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Abstract: Objective: Diffuse large B-cell lymphoma (DLBCL) is an aggressive B-cell non-Hodgkin’s lymphoma.
Invasive DLBCL cells are likely to metastasize into extranodal tissue (e.g., the central nervous system) that is difficult
for chemotherapy drugs to penetrate, seriously affecting patient prognosis. The mechanism of DLBCL invasion re-
mains unclear. This study investigated the association between invasiveness and platelet endothelial cell adhesion
molecule-1 (CD31) in DLBCL. Methods: This study consisted of 40 newly diagnosed DLBCL patients. Differentially
expressed genes and pathways in invasive DLBCL cells were identified using real-time polymerase chain reaction,
western blotting, immunofluorescence, and immunohistochemical staining, RNA sequencing, and animal experi-
ments. The effect of CD31-overexpressing DLBCL cells on the interactions between endothelial cells was deter-
mined using scanning electron microscopy. The interactions between CD8+ T cells and DLBCL cells were examined
using xenograft models and single-cell RNA sequencing. Results: CD31 was upregulated in patients with multiple
metastatic tumor foci compared to patients with a single tumor focus. CD31-overexpressing DLBCL cells formed
more metastatic foci in mice and shortened mouse survival time. CD31 disrupted the tight junctions between endo-
thelial cells of the blood-brain barrier by activating the osteopontin-epidermal growth factor receptor-tight junction
protein 1/tight junction protein-2 axis through the protein kinase B (AKT) pathway, enabling DLBCL to enter the
central nervous system to form central nervous system lymphoma. Furthermore, CD31-overexpressing DLBCL cells
recruited CD31+ CD8+ T cells that failed to synthesize interferon-y (INF-y), tumor necrosis factor-a (TNF-«), and
perforin via the activated mTOR pathway. Some target genes, such as those encoding S100 calcium-binding protein
A4, macrophage-activating factor, and class | b-tubulin, may be used to treat this type of DLBCL surrounded by
functionally suppressed CD31+ memory T cells. Conclusions: Our study suggests that DLBCL invasion is associated
with CD31. The presence of CD31 in DLBCL lesions could represent a valuable target for treating central nervous
system lymphoma and restoring CD8+ T-cell function.
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Introduction among patients at initial diagnosis [2]. Tumor

foci in newly diagnosed DLBCL can occur either

Diffuse large B-cell ymphoma (DLBCL) is a can-
cer originating in the lymphatic system [1].
Malignant tumors are characterized by the for-
mation of metastases. DLBCL is a heteroge-
neous blood tumor, reflected in the large differ-
ences in the number of tumor foci and survival

in only one lymph node or tissue or simultane-
ously in multiple lymph nodes or tissues
throughout the body. Various scoring systems,
such as Ann Arbor staging, International
Prognostic Index (IPl), NCCN-IPI, and the
Deauville score, take the number of tumor foci
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at initial diagnosis as one of the important
parameters for evaluating patient status and
prognosis. The more invasive DLBCL is, the
more tumor foci are present at initial diagnosis
and the worse the patient’'s prognosis [3].
Rituximab, cyclophosphamide, doxorubicin, vin-
cristine, and prednisolone (R-CHOP) are first-
line treatment options for DLBCL, resulting in
1-year disease-free survival of over 85% for
DLBCL patients. However, some patients with
invasive DLBCL do not benefit from R-CHOP
and have poor results in the late disease stag-
es [4]. Invasive DLBCL cells are likely to enter
the blood-brain or blood-testis barrier. Early
identification of highly invasive DLBCL cell sub-
sets can help prevent the occurrence of central
nervous system lymphoma (CNSL). Because
invasive DLBCL can leave the primary lesion
early and evade chemotherapeutic agents,
some DLBCL patients initially benefiting from
R-CHOP may later relapse with CNSL. CNSL is
fatal for DLBCL patients [5]. Prophylactic intra-
thecal injection of chemotherapy drugs has lim-
ited significance for CNSL. Currently, the back-
bone of CNSL treatment is high-dose metho-
trexate; however, it cannot be administered to
patients with impaired renal function or kidney
transplantation. CNSL tumor cells often accu-
mulate in the perivascular space [6]. CNSL may
not require sufficient endothelial cells to par-
ticipate in angiogenesis in the early stage, but it
needs endothelial cells to participate in tumor
invasion and destruction of parenchyma [7].
Therefore, studying DLBCL invasion is impor-
tant for identifying new treatments [8].

Platelet endothelial cell adhesion molecule-1
(CD31) is a highly glycosylated Ig-like mem-
brane receptor expressed by leukocytes, plate-
lets, and endothelial cells. The full-length iso-
form of human CD31 is a 130 kDa type | trans-
membrane glycoprotein comprised of six Ig-like
extracellular domains, a short transmembrane
segment, and a cytoplasmic tail of varying
length due to alternative splicing [9]. CD31 pro-
motes cell migration, signal transduction, and
tumor angiogenesis and inhibits apoptosis [10].
Although some research suggests that CD31 is
a drug delivery marker for cardiovascular and
cerebrovascular diseases [11], aberrant CD31
expression is closely associated with B-cell
activity [12]. Some relapsing and refractory
DLBCL cells originating from CD20-negative
tumor cells limit the use of rituximab and carry
antigens that can bind to CD31 [13]; however,
the mechanism by which CD31 helps DLBCL
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cells escape from the primary tumor and enter
other tissues is unclear.

Complex interactions between tumor and tis-
sue cells regulate tumor dissemination, a pro-
cess that begins early at the primary tumor site
until tumor cells detach themselves from the
tumor mass and start migrating into the mes-
enteric lymph nodes or mesentery. Osteopontin
(OPN) is a key determinant of the crosstalk
between cancer cells and the host microenvi-
ronment [14]. Therapeutic targeting of OPN
needs to consider the heterogeneous functions
of the multiple OPN isoforms with regard to
cancer formation and progression [15]. OPN
expression is associated with non-germinal
center DLBCL, a more aggressive lymphoma
variant [16]. Understanding how OPN is abnor-
mally activated is key to elucidating the differ-
ences in DLBCL invasion. Because studies on
OPN and DLBCL invasion are limited, the clini-
cal utility of OPN as a marker of DLBCL progno-
sis and treatment monitoring is unclear.

Mammalian target of rapamycin (mTOR) is a
serine/threonine protein kinase in the phos-
phoinositide 3-kinase (PI3K)-related kinase
family that forms the catalytic subunit of two
distinct protein complexes, mTOR Complex 1
(MTORC1) and mTOR Complex 2 (mTORC2).
Extensive research has established the central
role of mTOR in regulating many fundamental
cell processes, from protein synthesis to
autophagy, and deregulated mTOR signaling is
implicated in cancer progression [17]. Early
rapamycin studies showed that mTOR could
block T-cell activation, a key aspect of the adap-
tive immune response. The mTOR signaling
pathway is important for malignant B-cell
growth and survival [18]. Preclinical studies in
DLBCL cell lines demonstrated that mTOR
inhibitor-induced CNSL cell cycle arrest was
synergistic with rituximab [19]. Understanding
how CD31 interacts with mTOR and promotes
CNSL is key to explaining the above results. In
this study, we aimed to characterize the role of
CD31 in DLBCL invasion. Targeting CD31 may
be a valuable strategy for reducing DLBCL cell
invasion and preventing tumor progression.

