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Background: Exosomes are ubiquitous naturally secreted stable nanovesicles that can be engi-

neered to target and deliver novel therapeutics to treat a host of human diseases.

Methods: We engineered the surfaces of cell-derived nanovesicles to act as decoys in the

treatment of inflammation by antagonizing the major proinflammatory cytokine, tumor

necrosis factor alpha (TNFα).

Results: Decoy exosomes were generated by displaying the TNFα binding domain of human

TNF receptor-1 (hTNFR1) on the outer surface of exosomes using stably transfected

HEK293 cells. We developed an efficient method to purify the engineered exosomes from

conditioned medium based on sequential centrifugation, ultrafiltration, and precipitation. We

characterized decoy exosomes using immune-quantification, nanoparticle tracking analysis,

and confocal microscopy to confirm that they retain the correct orientation, size, and shape of

naturally produced exosomes. We demonstrated the engineered decoy exosomes specifically

antagonize activities of TNFα using an inflammatory reporter cell line.

Conclusions: Decoy exosomes produced in human cells serve as a novel biologic reagent

for antagonizing inflammatory signaling mediated by TNFα.
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Introduction
Inflammation is a hallmark of many debilitating and life-threatening disorders,

including inflammatory bowel disease,1 rheumatoid arthritis,2 psoriasis,3

atherosclerosis,4 Alzheimer’s,5,6 sepsis,5 and cancer.7,8 Many of these disorders

are chronic and impose a significant burden to family and society due to their

high morbidity and mortality, and therapies are costly, both financially and for

patient care.9–11 In the United States and Canada alone, it is estimated that more

than 1.4 million people suffer from inflammatory bowel disease.12 While many

genetic and environmental factors play a prominent role in disease

progression,13 the proinflammatory cytokine, TNFα, is recognized as the central

player in eliciting inflammatory cascades.12,14,15 Protein therapeutics, such as

anti-TNFα antibodies that selectively block the TNFα cascade, have become the

mainstay therapy for the management of chronic inflammatory diseases.16–18

Despite the promise of the early studies, concerns about side effects of these

protein drugs, including induction of anti-antibodies and immuno-suppression,

may limit the applications to disease treatments.19–22 Additionally, the efficacy

of antibody-based therapies is limited by their rapid clearance and poor penetra-

tion of tissue,23 especially when compared to other biologics, such as exosomes.
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Thus, there is a pressing demand to introduce improved

therapeutic agents to treat inflammatory diseases; to this

end, we introduce a new class of decoy exosomes that

antagonize the major proinflammatory cytokine, TNFα.
Exosomes are cell-derived nanovesicles that are being

engineered by some laboratories to function as disease

cell-targeting drug delivery vehicles. Exosomes can be

engineered to display specific proteins on their external

membrane, for example to target specific receptors on

a tumor cell, and to display other functional proteins in

their lumen.24–26 Circulating in blood and other body

fluids, including synovial joints, engineered exosomes

could be used to deliver large amounts of therapeutic

reagents to targeted tissues. The intrinsic biocompatibility

and high degree of tissue-penetration have led numerous

groups to pursue the engineering of exosomes as drug-

delivery vehicles to treat diverse human diseases.27 For

example, exosomes have been engineered to deliver

siRNAs to neurons, microglia, and oligodendrocytes in

the brain to affect specific gene knockdowns.28

Exosomes bearing targeting and therapeutic proteins cir-

culate in the body much longer than synthetic vehicles,

and are found to be well suited to deliver anti-oncogenic

KRAS small RNAs to deep-seated pancreatic cancer

cells.29 However, we are unaware of robust and high-

fidelity strategies to engineer exosomes with protein ther-

apeutics to treat inflammation. Here we show that engi-

neered exosomes with TNF receptor (TNFR1) can be used

to antagonize the proinflammatory cytokine TNFα. We

further show the establishment in a proof-of-concept

study that demonstrates the effectiveness of exosomes in

delivering the “decoy-binding domain” of the TNF-

receptor to a cell model of inflammation.

A vital component of this study is the application of an

exosome surface display technology developed by our

group to load diverse therapeutics and protein reporters

to the inside or outside of the exosome membrane surface

via genetic fusions.30 Individually, we fuse target proteins

to the outer and inner surface of exosomes using the

endogenous transmembrane protein CD63, an abundant

tetraspanin protein expressed on the surface of

exosomes.31,32 In this study, we used tetraspanin CD63

to engineer exosomes bearing a surface-exposed TNFR1.

Since these novel exosomes function as agonists in TNF-

signaling of inflammation responses in cells, we refer to

them as decoy exosomes. Because each decoy exosome

displays multiple copies of TNFR1 on its surface, it is

proposed to function as a biological sponge that absorbs

soluble TNFα in the affected tissue and thereby compro-

mises TNF-mediated inflammation in the exosome-

targeted tissue.

