: 3.37
to 4.76, p = 4.621e-12) and a four-gene signature that removed
ANKRD37 was similar to the five-gene signature, even better on
HR. The results indicated that SSPN, CD52, VPREB3, and CCDC82
were independent prognostic biomarkers, and the four-gene or five-
gene signature could be developed as a promising prognostic
biomarker panel for human DLBCL (Figure 4C).

To further evaluate the usefulness of the five-gene signature, we
tested its performance in three risk groups. The survival curves of
high-, medium-, and low-risk groups were well stratified by the five-
gene signature (log-rank equal curves p = 8.46e-14) and the
individual genes were also significantly differential expressed in
each risk group (Figure 4D). The p-value of the four-gene signature
was a little worse than the five-gene signature (log-rank equal curves
p = 1.465e-13).

We also noticed that the expression level of SSPN was the most
different in three risk groups (p = 2.43e-61). Given that SSPN is a
membrane protein, it suggests that SSPN, detectable by immune-
based assay, is a promising prognostic biomarker for human
DLBCL. These results not only identified the five-gene signature
as a potential prognostic biomarker of human DLBCL, but also
highlighted the clinical relevance between the MA-K cell model and
human aggressive DLBCL.

Discussion

This study reports a novel murine cell line, named MA-K.
Compared to the parental E},L-Myc;Cdana_/ ~ cell line, called MA-
LN in this study, MA-K cells tend to invade the kidney in a lymphoma
transplantation model, resembling human PRL. Kidney involvement
is a type of extranodal lymphoma and is associated with poor
prognosis in human aggressive B-cell lymphoma. Although
lymphoma arising in the kidney is rare (10), the remarkable
behavior of MA-K model, in which lymphoma did not start
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FIGURE 2

LymphGen signature in specialized transcriptional pattern of MA-K and clinical relevance. (A) Expression level of LymphGen genes in MA-LN and
MA-K. FPKM were used to evaluate the gene expression abundance in MA-LN and MA-K. The reference gene panel including Gapdh, Actb,
Hsp90abl, and Myc was presented to the quality and comparability of FPKM data. Log,(FC) was calculated by the average FPKM. FC, fold change.
(B) Forest plot of indicated genes in two risk groups. p-values of the log-rank test were shown. The hazard ratio (HR), confidence interval, and
p-value in forest plot were obtained from the SurvExpress program. (C) Diagram for the formation of FOXO1-BTG1-MYD88 pattern during the
evolution of MA-K. Created with BioRender.com. A p-value< 0.05 was regarded as statistically significance. (* < 0.05, ** < 0.01, *** < 0.001).
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primarily in lymph nodes in recipient mice, is a notable feature for
most kinds of human primary extranodal lymphoma.

Dissemination into extranodal sites and primary extranodal
localization are indeed biologically and clinically distinct scenarios.
If lymphoma first presents in lymph nodes and then disseminates to
extranodal tissues/organs with progression, it is not primary
extranodal lymphoma, but secondary extranodal lymphoma. If
lymphoma first appears in extranodal tissues/organs, this
situation is considered as primary extranodal lymphoma. MA-LN
cells mainly home to lymph nodes and form nodal lymphoma,
while MA-K cells do not home to peripheral lymphatic organs such
as lymph nodes and spleens. Therefore, we define the MA-K
lymphoma model as a PRL model.
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In addition, we notice that there is no difference in survival time
between MA-K and MA-LN recipient mice. We assume that the
survival time is determined by multiple factors, including the
disease progression and therapeutic response. In this study,
although there was no significant difference in survival time
between MA-LN and MA-K recipient mice, the criteria for their
experimental end points were largely different. The end point of
MA-LN is obvious and palpable mass at lymph nodes. In this
situation, the MA-LN recipient mice are in good condition. If the
swollen lymph nodes are removed surgically or treated with drugs,
the survival time of recipient mice should be significantly
prolonged. The end point of MA-K is moribund status; at this
point, the kidney damage is already very severe. In this case, it will
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FIGURE 3

