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1The immune system is a defense mechanism consisting of cells and molecules 
that are dedicated to protect us against invaders and it is crucial to human 
survival. In the absence of an immune system, even minor infections can be fatal. 
However, in spite of a well-functioning immune system anyone can suffer from 
infectious diseases, because it needs to be trained to recognize specific pathogens 
and build protective immunity. One of the greatest achievements in the history 
of medicine is the discovery of vaccines. In 1796, Edward Jenner was the first 
to generate vaccine-induced immunity against smallpox by inoculating patients 
with the smallpox-related cowpox virus. The immune system is not only able to 
protect us from intruders from outside, but also has the ability to recognize and 
kill malignant cells (i.e. cancer cells). However, immune cells are selected at an 
early stage of their development to not attack the cells of the individual they are 
meant to protect, thus making strong immune responses against tumors not self-
evident. In addition, tumor cells try to create a microenvironment where they can 
thrive, resulting in the expression and secretion of all kinds of immune-inhibitory 
molecules. During my PhD trajectory I have focused on the question: How can 
cancer immunity be initiated or reinforced through vaccination? In this general 
introduction I will explain the different components of the immune system and 
vaccine-induced immunity and I will conclude with an outline of my thesis.    

�e immune system 
The immune system comprises two types of immunity: 1) the innate immune 
response, mediated by cells that provide the first-line of defense and are not 
specific to a particular pathogen (e.g. granulocytes, monocytes, macrophages 
and dendritic cells), and 2) the adaptive immune response which is mediated by 
cells that are equipped with receptors that specifically recognize components of 
pathogens, i.e. B cells and T cells. The innate immune cells generally induce a 
state of inflammation through the secretion of pro-inflammatory cytokines. 
Inflammation attracts additional immune cells and kick-starts the highly effective 
adaptive immune response. Dendritic cells (DCs) are part of the innate immune 
response and are spread throughout the body where they constantly monitor their 
surroundings for invaders. DCs have the unique capacity to take up exogenous 
antigens, such as parts of pathogens or malignant cells, and migrate from the 
side of infection to the lymph nodes, where they can activate cytotoxic CD8+ T 
cells and CD4+ T cells [1,2]. In humans, three different DC subsets have been 
identified in lymphoid and non-lymphoid tissue: two subsets of conventional 
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DCs (cDCs), i.e., the cDC1 expressing CD141/XCR1 and the cDC2 expressing 
CD1c, and plasmacytoid DCs (pDCs) [3,4]. In addition, in the epidermal layer 
of the skin the Langerhans cell, a ‘DC-like’ antigen presenting cell (APC) subset, 
is the first line of defense [4]. Upon entering inflamed tissues, monocytes can 
differentiate into monocyte-derived DCs (moDCs) [5–7]. In humans, moDCs 
have been identified in mucosal tissues and at inflammatory sites and they share 
morphological and functional features with DCs [5–7]. Traditionally, the cDC1s 
have been recognized as a potent CD8+ T cell-activating (cross-presenting) 
DC subset [8], while pDCs are the major producers of type I interferons 
(IFN-α/β) in response to viral infection [9]. After antigen internalization, the 
antigens get processed into smaller peptides that are subsequently presented on 
major histocompatibility complex (MHC) class I and MHC class II molecules, 
expressed on the cell surface of the DC. Molecules present on pathogens also 
provide DC maturation stimuli, resulting in the expression of co-stimulatory 
molecules on the cell surface, e.g., CD80, CD83 and CD86, and the secretion of 
pro-inflammatory cytokines. DC maturation also induces the expression of CCR7, 
which coordinates DC migration by binding CCL19 and CCL21 produced in the 
lymph node (LN). In the LN, T cell activation depends on the recognition of 
antigenic peptides presented in MHC molecules by the T-cell receptor (TCR) 
(signal 1), co-stimulation (signal 2) and cytokine mediated differentiation and 
expansion (signal 3) (Figure 1). Activated antigen-specific CD8+ T cells, travel 
to the side of infection and kill the infected cell, by releasing cytolytic molecules. 
CD4+ T cells, also called ‘T-helper cells’, provide additional immune signals that 
allow B cells, the antibody producing cells, to produce and secrete highly efficient 
antibodies of different isotypes. The secretion of antibodies by B cells is called the 
humoral response and can effectively be provoked by vaccination against a variety 
of pathogens.  

DCs express a variety of pattern-recognition receptors 
DCs express pattern-recognition receptors (PRRs) that recognize pathogen-
associated molecular patterns (PAMPs) and self-derived damage-associated 
molecular patterns (DAMPs), expressed or released by stressed and necrotic 
cells. The different classes of PRRs expressed by DCs are Toll-like receptors 
(TLRs), C-type lectin receptors (CLRs), Nod-like receptors (NLRs) and RIG-
I-like receptors (RLRs). Activation of PRRs leads to the activation of innate 
immune responses, such as the secretion of pro-inflammatory cytokines and the 
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1
(signal 1)

(signal 2)

(signal 3)

Figure 1 In the LN, dendritic cells present antigen-derived peptides in the context of MHC class I to CD8+  
T cells and MHC class II to CD4+  T cells (signal 1). In combination with co-stimulatory molecules (signal 
2) and immune activating cytokines (signal 3), T cells become activated and start to proliferate. 

upregulation of DC maturation markers. Two important PPRs, the TLRs and 
CLRs, will be discussed in further detail. Ten different TLRs have been identified 
in humans of which TLR1, 2, 4, 5, 6 and 10 are expressed on the cell surface and 
TLR3, 7, 8, and 9 are located in endosomes [10]. The cell surface TLRs mostly 
recognize bacterial components, such as lipopolysaccharide (LPS) found on the 
outer membrane of Gram-negative bacteria, which is recognized by TRL4. In 
contrast, intracellular TLRs bind virus- and bacteria-derived nucleic acids, like 
double stranded RNA (TLR3) or DNA (TLR9). Upon activation, TLRs recruit 
adaptor molecules, such as MyD88 and TRIF, leading to further downstream 
signaling and resulting in the secretion of pro-inflammatory cytokines and DC 
maturation [11]. The expression pattern of  TLRs varies per DC subset. For 
example, TLR9 is only expressed in human pDCs [9], while TLR4 is lacking on 
LCs [12], implying a certain specialization in the recognition of pathogens by 
DCs. CLRs, are carbohydrate-recognition molecules that bind carbohydrates via 
their C-type lectin domain and are expressed by DCs. Some CLRs are unique to a 
particular DC subset and expression levels can vary depending on the maturation 
status of the DC [13,14]. Most CLRs are able to efficiently internalize their 
ligands for degradation and antigen loading onto MHC complexes [15]. The 
two main CLRs studied in this thesis are Dendritic Cell-Specific  Intercellular 
adhesion molecule-3-Grabbing  Non-integrin (DC-SIGN, CD209) and 
Langerin (CD207). DC-SIGN is a type II CLR expressed on moDCs and skin 
and LN residential APCs [12,16]. DC-SIGN has specificity for mannosylated 
carbohydrates and fucose-containing carbohydrates, such as the fucosylated Lewis 
type antigens (Lewis A, B, X, and Y) [17]. DC-SIGN clusters into tetramers 
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[18] allowing for flexibility and stronger DC-SIGN-ligand interactions. DC-
SIGN has been shown to interact with a variety of pathogens, including HIV 
and Mycobacterium tuberculosis [17,19] and is a highly efficient uptake receptor 
that facilitates antigen presentation in MHC class I and MHC class II for the 
induction of CD8+ and CD4+ T cells responses, respectively.  Multiple human in 
vitro studies as well as in vivo studies using humanized DC-SIGN (hSIGN) mice 
have successfully explored DC-SIGN as a target for vaccine-targeting strategies 
for the induction of anti-tumor immune responses [20–22]. Langerin is mainly 
expressed by Langerhans cells present in the dermis of the skin and recognizes 
LeB and LeY carbohydrates. While DC-SIGN and Lagerin both bind LeY, they 
appear to require different antigen formulations for efficient internalization 
and cross-presentation. Smaller sized LeY conjugated peptides are targeted to 
Langerin, whereas DC-SIGN prefers larger sized glyco-liposomes [22]. These 
results illustrate that in vaccine design the concept op receptor affinity and avidity 
is important for the development of receptor targeting therapy.

T cell activation
The route of antigen presentation differs for MHC class I and MHC class II 
loading. While MHC class I is present on all nucleated cells, MHC class II 
molecules are only expressed by ‘professional’ APCs. MHC class II molecules are 
synthesized in the ER and form complexes with the invariant chain (CD74), to 
allow proper folding and stability of the molecule [23]. The complex then enters 
the endolysosomal pathway where proteases partly degrade the invariant chain, 
leaving only the CLIP peptide in the peptide-binding groove of the MHC class 
II molecule [23]. After DCs internalize exogenous antigens, proteases degrade 
the antigens into smaller fragments, which are then exchanged for the CLIP 
fragment with the help of the chaperone HLA-DM. The loaded MHC class II 
molecule is transported to the cell surface, where the antigen-derived peptide can 
be presented to CD4+ T cells [23]. The majority of peptides displayed on MHC 
class I molecules are generated from cytosolic self-derived proteins. The cytosolic 
proteins are processed by the proteasome and via the transporter TAP shuttled 
into the ER. There the peptide is loaded on the newly synthesized MHC class I 
molecule by the peptide loading-complex (PLC) and via the secretory pathway 
transported to the cell surface. When cells are infected with viruses or become 
tumor cells, aberrant peptides are displayed on  MHC class I. Activated antigen-
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1specific CD8+ T cells are then able to recognize these changes and release cytolytic 
compounds, like perforin and Granzyme B. However, DCs and other APCs also 
have the ability to present exogenous antigen-derived peptides in the context 
of MHC class I, a mechanism called cross-presentation. Cross-presentation by 
DCs is vital for the initiation of vaccine-induced anti-tumor immunity, as the 
activation of antigen-specific cytotoxic CD8+ T cells is pivotal for tumor control. 
Two main cross-presentation pathways have been described, the cytosolic and 
the vacuolar pathway [24,25]. In the cytosolic pathway, DCs take up antigens, 
which ‘escape’ from the endosomes to the cytosol, where they are processed by the 
proteasome. Thereafter, peptides can enter the ‘traditional’ MHC class I loading 
compartment, the endoplasmic reticulum (ER), via the TAP transporter or re-
enter the endosomes for loading on MHC class I molecules present there. In 
the vacuolar pathway, antigens are processed by endolysosomal proteases and 
loaded on MHC class I molecules within the endocytic compartment. The 
cross-presentation route and its efficiency can differ between cell types and can 
be affected by the mechanism of antigen uptake, antigen composition and the 
maturation state of the dendritic cell.

DCs in immunotherapy
DCs are key players in kick-starting anti-tumor immunity. Therefore, DCs have 
been a major focus in cancer immunotherapy. The aim of cancer vaccines is to 
induce tumor-specific T cell responses that mediate tumor eradication. One 
strategy entails the ex vivo loading of endogenous DCs or moDCs with tumor-
specific antigens, which after maturation are administered back to the patient. 
Unfortunately most clinical studies testing the efficacy of DC-based vaccines 
were performed in patients with metastatic disease. The response rate differs 
among the cancer types with response rates ranging from 10 to 15% [31]. Higher 
clinical response rates might be reached if patients are vaccinated in an adjuvant 
setting or in combination with other immunotherapy strategies. While DC-based 
vaccines are relatively safe [32–34], the disadvantages of DC-based vaccination 
are the relatively high costs and the laborious production process. In vivo DC-
targeting strategies could, therefore be an attractive alternative for the induction 
of anti-tumor T cell responses. 
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Figure 2 Cross-presentation pathways in DCs. Internalized antigens can be presented via two di  ̄erent 
pathways: the vacuolar or the cytosolic pathway. In the vacuolar pathway, antigens are degraded in endocytic 
vesicles by proteases and loaded onto  MHC class I. In the cytosolic pathway, internalized antigens are 
translocated from the endosomes (Sec61?) [26] into the cytosol for degradation by the proteasome. 
° ereafter, peptides can be transported back into the endosomes or the ER, via TAP (ER/endosomes) or 
another unidenti± ed transporter (endosomes). Peptides can further be trimmed by insulin regulated 
aminopeptidase (IRAP) [27] in the endosomes or ER-associated aminopeptidases (ERAP) [28] in the ER, 
before being loaded onto MHC class I molecules. In phagosomes/endosomes the NAPDH oxidase complex 
NADPH oxidase 2 (NOX2) inhibits acidi± cation, thereby reducing proteolysis. NOX-2-produced reactive 
oxygen species (ROS) can induce lipid peroxidation, resulting in membrane damage and possible release of 
antigen from ‘leaky endosomes’ into the cytosol [29]. ° e cross-presentation machinery present in the ER, 
including peptide loading complex (PLC), TAP and MHC class I might be translocated to phagosomes via 
Sec22b [30].

Vaccine design
Antigens derived from pathogens are highly immunogenic and can elicit strong 
immune responses. Tumor vaccines, however, usually contain tumor-associated 
antigens (TAAs), which are (over-expressed) self-antigens. As T cells that react 
strongly to self-antigens are deleted in the thymus during immune development, 
it is challenging to induce a robust anti-tumor T cell response against TAAs. 
Nevertheless, due to the high mutation rate in certain cancer types, many new 
antigens are formed that are not recognized as non-self by our immune system. 
These so called ‘neo-antigens’ are currently being explored as an attractive target 
for cancer vaccination and two recent clinical trials show high clinical responses 
after vaccination with neo-antigens [35,36]. While TAAs are carried by a variety 
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1of tumors in the majority of patients, neo-antigens are patient-specific, making the 
generation of neo-antigenic vaccines a laborious and costly endeavor. Therefore, 
mainly TAAs are used in current cancer vaccines. 

Also different strategies have been explored for boosting the delivery of antigens to 
DCs. Antigens can be packaged in different vehicles, like liposomes [22] and cell-
derived vesicles [37] or can be synthesized in different antigenic conformations 
to enhance DC targeting and/or internalization [38]. An attractive strategy to 
specifically target DCs is by conjugating antigens to antibodies or carbohydrate 
structures (glycans), which bind DC-specific receptors, like CLRs [21,22]. 
Multiple CLRs have been used to target DCs for the induction of anti-tumor 
immunity, of which DEC205 is the most prominent example. The first studies 
using DEC205 antibodies for antigen targeting to DCs reported enhanced T cell 
responses when combined with an immune-stimulatory anti-CD40 antibody in 
mice [39,40]. Next, DC targeting vaccines were developed for a variety of CLRs, 
like MR, DC-SIGN and Langerin, all of which were able to cross-present antigen 
for the induction of CD8+ T cell responses in vitro or mouse models [21,22,41]. 
Besides antigens, vaccines need to contain immune-stimulatory components for 
DC maturation, as presentation of antigens by immature DCs does not activate 
antigen-specific T cells and can lead to T cell anergy and/or tolerance [42,43]. 
Therefore, vaccines always contain an adjuvant that activates the innate immune 
response to generate a pro-inflammatory environment at the injection site. 
However, the mode of action of most adjuvants are not fully understood and may 
rely on a variety of synergistic mechanisms to induce immune cell maturation 
and recruitment and to enhance antigen presentation. The most and best studied 
adjuvants in the context of cancer vaccination are TLR-ligands, including 
lipopolysaccharide (LPS), CpG, Pam3 and R848 [44]. All these ligands induce 
DC-maturation and some can also enhance the antigen-presentation efficiency 
[13,45]. Because the different DC subsets express a specific set of TLRs, the 
choice of adjuvant is important when targeting antigens to specific DC subsets. 

�esis outline
In this thesis we investigated different methods of antigen delivery to DCs for 
the induction of tumor-specific T cell responses. In Chapter 2 we investigated 
the receptor dynamics of DC-SIGN on moDCs when targeted with a DC-
SIGN-specific antibody, and the effect of TLR4 stimulation on ligand routing. 
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We found that the addition of a TLR4-stimulus promoted endosome to cytosol 
translocation of anti-DC-SIGN-conjugated peptides and increased CD8+ T cell 
activation [13]. In Chapter 3 we describe the properties of multivalent tumor-
specific glyco-dendrimers with different molecular weights for the simultaneous 
targeting of multiple skin DC subsets through the binding of both DC-SIGN 
and Langerin. Binding to both receptors was achieved using glyco-dendrimers 
of approximately 100kD. Using a molecule that binds multiple CLRs allows for 
targeting antigens to different DC subsets in the skin (CD14+ dDC, CD1a+ dDC 
and LCs) to enhance anti-tumor CD8+ T cell responses [38]. In Chapter 4 we 
describe the potential of apoptotic cell-derived extracellular vesicles (ApoEVs) 
as a source of tumor-specific antigens for tumor vaccination [46]. In Chapter 5 
we show that glycan modification of ApoEVs results in enhanced vesicle uptake 
via DC-SIGN and priming of antigen-specific CD8+ T cells [47]. In Chapter 6 
we describe the potential of glioblastoma-derived extracellular (EVs) as a source 
of antigens for the induction of an anti-tumor T cell responses. Inserting the 
DC-SIGN ligand lewisY into the membrane of the EVs resulted in an increased 
binding and uptake of the glycan-modified EVs by moDCs [48]. In Chapter 7 
we show that ovalbumin-containing outer membrane vesicles (OMVs) derived 
from the gram-negative bacteria Salmonella typhimurium induce maturation of 
human moDCs, murine BMDCs and splenic CD11c+ DCs through LPS, via 
downstream signaling involving the MyD88 adapter protein. The OMVs loaded 
BMDCs and splenic CD11c+ DCs induced OT-I CD8+ T cell activation in vitro, 
which interestingly was dependent on MyD88 signaling and independent of the 
Batf3-dependent cDC1 subset [49]. In Chapter 8 we explored an alternative 
strategy for antigen delivery to DCs by conjugating a single palmitic (C16:0) 
acid to different synthetic long peptides. This modification resulted in enhanced 
antigen loading of both human and mouse DCs and increased CD8+ and CD4+ 
antigen-specific T cell responses, in vitro and in vivo. In Chapter 9 we integrate 
and discuss our findings and suggest directions for future research.
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Abstract

DC-SIGN is an antigen uptake receptor expressed on dendritic cells (DCs) with 
specificity for glycans present on a broad variety of pathogens and is capable 
of directing its cargo to MHC-I and MHC-II pathways for the induction of 
CD8+ and CD4+ T cell responses, respectively. Therefore, DC-SIGN is a very 
promising target for the delivery of antigen for anti-cancer vaccination. Although 
the endocytic route leading to MHC-II presentation is characterized to a large 
extent, the mechanisms controlling DC-SIGN targeted cross-presentation of 
exogenous peptides on MHC-I, are not completely resolved yet. In this paper, we 
used imaging flow cytometry and antigen-specific CD8+ T cells to investigate the 
intracellular fate of DC-SIGN and its cargo in human DCs. Our data demonstrates 
that immature DCs and toll-like receptor 4 (TLR4) stimulated DCs had similar 
internalization capacity and were both able to cross-present antigen targeted via 
DC-SIGN. Interestingly, simultaneous triggering of TLR4 and DC-SIGN on 
DCs resulted in the translocation of cargo to the cytosol, leading to proteasome-
dependent processing and increased CD8+ T cell activation. Understanding the 
dynamics of DC-SIGN-mediated uptake and processing is essential for the 
design of optimal DC-SIGN-targeting vaccination strategies aimed at enhancing 
CD8+ T cell responses.  
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Antigen delivery via DC-SIGN

Introduction

Dendritic cells (DCs) are antigen-presenting cells (APCs) that reside in all 
tissues and use germ-line encoded receptors to sample the tissue environment 
for pathogens. Upon pathogen recognition, DCs migrate to secondary lymphoid 
tissues, while they mature and process the internalized antigen to initiate antigen-
specific T cells leading to humoral and/or cellular immune responses. Among the 
different receptors used by DCs to detect pathogens are C-type lectin receptors 
(CLRs), a large family of receptors that recognize carbohydrates in a Ca2+-
dependent manner. Whereas some pattern-recognition receptors, such as toll-like 
receptors (TLRs), are specialized in activating intra-cellular signaling cascades 
to initiate DC maturation, CLRs primarily mediate pathogen endocytosis via 
internalization motifs present in their cytoplasmic domains [1, 2]. This mechanism 
allows the efficient processing of pathogens for loading on MHC class II and 
I molecules and presentation to CD4+ and CD8+ T cells, respectively. These 
capacities of CLRs make them potent targets for vaccine development, especially 
for the induction of cellular responses for cancer treatment. The first studies on 
the targeting of CLRs have been done using DEC205-specific antibodies (Abs). 
These studies showed that targeting antigens to DCs resulted in prolonged and 
increased T cell responses when administered with an adjuvant. Also the amount 
of antigen needed for the induction of this response in vivo was considerately lower 
than when free antigen was used [3]. The CLR DC immunoreceptor (DCIR) 
containing an immunoreceptor tyrosine-based inhibitory motif and present on 
a variety of blood and skin DC subsets, also mediated increased CD8+ T cells 
responses. This effect was further enhanced by the addition of a TLR 7/8 agonist 
[4]. DC-SIGN is a type II membrane CLR discovered as a cell-adhesion receptor 
that supports primary immune responses [5] and enhances HIV infection of 
CD4+ T cells [6]. DC-SIGN is expressed on monocyte-derived DCs (moDCs) 
in peripheral tissue, CD14+ dermal DCs in the dermal layers of the skin [7], and 
mature DCs in lymphoid tissues, however, DC-SIGN expression is lacking on 
follicular DCs and CD1a+ Langerhans cells (8). The carbohydrate recognition 
domain (CRD) of DC-SIGN contains a Ca2+-coordination site and has a dual 
specificity for high-mannose and Lewis-type carbohydrate structures (glycans), 
which gives the receptor the ability to recognize a broad variety of ligands [9], 
both on pathogens and self-glycoproteins [10]. Lectin–glycan interactions have 
classically been considered to be of low affinity [11]. As DC-SIGN is present in 
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nano-clusters on the cell surface [12], the concept of avidity is of importance in 
the design of DC-SIGN-targeting compounds for in vivo vaccination strategies. 
We have explored the possibility of using DC-SIGN-targeting glycoconjugates 
for triggering of T cell responses [13–15] and demonstrated that DC-SIGN 
not only induces potent CD4+ T cell responses by targeting antigen to the 
endo-lysosomal pathway [16] but also triggers CD8+ T cell responses that can 
be boosted by supplementing a TLR4 stimulus. Unfortunately, the mechanism 
by which the intracellular routing initiated by DC-SIGN results in MHC-I 
presentation has not been fully identified. Understanding this mechanism will 
help in designing DC-SIGN-targeting vaccination strategies for the induction of 
anti-tumor immunity. 

Dendritic cells are the most potent APC subset capable of priming naïve CD8+ 
T cells with exogenous antigen, for the induction of immunity against antigens 
derived from tumors or pathogens that do not infect DCs [17, 18]. Although 
processing and presentation of endogenous proteins in MHC-II is quite well 
characterized, the mechanisms by which exogenous antigens are processed and 
loaded in MHC-I for presentation to CD8+ T cells (cross-presentation) are not 
fully understood. Cross-presentation efficiency and intracellular routing can differ 
depending on the mode of uptake, the antigen, and maturation status of the DC 
[19]. To date two main routes of antigen cross-presentation have been described, 
namely the cytosolic and vacuolar pathway. In the vacuolar pathway, the exogenous 
antigens are processed by proteases and reloaded on MHC-I molecules without 
leaving the endosome. Cross-presentation via the vacuolar pathway has shown to 
be independent of TAP and degradation by the proteasome. By contrast, in the 
cytosolic pathway, the exogenous acquired antigens translocate to the cytosol and 
are processed by the proteasome, before they are loaded on MHC-I molecules. It 
remains elusive if loading of MHC-I is done by the endogenous MHC-I loading 
mechanism in the ER or by the possible recruitment of these MHC-I peptide-
loading complexes to phagosomes and endosomes [18, 19, 20]. 

Here, we used imaging flow cytometry to track DC-SIGN and its ligand in DCs 
and their co-localization with the different compartments involved in antigen 
processing and presentation. To further unravel the intracellular fate of the DC-
SIGN ligand, we treated moDCs with different inhibitors of antigen processing. 
Our results demonstrate that DC-SIGN directs its cargo to early endosomal 
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compartments, where the receptor–cargo complex partly dissociates. Since 
maturation status of the DCs can influence CD4+ and CD8+ T cell priming by 
means of co-stimulation and cytokine secretion, TLR agonists are often used as 
adjuvant to induce proper T cell responses. However, TLR stimulation can also 
influence antigen routing within the DCs, thereby changing the cross-presentation 
capacity [20]. We observed that the cross-presentation capacity of DC-SIGN 
greatly depends on concomitant TLR4 triggering, which induces translocation of 
the ligand from the endosomes to the cytosol, where it can be efficiently routed 
for loading on MHC-I and subsequent CD8+ T cell activation. 

Material and Methods

Chemicals and Abs 
The following reagents were used: E. coli lipopolysaccharide (LPS) (Sigma-
Aldrich, MO, USA), monophosphoryl lipid A (MPLA) from Salmonella enterica 
(Invivogen), Paraformaldehyde (formaldehyde) aqueous solution (Electron 
Microscopy Sciences), Saponin (Sigma-Aldrich), and BSA (Roche). Abs used 
include: CD83-PE (Beckman Coulter), CD80-PE (clone L307.4, BD Bio- 
sciences), CD86-PE (clone 2331, BD Biosciences), EEA1-FITC (clone 14/
EEA1, BD Biosciences), HLA-DM-PE (clone MaP.DM1, BD Biosciences), 
LAMP-FITC (clone H4A3, BD Biosciences), polyclonal rabbit-α-rab 11 
(Invitrogen), HLA-A2-PE (BD Biosciences), CD107a-AF488 (BioLegend), 
CD107b-AF488 (BioLegend), Pacific Orange-labeled goat-α-rabbit IgG 
(Invitrogen), AF594-labeled goat-α-mouse IgG2a (Invitrogen), AF488-labeled 
goat-α-mouse IgG2b (Invitrogen), and biotin-labeled horse-α-mouse IgG (Vector 
Labs). CSRD [8], the polyclonal Ab against DC-SIGN, and AZN-D1 [5], a 
murine monoclonal IgG1 Ab against the carbohydrate recognition domain of 
DC-SIGN, were from our own stocks. DC-28 [21], the monoclonal IgG2a Ab 
against the stalk region of DC-SIGN was a kind gift of R. Doms (University 
of Pennsylvania). AZN-D1 was labeled with AF405 (Invitrogen) according to 
manufacturer’s instructions. AZN-D1 coated fluorescent beads were made as 
previously described [22]. Gp100 with a C-terminal cysteine was conjugated to 
AZN-D1 via thiol-mediated conjugation using the bifunctional linker SMCC 
[succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate, Thermofisher 
Scientific, Breda]. Briefly, 5 mg AZN-D1 was activated with eight equivalents of 
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SMCC in 50 mM phosphate buffer pH 8.3 containing 10 mM EDTA and 100 
mM NaCl. After desalting the activated AZN-D1 over Sephadex-25 desalting 
columns (GE Healthcare Life Sciences, Breda), 12 equivalents of gp100 is added 
and vortexed thoroughly. The reaction is incubated for 1 h at 37°C. Final product is 
purified over Superdex 75 column (10 × 300, GE Healthcare Life Sciences, Breda). 

Cells 
Monocytes were obtained from buffy coats of healthy donors, with informed 
consent (Sanquin, Amsterdam, reference: S03. 0023-XT). Monocytes were 
isolated through a sequential Ficoll/ Percoll gradient centrifugation (purity, >85%) 
and cultured in RPMI 1640 (Invitrogen) supplemented with 10% FCS (Bio- 
Whittaker), 1,000 U/ml penicillin (Lonza), 1 U/ml streptomycin (Lonza), and 
2 mM glutamine (Lonza) in the presence of IL-4 (262.5 U/ml; Biosource) and 
GM-CSF (112.5 U/ml; Biosource) for 4–7 days (23). MoDC differentiation and 
maturation was monitored by FACS analysis (Calibur, Fortessa BD Biosciences) 
of DC-SIGN, CD83, CD80, and CD86. Stable CHO/DC-SIGN transfectants 
(24) were maintained in RPMI 1640 medium containing 10% FCS, 1,000 U/ml 
penicillin, 1,000 U/ml streptomycin, 2 mM glutamine, and 1 mg/ml geneticin 
(Invitrogen). 

Pulse-chase experiments 
Approximately 106 moDCs were incubated for 20 min in 100 µl of ice-cold 
culture medium. AF405-labeled AZN-D1 10 µg/ml was added and incubated for 
30 min on ice. Cells were washed once with ice-cold medium and then transferred 
to 37°C for indicated time points or kept on ice. At indicated time points, cells 
were washed with ice-cold PBS, fixed in ice-cold 4% PFA in PBS for 20 min, and 
then washed two times with ice-cold PBS. For intracellular stainings, cells were 
permeabilized in 0.1% saponin in PBS for 30 min at room temperature and then 
blocked with a solution containing 0.1% saponin, 2% BSA, and 1% goat serum 
in PBS. Primary and secondary antibody stainings were performed in PBS with 
0.1% saponin and 2% BSA at room temperature. After staining, cells were kept at 
4°C in PBS supplemented with 0.5% BSA and 0.02% NaN3 until analysis.

Antigen presentation to human CD8+ T cells 
Immature moDCs were seeded in 96-well plates (Greiner) at 20 × 103 cells/well 
and incubated with the different antigens in the presence or absence of the TLR4 
ligand MPLA (10 µg/ml). After 3 h, cells were washed three times with RPMI 
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and co-cultured overnight with a gp100280–288 TCR transduced CD8+ HLA-A2 
restricted T cell clone [25] (105 cells per well, E:T ratio 1:5). IFNγ in the 
supernatant was measured by sandwich ELISA according to protocol (Biosource). 
To determine the effect of proteasomal and endosomal inhibitors, moDCs (30 
× 103 cells/well) were incubated with chloroquine (25 µM, Sigma), MG132 (10 
µM, Selleck), epoxomicin (0.25 µM, Selleck), or cathepsin S inhibitor (5 µM, 
calbiochem) at 37°C for 30 min prior to the addition of antigen and the TLR4 
ligand LPS (100 ng/ml). After 3 h, the moDCs were washed and co-cultured with 
a gp100280–288 TCR transduced CD8+ HLA-A2 restricted T cell clone (104 cells 
per well, E:T ratio 3:1) [25]. Degranulation was analyzed by flow cytometry, via 
the membrane staining of CD107a and CD107b, as a measure for T cell activation. 

Confocal laser-scanning microscopy (CLSM) 
Stained cells were allowed to adhere to poly-l-lysine-coated glass slides and 
mounted with anti-bleach reagent vinol. Samples were analyzed using a 63×/1.4 
HCX PL APO CS oil objective on a TCS SP2 AOBS confocal microscope 
(Leica Microsystems GmbH). Images were acquired using LCS 2.61 (Leica 
Microsystems GmbH) and processed using Adobe Photoshop CS4 or ImageJ. 

Live cell imaging 
CHO/DC-SIGN cells were cultured on gelatin coated glass slides. AZN-D1 
coated beads were added to the cells and followed for different time points. Cells 
were analyzed by means of a 3I Marianas™ digital imaging microscopy workstation 
(Zeiss Axiovert 200 M inverted microscope Carl Zeiss), equipped with a 
nanostepper motor (Z-axis increments 10 nm) and a cooled CCD camera (Cooke 
Sensicam, 1,280 × 1,024 pixels Cooke Co). Visualization was performed with a 
40× air lens. The microscope, camera, and data viewing process were controlled by 
SlideBook™ software (version 4.0.8.1 Intelligent Imaging Innovations). 

Imaging �ow cytometry 
Cells were acquired on the ImageStreamX (Amnis corp.) imaging flow-cytometer. 
A minimum of 15 × 103 cells was acquired per sample at 40× magnification at a 
flow rate ranging between 50 and 100 cells/s. Analysis was performed using the 
IDEAS v6.0 software (Amnis corp.). A compensation table was generated using 
the compensation macro built in the software and applied to the single staining 
controls. Proper compensation was then verified by visualizing samples in bivariate 
fluorescence intensity plots (Figure S1 in Supplementary Material). A template 
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analysis file to gate for single optimally focused cells (Figure S2 in Supplementary 
Material) and applied to the experimental samples in order to export this population 
to a new compensated image file to allow merging all experimental samples within 
a single file for direct sample analysis. Ag/receptor internalization was investigated 
using a combination of a mask designed to detect the intracellular space and the 
internalization feature (Figure S3 in Supplementary Material). 

Co-localization was calculated using the bright detail similarity R3 feature on a 
whole cell mask. Co-localization is calculated as the logarithmic transformation 
of Pearson’s correlation coefficient of the localized bright spots with a radius of 
3 pixels or less within the whole cell area in the two input images (bright detail 
similarity R3). Since the bright spots in the two images are either correlated (in 
the same spatial location) or uncorrelated (in different spatial locations), the 
correlation coefficient varies between 0 (uncorrelated) and 1 (perfect correlation). 
The logarithmic transformation of the correlation coefficient allows the use of a 
wider range for the co-localization score. In general, cells with a low degree of co-
localization or no co-localization at all between two probes show scores below 1.

mRNA isolation, cDNA synthesis, and real-time PCR 
After cell lysis, mRNA was isolated by mRNA Capture kit (Roche) and cDNA 
was synthesized with the Reverse Transcription System kit (Promega) following 
manufacturer’s guidelines. cDNA was diluted 1:2 in nuclease-free water and stored 
at −20°C until analysis. Primers specific for human DC-SIGN (5'-aacagctgaga 
ggccttgga-3', 5'-gggaccatggccaagaca-3') and GAPDH [26] were designed 
with Primer Express 2.0 (Applied Biosystems) and synthesized at Invitrogen 
(Invitrogen). Primer specificity was computer-tested (BLAST, National Center 
for Biotechnology Information) and confirmed by dissociation curve analysis. 
Real-time PCR reactions were performed using the SYBR Green method in 
an ABI 7900HT sequence detection system (Applied Biosystems) as previously 
described [26].

Statistics 
Unless otherwise stated, data are presented as the mean ± SD of at least three 
independent experiments. Statistical analyses were performed using the statistical 
package SPSS. Statistical significance was set at P < 0.05 and it was evaluated by 
the Mann–Whitney U test.
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Results 

DC-SIGN is exclusively localized at the cell membrane and is quickly 
internalized upon receptor ligation 
We first tested the steady state localization of DC-SIGN on moDCs using 
imaging flow cytometry, a technology that allows for the quantification of 
morphological aspects of images acquired from large populations of cells. The 
localization of DC-SIGN on fixed moDCs was assessed via staining with the 
anti-DC-SIGN polyclonal Ab CSRD [8], which does not interfere with the 
carbohydrate-binding site of DC-SIGN (see Figure 1A). An internalization 
score higher than 0 indicates that the fluorescent signal is mainly localized inside 
the cell, whereas a negative internalization scores reflects exclusive membrane 
localization. When the intracellular and membrane localization are equal, 
the internalization score is set to 0. In the steady state, DC-SIGN in DCs is 
exclusively expressed on the cell membrane (Figure 1B), since more than 95% 
of the moDCs had a negative internalization score. We confirmed the exclusive 
membrane localization of DC-SIGN, using the left over cells from the imaging 
flow cytometry for CLSM imaging (Figure S4 in Supplementary Material). To 
investigate the kinetics of internalization, DC- SIGN was stably transfected in 
CHO cells, exposed to AZN-D1-coated fluorescent beads and followed by live 
cell widefield epifluorescence imaging. AZN-D1 is a monoclonal Ab against 
the carbohydrate-binding site of DC-SIGN and is known to trigger receptor 
internalization (see Figure 1A) [16]. The still frames in Figure 1C show how a 
bead adheres to the surface of the cell within seconds and is quickly internalized, 
approximately 2 min after receptor ligation. 

Because the mechanisms of internalization of particulate and soluble antigen may 
vary, we also investigated the internalization of AF405-labeled AZN-D1. First, 
moDCs were incubated in the presence of AF405-labeled AZN-D1 for 30 min 
at 4°C. Then the cells were transferred to 37°C for the indicated time points, 
washed, fixed, and analyzed by imaging flow cytometry. The maximum level of 
AZN-D1 internalization was already achieved at 7.5 min (Figure 1D), indicating 
that DC-SIGN internalization is a fast process. To investigate whether receptor 
internalization was dependent on the amount of antigen available, we repeated 
the pulse-chase experiment with a titration of AF405-labeled AZN-D1 and then 
fixed, permeabilized, and stained the receptor with CSRD [8]. At 1 µg/ml, the 
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amount of internalized receptor equaled the amount of receptor on the surface 
(internalization score 0) and total internalization was achieved using 5 µg/ml of 
ligand (Figure 1E). 

Subsequently, we tracked both ligand and receptor in a time-course pulse-chase 
experiment using the AF405-labeled AZN-D1 Ab to model the ligand and staining 
with CSRD after fixation and permeabilization to track the receptor. Upon DC-
SIGN triggering, both ligand and receptor were quickly internalized and DC-
SIGN did not return to the membrane after internalization (Figure 2A). At an early 
time point (7.5 min), the internalization of receptor and ligand almost perfectly 
correlated, implying an interdependence of both processes (Figure 2B). When the 
co- localization score of the ligand and the receptor was assessed, we observed that 
the co-localization score was maximal at baseline (t = 0 min) and decreased very 
quickly once both ligand and receptor were internalized (Figure 2C), indicating 
that ligand and receptor partly dissociate. We also assessed the amount of ligand 
and receptor at the different time points during the experiment. The signal for the 
ligand decayed by almost 80% during the experiment (Figure 2D). By blocking 
vesicular degradation with chloroquine, we were able to significantly reduce ligand 
decay after 30 min (Figure S5 in Supplementary Material), indicating that the 
ligand gets (partly) processed in the endosomes. We stained for the receptor after 
fixation and permeabilization of the cells, allowing us to detect the total amount 
of intracellular and membrane associated DC-SIGN. We observed a reduction 
in receptor signal to approximately 50–60% of the starting amount (Figure 2D). 
The loss of signal indicates that DC-SIGN gets degraded and does not recycle to 
the membrane. This is supported by previous work of Tacken et al. [27] showing 
that in the presence of the protein synthesis inhibitor cycloheximide barely any 
newly synthesized DC-SIGN molecules re-emerged on the cell surface within 
3 h following DC-SIGN mediated internalization. Even when DC-SIGN was 
targeted for a prolonged period of time, the surface expression of DC-SIGN was 
significantly decreased up to 2 days after Ab removal. Taken into account that the 
recycling of receptors is a fast process that often takes places within minutes after 
receptor internalization our results suggest that DC-SIGN is slowly degraded 
and not recycled, while the ligand of DC-SIGN quickly gets processed after 
internalization. 
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DC-SIGN directs its cargo through early endosomal compartments 
before dissociation 
To investigate the fate of both ligand and receptor, we measured the co-localization 
scores of both ligand (AZN-D1) and receptor (CSRD) (see Figure 1A) with Abs 
commonly used to track endocytic compartments. Until approximately 30 min 
both ligand and receptor co-localized evenly with the early endosomal marker 
EEA1 (both scores around 1.05). Hereafter, the co-localization for the receptor 
dramatically decreased, whereas co-localization with the ligand slowly decreased, 
suggesting that ligand and receptor partly dissociate in early endosomes (Figure 
3A). This is further supported by the LAMP1 (lysosomes) co-localization scores, 
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which show that the ligand (but not DC-SIGN receptor) reached the lysosomes 
before 30 min, while peaking at around 45 min (Figure 3B).
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Figure 3 | Intracellular routing of DC-SIGN and its ligand. Monocyte-derived DCs were pulsed with 
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In accordance, the MHC-II compartment co-localized with the ligand (at 30 
min score 1.05), but not with the receptor (30–180 min score 0.6, Figure 3C). 
Interestingly, rab11 shows a moderate co-localization with the ligand (30 min 
score 1.05), but a poor co-localization with the receptor (score 0.6), suggesting 
that routing to this compartment is receptor-independent and may follow upon a 
stay at the early endosomes or the lysosomes (Figure 3D). The decay observed for 
the receptor in Figure 2D might be explained by quick lysosomal degradation, but 
since there is very little co-localization of the receptor with the lysosomal marker 
LAMP1, degradation could also already occur in the early endosomes. 
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Our data indicate an internalization model in which DC-SIGN mediates the 
internalization of its antigen ligand, which ends up in early endosomes where 
the receptor–ligand complex dissociates. The released cargo continues its way to 
lysosomes by the maturation of early endosomes, while a fraction of receptor–
ligand complexes possibly translocate to the cytosol to initiate MHC-I loading.