The goals of this study are two-fold: 1) to establish

human cell lines in permanent culture that are genetically

modified with our tetraspanin CD63 surface-display sys-

tem to produce decoy exosomes bearing genetically trans-

formed TNFα receptors, and 2) to demonstrate these decoy

exosomes antagonize TNFα in a cellular model of inflam-

mation. To achieve these goals, we designed and con-

structed a chimeric gene composed of three

geometrically defined protein domains: the transmembrane

CD63; the decoy receptor hTNFR1-EC on the outer sur-

face; and the green fluorescent protein (GFP) on the inner

surface of the exosomes. GFP functions as a fluorescent

reporter of the expression of the chimeric gene and more-

over enables imaging of the distribution of decoy exo-

somes in cell culture or tissue. Using a combination of

genetic and cellular methods and analyses, we showed the

transfection of HEK293 cells with the engineered con-

structs produce a fusion protein on the surface of exo-

somes with correct geometry. Moreover, we used

fluorescence microscopy to show HEK293 cells produce

large numbers of decoy exosomes that are released to the

conditioned medium. Finally, we developed a protocol to

purify decoy exosomes from conditioned medium in high-

yield and showed that decoy exosomes exhibit a specific

anti-TNFα activity on an inflammatory cell reporter sys-

tem established by our group.33

Because of their intrinsically high tissue-penetrating

ability, we hypothesize decoy exosomes are more effec-

tive in delivering therapeutic (anti-inflammatory) cargo

to target cells compared to the injection of protein-based

therapeutics. Additionally, our work provides a proof-of-

concept to develop agonist-binding engineered exo-

somes to treat other diseases, including cancer, cardio-

vascular, and neuronal disorders.

Material and methods
Materials
We purchased human recombinant TNFα from R&D

Systems (Minneapolis, MN) and puromycin hydrochloride

from ThermoFisher Scientific (Waltham, MA). We pur-

chased the luciferase assay substrate and cell lysis reagents

from Promega (Madison, WI). We purchased the organelle

staining reagent LysoTracker Red DND-99, fusion genes for

tracking cellular organelles of early (Rab5a-RFP) and late
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(Rab7a-RFP) endosomes from ThermoFisher Scientific.

Finally, we purchased the exosome marker (XPACK-RFP)

from System Biosciences (SBI, Palo Alto, CA).

Design and construction of expression

vectors
We constructed the fusion protein of CD63-GFP as reported.30

We inserted either TNFR1-EC or RFP at the 2nd extracellular

loop of CD63 using a fusion technology.30 We confirmed the

fidelity of all constructs by double-stranded DNA sequencing.

Details of the coding sequences of the decoy chimeric protein

appear in the Additional file 1 (Supplementary sequences).We

have previously reported on the RFP-control chimaera.30

Cell culture
We purchased the human embryonic kidney cells (HEK293)

from Alstem (Richmond, California). Cells were cultured in

high glucose Dulbecco’s Modified Eagle Medium (DMEM)

with 2mM glutamine (Gibco; MA, USA) supplemented with

10% fetal bovine serum (GE Healthcare Life Sciences;

Issaquah, WA) and 100 U/mL penicillin/streptomycin

(Gibco; MA, USA) at 37°C in 5% CO2.

Transfection, drug selection, and

establishment of stable cell lines
Stable cell lines expressing various CD63 fusion proteins

were established as previously reported.30 Briefly, we trans-

fected HEK293 with plasmid DNA (1~2.5 µg/well) using

either Lipofectamine (ThermoFisher Scientific, Waltham,

MA) or FuGENE6 transfection reagent (Promega,

Madison, WI) for 24~48 hrs. Next, we transferred the trans-

fected HEK293 cells to a drug selectionmedium containing 5

µg/mL puromycin. The resultant cell lines stably expressed

the fusion gene and remained GFP/RFP-positive for at least

50 days (equivalent to 25 passages). We maintained these

stably transfected cells in medium with puromycin although

before an experiment, we bathed cells in a puromycin-free

medium for at least 2 passages. Stable reporter cell lines that

detect TNFα signaling were also similarly established as

previously reported.33

Fluorescence-activated cell sorting

(FACS)
Cultured HEK293 cells stably expressing the CD63-RFP-

GFP or CD63-TNFR1-GFP fusion proteins were analyzed

using an Accuri C6 Plus Flow Cytometer (BD Biosciences,

San Jose, CA), as reported.34 In brief, cells grown at

80~90% confluency on 3 cm dishes were collected and

sorted using both FL1 and FL3A channels to quantify the

levels of GFP and RFP intensity – we recorded over 10,000

events for each sample.

