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Abstract  

Exosomes are cell-derived extracellular vesicles and play important roles in mediating 

intercellular communications. Due to their unique advantages in transporting a variety of 

biomolecules, exosomes have been emerging as a new class of nanocarriers with great potential 

for therapeutic applications. Despite advancements in loading chemotherapeutics and interfering 

RNAs into exosomes, active incorporation of protein molecules into exosomes remains 

challenging owing to their distinctive physicochemical properties and/or a lack of knowledge of 

cargo sorting during exosome biogenesis. Here we report the generation of a novel type of 

engineered exosomes with actively incorporated membrane proteins or soluble protein cargos, 

named genetically infused functionally tailored exosomes (GIFTed-Exos). Through genetic fusion 

with exosome-associated tetraspanin CD9, transmembrane protein CD70 and glucocorticoid‐

induced tumor necrosis factor receptor family‐related ligand (GITRL) could be displayed on 

exosome surface, resulting in GIFTed-Exos with excellent T-cell co-stimulatory activities. By 

genetically linking to a CD9-photocleavable protein fusion, fluorescent protein mCherry, 

apoptosis-inducing protein apoptin, and antioxidant enzyme catalase could be effectively packed 

into exosomes for light-controlled release. The generated GIFTed-Exos display notable in vitro 

and in vivo activities for delivering distinct types of protein cargos to target cells. As a possibly 

general approach, GIFTed-Exos provide new opportunities to create exosomes with new functions 

and properties for biomedical research. 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

Introduction 

Exosomes are nanoscale extracellular vesicles secreted by various types of cells. In addition to 

a bilayer phospholipid membrane, exosome contains a substantial amount of contents from 

parental cells such as metabolites, nucleic acids, and proteins [1, 2]. As endogenous nanocarriers, 

exosomes play important roles in mediating cell-cell communications [3, 4]. Through interactions 

with cell surface receptors and ligands, membrane fusion, and intracellular cargo delivery, cell-

derived exosomes can modulate biological processes of recipient cells by one or more different 

modes of action [5-7]. 

In comparison to synthetic and viral nanovesicles, exosomes are characterized by unique and 

valuable properties for therapeutic development, including efficient cytosolic delivery of payloads, 

high biocompatibility, and low immunogenicity [8-11]. Given their potentials on treatment of 

many human diseases, exosomes have been emerging as a new and increasingly important class 

of therapeutic modality [12-15]. Development of exosomes with endogenous and/or exogenous 

cargos for biomedical applications has drawn considerable interests [11, 16-18]. 

To load small-molecule chemotherapeutics and interfering RNAs into exosomes, several 

methods have been commonly adopted including electroporation, sonication, and freeze-thaw 

cycles [19-23]. But these physical methods are usually much less effective to pack exogenous 

protein molecules into exosomes. Moreover, due to limited understanding of cargo sorting 

mechanism during exosome biogenesis, endogenous or recombinantly expressed protein cargos 

reply on passive loading for exosome encapsulation, resulting in significantly low efficiency and 

consequently lack of biological activity. Active incorporation of functional proteins into exosomes 

thus remains challenging. Considering diverse functions and great importance of proteins in 

biological systems, exosomes carrying sufficient amounts of proteins of interest may represent 

new research and therapeutic tools with desired properties. 

 Here we develop a novel form of engineered exosomes for actively incorporating functional 

membrane proteins and soluble proteins, termed genetically infused functionally tailored 

exosomes (GIFTed-Exos) (Figure 1). This was achieved through genetic fusions of exosome-

associated tetraspanin CD9 with membrane proteins for functional display on exosomal surface as 

well as with a photocleavable protein (PhoCl) and cargo proteins in tandem for light-controlled 

release and exosome-mediated intracellular delivery [24]. The resulting GIFTed-Exos with surface 

displayed CD70 or glucocorticoid‐induced tumor necrosis factor receptor family‐related ligand 
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(GITRL) exhibit excellent T-cell costimulatory activities. And GIFTed-Exos encapsulated with 

mCherry, apoptin, or catalase demonstrate functional delivery of distinct types of protein cargos 

to target cells. The designed GIFTed-Exos provide a new approach for generating function-

oriented exosomes for biomedical applications. 

 

 

Figure 1. A schematic for design and generation of GIFTed-Exos for modulating cell functions. 

(A)  GIFTed-Exos expressing a membrane protein (MP) of interest. Genetic fusion of a MP with 

CD9 facilitates display on exosome surface. (B) GIFTed-Exos carrying a cargo protein of interest. 

Genetic fusion of a cargo protein with CD9 and a photocleavable protein (PhoCl) in tandem allows 

active loading into exosomes and subsequent optical release for intracellular delivery. 
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Results 

Design of GIFTed-Exos for modulating cell functions. 

Considering high abundance of tetraspanin CD9 in exosome membrane, we envisioned that 

genetic fusion of membrane proteins with CD9 may not only enrich their expressions in exosomes 

but also facilitate their functional display on exosome surface. Furthermore, fusing soluble protein 

cargos with CD9 may enable active loading into exosomes. To irreversibly liberate protein 

payloads from the CD9-based fusions via a non-invasive approach, a key step for subsequent 

exosome-mediated intracellular delivery, the PhoCl could be inserted between CD9 and protein 

cargos. Transient irradiation of exosomes expressing the CD9-PhoCl-protein cargo fusions with 

405 nm violet light would then result in rapid cleavage at C-terminus of PhoCl and release of the 

protein cargo. To test this notion, we genetically linked two membrane proteins, CD70 and GITRL, 

with CD9 and attached three distinct protein cargos to CD9-PhoCl fusion, including a fluorescent 

protein (mCherry), an apoptosis-inducing protein (apoptin), and an antioxidant enzyme (catalase) 

(Figure 1). 

CD70 and GITRL GIFTed-Exos act as T cell co-stimulatory nanovesicles. 

CD70, a homotrimeric type II tumor necrosis factor (TNF)-related transmembrane molecule, 

binds to its receptor CD27 and then induces T-cell co-stimulation and promotes B- and natural 

killer (NK)-cell responses, which can contribute to tumor control [25-27]. Currently, soluble CD70, 

CD70-expressing dendritic cells (DCs), and agonistic antibodies against CD27 are suggested to 

promote cytotoxic T lymphocyte (CTL) effector responses and CTL memory to cancer [28, 29]. 

GITRL, a type II transmembrane protein belonging to the TNF superfamily, can interact with 

its receptor glucocorticoid‐induced tumor necrosis factor receptor family‐related (GITR) protein, 

leading to co-stimulation of both effector and regulatory T cells. Using soluble GITRL, GITRL-

transfected cells, and anti-GITR agonist antibodies, previous studies revealed that turning on the 

GITR/GITRL signaling pathway can enhance anti-tumor immunity by inducing activation of CD4+ 

and/or CD8+ T cells [30-32]. 

