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Toxins penetratemammalian cells through variousmeans.

In this study, we report a unique strategy used by tricho-

santhin (TCS), a plant toxin with ribosome-inactivating

activity, to penetrate host cells. We found that in both JAR

and K562 cells, endocytosed TCS is incorporated into

intraluminal vesicles of the multivesicular body (MVB)

and is then secreted in association with these vesicles

upon fusion of the MVB with the plasma membrane. The

secreted TCS-loaded vesicles secreted by K562 cells move

throughout the intercellular space and target syngeneic

and specific allogeneic cells. Subsequent internalization

permits delivery of the toxin into the cytosol, resulting in

ribosomal inactivation and cell death. Thus, our findings

provide a novel mechanism bywhich foreign proteins pass

between and penetrate into mammalian cells.
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A number of plant and bacterial toxins exhibit enzymatic

activity toward essential cytosolic constituents, such as

elongation factor, ribosomes and actin (1). To gain access

to their targets, these toxins must penetrate the cytosol of

the host cell after endocytosis. Cytosol translocation is

achieved through various means. Endocytosed diphtheria

toxin (DT) inserts itself into and penetrates the endosomal

membrane by stimulation of acidic endosomal pH (2). Ricin

and shiga toxins target retrograde transport along the

secretory pathway, by which they are delivered into the

endoplasmic reticulum through the Golgi apparatus,

and then finally enter the cytosol through the Sec61

complex (3). However, the method of translocation re-

mains unknown for certain clinically significant toxins, such

as trichosanthin (TCS).

TCS is a plant toxin isolated from the root tuber of

Trichosanthes kirilowii. It consists of a 27-kD polypeptide

chain with high similarity to the ricin A chain (4,5). TCS also

exhibits intrinsic RNA N-glycosidase activity, through

which it removes an important adenine from 28 S ribo-

somal RNA, resulting in the inactivation of eukaryotic

ribosomes (6). TCS preferentially targets syncytiotropho-

blast cells, malignant cells and macrophages, for which

reasons it has been exploited clinically as an abortifacient,

as an antitumor agent and in immunomodulation (7–9). In

addition, TCS has also been identified as a potential anti-

acquired immune-deficiency syndrome drug because of its

unique ability to inhibit the replication of HIV-1 in both

T cells and monocyte-derived macrophages (10,11).

TCS is internalized by host cells through clathrin-coated

vesicles, followed by ribosome inactivation and cell death

(12,13). However, the translocation pathway of TCS is

poorly understood. In this study, we present evidence

indicating that in JAR and K562 cells, two general host

cells of TCS, endocytosed TCS is incorporated into and

transported along a unique intercellular trafficking pathway

mediated by exosome-like vesicles (ELV).

Results

Endocytosed TCS is released from cells

in association with ELV

The dynamic transport of fluorescein isothiocyanate

(FITC)-labeled TCS, which acts in the same manner as

the native toxin as reflected by the toxicity curves (Figure

S1), was examined in JAR and K562 cells. In both cell lines,

some TCS molecules were quickly internalized into small

peripheral vesicles within 10 min and then delivered into

larger vacuolar compartments about 30 min later. After

further incubation, toxin molecules were detected in

unique pomegranate-like organelles. Prolonged incubation

led to further concentration in small vesicle-like structures,

giving the appearance of clusters of bright dots. About

150 min after endocytosis, a number of TCS-stained dots

were observed at the cell surface, followed by apparent

exportation from the cell (Figure S2).

To determine whether TCS was secreted from cells,

culture supernatants collected from FITC-TCS-treated

K562 cells were subjected to immunoblotting. As shown

in Figure 1A, endocytosed TCS was detected in super-

natants collected from TCS-treated K562 cells after

90–120 min of chase incubation. Moreover, sucrose den-

sity flotation analysis indicated that secreted TCS exhibited

a markedly lower buoyant density (range, 1.1–1.2 g/mL;

Figure 1B, upper panel) than free TCS (Figure 1B, lower
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panel), further confirming that these toxins were secreted

from cells in association with a lipid membrane rather than

as a ‘naked’ protein.

To further characterize this TCS-containing fraction, the cell

culture medium was subjected to differential centrifugation.

Following final centrifugation at 100 000 � g, pellets were

analyzed by immunoelectron microscopy (IEM), which re-

vealed the presence of small, TCS-rich membrane vesicles

with an average diameter of 50–100 nm (Figure 1C,D). The

size and morphology of these vesicles were reminiscent

of 50- to 90-nm vesicles of endosomal origin, known as

exosomes, that are released by many cell types (14). To

determine whether the TCS-containing vesicles exhibited

other exosome-like characteristics, cell lysates and vesicles

were then tested for the presence of proteins known to be

enriched in exosomes (Figure 1D). In addition to loading

significant amounts of TCS, the purified vesicles were also

enriched in flotillin2 and Tsg101 (Figure 1D), important

exosomal components in several cell types (15–18). The

presence of flotillin2 and Tsg101was also confirmed by IEM

(Figure 1C,D). Furthermore, the transferrin receptor (TfR)

and rab5 were detected in TCS-positive vesicles, although

their contentswere lower than in the cell lysate. As a control,

neither rab6 nor calnexin was detected in purified mem-

brane, excluding the possibility of contamination of the

isolated exosomes with cell debris (Figure 1D). Taken

together, these observations indicate that TCS released by

cells was associatedwith exosome-likemembrane vesicles.

TCS-containing vesicles originate from the

multivesicular body

Exosomes correspond to the internal vesicles of the endo-

somal compartment, the multivesicular body (MVB) (19). To

ascertain the intracellular origin of TCS-containing vesicles,

we examined the molecular and morphological features of

TCS-targeted organelles. JAR cells pretreated with FITC-

TCS were immunoprobed with various molecular markers.

Confocal fluorescence microscopy showed clear colocali-

zation of endocytosed TCS and Lamp1, LBPA and rab7,

a group of proteins known to be targeted to the MVB

(15,20–22) (Figure 2A). Electron microscopy was used to

resolve the ultrastructure of TCS-targeted organelles. In

agreement with previous studies demonstrating that TCS

enters the MVB (13), endocytosed TCS was detected in

large multivesicular compartments composing a limiting

membrane that enclosed a number of 30- to 100-nm intra-

luminal vesicles in both JAR and K562 cells (Figure 2B,E).

