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Abstract

Background: The clinical utility of mRNA cargo in exosomes is unclear, although exosomes have potential as
non-invasive biomarkers. This study aimed to investigate the feasibility of exosomal mRNA sequencing for
monitoring disease status and predicting outcomes in non-Hodgkin lymphoma (NHL) patients.

Methods: Exosomes were isolated from archived serum samples of 33 patients with NHL who were
registered into our prospective cohort: diffuse large B-cell lymphoma (DLBCL, n = 17), intravascular B-cell
lymphoma (IVL, n = 1), primary mediastinal large B-cell lymphoma (PMBL, n = 4), follicular lymphoma (FL, n =
3), mantle cell lymphoma (MCL, n = 3), and extranodal NK/T-cell lymphoma (ENKTL, n = 5). Exosomal mRNA
sequencing was performed, and its concordance with clinical course was analyzed and compared with those of
circulating tumor DNA (ctDNA) mutations.

Results: Exosomal mRNA sequencing was performed successfully in 26 cases (79%, 26/33), whereas the
remaining seven cases were not completed due to their small amount of RNA. The exosomal mRNA
sequencing of DLBCL showed gene expression profiles consistent with activated B-cell-like and germinal
center type. The longitudinal assessment of exosomal mMRNA sequencing results in accordance with the clinical
course showed that the post-treatment changes of exosomal mMRNA expression were more consistent with
treatment outcome than were those of ctDNA mutations. In particular, the exosomal mRNA expression of
genes such as BCL2 and BCL6 was increased at the time of disease progression in DLBCL and FL patients.

Conclusions: This study demonstrated the feasibility of exosomal mMRNA expression profiles as a biomarker
for NHL patients. Our results might provide the rationale for studies to explore the potential of exosomal
mRNA as a biomarker in NHL patients.
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Introduction

Non-Hodgkin lymphoma (NHL) is the most
common form of blood cancer and is a curable
disorder by chemotherapy. However, a substantial
number of NHL patients relapse even after
radiological imaging resolution of tumor lesions at the
end of treatment. This could imply the existence of
residual lymphoma cells that survived after
chemotherapy, and the occurrence of treatment
resistance during chemotherapy could explain the

persistence of viable lymphoma cells after treatment.
Thus, detection of minimal residual disease (MRD)
during or after chemotherapy could guide additional
treatments for patients at high risk of relapse [1, 2].
Liquid biopsy using peripheral blood is a convenient
repeatable way to assess MRD in lymphoma patients
through detection of lymphoma-derived materials in
blood [3, 4]. Indeed, plasma-circulating tumor DNA
(ctDNA) has been developed to serve as a diagnostic
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tool of MRD detection in NHL patients because it can
represent indirectly the presence of primary tumor
[5-7]. However, ctDNA might not reflect disease
status because a proportion derives from apoptotic
dying cells rather than from viable tumor cells [8].
Furthermore, ctDNA analysis could provide
information confined to mutation profiles rather than
profiles of gene expression.

Extracellular vesicles (EVs) are abundant in
almost all human biological fluids, including blood.
Thus, EVs have been thought to hold tremendous
potential as non-invasive biomarkers because the
information within them could reflect their
originating cells [9, 10]. Diverse types of EVs could
exist because size, origin, and biogenesis can be
variable. Among them, exosomes, also known as
‘small extracellular vesicles,” are the smallest, having a
dimeter of 30-150 nm [11]. After intraluminal vesicles
are formed primarily within multivesicular bodies,
fusion of multivesicular bodies with the plasma
membrane could lead to release of exosomes into the
extracellular space [12]. Tumor cells could release
exosomes constitutively into blood, and tumor-
derived exosomal cargo could contain proteins, DNA,
messenger RNA (mRNA), and microRNA related
with parental tumor cells [13, 14]. Nevertheless, most
studies have focused on exosomal microRNA because
exosomes contain mainly small RNA such as
microRNA [15, 16]. However, exosomal mRNA also
could be an important biomarker because its presence
inside exosomes was reported to represent parental
tumor cells, although exosomes contain a small
amount of mRNA [17]. Recently, the clinical relevance
of exosomal mRNA expression was suggested in
patients with metastatic prostate cancer [18]. Given
the importance of gene expression in the pathogenesis
and classification of lymphomas, analysis of mRNA
inside exosomes actively released from lymphoma
cells might be useful for detection of MRD. However,
the feasibility of exosomal mRNA as a biomarker has
never been studied in NHL patients. Thus, we
performed mRNA sequencing with serum-derived
exosomes obtained from NHL patients to explore the
clinical relevance of exosomal mRNA as a biomarker
for monitoring disease status.

