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Exosomes as Potent Cell-Free Peptide-Based Vaccine. II.
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S

pinning molecular immunology into successful immunotherapy to amplify immune responses and break Ag-specific tolerance has been and remains an important challenge to date. The rational design of vaccines initially involves
identification of the immune effector mechanisms responsible for
protection against disease (cellular immune responses for cancer)
and the subsequent selection of an Ag capable of eliciting the
desired adaptive response. A productive immune response is defined by the generation of clonally expanded Ag-specific T (or B)
cells, requiring effective Ag presentation to specific TCR on naive
T cells (or membrane-bound Ig on B cells). In some cases, in
addition to this signal 1, a delivery signal 2 of costimulatory mol-
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ecules or cytokines is provided by APCs and requested for the
priming of CD4! T cells, helper arms of CTL effectors (or Agspecific B cells) (1–3). Adjuvants (adjuvare is Latin for “to help”)
serve as critical components in the design of effective, nonreplicating vaccines to enhance or boost immunogenicity of coadministered Ags (4). Molecular definition of adjuvants has been surrounded by obscurity and called the “immunologist’s dirty little
secret” by Janeway (6) in 1989 (2, 5, 6). Attempts have been made
to classify adjuvants functionally according to at least five concepts of immunogenicity: first, the geographical concept of immune reactivity (1), and second, the theory of depot effect (7), both
emphasizing the importance of Ag localization for a period of time
after immunization; third, the paradigm that adjuvants act as signal
0, i.e., trigger signaling of pattern recognition receptors and activation of innate immune cells to release cytokines/chemokines (8,
9); fourth, the hypothesis that adjuvants induce or act as danger
molecules (stressed or damaged tissues alerting APCs to up-regulate costimulatory molecules) (10, 11); and finally, the role of
signal 2 through cytokines and costimulation as natural adjuvants
(6, 12, 13).
Dendritic cells (DC)4 are likely to play a central role as nature’s
adjuvants because of their unique ability to turn on naive T cells at
a mature stage of differentiation (14, 15). The maturation or activation of DC occurs in response to a broad array of signals, either
pathogen-associated molecular pattern molecules (through Tolllike receptors (TLRs)), or endogenously produced signals of the
TNF family members (through TNFR or CD40 ligand) (16 –19).
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Ideal vaccines should be stable, safe, molecularly defined, and out-of-shelf reagents efficient at triggering effector and memory
Ag-specific T cell-based immune responses. Dendritic cell-derived exosomes could be considered as novel peptide-based vaccines
because exosomes harbor a discrete set of proteins, bear functional MHC class I and II molecules that can be loaded with synthetic
peptides of choice, and are stable reagents that were safely used in pioneering phase I studies. However, we showed in part I that
exosomes are efficient to promote primary MHC class I-restricted effector CD8! T cell responses only when transferred onto
mature DC in vivo. In this work, we bring evidence that among the clinically available reagents, Toll-like receptor 3 and 9 ligands
are elective adjuvants capable of triggering efficient MHC-restricted CD8! T cell responses when combined to exosomes. Exosome
immunogenicity across species allowed to verify the efficacy of good manufactory procedures-manufactured human exosomes
admixed with CpG oligonucleotides in prophylactic and therapeutic settings of melanoma in HLA-A2 transgenic mice. CpG
adjuvants appear to be ideal adjuvants for exosome-based cancer vaccines. The Journal of Immunology, 2004, 172: 2137–2146.
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Materials and Methods
DC culture
Mouse bone marrow-derived DC (BM-DC) were cultured, as previously
described (12). Briefly, bone marrow progenitor cells were grown in
IMDM culture medium (Sigma-Aldrich, St. Quentin Fallavier, France)
supplemented with 50 U/ml penicillin, 50 "g/ml streptomycin, 2 mM Lglutamine, 10% decomplemented FCS (Life Technologies, Paisley, U.K.),
50 "M 2-ME (Sigma-Aldrich), and 30% J558 murine GM-CSF culture
supernatants for 10 –12 days. At day 11, maturation of BM-DC was induced by adding LPS (5 "g/ml; Sigma-Aldrich) to culture medium for
24 h. For in vivo immunization protocols, BM-DC were used at day 12.
The phenotype of BM-DC was analyzed by flow cytometry using antimouse CD11c, I-Ab, CD80, CD86, and CD40 mAb (BD PharMingen, Heidelberg, Germany), and H-2Kb and H-2Db (22). In addition, BM-DC propagated from HHD2 mice were stained with MA2.1 Ab-containing ascitis.