Given that CD70 and GITRL play active roles in a homotrimeric or homodimeric form, 

exosomes expressing surface CD70 or GITRL may function as excellent T-cell co-stimulatory 

vesicles. To this end, we genetically fused human CD70 or GITRL to C-terminus of human CD9 

using a flexible (GGGGS)2 linker. A hemagglutinin (HA) epitope tag and a 6×His tag were placed 

at N- and C-terminus of the fusion protein, respectively (Figure 2A). The designed CD70 GIFTed-
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Exos and GITRL GIFTed-Exos were prepared through transient transfection of human Expi293F 

suspension cells and purified as described previously [33]. In addition, the same CD70 and GITRL 

expression constructs without the fused CD9 (designated as CD70-Exos and GITRL-Exos) were 

also generated for comparison (Figure 2A). Western blots confirmed the expression of designed 

CD9-CD70 and CD9-GITRL fusions as well as exosomal markers CD9, CD81, and CD63 (Figure 

2B). In contrast to CD70-Exos and GITRL-Exos, both CD70 GIFTed-Exos and GITRL GIFTed-

Exos show significantly increased expression levels of CD70 and GITRL, supporting that CD9-

based fusions improve expression of membrane proteins in exosomes. The yield of GITRL 

GIFTed-Exos from the transient transfection was estimated to be 65.05 ± 5.15% based on Ni-NTA 

affinity chromatography, which can be further improved by generating stable cell lines expressing 

the gene of interest. Nanoparticle tracking analysis (NTA) revealed that the GIFTed-Exos have an 

average size of around 120 nm, similar to that of native exosomes (Figure 2C). 

     The bindings of displayed CD70 and GITRL on exosomes to their respective receptors, human 

CD27 and GITR, were then examined by ELISA (Figure 2D and 2E). Unlike CD70-Exos and 

GITRL-Exos, CD70 GIFTed-Exos and GITRL GIFTed-Exos exhibit much tighter binding to 

CD27 and GITR, consistent with their higher levels of expression as analyzed by western blots. In 

comparison, no binding to either receptor was detected for native exosomes. Next, CD70 and 

GITRL GIFTed-Exos were examined for co-stimulatory activity on T cells through measurements 

of secreted cytokines interleukin-2 (IL-2) and interferon gamma (IFN-γ). As shown in Figure 2F-

I, both CD70 GIFTed-Exos and GITRL GIFTed-Exos dose-dependently induce releases of IL-2 

and IFN-r from human peripheral blood mononuclear cells (hPBMCs) pre-activated by an anti-

human CD3 monoclonal antibody. By contrast, native exosomes have little stimulatory effects on 

the release of IL-2 and IFN-γ. These results demonstrate that GIFTed-Exos represent an effective 

approach for functional display of membrane proteins on exosome surface, allowing generation of 

engineered exosomes with new and/or improved properties. 
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Figure 2. Generation and characterization of CD70 GIFTed-Exos and GITRL GIFTed-Exos. (A) 

Schematics of the design of CD70- and GITRL-expressing exosomes. (B) Immunoblot analysis of 

purified exosomes. Theoretical molecular weights of native proteins or fusion proteins are shown. 

(C) NTA analysis of purified native exosomes and GIFTed-Exos. (D) and (E) ELISA analysis of 

binding of the GIFTed-Exos to human CD27 (D) or GITR (E). Data are shown as mean ± SD of 

duplicates. (F)-(I) Dose dependent activation of human T cells by CD70 GIFTed-Exos (F) and (H) 

and GITRL GIFTed-Exos (G) and (I). Human PBMCs were incubated with pre-coated anti-human 

CD3 monoclonal antibody in the presence of various concentrations of CD70 GIFTed-Exos or 

GITRL GIFTed-Exos for 40 hours. The levels of secreted IL-2 (F) and (G) and IFN-γ (H) and (I) 

were measured by ELISA. Data are shown as mean ± SD of triplicates. 

 

Intracellular delivery of fluorescent protein cargos by mCherry GIFTed-Exos.  

We next sought to use GIFTed-Exos to deliver soluble proteins into cytoplasm of target cells. 

Red fluorescence protein mCherry was first chosen as a model protein cargo for incorporation into 

exosomes. mCherry GIFTed-Exos were generated by placing PhoCl at C-terminus of CD9, 

followed by the mCherry protein cargo. Two flexible (GGGGS)2 linkers were used to connect these 

three protein domains. A HA tag was added at N-terminus of CD9-PhoCl-mCherry fusion protein. 

As a signal peptide, nuclear localization signal (NLS) directs proteins into the nucleus. A NLS 

sequence and a FLAG tag were attached at C-terminus of the fusion protein (Figure 3A). 

Immunoblot analysis indicated that the CD9-PhoCl-mCherry fusion protein was successfully 

expressed in exosomes and underwent 405 nm violet light-mediated cleavage in a time-dependent 

manner, resulting in the release of mCherry with a short C-terminal 12-residue peptide of PhoCl 

(cPhoCl-mCherry) into the lumen of mCherry GIFTed-Exos (Figure 3A and B). On the basis of 

immunoblots, 2 minute-exposure of mCherry GIFTed-Exos to 405 nm violet light could lead to 

nearly complete detachment of mCherry from the fusion protein. 

Next, cellular uptake of mCherry GIFTed-Exos and intracellular release and distribution of 

mCherry protein cargo were examined (Figure 3C). Confocal microscopy imaging showed 

efficient delivery of the mCherry protein cargo into HeLa cells, which is mainly located in the 

cytosol for cells treated with mCherry GIFTed-Exos without violet light treatment, but translocated 

into nuclei for cells incubated with mCherry GIFTed-Exos pretreated by violet light, matching the 

functions of PhoCl and C-terminal NLS in the designed fusion protein. These results support 
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successful loading of the mCherry protein cargo into exosomes, light-controlled release of the 

mCherry protein cargo, and intracellular delivery of the mCherry protein cargo by GIFTed-Exos. 

 

Figure 3. Design, generation and examination of mCherry GIFTed-Exos. (A) Schematic of the 

design of mCherry GIFTed-Exos. (B) Immunoblot analysis of the mCherry GIFTed-Exos and 

violet light-induced release of mCherry. Theoretical molecular weights of fusion proteins are 

shown. (C) Cellular uptake of mCherry GIFTed-Exos. The exosomes (500 µg mL-1) without and 

with 405 nm violet light irradiation were incubated with HeLa cells for 6 hours at 37℃, followed 

by washing with PBS, permeabilization, and confocal imaging. Blue: nuclei stained with DAPI; 

red: mCherry. Scale bars, 20 µm. 

 

Inducing cell apoptosis by GIFTed-Exos-mediated delivery of proapoptotic proteins.  

