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Abstract
Dendritic cells (DCs) secrete vast quantities of exosomes termed as dexosomes. Dexosomes are symmetric
nanoscale heat-stable vesicles that consist of a lipid bilayer displaying a characteristic series of lipid and protein
molecules. They include tetraspanins and all established proteins for presenting antigenic material such as the
major histocompatibility complex class I/II (MHC I/II) and CD1a, b, c, d proteins and CD86 costimulatory molecule.
Dexosomes contribute to antigen-specific cellular immune responses by incorporating the MHC proteins with
antigen molecules and transferring the antigen-MHC complexes and other associated molecules to naïve DCs. A
variety of ex vivo and in vivo studies demonstrated that antigen-loaded dexosomes were able to initiate potent
antitumor immunity. Human dexosomes can be easily prepared using monocyte-derived DCs isolated by
leukapheresis of peripheral blood and treated ex vivo by cytokines and other factors. The feasibility of
implementing dexosomes as therapeutic antitumor vaccines has been verified in two phase I and one phase II
clinical trials in malignant melanoma and non small cell lung carcinoma patients. These studies proved the safety of
dexosome administration and showed that dexosome vaccines have the capacity to trigger both the adaptive (T
lymphocytes) and the innate (natural killer cells) immune cell recalls. In the current review, we will focus on the
perspective of utilizing dexosome vaccines in the context of cancer immunotherapy.
Keywords: Exosome, Dexosome, Dendritic cell-derived exosome, Extracellular vesicle, Anti-cancer vaccine,
Immunotherapy

Background
Dendritic cells (DCs) are adept antigen-presenting cells
(APCs) of the mammalian immune system that function
as the link between innate and adaptive immunity by
recognizing, ingesting, processing, and presenting antigenic material to T lymphocytes, leading to either initiation or repression of immune responses [1]. The
presentation of the antigenic material is conducted
through the major histocompatibility complex (MHC)
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class I and II molecules to naïve cytotoxic T lymphocytes (CTLs, CD8+ T cells) and naïve helper T cells
(Ths, CD4+ T cells), respectively. DCs are a heterogeneous subpopulation of immune cells that are produced
from precursor cells like monocytes in the bone marrow
and are distributed among all organs and tissues via
blood circulation. Upon antigen recognition, DCs start
to travel through lymphatic vessels to the T cell zones of
lymphoid tissues. Throughout this journey, DCs are matured and express costimulatory molecules and when
reached their destination, they discern and stimulate
their cognate T lymphocytes [1].
DCs exert pivotal functions in inducing protective immune responses throughout pathological conditions, e.g.
oncogenesis, since they are able to recognize tumorassociated antigens (TAAs). DC-primed CD8+ CTLs are
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able to identify TAAs incorporated with MHC I proteins
on the cellular membrane of cancer cells and destroy
them [2]. Naïve CD4+ T cells are on the other hand differentiated into effector cells which initiate B cell-related
TAA-specific antibody responses. In the meantime, DCs
also have the potential to induce T cell anergy and develop a cancer-promoting local microenvironment
through expressing immune checkpoint molecules and
releasing anti-inflammatory cytokines like transforming
growth factor β (TGFβ) and interleukin 10 (IL10) [3].
Since cancer cells often lose the potential of undergoing
programmed cell death [4], activating the host immune
system through TAA-loaded DC-based vaccines is one
of the suggested approaches in cancer immunotherapy
to eradicate tumor cells. To date, sipuleucel-T (Provenge, Dendreon Corporation) has been the only DC
vaccine that was granted the approval of the US Food
and Drug Administration for therapy of asymptomatic
metastatic castration-resistant prostate cancer (mCRPC)
[5]. The autologous DCs in sipuleucel-T were activated
using a recombinant fusion protein containing prostatic
acid phosphatase (PAP, a prostate TAA) and
granulocyte-macrophage colony-stimulating factor (GMCSF). Sipuleucel-T therapy was associated with an improvement in overall survival of four months in comparison with the participants of the placebo control
group [5].
The production of sufficient DCs for preparing cancer
vaccines can be challenging. The shifting molecular
composition of DCs renders obstacles in vaccine quality
control and the low abundance of TAA-MHC II complexes on DC surface results in lower yields. According
to clinical investigations, DC vaccines rely mainly on
chemotactic signaling to access and localize in lymph
nodes and were unsuccessful to elicit pro-natural killer
cell (NK) effects due to the low expression of NK receptor ligands. Furthermore, DC vaccines are susceptible to
immunosuppressive molecules and signals present in
tumor microenvironment [6]. Therefore, a novel platform for more efficient delivery of high levels of TAAs
concomitant with co-stimulatory factors have been utilized in the recent preclinical and clinical studies, called
dexosome vaccines.
DC-derived exosomes or dexosomes are small lipid
vesicles released from DCs that have received immune
signals. Within an activated DC, dexosomes incorporate
the processed peptides derived from antigenic material
with MHC I/II on their surface and deliver the functional peptide-MHC complexes to distal naïve DCs. As a
result, the target DCs will be stimulated and acquire the
competency to trigger cognate T cells [7]. Therefore,
dexosomes function as vehicles that disseminate antigenic material amongst DCs, exerting a noble mechanism designed for immune response amplification. This
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theory is the major rationale for utilization of dexosomes
as vaccine tools in cancer immunotherapy. Dexosomes
present 10 to 100 folds more TAA-MHC II complexes
as compared to DCs [6]. Moreover, the molecular composition of dexosomes can be precisely defined for each
donor patient. Due to the stability of dexosomal lipid
composition, cryopreservation of the vaccine preparation
is possible for longer than six months at − 80 °C. Once
injected, dexosome vaccines are easily dispersed within
lymph nodes and can access to a variety of immune
cells, and their trafficking and localization is not reliant
on chemokines but rather on their surface receptor topography. More importantly, dexosomes express ligands
for NK receptors and are not influenced by the immunosuppressive tumor microenvironment. The aim of this
review was to discuss: (i) diverse subsets of DCs and
their specific role in tumor microenvironment; (ii) exosomes and their biogenesis process; (iii) dexosomes and
how their function leads to activation of cognate T cells;
(iv) how DC status affects dexosome release; (v) the potential therapeutic implications of dexosomes in preclinical studies and clinical trials; and (vi) the future
direction of dexosome-based vaccines in cancer
immunotherapy.
Different subsets of DCs

DCs are a heterogeneous subpopulation of immune cells
that are grouped into various subsets, both in mouse
and human, according to their ontogeny, phenotype, tissue localization, molecular composition, and biological
function [8, 9]. Conventional DCs (cDCs), plasmacytoid
DCs (pDCs) and monocyte-derived DCs (moDCs) comprise the three classic subsets of DCs in human [8, 9].
cDCs are subdivided into cDCs type 1 and 2 (cDC1s and
cDC2s) based on the repertoire of transcription factors
that regulate their development. Whereas IRF8 (IFN
regulatory factor 8), the DNA-binding protein inhibitor
ID2, and BATF3 (basic leucine zipper transcriptional
factor ATF-like 3) control the development of cCD1s,
IRF4, ID2, ZEB (zinc finger E-box-binding homeobox
protein), and Notch2/krueppel-like factor 4 (KLF4) regulate the development of cCD2s [10]. Both subgroups of
cDCs exhibit different phenotypical and functional characteristics. cDC1s are CD141/BDCA3+ cells that were
shown to express the C-type lectin receptor DNGR1/
CLEC9A and the chemokine receptor XCR1 [11–13].
Moreover, they are involved in cross-presenting antigenMHC I complexes to CD8+ T cells. On the other hand,
cDC2s (CD1c+ cells) produce CD172a (a signal regulatory protein) and contribute to cross-presentation of
antigen-MHC II complexes to CD4+ T cells [14]. pDCs
represent an additional subset of DCs that are known
for expressing CD123, BDCA2, and BDCA4 proteins
and generating interferon (IFN) type I molecules [14,
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15]. moDCs are absent under homeostatic conditions,
but during inflammation, they are developed from
monocytes and travel to the inflamed regions and trigger
the polarization of CD4+ T cells [1, 16]. Additional subsets of DCs have also been defined based on the data obtained
from
high-throughput
single-cell
RNA
sequencing [17].
Because of the various migratory features and tissue
positioning of different DC subsets, DC biology is very
complicated [18, 19]. During certain pathological contexts, such as tumorigenesis, particular subsets of DCs
are recruited and each subset plays pivotal roles in exerting antitumor immune responses by induction of certain
T cell subsets through expressing costimulatory factors
and pro-inflammatory cytokines [20]. Thereby, DCs may
present novel instructions for creating potent and efficient protective immunity against tumor cells [21, 22].
Anti-tumor functions of different DC subsets in tumor
microenvironment
cDC1s

Cross-presentation of TAAs through DCs is mandatory
for effective stimulation of T cells and initiation of antitumor cytotoxic effects [23]. cDC1s are dedicated to incorporate TAAs into MHC I proteins and present the
TAA-MHC I complexes to CD8+ CTLs [24, 25]. Certain
proteins associated with membrane trafficking are necessary for this process, including Sec22b (a member of the
soluble N-ethyl maleimide (NEM)-sensitive factor attachment protein receptor (SNARE) proteins) and
WDFY4. These proteins are not only necessary for controlling tumor growth but also they are required for the
effectiveness of immunotherapies based on anti-PD1
(programmed cell death protein 1) agents [26, 27]. In
addition to the proteins involved in TAA crosspresentation, there are other cDC1-associated proteins
required for promotion of antitumor immune recalls
[28]. For efficient stimulation of CD8+ T cells, TAAs
should be transferred to lymph nodes draining the
tumor via migrating CD103+ cDC1s in a CCR7restricted mode [29]. XCR1 expressed by cDC1s contributes to the development of antitumor immunity by orchestrating localization of DCs in response to XCL1 (the
XCR1 ligand) expressed by CTLs and NKs [30, 31].
cDC1s also promote local antitumor immune responses
via producing CXCL9 and CXCL10 chemokines that
stimulate CXCR3+ effector T cells and NKs [32, 33].
Moreover, these chemokines coordinate the localization
of memory CD8+ T cells in cDC1-abundant regions to
improve local restimulation of T cells [34, 35]. cDC1s
also produce and release a large amount of IL12 which
stimulates CTL and NK cytotoxic activity and promotes
production of IFNγ [36–39]. NKs were shown to have
the ability of employing circulatory cDC1s to nearby

(2020) 39:258

Page 3 of 20

tissues and tumors [40]. Flt3L molecules produced from
intratumor cDC1s preserve the viability and activity of
cDC1s inside the tumor micro environment and trigger
local differentiation of DCs from their precursor cells
[41]. Along with the induction of CTL expansion, cDC1s
are also capable of stimulating the production of CD4+
Th1 cells by cross-presenting TAA-MHC II complexes
[42]. The antitumor activity of cDC1s is supposed to be
further assisted by pDCs [43]. As main producers of type
I IFN, pDCs trigger antigen cross-presentation and
CD8+ CTL antitumor immune response [44, 45]. Taken
together, cDC1s represent an effective system for antitumor CTL stimulation by interacting with components of
both the innate and adaptive immune systems.

cDC2s

Due to the absence of selective membrane markers required for precise detection of cDC2s in pathological
contexts and the unavailability of sufficient preclinical
investigations, the function of cDC2s in cancer immunology remains to be fully elucidated. cDC2s contribute
to cross-presentation of TAA-MHC II complexes to
CD4+ T cells [46–50]. As a result, the activated CD4+ T
cells promote antitumor immune responses by secreting
IFNγ that triggers macrophages and NKs, blocks angiogenesis, regulates the tumor stroma formation, and leads
to direct tumor cell lysis [51]. However, compared to
cDC1s, cDC2s are less potent in cross-processing TAAs,
migrating to tumor-draining lymph nodes, secreting
IL12, and activating CD8+ CTLs [29, 32, 36, 52].
The communication and interaction between DC subsets and T cells plays a critical role at different stages of
antitumor immunity. Maximal stimulation of CTLs is
dependent on the activation of both cDC1s and cDC2s
[42, 51, 53]. It was demonstrated that cDC2s lose their
ability to induce CD4+ T cell differentiation during
tumor growth. However, when T regulatory cells (Tregs)
were depleted, cDC2 migration and activation capacity
of CD4+ T cells for producing IFNγ was enhanced [54].
Additionally, cDC2s were reported to activate CD4+ T
cells toward IL17-producing T cells [46].
Studies have shown that the functions of cDC1s and
cDC2s may overlap to some extent, for example they
both produce IL12 and depend on Flt3L for their development [55, 56]. Moreover, the number of blood-borne
cDC1s and cDC2s is generally reduced in cancer patients
[57]. However, cDC2s are known for not having a
unique pattern of gene expression. Rather, they demonstrate a common gene expression pattern with monocytes with only a number of genes preferentially
expressed, e.g. CCL22 which encodes for a chemokine
that activates CCR4+ T cells [58]. It was shown that
tumor-associated cDC2s possess langerin-encoding
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CD207 gene as a marker both in human and mouse lung
tumors [59].
pDCs

pDCs participate in exerting protective antitumor immune responses by producing IFNα that inhibits tumor
growth, angiogenesis, and metastasis [60]. Both ex vivo
and in vivo models [61, 62] demonstrated the direct
cytotoxic function of pDCs via producing and secreting
Granzyme B and TRAIL (TNF-related apoptosisinducing ligand) molecules [63, 64]. pDCs are also capable of exerting indirect antitumor immunity by the
OX40L-mediated production of IFNγ and the CCR5mediated recruitment of NKs [65]. A unique subset of
pDCs were identified in head and neck squamous carcinoma that overexpress OX40 and was reported to
demonstrate synergizing effects with cDCs in inducing
effective TAA-specific CD8+ T cell responses [66].
moDCs.
Due to their overlapping functions of moDCs with
other myeloid cells, their role in exerting antitumor immunity in human is not clear yet. However, they probably play significant roles in stimulating the propagation
of naïve CD8+ T cells [67]. Preclinical investigations suggested central roles for moDCs in regulating antitumor
immunity during chemotherapy, cell vaccination, and T
cell adoptive therapy [68–70].
Exosomes

Extracellular vesicles (EVs) are classified into three main
groups according to their origin and size: exosomes (30–
150 nm in diameter), apoptotic bodies and microvesicles
or shedding particles (both larger than 100 nm). Microvesicles and apoptotic bodies are constructed by direct
sprouting of the cellular membrane in living and dying
cells, respectively. Exosomes, on the other hand, are
formed by inward budding as intraluminal vesicles
(ILVs) within the lumen of multivesicular bodies (MVBs,
or so-called late endosomes). Once the MVB fuses with
the cellular membrane, these ILVs are secreted to the
extracellular space as free exosomes [71]. It was initially
presumed that exosomes were an alternate route to excrete waste products in order to sustain cellular homeostasis. Today, however, it is well established that
exosomes play significant roles in intercellular communication and were reported to be correlated with a variety of physiological and pathological conditions.
As a general rule, the composition of exosomes partially mirrors the composition of the donor MVBs and
thus the parent cells. The nature and the abundance of
exosomal cargos depend on the cell type and state, the
stimuli that tune the construction and secretion of exosomes, and the molecular pathways that mediate their
biogenesis [72]. Exosomal proteins belong to distinct
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functional groups. These include cell adhesion molecules
(CAMs) including tetraspanins, integrins, and milk fat
globule-EGF factor 8 protein (MFGE8, lactadherin), antigen presentation molecules (MHC I and II and costimulatory molecules such as CD86), membrane transport
and fusion proteins like annexins and RAP1B/RABGDI,
Rab 2 and 7, heat shock proteins (HSPs), cytoskeletal
proteins, raft-associated proteins and glycolipids, pyruvate kinase and alpha enolase enzymes, and other proteins inclusive of elongation factor 1α, clathrin, ferritin,
and the ESCRT (endosomal sorting complexes required
for transport) proteins Alix and Tsg101 [73]. While the
protein content may vary among different exosomes, the
exosomal lipid composition is generally conserved and
cell type-specific. The high density of lysobisphosphatidic acid in the internal lipid layer of MVB membrane facilitates the inward budding of MVBs and thus exosome
formation through interacting with Alix [74]. Exosomes
can influence the homeostasis of their recipient cells by
altering their lipid profile particularly in cholesterol and
sphingomyelin [74].
Biogenesis of exosomes

