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1. Introduction °

The term “exosome” was originally used to describe small vesicles released during
reticulocytes maturation (Johnstone et al. 1987), and may function in shedding redundant or
useless plasma membrane proteins, such as transferrin receptor (Johnstone ef al. 1984) or
acetylcholine esterase (Johnstone et al. 1987). Exosomes should not be confused with the
ribonuclease complex that has also been named exosome (Mitchell et al. 1997). As do all lipid
vesicles, exosomes float on sucrose gradients and their density ranges from 1.13 g/ml to 1.19
g/ml. Exosomes present a characteristic “cup shaped” morphology (Thery et al. 2002; Chaput
et al. 2004). Later study shows that B lymphocytes and immature dendritic cells (DCs), as well
as other antigen presenting cells (APCs), are able to secret exosomes that are loaded with

major histocompatibility complex (MHC) molecules (Raposo et al. 1996; Zitvogel et al. 1998).

1.1 Origin and Biogenesis of Exosomes

Exosomes are small bilayer vesicles (diameter: 50-100 nm) secreted by hematopoietic and
epithelial cells (Laulagnier et al. 2004), which are formed by inwardly budding of late
endosome (Figure 1). Cells absorb material outside their cell membranes by pinocytosis,
receptor-mediated endocytosis or phagocytosis. In metazoan cells, endocytosis is a source of
nutrients, growth factors, pathogenic substances, efc (Surmacz et al. 2003). Endosomes are
formed by endocytosis and maturate by trafficking inside the cell (van Deurs et al. 1993). Late
endosomes, referred to as multivesicular bodies (MVBs), have numerous internal vesicles,

which are precursors of exosomes and generated by reverse budding (Peterson et al. 1998).

* Abbreviations used: DCs, dendritic cells; APCs, antigen presenting cells; MHC, major histocompatibility
complex; MVBs, multivesicular bodies; MCs, mast cells; TEMs, tetraspanin enriched microdomains; SM,
sphingomyelin; SMase, sphingomyelinase; LCLM, live-cell light microscopy; IEM, immunoelectron microscopy;
FACS, fluorescence-activated cell sorting; MS, mass spectrometry; IP, immunoprecipitate.
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Transporting MVBs towards the cell periphery depends on microtube and kinesin’s function
(Wubbolts et al. 1999). MVBs fuse with the plasma membrane, and release internal vesicles
into the extra-cellular milieu as exosomes, which is accompanied by increased intracellular
[Ca®"] (Savina ef al. 2003). Synaptotagmin, Rab and SNARE proteins are thought to function
in MVBs membrane targeting process (Reddy et al. 2001; Savina et al. 2002).

Biogenesis of exosomes is divided into two sequential steps: the first step involves the
selection at the endosome membrane; the second step happens during the inwardly budding
(Stoorvogel et al. 2002). Although the precise role is not clear yet, PI(3)P and PI(3,5)P; are
required for the biogenesis in MVBs (Odorizzi ef al. 1998; Futter et al. 2001). Protein sorting
during exosome biogenesis appears to be mediated by several different mechanisms including

direct binding, fatty acylation, aggregation and monoubiquitylation (Gould et al. 2003).

1.2 Composition of Exosomes

Specific proteins and lipids are highly concentrated in exosomes. Exosomes have a unique
protein composition, and all proteins that have been identified in exosomes are only found in
the cytosol or the plasma membrane, not other organelles. They include chaperones such as
Hsc73 and Hsc90, integrins, subunits of trimeric G proteins, Tsgl01, cytoskeletal proteins such
as actin, profilin, cofilin and tubulin, and tetraspanins (CD9, CD63, CD81, CD82 and CD151).
B lymphocytes, DCs, mast cells (MCs) and intestinal epithelial cells secret exosomes enriched
in MHC class I and II molecules, whereas exosomes from platelets and cytotoxic T cells
contain von Willebrand factors (Heijnen ef al. 1999) and granzymes (Peters ef al. 1991).

Tetraspanins, the most abundant protein family found in exosomes (Chaput et al. 2004), are

a distinct family of proteins, containing four transmembrane domains, a small extracellular
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motif (EC1), a large extracellular loop (EC2), a small inner domain and a short cytoplasmic tail
(Figure 2) (Hemler 2003; Stipp et al. 2003). EC1 is essential for optimal expression of EC2.
EC2 has a constant putative dimerization region and a variable protein-protein interaction
region. Intra- and inter-molecular interactions between transmembrane domains are crucial to
stabilize tetraspanin in the membrane. Divergent C-terminal tails provide specific links to
cytoplasmic factors and function distinctly. One fundamental role of tetraspanins appears to
organize other proteins into a multimolecular tetraspanin enriched microdomains (TEMs), in
which palmitoylated tetraspanins show robust, specific oligomerization. The tetraspanin web,
defined as the extended network of tetraspanins interactions in the membrane (Boucheix and
Rubinstein 2001), is further formed by increased interaction between different TEMs and
between tetraspanins and many other membrane proteins. In addition, the association with
lipids, such as cholesterol and sphingomyelin (SM), might contribute to the assembly of the
tetraspanin web. CD9, a tetraspanin family member, is soluble in chloroform/methanol,
interacts with gangliosides, and classifiable as “proteolipid” (Kawakami et al. 2002), which
gives a hint that tetraspanins work together with lipids. Since tetraspanins are known to form
protein complexes and function in highly ordered raft-like domains (Claas ef al. 2001), they
may play a role in exosome biogenesis. In addition, a highly specialized tetraspanin complex
has the diameter about 16-nm diameter (Liang ef al. 2001), which is very convenient to be a
“pieces” of a exosome (50-100 nm).