Methods

Patients

This study aimed to explore the feasibility of
serum-derived exosomal mRNA expression profiles
as biomarkers for NHL patients. Thus, we isolated
exosomes from archived serum samples of NHL
patients and performed mRNA sequencing using
RNA extracted from exosomal cargo. Eligible patients

were enrolled in our single-center, prospective cohort
study (NCT03117036) that was approved by the
institutional review board (No. 2016-11-040). After
obtaining written informed consent, we collected
serum samples at enrollment of the prospective cohort
(baseline), during interim evaluations (interim), at the
final response evaluation (end of treatment), and/or
at the time of relapse or progression (progression).
Enrolled patients were treated and monitored in a
real-life context, and collected serum samples were
stored at -80 °C until analysis. The survival status of
all enrolled patients was updated regularly, and the
last update regarding survival and disease status was
completed in August 2021. Of the patients enrolled in
the aforementioned prospective cohort study, the
samples of 33 were analyzed in this study according
to the following inclusion criteria: (1) treated with
curative intent; (2) data available for treatment
response and survival outcome; (3) archived serum
samples that were obtained at baseline, interim, end
of treatment, and/or relapse/progression; and (4)
data for ctDNA mutation profiles (Figure 1A). In this
study, the feasibility of exosomal mRNA sequencing
was evaluated in each subtype, and the longitudinal
changes in exosomal mMRNA expression were
compared with the clinical course as well as ctDNA
mutations using data from our previous study [19].

Isolation of exosomes by ultracentrifugation

The isolation of exosomes from serum was
performed according to the sequential centrifugation
protocol. Thus, serum was centrifuged differentially
at 2000xg at 4 °C for 10 min and 10,000xg at 4 °C for 30
min. Serum was diluted in 3 ml of phosphate-buffered
saline (PBS) and filtered through a 0.2-pm pore filter.
Afterward, ultracentrifugation at 110,000xg at 4 °C
was performed for 120 min. Next, the exosome pellet
was suspended in 11 ml of PBS and ultracentrifuged
at 110,000xg at 4 °C for 70 min. The final exosome
pellet was suspended in 200 pL of PBS.

Transmission electron microscopy (TEM) and
nanoparticle tracking analysis (NTA)

Isolated exosomes were fixed in 4%
paraformaldehyde and transferred onto Formvar-
carbon-coated EM grids. Fixed samples were floated
on drops of 2.5% w/v glutaraldehyde for 5 minutes.
Grids were washed 10 times with distilled water,
negative stained with 1% uranyl acetate for 1 minute,
and air-dried. Grids were observed using a Hitachi
7700 transmission electron microscope operated at 80
kV.For NTA, exosome samples were diluted in PBS to
achieve a particle concentration ranging from 107/ml
to 10/ml and examined using a NanoSight NS300
(NanoSight Ltd., Amesbury, UK). The diluted
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samples of exosomes were injected into the laser
chamber. The following settings were used for data
acquisition: camera level 14, acquisition time 30 s, and
detection threshold 4. Data analysis was performed
with the NTA v3.2 software (NanoSight Ltd.,
Amesbury, UK).

