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Abstract 

Background  High-dose methotrexate (HD-MTX) serves as the cornerstone of central nervous system lymphoma 
(CNSL) treatment, but its efficacy is limited due to low blood–brain barrier (BBB) penetration and adverse effects. This 
study is focused on an exosome-based drug delivery approach aimed at enhancing BBB permeability, thereby reduc-
ing the required dosage of methotrexate (MTX) while ensuring specific targeting of CNSL.

Methods  Human adipose-derived mesenchymal stem cells (hAMSCs) were modified with a lentiviral vector encod-
ing anti-CD19, incorporated into exosomes characterized by colloidal gold immunoelectron microscopy and Nano 
flow cytometry. MTX loaded into anti-CD19-Exos via co-incubation, assessed for loading and encapsulation efficiencies 
using HPLC. In vitro BBB model constructed using hCMEC/D3 and astrocytes to investigate BBB permeability. In vivo 
efficacy of anti-CD19-Exo-MTX evaluated in intracranial CNSL models using MRI. Biodistribution tracked with DiR-labeled 
exosomes, drug concentration in CSF measured by HPLC. LC-MS/MS identified and characterized exosomal proteins 
analyzed using GO Analysis. Neuroprotective effects of exosomal proteins assessed with TUNEL and Nissl staining on hip-
pocampal neurons in CNSL models. Liver and kidney pathology, blood biochemical markers, and complete blood count 
evaluated exosomal protein effects on organ protection and MTX-induced myelosuppression.

Results  We generated anti-CD19-Exo derived from hAMSCs. These adapted exosomes effectively encapsulated 
MTX, enhancing drug accessibility within lymphoma cells and sustained intracellular accumulation over an extended 
period. Notably, anti-CD19-Exo-MTX interacted with cerebrovascular endothelial cells and astrocytes of the BBB, 
leading to endocytosis and facilitating the transportation of MTX across the barrier. Anti-CD19-Exo-MTX outper-
formed free MTX in vitro, exhibiting a more potent lymphoma-suppressive effect (P < 0.05). In intracranial orthotopic 
CNSL models, anti-CD19-Exo-MTX exhibited a significantly reduced disease burden compared to both the MTX 
and Exo-MTX groups, along with prolonged overall survival (P < 0.05). CSF drug concentration analysis demonstrated 
enhanced stability and longer-lasting drug levels for anti-CD19-Exo-MTX. Anti-CD19-Exo-MTX exhibited precise CNSL 
targeting with no organ toxicity. Notably, our study highlighted the functional potential of reversal effect of hAMSCs-
exosomes on MTX-induced neurotoxicity, hepatic and renal impairment, and myelosuppression.

Conclusions  We present anti-CD19-Exo-MTX as a promising exosome-based drug delivery platform that enhances 
BBB permeability and offers specific targeting for effective CNSL treatment with reduced adverse effects.
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Introduction
Central nervous system lymphoma (CNSL) is a rare 
extra-nodal lymphomatous malignancy that primarily 
impacts the brain, spinal cord, leptomeninges, or vitreo-
retinal space [1]. While multiple treatments have shown 
efficacy against B-cell lymphoma, the clinical challenge 
is delivering chemotherapy agents to intracranial tumors 
due to the presence of the blood–brain barrier (BBB) 
[2]. Over the past few decades, the prognosis of CNSL 
has significantly improved, primarily attributed to the 
introduction and widespread utilization of high-dose 
methotrexate (MTX) chemotherapy, recognized as the 
cornerstone of first-line polychemotherapy treatment [1]. 
MTX is an inhibitor of dihydrofolate reductase (DHFR), 
which prevents the reduction of dihydrofolate to tetrahy-
drofolate by competitively binding to DHFR. This inhi-
bition leads to a blockade in DNA synthesis, ultimately 
resulting in cell death [3]. When administered intrave-
nously at high doses, MTX can cross the BBB, causing 
significant side effects such as neuronal damage, myelo-
suppression, hepatic injury and renal dysfunction [4]. 
Investigating a safe and effective system for delivering 
drugs directly into the brain presents a crucial opportu-
nity to enhance the clinical remission rate and long-term 
therapeutic efficacy of CNSL.

In recent decades, significant progress has been made 
in the development of nanocarriers for drug delivery sys-
tems (DDS). A wide range of DDS have been explored 
for tumor treatment, including nanoscale formulations 
such as liposomes, polymeric nanoparticles, or metallic 
nanocarriers, although these nanoparticles often suffer 
from high immunogenicity and limited ability to cross 
the BBB [5]. The byproducts of polymeric nanoparti-
cles may be toxic and difficult to eliminate, and the sur-
face charge of liposomes can affect their stability in the 
bloodstream [6, 7]. Exosomes have garnered attention as 
“innate nanoparticles” for drug delivery [8]. Exosomes 
have been identified as important mediators of intercel-
lular communication via transferring encapsulated car-
goes, such as bioactive lipids, noncoding RNAs, mRNAs, 
and proteins [9, 10]. Exosomes employed as drug deliv-
ery vehicles offer numerous advantages over existing 
synthetic systems [11]. Firstly, the phospholipid bilayers 
of exosomes enable them to interact with cellular mem-
branes and improve the cellular internalization of the 
encapsulated drug, potentially circumventing the endo-
some-lysosome pathway that synthetic materials typically 
undergo [12, 13]. Secondly, as exosomes can originate 
from autologous tissues or blood-born immunocytes, 
they may have an immune privileged status and decrease 
drug clearance compared to artificial delivery vehicles 
[14]. Of particular concern is that exosomes can trav-
erse the BBB and the blood–cerebrospinal fluid barrier 

increasing the concentration of loaded drugs in the cer-
ebrospinal fluid (CSF) [15, 16]. The distinctive character-
istics of exosomes render them an appealing choice as a 
drug delivery system for treating CNS diseases.

Human adipose-derived mesenchymal stem cells 
(hAMSCs) can differentiate into pluripotent cells and 
secrete exosomes that inherit their low immunogenic 
profile, immune regulation, proliferation, and migration 
abilities [17]. Indeed, AMSCs are readily obtainable and 
can be easily expanded in  vitro. Given the characteris-
tics of hAMSCs, utilizing their exosomes as drug carri-
ers presents an additional potential strategy for cancer 
therapy [18].

However, the practical applications of exosomes may 
be limited due to insufficient targeting ability or low 
efficacy in some cases [19]. Exosome targeting for drug 
delivery is critical to enhance drug accumulation at the 
target site and reduce off-target effects [20]. Various 
approaches have been applied to engineer cell-derived 
exosomes for higher selectivity and effectiveness, such 
as selecting specific donors or utilizing bioengineering 
techniques [19]. Surface modifications can enhance the 
targeting capability of exosomes [21, 22]. The prevailing 
approach lately involves the “cell engineering” technique, 
where donor cells are engineered to generate ligand-con-
jugated or drug-loaded exosomes [23–25]. CD19 is a cell 
surface marker primarily expressed on B cells, including 
all stages of B cell development, except for plasma cells. 
It plays a key role in B cell activation, differentiation, and 
immune response. The CD19 antigen is highly expressed 
and specifically localized on the surface of malignant 
mature B lymphocytes, which makes it an ideal target 
for therapeutic interventions, including exosome-based 
delivery systems. The use of anti-CD19 for targeted ther-
apy, which has proven effective in treating various B-cell 
malignancies such as B-cell non-Hodgkin lymphoma, 
enhances the precision of therapeutic interventions while 
minimizing associated toxicity [26].

In this study, we explored the feasibility of delivering 
the chemotherapeutic drug MTX to overcome the BBB 
to tumor tissue using engineered exosomes. Anti-CD19 
was modified on the exosomes extracted from hAMSCs, 
while MTX was encapsulated within these extracted 
exosomes to prepare the anti-CD19-Exo-MTX drug 
delivery system. The high antitumor activity of the anti-
CD19-Exo-MTX was then validated both in  vitro and 
in vivo in CNSL, while also reducing adverse effects.