During the biogenesis of exosomes, cargos are first directed to the location of exosome production at the
MVB membrane. Concurrently, the MVB membraneassociated proteins and lipids are gathered as clusters in
distinct dynamic platforms, so-called microdomains of
the MVB membrane [71, 75]. Exosomal membrane cargos are either internalized from the cellular membrane
or obtained from the Golgi apparatus and reach endosomes prior to being sorted into ILV lumens [76]. The
crossroad between cargo sorting into MVBs for generation of exosomes and endosomal membrane recycling
is regulated by the syntenin protein [77]. Furthermore, a
posttranslational ubiquitin-like modification, so-called
the ISGylation process, was also recently suggested to
play a critical role in controlling MVBs’ fate. The authors proposed that ISGylation of MVB protein components promotes the fusion of MVBs with lysosomes [78].
If the MVBs are destined to form exosomes, the aforementioned membrane microdomains cooperate with
other exosome-producing machines and cargos intended
for sorting into ILVs and contribute to the invagination
of the MVB membrane and formation of small vesicles,
followed by fission and releasing of ILVs into the luminal medium in a stepwise manner (Fig. 1). The clustering of exosomal cargos and subsequent sprouting of
MVB membrane can be performed by either the ESCR
T-dependent or -independent pathways.
The ESCRT apparatus is consisted of several protein
complexes, namely ESCRT 0, I, II, III and the associated
AAA ATPase Vps4, that function cooperatively in a
stepwise manner [79]. Components of the ESCRT 0 and
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Fig. 1 Dexosome generation and release within the endosomal system of dendritic cells (DCs). Endocytic vesicles including a variety of
extracellular and membrane cargos join together to form early endosomes (EEs). Now EEs can follow two pathways: either returning to the
plasma membrane as recycling endosomes or transformation into late endosomes (LEs) or so-called multivesicular bodies (MVBs). Within MVBs,
the lipid membrane starts to sprout inwardly concomitant with packing of the ubiquitinated cargos into the nascent intraluminal vesicles (ILVs).
MVB membrane budding and cargo sorting of ILVs can be conducted using either ESCRT-dependent or -independent routes. Later, the
generated ILVs are targeted for lysosome degradation unless they are rescued by deubiquitinating enzymes (DUBs). MVBs are then directed
toward the DC periphery via cytoskeleton proteins and microtubules, and fuse with the plasma membrane using the SNARE protein components.
ILVs are now secreted to the extracellular environment as dexosomes

I complexes collect the ubiquitinated transmembrane
molecules at the MVB microdomains by recruiting Hrs
heterodimer and signal transducing adapter molecule
(STAM) 1 and 2. Hrs also associates with Eps15 and clathrin proteins and recruits clathrin to interact with the
ubiquitinated cargo [79]. Afterwards, the ESCRT II complex employs the subunits of ESCRT III and the ATPase
Vps4 to create sprouts that bud toward the MVB lumen
and subsequently the microdomain fission is conducted.
The produced ILVs can now be directed for lysosomal
degradation unless their cargos are deubiquitinated by
DUBs (deubiquitylating enzymes) [80]. The ESCRT machinery is also associated with the ESCRT accessory protein Alix and syntenin that together connect exosomal
cargos with the ESCRT III subunit Vps32 (vacuolar protein sorting-associated protein 32) [81].
Studies have revealed that ILVs and thus exosomes
can be still generated and released when the main components of the ESCRT protein complexes are silenced or
depleted [82]. The first step of the ESCRT-independent
pathway for exosome formation is the hydrolysis of
sphingomyelin to ceramide that imposes a negative
membrane curvature on MVBs [83]. Proteins of the tetraspanin family are among the key modulators of the
ESCRT-independent
endocytic
sorting
pathway.

Different members of tetraspanins are gathered along
with other transmembrane and cytosolic proteins and
contribute to formation of clusters and then microdomains that will finally sprout within the MVBs [84]. Several tetraspanin proteins including CD9, CD81 and
CD82 were reported to be involved in regulation of exosomal cargo sorting [85]. Another protein playing a significant role in the ESCRT-independent pathway is the
SIMPLE protein (the small integral membrane protein of
the lysosome/late endosome; also known as LITAF: lipopolysaccharide (LPS)-induced tumor necrosis factor
(TNF)). Mutation of the LITAF gene inhibited the generation of MVBs whereas the release of exosomes were increased after COS cells were transfected with the LITAF
[86]. In general, it seems that both the ESCRTdependent and -independent pathways are highly interconnected and operate in a concerted manner throughout the exosome biogenesis process while overlapping to
some extent.
As mentioned before, MVBs are either destined for
degradation by lysosomes due to their ubiquitinated
content or they may fuse with cellular membrane and
release exosomes. In the latter, MVBs are transferred to
their final destination in the cell periphery via actins and
the associated cytoskeletal proteins and microtubules

Nikfarjam et al. Journal of Experimental & Clinical Cancer Research

[87]. Rab27A and B from the Rab GTPase protein family
induce the transfer of MVBs [88], and the SNARE protein complex mediates the fusion of MVBs with the
plasma membrane and subsequent exosome secretion
[74]. First, the calcium-sensing protein, synaptotagmin,
localizes on syntaxin (a plasma membrane protein) and
the MVB membrane. Now, the collected MVBs can dock
the cellular membrane by means of the SNARE complex
including three Q-SNARE subcomplexes (typically TSNARE) on the plasma membrane and one R-SNARE
subcomplex (typically V-SNARE) on the MVB, and release exosomes [89]. Once released, exosomes are carried to and captured by the recipient cells where they
are either internalized by the cells, fused with the plasma
membrane, or stay attached to the cell surface.
Dexosomes
Dexosomal content

Exosomes produced and released by DCs are termed as
‘dexosomes’. As is the case with other exosomes, dexosomes have a characteristic molecular profile of their
own. Human dexosomes contain cargos that together
operate as a whole antigen-presenting entity. These include a variety of all the known antigen-presenting molecules, such as MHC I/II proteins and costimulatory
factors like CD86 [90], which are employed for crosspresentation of peptide antigens to CD8+ and CD4+ T
cells and subsequent triggering of their proliferation.
Dexosomes also harbor CD1a, b, c, and d proteins that
are involved in cross-presentation of lipid antigens [90].
Dexosomal ICAM1 (intercellular adhesion molecule 1,
CD54) was shown to play pivotal role in regulating DCT cell communication [91]. As a ligand of Mac1 integrins (CD11b/CD18) [92] and the lymphocyte functionassociated antigen 1 (LFA1, CD11a/CD18) [93], ICAM1
can either facilitate dexosomal capture by target DCs or
promote the interaction of T cells with dexosomereceiving DCs that hold dexosomes on their external
surface. Expressing an abundance of microdomainorganizing tetraspanin proteins including CD9, CD37,
CD53, CD63, CD81, and CD82, which regulate
dexosome-target DC interactions, are considered the
hallmark of dexosomes [94]. The presence of CD55 and
CD59 molecules on dexosomal surface prevents
complement-mediated degradation of dexosomes
throughout their extracellular journey [95]. Tsg101 and
Alix proteins determine the sorting of ubiquitinated cargos into ILVs during dexosome generation process [96].
MFGE8, that binds to phosphatidylserine on the external
surface of dexosomes, promotes dexosomal uptake
through interacting with integrins αvβ3 and αvβ5 on
APCs [97]. However, successful capture of MFGE8deficient dexosomes by bone marrow-derived DCs
(BMDCs), which produce little or no αvβ3 or αvβ5

(2020) 39:258

Page 6 of 20

integrins in vitro, proved the presence of MFGE8independent machineries involved in dexosomal uptake
[98]. While HSPs, FasL, and CD11b and c are common
between human and mouse dexosomes, MFGE8 was
only detected in murine monocyte-derived DC (MCDC)
dexosomes [98]. HSC73, a member of the HSP70 family,
is also abundantly present within the dexosomal cytosol
[97]. In cooperation with the members of the HSP90
family, HSC73 probably regulates the immunogenicity of
dexosomes by triggering different cells of the immune
system and playing pivotal roles in MHC loading and as
antigen chaperones [99]. In addition to proteins, dexosomes also harbor various RNA species with the aim of
intercellular communication and to induce certain posttranslational modifications in the recipient DCs. For example, it was suggested that dexosomal transfer of
miRNAs could suppress the targeted mRNAs in DCs
[100], indicating that certain RNA profiles of dexosomes,
or particularly those of parent DCs, can impact dexosome immunogenicity.
Dexosomal membrane structure

In comparison with the cellular membrane, dexosomal
membrane shows an increased transverse diffusion of
phospholipids (flip-flop movements) which results in a
loss of lipid asymmetry in the membrane structure. The
elevated transbilayer movements of phospholipids along
with the rigidity of dexosomal membrane at neutral pH
control their fusion with other membranes which in result guarantees the stability of dexosomes in circulation
[101]. The phospholipid composition of dexosomes is
also distinct from their donor DCs. While the amount of
sphingomyelin is twice as high in dexosomes, phosphatidylcholine is much lower and cholesterol is absent from
dexosomal membrane. A remarkable enrichment of disaturated molecular species such as phosphatidylethanolamines was also distinguished in dexosomal membranes
in addition to a 50% decrease in molar ratio of diglicerides:phospholipids. Further investigations demonstrated
the abundance of phospholipase D2 in dexosomes, and
that phospholipid D probably mediates the putative signaling properties of dexosomes either by cooperating
with a second messenger like phosphatidic acid or by association of dexosomes with the target DCs through the
fusogenic quality of phosphatidic acid [101, 102].
Dendritic cell status affects dexosome production and
release

While reticulocytes [103], T cells [104], mastocytes
[105], and resting B cells [106] secrete exosomes only
when a cell surface receptor is triggered, DCs [107],
macrophages [108], and most tumor cells constantly release exosomes in vitro. Both mature and immature DCs
have the ability to secrete dexosomes, however, the level
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of dexosome release changes throughout their cellular
life cycle. It is assumed that the maturation stage of DCs
adversely impacts the extent of dexosome secretion
in vitro [91]. According to Thery et al., production of
MVB and thus dexosomes is downregulated upon DC
maturation, indicating that dexosomes are probably produced by immature DCs in the periphery [97]. Another
example is the LPS-matured DCs that release 25–75%
less dexosomes compared to immature DCs [97]. Transient increase of dexosome secretion by immature DCs
upon cognate interaction with T cell clones indicates
that some stimulating signals produced by T cells probably trigger dexosome secretion [109]. On the other
hand, a more recent report showed that dexosome release increases upon DC maturation. Here, it was demonstrated that maturation process reformed the
molecular make-up of dexosomes and improved their
cluster-forming ability, with the latter being associated
with the filtration-based technique utilized for dexosome
isolation [110]. Dexosomes from immature and mature
DCs show distinct bioactivities because of the variations
in their protein content. However, controversial findings
were reported in this respect. Compared to dexosomes
of immature DCs, dexosomes of mature origins were
shown to produce greater abundance of MHC I, II,
ICAM1, CD80 and CD86 molecules and resembled their
donor cells, presenting more immunostimulatory effects
[111]. However, a separate set of studies revealed that
immature DCs express an average of two- to threefold
more dexosomal proteins than mature DCs (0.5 ±
0.1 µg/million immature DC vs. 0.2 ± 0.1 µg/million mature DC) [91]. Because the qualitative variances between
dexosomes of immature and mature DC origins were assumed irrelevant at first, the pioneer studies were conducted using mostly dexosomes from immature human
or mouse DCs.
Additional factors such as DNA-damaging treatments,
like senescence induction or radiation, were also demonstrated to affect the release of dexosome-like vesicles by
DCs [112]. In such deleterious treatments, activation of
p53 transcription factor upregulates the TSAP6 pathway
(the transmembrane protein tumor suppressor-activated
pathway 6) which subsequently enhances secretion of
dexosomes [112]. Exposure of DCs to various cytokines
may alter the phenotype and immunogenicity of released
dexosomes. For instance, cultured BMDCs turn into immunosuppressive cells when they are exposed to IL4 and
IL10. Dexosomes derived from such immunosuppressive
cells were shown to hinder delayed-type hypersensitivity
(DTH) and rheumatism in mice most probably by
recruiting MHC II and the CD95-CD95L signaling pathway [113]. In another study, only when IFNγ was used
for maturation of MCDCs, the NK-activating ligands
ULBP1 and IL15Rα were identified on the surface of
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secreted dexosomes [111]. The use of IL3 and IL4 for
maturation of human MCDCs resulted in overexpression
of MHC proteins on the dexosomal surface when compared to GM-CSF/IL4-exposed DCs. However, immunogenic properties of the secreted dexosomes remained
unaltered in vitro [114]. On the contrary, BMDCs
treated with GM-CSF and IL10 released immunosuppressive dexosomes that were able to inhibit inflammation in an arthritis model [115].
Dexosome function

Dexosomes incorporate whole or partially processed
antigen-derived peptides with MHC I/II molecules on
their external surface and deliver the functional peptideMHC complexes to distal cells including APCs. As a result, the target naïve DCs will acquire the competency to
stimulate cognate T cells via T cell receptors (TCRs)
and initiate adaptive immune responses. This function
has been clearly defined by different research groups
studying mouse [116], rat [117], and human [118] dexosomes. It is generally assumed that the whole dexosomal
protein content is transferred as a complete patch and in
a concerted manner to the recipient cells. This way, a
preformed functional antigen-stimulating machinery is
transported to the target cells which will then become
functional in terms of cognate T cell stimulation. Given
the fact that a single human DC in culture has the potential of secreting 1 million MHC II molecules per day
and only a limited number of peptide-MHC I/II complexes are adequate for stimulating a T lymphocyte
[119], the dexosomal pathway is capable of rapidly disseminating and amplifying the cellular immune
response.
Dexosome-mediated T cell activation: Direct and indirect
pathways

