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Background: Central nervous system tuberculosis (CNS-TB) is the most devastating form of extrapulmonary tuberculosis. Rifampin
(RIF) is a first-line antimicrobial agent with potent bactericidal action. Nonetheless, the blood-brain barrier (BBB) limits the
therapeutic effects on CNS-TB. Exosomes, however, can facilitate drug movements across the BBB. In addition, exosomes show
high biocompatibility and drug-loading capacity. They can also be modified to increase drug delivery efficacy. In this study, we loaded
RIF into exosomes and modified the exosomes with a brain-targeting peptide to improve BBB permeability of RIF; we named these
exosomes ANG-Exo-RIF.

Methods: Exosomes were isolated from the culture medium of BMSCs by differential ultracentrifugation and loaded RIF by
electroporation and modified ANG by chemical reaction. To characterize ANG-Exo-RIF, Western blot (WB), nanoparticle tracking
analysis (NTA) and transmission electron microscopy (TEM) were performed. Bend.3 cells were incubated with Dil labeled ANG-Exo
-RIF and then fluorescent microscopy and flow cytometry were used to evaluate the targeting ability of ANG-Exo-RIF in vitro.
Fluorescence imaging and frozen section were used to evaluate the targeting ability of ANG-Exo-RIF in vivo. MIC and MBC were
determined through microplate alamar blue assay (MABA).

Results: A novel exosome-based nanoparticle was developed. Compared with untargeted exosomes, the targeted exosomes exhibited
high targeting capacity and permeability in vitro and in vivo. The MIC and MBC of ANG-Exo-RIF were 0.25 ng/mL, which were
sufficient to meet the clinical needs.

Conclusion: In summary, excellent targeting ability, high antitubercular activity and biocompatibility endow ANG-Exo-RIF with
potential for use in future translation-aimed research and provide hope for an effective CNS-TB treatment.
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Introduction

Tuberculosis (TB) is an infectious disease caused by a mycobacterial infection. Central nervous system tuberculosis (CNS-TB) is
the most devastating form of extrapulmonary tuberculosis with high mortality and disability rates.' For example, tuberculous
meningitis, a kind of CNS-TB, can lead to the death or neurological sequelae in one-half of the patients infected, including those
taking anti-tuberculosis therapy.® Rifampin (RIF), an inhibitor of DNA-dependent RNA polymerase, exhibits excellent anti-
bacterial ability as a first-line TB drug.4 However, the blood-brain barrier (BBB) limits its permeability into affected areas.”” At
the recommended dose of RIF, the ratio of the drug concentration in CSF to that in serum is 0.04—0.11; in the CSF, RIF at this
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concentration barely reaches the minimum inhibitory concentration (MIC) against mycobacterium tuberculosis.® This indicates
that the existence of the BBB leads to the low drug concentration in the brain, which greatly reduces the therapeutic efficiency.
Therefore, improving the drug’s ability to penetrate the BBB may be a promising and effective way to improve RIF-based
therapy in CNS-TB.” Recently, the strategy of nano-based drug delivery has been developed.® Although the nano-based drug
delivery systems can improve the therapeutic efficacy of drugs, the biosafety of the nanomaterials used for this purpose cannot be
ignored.” Therefore, better drug carriers need to be explored.

Exosomes, with a size range of 40-160nm, are lipid bilayer particles secreted by cells.'®!'" Exosomes are important
tool for cell-to-cell communication. During exosome formation, proteins, ribonucleic acids (RNAs) and other substances
are encapsulated in exosomes and shuttled between cells, recognizing recipient cells by surface protein and then
achieving information transfer.'> As a natural carrier, exosomes show several excellent drug carrier characteristics.
First, exosomes exhibit has high biocompatibility without inducing biotoxicity. Moreover, exosomes possess superior
drug-loading capacity, which suggests that they are suitable as drug carriers.'>'* Most importantly, exosomes can cross
the BBB.'>'® In summary, exosomes show the potential to be excellent nanodrug delivery carriers. Hopefully, some
clinical trials will use exosomes as carriers for drug delivery.!” However, relevant studies have shown that natural
exosomes cannot actively target the brain, with most of the exosomes accumulating in the liver and spleen. Therefore, in
this study, we modified BBB-targeted peptides on the surface of exosomes to actively target to the brain. Among all the
methods of modification, the most feasible method involves chemically connecting peptides to the surface of
exosomes.'®!'? Jia successfully used this method to confer exosomes targeting capacity in glioma therapy.'®

Endothelial cells are the main components of the BBB, which prevents harmful substances and macromolecular drugs
in the blood from entering the brain. Low-density lipoprotein receptor-related protein 1 (LRP1) is highly expressed on
brain microvascular endothelial cells. The Angiopep-2 (TFFYGGSRGKRNNFKTEEY, a 2.4 kDa protein, ANG) peptide
can specifically recognize LRP1, and has shown the ability to target the BBB.?* 2 Considering this information, we
modified the surface of exosomes with ANG to target the BBB and increase the concentration of RIF in the brain.