Moreover, TCS molecules were targeted to the intraluminal

vesicles of the MVB in association with the membrane

protein flotillin2, indicating that TCSwas not freely dissolved

within the lumen of these organelles (Figure 2C,E). We also

obtained evidence for the exocytosis of MVBs. In both JAR

and K562 cells, we observed the TCS-targeted MVB fusing

with the plasma membrane at the cell surface, where

a number of TCS-associated vesicles accumulated andwere

released into the extracellular medium (Figure 2D,F). How-

ever, it could also be the profile of exosome re-entry as

described in the following experiment.

Figure 1: TCS is released from cells in associationwith ELV. A) Immunoblotting analysis of TCS in cell pellets and cell culture medium.

K562 cells were pulsed with 0.2 mM TCS for 30 min and then chased with TCS-free medium for 30–120 min. The culture mixture was

centrifuged at 300 � g for 10 min to produce a cell pellet (P). The supernatant (S) was passed through a 0.22-mm filter to remove cellular

debris, concentrated through Centriprep filtration and then subjected to immunoblotting. B) Continuous sucrose density flotation analysis

of cell culture supernatants. Culture supernatants collected from K562 cells after treatment (30-min pulse and 120-min chase) with TCS

(upper panel) or 0.05 mM TCS dissolved in cell-free medium (lower panel) were centrifuged on a 0.25–2.5 M continuous sucrose density

gradient. C and D) IEM of isolated vesicles. Samples were immunogold labeled for TCS (5 nm) and flotillin2 (10 nm) or for TCS and tsg101

(10 nm). Scale bar, 100 nm.
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Taken together, these results indicate that endocytosed

TCS is incorporated into MVB intraluminal vesicles and

then secreted from cells in ELV, forming TCS-loaded

vesicles secreted by K562 cells (TLVs). Supporting this

finding, such vesicle-associated secretion of TCS was

stimulated by treating cells with monensin, a drug known

to enhance exosome production by stimulating MVB exo-

cytosis (23,24), but inhibited by treatment with wortman-

nin, a drug known to impair MVB formation by inactivating

phosphatidylinositol 3-kinase (25,26), and thus inhibits

exosome formation. Consistently, using small RNA inter-

fering with Tsg101 (the level of knockdown was �80% of

control; Figure S3A), a component of endosomal com-

plexes required for transport-I (ESCRT-I) that functions in

the early stage of MVB formation (27), resulted in 40%

decreased production of either normal exosomes or TLVs.

It is recently reported that ceramide, a lipid produced from

the membrane lipid sphingomyelin by sphingomyelinases

(SMases), triggers budding of exosome vesicles (28).

To address the specificity of exosome pathway, we de-

creased the amount of ceramide by disrupting the expres-

sion of neutral sphingomyelinase 2 (nSMase2) with the

use of specific inhibitor, GW4869, or RNA interference

(RNAi) of nSMase2 (the nSMase2 RNA level of knockdown

was�92% of control; Figure S3B). The results proved that

the productions of both total exosomes and TLVs were

consistently decreasedmarkedly in treated cells compared

with control cells, showing a strong correlation of TLV

production with exosome biogenesis (Figure 3).

TCS is targeted to both the membrane

and the lumen of ELV

Next, we examined the distribution of TCS in TLVs.

Purified TLVs were permeated with 0.1% Triton-X-100

and then centrifuged. Immunoblotting revealed that most

vesicle-associated TCS was deposited in pellets, together

with the membrane proteins TfR and flotillin2, indicating

that toxin molecules were membrane associated (Figure 4

A). However, a small amount of toxin was detected in the

supernatant after permeation, which may reflect release

from the membrane or from the lumen of these vesicles.

To clarify this point, we treated TLVs with trypsin or

pronase, assuming that toxin molecules enclosed within

the TLV lumen would be protected from hydrolysis. As

expected, both trypsin and pronase quickly degraded most

TLV-associated TCSwithin 15 min, while some intact toxin

persisted after 1 h of digestion and could only be de-

stroyed after permeating the TLVmembrane with Triton-X-

100 (Figure 4B, upper panel). As controls, TCS dissolved in

phosphate buffer showed complete degradation within

15 min in the presence or absence of detergent (Figure 4B,

lower panel). These results clearly indicate that TCS is

distributed within the membrane and the lumen of TLVs.

Figure 2: TCS localizes to the

MVB. A) Laser scanning confocal

microscopy of TCS-targeted organ-

elles. JAR cells were pulsed with

FITC-TCS for 2 h and then chased

with TCS-free medium for 2 h,

followed by immunolabeling for

Lamp1, LBPA or rab7. Fluorescence

images for immunoprobed markers

(green), for FITC-TCS (red) and

merged images are shown. Scale

bar, 20 mm. B–F) Electron micros-

copy of TCS-targeted MVB and exo-

cytosis. JAR cells (B–D) or K562

cells (E and F) were pulsed with

TCS for 30 min and then chased

with TCS-free medium for 60 min

(B, C and E) or 120 min (D and F).

Ultrathin sections were immuno-

gold labeled for TCS (5 nm; B and

F) or for both TCS (5 nm) and flo-

tillin2 (10 nm) (C–E). Asterisks in

B, C and E indicate the TCS-targeted

MVB. Dashed lines in D and F indi-

cate the profile of the cell surface.

Arrows indicate the TCS-targeted

MVB fusing with the plasma mem-

brane. Scale bar, 200 nm in B and E;

100 nm in C, D and F.
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Specific interaction with lipid rafts contributes

to the exosomal incorporation of TCS

Although TCS is a soluble protein, the preceding experi-

ments demonstrate that TCS is tightly associated with

TLVs and is able to penetrate the membrane. To under-

stand how TCS interacts with the membrane, we exam-

ined its distribution within the TLV membrane.