The applicability of the GIFTed-Exos-based approach for cytosolic delivery of bioactive 

proteins was then examined using apoptin, which is also named as chicken anemia virus viral 

protein 3 (VP3) and reported to possess tumor cell-specific proapoptotic activity [34, 35]. CD9-

PhoCl-apoptin fusion construct was generated using the same strategy as described above with a 

HA tag and a 6×His tag at its N- and C-terminus, respectively (Figure 4A). In addition, the same 

apoptin expression construct without the fused CD9 and PhoCl (designated as apoptin Exos) was 

generated for comparison. Immunoblot analysis indicated successful expression of the CD9-

PhoCl-Apoptin fusion protein and violet light-dependent release of the apoptin protein cargo from 

the fusion protein (Figure 4B). In contrast to apoptin Exos, apoptin GIFTed-Exos display 
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significantly increased expression levels of apoptin (Figure S1A), supporting that the CD9-fusion 

strategy enhances loading of protein cargos into exosomes. Confocal microscopy imaging showed 

time-dependent uptake of PKH67-labled native exosomes and apoptin GIFTed-Exos in HeLa cells 

with saturation around 12 hours (Figure S2), consistent with previous reports [36, 37]. No obvious 

differences in cellular uptake were found between native exosomes and apoptin GIFTed-Exos in 

HeLa cells (Figure S2). 

Annexin V-FITC/PI-based flow cytometry was then performed to study apoptosis effect 

induced by apoptin GIFTed-Exos. As shown in Figure 4C, treatment with apoptin GIFTed-Exos 

pre-exposed to violet light causes a significant increase in cell apoptosis (49.7% ± 5.6%) in HeLa 

cells relative to those of control and native exosome-treated groups. Apoptin GIFTed-Exos without 

pre-exposure to violet light could induce less than 20% cell apoptosis, possibly due to inefficient 

release of apoptin from the exosomes. It was reported that accumulation of apoptin in nuclei of 

cancer cells is required for induction of apoptosis [38]. In contrast to HeLa cells, no significant 

cell apoptosis was observed for HEK293 cells in all treatment groups (Figure S3). Consistent with 

their high levels of apoptin expression, apoptin GIFTed-Exos pre-exposed to violet light induces 

HeLa cell apoptosis approximately three times higher than that of the apoptin Exos-treated group 

(16.6% ± 1.3%) (Figure S1B, C). Furthermore, confocal microscopy showed significant apoptosis 

for HeLa cells incubated with apoptin GIFTed-Exos without and with pre-treatment by violet light, 

with a higher level for violet light-treated apoptin GIFTed-Exos, and a lack of apoptosis for 

HEK293 cells treated by all groups, consistent with the flow cytometry results (Figures 4E-F and 

S3). These results indicate that GIFTed-Exos allow efficient delivery of apoptin for inducing 

marked apoptosis in cancer cells. 
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Figure 4. Generation and analysis of apoptin GIFTed-Exos. (A) Schematic of the design of apoptin 

GIFTed-Exos. (B) Immunoblot analysis of the apoptin GIFTed-Exos and violet light-induced 

release of apoptin. Theoretical molecular weights of fusion proteins are shown. (C) Representative 

flow cytometry analysis of cell apoptosis induced by apoptin GIFTed-Exos. HeLa cells were 

incubated in the absence or presence of native exosomes or apoptin GIFTed-Exos (500 μg mL-1) 

for 24 hours at 37℃, followed by apoptosis analysis through annexin V-FITC/PI staining. (D) 

Quantitative representation of the percentages of annexin V-positive apoptotic cells for each group 

of (C). Data are shown as mean ± SD of triplicates. ns, not significant; ** p < 0.01; **** p < 

0.0001. (E) Representative confocal images of cell apoptosis induced by apoptin GIFTed-Exos. 

Following treatment without and with native or apoptin GIFTed-Exos (500 μg mL-1) for 24 hours 

at 37℃, HeLa cells were analyzed for apoptosis through SYTOX blue staining. Scale bars: 100 

µm (F) Quantitative representation of the percentage of SYTOX blue-positive apoptotic cells for 

each group of (E) (6 fields of view per region). Data are shown as mean ± SD. ns, not significant; 

*** p < 0.001; **** p < 0.0001.  

 

In vitro and in vivo delivery of antioxidant enzymes by GIFTed-Exos. 

In addition to mCherry and apoptin, catalase was selected as a model protein cargo for further 

examining the generality of GIFTed-Exos-based protein delivery approach. By catalyzing 

decomposition of hydrogen peroxide into water and oxygen, catalase is an important antioxidant 

enzyme for preventing hepatic ischemia or reperfusion injury by reducing reactive oxygen species 
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(ROS) produced by Kupffer cells and neutrophils infiltrating the organ. CD9-PhoCl-catalase 

construct was generated using the same approach as described above. A HA tag and a 6×His tag 

were placed at the N- and C-terminus of the fusion protein, respectively. (Figure 5A). To increase 

specificity of the resulting catalase GIFTed-Exos for hepatocytes, we co-expressed apolipoprotein 

A-I (ApoA-I) on the exosome surface (Figure 5A). ApoA-I is a ligand of high density lipoprotein 

(HDL) scavenger receptor class B type I (SR-BI), which directs transport of cholesterol from cells 

of the arterial wall to liver and steroidogenic organs [39]. To display ApoA-I on exosome surface, 

we fused it with the transmembrane domain (TMD) of human platelet-derived growth factor 

receptor (PDGFR), which has been widely used in displaying peptides and single-chain antibodies 

on surfaces of mammalian cells [40, 41]. A flexible (GGGGS)3 linker was inserted between these 

two proteins and a HA tag was added at N-terminus of ApoA-I-PDGFR TMD fusion (Figure 5A). 

The ApoA-I/catalase GIFTed-Exos were generated by co-transfection of ApoA-I-PDGFR 

TMD and CD9-PhoCl-catalase expression constructs. Immunoblot analysis indicated that both the 

ApoA-I-PDGFR TMD and CD9-PhoCl-catalase fusions were successfully expressed in exosomes 

(Left panel in Figure 5B). Violet light exposure triggers cleavage of CD9-PhoCl-catalase fusion 

protein in exosomes in a time-dependent fashion, releasing human catalase with the C-terminal 

12-residue peptide of PhoCl (cPhoCl-catalase) (Figure 5A and right panel in Figure 5B). ELISA 

analysis showed that ApoA-I/catalase GIFTed-Exos bind tightly to SR-BI in a dose-dependent 

manner (Figure 5C). This result was further confirmed by flow cytometric analysis using high SR-

BI expression HepG2 cells [42] and low SR-BI expression HeLa cells [43], which revealed strong 

binding of the ApoA-I/catalase GIFTed-Exos to HepG2 cells and little binding to HeLa cells 

(Figure S4). Confocal microscopy of cellular uptake of fluorescently labeled exosomes indicated 

that in comparison to catalase GIFTed-Exos, ApoA-I/catalase GIFTed-Exos exhibited higher levels 

of accumulation in SR-BI-positive HepG2 cells (Figure 5D and E). These results suggest that 

surface-displayed ApoA-I may increase specificity of catalase GIFTed-Exos for hepatocytes to 

facilitate liver-specific delivery of antioxidant enzymes. 

The enzymatic activity of ApoA-I/catalase GIFTed-Exos was then evaluated (Figure 5F). 