An ANG-modified, RIF-loaded exosome (ANG-Exo-RIF) was designed for the treatment of CNS-TB. We chose exosomes

derived from mesenchymal stem cells (MSCs) as drug carriers, which can promote tissue repair with low immunogenicity. >
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Then, we loaded RIF into the exosomes by electroporation.'” In addition, to solve the problem of low levels of drug delivery
through the BBB, we modified ANG on the surface of the exosomes.”*2* After the preparation of ANG-Exo-RIF, targeting
experiments in vitro and in vivo demonstrated that ANG-Exo-RIF can be preferentially delivered to the brain tissue and
increase the concentration of drug in the brain. Additionally, ANG-Exo-RIF showed excellent antibacterial effects in vitro.
Thus, use of ANG-Exo-RIF might act as a promising therapeutic strategy for CNS-TB in future clinical applications.

Materials and Methods

Cell Culture and Reagents

In this study, the bend.3 mouse brain microvascular endothelial cell line was purchased from Shanghai Zhonggiao
Xinzhou Biotechnology Co., Ltd., and cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin. RIF was purchased from
Sangon Biotech (Shanghai, China) Co., Ltd. The ANG-peptide (coupled with FITC) was purchased from the Chinese
Peptide Company (Hangzhou, China). All other cell culture media and reagents were purchased from Gibco (Carlsbad,
CA, USA). Cell culture plates and transwell chamber were obtain from NEST Biotechnology Co. Ltd (Wuxi, China).

Isolation of Bone Marrow Mesenchymal Stem Cells

Bone marrow mesenchymal stem cells (BMSCs) were isolated and cultured according to previous reports.”’ In brief,
cells from 3 to 4-week-old C57BL/6 mice were collected by flushing the femurs and tibias with phosphate-buffered
saline (PBS), and then, the cells were cultured in complete DMEM/F12 (containing 10% FBS and 1% penicillin and
streptomycin). The cells were maintained in 37°C humidified incubator with 5% CO,. To identify BMSCs, flow
cytometry and differentiation assays were performed.

Isolation and Purification of Exosomes

According previous reports, FBS was centrifuged at 110,000xg for 70 min to remove endogenous exosomes before it
used for cell culture at first.'” BMSCs were cultured in DMEM containing 10% Exo-free FBS, and the supernatant was
collected and centrifuged sequentially to isolate exosomes. Briefly, the supernatant was centrifuged at 300xg for 10
min, 2000xg for 10 min and 10,000xg for 30 min to remove cells and cell debris. Then, the supernatant was
ultracentrifuged at 110,000xg for 70 min to pellet exosomes. The exosomes were washed in PBS, ultracentrifuged at
110,000xg for 70 min again and stored at —80°C.

Loading of Rifampin by Electroporation

200 pg exosomes and 200 pg RIF were mixed in an electroporation cuvette with PBS to a final volume of 500 pL."® The
entire process was conducted in an ice bath. Then, the mixture was electroporated under the following conditions: 500 V,
discharged once for 1ms. After electroporation, the suspension was incubated at 4°C for 15 min and then at 37°C for 1
h to facilitate drug diffusion and pore closure. Finally, the mixture was centrifuged at 4000xg for 30 min twice in 100
KDa ultrafiltration tubes to remove extra-exosomal RIF. Subsequently, nanoparticle tracking analysis (NTA), transmis-
sion electron microscopy (TEM) and Western blot (WB) detection of the exosomes were performed.

Identification and Quantification of RIF Loaded in Exosomes

After drug loading by electroporation, we verified that RIF was successfully loaded in exosomes. First, the absorbance of
RIF was measured at 473 nm with a spectrophotometer to generate the standard curve of the “absorbance value-
concentration”. Then the absorbance values of the exosomes and Exo-RIF at 473 nm were measured, and the
encapsulation efficiency was calculated.*®

Conjugation of the ANG-Peptide to the Exo-RIF
According to the research of Robert et al,>' we functionalized exosomes with sulfhydryl groups on the surface of exosomes. Exo-
RIF were incubated with 200 ng of maleimide group-coupled ANG and stirred for 12 h at room temperature in the dark. During
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this process, sulfhydryl groups conjugated with maleimide functional groups through thioether linkages. After the reaction, the
unbound ANG was removed by ultrafiltration twice at 4000xg for 30 min. Furthermore, NTA, TEM, and WB detection were
performed on the engineered exosomes, and the results were compared with those obtained with free exosomes.

Verification and Quantification of the ANG-Peptide Conjugated on the Exosomes

The following experiments were performed to confirm the successful binding of ANG to the exosome surface: (1) The ANG-
Exo-RIF was incubated on Exoview (Nanoview Biosciences, Brighton, MA) chips that coated with antibodies against CD9.
Then the chips were imaged by scanner. (2) Exos in ANG-Exo-RIF were pre-labeled by Dil and then incubated with bend.3
cells in 12-well plate (50 pg exosomes and 1x10° cells per well). Then, two fluorescence signals (Dil and FITC conjugated to
ANG) were observed under a fluorescence microscope. The ANG peptides were quantified using the following methods: (1)
The absorbance of ANG (FITC) was measured at 490 nm with a spectrophotometer to draw the standard curve of “the
absorbance value-concentration” of ANG. (2) After sample ultrafiltration, the supernatant was collected, and the absorbance
value was measured at 490 nm to ascertain the content of ANG. The coupling efficiency was calculated as (total amount of
ANG-amount of uncoupled ANG)/total amount of ANG. Furthermore, the surface density of ANG on the exosomes was
calculated on the basis of the exosome particle concentration determined by NTA.*?

