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A B S T R A C T

Diffuse large B-cell lymphoma (DLBCL) is an aggressive disease and a frequent form of non-Hodgkin lymphoma. 
Given the primary localization of DLBCL and the effect of tumors on the systemic immune response, we inves
tigated the proteome of DLBCL patients' and healthy donors (HDs') peripheral immune cells (PICs). Since the 
ubiquitin-proteasome system has a vital role in proteome regulation and immune cells' functions, this study also 
explores the potential impact of DLBCL secretome on the polyubiquitination level in PICs. PICs from DLBCL 
patients and HDs were isolated and analyzed by mass spectrometry-based proteomics. The analysis resulted in 
135 down and 51 upregulated proteins (adjusted p-value <0.05). Unsupervised principal component analysis 
revealed distinct proteomic profiles between DLBCL and HDs. Functional enrichment analysis for comparison 
between DLBCL and HDs-PICs proteome identified immune-related pathways such as innate immune system, 
specifically neutrophil degranulation, Fcγ receptor-dependent phagocytosis, and JAK-STAT signaling after IL-12 
stimulation as downregulated. Proteomics analysis of DLBCL-PICs also showed dysregulation of proteostasis 
factors. This prompted the investigation of the effect of tumor secretome on viability and polyubiquitination level 
in mononuclear immune cells. Therefore, human HD peripheral blood mononuclear cells (PBMCs) were cultured 
in the presence of DLBCL cell line-derived soluble factors, small-EVs, and large-EVs in vitro. Our results revealed 
that exposure of mainly small-EVs, and large-EVs to HD PBMCs increased the polyubiquitination in PBMCs and 
decreased PIC viability. These findings suggest impaired immune responses in DLBCL-PICs, with tumor 
secretome-inducing polyubiquitination and reduced PIC viability.

1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is an aggressive disease and 
the most common entity among all subtypes of non-Hodgkin lymphoma 
[1]. DLBCL patients are treated with R-CHOP (rituximab, cyclophos
phamide, doxorubicin, vincristine, prednisone) and derivative regimens, 
with favorable outcomes in 60–70 % of the cases [2]. According to gene 
expression profiling, DLBCL is categorized into two main molecular 
subgroups: germinal center B-cell-like (GCB), and activated B-cell-like 
(ABC), with 10–15 % of cases remaining unclassifiable [3]. In 
immunohistochemistry-based analysis, non-classifiable and ABC 

subtypes constitute the non-GCB subgroup. Like a double-edged sword, 
immune cells within the tumor microenvironment (TME) can either 
support or suppress tumor growth by inhibiting or inducing responses 
and promoting infiltration of other immune cells into the TME [4–7]. In 
the TME, immune cells such as T-cells, B-cells, macrophages (M1 and 
M2), and neutrophils are in close contact with DLBCL tumor cells [8,9] 
and may have prognostic values in non-Hodgkin lymphoma [10–13]. 
Recent studies demonstrated that both the presence and specific classes 
of T-cells within the lymphoma TME are associated with patient prog
nosis [4,14]. Previous efforts attempted to evaluate the clinical impact 
of the TME by considering associations between distinct immune cell 
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subtypes within the TME and patients' survival, although the results 
obtained were controversial [15–19].

Given the role of infiltrating peripheral immune cells (PICs) in 
shaping the TME, previous studies have investigated the relationship 
between the ratios of these immune cell populations and DLBCL out
comes [11,20,21]. The distribution of immune cell subpopulations 
within the TME has been linked to the systemic leakage of various fac
tors into the bloodstream. These include cytokines, chemokines, and 
extracellular vesicles (EVs), all of which possess the capacity to modify 
and attract immune cells from the peripheral blood [22]. Tumor-derived 
EVs can directly induce immune suppression by transporting signals that 
either suppress immune responses or trigger apoptosis in activated im
mune cells [23]. Furthermore, we previously demonstrated that EV 
proteome from DLBCL patients compared to controls are significantly 
different [24]. Mechanistically, gastric cancer derived EVs increased the 
expression of E3 ubiquitin ligases Cbl-b and c-Cbl of T cells in time and 
concentration dependent manner [25]. In light of this, we hypothesized 
that the subpopulations of immune cells in the blood circulation of 
diffuse large B-cell lymphoma (DLBCL) patients differ not only in 
composition but also in their proteomic profiles, potentially offering 
diagnostic value and insights into how DLBCL interacts with the immune 
system. Accordingly, this study first investigates the proteome differ
ences between the immune cells of DLBCL patients and those from a 
healthy control group. Considering the critical roles that peripheral 
blood mononuclear cells (PBMCs), such as lymphocytes and monocytes, 
play in shaping the immune composition within the TME and their 
enduring anti-tumor functions, especially when compared to poly
morphonuclear cells like neutrophils, the second phase of this study 
aims to explore how DLBCL cells affect PBMCs. The interactions between 
immune and cancer cells occur through various mechanisms, including 
complex molecular signaling pathways, direct cell-to-cell communica
tion, and the exchange of soluble factors, all of which have been 
extensively studied [26]. Previous studies demonstrated that EVs, 
released from cancer cells can affect both monocytes and lymphocytes. 
For instance, CLL and DLBCL augment the CD8+ T cells activities [27] 
and M2 polarization of macrophages [28] in TME. The ubiquitin- 
proteasome system (UPS), known for its essential roles in immune 
cells [29], is potentially affected by tumor cells, yet the specific effects of 
DLBCL tumor cells on PBMCs have remained largely unexplored. 
Therefore, in the second phase of the current study, the role of the DB 
cell line derived EVs on polyubiquitination level in PBMCs is studied. To 
date, the questions surrounding the effects of DLBCL tumor cells on PICs 
and the mechanisms through which these effects are transferred from 
tumor cells to PICs as well as PICs' diagnostic potential remain unan
swered. Therefore, this study focused on the proteome profile of PICs 
from DLBCL and healthy donors (HDs) and performed functional in vitro 
assays using PICs from HDs by exposing them to tumor small EVs (sEVs), 
large EVs (lEVs), and soluble factors (SFs).