Fluorescence-based activity assays indicated that ApoA-I/catalase GIFTed-Exos (36-250 µg mL-

1) without and with pre-treatment by violet light could efficiently decompose H2O2 in a dose-

dependent fashion. In contrast, native exosomes show weak H2O2-degrading activity, which is 
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consistent with previous findings that exosomes from different cell types can carry antioxidant 

enzymes involved in ROS scavenging [44, 45]. 

Next, protective effects of GIFTed-Exos-mediated delivery of catalase on H2O2-induced 

cytotoxicity were evaluated. HepG2 cells were incubated for 6 hours with 500 µM of H2O2 in the 

absence or presence of various concentrations of native exosomes or ApoA-I/catalase GIFTed-

Exos without and with pre-treatment by violet light. In contrast to H2O2-treated cells with more 

than 60% loss of cell viability (Figures 5G and S5A), cells incubated with ApoA-I/catalase 

GIFTed-Exos reveal significantly higher levels of viability which correlate with exosome 

concentrations. Notably, ApoA-I/catalase GIFTed-Exos confer nearly full protection of HepG2 

cells from H2O2-induced cytotoxicity at concentrations of 80-160 µg mL-1, whereas 160 µg mL-1 

of native exosomes provide modest protection. Compared with ApoA-I/catalase GIFTed-Exos 

without violet light exposure, ApoA-I/catalase GIFTed-Exos pre-treated by violet light display 

increased protecting activities, possibly resulting from improved access to the released catalase 

cargo upon cellular uptake. Moreover, 1-hour pre-incubation of HepG2 cells with ApoA-I/catalase 

GIFTed-Exos result in greater protection from H2O2-induced cytotoxicity (Figure S5B). 
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 Figure 5. Design, generation, and evaluation of ApoA-I/catalase GIFTed-Exos. (A) Schematic of 

the design of ApoA-I/catalase GIFTed-Exos. (B) Immunoblot analysis of ApoA-I/catalase 

GIFTed-Exos and violet light-induced release of catalase. Theoretical molecular weights of fusion 

proteins are shown. (C) ELISA analysis of binding of ApoA-I/catalase GIFTed-Exos to SR-BI 

receptor. Data are shown as mean ± SD of duplicates. (D) Representative confocal images of 

cellular uptake of PKH67-labled GIFTed-Exos. HepG2 cells were treated with catalase GIFTed-

Exos or ApoA-I/catalase GIFTed-Exos for 6 hours at 37℃, followed by washing with PBS, 

permeabilization, and confocal imaging. Blue: nuclei stained with DAPI; green: PKH67-labeled 

exosomes. Scale bars, 20 µm. (E) Quantitative representation of the fluorescence intensity of 

PKH67 channel for each group in (D) (6 fields of view per region). Data are shown as mean ± SD. 

n = 6; ***, p < 0.001. (F) Enzymatic activity of ApoA-I/catalase GIFTed-Exos. The exosomes 

were exposed to 40 µM of H2O2 for 30 minutes at 37°C. The concentrations of H2O2 were then 

detected using Amplex red hydrogen peroxide/peroxidase assay kits. (G) ApoA-I/catalase GIFTed-

Exos protect HepG2 cells from H2O2-induced cytotoxicity. HepG2 cells were exposed to 500 µM 



15 
 

of H2O2 in the absence or presence of native exosomes or ApoA-I/catalase GIFTed-Exos without 

and with 405 nm violet light treatment for 6 hours at 37°C.  Cell viability was measured by MTT 

assays. Data in (F) and (G) are shown as mean ± SD of triplicates. Symbols indicate relative levels 

of significance compared with the H2O2 only-treatment group (ns, not significant; *, p < 0.05; **, 

p < 0.01; ***, p < 0.001; ****,p < 0.0001) or with native exosome-treatment group (#, p < 0.01; 

###, p < 0.001; ####, p < 0.0001) or with ApoA-I/catalase GIFTed-Exos-treatment group (ns, not 

significant; Ω, p < 0.05; ΩΩΩ P < 0.001). 

 

To examine in vivo activity of ApoA-I/catalase GIFTed-Exos, a murine CCl4-induced liver 

injury model was used, which has been established to screen hepatoprotective or liver treatment 

drugs [46]. Upon administration, CCl4 is metabolized by hepatic microsomal cytochrome P450 to 

produce a highly reactive trichloromethyl radical, followed by the generation of hydrogen peroxide 

[47, 48]. ApoA-I/catalase GIFTed-Exos are expected to accumulate in liver through ApoA-I-

mediated binding to the SR-BI receptor on the surface of hepatocytes, and prevent or ameliorate 

CCl4-induced liver damage by catalyzing the decomposition of hydrogen peroxide. Relative to 

corn oil-treated group, CCl4-treated group showed dramatically increased plasma ALT (54.3 ± 15.4 

vs 1074.4 ± 157.5 U/L; 19.8-fold) and AST (69.9 ± 38.6 vs 886.0 ± 34.4 U/L; 12.7-fold) activities 

24 hours post CCl4 administration. Importantly, mice treated with ApoA-I/catalase GIFTed-Exos 

right after the CCl4 injection showed significantly reduced ALT and AST activities in plasma, 

supporting that ApoA-I/catalase GIFTed-Exos deliver effective protection against acute liver 

injury induced by CCl4 (Figure 6). In addition, mice administered with ApoA-I/catalase GIFTed-

Exos alone revealed no significant changes in plasma levels of both ALT and AST relative to those 

of mice receiving PBS or corn oil, suggesting no apparent hepatotoxicity for ApoA-I/catalase 

GIFTed-Exos. These results demonstrate in vivo therapeutic efficacy of liver-targeted ApoA-

I/catalase GIFTed-Exos. 
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Figure 6. In vivo protective effects of ApoA-I/catalase GIFTed-Exos against CCl4-induced acute 

liver damage. Mice were intraperitoneally administered with CCl4 (4 mL/kg) dissolved in corn oil 

(0.5% v/v), followed with immediate intravenous injections of native exosomes or ApoA-

I/catalase GIFTed-Exos and two more injections at 6 hours and 12 hours. Enzymatic activities of 

ALT and AST in plasma were measured 24 hours and 36 hours after CCl4 administration. Value 

represents mean ± SD (n = 4). ns, not significant; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Discussion 

Through genetic engineering of exosome-associated tetraspanin CD9, we develop a new 

biocompatible nanoplatform for versatile incorporation of functional proteins of interest. The 

designed GIFTed-Exos allow to carry considerable amounts of membrane proteins or soluble 

proteins payloads for potential modulation of target cell functions. Currently, most proteins 

engineered to exosome surfaces are limited to short peptides, single-chain antibodies, and 

truncated extracellular domains of transmembrane proteins. And overexpressing exogenous 

membrane proteins in cells often gives rise to suboptimal expression levels in the isolated 

exosomes [17, 49, 50]. In comparison, utilizing CD9-based fusions allows to display full-length 

membrane proteins on exosome surface, which may retain their biological activities. Moreover, 

fusing with CD9 improves expression levels of target proteins in exosomes. In this study, two type 

II membrane proteins, CD70 and GITRL, were successfully incorporated into GIFTed-Exos. To 

expand the utility of this platform, type I membrane proteins and multispanning membrane 

proteins will be fused to the appropriate terminus of CD9 for creation of GIFTed-Exos with new 

biological functions. In addition, other exosome-associated proteins may be exploited for 

generating GIFTed-Exos with potentially improved properties, such as tetraspanins (CD81 and 

CD63), integrins, and membrane-binding proteins (TSG101 and Alix). The potential impact of the 

fusion architecture on assembly of the exosomes and the display efficiency of membrane proteins 

will be further investigated. 