Methods and materials
Cell culture and preparation
hAMSCs were extracted from human adipose tissue. 
SU-DHL-8, HEK-293T, hCMEC/D3, HA, HT22 and 
HK-2 cell lines were purchased from the American Type 
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Culture Collection. The cell lines were authenticated 
through short tandem repeat profiling conducted by the 
cell line characterization core (Genetic Testing Biotech-
nology Corporation, China).

Preparation of anti‑CD19 modified hAMSCs
For the genetic modification of anti-CD19 to hAMSCs, 
anti-CD19 lentivirus encoding a CAR comprising an 
FMC63-derived CD19-specific scFv fused to a modified 
CD8α-hinge spacer, a CD28 transmembrane domain, and 
a CD3ζ signaling domain, with GFP labeling (Additional 
file  1 Figure  S1A) were added to the cells to allow pre-
cise enumeration of transduced hAMSCs by flow cytom-
etry. Then polybrene with a final concentration of 8 μg/
mL was added. After 48 hours of culture, non-modified 
hAMSCs served as control cells to establish the threshold 
for the hAMSC population using a Sony automated flow 
cytometer with FITC-GFP emission filters (Additional 
file 1 Figure S1E). The FITC-GFP-labeled hAMSCs were 
then sorted and cultured.

Isolation and characterization of exosomes
Exosomes were isolated from the hAMSCs culture 
medium by a differential centrifugation method. In brief, 
the collected cell-conditioned medium was centrifuged at 
300×g for 5 min, 2000×g for 15 min, and 10,000×g for 30 
min. After filtration with a 0.22 μm filter, the filtrate was 
centrifuged at 100,000×g for 2 h at 4  °C. The pellet was 
resuspended in PBS and subsequently centrifugated at 
100,000×g for another 2 h. The pellets were resuspended 
with PBS and analyzed using a BCA Protein Assay kit 
(Beyotime Biotechnology) to quantify the protein con-
tent of exosomes for subsequent experiments.

Western blot
The exosomes were lysed in RIPA lysis buffer (Yeasen), 
and equal amounts of protein were separated by SDS-
PAGE gels and transferred to PVDF membranes (Merck 
Millipore, MA, USA). The blots were blocked with 5% 
BSA Tween-20 (0.1%) PBS buffer (T-PBS, pH 7.4) for 1 

h at room temperature. The membranes were incubated 
with primary antibodies at 4  °C overnight, followed by 
incubation with HRP-linked secondary antibodies at 
37  °C for 1 h. Antibodies were: anti-CD63 (proteintech, 
25682); anti-CD81 (proteintech, 66866); anti-TSG1013 
(proteintech, 67381); anti-Albumin (proteintech, 16475).

Dynamic light scattering (DLS)
A 10 µL aliquot from the resuspended exosome sample 
was diluted in 990 µL of PBS and mixed well. The size 
distribution and Zeta potential of exosome were analyzed 
using the Zetasizer Nano ZS90 (Malvern, UK). Three 
determinations per sample were taken at room tempera-
ture, the resulting data were analyzed with the Malvern 
software (Zetasizer Ver. 7.11).

Transmission electron microscopy (TEM)
10uL exosome suspension was dropped onto Formvar-
carbon-coated EM grids (Alliance Biosystems, Japan) and 
stained with 2% phosphotungstic acid. The resulting sam-
ples were examined with a Tecnai G2 spirit BioTwin elec-
tron microscope (FEI, USA).

Colloidal gold immunoelectron microscopy
Purified exosomes were placed on Formvar-carbon-
coated EM grids and fixed with paraformaldehyde, 
blocked, followed by incubation with a 10-nm protein 
gold conjugate (BBI Solutions, Cardiff, UK) for 20 min 
to label the anti-CD19. Each staining step was followed 
by three TBST washes and then staining with 1% glu-
taraldehyde. Then, grids were air-dried and visualized 
using a transmission electron microscope. Anti-CD19 on 
the surface of anti-CD19-Exo exosomes was specifically 
labeled with gold nanoparticles, while no staining was 
observed on unmodified exosomes.

Flow cytometry
At least 10,000 events were acquired using different emis-
sion filters, using a FACSVerse Flow Cytometer (BD, 
USA). The gating strategy used to identify viable cells and 

Fig. 1  Characterization of human AMSCs and the preparation of hAMSCs-derived anti-CD19-Exo. A Cellular morphology of hAMSCs in culture 
(× 200 magnification). B Flow cytometry analysis of the surface markers in hAMSCs. C, D Oil Red O staining in hAMSCs cultured in adipogenesis 
differentiation medium for 14 days (C) and the expression levels of LPL and PPAR were detected by quantitative PCR (D) (n = 3). Scale bar, 50μm. E, 
F BCIP/NBT Alkaline Phosphatese staining in ADSCs cultured in osteogenesis differentiation medium for 14 days (E) and the expression levels of ALP, 
OCN and Runx2 were detected by quantitative PCR (F) (n = 3) Scale bar, 100μm. G Flow sorting of anti-CD19 positive hAMSCs. H Zeta potential 
and size distribution of hAMSCs-derived exosomes and anti-CD19-Exo determined by dynamic light scattering (DLS). I CD63, CD81, TSG101and 
Albumin of exosomal markers were detected in hAMSCs-derived exosomes and anti-CD19-Exo by Western blot assay. J, K Representative image 
of anti-CD19-Exo via transmission electron microscopy (TEM) (Scale bar, 100nm) (J) and immunogold microscopy (Red arrows indicate colloidal 
gold particles, scale bar, 50 nm) (K). L The expression of anti-19, CD81 and CD63 on the surface of anti-CD19-Exo membrane were detected 
by nano-flow cytometry. Data are shown as mean ± SEM, and the experiment was performed three times and a representative example is shown. D 
and F were analyzed by unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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the threshold determination for the experimental group 
cell populations, based on control cells, are presented in 
Additional File 1 Figure S1D, E and Figure S2A–D.

The synthesis of anti‑CD19‑Exo‑MTX
MTX (500 μg) was added into 1mL of PBS including 
anti-CD19-Exo (1 mg) and incubated in a constant tem-
perature shaking at 37 °C for 24 h. The mixture was puri-
fied using an ultrafiltration tube with molecular weight 
cut-off of 100 kDa (Millipore) for 5 times (2500 r/min) 
to remove of unloaded drugs and obtain anti-CD19-Exo-
MTX. The content of MTX in exosomes was determined 
by high performance liquid chromatography  (HPLC; 
Agilent Technologies). Anti-CD19-Exo-MTX was added 
with DMSO and thoroughly mixed, after ultrasound, 
centrifuging at 16,500×g for 20 min. The supernatant was 
detected by HPLC. The supernatant was filtered with a 
0.22 μm syringe filter and 20 μL aliquots were transferred 
into HPLC autosampler vials. The drug loading efficiency 
and encapsulation efficiency of MTX was calculated 
using the following equations [27]:

Exosome labeling and uptake
Exosomes were labeled using DiR Iodide (Yeasen) and 
PKH67 (Sigma-Aldrich) according to the manufacturer’s 
instructions. In brief, exosomes were incubated for 30 
min with DiR dye at 37 °C, or at room temperature with 
PKH67 dye for 5 min, terminated with FBS followed by 
centrifugation at 100,000×g for 2 h at 4 °C. The pellet was 
resuspended in PBS and subsequently centrifugated at 
100,000×g for another 2 h.

Subsequently, the MTX-loaded exosomes labeled with 
PKH67 were incubated with SU-DHL-8 cells for 24 h. 
Some of the cells were then fixed and stained with β-actin 
and 4′,6-diamidino-2-phenylindole (DAPI, 40727ES10, 
Yesen). Images were obtained on a confocal microscope. 
The fluorescence intensity of intracellular exosomes was 
quantitatively determined by FCM to assess the cellular 
uptake.