The lipid composition in exosomes is different from either the plasma membrane or early
endosomes. Lysobisphosphatidic acid is efficiently incorporated into the MVBs (Kobayashi et
al. 1999), and is thought to regulate intracellular cholesterol transport by acting as a collection

and distribution device (Kobayashi et al. 1999; Holtta-Vuori ef al. 2000; Lebrand et al. 2002).
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Cholesterol and SM are highly enriched in purified exosomes. On the surface of exosomes

from platelets and DCs, phosphoserine is also present, though at low level (Chaput et al. 2004).

1.3 Functions of Exosomes

Since exosomes are membrane coated vesicles, whether they fuse with target cells or not,
their function is related to which membrane and membrane proteins they are transferring.
During reticulocytes maturation, exosomes are secreted to discard membrane proteins, so
exosomes are treated as a possible alternative to lysosomal degradation in early studies.
According to their unique composition, exosomes should play more diverse and important
roles in numerous physiological events. Today’s working hypothesis in the field is that
exosomes function in T lymphocyte activation, immunological tolerance, and pattern formation
in early Drosophila development, and they are implicated in cancer immunotherapy as well.

Exosomes from APCs, associated with MHC molecules, directly stimulate T cell response,
and have important roles in intercellular communication during immune responses (Raposo et
al. 1996; Zitvogel et al. 1998; Wolfers et al. 2001; Skokos et al. 2003). Raposo et al. showed
that both the limiting membrane and the internal vesicles of MVBs harbored newly synthesized
MHC class 11, and the limiting membrane fused directly with the plasma membrane, resulting
in release of internal MHC class II-containing vesicles. These secreted exosomes derived from
both human and murine B lymphocytes could induce antigen-specific MHC class II-restricted
T cell responses. Zitvogel et al. showed that tumor peptide-pulsed DC-derived exosomes could
prime specific cytotoxic T lymphocytes in vivo and suppress growth of established murine
tumors in a T-cell-dependent manner. The authors thought that DC-derived exosomes might

transfer MHC-peptide complex between different DCs, thereby increase the number of
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peptide-bearing APCs and raise the immune response (Thery et al. 2002). Wolfer ef al. using a
human in vitro model further pointed out that exosomes secreted by living tumor cells,
contained and transferred tumor antigens to DCs, which induced potent CD8+ T-cell-
dependent anti-tumor effects on both syngeneic and allogeneic established mouse tumors.
Skokos et al. also found that exosome sercreted by MCs induced immature DCs to up-regulate
MHC class 11, CD80, CD86, and CD40 molecules. Mature DCs acquired potent Ag-presenting
capacity, which led to an elicitation of specific immune responses. So theoretically, DC-
derived exosomes could substitute for DCs to elicit tumor rejection, and some preclinical data
have highlighted their potential for the cancer immunotherapy.

Exosomes not only have function in up-regulation of immune system, but also in down-
regulation. For example, in inflammatory conditions, secreted MHC class II carrying exosomes
in blood are essential for the induction and maintenance of peripheral tolerance to non-self
antigens from the intestinal content (Karlsson ez al. 2001). The live sinusoidal endothelial cells
or DCs, which had taken up these “tolerosomes”, were conditioned by the hepatic
microenvironment to produce IL-10 and express low levels of accessory molecules that would
facilitate the development of regulatory T cells in response to the presented antigens aiming to
avoid pathological inflammatory reactions.

Studies about argosomes, which are exosome-like vesicles, show that the transport of the
morphogen Wingless through vesicles has very high membrane affinity suggesting that
exosomes may play important role in developmental biology (Greco et al. 2001).

Indeed, exosomes may represent an entirely new mode of cell-cell communication.
Uncovering their biogenesis mechanism and physiological role will extend a very exciting field

in cell biology.
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2. Research Aims

21 HYPOTHESIS:

After endocytosis, inwardly budding produces internal vesicles correlating with the
autonomous protein and lipid synergetic sorting. To be specific, palmitoylation initiates
tetraspanins oligomerization to form TEMs “pieces”. TEMs help recruiting not only specific
proteins (MHC, integrins, etc) through EC2 variable protein-protein interaction region, but also
specific lipids (cholesterol, SM etc). Recruited lipids such as PI(3)P and PI(3,5)P; also help
further recruit other proteins. Protein sorting and lipid sorting are synergetic. Pieces form
polyhedral exosomes automatically in a topological manner, and cytoplasmic content is sealed

passively. (Figure 1 and the legend give a detailed schematic description.)

2.2 SPECIFIC AlMs:

Aim.1 To exam the center role of tetraspanins in protein sorting:
1A. How do tetraspanins affect exosome formation?
1B. Are the interactions between EC2 domain and proteins important for sorting?
1C. Is palmitoylation required for forming highly ordered microdomains TEMs?
1D. How do functional TEMs drive lipid sorting after tetraspanins palmitoylation?
Aim.2 To exam synergetic lipid sorting based on TEMs:
2A. What is the role of PI(3)P and PI(3,5)P, in TEMs for protein sorting?
2B. Are lipids sorted into exosomes based on the properties of side chains?
2C. What is the function of cholesterol in the formation of the tetraspanin web?