Several mechanisms have been suggested on the topic of
how dexosomes contribute to cross-presentation of
TAAs by means of MHC proteins and trigger T cell immunity in lymph nodes. One theory suggests direct triggering of T cells by dexosomes in vitro (Fig. 2a).
However, the direct dexosome-T cell route was reported
unsuccessful in inducing naïve T cells and is less likely
to arise extensively in vivo [120]. Most probably, dexosomes are not able to interact with T cells until they are
captured by other DCs which extract and process the
antigenic material from the TAA-MHC complexes and
use them for priming specific T cells [121]. Furthermore,
it is more probable that the direct mechanism is only efficient in restimulating memory T cells, formerlyactivated T cells, or T cell clones, lines and hybrids
[122]. Therefore, dexosomes possess less T cell stimulatory capacity than their parent DCs [117], although their
stimulation potency can be promoted when they are
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Fig. 2 Dexosome function. a Direct presentation of antigens by dexosomes to T cells (Antigens are not captured or processed by DC in this
pathway). b Indirect presentation of antigens by dexosomes to T cells. Here, antigens are first captured and processed by DCs through the
endocytic pathway and are subsequently cross-presented on DC surface to T cells. c Indirect antigen presentation to DCs through cross-dressing
of DCs by dexosomes. d Indirect antigen presentation by dexosomes to DCs via tumor cells. Here, antigens, i.e. TAAs, are captured by tumor cells
and then cross-presented to T cells

immobilized or when their concentration is enhanced
[117, 122].
Rather than a direct route for dexosome-T cell activation, accumulating evidence revealed that dexosomes or
any other APC-originated exosomes initiate T cell immunity via indirect presentation of antigens to the adjacent APCs [7]. According to this hypothesis, the
biological cycle of dexosome release continues as follows
(Fig. 2b): immature naïve DCs regularly circulate within
the body in order to identify exogenous molecules and
antigens originating either from infectious sources or tumors. Once encountered, DCs present at the locality of
infection or tumors capture the antigens, e.g. TAAs, and
process and convert them to smaller peptide fragments
which are then incorporated into MHC I and II molecules. Upon maturation, the antigen-MHC complexes
are located on the external surface of DCs and they start
to travel to local lymph nodes where they prime
antigen-specific T cell responses. Throughout this migration, the antigen-MHC molecules and other immunostimulatory factors are sorted into dexosomes and
released to the extracellular space. The secreted dexosomes then proceed to lymph nodes where they transfer
their components to the resident naïve DCs. ICAMs and
integrins contribute to uptake of dexosomes by bystander DCs. After binding to DCs, some of dexosomes
(and not all of them) are internalized and the remaining
vesicles probably retain on the external surface of DCs.
The fraction of internalized dexosomes depends on the
maturation status of the target DCs. Mature DCs

maintain dexosomes mostly on their external surface
whereas immature DCs tend to internalize them. It is assumed that the surface-retained dexosomes still have the
capacity to stimulate T cells [120]. If internalized, the
peptide-MHC complexes are processed via the endosomal route, leading to the transfer of dexosome-borne
antigenic peptides to MHCs [120, 122, 123]. Afterwards,
these antigen-MHC complexes are carried back to the
DC membrane surface where they are presented to T
cells [90]. Stimulation of naïve T cells was demonstrated
to take place only in the presence of APCs [120]. The
activation status of parent DCs affects the efficiency of
indirect T cell stimulation mechanism to a great extent.
For instance, LPS- or IFNγ-matured DCs release dexosomes that abundantly express ICAM1 which improves
dexosomal capture, MHC and CD86 molecules which
facilitate T cell priming [111].
A second indirect route proposed for dexosomemediated T cell priming is a process called ‘dexosome-to-DC cross-dressing’ in which dexosomes
convey their peptide-MHC molecules to DCs by directly fusing with their plasma membrane (Fig. 2c)
[124]. This allows T cells to immediately recognize
MHC-incorporated peptides and take advantage of
the costimulatory factors and additional molecules on
DC surface without the necessity for internalizing or
processing of the antigens by DCs. To support this
pattern, Thery et al. demonstrated that dexosomes
could prime T cells only in the presence of mature
CD8α− DCs, even if the mature DCs were MHC II-
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deficient [125]. This proves the presence of
dexosome-to-DC cross-dressing of antigen-MHC molecules which depends greatly on CD80 and CD86
costimulatory molecules for stimulation of T cells
[125]. However, dexosome MHC I cross-dressing of
adjacent DCs did not trigger the stimulation of
ovalbumin-specific CD8+ T cells. Instead, dexosomes
were internalized (as mentioned before) and the
antigen-MHC I complexes were subsequently presented on the DC surface [126].
A third mechanism through which dexosomes can induce T cells occurs via cancer cells (Fig. 2d). Based on
recent observations, dexosome-treated human breast
adenocarcinoma cells (in comparison with untreated
cells) were able to restimulate formerly activated T cells,
resulting in extensive proliferation of IFNγ-secreting T
cells [127]. Reception of dexosomes by cancer cells indicates the feasibility of converting cancer cells to more
powerful immunogenic targets which presents novel avenues for development of therapeutics that enhance
tumor immunotargeting.

Dexosome function in cancer

In a cancer setting, a significant role of DCs and dexosomes is to identify and destroy tumor cells. Indeed,
DCs represent the initial bridge between the host immune system and the ongoing oncogenesis process. This
is the first stage of cancer-immunity cycle that attempts
to eradicate tumor cells by activating T cells [128]. During oncogenesis, TAAs are produced and secreted and
then captured and processed by proximal DCs for crosspresentation to T cells, which results in anti-TAA T cell
priming. However, T cell propagation is only stimulated
when given additional prerequisites are met within the
local tumor microenvironment [128]. These include
local immunogenic signals, i.e. proinflammatory cytokines and pathogen- or damage-associated molecular
patterns (PAMPs or DAMPs), which force DCs to
present the received TAAs to cognate T cells through
MHC I/II and costimulatory proteins [128]. Dexosomebased antitumor signaling route is able of modulating
tumor cells beyond the level of conventional ligandreceptor signaling routes, leading to elaborate modifications which control tumor progression and antitumor
immune responses. Munich et al. revealed that dexosomes can stimulate caspase activity and result in tumor
cell apoptosis via expressing the ligands of TNF superfamily such as TNF, FasL and TRAIL on their external
surface [129]. Consistent with these findings, a study
demonstrated that hyperthermic CO2-treated dexosomes
were able to suppress proliferation and trigger apoptosis
to a certain extent in gastric cancer cells [130]. Moreover, dexosomes were shown to induce propagation of
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splenic cells and promote cytotoxic ability against L1210
tumor cells [131].
Dexosomes as potential cell-free tools for cancer
immunotherapy

Dexosomes represent promising antitumor entities because of their potent immunostimulatory effects, their
insensitivity to the immunosuppressive tumor microenvironment, and their potency to reduce tumor burden
in laboratory models. In the following section, we will
focus on the ability of dexosomes to initiate effective innate and adaptive immune responses in preclinical
models.
Dexosome-mediated innate immune responses

Accumulating evidence have demonstrated that dexosomes mediate interactions that result in stimulation of
cells of the innate immune system. Of note, in addition
to MHCs, dexosomes carry proteins that are able to trigger or inhibit immune recalls in an antigen-independent
manner. Dexosomes can stimulate NKs by providing ligands that bind to NK-activating receptors. This process
is either mediated by dexosomal HLA-B-associated transcript 3 (BAT3; BAG6 (BCL2-associated athanogene 6);
a ligand for natural cytotoxicity triggering receptor 3
(NCR3)) [132] or by UL16-binding molecules, i.e. MHC
I polypeptide-related sequence A and B (MICA and
MICB; ligands of NKG2D (natural killer group 2 member D)), on dexosomes [133]. In a murine model of advanced melanoma, dexosomes were shown to induce
IL15Rα and NKG2D-dependent proliferation of NKs
and promote IFNγ release which result in antimetastatic
effects of NKs within the local tumor environment
[134]. In human melanoma, dexosomes expressing
NKG2D ligands on their surface could directly interact
with NKG2D and NKs, supporting the hypothesis that
dexosomes are capable of stimulating antimetastatic immune responses through a non-MHC-dependent manner. Similar to DCs, dexosomes can affect NKs to
produce IFNγ by the interaction of dexosomal TNF with
TNF receptor on NKs [129]. Dexosomes also express
TLR4 (Toll-like receptor 4) and TLR1/2 ligands on their
surface which cause enhanced expression of TNF and
subsequent activation of NKs [135]. These findings describe novel characteristics of dexosomes in regulation
and elicitation of NK-related immune responses, and
propose new approaches for evaluating dexosomemediated antitumor efficacy.
Dexosome-mediated adaptive immune responses

1

CD8+ T cells.
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Several studies revealed that dexosomes have the potential of activating CD8+ T cell clones in vitro either
alone [136] or when incubated with DCs that produce
allogeneic MHC I proteins [137]. These findings indicate
functionality of dexosomal antigen-MHC I assemblies.
The first evidence supporting dexosome-mediated triggering of CD8+ T cells was reported in 1998 by Zitvogel
and colleagues [107]. They showed that dexosomes isolated from BMDCs containing TAA-MHC I complexes
acted efficiently in both suppression and eradication of
an established malignancy in immune-competent but
not immune-deficient mice [107]. The efficiency of this
process was improved when dexosomes were administered concomitantly with mature DCs or chemical adjuvants that encouraged DC maturation [118]. Zitvogel
et al. also demonstrated that dexosomes were more effective than their parent DCs in terms of tumor suppression, and that autologous (not allogeneic) dexosomes
could induce TAA-targeted CTL response ex vivo, emphasizing the role of dexosomal MHC I throughout this
process [107]. Dexosomes of mature DCs (in comparison with the dexosomes of immature DCs) were more
effective in triggering CD8+ T cell immunity, indicating
the importance of costimulatory factors present on
dexosomes of mature DC origins [138]. Another study
demonstrated that human dexosomes loaded directly
with MART1 peptide (melan-A antigen; a TAA) harbored intact functional peptide-MHC I assemblies to
target DCs ex vivo [118]. Here, it was further shown that
dexosome-pulsed DCs were more effective in activation
of CD8+ T cells than peptide-pulsed DCs. Induction of
CD8+ T cell recalls was also confirmed when DCs lacking the TAP molecules (transporter associated with antigen processing) were used as the recipient [139]. In
endocytic pathway, internalized antigens are carried
from endosomes into the cytosol for proteasomal degradation [140]. Antigen-derived peptides are then carried
by the TAP molecules into the endoplasmic reticulum
or back into the antigen-containing endosomes, where
they can be incorporated onto MHC I molecules [141].
However, Lawand et al. recently reported that some antigens may enter the endocytic pathway in a TAPindependent manner, indicating the possibility of other
transporters dedicated to antigen translocation into
endosomes for cross-presentation to CTLs [139].
Dexosome-mediated transference of peptide-MHC I
assemblies to DCs was also observed in vivo. Autologous
dexosomes loaded with antigenic peptides were able to
transfer them to allogeneic DCs and initiate peptidespecific stimulation of CD8+ T cells in mouse. Intriguingly, intravenous administration of autologous dexosomes alone did not trigger any CD8+ T cell response
[118]. Likewise, no noticeable level of antigen-specific
CD8+ T cells was observed when MHC I-restricted
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peptide of ovalbumin (OVA, SIIN-FEKL) was loaded
onto dexosomes [142]. Conversely, whole OVA proteinloaded dexosomes (with indirect method) were capable
of initiating protein-targeted CD8+ T cell response. This
effect depended mostly on CD4+ T cells and partly on B
cells, particularly marginal zone B cells [142]. Further investigation by Hao et al. revealed that CD8+ T cell
propagation induced by dexosomes loaded with protein
relied on CD4+ T cells [143] and CD11c+ DCs [144].
A number of strategies was adopted in order to promote dexosomal-mediated antigen-specific CD8+ T cell
responses. Viaud et al. introduced IFNγ as a key cytokine that stimulates dexosomal expression of CD40,
CD80, CD86, and CD54 molecules which result in induction of direct and powerful antigen-dependent CD8+
T cell responses by dexosomes derived from IFNγmatured MCDCs [111]. Another strategy is to inject
dexosomes comprising a danger signal like a TLR ligand,
such as polyinosinic:polycytidylic acid (poly (I:C)) or
CpG-ODN, that boost DC maturation [118]. Here, a humanized MHC I-deficient murine model was used for
administration of two therapeutic dosages of dexosomes
pulsed with human peptides and coinjected with CpGODN, and it was found that tumor development was significantly decreased compared to mice that received
tumor peptide-CpG-ODN [118]. αGC-loaded dexosomes
were also reported to promote CD8+ T cell responses
against a concurrently loaded antigen [145]. When DCs
were exposed to the lysates of B16F10 melanoma cells
with the aim of loading TAAs onto dexosomes, the prepared vaccine led to stimulation of melanoma-specific
CD8+ T cells and recruitment of CTLs, NKs, and NKTs
in the subcutaneously grafted melanoma tumors in mice.
Consequently, tumor development was remarkably decreased and survival prolonged. DCs loaded with gastric
TAAs demonstrated the ability to trigger the proliferation of CTLs. Additionally, by binding to TLR ligands,
dexosomes can activate adjacent DCs to express transmembrane TNF and produce pro-inflammatory cytokines [146].
Several investigations attempted to change the molecular make-up of dexosomes to generate tolerogeneic
vesicles with immunosuppressive features. Geneticallymodified BMDCs produce IL4, IL10 or FasL molecules
that repress the inflammation caused by DTH in a murine model of collagen-induced arthritis [147, 148]. Similarly, when donor dexosomes were injected to a rat
model of cardiac transplantation, chronic allograft rejection response was remarkably delayed [149]. Dexosomes
produced from TGFβ1- and IL10-matured DCs could
also induce immune tolerance in a skin allograft murine
model [150]. Moreover, DCs overexpressing indoleamine
2,3-dioxygenase (IDO) molecules produced dexosomes
that reduced inflammation in a rheumatoid arthritis
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model [151]. Lu et al. recently demonstrated that in a
murine model of autochthonous hepatocellular carcinoma, mice treated with dexosomes isolated from DCs
that expressed α-fetoprotein (AFP) had remarkably more
IFNγ-producing CD8+ T cells, enhanced levels of IL2
and IFNγ, fewer Tregs and reduced levels of IL10 and
TGFβ [152]. Therefore, dexosomes are capable of promoting T cell stimulation along with downregulating immunosuppressive responses, which serve as a promising
tool to create efficient antitumor vaccines.
2. CD4+ T cells.
While dexosomes can present antigens and directly
trigger cognate CD8+ T cell clones, lines [138], or
primed CD4+ T cells [153], they need to be captured by
bystander DCs to activate naïve CD4+ T cells [91, 125,
153]. Dexosomes were reported to transfer peptideMHC II complexes to MHC II-deficient DCs, and
allowed them to trigger antigen-specific CD4+ T cells
[91, 125]. As reported for CD8+ T cells, dexosomes of
mature DCs were also more effective in CD4+ T cell activation in vitro [91]. Peptide- or protein-loaded dexosomes could hinder tumor growth by recruiting CD4+
and CD8+ T and B cells in vivo [142]. Further in vivo
studies demonstrated that dexosomes loaded with antigens and generated using TLR3 agonist, poly (I:C), and
OVA initiated the propagation of OVA-specific CD4+ and
CD8+ T cells [154]. These results were remarkably superior compared to using CpG-B and LPS for TLR9 and
TLR4, respectively. When antigen-pulsed dexosomes from
mature, but not immature, DCs were injected from male
into female mouse models, the male skin grafts were
rejected because activated CD4+ T cells were differentiated into effector CD4+ T cells in vivo [91].
As previously mentioned for CD8+ T cells, dexosomes
are able to initiate propagation of antigen-specific CD4+
T cells once they are loaded with whole protein antigens.
It was assumed that this effect depended upon a functional compartment belonging to B cells, since the proliferation of CD4+ T cells was not detected in B cell
receptor signaling deficient btk−/− mice [155]. These
findings imply that dexosome-borne antigens are
ingested, processed, and presented by DCs to T and B
cells, a hypothesis further approved in an investigation
where allogeneic I-Ad+ dexosomes could stimulate allospecific CD4+ T cell proliferation in I-Ab+ mice [121].
Dexosomes loaded directly or indirectly with peptideMHC II assemblies could trigger specific CD4+ T cell responses in vivo [121, 125]. In vitro, dexosomes could not
trigger antigen-specific T cell activation unless mature
CD8α− DCs were also present in the culture environment. These mature DCs could be MHC II-deficient,
but had to express CD80 and CD86 costimulatory
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factors. Moreover, in comparison with CD8α+ DCs,
CD8α− DCs were more powerful in induction of CD4+ T
cell immunity [125]. In another study, it was reported
that CD8α+, but not CD8α−, DCs purified from the
lymph nodes of dexosome-treated mice were capable of
stimulating antigen-targeted CD4+ T cell proliferation
ex vivo [121, 156]. Qazi et al. compared the efficiency of
dexosomes directly loaded with OVA peptide with dexosomes derived from OVA-pulsed DCs in initiating specific CD4+ T cell responses in vitro and in vivo, and
showed that both dexosomes could elicit T cell proliferation in vitro, with peptide-loaded dexosomes being more
effective. Conversely, in vivo, only dexosomes produced
from OVA-pulsed DCs could induce CD4+ T cell proliferation, emphasizing the significance of indirect antigenloading approaches in clinical applications. Moreover,
these dexosomes were able to induce the polarization of
T cells to the Th1 type in a B cell-dependent fashion,
which highlights the importance of B cells in producing
T cell responses through a dexosome-dependent pathway [155].
3. B cells
Exosomes originated from various APC origins contribute to the elicitation of B cell immunity both
ex vivo and in vivo. Segura et al. demonstrated that
dexosomes can harbor both antigen-MHC assemblies
and ICAM1 molecules to less-efficient APCs, such as
B cells, leading to T cell stimulation in an indirect
way [91]. Naslund et al. also demonstrated B cells
were essential for optimal triggering of CD8+ T cells
via dexosomes [157]. Mycoplasma-infected BMDCs
release dexosomes that are able to initiate polyclonal
propagation of primary B cells independent of CD40,
LPS, or CpG signaling pathways in vitro [158]. In another study, allogeneic BMDC dexosomes were administered systematically (intravenous/intraperitoneal
injection) to rats before transplantation with the aim
of exploring anti-allograft immune responses. Here,
dexosomes could initiate the in vivo production of
IgG2a and b antibodies (type I antibodies) specific to
dexosomal antigens, and resulted in extended survival
of the allograft [159]. Likewise, BMDCs pulsed with
diphtheria toxoid or OVA antigen resulted in the production of antigen-specific type I antibodies [155,
160]. Titers of specific antibodies can be amplified by
simultaneous pulsing of BMDCs with αGC and an
antigenic protein [145].
Taken together, all the above-mentioned reports confirm that dexosomes are perfectly capable of exerting
potent immune responses and hence possess great therapeutic values against a variety of immune-related diseases, including malignancies.
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Dexosome-based cancer immunotherapy in clinical trials