The membrane portion of TLVs was isolated by permeation

with 0.1% Triton-X-100 as described above (Figure 4A) and

then treated with different concentrations of detergents

to separate the microdomains. The supernatant and the

detergent-resistant membrane pellet obtained from centri-

fugation were submitted to SDS–PAGE and analyzed by

western blotting for TCS. The results revealed that all the

exosome membrane-associated TCS was in the microdo-

mains that were resistant to 0.5 and 1%Triton-X-100 aswell

as 1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane

sulfonate (CHAPS) (Figure 5A, upper panel), findings remi-

niscent of the definition of raft-like microdomains. Flotillin2,

a representative raft-associated protein, was also detected

in the TCS-positive detergent-resistant membrane pellets

(Figure 5A, middle panel). In contrast, the TfR that is usually

excluded from rafts was almost all dissolved in the superna-

tant after detergent treatment (Figure 5A, lower panel).

We then subjected Triton-treated TLV mixtures to sucrose

density flotation. Although TfR remained at the bottom of

the sucrose gradient after centrifugation (Figure 5B, lower

panel), both TCS and flotillin2 moved into the lower

fractions (Figure 5B, upper and middle panels). These

results are consistent with the features of raft-like

microdomain-associated proteins. Furthermore, when we

treated TLVs with 5 mM methyl-b-cyclodextrin (MBCD)

and/or 0.5 units SMase to remove two important com-

ponents of lipid rafts, namely cholesterol and sphingom-

yelin, respectively, the detergent resistance of both TCS

and flotillin2 in TLV membranes decreased markedly

(Figure 5C).

These results consistently demonstrate that TCS is tar-

geted to raft-like microdomains in the TLV membrane.

Figure 3: Effects of various treat-

ments on the secretion of TLVs.

The secretion of total exosomes or

TLVs over a 24-h period was quanti-

fied in untreated K562 cells (control) or

K562 cells grown in medium contain-

ing the indicated concentrations of

wortmannin, monensin or GW4869.

For tsg101 RNAi analysis, K562 cells

were transfected with the plasmid

pBS/U6/T (siRNA for tsg101) or pBS/

U6/NC (control). For nSMase2 RNAi

analysis, an siRNA targeting human

nSMase2 (siRNA for nSMase2) or

scrambled siRNA (control) was deliv-

ered into K562 cells. All data were

normalized by dividing against the

total number of viable cells after 24 h

as determined by the MTT method.

The indicated values represent the

mean � SEM of three independent

experiments.

Figure 4: TCS is targeted to both the membrane and the lumen of secreted ELV. A) Purified TLVs were treated with PBS containing

0.1% Triton-X-100 for 30 min at room temperature and then centrifuged. Equivalent amounts of untreated TLVs, permeated supernatant

(S) andmembrane pellet (P) were analyzed by immunoblotting. B) TLVs or free TCS were digested with 1 mg/mL trypsin or pronase in PBS

or PBS containing 0.1% Triton-X-100 at 378C for the indicated times. After digestion, reaction mixtures were concentrated by Centriprep

filtration and analyzed by immunoblotting.
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Recent evidence indicates that lipid rafts are concentrated

within MVB intraluminal vesicles or secreted exosomes

(29–31), which contributes to the sorting of a number of

raft-associated membrane proteins, including flotillin2,

glycosyl-phosphatidylinositol anchor proteins and tetraspa-

nins (16,27). Therefore, we examined whether lipid rafts

play an important role in the incorporation of endocytosed

TCS into exosomes.

First, we examined the interaction between TCS and

purified exosomes, the equivalent of MVB intraluminal

vesicles, under conditions mimicking the interior of the

MVB. After incubation with TCS for 4 h at 378C in pH 5.0

culture medium, the exosomes were pelleted by centrifu-

gation and analyzed by western blotting. Although TCS at

the lower concentrations (0.1–0.2 mM) showed quite

a weak interaction with the exosomes, a significant

amount of toxin was recruited into these vesicles after

TCS was concentrated 5–10 times in the bulk phase

(Figure 6A), and its distribution was very similar to that of

cell-derived TLVs, that is, both in the membrane and in

the lumen (Figure 6B,C). However, such targeting of

TCS was highly dependent on the presence of lipid rafts

in the exosome membrane; pretreatment of exosomes

with MBCD and/or SMase, which destroy lipid rafts,

greatly decreased the amount of exosome-associated

TCS (Figure 6D).

These results were further confirmed by additional lipo-

some analyses. When TCS was incubated with vesicles

prepared from different lipid mixtures, the toxin was

specifically targeted to liposomes with exosome-like or

raft-like composition but not to liposomes containing only

neutral phospholipids [i.e. phosphatidylcholine (PC) and

phosphatidylethanolamine (PE); Figure 6E]. Furthermore,

combined analyses of detergent treatment and trypsin

hydrolysis revealed that TCS was tightly associated with

the membrane and penetrated into the lumen of both

exosome-like and raft-like liposomes (Figure 6F,G), which

is similar to the distribution of TCS in exosomes. These

results strongly suggest that interaction with lipid rafts is

sufficient to incorporate TCS into artificial liposomes or

exosomes.

Finally, the molecular basis of this specific interaction

between TCS and lipid rafts was investigated. Membrane

biophysical analyses revealed that TCS penetrated the raft-

like monolayer more effectively than the neutral phospho-

lipid (PC/PE) monolayer as was reflected by the critical

insertion pressure (Figure S4). Furthermore, the presence

of lipid rafts increased membrane insertion, even reaching

the hydrophobic core of the lipid bilayer (Figure S5), which

may provide an opportunity for TCS to further penetrate

into the lumen of exosomes or liposomes. However, the

details of this process require further investigation (see

detailed results in Supplementary Materials and Methods).