2. Material and methods

2.1. DLBCL patients and healthy donor cohort

The study was approved by the Human Ethics Committee of NOVA 
Medical School (n◦146/2021/CEFCM) and Instituto Português de 
Oncologia de Lisboa Francisco Gentil (UIC/1174) before initiation of 
blood collection. Peripheral blood was prospectively collected from 
patients diagnosed with DLBCL in IPOLFG, Portugal, between May 2018 
and January 2020. All participants in the study signed the informed 
consent and processes on human samples were performed per the 1964 
Helsinki Declaration. In total samples from 10 HDs and 10 patients (non- 
GCB n = 5 and GCB n = 5) were selected for analysis (Tables 1 and 2).

According to the Hans algorithm, immunohistochemistry assessment 
of the corresponding formalin-fixed paraffin-embedded DLBCL biopsies 
was performed to diagnose and sub-classify patients. Noteworthy, pe
ripheral blood samples were obtained from all DLBCL patients before 

first-line treatment.

2.2. Buffy coat isolation

Peripheral blood samples from HDs and treatment naïve DLBCL pa
tients were collected into EDTA collection tubes and then immediately 
centrifuged at 200 ×g for 10 min at RT. The top layer corresponding to 
plasma was collected and centrifuged at 1000 ×g for 10 min. The in
termediate layer containing white blood cells was collected and washed 
twice with red blood cell lysis buffer at 300 ×g for 10 min to remove the 
remaining red blood cells. Lastly, pelleted leukocytes were resuspended 
in PBS to remove any lysis reagent by centrifugation at 300 ×g for 5 min. 
Cleared leukocyte pellets were stored at − 80 ◦C until further use 
(maximum storage time 1 year).

2.3. Peripheral blood mononuclear cell isolation

PBMCs were isolated and cultured for in vitro functional studies. 
PBMCs were isolated by density gradient separation from HDs in EDTA 
blood collection tubes. Briefly, mixed blood with an equal volume of PBS 
was layered over 10 mL of Biocoll 1.077 (Merck) by gently pipetting and 
centrifuged for 30 min at 1200 ×g, 22 ◦C with no break. PBMCs at the 
interface were collected and washed twice with 20 mL PBS by centri
fugation at 700 ×g, for 10 min.

Table 1 
Overview of study subjects. N/n indicates the number of subjects in total and 
each subgroup, respectively.

Variable N GCB, n = 5a HD, n = 10a Non-GCB, n = 5a p-Valueb

Status 20 <0.001
DLBCL 5 (100 %) 0 (0 %) 5 (100 %)
HD 0 (0 %) 10 (100 %) 0 (0 %)

Age (years) 20 61 (61, 65) 58 (56, 59) 61 (60, 67) 0.022
Gender 20 0.4

F 2 (40 %) 7 (70 %) 2 (40 %)
M 3 (60 %) 3 (30 %) 3 (60 %)

a n (%); Median (inter quartile range, IQR).
b Fisher's exact test; Kruskal-Wallis rank sum test.

Table 2 
Clinical characteristics of DLBCL participants. n indicates the number of subjects 
in each subgroup.

Subtype

Variable n GCB, n = 5a Non-GCB, n =
5a

p- 
Valueb

Age (years) 10 63.40 (4.16) 62.60 (4.16) 0.7
Gender 10 >0.9

F 2 (40 %) 2 (40 %)
M 3 (60 %) 3 (60 %)

IPI 10 0.8
1 1 (20 %) 1 (20 %)
2 1 (20 %) 3 (60 %)
3 2 (40 %) 0 (0 %)
4 1 (20 %) 1 (20 %)

Lactate Dehydrogenase (U/ 
L)

10 682 (1038) 245 (135) 0.7

Hemoglobin (g/dL) 10 15.28 (1.70) 12.84 (2.18) 0.10
Leukocytes (cells/L) 10 13,396 

(11,331)
8858 (4536) 0.7

Lymphocytes (cells/L) 10 1920 (1179) 1994 (1557) >0.9
Neutrophils (cells/L) 10 9440 (7643) 6110 (4202) 0.5
Monocytes (cells/L) 10 668 (336) 568 (368) 0.8
Platelets (cells/L) 10 215 (67) 327 (132) 0.2
Albumin (g/dL) 9 4.2 (0.5) 3.9 (0.8) 0.7

a Mean (standard deviation, SD); n (%).
b Wilcoxon rank sum test; Fisher's exact test; Wilcoxon rank sum exact test.
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2.4. Cell culture, EV, and condition medium preparation

DB (ACC-539) cell line was purchased from Leibniz Institute DSMZ 
(German Collection of Microorganisms and Cell Cultures, Braunschweig, 
Germany) and was cultured following supplier instructions. Cells were 
tested for mycoplasma contamination and were cultured in RPMI-1640 
medium supplemented with 20 % FBS, 100 U/mL Penicillin, and 100 
μg/mL Streptomycin (Gibco, Invitrogen, Waltham, MA, USA) at 37 ◦C in 
5 % CO2. DB conditioned media (CM) was harvested from the initial 
culture of 2.5 × 105 cells/mL after 48 h. CM was centrifugated at 300 ×g 
for 5 min at 4 ◦C to pellet down the cells, and CM was stored at − 20 ◦C. 
Ultracentrifugation was used to isolate EVs as follows.