In light of their great capacity as immunotherapeutic
agents, dexosomes have been employed as cell-free anticancer vaccines in several clinical trials, including two
phase I [161, 162] and one phase II [163] clinical trials
in end-stage cancer patients. Since preparation of dexosome vaccines is possible using cells isolated from a single step of leukapheresis, hundreds of individual
dexosome vaccine preparations have been created thus
far. The process of good manufacturing practice of dexosome cancer vaccines is represented in Fig. 3. Quality
control criteria for the produced vaccines include designation of tetraspanin proteins (CD63, CD81, and CD82)
as well as the overexpression of HLA-DR and other dexosomal hallmarks including Tsg101 and HSP70 [111].
Loading of TAAs on dexosomes was verified by pulsing
dexosomes with or without HLA-A2− DCs and an
antigen-specific T cell clone. In the phase II trial, manufacturing of dexosome batch relied on the increased proportion of tetraspanin and HLA-DR (MHC II) proteins
in comparison with the control [111, 163]. While natural
epitopes of dexosomal MHC I proteins were eluted
using acid in the phase I trials, no precedent elution was
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conducted in the phase II trial. This alteration in elution
strategy was due to the ability of peptides with higher affinity to coincide with or compete against the natural
epitopes present on dexosomal membrane, as was demonstrated by in vitro functional tests utilizing MART1specific CTL clones [111, 163].
Phase I clinical trials

Autologous MCDC cultures loaded with HLA-elicited
MAGE-A3, -A4, -A10, and MAGE-3DPO4 peptides
(melanoma-associated antigens) were employed in the
primary phase I studies. In both trials, four doses of
dexosome vaccinations were administered at weekly intervals. Thirteen HLA-A2+ participants with pretreated
final stage (IIIb and IV) non-small cell lung carcinoma
(NSCLC) overexpressing MAGE-A3 or -A4 antigens
were qualified to receive dexosome immunotherapy in
the first line of phase I trials [161], and nine participants
completed the therapy. One week following the last vaccination, three of the tested patients, who had not shown
MAGE-sensitive
immune
responses
before
immunization, exhibited systemic MAGE-specific immune reactivity as confirmed by DTH response.

Fig. 3 The good manufacturing practice of dexosome cancer immunotherapy. Advanced cancer patient is first subjected to leukapheresis.
Following elutriation, monocytes are isolated in a cell therapy unit good manufacturing practice laboratory, and are then differentiated into
immature dendritic cells (DCs) using GM-CSF and IL4, and may go through a quality control (QC) check as well. Afterwards, MHC I and II
molecules incorporated with tumor-associated antigens (TAAs) are loaded onto DCs in the presence of IFNγ. TAA-loaded dexosomes are then
produced and can be collected from culture supernatants. Each dexosome preparation is checked for immunological features (e.g., the content of
tetraspanins, MHC II and costimulatory molecules) and immunostimulatory potential (e.g., the capacity to trigger a cognate T cell clone) before
releasing of a certain batch. Released batches may subsequently be cryopreserved (at − 80 °C) for future administrations. Manufacturing of
dexosome vaccines for cancer immunotherapy requires roughly three weeks following leukapheresis (this involves the time for in vitro cell
culture steps, production and isolation of dexosomes, QC checks, and first-line therapy of the patient with metronomic cyclophosphamide)
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Increased MAGE-specific T cell function was only observed in one of five patients, as determined by enzymelinked immunospot (ELISPOT) assay. This low-level T
cell reactivity was attributed to the possible suppression
of Tregs (CD4+ CD25+ T cells). In two of three participants, Tregs were amplified (compared to the baseline
levels) as a percentage of total CD4+ T cells following
dexosome therapy. An improvement of the NK lytic activity was detected in two of four tested samples. Taken
as a whole, the NSCLC phase I trial was well tolerated
and showed an acceptable safety profile, with disease stability shown in two participants who had progressive tumors at diagnosis. Additionally, disease stability
continued for over twelve months in two of four participants who had initially stable disease [161].
In the second study of phase I trials, fifteen participants with the following criteria were enrolled: stage
IIIb/IV, HLA-A I+ or HLA-B35+ and HLA-DPO4+
leukocyte phenotype, MAGE-3-overexpressed malignant
melanoma (MM) [162]. The MCDC dexosome administration format included four vaccine doses at weekly intervals. Two dosages of either MHC II proteins (0.13
and 0.40 × 1014 molecules) or peptides (10 and 100 µg/
mL) were administered. Evaluation of the therapy efficiency was conducted two weeks postimmunization.
One of the patients showed a partial reactivity to dexosome therapy. In this patient, a depigmentation halo surrounding naevi was observed, and the arterial
neovasculature was disappeared and tumor retracted.
This participant received four months of continuation
therapy with dexosomes which resulted in the disease
stabilization and toxicity reduction. Stabilization of the
disease for up to twenty four months was too observed
in another participant who was given continued dexosome therapy. Taken together, this study resulted in two
stabilized diseases along with one minor, one partial,
and one mixed reactivity at lymph nodes or skin. A
number of these results were achieved in participants
with invasive tumors who had formerly gone through
other therapies or received alternate anticancer vaccines.
As observed in the first phase I trial, neither MAGEspecific CD4+ and CD8+ T cell activation nor DTH response were identified in the peripheral blood of patients
[162]. However, it was demonstrated that immature
MCDC dexosomes express NKG2D ligands on their
membrane which bind to NKG2D on NKs, resulting in
pro-NK effects [134]. After four weeks of vaccine administration, the number of circulatory NKs were remarkably enhanced. After dexosome immunotherapy, the
expression of NKG2D and NK cytotoxicity were maintained in 50% of patients who had NK function deficit at
the beginning of the study [134]. Moreover, it was found
that dexosome therapy could trigger NK proliferation
in vivo in an IL15Rα-dependent fashion. These findings

(2020) 39:258

Page 13 of 20

were in consistence with the improved control of tumor
metastasis in B16F10 melanoma cell-inoculated mice by
NK1.1+ cells [134]. Human dexosomes derived from immature DCs were reported to present BAG6 molecules
on their surface [164], which is a ligand for NKp30 receptors expressed on NKs [165]. Cytokine release from
NKs was reported to be directly correlated with the expression levels of BAG6 on dexosomes [164]. Furthermore, dexosomal surface expression of TNF were able to
trigger the production of IFNγ by NKs [129].
Phase II clinical trials

Defective antitumor effects of first-generation dexosomes (IFNγ-free dexosomes) in the induction of NKs
and T cells in the phase I trials encouraged researchers
to design and develop innovative strategies in order to
promote dexosome-dependent antitumor host immune
responses. As mentioned before, one strategy is to utilize
dexosomes originated from LPS- or IFNγ-matured DCs,
which exhibit greater T cell immunity [111]. A clinicalgrade process for production of dexosome vaccines was
developed when these results were applied to human
DC cultures [111]. Here, IFNγ was employed for stimulating human DCs in culture, and subsequently, dexosomal costimulatory factors and ICAMs were upregulated,
resulting in second-generation dexosomes (IFNγ dexosome) with increased immunostimulatory capacity [111,
166]. The phase II clinical trial aimed to investigate
whether maintenance immunotherapy of advanced
NSCLC patients using IFNγ dexosomes could result in
progression-free survival (PFS) at four months postchemotherapy [163]. Twenty two HLA-A2+ patients who
had inoperable (stage IIIb or IV) NSCLC with neutrophils ≥ 1.5 × 109/L and showed immune responses or disease stabilization following four rounds of a first-line
platinum-based chemotherapy were qualified for receiving IFNγ dexosome [163]. The utilized TAAs included
MAGE-A1, -A3, NY-ESO, MART1 (all MHC Irestricted peptides) and EBV (MHC II-restricted peptides). Patients first received three weeks of metronomic
oral low-dose cyclophosphamide (CTX). This regimen
was proven to decrease Treg activity and induce IFNγand IL17-generating T cell clones according to several
preclinical [167–169] and clinical investigations [168,
170]. Therefore, dexosome-mediated priming of T cells
is facilitated, and NK and T cell functions are preserved.
Of these participants, seven patients (32%) showed disease stability following nine times of dexosome vaccination, and proceeded to receive the therapy at threeweek intervals. Unfortunately, the main clinical outcome
of the phase II trial, a PFS of 50%, could not be achieved
and no remarkable immune reactivity was reported in
the study. Despite loading of multiple epitopes and CTX
adjuvant therapy, the use of IFNγ dexosomes was
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insufficient to manifest TAA-specific T cell reactivity
[163]. However, one participant elicited a long-term disease stabilization which allowed for surgical removal of
the tumor and the eligibility for local adjuvant radiotherapy. Moreover, second-generation dexosome therapy
was reported to promote NKp30-mediated NK function.
Although downregulated in stage IV NSCLC, NKp30 activation improved the release of TNFα and IFNγ by
blood NKs, which was detected after four cycles of dexosome vaccination. More significantly, this augmented
NKp30-mediated NK function was associated with longer PFS [163]. Moreover, the aforementioned
membrane-associated NKp30 ligand, BAG6, was detected on the membrane of dexosome vaccine preparations and was reported to be responsible in NKp30dependent pro-NK activity. To further support this theory, it was shown that the concentration of MHC II
molecules in dexosome inocula and NKp30-dependent
NK activity correlated with the levels of dexosomal
BAG6. This is different from the results obtained in MM
phase I trial where NKG2D (and possibly IL15 or
IL15Rα) mediated dexosome-related NK responses [134,
162]. Since dexosome preparations employed in the
phase I MM study were not obtained from IFNγmatured DCs (where IFNγ results in BAG6 overexpression [171]), the NKG2D ligand-mediated NK activation
was probably manifested more dominantly in the absence of BAG6-NKp30 pathway.
Application of distinct subsets of DCs to ameliorate
cancer immunotherapy

The unique characteristics of diverse DC subsets can
be employed to generate more potent and efficient
antitumor immune responses. Since DCs are hardly
present in the peripheral blood (approximately 1% of
total leukocytes), most of DC-based vaccine preparations are derived from moDCs differentiated in vitro
from CD34+ progenitors or CD14+ monocytes by the
addition of growth factors (such as IL4 and GM-CSF)
and maturation factors (e.g. CD40L or TLR agonists)
and subsequently loaded with antigenic material
[172–175]. However, ex vivo differentiated moDCs
differ from the primary circulatory DCs both in
phenotypic and transcriptional features [176] and are
less efficient in migratory capacity and T cell activation [177, 178]. Recent investigations in cancer immunotherapy recommend using autologous DCs and
focus on DC subset specificity [179]. Different subsets
of DCs are probably correlated with improved survival
rate in various tumor types [29, 36, 40]. Given the assumption that all subsets of DCs are capable of triggering antitumor immunity, a number of clinical trials
were performed [180–182] utilizing autologous primary pDCs and cDC2s [183]. Although cDC1s remain
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the most effective candidate against cancer, according
to their potent CD8+ T cell activation potential, their
separation from the peripheral blood is still a major
challenge for their clinical use [183]. Flt3L-dependent
mobilization can be used for stimulation of all DC
subsets, including cDC1s, in vivo [180, 182]. However,
ongoing attempts are investigating new approaches
for optimization of cDC1-based vaccines for application in clinical setting. Recently, the role of the Notch
signaling route was proposed in promoting in vitro
differentiation of cDC1s [184, 185]. An alternative
and promising strategy is to directly reprogram dermal fibroblasts into cDC1s [186]. The effectiveness of
cDC1-based cancer vaccines was tested in several experimental models and the results will pave the way
for their application in clinical trials in the near future [187].
Regardless of the recent breakthroughs in immunotherapy of cancer, manipulation of DCs or their EVs for
development of more effective vaccine tools has not yet
attained its maturity, and the optimization of mechanisms at subcellular and molecular level is still in demand for promoting their antitumor effects. It was
shown that cellular maturity in cDC1-based vaccines can
be reached by stimulating TLR3 (poly I:C) and TLR8
(R848) [188, 189]. The method of antigen loading is a
major factor governing the priming of T cells. For instance, in a personalized clinical trial of ovarian cancer
[190], moDCs incubated with lysates of autologous oxidized whole cancer cells extended survival. Another
strategy is to use engineered DCs with a chimeric receptor that can exclusively uptake TAA-bearing EVs and
lead to efficient antitumor immune responses [191]. Processing and cross-presentation of antigens can be promoted by regulating the proteolysis of internalized
antigens through the abrogation of molecules regulating
vesicular trafficking including YTHDF1 and SEC22B [27,
192]. Alternatively, to generate potent T cell responses,
the cDC1-intrinsic immunosuppressive signals can be silenced using siRNA molecules that delete PDL1 and 2
[193]. The synergic application of immune checkpoint
blockade and DC-based vaccines promises one of the
most efficient approaches for cancer immunotherapy.
Another promising strategy is to promote the crosspresentation potential of cDC1s by directly targeting
CLEC9A, which contributes to internalization of dead
cells and presentation of antigenic material to CD8+ T
cells [194, 195]. Anti-CLEC9A molecules can deliver
maturation signals to cDC1s as recently demonstrated
by infusion of a chimeric recombinant protein inside the
tumor mass [196]. Chemokines that regulate the employment of cDC1s in tumors can also be targeted to
promote the clinical efficacy of DC-based vaccines as
was demonstrated using intratumoral injection of
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CCL21-expressing DCs to trigger antitumor immune responses in a phase I lung cancer clinical trial [197]. Targeting XCR1 was also demonstrated to be involved in
TAA delivery to cDC1s and subsequent activation of
CD8+ T cells [198, 199]. Next-generation DC-based vaccines, including dexosome vaccines, will most probably
recruit the above-mentioned strategies to promote the
differentiation of cDC1s ex vivo and utilize their dexosomes for generating efficient therapeutic responses.