Biosafety of the ANG-Exo-RIF in vitro and in vivo

The biosafety of the ANG-Exo-RIF in vitro and in vivo was evaluated. Bend.3 cells were treated with RIF, Exo-RIF and
ANG-Exo-RIF (with RIF concentrations of 0.25, 2.5, 5, 10 and 20 pg/mL) for 24 h, and then cell-counting-kit-8 (CCK-8)
assays were performed. To evaluate the biosafety in vivo, twelve healthy C57BL/6 mice were randomly allocated 4
groups as follows: (1) PBS; (2) ANG-Exo-RIF; (3) ANG-Exo-RIF; (4) RIF. The dose of RIF was 10 mg/kg. Different
agents were injected into the mice respectively. Thirty days after administration, the mice were sacrificed to collect serum
for biochemical examination and various organs were isolated for histological analyses.

The Targeting Efficiency of ANG-Exo-RIF in vitro

In order to evaluate the targeting ability of ANG-Exo-RFP in vitro, exosome was pre-labeled by Dil. The experiment was
divided into four groups: (1) ANG-Exo-RIF + bend.3 (2) Exo-RIF + bend.3 (3) ANG-Exo-RIF + bend.3 (pre-blocked by
free ANG peptide, 100 ug/mL, 0.5 h) (4) ANG-Exo-RIF + astrocyte. The cells (1x10°) were seeded into 12-well plate
and co-incubated with different samples for 4 h at 37°C. After the end of incubation, fluorescence intensity of each group
was observed by fluorescent microscopy and quantified by flow cytometry.

Establishment of Vitro BBB Model

For establishment of BBB model, a previously reported method was used.*? Briefly, 5x10* bend.3 cells were seed on the
front side of transwell chamber (0.4 pm) in 24-well plates. The low chamber was filled with complete medium. The
culture medium was updated for every 2 days. The trans-endothelial electrical resistance (TEER) was measured daily to
monitor the integrity of cell monolayer and sodium fluorescein were used to evaluate the permeability of BBB model.

Verification That ANG-Exo-RIF Cross the Blood Brain Barrier Model in vitro

For transcytosis study, Exo-RIF, ANG-Exo-RIF and RIF (RIF concentration: 250 pg/mL) were added to the upper
chamber of a transwell respectively. As for the blocked group, the BBB model was pre-treated with free ANG-peptide
(100 pg/mL) for 0.5 h before adding ANG-Exo-RIF in vitro. The aliquots were collected from the lower chamber at
24 h and absorbance value was determined at 334 nm. The transportation ratio (%) = amount of RIF in the basolateral
compartment/initial amount.*

The Targeting Efficiency of ANG-Exo-RIF in vivo

To evaluate the targeting efficiency of ANG-EXO-RIF in vivo, exosomes were labeled with Dil for tracing. C57BL/6 mice
were allocated to different groups (n = 3): (1) Targeted group: ANG-Exo-RIF and (2) Nontargeted group: Exo-RIF. Each
reagent was injected into the tail vein (200 ug Exosomes/200 pL PBS). The biological distribution of the ANG-Exo-RIF
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in vivo was then evaluated using near-infrared fluorescence imaging at 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 48 h and 72 h after
injection. Then, the mice were sacrificed and brain tissue sections were frozen and then observed under fluorescence
microscopy.

In order to further study the real situation of drugs in the brain, Cy7 conjugated RIF was used (purchased from Xi’an
ruixi Biological Technology Co., Ltd, Xian, China). Twelve C57BL/6 mice were divided into three group with three mice
in each group: (1) RIF (2) Exo-RIF (3) ANG-Exo-RIF. Each reagent was injected into the tail vein (RIF concentration of
Img/mL) and then near-infrared fluorescence imaging was performed at 1 h, 2 h, 4 h, 8 h, 24 h after injection. In
addition, organs were harvested for ex vivo fluorescence imaging at 1 h, 12 h, 24 h after injection.

In vitro Antibacterial Activity of the RIF Loaded in the Exosomes

The MIC and minimum bactericidal concentration (MBC) of drugs are important indicators of antibacterial activity. An
experiment was established with four groups: (1) RIF group, (2) Exo-RIF group, (3) ANG-Exo-RIF group and (4) Exo
group. The MIC for the H37Rv strain was determined through microplate alamar blue assay (MABA). Then, 100 pL 7h9
medium and 100 plL H37Rv strain (mcf = 0.05) were added to 96-well plates. The concentrations (0.0625, 0.125, 0.25,
0.5, 1, 2,4, 8 and 16 pg/mL) of RIF in each group were identical in each group, and RIF solution was added to columns
1-10, respectively. In the Exo group, the concentration of the exosomes was the same as that in the other groups. Column
11 (without the drugs) was used as the control, and column 12 (without drugs with the H37Rv strain) was used as the
blank group. The plates were incubated for 2 weeks, and 5 pL of the supernatant was taken from columns 1-11 and
added to the 7H10 solid medium and then incubated for 24 hours. The MBC is recognized as the lowest concentration at
which no colony grew. Alamar blue agent was added to the contents of the 96-well plates, which were and re-incubated
for 24 h. Blue indicated no colony growth, and pink indicated colony growth.>