To promote loading of protein cargos into exosomes, other genetical engineering approaches 

were reported, including direct and indirect additions of ubiquitin tags and blue-light-mediated 

reversible association of heterogeneous dimers [51-53]. Using CD9-PhoCl-based fusions 

facilitates enrichment of soluble protein cargos in exosomes. Importantly, the fused cargo proteins 

could be irreversibly released upon transient exposure to violet light and carry a short 12-residue 

peptide at N-terminus. These designs prevent concentration-dependent reversible association, 

avoid extended illumination, and minimize impact of genetically attached tags on the structure and 

activity of protein cargos, leading to the generation of cargo protein-carrying GIFTed-Exos with 

potentially excellent loading efficiency and biological activities. 

In summary, we generated a novel form of engineered exosome-derived protein carrier 

GIFTed-Exos that enhance incorporation of both membrane proteins and soluble protein cargos 

into exosomes and protein payloads release. The generated CD70 and GITRL GIFTed-Exos 
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possess notable T-cell co-stimulatory activities and the mCherry, apoptin, and ApoA-I/catalase 

GIFT-Exos demonstrate effective loading and intracellular delivery of distinct types of protein 

cargos. GIFTed-Exos may provide a general approach for generating new exosome-based research 

and therapeutic tools for modulating functions of target cells and tissues. 

Experimental Methods 

Materials. Roswell Park Memorial Institute (RPMI) 1640 medium and Dulbecco’s modified 

Eagle’s medium (DMEM) were purchased from Corning Inc. (Corning, NY). Fetal bovine serum 

(FBS), Expi293 expression medium, and Opti-modified Eagle’s medium (Opti-MEM) were 

purchased from Thermo Fisher Scientific (Waltham, MA). Triton X-100, PKH67 green fluorescent 

cell linker kit, and carbon tetrachloride (CCl4) were purchased from Sigma-Aldrich (St. Louis, 

MO). Dead cell apoptosis kit with annexin V FITC and propidium iodide (PI), QuantaBlu 

fluorogenic peroxidase substrate, Coomassie Plus (Bradford) assay kit, SYTOX Blue, and 4′,6-

diamidino-2-phenylindole (DAPI) were purchased from Thermo Fisher Scientific (Waltham, MA).  

Cell lines. Human cervical cancer cell line HeLa, human hepatocellular carcinoma cell line 

HepG2, and human embryonic kidney 293 cells (HEK293) were obtained from the American Type 

Culture Collection (ATCC) (Manassas, VA) and maintained in DMEM medium supplemented with 

10% FBS at 37°C in 5% CO2. Expi293F cells were purchased from Thermo Fisher Scientific 

(Waltham, MA) and maintained in Expi293 expression medium with shaking at a speed of 125 

rpm min-1 at 37°C in 8% CO2. Human peripheral blood mononuclear cells (PBMCs) were 

purchased from HemaCare (Van Nuys, CA). 

Molecular cloning and expression of GIFTed-Exos in mammalian cells. All cDNA 

fragments and PCR primers used in this study are listed in Table S1. 

Synthetic genes encoding hemagglutinin (HA)-CD9-CD70-6×His and HA-CD9-GITRL-

6×His fragments were purchased from Integrated DNA Technologies, Inc. (Skokie, IL), in which 

a (GGGGS)3 linker  and a SalI restriction enzyme site were inserted between CD9 and 

CD70/GITRL and a BglII restriction enzyme site was inserted between HA-tag and CD9. A 

pDisplay vector (Thermo Fisher Scientific, Waltham, MA) without the N-terminal signal peptide 

and the transmembrane (TM) domain of human platelet-derived growth factor receptor (PDGFR) 

was used as the backbone vector. The amplified HA-CD9-CD70-6×His and HA-CD9-GITRL-

6×His fragments were ligated in-frame using T4 DNA ligase (New England Biolabs, MA) between 

the EcoRI and NotI restriction enzyme sites in the modified pDisplay vector to generate pDisply-
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CD9-CD70 and pDisplay-CD9-GITRL constructs, respectively. Constructs for pDisplay-CD70 

and pDisplay-GITRL were generated by replacing the CD9-CD70/GITRL fragment with amplified 

CD70 or GITRL insert between the restriction enzyme sites of BglII and NotI of pDisplay-CD9-

CD70 and pDisplay-CD9-GITRL vectors. 

A PhoCl-mCherry fragment was amplified from pcDNA-NLS-PhoCl-mCherry vector 

(Addgene plasmid #87691) [24] with a FLAG-tag and an NLS sequence fused at its C-terminus 

and an MfeI restriction enzyme site between PhoCl and mCherry regions. pDisplay-CD9-PhoCl-

mCherry construct was generated by replacing the CD9-CD70 region with amplified PhoCl-

mCherry insert between the restriction enzyme sites of SalI and NotI of pDisplay-CD9-CD70 

vector. 

A synthetic gene fragment encoding Apoptin-6×His was purchased from Integrated DNA 

Technologies, Inc. pDisplay-CD9-PhoCl-Apoptin was generated by replacing the mCherry-

FLAG-NLS fragment with an amplified Apoptin-6×His insert between the restriction enzyme sites 

of MfeI and NotI. 

A catalase DNA fragment was amplified from pcDNA3-Casp3-myc vector (Addgene plasmid 

#11813) [54] with a 6×His tag at its C-terminus. pDisplay-CD9-PhoCl-Catalase was generated by 

replacing the mCherry-FLAG-NLS region with an amplified Catalase-6×His insert between the 

restriction enzyme sites of MfeI and NotI. 

A cDNA fragment encoding mouse ApoA-I was purchased from Dharmacon, Inc (Lafayette, 

CO). The amplified fragment was inserted between the HA-tag and the TM domain of human 

PDGFR in pDisplay vector using restriction enzyme sites BglII and SalI.  

The generated expression vectors were confirmed by DNA sequencing provided by GENEWIZ 

(South Plainfield, NJ). Endotoxin-free plasmids for the sequence-verified expression constructs 

were prepared using ZymoPURE II Plasmid Kits (ZYMO Research, CA), followed by transfection 

into Expi293F cells using PEI MAX 40K (Polysciences, PA) by following manufacturer’s 

instructions. 