Materials and methods
Primary cell culture and reagents

In order to get a more accurate study of diffuse
large B-cell lymphoma (DLBCL), we directly
detected newly diagnosed and relapsed/refrac-
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Table 1. Clinical information of all patients

Total (N, %) 40
Gender
Male 24 (60%)
Female 16 (40%)
Age
<60 20 (50%)
>60 20 (50%)
GCB/ABC
GCB 20 (50%)
ABC 20 (50%)
Ann Arbor Staging
-1 7 (17.5%)
-1V 33 (82.5%)
IPI Score Point
Low risk 0 1(2.5%)
1 2 (5%)
Low to medium risk 2 8 (20%)
High to medium risk 3 10 (25%)
High risk 4 11 (27.5%)
5 8 (20%)
NCCN-IPI Score
Low risk 0 0 (0%)
1 3 (7.5%)
Low to medium risk 2 0 (0%)
3 9 (22.5%)
High to medium risk 4 8 (20%)
5 11 (27.5%)
High risk 6 7 (17.5%)
7 2 (5%)
8 0 (0%)
Deauville Score
1 1(2.5%)
2 3 (7.5%)
3 8 (20%)
4 11 (27.5%)
5 17 (42.5%)
Affected organs
1 7 (17.5%)
>2,<5 21 (52.5%)
>5,<10 4 (10%)
>10,< 20 8 (20%)

GCB: germinal center B-cell-like lymphone; ABC: activat-
ed B-cell-like lymphoma; IPI Score: international prognos-
tic index score; NCCN-IPI Score: National Comprehensive
Cancer Network-International Prognostic Index score.

tory DLBCL patient’s cells. The patient’s DLBCL
cells helped us to further accurately elucidate
the mechanism of the DLBCL cells. We used
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positive magnetic bead sorting to obtain higher
purity B cells from lymph nodes and tumor tis-
sues. Table 1 provides patients information. All
operations were carried out carefully in accor-
dance with the instructions. DETACHaBEAD
CD19 (Dynal, Norway) was designed to release
CD19+ B cells from DLBCL patients and normal
donors. CD19+ B cells released according to
the instructions were pure, viable, and not acti-
vated. There were no residual magnetic beads
or primary antibodies bound to the surface. The
obtained DLBCL primary cell suspension was
cultured in RPMI 1640 medium enriched with
100 U/ml penicillin, 100 mg/ml streptomycin
and 15% fetal bovine serum (FBS). To further
ensure the purity of patient DLBCL cells, we
subcultured the primary cells for 4 weeks and
used flow cytometer (BD Biosciences, San
Jose, CA, USA) and immunohistochemistry
(CD20, CD30, CDh3, CK, CD38, CD138, PAX-5,
CD79a, Bcl-6, Bcl-2, Mum-1, CD10, C-myc, P53
and Ki-67) to determine whether they were
DLBCL cells. The mouse CD19+ B cells were
released using the ImunoSep Mouse CD19+
cell positive selection kit (Precision BioMedicals
Co., Ltd., Tianjin, CHN). We carefully followed
the instructions to release CD19+ B cells from
DLBCL mice model and healthy mice. The
CD19+ B cells released from the DLBCL model
mice were also subcultured for 4 weeks and the
non-proliferative cells would die. This helped us
ensure the tumor-derived and monoclonal of
the cells. Mouse CD4+ T cells were released
using Dynabeads FlowComp Mouse CD4
(Invitrogen, Carlsbad, CA). Mouse CD8+ T cells
were released using Dynabeads FlowComp
Mouse CD8 (Invitrogen, Carlsbad, CA). All oper-
ations were performed carefully in accordance
with the instructions. All cell culture plates were
maintained in a humidified incubator at 37°C in
a 5% CO atmosphere. Cell culture media and
supplements were purchased from Hyclone
(Termo Fisher Scientific, Waltham, MA, USA).
Antibodies for Western blot analysis were
obtained from Abcam (Cambridge, MA, USA)
and secondary antibodies were purchased
from Abcam (Cambridge, MA, USA). TRIzol
reagent was bought from Life Technologies
(USA). AVSTIN (99.29% purity) was obtained
from Shanghai Selleck Chemicals Co., Ltd.
(China). Antibodies for immunohistochemistry
analysis were obtained from Invitrogen (Car-
Isbad, CA) and secondary antibodies were
purchased from Invitrogen (Carlsbad, CA).
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Antibodies for immunofluorescence analysis
were obtained from Abcam (Cambridge, MA,
USA) and secondary antibodies were pur-
chased from Li-Cor Corp. (Lincoln, NE, USA).
The inhibitors (Odanacatib, NIK SMI1, Oroxin B,
Ridaforolimus and Bevacizumab) were pur-
chased from MedChem Express (Monmouth
Junction, NJ, USA) and dissolved in DMSO. The
patients DLBCL cells were treated at 5-25 uM
with either inhibitor or at matched concentra-
tion of DMSO (0.1%) for 24 h.

Western-blot analysis

Western-blot was employed to detect the pro-
tein expressions of related genes in newly diag-
nosed, relapsed and refractory DLBCL patients,
as well as in the cells transfected with siRNA or
lentivirus. Briefly, cells were washed by phos-
phate buffer solution (PBS), collected, and then
lysed in radioimmunoprecipitation (RIPA) assay
buffer (50 mM Tris-HCI, 150 mM NaCl, 0.1%
SDS, 0.5% Na-deoxycholate, 1% NP40) contain-
ing proteinase inhibitor cocktail and phospha-
tase inhibitor cocktail (Roche Applied Science,
Indianapolis, IN, USA). The lysate was centri-
fuged at 12000 x g at 4°C for 20 min. The pro-
tein concentration was determined using Pier-
ce BCA Protein Assay Kit (Thermo scientifc,
Waltham, MA, USA) at 562 nm. The superna-
tant with equal amounts of protein (50 ug
protein) was fractioned using 10% SDS-PAGE
and electrophoretically transferred to Hybond-
enhanced chemiluminescence membrane (GE
Healthcare Life Sciences, Piscataway, NJ, USA).
The membrane was blocked with 5% non-fat
skim milk (Blocking-Grade Blocker; Bio-Rad)
in 1 x TBST (10 mM Tris-HCI, 150 mM NaCl,
0.05% Tween-20) at room temperature for 1 h
and then incubated with primary antibody
(Abcam, Cambridge, MA, USA) at 4°C over-
night. After being washed with PBS containing
0.1% Tween 20 (PBST), the membranes were
incubated with horseradish peroxidase (HRP)
conjugated with anti-lgG secondary antibod-
ies (Abcam, Cambridge, MA, USA) for 45 min
and visualized by an ECL Detection Kit (Bio-
Rad). All experiments were conducted at least
three times.