Exosome production and purification
Exosomes were either isolated using the classical process of a series of
differential ultracentrifugation already described (11, 12) or isolated according to a process of ultrafiltration/diafiltration derived from Lamparsky
et al. (30). Briefly, 2– 4 L of DC culture medium was microfiltrated (3
"m/0.8 "m) and then ultrafiltered through a 500-kDa filter up to a final
volume of 50 ml. This 50 ml of exosome-containing medium was supplemented with up to 1 L of PBS, and a second step of 500-kDa ultrafiltration
was performed, leading to a final volume of 20 –50 ml. This preparation
was ultracentrifuged at 100,000 " g onto a D20/30% sucrose gradientdensity cushion (d # 1.217). The exosomal pellet recovered in the cushion
was diafiltrated for sterilization and will be referred to as exosomes
henceforth.

MHC class I immunocapture assays for exosomal MHC class I
quantification
A titrated mouse anti-human MHC class I mAb (HLA-A, B, C; BD PharMingen) was incubated with excess exosomes that had dried in a 96-well
plate and subsequently blocked with 6% nonfat milk. After a 1-h incubation, the plate was washed and incubated with addition of excess goat

anti-mouse Ab (Jackson ImmunoResearch Laboratories, West Grove,
PA) conjugated to HRP for 1 h at room temperature. The plate was
developed for 5 min using the ECL substrate system, as described by
the manufacturer (Amersham Pharmacia, Saclay, France). Chemiluminescence signal was measured by the Wallac trilux chemiluminometer
(PerkinElmer, Gaithersburg, MA).

Pulsing of exosomal MHC class I/peptide complexes with
Mart126 –35 peptides and gp100 peptides
To elute the endogenous MHC class I peptides bound to exosomes, 100 "l
of exosomes ($1012 MHC class I molecules) is treated with an equal
volume of acetate buffer, pH 5.1, containing the synthetic CTL epitope
MelanA/Mart1(ELAGIGILTV) at 10 "M at 4°C for 30 min (ExMart1). After
such an acidification, the preparation is neutralized with a Tris buffer, pH
11, on ice for 15 min to allow reformation of the trimolecular MHC class
I/peptide complexes. Then unbound peptides and debris are removed using
an ultracentrifugation (100,000 " g/min, 40 min) step on a D2O/30%
sucrose gradient-density cushion. The exosomes recovered in the cushion
are subsequently ultracentrifuged (100,000 " g, 1 h). The pellet is resuspended in 1" PBS and stored at %80°C. Unbound peptides cannot exceed
a final concentration of 1–7 nM. The process is similar for the loading of
gp100 154 –162(KTWGQYWQV) and gp100 209 –217(IMDQVPFSV).