Simultaneous DC-SIGN and TLR4 triggering a�ects DC-SIGN 
internalization 
TLR4 triggering is commonly used to address the effects of DC activation and 
maturation, a process that typically occurs upon pathogen recognition and that is 
necessary for proper antigen processing, presentation, and CD8+ T cell priming 
[28]. In addition, DC-SIGN triggering has been described to elicit a signaling 
cascade that modulates the TLR4-induced signaling [29, 30]. We therefore 
investigated the consequences of DC maturation on DC-SIGN internalization. 
First, we investigated the effect of TLR4-mediated moDC activation on DC-
SIGN expression levels. LPS treatment of moDCs resulted in a dramatic decrease 
in both DC-SIGN protein (10-fold) and mRNA (100-fold) after 18 h (Figure 4A). 
The decrease in DC-SIGN expression was not accompanied by an internalization 
of the receptor, as it was still located on the cell membrane (Figure 4B), indicating 
that DC-SIGN was lost by either shedding into the supernatant or by incorporation 
into exosomes, possibilities that have been previously described for DC-SIGN 
[31, 32]. Still, simultaneous triggering of DC-SIGN and TLR4 (LPS at t = 0) or 
triggering of DC-SIGN on mature moDCs (overnight LPS treatment) had no 
consequences for the overall internalization rate, which proceeded as efficiently 
on mature moDCs as on immature moDCs (Figure 4C). Nevertheless, the fate 
of AZN- D1 ligand differed greatly between the simultaneous triggering of DC-
SIGN and TLR4 (LPS at t = 0) and the triggering of DC-SIGN on matured 
moDCs (o/n LPS) (Figure 4D). While ligand degradation was similar in immature 
moDCs and moDCs that received LPS at t = 0, triggering of DC-SIGN on 
mature moDCs showed decreased ligand degradation. Less than 20% AZN-D1 
degradation occurred in mature moDCs even after an extended incubation time 
(6 h), compared to 70–80% ligand degradation in immature moDCs and moDCs 
receiving LPS at t = 0 (Figure 4D). This was consistent with a reduced trafficking 
of AZN-D1 to the lysosomes upon overnight (o/n) treatment with LPS (Figure 
4E). 

61489 Spohie Horrevorts.indd   36 28-04-20   10:35



Antigen delivery via DC-SIGN

37

2

Simultaneous triggering of DC-SIGN and TLR4 a�ects the cross-
presentation route in DCs 
To evaluate the effect of TLR4 triggering on cross-presentation after DC-SIGN 
targeting, we compared the capacity of antigen pulsed immature moDCs and 
TLR4-stimulated moDCs (t = 0), to activate CD8+ T cells. We excluded the DCs 
that were incubated o/n with a TLR4 stimulus, because of their greatly reduced 
DC-SIGN receptor surface expression. Therefore, pre-treatment with a TLR4 
stimulus before antigen administration is not a favorable vaccine strategy when 
targeting DC-SIGN. As an antigen, we used a gp100 synthetic long peptide 
(SLP) (29-mer, VTHTYLEPGPVTANRQLYPEWTEAQRLDC) containing 
both the gp100280–288 CD8+ and gp10045–59 CD4+ T cell epitope conjugated to the 
DC-SIGN-targeting monoclonal antibody AZN-D1. A 3 h antigen pulse was 
followed by co-culturing of moDCs o/n with gp100280–288 specific CD8+ T cells, 
after which the released IFNγ was determined as a measure for T cell activation 
(Figure 5A). MoDCs that received TLR4 stimulus at t = 0 outperformed the 
immature moDCs in their capacity to activate CD8+ T cells. Next, we determined 
the specificity of our DC-SIGN targeting Ab by pulsing immature DCs for 3 
h with gp100/AZN-D1 conjugates, gp100/mIgG1 isotype control conjugates 
(functioning as a negative control), the 29-mer gp100 SLP, and the 9-mer minimal 
epitope that can directly bind to MHC-I. After a 3 h antigen pulse, gp100280–

288 specific CD8+ T cells were added to the moDCs for 45 min and stained for 
degranulation markers (CD107a and CD107b). MoDCs pulsed with the gp100/
AZN-D1 were able to activate antigen-specific CD8+ T cells as measured by 
degranulation levels. By contrast, the gp100/mIgG1 conjugate induced no CD8+ 
T cell activation. The SLP as a single non-targeted agent induced degranulation 
of more than 40% of the CD8+ T cells, confirming the robustness of this assay 
(Figure 5B; Figure S6 in Supplementary Material). Therefore, the lower response 
induced by gp100/AZN-D1 is due to the limited amount of SLPs that can be 
conjugated to the antibody, rather than the sensitivity of the experiment. 

The enhanced cross-presentation after TLR stimulation has been described to 
result from the induction of a different antigen-processing route (20, 33–36). To 
investigate if changes in DC-SIGN ligand routing after TLR4 stimulation is 
responsible for the observed increase in cross-presentation, we investigated the 
antigen-processing route by looking at CD8+ T cell activation after DC antigen 
loading in the presence of relevant inhibitors. 
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Figure 4 | Toll-like receptor 4 (TLR4) triggering a¯ects the routing of DC-SIGN and its ligand. (A) Time-
course of the expression levels of DC-SIGN at both the mRNA and protein level after TLR4 
[lipopolysaccharide (LPS)] stimulation of monocyte-derived DCs. (B) Time-course of the internalization 
score of DC-SIGN after treatment with a TLR4 ligand (LPS). (C) Internalization score of AF405-labeled 
AZN-D1 after a 60-min incubation at 4°C or a 15-min incubation at 37°C. (D) Time-course of the 
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compared to no LPS.

For this experiment, we incubated immature and LPS-stimulated moDCs with 
chloroquine for blocking of endosomal acidification, cathepsin S inhibitors to block 
endosomal antigen-processing or MG132 and epoxomicin to inhibit proteasomal 
degradation of antigens. Treatment with the inhibitors mentioned above showed only 
minor differences in viability (Figure S7 in Supplementary Material). Interestingly, 
the routing of antigen in immature and LPS-treated moDCs differed substantially 
(Figures 5C,D). While the activation of CD8+ T cells by immature moDCs was 
not affected by the proteasome inhibitors MG132 and epoxomicin, LPS stimulated 
moDCs showed decreased CD8+ T cell activation in the presence of these 
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inhibitors. Also inhibition of the protease cathepsin S reduced cross-presentation 
by LPS-stimulated moDCs, while it did not affect cross-presentation of DC-SIGN 
targeted antigens in immature moDCs. This indicates that DC-SIGN-mediated 
uptake and proteolysis of antigen in the endosomes/lysosomes of immature moDCs 
is not dependent on the protease cathepsin S. By contrast, chloroquine, a drug that 
inhibits acidification of endosomes, significantly reduced CD8+ T activation by both 
immature and LPS-stimulated moDCs. When we checked for HLA-A2 molecules 
on the cell surface after the inhibitor treatment, we observed a decrease of HLA-A2 
expression on chloroquine treated moDCs, while the other inhibitors did not affect 
HLA-A2 expression (Figure S8 in Supplementary Material). However, the external 
loading of membrane expressed MHC-I molecules with the 9-mer minimal epitope 
in the presence of inhibitors did not result in a decrease in CD8+ T cell activation 
(Figure S9 in Supplementary Material). 
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Figure 5 | Toll-like receptor 4 (TLR4) triggering facilitates antigen translocation to the cytosol. (A) 
Immature monocyte-derived DCs (moDCs) and moDCs that received a TLR4 stimulus at t = 0 
[monophosphoryl lipid A (MPLA)] were pulsed with gp100/AZN-D1 for 3 h and subsequently co-
cultured o/n with gp100280–288 CD8+ T cells. IFNγ secretion was analyzed by ELISA as a measure for T cell 
activation. (B) Immature moDCs were incubated with 0.1% DMSO (vehicle), gp100/AZN-D1 (10 µg/ml), 
gp100 synthetic long peptide (SLP) (10 µM), and the gp100280–288 9-mer minimal epitope (1 µg/ml) for 3 
h. °ereafter, moDCs were co-cultured with gp100280–288 CD8+ T for 45 min and CD107a/b expression on 
the cell surface was analyzed as a measure for CD8+ T cell activation. Groups are signi±cantly di¯erent 
compared to none, vehicle, and isotype. (C) Immature moDCs and moDCs that received a TLR4 stimulus 
[lipopolysaccharide (LPS)] at t = 0 (D) were incubated 30 min prior and during the 3 h antigen (gp100/
AZN-D1) pulse with 0.1% DMSO (vehicle), chloroquine (25 µM), MG132 (10 µM), epoxomicin (0.25 
µM), and cathepsin S inhibitor (5 µM). Groups are signi±cantly di¯erent compared to AZN-D1. Data 
represented in mean ± SD, one-way ANOVA was performed, experiments are representative of a N = 2 for 
graph A and B and a N = 3 for graph C and D (*P < 0.05, ***P < 0.001). 

61489 Spohie Horrevorts.indd   39 28-04-20   10:35



Chapter 2

40

Therefore it is difficult to say if the observed decrease in CD8+ T cell activation 
after chloroquine treatment is related to the lower expression of HLA-A2. 

Surprisingly, we did not observe any enhanced cross-presentation of TLR4-
stimulated moDCs within the time frame of the degranulation assay (Figure S10 
in Supplementary Material), which could possibly be explained by the short time 
window of antigen processing after the pulse. These results were further validated 
by measuring IFNγ secretion after an o/n culture with the gp100 specific CD8+ 
T cells (Figure S11 in Supplementary Material), confirming the enhanced CD8+ 
T cell activation by combining DC-SIGN targeting with a TLR4 stimulus. We 
observed a smaller inhibitory effect of the cathepsin S inhibitor on CD8+ T cell 
activation. This can be explained by the different time points and assays used to 
analyze the amount of CD8+ T cell activation. The secretion of IFNγ was measured 
in the supernatant after a co-culture of 16 h, while the percentage of degranulation 
was analyzed after a 45-min co-culture. In both experiments, the cells were treated 
with the inhibitors during the 3 h antigen pulse. Thereafter, cells were washed and 
co-cultured with the CD8+ T cells. Some of the inhibitors are reversible; therefore, 
the effect can decrease overtime explaining the difference in inhibitory capacity of 
the cathepsin S inhibitor (Figure S11 in Supplementary Material). 

Together our results indicate that the combination of DC-SIGN targeting and 
TLR4 triggering leads to the escape of antigen to the cytosol, where it is further 
processed via the proteasome for cross-presentation.

Discussion

In this study, we investigated the intracellular routing of the CLR DC-SIGN and 
its involvement in loading antigens on MHC-I through cross-presentation. While 
DC-SIGN targeting of antigen leads to cross-presentation by both immature 
and TLR4-stimulated DCs, we found a major contribution for TLR4 signaling, 
instigating an alternative intracellular cross-presentation route via the cytosol, 
which resulted in an increased capacity of moDCs to activate CD8+ T cells. 

Targeting DC-SIGN with antigen conjugated Abs, glycan conjugated antigens or 
HIV virus, a natural ligand of DC-SIGN, results in efficient MHC-II and MHC-I 
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loading and CD4+ T cell and CD8+ T cell activation, respectively [15, 16, 37–39]. 
This makes DC-SIGN an attractive candidate for vaccine targeting strategies. 
Since vaccination strategies also rely on adjuvants inducing DC maturation, such 
as TLR agonists, understanding the intracellular fate of DC-SIGN and its ligand 
in both immature and TLR stimulated DCs is vital for vaccine development. 

Previous studies have shown that pathogens and AZN-D1, both binding to the 
CRD, are taken up in a clathrin-dependent manner [40, 41], while DC-SIGN 
targeting via the neck region results in clathrin-independent internalization 
[42]. Our data demonstrates that upon targeting the CRD with AZN-D1, 
DC-SIGN on immature moDCs is internalized within minutes and directed to 
early endosomes. At this stage, part of the DC-SIGN–ligand complexes begin 
to dissociate and proceed to late endosomes and lysosomes. Co-localization of 
the DC-SIGN ligand with the receptor was decreased after 15–30 min, which 
was followed in parallel with an increase of the antigen in the lysosomes. This 
indicates that once DC-SIGN ligands are dissociated from the receptor in the early 
endosomes, they are at least partly routed to maturing endosomes. Interestingly, the 
dissociation between the ligand and receptor occurs at the maturing endosomes, 
indicating that ligand and receptor follow different intracellular routes. Although 
DC-SIGN does not return to the membrane, we were not able to clarify its 
intracellular fate upon release from its ligand. Nevertheless, the clear fluorescence 
signal decay and previous work showing that prolonged DC-SIGN targeting with 
AZN-D1 significantly reduced the surface expression for up to 48 h [27] suggests 
that DC-SIGN is targeted for destruction. Since we observed that DC-SIGN 
poorly co-localizes with the lysosomes, we hypothesize that it is degraded by a 
different mechanism, which has not yet been identified. Endocytosis via DC-
SIGN is regulated by a dileucine (LL) motif in the cytoplasmic tail of the receptor 
[16, 43] which might function as potential targets for ubiquitination. Different 
modes of ubiquitination exist that regulate among other protein degradation 
[44]. Polyubiquination of the C-type lectin Mannose receptor facilitates antigen 
translocation from the endosomes to the cytosol [45], indicating that this process 
of receptor ubiquitination is a recognized mechanism, whereby CLRs redirect 
their cargo to the cytosol. Possibly DC-SIGN also uses this mode of action. 

Our data shows an important role for the timing of the maturation stimulus 
when targeting antigens via DC-SIGN for cross-presentation to CD8+ T cells. 
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Triggering of TLR4 has been described to lead to an enhanced cross-presentation 
of soluble antigen until approximately 16 h after stimulation, while fully matured 
DCs (LPS for >24 h) showed a decreased ability to cross-present antigen [20, 
33]. Apparently, 16 or 24 h of LPS stimulation can make a major difference for 
the ability of DCs to efficiently cross-present antigen. In our experimental setup, 
moDCs were stimulated with LPS o/n (16 h) and therefore should still be in the 
enhanced cross-presentation phase. In fact, we saw decreased shuttling of the 
ligand to LAMP1 positive compartments in line with the findings of Alloatti et al., 
who showed a decreased phago-lysosomal fusion after TLR triggering, resulting 
in decreased degradation, thereby supporting cross-presentation [33]. While LPS 
did not affect the uptake capacity of the DC-SIGN receptor, its expression was 
dramatically decreased on both mRNA and protein level, which would result in 
an overall decrease in antigen uptake. Based on these data, administration of the 
adjuvant before providing the antigen via DC-SIGN targeting would not be a 
favorable vaccination strategy. Multiple studies have described that the enhanced 
efficiency of cross-presentation after TLR triggering is due to a change in antigen 
routing and processing, like enhanced translocation to the cytosol and increased 
activity of the proteasome [34–36]. To investigate if a different route of antigen 
processing was responsible for the increase in cross-presentation, we blocked 
different molecules known to be important for MHC-I and MHC-II presentation 
in immature DCs and DCs that received a TLR4 stimulus at t = 0. We observed 
a striking difference in antigen routing as early as 3 h after antigen pulse. Both 
the immature and TLR4-stimulated moDCs were sensitive to chloroquine, a drug 
that inhibits endosomal acidification. Unexpectedly, chloroquine had a reducing 
effect on MHC-I expression, making it difficult to conclude if the observed effect 
on CD8+ T cell activation is due to the inhibition of cross-presentation or to the 
reduced expression of MHC-I on the cell surface. MoDCs that received a TLR4 
trigger at t = 0 showed a significant dependence on proteasome activity, a mechanism 
not observed in immature DCs. Thus, our results suggest that following TLR4 
triggering antigens translocate from the endosome to the cytosol, thereby entering 
the cytosolic pathway of cross-presentation. This route of MHC-I loading also has 
been described for natural DC-SIGN ligands (HIV-1 virions) [39]. It has been 
described that TLR triggering can result in antigen translocation from endosomes 
to the cytosol. Dingjan et al. showed that upon LPS triggering the NOX2 complex 
in phagosomes produces reactive oxygen species resulting in lipid peroxidation, 
thereby inducing membrane damage and the release of antigen from these “leaky” 
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endosomes [35]. This was a rather quick process, already observed 30 min after LPS 
stimulation. Also a role for sec61 in the endosomal escape after TLR triggering 
has been reported [36]. Our results stress the importance of appropriately timing 
the maturation stimulus when targeting antigens to DC-SIGN, as not only the 
antigen enters a more efficient route of cross-presentation, but also the fate of the 
DC-SIGN receptor is dependent on maturation status of the DC. 

The recycling endosome is characterized, among others, by Rab11, which allows 
direct recycling to the plasma membrane, but also to the secretory pathway 
through the trans-Golgi network [46]. Our data show that co-localization of 
the DC-SIGN ligand with Rab11 follows the same pattern as HLA-DM, a 
molecule associated with the MHC-II loading compartment. Since we cannot 
observe the return of DC-SIGN ligands to the plasma membrane and the  
HC-II compartment originates from the trans-Golgi network, it is likely that 
Rab11 facilitates a connection between early endosomes and the MHC-II loading 
compartment without further contribution of lysosomal degradation. 

The regulation of the internalization and intracellular routing of DC-SIGN on 
DCs is an important aspect for the rational design of antibody and glycan-based 
DC-SIGN-targeting vaccines [47]. Based on this study, the use of DC-SIGN 
ligands in combination with TLR4 ligands would serve as excellent antigen 
targeting platforms to enhance the antigen cross-presentation in DC-based anti-
tumor vaccination strategies.
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Figure S1 | Monocyte-derived DCs (moDCs) were ±xed and measured by imaging ³ow cytometry. Once 
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monocyte-derived cell cultures. Population 3 had an area between 150 and 300 square pixels and an aspect 
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suggestive of cell doublets and aggregates, as demonstrated in the corresponding imagery. (B) Gradient 
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°e threshold can then be manually set up in approximately 60. 
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of the intensity inside the mask relative to the total intensity of the cell is calculated. (B) Monocyte-derived 
DCs exposed to AZN-D1 for 30 min at 4°C show a membrane-bound pattern of staining, with a median 
internalization score of −0.985. When these cells are incubated at 37°C for 2 h, the probe is internalized and 
the internalization score increases to 1.002. A selection of cells with internalization scores ranging from −1 
to 1 are depicted as a merge of the bright±eld (1) and the AZN-D1 (7) channels. 
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Figure S4 | Cells used for Figure 1A were analyzed by confocal laser-scanning microscopy. Sagital, 
longitudinal, and transversal two-dimensional sections of a three-dimensional reconstruction are shown. 
Representative of 10 cells. 
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Figure S5 | Immature monocyte-derived DCs were pre-treated with chloroquine (50–25 µM) for 30 min 
at 37° and pulsed with AF-488 labeled AZN-D1 (10 µg/ml) for 30 min at 4°C. Next, they were washed and 
transferred to 37°C for 30 min followed by ± xation. Degradation of the ligand was analyzed by ³ ow 
cytometry, N = 3. Data are represented in mean ± SD, a two-way ANOVA was performed. 
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Figure S6 | Representative ³ ow cytometry dot plots of CD8+ T cell degranulation. 
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Figure S7 | Immature and lipopolysaccharide-stimulated (t = 0) monocyte-derived DCs were treated with 
the inhibitors: chloroquine (25 µM), MG132 (10 µM), epoxomicin (0.25 µM), cathepsin S inhibitor (5 
µM), and 0.1% DMSO (vehicle) for 4 h and thereafter stained with a viability dye and analyzed by ³ ow 
cytometry. Representative of a N = 2. 
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Figure S8 | Immature and lipopolysaccharide-stimulated (t = 0) monocyte-derived DCs were incubated 
with chloroquine (25 µM), MG132 (10 µM), epoxomicin (0.25 µM), cathepsin S inhibitor (5 µM), and 
0.1% DMSO (vehicle) for 3 h at 37°C. °ereafter, cells were stained with an α-HLA-A2 antibody and the 
surface expression of HLA-A2 after inhibitor treatment was analyzed by ³ow cytometry. Representative of 
a N = 2. 
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Figure S9 | Immature and lipopolysaccharide-stimulated (t = 0) monocyte-derived DCs were treated with 
the inhibitors: chloroquine (25 µM), MG132 (10 µM), epoxomicin (0.25 µM), cathepsin S inhibitor (5 
µM), and 0.1% DMSO (vehicle) 30 min prior and during the 3h antigen pulse with the 9-mer minimal 
epitope of gp100 peptide. Followed by a co-culture with gp100280–288 CD8+ T cells for 45 min. °e 
degranulation markers CD107a/b were stained as a measure of CD8+ T cell activation, N = 3. 
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Figure S10 | Vehicle control of immature and lipopolysaccharide-stimulated (t = 0) monocyte-derived 
DCs. Representative of a N = 3. 

Figure S11 | Immature and lipopolysaccharide-stimulated (t = 0) monocyte-derived DCs (moDCs) were 
incubated 30 min prior and during the 3h antigen (gp100/AZN-D1) pulse with chloroquine (25 µM), 
MG132 (10 µM), epoxomicin (0.25 µM), cathepsin S inhibitor (5 µM), and 0.1% DMSO (vehicle). 
°ereafter, moDCs were co-cultured with gp100280–288 CD8+ T cells o/n, IFNγ secretion was analyzed by 
ELISA as a measure for T cell activation. Statistical analysis was performed by executing a one-way 
ANOVA. Groups are signi±cantly di¯erent compared to AZN-D1.
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Abstract

The human skin is an attractive anti-tumor vaccination site due to the vast network 
of dendritic cell (DC) subsets that carry antigens to the draining lymph nodes 
and stimulate tumor specific CD4+ and CD8+ T cells in. Specific vaccine delivery 
to skin DC can be accomplished by targeting glycan coated antigens to C-type 
lectin receptors (CLRs) such as DC-SIGN expressed by human dermal DCs 
and Langerin expressed by Langerhans cells (LCs), which facilitate endocytosis 
and processing for antigen presentation and T cell activation. Although there 
are multiple human skin DC subsets, targeting individual DC subsets and 
receptors has been a focus in the past. However, the simultaneous targeting of 
multiple human skin DC subsets that mobilize the majority of  the skin antigen 
presenting cells (APC) is preferred to accomplish more robust and efficient T cell 
stimulation. Dual CLR targeting using a single tumor vaccine has been difficult, 
as we previously showed Langerin to favor binding and uptake of monovalent 
glyco-peptides whereas DC-SIGN favors binding of larger multivalent glyco-
particles such as glyco-liposomes.
Methods We used branched polyamidoamine (PAMAM) dendrimers as scaffold 
for melanoma specific gp100 synthetic long peptides and the common DC-SIGN 
and Langerin ligand Lewis Y (LeY), to create multivalent glyco-dendrimers 
with varying molecular weights for investigating dual DC-SIGN and Langerin 
targeting. Using DC-SIGN+ monocyte derived DC (moDC) and Langerin+ 
primary LC we investigated glyco-dendrimer CLR targeting properties and 
subsequent gp100 specific CD8+ T cell activation in vitro. In situ targeting ability 
to human dermal DC and LC through intradermal injection in a human skin 
explant model was elucidated. 
Results Dual DC-SIGN and Langerin binding was achieved using glyco-
dendrimers of approximately 100kD, thereby fulfilling our criteria to simultaneously 
target LCs and CD1a+ and CD14+ dermal DC in situ. Both DC-SIGN and 
Langerin targeting by glyco-dendrimers resulted in enhanced internalization and 
gp100 specific CD8+ T cell activation.
Conclusion We designed the first glyco-vaccine with dual CLR targeting 
properties, thereby reaching multiple human skin DC subsets in situ for improved 
anti-tumor CD8+ T cell responses. 
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Introduction

Dendritic cells (DC) have a unique capacity to endocytose antigens and to activate 
naïve antigen-speci±c T-cells in the lymph nodes and thus are considered as the 
initiators of adaptive immune responses [1, 2]. Hence, DCs are widely explored 
for targeted anti-tumor immunotherapies. E¹cient tumor elimination can be 
accomplished by the simultaneous induction of tumor speci±c CD4+ and CD8+ T 
cells [3]. CD4+ T cells are activated via recognition of exogenous derived antigen 
loaded in major histocompatibility complex (MHC) class II, whereas CD8+ T 
cells via endogenous derived antigen loaded in MHC class I. For tumor cell killing 
anti-tumor immune responses rely on the induction of cytotoxic CD8+ T cells 
for which DCs need to shuttle endocytosed particles into the cross-presentation 
pathway to load tumor-derived epitopes into MHC class I [4]. Various DC subsets 
have been described to have cross-presenting capacity in vivo, and are attractive 
targets to generate robust anti-tumor T cell immunity [4]. 

An important requirement for intracellular tra¹cking of antigens is the 
recognition of antigen by uptake receptors such as pathogen recognition receptors 
(PRR). A well-known group of PRRs is the C-type lectin receptor (CLR) family. 
CLRs have been extensively studied for their speci±c expression on DC subsets, 
their speci±city of ligands, often carbohydrates, and their intracellular routing of 
antigen for loading on MHC class I and II for presentation to T cells [5]. It is for 
this reason that CLRs have been used for vaccine delivery of (nano)particles to 
speci±c DC subsets using either antibody targeting or natural glycan ligands [5]. 
Multiple CLRs showed potential in DC-targeted strategies inducing DC cross-
presentation, e.g. DEC205, CLEC9A, the mannose receptor (MR) and dendritic 
cell-speci±c ICAM-grabbing non-integrin (DC-SIGN) [6-8]. However, these 
receptors are often used to target a single DC subset, whereas targeting multiple 
subsets simultaneously may induce superior immune responses [9, 10].

In vivo vaccines are often applied in the human skin, since there is a high 
abundance of DCs and intradermal injections have shown to be dose-sparing 
compared to intramuscular delivery [11-13]. Multiple DC subsets reside in the 
skin with LCs populating the epidermis and CD1a+, CD14+ and CD141+ DCs 
the dermis. CD1a+ dermal DC are inducers of cellular T cell responses, CD14+ 
dermal DC are better equipped to activate humoral responses and the CD141+ 
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dermal DC subset is considered the most potent cross-presenting DC subset [14]. 
As such, targeting multiple skin DC subsets simultaneously might elicit broader 
immune responses compared to single subset targeting. °ough, it is becoming 
clear that the function of the di¯erent DC subsets can change depending on the 
vaccine format and mode of delivery [15]. Especially speci±c CLR targeting can 
alter intracellular tra¹cking thereby in³uencing choice of CLR and DC subset 
targeting.  

Although all subsets express multiple and partly overlapping CLRs, Langerin 
and DC-SIGN are two well-de±ned CLRs expressed by LCs and dermal DCs, 
respectively. °eir glycan binding pro±le is partly overlapping as both recognize 
the Lewis type antigens, though DC-SIGN binds Lewis (Le) A,B , Y and X, 
whereas Langerin only recognizes LeB and LeY. Interestingly, both receptors show 
high a¹nity for LeY, making this glycan an interesting candidate for dual CLR 
targeting [16]. Furthermore, both receptors have been shown to e¹ciently deliver 
their cargo into the cross-presentation pathway, especially when combined with 
toll-like receptor (TLR) triggering [17, 18]. TLRs are PRRs expressed by DCs 
that induce DC-mediated T cell activation via DC maturation and modulation 
of intracellular antigen tra¹cking in DCs [19]. Combined triggering of TLR4 
with DC-SIGN targeting resulted in cargo translocation to the cytosol, thus 
releasing it for proteasomal degradation and subsequent MHC I loading [17]. 
For LCs combined targeting of Langerin and TLR3 using poly I:C enhanced 
cross-presentation and subsequent CD8+ T cell activation [18]. Both DC-SIGN 
and Langerin are excellent targets for in vivo intradermal anti-tumor vaccination 
strategies.

°e design of an o¯-the-shelve vaccine targeting multiple CLRs and skin DC 
subsets is di¹cult to accomplish via antibody targeting, however natural glycan 
ligands might be an option especially those that are shared by Langerin and DC-
SIGN and display high a¹nity binding such as LeY [18, 19]. Vaccine particle 
formulation can in³uence processing by DCs and subsequent adaptive immune 
responses [20-22]. Spatial orientation of compounds and number of receptor 
ligands can change CLR binding and handling due to changes in avidity [23]. 
Langerin and DC-SIGN appear to require di¯erent formulations to meet the 
needed combination of a¹nity and avidity for ligand endocytosis and cross-
presentation. Indeed, our previous work demonstrated that relatively small 
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sized glyco-peptides are targeted to Langerin (~3.5kD), whereas DC-SIGN 
preferentially binds large size glyco-particles (200nm) [16]. °is illustrates that a 
single glycan LeY structure may be used for Langerin targeting, whereas DC-SIGN 
may require multivalent presentation of LeY, such as glyco-liposomes (200nm) 
to accomplish receptor mediated uptake, and the induction of cross-presentation 
[19]. °is di¯erent requirement to establish receptor-mediated uptake may be 
linked to functional di¯erences of LCs and DCs to mediate viral and bacterial 
responses, respectively [24, 25]. Moreover these DC subsets express a di¯erential 
repertoire of TLR receptors to trigger maturation, such as viral TLR3 (Poly I:C) 
on LC and bacterial TLR4 (LPS) on dDC [26]. 

To meet the criteria for dual DC-SIGN and Langerin targeting, we explored 
different glyco-vaccine formulations which have the proper avidity for both 
receptors. To this end, we synthesized two multivalent LeY vaccines incorporating 
the CD4 and CD8 melanoma-specific gp100 antigen using two generations of 
well-defined, commercially available PAMAM dendrimer scaffolds which consist 
of branched subunits of amide and amine functionality [27]. By creating glyco-
dendrimers with either 4 or 32 functional groups containing the gp100 synthetic 
long peptide and LeY we elucidated dual targeting capacity and subsequent 
induction of cross-presentation. We describe generation 3 (G3) glyco-dendrimers 
simultaneously targeting DC-SIGN and Langerin, thereby enhancing gp100 
specific CD8+ T cell activation when combined with a TLR stimulus. Furthermore, 
G3 glyco-dendrimers target both LCs and CD1a+ and CD14+ dDCs by which we 
have created the first glyco-vaccine targeting multiple human skin DC in situ for 
induction of anti-tumor immune responses.   

Results 

Multivalent Generation 3.0 glyco-dendrimers e�ciently target both DC-
SIGN and Langerin
To design a glyco-vaccine that simultaneously targets DC-SIGN and Langerin, 
we generated two multivalent glyco-dendrimers differing in molecular weight, 
diameter and valency using the generation 0 (G0) or generation 3 (G3) PAMAM 
dendrimers, that have either 4 (G0) or 32 (G3) functional groups. As antigen, 
we included a synthetic long peptide of the melanoma epitope gp100 containing 
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both HLA-DR4 CD4 and HLA-A02 CD8 restricted epitopes [17]. Coupling of 
the gp100 peptide to the G0 or G3 dendrimers (Figure S1A) resulted in antigen 
specific multivalent dendrimers of 16.4kD (G0) (Figure S1B) and approximately 
52nm (G3) (Figure S1C). Dendrimers were further modified with AF488 for 
tracking purposes and the targeting glycan LeY [16], thereby creating multivalent 
fluorescent glyco-dendrimers (schematic representation Figure S1A). Fluorescent 
labeling was done such that coupling ensured equal fluorescence and epitope 
content of total molecules between non-glycosylated and glyco-dendrimers 
(schematic representation Figure 1A). Using DC-SIGN- and Langerin-Fc we 
confirmed recognition of both G0 and G3 glyco-dendrimers by the carbohydrate 
recognition domain (CRD) of both receptors, whereas the non-glycosylated 
dendrimers were not recognized by either soluble receptor in an ELISA detection 
system (Figure 1B). Further, calcium-dependent binding of the dendrimers to 
DC-SIGN- and Langerin-Fc was confirmed using the calcium chelator EGTA. 
To verify whether the membrane organization of DC-SIGN and Langerin, that 
cluster in tetra- and trimers in the membrane respectively, may influence the 
binding and internalization of the different glyco-dendrimers, we made use of an 
OUW cell-line transduced with DC-SIGN or Langerin. After one hour pulse 
the smaller G0 glyco-dendrimers did not bind DC-SIGN-expressing OUW cells, 
but did bind to Langerin-expressing OUW cells (Figure 1C, left panel). This is 
in keeping with our previous findings that in contrast to DC-SIGN, Langerin 
has a preference for binding smaller molecules [16]. Interestingly, the G3 glyco-
dendrimers could efficiently target both DC-SIGN and Langerin after one 
hour incubation (Figure 1C, middle panel). Glyco-liposomes served as a positive 
control for DC-SIGN and, as expected, they solely bound DC-SIGN and not 
Langerin as previously shown (Figure 1C, right panel). Using blocking antibodies 
specific for either DC-SIGN or Langerin, we could confirm specific binding of 
G3 glyco-dendrimers to both receptors (Figure 1D). We therefore concluded that 
G3 glyco-dendrimers have all the requirements to serve as skin multi-DC subset 
targeting glyco-vaccine via its binding to both Langerin and DC-SIGN.
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Figure 1 Duinkerken et al

A B
DC-SIGN-Fc

concentration (µM)

Bi
nd

in
g 

(O
D

45
0±

SD
)

Langerin-Fc

G3
G3-LeY

G0
G0-LeY

gp100VTHT:280-288+45-59dendrimer core

LeY AF488

1. Bulk production synthetic long peptide

2. Coupling peptide to 
dendrimer core & addition AF488

4. Bulk dendrimers split 
and coupling of LeY

G0 
(17.1kD)

G0-LeY 
(20.4kD)

G3
(~90kD)

G3-LeY
(~110kD)

OUW
Langerin

OUW
DC-SIGN

0

1

2

3
G0

∆F
lu

or
es

ce
nt

sig
na

l
(re

l.
to

O
UW

±S
D

)

none G0
G0-LeY

OUW
Langerin

OUW
DC-SIGN

0

1

2

3

4
G3

G3
G3-LeY

OUW
Langerin

OUW
DC-SIGN

0

2

4

6
Liposome

liposome
liposome-LeY

C D
1 hour pulse

OUW-DC-SIGN

none
isotype

αDC-SIGN (AZN-D1)

AF
48

8
sig

na
l

(m
ed

ia
n

FI
±S

D
)

αLangerin (10E2)

OUW-Langerin

10-2 10-1 100 1010.0
0.2
0.4
0.6
0.8

10-2 10-1 100 1010.0
0.1
0.2
0.3
0.4

10-3 10-2 10-1 100
0

1

2

3

10-3 10-2 10-1 100
0

0.5

1.5

2.5

none G3 G3-LeY
101
102

102.8

103

103.2

none G3 G3-LeY

G3

**

****
****

**
***

ns

****

**** ****

****

****
****

ns

****

****

****

ns

****
**** **** **** ****

EGTA
none

Figure 1 | Generation 3.0 (G3) glyco-dendrimers efficiently target both DC-SIGN and Langerin. DC-
SIGN and Langerin targeting was evaluated for different glyco-particles using CLR-Fc or a cell line 
transduced with DC-SIGN or Langerin (A) Schematic representation of (glyco)-dendrimer synthesis. (B)
Binding of G0 (upper panels) or G3 (lower panels) (glyco)-dendrimers to human DC-SIGN-Fc (left 
panel) or Langerin-Fc (right panel) in the presence or absence of calcium depletion (EGTA) as measured 
by binding ELISA. (C) Binding to membrane DC-SIGN and Langerin of different (glyco)-particles 
within 1 hour at 37 degrees; G0 (grey) or G3 (pink) (glyco)-dendrimers and (glyco)-liposomes (blue). (D) 
DC-SIGN and Langerin specific binding by G3 glyco-dendrimers was evaluated using specific blocking 
antibodies for DC-SIGN and Langerin, or matched isotype control, prior to incubation. Data are 
representative of at least two independent experiments measured in triplicate ±SD (Statistical analysis: B 
two-way ANOVA Sidak’s post hoc, C-D two-way ANOVA Tukey’s post-hoc)

Enhanced uptake of glyco-dendrimers by moDC and primary LC 
mediated via DC-SIGN and Langerin
To determine whether the uptake of G3 glyco-dendrimers by moDCs and 
primary LCs is also mediated by Langerin and DC-SIGN, we compared uptake 
of glyco-dendrimers to that of non-glycosylated dendrimers. Glyco-dendrimers 
are e¹  ciently taken up by moDCs as compared to non-glycosylated dendrimers 
within 3 hours at 37 oC, and a targeting e  ̄ect is already evident at low concentrations 
(Figure 2A). To elucidate whether glyco-dendrimers show increased binding and 
uptake over time compared to non-glycosylated dendrimers at constant exposure, 
we pre-incubated moDC at 4oC with the respective dendrimers to ensure receptor 
binding, followed by direct incubation up to one hour at 37oC. We observed a 
clear increase of AF488 signal from glyco-dendrimers over-time as compared 
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to non-glycosylated dendrimers, indicating that glyco-dendrimers are rapidly 
bound and internalized by moDC (Figure 2B). Imaging microscopy con±rmed 
internalization of the glyco-dendrimers by moDC following 3 hours incubation at 
37 oC (Figure 2C).  Involvement of DC-SIGN in enhanced uptake by moDC was 
elucidated using an anti-DC-SIGN antibody known to bind the CRD and induce 
internalization of DC-SIGN. Prior to incubation with dendrimers, moDC were 
incubated with anti-DC-SIGN at 37oC to ensure receptor occupation and partial 
internalization. Since DC-SIGN is a non-recycling receptor, internalized DC-
SIGN will no longer be available for ligand binding. Interestingly, targeting of 
glyco-dendrimers to DC-SIGN appeared to be very e¹cient since pre-incubation 
with anti-DC-SIGN for 30 minutes did not a¯ect binding and uptake, which 
for glyco-liposomes was su¹cient (Figure S2A). To demonstrate DC-SIGN-
mediated internalization of glyco-dendrimers, moDC had to be pre-incubated 
for at least 3 hours using the blocking antibody (Figure 2D). Remarkably, a clear 
blocking e¯ect of glyco-dendrimer uptake was seen when moDC were pre-
incubated with increasing concentrations of the high a¹nity ligand of DC-SIGN, 
mannan, con±rming that DC-SIGN is indeed responsible for the enhanced 
binding and uptake of glyco-dendrimers by moDC (Figure 2E). 