Exosome purification. Culture media of Expi293F cells transfected with the expression 

constructs were collected on days 3 and 6 post transfection. Exosomes were isolated through 

differential centrifugation and ultracentrifugation as previously described with modification [33, 

55, 56]. Briefly, cell cultures containing expressed exosomes were centrifuged at 100 ×g for 10 

minutes at 4°C to pellet suspension cells. The collected supernatants were then centrifuged at 4000 
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×g for 30 minutes to remove dead cells and cell debris, followed by 14,000 ×g for 40 minutes at 

4°C to remove large vesicles. Collected supernatants were then centrifuged at 60,000 rpm 

(371,000 ×g ) in a Type 70 Ti rotor (Beckman Instruments, Indianapolis, IN) for 1.5 hours at 4°C. 

Exosome pellets were washed twice with PBS and resuspended in PBS, followed by filtration with 

0.2 μm syringe filters. Protein concentrations of the exosomes were determined by Bradford assays. 

Nanoparticle tracking analysis (NTA). The particle concentration and size distribution of the 

purified exosomes were determined through NTA using a Nanosight LM10 (Malvern Instruments, 

U.K.) by following the manufacturer’s instruction. Ten replicates of analysis with 60 seconds for 

each were performed. 

Immunoblot analysis. Exosome samples (2 μg of protein) were boiled at 95°C for 5 min in 

NuPAGE LDS sample buffer (Thermo Fisher Scientific, MA). The lysates were then separated by 

4-20% ExpressPlus-PAGE gels (GeneScript, Piscataway, NJ), transferred to Immun-Blot PVDF 

membranes (Bio-Rad Laboratories, Inc, Hercules, CA), and incubated with appropriate primary 

antibodies (anti-HA (clone: 2-2.2.14), anti-6×His (clone: HIS.H8) and anti-FLAG (FG4R) from 

Thermo Fisher Scientific, anti-CD63 (clone: H5C6) and anti-CD81 (clone: 5A6) from BioLegend, 

and anti-CD9 (clone: D8O1A) from Cell Signaling Technology) and secondary antibodies (anti-

mouse IgG-HRP (catalog number: 62-6520) or anti-rabbit IgG-HRP (catalog number: 65-6120) 

from Thermo Fisher Scientific). The immunoblots were developed by additions of SuperSignal 

West Pico PLUS chemiluminescent substrate (Thermo Fisher Scientific) and imaged with a 

ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Inc, Hercules, CA).  

Yield of positive GIFTed-Exos. The yield of positive exosomes was evaluated through Ni-

NTA affinity chromatography by using the GITRL GIFTed-Exo as an example. GITRL GIFTed-

Exos were incubated with Ni-NTA beads at 4°C with end-over-end rotation for 2 hours, followed 

by washing beads twice with PBS buffer and eluting with PBS buffer containing 400 mM 

imidazole. The yield of positive exosomes was defined as eluted GITRL GIFTed-Exos divided by 

total GITRL GIFTed-Exos and expressed as a percentage.  

Binding of the engineered exosomes to their ligands/receptors as measured by ELISA. 

Nighty six-well ELISA plates (Greiner Bio-One, Monroe, NC) were coated with appropriate 

ligands/receptors (0.4 μg mL-1; human CD27-rFc, human GITR-hFc, and mouse SCARB1-

hFc/6×His from Sino Biological Inc., Wayne, PA) or native exosomes at various concentrations 

overnight at room temperature or 4°C. Non-bound antigens or exosomes were washed away with 
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PBST (PBS with 0.05% Tween-20) for three times. The wells were then blocked with PBS 

containing 1% BSA for 2 hours at room temperature, followed by washing with PBST. Various 

concentrations of exosomes (CD70-Exos, GITRL-Exos, CD70 GIFTed-Exos, GITRL GIFTed-

Exos, and ApoA-I/Catalase GIFTed-Exos) or corresponding ligands/receptors (0.5 μg mL-1; 

human CD27-rFc, human GITR-hFc, and mouse SCARB1-hFc/6×His) were added and incubated 

for 2 hours at room temperature, followed by washing with PBST for three times. For bound 

engineered exosomes, an anti-HA primary antibody was subsequently added for 2-hour incubation, 

followed by washing and incubation with an anti-mouse IgG-HRP secondary antibody for 1 hour. 

For bound ligands/receptors, an anti-rabbit IgG-HRP antibody or anti-human IgG-HRP antibody 

was added and incubated for 1 hour. QuantaBlu fluorogenic peroxidase substrate (Thermo Fisher 

Scientific, MA) was then added after washing, and the fluorescence signals were measured using 

a BioTek Synergy H1 Hybrid Multi-Mode Microplate reader (BioTek, VT). 

T-cell co-stimulation assays. Anti-CD3 monoclonal antibody (mAb) (clone: OKT3, 

BioLegend, San Diego, CA) (10 μg mL-1) was pre-coated in pre-treated 96-well plates at 37°C for 

3 hours. Human PBMCs (1 ×105 per well) incubated in complete RPMI and purified CD70 

GIFTed-Exos or GITRL GIFTed-Exos at various concentration were added. As controls, PBMCs 

were cultured alone with the immobilized anti-CD3 mAb or native exosomes. After 40 hours, cell 

culture supernatants were collected and assayed for interleukin-2 (IL-2) and interferon gamma 

(IFN-γ) secretion by ELISA (R&D Systems, Minneapolis, MN). Results are expressed as a mean 

± SD from one of at least three separate experiments. 

Confocal imaging of cell uptake of exosomes and intracellular distribution of cargo 

proteins. HeLa or HepG2 cells were seeded into clear bottoms of 24-well plates (50,000 cells/well) 

one day before the experiment. HeLa cells were incubated with 500 μg mL-1 mCherry GIFTed-

Exos (1.4×1010 particles), mCherry GIFTed-Exos pre-treated with 405 nm violet (405-nm blue 

laser module (Output Power: 500 mW), Ensfouy, China) for 2 minutes, or native exosomes for 6 

hours. HepG2 cells were incubated with 200 μg mL-1 PKH67-labeled catalase GIFTed-Exos or 

ApoA-I/catalase GIFTed-Exos (5.6×109 particles) for 6 hours at 37°C with 5% CO2.  The cells 

were then gently washed with PBS, fixed with 4% paraformaldehyde (Thermo Fisher Scientific, 

MA), permeabilized with 0.1% triton X-100 and stained with DAPI. Cells were then washed and 

mounted on slides in fluromount mounting media (Diagnostic BioSystems Inc., Pleasanton, CA). 

Images were analyzed with a Leica SP8 confocal laser scanning microscope (Leica Microsystems 
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Inc., Buffalo Grove, IL) and processed using LAS X software (Leica Microsystems Inc., Buffalo 

Grove, IL). 

Confocal imaging of cellular uptake of native exosomes and GIFTed-Exos. HeLa cells 

were seeded into clear bottoms of 24-well plates (50,000 cells/well) one day before the experiment. 