MelanA/Mart1-specific CD8! T cell induction in HHD2 mice
Human Db (HHD2) mice derived from a strain deficient for mouse #2microglobulin and H-2Db molecules and transgenic for a chimeric MHC
class I molecule, HLA-A0201/Db, linked to the human #2-microglobulin
(24), were provided by F. Lemonnier (Pasteur Institute, Paris, France).
Transgenic mice were immunized in the footpad with 50 "l of the vaccine.
Different vaccine designs were used (DC-derived exosome (Ex) alone, Ex
onto mDC, Ex in CpG, Ex in poly(I:C), mDC or immature DC (iDC)/
peptides, CpG/peptides). Detailed experimental settings are described in
figure legends. Briefly, mouse ExA2%/Mart1 (ExKb) or mouse
ExA2!Mart1!/% exosomes were either inoculated directly intradermally or
pulsed onto 3 " 105 H-2b mDC (DC(Kb)) or HHD2 mDC (DC(A2)). Immunocapture assays with an internal standard allowed monitoring of the
numbers of MHC class I molecules/exosome batch. Each group of three to
five animals was immunized in the footpad with 4 " 108, 2 " 109, or 1010
exosomal MHC class I molecules. Other vaccines consisted in direct injection of peptide-pulsed iDC or mDC HHD2 DC. A single dose of 3 " 105
DC was loaded with increasing concentrations (from 0.01 to 10 "M) of
MelanA/Mart126 –35 (ELA) peptides. Alternatively, various amounts of
ExA2!/% pulsed with Mart126 –35 were mixed with endotoxin-free CpG
oligomeric sequences (5&-TCC ATG ACG TTC CTG ACG TT-3&) (30 "g
of CpG/mouse in a total volume of 50 "l for footpad inoculation) or
associated to i.v. administration of poly(I):poly(C12U) dsRNA (Ampligen,
2.5 mg/ml; Bioclone, Republic of South Africa; provided by M. Adams,
Velindre Hospital, Cardiff, U.K.); type I IFN, produced by M.F., as previously described (27, 30, 31); IL-2 (Proleukin, Chiron, France);
murabutide derived from muramyl dipeptide kindly provided by G. Bahr,
Laboratoire d’Immunologie Moléculaire de l’Infection et de l’Inflammation, Institut Pasteur de Lille and ISTAC Biotechnologie (Lille, France)
(32), and Montanide (ISA 720; SEPPIC, Paris, France). Each experimental
group contained three to five mice, and experiments were performed at
least three times. Pooled data of the most representative experiments are
shown on the graphs. Mice were immunized once on day 0, and popliteal
and inguinal draining LN and controlateral nodes were harvested on day 5.
LN mononuclear cells were first stained with A2/Mart1 or A2/HIVgag
fluorescent (PE) soluble tetramers (0.2 "g) for 30 min at room temperature
in 20 "l of 1" PBS/0.5% BSA (Sigma-Aldrich), then with anti-CD3 FITC
mAb and anti-CD8 allophycocyanin mAb (BD PharMingen) for 30 min at
room temperature before washing steps and analysis in a FACSCalibur
(BD Biosciences, Heidelberg, Germany). We set up the significant values
based on: 1) the staining achieved with an irrelevant tetramer (A2/HIVgag)
on LN-draining relevant vaccination with exosomes A2/Mart1; 2) the
staining achieved with the relevant tetramer (A2/Mart1) on controlateral or
naive LN in control mice, as well as on LN-draining footpads inoculated
with unpulsed exosomes. The mean ' SEM percentage of tetramer staining with A2/gag HIV on relevant nodes (n # 20) was 0.16 ' 0.13, representing absolute numbers of 437 ' 250 cells; the mean ' SEM percentage of tetramer staining with A2/Mart1 on naive nodes (n # 20) was
0.35 ' 0.3, representing absolute numbers of 1750 ' 970 cells; the
mean ' SEM percentage of tetramer staining with A2/Mart1 on LN-draining vaccination with unpulsed exosomes (n # 20) was 0.54 ' 0.4, representing absolute numbers of 2383 ' 1063 cells. Therefore, we set up the
cutoff value for significancy at 5000 ' 1000 cells. Function of LN-residing
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Upon maturation, they become capable of activating innate effector cells (NKT and NK cells) (20, 21), and move from the periphery to the draining lymph nodes (LN) via afferent lymphatics (22).
Immunostimulation by adjuvants may result from increased attraction of DC toward the injection site (23), increased loading (or
cross-presentation of exogenous Ag by MHC class I molecules) of
APCs (24), or increased transport of Ag-loaded APCs toward the
LN (25, 26). Hence, DC represent ideal targets for vaccine adjuvants, and cytokine-DC interactions are indispensable for linking
innate and cognate immunity (27).
We described exosomes as membrane vesicles originating from
DC late endosomes and secreted constitutively in vitro upon fusion
of multivesicular membrane with plasma membrane (28, 29). In
the first part (58), we brought evidence that: 1) DC produce exosome-associated MHC class I complexes that are functional for
CTL priming; 2) exosomes require mature DC (mDC) for T cell
activation in vitro and in vivo; and 3) exosomes exhibit comparable efficacy as mDC to initiate synthetic peptide-specific CD8! T
cell responses in vivo. Therefore, the design of an efficient exosome-based cancer vaccine requires an adjuvant that should mimick or substitute for mDC in vivo. In this second part, we show
that: 1) exosome-mediated CD8! T cell priming can be triggered
using CpG DNA oligomeric sequences (and dsRNA); 2) most of
the clinically available alternative adjuvants that do not directly
activate DC in vivo cannot boost exosome immunogenicity in
HHD2 mouse model; 3) in the B16 melanoma tumor model coexpressing human HLA-A2 and gp100 tumor Ag, 1010 exosomal
MHC class I molecules presenting gp100 peptides admixed with
CpG oligonucleotides (ODN) mediate tumor rejection as efficiently as 3 " 105 mDC-A2/gp100 and more efficiently than high
dosages of peptides stressing that exosomes are valuable cell-free
peptide vaccines.

EXOSOMES IN CpG ADJUVANTS
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T cells following immunization was assessed by challenging LN mononuclear cells to grading doses of Mart1 peptides. Supernatants were collected
at 48 –72 h to evaluate IFN-!, IL-4, and IL-10 levels in ELISA (BD
PharMingen).