Intracellular MTX accumulation
To quantify the amount of MTX accumulation in lym-
phoma cells, anti-CD19-Exo-MTX was added in and 
incubated with SU-DHL-8 cells for 6, 12 or 24 h, then the 

Loading efficiency

=

(

weight of the encapsulated MTX
)

/
(

weight of anti - CD19 - Exo - MTX
)

× 100%, encapsulation efficiency

=

(

weight of the encapsulated MTX
)

/
(

weight of the total MTX added
)

× 100%.

cells were collected to be resuspended in PBS before sub-
jected to cell counting. The counted cells were disrupted 
by an ultrasonic method. The precipitation was removed 
using a 0.22 μm syringe filter, and the supernatant was 
measured by using HPLC to determine the concentra-
tions of MTX.

Drug release
The in  vitro release behavior of MTX from anti-CD19-
Exo-MTX was investigated using a dialysis method. MTX 
was used as the control groups. 1 mL anti-CD19-Exo-
MTX (100 μg MTX) in a dialysis bag (3500Da, MWCO), 
followed by dialysis in 10mL medium (PH 7.4) for further 
incubation at 37  °C with gentle shaking. 1 mL medium 
was collected at 0.5, 1, 2, 4, 8, 12, 24 and 48 h, followed by 
adding 1 mL fresh medium. Finally, the released amounts 
of MTX in the collected media were measured using 
HPLC.

TEER measurement
To monitor cell confluence and the development of tight 
junctions, transendothelial electrical resistance (TEER) 
was recorded using a Millicell ERS-2 Voltohm-meter 
(Millipore, MA, USA) [28]. One electrode was placed 
on the luminal side and the other electrode on the ablu-
minal side with the endothelial layer separating them. 
The TEER measurements of blank filters (without cells) 
were subtracted from those of filters with cells. Then the 
resulting value was multiplied by the membrane area to 
obtain the TEER measurements in Ω.cm2. The formula is 
as follows: TEER (Ω × cm2) = (resistance of co-cultured 
cells - resistance of empty Transwell filter) × surface area 
(cm2).

Permeability assay
The permeability of BBB was evaluated by measuring the 
clearance of sodium fluorescein (NaFl, 376.3 Da, Sigma-
Aldrich), as described previously [29]. Briefly, NaFl was 
added to the upper compartment of Transwel inserts at 
a concentration of 100 μg/mL. Medium samples were 
collected from the bottom well at 30, 60, and 120 min to 
measure the fluorescence intensity, using a Synergy NEO 
(BioTek). All experiments were performed in triplicate 
for each condition. Transendothelial permeability coeffi-
cient (Pe) was calculated as previously described by Deli 
et al. [30, 31].

Investigation of the mechanism of blood‑brain barrier 
penetration in vitro
Each group of drugs was added to the model and the 
MTX concentration in the model was determined at 
time points (1, 2, 4, 6, 8, 12, 24 and 48 h) to assessing the 
permeability of drugs across the BBB. To determine the 



Page 7 of 21Zhao et al. Journal of Nanobiotechnology          (2025) 23:173 	

integrity of the endothelial monolayer, 10 kDa CY5-dex-
tran, and 70 kDa fluorescein isothiocyanate (FITC)-dex-
tran were added to the upper chamber of the Transwell 
filters (100 μg/mL), and the fluorescence intensity in the 
media of the lower chamber was measured after 2 h using 
a Synergy NEO (BioTek).

In this model, the cells were fed with endothelial growth 
media supplemented with 8-(4-chlorophenylthio)-adeno-
sine 3′,5′-cyclic monophosphate (8-CPT-cAMP, 50 nM, 
HY-134299 MCE) and 4-(3-butoxy-4-methoxybenzyl)-
2-imidazolidinone (Ro20-1724, 17.5 nM, E0346 sell-
eck). After 48 h, confirmation of increased expression of 
ZO-1 protein in endothelial cell tight junctions through 
changes in permeability measured by confocal micros-
copy and dextran diffusion.

To evaluate the transport pathway of anti-CD19-Exo-
MTX using this model with SU-DHL-8 cells were cul-
tured in the lower chamber, filters were pretreated with 
Dynasore (100 μM, S9849 selleck) and 5-(N-Ethyl-N-iso-
propyl)- Amiloride (EIPA) (100 μM, S9849 selleck) for 30 
min prior to adding the Dir-labeled anti-CD19-Exo-MTX 
and then incubated for 24 h at 37  °C. The fluorescence 
intensity of intracellular exosomes in the lower chamber 
was quantitatively determined by FCM to assess perme-
ability of anti-CD19-Exo-MTX.

In vivo model of CNSL
Animals were housed and maintained in accordance 
with the institutional guidelines for the use of laboratory 
animals and after acquiring permission from the ethics 
committee of Soochow University for animal experimen-
tation. SU-DHL-8 cells (1 ×  106 cells per mouse) were 
subcutaneously inoculated into the left axilla, and lym-
phoma tumor tissues were harvested to prepare tumor 
tissue suspensions after two weeks. The mouse model of 
CNSL was established by intracranial positioning tech-
nique. After anesthesia, animals were fixed into the ste-
reotactic headframe, disinfected, cut along the midline 
of the mouse’s head with the length of about 5 mm and 
1.5 mm bur hole was drilled 1 mm anterior to the coronal 
suture on the left hemisphere and 2 mm lateral from the 
midline. 4 μL SU-DHL-8 cell tissue suspension (1 ×  106 
cells per mouse) which from NOD-scid mice was injected 
into the left frontal lobe of the brain. Bone wax filled the 
skull hole and the incision was sutured. Tumor size and 
location were monitored by T2-weighted Magnetic reso-
nance imaging (MRI) on an MRS 3000 scanner (3T).

Antitumor efficacy of anti‑CD19‑Exo‑MTX in CNS 
lymphoma mouse model
Six-week-old female NOD-scid mice were purchased 
from a biocytogen company (Beijing, China), and were 
acclimated one week prior to tumor cell inoculation. 

CNSL mice models were established, and assigned each 
mouse a number, then used a random number table to 
allocate 5 mice to each group: (1) Control group: intra-
venous (i.v.) injection of 100 μL PBS, (2) MTX group: i.v. 
injection of 5 mg/kg MTX (100 μL), (3) Exo-MTX group: 
i.v. injection of 100 μL Exo-MTX (equivalent to 5 mg/
kg MTX), (4) anti-CD19-Exo-MTX group: i.v. injection 
of 100 μL anti-CD19-Exo-MTX (equivalent to 5 mg/kg 
MTX). Formulations for the different treatment groups 
were administered every two days, for a total of 7 doses. 
During the evaluation, the mice were monitored daily for 
body weight and tumor volume by Magnetic resonance 
imaging (MRI, MRS-3031, UK) on day 7 and 14.

Targeted distribution of anti‑CD19‑Exo‑MTX in vivo
DiR-labeled Exo-MTX and anti-CD19-Exo-MTX 
(equivalent to 5 mg/kg MTX) were administrated into 
the CNSL mice via tail vein injection. The fluorescence 
distribution was photographed by the IVIS Lumina III 
optical imaging system (USA) at 1, 6, 12, 24, and 48 h 
post-administration. The mice were euthanized at 48 
h-post administration and their brains and the other 
major organs were collected to analyze the biodistribu-
tion of DiR-labeled Exo-MTX and anti-CD19-Exo-MTX 
using the IVIS imaging system.