Intercellular trafficking of TLV and cytosol

delivery of TCS

Exosomes are thought to participate in intercellular mem-

brane trafficking (19,32). Therefore, we examined whether

TLVs are involved in a similar process. First, two groups of

cells were pretreated with either FITC-TCS or tetrame-

thylrhodamine isothiocyanate (TRITC)-TCS and then co-

Figure 5: TCS is specifically targeted to raft microdomains on the exosomal membrane. A) Detergent solubilization of TLV

membrane. TLV membrane was isolated and then treated with 0.5% Triton-X-100, 1% Triton-X-100 or 1% CHAPS at 48C overnight. The

detergent-soluble (S) and detergent-resistant fractions (P) were separated by centrifugation and analyzed by immunoblotting. B) Sucrose

density flotation. 1% Triton-treated TLV membrane mixture was loaded onto a discrete gradient of 40, 30 and 5% sucrose for

centrifugation at 270 000 � g for 18 h. After centrifugation, 13 fractions were collected from the top of the column and then analyzed by

immunoblotting. C) Raft depletion analyses. FITC-TCS-rich TLVs were treated with MBCD and/or SMase at 378C for 6 h and then

solubilized with 1% Triton-X-100. The detergent-resistant membrane fraction was pelleted by centrifugation and then analyzed by

immunoblotting for flotillin2 (lower panel) or by fluorescence spectroscopy (at 495-nm excitation) to quantify the associated FITC-TCS

(upper panel). The fluorescence intensity of TCS in Triton-resistant membrane from untreated TLVs (-) was defined as 100% (the original

value was 358).
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incubated. After a period, a large number of fluorescent

TLVs were secreted and targeted to cell surface. In

particular, some cells collected both FITC-tagged and

TRITC-tagged vesicles, indicating that secreted TLVs are

transferred between neighboring cells (Figure 7A, left and

middle panels). Interestingly, intercellular TLV trafficking

also occurred between allogeneic JAR and K562 cells

(Figure 7A, right panel). Moreover, TLVs targeted to Jurkat

cells and NK92 cells (Figure S6), whereas neither 293T nor

sp2/0 cells accepted TLVs (data not shown), suggesting

a limited selectivity of TLVs for target cells.

To determine the fate of TLVs in target cells, we incubated

purified FITC-labeled TLV with untreated JAR or K562

cells. Fluorescence microscopy showed that these

vesicles were targeted to the cell surface within 30 min

and then internalized and delivered into intracellular re-

gions near the nucleus within 60 min (Figure 7B). Similarly,

electron microscopy revealed that upon reaching the cell

surface, TLVs were trapped in endocytic pits in the plasma

membrane and then internalized into large perinuclear

organelles (Figure 7C,D).

Because TLVs are endocytosed by target cells, we exam-

ined whether these TCS-rich vesicles were capable of

inactivating ribosomes to inhibit protein synthesis and

further inducing cell death. The protein synthesis was

Figure 6: Interaction with lipid rafts contributes to exosomal

targeting of TCS. A) TCS targeting to the purified exosomes

in vitro. Purified K562-derived exosomeswere incubated for 4 h at

378C and pH 5.0 at the indicated concentrations of TCS in RPMI-

1640 medium (containing 10 mM HEPES and 50 mM NaAc). After

centrifugation, the pellet was washed and subjected to immuno-

blotting. B and C) Distribution of TCS in reconstituted TLV (rTLV).

B) rTLVs prepared by incubating exosomes with 1 mM TCS were

treated with 0.1 and 1% Triton-X-100 in sequence. Intact rTLV and

sequential fractions of detergent treatments were analyzed by

immunoblotting. C) rTLVs were digested with 1 mg/mL trypsin in

PBS or PBS containing 0.1% Triton-X-100 at 378C for 1 h. After

digestion, reaction mixtures were concentrated by Centriprep

filtration and analyzed by immunoblotting. D) Effects of raft

depletion on exosomal targeting of TCS. Purified exosomes were

treatedwithMBCD alone or MBCD and SMase at 378C for 6 h and

then incubated with 1 mM FITC-TCS for an additional 4 h. After

centrifugation, the exosomes were washed in a large volume of

PBS and then analyzed by fluorescence spectroscopy (at 495-nm

excitation) to quantify TCS incorporation. The fluorescence inten-

sity of TCS in untreated exosomes (-) was defined as 100% (the

original value was 741). Con, exosomes without FITC-TCS treat-

ment. E) Selective interaction of TCS with raft-containing lip-

osomes. Liposomes (200 mM) with a composition similar to that

of exosomes (exo-lipo), lipid rafts (raft-lipo) or liposomes com-

posed only of neutral phospholipids (PC/PE-lipo) were incubated

with 1 mM TCS at 378C in pH 5.0 acetate buffer (containing

100 mM NaCl) for 4 h and then pelleted, washed and subjected

to immunoblotting. F and G) Distribution of TCS in liposomes. Exo-

liposomes or raft-liposomes were incubated with 1 mM TCS as

described above. After centrifugation, liposome pellets were

subjected to Triton solubilization (F) or trypsin hydrolysis (G) as

described in (B and C). S, supernatant; P, pellet.
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measured using the [3H]leucine incorporation assay. In

K562 and JAR cells, TLVs containing 70 ng of TCS

exhibited the higher inhibitory effect on the leucine incor-

poration than the same amount of naked TCS, while

normal exosomes secreted by K562 cells (NE) had no

visible effect on these cells (Figure 8). These results were

consistent with those from cytotoxicity assays in K562,

JAR, Jurkat and NK92 cells using 3-(4,5-dimethylthiazol-2-

Figure 7: Intercellular trafficking and uptake of TLVs. A) Intercellular trafficking of TLV in JAR cells (left), K562 cells (middle) or among

JAR and K562 cells (right). Two groups of cells were pretreatedwith FITC-TCS (green) or TRITC-TCS (red) as described in theMaterials and

Methods and then mixed and co-incubated for 120 min. To track TLV trafficking between JAR and K562 cells, JAR cells were pretreated

with FITC-TCS and K562 cells with TRITC-TCS. Blue, nuclear staining using 40-6-diamidino-2-phenylindole (DAPI). Scale bar, 20 mm. B)

Dynamic transport of TLV in target cells. JAR (left) or K562 cells (right) were incubated with purified FITC-labeled TLV for 30 min or pulsed

for 30 min and then chased for 30 min. Blue, DAPI staining. Scale bar, 20 mm. C and D) Electron microscopy of K562 cells that were

incubated with purified TLV for 10 min (C) or pulsed for 10 min and then chased for 60 min (D). Arrows in (C) indicate the endocytic pits

targeted by TLVs. Nu, nucleus. Scale bar, 200 nm.
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yl)-2,5-diphenyltetrazolium bromide (MTT) method. In all

cell types, toxin-rich TLVs elicited more severe toxicity,

in a dose-dependent manner, than the naked protein

(Figure 9). In contrast, normal K562 exosomes had no

visible effect on any cell type. Especially, TCS treatment in

Jurkat cells showed no effect after 48 h but TLV treatment

did, which may be because that Jurkat cells could accept

TCS-loaded exosomes much more efficiently than naked

TCS proteins.