2.5. EV isolation and characterization

To isolate EVs, 15 × 106 cells from DB cell line were washed with PBS 
and then cultured for 48 h in RPMI-1640 medium supplemented with 20 
% EV-depleted FBS, 100 U/mL Penicillin, and 100 μg/mL Streptomycin 
(Gibco) at 37 ◦C in 5 % CO2. After incubation time, the medium con
taining EVs was collected by 300 ×g centrifugation for 5 min at 4 ◦C. The 
supernatant was centrifuged for 20 and 60 min in 3000 ×g and 12,000 
×g, respectively. In this step, we collected lEVs by using 500 μL of ice- 
cold PBS. The supernatant of the previous step was centrifuged at 
100,000 ×g for 120 min at 4 ◦C with a type 32.1 Ti rotor (k-factor:229) 
in a Beckman Coulter Optima (L-90K). The supernatant of the step was 
collected and stored at − 80 ◦C as the EVDCM. sEVs were re-suspended in 
ice-cold PBS. Both lEVs and sEVs were stored at − 80 ◦C.

A NanoSight NS300 instrument (Malvern Panalytical, Malvern, UK) 
was used to determine the concentrations and sizes of the EVs in the 
samples. Samples were diluted in PBS to a final volume of 1 mL to reach 
the ideal particle concentration of 1 × 108–2 × 109 particles/mL. The 
samples were loaded to the sample chamber in a continuous flow by a 
syringe pump. The instrument was equipped with a 488 nm laser and a 
sCMOS camera. The focus for each sample was manually adjusted to 
achieve optimal visualization of particles and for each measurement, 
five videos of 60 s were captured. For all experiments the following 
settings were used: temperature: 25 ◦C; Syringe speed: 20; Viscosity: 0.9 
cP; camera level setting ranged from 13 to 14 in light scatter mode 
(LSM). After capture, the videos have been analyzed by the in-build 
NanoSight Software NTA 3.4 Build 3.4.4 with a detection threshold of 
5. The current study is documented and registered in EV-TRACK plat
form [30] with ID (EV240157).

2.6. Peripheral blood mononuclear cell treatments

HD-PBMCs (25 × 104/mL) were cultured with CM, EV-depleted CM 
(EVDCM), and EV-depleted medium (EVDM) for 30 min and 24 h. 
Furthermore, 1.25 × 105 PBMCs were exposed to 50 μg/mL of the sEVs 
and lEVs in accordance with a previous study [31], and 1 μg/mL [32] of 
Lipopolysaccharide (LPS) (CAT-L-2880, SIGMA®) (Darmstadt, Ger
many). EVs from FBS, diluted CM, EVDM and LPS were used as control 
experiments.

2.7. Western blotting

PBMC lysate was extracted with RIPA (Radio
immunoassayprecipitation Assay) lysis buffer and resolved using SDS- 
PAGE gel. Proteins were transferred onto polyvinylidene fluoride 
membranes and blocked with PBS with 0.1 % Tween 20 containing 5 % 
skim milk. Primary antibodies (Abs) against polyubiquitin chains 
(1:10000) (Clone P4D1, Santa Cruz), CD63 (1:10000) (SICGEN, 
Portugal), and Alix (1:2000) (SICGEN, Portugal) were used, followed by 
HRP-conjugated secondary Ab goat anti-mouse (1:10000), donkey anti- 
goat (1:10000). Immunoreactivity was analyzed using the ChemiDoc 
Touch System, and images were quantified with ImageJ software 
(version 1.53a).

2.8. Statistical analysis of Western blot data

Data analysis and visualization were performed using R Studio 
(2022.07.1), with experiments conducted at least in triplicates. Statis
tical comparisons between groups were conducted using two-tailed 
Student's t-Test. Statistical significance was defined as an adjusted p- 
value or p-value < 0.05.

2.9. Proteomics analysis

2.9.1. Peptide sample preparation
Samples containing a minimum of 20 μg of total proteins of whole- 

cell lysates or EVs were further processed by the filter-aided sample 
preparation method. In short, protein solutions containing SDS and DTT 
were loaded onto filtering columns (Millipore, Billerica, MA, USA) and 
washed exhaustively with 8 M urea in HEPES buffer [33,34]. Proteins 
were reduced with DTT and alkylated with IAA. Protein digestion was 
performed by overnight digestion with trypsin sequencing grade 
(Promega, Madison, WI, USA).

2.9.2. Mass spectrometry analysis
Peptide samples were analyzed by nano-liquid chromatogra

phy− mass spectrometry/ mass spectrometry (LC-MS/MS) (Dionex 
RSLCnano3000) coupled to an Exploris 480 Orbitrap mass spectrometer 
(Thermo Scientific) as previously described [35].