HeLa cells were incubated with 200 μg mL-1 PKH67-labeled native exosomes or apoptin GIFTed-

Exos (5.6×109 particles) for 1, 2, 6, 12, or 24 hours at 37°C with 5% CO2.  The cells were then 

gently washed with PBS, fixed with 4% paraformaldehyde (Thermo Fisher Scientific, MA), 

permeabilized with 0.1% triton X-100 and stained with DAPI. Cells were then washed and 

mounted on slides in fluromount mounting media (Diagnostic BioSystems Inc., Pleasanton, CA). 

Images were analyzed with a Zeiss LSM880 confocal microscope with Airyscan (Carl Zeiss AG, 

Oberkochen, Germany) and processed using LAS X software (Leica Microsystems Inc., Buffalo 

Grove, IL). 

Apoptosis assays. HeLa or HEK293 cells were incubated with 500 μg mL-1 Apoptin Exos, 

Apoptin GIFTed-Exos, Apoptin GIFTed-Exos pre-treated with 405 nm violet for 2 minutes, or 

native exosomes for 24 hours at 37°C with 5% CO2. Cell apoptosis was detected using the Annexin 

V-FITC/PI apoptosis detection kit (Thermo Fisher Scientific, MA) and SYTOX Blue dead cell 

stain (Thermo Fisher Scientific, MA) according to the manufacturer's instructions, followed by 

analyzing on a flow cytometer or imaging with a Leica SP8 confocal laser scanning microscope 

(Leica Microsystems Inc., Buffalo Grove, IL), respectively. 

Flow cytometric analysis of the binding of ApoA-I/catalase GIFTed-Exos to cells. SR-BI-

high-expression HepG2 cells and SR-BI-low-expression HeLa cells (200,000 cells per tube) were 

stained with 200 µg mL-1 of PKH67-labled native exosomes or ApoA-I/catalase GIFTed-Exos for 

30 minutes at 4°C. Cells were washed three times with PBS containing 2% FBS and resuspended 

in PBS containing 2% FBS, followed by analysis using a BD Fortessa X20 flow cytometer. Data 

were processed by FlowJo_V10 software (Tree Star Inc., Ashland, OR). 

Enzymatic activity of ApoA-I/catalase GIFTed-Exos. In vitro enzymatic activity of ApoA-

I/catalase GIFTed-Exos was evaluated using hydrogen peroxide (H2O2) decomposition assay with 

Amplex Red hydrogen peroxide/peroxidase assay Kit (Thermo Fisher Scientific, MA). For this 

purpose, native exosomes, ApoA-I/catalase GIFTed-Exos, or ApoA-I/catalase GIFTed-Exos pre-

treated with 405 nm violet were incubated with 40 µM H2O2 for 30 minutes at 37°C. Following 

the incubation, the remaining H2O2 was detected according to manufacturer's instructions. The 
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catalase enzymatic activity was expressed as the percentage of H2O2 decomposition. 

Prevention of H2O2-induced cytotoxicity by ApoA-I/catalase GIFTed-Exos. H2O2-

mediated liver cell cytotoxicity was first evaluated by MTT assays. HepG2 cells (1×104 cells per 

well) were seeded into clear bottoms of 96-well plates and allowed to attach overnight. Then, the 

cells were exposed to various concentration of H2O2 for 6 hours. Following the treatments, 10 μL 

MTT (5 mg mL-1) was added into each well. After 3 hours of incubation at 37°C and subsequent 

additions of 100 μL of lysis buffer (20% SDS in 50% dimethylformamide, pH 4.7), plates were 

incubated for 2 hours at 37°C and measured for absorbance at 570 nm using a BioTek Synergy H1 

Hybrid Multi-Mode Microplate reader (BioTek, Winooski, VT). Cell viability was expressed as a 

percentage of viable cells in the treated groups compared to the untreated control group.  

The protection of HepG2 cells from H2O2-induced cytotoxicity by ApoA-I/catalase GIFTed-

Exos was assessed by MTT assays. HepG2 cells (1 × 104 cells per well) were seeded into 96-well 

plates and allowed to attach overnight. Cells were treated with ApoA-I/catalase GIFTed-Exos or 

native exosomes in the presence of 500 μM H2O2 for 6 hours. In separate experiments, cells were 

first pre-incubated with exosomes for 1 hour before exposing to 500 μM H2O2 for 6 hours. 

Following the treatments, cell viability was determined as described above. 

In vivo activity studies of ApoA-I/catalase GIFTed-Exos. Six to eight-week male BALB/cJ 

mice were purchased from The Jackson Laboratory (Bar Harbor, ME). All animal procedures were 

approved by the Institutional Animal Care and Use Committee (IACUC) of the University of 

Southern California. 

CCl4 dissolved in corn oil (0.5% v/v) was administered to the peritoneal cavity of mice at a 

dose of 4 mL/kg body weight to induce acute liver damage [46, 57]. Mice in the control group 

were treated with same volume of corn oil. To examine the hepatoprotective effect of exosomes, 

ApoA-I/catalase GIFTed-Exos pre-exposed to 405 nm violet for 2 minutes (25 mg/kg) were 

injected intravenously into the tail vein of mice immediately and 6 hours and 12 hours after CCl4 

administration. Mice in the treatment control groups were administered with same dose of native 

exosomes or PBS at the same time points. In addition, mice injected with same dose of ApoA-

I/catalase GIFTed-Exos or PBS alone were used to evaluate systemic toxicity of ApoA-I/catalase 

GIFTed-Exos. At 24 hours and 36 hours post CCl4 administration, blood samples were collected 

from the tail vein and plasma was separated by centrifugation for 10 minutes at 10,000 ×g.  

The alanine aminotransferase (ALT) and aspartate Aminotransferase (AST) activities in 
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plasma were assayed. Briefly, collected mouse plasma (5 μL) or a series of dilutions of standard 

solution (sodium pyruvate) was added to wells of clear 96-well plates, followed by additions of 25 

μL of ALT substrate solution (0.2 M alanine, 2 mM 2-oxoglutarate, pH 7.4) or 25 μL AST substrate 

solution (0.1 M aspartic acid, 2 mM 2-oxoglutarate, pH 7.4)  and incubation at 37°C for 20 minutes. 

Next, 50 μL of 2, 4-dinitrophenylhydrazine (2,4-DNPH) (solution of 1 mM in 1 M HCl) was added 

and incubated at room temperature for 20 minutes. Lastly, 0.5 M sodium hydroxide was added, 

and the absorbance was measured at 510 nm using a BioTek Synergy H1 Hybrid Multi-Mode 

Microplate reader (BioTek, VT). Amounts of pyruvate generated were calculated from the standard. 

The ALT/AST activity was reported as nmole/min/mL = unit/L, where one milliunit (mU) of 

ALT/AST is defined as the amount of enzyme that can generate one nmole of pyruvate per minute 

at 37°C. 