Tumor models
B16F10 cotransfected with the human HLA-A2 and gp100-encoding
cDNA was kindly provided by the Department of Tumor Immunology,
University Hospital Nijmegen (G.A.). A total of 3 " 105 tumor cells was
inoculated on day 0 in the right abdominal flank, and vaccine consisting
of mature BM-DC or human HLA-A*0201 exosomes in CpG oligos (as
precised above) at increasing dosage was administered twice on days 5 and
10 (V1 and V2) in the footpad, as mentioned in Fig. 4 legend, or days 9
and 14, as mentioned in Figs. 5 and 6. Peptide pulsing onto exosomes
or mature BM-DC was performed using two gp100 peptides (gp100
154 –162(KTWGQYWQV) and gp100 209 –217(IMDQVPFSV)) at 50 "g/ml. Tumor growth was monitored biweekly using a caliper.

Statistical analyses

Results
CpG ODN substitute for nature’s adjuvants in
exosome-mediated CTL priming
We first showed that exosomal MHC class I molecules require
transfer onto mDC to promote efficient CTL priming in vivo (58).
To facilitate the clinical implementation of exosomes, we looked
for a synthetic adjuvant that would trigger DC maturation in vivo.
Synthetic ODN that contain unmethylated CG dinucleotides in
particular sequence contexts (CpG motifs) mimic bacterial DNA
(33) and have been shown to boost innate immune responses and
promote acquired Th1-biased cellular and humoral immunity (34,
35). In mice, CpG ODN directly target myeloid and plasmacytoid
DC and trigger their activation (36 –38). Therefore, we first analyzed the ability of CpG ODN to enhance exosome-mediated
Mart1-specific CTL responses in HHD2 mice. Because we demonstrated that efficient MHC class I-restricted Ag presentation
could be achieved using exosomes pulsed onto mDC (58), we
aimed at comparing efficacy of effector T lymphocytes secreting
IFN-! (Tc1) differentiation using CpG vs mDC for priming with
exosomes. Immunization with exosomes pulsed with Mart126 –35
epitopes was performed between 108 and 1010 MHC class I molecular ranges in the presence of mDC (HHD2) or CpG oligomeric
sequences (Fig. 1). As previously shown (58), exosomes loaded
onto syngeneic mDC(A2) significantly expanded ELA-specific
CTL (Fig. 1A, p ( 0.01) that differentiate into potent Tc1 (Fig. 1B,
p ( 0.01) with a plateau reached at 2 " 109 MHC class I molecules ( p ) 0.05 between 2 " 109 ExA2!/ELA and 1 " 1010
ExA2!/ELA; Fig. 1). Similar efficacy for both CTL expansion
(5–7% tetramer-binding CD8! T cells; Fig. 1 inset) and Tc1 differentiation (Fig. 1B) was achieved using ExA2!/ELA in CpG adjuvants with up to 1 " 1010 exosomal A2!/ELA molecules required
for CTL responses ( p ( 0.05 compared with ExA2!/0; Fig. 1A).
In all cases, IFN-! secretion by LN-residing CD8! T cells was
peptide dependent (data not shown). There were no statistically
significant differences between mDC and CpG ODN at 1 " 1010
exosomal A2!/ELA molecules to trigger Tc1 differentiation (Fig. 1,
p ) 0.05).
Exosomes are more effective CTL inducers than peptide-based
vaccines in conjunction with CpG adjuvants
The capacity of exosomes to prime CD8! naive T cells was compared with that mediated by peptide alone, both in conjunction