Translation-related proteins, altered in MA-K, are associated with prognosis of human DLBCL. (A) The analysis process of SEGs in MA-K. Filter
parameters were highlighted in red. Inactive genes or basic expressed genes were defined as FPKM < 1 and excluded in SEGs analysis. Active genes
were defined as FPKM > 1. Created with BioRender.com. (B) The top 20 enriched pathways of SEGs in MA-K. In total, 360 SEGs were selected as
described in Materials and methods and applied to pathway enrichment analysis. p-values are calculated based on the cumulative hypergeometric
distribution. (C) The protein—protein interaction (PPI) networks of SEGs. (D) Genes in the PPl network including translation and mitochondrial
translation. (E) Genes in the PPI network including Focal adhesion-MAPK, Unidentified, and Leukocyte differentiation. (F). Kaplan—Meier plots of
RPLP2, RPS16, and MRPS16 in human DLBCL. Red, high-risk group. Blue, low-risk group. Risk groups were generated based on the prognostic index
(PI) for each gene and the optimization algorithm was applied in risk grouping. The number of each risk group was indicated in the plots. The
equality of survival curves was tested using a log-rank test. A human DLBCL dataset (Lenz Staudt Lymphoma GSE10846, n = 420) was chosen for
survival analysis.

be difficult for existing treatment interventions to extend the  with poor outcome in DLBCL patients. Although we currently
survival time of MA-K recipient mice. do not know which genes/molecules are key biomarkers of

Extranodal dissemination is also one of the key indicators for  extranodal lymphoma, similar to EMT markers in solid tumors,
international prognostic index (IPI) in human lymphoma, based on the features of extranodal dissemination and malignant
indicating that extranodal dissemination indeed is associated  progression we observed in MA-K model, we propose that
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FIGURE 4

The five-gene signature, altered in MA-K, predicts the prognosis of human DLBCL. (A) Heatmap of SEGs in MA-K. Fifty SEGs in MA-K [log,(FC) < 3
and log,(FC) > 3] were analyzed. FPKM of selected SEGs were used to generate the heatmap in R studio. (B) Forest plot of SSPN, CD52, VPREB3,
CCDC82, and ANKRD37 in two risk groups. p-values of the log-rank test were shown. The hazard ratio (HR), confidence interval, and p-value in
forest plot were obtained from the SurvExpress program. (C) Forest plot of different combinations of SSPN, CD52, VPREB3, CCDC82, and ANKRD37
in two risk groups. p-values of the log-rank test were shown. The hazard ratio (HR), confidence interval, and p-value in forest plot were obtained
from the SurvExpress program. (D) Kaplan—Meier plots of the five-gene signature and box plot of gene expression by three risk groups. Red, high-
risk group. Cyan, medium-risk group. Blue, low-risk group. Risk groups were generated based on the prognostic index (Pl) for each gene set and the
optimization algorithm was applied in risk grouping. The number of each risk group was indicated in the plots. The p-value of gene expression by
three risk groups in box plot was obtained from an f-test. A human DLBCL dataset (Lenz Staudt Lymphoma GSE10846, n = 420) was chosen for
survival analysis.

compared to MA-LN, the MA-K cell line and PRL model are
more aggressive.

The MA-K cell line originates from the MA-LN cell line and is
identified as its kidney dissemination in recipient mice. Although
we do not know how the MA-K cell line was formed, we can
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confirm that MA-K is largely different from the parent MA-LN at
the transcriptional level. Given that cancer cell lines could undergo
the genetic and non-genetic evolution in culture (22, 23), we
attribute the formation of MA-K to transcriptional selection and
adaptation (TSA). We propose that both the genetic mechanism,
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such as abnormal B-cell differentiation, and the non-genetic
mechanism, such as cell plasticity at transcriptional selection and
adaptation, are involved in the evolution of MA-K. Enlarged spleen
is a common feature in Ei-Myc and its derived lymphoma mouse
models, but no enlarged spleens were observed in the MA-K
recipient mice. Given that spleen and lymph nodes are both
peripheral lymphoid organs, we speculate that the MA-K cell line
had lost key genes that guide the homing ability of lymphoma cells
to the peripheral lymphoid organs, ultimately leading to
extranodal presentation.