MTX quantification
The MTX solutions with concentrations of 12.5, 25, 50, 
100, and 200 μM were then added to the HPLC instru-
ment. Chromatographic conditions: Column: C18 
column (Extend-C18, 250 × 4.6 mm, 5 µm; Agilent Tech-
nologies); Mobile phase: Water-acetonitrile (90:10); Flow 
rate: 1 mL/min; UV detection wavelength: 302 nm; Tem-
perature: 25 °C; Injection volume: 20 μL.

Pharmacokinetic studies
Five mice each group were sacrificed at 0.5, 1, 2, 4, 6, 8, 
12, 24 and 48 h after intravenous administration of MTX 
and anti-CD19-Exo-MTX at a dose of 5 mg/kg MTX. The 
blood was collected and centrifuged at 4000 rpm for 10 
min to obtain the plasma. About 100 μL of the superna-
tant plasma was mixed with 50 μL of methanol, then 50 
μL of trichloroacetic acid was added. The mixture was 
vortexed for 5 minutes and left to stand at 4 °C for 12 h 
to precipitate the plasma proteins. Then centrifuged at 
12,000 rpm for 15 min at 4 °C. The supernatant was with-
drawn and filtered through a 0.22-μm polyvinylidene dif-
luoride membrane. MTX levels in blood were quantified 
by first establishing a standard calibration curve using the 
previously described method, followed by measuring the 
processed blood samples via HPLC.
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Blood–brain barrier permeability assessment in vivo
PBS, MTX, Exo-MTX and anti-CD19-Exo-MTX were 
intravenously injected into the CNSL mice at the dose of 
5 mg/kg MTX respectively. After 24 h, blood and cere-
brospinal fluid (CSF) samples were collected from differ-
ent treatment groups mice after anesthesia, all mice were 
euthanized. After euthanasia, brain tissue was removed, 
weighed, and homogenized in 1.5 mL physiological 
saline. Then, chloroform and methanol were added, vor-
texed for 5 min, and centrifuged at 3000 rpm for 10 min. 
The lower chloroform layer was collected, evaporated in 
a fume hood, and re-dissolved in 50 μL DMSO. The con-
centration of MTX in blood, CSF and brain tissue were 
determined using HPLC.

LC‑MS/MS analysis
The hAMSC-Exo samples were subjected to ultrasonic 
lysis, and 5 μL of the sample was taken for silver stain-
ing. After silver staining, the samples were subjected to 
enzymatic digestion, and the volume was adjusted to a 
consistent level with lysis buffer. Dithiothreitol (DTT, 
Sigma-Aldrich) was then added to a final concentration of 
5 mM, and the mixture was reduced at 56 °C for 30 min. 
Iodoacetamide (IAM, Sigma-Aldrich) was subsequently 
added to a final concentration of 11 mM, and the sam-
ples were incubated in the dark at room temperature for 
15 min. TEAB (Sigma-Aldrich) was used to dilute urea 
to ensure the final concentration was below 2 M. Trypsin 
(Promega) was added at a 1:50 ratio for overnight diges-
tion, followed by a second addition of trypsin at a 1:100 
ratio for a further 4 h of digestion. The peptides were 
dissolved in mobile phase A for liquid chromatography 
and separated using the ultrahigh-performance liquid 
chromatography system (EASY-nLC 1200). Mobile phase 
A consisted of water with 0.1% formic acid (Fluka) and 
2% acetonitrile (ThermoFisher Scientific), while mobile 
phase B contained water with 0.1% formic acid and 90% 
acetonitrile. The liquid chromatography gradient was set 
as follows: 0–68 min, 6–23% B; 68.0–82.0 min, 23–32% 
B; 82.0–86.0 min, 32–80% B; 86.0–90.0 min, 80% B, with 
a flow rate of 500 nL/min. After separation, the peptides 
were introduced into the NSI ion source for ionization 
and analyzed using the Orbitrap Exploris™ 480 (Ther-
moFisher Scientific) mass spectrometer. The ion source 
voltage was set to 2.3 kV, with FAIMS compensation volt-
ages (CV) of −45 and −65 V. Both parent ions and their 
secondary fragments were detected and analyzed using 
high-resolution Orbitrap detection.

Statistical analysis
All statistical analyses were performed using Graph-
Pad Prism 8.0. All data were shown as mean ± SEM. 
For normally distributed data, the significance of mean 

differences was determined using unpaired two-tailed 
Student’s t-test between two groups or ANOVA followed 
by Newman-Keuls multiple comparison test among mul-
tiple groups. For all tests, a p-value < 0.05 was considered 
to be statistically significant.

Other detailed assays including isolation, culture and 
identification of hAMSCs, targeting experiment in vitro, 
in vitro model of BBB, cell viability assays, the complete 
blood count and serum biochemistry assay, H&E and 
Ki67 staining, TUNEL and Nissl staining are available in 
the Additional file 2.

Results
Characterization of hAMSCs and the preparation 
of hAMSCs‑derived anti‑CD19‑Exo
hAMSCs isolated from human adipose tissue exhibited 
a distinctive spindle-shaped morphology (Fig. 1A). Flow 
cytometry analysis further confirmed their identity by 
revealing positive expression of established MSC mark-
ers, including CD105, CD44, and CD90 (Thy-1), while 
demonstrating negativity for hematopoietic cell mark-
ers CD34 and CD45 (Fig. 1B). Oil Red O staining dem-
onstrated the substantial accumulation of lipid droplets 
after 14 days in the MSC adipogenesis differentiation 
medium (Fig.  1C). Concurrently, the expression levels 
of key lipogenic genes, such as Lipoprotein Lipase (LPL) 
and Peroxisome Proliferator-Activated Receptor (PPAR), 
exhibited significant increases (P  <  0.001) (Fig.  1D). 
BCIP/NBT Alkaline Phosphatase staining showed pro-
nounced calcium salt deposition in the MSC osteogen-
esis differentiation medium after 14-day period (Fig. 1E), 
accompanied by significant upregulation of osteogenic 
genes Alkaline Phosphatase (ALP), Osteocalcin (OCN), 
and Runt-related transcription factor 2 (Runx2) (P < 0.05) 
(Fig.  1F). These results provided evidence of the adipo-
genic and osteogenic differentiation capabilities of hAM-
SCs. Consequently, these results confirmed the successful 
isolation of hAMSCs.

We next aimed to utilize the natural targeting proper-
ties of exosomes derived from hAMSCs to specifically 
deliver therapeutic cargo to CNSL. CD19 is considered 
an excellent target for immunotherapy in B-cell lym-
phoma. We introduced the lentiviral vector contain-
ing the anti-CD19 construct into hAMSCs, and then 
employed flow cytometry-based sorting to identify and 
isolate the significant fraction of cells expressing the anti-
CD19 (Fig. 1G). Then we collected exosomes secreted by 
the engineered hAMSCs and characterized the exosomes 
using Dynamic light scattering analysis (DLS), western 
blotting and transmission electron microscopy (TEM) 
to confirm their size, presence of exosome markers 
and morphology. The size of the unmodified exosomes 
ranged from 40 to 120 nm, and the zeta potential was 
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−19.45±1.54 mV, anti-CD19 modification maintain the 
particle size distribution of the exosomes without chang-
ing the zeta potential (Fig.  1H). The unmodified exo-
some and anti-CD19-Exo were positive for the exosome 
marker proteins CD63, CD81 and TSG101, and did not 
expressed albumin, the negative marker of exosome (Fig. 
1I). Anti-CD19-Exo was spherical vesicle with a double-
layered membrane structure, as verified by TEM (Fig. 1J). 
Additionally, anti-CD19 was strongly expressed in engi-
neered hAMSCs, incorporated into the hAMSCs-derived 
exosomes, and was identified on the external surface of 
the exosomes based on colloidal gold immunoelectron 
microscopy (Fig. 1K) and flow cytometry (Fig. 1L). Col-
lectively, we conducted a characterization of hAMSCs 
and generated anti-CD19-Exo derived from them.