Discussion

The experiments described in this study demonstrate

a novel translocation pathway for the plant toxin TCS.

Instead of the more common pathway of intracellular

translocation, our data show that TCS is targeted to

MVB-derived small secretory vesicles that penetrate tar-

get cells through intercellular vesicle trafficking.

Endocytosed toxinsmust escape lysosomal degradation to

exert their toxic action. They do so by directly penetrating

the endocytic compartment, such as DT, or by bypassing

intracellular vesicle trafficking, such as ricin and shiga

toxins (1). In the present study, however, TCS was

released from cells in membrane vesicles, despite the

possibility that some of the toxin molecules might have

been further degraded. Importantly, we determined that

these TCS-rich vesicles exhibited exosome-like features

(Figures 1 and 2) (33). Exosomes are small membrane

vesicles released by many cell types upon fusion of MVBs

with the plasma membrane (14). They mediate the secre-

tion of specific endogenous proteins, such as prions (18),

Hsp60 and 70 (34,35) and major histocompatibility com-

plex (MHC) class I and class II (19,33,36), but there have

been few such reports regarding exogenous proteins. In

this study, we describe an exogenous TCS protein that

was exported from cells in association with exosomes.

Recent research suggested that T-cell-induced secretion

of exosomes from activated B cells allowed antigenic

peptide–MHC class II complexes to escape lysosomal

degradation in B cells (37). Thus, in the case of the foreign

protein TCS, our observations strongly suggest that TCS

uses the exosomal pathway to avoid degradation in host

cells.

An interesting observation was that an approximately 80%

decrease of the expression level of Tsg101 caused only an

approximately 35% reduction of the TLVs, which sug-

gested that some exosomes might form independently of

Tsg101. It has been reported that Tsg101 depletion caused

a small reduction in the number of MVBs in A431 cells,

suggesting that Tsg101 is required for MVB formation but

that some MVBs may form independently of Tsg101 (38).

Because exosomes correspond to the internal vesicles of

the MVB, such a finding could also suggest that some

Tsg101-independent mechanism might contribute to the

formation of exosomes. Moreover, recent researches find

that formation of proteolipid protein-containing exosomes

in an oligodendrocyte cell line does not require ESCRT

machinery and that ceramide, a lipid produced from the

membrane lipid sphingomyelin by SMases, triggers bud-

ding of exosome vesicles into MVBs, providing an alterna-

tive pathway for sorting cargo into MVBs and exosome

formation (28,39). Because exosomes originated from

different cells and subpopulations of exosomes derived

from the same cell differ in their protein and lipid contents

(40–42), it is possible that various mechanisms for exo-

some formation could coexist in cells. Besides, we also

found that TCS itself is an activator of exosome biogene-

sis; at 1 mM, it increased the production of K562-derived

exosomes by 50–80%, although the detailed mechanism

is unclear (Figure S7).

These results raise a fundamental question regarding the

mechanism by which TCS is targeted to exosomes.

Exosomes originate from internal vesicles of the endo-

somal compartment, the MVB (19). Consistent with this,

we found that TCS was primarily incorporated into the

vesicular region of MVBs (Figure 2). A series of previous

Figure 8: Protein synthesis inhibition assay. A) K562 and (B) JAR cells were incubated with 70 ng of naked TCS, TLVs containing 70 ng

of TCS or the same amount of NE for the indicated times. Then, cells were treated with 1 mCi of [3H]leucine for 20 min. The incorporated

radioactivity was determined by liquid scintillation counting. The results are expressed as the percentage of the leucine incorporation in the

untreated control cells and indicated as mean � SEM from three separate experiments.
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studies indicated that lipid raft microdomains were en-

riched in the intraluminal vesicles of the MVB and in

exosomes (29–31). It is also notable that TCS is specifically

targeted to the raft microdomains of exosomes and that

TCS selectively interacts with these domains in vitro

(Figures 5 and 6). Therefore, it is possible that selective

targeting to raft microdomains may provide a sorting drive

for exosome incorporation. In fact, a number of other

membrane proteins sort selectively into exosomes based

on their preference to partition into such microdomains

(16,18,43).

In addition, using liposomes mimicking exosomes (exo-

liposome), raft microdomains (raft-liposome) and non-raft

membrane (PC/PE-liposome), we found that TCS is re-

cruited to exo-liposomes and raft-liposomes, both of which

contain raft components, but not to PC/PE-liposomes.

These results indicate that TCS interacts selectively with

raft microdomains. In addition, detergent treatment and

trypsin digestion demonstrated that the distribution of TCS

in these two types of liposomes was very similar to that in

cell-derived TLVs, with TCS enrichment in the membrane

(raft microdomains) and the lumen. These results indicate

that interaction with raft microdomains is a primary factor

contributing to the incorporation of this toxin into exo-

somes. Furthermore, additional molecular biophysical ana-

lyses showed that TCS can selectively and deeply insert

itself into membrane containing raft components, even

reaching the hydrophobic core of the lipid bilayer, which

may contribute to the penetration of TCS into the lumen of

the exosome or liposome, resulting in the observed dual

distribution. As previously reported, anthrax toxin can also

translocate across the endosomal membrane to reach

the lumen of the intraluminal vesicles (44,45). When

exposed to acidic pH, the heptamerized protective antigen

of anthrax toxin inserts into membranes and forms

ion-conductive channels resulting in the translocation of

the lethal factor (44,45). This mechanism provides a clue

Figure 9: Cytotoxicity of TLV. Cells were incubated with indicated amounts of naked TCS, TLVs containing the indicated amount of TCS

or the same amount of NE in growth medium for 48 h at 378C. Cells grown in the absence of TCS, TLV and NE were used as controls

(A)K562,(B)JAR,(C)Jurkat,and (D)NK92 respectively. The death ratio was measured using the MTT method as described in the Materials

and Methods. The bars indicate the mean � SEM of three independent experiments.
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on how TCS translocates across the membrane. However,

further research is required to understand this process in

greater detail.