To elucidate whether our compound also targeted Langerin on primary LCs, 
we used LCs obtained by two day emigration from epidermal sheets. Langerin 
expression is lower in emigrated LC compared to steady-state LC, nevertheless, 
expression levels were su¹cient to elucidate Langerin targeting (Figure S2B). To 
track G3 glyco-dendrimer binding and uptake over time, primary LC were pre-
incubated at 4oC for 45 minutes, followed by incubation at 37oC for multiple 
time-points. Similar as for moDC, we found increased signal for glyco-dendrimers 
compared to non-glycosylated dendrimers already at 15 minutes, indicating rapid 
binding and uptake by primary LCs as con±rmed by imaging microscopy (Figure 
2F,H). For primary LCs, pre-incubation with an anti-Langerin blocking antibody 
resulted in an almost complete abrogation of enhanced glyco-dendrimer uptake 
(Figure 2G), con±rming the targeting ability of G3 glyco-dendrimers to Langerin.
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Figure 2 | Enhanced glyco-dendrimer binding and uptake by moDC via DC-SIGN and primary LC via 
Langerin Binding and uptake of G3 (glyco)-dendrimers was evaluated for DC-SIGN+ moDC and 
Langerin+ primary LCs. (A) Dose-response following a 3 hour pulse, wash and 45 minutes chase of moDC 
with G3 (glyco)-dendrimers in the presence (dotted line) or absence (solid line) of TLR4 stimulus MPLA. 
Representative of n=3 measured in triplicate ±SD (B) Binding and uptake of (glyco)-dendrimers over-time 
by moDC following a 45 minutes pulse (no wash) at 4oC. n=2, ±SD (C) Imaging microscopy of moDC 
following 3 hour incubation at 37 oC with glyco-dendrimers (green). Membrane was stained using anti-
CD1a (red) and nucleus using DAPI (white) (D-E) Involvement of DC-SIGN in binding and uptake of 
G3 (glyco)- dendrimers was evaluated using a 3 hour pre-incubation with anti-DC-SIGN (C) or 30 
minutes pre-incubation with the natural ligand mannan (D) followed by 1 hour incubation with (glyco)-
dendrimers. (C) n=4, each symbol represents a donor, (D) representative of n=2 measured in triplicate ±SD 
(F) Binding and uptake of (glyco)-dendrimers over-time by primary LC following a 45 minutes pulse (no 
wash) on 4oC. Representative of n=2 measured in triplicate (G) Langerin involvement in binding and 
uptake of (glyco)-dendrimers by primary LCs was evaluated using 30 minutes pre-incubation an anti-
Langerin blocking antibody followed by 1 hour co-incubation with (glyco)-dendrimers. Representative of 
n=3 measured in triplicate ±SD (H) Imaging microscopy of primary LC following 3 hours incubation  at 
37 oC with glyco-dendrimers (green). Membrane was stained using anti-CD1a (red) (Statistical analysis: 
A,E two-way ANOVA Sidak’s post hoc; B,D,F two-way ANOVA Tukey’s post hoc; C one-way ANOVA 
Dunnett’s post hoc)
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Enhanced uptake of glyco-dendrimers by DC-SIGN+ and Langerin+ 
human skin DCs in situ 
Since we confirmed Langerin and DC-SIGN mediated targeting and uptake 
specificity by G3 glyco-dendrimers, we set out to explore whether this specificity 
remained when injected in human skin that harbors all the different human skin 
DC subsets expressing DC-SIGN or Langerin. We used a human skin explant 
model [28] to inject the G3 (glyco)-dendrimers and verify targeting to human 
skin DCs expressing DC-SIGN or Langerin. This model represents a steady-
state environment with the physiological localization, phenotype and ratio 
of the different human skin DC subsets. As such, it supplies the best possible 
representation of the human skin to study specific DC targeting by the glyco-
vaccine upon intradermal delivery. Following injection, cells were allowed to 
emigrate for two days and analyzed by FACS. Skin APC subsets were defined 
based on HLA-DR and subset-specific markers CD1a, CD14, CD141 and 
EpCAM (Figure 3A) using manual gating and unsupervised clustering to 
confirm number of subsets. DC-SIGN and Langerin expression was evaluated 
after two day skin DC emigration for all subsets. In concordance with literature 
we found Langerin on LCs and DC-SIGN expressed by CD14+ dDC and to a 
very small extent by CD1a+ dDC (Figure 3B). As expected, CD14+ dDC and LC 
showed higher uptake of G3 glyco-dendrimers compared to the non-glycosylated 
dendrimers. Interestingly, we found CD1a+ dDC to also efficiently take up the 
glyco-dendrimers (Figure 3C-D) despite their low expression levels of DC-SIGN 
(Figure 3B), suggesting G3 glyco-dendrimers can already efficiently target DC-
SIGN at lower expression levels. For the Langerin- and DC-SIGN- CD141+ 
dDCs we did not find any enhanced uptake of the glyco-dendrimers (Figure 3C-
D). Altogether, these data show the ability of G3 glyco-dendrimers to efficiently 
target multiple skin DC subsets in situ.

G3 glyco-dendrimers enhance cross-presentation for tumor speci�c 
CD8+ T cell activation
To ensure proper delivery for CD4+ and CD8+ T cell activation, we used gp100 
speci±c T cell clones recognizing either the CD4 or CD8 minimal epitope. First, 
we veri±ed activation of CD4+ T cells following overnight co-culture with moDC. 
We found gp100 speci±c CD4+ T cell activation as measured by IFNγ secretion, 
which increased upon glyco-dendrimer pulse both in the absence and presence of 
TLR4 stimulation (MPLA) (Figure S3). To verify whether targeting and enhanced 
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uptake of the G3 glyco-dendrimers to both DC-SIGN and Langerin results in 
enhanced CD8+ T cell activation, we ± rst veri± ed cross-presentation via DC-SIGN 
using a DC-SIGN expressing OUW cell line and DC-SIGN+ moDC. Brie³ y, 
APCs exposed to (glyco)-dendrimers were co-cultured with a gp100 speci± c T 
cell clone recognizing the gp100 HLA-A2 minimal epitope and degranulation or 
IFNγ secretion were subsequently measured (Figure 4A). We observed that the 
G3 glyco-dendrimers induced CD8+ T cell activation by DC-SIGN+ OUW cells 
as measured by increased IFNγ secretion, without addition of a TLR stimulus 
(Figure 4B, upper panel). For moDC we have previously shown that TLR4 
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signaling alters routing for DC-SIGN targeted vaccines inducing enhanced CD8+ 

T cell activation compared to untargeted vaccines [17]. To elucidate the in³uence 
of TLR4 signaling on cross-presentation of the glyco-dendrimers compared to 
non-glycosylated dendrimers, we pulsed moDC in the presence or absence of the 
TLR4 stimulus MPLA followed by a direct short co-culture to avoid in³uence 
of MPLA induced moDC maturation. MoDC show enhanced degranulation of 
gp100 speci±c CD8+ T cells already after a short co-culture following combined 
triggering of TLR4 (MPLA) with G3 glyco-dendrimer targeting compared to 
non-glycosylated dendrimers (Figure 4C). In concordance, overnight co-culture 
of gp100 T cells with glyco-dendrimer pulsed moDC in the presence of MPLA 
enhanced IFNγ production compared to non-glycosylated dendrimers, but also 
overall IFNγ production (Figure 4D). °is indicates DC-SIGN expressed by 
moDC e¹ciently routes antigens into the cross-presentation pathway only under 
the in³uence of TLR4 signaling, underlining the need for the presence of a potent 
adjuvant in the vaccine formulation. 

Next, we verified whether the enhanced G3 glyco-dendrimer targeting to 
Langerin also resulted in antigen cross-presentation and enhanced CD8+ T cell 
activation. LC derived from MUTZ cells induced increased IFNγ production 
by gp100 specific CD8+ T cells when pulsed with glyco-dendrimers compared 
to non-glycosylated dendrimers (Figure 4D). As primary LCs are the in vivo 
target, we isolated primary LCs from human epidermal sheets to elucidate cross-
presentation of G3 glyco-dendrimers in combination with the TLR3 stimulus Poly 
I:C, known to enhance primary LC induced CD8+ T cell activation [18]. There 
was increased IFNγ production by gp100 specific CD8+ T cells following o/n 
culture with G3 glyco-dendrimer-pulsed primary LCs compared to primary LCs 
pulsed with non-glycosylated dendrimers (Figure 4E). This indicates Langerin 
targeting by G3 glyco-dendrimers on primary LCs routes antigens into the cross-
presentation pathway for enhanced CD8+ T cell activation. Overall, these data 
show that the enhanced binding and uptake of G3 glyco-dendrimers by DC via 
DC-SIGN or Langerin, combined with a TLR stimulus, induces an increase in 
degranulation and IFNγ production by gp100 specific CD8+ T cells. 
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Figure 4 | Enhanced cross-presentation of glyco-dendrimers by moDC and primary LC (A) APC were 
pulsed with the (glyco)-dendrimers for 3 hours or 30 minutes, washed and co-cultured with a gp100 speci±c 
T cell clone for either 45minutes or o/n. CD8+ T cell activation was measured by FACS using CD107a/b 
staining for degranulation or by ELISA for IFNγ secretion in the supernatant (B) IFNγ production of 
gp100 speci±c T cells after o/n culture with pulsed OUW cells transduced with DC-SIGN (upper panel) 
or Langerin (lower panel). Representative of n=2±SD measured in triplicate (C) Degranulation of gp100 
speci±c T cells following 45min culture with 3 hour pulsed moDC in the absence (left) or presence (right) 
of the TLR4 stimulus MPLA. n=3-5, each symbol represents a donor. Representative dot plots for MPLA 
1µM  (D) IFNγ production by gp100 speci±c T cells following o/n culture with 30 minutes pulsed moDC 
in the absence or presence of the TLR4 stimulus MPLA. n=5, each symbol represents a donor. (E-F) IFNγ 
production by gp100 speci±c T cells following o/n co-culture with 3 hour pulsed (E) MUTZ-LC or (F) 
primary LC in the presence of TLR3 stimulus Poly I:C. Representative of n=2±SD measured in triplicate. 
(Statistical analysis: C,D two-way ANOVA Sidak’s post hoc, D,E one-way ANOVA Tukey’s post hoc)
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Discussion

Here, we successfully designed a gp100 melanoma-speci±c vaccine that targets 
multiple skin DC subsets through its dual speci±city for DC-SIGN and Langerin 
receptors. We show that the molecular architecture of the vaccine is essential in 
enabling e¹cient dual targeting, as conditions for targeting need to be met for 
two di¯erent receptors. Generation 3.0 glyco-dendrimers have the ability to target 
both DC-SIGN and Langerin through binding the LeY glycan, thereby reaching 
LC, CD1a+ and CD14+ dDC within the human skin in situ. Combination of 
glyco-dendrimer targeting to DC-SIGN and Langerin with a TLR stimulus 
resulted in cross-presentation and enhanced gp100 speci±c CD8+ T cell activation, 
illustrating their great potential for intradermal anti-tumor vaccination strategies 
and shedding additional light on the requirements for glyco-vaccine formulation.   

Although DC-SIGN and Langerin have overlapping glycan-binding speci±city, 
their internalization and intracellular processing di¯ers greatly. Despite their 
di¯erence in intracellular compartmentalization, di¯erent studies showed that 
both receptors process antigen intracellularly for cross-presentation. However, our 
earlier work showed induction of cross-presentation by Langerin via small glyco-
peptides, whereas by DC-SIGN via large glyco-liposomes [16]. Interestingly, often 
viruses and bacteria use DC-SIGN to either escape the immune system or alter T 
helper cell responses via intracellular signaling cascades [29]. In contrast, Langerin-
mediated uptake of viruses such as HIV and fungi mediates clearance [30], which 
might be due to the speci±c formation of Birbeck Granules upon Langerin-
mediated internalization. Birbeck Granules are subdomains of the endosomal 
recycling compartment [31] that regulate antigen degradation di¯erently from 
other endocytic compartments. [32, 33]. °ese discrepancies might explain why 
until now no glyco-vaccine has been developed with the capacity to target both 
receptors simultaneously whilst inducing cross-presentation.

Interestingly, DC-SIGN can also be e¹ciently targeted for in vivo cross-
presentation via LeX coupled glyco-dendrimers with increasing multivalency, a 
technique not yet explored for Langerin targeting [34]. In this study, we used 
PAMAM dendrimer sca¯olds to create two formulations of melanoma-speci±c 
glyco-dendrimers that di¯ered in molecular weight to investigate targeting 
properties to both DC-SIGN and Langerin. °e smallest G0 glyco-dendrimers 
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with four functional groups only showed targeting ability towards Langerin and 
not DC-SIGN, whereas higher multivalency G3 glyco-dendrimers harboring 32 
functional groups showed binding to both receptors on the cellular membrane. 
Targeting with G3 glyco-dendrimers resulted in enhanced binding and uptake for 
both moDC and primary LC over time. Interestingly, low generation PAMAM 
dendrimers have high ³exibility [27, 35] and e¹cient binding to Langerin and 
DC-SIGN may require membrane movement of the CLRs explaining enhanced 
binding at 37oC.

Membrane organization of DC-SIGN can a¯ect glycan-coated ligand binding, as 
shown for synthetic hyperbranched polymers containing mannose, but also viral 
entry [36, 37]. Interestingly, our results show that the same targeting moiety on 
di¯erent formulations of cargo can alter targeting properties to a single receptor. 
Using previously described glyco-liposomes known to target DC-SIGN [16] we 
found e¹cient blocking when moDC were simultaneously incubated with the 
common blocking antibody AZN-D1. Strikingly, for G3 glyco-dendrimers the 
strong binding to moDC showed partial DC-SIGN blocking with the AZN-D1 
antibody, whereas pre-incubation with the high a¹nity natural binding ligand 
mannan [38] e¹ciently blocked the binding and uptake of glyco-dendrimers by 
DC-SIGN+ moDC, indicating high binding e¹ciency of G3 glyco-dendrimers 
to DC-SIGN. Although mannan can also bind to other receptors such as the 
mannose receptor (MR), our glycan of choice (LeY) is high a¹nity for DC-SIGN 
and thus binding to other receptors on DC is unlikely.[39]  

Glyco-dendrimer targeting to primary LC was considerably lower compared to 
moDC, possibly due to lower expression levels of Langerin. MoDC have high 
expression of DC-SIGN, whereas primary LCs, migrated from the epidermis for 
two days, show decreased Langerin expression levels (Figure S2B). °e phagocytic 
capacity of the di¯erent cell types can also be important for in situ targeting, since 
DC-SIGNhigh CD14+ dDC showed greater glyco-dendrimer uptake compared to 
DC-SIGNlow CD1a+ dDC and epidermal LCs. CD14+ dDC are considered to 
have a monocytic lineage background [40] and hence may have higher phagocytic 
capacity compared to other skin DCs, as represented by moDC. 

Anti-tumor vaccination strategies aim to induce cross-presentation for the priming 
of tumor-speci±c CD8+ T cells and e¯ective tumor cell killing. In murine models, 
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XCR1+ DCs, present in lymph nodes and peripheral tissues, have been postulated 
as potent target candidates for induction of cytotoxic T cell responses [41] and 
anti-tumor immune responses [42]. °e dermis of human skin contains CD141+ 
cross-presenting DCs, which are considered to be the homologue of murine 
CD103+XCR1+ dermal DCs [43]. Nonetheless, we did not observe in situ targeting 
towards CD141+ dDCs by the G3 glyco-dendrimers, consistent with their lack of 
DC-SIGN or Langerin expression. Although this skin DC subset is considered a 
potent target candidate for induction of cytotoxic anti-tumor immune responses 
[44], it represents a minority of the total dermal DC pool. In contrast, we show 
e¹cient G3 glyco-dendrimer targeting towards LCs and the larger pool of CD1a+ 
and CD14+ dDCs. Targeting of LCs and CD14+ dDCs via Langerin and DC-
SIGN, respectively, can induce cross-presentation when di¯erent glyco-vaccines 
are used [8, 18, 28]. Here we show that G3 glyco-dendrimers are cross-presented 
via both DC-SIGN and Langerin when combined with a TLR stimulus, thereby 
enhancing gp100 speci±c CD8+ T cell activation. Combining CLR targeting with 
TLR stimuli can induce cross-talk and alter the intracellular fate of CLR bound 
cargo. We previously showed that simultaneous TLR4 and DC-SIGN triggering 
translocated DC-SIGN cargo into the cross-presentation pathway, most likely via 
endosomal escape and proteasomal degradation [17]. Also combined activation 
of Langerin and TLR3 enhanced CD8+ T cell activation [18], but a direct link 
between Langerin and TLR3 signaling for cross-presentation has not yet been 
demonstrated. 

Combination of glycan CLR targeting and TLR stimulation is gaining interest 
in the vaccination ±eld as it can elicit superior humoral and cellular immunity 
when incorporated within a single vaccine particle [45, 46]. Our dual CLR 
targeting G3 glyco-dendrimers have the potential for adjuvant coupling, which 
is an interesting feature for future research into glyco-adjuvant vaccines for 
intradermal anti-tumor vaccination strategies. Furthermore, recent advances in 
anti-tumor immunotherapies show the importance of neo-antigens and CD4+ T 
cell help for induction of long lasting anti-tumor CD8+ T cell immunity [47, 48]. 
°e high branched multivalent G3 glyco-dendrimers allow inclusion of multiple 
TAA, such as neo-antigens and combined CD4 and CD8 restricted epitopes, 
thereby generating a highly diverse vaccine platform. Here we already combined 
the melanoma speci±c gp100 HLA-DR4 and HLA-A2 restricted epitopes for 
activation of both CD4+ and CD8+ gp100 speci±c T cells (Figure S3 and ±gure 4).  
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Evaluating the therapeutic e¹cacy and immune responses induced upon 
multiple DC subset targeting of our newly designed glyco-vaccine would be of 
great importance. However, since we speci±cally designed a glyco-vaccine for 
dual targeting of DC-SIGN and Langerin on human skin DC, a murine model 
with comparable expression by similar DC subsets is imperative. Although the 
murine CD209a/SIGNR5, or mDC-SIGN, displays some similarities to the 
human counterpart [49] the glycan binding pro±le has not been studied. As such, 
a humanized DC-SIGN murine model would be needed to evaluate in vivo 
e¹cacy of our glyco-vaccine speci±cally designed to target human DC-SIGN. 
While a humanized DC-SIGN murine model is available, it harbors DC-SIGN 
expression under the CD11c promotor thereby containing multiple hDC-SIGN+ 
DC subsets [50]. Unfortunately, this renders the model unsuitable for the glyco-
vaccine of this study since human skin has restricted DC-SIGN expression to 
CD14+ and CD1a+ dermal DCs (Figure 3B).        

In summary, we designed an intradermal glyco-vaccine simultaneously targeting 
multiple human skin DC subsets in situ. Simultaneous targeting was accomplished 
by the use of G3 glyco-dendrimers targeting both DC-SIGN and Langerin, which 
enhanced activation of gp100 speci±c CD8+ T cells in combination with TLR 
stimulation. °ese promising results pave the way for future studies investigating 
the in vivo behavior of G3 glyco-dendrimers following intradermal vaccination 
and induction of systemic anti-tumor immune responses via dual DC-SIGN and 
Langerin targeting.

Material and methods

Cells
OUW, OUW-DC-SIGN and OUW-Langerin B cell lines were cultured in 
RPMI (Invitrogen, USA) supplemented with 10% FCS (Lonza), 50U/ml 
penicillin, 50ug/ml streptomycin, 2mM glutamine (all BioWhittaker, USA) 
(complete RMPI). 

Monocytes were isolated from bu¯y coats (Sanquin, °e Netherlands) using 
serial Ficoll/Percoll gradient centrifugation and cultured in complete RPMI. For 
human moDC di¯erentiation and DC-SIGN expression, rhGM-CSF plus rhIL-
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4 (500U/ml; Biosource, Belgium) were added for 4-6 days. Primary LCs were 
isolated from human skin explants (Bergman Clinics, Bilthoven, °e Netherlands) 
obtained within 24 hours following abdominal resection of healthy donors with 
informed consent. Part of the epidermal and dermal sheet (5-mm thickness) were 
removed using a dermatome blade (Zimmer, Germany), rinsed with PBS plus 
gentamycin (10µg/ml; Lonza) and incubated in serum free IMDM supplemented 
with 50U/ml penicillin, 50ug/ml streptomycin, 2mM glutamine, gentamycin 
and dispase II (1mg/ml, Roche Diagnostics) for 2 hours at 37oC. °e epidermal 
sheet was separated from the dermis using tweezers, followed by two day culture 
in IMDM supplemented with 10% FCS, penicillin, streptomycin, glutamin, 
gentamycin (complete IMDM skin medium) and rhGM-CSF (500U/ml) for 
LC migration at 37oC. LCs were harvested and puri±ed using a Ficoll gradient 
(>85%). For purity evaluation LCs were incubated with anti-human antibodies 
against HLA-DR (clone G46-6, BD Biosciences), CD1a (clone HI149, BD 
Biosciences) and Langerin (clone 10E2, Biolegend).      

MUTZ-LC were kindly provided by Prof. dr. S. Gibbs and cultured as previously 
described [51]. Cells were used when >70% were CD1a and Langerin positive.  
The retroviral TCRαβ transduced T cell clone specific for the gp100280-288 HLA-A2 
minimal epitope (YLEPGPVTA) [52] and HLA-DRB1*0401-restricted T 
cell line Bridge gp:44 B8 [53] were cultured in IMDM medium (Invitrogen), 
supplemented with Yssel’s medium (20 µg/ml human transferrin (Boehringer), 
5 µg/ml insulin (Sigma-Aldrich), 2 µg/ml linoleic acid (Calbiochem), 2 µg/
ml palmitic acid (Calbiochem), 0.25% BSA (Sigma-Aldrich), and 1.8 µg/ml 
20-amino ethanol (Sigma-Aldrich)), 1% human serum (Sigma-Aldrich) and 
penicillin, streptomycin, glutamin. Cells were expanded for 10-12 days in the 
presence of IL-2 (100IU/ml; Peprotech) and PHA-L (2µg/ml; Sigma) prior to 
storage in liquid nitrogen. For co-cultures T cells were either used at day 12 in 
expansion or thawed and rested for at least 6 hours before co-culture.

FACS staining, measurement and analysis
A pre-mix of surface marker antibodies diluted in PBS plus 0,5% BSA (0,5% 
PBA; Roche) was prepared prior to incubation for 30 minutes on ice. Unbound 
antibodies were washed away with PBS, followed by ±xation using 4% 
paraformaldehyde (PFA; Electron Microscopy Science) for 20 minutes on ice. 
Next, cells were washed two times with PBS and resuspended in 0,5% PBA for 
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measurement using the FACS Fortessa-X20 (BD). Analysis was performed with 
FlowJo 10 software (Tree Star, Ashland, OR, USA).

Peptide synthesis
Thz-VTHTYLEPGPVTANRQLYPEWTEAQRLD-(Abu)3-C peptide was 
synthesized at the GlycO2pep unit at our lab by microwave assisted solid phase 
peptide synthesis using Fmoc chemistry on a peptide synthesizer (Liberty blue 
peptide synthesizer, CEM). The peptide was deprotected with 92.5% TFA, 2.5% 
MilliQ, 2.5% TIS and 2,5% EDT cleavage solution. After collection, the peptide 
was lyophilized and purified on a preparative Ultimate 3000 HPLC system 
(Thermo Fisher) over a Vydac 218MS1022 C18 25x250mm column (Grace 
Vydac). Mass and purity were confirmed by UHPLC-MS on a Ultimate 3000 
UHPLC system (Thermo Fisher) hyphenated with a LCQ-Deca XP Iontrap 
ESI mass spectrometer (Thermo Finnigan) using a RSLC 120 C18 Acclaim 
2.2um particle 2.1 x 250 mm column and ionizing the sample in positive mode. 

Glyco-dendrimer synthesis
G0/G3-Gp100-AF488-LewisY constructs were synthesized via thiol-ene mediated 
reactions. In short, PAMAM generation 0 or 3 dendrimer (Sigma) were functionalized 
with maleimide or LC-SMCC bifunctional crosslinker (ThermoFisher), 
respectively. After purification, the dendrimer was loaded with GP100 long 
synthetic peptide Thz-VTHTYLEPGPVTANRQLYPEWTEAQRLD-
(Abu)3-C  through its C- terminal cysteine. After removing the excess peptide, 
labelling and glycation was achieved by unmasking the N-terminal thioproline 
(Thz; Novabiochem) and reacting it with AF488 (Invitrogen) /Lewis Y (Elicityl) 
pentasaccharide maleimide. G0 dendrimer MW was determined using mass 
spectrometry. Particle size of G3-PAMAM-GP100, dissolved in MilliQ at 0.1 
mg/ml and 0.05 mg/ml, was determent using a dynamic and static light scattering 
measurement (Malvern Zetasizer Nano S, Breda, Netherlands). The average of 3 
measures was used to calculate the particle size. These measurements indicate that 
the average particle size of our peptidic dendrimer is 52.03 nm.

Binding ELISA DC-SIGN-Fc and Langerin-Fc
DC-SIGN-Fc and Langerin-Fc were obtained as previously described [54]. 
Dendrimers with and without LeY conjugation were coated on NUNC maxisorb 
plates (Roskilde) o/n at 4oC. Following removal of free dendrimers with TSM for 
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DC-SIFN-Fc or HBSS (Invitrogen) for Langerin-Fc wash, wells were blocked 
using 1% BSA (Fraction V, Fatty acid free, PAA laboratories) in TSM or HBSS. 
Next, dendrimers were incubated with 2µg/ml DC-SIGN-Fc or Langerin-Fc 
diluted in TSM or HBSS plus 0,5% BSA, respectively, for 2 hours at RT. After 3 
washes, binding was detected using a HRP-labeled F(ab’)2 goat anti-human IgG 
specific antibody. HRP binding was visualized using 3,3’,5,5’-tetramethylbenzidine 
(TMB) substrate (Sigma Aldrich) followed by measurement at 450nm.   

Binding and uptake assays
Triplicates of 5x104 cells were plated in a 96-U bottom plate (Greiner) and 
incubated with AF488 conjugated (glyco)-dendrimers or vehicle control (max. 
0,2% DMSO) diluted in serum free IMDM for LCs and complete RPMI for 
moDCs. When indicated cells were pre-incubated for 1 hour at 4oC, followed 
by incubation at 37oC for indicated time-points. Next, cells were stained with 
a ±xable viability dye eFluor780 (FVD; eBioscience), anti-human HLA-DR 
BV510, CD1a APC (clone HI149; BD) (moDC) and EpCAM BV421 (clone 
EBA-1; Biolegend) (LCs). Binding and uptake was analyzed using FACS.

For antibody blocking assays cells were pre-incubated with 20µg/ml mouse-anti-
human IgG1 Langerin (10E2) or DC-SIGN (AZN-D1) for 30 minutes at 37oC, 
followed by addition of (glyco)-dendrimers for 1 hour at 37oC with blocking 
antibodies at a final concentration of 10µg/ml. For 3 hour pre-incubation cells 
were incubated with a 10x serial dilution starting at 10µg/ml AZN-D1, washed 
and cultured for 1 hour with (glyco)-dendrimers at 37oC. Liposomes with LeY 
were taken along as positive control for AZN-D1 blocking assays. For DC-SIGN 
block using mannan moDC were pre-incubated for 30 minutes with a 10x serial 
dilution starting at 100µg/ml, followed by co-incubation with 0,01µM (glyco)-
dendrimers.    

Imaging microscopy
MoDC or primary LC were pulsed for 3 hours with glyco-dendrimers at 37 oC, 
as described above. Cells were transferred to ice and stained with anti-human 
CD1a-biotin (clone HI149; Biolegend) for 30 minutes, washed and subsequently 
stained using streptavidin-AF555 (Invitrogen) for 30 minutes on ice. Next, cells 
were washed in ice cold PBS and fixed with 4% PFA for 20 minutes on ice prior 
to nuclei stain using DAPI for 10 minutes at RT. Cells were mounted on slides 
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using MoWIOL. Z-stack images were taken with the Leica DM6000 at 63x 
magnification and images were analyzed using Imaris Software.
 
Antigen presentation assay
APC were seeded in 96-wells plates at a concentration of 2x105/ml and pulsed 
with (glyco)-dendrimers or DMSO vehicle control in complete medium for 3 
hours at 37oC. MoDC were pulsed in presence or absence of 10µg/ml MPLA 
(Invivogen) and primary LCs of 20µg/ml Poly I:C (Invivogen). Pulsed APC 
were washed and co-cultured with the gp100280-288 specific T cell clone. For T 
cell degranulation, moDC were washed two times at 900rpm to remove free 
products and co-cultured with gp100 T cells in a 3:1 effector to target ratio for 45 
minutes at 37oC. To measure degranulation cells were stained with a FVD, anti-
human CD8 BV421 (clone RPA-T8, BD), CD107a (clone H4A3, Biolegend) 
and CD107b Fitc (clone H4B4, Biolegend). For IFNγ production by T cells, 
moDC were pulsed for 30 minutes and LC for 3 hours at 37oC and co-cultured 
in a 1:5 effector to target ratio for 16-21hours. IFNγ production was measured in 
supernatant using human cytokine ELISA (IFNγ Ready-Set-Go kit, eBioscience) 
according to manufacturer’s protocol. Incubation with a short peptide containing 
the HLA-A2 minimal epitope was used to set maximum activation levels per 
experiment.  

In situ human skin DC targeting
Human skin explants (obtained as described above) were prepared by cleaning 
with PBS supplemented with gentamycin. Products were diluted in serum free 
IMDM prior to injection. Insulin needles were used to inject 20µl/biopsy i.d. 
at 66pmol/ml so a small blister appeared. A punch biopsy (8mm; Microtec) 
surrounding the blister was taken and 8 biopsies per condition were cultured with 
the epidermis facing upwards in a 48-wells-plate with 1ml IMDM complete 
skin medium for 48hours. Biopsies were discarded and crawl-out cells harvested 
and pooled per condition prior to FACS staining. To distinguish the different 
emigrated skin DC subsets cells were stained using the following anti-human 
antibodies: HLA-DR BV510, CD1a APC, CD14 AF700 (clone M5E2, Sony), 
CD141 BV711 (clone 1A4, Biolegend), EpCAM BV421 and FVD. For DC-
SIGN and Langerin expression levels extra biopsies were taken and emigrated 
DCs stained with above cocktail plus anti-DC-SIGN AF488 (AZN-D1; own 
production) and anti-Langerin PE (10E2; Biolegend). 
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Statistical analysis
Statistical analysis were performed using Graphpad Prism version 7.02 software 
(San Diego, CA). Statistical significance was determined using one- or two-way 
ANOVA followed by Tukey’s, Sidak’s or Dunnett’s post hoc analysis as indicated 
per graph in figure legends. Data are represented as mean ±SD or symbol per 
donor. ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

Abbreviations
APC: antigen presenting cell; CLR: c-type lectin receptor; CRD: carbohydrate 
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Le: Lewis; MHC: major histocompatibility complex; moDC: monocyte derived 
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recognition receptor; TLR: toll-like receptor
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Supplementary data

Figure S1 |  (Glyco)-dendrimer synthesis and characterization (A) Schematic representation of (glyco)-
dendrimer synthesis. (B) Mass spectrometry pro±le of G0-gp100-dendrimers depicting their molecular 
weight (MW) without (upper panel) and with AF488 (lower panel). (C) Size determination of G3-gp100-
dendrimers using a dynamic and static light scattering measurement. Average particle size was determined 
based on volume (upper panel) and intensity (lower panel).
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Figure S2 |  (A) Binding and uptake of (glyco)-dendrimers (left panel) or (glyco)-liposomes (right panel) 
by moDC following pre-incubation with an anti-DC-SIGN blocking antibody or matched isotype control. 
(B) Langerin expression by LC isolated from human epidermal sheets using dissociation (steady-state) or 
two day emigration.

Figure S3 |  Enhanced  activation of  gp100 speci±c CD4+ T cells by glyco-dendrimer pulsed moDC. 
MoDC were pulsed with (glyco)-dendrimers for 30 minutes followed by an o/n co-culture with gp100 
speci±c CD4+ T cells. T cell activation was evaluated by IFNγ ELISA. n=4, each symbol represents a donor. 
(Statistical analysis: two-way ANOVA Tukey’s post hoc)   
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Supplementary material and methods

MPBH functionalization of Lewis Y pentasaccharide - The bifunctional cross-
linker (4-Nmaleimidophenyl) butyric acid hydrazide (MPBH) was covalently 
linked to the reducing end of the Lewis Y pentasaccharide via reductive amination. 
Briefly 1 equivalent of Lewis Y pentasaccharide (50 mg, 0.06 mmoles )  was 
dissolved in 1 ml 20% acetic acid  in DMSO containing 2.7 equivalents of MPBH 
(50 mg, 0.16 mmoles). 5.4 Equivalents of  2-Methylpyridine borane complex 
(34 mg, 0.32 mmoles) was added as reductant and the mixture was incubated at 
650C for 2 hours. After 2 hours 3 ml DCM is added and vortexed thoroughly. 10 
ml Diethyl ether is added to precipitate further the MPBH activated Lewis Y 
pentasaccharide. After pelleting by centrifugation and pellet was washed 2 times 
more with diethyl ether. The activated glycan was dissolved in 0.1% TFA-MilliQ, 
lyophilized and subsequently purified on a preparative Ultimate 3000 HPLC 
system (Thermo Fisher) over a Vydac 218MS1022 C18 25x250mm column (Grace 
Vydac). Mass and purity were confirmed by UHPLC-MS on a Ultimate 3000 
UHPLC system (Thermo Fisher) hyphenated with a LCQ-Deca XP Iontrap ESI 
mass spectrometer (Thermo Finnigan) using a RSLC 120 C18 Acclaim 2.2um 
particle 2.1 x 250 mm column and ionizing the sample in positive mode. 

G0-PAMAM-Maleimide synthesis -To a solution of ethylenediamine core 
PAMAM Generation 0.0 dendrimer (15.4 mg, 29.81 µmoles) in 1 ml anhydrous 
DMSO was added to 5 equivalents of (succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate) (50 mg, 149.05 µmoles). After thoroughly vortexing 
15 uL of 2,4,6-Trimethylpyridine was added in 5 aliquots of 3 µL over 30 minutes. 
The reaction mixture was placed on a shaker for 1 hour at room temperature. 
Subsequently the reaction mixture was transferred into a 50 ml falcon tube and 
20 ml DCM was added. After vortexing thoroughly 25 ml Diethyl ether mixture 
was added to precipitate maleimide functionalized dendrimer. G0-PAMAM-
maleimide was pelleted by centrifugation and washed 3 times with diethyl 
ether. Final product was dissolved and purified  on a preparative Ultimate 3000 
HPLC system (Thermo Fisher) over a Vydac 218MS1022 C18 25x250mm 
column (Grace Vydac). Mass and purity were confirmed by UHPLC-MS on a 
Ultimate 3000 UHPLC system (Thermo Fisher) hyphenated with a LCQ-Deca 
XP Iontrap ESI mass spectrometer (Thermo Finnigan) using a RSLC 120 C18 
Acclaim 2.2um 2.1 x 250 mm column. Mass spectrometer analysis was measured 
in positive mode.  
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G3-PAMAM-LC-SMCC synthesis - To a solution of ethylenediamine core 
PAMAM Generation 3.0 dendrimer (16.08 mg, 2.33 µmoles) in 1 ml anhydrous 
DMSO was added to 48 equivalents of (succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxy-(6-amidocaproate)) (50 mg, 149.05 µmoles). After 
thoroughly vortexing 15 uL of 2,4,6-Trimethylpyridine was added in 5 aliquots 
of 3 µL over 30 minutes.  100 µL of 3% TFA in MilliQ was added to the reaction 
mixture and product was purified  on a preparative Ultimate 3000 HPLC system 
(Thermo Fisher) over a Vydac 218MS1022 C18 25x250mm column (Grace 
Vydac). Fractions containing the product were pooled and lyophilized.

G0/G3-gp100-Thz synthesis - To a solution of G0-PAMAM-maleimide 
(3.7 mg, 2.66 µmoles) or G3-PAMAM-maleimide (5.8 mg, 0.331 µmoles) 
in 1 ml anhydrous DMSO either 5 (G0) or 40 (G3) equivalents of Thz-
VTHTYLEPGPVTANRQLYPEWTEAQRLD-(Abu)3-C peptide (50 mg, 
13.24 µmoles) were added in a 15 ml falcon tube. After thoroughly vortexing 15 
uL of 2,4,6-Trimethylpyridine was added in 5 aliquots of 3 µL over 30 minutes. 
The reaction mixture was placed on a shaker for 3 hours at room temperature in 
the dark. 100 µL of 3% TFA in MilliQ was added to the reaction mixture and 
product was purified  on a preparative Ultimate 3000 HPLC system (Thermo 
Fisher) over a Vydac 218MS1022 C18 25x250mm column (Grace Vydac). G0-
gp100-ThZ mass and purity were confirmed by UHPLC-MS on a Ultimate 3000 
UHPLC system (Thermo Fisher) hyphenated with a LCQ-Deca XP Iontrap ESI 
mass spectrometer (Thermo Finnigan) using a RSLC 120 C18 Acclaim 2.2um 
2.1 x 250 mm column. Mass spectrometer analysis was measured in positive mode. 
G3-gp100-Thz fractions containing the product were pooled and lyophilized.  

G0/G3-gp100-SH - For unmasking the N-terminal thioproline lyophilized 
peptidic dendrimer was dissolved in 1 ml Thz-deprotection solution (NaAc buffer 
pH 4.5, 6M Gu.HCl, 0.1M Methoxylamine) and incubated at room temperature 
for 4 hours while shaking. The unmasked peptidic dendrimer G0-or G3-GP100-
SH was purified over C18 500 mg SPE according to manufacturer’s protocol. 
Deprotected peptidic dendrimer was brought to dryness by lyophilisation. 

G0/G3-Gp100-AF488/LewY construct - The G0- and G3-Gp100-SH were  
functionalized with either 1 (G0) or 3 (G3) equivalents of AF488-maleimide 
in 1 ml DMSO containing 100 mM 2,4,6-Trimethylpyridine. After 10 minutes, 
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either 4 (G0) or 42 (G3) equivalents of Lewis Y-MPBH were added to half of the 
mix  and the reaction was prolonged for 2 hours at room temperature on a shaker. 
3 ml of DCM was added and after vortexing thoroughly 10 ml Diethyl ether 
was added to precipitate the labelled and glycated peptidic dendrimer. Construct 
was pelleted by centrifugation and washed 2 times with diethyl ether. Pellet 
was dissolved in MilliQ and brought to dryness by lyophilisation. Lyophilized 
construct was dissolved in 2 ml MilliQ-0.1% TFA and washed 6 times over 10 kD 
centrifugal filter to remove all excess labels and glycans. Retentate was collected 
and brought to dryness by lyophilisation.
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°e importance of the immune system in cancer has been intensely investigated 
over the last two decades. One of the most important hurdles yet to overcome is the 
suppressive tumor microenvironment, for which the development of checkpoint 
inhibitors has provided new tools that are already giving very promising clinical 
results and insights into suppressive immunological mechanisms. Despite 
recent clinical successes, checkpoint inhibition therapy has been able to induce 
durable clinical responses in only a subgroup of melanoma and lung cancer 
patients. In addition to releasing tumor-derived immune suppression, e¯ective 
immunotherapies should elicit de novo, or boost existing tumor-speci±c immune 
responses. Multiple approaches have explored ways in which to elicit antitumor 
immune responses. A promising and potentially widely applicable method is 
tumor vaccination. Although dendritic cell (DC)-based vaccines are broadly used 
for cancer vaccination, it is a very costly and labor-intensive therapy. Currently, 
other approaches that are being explored include in vivo targeting endogenous 
DCs. Nevertheless, the design of cancer vaccines still needs to overcome a number 
of challenges, including the choice of tumor antigens that induce both cytotoxic 
T lymphocyte (CTL) and T-helper cell responses, administration route and 
selection of the right adjuvant. In this editorial, we will discuss the advantages of 
using apoptotic vesicles derived from the patient’s own tumor as a cancer vaccine. 