Characterization of exosomes

The ExoView Tetraspanin chip (ExoView,
Boston, MA, USA) was arrayed with antibodies
against proteins CD81, CD63, and CD9, markers of
exosomes, and HLA IgGl was used as a negative
control. The sample was dropped onto the chip
surface and placed at room temperature overnight.
The cellular origin of the exosomes was analyzed
using the ExoView Tetraspanin Labelling ABs (EV-
TC-AB-01) of anti-CD81/ALEXA 555, anti-CD63/
ALEXA 647, anti-CD9/ALEXA 488, anti-CD20
antigen-presenting cell (APC), and anti-CD56 APC.
The images of isolated exosomes were analyzed using
the ExoView R100 reader and the ExoScan 2.5.5
acquisition software (ExoView, Boston, MA, USA).
The data were analyzed using ExoViewer 2.5.0 with
sizing thresholds set to a diameter of 50 to 200 nm.

Sequencing of exosomal mRNA

Total RNA was extracted from isolated exosome
samples using the miRNeasy Serum/Plasma kit
according to the manufacturer’s instructions (Qiagen,
Hilden, Germany). The quality and quantity of
extracted RNA were evaluated using the Nanodrop
8000 UV-Vis spectrometer (NanoDrop Technologies
Inc., Wilmington, DE, USA) and 4200 TapeStation
Instrument (Agilent Technologies, Santa Clara, CA,
USA). The RNA library was constructed using the
TruSeq® RNA Access Library Prep Kit (Illumina
Technologies., San Diego, CA, USA) according to the
manufacturer’s instructions. After pooled libraries
were denatured, the sequencing of each library was
performed by the 100-bp paired-end mode of the
TruSeq Rapid PE Cluster Kit and TruSeq Rapid SBS
Kit with HiSeq 2500 (Illumina Technologies., San
Diego, CA, USA). The RNA-sequencing reads were
aligned to the human reference genome (hgl9) with
STAR, and gene expression values were quantified
using RNA-Seq by Expectation-Maximization (RSEM)
[20]. Subsequently, alignment statistics were
generated using RNA-S5eQC for quality control of
these aligned reads. Gene fusions were predicted
using several algorithms, including ChimeraScan,
deFuse, FusionMap, MapSplice, and TopHat [21-25].
For normalization of RNA sequencing data and
comparison of exosomal mRNA expression among
patients, the transcripts per million (TPM) value for

each gene was generated as previously suggested [26].
Using the results of exosomal mRNA sequencing, we
analyzed the expression of genes previously reported
as relevant with a subtype of NHL [27-29].

Results

Patients

A total of 33 patients with NHL comprised the
study population of this study: diffuse large B-cell
lymphoma (DLBCL, n = 17), intravascular B-cell
lymphoma (IVL, n = 1), primary mediastinal large
B-cell lymphoma (PMBL, n = 4), follicular lymphoma
(FL, n = 3), mantle cell lymphoma (MCL, n = 3), and
extranodal NK/T-cell lymphoma (ENKTL, n = 5).
Among them, 25 patients were newly diagnosed, and
8 patients were enrolled after they relapsed
(Supplement Table 1). With a median follow-up of
434 months (95% confidence interval: 37.0-49.8
months), 20 patients died due to disease relapse or
progression, whereas the remaining 13 patients were
alive at the time of analysis, including three relapsed
patients (Supplement Figure 1B).