2D. Does SM help the formation of rigid structure by decreasing membrane fluidity?
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3. Experimental Proposal

3.1 Methods and Material Section

To prove the protein/lipid synergetic sorting model, both the morphology and the
biochemical composition of exosomes will be studied in each experiment.

Morphologically, live-cell light microscopy (LCLM) will be used to study the dynamics,
including exosome formation and component sorting. For example, the fluorescent
phospholipid analog N-Rh-PE, which could be inserted into the plasma membrane and
internalized (Willem ef al. 1990), will be used as an exosome marker (Savina et al. 2003) in
vivo. A confocal imaging system is required in LCLM, as the plasma membrane will generate a
very intensive background with conventional epifluorescence microscopy.

The other morphological evaluation approach is immunoelectron microscopy (IEM). IEM
data not only give a more detailed view, but also confirm the observation from LCLM.
Ultrathin sections will be treated with antibody conjugated with colloidal gold and viewed with
a transmission electron microscope (Raposo ef al. 1996; Charrin et al. 2003). Micrographs will
be prepared to a known scale to calculate the size of exosomes and MVBs.

To study exosomes at the biochemical level, purification of exosomes is very important.
After collecting the supernatant from cell culture, exosomes will be isolated by differential
centrifugation then flotation on 30% sucrose/D-,O, or by differential centrifugation then 0.2 um
filtration (Clayton et al. 2001; Andre et al. 2002; Clayton et al. 2004). After purification, both
protein and lipid composition will be studied by various biochemical methods as described

below.
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To examine either integral membrane proteins or membrane-associated proteins, SDS-
PAGE and fluorescence-activated cell sorting (FACS) will be employed (Thery et al. 2001).
For FACS, defined amount of purified exosomes will be covalently linked to beads, and the
presence of proteins will be revealed by immuno-fluorescence using FITC-conjugated antibody.
Appropriate software will be chosen to gate only single beads for fluorescence analysis
(Clayton et al. 2001).

In addition, lipids from both cells and exosomes will be extracted with chloroform/
methanol/water (1:1:1 v/v) in the presence of 1% ethanoic acid in methanol. The lower phase
will be collected, and dried under nitrogen for mass spectrometry (MS) analysis. Thin layer
chromatogram (TLC) with standard samples is applicable for lipids analysis as well
(Laulagnier et al. 2004).

Exosomes are secreted by hematopoietic and epithelial cells. In order to test the
protein/lipid synergetic sorting model, it is valuable to use different cell lines with various
origins. K562 (ECACC no. 89121407) cells are human chronic myelogenous leukaemia cells
deficient in MHC Class II, that can secrete exosomes (Johnstone 1996). Treatment of K562
cells with monensin, which is a Ca*" ionophore, causes the formation of dilated MVBs and
increased release of exosomes (Savina et al. 2003), which is very helpful in purification. This
cell line can be stably transfected with exogenous constructs. The spleen-derived murine DC
line D1 (Winzler et al. 1997; Thery et al. 1999); B-LDL, Epstein Barr virus immortalized B-
lymphoblastoid cell line (Clayton ef al. 2004) and human HEp-2 cells, which have epithelial
morphology and secret exosomes (van Deurs et al. 1993; Rieu et al. 2000; Carloni et al. 2004),

will also be used.
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3.2 Protein sorting Section

AimlA. How do tetraspanins affect exosome formation?

The tetraspanin family is comprised of at least 26 known human genes. CD9, CD63, CD81,
CD82, CD151 are found in exosomes from various origins (Table 1). To study the dynamics
and function of tetraspanins, it is valuable to make fluorescent constructs. It has been show that
CD63-N-GFP was expressed properly in HeLa cells, and like CD63, distributed to late
endocytic compartments (Lebrand ef al. 2002). CD9, CD63, CD81, CD82, CD151 will be
tagged with EGFP at the N terminus to transfect K562 cells, and LCLM will be used to obtain
the data about the dynamics of tetraspanins during exosome formation. IEM will be used to
confirm the data from LCLM by using anti-MHC II antibody to show the position of exosomes
and anti-EGFP antibody to give the location of tetraspanins (Figure 3, Page 18). One important
preliminary experiment is to use different antibodies to analyze the exact expression spectrum
of tetraspanins on the purified exosomes from K562 cells.

[Alternative] Since EGFP is a bulky fluorescent protein, it may interfere with correct
assembly and intracellular distribution of the chimeric molecules. It has been reported that
recombinant proteins containing four cysteines can be fluorescently labeled in living cells by
extracellular administration of 4',5'-bis(1,3, 2-dithioarsolan-2-yl)fluorescein (FLASH), which
is membrane permeant and nonfluorescent until it binds with high affinity and specificity to the
tetracysteine domain (Griffin et al. 1998). Tetracysteine will be added to the N terminus of
tetraspanins, and FLASH will be added into the culture media.