�e role of the immune system in cancer 
Immune-mediated tumor eradication requires the generation of strong tumor 
antigen-specific CD8+ T-cell responses, but also the necessary T-cell help, as 
CD4+ T cells are important for the generation of potent CTLs and long-lived 
memory CD8+ T cells. However, CD4+ T cells can also have a direct antitumor 
effect via the secretion of cytokines. For example, IFNγ, secreted by Th1 cells 
upregulates MHC class I that increases antigen presentation to CTLs. Besides 
the ex vivo expansion of tumor-specific T cells or the development of chimeric 
antigen receptor T cells, the most natural way of inducing such responses is by 
delivering tumor antigens to DC, either in vitro or in vivo. DCs are able to trigger 
effective CD8+ T-cell responses against virus-induced tumors, provided that the 
antigen is presented in the context of proper adjuvants [1]. The challenging aspect 
of applying such an approach in tumor vaccination is to counteract the natural 
central T-cell tolerance to most tumor-associated antigens [2]. 
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Multiantigenic vaccines for the treatment of cancer 
°e infusion of autologous tumor in±ltrating lymphocytes, expanded ex vivo, can 
induce impressive clinical responses in patients with metastatic melanoma [3]. °e 
clinically proven ability of tumor in±ltrating lymphocytes to eradicate tumors, has 
stressed the importance of checkpoint inhibitory molecules in the preservation of 
a suppressive tumor microenvironment. Blockade of the interaction of CTLA-4 
and PD-1 with their ligands by antibodies has resulted in strong clinical responses 
in a fraction of patients. Absence of this response in other patients has been linked 
to a lack of T-cell in±ltration and/ or T-cell priming, which could be tackled by 
a potent vaccination strategy. Of critical importance for the antitumor response 
observed is the presence of a large number of somatic mutations in the tumor [4], 
leading to immunogenic neoepitopes, vital for the induction of a robust CD4+ 

and CD8+ antitumor T-cell response (as shown and reviewed by Schumacher 
[5]). Neoantigens develop in cancer types with a high mutation rate and are 
most often tumor- and patient-speci±c [6], representing a challenge for single 
antigen-based vaccines. In addition, tumors may downregulate the expression of 
speci±c antigens over time. °erefore, a more viable alternative to single antigen 
vaccines is the use of a pool of tumor-speci±c antigens to ensure that vaccination 
is performed with a su¹ciently wide variety of antigens to circumvent potential 
tumor escape mechanisms. In this respect, although the preparation of synthetic 
peptide libraries encompassing classical (shared) tumor-associated antigens is a 
possibility, using the patient’s own tumor material as a source of antigens could 
be a more promising option. °e added value of this alternative approach is the 
inclusion of potential tumor/patient-speci±c neoantigens and the boosting of 
responses that may already have been generated by the patient’s immune system. 
Di¯erent types of tumor-derived material have been explored, including tumor 
lysates, whole apoptotic cells or apoptotic vesicles or blebs. Previous research has 
shown that DCs pulsed with whole apoptotic cells were superior in the induction 
of antitumor responses as compared with DCs that were pulsed with tumor cell 
lysates [7,8]. In this regard, especially the use of apoptotic blebs as a source for 
cancer vaccines has shown promising results [9,10]. 

Apoptotic vesicles as a potent source for cancer vaccines 
In general, extracellular vesicles can be classified according to their size and origin 
into three categories, namely exosomes, microvesicles and apoptotic vesicles. 
Exosomes are small (40–100 nm) membranous vesicles that are actively secreted 
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and originate in multivesicular bodies. Microvesicles are slightly larger vesicles 
(>100 nm) that arise from outward budding of the plasma cell membrane. Contrary 
to both exosomes and microvesicles, which have been thoroughly characterized, 
the composition and properties of apoptotic vesicles are as yet relatively obscure 
[11]. The size of apoptotic vesicles defined in literature range from 50 to 5000 
nm [12,13]. Cells that undergo apoptosis display a characteristic blebbing of the 
membrane and the resulting vesicles are thus referred to as blebs, apoptotic vesicles 
or apoptotic bodies, whereas the remaining cellular content is called apoptotic 
bodies or apoptotic cell remnants, with, unfortunately, no consensus in literature 
regarding the nomenclature. In this editorial, we will refer to the products of 
membrane blebbing as apoptotic blebs and the remaining cellular products as 
apoptotic cell remnants. There is a need for consensus on the characteristics 
and isolation methods of apoptotic vesicles, especially when utilized as a cancer 
vaccine. An interesting property of apoptotic cells and their products is that 
this type of cell death results in the release of hydrophobic determinants that 
can activate DCs via Toll-like receptors (TLRs), therefore providing an intrinsic 
adjuvant. Fransen et al. demonstrated that apoptotic blebs and the apoptotic cell 
remnants, fractionated by centrifugation, have a differential capacity to mature 
murine DCs [14]. Bone marrow-derived DCs pulsed with the apoptotic blebs 
expressed elevated levels of the maturation markers CD40 and CD86 and showed 
higher secretion of the proinflammatory cytokines IL-6 and TNFα [14]. In a 
subsequent study, we showed that apoptotic blebs were also avidly internalized 
by human DCs, resulting in effective CD8+ T-cell activation [9]. In situ loading 
of human dermal DCs with these apoptotic blebs in a human skin explant model 
showed efficient cross- presentation of a MART-1 and activation of CD8+ T cells 
[10], suggesting their potential for cutaneous vaccination. 

�e importance of danger signals 
Apoptosis is involved in maintaining normal tissue homeostasis and, thus, in 
the steady state should not evoke an immune response, which could result in 
autoimmunity [15]. However, apoptosis can be induced in multiple ways (e.g., 
heat shock, γ-irradiation, chemotherapy and proteasome inhibition) and not all 
of them result in a tolerogenic response. An important determinant in defining 
the type of immune response is the type of damage-associated molecular patterns 
expressed on apoptotic blebs and remnants, some of which can be highly 
immunogenic (reviewed by Krysko [16]). It has been suggested that components 
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that selectively induce endoplasmic reticulum (ER) stress, like the proteasome 
inhibitor bortezomib, are superior for the induction of immunogenic cell death 
[16]. This effect appeared to be mediated by the upregulation of calreticulin and 
heat shock proteins, as demonstrated in primary acute myeloid leukemia and 
myeloma cells treated with bortezomib. Interestingly, this method of apoptosis 
induction yielded apoptotic blebs that were superior in the induction of an 
antitumor response as compared with other mechanisms of apoptosis induction, 
such as γ-irradiation [17]. 

�e potential role of glycosylation 
Another characteristic that could be of great importance for the immunogenic 
properties of apoptotic vesicles is their surface glycosylation pattern. Extensive 
research is currently being performed on the effects of glycosylation on 
immunogenicity. Nevertheless, the glycosylation status of apoptotic vesicles is 
still largely unknown. Bilyy et al. and Meesman et al. showed that early apoptotic 
blebs derived upon exposure to UV light type B (UV-B), etoposide or resulting 
from aging became desialylated, which resulted in a better uptake by antigen 
presenting cells [18,19]. Apoptotic blebs containing ER fragments have been 
shown to express high mannose structures on their membrane surface [19], which 
are well-characterized ligands for different DC-expressed C-type lectin receptors, 
like DC-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-
SIGN) and the Mannose receptor. This may enhance the uptake of antigen via 
DCs (in situ) and possibly result in a better T-cell response. Similarly, we have 
previously shown that liposomes enriched with a DC-specific carbohydrate ligand 
(Lewisy) were more efficiently internalized [20]. Clearly, additional research is 
needed to further elucidate these mechanisms and how they may be harnessed to 
enhance the DC targeting efficiency of apoptotic bleb-based vaccines. 

Conclusion 
The use of apoptotic vesicles as a multiantigenic vaccination strategy for leukemic 
and solid tumors shows promise. As for the latter, debulking of tumor load is 
usually standard practice in early stages. This creates the opportunity to generate 
a personalized vaccine out of a patient-derived tumor sample that contains both 
effective adjuvants and the relevant personalized pool of tumor neoantigens for 
the induction of an antitumor response encompassing both CD4+ and CD8+ 

T-cell responses. Hence, efforts should be made to further investigate the potential 
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of apoptotic vesicles in tumor vaccination strategies to prove their therapeutic 
efficacy. 
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Abstract

Tumors that lack T cell infiltration are less likely to respond to immune checkpoint 
inhibition and could benefit from cancer vaccination for the initiation of anti-
tumor T cell responses. An attractive vaccine strategy is in vivo targeting of 
dendritic cells (DCs), key initiators of antigen-specific T cell responses. In this 
study we generated apoptotic tumor cell-derived extracellular vesicles (ApoEVs), 
which are potentially an abundant source of tumor-specific neo-antigens and 
other tumor-associated antigens (TAAs), and which can be manipulated to express 
DC-targeting ligands for efficient antigen delivery. Our data demonstrates that 
by specifically modifying the glycocalyx of tumor cells, high-mannose glycans 
can be expressed on their cell surface and on extracellular vesicles derived after 
the induction of apoptosis. High-mannose glycans are the natural ligands of 
dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin 
(DC-SIGN), a dendritic cell associated C-type lectin receptor (CLR), which 
has the ability to efficiently internalize its cargo and direct it to both major 
histocompatibility complex (MHC)-I and MHC-II pathways for the induction of 
CD8+ and CD4+ T cell responses, respectively. Compared to unmodified ApoEVs, 
ApoEVs carrying DC-SIGN ligands are internalized to a higher extent, resulting 
in enhanced priming of tumor-specific CD8+ T cells. This approach thus presents 
a promising vaccination strategy in support of T cell-based immunotherapy of 
cancer.
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Introduction

Immune checkpoint inhibitors, like anti-PD1 and anti-CTLA-4 blocking 
antibodies, have improved the long-term survival of patients with metastatic 
melanoma [1,2]. However, not all patients experience clinical bene±t from 
checkpoint inhibitor therapy [1–4]. Patients who do not have T cell in±ltration 
in the tumor microenvironment, those who carry so–called “cold tumors”, are 
less likely to respond and could bene±t from tumor vaccination to initiate anti-
cancer immunity [5]. °e induction of anti-tumor T cell responses relies on 
the presentation of antigens by dendritic cells (DCs). After antigen capture in 
the periphery, DCs mature and migrate via the lymphatic system to the lymph 
nodes. °ere, DCs present captured antigens via the conventional antigen 
presentation route on major histocompatibility complex (MHC) class II and via 
cross-presentation on MHC-I molecules, and combined with appropriate co-
stimulation, subsequently prime and activate CD4+ and cytotoxic CD8+ T cells 
(CTLs), respectively [6,7]. E¹cient delivery of antigens to DCs is key for the 
induction of tumor-speci±c T cell responses, and DC-speci±c C-type-lectin 
receptors (CLRs) are widely studied as targets for speci±c antigen delivery [8–
10]. CLRs endocytose glycosylated pathogens via their carbohydrate recognition 
domain, allowing for e¹cient processing of pathogens and antigen loading onto 
MHC-I and MHC-II molecules [11]. DEC205 was one of the ±rst CLRs used 
for DC targeting by conjugating antigens to a DEC205-speci±c antibody (Ab) 
and, combined with the administration of anti-CD40 for DC activation, resulted 
in increased CD8+ T cell activation and growth inhibition of established B16-
OVA tumors in vivo [12,13]. Since CLRs are abundantly expressed on multiple 
DCs subsets and glycans are their natural ligands, the use of glycan motifs for 
the targeting of vaccines to DCs is an attractive immunization strategy [10,14]. 
Dendritic cell-speci±c intercellular adhesion molecule-3-grabbing non-integrin 
(DC-SIGN), which is expressed on monocyte-derived DCs (moDCs), and on 
skin and lymph node resident antigen presenting cell (APCs) subsets [10,15–
17], is a CLR speci±c for Lewis-type and high-mannose glycans [18]. After 
internalization, it e¹ciently directs its cargo to MHC-I and MHC-II, resulting 
in enhanced CD8+ and CD4+ T cell responses when targeted with LewisY

 or high-
mannose containing liposomes or proteins [10,19].
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Besides e¹cient DC loading, the choice of antigen is pivotal in anti-cancer vaccine 
development. °ere is compelling evidence that the presence of neo-antigens is 
important in the initiation of tumor-speci±c T cell responses. Tumors with a high 
mutational load are associated with increased T cell responses and improved clinical 
outcome [20,21]. Moreover, vaccination with neo-antigens derived from murine 
melanoma and colon carcinoma models resulted in tumor control in mice [22,23]. 
°e ±rst neo-antigen-based vaccines clinically tested in melanoma patients also 
showed promising results with relatively high response rates [24,25]. Neo-antigens 
are therefore regarded as an attractive vaccine target for the induction of superior 
anti-tumor T cell responses, but require laborious and costly production pipelines 
involving genome-wide sequencing, non-synonymous mutation identi±cation, 
epitope prediction, and RNA or peptide production [24,25]. An abundant source 
of both patient-speci±c neo-antigens and shared tumor-associated antigens 
(TAAs) for vaccination purposes, without the need for prior knowledge of the 
personalized epitope repertoire, is the autologous tumor itself. We previously 
showed that apoptotic extracellular vesicles (ApoEVs) derived from tumor cells 
can induce antigen-speci±c T cell responses both in vitro and ex vivo [26,27]. 
ApoEVs are produced when cells undergo apoptosis, resulting in membrane 
blebbing, membrane protrusion, and apoptotic body (ApoBD) formation [28]. 
ApoBDs have a diameter of 1–5 µM, express phosphatidylserine (PtdSer) on their 
membrane surface, and contain, among others, proteins and nuclear fragments 
[28–33]. Besides ApoBDs, apoptotic cells induce formation of smaller vesicles 
(<1 µM), called apoptotic microvesicles [28,30,31]. In the literature, no consensus 
is reached regarding the nomenclature of the smaller apoptotic vesicles; therefore, 
we decided to use the general term ApoEVs to describe all sizes of extracellular 
vesicles derived from apoptotic cells.

In this study, we designed a DC-targeted tumor vaccine through glycan 
modification of melanoma-derived ApoEVs. The induction of DC-SIGN-
binding high-mannose glycans on tumor cells prior to the induction of apoptosis 
with bortezomib resulted in high-mannose expressing ApoEVs, which facilitate 
enhanced uptake by moDCs via DC-SIGN and enabled antigen-specific CD8+ T 
cell priming. These data support the use of glycan-modified ApoEVs as vehicles 
for the selective in vivo delivery of tumor-derived (neo-)antigens to DCs in order 
to kick-start tumor-specific CD8+ T cell responses. 
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Results

Kifunensine-treated melanoma cells express high-mannose carbohydrate 
structures on their cell surface
To target tumor-specific antigens to moDCs for the induction of superior CTL-
responses, we aimed to modify ApoEVs with DC-SIGN binding ligands, such 
as high-mannose glycan structures (Figure 1A). For the generation of high-
mannose expressing ApoEVs (ApoEVs-HM), the melanoma cell line Mel-JuSo 
was cultured 72 h prior to and during the induction of apoptosis, in the presence 
of the mannosidase I inhibitor kifunensine, an alkaloid and potent inhibitor of 
the enzyme mannosidase I [34]. By blocking the trimming of mannose residues 
on precursor glycoproteins, tumor cells express high-mannose containing 
glycoproteins [19].

Kifunensine treatment induced expression of DC-SIGN binding ligands, 
as shown by an increased DC-SIGN-Fc binding to Mel-JuSo cells. This is in 
concordance with previous work where we showed the expression of DC-SIGN 
binding ligands on a variety of melanoma cell lines after kifunensine treatment 
[19]. The enhanced DC-SIGN binding was completely abrogated in the 
presence of EDTA, thereby confirming the specific binding of the DC-SIGN-
Fc molecules, as DC-SIGN binding is Ca2+ dependent [35] (Figure 1B). The 
kifunensine treatment did not affect the viability of the cells (Figure 1C). Mel-
JuSo cells were treated 72 h with 20 nM bortezomib to induce the formation of 
early and late ApoEVs. We selected bortezomib for the generation of ApoEVs, as 
this compound is already used in the clinic for the treatment of multiple myeloma 
and B cell lymphoma, and potently induces immunogenic cell death [36,37]. 
Apoptosis induction was monitored every 24 h by membrane staining of PtdSer 
(Annexin V) in combination with a viability dye (Figure 1D). We observed, 48 h 
after the induction of apoptosis, an increase in Annexin V staining and decrease in 
cell viability, with a cell viability below 25% after 72 h (Figure 1E). The ApoEVs 
were finally isolated using differential centrifugation steps (400× g and 1200× g) 
and collected after centrifugation at 10,000× g [32,33].

Glycan modi�cation results in ApoEVs with DC-SIGN binding properties
We next proceeded to analyze the binding of the different ApoEV and ApoEV-
HM batches by DCs. No differences in DC binding could be detected between 
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Figure 1 | Characterization of kifunensine-treated Mel-JuSo cells. (A) Protocol of ApoEV and ApoEV-
HM production and isolation procedure. (B) Mel-JuSo cells were cultured with kifunensine for 72 h. 
Dendritic cell-speci±c intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) binding was 
assessed using DC-SIGN-Fc and measured by ³ow cytometry. (C) Cell viability was measured by ³ow 
cytometry after staining with Annexin V and ±xable viability dye (FVD). Representative of n = 3. (D) Mel-
JuSo cells were treated with bortezomib to induce apoptosis. After 24, 48, and 72 h Annexin V (as a measure 
of apoptosis) and the cell viability (FVD) was measured by ³ow cytometry. Representative plots of n = 3. (E) 
After 72 h of apoptosis induction, cell viability ranged between approximately 5–25%. Data shown as mean 
± SD of three individual experiments.

the unmodified ApoEVs isolated at 1200× g or at 10,000× g. However, the binding 
of ApoEVs-HM isolated at 10,000× g was significantly increased, compared to 
the larger vesicles isolated at 1200× g (Figure S1). Therefore, we decided to further 
investigate the immune stimulatory properties of the ApoEVs and ApoEVs-HM 
isolated at 10,000× g. The size distribution of these vesicles was heterogeneous, 
ranging from approximately 200 nm up to >1000 nm (Figure S2). We checked 
whether the DC-SIGN binding ligands induced by the kifunensine treatment 
on the Mel-JuSo cells were preserved on the membranes of the ApoEVs. The 
vesicles were coated on an ELISA plate and stained with DC-SIGN-Fc (Figure 
2A). ApoEVs expressing high-mannose (ApoEVs-HM) bound DC-SIGN-Fc 
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in a dose-dependent manner, in contrast to the unmodified ApoEVs that did not 
possess DC-SIGN binding properties. The enhanced DC-SIGN binding was 
completely abrogated in the presence of EDTA, confirming the specificity for 
DC-SIGN-Fc. Binding of the lectin Narcissus pseudonarcissus agglutinin (NPA) 
indicated the presence of α1–6 polymannose structures on the high-mannose 
vesicles (Figure 2B). Next, we generated ApoEVs and ApoEVs-HM from the 
melanoma cell line SK-Mel28 according to the protocol described in Figure 
1A. The SK-Mel28-derived ApoEVs-HM also contained DC-SIGN-binding 
ligands as detected with DC-SIGN-Fc ELISA (Figure S3), demonstrating that 
this method can be applied to different tumor cell lines for the generation of DC-
SIGN-binding ApoEVs. 

High-mannose expressing ApoEVs are internalized via DC-SIGN by 
moDCs
To evaluate the DC-SIGN-binding properties of our ApoEVs-HM, we pulsed 
moDCs with DiD-labeled vesicles for 45 min on ice, before transferring them to 
37 °C for an additional 30- or 60-min incubation. °e percentage of DiD-positive 
moDCs was determined as a measure of vesicle binding/uptake. After 60 min at 
37 °C, up to 93% of the ApoEV-HM pulsed moDCs were DiD-positive compared 
to approximately 20% of the moDCs pulsed with the control ApoEVs (Figure 
2C,D). Pre-treatment with AZN-D1, a DC-SIGN blocking Ab, completely 
abrogated uptake of ApoEVs-HM (Figure 2E), showing that the enhanced 
uptake was completely DC-SIGN-dependent. Because the mannose receptor 

(MR) on moDCs might also bind mannose structures, we tested whether moDCs 
could bind ApoEVs-HM via MR (Figure 2F). The uptake of ApoEVs-HM was 
not affected by blocking the MR and was comparable to the uptake of ApoEVs-
HM by isotype control treated moDCs. To further investigate the DC-SIGN-
targeting properties of ApoEVs-HM, we used a human skin explant model [17], 
where we injected the vesicles to confirm binding of the ApoEVs-HM to human 
dermal DCs (dDCs) that naturally express DC-SIGN [16,17]. After two days, 
the migrated dDCs were analyzed by flow cytometry to identify vesicle uptake 
(DiD-labeled) by CD1a+ (HLA-DR+/CD1a+) and CD14+ (HLA-DR+/CD14+) 
dDCs and Langerhans cells (HLA-DR+/CD1ahigh/EpCAM+) [17] (Figure 
2G). A trend of increased ApoEV-HM uptake could be observed in the CD14+ 
dDCs population compared to the CD1a+ dDCs subset, which is in line with the 
higher expression of DC-SIGN on the CD14+ subset [16] (Figure 2H). The 
number of migrated Langerhans cells was, unfortunately, too low to be analyzed.
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Figure 2 | °e expression of high-mannose glycans on ApoEVs mediates DC-SIGN binding. (A,B) Mel-
JuSo-derived ApoEVs and ApoEVs-HM were coated, and DC-SIGN binding (A) and NPA binding (B) 
were detected by DC-SIGN-Fc or the lectin Narcissus pseudonarcissus agglutinin (NPA), respectively. 
Data shown as mean ± SD; representative of three individual experiments. (C–F) MoDCs were pulsed with 
DiD-labeled ApoEVs and ApoEVs-HM for 45 min at 4 °C, before cells were transferred to 37 °C. Uptake 
was measured by ³ow cytometry. (C) Representative ³ow cytometry data at time point 60 min. (D) Uptake 
of ApoEVs and ApoEVs-HM by moDCs after 0, 30, and 60 min. Data shown as mean ± SD of four donors. 
Statistics performed; two-way repeated measures ANOVA with Sidak post-hoc test. ** p < 0.01, *** p < 
0.001. (E) MoDCs were blocked with a DC-SIGN blocking Ab (AZN-D1) or (F) MR blocking Ab 30 
min prior to the loading with the ApoEVs or ApoEVs-HM. Data shown as mean ± SD of four donors (E) 
or three (F) donors. Statistics performed; two-way repeated measures ANOVA with Sidak post-hoc test. 
(G) Gating strategy for the CD1a+ and CD14+ dermal DCs (dDCs). (H) Uptake of DiD-labeled ApoEVs 
and ApoEVs-HM by migrated dDCs following in situ injection.
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Since adjuvants can a¯ect the internalization capacity of moDCs [38], we investigated 
the DC-SIGN-mediated uptake of ApoEVs-HM in the presence of a TLR4-
stimulus (Figure S4). MoDCs that received a TLR-4 stimulus (MPLA) showed 
similar internalization capacity compared to unstimulated moDCs, demonstrating 
that DC-SIGN is a suitable receptor for vaccine targeting strategies of both 
immature and maturing moDCs. To investigate if the ApoEVs were internalized 
by moDCs, we assessed vesicle uptake by imaging ³ow cytometry. After 30 min 
incubation at 37°C, around 50–65% of the moDCs loaded (at 4°C) with ApoEVs-
HM were positive for DiD (Figure 3A). °e amount of ApoEV-positive moDCs 
that could be used for image analysis was low, therefore we only determined the 
uptake in ApoEV-HM-loaded moDCs. Using imaging ³ow cytometry, we could 
discriminate between membrane-bound and internalized DiD-positive vesicles. 
We created a mask that we applied to all DiD-positive moDCs, which allowed 
for counting DiD-positive spots, representing the ApoEVs-HM localized at 
the membrane surface or intracellular (Figure 3B). After 45 min incubation at 
4 °C (time point: 0 min), the DiD-labeled ApoEVs-HM were solely localized 
at the membrane surface of moDCs (Figure 3C). °e internalization score was 
calculated, as the intensity of the DiD signal of the intracellular space versus the 
intensity of the entire cell. MoDCs that had internalized ApoEVs-HM typically 
had positive scores, whereas moDCs displaying membrane-bound ApoEVs-HM 
had negative scores. (NB: the internalization score was 0 when similar amounts 
of vesicles were located at the membrane, as in the intracellular space). After 30 
and 60 min incubation at 37°C, the ApoEVs-HM were internalized as indicated 
by the increase in internalization score (Figure 3D,E representative pictures). 
Collectively, these data show that DC-SIGN facilitates increased binding and 
internalization of ApoEVs-HM by moDCs. 

Mel-JuSo-derived ApoEVs do not mature moDCs
Stress-induced apoptosis can result in immunogenic cell death, a form of cell 
death that facilitates T cell-mediated immune responses and is characterized by 
the secretion and cell surface expression of damage-associated molecular patterns 
(DAMPs), like high mobility group protein B1 (HMGB1), heat-shock proteins, 
and calreticulin [36]. These molecules have the ability to induce DC maturation by 
binding pattern recognition receptors (PRRs) [37,39]. The presence of DAMPs 
on the vesicle membrane would allow for self-adjuvating properties of the vesicle 
vaccine. We investigated the capacity of our isolated vesicles to mature moDCs 
by quantifying DC maturation markers by flow cytometric analysis. While TLR4 
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stimulation with lipopolysaccharide (LPS) induced DC maturation as expected, 
expression levels of CD80, CD86, and HLA-DR did not differ between untreated 
and vesicle-loaded moDCs (Figure 4A). However, both LPS-stimulated and 
ApoEV-HM-loaded moDCs appeared to have slightly lower DC-SIGN 
expression (Figure 4A). These results can be explained by the fact that DC-SIGN 
is a non-recycling receptor, and expression decreases after ligand internalization or 
maturation of DCs [38]. We also checked whether moDC maturation upon TLR 
stimulation was affected by ApoEV or ApoEV-HM loading, which would not be 

Figure 3 | Glycan modi±ed ApoEVs (ApoEVs-HM) are internalized by moDCs. (A) MoDCs (white = 
donor 1, black = donor 2, grey = donor 3) were loaded with DiD-labeled ApoEVs and ApoEVs-HM for 45 
min at 4 °C, washed, and incubated at 37 °C for the indicated times. MoDCs were analyzed using imaging 
³ow cytometry. (B) Time course of the median spot count in the DiD-positive ApoEV-HM-loaded moDC 
population using imaging ³ow cytometry. (C) Representative pictures of ApoEV-HM-loaded moDCs at 
time point 0 min with 1, 2, or 3 positive spots. (D) Time course of the internalization score of ApoEVs-HM 
of donor 1. (E) Representative imaging ³ow cytometry pictures after 0, 15, and 30 min incubation at 37 °C 
of moDCs (donor 1) that are positive for 2 spots.
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favorable in a therapeutic setting. The maturation capacity of LPS was not inhibited 
in ApoEV-loaded moDCs, as maturation marker expression was comparable 
between the different conditions (Figure 4B). This was in line with the results 
observed in a mixed-leukocyte reaction (MLR), where DC-induced CD4+ T cell 
and CD8+ T cell proliferation did not differ between the two conditions (Figure 
S5). Together, our results indicate that bortezomib-induced ApoEVs derived from 
Mel-JuSo cells do not have moDCs maturing properties, nor did they negatively 
impact moDC maturation upon TLR4 stimulation. 

Figure 4 | Glycan-modi±ed ApoEVs (ApoEVs-HM) do not mature moDCs. (A) MoDCs were loaded 
with ApoEVs, ApoEVs-HM (100 µg/mL (two donors) or 200 µg/mL (two donors)), or LPS for 3 h, 
washed, and cultured o/n. °e next day, the expression of maturation markers CD80, CD83, CD86, HLA-
DR, and DC-SIGN was analyzed by ³ow cytometry. Graph is combined data of the four donors, showing 
mean + SD of the median ³uorescence intensity. (B) MoDCs were loaded with ApoEVs, ApoEVs-HM 
(100 µg/mL (two donors) or 200 µg/mL (two donors)) in the presence of LPS (10 ng/mL) for 3 h. °e next 
day, the expression of CD80, CD83, CD86, and HLA-DR was analyzed by ³ow cytometry. Graph is 
combined data of the four donors, showing mean + SD of the median ³uorescence intensity.

ApoEV-HM-loaded moDCs induce MART-1-speci�c CD8+ T cells
Finally, we assessed if the increased uptake of ApoEVs-HM also resulted in the 
cross-priming of tumor-associated antigen-specific HLA-A2-restricted CTLs. The 
ApoEVs were isolated from HLA-A2- Mel-JuSo cells in order to prevent direct 
HLA-A2-restricted antigen presentation of the ApoEVs to T cells. To determine 
the potency of ApoEV-HM-loaded moDC to prime naïve T cells, we used the 
MART-1 (/Melan-A) as a melanoma-specific antigen. Since endogenous MART-
1 was not detected in Mel-JuSo cells, we transduced the cells with MART-1. 
ApoEVs and ApoEVs-HM derived from the MART-1-expressing Mel-JuSo cell 
lines contained MART-1 protein, which we confirmed by Western blot (Figure S6). 
CD8β+ T cells were co-cultured with autologous irradiated CD8β+ depleted PBMCs 
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Figure 5 | Glycan modi±cation of ApoEVs (ApoEVs-HM) results in priming and expansion of MART-1-
speci±c CD8+ T cells. (A) Protocol of priming and expansion of MART-1-speci±c CD8+ T cells. (B) 
MoDCs were loaded with the di¯erent vesicles in the presence of LPS. For the ±rst and third donor six, and 
for the second donor ±ve separate cultures were evaluated for each condition. Frequencies of MART-126–

35L-dextramer+ CD8+ T cells were analyzed 10 days after induction. Combined data of three donors is shown 
as percentage of MART-126–35L-dextramer+ CD8+ T cells. Data were analyzed by one-way ANOVA with 
Tukey post-hoc test, * p < 0.05. (C) Frequencies of MART-126–35L-Dx+ CD8+ T cells present in the control 
cultures using the short MART-126–35L peptide. Data is shown as mean + SD of donor 1. (D) Representative 
³ow cytometry plots of MART-126–35L -Dx+ CD8+ T induced by ApoEV-, ApoEV-HM-, or short peptide 
(control)-loaded moDCs.
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(feeders) and allogeneic, HLA-A2-matched vesicle-loaded moDCs for 10 days 
(Figure 5A). As a read-out, we used dextramers (Dx), recognizing the high-affinity 
altered-peptide ligand for the immune-dominant MART-1 epitope MART-126–

35, i.e., MART-126–35L [40]. MART-1-specific CD8+ T cells could be detected at 
higher frequencies in cultures stimulated with moDCs loaded with ApoEVs-HM 
compared to cultures containing the wild-type ApoEV-loaded moDCs (Figure 
5B,D). As a positive control, moDCs were pulsed with a short synthetic peptide 
of the immune-dominant MART-1 epitope MART-126–35L (Figure 5C,D), and 
unpulsed moDCs (no ApoEVs) were taken along as negative control. ApoEVs-
HM induced higher percentages of MART-1-specific CD8+ T cells compared to 
the wild-type ApoEVs, thereby demonstrating that increased internalization of 
apoptotic vesicles by moDCs results in enhanced CD8+ T cell priming capacity. 

In conclusion, we provide evidence that glycan modification of ApoEVs promotes 
vesicle internalization and CD8+ T cell priming. 

Discussion

Targeting tumor-speci±c antigens to DCs has been shown to increase tumor 
vaccination e¹cacy in murine in vivo models [9,13]. However, most of these 
studies used single antigen formulations, whereas multi-antigenic vaccines hold the 
power to elicit more (poly)clonal T cell responses directed against multiple tumor-
associated (neo-)antigens, thereby broadening anti-tumor immunity and avoiding 
immune escape. In this study, we investigated multi-antigenic glycan modi±ed 
ApoEVs as a DC-targeting vaccine to enhance anti-tumor immunity. Our data 
show that the applied glycan modi±cation of ApoEVs (high mannosylation) 
resulted in robust targeting to the CLR DC-SIGN. Moreover, it enhanced vesicle 
uptake and facilitated e¹cient tumor-speci±c CD8+ T cell priming, without 
altering the moDC phenotype or interfering with TLR-mediated DC maturation.

°e induction of high-mannose glycans on ApoEVs facilitates e¹cient DC-
SIGN-mediated antigen loading of DCs. °e increase in uptake could be fully 
abrogated by blocking DC-SIGN, thereby excluding a role for the MR. A 
similar e¯ect was previously observed regarding the uptake of high-mannose 
gp100 glycoproteins, which were also solely internalized via DC-SIGN [19]. 
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The binding and internalization of ApoEVs did not result in the expression of 
maturation markers, which was in line with our previous findings showing that 
heat shock-induced leukemia-derived ApoEVs had no maturing effect on moDCs 
[26]. However, contradictory data have been published, where uptake of ApoEVs 
induced upregulation of DC maturation markers (e.g., CD40 and CD86) and 
secretion of pro-inflammatory cytokines (e.g., IL-6 and TNF-α) by murine bone 
marrow-derived dendritic cells (BMDCs), and the expression of CD80, CD83 
and CD86, and secretion of IL-8 and TNF-α by human moDCs [41,42]. As 
ApoEVs are not well characterized and the isolation methods differ greatly 
between studies, these variations in DC-activating effects may be explained by the 
differences in vesicle origin, the timing of administration, the methods used for 
apoptosis induction, the isolation of the vesicles, or the size of the vesicles. The 
effect of vesicle size on immune activation was emphasized by the observation 
that ApoEVs (size 1–3 µM) derived from murine endothelial cells contained the 
pro-inflammatory cytokine IL-1α, while the smaller vesicles (<1 µM) did not 
[43]. When injected in the peritoneal cavity of mice, the larger ApoEVs (1–3 µM) 
induced a sterile inflammation with neutrophil infiltration [43]. Nevertheless, 
apoptotic cells can also have an immune inhibitory effect. Apoptotic cell uptake 
by TLR-stimulated DCs has been reported to result in the inhibition of NF-κB 
activation, reduced secretion of the pro-inflammatory cytokine IL-12, hampered 
CD86 expression and the secretion of the regulatory cytokine IL-10 [44–46]. In 
contrast, our isolated ApoEVs did not inhibit the upregulation of DC maturation 
markers (CD80, CD83, CD86, and HLA-DR) upon TLR-stimulation, and no 
differences were observed in the capacity to induce T cell proliferation between 
maturing ApoEV-loaded and non-ApoEV-loaded DCs in vitro. This is not 
surprising, as we have seen before that matured moDCs retain their capacity to 
express CCR7 and migrate towards CCL19 after loading with ApoEVs [26]. 
Fransen et al. showed an increase in T cell-mediated production of IL-2, IFN-
gamma, and, in particular, IL-17 induced by ApoEV-loaded BMDCs. However, 
their mouse-derived (32Dcl3 cells) ApoEVs had BMDC maturing properties and 
during their in vitro experiments, no additional adjuvant was administered [41]. 

Multiple studies have already reported on the ability of ApoEV-loaded DCs 
to induce antigen-speci±c CD8+ T cell responses [26,27,47]. Our unmodi±ed 
ApoEVs were not able to induce robust MART-126–35-speci±c CD8+ cell responses. 
°e amount of antigen expressed by the tumor cells, the immunogenicity of the 
model antigen, and the experimental setup are potential factors in³uencing T cell 
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priming by ApoEVs. °e work of Muhsin-Sharafaldine et al. demonstrated that 
ApoEVs from B16 tumors endogenously expressing ovalbumin did not result in 
anti-tumor protection, while after antigen enrichment, ApoEVs were superior in 
the induction of anti-tumor immunity compared to antigen enriched exosomes 
and micro-vesicles [47]. We did observe a signi±cant increase in the MART-
speci±c CD8+ T cells frequency in the primed cultures, where moDCs were 
loaded with glycan-modi±ed ApoEVs, indicating that the enhanced DC-SIGN-
mediated uptake augments T cell responses. °ese results verify the concept that 
DC-SIGN targeting, via Abs, glycan-modi±ed liposomes, and modi±ed ApoEVs, 
can boost CD8+ T cell responses [9,10,38]. 

Future research should focus on the minimum antigen content of ApoEVs 
necessary for the induction of strong anti-tumor T cell responses, preferably in 
an in vivo setting, using neo-antigens or non-self-antigens as model antigens. 
Additionally, inclusion of multiple neo-antigens in the vaccine is essential, given 
that the expression of neo-antigens can be selectively lost in tumors and may 
lead to tumor resistance [48]. Using patient-derived glycan-modified vesicle 
vaccines could therefore be an abundant and easily accessible source for tumor-
specific antigens that circumvents the need for neo-antigen characterization and 
HLA matching. The content of these vesicles, and the effect of different levels of 
various (neo-)antigens present in these vesicle preparations, should be assessed 
to appreciate their impact on the induced anti-tumor immune response and the 
ultimate vaccination and anti-tumor efficacy achieved.

Conclusions
In conclusion, mannosylated glycan-enriched melanoma ApoEVs target DC-
SIGN on moDCs, thereby enhancing vesicle uptake, cross-presentation and 
the priming and activation of tumor-specific CD8+ T cells. DC-SIGN-binding 
patient-derived ApoEVs could therefore be a promising multi-antigenic source 
for DC-targeted anti-tumor immunotherapy.
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Materials and methods

Reagents and antibodies
°e following reagents were used: Saponin (Sigma-Aldrich, Zwijndrecht, 
°e Netherlands), monophosphoryl lipid A (MPLA) from Salmonella enterica 
(InvivoGen, Toulouse, France), lipopolysaccharide (LPS) from Escherichia coli 
(Sigma-Aldrich) Staphylococcal enterotoxin B from Staphylococcus aureus 
(SEB) (Sigma-Aldrich), Phytohemagglutinin-L (PHA-L) (Vector laboratories, 
Burlingame, CA, USA), paraformaldehyde (PFA) aqueous solution (Electron 
Microscopy Sciences, Hat±eld, PA, USA), citric acid (Merck Millipore, 
Amsterdam, °e Netherlands), sodium acetate ( J.T Baker), TMB (Sigma-Aldrich), 
2-mercaptoethanol (Sigma-Aldrich), Laemmli bu¯er (Bio-Rad, Veenendaal, °e 
Netherlands), bovine serum albumin (BSA) (Roche, Nederland BV, Woerden, 
°e Netherlands), trypsin (°ermoFisher Scienti±c, Breda, °e Netherlands), 
bortezomib (Selleck, Munich, Germany), human serum (Sigma-Aldrich), human 
Interleukin-2 (IL-2) (Proleukin (Novartis), Arnhem, °e Netherlands), IL-4 
(ImmunoTools, Friesoythe, Germany), human IL-6 (R&D Systems, Minneapolis, 
MN, USA), human IL-10 (R&D Systems), human IL-12 (Peprotech, London, 
UK), human granulocyte-macrophage colony-stimulating factor (GM-CSF) 
(ImmunoTools), Kifunensine (Tocris Bioscience, Abingdon, UK) and Bradford 
protein assay kit (°ermoFisher). °e following ³uorescent labeled probes and 
Abs were used: PO-labeled Goat anti-human IgG Fc ( Jackson, Ely, UK), anti-
CD8β (clone 2ST8.5H7, Beckman Coulter, Brea, CA, USA), anti-MART-1 
(clone M2-7C10, °ermoFisher), rabbit anti-GAPDH (14C10, Cell Signaling, 
Leiden, °e Netherlands), anti-mouse-800 (LI-COR Biosciences, Lincoln, NE, 
USA), anti-rabbit-680 antibodies (LI-COR Biosciences), FITC-labeled anti-
human IgG-Fc ( Jackson), anti-CD80-FITC (clone 2D10, Biolegend, San Diego, 
CA, USA), anti-CD83-PE-Cy7 (clone HB15e, eBioscience, Santa Clara, CA, 
USA), anti-CD86-PE (clone 2331 (FUN-1), BD Biosciences, Temse, Belgium), 
anti-HLA-DR-BV510 (clone G46-6, BD Biosciences), anti-CD1a-FITC 
(clone HI149, BD Biosciences), anti-CD14-PE (clone M5E2, Biolegend), anti-
EpCAM-BV421 (clone EBA-1, BD Biosciences), unconjugated anti-CD206 
(clone 19.2, BD Biosciences), anti-CD8-BV421 (clone RPA-T8, BD Biosciences), 
anti-CD4-APC (clone RPA-T4, BD Biosciences), streptavidin-PO (Biosource), 
AF-488-streptavidin (Invitrogen), Violet tracer proliferation kit (°ermoFisher), 
FITC-Annexin V (BD Biosciences), the monoclonal IgG1 Ab AZN-D1 and 
AF488 labeled AZN-D1, against the carbohydrate-recognition domain of DC-
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SIGN (in house production) [35], PE-labeled MART-126–35L dextramer (MART-
1126–35L Dx, Immundex, Copenhagen, Denmark), the lipophilic tracer DiD, and 
the ±xable viability dye (FVD) eFluor 780 (both from Invitrogen). °e goat-
anti-mouse (GaM) magnetic beads and human CD14 beads came from Miltenyi 
Biotec (Bergisch Gladbach, Germany).