Exosome preparation
We prepared exosomes from the conditioned medium as

previously reported.34 Briefly, first we transferred the stably

transfected cells to serum-free UltraCulture medium

(Lonza, Allgendale, NJ), and then we collected the condi-

tioned medium, centrifuged to remove cell debris, and ultra-

filtered to remove large extracellular vesicles (>200 nm)

using a 0.22 µm filter. We mixed the filtered medium

containing mainly exosomes with exosome-precipitation

solution ExoQuick-TC (SBI, Palo Alto, CA). We deter-

mined the protein content of the resuspended pellet using

a NanoDrop Lite (ThermoFisher Scientific, Waltham, MA).

We have submitted all relevant data of our experiments to

the EV-TRACK knowledgebase (EV-TRACK ID:

EV190008) with an EV-Track score of 38%.35

Nanoparticle analysis and

characterization
Exosomes isolated from engineered cells were subjected to

nanoparticle tracking analysis (NTA) using a NanoSight

LM10 instrument (Malvern Instruments Ltd, Malven, UK)

with a 405 nm and 60 mV laser source. Typically, we used

1 ml of a diluted exosome preparation for laser light

scattering study usually making 3 recordings of 60 seconds

per sample. We processed the data using the NTA software

to determine the size distribution of the exosomes.

Dot-blot immuno-analysis
We used a dot-blot immuno-analysis to identify target

proteins using premade dot-blots from SBI (Palo Alto,

CA). Each blot contained 12 pre-printed spots and featured

8 antibodies for exosomal markers including CD63, CD81,

ALIX, FLOT1, ICAM1, EpCam, ANXAS, and TSG101 as

well as cytosolic GM130 to identify any cellular contam-

ination. We used ~300 μg of exosome proteins in each

assay according to the immuno-binding and detection pro-

tocol in the user manual.

Fluorescence and confocal microscopy
Images of live cells or fluorescently labeled exosomes

were recorded using an Olympus fluorescence microscope

(Waltham, MA) or Leica TCS SP8 confocal microscope
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(Buffalo Grove, IL). To show the intracellular localization

of fusion proteins, we recorded both fluorescent and phase

contrast images from the same field. Any image modifica-

tions including brightness and contrast were applied to the

entire image using Image J software.

Luciferase assay
Reporter luciferase assays were conducted using

a luciferase assay kit according to the manufacturer’s

instructions (Promega, Madison, WI). First, we lysed

the cells and then recorded the luciferase activity with

a microplate reader (BMG LABTECH, Cary, NC) as

previously reported.36

Cell models for testing the antagonist

activity of the decoy exosomes
We developed two cell models to assay for the antago-

nist activity of the decoy exosomes: 1) a cell co-culture

model to assess the effect of newly released exosomes

and 2) an exosome treatment model to assess the effect

of purified exosomes. In the cell co-culture experiments,

we combined 2.5×103 of inflammation reporter cells

with 7.5×103 of either HEK293 cells producing the

decoy exosomes (treatment group), RFP-exosome-

control (mock control), or the parental HEK293 cells

(no treatment control) in a 96-well plate. After 24 hrs of

co-culture, we seeded cells in a serum-free Ultra-Culture

either in the presence or absence of 1 ng/mL TNFα.
After another 24 hr-incubation period, we first lysed

the cells and then conducted a luciferase assay on the

lysate. For the decoy exosome experiments, we seeded

1×104 of inflammation reporter cells in a 96-well plate

overnight. Cells were then switched to serum-free Ultra-

Culture in groups with either decoy exosomes, control

exosomes, or no exosomes in either the presence or

absence of 1 ng/mL TNFα. Cells without TNFα treat-

ment were also included in the study to account for

background signals from the reporter cells. After 24

hrs of treatment, we lysed the reporter cells and con-

ducted the luciferase assays on the lysates as previously

reported.33

Data collection and statistical analysis
We used the Student’s paired, two-tailed t-test to determine

statistical significance of our studies, with P-values <0.05

being considered significant. We expressed the values for

all measurements as mean ± standard error.

Results and discussion
Design and construction of a fusion gene

encoding the decoy receptor on the

outer surface of exosomes
Unlike other nanoscale carriers such as liposomes, biopo-

lymers, and gold nanoparticles,37,38 we produced exo-

somes within living human cells that harbor a repertoire

of endogenous membrane proteins on their surface, includ-

ing CD63, a hallmark biomarker of exosomes.39,40 We

elected to engineer CD63 as a molecular scaffold for our

exosome surface display technology – we have previously

shown this approach allows one to project specific target-

recognizing peptides on the outer and inner surface of the

exosome membrane.30 We introduced the extracellular

TNFα binding domain of human TNFα receptor 1

(hTNFR1-EC) at the 2nd loop of CD63 in order to project

the TNFα receptor on the external face of the exosome.