Exosomes are thought to mediate intercellular trafficking

(46–49). Our further investigation into the fate of secreted

TLVs also supports this role for exosomes. Regardless of

whether the vesicles could target their origin cells, the

secreted TLVs spread rapidly throughout the extracellular

milieu and target other syngeneic cells and certain alloge-

neic cells through some unknown recognition mechanism

(Figure 7). In target cells, TLVs were internalized into large

endocytic compartments (Figure 7), likely late endosomes

or the MVB, based on their deep intracellular localization

and colocalization with Lamp1 (unpublished data). It is

possible that MVBs in TLV origin cells and target cells are

distinct subpopulations of MVBs, with one population

preferentially secreting exosomes and another population

enriched in internalized exosomes. Support for this hypoth-

esis comes from data describing the existence of distinct

MVB subtypes that share morphological characteristics

but differ in terms of protein and lipid compositions (50,51).

The internalized TLVs may finally release all or a portion of

the toxin into the cytosol of target cells through some

unknown molecular mechanism. Because TCS showed

a unique dual distribution in the membrane and lumen of

TLVs (Figure 4), it is possible that cytosolic delivery of

toxin-rich TLVs may be the result of the fusion of these

vesicles with late endosomes/lysosomes in their target

cells, which would release luminal content directly into

the cytosol. Support for this hypothesis comes from

data showing that the incorporation of vesicular sto-

matitis virus-G, a viral fusion protein, into ELV provided

enhanced presentation of exosomal antigens by DC;

this was the result of ELV internalization into the

acidic endolysosomal compartment, from which the

antigen gained access to the pathway for MHC class I

presentation (51).

Based on our results, we propose a novel translocation

pathway for TCS. After endocytosis, TCS is delivered into

the MVB and incorporated into the intraluminal vesicles of

this organelle. Followed by the fusion of the MVB with the

plasma membrane, TCS-associated intraluminal vesicles

are released into the extracellular medium, forming TLVs.

Within TLVs, TCS is not only associated with the vesicle

membrane but also found in the lumen. The secreted TLVs

then spread throughout the intercellular space and are

targeted to syngeneic cells or specific allogeneic cells.

After internalization, TCS is released into the cytosol. Thus,

by hijacking this exosome-mediated intercellular trafficking

pathway, TCS not only escapes intracellular degradation

but also gains access to the cytosol, where it may then

exert its toxic effect. This hypothesis is supported by the

fact that exosome-mediated TCS elicits more severe

toxicity than the naked protein, which may reflect traffick-

ing benefits in terms of more efficient internalization and

targeting. Therefore, we would like to propose the exo-

some-mediated transport of TCS as a main pathway of

intoxication. Further in vivo studies are required to examine

this hypothesis. Nonetheless, we did not exclude the

possibility that TCS may have other translocation bypass,

such as directly penetrating the endocytic compartment

induced by acidic pH. Although the transport pathway of

TCSwe proposed is similar to anthrax toxin to some extent

in the intracellular pathway, the mechanism of TCS action

is different (44). The TCS toxin-containing vesicles can be

secreted to extracellular medium, forming TLVs, which

would be further internalized by cells and finally release the

loaded TCS into the cytosol.

As indicated by recent evidence, mammalian cells secrete

exosomes not only in vitro but also in vivo, in human blood,

urine and tissue effusions (52–54). Thus, exosomes may

provide a natural vehicle for molecules to survive in the

body and transmit themselves between different tissues.

Our results indicate that TCS uses this pathway by

forming a unique toxin-loaded vesicle. There is a well

coincidence of the pharmacological property of TCS in

antitumor and immune regulation (7,9,55) with the effect

of TLV on some tumor and immune cells as indicated

in this work, which may provide insight into its phar-

macological properties in antitumor and immune regula-

tion (7,9,55). Thus, our results regarding the exosome-

mediated translocation of TCS may provide important

information for future medical research and further appli-

cations for TCS and exosomes.

Materials and Methods

Cell, reagents and antibodies
Fluorophores and chemical reagents were purchased from Sigma. Anti-

bodies for TfR (CD71), flotillin2, rab5, rab6, calnexin and Tsg101 were

purchased from Santa Cruz Biotechnology. Rabbit anti-TCS poly-antibody

was prepared as standard protocol. Horseradish peroxidase-labeled and

fluorescently labeled secondary antibodies were purchased from Zhong

Shan Biotechnology. Ten-nanometer gold-labeled protein A and 5-nm gold-

labeled secondary antibody were purchased from Sigma and Jackson

ImmunoResearch, respectively. JAR (human choriocarcinoma) and K562

(human erythroleukemia) cells were purchased from the Institute of

Biochemistry and Cell Biology of the Chinese Academy of Sciences. TCS

was purified from the root tubers of T. kirilowii (Tianhuafen) as previously

described by Xia and Sui (56).

Differential centrifugation and exosome/TLV

isolation and quantification
NE or TLVs were isolated from the 24-h culture supernatant of K562 cells

grown in the complete medium without or with 0.2 mM TCS (FITC-TCS) by

differential centrifugations as described by Raposo et al. (21). Briefly, the

collected culture mixture was centrifuged at 300 � g for 10 min, 800 � g

twice for 15 min and 10 000 � g for 30 min to remove cells and debris. The

supernatant was further filtered by a 0.22-mm filter, ultrafiltrated and

condensed through Amicon Ultra-15. To eliminate molecules smaller than

100 kD, we washed the Amicon Ultra-15 tube for five times using PBS and

centrifuged at 100 000 � g for 2 h to pellet exosomes or TLVs. The
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obtained pellets were washed once with large volume of PBS and

resuspended for further analysis.

For quantification of exosome production, the membrane pellets isolated

from 10 mL 24-h culture supernatant of normal cells or FITC-TCS-treated

K562 cells were resuspended in 250 mL of PBS and then quantified by

measuring the activity of acetylcholinesterase as described by Savina et al.

(57). For TLV quantification, the vesicle solution obtained from the FITC-

TCS-treated K562 cells was further analyzed by fluorescence spectropho-

tometer at 495-nm excitation and 515-nm emission.