Conclusions
The idea of employing dexosomes as anticancer vaccine
vehicle is utilizing the nature’s antigen delivery system
for vaccination. However, the low clinical efficacy of
dexosome vaccines in induction of adaptive immune responses can be explained by the advanced stage of the
disease, the limited number of patients, who had received antitumor therapies prior to enrollment, and the
lack of appropriate preselection criteria [200]. According
to the phase II trial data [163], dexosome immunotherapy was probably most effective in patients with measurable levels of serum BAG6, which is possibly related to
NKp30 functional defects. In other words, patients who
showed downregulation or defective functions of NK receptors (particularly NKG2D or NKp30) were most
likely to benefit from dexosome therapy [163]. The presence of local or systemic immunoregulatory mechanisms
such as the expression of PDL1 on NSCLC cells in association with PD1 overexpression in myeloid-derived suppressor cells, Tregs and tumor-infiltrating lymphocytes
is another possibility for the observed poor immune reactivity. Another conceivable explanation is that the utilized dexosome MHC I/II-restricted TAAs were not
sufficient to stimulate tumor-targeted T lymphocyte reactivity. Moreover, the pharmacokinetic of the injected
dexosomes is not yet fully determined. Although it is expected that the injected dexosomes reach T cell zones of
secondary lymphoid organs in acceptable quantities, they
may have travelled to the macrophages of subcapsular
sinus or DCs of lymphatic sinus where they interact with
innate lymphocytes [201].
Dexosome vaccines function more successfully when
combined with other therapy regimes. For instance, in
CTX-exosome combination therapy, CD8+ T cell priming against the preestablished tumor was synergistically
increased in mice [167]. However, in humans, CTXdexosome combination chemotherapy appeared to be efficient only if genuine adjuvants were present. The
therapeutic outcome observed here is probably
dependent on the repression of tumor-elicited tolerance
along with promotion of tumor-mediated immunogenicity, since CTX is capable of alleviating Treg function
[167, 170]. This CTX-mediated strategy was implemented in the phase II trial [163, 166], although it is
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presumed that the relevant clinical outcome would have
been more successful in earlier stages of disease. Another proposed combination therapy is to join PD1/
PDL1 blocking (or coblocking with anti-CTLA4 therapy)
with dexosome vaccine, which results in the suppression
of tumor-infiltrating lymphocytes and T cell activation.
However, one major obstacle is that the presently established regimen for chemotherapy of NSCLC is not able
to trigger immune-related cellular death [202]. Therefore, combination therapy utilizing immunogenic cytotoxic drugs poses an appropriate option in treatment of
malignancies. A last conceivable option is to combine
dexosome vaccine with NK-based therapies, such as
anti-KIR Ab (anti-killer cell immunoglobulin-like receptor antibody) [203], in order to generate synergistic immunogenic results against NK-dependent cancers.
Furthermore, establishing an immortalized DC line library, tailored for expression of a single MHC I and/or
II allele or no MHC proteins, will make continuous production of dexosomes possible, and decrease therapy expenses and the delay caused by extended culture times.
Despite the obstacles hurtled thus far, the vision of
dexosome cancer immunotherapy still stands highly
promising, offering multiple benefits over living cell
transplantation. Thus, one can envision that dexosomes
might replace cell-based therapeutic strategies in the
long run.
Abbreviations
AFP: α-fetoprotein; Anti-KIR Ab: Anti-killer cell immunoglobulin-like receptor
antibody; APC: Antigen-presenting cell; BAG6: BCL2-associated athanogene 6;
BAT3: HLA-B-associated transcript 3; BDCA2: Blood dendritic cell antigen 2;
BMDC: Bone marrow-derived dendritic cell; CAM: Cell adhesion molecule;
CCL22: C-C motif chemokine 22.; CCR7: C-C chemokine receptor type 7;
cDC: Conventional DC; CLEC9A/ DNGR1: C-type lectin domain family 9
member A; CTL: Cytotoxic T lymphocyte; CTX: Cyclophosphamide; CpGODN: CpG oligodeoxynucleotide; CXCL9: C-X-C motif chemokine 9;
CXCR3: C-X-C chemokine receptor type 3; DAMP: Damage-associated
molecular pattern; DC: Dendritic cell; DTH: delayed-type hypersensitivity;
DUB: deubiquitinating enzyme; ELISPOT: enzyme-linked immunospot assay;
ESCRT: endosomal sorting complexes required for transport; EV: extracellular
vesicle; FasL: Fas ligand; Flt3L: FMS-like tyrosine kinase 3 ligand; GMCSF: Granulocyte-macrophage colony-stimulating factor; HLA: Human
leukocyte antigen; HSP: Heat shock protein; ICAM1: Intercellular adhesion
molecule 1; ID2: DNA-binding protein inhibitor ID-2; IDO: Indoleamine 2,3dioxygenase; IFN: Interferon; IL: Interleukin; IL15Rα: Interleukin 15 receptorα;
ILV: Intraluminal vesicle; iNKT: Invariant natural killer T cell; IRF8: Interferon
regulatory factor 8; KLF4: Krueppel-like factor 4; LITAF: Lipopolysaccharide
induced TNF factor; LFA1: Lymphocyte function-associated antigen 1;
LPS: Lipopolysaccharide; MCDC: Monocyte-derived dendritic cell;
MART1: Melan-A antigen; mCRPC: Metastatic castration-resistant prostate cancer; MFGE8: Milk fat globule-EGF factor 8; MHC: The major histocompatibility
complex protein; MICA: MHC I polypeptide-related sequence A; MICB: MHC I
polypeptide-related sequence B; MM: Malignant melanoma;
moDC: Monocyte-derived DC; MVB: Multivesicular body; NCR3: Natural
cytotoxicity triggering receptor 3; NK: Natural killer cell; NKG2D: Killer cell
lectin-like receptor subfamily K, member 1 ligands; NSCLC: Non-small cell
lung carcinoma; OVA: Ovalbumin; OX40L: OX40 ligand; PAMP: Pathogenassociated molecular pattern; PAP: Prostatic acid phosphatase;
pDC: Plasmacytoid DC; PD1: Programmed cell death protein 1;
PDL1: Programmed cell death protein ligand 1; PFS: Progression-free survival;
poly (I: C): Polyinosinic:polycytidylic acid; SIMPLE: Small integral membrane
protein of the lysosome/late endosome; siRNA: Small interfering RNA;

Nikfarjam et al. Journal of Experimental & Clinical Cancer Research

SNARE: Soluble N-ethyl maleimide (NEM)-sensitive factor attachment protein
receptor; STAM: Signal transducing adapter molecule; TAA: Tumor-associated
antigen; TAP: Transporter associated with antigen processing molecule;
TCR: T cell receptor; TGFβ: Transforming growth factorβ; Th: Helper T cell;
TLR: Toll-like receptor; TNF: tumor necrosis factor; TRAIL: TNF-related
apoptosis-inducing ligand; Treg: T regulatory cell; TSAP6: Transmembrane
protein tumor suppressor-activated pathway 6; ULBP1: UL16-binding protein
1; Vps32: Vacuolar protein sorting-associated protein 32; XCL1: XC chemokine
ligand 1; XCR1: Chemokine XC receptor 1; ZEB: Zinc finger E-box-binding
homeobox
Acknowledgements
Not applicable.
Authors’ contributions
Conception and manuscript design: F K, and R J. Collection of data: S N, J R,
and R J. Manuscript writing: S N, J R, and R J. Made important revisions and
confirmed final revision: F K, and R J. All authors reviewed and approved the
final version of the manuscript.

(2020) 39:258

8.
9.
10.

11.

12.

13.

14.
Funding
Not applicable.

15.

Availability of data and materials
Not applicable.

16.

Ethics approval and consent to participate
Not applicable.

17.

Authors’ information
Not applicable.

18.

Consent for publication
Not applicable.

19.

Competing interests
The authors declare that they have no competing interests.

20.
21.

Author details
1
Department of Medical Biotechnology, Faculty of Advanced Medical
Sciences, Tabriz University of Medical Sciences, Tabriz, Iran. 2Solid Tumor
Research Center, Cellular and Molecular Medicine Research Institute, Urmia
University of Medical Sciences, P.O. Box: 1138, Shafa St, Ershad Blvd., 57147
Urmia, Iran. 3School of Systems Biology, Laboratory of Molecular Virology,
George Mason University, Discovery Hall Room 182, 10900 University Blvd.,
VA 20110 Manassas, USA. 4Department of Immunology and Genetics, School
of Medicine, Urmia University of Medical Sciences, Urmia, Iran.
Received: 5 August 2020 Accepted: 13 November 2020

22.
23.

24.

25.
26.

References
1. Schlitzer A, McGovern N, Ginhoux F. Dendritic cells and monocyte-derived
cells: Two complementary and integrated functional systems. Semin Cell
Dev Biol. 2015;41:9–22.
2. Appay V, Douek DC, Price DA. CD8 + T cell efficacy in vaccination and
disease. Nat Med. 2008;14(6):623–8.
3. Faget J, Bendriss-Vermare N, Gobert M, Durand I, Olive D, Biota C, et al.
ICOS-Ligand Expression on Plasmacytoid Dendritic Cells Supports Breast
Cancer Progression by Promoting the Accumulation of Immunosuppressive
CD4 < sup>+</sup > T Cells. Cancer Research. 2012;72(23):6130–41.
4. Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell. 2000;100(1):57–70.
5. Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, et al.
Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N Engl
J Med. 2010;363(5):411–22.
6. Pitt JM, André F, Amigorena S, Soria JC, Eggermont A, Kroemer G, et al.
Dendritic cell-derived exosomes for cancer therapy. J Clin Investig. 2016;
126(4):1224–32.
7. Théry C, Duban L, Segura E, Véron P, Lantz O, Amigorena S. Indirect
activation of naïve CD4 + T cells by dendritic cell-derived exosomes. Nat
Immunol. 2002;3(12):1156–62.

27.

28.

29.

30.

31.

Page 16 of 20

Segura E. Review of Mouse and Human Dendritic Cell Subsets. Methods in
molecular biology. (Clifton NJ). 2016;1423:3–15.
Collin M, Bigley V. Human dendritic cell subsets: an update. Immunology.
2018;154(1):3–20.
Guilliams M, Dutertre C-A, Scott Charlotte L, McGovern N, Sichien D,
Chakarov S, et al. Unsupervised High-Dimensional Analysis Aligns
Dendritic Cells across Tissues and Species. Immunity. 2016;45(3):669–
84.
Poulin LF, Reyal Y, Uronen-Hansson H, Schraml BU, Sancho D, Murphy KM,
et al. DNGR-1 is a specific and universal marker of mouse and human Batf3dependent dendritic cells in lymphoid and nonlymphoid tissues. Blood.
2012;119(25):6052–62.
Cueto FJ, del Fresno C, Sancho D. DNGR-1, a Dendritic Cell-Specific Sensor
of Tissue Damage That Dually Modulates Immunity and Inflammation.
Frontiers in Immunology. 2020;10:3146. .
Crozat K, Tamoutounour S, Vu Manh TP, Fossum E, Luche H, Ardouin L,
et al. Cutting edge: expression of XCR1 defines mouse lymphoid-tissue
resident and migratory dendritic cells of the CD8α + type. Journal of
immunology (Baltimore, Md: 1950). 2011;187(9):4411-5.
Mildner A, Jung S. Development and Function of Dendritic Cell Subsets.
Immunity. 2014;40(5):642–56.
Facchetti F, Vermi W, Mason D, Colonna M. The plasmacytoid monocyte/
interferon producing cells. Virchows Arch. 2003;443(6):703–17.
Segura E, Touzot M, Bohineust A, Cappuccio A, Chiocchia G, Hosmalin A,
et al. Human Inflammatory Dendritic Cells Induce Th17 Cell Differentiation.
Immunity. 2013;38(2):336–48.
Villani A-C, Satija R, Reynolds G, Sarkizova S, Shekhar K, Fletcher J, et al.
Single-cell RNA-seq reveals new types of human blood dendritic cells,
monocytes, and progenitors. Science. 2017;356(6335):eaah4573.
Tiberio L, Del Prete A, Schioppa T, Sozio F, Bosisio D, Sozzani S. Chemokine
and chemotactic signals in dendritic cell migration. Cell Mol Immunol. 2018;
15(4):346–52.
Sozzani S, Vermi W, Del Prete A, Facchetti F. Trafficking properties of
plasmacytoid dendritic cells in health and disease. Trends Immunol. 2010;
31(7):270–7.
Gardner A, Ruffell B. Dendritic Cells and Cancer Immunity. Trends Immunol.
2016;37(12):855–65.
Bosisio D, Ronca R, Salvi V, Presta M, Sozzani S. Dendritic cells in
inflammatory angiogenesis and lymphangiogenesis. Curr Opin Immunol.
2018;53:180–6.
Sozzani S, Del Prete A, Bosisio D. Dendritic cell recruitment and activation in
autoimmunity. J Autoimmun. 2017;85:126–40.
Vu Manh TP, Bertho N, Hosmalin A, Schwartz-Cornil I, Dalod M. Investigating
Evolutionary Conservation of Dendritic Cell Subset Identity and Functions.
Front Immunol. 2015;6:260.
Cancel J-C, Crozat K, Dalod M, Mattiuz R. Are Conventional Type 1 Dendritic
Cells Critical for Protective Antitumor Immunity and How? Frontiers in
immunology. 2019;10:9-.
Böttcher JP, Reis e Sousa C. The Role of Type 1 Conventional Dendritic Cells
in Cancer Immunity. Trends in cancer. 2018;4(11):784–92.
Theisen DJ, Davidson JT, Briseño CG, Gargaro M, Lauron EJ, Wang Q, et al.
WDFY4 is required for cross-presentation in response to viral and tumor
antigens. Science. 2018;362(6415):694–9.
Alloatti A, Rookhuizen DC, Joannas L, Carpier J-M, Iborra S, Magalhaes JG,
et al. Critical role for Sec22b-dependent antigen cross-presentation in
antitumor immunity. J Exp Med. 2017;214(8):2231–41.
Theisen DJ, Ferris ST, Briseño CG, Kretzer N, Iwata A, Murphy KM, et al. Batf3Dependent Genes Control Tumor Rejection Induced by Dendritic Cells
Independently of Cross-Presentation. Cancer immunology research. 2019;
7(1):29–39.
Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM, et al.
Critical Role for CD103(+)/CD141(+) Dendritic Cells Bearing CCR7 for Tumor
Antigen Trafficking and Priming of T Cell Immunity in Melanoma. Cancer
Cell. 2016;30(2):324–36.
Kroczek RA, Henn V. The Role of XCR1 and its Ligand XCL1 in Antigen
Cross-Presentation by Murine and Human Dendritic Cells. Front Immunol.
2012;3:14.
Matsuo K, Kitahata K, Kawabata F, Kamei M, Hara Y, Takamura S, et al. A
Highly Active Form of XCL1/Lymphotactin Functions as an Effective
Adjuvant to Recruit Cross-Presenting Dendritic Cells for Induction of Effector
and Memory CD8(+) T Cells. Front Immunol. 2018;9:2775.