According to the hypothesis, tetraspanins are the key regulators in exosome biogenesis.
Different promoters will be used to increase the expression level of exogenous tetraspanins,

and LCLM and IEM will be used to study the level of internal vesicles formation in MVBs and
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exosomes secretion or possibly the enlargement of secreted exosomes. FACS data will confirm
the morphology change of exosomes is due to the overexpression of tetraspanins (Figure 3).
Conversely, using immuno-trapping to inhibit the internalization of endogenous
tetraspanins by incubating the cells with antibodies against tetraspanins (Figure 3). Antibody
binding to proteins will interfere with their normal metabolism, which may leads to the
decrease of exosome formation. There are many antibodies available against specific
tetraspanins (Table 1). Four cell lines will be tested by immuno-trapping to give a broader idea.
[Alternative] RNAI is a technique that is used to specifically knock-down protein
expression. Different siRNA sets will be designed according to the sequences of tetraspanins,
and FACS data will confirm that the knock-down of tetraspanins causes the decrease of the
exosome secretion. If siRNA is generated in vivo by expression hairpin RNA, K562 cells will
be chosen. If siRNA needs to be microinjected into cells to have function, all four cell lines
will be used.
Aim1B. Are the interactions between EC2 domain and proteins important for sorting?
The variable region of EC2 domain in tetraspanin is thought to function in protein-protein
interaction (Hemler 2003; Stipp et al. 2003). In the protein/lipid synergetic sorting model, they
are required for protein sorting in TEMs. Use gentle detergent such as CHAPS to lyse cell and
immunoprecipitate (IP) with antibodies against tetraspanins. Integrins will be detected by
immunoblotting. K562 cells will be transfected with constructs expressing the isolated EC2
fragment tagged with EGFP. LCLM will be used to locate the expression of EC2. Co-IP
experiments will be performed to check whether less integrins are sorted to TEMs. FACS will
detect the level of integrins associated with exosomes, which will be dramatically decreased

when EC2 fragment is expressed (Figure 3, Page 18). IEM data will verify the diffused
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integrins distribution during exosome formation, when competent fragments are expressed. It
will be valuable to overexpress the EC1 or transmembrane domains as controls.
[Alternative] EC2 fragments will be purified from expressed bacteria, and microinjected
into cells. LCLM/IEM/FACS will be used to study the change of integrins.

Aim1C. Is palmitoylation required for forming highly ordered microdomains TEMs?

The hydrogen bonds between tetraspanins transmembrane domains are very important for
their stabilization, whereas the palmitoylation at specific intercellular sites are required for
interactions between tetraspanins to form TEMs. It has been reported that simultaneous
mutations of C11, C15, C242 and C243 eliminated >90% of CD151 palmitoylation, which was
much more diffusely distributed and had markedly diminished stability during biosynthesis
(Yang et al. 2002). And the complete palmitoylation-deficient mutant of CD151, which was
mutated at C11, C15, C79, C80, C242 and C243, had markedly decreased association of with
CD81 and CD63 (Berditchevski et al. 2002). The diffusion will be the result of the inefficient
aggregation of TEMs.

Since there is no clear consensus site for palmitoylation of transmembrane molecules,
which typically takes place at one or several cysteine residues located adjacent to or just within
the transmembrane domain (Charrin et al. 2002), all Cys in candidate sites of tetraspanins will
be mutated into Ser, and mutations will be tagged with EGFP to distinguish from endogenous
proteins. K562 cells will be transfected with mutants. LCLM and IEM will be used to study the
distribution of mutant tetraspanin in cells (Figure 3, Page 19). FACS with different antibodies
against both tetraspanins and associated proteins will be chosen to indicate that mutations do

not affect the overall conformation of tetraspanins. According to the hypothesis, highly ordered
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TEMs are required for sorting lipids and disruption of palmitoylation influences the formation

of TEMs, the lipid composition of purified exosomes will be analyzed.

[Alternative] Since palmitoylation increases the hydrophobicity of protein (Linder and

Deschenes 2003), mutate Cys into Trp at the candidate sites might be done to mimic the

palmitoylation effect. K562 cells transfected with these mutants may release more exosomes,

as TEMs will be formed without the modifying step.

Aim1D. How do functional TEMs drive lipid sorting after tetraspanins palmitoylation?
Using the same experimental strategy in Aim1C, focus on the lipid sorting here. Inhibition

of palmitoylation will influence the formation of TEMs, which sequentially affect lipid sorting

(Figure 3, Page 19).

3.3 Lipid sorting Section

Aim2A. What is the role of PI(3)P and PI(3,5)P; in TEMs for protein sorting?

Lipids recruited in TEMs also help protein sorting in the model, which includes PI(3)P and
PI(3,5)P2. It has been reported that PI(3)P helps recruit cytoplasmic effector proteins that have
either a FYVE domain or a PX domain and might participate in vesicle formation (Stenmark
and Gillooly 2001; Birkeland and Stenmark 2004). All four cell lines will be treated with
wortmannin, which inhibits PI3K activity, and LCLM and IEM will be used to see whether
internal vesicles formation in MVBs and exosome secretion are affected. SDS-PAGE and
silver staining will be employed to compare drug treated and untreated samples to see whether
some components are sorted inappropriately upon inhibition of PI3K activity. Analysis lipids
in purified exosomes will verify that the miss sorting of specific proteins results from the

absence of PI(3)P (Figure 3, Page 20).
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[Alternative] Function-blocking antibodies against PI(3)P 5 Kinase might be microinjected
to study the influence on protein sorting as well.
Aim2B. Are lipids sorted into exosomes based on the properties of side chains?