with CpG ODN. Bioactivity of CpG sequences was checked in
vitro on iDCs. A total of 10 –30 "g of CpG sequences triggered
BM-DC maturation (data not shown), in contrast to mock sequences. Footpad immunization using free Mart126 –35 peptides in
the presence of CpG sequences was analyzed at grading ranges
(0.01–20 "M) of peptides. Even at high peptide dosage, vaccination with Mart1 peptides adjuvantized in CpG (30 "g) weakly
primed Mart1-specific CTL ( p ) 0.05; Fig. 1). It is noteworthy
that while up to 20 "M of ELA peptides adjuvantized in CpG
did not significantly promote Mart1-specific CTL expansion
(Fig. 1A), ExA2!/ELA adjuvantized in CpG did (ExA2!/ELAassociated %1010 MHC class I molecules, p ( 0.01 compared
with ExA2!/0; Fig. 1A). Moreover, such ExA2!/ELA adjuvantized in CpG elicited Mart1-specific Tc1 cells more efficiently
than 20 "M of ELA adjuvantized in CpG ( p ( 0.05 between
1 " 1010 ExA2!/ELA and 20 "M of ELA; Fig. 1B).
However, peptide stability following intradermal injection is
known to be poor. Therefore, immunogenicity of 2 " 109-1010
exosomal ExA2!/ELA complexes in CpG ODN was compared
with that mediated by 3 " 105 mDC(A2) pulsed with saturating
concentrations of peptides in HHD2 mice. Indeed, in our model
system, a plateau of Tc1 differentiation was achieved with mDC
using $0.3– 0.5 " 105/footpad injection (data not shown). The
threshold for exosome efficacy in Tc1 priming was $2 " 109-1 "
1010 MHC class I molecules in CpG ODN. Importantly, there was
no statistically significant difference between: 1) 1010 ExA2!/ELA
in CpG ODN and mDC pulsed with 0.1–10 "M of Mart1 regarding
the expansion of A2!Mart1! tetramer-binding CD8! T cells ( p )
0.05; Fig. 1A), and 2) 1010 ExA2!/ELA in CpG ODN and mDC
pulsed with 1–10 "M of Mart1 regarding the priming of Mart1specific Tc1 ( p ) 0.05; Fig. 1B).
CpG ODN could be considered appropriate adjuvants that enable Ex to be immunogenic vehicles of MHC class I/peptide complexes for the differentiation of Tc1 cells. Moreover, exosomes in
CpG ODN could substitute for mDC in the initiation of synthetic
peptide-specific primary CD8! T cell responses.
Bioactivity of human GMP exosomes in mice
To test whether exosomes could be implemented in the setting of
human cancer vaccines, we explored the capacity of human exosomes to mediate tumor rejection in mice. Therefore, we first address the cross-species bioactivity of exosomes by inoculating exosomes secreted from human HLA-A*0201 monocyte-derived DC
in HHD2 mice. As shown in Fig. 2, human HLA-A*0201 exosomes pulsed with Mart1 peptides can elicit mouse CTL priming
in HHD2 mice with significant expansion of CD8! T cells binding
the A2/Mart1 tetramers (Fig. 2A) and secreting ng levels of IFN-!
after short ex vivo stimulation with Mart1 peptides (Fig. 2B). Like
mouse HHD2 exosomes, human HLA-A*0201 exosomes (at 1010
ExA2!/ELA molecules) required synthetic adjuvants, i.e., bacterial
DNA sequences (CpG) to efficiently prime CTLs. These data suggest that: 1) preclinical studies in mice can be performed using
GMP human exosomes, and 2) a conserved molecular pattern of
APC recognition by exosomes might be involved and activated by
CpG ODN.
dsRNA are also capable of boosting exosome-mediated CTL
primary responses
We tested clinically available adjuvants in conjunction with Ex
(experimental designs listed in Fig. 3A). Some cytokines are
known to be natural adjuvants (27). Montoya et al. (39) reported
that murine DC secrete and respond to type I IFNs, identifying
these cytokines as autocrine DC activators for the priming of naive
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Absolute numbers of CD8! T cells and IFN-! levels have been analyzed
using an ANOVA with Fisher’s exact method. Significances within 95, 99,
and 99.9% confidence interval are depicted on the graphs with !, !!, and
!!!, respectively. Comparisons between groups were performed using the
nonparametric Kruskal-Wallis test.
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FIGURE 1. Figure legend continues

The Journal of Immunology

T cells. Because these results obtained in mouse models are consistent with data obtained with human DC (30) and because type I
IFNs are indispensable for the action of Th1-promoting adjuvants
(31), we first combined type I IFN (1–3 injections on a daily basis;
Fig. 3A; 100,000 IU each injection) in the footpad along with exosomal 1010 ExA2!/ELA complexes. In both settings, type I IFNs