Development and evaluation of anti‑CD19‑Exo‑MTX 
for lymphoma targeted drug delivery
To quantify MTX, MTX solutions of different con-
centrations were prepared, and a standard calibration 
curve was constructed. The equation relating peak area 
(Y) to concentration (C) is: Y = 27.103C − 35.439 (R2 = 
0.9993). Based on the properties of MTX, we employed 
co-incubation to load MTX into anti-CD19-Exo. Load-
ing efficiency and encapsulation efficiency are commonly 
used parameters to evaluate the efficiency of drug load-
ing into exosomes or other drug delivery systems [27]. 
We controlled the quality of exosomes and increased the 
dosage of MTX. When the drug-to-exosome ratio was 
1:2, the highest drug loading efficiency and encapsula-
tion efficiency were achieved. The anti-CD19-modified 
exosome-loaded methotrexate (anti-CD19-Exo-MTX) 
achieved a loading efficiency of 4.24% ± 1.20% and an 
encapsulation efficiency of 9.05% ± 4.50% measured 
by HPLC when the dosage of exosomes was 1  mg/mL 
(Fig. 2A). This loading process had no discernible impact 
on the physical characteristics of the exosomes, as con-
firmed through DLS, western blotting, and TEM analyses 
(Fig. 2B-D). Furthermore, infrared spectroscopy analysis 
unveiled distinctive absorption peaks at 2976 and 3249 
cm−1, which were clear indicators of the presence of 

methyl and amido groups, both characteristic constitu-
ents of MTX specific chemical structure (Fig. 2E). These 
results unequivocally confirmed the effective encapsula-
tion of MTX within anti-CD19-Exo. The particle size and 
zeta potential of anti-CD19-Exo-MTX stored at −80  °C 
for long-term storage exhibited excellent stability (Addi-
tional file 1 Figure S1B). To assess the potential uptake of 
anti-CD19-Exo-MTX by lymphoma cells, PKH67-labeled 
anti-CD19-Exo-MTX was introduced to SU-DHL-8 cells. 
The ability of SU-DHL-8 cells to internalize anti-CD19-
Exo-MTX was confirmed via flow cytometry (Fig.  2F) 
and immunofluorescence assays (Fig. 2G). For a compre-
hensive evaluation of cellular uptake and drug delivery, 
we conducted a quantitative comparison of drug accu-
mulation within lymphoma cells, both for the free drug 
and the exosome-loaded drug, utilizing HPLC. In SU-
DHL-8 cells, at 6 h, the intracellular MTX concentration 
was higher in anti-CD19-Exo-MTX group than in the 
free MTX group (P < 0.05). This trend not only persisted 
but also intensified after 24 h (Fig. 2H). Additionally, the 
assessment drug release from exosomes provides valuable 
insights into drug delivery kinetics and the potential for 
sustained drug release [32]. To achieve this, MTX-loaded 
exosomes were separated from the release medium using 
a dialysis membrane and filtration techniques, with a pH 
of 7.4 employed to simulate the physiological pH levels 
of blood. As depicted in Fig. 2I, the cumulative release of 
anti-CD19-Exo-MTX exhibited a slower rate compared 
to free MTX (P < 0.01), underscoring the efficacy of anti-
CD19-Exo as a drug delivery system with controlled 
release properties. Next, we examined the specific bind-
ing capability of anti-CD19-Exo-MTX to DLBCL cells 
expressing CD19 on their cell surface. Flow cytometry 
assays demonstrated that anti-CD19-Exo-MTX selec-
tively bound to the surface of SU-DHL-8 cells, while it 
did not bind to 293T cells, which lacked CD19 expression 
on their cell surface (Fig. 2J). We successfully developed 
anti-CD19-Exo-MTX as an efficient drug delivery system 
for targeting lymphoma cells.

(See figure on next page.)
Fig. 2  Preparation and characterization of anti-CD19-Exo-MTX. A The loading efficiency and encapsulation efficiency of different concentrations 
of MTX into hAMSCs-derived exosomes. B Zeta potential and size distribution of hAMSCs-derived exosomes and anti-CD19-Exo-MTX 
were determined by DLS. C CD63, CD81, TSG101 and Albumin of exosomal markers were detected in hAMSCs-derived exosomes 
and anti-CD19-Exo-MTX by Western blot assay. D Representative image of anti-CD19-Exo-MTX via TEM (Scale bar, 100 nm) and immunogold 
microscopy (Red arrows indicate colloidal gold particles, scale bar, 50 nm). E The loading of MTX into exosomes was detected by infrared 
spectroscopy. F, G Internalization was measured by flow cytometry (F) and immunofluorescence assays (Scale bar, 20 μm) (G), after co-incubating 
anti-CD19-Exo-MTX and SU-DHL-8 cells for 24 h. H Intracellular MTX accumulation of SU-DHL-8 treated with free MTX and anti-CD19-Exo-MTX 
after incubation for 6, 12 and 24 h. I Cumulative release of MTX and anti-CD19-Exo-MTX behaviors at pH 7.4 by HPLC. J Flow cytometry 
was employed to assess the targeting specificity of anti-CD19-Exo-MTX in vitro. Data are shown as mean ± SEM, and the experiment was performed 
three times and a representative example is shown. H, I and J were analyzed by unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001
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Fig. 2  (See legend on previous page.)
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Anti‑CD19‑Exo‑MTX crosses the blood–brain barrier
We constructed an in vitro model of the BBB using brain 
vascular endothelial cell hCMEC/D3 and human astro-
cytes (Fig.  3A, left panel). Neither of them expressed 
CD19 (Additional file  1 Figure S1F). Transendothelial 
electrical resistance (TEER) measurements were uti-
lized to assess the integrity and suitability of the model 
for in  vitro experiments (Fig.  3A, right panel). When 
investigating the barrier permeability by NaFl (376.3 
Da), showing appropriate permeability of BBB (Addi-
tional file  3 Table  3)[29].It was evident that, relative to 
free MTX, anti-CD19-Exo-MTX exhibited superior 
transmigration across the BBB at different time points 
(P < 0.001). No significant difference in permeability was 
observed between the anti-CD19-Exo-MTX and Exo-
MTX (Fig. 3B). Moreover, anti-CD19-Exo-MTX crossed 
the BBB model without compromising its structure, 
as assessed by the luminescent signal assay of dextran 
(Fig. 3C).

Subsequently, we delved into the mechanism by 
which exosomes traverse the BBB, specifically explor-
ing whether it occurs through the surrounding extra-
cellular space or transcytosis. We treated hCMEC/D3 
with a combination of cAMP and Ro20-1724, known to 
reinforce cell junctions by regulating junctional proteins 
like ZO-1 (Fig. 3D), thereby enhancing the barrier func-
tion (Fig.  3E). After treating hCMEC/D3 with cAMP 
and Ro20-1724 for 48 h, SU-DHL-8 cells were added to 
the lower chamber, and DiR-labeled anti-CD19-Exo-
MTX was added to the upper chamber. After 24 h, SU-
DHL-8 cells were collected and flow cytometry was used 
to measure the uptake of anti-CD19-Exo-MTX by SU-
DHL-8. Notably, the luminescent signal of DiR detected 
in cAMP-Ro20-1724 treated group remained consist-
ent when compared to the control group (Fig. 3F). This 
suggested that the mechanism by which anti-CD19-
Exo-MTX crossed the BBB did not appear to involve 
movement through the surrounding extracellular space. 
We also utilized EIPA, a potent and specific inhibitor of 
Na+/H+ exchanger activity essential for macropinosome 
formation [33, 34]. Pre-treatment with EIPA revealed 

no significant change in the luminescent signal, indicat-
ing that the passage of anti-CD19-Exo-MTX across the 
BBB was not facilitated by micropinocytosis (Fig. 3F). In 
contrast, Dynasore is an inhibitor of dynamin, a GTPase 
protein that plays a key role in clathrin-mediated endo-
cytosis, and effectively hinders coated vesicle formation 
[35]. Pre-treatment with Dynasore resulted in a note-
worthy decrease in the luminescent signal (P  <  0.001) 
(Fig.  3F), strongly suggesting that anti-CD19-Exo-MTX 
traversed the BBB via receptor-mediated endocytosis. 
These data demonstrated the effective transmigration of 
anti-CD19-Exo-MTX across the BBB.