2.9.3. Coefficient of variation of replicas
In our proteomics profiling, we meticulously evaluated the precision 

of our experimental measurements, as evidenced by a calculated coef
ficient of variation of 24.6 %. This indicative measure underscores the 
reliability and consistency of protein abundance quantification across 
technical replicates, affirming the robustness of our proteomic profiling 
methodology.

2.9.4. MS database search
Raw LC-MS runs were analyzed using MaxQuant Version 2.1.0.05 

[36]. A standard human proteome database from UniProt 
(3AUP000005640) with permutated protein sequences, where Arg and 
Lys were not permutated, was included in the database for database 
dependent search. A maximum of four missed trypsin cleavages were 
allowed for the search. Carbamidomethyl cysteine was specified as the 
fixed modification. Variable modifications included methionine oxida
tion, N-terminal protein acetylation, di-glycine tag, lysine acetylation, 
serine, threonine, and tyrosine phosphorylation. All other parameters 
for MaxQuant were default parameters. For VEMS the specific accuracy 
for precursor ions was 5 ppm mass accuracy and 0.01 m/z for fragment 
ions. A false discovery rate of 1 % for peptide and protein identification 
was applied. After confirming similar results by VEMS and MaxQuant 
subsequent statistical and functional analysis reported in this manu
script was based on the results from MaxQuant Version 2.1.0.05.

2.9.5. Quantitative analysis
The study involved a total of 20 subjects, each of whom was tested in 

two technical replicates, resulting in a total of 40 LC-MS measurements. 
Intensity-based absolute quantification [37] was estimated from total 
ion counts by dividing it by the number of theoretical canonical tryptic 
peptides for a given protein (missed cleavage theoretical peptides were 
not counted). R statistical programming language was used to analyze 
quantitative data from VEMS. We preprocessed the values of protein 
label-free expression by excluding common MS contaminants followed 
by log2(x + 1) transformation, and quantile normalization. In the 
“limma” R package [38], we performed statistical analysis of quantita
tive values, focusing on the contrast between the proteome of immune 
cells in buffy coat samples from DLBCL patients and those from HDs. 
Multiple testing was corrected by applying the Benjamini and Hochberg 
methods [39]. We used ggplot2 to generate the Volcano plots. MS 
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quantified 913 proteins reliably (Supplementary Table S1 and B).

2.9.6. Functional enrichment analysis
Hypergeometric probability test according to the previous publica

tions [40,41] was used for global functional enrichment analysis in R. 
Follow-up analysis was performed using DAVID [42], Reactome [43], 
STRING and ClueGO application (version 2.5.10) [44] in Cytoscape. 
Significantly up- and downregulated proteins (based on the p-value <
0.05) were all subjected to global functional enrichment analysis fol
lowed by detailed analysis using the annotations such as cellular 
component (CC), biological process (BP), molecular function (MF), 
KEGG pathway [45], Reactome [43] and proteostasis factors [46].

3. Results

3.1. Study overview and patients

PICs were collected from both DLBCL patients and HDs and each 
sample was analyzed twice by MS (Fig. 1, top panel and Table 1). The 
cancer cohort comprised 10 DLBCL patients, 5 diagnosed with non-GCB 
and 5 with GCB DLBCL (Table 2). None of the clinical parameters dis
played a statistical association with non-GCB and GCB classification 
(Table 2). Functional enrichment analysis was performed on MS iden
tified and differential regulated proteins. Subsequently, PBMCs from 
HDs were isolated, and SFs (corresponding to non-EV component), sEVs 
and lEVs were fractionated from CM of a DLBCL cell line using serial 
centrifugation (Fig. 1, bottom panel). The isolated PBMCs were treated 
with LPS, FBS EVs, EVDM, EVDCM, sEVs and lEVs, and the poly
ubiquitination levels were monitored using immunoblotting assays and 
cell viability estimated by trypan blue exclusion assay. Finally, the sEVs 
were subjected to further proteomics analysis using MS.

3.2. Proteomics profiling of peripheral immune cells separates patients 
with DLBCL from HDs

A principal component analysis (PCA) of quantitative data from all 
identified and quantified proteins obtained from an MS-based proteomic 
experiment without any data filtering, resulted in a clear separation 
between DLBCL and HDs along the first principal component (Fig. 2A, 
B). The analysis was conducted using the complete set of quantitative 
MS data without any prefiltering, making it an unsupervised approach. 
This contrasts with analyses that first extract regulated proteins before 
performing PCA. The obtained clear distinction underscores the robust 
discriminatory power of the proteomic data, suggesting substantial 
differences in the protein profiles between PICs isolated from patients 
with DLBCL and those from HDs. The PCA plots also indicate that there 
is more variance among DLBCL patients than HDs (Fig. 2A, B). Volcano 
plot based on limma statistical comparison of DLBCL and HDs confirmed 
a high number of statistically significant regulated proteins after 
correction for multiple testing (Fig. 2C). For this comparison, 135/205 
(adjusted p-value < 0.05/p-value < 0.05) of the identified proteins were 
found downregulated in DLBCL compared to HD, with a log2 fold change 
range of regulation from − 5.8 to − 0.64. The number of upregulated 
proteins were 51/81 (adjusted p-value < 0.05/p-value < 0.05) and log2 
fold change ranged from 0.62 to 3.28 for up regulated proteins (Sup
plementary Table S1). The heatmap in Fig. 2D indicates the z-score 
normalized expression values for 19 proteins with a least four-fold dif
ferential regulation and significant p-value after correction for multiple 
testing.

