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Dear Editor,
Diffuse large B-cell lymphoma (DLBCL) is the most common

lymphoid cancer, constituting approximately one third of all cases
[1]. Although immunochemotherapy cures ~60–75% of patients, a
significant proportion of patients still experience relapse [2, 3].
Relapsed DLBCL patients have poor outcomes, with a median
overall survival of only 6.3 months with conventional chemother-
apy, exemplifying the need for improved treatment options for
these patients [4]. The ability to identify these patients at
diagnosis using molecular markers is imperative and presently
lacking in the clinic. Currently, cell-of-origin (COO) subtyping is
widely used in clinical practice, which separates tumors with
activated B cell-like (ABC) and germinal center B cell-like (GCB)
gene expression signatures, with the ABC subtype having
significantly worse survival [5, 6]. Additionally, double or triple-
hit lymphomas, characterized by MYC and BCL2 and/or BCL6
translocations, MYC rearrangements, and TP53 mutations are
associated with poorer prognosis [7, 8]. Although these may help
to identify patients with adverse prognosis, no biological markers
have yet been identified to specifically identify patients at higher
risk of relapse. Currently, the proteome of DLBCL is less well-
studied. Various factors may cause discrepancies between gene
expression and the final protein product. Therefore, a better
understanding of the proteome of DLBCL could provide further
insight into the biological mechanisms that drive relapse
of DLBCL.
In this study, we used high-throughput mass spectrometry (MS)

based proteomics to identify differentially expressed proteins in
pretreatment lymphoma-tissue and serum samples. To identify
potential biomarker candidates, we compared the protein profiles
between subsequently relapsing (further denoted “relapsing”) and
treatment-sensitive DLBCLs. Included patients were treated in two
phase II clinical trials conducted by the Nordic Lymphoma Group
(NCT01502982/NCT01325194) [9, 10]. Diagnostic formalin-fixed
paraffin-embedded (FFPE) lymphoma tissue from patients were
available, of which a subset had also a pretreatment serum sample
available. A detailed description of inclusion criteria is specified in
Supplementary Methods. While all patients initially responded, in
the relapsing group patients experienced relapse within two years
of follow-up. Analyses of lymphoma samples included 53
treatment-sensitive and 11 relapsing samples (Table S1A).
Analyses of serum samples included 24 treatment-sensitive and
7 relapsing samples (Table S1B). To identify differentially
expressed proteins, a label-free quantification nano liquid
chromatography-tandem MS (LFQ nLC-MS/MS)-based proteomic

analysis was performed. All procedures are described in detail in
the Supplementary Methods. In addition, serum samples were
included and enriched for low-abundance proteins. Bioinformatic
analyses were performed using the Ingenuity Pathway Analysis
(IPA) (QIAGEN Inc., Hilden, Germany). Selected proteins identified
by proteomics were evaluated using enzyme-linked immunosor-
bent assay (ELISA) commercial kits.
Protein expression in both lymphoma and serum samples was

compared between relapsing and treatment-sensitive patients
(Fig. S1). Overall, clinicopathological features between the
groups were similar (Tables S1A, B). In lymphoma tissues,
2026 proteins were detected in at least 70% of samples in each
group. From these, 190 were significantly differentially
expressed between relapsing and treatment-sensitive samples
(Table S2), 149 being upregulated (fold changes 1.22–2.40) in
relapsing samples, including TP53RK, RAC1/3, ARHGAP17, CDK2,
as well as several ribosomal proteins, and 41 being down-
regulated (fold changes 0.28–0.79) including hexokinase 3, LDH
a-chain, and GAPDH (Fig. 1A). Unsupervised principal compo-
nent analysis (PCA) using the significantly differentially
expressed proteins revealed a strong focusing of most relapsing
samples with treatment-sensitive samples intermingled (Fig.
1B). Hierarchical clustering showed that all but one relapsing
sample were in a cluster of 19 patients; 10 relapsing and
9 sensitive patients, and this was designated as a high-risk
group (Fig. 1C). This high-risk group was reanalyzed separately,
and here 2123 proteins were detected with 64 proteins
significantly differentially expressed, 43 upregulated (fold
changes 1.25–3.84) and 21 downregulated (fold changes
0.37–0.79) in the relapsing tumors (Fig. 1D, Table S3). PCA and
hierarchical clustering using significantly differentially
expressed proteins were able to fully discriminate between
the relapsing and treatment-sensitive lymphomas (Fig. 1E, F).
Pathway analysis of 190 significantly differentially expressed