could not promote exosome-mediated Tc1 expansion or differentiation in HHD2 (Fig. 3, B and C). However, a significant recruitment of both plasmacytoid DC and B cells was achieved in draining LN on day 5 (data not shown) following inoculation of
exosomes and type I IFNs.
Secretion of IL-2 by mouse DC is important in conferring to
these cells a T cell-priming capacity that is severely impaired in
DC isolated from IL-2%/% knockout mice (40). Moreover, IL-2 has
been shown to promote specific and nonspecific T cell responses in
humans (41). However, neither IL-2 s.c. nor IL-2 i.p. (100,000 IU
each injection; Fig. 3A) could significantly induce exosome-mediated Tc1 differentiation in HHD2 (Fig. 3, B and C).
Murabutide is a safe (apyrogenic) synthetic immunomodulator
derived from muramyl dipeptide, the minimal bioactive structure
of the bacterial cell wall peptidoglycan (32). Murabutide has been
shown to enhance nonspecific resistance to bacterial and viral infections (42). Murabutide has also been shown to synergize with
cytokines such as IFN-$ (43) and IL-2 (44). Because murabutide
has been clinically evaluated and was found to modulate cytokine
release without toxicity (45), we tested the association of exosomes along with murabutide (10 mg/kg) or the combination of
murabutide and IFN-$ or IL-2 (Fig. 3A). As shown in Fig. 3, B and
C, none of these associations could promote significant expansion
of Mart1-specific CD8! T cells in draining LN.
Montanide (46) was also tested with no adjuvant capacity along
with exosomes (data not shown), but the stability of the mixture
has to be evaluated in details.
In contrast, the dsRNA poly(I):poly(C12U) that was injected i.v.
at the dosage of 250 "g (Fig. 3A), while the exosomes were inoculated at day 0 in the footpad, was efficient to promote both
specific CTL expansion and Tc1 differentiation in HHD2, although
to a lesser extent compared with CpG ODN (Fig. 3, B and C). This
component, supposed to act through TLR3 and to cause DC maturation (47), has been evaluated in chronic fatigue syndrome and
cancer (48, 49).
Altogether, mostly TLR3 and TLR9 ligands were significant
inducers of CD8! T cell priming along with Ex in vivo.
Human exosomes in CpG adjuvants are suitable melanoma
vaccines
Because human exosomes maintain their immunogenicity across
species (at least in rodents), we investigated the capacity of human
exosomes to reject establishment of day 6 nonpalpable B16F10
melanoma cotransfected with human HLA-A2 and gp100 cDNA.
As expected, mouse HHD2 mature BM-DC pulsed with both
gp100 peptides (gp100154 –162 and gp100209 –217) were potent antitumor vaccines with up to 60% tumor-free mice achieved with
3 " 105 mature cells at saturating doses of peptides (Fig. 4A). It is
noteworthy that above the therapeutic level of 3 " 105 mDC into
the footpad, results were less impressive, presumably because of
the limited area of vaccine inoculation. DC-mediated antitumor

FIGURE 1. Comparative efficacy of various CpG-based peptide vaccines for CTL priming. A, HHD2 mice were immunized on day 0 in the footpad with
autologous (EXA2!) or allogeneic exosomes (EXKb) pulsed with Mart126 –35 peptides (/ELA) or not pulsed (/0) at a dosage of 107-1010 MHC class I
molecules. They were either pulsed onto 3 " 105 autologous mature BM-DC (HHD2) or injected along with 30 "g of CpG ODN. Alternative vaccines
consisted in the gold standard mDC (mDC ! ELA peptides) pulsed with increasing dosages of Mart1 ELA peptides or ELA peptides in CpG adjuvants
directly inoculated at increasing dosages intradermally. On day 5, mononuclear cells of the draining LN were examined for the staining with A2/Mart1 or
A2/HIVgag soluble fluorescent tetramers. The absolute numbers (A) and percentage (inset of A) of tetramer-positive cells in the gated CD3!/CD8! cells
are shown. Each dot of A or dot-plot graph in the inset represents data obtained from one mouse. B, Shows Mart1-dependent IFN-! secretion of LN
mononuclear cells challenged with 10 "M of Mart1 peptides in 48-h in vitro cultures. Each dot represents data obtained from one mouse. This figure gathers
the data obtained in five independent experiments (mDC ! ELA and EX ! mDC have been shown in Fig. 6 of Ref. 58). !, Indicates statistically significant
differences at 0.05 confidence interval (and !! at 0.01) using Fisher’s exact method. ns, Not significant at 5% confidence interval.
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FIGURE 2. Cross species immunogenicity of exosomes administered
along with synthetic adjuvants. Exosomes secreted from HLA-A*0201
normal volunteers’ monocyte-derived DC (hEXA2!) were inoculated in
the footpad of HHD2 mice, after pulsing with Mart1 peptides and compared with mouse HHD2 exosomes. The highest dosage of 1010 exosomal
MHC class I molecules was administered alone or with 30 "g of CpG
ODN. %, Represents naive LN. A, Depicts absolute numbers of CD3!/
CD8! lymphocytes of the draining LN staining with A2/Mart1-specific
tetramers, while B shows Mart1-dependent IFN-! secretion of LN mononuclear cells challenged with 10 "M of Mart1 peptides in 48-h in vitro
cultures. Each dot represents data obtained from one mouse. Each panel
depicts the data relevant for two independent experiments. !, Indicates
statistically significant differences at 0.05 confidence interval (!! at 0.01,
and !!! at 0.001) using Fisher’s exact method.
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FIGURE 3. CpG ODN and dsRNA are efficient adjuvants inducing exosome immunogenicity in vivo. A, Experimental settings. Exosomes were injected
in the footpad on day 0 (D0) admixed with various adjuvants: 250 "g of double-stranded poly(I):poly(C12U) RNA injected i.v. at D0, 30 "g of CpG
coinjected in the footpad at D0, 100,000 IU of IL-2 !/% 10 mg/kg murabutide admixed with exosomes at D0, 100,000 IU of IFN-$!/% 10 mg/kg murabutide
admixed with exosomes at D0, 10 mg/kg murabutide admixed with exosomes at D0, 100,000 IU of IL-2 i.p. twice daily (D-4 to D-1) ' 10 mg/kg
murabutide admixed with exosomes at D0, and 100,000 IU of IFN-$ in the footpad (D0 to D2) ' 10 mg/kg murabutide admixed with exosomes at D0.
B, Depicts absolute numbers of CD3!/CD8! lymphocytes of the draining LN staining with A2/Mart1-specific tetramers, while C shows Mart1-dependent
IFN-! secretion of LN mononuclear cells challenged with 10 "M of Mart1 peptides in 48-h in vitro cultures. Each dot represents data obtained from one
mouse. Each panel depicts the data relevant for three independent experiments. !, Indicates statistically significant differences at 0.05 confidence interval
(!! at 0.01, and !!! at 0.001) using Fisher’s exact method. ns, Not significant at 5% confidence interval.