Statistical Analysis

The data are shown as the means + standard deviation (SD) of at least three independent experiments and were analyzed
using GraphPad Prism version 7.0 software (GraphPad Software, Inc., San Diego, CA, USA). The differences in two
groups were compared by Student’s #-test. The differences between the two groups were considered statistically
significant when *P < 0.05, and very significant when **P < 0.01 or ***P < (0.001.

Results
Characterization of Primary BMSCs

Exosomes, as promising carriers for drug delivery, need to be selected based on an appropriate cell source. We selected
MSCs as the parent cells because of their high exosome production efficiency and biosafety.** The cells from bone
marrow samples were incubated for 48 h, and then, unattached cells were washed away. Under a microscope, single cells
showed a typical polygonal, spindle-like, fibroblast-like morphology. From day 2 to day 4, the cells grew slowly and then
grew rapidly in a whirlpool-like arrangement. The 5th generation of cells retained a consistent morphology (Figure Sla).
Furthermore, the surface markers of the 3rd-generation cell were analyzed by flow cytometry. The results showed that the
cells were positive for the specific markers CD44 (98.2%) and SCA-1 (68%), and were negative for CD11B (1.94%),
CD31 (6.85%) and CDA45 (7.26%) expression (Figure S1b). The cells produced lipid droplets (Figure S1c—1) and calcium
nodules (Figure S1c—2) after induced differentiation, indicating that the cells exhibited multipotential differentiation.
These data indicated that the cells were BMSCs. BMSCs in passages 2 through 8 (P2-P8) were cultured to produce
exosomes.

Isolation and Characterization of the Exosomes

Exosomes were isolated from the culture medium of BMSCs by differential ultracentrifugation and concentrated to 1 mL of
exosomes per 1000 mL of supernatant. The exosomes were negatively stained with uranyl acetate and observed by TEM.
The TEM images showed that the exosomes were round and cup-shaped vesicles with a double-layer membrane structure.
The exosome diameter was approximately 50—150 nm (Figure 1A—1). These characteristics were consistent with exosomes
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Figure | Characterization of the Exo and ANG-Exo-RIF. TEM image of free Exos (A-1) and ANG-Exo-RIF (A-2). Characteristic membrane protein of Exos (B-1) and ANG-
Exo-RIF (B-2) analyzed by Western blot. Size distribution of Exos (C-1) and ANG-Exo-RIF (C-2) examined by NTA. (D) ANG-Exo-RIF observed by Exoview. The green
fluorescence represents ANG (labeled with FITC), and the red fluorescence represents Exos (labeled with anti-CD8I-Alexa 555). Merged fluorescence is shown in yellow
indicated colocalization. (E). UV-Vis absorption spectrum of Exo (blue line) and Exo-RIF (red line), Exo-RIF has absorption peak at 473nm (red arrow). (F). The zeta
potential of Exo, Exo-RIF and ANG-Exo-RIF.

according to reported previously.>> WB showed expression of the positive exosome markers CD9, CD81 and TSG101 and
the absence of the negative marker calnexin in isolated samples (Figure 1B—1). An NTA showed that the concentration of
the exosomes was 1.842.3x10"! particles/mL, and the size distribution peak was 156.7+4.1 nm (Figure 1C—1). The zeta
potential of the exosomes was —25.39+2.53 mV, which meant that exosomes were very stable and would not aggregate in
solution.® The protein concentration of the exosomes was determined by bicinchoninic acid assay (BCA) and was 2.53
+0.39 mg/mL. In summary, all these data indicated that the exosomes had been successfully isolated and that the
concentration was sufficient for use in subsequent experiments.
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Characterization of the ANG-Exo-RIF

After electroporation, Exo-RIF was obtained. As shown in Figure 1F, the zeta potential of the Exo-RIF was —24.53+£0.79 mV,
which was negligibly different than change that of the Exos, suggesting that RIF successfully loaded in the exosomes did not
change the surface properties of the exosomes. Subsequently, Exo-RIF were modified with ANG, and ANG-Exo-RIF were
obtained. The zeta potential of ANG-Exo-RIF was —18.21+£2.99 mV with a slight increase, which may have been related to
the peptide modified on the member. To determine whether the engineered exosomes remain intact, a series of experiments
were performed. First, TEM showed that ANG-Exo-RIF maintain an intact membrane structure without any changes
(Figure 1A-2). Second, the relative expression of the exosome markers CD9, CD8 and TSG101 remained positive, and
that of calnexin remained negative (Figure 1B-2). Third, an NTA indicated a peak value of 165.9+3.5 nm, which represented
a slight increase compared with that in the Exos (Figure 1C-2). However, this change was within a reasonable range, which
can be interpreted as a result of drug loading and peptide linking. These data demonstrated that ANG-Exo-RIF maintained
the integrity and properties of unloaded and unmodified exosomes.