Nikfarjam et al. Journal of Experimental & Clinical Cancer Research

32. Spranger S, Dai D, Horton B, Gajewski TF. Tumor-Residing Batf3 Dendritic
Cells Are Required for Effector T Cell Trafficking and Adoptive T Cell
Therapy. Cancer Cell. 2017;31(5):711 – 23.e4.
33. Mikucki ME, Fisher DT, Matsuzaki J, Skitzki JJ, Gaulin NB, Muhitch JB,
et al. Non-redundant requirement for CXCR3 signalling during
tumoricidal T-cell trafficking across tumour vascular checkpoints. Nat
Commun. 2015;6:7458.
34. Kastenmüller W, Brandes M, Wang Z, Herz J, Egen JG, Germain RN.
Peripheral prepositioning and local CXCL9 chemokine-mediated guidance
orchestrate rapid memory CD8 + T cell responses in the lymph node.
Immunity. 2013;38(3):502–13.
35. Enamorado M, Iborra S, Priego E, Cueto FJ, Quintana JA, Martínez-Cano S,
et al. Enhanced anti-tumour immunity requires the interplay between
resident and circulating memory CD8 + T cells. Nat Commun. 2017;8(1):
16073.
36. Broz ML, Binnewies M, Boldajipour B, Nelson AE, Pollack JL, Erle DJ, et al.
Dissecting the tumor myeloid compartment reveals rare activating antigenpresenting cells critical for T cell immunity. Cancer Cell. 2014;26(5):638–52.
37. Mittal D, Vijayan D, Putz EM, Aguilera AR, Markey KA, Straube J, et al.
Interleukin-12 from CD103 < sup>+</sup > Batf3-Dependent Dendritic
Cells Required for NK-Cell Suppression of Metastasis. Cancer immunology
research. 2017;5(12):1098–108.
38. Ruffell B, Chang-Strachan D, Chan V, Rosenbusch A, Ho Christine MT, Pryer
N, et al. Macrophage IL-10 Blocks CD8 < sup>+</sup > T Cell-Dependent
Responses to Chemotherapy by Suppressing IL-12 Expression in
Intratumoral Dendritic Cells. Cancer Cell. 2014;26(5):623–37.
39. Greyer M, Whitney Paul G, Stock Angus T, Davey Gayle M, Tebartz C,
Bachem A, et al. T Cell Help Amplifies Innate Signals in CD8 < sup>+</sup
> DCs for Optimal CD8 < sup>+</sup > T Cell Priming. Cell Reports. 2016;
14(3):586–97.
40. Böttcher JP, Bonavita E, Chakravarty P, Blees H, Cabeza-Cabrerizo M,
Sammicheli S, et al. NK Cells Stimulate Recruitment of cDC1 into the Tumor
Microenvironment Promoting Cancer Immune Control. Cell. 2018;172(5):
1022–37.e14.
41. Barry KC, Hsu J, Broz ML, Cueto FJ, Binnewies M, Combes AJ, et al. A natural
killer-dendritic cell axis defines checkpoint therapy-responsive tumor
microenvironments. Nat Med. 2018;24(8):1178–91.
42. Hor Jyh L, Whitney Paul G, Zaid A, Brooks Andrew G, Heath William R,
Mueller Scott N. Spatiotemporally Distinct Interactions with Dendritic Cell
Subsets Facilitates CD4 < sup>+</sup > and CD8 < sup>+</sup > T Cell
Activation to Localized Viral Infection. Immunity. 2015;43(3):554–65.
43. Brewitz A, Eickhoff S, Dähling S, Quast T, Bedoui S, Kroczek RA, et al. CD8 <
sup>+</sup > T Cells Orchestrate pDC-XCR1 < sup>+</sup > Dendritic
Cell Spatial and Functional Cooperativity to Optimize Priming. Immunity.
2017;46(2):205–19.
44. Diamond MS, Kinder M, Matsushita H, Mashayekhi M, Dunn GP,
Archambault JM, et al. Type I interferon is selectively required by dendritic
cells for immune rejection of tumors. J Exp Med. 2011;208(10):1989–2003.
45. Fuertes MB, Kacha AK, Kline J, Woo S-R, Kranz DM, Murphy KM, et al. Host
type I IFN signals are required for antitumor CD8 + T cell responses through
CD8α + dendritic cells. J Exp Med. 2011;208(10):2005–16.
46. Laoui D, Keirsse J, Morias Y, Van Overmeire E, Geeraerts X, Elkrim Y, et al.
The tumour microenvironment harbours ontogenically distinct dendritic cell
populations with opposing effects on tumour immunity. Nat Commun.
2016;7(1):13720.
47. Kim HJ, Cantor H. CD4 T-cell subsets and tumor immunity: the helpful and
the not-so-helpful. Cancer immunology research. 2014;2(2):91–8.
48. Kennedy R, Celis E. Multiple roles for CD4 + T cells in anti-tumor immune
responses. Immunol Rev. 2008;222:129–44.
49. Quezada SA, Simpson TR, Peggs KS, Merghoub T, Vider J, Fan X, et al.
Tumor-reactive CD4(+) T cells develop cytotoxic activity and eradicate large
established melanoma after transfer into lymphopenic hosts. J Exp Med.
2010;207(3):637–50.
50. Qin Z, Blankenstein T. CD4 T Cell;Mediated Tumor Rejection Involves
Inhibition of Angiogenesis that Is Dependent on IFN. Receptor Expression
by Nonhematopoietic Cells Immunity. 2000;12(6):677–86. .
51. Borst J, Ahrends T, Bąbała N, Melief CJM, Kastenmüller W. CD4 + T cell help
in cancer immunology and immunotherapy. Nat Rev Immunol. 2018;18(10):
635–47.
52. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al.
Expansion and Activation of CD103 < sup>+</sup > Dendritic Cell

(2020) 39:258

53.
54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.
74.

Page 17 of 20

Progenitors at the Tumor Site Enhances Tumor Responses to Therapeutic
PD-L1 and BRAF Inhibition. Immunity. 2016;44(4):924–38.
Amigorena S. Helping the Help for CD8 + T Cell Responses. Cell. 2015;
162(6):1210–2.
Binnewies M, Mujal AM, Pollack JL, Combes AJ, Hardison EA, Barry KC, et al.
Unleashing Type-2 Dendritic Cells to Drive Protective Antitumor CD4 <
sup>+</sup > T Cell Immunity. Cell. 2019;177(3):556 – 71.e16.
Leal Rojas IM, Mok W-H, Pearson FE, Minoda Y, Kenna TJ, Barnard RT, et al.
Human Blood CD1c + Dendritic Cells Promote Th1 and Th17 Effector
Function in Memory CD4 + T Cells. Frontiers in Immunology. 2017;8(971).
Anandasabapathy N, Breton G, Hurley A, Caskey M, Trumpfheller C, Sarma P,
et al. Efficacy and safety of CDX-301, recombinant human Flt3L, at
expanding dendritic cells and hematopoietic stem cells in healthy human
volunteers. Bone Marrow Transplant. 2015;50(7):924–30.
Pinzon-Charry A, Ho CSK, Maxwell T, McGuckin MA, Schmidt C, Furnival C,
et al. Numerical and functional defects of blood dendritic cells in early- and
late-stage breast cancer. Br J Cancer. 2007;97(9):1251–9.
Michea P, Noël F, Zakine E, Czerwinska U, Sirven P, Abouzid O, et al.
Adjustment of dendritic cells to the breast-cancer microenvironment is
subset specific. Nat Immunol. 2018;19(8):885–97.
Zilionis R, Engblom C, Pfirschke C, Savova V, Zemmour D, Saatcioglu HD,
et al. Single-Cell Transcriptomics of Human and Mouse Lung Cancers
Reveals Conserved Myeloid Populations across Individuals and Species.
Immunity. 2019;50(5):1317–34.e10.
Koucký V, Bouček J, Fialová A. Immunology of Plasmacytoid Dendritic Cells
in Solid Tumors: A Brief Review. Cancers. 2019;11(4).
Wu J, Li S, Yang Y, Zhu S, Zhang M, Qiao Y, et al. TLR-activated
plasmacytoid dendritic cells inhibit breast cancer cell growth in vitro and
in vivo. Oncotarget. 2016;8(7).
Drobits B, Holcmann M, Amberg N, Swiecki M, Grundtner R, Hammer M,
et al. Imiquimod clears tumors in mice independent of adaptive immunity
by converting pDCs into tumor-killing effector cells. J Clin Investig. 2012;
122(2):575–85.
Riboldi E, Daniele R, Cassatella MA, Sozzani S, Bosisio D. Engagement of
BDCA-2 blocks TRAIL-mediated cytotoxic activity of plasmacytoid dendritic
cells. Immunobiology. 2009;214(9):868–76.
Salvi V, Vermi W, Cavani A, Lonardi S, Carbone T, Facchetti F, et al. IL-21 May
Promote Granzyme B-Dependent NK/Plasmacytoid Dendritic Cell;Functional
Interaction in Cutaneous Lupus Erythematosus. Journal of Investigative
Dermatology. 2017;137(7):1493–500. .
Liu C, Lou Y, Lizée G, Qin H, Liu S, Rabinovich B, et al. Plasmacytoid
dendritic cells induce NK cell-dependent, tumor antigen-specific T cell
cross-priming and tumor regression in mice. J Clin Investig. 2008;118(3):
1165–75.
Poropatich K, Dominguez D, Chan WC, Andrade J, Zha Y, Wray B,
et al. OX40 + plasmacytoid dendritic cells in the tumor
microenvironment promote antitumor immunity. J Clin Investig. 2020;
130(7):3528–42.
Kuhn S, Yang J, Ronchese F. Monocyte-Derived Dendritic Cells Are Essential
for CD8(+) T Cell Activation and Antitumor Responses After Local
Immunotherapy. Front Immunol. 2015;6:584.
Ma Y, Adjemian S, Mattarollo SR, Yamazaki T, Aymeric L, Yang H, et al.
Anticancer chemotherapy-induced intratumoral recruitment and
differentiation of antigen-presenting cells. Immunity. 2013;38(4):729–41.
Pfirschke C, Engblom C, Rickelt S, Cortez-Retamozo V, Garris C, Pucci F, et al.
Immunogenic Chemotherapy Sensitizes Tumors to Checkpoint Blockade
Therapy. Immunity. 2016;44(2):343–54.
Diao J, Gu H, Tang M, Zhao J, Cattral MS. Tumor Dendritic Cells (DCs)
Derived from Precursors of Conventional DCs Are Dispensable for
Intratumor CTL Responses. Journal of immunology (Baltimore, Md: 1950).
2018;201(4):1306-14.
Van Niel G, d’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nature reviews Molecular cell biology. 2018;19(4):213.
Minciacchi VR, Freeman MR, Di Vizio D. Extracellular Vesicles in Cancer:
Exosomes, Microvesicles and the Emerging Role of Large Oncosomes.
Semin Cell Dev Biol. 2015;40:41–51.
Février B, Raposo G. Exosomes: endosomal-derived vesicles shipping
extracellular messages. Curr Opin Cell Biol. 2004;16(4):415–21.
Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei F, Alahari SK. Exosomes:
composition, biogenesis, and mechanisms in cancer metastasis and drug
resistance. Mol Cancer. 2019;18(1):75.