Cell lines, lentiviral transduction, glycan modi�cation, and apoptosis 
induction
The human HLA-A2 negative (HLA-2−) melanoma cell lines Mel-JuSo and SK-
MEL28 (a gift from prof. T.D. de Gruijl, Amsterdam UMC, Amsterdam) were 
cultured in IMDM medium (Invitrogen) supplemented with 10% FCS, 100 U/
mL penicillin/streptomycin, and 2 mM l-glutamine (all from Lonza, Verviers, 
Belgium) (complete RPMI). For the generation of the MART-1-expressing 
Mel-JuSo cells, the MART-1 gene (a gift from prof. B.J. van den Eynde, Ludwig 
Institute, Brussels) was cloned using the NheI and XbaI sites of the PMEL human 
lentiviral vector (ABM, cat. no. LV801443, accession number NM_006928). An 
empty control vector was generated by removal of the PMEL human gene using 
EcoRV5 and subsequent re-ligation. Recombinant lentiviruses were produced 
by co-transfecting sub-confluent human embryonic kidney (HEK) 293T cells 
with the lentiviral expression plasmid and packaging plasmids (pMDLg/pRRE 
and pRSV/Rev) using calcium phosphate as transfection agent. HEK 293T cells 
were cultured in complete DMEM, in a 37 °C incubator with 5% CO2. Infectious 
lentivirus was collected 48 h after transfection and the supernatant was centrifuged 
to remove cell debris and stored at −80 °C. Mel-JuSo cells were transduced with 
the lentivirus preparations and after 48 h, cells expressing MART-1/GFP were 
selected by puromycin (0.2 × 10−7 g/mL) containing selection medium. Three 
days before induction of apoptosis (day 3), the Mel-JuSo culture medium was 
supplemented with 2 µg/mL kifunensine. At day 0, 4 × 106 Mel-JuSo cells were 
seeded in T75 flask (10 mL), supplemented with 2 µg/mL kifunensine. The cells 
were allowed to adhere for at least 2 h and apoptosis was induced by adding 20 
nM bortezomib to the culture medium for 72 h. Cell viability and apoptotic rate 
was assessed via staining with FITC-labeled Annexin V and fixable viability dye. 
In short, the culture medium and adherent cells, after trypsinization, were pooled 
and stained with FVD for 30 min. Hereafter, cells were washed twice and stained 
with FITC-labeled Annexin V in Annexin V staining buffer for 15 min at RT. 
Cells were washed and resuspended in Annexin V staining buffer and analyzed by 
flow cytometry on a ×20 Fortessa SORP flow cytometer (BD Biosciences).
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ApoEV isolation protocol
The vesicles were collected 72 h after the induction of bortezomib-induced 
apoptosis (4.2.) via differential centrifugation steps: 10 min at 400× g, 20 min at 
1200× g, and 30 min 10,000× g (ApoEVs) in order to remove cell debris (400× g 
fraction) and larger ApoEVs (1200× g fraction) [32,33]. All centrifugation steps 
were performed at 4 °C. The pellet containing ApoEVs (10,000× g fraction) was 
used for further experiments. Protein concentration was determined by Bradford 
protein assay kit according to manufacturer’s instructions. Protein concentrations 
in the ApoEV and ApoEV-HM lysed isolated fractions were generally comparable. 
Size distribution of the ApoEVs and ApoEVs-HM were analyzed by nanoparticle 
tracking analysis (NTA, Nanosight,).

Monocyte-derived DCs
Immature moDCs were generated from monocytes obtained from human peripheral 
blood mononuclear cells (PBMCs), isolated from buffy coats of healthy donors 
(Sanquin, Amsterdam, The Netherlands) by a sequential lymphoprep (Axis-Shield, 
Dundee, UK) and percoll (Amersham, GE Health care, Eindhoven, The Netherlands) 
gradient. The monocytes were then cultured for 5–6 days in complete RPMI in the 
presence of recombinant human GM-CSF (800 U/mL) and IL-4 (500 U/mL).

Lectin binding assays
Cells were cultured in T75 flasks and supplemented with kifunensine (2 µg/mL) 
for 3 days. At day 3, the cells were stained with DC-SIGN-Fc and the plant lectin 
Narcissus pseudonarcissus agglutinin (NPA). DC-SIGN-Fc was produced from 
transfectants as previously described [49]. After trypsinization, cells were washed 
twice in TSM buffer (20 mM Tris, pH 7.4, 150 mM NaCL, 1 mM CaCL2, 2 
mM MgCL2) supplemented with 1% BSA and stained with biotinylated Narcissus 
pseudonarcissus agglutinin (NPA) (specific for α1–6 polymannose) and purified 
DC-SIGN-Fc (10 µg/mL) for 30 min at RT. Lectin binding was detected 
with AF488-conjugated Streptavidin and FITC-labeled anti-human IgG-Fc, 
viability of the cells was determined with FVD and cells were analyzed by flow 
cytometry. For lectin binding analysis on ApoEVs, ELISA plates (Nunc maxisorp, 
ThermoFisher) were coated o/n at 4 °C with 0.05–50 µg/mL ApoEVs in coating 
buffer (50 mM Na2CO3, pH 9.7). Plates were washed in TSM buffer containing 
0.05% Tween and blocked with 1% fatty acid free BSA in TSM for 30 min at 37 
°C. Plates were incubated with 50 µL DC-SIGN-Fc (2 µg/mL) or biotinylated 
NPA (1 µg/mL) for 1 h at RT. Binding was detected using PO-labeled Goat anti-
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human IgG Fc or streptavidin-PO (30 min on RT). Binding was quantified by the 
addition of substrate buffer (0.1 M citric acid, 0.1 mM sodium acetate, pH 4, 100 
µg/mL 3,3'-5,5'-tetramethylbenzidine (TMB) and 0.006% H2O2. Absorbance 
was measured at 450 nm using a spectrophotometer (Bio-Rad).

Binding and uptake of ApoEVs
ApoEVs were labeled with 0.5–1 µM DiD for 15 min at 37 °C. After labeling, 
vesicles were washed twice in PBS and centrifuged at 10,000× g for 30 min. 
Blocking DC-SIGN and MR was done by pre-treating the DCs with AZN-D1 
(20 µg/mL), anti-MR (CD206) (40 µg/mL), or isotype control (40 µg/mL) for 
20–30 min at 37 °C. Immature or maturing (10 µg/mL MPLA) moDCs (10 × 104 
per time point) were loaded with 50 µg/mL DiD labeled ApoEVs or ApoEVs-
HM for 45 min on ice to allow binding and thereafter transferred to 37 °C. At 
different time points (0, 30 and 60 min) cells were washed, and subsequently fixed 
with 1% PFA. The cells were analyzed by flow cytometry (×20 Fortessa SORP 
flow cytometer, BD Biosciences). 

In situ dermal dendritic cell targeting
Human abdominal skin explants from healthy donors (Bergman Clinics, 
Bilthoven, The Netherlands) were injected intradermal with 20 µL serum free 
IMDM (supplemented with penicillin streptomycin, glutamine and gentamycin), 
containing 50 µg/mL ApoEVs or ApoEVs-HM. At the site of injection, a blister 
would appear, of which a punch biopsy (8 mm; Microtec) surrounding the blister 
was taken. Around 8 biopsies per condition were obtained and cultured in a 48-
well plate, with the epidermis facing upwards. After 2 days, the crawl-out cells 
were harvested and stained for analyses by flow cytometry. To distinguish the 
different migrated dermal DC subsets, we stained with the following antibodies: 
HLA-DR, CD1a, CD14, EpCAM, and FVD. 

MoDC maturation assay
Immature moDCs were seeded in a 96-well U-bottom plate (Greiner) at a 
concentration of 50 × 103 cells per well and loaded with the different vesicles 
(2 donors 200 µg/mL and 2 donors 100 µg/mL or LPS (10 ng/mL)). After 3 
h, moDCs were washed in PBS and cultured o/n. MoDCs were stained for the 
expression of DC maturation markers CD80, CD86, and HLA-DR for 30 min. 
Marker expression was measured by flow cytometry (×20 Fortessa SORP flow 
cytometer, BD Biosciences).
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Mixed leukocyte reaction (MLR) and cytokine secretion
CD14+ monocytes were isolated from PBMCs by positive selection using anti-
CD14 conjugated magnetics beads according to the manufacturer’s instructions. 
Monocytes were then cultured for 5 days in the presence of 500 U/mL IL-4 and 
800 U/mL GM-CSF for the generation of immature moDCs. Peripheral blood 
lymphocytes (PBLs) from healthy donors were labeled with 5 µM violet tracer, 
according to the manufacturer’s instructions and co-cultured with allogeneic 
ApoEVs and ApoEVs-HM (200 µg/mL) loaded and LPS-stimulated (10 ng/mL) 
(24 h) moDCs in complete IMDM medium for 7 days. Control moDCs were 
stimulated with 5 ng/mL SEB or 5 µg/mL PHA-L. At day 7, cells were harvested 
and labeled with anti-CD4 and anti-CD8. Proliferation was determined using 
flow cytometry (×20 Fortessa SORP flow cytometer, BD Biosciences) and 
analyzed with FlowJo V10 software (Ashland, OR, USA). 

Induction of MART-1-speci�c CD8+ e�ector T cells
CD14+ monocytes and CD8β+ T cells were isolated from PBMCs of HLA-A2+ 
healthy donors by positive labeling with magnetic bead-labeled anti-CD14 or 
anti-CD8β antibody and goat-anti-mouse (GaM) magnetic beads (Miltenyi 
Biotec) using a magnetic cell-sorting device (Miltenyi Biotec), according to the 
manufacturer’s instructions. Next, monocytes were cultured for 5 days in in the 
presence of IL-4 and GM-CSF for the generation of immature moDCs. For 
the induction of MART-1-specific CTLs, 1 x 106 CD8β+ T cells and 1 × 106 
irradiated (50 Gy) CD8β−autologous PBMCs were co-cultured with 1 × 105 

allogeneic HLA-A2+ ApoEV (200 µg/mL, 5 h), ApoEV-HM (200 µg/mL, 5 h), 
or MART26–36L peptide-pulsed [40] and LPS-stimulated (10 ng/mL) moDCs for 
10 days in Yssel’s medium [50] containing 1% human serum. The culture medium 
was supplemented with IL-6 (10 ng/mL) and IL-12 (10 ng/mL). Six (first en 
third donor) or five (second donor) equal cultures were initiated per condition. 
On day 1, 10 ng/mL IL-10 and at day 5, 25 international units (IU) of IL-2 were 
added to the culture medium. At day 10 the cells were collected and the CD8+ 
T cells were stained with PE-labeled MART26–35L-specific dextramers (Dx) for 
20 min at 37 °C, after which the cells were stained for 30 min at 4 °C for CD8 
expression and viability. The frequency of MART-1 specific CTLs was assessed 
by flow cytometry (×20 Fortessa SORP flow cytometer, BD Biosciences) and 
analyzed with FlowJo V10 software. 
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Imaging �ow cytometry
MoDCs were pulsed for 45 min on ice with 100 µg/mL ApoEVs or glycan 
modified ApoEVs (ApoEVs-HM). Thereafter cells were washed and incubated 
at 37 °C for 0, 15, or 30 min, before fixation with 4% PFA. Images were acquired 
on the ImageStream ×100 (Amnis Corp., Seattle, WA, USA) and analyzed using 
Ideas v6.0 software (Amnis-Merck Millipore) as previously described [38]. In 
short, analysis was done on single cells after compensation on at least 300 cells/ 
time point for donor 1, 10,000 cells/time point for donor 2 and 2900 cells/time 
point for donor 3. The spot count was calculated on DiD+ cells by creating a 
mask based on the surface of cells in the bright field image. To calculate the 
internalization score, another mask was created and pixels were eroded from the 
mask to exclude the membrane. The resulting mask was applied to the fluorescence 
channel containing the probe of interest. The internalization score was calculated 
using features provided in the Ideas v6.0 software. DCs that have internalized the 
bound vesicles have positive scores, while DCs that have most vesicles located at 
the membrane have negative scores. If the internalization score is 0, equal amounts 
of vesicles are located at the cell surface as well as intra-cellular.

Western blot
To prepare crude cell lysates, ApoEVs and ApoEVs-HM were washed and 
lysed with RIPA buffer (containing phosphatase and protease inhibitors) on 
ice. To prepare Western blot samples the lysate was boiled for 5 min at 95 °C 
in pre-heated 4× Laemmli buffer containing 5% 2-mercaptoethanol. Samples 
containing equal amounts of protein were loaded on a 15% polyacrylamide gel 
according to standard procedures. Nitrocellulose membranes (0.45 µm, Bio-Rad) 
were incubated o/n with mouse anti-MART-1 and rabbit anti-GAPDH. Anti-
mouse-800 and anti-rabbit-680 antibodies were used as secondary antibodies. 
Membranes were analyzed using Odyssey Classic Imager (LI-COR) and Image 
Studio Lite (LI-COR). 

Statistical analysis
Data were analyzed with GraphPad Prism 7.0 software (La Jolla, CA, USA) using 
one-way ANOVA or two-way ANOVA with a post-hoc analysis as indicated in 
the figure legend. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure S1 | MoDCs favor ApoEVs–HM isolated at 10,000× g. MoDCs were incubated with DiD labeled 
ApoEVs or ApoEVs-HM (50 µg/mL) isolated at 1200× g and 10,000× g for 45 min at 4 °C, before cells 
were transferred to 37 °C for 60 min. Uptake was measured by ³ow cytometry. Data shown as mean ± SD 
of n = 4. Data analyzed with one-way repeated measures ANOVA with Tukey post-hoc test, * p < 0.05.
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Figure S2 | Pro±le of size distribution of ApoEVs and ApoEVs-HM, measured by nanoparticle tracking 
analysis (NTA).
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Figure S3 | SK-Mel28 derived ApoEVs-HM express DC-SIGN binding ligands. Di¯erent concentrations 
of SK-Mel28-derived ApoEVs were coated on an ELISA plate and DC-SIGN binding was detected by 
DC-SIGN-Fc staining.
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Figure S5 | Allogeneic mixed leukocyte reaction (MLR), ApoEV- and ApoEV-HM-loaded (200 µg/mL) 
and LPS-stimulated moDCs and violet tracer stained peripheral blood lymphocytes (PBLs) were co-
cultured for 7 days. T cell proliferation was analyzed by ³ ow cytometry using the violet tracer dilution as a 
read-out. Data represents the mean + SD and are representative graphs of n = 2.

S6

Figure S6 | Western blot for the detection of MART-1 protein (18 kDa) in the ApoEVs and ApoEVs-
HM. Equal amounts of protein were loaded of lysed ApoEVs and ApoEVs-HM.
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Abstract

Glioblastoma is the most prevalent and aggressive primary brain tumour for 
which total tumour lysate-pulsed dendritic cell vaccination is currently under 
clinical evaluation. Glioblastoma extracellular vesicles (EVs) may represent an 
enriched cell-free source of tumour-associated (neo-) antigens to pulse dendritic 
cells (DCs) for the initiation of an anti-tumour immune response. Capture and 
uptake of EVs by DCs could occur in a receptor-mediated and presumably glycan-
dependent way, yet the glycan composition of glioblastoma EVs is unknown. 
Here, we set out to characterize the glycocalyx composition of glioblastoma EVs 
by lectin-binding ELISA and comprehensive immunogold transmission electron 
microscopy (immuno-TEM). The surface glycan profile of human glioblastoma 
cell line-derived EVs (50–200 nm) was dominated by α-2,3- and α-2,6 linked 
sialic acid-capped complex N-glycans and bi-antennary N-glycans. Since sialic 
acids can trigger immune inhibitory sialic acid–binding Ig-like lectin (Siglec) 
receptors, we screened for Siglec ligands on the EVs. Glioblastoma EVs showed 
significant binding to Siglec-9, which is highly expressed on DCs. Surprisingly, 
however, glioblastoma EVs lack glycans that could bind Dendritic Cell-Specific 
Intercellular adhesion molecule- 3-Grabbing Non-integrin (DC-SIGN, CD209), 
a receptor that mediates uptake and induction of CD4+ and CD8+ T cell activation. 
Therefore, we explored whether modification of the EV glycan surface could 
reduce immune inhibitory Siglec binding, while enhancing EV internalization 
by DCs in a DC- SIGN dependent manner. Desialylation with a pan-sialic acid 
hydrolase led to reduction of sialic acid expression on EVs. Moreover, insertion 
of a high-affinity ligand (LewisY) for DC-SIGN resulted in a four-fold increase 
of uptake by monocyte-derived DCs. In conclusion, we show that the glycocalyx 
composition of EVs is a key factor of efficient DC targeting and that modification 
of the EV glycocalyx potentiates EVs as anti-cancer vaccine. 
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Introduction 

EVs are membranous particles consisting ofa lipid bilayer containing a cargo 
of functional proteins, RNA molecules and metabolites [1]. All cells including 
glioblastoma cells produce EVs, thereby releasing small packages of information 
and delivering them to target cells [1–3]. Although capture and uptake of EVs 
by recipient cells could occur through membrane fusion or endocytosis, several 
studies have reported receptor-mediated EV uptake in a glycan-dependent way 
[4–6]. The glycan profile of EVs from different sources (T-cells, carcinoma and 
melanoma cell lines and human breast milk) has been studied by lectin microarray 
and mass spectrometry showing a relatively conserved glycan profile with 
enrichment of polylactosamine and α2-6 linked sialic acid residues, complex type 
N-glycans and high mannose structures [7–9]. Although the RNA and protein 
contents of glioblastoma-derived EVs are widely studied [2,3,10–14], their surface 
glycosylation has not been described. 

Glioblastoma is the most prevalent and aggressive primary brain tumour with 
a lack of curative therapeutic interventions and a median survival of 14.6 
months under the current standard of care [15]. Although the central nervous 
system (CNS) has been considered an immune-privileged site, this dogma has 
now shifted towards a paradigm where there is room for two crucial aspects in 
immunotherapy: CNS infiltration of antigen-specific T cells, and a draining 
lymphatic system [16]. Thanks to this paradigm shift, potentiating T cells to 
infiltrate and kill glioblastomas has become an appealing immunotherapeutic 
option [17–26]. Different types of immunotherapy, including peptide-based 
vaccines [27], autologous vaccines, checkpoint inhibition and adoptive dendritic 
cells (DCs) and T cells have emerged with some showing encouraging results 
[19–25]. Current approaches for vaccine-based immunotherapy in glioblastoma 
include mono-antigenic vaccines targeting a single tumour-specific neo-antigen 
[27] and predefined or personalized multi-antigenic vaccines [18,28]. Multi- 
antigenic vaccines can also comprise an undefined mix of tumour-associated 
antigens and neo-antigens in an autologous tumour lysate to stimulate dendritic 
cells [21,25,29]. An interim analysis of a current Phase III clinical trial with an 
autologous tumour lysate-pulsed dendritic cell vaccine (DCVax®-L) for newly 
diagnosed glioblastoma shows a median overall survival of the total intention to 
treat study population (treatment arm plus control arm) of 23.1 months [25], 
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which suggests that the patients in the treatment arm of this trial live significantly 
longer than the expected 14.6 months based on the standard of care [15]. 

DCs are antigen-presenting cells (APCs) with the ability to induce antigen-
specific adaptive immune responses against pathogens and cancer [30,31]. In 
homeostatic conditions, immature DCs reside in the lymph nodes and peripheral 
tissues and sample the environment. After recognition of antigens in combination 
with pattern recognition receptor stimulation DCs mature and antigens are 
processed for presentation by major histocompatibility complex (MHC) class I 
and II molecules to CD8+ and CD4+ T cells, respectively, [32–34]. Glioblastoma-
derived EVs are relatively enriched with plasma membrane proteins of the 
originating cell [3], and thus could function as an autologous cell-free alternative 
to pulse DCs [35]. Tumour EVs are more stable upon freezing and thawing than 
cells or tissues, and compared to tumour lysates, vesicles can likely be modified 
and thereby specifically targeted to an uptake receptor. Tumour-derived EVs, 
loaded onto DCs, are routed into the endolysosomal pathway [36], and transferred 
tumour-specific antigens allow for specific activation of CD4+ and CD8+ T cells 
in different mouse tumours in vivo [36,37]. Specific delivery of tumour EVs to 
DCs by targeting an uptake receptor for endocytosis could enhance their effective 
uptake by DCs and intracellular routing for antigen (cross-)presentation [30,38]. 
DC-SIGN is a C-type lectin receptor (CLR) with known glycan specificity, and 
mediates antigen internalization, processing and presentation of antigens to CD4+ 
and cross-presentation to CD8+ T cells [39–42]. DC-SIGN recognizes its natural 
ligands, Lewis antigens [43], through its carbohydrate recognition domain and 
traffics to the lysosomes upon internalization [44].  

We hypothesized that by characterization of the surface glycosylation of EVs and 
modification of their glycocalyx, we could enhance their internalization by DCs. 
The aim of this study was to identify the main groups of glycans in the glycocalyx 
of EVs that could provide ligands for DC-specific receptors by ELISA-based 
lectin-binding assays and immunogold transmission electron microscopy (TEM). 
We used a lectin panel including lectins recognizing sialic acids (α-2,3- and α-2,6, 
N-linked and O-linked), terminal GalNAc, different mannose configurations, 
bi-antennary glycans and fucose, revealing a dominance of sialic acid-capped 
N-glycans and bi-antennary glycans and a lack of DC-SIGN ligands. Therefore, 
we set out to enzymatically remove the immune inhibitory Siglec stimulating 
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sialic acids and incorporate a high-affinity DC-SIGN ligand (LewisY) for 
enhanced uptake by DCs by conjugating it to a palmitic acid tail. The success of 
the modifications was verified by lectin-binding ELISA, immunogold TEM and 
EV internalization by DCs. 

Materials and methods 

Cell culture 
U87 [45] and GBM8 [46] glioblastoma cell lines were cultured in a humidified 
incubator under standardized conditions with 5% CO2 and 37°C. U87 cells were 
maintained in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher) 
supplemented with 100 U/ml penicillin/ streptomycin (Lonza), 2 mM L-glutamine 
(Lonza) and 10% Fetal Calf Serum (FCS) (Biowest). GBM8 cells were cultured 
in Neurobasal medium (Invitrogen) supplemented with 100 U/ml penicillin/
streptomycin (Lonza), 2 mM L-glutamine (Lonza), 1 × B27 supplement (Life 
Technologies), 0.5 × N2 supplement (Life Technologies), 20 nM recombinant 
human fibroblast growth factor (FGF, Pepro Tech), 20 nM recombinant human 
epidermal growth factor (EGF, Pepro Tech) and 20 µg/mL heparin [46]. 

Human monocyte-derived dendritic cells (MoDC) 
Monocytes were isolated from multiple healthy donor-derived buffy coats 
(Sanquin) by sequential Lymphoprep (Axis-Shield)/Percoll (Amersham) gradient 
centrifugation as previously described [47]. Isolated monocytes were cultured in 
RPMI (Invitrogen) supplemented with 100 U/ml penicillin/streptomycin (Lonza), 
10% Fetal Calf Serum (Biowest), 500 U/ml IL-4 and 800 U/ml granulocyte-
macrophage colony-stimulating factor (GM-CSF, ImmunoTools) for 5–6 days. 
Dendritic cell differentiation and activation status were confirmed by flow 
cytometric analysis of the presence of DC-SIGN (AZN-D1 [48], and secondary 
FITC-labelled polyclonal goat anti-mouse antibody, Jackson), CD80 (clone 
L307.4, BD Biosciences), and CD86 (clone 2331 (FUN-1), BD Bioscience) with 
and without lipopolysaccharide (LPS) stimulation. 

Isolation of EVs 
We used differential (ultra-)centrifugation [49] and size-exclusion chromatography 
(SEC) [50] for enrichment of EVs. EVs were isolated from conventional U87 and 
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primary GBM8 cell cultures growing between 40% and 90% confluency. Unlike 
the medium for GBM8 cells, the medium for U87 cultures contained exosome 
depleted FCS, which was obtained by overnight (15 h) centrifugation at 70.000 
x g at 4°C [51]. EVs were isolated, as described previously [52–54], by sequential 
centrifugation of 240 mL cell culture medium; two times 500 × g at 4°C for 10 
min, two times at 2000 × g at 4°C for 15 min and two times at 10,000 × g at 4°C 
for 30 min. The supernatant was then transferred to endotoxin-free ultracentrifuge 
tubes (Ultra-Clear) and centrifuged at 70,000 × g at 4°C for 1 h without a brake 
in an SW32Ti rotor (Beckman Coulter). Based on our previous work [53,54] 
we choose the 70,000 x g protocol to reduce protein contamination. The EV 
containing pellet was then resuspended, washed (2x) in PBS and used for further 
experiments or modification after resuspending the washed pellet in 400 µL PBS. 
EV preparations were characterized and stored at −80°C. The size distribution of 
EV preparations was analysed by transmission electron microscopy (TEM) and 
nanoparticle tracking analysis (NTA, Nanosight) after calibrating the system with 
Silicon Oxide Size Standards beads (105.2 nm, Microspheres-nanospheres). 

Palmitoyl-Lewisy synthesis 
LeY-glycolipid (LeY-hexadecanehydrazide) was prepared from LeY pentasaccharide 
(Elicityl) and palmitic anhydride (Sigma-Aldrich), the latter undergoing two 
subsequent chemical transformations, first to tert-butyl N-(hexadecanoylamino) 
carbamate, then to palmitic hydrazide through common reactivity. Palmitic 
hydrazide was coupled to LeY through a reductive amination reaction. Briefly, 
palmitic hydrazide (2 eq., Sigma- Aldrich) and picoline borane (10 eq., Sigma-
Aldrich) were dissolved in DMSO/AcOH/CHCl3 (8:2:1, 200 µl). The mixture 
was added to LeY (1 eq.) and the reaction was stirred for 2.5 h at 65°C. Addition 
of CHCl3 /MeOH/H2O at 8:1:8 v/v ml ratio allowed the extraction of LeY-
glycolipid as white slurry at the interphase. The mixture was centrifuged at 4600 
rpm for 20 min, then the aqueous and organic layers were carefully removed, and 
the washing step was repeated once more. The slurry was freeze-dried (methanol/
water) to remove residual solvent. Glycan derivatization was confirmed by ESI-
MS (LCQ-Deca XP Ion trap mass spectrometer in positive mode; Thermo 
Scientific) using nanospray capillary needle. LeY-glycolipid was post-inserted into 
the EVs by adding 1 ml of EV suspension to 0.75 mg of glycolipid, previously 
dissolved in 15 µl of methanol. After 15 min of vigorous stirring and overnight at 
4°C, the EVs were and purified by SEC. 
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Modi�cation of EV surface glycosylation 
After ultracentrifugation at 70.000 x g, the containing pellets were carefully 
resuspended and pooled together in a total end volume of 400 µL. Next, the EV 
preparation was incubated with 0.5 µM of the fluorescent lipophilic fluorescent 
reporter DiD (1'- dioctadecyl-3,3,3',3'- tetramethyl indodicarbocyanine, Life 
Technologies) at 37°C for 15 min. Half of the EV preparation was then treated 
with a pan-sialic acid hydrolase Neuraminidase (Roche) for 30 min at 37°C. 
Next, half of the unmodified and half of the Neuraminidase treated aliquots were 
incubated with palmitoyl-LewisY while vortexing for 10 min. All four preparations 
(of equal volume) were then diluted to a final volume of 1 mL and EVs were 
purified by SEC according to a previously described protocol [50]. In order to 
maximize microvesicle concentration and purity fraction 8–11 were collected for 
further experiments. 

Lectin-binding enzyme-linked immunosorbent assay (ELISA) 
EVs were coated onto Nunc maxisorb 96-well plates (Nunc, Denmark) in 0.2M 
NaHCO3 buffer (pH 9.2) for 18 h at 22°C. Plates were then washed with 
TSM buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM CaCl2, 1mM 
MgCl2) twice, followed by blocking for 30 min at 37°C with TSM supplemented 
with 1% bovine serum albumin (BSA). Anti-CD63 (clone NKI/C3, a kind 
gift of prof. J. Neefjes, Dutch Cancer Institute) and lectins used for primary 
incubation were incubated for 120 min, mildly shaking at room temperature 
(RT) followed by detection with peroxidase-conjugated goat anti-mouse 
antibody or streptavidin. Glycan-specific lectins were used to identify glycan 
groups: biotinylated Concanavalin A (ConA, specific for high mannose, terminal 
mannose, bi-antennary glycans, α-linked mannose, Vector Laboratories, B-1005–
5), biotinylated Galanthus nivalis (GNA, specific for α1-3 mannose), biotinylated 
Helix pomatia agglutinin (HPA, specific for αGalNAc (Tn antigen) and type A 
erythrocytes, Sigma Aldrich, L6512), biotinylated Lotus Tetragonolobus (LTA, 
specific for α1-6 polymannose, Vector Laboratories, B-1325–2), biotinylated 
Maackia Amurensis I (MAL-1, specific for O-linked α-2,3 sialic acids, Vector 
laboratories, B-1315), biotinylated Maackia Amurensis II (MAL-II, specific for 
N-linked α-2,3 sialic acids, Vector laboratories, B-1265), biotinylated Sambucus 
nigra (SNA, Specific for N-linked α-2,6 sialic acids, Vector laboratories, B-1305) 
(Table 1). Binding was visualized using a substrate buffer containing 0,1M 
Sodium Acetate (Sigma), 0,1M Citric acid (Sigma), pH4, 0,006%H2O2, and 0,1 

61489 Spohie Horrevorts.indd   133 28-04-20   10:35



Chapter 6

134

mg/mL tetramethyl- benzidine (TMB, Sigma) and the reaction was blocked with 
a 0.2 M H2SO4 stop buffer. Signal was measured using a microplate absorbance 
spectrophotometer at 450 nm (Bio-Rad, USA). 

Transmission electron microscopy 
EVs were diluted 1:1 with PBS and coated for a minimum of 10 min on Formvar 
(EMS) coated copper grids (Veco). For the analysis of size distribution, grids were 
washed with PBS five times after coating, fixed in 1% glutaraldehyde (Millipore) 
and incubated in 0,5% uranyl acetate (SPI-Chem)/2% methylcellulose (Sigma). 
A total of nine images (three images per grid from three separate grids) were 
acquired using a transmission electron microscope (CM100 bio twin, company 
Philips/FEI), connected to a CCD camera (Morada G2, olympus). Diameters of 
randomly selected EVs found on these images were measured in iTEM (EMSIS) 
software, resulting in a total of 100 measurements. For immuno-gold stainings, 
grids were coated with EVs 1:1 diluted in PBS, washed five times with PBS 
supplemented with 1% BSAc (Aurion), blocked for 5 min in PBA and 10 min in 
blocking reagent (Aureon). Antibodies and lectins for primary stainings included 
biotinylated SNA, biotinylated MAL-1, biotinylated MAL-II, DC-SIGN/Fc 
(DC-SIGN/Fc consists oft he extracellular portion of DC-SIGN (residues 64–
404, fused at the C-terminus to a human IgG1/Fc fragment into the Sig-pIgG1-
Fc vector; Fawcett et al. 1992)) and anti-CD63 (clone NKI/C3, a kind gift of 
prof. J. Neefjes, Dutch Cancer Institute). After a minimum of 30 min incubation 
with primary antibodies, grids were washed 5 times with PBA before incubation 
for 20 min with secondary reagents. Secondary reagents included Protein A-gold 
(Cell Microscopy Core, Utrecht), and goat-anti-biotin-Gold (Aureon). Lastly, 
grids were washed, fixed in 1% glutaraldehyde and incubated in 0,5% uranyl 
acetate/2% methylcellulose before imaging. Image acquisition was performed 
using a transmission electronmicroscope connected to a CCD camera and iTEM 
software. 

Binding and uptake of EVs 
EVs were isolated as described above. Per well, 500.000 MoDCs were incubated with 
DiD-labelled microvesicles for 45 min on ice to allow receptor binding. Subsequently, 
MoDCs were incubated at 37°C for 0, 30, 60 and 90 min prior to fixation with 4% 
PFA on ice for 20 min. Fluorescent DiD signal was measured by flow cytometry 
(Fortessa, BD Biosciences) and results were analysed using Cytobank [55]. 
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Internalization and intracellular routing of EVs 
Internalization and intracellular routing of EVs in MoDCs was analysed by 
imaging flow cytometry following incubation with 1 million DC for 15 and 60 
min at 37°C. After incubation, cells were immediately put on ice and washed in 
ice-cold PBS. Cells were fixed in ice-cold 4% paraformaldehyde in PBS for 20 
min and permeabilized in 0.1% saponin in PBS for 30 min. Images were acquired 
on the ImageStream × (Amnis) imaging flow cytometer. A minimum of 15,000 
cells was acquired per sample at a flow rate ranging between 50 and 100 cells/s at 
60 × magnification. At least 2000 cells were acquired from single-stained samples 
to allow for compensation. The analysis was performed using the IDEAS v6.1 
software (Amnis) as previously described [56]. Cells were gated based on focus 
using the Gradient RMS (brightfield) feature, and on size using the features Area 
(brightfield) vs Aspect Ratio Intensity (brightfield). Internalization was addressed 
using the feature Internalization on a mask calculated by eroding eight pixels from 
the circumference of every cell. Co-localization was calculated using the feature 
Bright Detail Similarity R3. 

Table 1. Lectin speci±city
Lectin Abbreviation Speci±city
Helix pomatia agglutinin HPA αGalNAc (Tn antigen) and type A erythrocytes
Maackia Amurensis I MAL-I α2-3 Sialic acid-Gal-GalNAc (N-glycans), Gal-β1,4-

GlcNAc, Sialylation of Gal-3
Maackia Amurensis II MAL-II α2-3 Sialic acid-Gal-GalNAc (O-glycans)
Sambucus Nigra SNA α2-6 Sialic acid-Gal (and to lesser degree α2-3)
Concanavalin A ConA High mannose, terminal mannose, bi-antennary glycans, 

α-linked mannose
Lotus Tetragonolobus LTA α1-3/4 fucose containing oligosacharides
Galanthus nivalis GNA α1-3 mannose
Narcissus Pseudonarcissus NPA α1-6 polymannose

Results 

Glioblastoma-derived EV isolation and characterization for EV surface 
glycan analysis 
To study the glycan composition of glioblastoma-derived EV-membrane-
associated glycoproteins and glycolipids, we isolated small EVs including 
exosomes and small membrane budded vesicles from cell culture media from two 
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glioblastoma cell lines by ultracentrifugation [49]. EVs were isolated from well-
characterized glioblastoma cell lines, U87 [45] and GBM8 [46], following the 
protocol as described before [52–54] and schematically represented in Figure 1A. 
U87 cells were maintained in a culturing medium with FCS pre-depleted from 
EVs by overnight ultra-centrifugation [51]. Because this depletion method results 
in incomplete (approximately 95%) elimination of EVs [9,51], we also included 
primary glioblastoma spheroids (GBM8 cells) [46] in our experiments, cultured 
in serum-free neurobasal medium supplemented with growth factors. To confirm 
the quality of our EV preparations we imaged our preparations by immuno-TEM 
for CD63 (Figure 1B). A subset of the EVs in the preparation showed a positive 
CD63 immune-gold staining. EV expression of CD63 was confirmed by CD63 
ELISA on a titration of EVs adsorbed to a solid phase (Figure 1C). TEM images 
also confirmed the typical morphology of EVs (Figure 1B & D). Size distribution 
profiles, quantified by measuring the diameter of100 at random-selected EVs in 
eight TEM images (Figure 1D, E, F) and by nanoparticle tracking analysis (NTA, 
Figure 1G), were comparable to previously reported size of exosomes/small EVs 
(70–200 nm) isolated from glioblastoma culture media [2,4,9,57]. 

�e surface glycoconjugates of glioblastoma cell line-derived EVs are 
dominated by sialic acid-capped N-glycans and bi-antennary N-glycans 
The glycocalyces of T cell-, melanoma-, colon cancer- and breast milk-derived 
EVs have been profiled using lectin microarray technology [8,9]. We selected a 
panel of lectins representing the main groups of glycans of our interest (Table 1) 
and studied the lectin-binding profile of glioblastoma (U87 and GBM8) derived 
EVs. Lectin-binding assays on a titration of U87 EVs adsorbed to asolid phase 
(ELISA, Figure 2(a)) revealed that glioblastoma EV glycosylation was mainly 
dominated by N-linked α-2,3 sialic acids (MAL-I), O-linked α-2,3 sialic acids 
(MAL-II) and N-linked α-2,6 sialic acids (SNA). They also express bi-antennary 
glycans (strong binding of ConA while GNA- and NPA binding is low) and 
some terminal GalNAc (HPA). A drawback of lectin microarrays or ELISAs in 
the characterization of the glycosylation of EVs is the impossibility to discard any 
contribution by contaminants in the EV preparation, such as soluble proteins or 
cell membrane fragments [58]. 
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Figure 1 | Glioblastoma cell line derived EV isolation and characterization for EV surface glycan analysis. 
(A) EV isolation procedure by di  ̄erential centrifugation from U87- and GBM8-conditioned medium. (B) 
Expression of CD63 on EVs by immuno-gold transmission electron microscopy (TEM) with a 
magni± cation of 24500 x. Primary staining with anti-CD63 followed by protein A coupled to 15 nm gold 
nanoparticles. (C) CD63 ELISA on a titration of EVs adsorbed to a solid phase. (D) Measurement of EV 
diameter, determined on TEM micrographs with a magni± cation of 24500 x (CD63 immuno-gold staining, 
N=100 EVs measured at random). (E) Quanti± cation of the diameter of 100 randomly selected EVs in nm 
per size category, measured in eight TEM images. (F) Quanti± cation of the relative distribution of EV 
diameter in percentage per size category, determined on TEM in D. (G) Relative size distribution measured 
by nanoparticle tracking analysis (NTA). 

To con± rm the expression of these glycans on EVs we performed immuno-
gold TEM, studying immunoreactivity of membrane vesicles derived from both 
cell lines with HPA, MAL-I, MAL-II, SNA, ConA, GNA and NPA (Figure 
2B, Supplementary Figs. 1 and 2). In concert with the recently studied and 
described heterogeneity in size, and RNA, protein and lipid content of small EVs 
[59] the single-vesicle resolution provided by TEM revealed also an expected 
heterogeneity in EV surface glycosylation. In addition, the images showed protein 
contamination of the EV preparations despite the intended reduction thereof by 
lowering the ultracentrifugation speed to 70,000 x g. ° e TEM images in Figure 
2 (and Supplementary Figs. 1 and 2) showed the binding of MAL-II to free 
protein aggregates instead of EVs, showing the dominance of N-linked sialic acids 
over O-linked sialic acids on our EVs. Our EV preparations showed little to no 
binding to GNA or NPA indicating the absence of glycoconjugates containing 
α-1,3 mannoses or α-1,6 polymannoses. Our data, therefore, con± rms the 
relatively conserved glycan signature for microvesicles [9] but also indicates that 
we should be cautious interpreting glycan analyses performed on full preparations 
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without a single-vesicle resolution such as TEM or FACS. As demonstrated 
here, detected glycans can be expressed both by EVs as well as free proteins in 
the preparation. As a consequence, we decided for future experiments to purify 
vesicle fractions by size exclusion chromatography (SEC) [50] after the ±rst 
70.000 x g ultracentrifugation step, excluding fractions containing free proteins. 
Altogether, the glycocalyx of glioblastoma cell line-derived EVs showed a glycan 
pro±le dominated by α-2,3 and α-2,6 sialic acid-capped complex N-glycans and 
bi-antennary N-glycans. 
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Figure 2 | °e surface glycoconjugates of glioblastoma cell line derived EVs are dominated by sialic acid-
capped N-glycans and bi-antennary glycans. (A) Lectin binding ELISA (HPA, MAL-I, MAL-II, SNA, 
ConA, LTA, GNA, NPA) on a titration of U87 EVs adsorbed to a solid phase (carbohydrate speci±city in 
brackets and in Table 1). (B) Immuno-gold TEM pictures of U87 and GBM8 EVs stained with the same 
biotinylated lectins and streptavidin conjugated to 15 nm gold nanoparticles. 