Serum-derived exosomes

Exosomes were isolated from archived serum
samples, and the concentrations of exosomes were not
significantly different among them (Figure 1B). The
size and morphology of the exosomes were not
different, nor were the surface expressions of
exosomal markers CD81, CD63, and CD9 (Figure 1C,
D). After exosomes were sorted by the
aforementioned exosomal markers, the surface
expression of CD20, which is a marker for B-cells,
showed enrichment of CD20-positive exosomes in the
serum of patients with DLBCL, FL, and MCL,
whereas exosomes derived from ENKTL patients
showed CD56 expression, a marker for NK-cells
(Figure 1F). The RNA was extracted from patients’
serum-derived exosomes for exosomal mRNA
sequencing, and the RNA concentration was not
significantly different (Figure 1G). Before performing
mRNA sequencing, we first conducted a whole
transcriptomic  sequencing of exosomal mRNA
isolated from the DLBCL cell line U2932, which was
obtained from Leibniz Institute DSMZ (German
Collection of Microorganisms and Cell Cultures). The
sequencing of U2932 exosomal mRNA identified the
fusion of RPS25/FOXR1 (Figure 1H). This result
supported that exosomal cargo can contain the mRNA
of tumor cells, and that exosomal mRNA sequencing
could represent the mRNA expression of tumor cells
because this fusion was confirmed in the U2932 cell
line [30].
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Figure 1. Analysis of exosomal mRNA expression in patients with non-Hodgkin lymphoma. (A) The scheme illustrating the process of the study method and
cohort: Exosomal mRNA and matched ctDNA are extracted from blood. Serial changes were analyzed according to the treatment course. (B, C) Concentration and size
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distribution profiles of exosomes measured by nanoparticle tracking analysis. (D) Transmission electron microcopy image of exosomes from DLBCL, FL, MCL, and ENKTL
patients. Scale bar, 100 nm. (E) Number of particles of CD81, CD63, and CD9-positive exosomes in non-Hodgkin lymphoma. Three-color fluorescence detection of exosomal
markers (CD81, CD63, CD9) using secondary anti-body staining with a cocktail of anti-CD81, anti-CDé3, and anti-CD?9 labeled with Alex 488, 555, and 647, respectively, using
ExoView. (F) Number of particles of CD20 in patients with B-cell ymphoma or CD56-positive exosomes in patients with NK/T-cell lymphoma. Exosomes captured on the chip
by anti-CD8]1, anti-CD63, or anti-CD9 were detected by anti-CD20 or anti-CD56 and labeled with APC using ExoView. (G) The concentrations of total RNA in serum
exosomes from DLBCL, FL, PMBL, MCL, and ENKTL patients. (H) Fusion transcripts of 5' Ribosomal Protein S25 (RPS25) with FOXR1 were detected in the EV-derived mRNA

from DLBCL cell line U-2932.

Exosomal mRNA sequencing

Exosomal mRNA sequencing was performed
successfully in 26 cases (79%, 26/33), whereas the
remaining seven cases with less than 50 ng of RNA
library failed to undergo RNA sequencing due to the
amount of RNA library produced from exosomal
RNA. Thus, exosomal mRNA sequencing was
performed successfully in DLBCL (13/17), PMBL
(4/4), MCL (3/3), FL (2/3), and ENKTL (4/5). The
detection of exosomal mRNA was not significantly
associated with stages, and the success rate of
exosomal mRNA sequencing was not significantly
different between newly diagnosed (76%, 19/25) and
relapsed patients (88%, 7/8, P = 0.652) (Supplement
Figure 1A). Among 25 patients with newly diagnosed
NHL, the group with detected exosomal mRNA
showed worse progression-free survival than the
group without it (P = 0.027). The OS also showed
similar pattern, although it failed to show statistical
significance (P = 0.057, Supplement Figure 1C). Using
exosomal mRNA sequencing data, we compared the
expression genes that were essential for diagnosis and
prognostication of DLBCL, PMBL, FL, MCL, and
ENKTL, including MYC, BCL2, BCL6, CCND1, and
genes belonging to the lymph2CX assay that are used
commonly as a gene signature discriminating the cell
of origin in DLBCL [27-29]. The comparison of mRNA
expression profiles showed different patterns
consistent with activated B-cell-like (ABC) and
germinal center (GC) type of DLBCL and PMBL,
although the number of patients was small (Figure 2).
The mRNA expression of CCND1 was found in three
MCL cases, consistent with cyclin D1 expression. The
mRNA profiles of a relapsed FL patient (FL #2)
showed higher expression of TP53 and MYDS88 than
those of a newly diagnosed FL patient (FL #1), and
mRNA expression profiles of ENKTL were different
from those of B-cell lymphomas, as expected (Figure
2).