proteins revealed disturbances in important cellular pathways
including protein synthesis (EIF2 signaling) and tumor suppres-
sion (Table S4). An IPA disease and function as well as network
analysis revealed significant inhibition of tumor cell death (z-
score ≤−2) and disturbances in cell cycle regulation, RNA
metabolism, and protein synthesis (Tables S5, S6), suggesting
altered cell survival. Analysis of the high-risk subgroup further
revealed significant stimulation of xenobiotic drug metabolism
in relapsing tumors (z-score ≥ 2), indicating an increased
metabolic rate of cytotoxic drugs in relapsing patients
(Table S7). Furthermore, the IPA analyses revealed dysregulated
cell death/survival signaling, as well as malignant invasion
pathways (Tables S8, S9).
Analysis of serum samples identified 298 proteins in at least

70% of samples in each group. Of these, 20 proteins were
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significantly differentially expressed (Table S10), 15 of which were
upregulated (fold changes 1.60–5.72), including DKK3, FCN3, and
SAA1, while 5 were downregulated (fold changes 0.18–0.57),
including lactotransferrin and angiogenin, in relapsing samples
(Fig. 2A). PCA and hierarchal clustering with input of differentially
expressed proteins revealed clear separation of relapsing and
treatment-sensitive cases (Fig. 2B, C). Despite significant differ-
ences in protein expression, the 20 differentially expressed
proteins also revealed high deviation in expression levels within
the groups (Fig. 2D), highlighting the high heterogeneity in the
disease across samples. Pathway analysis of the 20 differentially
expressed proteins revealed cytokine-mediated disturbance of the
negative hepatic acute phase response and dysregulation of cell
senescence pathways (Table S11). IPA network analysis showed

dysregulation of lipid metabolism as well as cell death/survival
(Table S12). Additionally, LPS-IL-1-mediated inhibition of RXR
function was also perturbed. Although based on proteins different
to those in the tumor-tissue analysis, this pathway also relates to
xenobiotic drug metabolism, supporting the hypothesis of an
altered cytotoxic drug metabolism. Selected proteins, DKK3, FCN3,
and SAA, were further evaluated using ELISA. In all cases, median
protein expression was higher in the relapsing group than in the
treatment-sensitive group, however, without reaching statistical
significance (Fig. S2B).
Taken together, analyzing diagnostic FFPE lymphoma sam-

ples and protein-enriched serum samples from DLBCL patients
revealed different protein expression profiles according to
clinical outcome. Currently, clinical outcomes vary widely

Fig. 1 Analyses of lymphoma tissue samples. A Volcano plot showing 2026 proteins identified in at least 70% of lymphoma samples in
each response group. 190 of these proteins were differentially expressed between relapsing and treatment-sensitive lymphomas. Red,
upregulated; green, downregulated (p < 0.05). B 3D PCA of 82 differentially expressed proteins that were present in all samples.
C Dendrogram showing hierarchical clustering of lymphomas based on 190 differentially expressed proteins. Black lines, treatment-
sensitive lymphomas; pink lines, relapsing lymphomas. D Analysis of lymphoma tissue from high-risk cluster. Volcano plot showing 2123
proteins identified in at least 70% of lymphoma samples in each response group. 64 of these proteins were differentially expressed
between relapsing and treatment-sensitive tumors. Red, upregulated; green, downregulated (p < 0.05). E 3D PCA of 37 differentially
expressed proteins that were present in all samples, showing separation of relapsing and treatment-sensitive lymphomas. F Heatmap
visualizing differentially expressed proteins between relapsing and treatment-sensitive lymphoma tissue in the high-risk cluster. 64
differentially expressed proteins in lymphoma tissue in the high-risk cluster (n= 19), separating relapsing samples (n= 10) from treatment-
sensitive samples (n= 9). Each row is a protein and each column is a lymphoma sample. Above each heatmap is a dendrogram produced
by hierarchical clustering using the proteins shown. A full list of the proteins can be found in the Supplementary Tables. Black lines,
treatment-sensitive lymphomas; pink lines, relapsing lymphomas; NA not applicable (indicates proteins with missing values). R relapsing
lymphomas; S treatment-sensitive lymphomas.
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among DLBCL patients, and the ability to accurately identify
patients with high risk of relapse remains an unmet clinical
need. Using high-throughput proteomics, this study has
identified protein candidates that can be further investigated
as putative prognostic biomarkers. While differentially
expressed proteins in the lymphomas showed strong focus of
relapsing patients in clustering analyses, differentially
expressed proteins from serum samples enabled almost distinct
clustering of samples corresponding to relapsing and
treatment-sensitive lymphomas.
Upregulated proteins included the TP53-regulating TP53RK and