Glioblastoma-derived EVs express ligands for Siglec-9, not DC-SIGN 
Next, we focused on two types of glycans that are of interest for receptor-
mediated uptake of EVs by antigen-presenting cells in the context of vaccination, 
namely, sialic acids, fucosylated structures such as Lewis antigens. Sialic acids 
were detected on the surface of EVs and could represent ligands for the well-
known immunosuppressive receptor family of Siglecs [60]. Since DCs take up 
T cell-derived EVs in a Siglec-1 dependent way [5], and splenic marginal zone  
macrophages take up B cell-derived EVs in a Siglec-1 dependent way [6] we 
screened for Siglec ligands on our EV preparations. We immobilized EVs on 
a solid phase and performed Siglec binding ELISA assays with recombinant 
Siglec-Fc constructs. 
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Figure 3 | Glioblastoma-derived EVs bind Siglec-9, not DC-SIGN. (A) Siglec-binding ELISA on U87-
derived EVs adsorbed to a solid phase. Screen for binding of recombinant Siglec-3, -7, -9, and -10 constructs 
(N=3). (B) Absence of calcium dependent DC-SIGN binding to ligands on U87-derived EVs by DC-
SIGN binding ELISA on a titration of EVs adsorbed to a solid phase (N=3). (C-D) DC-SIGN binding to 
 polyacrylamide (PAA)-coupled LeX and -LeY glycoconjugates by DC-SIGN binding ELISA on titrations 
of PAA-LeX and PAA-LeY adsorbed to a solid phase (N=3). (E) Schematic representation of possible 
uptake of glioblastoma EVs by DCs via Siglec 9, not DC-SIGN. 

We tested the binding of the signalling Siglecs (Siglec-3, −7, −9and −10) on 
moDCs [61]. Upon INFα stimulation moDCs upregulate Siglec-1, but since this 
receptor is an uptake receptor without signalling properties we excluded it from 
the screen. U87-derived EVs expressed ligands for Siglec-9 (CD329), whereas no 
ligands for Siglec-3, −7 and −10 were detected (Figure 3A). Siglec-9 is a CD33-
related Siglec, which recognizes sialic acid in either α-2,3 or α-2,6 to galactose 
[62]. Siglec-9 is mainly expressed on immune cells such as NK cells, T cells, 
neutrophils, monocytes and immature DCs, and has two intracellular immune 
receptor tyrosine-based inhibitory motifs (ITIMs) [60–63]. The dendritic cell-
specific C-type lectin DC-SIGN binds high mannose glycans and polysaccharides 
containing fucose [64]. DC-SIGN was previously successfully targeted with 
glyco-liposomes containing antigen for anti-cancer vaccination strategies [65]. 
Although our EVs express some fucosylated glycans (Figure 2) and ConA reactive 
glycans, we could not detect GNA- or NPA reactive glycans or DC-SIGN ligands 
on their surface (Figure 3B). DC-SIGN however strongly binds LewisX (LeX, 
Figure 3C) and LewisY (LeY, Figure 3D) in a calcium-dependent manner [43,66]. 
Thus, our EVs are likely to bind to Siglec-9 on immature dendritic cells but lack 
the glycans that serve as ligands for DC-SIGN (Figure 3E).
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Glycan modi�cation for receptor-mediated targeting to dendritic cells 
We hypothesized that the elimination of Siglec ligands on the surface of EVs 
would prevent EVs from triggering Siglecs on DCs and, therefore, avoid 
immunosuppressive signalling. Since we could not observe the expression of DC-
SIGN ligands on the surface of EVs, we aimed at both the removal of sialic acids 
from the surface of EVs and the incorporation of DC-SIGN ligands for receptor-
mediated glycan-dependent targeting to DCs. To this end, we conjugated LeY 
to the reducing end of a palmitic acid tail (Figure 4A) with a purity of over 95% 
(Figure 4B,C), and modified EV glycosylation after incorporating the fluorescent 
reporter DiD into the EVs (Figure 4D). Sialic acids were removed by enzymatic 
desialylation with a pan-sialic acid hydrolase and DC-SIGN ligands were 
incorporated by insertion of palmitoyl-LeY, followed by an SEC step to eliminate 
free DiD, protein, enzyme and palmitoyl-LeY. Chemo-enzymatic modification 
of EVs resulted in enhancement of DC-SIGN binding in the palmitoyl-LeY 
modified EVs and a decrease in sialylation in the sialidase-treated EVs (Figure 
5A, Supplementary Figure 3) by immuno-TEM analysis. Using ELISA we 
showed that chemo-enzymatic modification of EVs did not alter the expression of 
the EV marker CD63 (Supplementary Figure 4) and confirmed the altered glyco-
phenotypes with decreased MAL-I binding after desialylation and increased DC-
SIGN binding after palmitoyl-LeY insertion (Figure 5B), Supplementary Figure 
4). Incubation of our UM DiD-labelled EVs with human monocyte-derived 
dendritic cells (moDCs) resulted in an incremental proportion of positive moDCs 
over time, indicating binding/uptake of DiD-labelled EVs by dendritic cells and 
effective labelling of EVs by DiD (Figure 5C).

Glycan modi�cation of EVs improved binding and internalization by 
DCs 
We measured a four-fold increase of binding/uptake of DiD-labelled EVs by 
moDCs after LeY incorporation (Figure 6A,B). Figure 6A shows example dot 
plots of DiD signal due to binding of DiD+ EVs to moDCs at 4°C (T = 0) and 
DiD signal due to DiD+ EV-binding/uptake by moDCs after 90 min at 37°C, 
representative for three donors. In Figure 6B binding/uptake of DiD+ EVs in 
this pulse-chase experiment was plotted over time, comparing unmodified EVs 
and LeY+ EVs in three donors. To visualize binding versus internalization, we 
performed imaging flow cytometry analysis of moDCs of three additional donors, 
incubated with our four glyco-forms of DiD-labelled EVs (unmodified, LeY+, 
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Figure 6 | Glycan modi± cation of EVs improved internalization by DCs. (A) Dot plots showing binding/
uptake of unmodi± ed or LeY-incorporated DiD+ EVs by moDCs after 30 min incubation at 4°C (T = 0) or 
after 90 min incubation at 37°C (T = 90) measured by FACS, representative of donors. (B) Percentage DiD+

moDCs after incubation with unmodi± ed or LeY-incorporated DiD+ EVs for 30 min at 4°C (T=0). MoDCs 
were ± xed after 0, 30, 60, or 90 min incubation at 37°C and DiD signal was measured by imaging ³ ow 
cytometry (3 donors). (C) Binding/uptake of EVs by moDCs (3 donors), measured by imaging ³ ow 
cytometry. (D) Representative imaging ³ ow cytometry bright± eld (BF) pictures of moDCs with DiD 
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DiD signal with the mask was used to calculate internalization scores. (E) Internalization of EVs by moDCs 
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in one donor by imaging ³ ow cytometry.

sialidase-treated LeY- and sialidase-treated LeY+) in a pulse-chase experiment. 
This data also showed a four-fold increase of EV binding/uptake by moDCs 
after incorporation of palmitoyl-LeY (Figure 6C). Binding/ uptake of unmodified 
EVs and sialidase-treated EVs by moDCs was similar (10–20% DiD positive 
moDCs) after 60 min incubation at 37°C, whereas 80% of moDCs were DiD 
positive after incubation with our LeY+ EVs (Figure 6C). Fluorescent DiD signal 
in DCs, however, does not prove internalization of EVs by the DCs. Therefore, 
we analysed internalization of both our LeY+ EV preparations, which showed 
efficient internalization by moDCs in an imaging flow cytometry experiment 
(Figure 6D,E). Internalization scores were measured by calculating co-localization 
of DiD signal with a mask covering the intracellular area as shown in Figure 
6D. At 4°C EVs remained at the surface of the moDCs indicated by the low 
internalization score (time point 0), whereas at 37°C the increasing internalization 
score represents rapid uptake of the LeY+ EVs. 
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Discussion 

Immunization of patients with a newly diagnosed glioblastoma by highly 
personalized synthetic multi-peptide- or autologous tumour lysate-pulsed DC 
vaccination has recently emerged as a promising approach to boost CD4+ and 
CD8+ T cell responses [18,25,28]. To circumvent the need for personalized neo-
antigen identi±cation and peptide synthesis, we proposed that EVs may represent 
a more comprehensive, cell-free, autologous source of neo-antigens and tumour-
associated antigens, which could be targeted for e¹cient DC loading [3,35,67]. 
Since EVs can be internalized by recipient cells via glycan-speci±c receptors [4–
6], we pro±led the surface glycosylation of glioblastoma cell line-derived EVs and 
modi±ed their glycosylation for enhanced internalization by DCs. By measuring 
lectin-binding properties of EVs in both ELISA-based assays and immunogold-
TEM, we showed that the surface glycoconjugates of our EV preparations were 
dominated by immune inhibitory sialic acid-capped N-glycans and complex 
bi-antennary glycans. Desialylation with a pan-sialic acid hydrolase reduced 
EV recognition by sialic acid-speci±c lectins (MAL-I and SNA) and insertion 
of palmitoyl-LeY enhanced their capacity to be captured by DC-SIGN and 
internalized by moDCs. 

°e glycocalyx of T cell-derived EVs was previously characterized by lectin-
microarray analysis showing a glycan pro±le that di¯ered from that of the parent 
cell plasma membrane [8]. In a later study, comparison of the EV glycocalyces of 
di¯erent cell lines (T cells, melanoma and colon cancer) and breast milk-derived 
EVs revealed enrichment in high mannose, polylactosamine, α-2,6 sialic acid and 
complex N-linked glycans while blood group antigens were excluded [9]. °ese 
results are in accordance with the high expression of α-2,3- and α-2,6-sialic acids 
(binding of MAL-1 and SNA, respectively) and the presence of bi-antennary 
N-glycans (Con A-binding) in our glioblastoma-derived EV preparations. We, 
however, did not ±nd high mannose glycans in our glioblastoma EV preparations, 
indicated by the absence of NPA binding or DC-SIGN ligands. In this and 
other studies, puri±cation steps and techniques for glycan detection could have 
in³uenced the speci±city of lectin binding to EVs. Here, we demonstrated a 
discrepancy between lectin-binding assays based on ELISA versus immunogold 
TEM. °erefore, detected glycans in EV preparations should always be considered 
to be due to contaminating proteins rather than the EVs themselves, unless lectin 
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binding has been assessed at a single EV level with TEM or FACS. Moreover, we 
demonstrate heterogeneity in lectin binding to EVs, suggesting selective glycan 
expression on subsets of EVs. 

Surface glycans may be important for the uptake of EVs by recipient cells [9,68,69]. 
B cell-derived EVs, for example, are enriched with α-2,3-linked sialic acid allowing 
their capture by Siglec-1 (CD169) on macrophages in both spleen and lymph 
nodes [6]. °e inhibitory e¯ect of heparin on EV uptake indicates an important 
role for heparin sulphate proteoglycans in EV uptake [70,71], and interference 
of D-mannose with EV uptake by DCs suggests an EV uptake mechanism via 
C-type lectin receptors [72]. Glycoengineering has been used previously to alter 
the stability and pharmacokinetics of protein biopharmaceuticals [73]. In this 
study, we enzymatically removed immune inhibitory sialic acids using a pan-sialic 
acid hydrolase. °ese sialidases have also been used to e¯ectively remove sialic 
acids from EVs as a control for lectin binding to EV-associated sialic acids [74]. 
We have previously demonstrated e¹cient DC targeting via DC-SIGN with 
glycopeptides and glyco-liposomes for antigen presentation and CD4+ and CD8+ 
T cell induction [41,65,75]. Here we incorporated the high-a¹nity DC-SIGN 
ligand LeY into glioblastoma EVs for targeting of DCs. 

Although anti-cancer vaccination with tumour-derived EVs has been evaluated 
in several studies [37,76,77], concerns about the immunosuppressive properties of 
tumour EVs on immune e¯ector cells and their role in metastatic niche formation 
led to caution in the use of these EVs for vaccination [78,79]. Combining 
tumour-derived EVs with the right immune-stimulating adjuvant such as a Toll-
like receptor-3 agonist [80], granulocyte-macrophage colony-stimulating factor 
(GM-CSF) [81] or alpha-galactosylceramide [76] has overcome this risk of 
immune inhibition by tumour-derived EVs. In patients with colorectal cancer, the 
feasibility and safety of immunization with ascites-derived EVs plus GM-CSF 
has been demonstrated with a few patients bene±tting from this treatment [81]. 
We previously showed that simultaneous triggering of TLR4 and DC-SIGN 
improves intracellular routing for cross-presentation on MHC-I for CD8+ T 
cell activation [42], and that the incorporation of the TLR4 ligand MPLA into 
liposomes favours T cell responses after targeting antigen-containing liposomes 
to DCs [65]. °us, in future studies, di¯erent TLR stimulating adjuvants in 
combination with targeted tumour-derived EVs need to be compared for optimal 
DC activation and T cell induction. 
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Multi-antigenic immunization of patients with glioblastoma raised high hopes 
[18,25,28]. Moreover, multi-antigenic immunization using EVs in mice with 
other types of tumours induced CD8+ T cell cross-priming and tumour rejection 
[37]. °erefore, we hypothesize that multi-antigenic vaccination using highly 
stable EVs, glyco-modi±ed for enhanced DC priming, could induce a potent 
anti-glioblastoma immune response. °us, in future studies, EV immunization 
in a glioblastoma mouse model is indispensable. Aiming at personalized, multi-
antigenic vaccination, subsequent studies should also focus on the identi±cation 
of neoantigens in patient-derived exosomes and their capacity to induce in 
vitro autologous T cell activation and tumour killing. It is unknown whether 
desialylation of neo-antigens on the surface of EVs would a¯ect their processing 
by dendritic cells, subsequent presentation of the antigens to lymphocytes and 
tumour recognition by induced lymphocytes. °erefore, future studies should also 
compare the induction of autologous T cell activation by glioblastoma-derived 
EVs before and after glyco-modi±cation. To enable clinical application, the source 
of a su¹cient yield of autologous tumour-derived EVs needs to be explored. A 
commercial hemopuri±er for the extracorporeal capture of circulating EVs from 
blood [82] has recently been developed. However, the yield and purity of tumour-
derived EVs has yet to be demonstrated. Alternatively, the yield of tumour-derived 
EVs from cerebrospinal ³uid or from conditioned culture medium with resected 
tumour tissue could be explored. Also, the timing of vaccination in the context 
of standard of care with dexamethasone, temozolomide and radiotherapy will 
be pivotal. T cell activation is hampered by the use of dexamethasone, a potent 
corticosteroid often used to treat intracranial oedema in patients with glioblastoma 
[18]. Temozolomide, the alkylating chemotherapeutic agent used in the ±rst line 
of treatment of glioblastoma and radiotherapy, could potentially increase the 
mutational load and immunogenicity of the tumour and its EVs, but continuous 
administration of low-dose TMZ is also associated with a high incidence of 
lymphocytopenia [83]. Radiotherapy is also associated with lymphocytopenia but 
could on the other hand aid in turning the usually immune desert glioblastoma 
microenvironment into an in³amed tumour attracting immune e¯ector cells 
needed in a vaccination strategy. Although immune stimulation using PD-1 
blockade alone does not seem to result in a marked delay or prevention of disease 
relapse following surgery in patients, anti-PD-1 enhances the local and systemic 
immune response [22] and might therefore accelerate a vaccine-induced immune 
response [23].

61489 Spohie Horrevorts.indd   145 28-04-20   10:35



Chapter 6

146

In conclusion, in this study, the glycocalyx of glioblastoma-derived EVs was 
found to be dominated by immunosuppressive sialic acid-capped N-glycans and 
complex bi-antennary glycans while lacking ligands for DC-SIGN, an e¯ective 
receptor for DC targeting and antigen presentation to both CD4+ and CD8+ T 
cells. Glycan modi±cation of glioblastoma-derived EVs strongly enhanced their 
capacity to be internalized by moDCs, making modi±ed EVs an attractive cell-
free source for multi-antigenic pulsing of DCs in the context of anti-glioblastoma 
vaccination.
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Figure S1| TEM images of U87-derived EVs

61489 Spohie Horrevorts.indd   151 28-04-20   10:35



Chapter 6

152

GBM8

Biotin ctrl
Mag. 24500x

HPA
(Tn Ag)

Mag. 46000x

MAL-I
(N-a2,3-Sia)
Mag. 24500x

MAL-II
(O-a2,3-Sia)
Mag. 46000x

SNA
(N-a2,6-Sia)
Mag. 46000x

Con A
(High Man/Biant)

Mag. 66000x

LTA
(Fuc)

Mag. 46000x

GNA
(a1-3 Man)

Mag. 33000x

NPA
(a1-6 Polyman)
Mag. 33000x

Figure S2 | TEM images of GBM8-derived EVs
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Figure S3 | TEM images of glycan-modi±ed EVs
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Figure S4 | Independent validations of Fig. 5B and anti-CD63 binding to EVs.  Chemo-enzymatic 
modi±cation of EVs resulted in enhancement of DC-SIGN binding in the palmitoyl-LeY incorporated 
EVs (A) and a decrease in sialylation in the sialidase treated EVs (B), but didn’t change CD63 expression 
(C), measured by lectin-binding ELISA on EVs adsorbed to a solid phase. 
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Abstract 

Outer membrane vesicles (OMVs) are vesicular nano-particles produced by 
Gram-negative bacteria that are recently being explored as vaccine vector. The 
fact that OMVs can be efficiently produced by a hypervesiculating Salmonella 
typhimurium strain, are packed with naturally-occurring adjuvants like 
lipopolysaccharides (LPS), and can be engineered to express any antigen of choice, 
makes them ideal candidates for vaccinology. However, it is unclear whether 
OMVs induce dendritic cell (DC)-mediated antigen-specific T cell responses 
and how immune activation is coordinated. Here, we show that OMVs induce 
maturation of human monocyte-derived DCs, murine bone marrow-derived DCs 
and CD11c+ splenic DCs. OMV-induced DC maturation was dependent on the 
presence of LPS and the myeloid differentiation primary response 88 (MyD88) 
adapter protein downstream of toll-like receptor signaling. Importantly, OMVs 
did not induce pyroptosis/cell death, but instead provided a significant survival 
benefit in DCs over non-stimulated DCs. OMVs displaying a sizeable ovalbumin 
fragment at the vesicle surface induce potent cross-presentation in BMDCs and 
splenic CD11c+ DCs to OTI CD8+ T cells, dependent on MyD88. Interestingly, 
the OMV-induced preference to cross-presentation was only partly dependent on 
the BATF3-dependent CD8a+ professional cross-presenting DC subset. Hence, 
an OMV-specific programming of DCs that induces maturation and provides a 
survival benefit for antigen presentation to T cells is identified. Additionally, for 
the first time, antigen-specific and potent cross-presentation of antigen-loaded 
OMVs to CD8+ T cells is demonstrated. These data provide mechanistical insight 
into the processes needed for the DC-mediated cross-presentation of OMV-
derived antigens to CD8+ T cells with implications for therapeutic strategies.
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Introduction

Active immunization has the potency to induce long-term protection against 
foreign pathogens (like viruses or bacteria), but also host-derived ailments like 
malignant tumors. A typical vaccine contains antigens speci±c to the pathogen/
tumor and adjuvants that provide innate activation signals needed for the 
initiation of adaptive immunity. For example, in³uenza vaccines contain virus 
speci±c antigens from hemagglutinin proteins combined with viral particles that 
have innate stimulatory capacity. As a result, successful in³uenza vaccination 
strategies rely on high antigen-speci±c antibody titers that correlate with early 
innate responses and activation of dendritic cells [1] (DCs). DCs have the unique 
capacity to take up exogenous (either foreign or self-derived) antigens and migrate 
to the draining lymph node to stimulate naïve T cells and induce B cell activity 
for antibody production, capacities critical for protective immunization [2]. To 
recognize and take foreign material like bacterial or viral particles, DCs display 
a plethora of pattern recognition receptors (PRRs) able to recognize pathogen-
associated molecular patterns (PAMPs) present on the surface of these particles 
[3]. Whenever a DC encounters PAMPs through its PRRs, it initiates a pro-
in³ammatory programming called maturation that allows DCs to migrate to 
draining lymph nodes and stimulate naïve T cells [4]. DC maturation includes the 
upregulation of co-stimulatory molecules like CD80, CD86 and CD70 needed 
for e¹cient T cell activation and ultimately successful immunization [5].

Outer membrane vesicles (OMVs) are spherical, proteolipid nanoparticles that 
are constitutively released by Gram-negative bacteria to in³uence other bacteria 
or eukaryotic host cells [6]. Because the bacterial outer membrane is used as 
packaging material for the bacterial periplasm, OMVs are inherently decorated 
with PAMPs like lipopolysaccharide (LPS) which can trigger immune activation. 
Classically, OMVs have been used in homologous vaccination strategies, inducing 
protection against pathogenic forms of the vesicle-producing bacterium itself. 
Notable examples include approved vaccines for protection against meningitis B 
[7]. °e interest in OMVs expanded as heterologous proteins were successfully 
engineered to vesicles, and recombinant OMVs were shown to elicit antigen-
speci±c immune responses and protection in mice [8]. We previously engineered 
the bacterial autotransporter Hbp into a platform for e¹cient display of multiple 
sizeable heterologous antigens at the surface of OMVs [9,10]. Intranasally 
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administered, Salmonella OMVs displaying recombinant antigens at the surface 
induced strong protection in murine challenge models for pneumococci and 
Enterotoxigenic E. coli (ETEC), underscoring the potential of the OMV/Hbp-
based vaccination approach [11–13].

OMV-based vaccination strategies either are used to elicit protection against a 
pathogenic form of bacteria or against a recombinant antigen that is engineered to 
be expressed on or in OMVs [8]. As such, the OMV vaccine needs to be tailored to 
induce humoral or cytotoxic adaptive immune responses, depending on the nature 
of the illness. In fact, most vaccination strategies rely on antigen-specific antibody 
production (ie. humoral B cell responses) [8]. Humoral antibody responses can be 
further improved by including CD4-reactive epitopes in the vaccine modality to 
induce additional CD4+ T cell help by DCs and long-term prophylactic protection. 
However, in the case of therapeutic vaccination against tumors or intracellular 
viruses, cytotoxic CD8+ T cell responses are essential for clinical efficacy. There 
is a surprising lack of vaccine modalities generating efficient cytotoxic CD8+ T 
cells responses needed for controlling viral replication and tumorigenesis [14,15]. 
To date, there are no reports showing that antigen-loaded OMV can be used 
to generate antigen-specific CD8+ T cell responses. Here, we study the effect 
of antigen-loaded OMVs on the phenotype, survival and antigen presentation 
capacity of DCs. These features are critical for the effective generation of T cell 
responses. Importantly, we test the efficacy of OMVs to induce cross-presentation 
of OMV-loaded antigen in DCs to MHC class I for the activation of CD8+ T 
cells, as well as the conventional antigen presentation route to MHC class II and 
CD4+ T cell activation. Lastly, we test the activation requirements of DCs needed 
for cross-presentation.

Material and methods

Mice
Mice transgenic for OT-I and OT-II TCR on the C57BL/6 background have 
been described previously [16,17]. Batf3-deficient and MyD88-deficient mice 
bred in house on a C57Bl/6 background were obtained from Jackson Laboratories 
and described previously [18,19]. Transgenic and wild type C57BL/6 mice were 
bred at the animal facility of VU University (Amsterdam, Netherlands) under 
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specific pathogen-free conditions and used at 8–16 weeks of age. All experiments 
were approved by the Animal Experiments Committee of the VU University 
and performed in accordance with national and international guidelines and 
regulations.

Bacterial strains and growth conditions
S. typhimurium OMV production strain SL3261∆tolRA [10] carrying expression 
plasmid pHbpD(∆d1) or pHbpD-OVA was grown at 37°C in LB medium 
containing 0.2% glucose. Chloramphenicol (30 µg/ml) and Kanamycin (25 µg/
ml) were added when appropriate.

Plasmid construction
Expression plasmids pHbpD(∆d1) and pHbpD(∆d2) have a pEH3 backbone 
[20] and have been described previously[9].  To construct pHbpD-OVA, an E. coli 
codon-optimized DNA sequence encoding aa 250 – 348 of Ovalbumin (OVA) 
(GenBank: AUD54809.1) was ordered from GeneArt. The fragment contained 
flanking SacI and BamHI sites to allow insertion into a derivative of pHbpD(∆d2) 
containing a penta-glycine stretch at the position of side domain 1 of Hbp [9]. 
The OVA fragment includes a CD8+ T-cell and CD4+ T cell epitope recognized 
by OT-I and OT-II mice, respectively. 

Isolation of OMV vaccine candidates
S. typhimurium SL3261∆tolRA cells harboring expression plasmids were 
grown until an OD660 of -0.6, at which expression of Hbp derivatives was 
induced from the lacUV5 promoter by addition of 100 µM Isopropyl β-D-1-
thiogalactopyranoside. OMVs were isolated from the culture medium as described 
previously [11]. OMVs were resuspended in PBS containing 15% glycerol (1 OD 
unit of OMVs per µl). An amount of 1 OD unit of OMVs is derived from 1 
OD660 unit of cells.

Protein analysis
Protein profiles of OMV samples were analysed by SDS-PAGE and Coomassie 
G-250 (BioRad) staining. Densitometric analysis on Coomassie-stained gels was 
carried out using a Molecular Imager GS-800 Calibrated Densitometer (Biorad) 
and Quantity One software (Biorad). The amount of OMVs per µl was comparable 
between samples, based on the density of the outer membrane proteins (OMPs) 
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on the gel. To determine the OVA concentration, the concentration of Hbp-OVA 
fusion protein was determined by SDS-PAGE densitometry, using BSA as a 
reference standard. The concentration was divided by the molecular weight of 
Hbp-OVA (118,9 kDa) to obtain the molarity. The molarity of Hbp-OVA was 
3.2 pmol per µl of OMVs. For control OMVs, the molarity of Hbp was 8.3 pmol 
per µl OMVs, indicating that the abundance of Hbp was higher when Ova was 
absent.

Flow cytometry facilities and reagents
All flow cytometry experiments were performed at the O2 Flow Facility at VU 
University (Amsterdam, Netherlands) using an X20 Fortessa SORP flow cytometer 
(BD Biosciences). All mouse antibodies were purchased from Biolegend, Miltenyi 
and eBioscience (ThermoFisher), specifically: anti-CD70 (Clone FR70), anti-
CD80 (Clone 16-10A1), anti-CD86 (Clone GL-1), anti-MHCI (Clone M5), 
anti-CD4 (Clone GK1.5), anti-CD8 (Clone H35-17.2), anti-CD11c (Clone 
N418), anti-CD3 (Clone 145-2C11), anti-MHCII (Clone M5/114.15.2), anti-
CD16/32 (Clone 93), Fixable viability dye-eFluor 780 (Thermo Fisher). 

Human monocyte-derived dendritic cells
Monocytes were obtained from buffy coats of healthy donors, with informed 
consent (Sanquin, Amsterdam, reference: S03.0023-XT). Monocytes were 
isolated through a sequential Ficoll/Percoll gradient centrifugation (purity, 
>85%) and cultured in RPMI 1640 (Invitrogen) supplemented with 10% FCS 
(BioWhittaker), 1,000 U/ml penicillin (Lonza), 1 U/ml streptomycin (Lonza), 
and 2 mM glutamine (Lonza) in the presence of IL-4 (262.5 U/ml; Biosource) 
and GM-CSF (112.5 U/ml; Biosource) for 4–7 days [21].

Murine bone marrow-derived and splenic CD11c+ dendritic cells
Bone marrow-derived dendritic cells were cultured as described by Lutz et al.[22]. 
Splenic CD11c+ dendritic cells were isolated using a combination of enzymatic 
digestion and MACS sorting using the CD11c-magnetic isolation kit. In short, 
mice were sacrificed and the spleen isolated and cut small using sterile scissors in 
385 µg/mL liberase TL (2WU) and incubated at 37˚C for 20 minutes. Enzymes 
were deactivated using ice-cold RPMI 1640 complete (10% FCS, 1% 50 U/
mL penicillin, 50 µg/mL streptomycin, HEPES/EDTA). After digestion, cells 
were run through a 100 µm cell strainer and extensively washed before MACS 
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sorting. Splenic CD11c+ dendritic cells were isolated using a CD11c-magnetic 
isolation kit according to manufacturer’s instructions (MagniSort™, eBioscience/
ThermoFisher; 8802-6861-74). Purity of CD11c+ cells was typically >96% 
of alive cells. FACS sorting of splenic cDC1s (CD11c+CD8a+) and cDC2s 
(CD11c+CD4+) was performed using a Fusion FACS sorter (BD Bioscience) 
after staining MACS-sorted CD11c+ DCs with CD8a-PerCP (clone 53-6.7) and 
CD4-FITC (Clone GK1.5) primary antibodies. 

Dendritic cell maturation assays
Dendritic cells were incubated with medium only, Salmonella OMVs 
(concentrations indicated in the figures) or 200 ng/ml Salmonella 
Lipopolysaccharides (Sigma L6143) for 3 hours in IMDM (supplemented with 
10% heat-inactivated FCS, 1%Pen/Strep, 1% Glutamax (ThermoFisher) and 
0,1% β-mercapto-ethanol (ThermoFisher). After extensive wash to remove 
unbound OMVs or LPS, DCs were cultured for another 16 hours before 
measuring maturation markers by flow cytometry. DC viability was measured 
by intracellular staining levels using the eBioscience™ Fixable Viability Dye 
eFluor™ 780 included in the maturation staining, performed at 4°C for 30 
minutes.

Antigen presentation assays
OTI and OTII transgenic mice were sacrificed and spleens were mechanistically 
run through a 100 µm cell strainer. Red blood cells were lysed using ACK lysis 
buffer (0.15M NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) and washed before 
purification using MagniSort Mouse CD4+ or CD8+-negative isolation kits 
according to manufacturer’s instructions (eBioscience/Thermo Fisher). Purified 
CD4+ and CD8+ T cells were labeled using 1 µM CFSE and counted before co-
culture. BMDCs/splenic DCs and purified T cells were co-cultured for 3 days 
at 37 ˚C, stained and measured on a X-20 Fortessa flow cytometer.  To avoid 
overestimation of CFSE-based proliferation results, we adopt the proliferation 
index metric[23]. Results are calculated and represented as proliferation index 
(average # of divisions by responding cells). Total number (#) of cells at start of 
culture = #G0+(#G1/2)+(#G2/4)+(#G3/8)+ (#G4/16)+ (#G5/32)+(#G6/64), 
where Gx is the number of cells in consecutive proliferation phases. Number of 
cells that went into division = ‘Total # of cells at start of culture’ - G0.

61489 Spohie Horrevorts.indd   161 28-04-20   10:35



Chapter 7

162

Statistics
Statistics were performed using GraphPad Prism 6 software. For the comparison 
of two groups a student’s t test was used. For more than two groups a two-way 
analysis-of-variance (ANOVA) was used followed by a Tukey post-hoc analysis to 
compare means between two groups. *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001, 
data represented as mean ± SEM.

Results

Outer membrane vesicles can be engineered to express the heterologous 
antigen ovalbumin on the surface 
We have previously shown that bacteria can be genetically engineered to expose 
heterologous antigens on the surface of Salmonella typhimurium OMVs[10]. 
To investigate OMV-DC interplay and OMV-derived antigen-specific T cell 
responses, we generated S. typhimurium OMVs displaying an Hbp fusion protein 
comprising a sizeable fragment of the model antigen ovalbumin (OVA) (Figure 
1A). The 98-amino acid sequence derived from the OVA protein contains two 
antigenic epitopes: 1) OVA257-264 (SIINFEKL) binding to H-2Kb MHC class I for 
the presentation to CD8+ T cells and 2) OVA323-339 (ISQAVHAAHAEINEAG), 
binding I-Ab MHC class II for the presentation to CD4+ T cells (Figure 1A). 
The Hbp carrier protein allows expression of the OVA protein on the outside 
of the OMV (Figure 1B), which was verified by SDS-PAGE (Figure 1C and 
Supplementary Figure 1). 

OMVs induce maturation of murine and human dendritic cells
To examine the capacity of OVA-expressing Salmonella OMVs to induce 
maturation in dendritic cells (DCs), we evaluated the expression of costimulatory 
molecules on DCs after co-culture with OMVs. First, bone marrow-derived 
cells from wild type C57BL/6 mice were cultured with GM-CSF for 7 days and 
differentiated to bone-marrow derived DCs, as previously described [22]. BMDCs 
were incubated with either OVA-OMVs or soluble LPS. After 3 hours, the cells 
were extensively washed to remove unbound OMVs and LPS and incubated for 
another 16 hours (Figure 2A). Cultured BMDCs were stained for co-stimulatory 
molecules (ie. CD70, CD80, CD83, CD86) and MHC class I and II complexes 
and measured by flow cytometry. Co-culture of BMDCs with OMVs or LPS 
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Figure 1 | °e hemoglobin protease (Hbp) autotransporter platform allows ovalbumin (OVA) expression 
on the vesicular surface of engineered OMVs (A) Diagram of the OVA fragment as fused to Hbp. °e 
numbers above the diagram correspond to the amino acid position of OVA. °e CD8+ T-cell epitope is 
underlined in the green box and the CD4+ T-cell epitope is shown underlined in purple. °e OVA fragment 
is ³anked by short Gly/Ser linkers. (B) Schematic representation of Hbp-mediated antigen display on 
OMVs. °e OVA-fragment is fused to the Hbp passenger by replacement of side domain 2[43]. Upon 
production in a hypervesiculating Salmonella strain, the Hbp chimera, which stably integrates into the 
bacterial outer membrane (OM) is displayed at the surface of the newly formed outer membrane vesicles 
(OMV). Alike the parental bacterium, the outer membrane of the vesicle naturally PAMPs such as 
lipopolysaccharides (LPS). IM, inner membrane. °e ±gure was made using Servier Medical Art. (C) 
Representative Coomassie stained SDS-PAGE of the OMV based vaccine stocks used in the study. 
HbpD(∆d1) (116 kDa) and HbpD-OVA (119 kDa) are marked by closed arrowheads. °e endogenous 
bacterial outer membrane proteins (OMPs; OmpF/C and OmpA) are present.

clearly upregulated the membrane expression of CD70, CD80, CD86, and the 
expression of MHC class I (Figure 2B). Empty OMVs and OMVs with only 
Hbp carrier protein induced similar BMDC maturation (data not shown). Next, 
to evaluate the effect of OVA-OMVs on DCs directly derived from tissue, we 
isolated DCs from the spleens of wild type C57BL/6 mice by enzymatic digestion 
followed by CD11c-magnetic bead isolation. The isolated CD11c+ splenic DCs 
were similarly stimulated with either OVA-OMVs or LPS and assessed by flow 
cytometry for maturation. Splenic CD11c+ DCs show comparable increased 
maturation after OMV co-culture compared to BMDCs (Figure 2C). Finally, we 
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tested the capacity of OVA-OMVs to induce maturation in human DCs. Using 
monocyte-derived DCs cultured from monocytes of the buffy coat of healthy 
human donors, we show comparable maturation by OMVs and LPS (Figure 2D). 
Hence, OVA-OMVs induce potent upregulation of co-stimulatory molecules in 
DCs needed for the activation of T cells, as well as the MHC class I complex 
needed for CD8+ T cell activation

Dendritic cell maturation is induced by OMV-derived LPS and relies on 
MyD88 signaling
Since OMV-stimulated DCs show the same maturation as DCs incubated 
with LPS, we aimed to investigate whether OMV-bound LPS integral to the 
outer membrane was responsible for the induction of DC maturation. To 
determine whether blocking of LPS would affect DC maturation, we blocked 
the immunogenic site of LPS on OVA-OMVs by pre-incubation with the anti-
biotic compound Polymyxin B for 30 minutes. Like BMDC samples incubated 
with free LPS, this resulted in abrogated maturation induced by OMVs in 
BMDCs (Figure 3A), showing the requirement for available LPS to induce DC 
maturation. Increasing the concentration of Polymyxin B up to 200 ug/ml showed 
to toxicity and an enrichment in blocking LPS at lower concentrations of 10 ug/
ml. DC maturation via LPS has previously been shown to rely of TLR4-mediated 
signaling via the adapter protein, MyD88 [24]. To further validate the role of 
OMV-derived LPS in the induction of DC maturation, we generated BMDCs 
from MyD88-/- mice. As expected, OVA-OMVs were unable to induce maturation 
in MyD88-/- BMDCs (Figure 3B). Therefore, we conclude that LPS present on 
OMVs induces DC maturation in a MyD88-dependent manner. 

OMVs do not induce cell death, but enhance survival capacity of dendritic 
cells 
Recently, OMV-derived LPS was shown to localize to the cytosol of bone marrow-
derived macrophages where it activated caspase 11, resulting in pyroptosis and cell 
death [25]. To investigate whether pyroptosis is prevalent in our experimental 
setting, we measured viability of BMDCs and splenic DCs 16 hours after pulse 
with OVA-OMVs. Surprisingly, OVA-OMVs provided a significant survival 
benefit to both BMDCs and splenic DCs compared to the medium only control 
(Figure 4A). While OMVs added to human MoDCs did not provide a survival 
benefit, no increased cell death or pyroptosis was observed in this experimental
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Figure 2 | OVA-OMVs potently induce maturation of murine bone marrow-derived dendritic cells (DCs),  
murine CD11c+ splenic DCs and human monocyte-derived DCs (A) DCs were co-cultured with medium, 
200 ng/ml LPS or 10 nM OMVs for 3 hours and extensively washed to remove unbound OMVs. DC 
maturation was measured by ³ow cytometry 16 hours after wash. (B) Bone marrow-derived DCs and (C) 
CD11c+ splenic DCs cultured for 3 hours with engineered OMVs show upregulation of costimulatory 
molecules CD70, CD80, CD86 and antigen presentation complexes MHC class II and MHC class I. Data 
shown as MFI ±SEM of biological triplicates; representative of 3 individual experiments. (D) Human 
monocyte-derived DCs were generated from monocytes derived from bu¯y coats of healthy donors through 
culture with GM-CSF/IL4. After 3 hours of product coculture, human MoDCs show similar DC 
maturation in OMV conditions as after LPS treatment. Data shown as MFI ±SEM of of biological 
triplicates representative of 6 individual healthy donors. Statistics performed; one-way ANOVA with Tukey 
Post-hoc test comparing LPS or OMV with medium. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

setting (data not shown). Since LPS induced a similar survival benefit, we tested 
whether the survival benefit provided by OMVs was dependent on the LPS-
binding capacity, as observed with the DC maturation. OVA-OMVs were pre-
incubated with polymyxin B 30 minutes before co-culture with BMDCs, blocking 
available OMV-bound LPS. Interestingly, while Polymyxin B significantly reduced 
the survival benefit provided by OVA-OMVs, the effect was more pronounced 
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Figure 3 | BMDC maturation depends on lipopolysaccharide and MyD88 signaling (A) Upregulation of 
maturation markers (CD80/CD86) and MHC class I is dependent on lipopolysaccharide since pre-
blocking with 10 ug/ml Polymyxin B for 30 minutes abrogates OMV-induced BMDC maturation. (B) 
Genetic knockout of MyD88 abrogates the maturation capacity of OMVs and LPS. MyD88 downstream 
of TLR signaling is crucial for OMV-induced BMDC maturation. Data shown as mean ±SEM of biological 
triplicates; representative of 2 individual experiments. Statistics performed; two-way ANOVA with Tukey 
Post-hoc test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

with free LPS compared to OVA-OMVs (Figure 4B). Importantly, regardless 
of increasing concentrations of polymyxin B, the viability of BMDCs exposed 
to OVA-OMVs remained above LPS and medium conditions (Figure 4B), 
indicating that LPS-independent signaling may facilitate DCs survival following 
OMV-DC interactions. In conclusion, in contrast to recent reports, OVA-OMVs 
at functional concentrations do not induce cell death but rather support DC 
survival, even when LPS is inactivated. 