Verification and Quantification of the ANG Peptide on the Exosomes

To confirm that ANG had been successfully conjugated to the surface of exosomes, the prepared ANG-Exo-RIF was
observed by Exoview R200 (Nanoview Biosciences, Brighton, MA). Exosomes labeled with anti-CD9 appeared red, and
ANG labeled with FITC appeared green. We found that the green and red signals displayed extensive colocalization
(Figure 1D). In addition, we also labeled Exos in ANG-Exo-RIF with Dil and then co-incubated with bend.3 cells for 2h.
The fluorescence microscope image (Figure S2) also showed the extensive colocalization of Exos (labeled with Dil, red)
and ANG (labeled with FITC, green), which meant that ANG had been successfully linked to the exosomes (Figure 1D).
Then, the relative quantification of ANG was determined. The coupling efficiency was calculated by dividing the amount of
ANG on the surface of the exosomes by the total amount of added ANG. After calculation, the standard curve of ANG was
y=7.0426x+0.3628 and the coupling efficiency was 15.8+2.4%. According to the number of particles determined by NTA,
9.2+1.5x10* ANG peptides were attached to each exosome.

Identification and Quantification of RIF Loading in the Exosomes

RIF was loaded into exosomes by electroporation, and the RIF-loaded exosomes were purified by ultrafiltration. To
verify that RIF had been successfully loaded into exosomes, ultraviolet-visible (UV-vis) spectroscopy was performed.
After purification, the retained Exo-RIF was scanned by the fully UV-vis wavelength spectrum. The results showed that
the retained Exo-RIF had a characteristic peak at 473 nm, which was the peak characteristic of RIF, suggesting that RIF
had been successfully loaded (Figure 1E). According to the standard curve, the encapsulation efficiency was 18.8+2.4%,
and the concentration of RIF was 37.6+4.8 ug per 200 pg of exosomes.

Biosafety of ANG-Exo-RIF in vitro and in vivo

As shown in Figure 2, CCK-8 assays showed that the viability of the bend.3 cells treated with ANG-Exo-RIF,
Exo-RIF or RIF has all reached 80%, indicating that ANG-Exo-RIF induced little toxicity to cells. Then, we
evaluated the toxicity induced by ANG-Exo-RIF in vivo. Aspartate aminotransferase (AST), creatine kinase (CK)
and serum creatinine (Scr) levels were measured to determine the function of the heart, liver, and kidney in the
treated mice. The results showed all the indexes in each group were within the normal reference ranges (Table S1).
Furthermore, hematoxylin-eosin (HE) staining of various organs revealed no pathological changes in any group
(Figure 2). These results indicated that ANG-Exo-RIF were safe biomaterials for in vivo application.

The Targeting Ability of ANG-Exo-RIF in vitro

Brain microvascular endothelial cells exhibit high expression of LRP1, which is expressed at low levels in astrocyte cells.?
Therefore, we chose bend.3 cells as target cells and astrocytes as nontarget cells. We extracted primary astrocytes from
Sprague—Dawley (SD) rats, and the purity of astrocytes was determined by GFAP staining. As presented in Figure S3a,
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GFAP-immunolabeled astrocytes are shown in green. The purity of the astrocytes assessed by flow cytometry and was
found to have reached 97.5% (Figure S3b). Then, the following experiment was performed.

Dil-labeled exosomes were incubated with bend.3 cells or astrocyte cells for 4 h, and then the fluorescence intensity was
then observed (Figure 3A). The strongest fluorescence intensity was shown in the bend.3 cells incubated with ANG-Exo-RIF,
and this intensity was significantly higher than that of bend.3 cells incubated with Exo-RIF. However, the intensity was
significantly weakened when bend.3 cells were pre-blocked with the ANG peptide before incubation with ANG-Exo-RIF. The
group of astrocyte cells incubated with ANG-Exo-RIF exhibited the same fluorescence intensity as the non-targeted group and
pre-blocked group. Therefore, we concluded that ANG-Exo-RIF can specifically target bend.3 cells and that this targeting
ability was due to the binding of the ANG peptide to LRP1. To verify the targeting ability of ANG-Exo-RIF, flow cytometry
was performed and the mean fluorescence intensity (MFI) of cells was semi-quantitated. The highest MFI was observed in the
“ANG-Exo-RIF + bend.3” group and was more than three-fold higher than that of the other groups (Figures 3B and S4).