Fluorescence microscopy
For intercellular targeting of exosomes, two groups of cells were treated

with FITC-TCS or TRITC-TCS, respectively, for pulse 30 min and then chase

90 min. After extensive washing with cold PBS, equivalent amount of cells

from different groups was mixed, co-incubated for 120 min and then fixed

with 4% paraformaldehyde at 48C.

All samples were mounted with 90% glycerol in PBS and visualized on

a Nikon E800 microscope with fluorescence attachment using a Plan-

Apochromat 100� 1.4 numerical aperture oil objective. Digital images were

acquired with a SPOT RT cold charge-coupled device camera driven by the

SPOT 3.5 software.

Laser scanning confocal microscopy
Roughly 105 JAR cells were grown to 60% confluency on 12-mm coverslips

and incubated with TCS for 2 h at 48C. Cells were washed extensively with

ice-cold PBS for four times and chased for another 2 h in complete RPMI-

1640 medium. Then, cells were fixed with 4% formaldehyde, permeated

using 0.05% (w/v) saponin and incubated with appropriated primary and

second antibodies. Coverslips were mounted in antifade solution (Roche)

and examined using an LSM510 ZEISS laser scanning confocal microscopy.

RNAi analysis
Vector-based silencing of Tsg101 was achieved using small interfering RNA

(siRNA) plasmid pBS/U6/T that was constructed by directly inserting

complementary oligonucleotides containing Tsg101 target sequence (in

boldface) (sense, 50-CCTCCAGTCTTCTCTCGTCTTC AAGAGAGACGAGA-

GAAGACTGGAGGTTTTTG-30; antisense, 50-AATT CAAAAACCTC-

CAGTCTTCTCTCGTCTCTCTTGAAGACGAGAGAAGACTGGAGG-30) (58)

into ApaI and EcoRI sites of pBS/U6 vector (a kind gift of Dr Y. Shi, Harvard

University). Besides, a plasmid with insertion of a scrambled sequence (50-

GGGGCGAGGCAGC GGCACC-30) (pBS/U6/NC) (59) was used as a negative

control. To silence human nSMase2, we took advantage of the siRNA

technique using the specific siRNA duplex targeting nSMase2 already

proven to be efficient in silencing the enzyme in human cells (60). The

scrambled siRNA (control) was obtained from GeneChem Company.

For electroporation, 1.4 � 107 K562 cells were mixed with 20 mg plasmid

or 2 nmol siRNA in 0.7 mL cold PBS with 10 mM HEPES in 0.4-cm-gap

cuvettes and treated with a BTX ECM 399 electroporator (BTX division of

Genetronics Inc) at 300 V for 20–25 milliseconds. For Tsg101 RNAi

analysis, the secretion of total exosomes or TLV was measured 72 h after

transfection. For nSMase2 RNAi analysis, siRNA was delivered into K562

cells and repeated after 48 h, followed by another 24 h of incubation before

carrying out the experiment. The efficient knockdown of Tsg101 was

confirmed by western blotting and that of nSMase2 by reverse transcrip-

tase–polymerase chain reaction because of lack of antibodies. The primers

used were as follows: nSMase2, 50-CTACAGCACAACCGAGTTTGTAAC-30

(forward), 50-TGGACGAAGCTTAAGAGGAGATAC-30 (reverse); b-actin, 50-

ATTGGCAATGAGCGGTTCC-30 (forward), 50-GGTAGTTTCGTGGATGCCA-

CA-30 (reverse).

Cholesterol depletion and SMase treatment
For cyclodextrin treatment, exosomes or TLV isolated from 10 mL cell

culture supernatant were resuspended in 950 mL PBS and then mixed with

50 mL of 100 mM MBCD and incubated at 378C for 6 h. After cooling,

samples were extracted with 1% Triton-X-100 (final concentration) on ice

for 6 h and then centrifuged at 180 000 � g for 2 h. For SMase treatment,

1 mL exosome or TLV solution was incubated with 0.5 units SMase in PBS

at 378C for 6 h and then submitted to Triton extraction. For MBCD and

SMase double treatment, 1 mL exosome or TLV solution was incubated

with 0.5 units SMase and 10 mM MBCD in PBS at 378C for 6 h before

Triton extraction.

Immunoelectron microscopy
For ultrathin cell sections, JAR and K562 cells were treated with TCS or

purified TLV for indicated periods and then fixed, treated with 1% OsO4,

gradually dehydrated by acetone and finally embedded in Epon-812.

Ultrathin sections (<80 nm) were cut with a glass knife and immunogold

labeled for TCS (5-nm gold particles), Tsg101 and flotillin2 (10-nm gold

particles) as described previously (61).

For isolated TLVs, droplets of PBS with suspended membrane pellets

obtained from 100 000 � g centrifugation were put on Formvar-coated

electron microscope grids, fixed and immunolabeled.

Sucrose density gradient centrifugation
For characterization of secreted TCS, the 120 min chasing supernatant of

K562 cells that were pulse treated with 0.2 mM TCS for 30 min was

collected and centrifuged at 300 � g for 10 min, 800 � g twice for

15 min and 10 000 � g for 30 min to remove cell debris. The supernatant

was filtered through a 0.22-mm filter, concentrated by Centriprep filtration

and then floated on a 0.25–2.5 M continuous sucrose density gradient at

270 000 � g for 18 h as described previously (21).

For raft identification, the purified TLVs were permeated with 0.1% Triton-

X-100 in PBS at room temperature for 30 min and then centrifuged at

100 000 � g for 2 h. The membrane pellets were resuspended in 1 mL

cold 1% Triton-X-100 in 20 mM HEPES, 150 mM NaCl (pH 7.2 buffer),

homogenized and incubated at 48C overnight. Then, the homogenate was

analyzed by a discrete gradient of 40, 30 and 5% sucrose at 270 000 � g

for 18 h as described previously (62).

[3H]Leucine incorporation assay
Aliquots of 5 � 104 cells were cultured in 1 mL of medium in 24-well

plates (Falcon) in duplicates on the day before the experiment. Then,

70 ng of TCS, TLV containing 70 ng of TCS or the same amount of NE was

added into wells and the cells were incubated for the indicated times.