OMVs displaying ovalbumin induces potent cross-presentation of 
antigen to CD8+ T cells
After identifying the factors involved in DC maturation and survival, we investigated 
the potency of OMVs to induce antigen-specific T cell responses. Since OVA-
OMVs are decorated with a large ovalbumin fragment containing CD8 OTI and 
CD4 OTII reactive epitopes (Figure 1A), we tested the capacity of OVA-OMV-
loaded DCs to induce the proliferation of antigen-specific T cells, by labeling CD8+ 
and CD4+ T cell from OTI and OTII transgenic mice, respectively, with CFSE. 
Following CFSE dilution as proliferation phases allows us to calculate the number 
of antigen-specific cells reacting to processed OVA epitopes presented by the DC 
in MHC class I and II (Figure 5A). Intriguingly, OVA-OMVs potently induced 
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Figure 4 | OMVs do not induce DC cell death but provide a survival bene±t that is largely independent of 
OMV-bound LPS (A) BMDCs and splenic DCs cocultured for 3 hours with OVA-OMVs or LPS show 
signi±cantly higher viability after 16 hours of the co-culture. (B) Survival bene±t from LPS is dependent on 
TLR-binding capacity, since polymyxin B pre-incubation signi±cantly reduces the survival bene±t. OVA-
OMVs are still providing a survival bene±t after LPS has been blocked. Data shown as mean ±SEM of 
biological triplicates; representative of 2 individual experiments. Statistics performed; one-way or two-way 
ANOVA with Tukey post-hoc multiple comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

the proliferation of antigen specific CD8+ T cells and only a minority of CD4+ T 
cells (Figure 5B). BMDCs were highly effective in inducing cross-presentation of 
OVA-OMVs to antigen-specific CD8+ T cells in an antigen– and concentration-
dependent manner (Figure 5B). The absence of proliferation in conditions using 
OMVs expressing the Hbp carrier protein without the OVA fragment (Hbp-
OMV) shows the specificity of the response. Surprisingly, both BMDCs and splenic 
CD11c+ DCs preferred the cross-presentation pathway of antigen presentation, 
as evidenced by the clear preferred CD8+ T cell response compared to ovalbumin 
or synthetic long peptide (Figure 5B and 5C). Overall, OVA-OMVs were more 
potent in inducing T cell activation in low concentrations between 4 and 10 nM 
compared to whole OVA at 40-100 nM with LPS. Hence, antigens displayed on 
OMVs are able to induce antigen-specific T cell activation and are preferentially 
cross-presented on MHC class I to CD8+ T cells.

Dendritic cells require intact MyD88 signaling for antigen presentation 
of OMV-derived antigens and is preferably presented by CD8a+ cross-
presenting dendritic cells
To test whether the maturation status impacts the antigen presenting capacity 
of DCs loaded with OVA-OMVs, we performed antigen presentation assays 
with cultured MyD88-/- BMDCs. Genetic knockout of MyD88 resulted in 
significantly decreased proliferation of CD8+ T cells (Figure 6A), whereas CD4+ 
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T cell proliferation was typically low. Importantly, the activation of CD4+ T cells 
is absent when whole protein was combined with OMVs (Figure 6A; yellow bars). 
Hence, the maturation of DCs through MyD88 is needed for optimal cross-
presentation of antigen-decorated OMVs. In mice, the professional labor of antigen 
presentation is partitioned to different DC subsets. The CD8α+ conventional 
DC type-1 (cDC1) has previously been described as specifically proficient 
cross-presenting APCs and stimulators of CD8+ T cells [26]. More specifically, 
the BATF3 transcription factor has been shown critical in the development of 
CD8α+ DCs and BATF3-deficient mice showed defective cross-presentation 
to CD8+ T cells [18]. Therefore, to investigate the effect of OMVs on cross-
presentation in the absence of professional cross-presenting cells, we performed 
antigen presentation assays with isolated CD11c+ splenic DCs from wild type 
and BATF3-deficient mice. To be able to quantify the amount of T cell reacting 
to the initial antigen presentation, we calculated the percentage of responding 
OTI CD8+ and OTII CD4+ T cells using the CFSE dilutions (Supplementary 
Figure 2A). Assuming the routing of the antigen defines cross-presentation[27], 
visualizing the ratio of responding CD8+ T cells over CD4+ T cells provides an 
accurate measurements of cross-presentation capacity. In the absence of CD8α+ 
cross-presenting DCs through genetic deletion of BATF3, OVA-OMVs were 
significantly less cross-presented (Figure 6B). Using an alternative approach, we 
next FACS sorted CD8a+ cDC1s and CD4+ cDC2s from pre-purified CD11c+ 
splenic dendritic cells (Supplementary Figure 2B). As previously shown, OMVs 
show high cross-presenting capacity overall, although cDC1s showed increased 
preference for cross-presentation (%CD8+/CD4+ T cell response) compared to 
cDC2s (Figure 6C). However, cDC2s were still significantly more capable of 
cross-presenting OMVs, compared to peptide with LPS. Hence, OMVs program 
DCs to cross-present OMV surface-expressed antigens, suggesting a general 
OMV-induced DC cross-presentation programming.  
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dendritic cells and CD11c+ splenic DCs (A) Bone marrow-derived dendritic cells (BMDCs) were cultured 
with product (OMV or OVA with 200 ng/ml LPS) for 3 hours, extensively washed and subsequently co-
cultured with puri±ed OTI CD8+ T cells or OTII CD4+ T cells. After 3 days, the culture was harvested, and 
T cells were measured for proliferation by CFSE dilution as proliferation phases. Example gating strategy 
plot is shown. (B) BMDCs loaded with OMVs engineered to display ovalbumin (OVA-OMVs) induced 
antigen-speci±c CD8+ and CD4+ T cell responses. A clear preference for cross-presentation to OTI CD8+ 
T cells is apparent in conditions with OMV-pulsed BMDCs. (C) Splenic CD11c+ DCs loaded with OVA-
OMVs e¹ciently cross-present antigen to OTI CD8+ T cells. LPS used at 200 ng/ml, antigen concentration 
as indicated in nanomolar. Synthetic long peptide contains both OTI and OTII sequences. Data shown as 
mean ±SEM of biological triplicates.
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Figure 6 | Presentation of OMV-displayed antigens is MyD88-dependent and not dependent on the 
BATF3 cross-presenting splenic subtype of dendritic cell (A). E¹cient antigen presentation of OVA-
OMVs to CD8 and CD4 T cells is partly dependent on MyD88 signaling (B). Splenic CD11c+ dendritic 
cells (DCs) from WT or BATF3-/- mice show that cross- presentation of OVA-OMVs to CD8+ T cells is 
only partly dependent on the BATF3-dependent cross-presenting DC. (C). FACS sorted CD8a+ splenic 
conventional type 1 dendritic cells (cDC1s) show a higher capacity to cross-present OVA-OMVs, compared 
to CD4+ splenic cDC2s. However, both splenic cDC1s and cDC2s e¹ciently cross-presented OVA-
OMVs compared to peptide + LPS. Data shown as mean ± SEM of biological duplicates (A) and triplicates 
(B + C); representative of 2 individual experiments. Statistics performed; one-way or two-way ANOVA 
with Tukey Post-hoc multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001. 

Discussion

Bacterial outer membrane vesicles (OMVs) have recently been used as 
immunogenic antigen delivery vehicles for vaccination strategies relying on 
dendritic cell (DC) functionality. Previous reports have shown that OMVs 
increased expression of the costimulatory molecule CD86 and MHC class II on 
BMDCs[28]. However, while we ±nd similar CD86 upregulation by OMVs, we 
could not reproduce upregulation of MHC class II on BMDCs, nor on isolated 
CD11c+ splenic DCs. Alaniz and colleagues made use of C3H mice, which may 
react di¯erently to Gram-negative bacteria compared to the C57Bl/6 inbred 
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strain used in the current study [29]. Instead, we ±nd a signi±cant upregulation 
of MHC class I and CD70, needed for CD8+ T cell priming, on all investigated 

dendritic cells. Additionally, we show that DC maturation is dependent on the 
LPS present on OMVs and the subsequent TLR activation upstream of MyD88 
signaling. °ese data support the use of OMVs as excellent candidates for DC-
mediated cellular adaptive immune responses.

An elegant study on the mechanism by which BMDCs sense cytosolic bacterial 
LPS derived from extracellular Gram-negative bacteria has shown that OMV-
derived LPS activates cytosolic caspase-11 and induces cell death in BMDCs 
[25]. Surprisingly, we ±nd that exposure of OMVs increases the viability of 
BMDCs, which is dependent on the availability of OMV-derived LPS. °is may 
be explained by the concentration of OMVs used in the in vitro assays, since 
we use concentrations of 10 nM, which is su¹cient for maturation and DC-
mediated antigen presentation. LPS from the membrane of OMVs localize to the 
cytosol once they are internalized by macrophages and it is not unlikely a similar 
mechanism may mediate cytosolic localization of OMV-displayed antigens 
like Hbp-OVA. Indeed, proteases in late-endosomes and lysosomes may cleave 
exposed Hbp-OVA fusion proteins for translocation to the cytoplasm [27], similar 
to OMV-bound LPS [25]. °is would explain the propensity of OVA-OMVs 
to be cross-presented to the cytosolic MHC class I loading route and activate 
CD8+ T cells. °is could also explain the absence of OMV-mediated CD8+ T cell 
responses reported in literature that largely depend on antigens that are on the 
luminal side of the OMV membrane [30]. For example, Laughlin and colleagues 
used Salmonella OMVs encapsulated with antigen to investigate CD4+ and CD8+ 
T cell activation [31]. An absence of BMDC-mediated CD8+ T cell activation 
and robust CD4+ T cell responses was shown, supporting the hypothesis that 
luminal antigens are more prone to be presented to CD4+ T cells, while outer 
membrane-bound antigens can be cross-presented to CD8+ T cells. Alternatively, 
entire OMVs are translocated to the cytosol in a still unknown manner, where 
surface-displayed Hbp-OVA fusion protein is subject to processing in the cytosol. 
Perhaps more importantly, cross-presentation and translocation of exogenous 
antigen to the cytosol has previously been shown to heavily depend on TLR4-
MyD88-TRIF signaling [32,33]. Our data showing a signi±cant reduction in DC 
maturation and subsequent CD8+ T cell activation by MyD88-de±cient BMDCs 
supports the view that OMV induce a cross-presenting maturation program 
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in DCs. One other study used OMVs derived from E. coli Nissle 1917 strains 
(EcN-OMVs) engineered to display green ³uorescent protein (GFP) fused to the 
bacterial enterotoxin ClyA [34]. Vaccination of mice with these OMVs induced 
potent T cell activation ex vivo with a T helper 1 activation pro±le. °ese data 
suggest that the presence of the antigen on the outside of the vesicular membrane 
does not solely account for the lack of CD4+ T cell antigen presentation. Although 
CD8+ T cell responses were not individually investigated, the overall °1 pro±le 
would support the induction of OMV-mediated cytotoxic CD8+ T cell responses 
[35]. 

While potent activators of CD4+ T cells, B cells and antibody production, OMV 
vaccines have previously not been shown to mediate antigen-speci±c induction 
of cytotoxic CD8+ T cells needed for the killing of infected or malignant cells. 
Even though the inherent immunogenicity of bacterial compounds alerts the 
immune system to initiate in³ammatory signaling, the antigen speci±city that 
can be engineered in OMVs is often overlooked. For example, outer membrane 
vesicles of several bacterial strains have been shown to accumulate in tumor tissue 
and initiate anti-tumor immunity [36]. However, the e¹cacy of the treatment 
relies on antigen-unspeci±c activation of existing tumor-in±ltrating cells. In the 
current study we show for the ±rst time that OMV-associated antigens can be 
cross-presented by DCs to antigen-speci±c CD8+ T cells. Importantly, OMVs did 
not induce pyroptosis in these cells but extended viability, which further supports 
OMVs as a viable antigen delivery platform for induction of adaptive immunity. 
Interestingly, OVA-OMVs induce maturation and a cross-presentation pathway 
that does not only rely on CD8α+ cDC1s, DCs with inherent cross-presenting 
capabilities [26,37]. Indeed, both cDC1s and cDC2s showed increased cross-
presentation of OMVs to CD8+ T cells, although cDC1s were more adapt. °is 
would signi±cantly increase chances of inducing CD8+ T cell activation with any 
DC subtype at vaccination sites or via administration routes where CD8α+ DCs 
are scarce.

°e interactions between OMVs and the epithelial and endothelial cells have 
been well studied, mostly because of the pathogenic e¯ects of OMVs in bacterial 
infections. As such, the role for TLR4-mediated activation in infections has been 
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extensively reported [38,39]. In vivo vaccination via intra-gastric delivery of 
OMVs from Helicobacter pylori, Pseudomonas aeruginosa and Neisseria gonorrhea 
have shown that adaptive immunity is dependent on NOD1 signaling instead of 
TLR signaling [40]. O¯-target e¯ects because of potent cell entry mechanisms 
beyond TLR4-expressing DC in vivo can be problematic. Indeed, many PRR-
independent cellular entry routes of OMVs have been identi±ed in epithelial cells 
[38]. °erefore, it will be important to facilitate the delivery of OMVs to DCs 
speci±cally, without the uptake, activation and damage of accessory cells. As a 
matter of fact, targeting of DCs in situ has been suggested to increase the potency 
of anti-tumor vaccination strategies that rely heavily on cross-presentation 
[41,42]. Future research may therefore implement DC-targeting strategies with 
OMVs displaying tailored antigens.

Acknowledgements
S.T.T.S., S.K.H., L.K., S.E., J.G-V., W.W.J.U., Y.K. are supported by the European 
Research Council (ERC-339977-Glycotreat). J.M.M.dH.  is supported by grants 
from the Dutch Cancer Society (VU2013-5940 and VU2016-10449). 

Author contributions
S.T.T.S., W.S.P.J., J.L., Y.K. conceived the study, S.T.T.S., J.G-V., W.W.J.U., 
J.M.M.H. designed the experiments, S.T.T.S., S.K.H., L.K., S.E., M.H.D-S., 
D.H. performed and analyzed experiments, S.T.T.S., W.S.P.J., S.K.H., J.L., Y.K. 
wrote the manuscript, J.G-V., W.W.J.U., J.M.M.H., J.L., Y.K. Supervised the 
work.

Disclosure
W.S.P. J., M.H.D-S., D.H. and J.L. are involved in Abera Bioscience AB, which 
aims to exploit OMVs and the Hbp platform for vaccine development. All other 
authors, including leading author S.T.T.S. and corresponding author Y.K. declare 
no conflict of interest.

61489 Spohie Horrevorts.indd   173 28-04-20   10:35



Chapter 7

174

References
1. H.I. Nakaya, T. Hagan, S.S. Duraisingham, E.K. Lee, M. Kwissa, N. Rouphael, D. Frasca, M. Gersten, 

A.K. Mehta, R. Gaujoux, G.-M. Li, S. Gupta, R. Ahmed, M.J. Mulligan, S. Shen-Orr, B.B. Blomberg, 
S. Subramaniam, B. Pulendran, Systems Analysis of Immunity to In³uenza Vaccination across 
Multiple Years and in Diverse Populations Reveals Shared Molecular Signatures, Immunity. 43 (2015) 
1186–1198. doi:https://doi.org/10.1016/j.immuni.2015.11.012.

2. R.M. Steinman, J. Banchereau, Taking dendritic cells into medicine, Nature. 449 (2007) 419. http://
dx.doi.org/10.1038/nature06175.

3. M. Merad, P. Sathe, J. Helft, J. Miller, A. Mortha, °e Dendritic Cell Lineage: Ontogeny and Function 
of Dendritic Cells and °eir Subsets in the Steady State and the In³amed Setting, Annu. Rev. 
Immunol. 31 (2013) 563–604. doi:10.1146/annurev-immunol-020711-074950.

4. T. Worbs, S.I. Hammerschmidt, R. Förster, Dendritic cell migration in health and disease, Nat. Rev. 
Immunol. 17 (2016) 30. http://dx.doi.org/10.1038/nri.2016.116.

5. M. Dalod, R. Chelbi, B. Malissen, T. Lawrence, Dendritic cell maturation: functional specialization 
through signaling speci±city and transcriptional programming, EMBO J. 33 (2014) 1104–1116. 
doi:10.1002/embj.201488027.

6. C. Schwechheimer, M.J. Kuehn, Outer-membrane vesicles from Gram-negative bacteria: biogenesis 
and functions, Nat. Rev. Microbiol. 13 (2015) 605. http://dx.doi.org/10.1038/nrmicro3525.

7. M.W. Shea, °e Long Road to an E¯ective Vaccine for Meningococcus Group B (MenB), Ann. Med. 
Surg. 2 (2013) 53–56. doi:10.1016/S2049-0801(13)70037-2.

8. L. van der Pol, M. Stork, P. van der Ley, Outer membrane vesicles as platform vaccine technology, 
Biotechnol. J. 10 (n.d.) 1689–1706. doi:10.1002/biot.201400395.

9. W.S.P. Jong, M.H. Daleke-Schermerhorn, D. Vikström, C.M. ten Hagen-Jongman, K. de Punder, 
N.N. van der Wel, C.E. van de Sandt, G.F. Rimmelzwaan, F. Follmann, E.M. Agger, P. Andersen, 
J.-W. de Gier, J. Luirink, An autotransporter display platform for the development of multivalent 
recombinant bacterial vector vaccines, Microb. Cell Fact. 13 (2014) 162. doi:10.1186/s12934-014-
0162-8.

10. M.H. Daleke-Schermerhorn, T. Felix, Z. Soprova, C.M. ten Hagen-Jongman, D. Vikström, L. 
Majlessi, J. Beskers, F. Follmann, K. de Punder, N.N. van der Wel, T. Baumgarten, T. V Pham, S.R. 
Piersma, C.R. Jiménez, P. van Ulsen, J.-W. de Gier, C. Leclerc, W.S.P. Jong, J. Luirink, Decoration 
of Outer Membrane Vesicles with Multiple Antigens by Using an Autotransporter Approach, Appl. 
Environ. Microbiol. . 80 (2014) 5854–5865. http://aem.asm.org/content/80/18/5854.abstract.

11. K. Kuipers, M.H. Daleke-Schermerhorn, W.S.P. Jong, C.M. ten Hagen-Jongman, F. van Opzeeland, 
E. Simonetti, J. Luirink, M.I. de Jonge, Salmonella outer membrane vesicles displaying high densities 
of pneumococcal antigen at the surface o¯er protection against colonization, Vaccine. 33 (2015) 2022–
2029. doi:https://doi.org/10.1016/j.vaccine.2015.03.010.

12. K. Kuipers, W.S.P. Jong, C.E. van der Gaast-de Jongh, D. Houben, F. van Opzeeland, E. Simonetti, 
S. van Selm, R. de Groot, M.I. Koenders, T. Azarian, E. Pupo, P. van der Ley, J.D. Langereis, A. 
Zomer, J. Luirink, M.I. de Jonge, °17-Mediated Cross Protection against Pneumococcal Carriage by 
Vaccination with a Variable Antigen, Infect. Immun. 85 (2017). doi:10.1128/IAI.00281-17.

13. M.P. Hays, D. Houben, Y. Yang, J. Luirink, P.R. Hardwidge, Immunization With Skp Delivered on 
Outer Membrane Vesicles Protects Mice Against Enterotoxigenic Escherichia coli Challenge, Front. 
Cell. Infect. Microbiol. 8 (2018) 132. doi:10.3389/fcimb.2018.00132.

14. R.A. Koup, D.C. Douek, Vaccine Design for CD8 T Lymphocyte Responses, Cold Spring Harb. 
Perspect. Med. . 1 (2011). http://perspectivesinmedicine.cshlp.org/content/1/1/a007252.abstract.

15. S.H. van der Burg, R. Arens, F. Ossendorp, T. van Hall, C.J.M. Melief, Vaccines for established cancer: 
overcoming the challenges posed by immune evasion, Nat. Rev. Cancer. 16 (2016) 219. https://doi.
org/10.1038/nrc.2016.16.

16. K.A. Hogquist, S.C. Jameson, W.R. Heath, J.L. Howard, M.J. Bevan, F.R. Carbone, T cell receptor 
antagonist peptides induce positive selection, Cell. 76 (1994) 17–27. doi:https://doi.org/10.1016/0092-
8674(94)90169-4.

61489 Spohie Horrevorts.indd   174 28-04-20   10:35



Outer membrane vesicles are cross-presented to CD8+ T cells

175

7

17. M.J. Barnden, J. Allison, W.R. Heath, F.R. Carbone, Defective TCR expression in transgenic mice 
constructed using cDNA-based [agr]- and [bgr]-chain genes under the control of heterologous 
regulatory elements, Immunol Cell Biol. 76 (1998) 34–40. http://dx.doi.org/10.1046/j.1440-
1711.1998.00709.x.

18. K. Hildner, B.T. Edelson, W.E. Purtha, M. Diamond, H. Matsushita, M. Kohyama, B. Calderon, B.U. 
Schraml, E.R. Unanue, M.S. Diamond, R.D. Schreiber, T.L. Murphy, K.M. Murphy, Batf3 De±ciency 
Reveals a Critical Role for CD8α+ Dendritic Cells in Cytotoxic T Cell Immunity, Science (80-. ). 322 
(2008) 1097–1100. doi:10.1126/science.1164206.

19. O. Adachi, T. Kawai, K. Takeda, M. Matsumoto, H. Tsutsui, M. Sakagami, K. Nakanishi, S. Akira, 
Targeted Disruption of the <em>MyD88</em> Gene Results in Loss of IL-1- and IL-18-Mediated 
Function, Immunity. 9 (1998) 143–150. doi:10.1016/S1074-7613(00)80596-8.

20. L. Hashemzadeh‐Bonehi, F. Mehraein‐Ghomi, C. Mitsopoulos, J.P. Jacob, E.S. Hennessey, J.K. 
Broome‐Smith, Importance of using lac rather than ara promoter vectors for modulating the levels 
of toxic gene products in Escherichia coli, Mol. Microbiol. 30 (n.d.) 676–678. doi:10.1046/j.1365-
2958.1998.01116.x.

21. F. Sallusto, A. Lanzavecchia, E¹cient presentation of soluble antigen by cultured human dendritic 
cells is maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and 
downregulated by tumor necrosis factor alpha., J. Exp. Med. 179 (1994) 1109–1118. doi:10.1084/
jem.179.4.1109.

22. M.B. Lutz, N. Kukutsch, A.L.J. Ogilvie, S. Rößner, F. Koch, N. Romani, G. Schuler, An advanced 
culture method for generating large quantities of highly pure dendritic cells from mouse bone marrow, 
J. Immunol. Methods. 223 (1999) 77–92. doi:http://dx.doi.org/10.1016/S0022-1759(98)00204-X.

23. M. Roederer, Interpretation of cellular proliferation data: Avoid the panglossian, Cytom. Part A. 79A 
(2011) 95–101. doi:10.1002/cyto.a.21010.

24. T. Kawai, O. Adachi, T. Ogawa, K. Takeda, S. Akira, Unresponsiveness of MyD88-De±cient Mice to 
Endotoxin, Immunity. 11 (1999) 115–122. doi:https://doi.org/10.1016/S1074-7613(00)80086-2.

25. S.K. Vanaja, A.J. Russo, B. Behl, I. Banerjee, M. Yankova, S.D. Deshmukh, V.A.K. Rathinam, Bacterial 
Outer Membrane Vesicles Mediate Cytosolic Localization of LPS and Caspase-11 Activation, Cell. 
165 (2018) 1106–1119. doi:10.1016/j.cell.2016.04.015.

26. J.M.M. den Haan, S.M. Lehar, M.J. Bevan, CD8+ but Not Cd8 dendritic cells cross-prime cytotoxic 
T cells in vivo, J. Exp. Med. 1685 (192) (2000) LP-1696

27. F.M. Cruz, J.D. Colbert, E. Merino, B.A. Kriegsman, K.L. Rock, °e Biology and Underlying 
Mechanisms of Cross-Presentation of Exogenous Antigens on MHC-I Molecules, Annu. Rev. 
Immunol. 35 (2017) 149–176. doi:10.1146/annurev-immunol-041015-055254.

28. R.C. Alaniz, B.L. Deatherage, J.C. Lara, B.T. Cookson, Membrane vesicles are immunogenic facsimiles 
of Salmonella typhimurium that potently activate dendritic cells, prime B and T cell responses, 
and stimulate protective immunity in vivo., J. Immunol. 179 (2007) 7692–7701. doi:10.4049/
jimmunol.179.11.7692.

29. J.R. Schurr, E. Young, P. Byrne, C. Steele, J.E. Shellito, J.K. Kolls, Central Role of Toll-Like Receptor 4 
Signaling and Host Defense in Experimental Pneumonia Caused by Gram-Negative Bacteria, Infect. 
Immun. . 73 (2005) 532–545. doi:10.1128/IAI.73.1.532-545.2005.

30. M.J.H. Gerritzen, D.E. Martens, R.H. Wij¯els, L. van der Pol, M. Stork, Bioengineering bacterial 
outer membrane vesicles as vaccine platform, Biotechnol. Adv. 35 (2017) 565–574, https://doi.
org/10.1016/j. biotechadv.2017.05.003

31. R.C. Laughlin, M. Mickum, K. Rowin, L.G. Adams, R.C. Alaniz, Altered host immune responses to 
membrane vesicles from Salmonella and Gram-negative pathogens, Vaccine. 33 (2015) 5012–5019. 
doi:https://doi.org/10.1016/j.vaccine.2015.05.014.

32. S. Burgdorf, C. Schölz, A. Kautz, R. Tampé, C. Kurts, Spatial and mechanistic separation of cross-
presentation and endogenous antigen presentation, Nat. Immunol. 9 (2008) 558. https://doi.
org/10.1038/ni.1601.

33. M. Zehner, A.L. Marschall, E. Bos, J.-G. Schloetel, C. Kreer, D. Fehrenschild, A. Limmer, F. Ossendorp, 
T. Lang, A.J. Koster, S. Dübel, S. Burgdorf, °e Translocon Protein Sec61 Mediates Antigen Transport 
from Endosomes in the Cytosol for Cross-Presentation to CD8+ T Cells, Immunity. 42 (2015) 850–
863. doi:10.1016/j.immuni.2015.04.008.

61489 Spohie Horrevorts.indd   175 28-04-20   10:35



Chapter 7

176

34. J.A. Rosenthal, C.-J. Huang, A.M. Doody, T. Leung, K. Mineta, D.D. Feng, E.C. Wayne, N. 
Nishimura, C. Leifer, M.P. DeLisa, S. Mendez, D. Putnam, Mechanistic Insight into the TH1-Biased 
Immune Response to Recombinant Subunit Vaccines Delivered by Probiotic Bacteria-Derived Outer 
Membrane Vesicles, PLoS One. 9 (2014) e112802. https://doi.org/10.1371/journal.pone.0112802.

35. B.J. Laidlaw, J.E. Craft, S.M. Kaech, °e multifaceted role of CD4+ T cells in CD8+ T cell memory, 
Nat. Rev. Immunol. 16 (2016) 102. https://doi.org/10.1038/nri.2015.10.

36. O.Y. Kim, H.T. Park, N.T.H. Dinh, S.J. Choi, J. Lee, J.H. Kim, S.-W. Lee, Y.S. Gho, Bacterial outer 
membrane vesicles suppress tumor by interferon-γ-mediated antitumor response, Nat. Commun. 8 
(2017) 626. doi:10.1038/s41467-017-00729-8.

37. K. Shortman, W.R. Heath, °e CD8+ dendritic cell subset, Immunol. Rev. 234 (2010) 18–31. 
doi:10.1111/j.0105-2896.2009.00870.x.

38. M. Kaparakis-Liaskos, R.L. Ferrero, Immune modulation by bacterial outer membrane vesicles, Nat. 
Rev. Immunol. 15 (2015) 375.

39. M.-A. Cañas, M.-J. Fábrega, R. Giménez, J. Badia, L. Baldomà, Outer Membrane Vesicles From 
Probiotic and Commensal Escherichia coli Activate NOD1-Mediated Immune Responses in 
Intestinal Epithelial Cells, Front. Microbiol. 9 (2018) 498. doi:10.3389/fmicb.2018.00498.

40. M. Kaparakis, L. Turnbull, L. Carneiro, S. Firth, H.A. Coleman, H.C. Parkington, L. Le Bourhis, 
A. Karrar, J. Viala, J. Mak, M.L. Hutton, J.K. Davies, P.J. Crack, P.J. Hertzog, D.J. Philpott, S.E. 
Girardin, C.B. Whitchurch, R.L. Ferrero, Bacterial membrane vesicles deliver peptidoglycan to 
NOD1 in epithelial cells, Cell. Microbiol. 12 (2010) 372–385, https://doi.org/10.1111/j.1462- 
5822.2009.01404.x.

41. C.M. Fehres, W.W.J. Unger, J.J. Garcia-Vallejo, Y. van Kooyk, Understanding the biology of antigen 
cross-presentation for the design of vaccines against cancer, Front. Immunol. 5 (2014) 1–10. 
doi:10.3389/±mmu.2014.00149.

42. D. Dinther, D.A. Stolk, R. Ven, Y. Kooyk, T.D. Gruijl, J.M.M. Haan, Targeting C-type lectin receptors: 
a high-carbohydrate diet for dendritic cells to improve cancer vaccines, J. Leukoc. Biol. 102 (n.d.) 
1017–1034. doi:10.1189/jlb.5MR0217-059RR.

43. W.S.P. Jong, Z. Soprova, K. de Punder, C.M. ten Hagen-Jongman, S. Wagner, D. Wickström, J.-
W. de Gier, P. Andersen, N.N. van der Wel, J. Luirink, A structurally informed autotransporter 
platform for e¹cient heterologous protein secretion and display, Microb. Cell Fact. 11 (2012) 85. 
doi:10.1186/1475-2859-11-85.

61489 Spohie Horrevorts.indd   176 28-04-20   10:35



Outer membrane vesicles are cross-presented to CD8+ T cells

177

7

Supplementary Figures

Supplementary Figure 1 | Coomassie stained SDS-PAGE, showing intact (without Triton X-100) and 
Triton X-100 permeabilized OMVs, which were treated with or without Proteinase K. °is shows that 
Hbp-OVA is exposed at the OMV surface, based on its sensitivity to externally added Proteinase K. °e 
C-terminal periplasmic domain of OmpA, which is protease sensitive, only degrades after permeabilization 
of the OMVs with Triton X-100, con±rming the integrity of the OMVs.
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Supplementary Figure 2 | (A) Isolated CD11c+ splenic DCs were cultured with 20nM of OVA-OMVs or 
200 nM of peptide (+200 ng/ml LPS) for 3 hours. After extensive wash, the cells were co-cultured with 
puri±ed CFSE-labeled OTI CD8+ T cells or OTII CD4+ T cells for 3 days, after which the cell proliferation 
was measured by CFSE dilution. Antigen presentation of isolated WT of BATF3-/- splenic CD11c+ DCs 
to OTI CD8+ and OTII CD4+ T cells was quanti±ed as % initially responding T cells. Data shown as mean 
±SEM of biological triplicates and representative of 2 individual experiments. (B) Isolated CD11c+ splenic 
DCs were obtained by MACS and further FACS sorted on CD8a expression and CD4 expression, resulting 
in puri±ed CD8+ cDC1s or CD4+ cDC2s. Antigen presentation with CD8+ cDC1s or CD4+ cDC2s was 
investigated as previously described. Data shown as mean ±SEM of biological triplicates and representative 
of one individual experiment.
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Abstract

Tumor-specific cytotoxic CD8+ T cells (CTLs), which can be generated via active 
immunization, rely for their induction on tumor peptide presentation on major 
histocompatibility complex (MHC) class I molecules by dendritic cells (DCs). 
To achieve endogenous MHC class I-peptide presentation cytosolic processing is 
required. Vaccination strategies aiming to induce tumor-specific CD8+ T cells via 
the extracellular route, therefore pose a challenge. Here, we describe a synthetic 
mono-palmitic acid (C16:0) modification of peptides allowing ubiquitous, 
receptor-independent binding to lipid bilayers of any cell of choice leading to 
continuous accumulation of tumor peptides in the cytosol and presentation through 
MHC-I. We show both in in vivo model systems in mouse and in vitro human 
tissues that delivery of mono-palmitoylated tumor peptide (C16:0-peptide) targets 
multiple DC subsets and results in potent CD8+ T cell activation. In addition, 
tumor cells loaded with C16:0-gp100280-288/45-59 peptide facilitated recognition by 
gp100-specific CTLs, through enhanced gp100 epitope presentation on MHC-I. 
Our data demonstrates that palmitoylation of tumor-peptides leads to quick and 
efficient antigen enrichment and MHC-I loading by DCs and non-professional 
APCs, like tumor cells, facilitating anti-tumor immunity both by efficient CTL 
priming and tumor recognition. 
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Introduction

Despite the recent success of immune checkpoint inhibitor therapy [1,2],  
numerous advanced stage melanoma patients do not experience any clinical 
bene±t [1–3]. Cancer vaccines could potentially initiate or boost anti-tumor T cell 
responses in these patients. However, therapeutic vaccination to treat cancer has 
proven to be challenging, as the immune response diminishes through immune 
dampening mechanisms that sustain the disease rather than immune reactivity, or 
the lack of tools for the induction of adequate immune responses. 

One of the hurdles in vaccine-induced anti-tumor immunity is the induction of 
robust cytotoxic CD8+ T cells (CTL) responses, vital for tumor killing. Dendritic 
cells are key players in this process, as they have the unique capacity to take up 
exogenous antigens for presentation to both CD4+ T cells (°) and CTLs in the 
lymph nodes [4]. °e intracellular mechanisms of exogenously derived antigen 
cross-presentation by DCs, and the identi±cation of the main cross-presenting 
DC subset in humans and mice, have been major topics of research for many 
years. Murine in vivo studies revealed that cross-presentation is mostly executed 
by Batf3 dependent DCs (cCD1) [5]. In contrast, human in vitro studies have 
shown that beside cDC1 also cDC2, plasmacytoid DCs (pDCs), dermal dendritic 
cells (e.g., CD1a+ dDC and CD14+ dDCs), human in vivo-generated monocyte-
derived dendritic cells (moDCs) and Langerhans cells (LCs) are able to cross-
present exogenous antigen [6–11]. 

E¹cient antigen delivery to DCs is vital for the induction of T cell responses. DC-
speci±c receptors such as the C-type lectin receptors (CLRs) DEC205, CLEC9A, 
DC-SIGN and Langerin [9,12–14], have been extensively studied as targets for 
vaccine delivery. Multiple CLRs showed to be promising targets inducing e¹cient 
cross-presentation of tumor antigens; however, this targeting strategy is limited 
to selected DC subsets [15]. Another drawback of using receptors as targeting 
molecules is the inherent receptor-dynamics. Non-recycling CLRs, such as DC-
SIGN, can only take up a limited amount of antigen [16]. Moreover, not all 
ligands are routed into e¹cient cross-presentation pathways [17]. To fully exploit 
the cross-presentation potential of all DC subsets for the induction of a robust 
anti-tumor immunity we searched for an antigen modi±cation strategy that is 
easily applicable to any tumor-associated (neo-)antigen of choice, to facilitate 
antigen loading and cross-presentation in all APCs. 
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Here, we show palmitic acid-conjugated (C16:0-) peptides to serve as a highly 
efficient and easy to produce antigen loading platform that targets all DC subsets 
to induce CD8+ T cell and CD4+ T cell activation in vitro and in vivo. Additionally, 
C16:0-peptides can be used as a tool for the loading of antigen in tumor-derived 
vesicles for vaccination purposes or tumor cells to boost tumor-specific antigen 
expression in MHC-I, to facilitate CTL recognition and to enhance tumor-killing.  

Results

Palmitic acid (C16:0) conjugated peptides associate with lipid bilayers. 
Peptides covering both MHC-I and –II epitopes and derived from murine and 
human antigens, respectively, i.e. OVA257-264/323-339 and the melanoma antigen 
gp100280-288/45-59, were either conjugated to a single palmitic acid via an amide bond 

at its N–terminus, creating the C16:0-peptides, or used unmodified (Table 1). 
Additionally, we generated peptides covering the influenza-derived hemagglutinin 
(HA) antigen sequence, to which high-affinity antibodies (Ab) were available. This 
allowed the subsequent visualization of the peptide in experimental settings without 
altering the tertiary structure through modification of amino acid side chains, as 
is the case for fluorochrome conjugation. Endogenous palmitoylation serves as an 
intracellular mechanism to shuttle proteins between lipid bilayers and involves the 
covalent attachment of a single palmitic acid tail to a cysteine residue[18]. 

To investigate if C16:0-peptides also possessed membrane binding ability, human 
moDCs, mouse BMDCs and the human cell lines THP-1, Mel-JuSo, Mel-
BRO and JY were incubated with the gp100280-288/45-59 or C16:0-gp100280-288/45-59 

peptides, both containing the HA-tag, for 45 min at 4°C. Thereafter, cells were 
fixed and binding was determined by flow cytometry (Fig. 1A). Whereas binding 
of the unconjugated peptide was not detectable, the C16:0-gp100280-288/45-59 

peptide was detected in all cells. As endocytosis is an energy-dependent process 
and is inhibited at low temperatures (4°C), we determined the initial binding of 
C16:0-gp100280-288/45-59 when added to cells at 4°C. Using STED super-resolution 
confocal microscopy we indeed confirmed binding to the cell membrane. After 
45 min incubation the complete cell membrane of the BMDC was occupied with 
C16:0-gp100280-288/45-59, suggesting direct association of the lipid tail with the lipid 
bilayer (Fig. 1B).
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To assess the potency of C16:0-gp100280-288/45-59 to deliver antigens to various 
human APCs in tissue, and to determine whether a range of DCs would be capable 
of antigen uptake, we made use of an ex vivo human skin model. Gp100280-288/45-59 

and C16:0-gp100280-288/45-59 were injected in the dermis of the skin, where different 
subsets of dermal dendritic cells (dDCs), like the CD1a+, and CD14+ dDCs are 
present. Langerhans cells (LCs), another subset of skin APC, resides exclusively in 
the epidermal layer of the skin, and has the ability to migrate into the dermis upon 
activation[19]. After injecting equal concentrations of the C16:0-gp100280-288/45-59 

and the unmodified gp100280-288/45-59 peptide, biopsies of the injection site were 
taken and cultured allowing the dDCs and LCs to migrate out. After 2 days the 
APCs were stained and analyzed by flow cytometry to assess the binding and/
or uptake of the gp100280-288/45-59 formulations. Indeed, the C16:0-gp100280-288/45-59 

peptide accumulated in the CD14+ and CD1a+ migrated dDC subsets and the 
LCs, whereas the unmodified gp100280-288/45-59 was not detected in these APCs. 
This indicated that palmytoylation of melanoma peptides greatly enhanced the 
binding to DC subsets present in the human skin (Fig 1C).

Palmitic acid (C16:0) conjugated peptides continuously internalize 
independent of receptor-mediated uptake.  
To assess whether C16:0-peptides were transported into the cell for antigen 
processing, we pulsed moDCs with gp100280-288/45-59 and C16:0-gp100280-288/45-59, 
both containing a HA-tag, for 45 min at 4°C. Thereafter, cells were washed and 
incubated at 37°C (time point 0 minutes) (Figure 2). At different time points cells 
were fixed and stained with a monoclonal Ab specific for the HA-tag. Compared 
to the gp100280-288/45-59 peptide, C16:0-gp100280-288/45-59 bound to the cell surface 
already at time point 0 minutes (Fig. 1A), after which the signal rapidly decayed, 
indicating quick internalization of C16:0-gp100280-288/45-59 (Fig. 2A). 
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Figure 1 | Palmitic acid (C16:0) conjugated peptides are membrane-targeting moieties that allow for 
antigen enrichment. (A) Human moDCs, JY cells, THP-1 cells, Mel-JuSo and Mel-BRO cells and murine 
BMDCs were pulsed with 10 µM gp100280-288/45-59 and C16:0-gp100280-288/45-59 (containing a hemagglutinin 
(HA) antigen at the C-terminus), for 45 min at 4˚C. ° ereafter, cells were washed and stained for HA 
detection. (B) Localization of the C16:0-gp100280-288/45-59-HA peptide in BMDCs was determined by 
STED confocal microscopy. (C) Human skin was intra-dermally injected with 30 µM gp100280-288/45-59 or 
C16:0-gp100280-288/45-59 in serum free medium. Punch biopsies were taken at the site of injection and cultured 
for 2 days. ° e crawl out cells were collected and stained for HLA-DR, CD1a, CD14, EpCAM and the 
HA-tag.  