It has been shown that specific lipids are sorted into exosomes (Laulagnier et al. 2004).
Endocytic organelles sorted membrane lipid components efficiently based on their preference
for association with domains of varying characteristics (Mukherjee ef al. 1999). Fluorescent
lipids with different side chains will be ordered from Molecular Probes Inc., and cells will be
labeled with an appropriate dilution of fluorescent lipids for 2 min at 37°C. According to the
protein/lipid synergetic sorting model, only lipids with ordered structure and high
hydrophobicity will be sorted into MVBs and exosomes. LCLLM will be used to analyze the
sorting of fluorescent lipids to exosomes (Figure 3, Page 20).

Aim2C. What is the function of cholesterol in the formation of the tetraspanin web?

It has been shown that cholesterol is involved in the formation of microdomains in the cell
(Mukherjee and Maxfield 2000; Mobius et al. 2002). Tetraspanin complexes were resistant
upon depletion of cholesterol, whereas the number tetraspanin-containing vesicles decreased
(Claas et al. 2001). These results give the assumption that cholesterol is required in the
interaction between TEMs and functions in the formation of the tetraspanin web.

To study cholesterol, biotinylated and non-cytolytic perfringolysin O (BC®) will be used to
label cholesterol in both living cells and cryosections of fixed cells (Mobius ef al. 2002). Anti-
biotin antibodies and gold-protein A will be used for detection.

All four cell lines will be treated with methyl-f-cyclodextrin (MBCD), a drug which does
not incorporate into the membrane but extracts membrane cholesterol by including it in a non-

polar cavity (Charrin et al. 2003). MBCD treatment may interrupt the formation of exosomes
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by interfering with the tetraspanin web formation. Purified exosomes will be analyzed by IEM
and FACS both morphologically and biochemically (Figure 3, Page 21).
[Alternative] The tetraspanin-associated cholesterol might not be easily reached by MBCD.
Cells will be treated with hydrophobic amines such as U18666A (Biomol Research Lab., PA),
which can cause cholesterol accumulation by blocking cellular cholesterol transport. Increased
cholesterol may facilitate the tetraspanin web formation, which may generate either lager
amount or bigger size of exosomes. FACS and IEM will be used to analyze the morphology
changes, and TLC data with cholesterol standard will verify the increase of cholesterol.
Aim2D. Does SM help the formation of rigid structure by decreasing membrane fluidity?
SM is found to be highly enriched in exosomes (Laulagnier ef al. 2004). It has a high
frequency of saturated amide-linked acyl chains and has a fairly cylindrical molecular shape,
which is a rigid structural component (Goni and Alonso 2002; Ramstedt and Slotte 2002).
Since sphingomyelinase (SMase) catalyzes the hydrolysis of sphingomyelin into ceramide
and phosphorylcholine, which are more fluid and permeable (Goni and Alonso 2002), specific
SMase inhibitors, such as scyphostatin, alutenusin, xanthone, efc, will be added into the cell
culture, and the size of MVBs and secreted exosomes will be measured by IEM. If SM
functions in exosome formation, less SMase, more SM will generate larger rigid regions,
which means larger exosomes. The lipid components of exosomes will be analyzed to check
the results from the increase of SM.
[Alternative] If the inhibitors don’t work well in the four cell lines, the analogues of SM,
modified by methylene (Hakogi et al. 2000) or difluoromethylene (Yokomatsu et al. 2001),
will be used. Cells incubated with these SM analogues, which not only mimic SM function but

also inhibit SMase activity, may generate larger exosomes.
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It has also been pointed out that cholesterol interacts favorably with SM to form a liquid-
ordered phase, which has a role in the formation of microdomains (Slotte 1997). Experiments

in Aim2C will also generate smaller exosomes if cholesterol and SM function together.

4. Alternative Model

The polypeptide ubiquitin acts as a regulated sorting signal at different steps of biosynthetic
pathways. One simple model described the ubiquitin-dependent sorting machinery is that
endocytic cargo carrying a ubiquitin signal is recognized by novel ubiquitin binding proteins
and transported into specific sub-cellular organisms. Studies about the sorting mechanism of
carboxypeptidase S (Katzmann et al. 2001; Katzmann et al. 2004) and Vps10 (Urbanowski and
Piper 2001) showed that ubiquitin is a general signal used as a ticket for entry into vesicles
budding into the MVB lumen. It has been pointed out that EGFR has tyrosine kinase activity,
can phosphorylate and activate c-Cbl, which is an E3 ubiquitin ligase and required in mono-
ubiquitination protein sorting. Some MVBs were found to be enriched with EGFR (Katzmann
et al. 2002), which hints the possibility that protein sorting within MVBs is mechanistically
conserved and monoubiquitination sorting protein targeted into lysosome might work as
monoubiquitination sorting protein targeted into secreted exosomes too. If serial experiments
in Aim1 do not work as predictions and give contrary results, it is reasonable to consider the
possibility that monoubiquitination plays a more central role in the protein sorting during
exosome biogenesis.