The Ability of ANG-Exo-RIF Cross the BBB in vitro
As shown in Figure 4A, bend.3 cell monolayers were cultured in Transwell chambers to mimic the BBB in vitro. The
TEER value of the BBB model was 230.6£6.6 Qxcm? on day 7 after cell seeding, and the permeability coefficient was
1.6£0.5x10 *cm/min, which is similar to literature reported before, indicating the BBB model has been successfully
established in vitro.*’

The transport ratio of the ANG-Exo-RIF was 52.1145.68%, which was two-fold higher than nontargeted Exo-RIF
(23.82+3.18%). Moreover, the transport ratio of the ANG-Exo-RIF (13.9+3.39%) was significantly decreased by
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Figure 3 The targeting capability of ANG-Exo-RIF in vitro. (A). Bend.3 cells and astrocyte cells were treated with ANG-Exo-RIF and Exo-RIF. Blue: nucleus stained by DAPI.
Red: exosomes dyed by Dil. (B). Mean fluorescence intensities of different groups according to flow cytometric results, each bar represents the mean + SD of three
replicates. **Means p < 0.01, ***Means p < 0.001.
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Figure 4 The ability of ANG-EXO-RIF cross the BBB in vitro. (A) lllustration of Exos crossing the BBB model established by monolayers of Bend.3 cells. (B). The in vitro
BBB model transport ratio (%) of ANG-Exo-RIF and Exo-RIF following 24h incubation. Each bar represents the mean + SD of three replicates. **Means p < 0.01, **Means
p < 0.001.

pretreating the in vitro BBB model with free ANG peptide, indicating the surface modification can assist more exosomes
cross the BBB. In addition, the transport ratio of free RIF was 11.4+1.25%, lower than that of Exo-RIF, proving that
exosome encapsulation can improve the BBB permeability of drugs (Figure 4B). These results demonstrated the
exosome-loading and modification were effective.

The Targeting Ability of ANG-Exo-RIF in vivo

Based on the aforementioned targeting experimental results, fluorescence imaging was performed to detect the targeting
ability of the ANG-Exo-RIF in vivo. Dil labeled ANG-Exo-RIF (referred to as targeted group) and Exo-RIF (referred to
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as non-targeted group) were injected into C57BL/6 mice through the tail vein. Then the distribution and intensity of the
fluorescence were recorded at 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 48 h and 72 h. Furthermore, the fluorescence intensity of the
brain region was measured. As shown in Figure 5A and C, the targeted group showed a higher fluorescence intensity in
the brain region than the non-targeted group from the first hour. The strongest fluorescence intensity of non-targeted
group was achieved at the 24 h time point and had decreased by the following time point. In the targeted group, the
fluorescence intensity of brain region kept increasing until 48h after injection. In the whole time point, the fluorescence
signal of brain in targeted group was always higher than that in non-targeted group. To more fully observing the
distribution of exosomes in two groups, the organs were isolated and observed at 24 h after injection (the time point that
untargeted group had strongest fluorescence intensity). The fluorescence intensity of ex vivo brain in targeted group than
in non-targeted group (Figure 5B). As expected, unmodified exosomes would prefer to accumulate in liver (Figure S5). In
addition to liver, little fluorescence could also be observed in other organs. Then, brains were frozen, sectioned and
observed. As Figure 5D shown, the red fluorescence near the cell nucleus in the frozen brain tissue slices was exosome.
Exosomes could be observed in the cortex, and more exosomes could be observed in the targeted group than in the non-
targeted group. These results suggested that the modification of ANG can endow exosomes with excellent targeting

ability to brain.
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Figure 5 The targeting capability of ANG-Exo-RIF in vivo. (A) In vivo fluorescence images of ANG-Exo-RIF and Exo-RIF in mice (fluorescence represents Dil-labeled
exosomes). (B). Ex vivo fluorescence images of isolated brains at 24h after intravenous administration of Dil-labeled exosomes. (C). Comparison of the radiant efficiencies
of Dil-labeled exosome in brain region between ANG-Exo-RIF and Exo-RIF groups at the different time points. (D). Frozen section of brain tissue in targeted group and non-
targeted group. Red: exosomes labeled with Dil (white arrow). Blue: nuclei stained with DAPI. (E). In vivo fluorescence images of mice in different groups (fluorescence
represents Cy7-RIF). (F). Ex vivo fluorescence images of isolated brain at Ih, 12h, 24h after administration (fluorescence represents Cy7-RIF). (G). The radiant efficiencies of
Cy7-RIF in brain region of different groups at different time points. Each bar represents the mean + SD of three replicates. *Means P < 0.05, **Means P < 0.01, and ***Means
P < 0.001.
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Table | MIC and MBC of Rifampicin-Loaded Exosomes Against H37Rv

MIC (pg/mL) MBC (pg/mL)
ANG-Exo-RIF 0.25 0.25
Exo-RIF 0.25 0.25
RIF 0.25 0.25
Exo >100 >100

We further investigated the real situation of drugs in the brain by using Cy7 conjugated RIF. As shown in Figure SE
and G, the fluorescence intensity of ANG-Exo-RIF group was the highest, followed by Exo-RIF group and the
fluorescence intensity of RIF group was the lowest. The fluorescence intensity of all three groups reached peak at 1
h after injection and began to decline subsequently. In ex vivo brain images (Figure 5F), ANG-Exo-RIF group showed
strongest fluorescence. As we expected, exosomes can help drugs cross the BBB, but cannot actively target to the brain.
Exosomes can accumulate in the brain after targeted modification, which is consistent with the transwell assay in vitro. In
addition, we also collected other organs, such as heart, liver, spleen, lung, kidney of mice and investigated distribution of
RIF in each organ. As shown in Figure S6, strong fluorescence could be observed in liver and spleen because of their
scavenging and metabolic functions. As time go on, the whole fluorescence decreased. Taken together, these results
demonstrated that ANG-Exo-RIF can efficiently targeted the brain, which provided a good basis for future studies.