Post-treatment assessment of exosomal
mRNA

As we collected post-treatment samples as well
as samples obtained at the time of relapse or
progression, we performed longitudinal assessments
of exosomal mRNA expression. When the serial
changes of exosomal mRNA expression profiles were
compared with their matched changes of ctDNA

mutation profiles in cases who had both types of data
available for comparison, the exosomal mRNA
expression showed a closer association with disease
relapse than did ctDNA mutations. Thus, in a case
with ABC type DLBCL (DLBCL #6), the exosomal
mRNA expression at diagnosis, such as BCL2, IRF4,
and MYC, were persistent even after the completion
of R-CHOP  (rituximab, cyclophosphamide,
doxorubicin, vincristine) chemotherapy, and it was
consistent with the PET-CT findings showing a newly
appeared lesion at the end of treatment. However,
ctDNA mutations such as BCOR, CD58, MEF2B,
PAX5, and PIM1 were not detected during or after
R-CHOP (Figure 3A). In a case with GC type DLBCL,
the exosomal BCL6 expression was newly observed at
the end of treatment even though the PET-CT showed
a complete response after completion of R-CHOP,
whereas the BCL6 mutation of ctDNA was decreased
at the end of treatment. This patient eventually
relapsed during follow-up (DLBCL #13, Figure 3B).
When the exosomal mRNA was sequenced in a
relapsed PMBL patient before and after the salvage
treatment with DHAP (dexamethasone, cytarabine
and cisplatin), the exosomal mRNA expression of
BCL2, BCL6, and MME was increased at the time of
disease progression after DHAP treatment, whereas
the allele frequency of ctDNA mutations was not
increased (PMBL #3, Figure 3C). This patient became
refractory to the third salvage chemotherapy and
eventually died. Exosomal mRNA sequencing of a
newly diagnosed FL patient showed the expression of
genes including RAB7L1, CYB5R2, TNFRSF13B, MME,
and BCL2 at the time of diagnosis. During
bendamustine and rituximab treatment, the patient
failed to respond. Based on the PET-CT findings,
disease progression was confirmed, and a biopsy of
the intra-abdominal lymph node showed large cell
transformation. The blood sample was collected at the
time of large cell transformation, and exosomal
mRNA sequencing showed the increased expression
of BCL2, FOXP1, and MYC, whereas no remarkable
changes were observed in the ctDNA mutation
profiles including MYC (Figure 4A). In a newly
diagnosed patient with ENKTL, exosomal mRNA
sequencing showed the loss of gene expression
profiles that were initially detected at diagnosis after
completion of planned treatment consisting of VIDL
(etoposide, ifosfamide, dexamethasone, and
L-asparaginase) followed by concurrent chemoradio-
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therapy (CCRT). This patient maintained a complete
response even though the ctDNA showed mTOR
mutation (Figure 4B). On the other hand, another
patient with ENKTL showed an increase in exosomal
mRNA expression including that of CTSW, GZMB,
KLRC1, and KLRD1, even with a complete response
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based on PET/CT scan at the end of VIDL
chemotherapy, although the ctDNA mutations
showed complete resolution of the initially detected
STAT3 mutation (Figure 4C). This patient was
monitored after completion of planned treatment;
however, disease relapse eventually occurred.
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Discussion