Quantitative real-time PCR and PCR arrays

Cells were washed with PBS twice and lysed
with buffer RL containing a 50 x dithiothreitol
(DTT) solution. Total RNA was isolated and puri-
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fied from cells by RNeasy Kit (Qiagen, Hilden,
Germany) according to the manufacturers’
instructions, and reverse-transcribed using
Omniscript Reverse Transcription Kit (Qiagen,
Hilden, Germany). cDNAs were analyzed by
quantitative real-time PCR using primers pro-
vided by Airui Technology Corporation (Chengdu,
China) and iQ SYBR Green supermix (Bio-Rad,
Singapore). The specificity, efficiency, and fidel-
ity of PCR primers for real-time quantitative
PCR were validated by checking PCR products
and analyzing the melting curves. The thermal
cycling conditions used in the protocol were 1
min at 94°C, followed by 40 cycles at 94°C for
10 s and at 60°C for 15 s. All experiments were
performed at least three times.

Patient samples

Forty patients, who were diagnosed as DLBCL
and received treatment at the Affiliated Hospital
of Guiyang Medical College, Affiliated Hospital
of North Sichuan Medical College and West
China Hospital of Sichuan University, were
included in this study (Table 1). All patients
were classified according to the ANN Arbor
Staging. Relapsed and refractory patients were
identified by PET-CT and pathological biopsy
after standard therapy. The clinical information
of all patients was shown in Table 1. We also
collected samples from 40 normal donors. We
obtained all samples by ultrasound-guided
puncture and resection procedures. The study
was approved by the institutional review board
(Affiliated Hospital of the Guiyang Medical
College, Affiliated Hospital of North Sichuan
Medical College and West China Hospital of
Sichuan University), and written informed con-
sent was obtained in accordance with the
Declaration of Helsinki before blood donation
in each case. Research protocols of this study
were reviewed and approved by the Ethics
Committee of West China Hospital of Sichuan
University and North Sichuan Medical College.

MRNA sequencing and gene expression analy-
sis

Nonnecrotic tissues were carefully removed
from the tumors and immediately snap-frozen
at -80°C until later use for gene and protein
expression analysis; the remaining tissues
were fixed in formalin for histologic evaluation.
Changes in the target gene expression profiles
and key pathway components in the tumors
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were examined through RNA sequencing analy-
sis. For gene expression analysis, RNA was iso-
lated from the snap frozen xenograft tumor tis-
sue using the RNeasy Fibrous Tissue Mini Kit
(Qiagen, Germantown, MA, USA) with DNAse |
treatment and TRIzol Reagent (Invitrogen,
Carlsbad, CA), as described in the manufactur-
er’'s protocol. The quality of RNA was assessed
with Qubit2.0 Fluorometer and Agilent 2100
bioanalyzer. The sequencing libraries were pre-
pared following the supplier's protocols for
sequencing mMRNA samples (lllumina, Foster
City, CA, USA). The FASTQ sequence reads were
aligned using the human genome hg19 TopHat
(v2.0.9) application with default parameters
and Bowtie (v1.0.0). The raw counts per gene in
each xenograft tumor were then normalized as
fragments per kilobase per million mapped
reads to represent the expression level of the
gene in the tumor. Differentially expressed
genes were identified using the Bioconductor
package DESeq2. A heatmap was generated
through the color-coding of standardized log
gene expression levels (mean, zero; SD, one).
The RNA sequencing data were subjected to
gene set enrichment analysis (GSEA; http://
www.broadinstitute.org/gsea) to identify the
enrichment or depletion of defined gene expres-
sion signatures in reference to the database
(NR, SwissProt, PFAM, GO, KEGG and STRING).
The genes that were significantly regulated
between the experiment group and vehicle con-
trol were selected based on a false discovery
rate (FDR) of < 0.05 and absolute fold change
of > 2 on pretransformed expression on a log2
scale.

Hematoxylin-eosin (HE) staining

Fresh tissues were put into the stationary solu-
tion (10% formalin). The cell protein was dena-
tured and solidified. The tissue was fixed for 24
h. After pruning the tissue, we put it into the
embedding box and rinse it with water for 30
min. Tissue blocks were dehydrated using dif-
ferent concentrations of alcohol and placed in
xylene. The transparent tissue blocks were
placed in the dissolved paraffin wax and stored
in the wax box. After the paraffin wax was com-
pletely immersed in the tissue, the paraffin was
embedded. A slice machine was used to slice
the block after the block was cooled and solidi-
fied. The slices were stained with hematoxylin
solution for several minutes. The slices were
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placed in the acid and ammonia water for a few
seconds respectively. After 1 hour of washing,
we put it into the distilled water for a moment,
dehydrating in alcohol for 10 min, and staining
for 2-3 min. The stained sections were dehy-
drated by pure alcohol, translucented by xylene,
and sealed with cover glass. All experiments
were conducted at least three times.

Scanning electron microscope

Mice were sacrificed by cervical dislocation,
and fontanelles were carefully isolated. The
intact brain tissue of the mice was isolated. The
vascular choroids, which were attached to the
fontanelles and brain tissue, were bluntly iso-
lated. The above parts were fixed with glutaral-
dehyde for 24 h, dehydrated by 40%, 60%, 80%
and 100% alcohol, and kept in the oven for 5
min. The dried samples were adhered to the
sample holder. The sample holder was placed
in the steaming chamber. The ventilation valve
was opened, and the surface of the samples
were plated with a metal film so that the elec-
tron beam could penetrate the sample to form
an image. The samples were observed by scan-
ning electron microscope. All experiments were
conducted at least three times.

Virus and siRNA transfection

Lentivirus and small interfering RNA (siRNA)
targeting human were selected with Invitrogen
designer software. For example, retroviruses
were generated by transfecting empty plas-
mid vectors containing the enhanced green
fluorescence protein (EGFP) or vectors con-
taining human CD31-EGFP/siRNA-CD31-EGFP
into 293FT packaging cells, using the FUGENE
HD6. Lentiviral stocks were concentrated
using Lenti-X concentrator, and titers were
determined with Lenti-X gRT-PCR titration kit
(Shanghai Innovation Biotechnology Co., Ltd.,
China). Finally, lentivirus-V5-D-TOPO-CD31-EG-
FP (L-CD31), lentivirus-V5-D-TOPO-EGFP (TOPO-
EGFP), lentivirus-pRNAI-u6.2-EGFP-siCD31 (siC-
D31), and lentivirus-pRnai-u6.2-egfP (RNAI-
EGFP) 4 recombinant lentiviral vectors were
constructed. For transduction, cells were plat-
ed onto 12-well plates at the density of 2.5 x
10%/well, infected with the lentiviral stocks at
a multiplicity of infection of 10 in the presence
of polybrene (10 pg/ml), and then analyzed
by fluorescence microscopy (Olympus, Tokyo,
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Japan) and Western blotting at 48 h after
transduction.