About the lipid sorting, “like dissolves like rule” plays the central role. Highly ordered
microdomain favorites lipids with long and saturated side chains, and lipid-ordered phase helps

stabilize proteins.
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Figures and Tables

Figure 1. Exosome biogenesis model
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After endocytosis, tetraspanins on the membrane of early endosomes are palmitoylated and

aggregrate into TEMs. TEMs recruit specific membrane proteins (MHC I, MHC 11, integrins

etc) through EC2 variable protein-protein interaction regions.
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TEMSs helps recruit specific lipids as well (grey rectangle in the upper panel; cholesterol, SM

etc). Extend protein-protein interactions and protein-lipid interactions form “the tetraspanin
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web” and stabilize TEMs, which function as pieces to assemble vesicles in a topological
manner. Lipids in TEMs recruit other lipids such as PI(3)P and PI(3,5)P, following “like
dissolves rule”. PI(3)P and PI(3,5)P; further sort specific cytoplasmic protein (black star in the
upper panel) into inwardly budding vesicles in MVBs. During the autonomous formation of
vesicles, some cytoplasmic proteins (black hexagon in the upper panel) are sealed passively.
After MVBs fuse with the plasma membrane (“PM” in the upper panel for short), exosomes
are released into the extracellular milieu. Membrane proteins not sorted onto the exosomes
(white circle in the upper panel) are returned to the plasma membrane.

The lower panel gives a schematic diagram showing that the protein sorting and lipid
sorting during exosome biogenesis are synergetic.

Figure 2. Functional domains in tetraspanin
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The large extracellular loop (EC2) is subdivided into variable and constant regions. The
small extracellular loop (EC1), transmembrane domains (regions linked by “H”), inner domain,
palmitoylation sites (white circle) and C-terminal tail are also present in the figure.
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Figure 3. Expected results
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Table 1. Tetraspanins present in exosomes from various cell lines

. o a1 Cell Line
Tetraspanin Monoclonal Antibodies K562> DI’ B-LDL® HEp2®
C9-BB, DU-ALL-1, SYB-1
b 2 b ‘) ")
D9 ALB-6, BA-2, 50H19, mab7 ' - * '
2C6, 1B5, H5C6, 6H1, CLB-
b b b b ")
D63 gran/12, RUU-Sp2.28 * * * :
M38, Z81, TS81, 1D6, 5A6
b b b b b l’)
D8l 1S64, JS81, 4TM-1 - ' " "
CD82 TS82, 1A4, 4F9, C33 + ? + ?
CD151 TS151, 11B1G4, 5C11 ? ? + ?
! Taken from references and http://www.ncbi.nlm.nih.gov/prow/.
? Taken from (Mannion ef al. 1996; Savina et al. 2002; Savina et al. 2003).
? Taken from (Zitvogel et al. 1998; Thery et al. 1999).
* Taken from (Escola ef al. 1998).
> Taken from (Carloni ef al. 2004).
The Tetraspanin Web in Exosome Biogenesis Page 22



References

Andre, F., N. E. Schartz, et al. (2002). "Malignant effusions and immunogenic tumour-derived
exosomes." Lancet 360(9329): 295-305.

Berditchevski, F., E. Odintsova, et al. (2002). "Expression of the palmitoylation-deficient
CD151 weakens the association of alpha 3 beta 1 integrin with the tetraspanin-enriched
microdomains and affects integrin-dependent signaling." J Biol Chem 277(40): 36991-
7000.

Birkeland, H. C. and H. Stenmark (2004). "Protein targeting to endosomes and phagosomes via
FYVE and PX domains." Curr Top Microbiol Immunol 282: 89-115.

Boucheix, C. and E. Rubinstein (2001). "Tetraspanins." Cell Mol Life Sci 58(9): 1189-205.

Carloni, V., A. Mazzocca, et al. (2004). "Tetraspanin CD81 is linked to ERK/MAPKinase
signaling by Shc in liver tumor cells." Oncogene 23(8): 1566-74.

Chaput, N., J. Taieb, et al. (2004). "Exosome-based immunotherapy." Cancer Immunol
Immunother 53(3): 234-9.

Charrin, S., S. Manie, et al. (2002). "Differential stability of tetraspanin/tetraspanin interactions:
role of palmitoylation." FEBS Lett 516(1-3): 139-44.

Charrin, S., S. Manie, et al. (2003). "A physical and functional link between cholesterol and
tetraspanins." Eur J Immunol 33(9): 2479-89.

Claas, C., C. S. Stipp, et al. (2001). "Evaluation of Prototype Transmembrane 4 Superfamily
Protein Complexes and Their Relation to Lipid Rafts." J. Biol. Chem. 276(11): 7974-84.

Claas, C., C. S. Stipp, et al. (2001). "Evaluation of prototype transmembrane 4 superfamily
protein complexes and their relation to lipid rafts." J Biol Chem 276(11): 7974-84.

Clayton, A., J. Court, et al. (2001). "Analysis of antigen presenting cell derived exosomes,

based on immuno-magnetic isolation and flow cytometry." J Immunol Methods 247(1-2):
163-74.

Clayton, A., A. Turkes, et al. (2004). "Adhesion and signaling by B cell-derived exosomes: the
role of integrins." Faseb J.

Escola, J. M., M. J. Kleijmeer, et al. (1998). "Selective enrichment of tetraspan proteins on the
internal vesicles of multivesicular endosomes and on exosomes secreted by human B-
lymphocytes." J Biol Chem 273(32): 20121-7.

The Tetraspanin Web in Exosome Biogenesis Page 23



Futter, C. E., L. M. Collinson, et al. (2001). "Human VPS34 is required for internal vesicle
formation within multivesicular endosomes." J Cell Biol 155(7): 1251-64.

Goni, F. M. and A. Alonso (2002). "Sphingomyelinases: enzymology and membrane activity."
FEBS Lett 531(1): 38-46.