Statistical analysis. Two-tailed unpaired t tests were performed for comparison between two 

groups. One-way ANOVA with Tukey post-hoc tests were carried out for comparing multiple 

groups. A p < 0.05 was considered statistically significant. Significance of finding was defined as: 

ns = not significant, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001.   Data 

are shown as mean ± SD. All statistical analyses were calculated using GraphPad Prism (GraphPad 

Software, La Jolla, CA). 
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Table S1. List of primer sequences used for molecular cloning. Restriction enzyme sites are 

underlined and italicized. 

DNA fragment 

for cloning 

 Primer sequence  

CD70 

Forward: 5’-AGCCGGCCAGATCTCCGGAGGAGGGTTCGGGCTGCT-3’ 

Reverse: 5’-GATCTCGAGCGGCCGCCTTAATGGTGGTGGTGATGGTG 

GGGGCGCACCCACTGCACTCCA-3’ 

GITRL 

Forward: 5’-AGCCGGCCAGATCTTGTTTGAGCCACTTGGAAAATATG 

CCTTTAAGCC-3’ 

Reverse: 5’-GATCTCGAGCGGCCGCCTTAATGGTGGTGGTGATGGTG 

GGAGATGAATTGGGGATTTGCT-3’ 

CD9-CD70 

Forward: 5’-CTGGAATTCGGCATGTATCCATATGATGTTCCAGATTAT 

GCTGGGGCCC-3’ 

Reverse: 5’-GATCTCGAGCGGCCGCCTTAATGGTGGTGGTGATGGTG 

GGGGCGCACCCACTGCACTCCA-3’ 

CD9-GITRL 

Forward: 5’-CTGGAATTCGGCATGTATCCATATGATGTTCCAGATTAT 

GCTGGGGCCC-3’ 

Reverse: 5’-GATCTCGAGCGGCCGCCTTAATGGTGGTGGTGATGGTG 

GGAGATGAATTGGGGATTTGCT-3’ 

PhoCl-

mCherry 

Forward: 5’-GGTCCGTCGACGTGATCCCTGACTACTTCAAGCAGAGC 

TTCCCC-3’ 

Reverse-1: 5’-TGGGCTTCCTCCCTTGTCGTCATCGTCTTTGTAGTCAC 

TCCCGCCCTTGTACAGCTCGTCCATGCCGCCG-3’ 

Reverse-2: 5’-GATCTCGAGCGGCCGCCTTAAACTTTTCTTTTCTTTTT 

TGGGCTTCCTCCCTTGTCGTCATCGTC-3’ 

Apoptin 

Forward: 5’-CAGCCAATTGCACCATCACCACCACCATAATGCTCTTC 

AGGAAGATACTCCACCTGGGCC-3’ 

Reverse: 5’- CTCGAGCGGCCGCCGTGATGATGATGGTGATGAAGCC 

T AATACAGCGCCGCGCAGTTC-3’ 

Catalase 

Forward: 5’-CAGCCAATTGCACCATCACCACCACCATGCTGACAGC 

CGGGATCCCGCCA-3’ 

Reverse: 5’- CTCGAGCGGCCGCCATGGTGGTGGTGATGGTGCAGAT 

TTGCCTTCTCCCTTGCCGCCAAGTG-3’ 

ApoA-I 

Forward: 5’- GCCGGCCAGATCTGATGAACCCCAGTCCCAATGGGAC 

AAAGTG-3’ 

Reverse: 5‘-TTTGTTCGTCGACGCTTCCGCCCCCGCCGGCAGTCAGA 

GTCTCGCTGGCCTTG-3’ 
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Figure S1. Analysis of apoptin Exos and apoptin GIFTed-Exos. (A) Immunoblot analysis of the 

apoptin Exos and apoptin GIFTed-Exos. Theoretical molecular weights of native proteins or fusion 

proteins are shown. (B) Representative flow cytometry analysis of cell apoptosis induced by 

apoptin Exos and apoptin GIFTed-Exos. HeLa cells were incubated in the absence or presence of 

native exosomes, apoptin Exos, or apoptin GIFTed-Exos (500 μg mL-1) for 24 hours at 37℃, 

followed by apoptosis analysis through annexin V-FITC/PI staining. (C) Quantitative 

representation of the percentages of annexin V-positive apoptotic cells for each group of (B). Data 

are shown as mean ± SD of triplicates. * p < 0.05; *** p < 0.001, **** p < 0.0001. 
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Figure S2. Cellular uptake of native Exos and apoptin GIFTed-Exos. (A) Representative confocal 

images of time-dependent cellular uptake of PKH67-labled native Exos or apoptin GIFTed-Exos. 

HeLa cells were treated with native Exos or apoptin GIFTed-Exos for 1, 2, 6, 12, or 24 hours at 

37℃, followed by washing with PBS, permeabilization, and confocal imaging. Blue: nuclei stained 

with DAPI; green: PKH67-labeled exosomes. Scale bars, 5 µm. (B) Quantitative representation of 

the fluorescence intensity of PKH67 channel for each group in panel (A) (6 fields of view per 

region). Data are shown as mean ± SD, n = 6. 
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Figure S3. Analysis of apoptin GIFTed-Exos (A) Representative flow cytometry analysis of cell 

apoptosis induced by apoptin GIFTed-Exos. HEK293 cells were treated without or with 500 μg 

mL-1 exosomes for 24 hours at 37℃ and cell apoptosis was analysis by Annexin V-FITC/PI 

staining. (B) Quantitative representation of the percentages of Annexin V-positive apoptotic cells 

in each group of (A). Data are shown as mean ± SD of triplicates. ns, not significant. (C) 

Representative confocal images of cell apoptosis induced by apoptin GIFTed-Exos. HEK293 cells 

were treated without or with 500 μg mL-1 exosomes for 24 hours at 37℃ and cell apoptosis was 

analysis by SYTOX blue staining. Scale bars: 100 µm (D) Quantitative representation of the 

percentages of SYTOX blue-positive apoptotic cells in each group of (C). (6 fields of view per 

region). Data are shown as mean ± SD. ns, not significant.  
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Figure S4. Flow cytometry of the binding of ApoA-I/catalase GIFTed-Exos to SR-BI-low-

expression HeLa cells and SR-BI-high-expression HepG2 cells. 
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Figure S5. H2O2-induced cytotoxicity and ApoA-I/catalase GIFTed-Exos-mediated protection. (A) 

In vitro cytotoxicity induced by H2O2. HepG2 cells were exposed to various concentrations of 

H2O2 for 6 hours. Cell viability was measured by MTT assays. Data are shown as mean ± SD of 

triplicates. Symbols indicate relative levels of statistical significance compared with the control 

group (*, p < 0.05; ***, p < 0.001; ****, p < 0.0001). (B) ApoA-I/catalase GIFTed-Exos protect 

HepG2 cells from H2O2-mediated cytotoxicity. HepG2 cells were first incubated with native 

exosomes or ApoA-I/catalase GIFTed-Exos for 1 hour and then exposed to 500 µM H2O2 for 6 

hours at 37°C.  Cell viability was measured by MTT assays. Data are shown as mean ± SD of 

triplicates. Symbols indicate relative levels of statistical significance compared with the H2O2 only-

treatment group (ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****p < 0.0001). 
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