Immunohistochemistry

The slides were placed in a mixture of potassi-
um dichromate and H,SO, and then washed to
remove residual potassium dichromate and
H,SO, (approximately one hour). Then, the
slides were soaked in alcohol, placed on a
rack, and placed in a 37°C incubator. Some lig-
uid paraffin was added to the iron mold. The
tissue was placed in paraffin after paraffin
cooling. Paraffin machine was used to section
the embedded tissue. Sections were deparaf-
finized using xylene and various concentrations
of alcohol. Sections were heated to expose the
site of the antigen and repair the antigen.
Serum was used to block non-specific sites.
Primary and secondary antibodies (Abcam,
Cambridge, MA, USA) were added, followed by
strept avidin-biotin (SABC). Dehydrating was
performed after addition of chromogen and
counterstaining.

Animals and treatments

In the experiment, we selected two kinds of
male mice (BALB/c-Nude and C57BL/6Ly5.2)
for different experiments. Male C57BL/6Ly5.2
and BALB/c-Nude mice weighing 18 to 20 g
were purchased from the Institute of Laboratory
Animal Sciences (PUMC, Beijing, China). The
mice were cultured in specific pathogen free
(SPF) class animal laboratory. After adapting to
the environment, the mice were divided into 16
groups randomly. Eight groups of 72 mice
served as the experiment group and were
injected with EXP-1 DLBCL cells. The other
groups of mice were EXP-2 DLBCL cells group.
Each mouse was injected with 3 x 107 DLBCL
cells. All mice were injected via tail vein every
day for one week. The survival time of mice
were recorded and analyzed. Hematoxylin and
eosin (HE) staining was used to detect DLBCL
cells infiltration in thyroid, lymph nodes, spleen,
ovary and mesentery. The experiment strictly
followed the Helsinki declaration and pass-
ed the ethical examination of animal experi-
ments in Sichuan University and North Sichuan
Medical College (Ethical approval number:
2020ER036-1 and 2021025A).

Immunofluorescence

The cells or tissues were washed with PBS
twice, and fixed using a cross-linking agent
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such as paraformaldehyde. Cells or tissues
were permeabilized before adding the antibody
for incubation to ensure that the antibody can
reach the antigenic site. The selection of per-
meabilizers should fully consider the properties
of antigenic proteins. The permeabilization time
was generally 15 min. After permeabilization,
they were washed with PBS. Cells were blocked
with blocking solution for 30 min. Incubated pri-
mary antibodies for 1 h at room temperature
or overnight at 4°C. Then washed with PBST.
Incubated with secondary antibody for 1 h at
room temperature in the dark. Washed with
PBST for 3 times and rinsed with distilled water.
Fluorescence microscopy was performed after
adding the mounting medium.

Flow cytometry

The treated cells were stained according to the
instructions of the Lymphocyte subsets Kit
(Invitrogen, Carlsbad, CA). After being stained
at room temperature for 15 min in the dark,
cells were detected using the FACScan flow
cytometer (Becton-Dickinson, FranKlin Lakes,
NJ), and the data were analyzed using CellFIT
software. The experiments were conducted
according to the protocol provided by the man-
ufacturer. All experiments were conducted at
least three times.

Single-cell RNA sequencing

The cell suspension was loaded into Chromium
microfluidic chips with 3’ (v2 or v3, depends on
project) chemistry and barcoded with a 10 x
Chromium Controller (10 x Genomics). RNA
from the barcoded cells was subsequently
reverse-transcribed and sequencing libraries
constructed with reagents from a Chromium
Single Cell 3’ v2 (v2 or v3, depending on proj-
ect) reagent kit (10 x Genomics) according to
the manufacturer’s instructions. Sequencing
was performed with lllumina (HiSeq 2000 or
NovaSeq, depends on project) according to
the manufacturer’s instructions (lllumina). Raw
reads were demultiplexed and mapped to the
reference genome by UMI-tools (version 1.0.1,
Smith et al., 2017) using default parameters.
All downstream single-cell analyses were per-
formed using Seurat (version 3.1.0, Satija et al.,
2015) unless specifically mentioned. In brief,
for each gene and each cell barcode (filtered by
UMI-tools), unique molecule identifiers were
counted to construct expression matrices.
Secondary filtration was done by Seurat: A gene
with expression in more than 3 cells was con-
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sidered as expressed, and each cell was
required to have at least 200 expressed genes.
The red cells and dead cells were also filtered
out.

Ethics approval

The experiment strictly followed the Helsinki
declaration and passed the ethical examina-
tion of animal experiments in Sichuan Uni-
versity and North Sichuan Medical College
(Ethical approval number: 2020ER036-1 and
2021025A).

Statistical analysis

All operations were carried out carefully in
accordance with the instructions. Statistical
analyses were performed using Prism 9
(GraphPad Software). The experiments were
performed in biological triplicates each time
and independently repeated at least 3 times.
Data are presented as the mean * S.E.M.
Student’s t-test (two-tailed) was used to com-
pare differences between the control and
experimental groups. For all statistical analy-
ses, differences were labeled as *, P < 0.05;
** P <0.01; *** P<0.001.

Results

CD31 overexpression in patients with DLBCL
infiltration into multiple tissues

To study the genes related to DLBCL metasta-
sis, we compared gene expression in primary
tumor tissue from newly diagnosed DLBCL
patients and normal donor lymph node tissue
(Figure 1A). Notably, ten patients with DLBCL
invasion into multiple tissues (e.g., thyroid,
mesentery, testis, and bone marrow) had sig-
nificantly higher CD31 mRNA expression (Fi-
gure 1B). Immunohistochemistry (IHC) showed
that the tissues of these ten patients were in-
filtrated by CD31-overexpressing DLBCL cells
(Figure 1C). Western blotting showed that
CD31, Indian blood group (CD44), and intercel-
lular adhesion molecule 1 (ICAM-1) were also
overexpressed in these patients (Figure 1D).
CD31 mRNA expression was higher in newly
diagnosed DLBCL patients with multiple tis-
sues infiltrated by DLBCL cells (2-DLBCL) than
in newly diagnosed DLBCL patients with a sin-
gle tissue infiltrated by DLBCL cells (1-DLBCL)
(Figure 1E). Western blotting also showed high-
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er CD31 levels in 2-DLBCL than in 1-DLBCL
(Figure 1F). Although some newly diagnosed
patients had only a single tissue infiltrated at
diagnosis (3-DLBCL), CD31 mRNA levels were
higher when DLBCL cells invaded multiple tis-
sues, and these patients had recurrent disease
or progressed to treatment-refractory disease
(4-DLBCL) (Figure 1G). IHC also showed CD31-
positive DLBCL cells in the new metastases
(Figure 1H). These patients with multiple me-
tastases had higher CD44 and ICAM-1 levels
(Figure 11). R-CHOP had no significant effect on
CD31 (Figure 1J).