Nikfarjam et al. Journal of Experimental & Clinical Cancer Research

75. Jabbari N, Karimipour M, Khaksar M, Akbariazar E, Heidarzadeh M, Mojarad B,
et al. Tumor-derived extracellular vesicles: insights into bystander effects of
exosomes after irradiation. Lasers in medical science. 2019:1–15.
76. Klumperman J, Raposo G. The complex ultrastructure of the endolysosomal
system. Cold Spring Harb Perspect Biol. 2014;6(10):a016857.
77. Zimmermann P, Zhang Z, Degeest G, Mortier E, Leenaerts I, Coomans C,
et al. Syndecan recycling is controlled by syntenin-PIP2 interaction and Arf6
(vol 9, pg 377, 2005). Developmental cell. 2005;9(5):721-.
78. Villarroya-Beltri C, Baixauli F, Mittelbrunn M, Fernández-Delgado I, Torralba
D, Moreno-Gonzalo O, et al. ISGylation controls exosome secretion by
promoting lysosomal degradation of MVB proteins. Nat Commun. 2016;7(1):
13588.
79. Colombo M, Moita C, van Niel G, Kowal J, Vigneron J, Benaroch P, et al.
Analysis of ESCRT functions in exosome biogenesis, composition and
secretion highlights the heterogeneity of extracellular vesicles. Journal of
cell science. 2013;126(24):5553–65.
80. Yeates EFA, Tesco G. The endosome-associated deubiquitinating enzyme
USP8 regulates BACE1 enzyme ubiquitination and degradation. J Biol Chem.
2016;291(30):15753–66.
81. Baietti MF, Zhang Z, Mortier E, Melchior A, Degeest G, Geeraerts A, et al.
Syndecan–syntenin–ALIX regulates the biogenesis of exosomes. Nat Cell
Biol. 2012;14(7):677–85.
82. Stuffers S, Sem Wegner C, Stenmark H, Brech A. Multivesicular Endosome
Biogenesis in the Absence of ESCRTs. Traffic. 2009;10(7):925–37.
83. Goñi FM, Alonso A. Effects of ceramide and other simple sphingolipids on
membrane lateral structure. Biochimica et Biophysica Acta (BBA) Biomembranes. 2009;1788(1):169–77.
84. Odintsova E, van Niel G, Conjeaud H, Raposo G, Iwamoto R, Mekada E, et al.
Metastasis Suppressor Tetraspanin CD82/KAI1 Regulates Ubiquitylation of
Epidermal Growth Factor Receptor. J Biol Chem. 2013;288(36):26323–34.
85. Chairoungdua A, Smith DL, Pochard P, Hull M, Caplan MJ. Exosome release
of β-catenin: a novel mechanism that antagonizes Wnt signaling. J Cell Biol.
2010;190(6):1079–91.
86. Zhu H, Guariglia S, Yu RYL, Li W, Brancho D, Peinado H, et al. Mutation of
SIMPLE in Charcot–Marie–Tooth 1C alters production of exosomes. Mol Biol
Cell. 2013;24(11):1619–37.
87. Hoshino D, Kirkbride Kellye C, Costello K, Clark Emily S, Sinha S, GregaLarson N, et al. Exosome Secretion Is Enhanced by Invadopodia and Drives
Invasive Behavior. Cell Reports. 2013;5(5):1159–68.
88. Ostrowski M, Carmo NB, Krumeich S, Fanget I, Raposo G, Savina A, et al.
Rab27a and Rab27b control different steps of the exosome secretion
pathway. Nat Cell Biol. 2010;12(1):19–30.
89. Kennedy Matthew J, Ehlers MD. Mechanisms and Function of Dendritic
Exocytosis. Neuron. 2011;69(5):856–75.
90. Théry C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and
function. Nature reviews immunology. 2002;2(8):569–79.
91. Segura E, Nicco C, Lombard B, Véron P, Raposo G, Batteux F, et al. ICAM-1
on exosomes from mature dendritic cells is critical for efficient naive T-cell
priming. Blood. 2005;106(1):216–23.
92. Diamond MS, Staunton DE, de Fougerolles AR, Stacker SA, Garcia-Aguilar J,
Hibbs ML, et al. ICAM-1 (CD54): a counter-receptor for Mac-1 (CD11b/CD18).
J Cell Biol. 1990;111(6 Pt 2):3129–39.
93. Marlin SD, Springer TA. Purified intercellular adhesion molecule-1 (ICAM-1) is
a ligand for lymphocyte function-associated antigen 1 (LFA-1). Cell. 1987;
51(5):813–9.
94. Théry C, Boussac M, Véron P, Ricciardi-Castagnoli P, Raposo G, Garin J, et al.
Proteomic analysis of dendritic cell-derived exosomes: a secreted subcellular
compartment distinct from apoptotic vesicles. J Immunol. 2001;166(12):
7309–18.
95. Clayton A, Harris CL, Court J, Mason MD, Morgan BP. Antigen-presenting
cell exosomes are protected from complement-mediated lysis by
expression of CD55 and CD59. Eur J Immunol. 2003;33(2):522–31.
96. Katzmann DJ, Odorizzi G, Emr SD. Receptor downregulation and
multivesicular-body sorting. Nat Rev Mol Cell Biol. 2002;3(12):893–905.
97. Théry C, Regnault A, Garin J, Wolfers J, Zitvogel L, Ricciardi-Castagnoli P,
et al. Molecular Characterization of Dendritic Cell-Derived Exosomes:
Selective Accumulation of the Heat Shock Protein Hsc73. J Cell Biol. 1999;
147(3):599–610.
98. Véron P, Segura E, Sugano G, Amigorena S, Théry C. Accumulation of MFGE8/lactadherin on exosomes from immature dendritic cells. Blood Cells
Molecules Diseases. 2005;35(2):81–8.

(2020) 39:258

Page 18 of 20

99. Tamura Y, Torigoe T, Kukita K, Saito K, Okuya K, Kutomi G, et al. Heat-shock
proteins as endogenous ligands building a bridge between innate and
adaptive immunity. Immunotherapy. 2012;4(8):841–52.
100. Montecalvo A, Larregina AT, Shufesky WJ, Beer Stolz D, Sullivan MLG,
Karlsson JM, et al. Mechanism of transfer of functional microRNAs between
mouse dendritic cells via exosomes. Blood. 2012;119(3):756–66.
101. Laulagnier K, Motta C, Hamdi S, Roy S, Fauvelle F, Pageaux J-F, et al. Mast
cell-and dendritic cell-derived exosomes display a specific lipid composition
and an unusual membrane organization. Biochem J. 2004;380(1):161–71.
102. Laulagnier K, Grand D, Dujardin A, Hamdi S, Vincent-Schneider H, Lankar D,
et al. PLD2 is enriched on exosomes and its activity is correlated to the
release of exosomes. FEBS Lett. 2004;572(1–3):11–4.
103. Pan BT, Teng K, Wu C, Adam M, Johnstone RM. Electron microscopic
evidence for externalization of the transferrin receptor in vesicular form in
sheep reticulocytes. J Cell Biol. 1985;101(3):942–8.
104. Blanchard N, Lankar D, Faure F, Regnault A, Dumont C, Raposo G, et al. TCR
activation of human T cells induces the production of exosomes bearing
the TCR/CD3/ζ complex. J Immunol. 2002;168(7):3235–41.
105. Raposo G, Tenza D, Mecheri S, Peronet R, Bonnerot C, Desaymard C.
Accumulation of Major Histocompatibility Complex Class II Molecules in
Mast Cell Secretory Granules and Their Release upon Degranulation. Mol
Biol Cell. 1997;8(12):2631–45.
106. Arita S, Baba E, Shibata Y, Niiro H, Shimoda S, Isobe T, et al. B cell activation
regulates exosomal HLA production. Eur J Immunol. 2008;38(5):1423–34.
107. Zitvogel L, Regnault A, Lozier A, Wolfers J, Flament C, Tenza D, et al.
Eradication of established murine tumors using a novel cell-free
vaccine: dendritic cell derived exosomes. Nature medicine. 1998;4(5):
594–600.
108. Bhatnagar S, Shinagawa K, Castellino FJ, Schorey JS. Exosomes released
from macrophages infected with intracellular pathogens stimulate a
proinflammatory response in vitro and in vivo. Blood. 2007;110(9):3234–44.
109. Buschow SI, Nolte-‘t Hoen EN, Van Niel G, Pols MS, Ten Broeke T, Lauwen M,
et al. MHC II in dendritic cells is targeted to lysosomes or T cell‐induced
exosomes via distinct multivesicular body pathways. Traffic. 2009;10(10):
1528–42.
110. Nolte-‘t Hoen ENM, van der Vlist EJ, de Boer-Brouwer M, Arkesteijn GJA,
Stoorvogel W, Wauben MHM. Dynamics of dendritic cell-derived vesicles:
high-resolution flow cytometric analysis of extracellular vesicle quantity and
quality. J Leukoc Biol. 2013;93(3):395–402.
111. Viaud S, Ploix S, Lapierre V, Théry C, Commere P-H, Tramalloni D, et al.
Updated Technology to Produce Highly Immunogenic Dendritic Cellderived Exosomes of Clinical Grade: A Critical Role of Interferon-γ. J
Immunother. 2011;34(1):65–75.
112. Lespagnol A, Duflaut D, Beekman C, Blanc L, Fiucci G, Marine JC, et al.
Exosome secretion, including the DNA damage-induced p53-dependent
secretory pathway, is severely compromised in TSAP6/Steap3-null mice. Cell
Death Differentiation. 2008;15(11):1723–33.
113. Bianco NR, Kim SH, Ruffner MA, Robbins PD. Therapeutic effect of exosomes
from indoleamine 2,3-dioxygenase-positive dendritic cells in collageninduced arthritis and delayed-type hypersensitivity disease models. Arthritis
rheumatism. 2009;60(2):380–9.
114. Johansson SM, Admyre C, Scheynius A, Gabrielsson S. Different types of
in vitro generated human monocyte-derived dendritic cells release
exosomes with distinct phenotypes. Immunology. 2008;123(4):491–9.
115. Kim S-H, Lechman ER, Bianco N, Menon R, Keravala A, Nash J, et al.
Exosomes derived from IL-10-treated dendritic cells can suppress
inflammation and collagen-induced arthritis. J Immunol. 2005;174(10):
6440–8.
116. Allan RS, Waithman J, Bedoui S, Jones CM, Villadangos JA, Zhan Y, et al.
Migratory Dendritic Cells Transfer Antigen to a Lymph Node-Resident
Dendritic Cell Population for Efficient CTL Priming. Immunity. 2006;25(1):
153–62.
117. Vincent-Schneider H, Stumptner‐Cuvelette P, Lankar D, Pain S, Raposo G,
Benaroch P, et al. Exosomes bearing HLA‐DR1 molecules need dendritic
cells to efficiently stimulate specific T cells. Int Immunol. 2002;14(7):713–22.
118. André F, Chaput N, Schartz NE, Flament C, Aubert N, Bernard J, et al.
Exosomes as potent cell-free peptide-based vaccine. I. Dendritic cell-derived
exosomes transfer functional MHC class I/peptide complexes to dendritic
cells. J Immunol. 2004;172(4):2126–36.
119. Krogsgaard M, Davis MM. How T cells’ see’antigen. Nature immunology.
2005;6(3):239–45.

Nikfarjam et al. Journal of Experimental & Clinical Cancer Research

120. Montecalvo A, Shufesky WJ, Beer Stolz D, Sullivan MG, Wang Z, Divito SJ,
et al. Exosomes As a Short-Range Mechanism to Spread Alloantigen
between Dendritic Cells during T Cell Allorecognition. J Immunol. 2008;
180(5):3081–90.
121. Morelli AE, Larregina AT, Shufesky WJ, Sullivan ML, Stolz DB, Papworth GD,
et al. Endocytosis, intracellular sorting, and processing of exosomes by
dendritic cells. Blood. 2004;104(10):3257–66.
122. Robbins PD, Morelli AE. Regulation of immune responses by extracellular
vesicles. Nat Rev Immunol. 2014;14(3):195–208.
123. Mallegol J, Van Niel G, Lebreton C, Lepelletier Y, Candalh C, Dugave C, et al.
T84-Intestinal Epithelial Exosomes Bear MHC Class II/Peptide Complexes
Potentiating Antigen Presentation by Dendritic Cells. Gastroenterology.
2007;132(5):1866–76.
124. Nakayama M. Antigen Presentation by MHC-Dressed Cells. Front Immunol.
2014;5:672.
125. Théry C, Duban L, Segura E, Véron P, Lantz O, Amigorena S. Indirect
activation of naïve CD4 + T cells by dendritic cell–derived exosomes. Nature
immunology. 2002;3(12):1156–62.
126. Wakim LM, Bevan MJ. Cross-dressed dendritic cells drive memory CD8 + Tcell activation after viral infection. Nature. 2011;471(7340):629–32.
127. Romagnoli GG, Zelante BB, Toniolo PA, Migliori IK, Barbuto JAM. Dendritic
cell-derived exosomes may be a tool for cancer immunotherapy by
converting tumor cells into immunogenic targets. Frontiers in immunology.
2015;5:692.
128. Chen Daniel S, Mellman I. Oncology Meets Immunology: The CancerImmunity Cycle. Immunity. 2013;39(1):1–10.
129. Munich S, Sobo-Vujanovic A, Buchser WJ, Beer-Stolz D, Vujanovic NL.
Dendritic cell exosomes directly kill tumor cells and activate natural killer
cells via TNF superfamily ligands. Oncoimmunology. 2012;1(7):1074–83.
130. Wang J, Wang Z, Mo Y, Zeng Z, Wei P, Li T. Effect of hyperthermic CO(2)treated dendritic cell-derived exosomes on the human gastric cancer AGS
cell line. Oncology letters. 2015;10(1):71–6.
131. Guo F, Chang CK, Fan HH, Nie XX, Ren YN, Liu YY, et al. Anti-tumour effects
of exosomes in combination with cyclophosphamide and polyinosinicpolycytidylic acid. J Int Med Res. 2008;36(6):1342–53.
132. Simhadri VR, Reiners KS, Hansen HP, Topolar D, Simhadri VL, Nohroudi K,
et al. Dendritic cells release HLA-B-associated transcript-3 positive exosomes
to regulate natural killer function. PloS one. 2008;3(10).
133. Viaud S, Terme M, Flament C, Taieb J, Andre F, Novault S, et al. Dendritic
cell-derived exosomes promote natural killer cell activation and
proliferation: a role for NKG2D ligands and IL-15Rα. PloS one. 2009;4(3).
134. Viaud S, Terme M, Flament C, Taieb J, André F, Novault S, et al. Dendritic
cell-derived exosomes promote natural killer cell activation and
proliferation: a role for NKG2D ligands and IL-15Ralpha. PLoS One. 2009;4(3):
e4942.
135. Sobo-Vujanovic A, Munich S, Vujanovic NL. Dendritic-cell exosomes crosspresent Toll-like receptor-ligands and activate bystander dendritic cells. Cell
Immunol. 2014;289(1–2):119–27.
136. Luketic L, Delanghe J, Sobol PT, Yang P, Frotten E, Mossman KL, et al.
Antigen presentation by exosomes released from peptide-pulsed dendritic
cells is not suppressed by the presence of active CTL. J Immunol. 2007;
179(8):5024–32.
137. Hsu D-H, Paz P, Villaflor G, Rivas A, Mehta-Damani A, Angevin E, et al.
Exosomes as a tumor vaccine: enhancing potency through direct loading of
antigenic peptides. Journal of immunotherapy. 2003;26(5):440–50.
138. Admyre C, Johansson SM, Paulie S, Gabrielsson S. Direct exosome
stimulation of peripheral humanT cells detected by ELISPOT. Eur J Immunol.
2006;36(7):1772–81.
139. Lawand M, Abramova A, Manceau V, Springer S, van Endert P. TAPDependent and -Independent Peptide Import into Dendritic Cell
Phagosomes. Journal of immunology (Baltimore, Md: 1950). 2016;197(9):
3454-63.
140. Palmowski MJ, Gileadi U, Salio M, Gallimore A, Millrain M, James E, et al.
Role of immunoproteasomes in cross-presentation. Journal of immunology
(Baltimore, Md: 1950). 2006;177(2):983 – 90.
141. Ackerman AL, Giodini A, Cresswell P. A role for the endoplasmic reticulum
protein retrotranslocation machinery during crosspresentation by dendritic
cells. Immunity. 2006;25(4):607–17.
142. Näslund TI, Gehrmann U, Qazi KR, Karlsson MC, Gabrielsson S. Dendritic cell–
derived exosomes need to activate both T and B cells to induce antitumor
immunity. J Immunol. 2013;190(6):2712–9.