In vitro Antibacterial Activity of RIF Loaded in the Exosomes

MIC and MBC were determined, and the results showed that RIF, Exo-RIF and ANG-Exo-RIF demonstrated MIC and
MBC of 0.25 pg/mL against H37Rv strain, indicating that the exosomes encapsulating did not influence the antibacterial
properties of RIF (Table 1). In addition, the result showed that free exosomes had no antibacterial activity.

Discussion

CNS-TB is the most severe type of TB, causing high morbidity and mortality.’® As one of the most important anti-
tuberculosis drugs, RIF plays a key role in treatment. However, the low BBB permeability of RIF greatly limits its
therapeutic effect and remains a challenge for treatment of CNS-TB. Drug delivery systems are widely used and studied
due to their high efficiency on drug delivery. Hence, searching for an appropriate drug carrier may be a feasible strategy
for treating CNS-TB. In the present study, artificial synthetic carriers, such as liposomes, upconverting nanoparticles, and
polymer vesicles, show some drawbacks, including high toxicity and immunogenicity.***** Exosomes, as natural carriers
derived from cells, display significant advantages in drug delivery compared with traditional drug carriers. Remarkably,
exosomes can overcome the BBB because of their cell-like properties.*' Hence, we chose exosomes as RIF carriers.
However, unmodified exosomes lack targeting ability, which limits the enrichment of exosomes in the brain. Several
studies have revealed that Angiopep-2 is the most advanced BBB shuttle peptide being tested in current clinical trials and
can increase the concentration of drugs in the brain.** Therefore, we chemically modified the surface of exosomes with
ANG to achieve targeted delivery. Ultimately, a targeted drug system named ANG-Exo-RIF was designed.

In this study, we first successfully extracted primary BMSCs and obtained sufficient supernatant, which provided
a basis for the successful acquisition of exosomes. Then, the related characterization of exosomes and ANG-Exo-RIF
were conducted and compared. Additionally, the concentration of ANG on the exosomes and RIF levels in the exosomes
were quantified. The results showed that the characteristics of the engineered exosomes were not altered by these
modifications and were similar to those of free exosomes. Moreover, the ANG-Exo-RIF showed good coupling and
encapsulation efficiency, indicating that we had successfully constructed ANG-Exo-RIF nanoparticles.

Then, we further evaluated the targeting ability of ANG-Exo-RIF in vitro and in vivo. Using fluorescence microscopy,
we found that ANG-Exo-RIF were easily taken up by brain microvessel endothelial cells, which also had been proven by
flow cytometry analysis. Furthermore, we constructed an in vitro BBB model and tested the transport of ANG-Exo-RIF.
The results showed that Exo-RIF had better ability to penctrate BBB compared with free RIF and ANG peptide
facilitated the movement of more exosomes across the BBB in vitro. These results indicated that ANG-Exo-RIF showed
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good targeting ability and BBB penetration capacity in vitro. Then, an in vivo targeting experiment was performed.
Fluorescence imaging showed much more intense fluorescence in the brain tissue of the ANG-Exo-RIF group compared
with that in the Exo-RIF group, which indicated the excellent targeting ability of ANG-Exo-RIF to the BBB. Moreover,
the results showed that free exosomes also crossed the BBB, which was consistent with literature reports.43 However, the
mechanisms are still not clear and multiple mechanisms may be involved.**

MIC and MBC are generally used to evaluate the effects of antibacterial agents. We found that the antituberculosis
activity of exosome-loaded RIF was not altered upon loading into exosomes and that it was similar to that of free RIF,
which can lay the foundation for treatment in future. Notably, MIC and MBC indicate extracellular antibacterial activity.
However, Mycobacterium tuberculosis is an intracellular bacterium. Yang et al found that exosomes as carriers of
antibacterial drugs can deliver drugs into cells and improve intracellular antibacterial activity.*> Thus, RIF in exosomes
may produce the same effect in cells with internal infection. In addition, it has been reported that when endothelial cells
are exposed to RIF for a long time, RIF upregulates the expression of P-gp, which is a specific active efflux transporter in
the BBB.*® So, RIF stealthily delivered in exosomes may pass the BBB more smoothly than RIF in free applications.
Therefore, we believe that RIF encapsulated in exosomes shows future clinical translation potential.

Nevertheless, we also found some unexpected results. In vivo targeting experiments, we explored the targeting ability of
ANG-Exo-RIF in different labeling methods, one is the labeling exosomes (Dil-Exo), which is widely used in current
research, and the other is labeling RIF (Cy7-RIF). Both methods confirmed that ANG-Exo-RIF has excellent targeting ability,
but the time points of peak fluorescence intensity were different. The fluorescence intensity of Dil-Exo could keep rising for
long time until 48h after injection, but the fluorescence intensity of Cy7-RIF reached peak at 1h after injection and decline
subsequently. This discrepancy may be due to the properties of exosomes, high biocompatibility, and cell membrane like
structure, allowing exosomes to be internalized by cells and release drugs easily. It also suggests that the behavior of drug and
carrier in vivo cannot be mixed up, and researchers should take this into account when designing experiments.