DLBCL invasion is positively correlated with
CD31

To further determine whether CD31 was a key
factor for the invasion of DLBCL cells, we inject-
ed DLBCL cells expressing different levels of
CD31 into C57BL/6Ly5.2 mice. First, we isolat-
ed patient DLBCL cells and observed their
growth in culture (Figure 2A). Western blotting
of lysates from two patient DLBCL cultures
(EXP-1 and EXP-2) showed that EXP-1 cells
expressed higher levels of CD31, CD44, and
ICAM-1 than the EXP-2 cells (Figure 2B). Four
weeks after tail-vein injection of the patient
DLBCL cells into mice, we found that the EXP-1
cells invaded more tissues than the EXP-2 cells
(Figure 2C). EXP-1 cells were detected in vari-
ous organs, including the intestinal mesentery,
testis, thyroid, lymph nodes, and spleen (Figure
2D). The cells invading the tissues expressed
CD31 and CD20 (Figure 2E). Notably, EXP-1
cells invaded the central nervous system
(Figure 2F). We also compared the survival
times of mice injected with EXP-1 and EXP-2
cells and found that EXP-1 mice had a shorter
survival time than EXP-2 mice (Figure 2G). We
next used siRNA-CD31 to inhibit CD31 expres-
sion in EXP-1 cells, resulting in EXP-3 cells
(Figure 2H). Injection of C57BL/6Ly5.2 mice
with EXP-3 cells resulted in a reduced tissue
invasion at 4 weeks (Figure 2l). The survival
time of EXP-3 mice was also longer than EXP-1
mice (Figure 2J).

CD31 regulates DLBCL invasion through the
mTOR and AKT-OPN pathways

To further understand how CD31 affects DLB-
CL invasiveness, we studied the downstream
genes and pathways regulated by CD31 in three
samples from DLBCL patients with multiple
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Figure 1. DLBCL patients with multiple tissue infiltrated have significant overexpression of CD31. A. Real-time PCR
was used to detect differential gene expression in 40 normal donors and 40 newly diagnosed DLBCL patients. B.
Real-time PCR was used to detect the differential gene expression between DLBCL patients and normal donors.
These 10 patients had multiple tissues infiltrated by DLBCL cells. C. IHC was used to detect the expression of CD31
in tissues infiltrated by DLBCL. Scale bar = 100 um. The magnification is 200 times. D. Western-blot was used to
detect differential gene expression between DLBCL patients and normal donors. These patients had multiple tis-
sues infiltrated by DLBCL cells. E. Real-time PCR was used to detect the CD31 in 1-DLBCL patients and 2-DLBCL
patients. 1-DLBCL were newly diagnosed DLBCL patients with single tissue infiltrated by DLBCL cells. 2-DLBCL were
newly diagnosed DLBCL patients with multiple tissues infiltrated by DLBCL cells. F. Western-blot was used to detect
the gene expression. G. Real-time PCR was used to detect the CD31 expression. 3-DLBCL were DLBCL patients with
single tissue infiltrated by DLBCL cells. 4-DLBCL were relapse/refractory patients with multiple tissues infiltrated by
DLBCL cells. H. IHC was used to detect CD31 in 4-DLBCL. |. Western-blot was used to detect gene expression. Scale
bar = 100 um. The magnification is 200 times. Scale bar = 40 um. The magnification is 50 times. J. Western-blot
was used to detect the effect of R-CHOP treatment regimen to CD31. Table 1 is 40 DLBCL patients information.
DLBCL: diffuse large B cell lymphoma; IHC: immunohistochemistry; Real-time PCR: real-time polymerase chain reac-

tion. All experiments were repeated at least in triplicate ("P < 0.05, P < 0.01, *"P < 0.001).

metastases and three normal donor lymph
node samples using RNA sequencing (Figure
3A). Next, we sequenced samples from three
DLBCL patients with tumor cell invasion in mul-
tiple tissues and three DLBCL patients with a
single tumor focus (Figure 3B). Finally, we also
performed RNA sequencing analysis on the dif-
ferentially expressed genes in three DLBCL-
invaded mouse lymph nodes and three normal
mouse lymph nodes (Figure 3C). The analysis
identified 92 differentially expressed genes in
common between the three RNA sequencing
datasets (Figure 3D). Our enrichment analysis
showed that these genes were associated with
mTOR pathways, adherens junctions, and the
regulation of cell adhesion (Figure 3E). Using
gene sequence enrichment analysis, we found
that mTOR and OPN may be associated with
CD31 (Figure 3F).

CD31 promotes DLBCL metastasis by activat-
ing the AKT-OPN-epidermal growth factor re-
ceptor (EGFR) pathway

OPN was overexpressed in tissues and organs
invaded by CD31-overexpressing DLBCL cells
(Figure 4A). Western blotting showed that siR-
NA-CD31 decreased CD31, phosphorylated-
protein kinase B (p-AKT), OPN, C-C motif che-
mokine ligand 3 (CCL3), ICAM-1, and EGFR lev-
els but upregulated E-cadherin and b-catenin
in CD31-overexpressing DLBCL cells. The AKT
pathway inhibitor GSK690693 reduced p-AKT,
OPN, CCL3, ICAM-1, and EGFR levels and up-
regulated E-cadherin and B-catenin in CD31-
overexpressing DLBCL cells. However, the OPN
inhibitor odanacatib only inhibited OPN, CCL3,
ICAM-1, and EGFR protein expression and
upregulated E-cadherin and B-catenin in these
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cells (Figure 4B). Only siRNA-CD31 inhibited
DLBCL cell invasiveness (Figure 4C). In addi-
tion, siRNA-CD31 extended the survival time of
the mice (Figure 4D). We next overexpressed
CD31 in four groups of DLBCL cells that lacked
CD31 expression by lentiviral transduction
(Figure 4E). Four weeks after the injection of
these cells into mice, we observed that the infil-
trated tissues were destroyed by the CD31-
overexpressing DLBCL cells (Figure 4F). We
hypothesized that these DLBCL cells might infil-
trate the tissues by crossing the endothelial
cells. The vascular endothelial cells of the brain
were structurally intact in the control group. In
contrast, the vasculature in the experimental
group was thin, and the endothelial cells had a
loose structure. Moreover, some DLBCL cells
had broken through the vasculature and pene-
trated the intracranial area (Figure 4G). The
gaps between normal endothelial cells were
closed by tight junctions (TJs), limiting the
movement of cells from one side to the other
(Figure 4H). The TJs of the vessels around the
tumor tissue were destroyed and opened
(Figure 4l). Thus, the two sides of the endothe-
lium became permeable to the DLBCL cells
(Figure 4J). Abnormal TJs detached from the
vascular membrane. Their mitochondria be-
came swollen with sparse internal cristae
(Figure 4K). DLBCL destroyed the TJs through
the CD31-OPN-EGFR pathway by inhibiting
zonula occludens (Z0)-1 and Z0O-2 (Figure 4L).