Gould, S. J., A. M. Booth, et al. (2003). "The Trojan exosome hypothesis." Proc Natl Acad Sci
US A4100(19): 10592-7.

Greco, V., M. Hannus, et al. (2001). "Argosomes: a potential vehicle for the spread of
morphogens through epithelia." Cell 106(5): 633-45.

Griffin, B. A., S. R. Adams, et al. (1998). "Specific covalent labeling of recombinant protein
molecules inside live cells." Science 281(5374): 269-72.

Hakogi, T., Y. Monden, et al. (2000). "Stereocontrolled synthesis of a sphingomyelin
methylene analogue as a sphingomyelinase inhibitor." Org Lett 2(17): 2627-9.

Heijnen, H. F., A. E. Schiel, et al. (1999). "Activated platelets release two types of membrane
vesicles: microvesicles by surface shedding and exosomes derived from exocytosis of
multivesicular bodies and alpha-granules." Blood 94(11): 3791-9.

Hemler, M. E. (2003). "Tetraspanin proteins mediate cellular penetration, invasion, and fusion
events and define a novel type of membrane microdomain." Annu Rev Cell Dev Biol 19:
397-422.

Holtta-Vuori, M., J. Maatta, et al. (2000). "Mobilization of late-endosomal cholesterol is
inhibited by Rab guanine nucleotide dissociation inhibitor." Curr Biol 10(2): 95-8.

Johnstone, R. M. (1996). "Cleavage of the transferrin receptor by human granulocytes:
differential proteolysis of the exosome-bound TFR." J Cell Physiol 168(2): 333-45.

Johnstone, R. M., M. Adam, et al. (1987). "Vesicle formation during reticulocyte maturation.
Association of plasma membrane activities with released vesicles (exosomes)." J Biol
Chem 262(19): 9412-20.

Johnstone, R. M., M. Adam, et al. (1984). "The fate of the transferrin receptor during
maturation of sheep reticulocytes in vitro." Can J Biochem Cell Biol 62(11): 1246-54.

Karlsson, M., S. Lundin, et al. (2001). ""Tolerosomes" are produced by intestinal epithelial
cells." Eur J Immunol 31(10): 2892-900.

Katzmann, D. J., M. Babst, et al. (2001). "Ubiquitin-dependent sorting into the multivesicular
body pathway requires the function of a conserved endosomal protein sorting complex,
ESCRT-L." Cell 106(2): 145-55.

The Tetraspanin Web in Exosome Biogenesis Page 24



Katzmann, D. J., G. Odorizzi, et al. (2002). "Receptor downregulation and multivesicular-body
sorting." Nat Rev Mol Cell Biol 3(12): 893-905.

Katzmann, D. J., S. Sarkar, et al. (2004). "Multivesicular body sorting: ubiquitin ligase Rsp5 is
required for the modification and sorting of carboxypeptidase S." Mol Biol Cell 15(2):
468-80.

Kawakami, Y., K. Kawakami, et al. (2002). "Tetraspanin CD?9 is a "proteolipid," and its
interaction with alpha 3 integrin in microdomain is promoted by GM3 ganglioside,
leading to inhibition of laminin-5-dependent cell motility." J Biol Chem 277(37): 34349-
58.

Kobayashi, T., M. H. Beuchat, et al. (1999). "Late endosomal membranes rich in
lysobisphosphatidic acid regulate cholesterol transport." Nat Cell Biol 1(2): 113-8.

Laulagnier, K., C. Motta, et al. (2004). "Mast cell- and dendritic cell-derived exosomes display
a specific lipid composition and an unusual membrane organization." Biochem J 380(Pt
1): 161-71.

Lebrand, C., M. Corti, et al. (2002). "Late endosome motility depends on lipids via the small
GTPase Rab7." Embo J 21(6): 1289-300.

Liang, F. X., I. Riedel, et al. (2001). "Organization of uroplakin subunits: transmembrane
topology, pair formation and plaque composition." Biochem J 355(Pt 1): 13-8.

Linder, M. E. and R. J. Deschenes (2003). "New insights into the mechanisms of protein
palmitoylation." Biochemistry 42(15): 4311-20.

Mannion, B. A., F. Berditchevski, et al. (1996). "Transmembrane-4 superfamily proteins CD81
(TAPA-1), CD82, CD63, and CD53 specifically associated with integrin alpha 4 beta 1
(CD49d/CD29)." J Immunol 157(5): 2039-47.

Mitchell, P., E. Petfalski, et al. (1997). "The exosome: a conserved eukaryotic RNA processing
complex containing multiple 3'-->5' exoribonucleases." Cell 91(4): 457-66.

Mobius, W., Y. Ohno-Iwashita, et al. (2002). "Immunoelectron Microscopic Localization of
Cholesterol Using Biotinylated and Non-cytolytic Perfringolysin O." J. Histochem.
Cytochem. 50(1): 43-56.

Mukherjee, S. and F. R. Maxfield (2000). "Role of membrane organization and membrane
domains in endocytic lipid trafficking." Traffic 1(3): 203-11.

Mukherjee, S., T. T. Soe, et al. (1999). "Endocytic sorting of lipid analogues differing solely in
the chemistry of their hydrophobic tails." J Cell Biol 144(6): 1271-84.