Anti‑CD19‑Exo‑MTX improves CNSL proliferation inhibition
We proceeded to assess the capacity of anti-CD19-
Exo-MTX to inhibit CNSL proliferation. Anti-CD19-
Exo-MTX and an equivalent dose of free MTX were 
introduced into the upper chamber of Transwell filters, 
respectively. Anti-CD19-Exo loaded MTX exhibited a 
more potent suppressive effect when compared to free 
MTX after crossing the BBB (P < 0.01) (Fig. 4A). Mean-
while, Anti-CD19-Exo or exosome alone did not exhibit 
inhibition of SU-DHL-8 cell proliferation (Fig.  4B, 
Additional file  1 Figure  S1C). Moreover, colloidal gold 
immunoelectron microscopy showed that anti-CD19-
Exo-MTX retained its intact morphology and anti-CD19 
modification after crossing the BBB (Fig. 4C).

To evaluate the efficacy of anti-CD19-Exo-MTX 
in  vivo, intracranial orthotopic CNSL models in mice 
were established, with 5 mice per group (Fig. 4D). CD20 
immunohistochemistry confirmed the intracranial tumor 
in the left frontal lobe of the brain (Fig.  4E). Magnetic 
resonance imaging (MRI) analysis revealed a reduced 
disease burden in the anti-CD19-Exo-MTX group com-
pared to both the MTX and Exo-MTX groups (Fig. 4F, G), 
along with prolonged overall survival (P < 0.05) (Fig. 4H). 
Intracranial mouse models in each group resulted in 
cachexia symptoms, characterized by anorexia, mus-
cle wasting, and overall weight loss. Notably, the anti-
CD19-Exo-MTX group showed a milder presentation of 
cachexia, with minimal body weight loss compared to the 

Fig. 3  Anti-CD19-Exo-MTX crossed the in vitro BBB model. A Schematic illustration of an in vitro BBB model co-cultured with hCMEC/D3 and HA 
cell lines. Mean TEER values over 10 days for in vitro BBB model. B The transportation ratio of MTX across the blood-brain barrier model observed 
at different time points after application of MTX, Exo-MTX and anti-CD19-Exo-MTX. C Mean fluorescence intensity of 10 kDa CY5-dextran and 70 
kDa FITC-dextran in media of the lower chambers of the BBB model following application of PBS, exosomes, MTX, Exo-MTX and anti-CD19-Exo-MTX. 
D Fluorescent microscopy images of junctional protein ZO-1 in hCMEC/D3 before and after treatment of cAMP and RO20-1724 for 48 h. Scale bar, 
50 μm. E Fold change in permeability coefficient of hCMEC/D3 to 10 kDa CY5-dextran and 70 kDa FITC-dextran following treatment with cAMP 
and Ro20-1724 for 48 h. F The change in fluorescent signal uptake of DiR-labeled anti-CD19-Exo-MTX in SU-DHL-8 cells from the lower chambers 
of the BBB model after treatment with Dynasore, EIPA, cAMP, and Ro20-1724. Data are shown as mean ± SEM, and the experiment was performed 
three times and a representative example is shown. B, E and F were analyzed by unpaired two-tailed Student’s t-test. ns, no significant, *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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other groups (P  <  0.05) (Fig. 4I). The pharmacokinetic 
studies indicated that anti-CD19-Exo-MTX exhibited 
higher concentrations and extended blood circulation 
time compared to free MTX (P  <  0.01) (Fig.  4J). Drug 
concentration analysis in the CSF and brain tissue dem-
onstrated enhanced stability and longer-lasting drug lev-
els for anti-CD19-Exo-MTX in the CSF and brain tissue 
(P < 0.01) (Fig. 4K). The Ki-67 proliferation index of the 
tumor indicated that anti-CD19-Exo-MTX more effec-
tively suppressed CNSL (P < 0.05) (Fig. 4L).

To assess biodistribution and targeting of anti-CD19-
Exo-MTX, exosomes were labeled with Vivo Track 
DiR (Fluorescence). A strong fluorescence signal was 
observed primarily within the intracranial region for 
anti-CD19-Exo-MTX, while Exo-MTX exhibited a 
broader systemic distribution (Fig.  4M, N). Forty-eight 
hours post-injection, organ removal revealed heightened 
fluorescence signals in the brain and diminished signals 
in the liver, kidney, and lung for anti-CD19-Exo-MTX, 
affirming its targeted delivery of MTX to CNSL in  vivo 
(Fig.  4O). Collectively, anti-CD19-Exo-MTX demon-
strated potent in  vitro and in  vivo therapeutic efficacy 
against CNSL, resulting in decreased disease burden, 
prolonged overall survival, and enhanced drug targeting.

The mitigating effect of exosomes on the toxic side effects 
induced by MTX
MTX treatment for central nervous system lymphoma 
can induce diverse toxic side effects, including neuro-
toxicity, hepatic and renal impairment, mucosal damage 
and myelosuppression [1, 4, 36]. Exosomes carry vari-
ous bioactive molecules, with proteins playing a crucial 
role. By transporting proteins, exosomes can achieve 
specific interactions with target cells, influencing cel-
lular behavior, regulating signaling pathways, and even 

altering cell fate [37–39]. To evaluate the cellular effects 
of hAMSCs-exosomes, we employed Liquid chroma-
tograph - tandem  mass spectrometer (LC-MS/MS) for 
the identification and characterization of exosomal pro-
teins, resulting in the identification of 1245 proteins. 
The exosomal proteins, engaged in signaling networks 
governing neuronal development (“Axon development”; 
“Neuron projection morphogenesis”; “Regulation of neu-
ron projection development”), hepatoprotection (“Liver 
regeneration”; “Embryonic liver development”; “Liver 
development”), nephroprotection (“Kidney develop-
ment”; “Kidney epithelium development”; “Regulation 
of kidney development”), skin epidermal differentia-
tion  (“Skin epidermis development”; “Skin morphogen-
esis”), and hematopoiesis (“Bone marrow development”), 
were mapped and visualized using Cytoscape software 
(Fig.  5A). GO pathway enrichment analysis of signal-
ing pathways revealed significant enrichment in neu-
ron development-related signaling pathways (P  <  0.05) 
(Fig. 5B).

We next proceed to experimentally validate neuron 
development functions of hAMSCs-derived exosome. 
Terminal deoxynucleotidyl transferase biotin-dUTP nick 
end labeling (TUNEL) and Nissl staining were performed 
to detect the histological and pathological changes [40–
42]. In the above CNSL mice models, fewer TUNEL-pos-
itive cells were observed in anti-CD19-Exo-MTX than in 
free MTX, demonstrated less apoptosis in mice cerebral 
cortex (P < 0.05) (Fig. 6A, C). Nissl staining was used to 
detect changes in the hippocampal region of brain tis-
sue. Compared to the free MTX group, mice treated with 
exosomes as drug delivery vehicles showed an increase in 
the number of hippocampal neurons (P < 0.05) (Fig. 6B, 
D). This suggested that hAMSCs-derived exosomes par-
tially reversed MTX-induced hippocampal neuronal 