The choice of insertion site of TNFR1 in the 2nd loop but

not the 1st loop is due to two major considerations. First,

the chosen site is between Alanine 133 and Serine 134,

which is both on the outer surface of exosomes and near

the most exposed region of CD63.30 Second, the 1st loop

is relatively small and tends to be covered by the larger

2nd loop, hence TNFR1 inserted at this loop may become

sterically inaccessible to its ligand.39,40 To track and image

the distributions of fusion proteins in cells and exosomes,

we fused GFP to the C-terminus of CD63, which is located

on the inner surface of exosomes (Figure 1A, upper panel).

We also constructed an RFP fusion protein (replacing

hTNFR1-EC) to produce the control group of fluorescently

visible but inactive exosomes (Figure 1A, lower panel). To

facilitate the establishment of stable cell lines that secrete

these engineered exosomes, we cloned the coding

sequence of each fusion into a vector that contained two

expression cassettes: the CMV-driven fusion gene and the

EF1α-driven puromycin resistance gene for drug selection

(Figure 1A). According to this design, the engineered

exosomes would display either the hTNFR1-ED (decoy

exosome) or RFP (control exosome) at the 2nd loop on

the outer surface along with GFP on the inner surface of

modified exosomes (Figure 1B). Thus, decoy cells would

produce decoy exosomes with hTNFR1-ED and GFP,

while control cells would produce control exosomes with
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no receptor but both RFP and GFP, whereas parental cells

would neither express GFP nor RFP.

Establishment and characterization of

stable cell lines that produce control or

decoy exosomes
To permanently express the decoy proteins in human cells,

we first established stable cell lines by transfecting HEK293

cells with our expression vector DNA followed by puromy-

cin treatment for more than 40 days (Figure 2A). These

stable cells consistently produce the decoy or control pro-

teins, which may be integrated into pre-secreted exosomes

in transfected cells.

Next, we characterized the expression level of each gene

fusion in living HEK293 cells using FACS analysis. We

analyzed the expression of CD63-RFP-GFP (control cells)

or CD63-TNFR1-GFP (decoy cells) fusion proteins in stably

transfected cultured cells using a BD Accuri C6 Plus Flow

Cytometer. We also analyzed the control group, ie, the par-

ental HEK cell in the same way. As expected, we recorded an

increase in the intensity of GFP fluorescence in the decoy

cells (Figure 2B, right), as compared to the parental control

HEK cells (non-GFP, non-RFP) (Figure 2B, left). We also

recorded significant increases in the intensities of RFP and

GFP in mock engineered cells compared to the parental

control HEK cells (Figure 2B, middle). These FACS results

showed we successfully generated stable cells expressing

defined fusion genes. In the decoy group, ~64.7% of cells

showed a dramatic increase in the level of GFP expression. In

the RFP/GFP mock control group, ~49% of control cells

expressed GFP and RFP. In contrast, almost all parental

HEK293 cells were GFP- and RFP-negative. However, it is

noteworthy that the distribution of fluorescence intensity was

broad in the stably transfected cells (decoy and control),

a common finding in studies that use the transfection protocol

described above.

To establish whether the expressed fusion proteins

were positioned on the exosomal membrane by CD63,

we recorded fluorescent images of GFP and RFP in trans-

fected cells. Confocal images revealed the distributions of

both RFP (red) and GFP (green) in the cytosol of control

cells identified as nodules (Figure 2C), and furthermore,

we found significant co-localization of the emission sig-

nals, as evidenced by the strong yellow (merged) color in

the overlay image (Figure 2C). In contrast, we found GFP

positive nodules alone in the cytosol of decoy cells (Figure

2D), consistent with the finding of the FACS analysis

detailed above (Figure 2B).

Exosomes are first generated within the endocytic com-

partments and then released to the extracellular environ-

ment. We conducted a series of co-localization studies to

confirm our premise whether the punctuated nodule

B

A

N-CD63 GFPCMVCMV hTNFR1-ED

PolyAPuroCMV

PolyAPuroC-CD63

N-CD63 GFPRFP C-CD63

Expression vector for TNFR1-EC fusion protein

Expression vector for RFP-control fusion protein

Decoy 
Exosome

TNFR1-ED

GFPCD63

Control
Exosome

RFP

GFPCD63

Native
Exosome

CD63

EF1α

EF1α

Figure 1 Surface display of extracellular domain (ED) on the outer surface of decoy exosome. (A) Schematic illustration of vectors expressing a decoy chimera containing

the extracellular domain of human tumor necrosis factor receptor 1 (hTNFR1-ED, top) or a control RFP (bottom). (B) The strategy of presenting the decoy receptor on the

outer surface of exosomes using a CD63 scaffold. CD63 (blue) anchors the membrane in an M-shaped topology with its two termini located within the lumen (native

exosome, Left). The control exosomes have a C-terminal GFP with or without an RFP in the second loop of CD63 (RFP-control exosome, middle). The hTNFR1-ED

(purple) is fused in the second loop on the outer surface of the exosome, while a reporter GFP (green) is attached to its C-terminus inside its lumen (decoy exosome, right).