The Tetraspanin Web in Exosome Biogenesis Page 25



Odorizzi, G., M. Babst, et al. (1998). "Fablp PtdIns(3)P 5-kinase function essential for protein
sorting in the multivesicular body." Cell 95(6): 847-58.

Peters, P. J., J. Borst, et al. (1991). "Cytotoxic T lymphocyte granules are secretory lysosomes,
containing both perforin and granzymes." J Exp Med 173(5): 1099-1009.

Peterson, J. A., S. Patton, et al. (1998). "Glycoproteins of the human milk fat globule in the
protection of the breast-fed infant against infections." Biol Neonate 74(2): 143-62.

Ramstedt, B. and J. P. Slotte (2002). "Membrane properties of sphingomyelins." FEBS Lett
531(1): 33-7.

Raposo, G., H. W. Nijman, et al. (1996). "B lymphocytes secrete antigen-presenting vesicles."
J Exp Med 183(3): 1161-72.

Reddy, A., E. V. Caler, et al. (2001). "Plasma membrane repair is mediated by Ca(2+)-
regulated exocytosis of lysosomes." Cell 106(2): 157-69.

Rieu, S., C. Geminard, et al. (2000). "Exosomes released during reticulocyte maturation bind to
fibronectin via integrin alphadbetal." Eur J Biochem 267(2): 583-90.

Savina, A., M. Furlan, et al. (2003). "Exosome release is regulated by a calcium-dependent
mechanism in K562 cells." J Biol Chem 278(22): 20083-90.

Savina, A., M. Vidal, et al. (2002). "The exosome pathway in K562 cells is regulated by
Rabl11." J Cell Sci 115(Pt 12): 2505-15.

Skokos, D., H. G. Botros, et al. (2003). "Mast cell-derived exosomes induce phenotypic and
functional maturation of dendritic cells and elicit specific immune responses in vivo." J
Immunol 170(6): 3037-45.

Slotte, J. P. (1997). "Cholesterol-sphingomyelin interactions in cells--effects on lipid
metabolism." Subcell Biochem 28: 277-93.

Stenmark, H. and D. J. Gillooly (2001). "Intracellular trafficking and turnover of
phosphatidylinositol 3-phosphate." Semin Cell Dev Biol 12(2): 193-9.

Stipp, C. S., T. V. Kolesnikova, et al. (2003). "Functional domains in tetraspanin proteins."
Trends Biochem Sci 28(2): 106-12.

Stoorvogel, W., M. J. Kleijmeer, et al. (2002). "The biogenesis and functions of exosomes."
Traffic 3(5): 321-30.

Surmacz, L., J. Wiejak, et al. (2003). "Evolutionary conservancy of the endocytic and
trafficking machinery in the unicellular eukaryote Paramecium." Biol Cell 95(2): 69-74.

The Tetraspanin Web in Exosome Biogenesis Page 26



Thery, C., M. Boussac, et al. (2001). "Proteomic analysis of dendritic cell-derived exosomes: a
secreted subcellular compartment distinct from apoptotic vesicles." J Immunol 166(12):
7309-18.

Thery, C., A. Regnault, et al. (1999). "Molecular characterization of dendritic cell-derived
exosomes. Selective accumulation of the heat shock protein hsc73." J Cell Biol 147(3):
599-610.

Thery, C., L. Zitvogel, et al. (2002). "Exosomes: composition, biogenesis and function." Nat
Rev Immunol 2(8): 569-79.

Urbanowski, J. L. and R. C. Piper (2001). "Ubiquitin sorts proteins into the intralumenal
degradative compartment of the late-endosome/vacuole." Traffic 2(9): 622-30.

van Deurs, B., P. K. Holm, et al. (1993). "Multivesicular bodies in HEp-2 cells are maturing
endosomes." Eur J Cell Biol 61(2): 208-24.

Willem, J., M. ter Beest, et al. (1990). "A non-exchangeable fluorescent phospholipid analog as
a membrane traffic marker of the endocytic pathway." Eur J Cell Biol 53(1): 173-84.

Winzler, C., P. Rovere, et al. (1997). "Maturation stages of mouse dendritic cells in growth
factor-dependent long-term cultures." J Exp Med 185(2): 317-28.

Wolfers, J., A. Lozier, et al. (2001). "Tumor-derived exosomes are a source of shared tumor
rejection antigens for CTL cross-priming." Nat Med 7(3): 297-303.

Wubbolts, R., M. Fernandez-Borja, et al. (1999). "Opposing motor activities of dynein and
kinesin determine retention and transport of MHC class II-containing compartments." J
Cell Sci 112 ( Pt 6): 785-95.

Yang, X., C. Claas, et al. (2002). "Palmitoylation of tetraspanin proteins: modulation of CD151
lateral interactions, subcellular distribution, and integrin-dependent cell morphology."
Mol Biol Cell 13(3): 767-81.

Yokomatsu, T., H. Takechi, et al. (2001). "Synthesis and evaluation of a difluoromethylene
analogue of sphingomyelin as an inhibitor of sphingomyelinase." Bioorg Med Chem Lett
11(10): 1277-80.

Zitvogel, L., A. Regnault, et al. (1998). "Eradication of established murine tumors using a
novel cell-free vaccine: dendritic cell-derived exosomes." Nat Med 4(5): 594-600.

The Tetraspanin Web in Exosome Biogenesis Page 27




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


		2004-05-31T01:23:06-0400
	Liang
	我是该文档的作者