effects were peptide specific (Fig. 4A). In a similar setting, HLAA*0201 human exosomes pulsed with both gp100 peptides and
admixed with CpG ODN were also efficient at preventing tumor
growth with up to 40% tumor-free animals at the end of the experiments. Only the highest exosome dose level, i.e., 1010 exosomal MHC class I molecules pulsed with gp100, was consistently
mediating significant antitumor effects, while 2 " 109 or 4 " 108
could not (Fig. 4B). These antitumor effects were in part peptide

specific because CpG with 1010 unpulsed exosomal MHC class I
molecules could not significantly prevent tumor growth (Fig. 4B).
In such a setting, human exosomes did not bear the appropriate
MHC class II molecules necessary to trigger CD4! T cell help and
long-lasting CD8! memory T cell responses, in contrast to
syngeneic mDC.
Another set of tumor experiments was performed to prevent the
growth of large s.c. tumors at the time of vaccine inoculation using
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various peptide-based vaccine designs (mDC, exosomes, free peptides). Fig. 5 depicts the efficacy of 3 " 105 mature HHD2 DC
pulsed with gp100 to abrogate spontaneous tumor growth in a
peptide-specific manner. Although CpG ODN display no significant antitumor effects, the association of CpG ODN and exosomes
(at 1010 ExA2!/ELA) mediates significant growth retardation in
HHD2 ( p ( 0.05; Fig. 5). It is noteworthy that unpulsed exosomes
do exhibit modest antitumor effects, albeit not significant ( p )
0.05; Fig. 5). As expected from data shown in Fig. 1 comparing
free peptides vs exosomes in CpG ODN, exosomes were more

efficient than high dosages of free peptides in hampering tumor
growth of pre-established tumors (Fig. 6).

Discussion
Following our first report showing that Ex display abundant MHC
class I/peptide complexes that require transfer onto mDC to become functionally active on specific TCRs (58), we adressed
whether clinically available adjuvants causing DC maturation in
vivo could substitute for ex vivo propagated mDC to allow exosome-mediated T cell priming in vivo. In this work, we show that