After incubation, the cells were washed with 20 mM HEPES (pH 7.2)

buffer containing 0.14 M NaCl and then treated with 1 mCi of [3H]leucine

in 1 mL of leucine-free medium for 20 min. At the end of labeling, the

medium was removed and 1 mL of 5% (w/v) trichloroacetic acid was

added. After incubation for 10 min at room temperature, the trichloro-

acetic acid was sucked off and another 1 mL of trichloroacetic acid was

added. After further 10-min incubation, the trichloroacetic acid was

removed and the cells were solubilized in 200 mL of 0.1 M KOH. The

dissolved cells were transferred to counting vials, 1 mL of Insta-Gel Plus

(Perkin Elmer) was added to each vial and after swirling the vial on

a Whirley mixer, the radioactivity was measured by liquid scintillation

counting. The results are expressed as the percentage of the leucine

incorporation in the untreated control cells. The incorporation in the

controls varied between 6000 and 20 000 c.p.m. in three different

experiments.

Cytotoxicity analysis
Cells were seeded in 96-well plates at 1 � 104 cells/well for JAR cells and

K562 cells, 2 � 104 cells/well for Jurkat cells and 1.6 � 105 cells/well for

NK92 cells. Then, free TCS, purified TLV or NE was added into the growth

medium for incubation at 378C for 48 h. The amount of TCS on TLV was

determined by immunoblotting against anti-TCS antibody. The amount of

TLV and NE were normalized by the TfR protein quantified using immuno-

blotting. Cells grown in normal medium without treatment were used as
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controls. Survival of cells was detected by MTT reduction method, and the

cell death ratio was calculated from the following equation:

Cell death ratio ¼ 1� ðOD550TCS or TLV=OD550controlÞ:

Liposome preparation
Small unilamellar liposomes were prepared as follows: the lipid mixture

with exosome-like composition (30), raft-like composition (PC:PE:choles-

terol:sphingomyelin ¼ 0.7:0.7:2.2:1, in molar ratio, plus 1% ganglioside in

wt %) and only neutral phospholipids (PC:PE ¼ 1:1, in molar ratio) were

dried under a stream of nitrogen and vacuumized for at least 4 h to remove

residual solvents. The lipid films were resuspended in pH 5.0 acetate buffer

with 100 mM NaCl and then sonicated to near optical clarity using a Cole-

Parmer ultrasonic homogenizer (model CP601) equipped with a cup horn

accessory.
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Supporting Information

Additional Supporting Information may be found in the online version of

this article:

Figure S1: Cytotoxicity of TCS and FITC-TCS. JAR (A) and K562 (B) cells

were incubated with indicated amounts of TCS or FITC-TCS for 48 h at

378C. Cells grown in the absence of TCS and FITC-TCS were used as

controls. The death ratio was measured using the MTT method as

described in the Materials and Methods. The bars indicate the mean �
SEM of three independent experiments.

Figure S2: Transport dynamic of internalized TCS in JAR (A–E) and

K562 cells (F–J). Cells were treated with FITC-TCS at 378C for 10 min (A),

30 min (B and F) or pulse treated for 30 min and then chase incubated in

TCS-free medium for additional 30–120 min (C–E and G–J). Insets show

magnified TCS-targeted organelles. Fluorescence images (FLU) and

merged images with differential interference contrast photos (Merge) are

shown. Scale bar, 3 mm.

Figure S3: A) Vector-based silencing of Tsg101 in K562 cells. K562 cells

were electroporated with pBS/U6/T (siRNA of Tsg101) or pBS/U6/NC

(control) as described in Materials and Methods. The expression of

Tsg101 and b-actin in RNAi cells and in control cells was detected by

western blotting after 72–96 h of transfection. B) siRNA induced silencing

of human nSMase2 in K562 cells. Cells were electroporated with nSMase2

siRNA or scrambled siRNA (control) as described inMaterials andMethods.

The efficient knockdown was monitored by measuring the levels of

nSMase2 by reverse transcriptase–polymerase chain reaction after

72–96 h of the first transfection.

Figure S4: Lipidmonolayer analysis of the interaction of TCSwith lipid

membrane containing different composition. Lipid monolayers with

a raft-like composition or with PC/PE were prepared as described in

Materials and Methods. Acetate buffer (50 mM acetate, 100 mM NaCl, pH

5.0) was used as the subphase, and the final concentration of TCS was

200 nM. Left, the p-t curves of TCS penetration at an initial surface pressure

(pi) of 13 mN/m. Right, the Dp-pi curves of TCS insertion into the raft

monolayer (m) and the PC/PE monolayer (d). pc shows the critical insertion

pressure of TCS for the indicated lipid monolayer.

Figure S5: Fluorescence quenching analyses on the interaction of TCS

with lipid membrane containing different composition. One micromo-

lar TCS was incubated with 50 mM (þ), 100 mM (m) or 150 mM (j) spin-

labeled (12-DOXYL PC) liposomes containing either a raft-like composition

(left) or PC/PE (right) at 378C and pH 5.0 acetate buffer for at least 30 min.

Then, the tryptophan fluorescence of TCS was determined at an excitation

wavelength of 280 nm. The fluorescence of TCS incubated with 50–150 mM

liposomes without spin labeling defined as 100% (d). The background

spectra of the liposomes were subtracted.

Figure S6: FITC-labeled TLVs interact with the Jurkat cell (A) or the NK92

cell (B). Cells were incubated with purified FITC-labeled TLV for 30 min.

Then, cells were washed extensively and fixed with 4% paraformaldehyde

at 48C. Differential interference contrast photos (DIC), fluorescence images

(FLU) and merged images (Merge) are shown. Scale bar, 5 mm.

Figure S7: TCS stimulates exosome production in K562 cells. Exo-

somes were isolated from the culture supernatant of K562 cells growing

without (control) or with TCS at indicated concentrations and then quanti-

fied by measuring acetylcholinesterase activity or by densitometric analysis

of the immunoblotting bands of flotillin2 (lower panel).

Please note: Wiley-Blackwell are not responsible for the content or

functionality of any supporting materials supplied by the authors. Any

queries (other than missing material) should be directed to the correspond-

ing author for the article.
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