(See figure on next page.)
Fig. 4  Inhibition of CNSL proliferation and enhanced targeted delivery by anti-CD19-Exo-MTX. A Schematic illustration of the experiment 
and cell viability of SU-DHL-8 cells in response to treatment with PBS, free MTX (0.05 μM), and anti-CD19-Exo-MTX (equivalent to 0.05 μM MTX) 
after penetration in the BBB model at 24, 48 and 72 h. B Cell viability of SU-DHL-8 cells in response to treatment with different concentrations 
of anti-CD19-Exo for 24 h. C TEM of the anti-CD19-Exo-MTX after penetration in the BBB model (red arrow indicate colloidal gold particles, scale 
bar, 50 nm). D Schematic illustration for experiments with CNSL model mice and treatment. E CD20 immunohistochemistry positivity confirmed 
tumorigenesis. Scale bar, 100 μm. F Magnetic resonance imaging (MRI) images and the change of tumor size from different groups of mice 
before and after treatment on day 7 and 14 (n = 5). G Tumor area of MRI after treatment on day 7 (n = 5, mean ± SEM). H Kaplan–Meier analysis 
revealed the survival rate of the mice in experiment (n = 5, mean ± SEM). I Body weight curves of CNSL mice after different treatments (n = 5, mean 
± SEM). J Concentration–time profiles of MTX in blood plasma after intravenous administration of MTX and anti-CD19-Exo-MTX at a dose of 5 
mg/kg MTX in NOD-scid mice (n = 5, mean ± SEM). K The ratio of MTX concentrations in cerebrospinal fluid to blood (left panel) and brain tissue 
to blood (right panel) by HPLC at 24 h-post administration of MTX, Exo-MTX and anti-CD19-Exo-MTX at a dose of 5 mg/kg MTX in CNSL mice (n = 
5, mean ± SEM). L Ki-67 immunohistochemistry staining was employed to assess tumor proliferation at the end of different administration (n = 5, 
mean ± SEM). M Distribution of DiR-labeled Exo-MTX and anti-CD19-Exo-MTX in CNSL mice (n = 3). N Quantitative analysis of fluorescent signals 
in the brain at specific time intervals of 1, 6, 12, 24 and 48 h-post administration (n = 3, mean ± SEM). O Biodistribution of DiR-labeled Exo-MTX 
and anti-CD19-Exo-MTX in the brain, heart, kidney, lung, liver and spleen of the CNSL mice at 48 h-post administration (n = 3). Data are shown 
as mean ± SEM, and the experiment was performed three times and a representative example is shown. A, B, G–L and N were analyzed by unpaired 
two-tailed Student’s t-test. ns, no significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 4  (See legend on previous page.)
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Fig. 5  Proteomic analysis of hAMSCs-derived exosomes. A The Cytoscape software was adopted for protein interaction analysis of the protein 
in hAMSCs-derived exosomes. B The protein in hAMSCs-derived exosomes were enriched in pathways
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damage, supporting the neuron development functions 
identified in the LC-MS/MS analysis. Furthermore, 
in  vitro experiments showed that hAMSCs-derived 
exosomes enhanced the proliferation of the hippocam-
pal neural cell, HT22, confirming their neuroprotective 
effects (Fig. 6E).

In the CNSL mouse models, we conducted histological 
examinations of vital organs (Fig. 6F). Firstly, the condi-
tion of the liver was assessed. In the MTX-treated group, 
hepatocytes showed an increased nucleus-to-cytoplasm 
ratio, partial ballooning degeneration, extensive infiltra-
tion of inflammatory cells in the interstitium, vascular 
dilation, congestion, and focal necrosis. These results 
indicated MTX-induced liver damage. In the Exo-MTX 
and anti-CD19-Exo-MTX groups, hepatocytes dis-
played regular morphology, some hepatocytes exhibited 
enlarged nuclei with deep staining and high nucleus-
to-cytoplasm ratio, occasional binucleated hepatocytes 
were observed locally, and there was minimal infiltra-
tion of inflammatory cells in the interstitium. Further-
more, blood biochemical tests (Additional file 3 Table 1) 
in mice revealed that in the MTX-treated group, the 
levels of aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) were elevated, whereas in the 
two groups treated with exosomes, AST and ALT levels 
were significantly lower than in the MTX-treated group 
(P  <  0.001) (Fig.  6G). This suggested that hAMSCs-
derived exosomes partially reversed the liver damage 
caused by MTX.

Next, the condition of the kidney was assessed. As 
shown in the Fig. 6F, in the MTX-treated group, inflam-
matory cell infiltration around the glomeruli and renal 
tubules was observed, accompanied by localized focal 
necrosis. Conversely, in the Exo-MTX and anti-CD19-
Exo-MTX groups, the glomeruli and renal tubules 
displayed regular morphology, with minimal inflam-
matory cell infiltration in the interstitium. Further-
more, in the blood biochemistry results, creatinine 
(CREA), which reflected renal function, was significantly 
lower in both the Exo-MTX and anti-CD19-Exo-MTX 

groups compared to the MTX-treated group (P < 0.001) 
(Fig. 6H). Additionally, the inflammatory factor IL-6 was 
significantly lower in both the Exo-MTX and anti-CD19-
Exo-MTX groups compared to the MTX-treated group 
(P < 0.001), further indicating the reversal of hepatic and 
renal function damage by hAMSCs-derived exosomes 
(Fig. 6I). Moreover, in  vitro experiments showed that 
hAMSCs-derived exosomes exhibited slight protective 
effects on the kidney cell HK-2 (Fig. 6J).

In the complete blood count of the animal model 
mice, abnormalities were observed in white blood cells 
(WBC), neutrophils (NE), red blood cells (RBC), hemo-
globin (HB), and platelet (PLT) levels in the MTX-treated 
group, whereas in the Exo-MTX and anti-CD19-Exo-
MTX groups, these indicators were within normal ranges 
(Additional file  3 Table  2). This suggested a potential 
reversal effect of hAMSCs-derived exosomes on MTX-
induced myelosuppression. Additionally, in each treat-
ment group of CNSL mouse models, no toxicity or 
significant histological damage was observed in the heart, 
spleen, lung, and intestines (Fig. 6F).

Therefore, hAMSCs-derived exosomes, as drug car-
riers, were safe, and they could partially reverse MTX-
induced neurological damage, liver and kidney damage, 
and myelosuppression.

Discussion
The therapies for CNSL are limited by the biological and 
pharmacological effects of the BBB [43, 44]. Although 
MTX plays a key role in the treatment of CNSL, high-
dose MTX is essential to penetrate the BBB and achieve 
anti-tumor effects in the CSF. The clinical application of 
MTX has been significantly hindered by dose-depend-
ent toxicities, including hepatotoxicity, nephrotoxicity, 
and neurotoxicity [45]. To address these limitations, we 
developed an exosome-based delivery system named 
anti-CD19-Exo-MTX that can be readily produced using 
hAMSCs as a factory via the endogenous biogenesis of 
extracellular vesicles (Graphical Abstract).

(See figure on next page.)
Fig. 6  Identifying the function and safety assessment of exosome-based drug carriers. A TUNEL assay revealed the level of apoptosis in different 
treatment groups and C fluorescence intensity analysis of TUNEL-positive cells in the hippocampus. Scale bar, 100 μm. B Representative images 
and D quantitative data for the number of Nissl‑positive hippocampal neurons in different treatment groups. Scale bar, 50 μm. E Cell viability 
of HT22 cells induced injury by MTX in response to treatment with different concentrations of hAMSCs-derived exosomes for 24 h, compared 
with no exosome group. F H&E staining of the tissue of heart, liver, spleen, lung, kidney and intestine in safety evaluation experiments (n = 5, red 
arrows indicate binucleated hepatocytes, scale bar, 100 μm). G The level of the live enzyme of treatment on the intracranial tumor model (n = 5, 
mean ± SEM). H The renal function level of treatment on the intracranial tumor model (n = 5, mean ± SEM). I The level of the inflammatory factor 
IL-6 and TNF-α (n = 5, mean ± SEM). J Cell viability of HK-2 cells induced injury by MTX in response to treatment with different concentrations 
of hAMSCs-derived exosomes for 24 h, compared with no exosome group. Data are shown as mean ± SEM, and the experiment was performed 
three times and a representative example is shown. C–E and G–J were analyzed by unpaired two-tailed Student’s t-test. ns, no significant, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 6  (See legend on previous page.)
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Due to their nano-sized dimensions, bilayer lipid enve-
lope, low immunogenicity, and modifiable properties, 
exosomes can effectively traverse the BBB and deliver 
their cargo directly to target cells, making them promis-
ing candidates for drug delivery vectors [46]. Choosing 
the appropriate donor source for exosomes is essential. 
Most studies tend to use exosomes derived from 293T 
cells however, since 293T is a tumorigenic cell line, its use 
in human therapies raises safety concerns [47, 48]. We 
selected exosomes derived from hAMSCs, encapsulating 
neurotrophins, immunoregulatory factors, and angio-
modulatory factors, exhibited low immunogenicity and 
neuroprotective properties while crossing the BBB [49–
51]. Besides, hAMSCs possess enhanced proliferative 
capacity, making them more suitable for the large-scale 
generation of exosomes.