Abbreviations: CMV, cytomegalovirus promoter; N-CD63, N-terminus of CD63; hTNFR1-EC, the extracellular domain of the human TNFR1; C-CD63, C-terminus of

CD63; EF-1α, elongation factor-1 promoter; Puro, puromycin resistance gene; PolyA, polyadenylation signaling sequences.
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structures identified in fluorescence images are endocytic

compartments. First, we transfected stable decoy cells with

a validated endosomal marker Rab5a-RFP, and then we

recorded their intracellular localization expression using

confocal microscopy followed by colocalization image

analysis. As expected, we found the decoy cells expressed

CD63-hTNFR1-GFP (Figure 2E, 1, 5) and the endosomal

marker Rab5a-RFP (Figure 2E, 2, 6) after 2 days of the

transfection. The signals of the two fluorescent proteins

exhibited a remarkable degree of overlap in the early

endosomes (Figure 2E, 4), and in late endosomes

(Figure 2E, 8). Second, we transfected decoy cells with

a validated lysosomal marker (LysoTracker Red DND-99)

and observed an extensive overlap of green (CD63-

hTNFR1-GFP) and red (LysoTracker Red) fluorescent sig-

nals – this overlap is apparent in the merged (yellow)

images (Figure 2E, 1, 2). These confocal images confirm

the co-localization of CD63-hTNFR1-GFP in lysosomal

compartments (Figure 2E, 1, 2), a finding that strongly

indicates the expressed decoy receptors localize exclu-

sively to exosomes. Finally, we transfected the stable

decoy cells with a known exosome marker, XPACK.

Similarly, we observed an extensive signal overlap

between our fusion proteins (CD63-hTNFR1-GFP, green)

and the exosome marker (XPACK-red) (Figure 2E, 1, 6),

supporting the conclusion that our CD63-based fusion

proteins target and subsequently anchored to the exosome.

Together, the results show stable decoy and control cell

lines can produce either decoy receptors or control pro-

teins. The findings of analysis of confocal fluorescence

microscope images provide further evidence that CD63-

based therapeutic proteins are incorporated into exosomes

via the endogenous pathway that involves early and late

endosomes as well as lysosomes.
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Figure 2 Establishment and characterization of stable source cell lines. (A) Scheme and timeline for the establishment of stable cell lines for production of either the CD63-

RFP-GFP control exosomes or CD63-hTNFR1-GFP decoy exosomes. (B) FACS analysis of parental HEK293, CD63-RFP-GFP control, and CD63-hTNFR1-GFP stable cells.

(C, D) Confocal images of the stable cell lines established by genetically transforming the parental HEK293 cells. Both GFP and RFP fusion proteins showed punctuated

morphology in the cytoplasm for control CD63-RFP-GFP, while only GFP fusion proteins were expressed in CD63-hTNFR1-GFP cells. (E) Subcellular localization of the

fusion proteins. Green fusion proteins were co-localized with red organelle markers for the early (1~4) or late endosomes (5~8), lysosomes (9~12), or exosomes (13~16) in

the decoy exosome producing cells. Arrows indicate the organelle structures of endosome/lysosome/MVB. Scale bar: 10 µm.

Abbreviation: TLD, transmitted light detector for light imaging.
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Production and characterization of decoy

exosomes
Next, we investigated whether decoy exosomes are

released by cells into the culture medium. First, we iso-

lated decoy exosomes from the conditioned medium of

stable decoy cells through a combination of differential

centrifugation, ultrafiltration, and precipitation, as reported

previously (see exosome preparation flowchart,

Figure 3A).34 We employed nanoparticle tracking analysis

(NTA) (Figure 3B, left panel) to record typical Brownian

movement and size distributions of the purified exosomes.