To establish the relevance of MA-K and human aggressive B-
cell lymphoma, we analyzed STP in MA-K by 44 LymphGen genes.
FOXOL1 is frequently mutated in the EZB-MYC+ subtype (2). BTG1
is frequently mutated in the MCD subtype. Oncogenically active
mutations in MYD88 are observed in many extranodal lymphoma
of DLBCL (9, 24-28) and classified into the MCD subtype (2).
FOXOI1, BTGI1, and MYD88 are in line with expectations,
indicating that MA-K shares the molecular pattern of MCD and
EZB-MYC+ subtypes.

To confirm the clinical relevance of MA-K, we re-examined the
SEGs in MA-K from two perspectives. In terms of signal pathway
enrichment, we found that translation-related ribosomal proteins
were enriched in MA-K, and the high expression of these genes was
also correlated with the poor prognosis of human DLBCL.
Emerging evidence suggested that dysregulation of onco-
ribosomes could facilitate the oncogenic translation program and
increase the risk of developing malignancy, including tumor
behavior, therapeutic response, and clinical outcome (29-31).
RPLP2, RPS16, and MRPS16, discovered in this study, had been
reported to play oncogenic roles in various tumors (32-34). Hence,
the gain of onco-ribosomes in MA-K suggests that pharmaceutical
inhibition of translation may be a potential therapeutic vulnerability
of aggressive B-cell lymphoma, and this strategy should be
evaluated in the MA-K GDA model and clinical trials. Whether
abnormal activation of ribosomal proteins contributes to extranodal
dissemination of lymphoma and other aggressive phenotypes
should be further explored. In terms of top SEGs, we chose the
top 50 SEGs for evaluation of prognostic biomarkers. The five
genes, downregulated in MA-K, were correlated with poor
prognosis of human DLBCL, suggesting that these genes played
negative regulation in aggressive progression of human DLBCL.
Owing to the limitation of gene expression datasets with clinical
information, we only evaluated the clinical relevance between MA-
K and human DLBCL.

Meanwhile, CD52 and SSPN, as membrane proteins,
probably directly participate in the interaction between
lymphoma cells and tumor microenvironment and finally
determine lymphoma dissemination. In terms of molecular
classification and molecular diagnosis, we propose that CD52
and SSPN are ideal prognostic biomarkers to predict the clinical
outcomes. As a specific antigen in all blast cells, CD52 had been
developed as a promising therapeutic target by mono-antibody
(Alemtuzumab) in many clinical trials (35-38). However, CD52
was downregulated in MA-K and the low expression of CD52 was
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correlated with the poor prognosis of human DLBCL, suggesting
that patients could not benefit from anti-CD52 immunotherapy
and even worse. If CD52 is a negative regulator for aggressive B-
cell lymphoma, targeting CD52 will directly accelerate malignant
transformation of lymphoma, such as extranodal dissemination.
Hence, the adoption of anti-CD52 immunotherapy in clinical
trials needs to be carefully reassessed.

In conclusion, the MA-K GDA model is a syngeneic lymphoma
transplantation model in which lymphoma arising in recipient mice
usually disseminated at the kidney, highly resembling human PRL.
SEGs in MA-K reveal that MA-K has strong clinical relevance with
human aggressive DLBCL and onco-ribosomes, and others, such as
CD52 and SSPN, are identified as promising prognostic biomarkers
in human DLBCL. Further studies on the MA-K cell line will
provide more meaningful insights into the genetic and non-genetic
mechanism of extranodal lymphoma. Moreover, the MA-K GDA
model could be developed as a novel preclinical model of aggressive
B-cell lymphoma and widely used for efficacy evaluation of
chemotherapy and immunotherapy.
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