several members of the Rho family of GTPases, which are
important for the invasion abilities of malignant cells [11]. Going
forward, these highlighted proteins should be validated in larger
and independent cohorts to explore clinical applications. In
previous studies, proteomic investigation in the context of
relapsed DLBCL patients revealed dysregulation of ribosomal,
inflammation and immune-related protein networks [12–14]. In
the present study, of 149 significantly upregulated proteins, 44
were ribosomal proteins. It is unclear whether the upregulation of
ribosomal proteins observed in relapsing DLBCL is due to
increased translation activity or the ribosome-independent func-
tions of ribosomal proteins, and thus, functional studies are
needed to clarify this point.
Importantly, this study has shown that protein expression in

diagnostic serum samples differs between relapsing and
treatment-sensitive patients. Among differentially expressed
proteins were SAA, isoform 1. SAA is upregulated during the
acute phase response to inflammation and has also been found
elevated in many pathological conditions, including cancer [15].
SAA was one of the proteins selected for validation by an ELISA

analysis, however, the commercial kit did not distinguish between
different isoforms of SAA. Pathway analyses of both tumor tissue
samples and serum samples showed perturbances regarding
xenobiotic metabolism, hereby suggesting an altered cytotoxic
drug metabolism, which may lead to inferior performance in this
group. Interestingly, this was the only pathway identified in both
lymphoma-tissue and serum-sample analyses. This could be due
to technical reasons. Alternatively, the protein changes observed
in the tumor-tissue biopsies could mirror the underlying tumor
biology to a larger extend than changes observed in the blood
due to systemic “dilution”. However, further studies are warranted
to further characterize the lymphoma-tissue/serum proteome
of DLBCL.
MS-based proteomics results in serum samples were partially

validated by ELISA, where similar trends in protein expression
levels were observed, although not statistically significant,
possibly because the MS analyses were based on serum samples
being pre-treated to enable enrichment of low-abundant
proteins whereas the ELISA was performed directly on the serum
samples. This was done with the perspective to avoid the
enrichment step if such an analysis should be used in a future
diagnostic setting. In this exploratory study, p-values were not
corrected for multiple testing. Although this may increase the
number of false positives, false negatives are kept at a lower
number, and therefore, potentially important proteins are less
likely to be missed.
In conclusion, the purpose of this exploratory study was to

characterize the proteome of DLBCL according to risk of relapse
and certainly, results from this study constitutes a steppingstone
to develop further studies allowing more detailed characterization
of pivotal proteins in the pathogenesis of DLBCL.

Fig. 2 Analysis of serum samples. A Volcano plot showing 298 proteins identified in at least 70% of serum samples in each response group.
20 of these proteins were differentially expressed between relapsing and treatment-sensitive samples. Red, upregulated; green,
downregulated (p < 0.05). B 3D PCA of 12 differentially expressed serum proteins that were present in all samples. C Dendrogram showing
hierarchical clustering of samples based on 20 differentially expressed serum proteins. Black lines, treatment-sensitive lymphomas; pink lines,
relapsing lymphomas. D Boxplot of 20 differentially expressed proteins in serum samples from relapsing and treatment-sensitive patients.
Proteins are referred to by their gene names for simplicity. R relapsing lymphomas; S treatment-sensitive lymphomas.
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