In summary, the mean size of 73–75 nm is consistent with

that measured for natural exosomes (Figure 3B, right

panel).31 To further confirm that our purified nanoparticles

were exosomes, we performed an immune dot-blot analy-

sis using a panel of 9 antibodies. The blot revealed posi-

tive stains for all 8 exosome markers (CD63, CD81,

ALIX, FLOT1, ICAM1, EpCam, ANXAS, and TSG101),

whereas the control cytosolic marker (GM130) was nega-

tive (Figure 3C). To qualitatively demonstrate that released

decoy exosomes are loaded with CD63-TNFR1-GFP, we

took confocal images from decoy and control exosome

samples. The images showed strong GFP and/or RFP,

indicating that the fusion proteins were targeted and

anchored on the exosome (Figure 3D). Together, these

data demonstrate our stable decoy cells express, integrate

and may target decoy receptors into exosomes.

Importantly, the cells are found to release decoy exosomes

into the surrounding culture medium. We further showed

that these cells produce a sufficient number of exosomes to

allow for characterizations.

Antagonistic activities of decoy exosomes
In an earlier study, we established a cell-based reporter sys-

tem to precisely monitor inflammatory signaling mediated by

TNFα (Additional File 2, Figure S1A)33 – the assay can detect
as little as 1 ng/ml of TNFα. Consistent with our previous

observations,33we now show TNFα generates a robust yet

unsaturated inflammatory response in our reporter cells

(Additional File 2, Figure S1B). In this study, we quantified

antagonistic activities of our decoy exosomes using 1 ng/mL

of TNFα – this dosage is known to induce inflammatory

responses both in vitro and in vivo.41,42 Our reporter cell

models are similar to in vitro inflammatory assays, which

have been used to study the acute response elicited by various

inflammatory cytokines including TNFα as reported.43

First, we tested the antagonistic activity of decoy exo-

somes using a co-culture experiment (Figure 4A). As demon-

strated by the experiments detailed above, decoy cells express

the hTNFR1-ED fusion protein in secreted exosomes. After
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mixing various source cells (parental, decoy, or mock control)

with our established TNFα reporter cells for 24 hrs, we treated
each co-cultured preparation with either TNFα (1 ng/mL) or

vehicle control for an additional 24 hrs. Under this condition,

each co-culture showed a significant increase in luciferase

activity after TNFα treatment (Figure 4B, Column 1, 2 3 vs

Column 4). Among them, the co-culture containing parental

HEK293 cells showed a robust response to TNFα with

a drastic increase in luciferase activity (~20-fold over vehicle

control, Figure 4B, Column 1 vs Column 4). As expected, the

luciferase activity decreased significantly in the co-culture

containing decoy cells (~41% compared to parental control,

P=0.036; Figure 4B, Column 1 vs Column 3), indicating an

antagonistic effect of expressed TNFR1-ED towards the

native TNFα receptor. In contrast, we only observed a minor

decrease in luciferase activity in the co-culture containing

mock control cells (~22% compared to parental control,

P=0.23; Figure 4B, Column 1 vs Column 2). These data

suggest decoy cells (TNFR1-ED) elicit a specific antagonism

towards the TNFα-receptors situated on cellular surfaces.

Together, our results indicate that forced expression of

TNFR1-ED antagonizes TNFα-mediated inflammatory sig-

naling in HEK293 cells.

To further confirm that the observed antagonistic effects

are solely due to the decoy exosomes, we treated the inflam-

mation reporter cells directly for 24 hrs with purified exo-

somes prepared from various source cells (parental, decoy, and

mock control), either in the presence or absence of TNFα (1

ng/mL) (Figure 4C). As expected, the reporter cells treated

with parental exosomes had a robust inflammatory response to

TNFα treatment, showing a marked increase (~23-fold over

vehicle control) of luciferase activity (Figure 4D, Column 1 vs

4). In agreement with our co-culture results, the treatment of

cells with decoy exosomes resulted in a significant decrease in

luciferase activity compared to treatment with parental exo-

somes (~76%, P<0.001; Figure 4D, Column 1 vs 3). In con-

trast, treatment of cells with mock control exosomes induced

a small and insignificant decrease of luciferase activity (~16%,
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P=0.06; Figure 4D, Column 1 vs 2). Together, our results

collectively demonstrate that decoy exosomes specifically

antagonize TNFα, which indicates their potential as novel anti-
inflammatory biologic therapeutic agents.

We initially tried two different concentrations of exo-

somes. At a lower concentration (0.1 mg/ml), the decoy exo-

somes produced ~24.6% inhibition of TNFα activity (n=6,

P=0.55). At a higher concentration (0.5 mg/ml), our decoy

exosomes produced ~76% inhibition of TNFα activity (n=6,

P<0.05), indicating a high amount of decoy exosomes was

required. Because decoy exosomes tended to aggregate if the

concentration was beyond 0.5 mg/ml, we did not try a higher

concentration to determine the maximum inhibition. It appears

that the effective dosage to inhibit >75% of TNFα activity

(exosomes, 0.5 mg/ml) is much higher than those of the

chimeric bivalent inhibitor (TNFR1-Fc, ~10 ng/ml) or mono-

clonal antibodies (mAbs, 1~50 µg/ml).44,45 However, one

shall be careful not to overly interpret the significance of

those in vitro results. Because the higher tissue-penetrating

ability can only manifest in animals and patients, the advan-

tage of this exosome-based method over other conventional

decoy methods may not be fully appreciated until the decoy

exosomes are finally tested in animal models.