In this study, we explored the feasibility of
serum-derived exosomal mRNA sequencing in NHL
patients and compared the clinical relevance of
exosomal mMRNA expression with that of ctDNA
mutations as biomarkers for monitoring disease status
such as detection of MRD. Although few studies exist
regarding the feasibility of exosomal cargo mRNA as
biomarkers for NHL patients, the importance of
exosomes as a source of potential biomarkers,
including tumor-derived RNAs, has been suggested
because they can protect their cargo nucleic acids
from degradation with the nuclease present in blood
and other body fluids allowing transcriptome analysis
of EV [31]. Thus, analysis of exosomal mRNA actively
released from living cells might have advantages
compared to that of other biomaterials for liquid
biopsy, especially ctDNA, which is released by
necrotic or apoptotic cells [32]. Actually, exosomal
mRNA were reported to reflect the cell of origin in a
previous study investigating the exosomes of DLBCL
cell lines [33]. Likewise, prior to conducting this study
using patient serum samples, we identified the
RPS25/FOXR1 fusion in exosomal mRNA isolated
from the DLBCL cell line U-2932, as previously
reported [30].

Our study analyzing exosomes isolated from
archived serum samples of NHL patients showed the
performance of exosomal mRNA sequencing as a tool
of exploration of mRNA extracted from exosomes,
and exosomal mRNA expression profiling could be a
feasible tool of liquid biopsy in NHL patients.
However, exosomal mRNA sequencing was not
successfully conducted in all patients, and it could be
related to the relatively small amount of mRNA inside
exosomes compared to the abundance of small RNAs
such as microRNA [15, 16]. Furthermore, exosomes
isolated from blood could be mixed with normal
cell-derived exosomes as well as tumor-derived
exosomes [34]. Indeed, identification of exosomal
origins in our study showed that exosomes could
originate from other cells circulating in blood because
the fraction of CD20- or CD56-positive exosomes
accounted for a relatively small portion of the total
population of exosomes. Nevertheless, the exosomal
mRNA expression profiles showed more enriched
gene lists relevant to each subtype. These findings
implied that the expression of specific genes could be
substantial in exosomes even though the
concentration generally is small in the blood [27, 28].
In addition, considering that gene expression profiles
were more informative than driver gene mutations in
NHL, the role of exosome mRNA expression as a
biomarker could be more relevant than that of ctDNA,

which mainly targets gene mutations [35, 36].
Accordingly, the serial changes of exosomal mRNA
expression profiles were related more closely with
disease status than ctDNA mutation profile (Figure 3,
4). Thus, the association of persistent exosomal
mRNA expression at the end of treatment with
disease relapse implied its potential as a biomarker for
detection of MRD. Additionally, the information
related with exosomal mRNAs expression could be
useful for predicting the prognosis of patients because
the previous study reported the poor prognosis of
B-cell lymphoma patients with exosomal BCL-6 and
C-MYC mRNA at diagnosis and the association of
exosomal AKT mRNA with the lack of response to
rituximab-based treatment [37]. Based on our results,
the expression of genes that were increased frequently
during disease progression or relapse, such as BCL2,
BCL6, and MYC might be useful for monitoring
disease status and predicting the risk of relapse.

The current study has several limitations. Most
importantly, because of limited reports on exosomal
mRNA in NHL patients, and lack of datasets, we
could not validate our results. Additionally, relatively
small number of patients may limit our data’s
interpretation and generalizability. Nevertheless, our
data are clinically meaningful, as our results firstly
offer the serial changes of serum derived exosomal
mRNA expression during treatment course of NHL
patients, comparing those of ctDNA mutations. Our
results may be used to design future studies and
guide clinical decisions. Future efforts will include
more patients comparing the exosome test with some
of the currently available blood-based assays.

Taken together, our results demonstrated the
feasibility of exosomal mRNA expression profiles as a
biomarker for NHL patients including DLBCL and
compared its performance as a liquid biopsy with
ctDNA mutation analysis using matched patients’
samples. Although this study has limitations,
including a relatively small number of patients, it
provides rationale for continuation of studies to
explore the potential of exosomal mRNA as a
biomarker in NHL patients. Further study is
warranted to validate and confirm our results.
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