FIGURE 5. Therapeutic efficacy of mDC and exosomes in CpG on established melanoma. B16F10 tumors coexpressing human HLA-A2 and gp100
were treated on day 10 (V1, palpable tumor in all mice) and day 15 (V2) using footpad immunization with mDC (HHD2) pulsed with gp100, 3 " 105
unpulsed mDC, PBS as a negative control, human exosomal MHC class I molecules pulsed with gp100 peptides (hEXA2!/gp100) in 30 "g of CpG ODN,
or CpG alone or in conjunction with unpulsed 1010 exosomal MHC class I molecules (hEXA2!/0). The box plot depicts the mean tumor size at the end
of the experiment (time of sacrifice is D31). This experiment included five mice/group and has been performed twice with identical conclusions. Statistical
analyses were performed using Fisher’s exact method, and ! indicates statistically significant differences at 0.05 confidence interval (and !! at 0.01) vs PBS
groups and vs PBS groups and PBS ! CpG groups. ns, Not significant at 5% confidence interval.
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FIGURE 4. Human exosomes harboring A2/gp100
complexes prevent establishment of B16A2/gp100 melanoma in HHD2 mice. A, B16F10 tumors coexpressing
human HLA-A2 and gp100 were treated on day 6 (V1,
not palpable) and day 10 (V2, palpable in controls) using footpad immunization with increasing dosages of
mDC (HHD2) pulsed with gp100 or 3 " 105 unpulsed
mDC as a negative control. B, Identical therapeutic setting using increasing dosages of human exosomal MHC
class I molecules pulsed with gp100 peptides
(hEXA2!/gp100) in 30 "g of CpG ODN or CpG alone
or in conjunction with unpulsed 1010 exosomal MHC
class I molecules (hEXA2!/0). The graph depicts effective tumor eradication with time. This experiment included five mice/group and has been performed twice
with identical conclusions. Statistical analyses were
performed using Fisher’s exact method, and ! indicates
statistically significant differences at 0.05 confidence
interval (and !! at 0.01) vs PBS groups (A) and vs PBS
groups and PBS ! CpG groups (B).
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TLR3 and TLR9 ligands appear to be the most effective components in mice and that CpG ODN could be suitable exosome adjuvants not only for inducing Ag-specific CTL priming, but also
for antitumor effects.
The TLR9 ligand, CpG ODN, appears to mirror part of the effects mediated by mDC when associated with exosomes. CpG
ODN were reported to bring an infectious danger signal that
acutely triggers innate nonself pattern recognition and to initiate
immune responses (50). These responses are Th1 polarized (51,
52) and result in enhanced hemopoietic activity (53). Aseptic immunostimulation with CpG ODN induces in mice local lymphadenopathy associated with long-term local immune hypersensitivity, which promotes Tc1 CTL and Th1 responses to Ag and
infection (52). CpG ODN predispose local draining LN to respond
to Ags by dramatically augmenting the number of CD11c! cells
(20" at day 1; 300" at day 10) that produce IL-12 and possibly
IFN-!. These environmental queues lead to CTL activation, with
concomitant up-regulation of IL-12R#2 and IFN-! synthesis by T
cells (52). CpG ODN activate in vivo peptide-presenting DC to
trigger protective CTL antiviral responses (53). Up-regulation of
MHC class II, CD40, CD80, and CD86 on DC cell surface was

monitored in the draining LN of footpads injected with peptides
admixed with CpG-ODN 1668 $12–24 h after inoculation. Activation of Ag-presenting iDC can be brought up by CD40 ligand!
Th cells or by direct DC recognition of pathogen-derived ligands.
Vabulas et al. (54) showed that CpG ODN allowed induction of Th
cell-independent CTL responses toward MHC class I-restricted T
cell epitopes. More recently, plasmacytoid DC have been identified as the primary targets of CpG ODN (36, 54, 55). However, the
precise cellular target for exosomes resulting in the efficient presentation of MHC class I/peptide complexes to CTL in vivo is not
yet known and is currently under investigation.
Despite their profound local effect in draining LN for the development of Ag-specific Tc1 differentiation, CpG ODN in association with irradiated tumor cells could not protect mice against
subsequent tumor challenge. However, peritumoral CpG ODN
elicited a coordinated response of CD8! T cells and innate effectors leading to long-term, tumor-specific protection (56). In this
study, we show that exosomes in association with CpG ODN, both
injected at a distant site from inoculated tumors, induce significant
antitumor effects in vivo in the aggressive B16F10 melanoma
model. One could hypothesize that exosomes most likely target
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FIGURE 6. Comparative efficacy of exosomes vs peptides for tumor eradication. Similar setting as in Fig. 5, but treatment groups consisted in CpG ODN
alone or combined with increasing dosages of free synthetic peptides vs peptides pulsed onto increasing dosages of exosomal MHC classs I molecules.
Clinical follow-up and statistical analyses were performed, as described above.
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for critical review of the manuscript and fruitful discussions. We are indebted to Dominique Gambaud, Annick Duval, and Christian Loy from
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