The present study is focused on the earlier stage of

development, including the development of an engineering

strategy and proving in concept of decoy exosomes as a new

anti-TNFα reagent. A scale-up production of decoy exo-

somes from more desirable producing cells may be needed

to obtain quality exosomes for animal studies to determine if

decoy exosomes can be translated into a new class of clinical

biologics for the treatment of rheumatic arthritis, psoriasis,

and inflammatory bowel diseases.28,29,46

Conclusion
We developed a molecular engineering approach to gen-

erate decoy exosomes that bind specifically to the inflam-

matory cytokine, TNFα. Our results show that these decoy

exosomes antagonize TNFα-elicited signaling in cellular

models of inflammation. In the future, our approach can be

further exploited to display multiple receptors that are

activated by other inflammatory cytokines, including inter-

leukin-1, interleukin-6, and interleukin-12/23 – this fea-

ture, we argue, would elicit an even higher and more

robust anti-inflammatory response.22,47,48We also note

that exosomes may exhibit a greater penetration of

inflamed tissue compared to antibodies. Importantly, we

anticipate extending the principle of decoy exosomes to

different classes of membrane receptors to treat other dis-

eases. For instance, decoy exosomes engineered to com-

pete with the vascular endothelial growth factor (VEGF)

could be used as a cancer therapy or for retinal

diseases.49,50In summary, our study demonstrates a new
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avenue of therapeutics using decoy exosomes as

a biological sponge to absorb detrimental factors in

blood or tissues – decoy exosomes represent a novel

class of biologics to treat human diseases, including

inflammation, cancer, and cardiovascular disorders.

Data availability
All data generated or analyzed in this study are included in this

published article and its Supplementary information files.
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Supplementary materials
Supplementary sequences