3.3. Functional enrichment analysis of differentially expressed proteins in 
DLBCL vs HDs

First, a global functional enrichment analysis was performed across 
multiple functional annotations to identify the most relevant databases 
[40,41]. Fig. 3A displays from top to bottom the top five significantly 
enriched functional entities in polyubiquitinated proteins, GO-BP, GO- 

Fig. 1. General overview of the experimental workflow used in the study. Upper panel indicates the experimental workflow for patient-derived buffy coat-derived 
immune cell proteome profiling. Lower panel indicates experimental workflow elucidating the functional effects of SFs, sEVs, and lEVs on PBMCs from healthy donor. 
FEA: Functional enrichment analysis.
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MF, GO-CC, KEGG pathways, and Reactome, respectively. The enriched 
functional categories are mainly associated with immune-related func
tions and proteins previously identified in tandem ubiquitin binding 
entities (TUBEs) enriched fractions [46]. The Reactome database pro
vided the most comprehensive annotation of immune-related pathways. 
Consequently, the subsequent analysis focused on these immune-related 
pathways using the Reactome database and its analysis tools (Fig. 3B, C) 
and UPS-related pathways. A comparison of the enriched functional 
categories by the different software tools revealed high similarity with 
the main differences in the reported p-values, which can likely be 
explained by different corrections for multiple testing. The network 
analysis in Fig. 3B shows that the innate immune system constitutes the 
main component of the enriched proteins annotated as immune system- 
related. Follow-up analysis using Reactome software tools and databases 
revealed multiple immune system-related entities (Fig. 3C). Detailed 
analysis revealed that overall, the functions related to the innate im
mune system were mainly enriched in proteins that were downregulated 
between DLBCL and HDs. We further cross-checked specific regulations 
in innate immune system functions. This analysis revealed that nearly all 
proteins in the ‘JAK-STAT signaling after interleukin-12 (IL-12) stimu
lation’ and ‘Fcγ receptor-dependent phagocytosis’ pathways were 

downregulated, with 13 out of 15 and 15 out of 16 proteins down
regulated, respectively. From the adaptive immune system, ‘Antigen 
processing and presentation class I MHC’ were moderately significantly 
enriched with 5 out of seven proteins upregulated. Given the significant 
enrichment in proteins previously reported as polyubiquitinated based 
on TUBE enrichment, all significant functional entities related to pro
teostasis related function across multiple databases were summarized in 
Fig. 3D and Supplementary Table S1C.

Overall, our data demonstrate that the proteome in the peripheral 
immune system of DLBCL patients was significantly affected by DLBCL 
and that UPS system may play a significant role.

3.4. PBMCs exposed to CM and EV-depleted CM accumulate 
polyubiquitin

Assuming that DLBCL tumor cells secretome can affect PICs, we have 
investigated the effect of DB cell line secretome on PBMCs from HDs. 
Firstly, PBMCs from HDs were cultured in 1:1 dilution of the DB-CM and 
medium and undiluted CM for 24 h using cell viability (Fig. 4A) and 
polyubiquitination western blots (Fig. 4B–C) as readouts. CM after 24 h 
is still nutrient sufficient, and the effect therefore cannot be explained by 

Fig. 2. Statistical comparison of proteins from PICs of DLBCL versus HD. A) PCA plot of averaged of duplicate LC-MS runs of all quantitative MS data without any 
pre-filtering and B) without averaging. C) Volcano plot for the comparison of DLBCL versus HD. The red horizontal line indicates a 0.05 p-value threshold. Red 
vertical lines indicate two-fold differential regulation. The number of regulated proteins indicated in the titles is based on p-values and adjusted p-values with an 
effect size greater than twofold. D) Heatmap of z-score normalized expression values of the top regulated proteins between DLBCL and HD.
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starvation. For instance, PBMCs that are cultured for 48 h without media 
exchanges exhibit no appreciable decline in cell viability (data not 
shown). To further control for starvation, 1:1 dilution experiment of CM 
and fresh medium were also performed to look for additive effects 
caused by CM. After 24 h of incubation, the number of cells in DB-CM 
showed a DB-CM concentration-dependent decrease in cell viability 
compared to control PBMCs by trypan blue exclusion assay (Fig. 4A). 
Undiluted CM resulted in a significant decrease in cell viability 
compared to control medium. Polyubiquitination was increased in a DB- 
CM concentration-dependent manner (Fig. 4B–C). Again, undiluted CM 
resulted in a significant increase in polyubiquitination.

To further address whether the DLBCL tumor secretome can affect 
the peripheral immune system, PBMCs from HDs were cultured with 
EVDCM from a DB cell line and EVDM using polyubiquitination western 
blots, and cell viability as readouts (Fig. 4D–E and F). It should be noted 

that despite ubiquitin's multiple roles in immune cells, poly
ubiquitination levels are much lower in PBMCs than in cancer cells 
(Fig. 4G). Consistent with previous findings, our western blot analysis of 
immune cells revealed low polyubiquitination signals compared to 
cancer cells, underscoring the concordance between our results and 
those reported in other studies [47]. Furthermore, polyubiquitinated 
protein levels were assessed in DB cell line-derived sEVs, lEVs, and 
EVDCM. PBMC analysis revealed variations in polyubiquitinated protein 
levels among sEVs, lEVs, and EVDCM exposures. After 30 min, no sig
nificant differences in cell viability were observed between EVDCM and 
EVDM (Fig. 4F). However, EVDCM displayed an increasing trend in 
polyubiquitination after 24 h (Fig. 4D–E) and a decreasing trend in cell 
viability after 24 h (Fig. 4F).