CD31 blocks normal T-cell function

Odanacatib and GSK690693 did not complete-
ly inhibit the invasion of DLBCL cells into extra-
nodal tissues. We hypothesized that this finding
might be related to the immune cells. We made
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Figure 2. The invasion of DLBCL is positively correlated with CD31. A. We used DETACHaBEAD CD20 to release
DLBCL cells from DLBCL tumour tissues. The cells were observed at different times using light microscopy. Scale bar
=800 um. The maghnification is 50 times. Scale bar = 200 uym. The magnification is 400 times. B. The gene expres-
sions of DLBCL cells (EXP-1 cells and EXP-2 cells) were detected by Western-blot. C. 3 x 10" EXP-1 cells and EXP-2
cells were injected into C57BL/6Ly5.2 mice through the tail vein. The number of invaded tissues were calculated
in the fourth week. D. HE staining was used to detect tissues invaded by EXP-1 DLBCL cells. Scale bar = 100 pym.
The magnification is 200 times. E. IF was used to detect the gene expression of DLBCL cells invasion tissues. Scale
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bar = 100 ym. The magnification is 200 times. F. IF was used to detect EXP-1 central nervous system lymphoma
(CNSL) tumour tissue. G. The survival time of EXP-1 and EXP-2 mice. Scale bar = 10 ym. The magnification is 50
times. Scale bar = 100 um. The magnification is 200 times. H. Western-blot was used to detect the effect of siRNA-
CD31 on EXP-1 cells (EXP-3) at different time. |. The number of invaded tissues in the EXP-1, EXP-2 and EXP-3 were
calculated in the fourth week. J. The survival time of EXP-1, EXP-2 and EXP-3 mice. IF: Immunofluorescence. All
experiments were repeated at least in triplicate ("P < 0.05, P < 0.01, **P < 0.001).

xenograft models by implanting tumor lymph
nodes into the necks of C57BL/6Ly5.2 mice
(Figure BA). After 3 weeks, we removed the
tumor lymph nodes and analyzed them by HE
staining. All the tumor lymph nodes formed a
layer outside composed of T cells (Figure 5B).
However, CD31-overexpressing tumor lymph
nodes had fewer T cells (Figure 5C). Moreover,
the T cells from the CD31-overexpressing tumor
lymph node group had more CD31 markers on
their surfaces, and these CD31+ T cells were
mostly CD8+ T cells (Figure 5D). We used sin-
gle-cell RNA sequencing to analyze the CD8+ T
cells from the CD31-overexpressing tumor
lymph nodes. The mTOR pathway was activated
in CD8+ T cells overexpressing CD31. We
believe the CD31 was coexpressed with mTOR
in the CD8+ T cells (Figure 5E). The expression
levels of IFN-y, perforin, and TNF-a were
reduced in these mTOR-activated CD8+ memo-
ry T cells (Figure 5F). CD31 helped DLBCL cells
inhibit the function of the CD8+ T cells through
cell-to-cell contact, making this part of DLBCL
cells easier to metastasize. Therefore, studying
the expression of genes in DLBCL cells encod-
ing proteins that interact with CD8+ T cells will
be helpful for salvage therapy. To this end, we
detected abnormally high (e.g., S100A4) or low
(e.g., TUBA1B) expression of such genes in the
CD31-overexpressing DLBCL cells.

Discussion

Even when a primary lesion is controlled by
first-line agents, unpredictable and untrace-
able metastases seriously affect patient prog-
nosis. Searching for ideal markers of tumor
invasion plays an important role in treating and
identifying patients with poor prognoses. These
markers could identify therapeutic targets
related to metastasis, providing insights into
the distribution of tumor cell subsets and gene
expression differences between primary and
metastatic tumors [20]. Approximately one-
third of lymphomas are DLBCL, the most com-
monly occurring form of non-Hodgkin lympho-
ma in the western world [21]. In addition, accu-
rate assessment of tumor burden is a prerequi-
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site for improving DLBCL patient prognosis.
Flourine-18 fluorodeoxyglucose positron emis-
sion tomography/computed tomography com-
bined with the IPI score can effectively predict
the prognosis of DLBCL patients after inter-
mediate treatment [22]. Some studies have
used CD31 as a marker of blood vessels, and a
growing body of evidence points to the thera-
peutic potential of CD31 agonists in athero-
thrombosis [23]. Excess CD31 on the surface
of leukemic cells promotes a homotypic inter-
action with marrow endothelial cells, resul-
ting in higher transendothelial migration [24].
Moreover, CD31 expression in acute lympho-
blastic leukemia (ALL) cells enhances the adhe-
sion and migration of ALL cells to human brain-
derived microvasculature endothelial cells [25].
The combination of multiple molecular cell sur-
face markers (e.g., CD19, CD20, CD45, and
CD3) can help identify lymphoma subtypes and
targeted therapies; however, CD31 is not cur-
rently included.

A case of DLBCL with strong abnormal CD31
expression was reported in Blood in 2018,
leading researchers to pay attention to its
importance [26]. Although heterogeneous nu-
clear ribonucleoprotein U [27], oncostatin M
[28] and C-X-C motif chemokine ligand 12 [29]
have been reported to be essential for the inva-
sion and metastasis of cancer, there was no
difference in the expression levels of these
genes between the 40 newly diagnosed DLBCL
patients and the normal donors in our study.
We found that CD31 expression was signifi-
cantly higher in patients with multiple meta-
static tumor foci than in normal donors. CD31
was also significantly higher in DLBCL patients
with multiple metastatic tumor foci than in
DLBCL patients with a single tumor focus.
CD31-overexpressing DLBCL cells also ex-
pressed CD44, ICAM-1, and EGFR. CD44 medi-
ates vascular barrier integrity by regulating
CD31 expression [30]. Cell extravasation re-
quires CD31-mediated ICAM-1-dependent tight
adhesion and transendothelial migration [31].
CD31 can also counteract ICAM-1 inhibition
by an AP-1 inhibitor [32] and promote tumor
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Figure 3. CD31 regulates DLBCL invasion through mTOR pathway and AKT-OPN pathways. (A) RNA sequence was
used to compare 3 invasive DLBCL patients’ samples and 3 normal donors’ lymph node samples. S1, S2 and S3
represent 3 invasive DLBCL patients’ samples. N1, 2, and N3 represent 3 normal donor samples. We used heatmap
to represent the results. (B) RNA sequencing was used to compare 3 DLBCL patients’ samples with multiple tis-
sue invasion and 3 DLBCL patients with single tumor foci. S4, S5 and S6 are DLBCL patients’ samples with single
tumor foci. (C) RNA sequencing was used to compare 3 DLBCL mice lymph nodes and 3 normal mice lymph nodes.
C1, C2 and C3 represent 3 normal mice lymph nodes. (D) The common differentially expressed genes in (A-C) were
analyzed. P < 0.001. (E) Enrichment analysis was used to analyze common differentially expressed genes. (F) GSEA
(FDR < 0.05) was used to search for downstream genes and pathways regulated by CD31 in (A-C). mTOR: mamma-
lian target of rapamycin; AKT: protein kinase B; GSEA: Gene Set Enrichment Analysis. All experiments were repeated
at least in triplicate. FDR < 0.05 and absolute fold change > 2. P < 0.001. (*P < 0.05, "*P < 0.01, ""P < 0.001).