1. N-CD63-hTNFR1-EC-C-CD63-GFP coding sequences

2. N-CD63-hTNFR1-EC-C-CD63-GFP chimeric protein

sequences

1. N-CD63-hTNFR1-EC-C-CD63-GFP coding sequences

ATGGCGGTGGAAGGAGGAATGAAATGTGTGAAG

TTCTTGCTCTACGTCCTCCTGCTGGCCTTTTGCGCC

TGTGCAGTGGGACTGATTGCCGTGGGTGTCGGGGC

ACAGCTTGTCCTGAGTCAGACCATAATCCAGGGGG

CTACCCCTGGCTCTCTGTTGCCAGTGGTCATCATCG

CAGTGGGTGTCTTCCTCTTCCTGGTGGCTTTTGTGG

GCTGCTGCGGGGCCTGCAAGGAGAACTATTGTCTT

ATGATCACGTTTGCCATCTTTCTGTCTCTTATCATGT

TGGTGGAGGTGGCCGCAGCCATTGCTGGCTATGTG

TTTAGAGATAAGGTGATGTCAGAGTTTAATAACAAC

TTCCGGCAGCAGATGGAGAATTACCCGAAAAACAA

CCACACTGCTTTCGAATCTGGCATGGGCCTCTCCAC

CGTGCCTGACCTGCTGCTGCCACTGGTGCTCCTGG

AGCTGTTGGTGGGAATATACCCCTCAGGGGTTATTG

GACTGGTCCCTCACCTAGGGGACAGGGAGAAGAG

AGATAGTGTGTGTCCCCAAGGAAAATATATCCACCC

TCAAAATAATTCGATTTGCTGTACCAAGTGCCACAA

AGGAACCTACTTGTACAATGACTGTCCAGGCCCGG-

GGCAGGATACGGACTGCAGGGAGTGTGAGAGCGG

CTCCTTCACCGCTTCAGAAAACCACCTCAGACACT

GCCTCAGCTGCTCCAAATGCCGAAAGGAAATGGGT

CAGGTGGAGATCTCTTCTTGCACAGTGGACCGGGA

CACCGTGTGTGGCTGCAGGAAGAACCAGTACCGG

CATTATTGGAGTGAAAACCTTTTCCAGTGCTTCAAT

TGCAGCCTCTGCCTCAATGGGACCGTGCACCTCTC

CTGCCAGGAGAAACAGAACACCGTGTGCACCTGC

CATGCAGGTTTCTTTCTAAGAGAAAACGAGTGTGT

CTCCTGTAGTAACTGTAAGAAAAGCCTGGAGTGCA

CGAAGTTGTGCCTACCCCAGATTGAGAATGTTAAG

GGCACTGAGGACTCAGGCACCACAGGGCTCGATT

TAAATTCGATCCTGGACAGGATGCAGGCAGATTTTA

AGTGCTGTGGGGCTGCTAACTACACAGATTGGGAG

AAAATCCCTTCCATGTCGAAGAACCGAGTCCCCGA

CTCCTGCTGCATTAATGTTACTGTGGGCTGTGGGAT

TAATTTCAACGAGAAGGCGATCCATAAGGAGGGCT

GTGTGGAGAAGATTGGGGGCTGGCTGAGGAAAAA

TGTGCTGGTGGTAGCTGCAGCAGCCCTTGGAATTG

CTTTTGTCGAGGTTTTGGGAATTGTCTTTGCCTGCT

GCCTCGTGAAGAGTATCAGAAGTGGCTACGAGGTG

ATGatggagagcgacgagagcggcctgcccgccatggagatcgagtgccgca

tcaccggcaccctgaacggcgtggagttcgagctggtgggcggcggagagggca

cccccaagcagggccgcatgaccaacaagatgaagagcaccaaaggcgccctg

accttcagcccctacctgctgagccacgtgatgggctacggcttctaccacttcggc

acctaccccagcggctacgagaaccccttcctgcacgccatcaacaacggcggct

acaccaacacccgcatcgagaagtacgaggacggcggcgtgctgcacgtgagct

tcagctaccgctacgaggccggccgcgtgatcggcgacttcaaggtggtgggcac

cggcttccccgaggacagcgtgatcttcaccgacaagatcatccgcagcaacgcc

accgtggagcacctgcaccccatgggcgataacgtgctggtgggcagcttcgccc

gcaccttcagcctgcgcgacggcggctactacagcttcgtggtggacagccacatg

cacttcaagagcgccatccaccccagcatcctgcagaacgggggccccatgttcg

ccttccgccgcgtggaggagctgcacagcaacaccgagctgggcatcgtggagt

accagcacgccttcaagacccccatcgccttcgccagatcccgcgctcagtcgtcc

aattctgccgtggacggcaccgccggacccggctccaccggatctcgcCATC-

ATCATCATCATCATTAA

Abbreviations: N-CD63, N-terminus of CD63 coding

sequences; C-CD63, C-terminus of CD63 coding sequences;

hTNFR1-EC, human TNFα receptor 1 extracellular domain

coding sequences; GFP, green fluorescent protein coding

sequences

2. N-CD63-hTNFR1-ED-C-CD63-GFP chimeric protein

sequences

MAVEGGMKCVKFLLYVLLLAFCACAVGLIAVGV

GAQLVLSQTIIQGATPGSLLPVVIIAVGVFLFLVAFV

GCCGACKENYCLMITFAIFLSLIMLVEVAAAIAGY

VFRDKVMSEFNNNFRQQMENYPKNNHTAFESGM

GLSTVPDLLLPLVLLELLVGIYPSGVIGLVPHLGDR

EKRDSVCPQGKYIHPQNNSICCTKCHKGTYLYND

CPGPGQDTDCRECESGSFTASENHLRHCLSCSKCR

KEMGQVEISSCTVDRDTVCGCRKNQYRHYWSEN

LFQCFNCSLCLNGTVHLSCQEKQNTVCTCHAGFF

LRENECVSCSNCKKSLECTKLCLPQIENVKGTEDS

GTTGLDLNSILDRMQADFKCCGAANYTDWEKIPS

MSKNRVPDSCCINVTVGCGINFNEKAIHKEGCVE

KIGGWLRKNVLVVAAAALGIAFVEVLGIVFACCL

VKSIRSGYEVMMESDESGLPAMEIECRITGTLNGV

EFELVGGGEGTPKQGRMTNKMKSTKGALTFSPYL

LSHVMGYGFYHFGTYPSGYENPFLHAINNGGYTN

TRIEKYEDGGVLHVSFSYRYEAGRVIGDFKVVGT

GFPEDSVIFTDKIIRSNATVEHLHPMGDNVLVGSF

ARTFSLRDGGYYSFVVDSHMHFKSAIHPSILQNG

GPMFAFRRVEELHSNTELGIVEYQHAFKTPIAFARSR-

AQSSNSAVDGTAGPGSTGSRHHHHHH

Abbreviations: N-CD63, N-terminus of CD63; C-CD63,

C-terminus of CD63; hTNFR1-EC, human TNFα receptor

1-extracellular domain; GFP, green fluorescent protein.
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