In summary, our results indicate that DB-CM decreased the viability 
of PBMCs and enhanced the levels of polyubiquitinated proteins within 

Fig. 3. Functional enrichment analysis of differentially regulated proteins between DLBCL and HD. A) Top five enriched functional categories identified across 
polyubiquitinated proteins, BP, MF, CC, KEGG pathways, and Reactome (from top to bottom). Dot color indicates uniqueness of the functional in comparison to 
functional terms with more significant enrichment. The size of the dots indicates the number of proteins significantly regulated matching the functional term. B) 
Network analysis of top Reactome enriched functional categories. Node color indicates number of proteins in the categories and edge thickness the overlap in proteins 
between entities. C) Detailed analysis of Reactome pathways. Green bars are associated to the p-value of enrichment and orange bar to number of matching proteins. 
D) All significant enriched UPS-related functions across GO-CC, GO-BP and GO-MF.
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PBMCs. DB-CM exhibited a more pronounced effect than EVDCM in 
inducing polyubiquitin increases (Fig. 4C vs E). Furthermore, DB-CM 
exposure was associated with significantly lower cell viability 
compared to EVDCM at 24 hour post-treatment (Fig. 4A vs F). Notably, 
this finding implied that the primary effect of CM was not mediated by 
small SFs, prompting us to investigate the role of EVs isolated from DB- 
CM in eliciting this response. This difference between DB-CM and 
EVDCM further suggests that our readouts are not due to starvation, as 
EVDCM would be expected to elicit the strongest response in that case.

3.5. EVs isolated from DB tumor cell line

sEVs and lEVs were isolated from the DB tumor cell line using dif
ferential centrifugation for subsequent in vitro functional analysis, as 
detailed in the following section. The in vitro isolated sEVs and lEVs 
were characterized by NTA (Supplementary Table S1D). sEVs isolation 
demonstrated an expected peak around 100 nm (Fig. 5A) and the par
ticle size distribution for lEVs were broader and shifted to larger sizes 
(Fig. 5B). Transmission electron microscopy of sEVs and lEVs confirmed 
that majority of particles were around 100 nm (Fig. 5C–D). Western 

blotting for EV markers Alix indicated a clear enrichment of Alix in sEVs 
and low presence in lEVs (Fig. 5E). CD63 was present in both raw cell 
extract as well as in sEV and lEVs (Fig. 5F). Interestingly the sEVs 
showed highest level of polyubiquitin based on Western blot analysis of 
the same amount of protein input (Fig. 5G). Finally, sEVs were charac
terized based on MS data (Supplementary Table S1E), confirming 
identification of EV markers by EVqualityMS tool (https://github.com 
/ruma1974/EVqualityMS/tree/master) [48]. In total 2892 EV proteins 
were identified by LC-MS (Supplementary Table S1E). In conclusion, the 
isolated sEVs and lEVs displayed characterizations in line with previous 
studies [49,50] and therefore suitable for the subsequent functional 
study.

3.6. DB-derived EVs induce polyubiquitinated proteins in the PBMCs in a 
time-dependent manner

DB-CM was fractionated into sEVs and lEVs, which were then used to 
expose PBMCs from HDs. Again, polyubiquitination expression and cell 
viability were used as readout and short (30 min) and long incubation 
times (24 h) were investigated (see also method section PBMCs 

Fig. 4. PBMCs exposed to CM from DB cell line for 30 min (white boxes) and 24 h (grey boxes). A) Viability of PBMCs cultured in RPMI-1640 complete medium, 
diluted CM (1:1 diluted with fresh complete medium), and undiluted CM after 24 h. B) Western blot to evaluate the level of the polyubiquitinated proteins in PBMCs 
exposed to CM from DB cell line for 24 h. C) Quantification of ubiquitin levels in PBMCs based on western blots. D, E) Quantification of the western blot resulted from 
culturing PBMCs in EVDCM and EVDM. F) Viability of the PBMCs cultured in EVDM and EVDCM for 30 min and 24 h. G) Polyubiquitinated protein levels in DB 
versus PBMCs each lane was loaded with 30 μg total protein. CM: Conditioned Medium, PBMC: peripheral blood mononuclear cell. Dashed lines in boxplots represent 
the overall mean. hrs: hours.
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treatments) (Fig. 6A, B). It's essential to note that the EVs (sEVs and 
lEVs) used in this study were concentrated through ultracentrifugation 
pelleting and then added to media at a concentrated level. Therefore, the 
observed effects cannot be attributed to media nutrient dilution. Addi
tionally, control experiments with isolated FBS-EVs did not result in 
significant changes in readout parameters (Fig. 6C).

Following 30 min of treatment with DB-derived sEVs, PBMCs showed 
no significant changes in the number of viable cells (Fig. 6C, upper 
panel), while polyubiquitination levels exhibited a non-significant trend 
toward elevation (Fig. 6A, B). After 24 h of sEV exposure, a decreasing 
trend in PBMCs' viability (Fig. 6C, lower panel) and a significant in
crease in polyubiquitination were observed (Fig. 6A, B). We observed 
high level of polyubiquitinylation in sEVs (Fig. 5F). However, before 
western blot and proteome analysis by MS the cells are washed and 
additionally polyubiquitination is mainly observed on 24 hour exposure. 
Therefore, the increased polyubiquitination in PBMCs are either caused 
by absorbed polyubiquitinated EV proteins, or by an internal dysregu
lation of UPS machinery.