metastasis by focal adhesion kinase signaling
pathways [33]. CD31 expression is increased in
some DLBCL patients with relapsed or refrac-
tory disease. We hypothesize that R-CHOP can
kill most DLBCL cells lacking CD31 expression;
however, an early metastatic DLBCL subpo-
pulation overexpressing CD31 can avoid the
effects of chemotherapy and continue to prolif-
erate, resulting in disease recurrence. When
this low number of early metastatic tumor cells
do not form tumor foci, it is difficult to track and
treat at an early stage.

We found that DLBCL with high CD31 expres-
sion was more likely to form CNSL. CNSL occurs
in approximately 5% of patients with DLBCL
and is a devastating complication that often
results in death within a few months [34].
Currently, methotrexate (MTX) is the backbone
of CNSL treatment; however, MTX is nephrotox-
ic and cannot be administered to patients with
impaired renal function. Moreover, immunosup-
pressants lead to more CNSL, which may be
related to T-cell suppression and Epstein-Barr
virus infection [35]. MTX cannot be used with
Kidney transplant patients who are chronically
immunosuppressed. We think targeting CD31
may represent a new backbone for treating
these patients.

CD31 affects DLBCL invasiveness by upregulat-
ing OPN through the AKT pathway. AKT is
involved in the PI3K signaling pathway, which
regulates the function of many downstream
proteins involved in tumor cell migration.
Phosphatase and tensin homolog (PTEN) is a
negative regulator of PI3K-AKT signaling. PI3K-
AKT dysregulation is indicated in 55% of germi-
nal center B-cell-like (GCB) DLBCL and 14% of
non-GCB DLBCL with PTEN deficiency. In addi-
tion, the PI3K-AKT signaling pathway is involved
in rituximab action, and high levels of p-AKT
have an adverse prognostic impact on DLBCL
patients treated with R-CHOP. Conceivably, the
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PI3K-AKT signaling pathway has validated tar-
gets for DLBCL. Furthermore, treatment with a
single agent to inhibit PI3K can trigger simulta-
neous activation of other related pathways,
highlighting the significance of combined thera-
py [36]. OPN was expressed in patients with
multiple tumor foci and those with relapsed or
refractory disease. One study reported that
MMP-7 is significantly increased in CNSL [37].
We found that DLBCL invasion was related to
the simultaneous induction of matrix metallo-
peptidase 3 (MMP-3) and MMP-9 by OPN, and
the OPN inhibitor odanacatib could inhibit
MMP-3 and MMP-9. CCL3 and ICAM-1 were
also inhibited by odanacatib. E-cadherin and
B-catenin are both associated with cancer pro-
gression [38]. OPN simultaneously inhibited
E-cadherin and 3-catenin, explaining how OPN-
overexpressing DLBCL cells could invade more
tissues in less time and significantly shorten
the survival period in mice. Therefore, we be-
lieve that odanacatib can supplement R-CHOP
for treating initial highly invasive DLBCL and
relapsed or refractory DLBCL with CD31 overex-
pression. Given that some patients with high
tumor microvessel density had a worse progno-
sis, some clinical trials have used bevacizumab
to determine whether the invasion of DLBCL is
associated with CD31-induced tumor vascular
growth [39]. However, bevacizumab did not
show encouraging results in treating invasive
DLBCL [40] because CD31 not only promotes
vascular endothelial growth factor associated
with the tumor-supplying microvessels but also
activates OPN and downstream genes, which
are not fully inhibited by bevacizumab. There-
fore, relying solely on tumor microvessel densi-
ty as a therapeutic guideline for using bevaci-
zumab might delay the optimal timing of treat-
ment for patients with invasive DLBCL.

Although OPN significantly shortened the sur-
vival time of DLBCL-bearing mice, there are
many theories about how DLBCL invades tis-
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Time(hours):

CD31 is a target for treating central nervous system lymphoma

S1

SiRNA-CD31

0 24 48 72 96 120 144 168

031 T anENENem T -

- 130KDa

e R 500:

66KDa

coLs wmiliBes —~ @@ - - 12xDa

CAM-1 = T

E-Cadherin

p-Catenin

The number of invaded tissues

Percent survival(%)

EGFR ™™ s o e o

57KDa
. & B ¥ oxoa

~ &= & 35KDa

EGF === e = oo s o e = 160KDa

| 175kDa

1001

50

0

-~ EXP-1
- EXP-2

— EXP-1+siRNA-CD31
— EXP-1+GSK690693
— EXP-1+Odanacatib

"0 20 40 60 80 100
Day

Salw

100 pm X200

S3
GSK690693
Time(hours): _0 12 24 36 72 84 96 108
cD31 130KDa
P-AKT (@8 8 8 = 56KDa
orNn ®E W 66KDa
ccLy == 12KDa
icam-1 57KDa
E-Cadherin e et GuRENE o7 <0a
p-catenin [ = = & S s51Da

EGFR [sis &8 &5 =

i ——— 12KD2

175KDa

DAPI CD31

S5

S

(=]

S7

Relapse/refractory DLBCL patients

Odanacatib
12 24 36 72 84 96 108

CD31 S s s s s s = 130KDa

Time(hours): 0

ory [T 66KDa

ccus D 12KDa
ICAM-1 " s57kDa
E-Cadherin 3 % ¥ okpa
B-Catenin m 85KDa
ecr RS S 160kDa

ecrr [ = - = - - 17skna
o R o

OPN

Merie

100 um X200

Am J Transl Res 2023;15(4):2656-2675



CD31 is a target for treating central nervous system lymphoma

R S ]
400 ym X50 100 pm X200

EGFR EGFR

L
OPN-EGFR-Z0-1/20-2 signaling pathway
———
§ o002 ooz 3
! <
4
k z
5
3
% =
2
|l = ,
W HH M m &, EcFR @B = = 175KDa
H CD31 OPN EGFR ZO-1 ZO-2
. i 201 AN 100c0n
§' B - — B EXP-1+siRNA-CD31
H EXP-1+Odanacatib zo-2 4\ MEEE S 190KDa
T R B EXP-1+EGFR-IN-42
pacun. R <00