In previous studies on CNSL, encapsulation techniques 
were commonly employed to load drugs or functional 
molecules onto specific carriers, enhancing their stabil-
ity and bioavailability [52]. Building on this foundation, 
our study incorporates targeted delivery strategies that 
engineered anti-CD19 into hAMSCs-derived exosomes, 
which not only preserve the advantages of encapsulation 
but also improve the specificity of therapeutic delivery to 
the desired cells or tissues, potentially enhancing thera-
peutic efficacy while minimizing off-target effects.

Anti-CD19 therapeutic strategies, particularly those 
targeting B-cell malignancies such as CD19 CAR-T ther-
apy, have already shown clinical success, further validat-
ing CD19 as a reliable and clinically relevant target [53, 
54]. To specifically deliver MTX-loaded exosomal carri-
ers to lymphoma cells, hAMSCs-derived exosomes were 
first modified with anti-CD19 before being incubated 
with MTX to achieve anti-CD19-Exo-MTX. Our results 
suggested that the surface morphology, particle size, and 
zeta potential of exosomes remained almost unchanged 
after modification and MTX encapsulation, indicating 
the processes of modification and loading did not have 
adverse effects on the morphological properties and 
stability of natural exosomes, which also demonstrated 
long-term storage stability. Considering that the anti-
body fragment was modified on the surface of exosomes, 
we opted for drug loading via incubation to preserve 
the functional integrity of the membrane. However, this 
may contribute to the low drug loading efficiency, that a 
more efficient method for loading MTX should be fur-
ther explored. Assessing drug release from exosomes 
and drug accumulation within cells provides valuable 
information about drug delivery kinetics and the poten-
tial for sustained drug release [55]. Anti-CD19-Exo-MTX 
exhibited enhanced accessibility to lymphoma cells and 
sustained intracellular accumulation over an extended 
duration, compared to free drugs. In our vivo imaging 

results showed that fluorescence signals of Vivo Track 
DiR-labeled exosomes at the tumor site were observed 
with anti-CD19-Exo-MTX, demonstrating the ability 
to accumulate in tumor tissue, while Exo-MTX exhib-
ited systemic distribution. The distribution of MTX 
from anti-CD19-Exo exhibited a time-dependent pat-
tern, and the peak fluorescence intensity occurred at 24 
h. Anti-CD19-Exo significantly increased MTX distribu-
tion in CSF compared with Exo, potentially due to the 
CD19 modification targeting these exosomes to tumor 
sites, which may lead to their prolonged retention in the 
CSF. This targeted delivery is hypothesized to reduce the 
clearance rate of these vesicles relative to unmodified 
Exo, thereby substantially increasing the MTX concen-
tration within the CSF.

Research has indicated that all exosomes could cross 
the BBB with different traversal rates [56]. However, the 
mechanistic pathways by which exosomes cross the BBB 
have not been fully elucidated yet [57]. There are multi-
ple pathways for molecules and cells to cross the BBB, 
including paracellular diffusion, transcellular diffusion, 
carrier-mediated transport, receptor-mediated trans-
port, adsorptive-mediated transport and cell-mediated 
transport [30, 58]. Various methods of cell-exosome 
interaction have been proposed, with receptor-mediated 
endocytosis being a widely used mechanism by various 
cells [59]. Our study showed that anti-CD19-Exo-MTX 
crossed the BBB via receptor-mediated endocytosis, con-
sistent with the literature. After endocytosis, exosomes 
are either degraded by lysosomes or incorporated into 
endosomes, where they form multivesicular body (MVB) 
and are subsequently transported to the plasma mem-
brane as newly formed intraluminal vesicles (ILV) within 
the recipient cell [60]. Further investigation is needed 
to explore the various mechanisms by which exosomes 
cross the BBB, considering their cellular origin and differ-
ing environmental factors.

Safety and toxicity should also be given attention. 
Researches have shown that iRGD-modified exosomes 
derived from brain endothelial cells and anti-CD22-
modified exosomes derived from 293T cells, loaded with 
DOX, can be used for targeted therapy in PCNSL models 
[47, 61]. The increase in targeted modification allows the 
drug to accumulate in tumor tissues, thereby reducing 
side effects in non-targeted tissues. Treatment with anti-
CD19-Exo-MTX showed no significant histological dam-
age to vital organs, indicating good safety and no toxicity 
or side effects in animals. Particularly, we were pleasantly 
surprised to find that the exosome-mediated delivery of 
MTX showed signs of neuroprotection, liver regenera-
tion and alleviation of kidney inflammation. Therefore, 
we conducted a proteomic analysis of exosomes derived 
from hAMSCs and indeed found that exosomes from 
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hAMSCs are involved in pathways such as neuropro-
tection, hepatic protection, and renal protection. After 
administration, we conducted additional TUNEL stain-
ing and Nissl staining on the brain tissues of mice, reveal-
ing that hAMSCs-derived exosomes effectively alleviate 
the neurotoxicity induced by MTX. Meanwhile, com-
pared to the MTX group, the exosome groups showed 
no significant increase in AST, ALT, CREA, or IL-6 lev-
els, nor a reduction in blood cell counts. In addition, we 
further confirmed the protective effects of exosomes 
on HT22 and HK-2 cells at the cellular level. However, 
potential long-term effects and the specific molecular 
mechanisms by which exosomes derived from hAMSCs 
alleviate MTX-induced neurotoxicity, hepatotoxicity, and 
nephrotoxicity require further investigation.

Despite the promising results of anti-CD19-Exo-MTX 
in both cellular and animal models, several challenges 
remain that must be addressed before its clinical appli-
cation. A major concern is the negative charge on the 
surface of exosomes, which may cause electrostatic repul-
sion with the negatively charged brain endothelial cells, 
potentially hindering their endocytosis [62]. To enhance 
exosome-mediated drug delivery across the BBB, modify-
ing the surface charge of exosomes could be a promising 
strategy[63]. Moreover, the current limitations in exo-
some isolation and detection techniques present a signifi-
cant challenge, affecting their scalability and consistency 
for clinical use. Future efforts should focus on develop-
ing more efficient and cost-effective methods for isolating 
exosomes while preserving their integrity. Additionally, 
further investigation into the variability of exosome con-
tents is crucial, particularly in the context of their use as 
drug delivery vehicles.

Conclusion
In brief, we developed a novel drug delivery system anti-
CD19-Exo-MTX that has a higher BBB permeability and 
target CNSL, achieved significant tumor growth inhibi-
tion and prolonged the survival time of CNSL models. 
In particular, it can reduce MTX-induced neurotoxicity, 
hepatotoxicity, and nephrotoxicity, demonstrating good 
biocompatibility and safety. We firmly believe that our 
research offers a reference for the further development of 
targeted delivery drugs for the treatment of CNSL.
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