Exposure of PBMCs with lEVs displayed no significant changes in cell 
viability after 30 min (Fig. 6C, upper panel) but a significant increase in 
polyubiquitination (Fig. 6A, B). However, after 24 h of lEV exposure, cell 
viability decreased significantly, while polyubiquitination showed a 
marginally significant increase.

Finally, exposure to 1 μg LPS at 30 min and 24 h showed a similar 
effect as the sEV and lEV on PBMC viability (Fig. 6C).

Our data indicate that the treatment effect of tumor sEV and lEV are 

time-dependent and overall display a similar effect on immune cell 
viability as LPS. Significant changes in polyubiquitin levels were 
observed earlier than significant changes in cell viability. lEV appeared 
to have the strongest effect on cell viability compared to sEV and lEVs 
resulted in a faster increase in polyubiquitin compared to sEVs.

4. Discussion

Our study identified differences in the PICs proteome between 
DLBCL and HD subjects (Fig. 2, Supplementary Table S1A). Currently, 
blood cell population analysis lacks conclusive prognostic value for 
DLBCL [51]. Although bone marrow involvement can occur, detecting 
tumor cells in the peripheral blood is often below diagnostic levels. 
However, circulating tumor DNA has shown potential as a biomarker 
[52]. Our results highlight significant alterations in the PIC proteome in 
DLBCL, prompting us to perform functional enrichment analysis. Func
tional enrichment analysis of differentially regulated proteins (p-value 
< 0.05) revealed that among KEGG and Reactome pathways the immune 
system, the innate immune system and cytokine signaling in immune 
system were overrepresented pathways (Fig. 3). Key pathways such as 
Fc-γ receptor-dependent phagocytosis and neutrophil degranulation 
were notably affected within the innate immune system, while gene and 
protein expression by JAK-STAT signaling after IL-12 stimulation was 
represented within the cytokine signaling pathways (Fig. S1A). Fc-γ 
receptor-dependent phagocytosis pathway is downregulated in white 
blood cells of DLBCL patients (Fig. S1B). The proteome analysis revealed 

Fig. 5. Characterization of sEVs and lEVs. NTA conducted on representative samples of A) sEVs and B) lEVs. TEM image of DB C) sEVs and D) lEVs. Representative 
immunoblotting assay performed on DB cell lysate, sEVs and lEVs samples to detect E) Alix, F) CD63 and G) polyubiquitination.
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that DLBCL PICs were enriched for activated neutrophils markers like 
CD177 and MPO [53], aligning with previous findings that neutrophils 
play a major role in the inflammatory response in DLBCL, and the 
neutrophil-to-lymphocyte ratio holds prognostic value [54]. Fcγ re
ceptors have activating or inhibitory functions and are expressed by 
various immune cells in combination that depend on the specific cell 
type [55]. In neutrophils, Fcγ receptor expression can be upregulated 
upon inflammatory cytokines stimulus. Since we observed down
regulation of this pathway our results suggests that downstream 
pathway signaling maybe compromised leading to an immune sup
pressive environment at a systemic level in DLBCL. The tumor inter
ference with hematopoiesis unbalances the cytokine profiles interfering 
with the signaling pathways which consequently could alter Fcγ recep
tor expression [56].

Given the low abundance of DLBCL tumor cells in peripheral blood 
and the strong dysregulation of the immunoproteome observed in our 
study, a combination of extracellular soluble mediators, EVs, and non- 
EV nanoparticles likely mediates intracellular communication [57]. 
Previously the proteome of plasma EVs of the DLBCL patients and HD 
was characterized, revealing that EV proteome is strongly affected by 
DLBCL status, in turn suggesting that a differential population of EVs can 