(2020) 39:258

Page 19 of 20

143. Hao S, Bai O, Li F, Yuan J, Laferte S, Xiang J. Mature dendritic cells pulsed
with exosomes stimulate efficient cytotoxic T-lymphocyte responses and
antitumour immunity. Immunology. 2007;120(1):90–102.
144. Hao S, Bai O, Yuan J, Qureshi M, Xiang J. Dendritic cell-derived exosomes
stimulate stronger CD8 + CTL responses and antitumor immunity than
tumor cell-derived exosomes. Cell Mol Immunol. 2006;3(3):205–11.
145. Gehrmann U, Hiltbrunner S, Georgoudaki A-M, Karlsson MC, Näslund TI,
Gabrielsson S. Synergistic induction of adaptive antitumor immunity by
codelivery of antigen with α-galactosylceramide on exosomes. Cancer
research. 2013;73(13):3865–76.
146. Guan S, Li Q, Liu P, Xuan X, Du Y. Umbilical cord blood-derived dendritic
cells loaded with BGC823 tumor antigens and DC-derived exosomes
stimulate efficient cytotoxic T-lymphocyte responses and antitumor
immunity in vitro and in vivo. Central-European journal of immunology.
2014;39(2):142–51.
147. Kim SH, Bianco NR, Shufesky WJ, Morelli AE, Robbins PD. Effective treatment
of inflammatory disease models with exosomes derived from dendritic cells
genetically modified to express IL-4. Journal of immunology (Baltimore, Md:
1950). 2007;179(4):2242-9.
148. Kim SH, Bianco N, Menon R, Lechman ER, Shufesky WJ, Morelli AE, et al.
Exosomes derived from genetically modified DC expressing FasL are antiinflammatory and immunosuppressive. Molecular therapy: the journal of the
American Society of Gene Therapy. 2006;13(2):289–300.
149. Peche H, Renaudin K, Beriou G, Merieau E, Amigorena S, Cuturi M. Induction
of tolerance by exosomes and short-term immunosuppression in a fully
MHC‐mismatched rat cardiac allograft model. American journal of
transplantation. 2006;6(7):1541–50.
150. Liu Y-Y, Fan H-H, Ren Y-N, Yang J, Nie X-X, Zhao L-H, et al. [Immune
tolerance induced by exosomes derived from regulatory dendritic cells of
mice]. Zhongguo Shi Yan Xue Ye Xue Za Zhi. 2008;16(2):406–10.
151. Bianco NR, Kim SH, Ruffner MA, Robbins PD. Therapeutic effect of exosomes
from indoleamine 2, 3-dioxygenase–positive dendritic cells in collagen‐
induced arthritis and delayed‐type hypersensitivity disease models. Arthritis
Rheumatism: Official Journal of the American College of Rheumatology.
2009;60(2):380–9.
152. Lu Z, Zuo B, Jing R, Gao X, Rao Q, Liu Z, et al. Dendritic cell-derived
exosomes elicit tumor regression in autochthonous hepatocellular
carcinoma mouse models. Journal of hepatology. 2017;67(4):739–48.
153. Muntasell A, Berger AC, Roche PA. T cell-induced secretion of MHC class II–
peptide complexes on B cell exosomes. EMBO J. 2007;26(19):4263–72.
154. Damo M, Wilson DS, Simeoni E, Hubbell JA. TLR-3 stimulation improves
anti-tumor immunity elicited by dendritic cell exosome-based vaccines in a
murine model of melanoma. Sci Rep. 2015;5(1):17622.
155. Qazi KR, Gehrmann U, Domange Jordö E, Karlsson MC, Gabrielsson S.
Antigen-loaded exosomes alone induce Th1-type memory through a B
cell–dependent mechanism. Blood. The Journal of the American Society of
Hematology. 2009;113(12):2673–83.
156. Segura E, Guérin C, Hogg N, Amigorena S, Théry C. CD8 + dendritic cells
use LFA-1 to capture MHC-peptide complexes from exosomes in vivo. J
Immunol. 2007;179(3):1489–96.
157. Näslund TI, Gehrmann U, Qazi KR, Karlsson MC, Gabrielsson S. Dendritic cellderived exosomes need to activate both T and B cells to induce antitumor
immunity. Journal of immunology (Baltimore, Md: 1950). 2013;190(6):2712-9.
158. Quah BJ, O’neill HC. Mycoplasma contaminants present in exosome
preparations induce polyclonal B cell responses. J Leukoc Biol. 2007;82(5):
1070–82.
159. Pêche H, Heslan M, Usal C, Amigorena S, Cuturi MC. Presentation of donor
major histocompatibility complex antigens by bone marrow dendritic cellderived exosomes modulates allograft rejection1. Transplantation. 2003;
76(10):1503–10.
160. Colino J, Snapper CM. Exosomes from bone marrow dendritic cells pulsed
with diphtheria toxoid preferentially induce type 1 antigen-specific IgG
responses in naive recipients in the absence of free antigen. J Immunol.
2006;177(6):3757–62.
161. Morse MA, Garst J, Osada T, Khan S, Hobeika A, Clay TM, et al. A phase I
study of dexosome immunotherapy in patients with advanced non-small
cell lung cancer. Journal of Translational Medicine. 2005;3(1):9.
162. Escudier B, Dorval T, Chaput N, André F, Caby M-P, Novault S, et al.
Vaccination of metastatic melanoma patients with autologous dendritic cell
(DC) derived-exosomes: results of thefirst phase I clinical trial. Journal of
translational medicine. 2005;3(1):10-.

Nikfarjam et al. Journal of Experimental & Clinical Cancer Research

163. Besse B, Charrier M, Lapierre V, Dansin E, Lantz O, Planchard D, et al.
Dendritic cell-derived exosomes as maintenance immunotherapy after first
line chemotherapy in NSCLC. Oncoimmunology. 2016;5(4):e1071008.
164. Simhadri VR, Reiners KS, Hansen HP, Topolar D, Simhadri VL, Nohroudi K,
et al. Dendritic Cells Release HLA-B-Associated Transcript-3 Positive
Exosomes to Regulate Natural Killer Function. PLOS ONE. 2008;3(10):e3377.
165. Pogge von Strandmann E, Simhadri VR, von Tresckow B, Sasse S, Reiners
Katrin S, Hansen HP, et al. Human Leukocyte Antigen-B-Associated
Transcript 3 Is Released from Tumor Cells and Engages the NKp30 Receptor
on Natural Killer Cells. Immunity. 2007;27(6):965–74.
166. Viaud S, Théry C, Ploix S, Tursz T, Lapierre V, Lantz O, et al. Dendritic CellDerived Exosomes for Cancer Immunotherapy: What’s Next? Can Res. 2010;
70(4):1281–5.
167. Taieb J, Chaput N, Schartz N, Roux S, Novault S, Ménard C, et al.
Chemoimmunotherapy of Tumors: Cyclophosphamide Synergizes with
Exosome Based Vaccines. J Immunol. 2006;176(5):2722–9.
168. Viaud S, Flament C, Zoubir M, Pautier P, LeCesne A, Ribrag V, et al.
Cyclophosphamide Induces Differentiation of Th17 Cells in Cancer Patients.
Can Res. 2011;71(3):661–5.
169. Viaud S, Saccheri F, Mignot G, Yamazaki T, Daillère R, Hannani D, et al. The
Intestinal Microbiota Modulates the Anticancer Immune Effects of
Cyclophosphamide. Science. 2013;342(6161):971–6.
170. Ghiringhelli F, Menard C, Puig PE, Ladoire S, Roux S, Martin F, et al.
Metronomic cyclophosphamide regimen selectively depletes CD4 + CD25 +
regulatory T cells and restores T and NK effector functions in end stage
cancer patients. Cancer Immunol Immunother. 2007;56(5):641–8.
171. Kämper N, Franken S, Temme S, Koch S, Bieber T, Koch N. 7-Interferonregulated chaperone governs human lymphocyte antigen class II
expression. FASEB J. 2012;26(1):104–16.
172. Palucka K, Banchereau J. Dendritic-cell-based therapeutic cancer vaccines.
Immunity. 2013;39(1):38–48.
173. Saxena M, Balan S, Roudko V, Bhardwaj N. Towards superior dendritic-cell
vaccines for cancer therapy. Nature biomedical engineering. 2018;2(6):341–6.
174. Parmiani G, Pilla L, Castelli C, Rivoltini L. Vaccination of patients with solid
tumours. Ann Oncol. 2003;14(6):817–24.
175. Briseño CG, Haldar M, Kretzer NM, Wu X, Theisen DJ, Wumesh K, et al.
Distinct transcriptional programs control cross-priming in classical and
monocyte-derived dendritic cells. Cell reports. 2016;15(11):2462–74.
176. Balan S, Ollion V, Colletti N, Chelbi R, Montanana-Sanchis F, Liu H, et al.
Human XCR1 + dendritic cells derived in vitro from CD34 + progenitors
closely resemble blood dendritic cells, including their adjuvant
responsiveness, contrary to monocyte-derived dendritic cells. J Immunol.
2014;193(4):1622–35.
177. De Vries IJ, Krooshoop DJ, Scharenborg NM, Lesterhuis WJ, Diepstra JH, Van
Muijen GN, et al. Effective migration of antigen-pulsed dendritic cells to
lymph nodes in melanoma patients is determined by their maturation state.
Cancer Res. 2003;63(1):12–7.
178. Shinde P, Fernandes S, Melinkeri S, Kale V, Limaye L. Compromised
functionality of monocyte-derived dendritic cells in multiple myeloma patients
may limit their use in cancer immunotherapy. Sci Rep. 2018;8(1):5705.
179. Breton G, Lee J, Zhou YJ, Schreiber JJ, Keler T, Puhr S, et al. Circulating
precursors of human CD1c + and CD141 + dendritic cells. J Exp Med. 2015;
212(3):401–13.
180. Tel J, Aarntzen EH, Baba T, Schreibelt G, Schulte BM, Benitez-Ribas D, et al.
Natural human plasmacytoid dendritic cells induce antigen-specific T-cell
responses in melanoma patients. Cancer Res. 2013;73(3):1063–75.
181. Schreibelt G, Bol KF, Westdorp H, Wimmers F, Aarntzen EH, Duiveman-de
Boer T, et al. Effective Clinical Responses in Metastatic Melanoma Patients
after Vaccination with Primary Myeloid Dendritic Cells. Clinical cancer
research: an official journal of the American Association for Cancer Research.
2016;22(9):2155–66.
182. Prue RL, Vari F, Radford KJ, Tong H, Hardy MY, D’Rozario R, et al. A phase I
clinical trial of CD1c (BDCA-1) + dendritic cells pulsed with HLA-A*0201
peptides for immunotherapy of metastatic hormone refractory prostate
cancer. Journal of immunotherapy (Hagerstown, Md: 1997). 2015;38(2):71–6.
183. Bol KF, Schreibelt G, Rabold K, Wculek SK, Schwarze JK, Dzionek A, et al. The
clinical application of cancer immunotherapy based on naturally circulating
dendritic cells. J immunother Cancer. 2019;7(1):109.
184. Kirkling ME, Cytlak U, Lau CM, Lewis KL, Resteu A, Khodadadi-Jamayran A,
et al. Notch Signaling Facilitates In Vitro Generation of Cross-Presenting
Classical Dendritic Cells. Cell Rep. 2018;23(12):3658–72.e6.

(2020) 39:258

Page 20 of 20

185. Balan S, Arnold-Schrauf C, Abbas A, Couespel N, Savoret J, Imperatore F,
et al. Large-Scale Human Dendritic Cell Differentiation Revealing NotchDependent Lineage Bifurcation and Heterogeneity. Cell Rep. 2018;24(7):
1902. -15.e6..
186. Rosa FF, Pires CF, Kurochkin I, Ferreira AG, Gomes AM, Palma LG, et al.
Direct reprogramming of fibroblasts into antigen-presenting dendritic cells.
Science immunology. 2018;3:30. .
187. Wculek SK, Amores-Iniesta J, Conde-Garrosa R, Khouili SC, Melero I, Sancho D.
Effective cancer immunotherapy by natural mouse conventional type-1 dendritic
cells bearing dead tumor antigen. J immunother Cancer. 2019;7(1):100.
188. Pearson FE, Chang K, Minoda Y, Rojas IML, Haigh OL, Daraj G, et al.
Activation of human CD141(+) and CD1c(+) dendritic cells in vivo with
combined TLR3 and TLR7/8 ligation. Immunol Cell Biol. 2018;96(4):390–400.
189. Roselli E, Araya P, Núñez NG, Gatti G, Graziano F, Sedlik C, et al. TLR3
Activation of Intratumoral CD103(+) Dendritic Cells Modifies the Tumor
Infiltrate Conferring Anti-tumor Immunity. Front Immunol. 2019;10:503.
190. Tanyi JL, Bobisse S, Ophir E, Tuyaerts S, Roberti A, Genolet R, et al.
Personalized cancer vaccine effectively mobilizes antitumor T cell immunity
in ovarian cancer. Sci Transl Med. 2018;10:436. .
191. Squadrito ML, Cianciaruso C, Hansen SK, De Palma M. EVIR: chimeric
receptors that enhance dendritic cell cross-dressing with tumor antigens.
Nat Methods. 2018;15(3):183–6.
192. Han D, Liu J, Chen C, Dong L, Liu Y, Chang R, et al. Anti-tumour immunity
controlled through mRNA m(6)A methylation and YTHDF1 in dendritic cells.
Nature. 2019;566(7743):270–4.
193. Hobo W, Maas F, Adisty N, de Witte T, Schaap N, van der Voort R, et al.
siRNA silencing of PD-L1 and PD-L2 on dendritic cells augments expansion
and function of minor histocompatibility antigen–specific CD8 + T cells.
Blood. 2010;116(22):4501–11.
194. Tullett KM, Lahoud MH, Radford KJ. Harnessing Human Cross-Presenting
CLEC9A(+)XCR1(+) Dendritic Cells for Immunotherapy. Front Immunol. 2014;
5:239.
195. Cueto FJ, Del Fresno C, Sancho D. DNGR-1, a Dendritic Cell-Specific Sensor
of Tissue Damage That Dually Modulates Immunity and Inflammation. Front
Immunol. 2019;10:3146.
196. Cauwels A, Van Lint S, Paul F, Garcin G, De Koker S, Van Parys A, et al.
Delivering Type I Interferon to Dendritic Cells Empowers Tumor Eradication
and Immune Combination Treatments. Cancer Res. 2018;78(2):463–74.
197. Lee JM, Lee MH, Garon E, Goldman JW, Salehi-Rad R, Baratelli FE, et al.
Phase I Trial of Intratumoral Injection of CCL21 Gene-Modified Dendritic
Cells in Lung Cancer Elicits Tumor-Specific Immune Responses and CD8(+)
T-cell Infiltration. Clinical cancer research: an official journal of the American
Association for Cancer Research. 2017;23(16):4556–68.
198. Terhorst D, Fossum E, Baranska A, Tamoutounour S, Malosse C, Garbani M,
et al. Laser-assisted intradermal delivery of adjuvant-free vaccines targeting
XCR1 + dendritic cells induces potent antitumoral responses. J Immunol
(Baltimore, Md: 1950). 2015;194(12):5895–902.
199. Hartung E, Becker M, Bachem A, Reeg N, Jäkel A, Hutloff A, et al. Induction
of potent CD8 T cell cytotoxicity by specific targeting of antigen to crosspresenting dendritic cells in vivo via murine or human XCR1. Journal of
immunology (Baltimore, Md: 1950). 2015;194(3):1069-79.
200. Escudier B, Dorval T, Chaput N, André F, Caby M-P, Novault S, et al.
Vaccination of metastatic melanoma patients with autologous dendritic cell
(DC) derived-exosomes: results of thefirst phase I clinical trial. J Transl Med.
2005;3(1):10.
201. Germain RN, Bajénoff M, Castellino F, Chieppa M, Egen JG, Huang AYC, et al.
Making friends in out-of-the-way places: how cells of the immune system
get together and how they conduct their business as revealed by intravital
imaging. Immunol Rev. 2008;221(1):163–81.
202. Vacchelli E, Aranda F, Eggermont A, Galon J, Sautès-Fridman C, Cremer I,
et al. Trial Watch OncoImmunology. 2014;3(3):e27878.
203. Marie-Cardine A, Viaud N, Thonnart N, Joly R, Chanteux S, Gauthier L, et al.
IPH4102, a Humanized KIR3DL2 Antibody with Potent Activity against
Cutaneous T-cell Lymphoma. Can Res. 2014;74(21):6060–70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