The present research on a drug delivery system for the treatment of TB is still remains in the choice of artificial
synthetic carriers, such as liposomes and polymeric micelles. For CNS-TB, Marcianes et al’ developed a gatifloxacin-
loaded PLGA delivery system; Castro et al*® encapsulated clofazimine with PLGA-PEG nanoparticles. However, these
carriers have shown some clear drawbacks, including immune rejection, biocompatibility, and poor cell adhesion.
Comparing with artificial carriers, exosomes can avoid toxicity caused by chemical reagent. In addition, exosomes
have biological activity that artificial carriers do not have. For instance, exosomes derived from MSC have anti-
inflammatory and regenerative ability, which may be an adjunct to treatment.*” Moreover, Mycobacterium tuberculosis
is an intracellular bacterium, encapsulating drug into exosomes may be more easily internalized by cells than into
artificial carrier. Therefore, exosomes are a promising carrier in treatment of TB. However, there are few literatures
reported exosomes as drug carrier for TB treatment. We innovatively developed an anti-TB drug loaded exosomes and
modified the exosomes via simple methods to target the BBB, which achieved good results. This novel exosome-based
nano-drug delivery system provided a new direction for future research.

However, this study has some shortcomings. Regarding antibacterial activity, we determine only the MIC and MBC
of the ANG-Exo-RIF and did not perform treatment experiments in vivo due to the limitations of the laboratory
conditions. In the future, we will further explore the intracellular antibacterial activity and treatment effect of ANG-
Exo-RIF in vivo. In addition, to achieve clinical translation, we need to optimize certain details of the delivery system,
such as improving the encapsulation efficiency and finding the most appropriate density of the peptide to determine the
best combination of between cells and exosomes. Furthermore, we will compare drug delivery with exosomes and with
artificial drug carriers (such as liposomes) from multiple perspectives, such as the encapsulation efficiency, BBB
permeability with or without the peptide, and biosafety, to confirm the advantages of using exosome delivery systems.
Clinically, CNS-TB patients usually need to be treated with multiple drugs, and exosomes have the ability to encapsulate
multiple drugs.*® We can explore the optimal doses and drug combinations to achieve the best treatments. In addition,
despite current research shows that exosome is a promising carrier. However, there are some questions cannot be ignored
when it comes to clinical application. Firstly, the primary challenge of obtaining exosomes is how to isolate and purify
exosomes efficiently. Among existing exosome separation technologies, differential ultracentrifugation and density
gradient centrifugation are two of the most common methods. However, the technologies we mentioned above may
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cause exosomes rupture and aggregation.*’ The equipment used in ultrafiltration centrifugation is low-cost, but this
method is easy to cause aggregation and yield loss.”® The high purity of exosomes can be obtained by size exclusion
chromatography, with disadvantage of time-consuming and unscalable.’’ So, this method is not suitable to be applied to
industrial production. In a word, it is urgent to develop an efficient and economical method to standardize the production
high purity exosomes. Secondly, the drug-loading capacity limits clinical translation of exosome-based nanocarrier. This
may attribute to the presence of phospholipids, which protect exosomes from degradation, and the presence of parental
cell contents, which limit the confined space for exogenous drug loading.>* Thirdly, the unmodified exosomes lack of
targeting ability and tend to accumulate in the liver, resulting in inefficient drug delivery. Thus, modification, including
genetic engineering and chemical modification, is an effective method to enhance exosome targeting ability.'> Genetic
engineering is limited of complex operation, small selection range, and parent cell dependent transfection efficiency. In
contrast, chemical modification is more flexible.’ 3 However, chemical modification should be performed after exosome
isolation, which may disrupt membrane integrity. Except for modification, it is also a promising strategy to take
advantage of exosome heterogeneity to select exosomes from different kinds of cells as nanocarriers. Exosome derived
from different cells possess different biological characteristics in vivo. Wen et al>* found that lung fibroblast cell derived
exosomes can accumulate in lung. In addition, natural killer cell derived exosomes can target to tumor through homing
effect.®> However, this heterogeneity may also be an obstacle to the industrialization of exosomes. All in all, only after
continuous exploration, comparison and optimization can make exosomes more capable of clinical application.

Conclusion

In summary, a new exosome-based, RIF-loaded, brain-targeting drug delivery system was fabricated for the treatment of
CNS-TB and named ANG-Exo-RIF, which showed good biocompatibility. Our study demonstrated that ANG-Exo-RIF
exhibited excellent brain targeting ability in vitro and vivo, and the RIF antibacterial activity was not altered by exosome
loading and modification and was comparable with that of free RIF. Thus, the use of ANG-Exo-RIF represents
a promising strategy for the future translation of drug treatment for CNS-TB and other diseases in which permeating
the BBB remains a challenge.
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