modulate the patient's immune response [24,33]. Particularly, we have 
identified alterations in the expression of immunoglobulins which may 
regulate the availability of Fcγ receptor ligands. We hypothesize that Fcγ 
receptor-mediated phagocytosis in DLBCL can be signaled through the 
UPS as previously reported to be important in cells of myeloid origin 
[58]. Internalization of antibody-associated antigens involves the acti
vation of NF-κB and MAPK signaling via substrate ubiquitylation [59]. 
Alternatively, the phagocytic pathway could regulate Fcγ receptor 
expression, and the receptor is either degraded or recycled. Fcγ receptor 
phagocytosis may undergo a series of events in which the phagosome 
maturation includes several fusions within the endocytic pathway. Both 
ubiquitylated proteins and the proteasome function are involved in the 
formation of multivesicular structures, likely dictating the fate of Fcγ 
receptor into the phagolysosome, to endocytic vesicles to recycling to 
the plasma membrane or to the multivesicular compartment [60]. 
Concomitantly, ARPC5 is downregulated (log2FC = − 4.6, adjusted p- 
value = 2 × 10− 11) in DLBCL PICs proteome, which is ubiquitinylated by 
‘Gene related to anergy in lymphocytes’ protein (GRAIL) with Lys-63- 
linked chains, leading to proteasomal degradation [61]. ARPC5 be
longs to the Arp2/3 complex required for actin nucleation and actin 
filament polymerization in diverse critical cellular functions including 
phagocytosis, vesicular trafficking and lamellipodia extension, sug
gesting that ubiquitination can be involved in the downstream signaling 
of Fcγ receptor-dependent phagocytosis pathway. Among the identified 
terms from functional enrichment analysis for comparison of the PICs' 
proteome from DLBCL patients versus HDs several protein hemostasis- 
related functions, particularly UPS-related terms, were identified 
(Fig. 3D). These functions contained both up and downregulated pro
teins. Polyubiquitination plays a regulatory role in various signaling 
pathways known for their diverse roles in activating and regulating 
immune cells' functions [62,63]. The effects of DLBCL cells and their 
secretome on polyubiquitination in PICs have been relatively unex
plored in DLBCL. However, several reports showed that EVs derived 
from non-malignant and malignant cells can affect UPS in recipient cells. 
For instance, Liao, H.X. et al. [64] showed that exosomes released by 
non-malignant cells like mesenchymal stem cells alter immune cells' 
signaling pathways and immune cell activation through changes in 
ubiquitination. Additionally, it has been demonstrated that exosomes 
released by cancer cells contain E3 ubiquitin ligase like TRIM59 which 
could be transferred to immune cells. TRIM59 interacts with ABHD5 and 
increases the ubiquitination and proteasome degradation which leads to 
metabolic reprogramming and induces NLRP3 inflammasome activation 
in immune cells [65]. In alignment with previous literature our study 
adds the observation of significant dysregulation of UPS-factors in PICs 
between DLBCL and HD subjects (Supplementary Table S1C). Building 
on this knowledge, we aimed at investigating how tumor EVs affects 
polyubiquitination in PBMCs. The polyubiquitination signaling cascade 
can be triggered by EVs, as EV exposure to PBMCs resulted in an increase 
in cellular polyubiquitination. This effect was more pronounced for the 
sEVs compared to lEVs in a longer exposure time. To further elucidate 
the underlying causes of this UPS dysfunction caused by EVs, future 
studies are warranted to investigate whether the observed effect is pri
marily driven by alterations in proteasome activity and/or deubiquiti
nase function. Specifically, it would be valuable to explore the 
relationship between decreased proteasome activity, deubiquitinating 
enzyme activity, and increased polyubiquitination ligase activity. 
Resolving these questions could provide further critical clues regarding 
the molecular mechanisms underlying UPS dysregulation in DLBCL. On 
the other hand, differently regulated proteins from the comparison of 
PICs of the DLBCL patients versus HDs were also enriched for IL family 
pathways, particularly IL-12 and IL-4/13 mediated stimulation (Fig. 6). 
sEVs and lEV exhibited overlapping size distributions (Fig. 5A, B), 
shared detectable EV markers (CD), and produced comparable func
tional effects on PBMCs (Fig. 6B, C). However, the quantitative level of 
the EV markers differed significantly between sEV and lEVs and signif
icant functional difference was observed in their temporal profile 

Fig. 6. PBMCs exposed to EVDM, EVDCM, CM, sEV, and lEVs derived from DB 
cell line for 30 min (white boxes) and 24 h (grey boxes). A, B) Immunoblot 
assays of the polyubiquitinated protein levels in PBMCs after different exposure 
times. C) Viability assay after various exposures of 30 min (white boxes upper 
panel) and 24 h (grey boxes lower panel). CM: Conditioned Medium, PBMC: 
peripheral blood mononuclear cell, diluted CM: 1:1 diluted CM with fresh 
complete medium. Cells were exposed to 50 μg EVs and 1 μg LPS.
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(Fig. 6B, C). It will be essential in the future to develop more accurate EV 
separation methodology to improve understanding of EV sub population 
function. In addition, future research needs to address precisely which 
molecules on EVs are responsible for the observed effects on peripheral 
immune cell proteome in our in vitro model system. For the peripheral 
immune cell proteome changes observed in patients, the question be
comes inherently more complex since EVs from TME possibly bind 
proteins from other cells in the TME which possibly are shuttled to the 
peripheral system with potential effects on peripheral immune cells 
proteome.

As mentioned above DLBCL might induce immune suppression. Our 
data highlight a potential role of the IL-12 signaling network in DLBCL- 
associated immunosuppression. Dysregulation of gene and protein 
expression via JAK-STAT signaling following IL-12 stimulation may 
impair Th1 cell differentiation. Since Th1 cells recruit cytotoxic NK cells 
and CD8+ T cells, which mediate anti-tumor activity [66], this disrup
tion could contribute to the observed immune downregulation in this 
study.

5. Conclusion

In conclusion, this study reveals a dysregulated immune system 
response such as downregulation of ‘JAK-STAT signaling after IL-12 
stimulation’ and ‘Fcγ receptor-dependent phagocytosis’ pathways in 
cells isolated from buffy coat samples of the treatment naive DLBCL 
patients. Follow-up, in vitro experiments showed that mainly DB-CM- 
derived sEVs, and lEVs induced polyubiquitination and decrease in 
cell viability in PBMCs, demonstrating the potential of DLBCL-derived 
EV affecting peripheral immune system. Notwithstanding the limited 
sample size, our findings suggest a potential utility for proteome analysis 
of PICs in monitoring and diagnosing DLBCL, as significant differences 
were observed between immune cells isolated from HDs and those from 
DLBCL patient buffy coat samples. Given the relative ease of buffy coat 
cell isolation, it may be a more feasible and effective target for verifi
cation stage purposes than plasma-derived sEVs in distinguishing be
tween DLBCL and Hodgkin lymphoma.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbadis.2025.167842.
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