Am J Transl Res 2023;15(4):2656-2675



CD31 is a target for treating central nervous system lymphoma

Figure 4. CD31 promotes DLBCL metastasis by activating AKT-OPN-EGFR pathway. A. We used immunohistochemi-
cal staining (IHC) to detect OPN expression in tissues and organs invaded by DLBCL cells (On the left). Con repre-
sent S4, S5 and S6 DLBCL patients’ samples. We also obtained samples from relapsed/refractory DLBCL patients
by using needle aspiration and detected OPN by IHC (on the right). B. Western-blot was used to detect the effects
of three groups (siRNA-CD31, GSK690693 and Odanacatib) on EXP-1 cells genes. DLBCL cells were treated with
GSK690693 or Odanacatib (1 uM) for different hours. C. Three groups of EXP-1 cells were treated respectively
with siRNA-CD31, GSK690693 or Odanacatib (1 uM) for 5 days. Then they were injected into three groups of
C57BL/6Ly5.2 mice. Each group contains 10 mice. The number of invaded tissues were calculated in the 4th week.
D. The survival curves of every group were analyzed. E. We detected the CD31 and OPN of 4 groups’ cells by us-
ing IF. Scale bar = 100 um. The magnification is 200 times. F. 4 group of 3 x 10" lentiviral vectors induced CD31
overexpression DLBCL cells were injected into C57BL/6Ly5.2 mice through the tail vein. The Wright’ s staining was
used to detected tissues infiltrated by CD31 DLBCL cells in the fourth week. Scale bar = 400 yum. The magnification
is 50 times. Scale bar = 100 ym. The magnification is 200 times. G. HE staining was used to detect the structure
of vessels in mice. The red circle shows DLBCL cells. Scale bar = 100 uym. The maghnification is 400 times. H. TEM
was used to observe the normal structure of endothelial cells. The red circles indicate the TJ that closed the spaces
between endothelial cells. The magnification is shown in the figure. I. The abnormal TJ around the tumor tissue. As
indicated by the arrows, the TJ went from being closed to being broken. J. DLBCL destroyed the structure of TJ. The
arrow represents DLBCL cells moving to the opposite side. The red circles indicate complete TJ. K. The red circle
above indicates split TJ. The red circles below indicate abnormal mitochondria. L. GSEA was used to detect EGFR-
Z0-1/Z0-1 pathway. EGFR-IN-42 is an EGFR inhibitor. Real-time PCR and Western-blot were used to detect the
expression Z0-1 and Z0-1. IHC: immunohistochemical staining; HE: hematoxylin-eosin staining; TEM: transmission
electron microscope; TJ: tight junctions. All experiments were repeated at least in triplicate ("P < 0.05, "*P < 0.01,

P < 0.001).

sues. We used a CNSL model to explain a new
DLBCL transfer mechanism. We found few cris-
tae in the mitochondria of the endothelial cells,
indicating the inability of these cells to maintain
normal function. Furthermore, several different
protein complexes form barriers between endo-
thelial cells, including adherens junctions, gap
junctions, and TJs. The CD31-AKT-OPN axis
induced high EGFR expression. EGFR causes TJ
instability [41]. Only after EGFR downregulation
could TJs be formed via the recruitment of ZO-1
and Z0-2. These results might explain the fail-
ure of R-CHOP to prevent the metastasis of
CD31-overexpressing DLBCL cells into the cen-
tral nervous system.

The ability of in situ tumors to metastasize
throughout the body is also related to their
escape from immune surveillance [42]. Long-
term survival of DLBCL in a normal immune
environment is one of the causes of relapse or
refractory DLBCL. Therefore, we investigated
the effect of CD31 on immune cell function. As
CD31 is a molecule that can bind to itself, we
found that CD31-overexpressing DLBCL cells
recruited CD31+ T cells. Although more CD31+
T cells were clustered around the high CD3-
expressing tumor tissue, the total number of T
cells was reduced. In contrast, more T cells
were clustered around tumor tissues with low
CD31 expression. CD31+ T cells were predomi-
nantly memory CD8+ T cells. Memory CD8+ T
cells are an important component of protective
immunity [43]. Although CD31+ CD8+ memory
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T cells clustered around the DLBCL metasta-
ses, we did not observe any anti-tumor effects.
Indeed, we found significantly reduced expres-
sion of IFN-y, TNF-&, and perforin in these
CD31+ CD8+ T cells with abnormally activated
mTOR. Thus, CD31 could influence memory
CD8+ T-cell differentiation and activation th-
rough the mTOR pathway. The PI3BK-AKT-mTOR
signaling network induces programmed cell
death protein 1 (PD-1) and programmed death
ligand 1 (PD-L1) expression, facilitating tumor
progression. Currently, combination therapy
with PD-1 or PD-L1 monoclonal antibodies and
small molecular inhibitors has achieved good
patient outcomes. We think inhibiting mTOR
can not only restore the immune recognition of
T cells for tumor cells but also induce T cells to
release more IFN-y, TNF-, and perforin. These
underlying mechanisms may provide poten-
tial new targets for treating invasive DLBCL.
Although inhibiting mTOR can restore some
T-cell function, early targeting of invasive
DLBCL cells is necessary. Our experimental
data provided several novel targets for this sub-
set of DLBCL cells surrounded by CD31+ T
cells. Several limitations should be acknowl-
edged regarding this study. The number of
DLBCL patients was limited. We also did not
analyze the role of CD31 in different DLBCL
subtypes. Although we found some abnormally
expressed genes (e.g., S100A4, MAF, and
TUBB), we did not explore their potential as
therapeutic targets for DLBCL.
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Figure 5. CD31 blocks the normal function of T cells. A. In order to study the immune cells in metastasis, tumor
lymph nodes of patients were directly implanted subcutaneously into the neck of C57BL/6Ly5.2 mice. B. Tumor
lymph nodes were removed after 3 weeks. HE staining was used to detect lymph nodes. The arrow points to a layer
of cells outside the tumor lymph nodes. Scale bar = 400 ym. The magnification is 100 times. C. Flow cytometry was
used to analyze the percentage of T cells per 100,000 cells in 3 groups of tumor tissue of the same weight (0.5
g). Low CD31 represents tumor lymph nodes with Low CD31 expression DLBCL cells. High CD31 represents tumor
lymph nodes with high CD31 expression DLBCL cells. D. Flow cytometry was used to analyze the type of T cells in
tumor lymph nodes after 3 weeks. E. Single-Cell RNA Sequencing was used to analyse memory CD8+ T cells from
the high CD31 expression tumour lymph nodes. We analyzed CD8+ T cells using UMAP and divided them into seven
subgroups. F. Immunofluorescence was used to detect the TNF-a, Perforin and IFN-y of CD8+ T cells aggregated in
tumor lymph nodes. Low CD31 T cells represent T cells with Low expression of CD31. High CD31 T cells represent
T cells that express high levels of CD31. Scale bar = 5 ym. The magnification is 800 times. G. RNA sequencing was
used to analyze DLBCL cells. All experiments were repeated at least in triplicate (P < 0.05, P < 0.01, ""P < 0.001).

In conclusion, our study provides new insights [2] LiSY, Young KH and Medeiros LJ. Diffuse large
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