To verify that the loss of signal was the result of internalization of the C16:0-
gp100280-288/45-59 peptide, moDCs were permeabilized to stain and visualize the 
HA-tag intracellularly (Fig. 2A and Fig. 2B). The total amount of detectable 
HA-tag also decreased over time, implying not only rapid internalization, but also 
processing of the C16:0-gp100280-288/45-59 peptide. When the peptides were present 
in the culture medium at 37°C, detection of C16:0-gp100280-288/45-59 was preserved, 
showing no signal decay, suggesting that moDCs were able to continuously take 
up C16:0-gp100280-288/45-59 (Fig. 2C). Clearly the gp100280-288/45-59 peptide uptake 
remained extremely low compared to that of C16:0-gp100280-288/45-59 (Fig. 2C & 
2D). 
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To investigate whether the continuous uptake and internalization of the C16:0-
gp100280-288/45-59 peptide was dependent on binding to a recycling receptor, moDCs 
were depleted for glucose by 2-deoxy-D-glucose 30 min prior to the pulse with 
C16:0-gp100280-288/45-59. Unconjugated anti-mannose receptor (MR) Ab, was 
used as a control, as the MR is a known recycling receptor expressed on DCs. 
After incubating for 45 min at 4°C to only allow binding, cells were fixed and 
stained for the MR (recycling-receptor) or HA-tag (C16:0-gp100280-288/45-59) (Fig. 
2E). Since glucose depletion prolonged the recycling time of the receptor (MR), 
surface expression levels were reduced[20]. In contrast to the MR membrane 
expression, no reduction in binding after glucose depletion was observed of C16:0-
gp100280-288/45-59, implying that the continuous uptake of C16:0-gp100280-288/45-59 

was not dependent on the binding to a recycling receptor. One of the possible 
routes of internalization could be via the flipping of palmitic acid conjugated 
peptides from the extra-cellular space into the cytosol. 

To determine the localization of the C16:0-gp100280-288/45-59 peptides, DCs were 
stained for membrane localization of the HA-tag with an Alexa Fluor-647 (AF647) 
conjugated Ab and intracellularly with the same Ab conjugated to an AF488. To 
check whether the AF647-conjugated Ab occupied all the membrane binding 
sites after staining, DCs were fixed again and stained with the AF488-conjugated 
Ab. After staining with the AF647-conjugated anti-HA Ab, no staining with the 
AF488-conjugated Ab could be detected on the cell membrane (Fig 2F), signifying 
maximal occupancy of bound C16:0-gp100280-288/45-59. Subsequently, the DCs were 
permeabilized, to allow staining of the antigens located in the intracellular space. 
The C16:0-gp100280-288/45-59 peptide could be stained both on the cell surface and 
intracellularly. 

Our data suggests that internalization of C16:0-gp100280-288/45-59 is not via non-
recycling or recycling receptors, but that it quickly enters the cell, even at low 
temperatures.

Palmitic acid conjugated peptides are e�ciently presented on MHC class 
I on APCs independent of DC activation.
Next, we determined whether the rapid and continuous uptake of C16:0-peptides 
in DCs leads to processing and presentation in MHC-I. °erefore, moDCs 
were pulsed with di¯erent concentrations of the gp100280-288/45-59 or C16:0-
gp100280-288/45-59 peptide for 3 hours. Hereafter, unbound product was removed
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Figure 2 | Palmitic acid (C16:0) conjugated peptides are a membrane-targeting moiety that allows for 
ongoing loading and processing. MoDCs were pulsed with 10 µM gp100280-288/45-59 or C16:0-gp100280-288/45-59 
for 45 min at 4˚C to allow binding to the cell surface, washed and transferred to a 37˚C incubator. At 
di  ̄erent time points cells were ± xed and stained for the HA-tag sequence (A) or divided into two samples 
and stained for membrane-bound HA-tag localization (Fig. 2A) or permeabilized to stain the total amount 
of HA-tag present (B). (C) MoDCs were incubated with 10 µM gp100280-288/45-59 or C16:0-gp100280-288/45-59 
at 37˚C. At di  ̄erent time points cells were washed, ± xed and permeabilized for detection of the HA 
sequence. (D) MoDCs were pulsed with 10 µM gp100280-288/45-59 or C16:0-gp100280-288/45-59 for 45 min at 4˚C 
to allow binding to the cell surface (the gp100280-288/45-59 and C16:0-gp100280-288/45-59 were not removed from 
the culture medium) and transferred to a 37˚C incubator. At di  ̄erent time points cells were ± xed and 
permeabilized to detect the HA sequence. (E) MoDCs were treated with glucose depletion medium for 30 
min at 37˚C, prior to the antigen pulse (45 min) at 4˚C. ° ereafter, cells were ± xed and stained to detect the 
MR Ab or HA-tag on the cell surface. Statistics performed; paired Student t test, ** = < 0.01. (F). MoDCs 
were pulsed for 45 min at 4˚C, washed and stained with anti-HA-AF647 Ab to detect the HA-tag present 
at the cell surface. ° ereafter, cells were washed, ± xed and permeabilized. Intracellular localization of the 
HA-tag was detected by an additional staining with the same HA-tag Ab conjugated to an AF488. Graph 
A-E is presented as mean ± SEM of three individual experiments. Experiment F is a representative of n=2.

and the cells were co-cultured overnight with gp100-speci± c CD8+ T cells to 
assess TCR recognition of the MHC-I gp100 complexes. Supernatants from the 
co-cultures were taken and analyzed for IFNγ secretion by ELISA as a measure 
for T cell activation. Clearly, the C16:0-gp100280-288/45-59 peptide robustly triggered 
moDCs to present the gp100280-288 epitope in the context of HLA-A2 as shown 
by the enhanced IFNy secretion by the gp100-speci± c CD8+ T cells. In contrast, 
poor production of IFNy by T cells was observed when DCs were loaded with the 
unmodi± ed gp100 peptide (Fig. 3A). ° is indicates that the quick internalization of 
the C16:0-peptide into moDCs and its accumulation enhances cross-presentation. 

Since both gp100 peptides (unmodi± ed and the palmitoylated variety) included 
both CD4 and CD8 peptide epitopes we also investigated whether palmitoylation 
of the gp100 peptide facilitated intracellular routing to accomplish MHC-II 
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(HLA-DR4) loading for presentation to CD4+ T cells. HLA-DR4 matched 
MoDCs loaded with the palmitoylated gp100280-288/45-59 peptide and co-cultured 
with gp100-speci±c CD4+ T cells, again outperformed the moDCs loaded with 
the unmodi±ed peptides in the induction of CD4+ T cell responses, demonstrating 
the superior ability of the C16:0-gp100280-288/45-59 over the unmodi±ed peptide to 
facilitate intracellular routing in moDCs to both MHC-I and MHC-II loading 
compartments (Fig. S1). Also loading of murine bone marrow-derived DCs 
(BMDCs) with C16:0-OVA257-264/323-339, resulted in enhanced OVA-speci±c 
CD8+ T cell activation (OT-I cells) (Fig. 3B). To determine whether the observed 
increased activation of the gp100-speci±c CD8+ T cells was a direct e¯ect of the 
increased intracellular uptake of the antigen and not caused by any phenotypic 
maturation changes of the DCs that might have contributed to a better T cell 
activation, expression of the maturation markers CD80, CD83, CD86 and HLA-
DR after the addition of C16:0-gp100280-288/45-59 was checked (Fig S2). Uptake of 
C16:0-gp100280-288/45-59 by immature moDC did not induce up-regulation of any 
maturation marker (Fig. S2).

To assess the potency of C16:0-peptides in terms of delivering antigens to 
human skin-resident APCs as a vaccination strategy, gp100280-288/45-59 or C16:0-
gp100280-288/45-59 peptides were injected into the dermis of human ex vivo skin 
specimen, after which explants were taken and cultured for 2 days to allow 
migration of skin APCs. Migrated cells were pooled per condition and their 
potential to stimulate gp100-speci±c CD8+ T cells was analyzed. Indeed, also in 
the context of the human skin tissue microenvironment, vaccination with C16:0-
gp100280-288/45-59 improved uptake by skin APCs and subsequent presentation to 
gp100-speci±c CD8+ T cells over unmodi±ed gp100 peptides (Fig. 3C). Next, 
the induction of de novo CD8+ T cells in vivo was analyzed in mice that were 
s.c. injected with C16:0-OVA257-264/323-339, OVA257-264/323-339 or PBS, in combination 
with an agonistic CD40 Ab to activate APCs. Seven days after vaccination OVA-
speci±c CD8+ T cells in the blood were measured by staining with OVA-MHC-
tetramers. °e C16:0-OVA257-264/323-339 vaccinated mice outperformed the OVA257-

264/323-339 vaccinated mice in the induction of CD8+ T cell responses. After a boost 
injection at day 14, the frequency of antigen-speci±c CD8+ T cells in the spleen 
was also signi±cantly increased (Fig. 3D). 
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Figure 3 | Palmitic acid (C16:0) conjugated peptides induce enhanced CD8+ T cell activation in vitro and 
in vivo. (A) MoDCs were pulsed with different concentrations of gp100280-288/45-59 or C16:0-gp100280-288/45-59 
for 3 hours and co-cultured O/N with gp100-specific CD8+ T cells. IFNγ secretion was used as a measure 
for T cell activation. Data is presented as mean ± SEM of six individual experiments. Statistics performed; 
two-way ANOVA with Sidak Post-hoc multiple comparison test, ** < = 0.01. (B) OVA257-264/323-339 and 
C16:0-OVA257-264/323-339 loaded BMDCs were co-cultured with OT-I T cells for 3 days. Mean ± SEM 
measured in triplicate. Data is representative of three individual experiments. Statistics performed; two-way 
ANOVA with Sidak Post-hoc multiple comparison test. **P < 0.01, ***P < 0.001. (C) Gp100280-288/45-59 and 
C16:0-gp100280-288/45-59 (30 µM) were injected intradermally into human skin (in 2 of the 4 donors GM-
CSF and IL-4 was added). At the site of injection punch biopsies were taken and cultured for 2 days. The 
migrated skin APCs were collected and co-cultured O/N with gp100-specific CD8+ T cells. IFNγ secretion 
was used as a measure for T cell activation. (D) C57BL/6J mice were vaccinated with OVA257-264/323-339 or 
C16:0-OVA257-264/323-339 in combination with anti-CD40. At day 7 (blood) and day 21 (spleen) antigen-
specific CD8+ T cells were detected by tetramer staining. Every data point represents the results for an 
individual mouse. Statistics performed; one-way ANOVA with Tukey Post-hoc multiple comparison test. 
**P < 0.01, ***P < 0.001.

Collectively these data show that C16:0-modified peptides enhance the uptake by 
both murine and human DCs resulting in the activation and induction of antigen-
specific CD8+ T cells in vitro, ex vivo and in vivo. 

Palmitic acid (C16:0) modi�ed peptides are loaded on MHC-I in a 
proteasome-dependent manner
To investigate the processing pathway of C16:0-peptides leading to cross-
presentation we treated moDCs with endosomal inhibitors that block acidi±cation 
(chloroquine) or proteolysis (leupeptin and Cathepsin S), the proteasome (MG132 
and bortezomib), or transport of endocytosed (recycled MHC-I molecules) 
proteins to the plasma membrane (primaquine) (Fig. 4A). °is allowed us to 
ascertain whether the internalized exogenous C16:0-peptides were preferentially 
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degraded in endocytic compartments by lysosomal proteases (vacuolar pathway), 
or in the cytosol by the proteasome (cytosolic pathway). °e loading of moDCs 
with C16:0-gp100280-288/45-59 or gp100280-288/45-59 peptide and the e¹cacy to cross-
present in the presence of inhibitors was visualized by plotting the data as relative 
to the maximum value (i.e. upon loading with the short gp100280-288/45-59 peptide). 
°e proteasome inhibitors bortezomib and MG132 exerted a signi±cant inhibitory 
e¯ect on processing and presentation of the C16:0-gp100280-288/45-59 peptide, which 
was clearly more pronounced than the e¯ect for the unmodi±ed gp100280-288/45-

59 peptide (Fig. 4B). °e Cathepsin S inhibitor and chloroquine similarly more 
strongly a¯ected presentation of C16:0-gp1004-59/280-288. In contrast, primaquine 
and leupeptin showed an opposite e¯ect, with an inhibitory e¯ect only on the 
unmodi±ed peptide (signi±cant only for primaquine) and no e¯ect on processing 
and presentation of C16:0-gp100280-288/44-59. Processing of the C16:0 peptide seemed 
to uniquely favor proteasomal degradation, consistent with the cytosolic pathway, 
whereas proteases (consistent with the vacuolar pathway) seemed to play a role in 
the processing of both peptides. After antigen processing, trimmed peptides need 
to be loaded onto MHC-I molecules. In the vacuolar pathway, peptides are loaded 
in the endosomes, whereas for the cytosolic pathway the endoplasmic reticulum 
(ER) as well as endosomal compartments have been proposed. Brefeldin A (BFA) 
blocks the protein transport from the ER to the Golgi apparatus and thereby 
inhibits the TAP- and ER-dependent endogenous MHC-I loading pathway 
implicated in the cytosolic pathway. To determine ER involvement, moDCs 
were treated with brefeldin A (BFA). Surprisingly, we did not observe inhibition 
of cross-presentation by the moDCs pulsed with the C16:0-gp10044-59/ 280-288, 
whereas cross-presentation of the control gp10044-59/ 280-288 peptide (long) peptide 
was inhibited by BFA (Fig. 4C). °e treatment with BFA had a minor inhibitory 
e¯ect on the maximal activation capacity of the DCs with short peptides (9-mer), 
possibly due to a resulting overall decreased MHC-I availability at the cell surface 
for competitive binding of the 9-mer epitope (Fig. 4D). 

These data collectively demonstrate that the superior antigen presentation of 
C16:0-gp100280-288/44-59 peptides is the result of efficiently entering the cytosol 
for proteasome-dependent degradation, whereafter the peptides are loaded 
on MHC-I and transported to the membrane, possibly in the endosomal 
compartment, without apparent involvement of the Golgi apparatus. Unmodified 
peptides seem to form a peptide/MHC-I complex in vacuoles, illustrated by the 
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reduction in cross-presentation when surface transport of recycling endosomes is 
blocked with primaquine. In contrast, primaquine does not seem to inhibit the 
presentation of the short peptides derived from C16:0-gp100280-288/45-59. 
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Figure 4 | °e addition of a single palmitic acid a¯ects the processing pathway of antigens. MoDCs were 
treated with inhibitors of the proteasome MG132 and bortezomib, or with endosomal inhibitors that block 
acidi±cation (chloroquine) or proteolysis (leupeptin and Cathepsin S inhibitor), endosomal protein recycling 
(primaquine) or the vehicle (DMSO), 30 min prior and during the 3 hour antigen pulse. °ereafter, moDCs 
were washed and co-cultured O/N with gp100-speci±c CD8+ T cells. IFNγ secretion was determined by 
ELISA as a measure of  T cell activation. (A) Illustration of experimental procedure. (B) Data is depicted as 
the relative IFNγ secretion induced by gp100280-288/45-59- or C16:0-gp100280-288/45-59-pulsed inhibitor treated 
moDCs relative to the short peptide control (for each inhibitor). IFNγ levels secreted by inhibitor treated 
unpulsed moDCs were subtracted. Symbols represent the mean of triplicates of 7 donors. (C) MoDCs were 
treated with 5 µg/ml BFA according to the protocol described in ±gure 4A. Intra-cellular IFNγ was stained as 
a measure of CD8+ T cell activation. Data of 6 donors from 3 individual experiments. (D) % IFNγ+ short 
peptide-pulsed (gp100280-288) moDCs treated with vehicle or 5 µg/ml BFA DCs. Data of 6 donors from 3 
individual experiments. Statistics performed (Fig. B-D); paired Student t test, *P<0.05, **P<0.01, ***P<0.001.
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Palmitic acid (C16:0) conjugated peptides are e�ciently presented on 
MHC class I molecules of tumor cells and non-professional DCs. 
The effector phase of T cell mediated anti-tumor responses relies on the 
presentation of tumor-derived peptides in the context of MHC-I by the tumor 
cells. Insufficient presentation of antigenic peptides in MHC-I hampers CTL 
mediated tumor killing. Because the C16:0-peptides appeared to have the capacity 
to target lipid bilayers of any cell type of choice and were efficiently loaded onto 
MHC-I, we hypothesized that C16:0-tumor peptides might enrich tumor cells 
with MHC-I/peptide complexes that would improve tumor recognition and 
killing by antigen-specific CD8+ T cells. 

To test whether we could induce CD8+ T cell killing of THP-1 tumor cells 
(leukemia) (Fig. 5A) and murine GL261 cells (glioblastoma) (Fig. 5B), we 
loaded these cells for 3 hours with C16:0-modified peptide (human C16:0-
gp100280-288/45-59 and murine C16:0-OVA257-264/323-339, respectively) and co-cultured 
them O/N with antigen-specific CD8+ T cells (gp100 or OVA). To assess killing, 
THP-1 and GL261 were stained with a fixable viability dye (FVD). Pulsing the 
tumor cell lines THP-1 and GL261 with the C16:0-peptide increased the killing 
of the tumor cells by the antigen-specific CD8+ T cells. This shows that also non-
professional APCs such as tumor cells can cross-present the C16:0-peptides to 
MHC-I on the cell surface. C16:0 peptides thus provide a platform to enrich 
MHC-I peptide presentation, recognition, and subsequent killing by antigen-
specific T cells. 

Since we could facilitate peptide-MHC presentation in tumor cells, we 
assessed whether we could use the C16:0-peptides for antigen enrichment 
of tumor-derived extracellular vesicles as well, a possible attractive source for 
patient-specific tumor antigen for the induction of anti-tumor-immunity. 
We generated apoptotic cell-derived extracellular vesicles (ApoEVs) from 
a gp100-expressing melanoma tumor cell line (Mel-JuSo) and pulsed them 
with C16:0-gp100280-288/45-59 for 30 min, before their addition to moDC for  
3 hours. Subsequently, moDCs were co-cultured O/N with gp100-specific CD8+ 

T cells. As hypothesized, uptake by the DCs of the tumor antigen-enriched 
vesicles led to superior tumor antigen (i.e. gp100)-specific T cells activation (Fig 
5C).  
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Figure 5 | E¹  cient cross-presentation of palmitic acid (C16:0) conjugated peptides by tumor cells. Human 
THP-1 cells (leukemia) (A) and murine GL261 (glioblastoma) (B) were pulsed with 10 µM C16:0-
gp100280-288/45-59  (human) or C16:0-OVA257-264/323-339 (mouse) for 3 hours. ° ereafter, the di  ̄erent cell lines 
were cultured with gp100-speci± c CD8+ T cells (THP-1) or CD8+ T cells isolated from OVA-immunized 
mice (GL261). ° e next day cell viability was determined by ³ ow cytometry. (A, B) n=1, measured in 
triplicate. (C) Apoptotic cell-derived extracellular vesicles (ApoEVs) were loaded with 10 µM C16:0-
gp100280-288/45-59, subsequentlymoDCs were pulsed with the loaded vesicles for 3 hours and co-cultured O/N
with gp100-speci± c CD8+ T cells. IFNγ secretion was used as a measure for T cell activation. Data is 
presented as mean + SEM of three individual experiments. (D) Splenic DCs from WT and Batf3 KO mice 
were isolated and pulsed with OVA257-264/323-339 or C16:0-OVA257-264/323-339 for 3 hours. ° ereafter, cells were 
co-cultured with OVA-speci± c CD8+ T cells (OT-I). N=1, statistics performed; unpaired Student t test, 
*P<0.05, **P<0.01, ***P<0.001.
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If C16:0-peptides use a cross-presentation route that is not shared by unmodified 
peptides and is also in effect in non-professional APCs, we reasoned that cross-
presentation of mono-palmitoylated peptides might not be dependent on the 
BATF3-dependent professional cross-presenting dendritic cells[21]. To test 
this hypothesis, we isolated CD11c+ DCs from spleens of WT and BATF3-
KO mice by magnetic bead isolation and assessed their ability to cross-present 
C16:0-modified and unmodified OVA peptides. As expected, peptide-pulsed 
CD11c+ dendritic cells from BATF3-KO mice were not hampered in their cross-
presentation of C16:0-peptides, whereas this was the case for the unmodified 
peptides, resulting in reduced CD8+ T cell activation (Fig. 5D). 

These data confirms that all MHC-I expressing cells, whether they are tumor cells, 
professional antigen presenting cells or other non-professional antigen presenting 
cells, have the ability to efficiently cross-present synthetic long C16:0-modified 
peptides to CD8+ effector cells. 

Discussion

Antigen cross-presentation by DCs is vital for the induction of CTL mediated 
anti-tumor immunity and for the subsequent recognition and killing of the tumor 
cells by CTLs. For the generation of strong e¯ector CTLs the e¹ciency of DCs 
to cross-present antigen is crucial, and this has been a hurdle in many vaccination 
studies.  Moreover, proper and su¹cient presentation of antigens on tumor cells 
is a second de±cit, limiting CTL recognition and killing activity. Here, we show 
that the conjugation of a single palmitic acid (C16:0) to a long antigenic-peptide 
greatly improves the binding, uptake, intracellular routing and loading of antigens, 
leading to strong CTL activation. Since the palmitoylation of antigen allows 
non-targeted inclusion and uptake into the cell membrane, the increased antigen 
presentation is achieved in multiple DC subsets. Moreover, C16:0-peptide loading 
allows for an increased peptide/MHC complex density on the surface of tumor 
cells, resulting in better MHC-I-mediated recognition by antigen-speci±c T cells, 
in turn leading to improved antigen-speci±c tumor killing. °us, modi±cation of 
antigen-encoding peptides with C16:0 provides a multi-pronged improvement of 
antigen-speci±c CTLs responses, CD4+ T cell activity and recognition of tumor 
cells, a¯ecting both the induction and e¯ector phase of anticancer immunity.
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Mono-palmitoylated peptide vaccines were initially developed to create a self-
adjuvating peptide vaccine, through the supposed binding of palmitic acid to 
TLR2[22]. Antigens conjugated to Pam3(CysSerLys4) have been shown to 
activate APCs through TLR2 and induce enhanced T cell responses in vivo[23–
25]. However, there is no consensus in literature regarding the maturation capacity 
of mono-palmitoylated peptides, as they bear little structural resemblance with 
bacterial-derived TLR2 ligands[26] and the bond between peptide and lipid tail 
and the side of attachment (N-terminal or C-terminal) di¯ers between vaccine 
formulations[27]. Mono-palmitoylated peptide vaccine formulations have been 
developed for a variety of diseases, some of which also have been tested in clinical 
trails[28–33]. Vaccination with palmitoylated HIV-speci±c antigens elicited CD4+ 
and CD8+ T cell responses in healthy individuals, without major side e¯ects[30].

Our C16:0-modi±ed human and murine peptides do not have DC maturation 
properties. °ey could therefore be paired with any adjuvant of choice. °is is 
important to note, as speci±c TLR-agonists can a¯ect cross-presentation[16,34–36], 
which could potentially in³uence T cell priming. °e addition of a single palmitic 
acid is a relatively easy and cost-e¯ective modi±cation. In theory all peptides 
could be generated as a C16:0-peptide, including neo-antigen-derived epitopes. 
Tumors with a high mutational load are associated with increased T cell responses 
and improved clinical outcome[37,38], as these T cells are not submissive to 
central tolerance. Neo-antigen vaccines induced relatively high response rates 
in melanoma patients[39,40] and are therefore gaining interest for therapeutic 
vaccination. °is e¯ect could be synergized by adding a single palmitic acid to 
neo-antigenic peptides, facilitating enhanced antigen loading and routing and 
steering towards increased MHC-I presentation and T cell priming. 

C16:0-modi±ed peptides e¹ciently bind the cell surface of cells and internalization 
was not (recycling) receptor-mediated, as the uptake was a continuous process 
and the membrane binding was not inhibited after glucose depletion. Our data 
suggests that C16:0-modi±ed peptides can incorporate into lipid bi-layers, a 
mechanism that is also physiologically used by cells to shuttle proteins between 
lipid bilayers. °is notion was supported by the observation that C16:0-peptides 
were concurrently located in the extracellular as well as the intracellular space 
when kept at a low temperature. °e fact that C16:0-modi±ed peptides target 
lipid bi-layers instead of DC subset-restricted receptors, potentially exploits the 
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cross-priming capacities of all DC subsets as C16:0-modi±ed peptides accumulate 
in all skin-resident DCs. 

Additional research should look at the e¯ect of intratumoral C16:0 peptide 
injection on the tumor microenvironment, as also non-cancerous cells will then 
be enriched for tumor-antigen/MHC complexes. Intratumoral injection of the 
H-2Db-restricted HPV16 E749-57 peptide combined with the TLR3 ligand 
polyinosinic–polycytidylic acid [poly(I:C)] increased frequency of E7-speci±c 
tumor-in±ltrating (TILs) CD8+ T cells and prolonged survival in vivo, compared 
to intramuscular vaccination[41]. Additionally, a signi±cant increase of E7-
tertramerneg CD8+ TILs with a phenotype suggestive of antigen-speci±city  (PD-
1+/Tim-3+/Lag-3+ or PD-1+/Tim-3+ or PD-1+/Lag-3+) was observed. Important 
to note is that the HPV16 peptide used in this vaccine can load any cell, without 
the need for cross-presentation[41]. °e authors propose that these activated 
E7-tertramerneg CD8+ TILs could be speci±c for other TAAs or neo-antigens 
induced by epitope spreading. We propose that this could have been accelerated 
by the enhanced E7/MHC-I complexes on the tumor cells, facilitating tumor kill 
and epitope spreading. No unwanted side e¯ects of intratumoral HPV16 E749-57 

peptide vaccination were reported, which pave the way for C16:0-OVA257-264/323-339 

in vivo studies. Future research should show if the binding and cross-presentation 
properties of C16:0 peptides results in an elevated anti-tumor response and 
to what extent the rapid and superior accumulation of antigens in tumor cells, 
bystander cells and TILs a¯ects the e¹cacy of the anti-tumor T cell response. 
Of note, the lipid membrane binding capacity of the C16:0-peptides also makes 
them an excellent tool for the antigen enrichment of tumor-derived vesicles, 
which already harbor a variety of tumor-speci±c antigens, thereby potentially 
broadening the induced anti-tumor immunity and avoiding immune escape[42].  
°ese vesicles thus also present attractive vaccination tools, either through classical 
administration routes or through intratumoral delivery. 

Recently, multiple studies have reported that processing of exogenously derived 
unmodi±ed peptides in moDCs is restricted to the endosomal compartment[43,44]. 
We observed that the presentation of the C16:0-gp100280-288/45-59 was greatly 
dependent on processing via the proteasome, suggesting that the C16:0-
gp100280-288/45-59 is mainly degraded in the cytosol. Cytosolic entry can occur 
directly after incorporation into the cellular membrane or via endosomal escape 
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after endocytosis. Two di¯erent mechanisms of internalization that are probably 
coinciding, as e¹cient CD4+ T cell activation was also induced by C16:0-peptide 
loaded DCs. In our hands BFA, a drug that inhibits protein secretion, did not 
a¯ect the processing of the C16:0-gp100280-288/45-59 peptides for presentation to 
CD8+ T cells. °is suggests that loading of C16:0-gp100280-288/45-59 on MHC-I 
does not rely on Golgi-transport. 

In summary, in this study we showed that the modi±cation of synthetic long 
peptides with a single palmitic acid results in e¹cient antigen cross-presentation 
by APCs and non-professional APCs alike. Moreover, the superior binding 
capacity of the C16:0-peptides does not only enhance antigen uptake by cells, but 
also allows for antigen enrichment of vesicles or other membrane lipid structures 
used as new therapeutic vaccines. °us, the addition of a single palmitic acid is a 
simple and relatively cheap antigen modi±cation, resulting in a multi-purposed 
membrane-targeting moiety that can be either used for antigen enrichment, as a 
vaccine modality for the induction of T cell mediated immunity, or for enhanced 
recognition of tumor target cells.

Material and methods

Peptide synthesis and characterization 
Peptides were produced by solid phase peptide synthesis using 
9-fluorenylmethoxycarbonyl (Fmoc) based-chemistry on a Symphony peptide 
synthesizer (Protein Technologies) (sequences: see Table 1). C16:0-peptides 
(C16:0) were prepared before cleavage by the addition of palmitolate anhydride 
(3 eq., Sigma-Aldrich) in DCM (Biosolve) using DMAP (Sigma-Aldrich) 
as catalyst. Cleavage of gp100280-288/45-59 and OVA257-264/323-339 and C16:0-
gp100280-288/45-59 and C16:0-OVA257-264/323-339 was performed with Reagent K (TFA 
from biosolve, scavengers from Sigma-Aldrich) and products were recovered after 
precipitation in Diethyl Ether (Iris Biotech). Purification of peptides and C16:0-
peptides was performed on an Ultimate 3000 HPLC system (Thermo Scientific) 
using a 22 x 250 mm Vydac MS214 prep C18 column (Grace Alltech, elution 
water/acetonitrile) or a 22 x 250 mm Vydac 214MS1022 prep C4 column (Grace 
Alltech, elution water/2-propanol), respectively. Purity of peptides and C16:0-
peptides was confirmed by HPLC (Vydac 218MS C18 5um 4.6 x 250 mm or 
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Prosphere C4 330A 5um 4.6 x 150 mm, respectively, both from Grace Alltech) 
and electrospray mass spectrometry (LCQ-Deca XP Iontrap mass spectrometer, 
Thermo Scientific).

Cells and cell culture
Immature moDCs were generated from monocytes obtained from human 
peripheral blood mononuclear cells (PBMCs) isolated from buffy coats of healthy 
donors (Sanquin) by a sequential lymphoprep (Axis-Shield) and percoll (GE 
Healthcare) gradient and cultured for 5-6 days in RPMI medium (Invitrogen) 
supplemented with 10% FCS (Lonza), 100 U/mL penicillin/streptomycin (Lonza) 
and 2mM glutamine (Lonza) (complete RPMI) in the presence of recombinant 
human IL-4 (500 U/ml) and granulocyte-macrophage colony-stimulating factor 
(GM-CSF) (800 U/ml) (ImmunoTools). The THP-1 and JY cell lines were 
cultured in complete RPMI and the Mel-Juso and Mel-BRO cell lines were 
cultured in complete IMDM. The gp100-specific HLA-DRB*0401-restricted T 
cell line Bridge gp:44 B8[45] and the retroviral TCRαβ transduced T cell clone 
specific for the gp100280-288 HLA-A2 minimal epitope[46] were cultured in Yssel’s 
medium[47] supplemented with 1% human serum, penicillin, streptomycin and 
glutamine. 

Mice
Mice transgenic for OT-I and OT-II TCR on the C57BL/6 background have been 
described previously[48,49]. Batf3-deficient mice were obtained from Jackson 
Laboratories and have been described previously[21]. Transgenic and wild type 
C57BL/6 mice were bred at the animal facility of VU University (Amsterdam, 
Netherlands) under specific pathogen-free conditions and used at 8–16 weeks of 
age. All experiments were approved by the Animal Experiments Committee of 
the VU University and performed in accordance with national and international 
guidelines and regulations.

Confocal microscopy
To image cells pulsed with C16:0-peptides (C16:0-gp100280-288/45-59 or C16:0-
OVA257-264/323-339), we used C16:0-peptides containing the HA amino acid sequence. 
AF647-labeled anti-HA (clone 6E2, Cell Signaling Technology) Ab was used to 
visualize the location of the C16:0-peptides. Stained cells were fixed with 2% PFA/
PBS and mounted on glass slides using a Shandon Cytospin (Marshall Scientific). 
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Subsequent imaging was performed using a Leica TCS SP8 with pulsed white-
light laser (set at 50% power) and STED 3X module. DAPI was excited using 
the 405nm UV laser (set at 2% power). Individual excitation of fluorochromes 
was adjusted tailored to the label, with AF488 excited at 495nm (20% power) and 
AF647 excited at 650nm (25% power). For STED super-resolution using the HC 
PL APO CS2 100x/1.40 OIL immersion objective, AF647 fluorochrome was 
depleted using the 775nm STED depletion laser set at 100% power. Acquisition 
of the AF647 signal was performed by the HyD detector set at 663nm - 740nm. 
For STED imaging a single pixrl resolution of 19nmx19nm was used.

Binding and uptake experiments
Immature moDCs were incubated with 10 µM gp100280-288/45-59 or C16:0-
gp100280-288/45-59 (both containing a HA-tag) at 4˚C. Subsequently, moDCs were 
incubated at 37˚C for 15, 30 and 60 min. Next the cells were ±xed on ice with 
1-4% PFA (Electron Microscopy Sciences) and after extensive washing stained 
for the detection of the HA-tag with an AF647- or AF488-labeled anti-HA 
Ab (Cell signaling, clone 6E2). For the detection of the HA-tag intracellular, 
moDCs were prior to the Ab staining, permeabilized with 0,1% saponin. °e 
e¯ect of glucose depletion on C16:0-gp100280-288/45-59 binding was studied by pre-
treating the moDCs with glucose depletion medium (RPMI glucose free medium, 
supplemented with 50 mM 2-Deoxy-D-glucose (sigma) and 0.02% Azide) for 
30 min prior (at 37˚C) and during the 45 min antigen pulse at 4˚C. °ereafter, 
cells were ±xed and stained to detect the MR Ab (clone 19.2, BD Bioscience) 
or HA-tag (clone 6E2, Cell Signaling Technology) on the cell surface. Stained 
cells were measured on a X20 Fortessa SORP ³ow cytometer (BD Biosciences) 
or a FACSCaliburTM ³ow cytometer (BD Biosciences) and data were analyzed by 
FlowJo software. 

DC maturation assay
Immature moDCs were seeded in a 96-well U bottom plates (Greiner) at a density 
of 50x103 cells per well and pulsed with the di¯erent peptides or 100 ng/ml LPS 
(invivogen). After 3 hours, DCs were washed, and cultured for an additional 16-
18 hours (O/N). Maturation marker expression on the moDCs was detected using 
the following Ab’s; FITC-labeled anti-CD80 (clone 2D10, Biolegend), PE-Cy7-
labeled anti-CD83 (clone HB15e, eBioscience), PE-labeled anti-CD86 (clone 
2331 (FUN-1), BD Bioscience) and BV510-labeled anti-HLA-DR (clone G46-
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6, BD Biosciences). Stained cells were measured on a X20 Fortessa SORP ³ow 
cytometer (BD Biosciences) and data were analyzed by FlowJo software. 

Human antigen presentation experiments
Immature moDCs were seeded in 96-well plates (Greiner) at 20x103 cells/well 
and incubated with 10, 1 or 0.1µM gp100280-288/45-59 or C16:0-gp100280-288/45-59 

peptide. After 3 hours moDCs were washed and co-cultured O/N with gp100-
specific CD8+ T cells[46] or the gp100-specific HLA-DRB1*0401-restricted T 
cell line Bridge gp:44 B8[45], at a concentration of 100x103 cells per well (E:T 
ratio 1:5). IFNγ secretion in the supernatant was measured by sandwich ELISA. 
To determine the effect of proteasomal and endosomal inhibitors moDCs (20x103 
cells/well) were incubated with chloroquine (50 µM, Sigma), MG132 (50 µM, 
Selleck), bortezomib (10 nM, Sigma), primaquine (50 50 µM, Sigma), cathepsin 
S inhibitor (50 µM, Calbiochem), Leupeptin (15 µM, Calbiochem) or vehicle 
(DMSO) for 30 minutes at 37°C prior and during the 3 hour pulse with gp100280-

288/45-59, C16:0-gp100280-288/45-59 or short peptide. After 3 hours the DCs were 
washed and co-cultured with gp100-specific CD8+ T cells[46] (100x103 cells per 
well, E:T ratio 1:5). IFNγ secretion, as a measure of T cell activation, was analyzed 
by sandwich ELISA (eBioscience).

Murine antigen presentation experiments
Bone marrow-derived dendritic cells were cultured as described by Lutz et al.[50]. 
OT-I and OT-II transgenic mice were sacrificed and spleens were mechanistically 
dissociated by running them through a 100µm cell strainer. Red blood cells were 
lysed using ACK lysis buffer (0.15M NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) 
and washed before purification using MagniSort Mouse CD4- or CD8-negative 
isolation kits according to manufacturer’s instructions (eBioscience/Thermo 
Fisher). Purified CD4+ and CD8+ T cells were labeled using 2 µM CFSE and 
counted before co-culture. BMDCs and purified T cells were co-cultured for 3 
days at 37 ˚C, stained and measured on a X-20 Fortessa flow cytometer. Results 
were calculated and presented as percentage responding cells (calculated as ‘cells at 
the start of culture’/’number of cells that went into division’*100).

Tumor loading experiments
20x103 cells/well of human THP-1 cells and 20x103 cells/well of mouse GL261 
cells were pulsed with peptide or C16:0 peptide for 3 hours, washed and co-
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cultured with OVA-primed CD8+ T cells from OVA-immunized mice or human 
gp100-specific CD8+ T cells (E:T 1:2 and 1:5, respectively) O/N. The next day, 
the tumor cells were harvested (using EDTA) and stained with Fixable viability 
dye eFluor 780 (FVD; ThermoFisher), the amount of tumor kill was measured on 
a X20 Fortessa SORP flow cytometer (BD Biosciences) and data were analyzed 
by FlowJo software.

Human skin explant experiments
Human skin explants from healthy donors were obtained within 24 hours after 
surgery (Bergman Clinics, Bilthoven, The Netherlands). Gp100280-288/45-59 or C16:0-
gp100280-288/45-59 were diluted in serum free medium (for 2 donors the medium was 
supplemented with GM-CSF (262.5 U/ml), rhIL-4 (112.5 U/ml)) and injected 
i.d. (20 µl). A punch biopsy (8 mm) was taken at the site of injection and cultured 
for 2 days in a 48-well plate containing in 1 ml complete IMDM supplemented 
with 10 µg/ml gentamycin. After 2 days the migrated cells were collected and 
stained with BV510-labeled anti-HLA-DR, AF700-labeled anti-CD14 (clone 
M5E2, Sony), APC-labeled anti-CD1a (clone HI149; BD Biosciences), BV421-
labeled anti-EpCAM (clone EBA-1; Biolegend), AF488-labeled anti-HA and 
FVD (Thermo Fisher), or co-cultured with gp100-specific CD8+ T cells[46] 
(E:T 1:5) O/N. The stained cells were measured on a X20 Fortessa SORP flow 
cytometer (BD Biosciences) and data were analyzed by FlowJo software.  

Isolation murine CD11c+ splenic dendritic cells
Splenic CD11c+ dendritic cells were isolated using a combination of enzymatic 
digestion and MACS sorting using the CD11c-magnetic isolation kit according 
to manufacturer’s instructions (MagniSort™, eBioscience/ThermoFisher; 8802-
6861-74). In short, mice were sacrificed and the spleens were isolated and cut 
into small pieces using sterile scissors in 385 µg/mL liberase TL (2 WU) and 
incubated for 20 minutes at 37˚C. Enzymes were deactivated using ice-cold 
RPMI 1640 complete medium (10% FCS, 1% 50 U/mL penicillin, 50 µg/mL 
streptomycin, HEPES/EDTA). After digestion, cells were run through a 100 µm 
cell strainer and extensively washed before MACS sorting. Purity of CD11c+ cells 
was typically >96% of alive cells.
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Vaccination experiments
Mice were vaccinated subcutaneously with endotoxin-free OVA257-264/323-339 or 
C16:0-OVA257-264/323-339 (synthesized in house) with 25 µg agonistic CD40 Ab (in 
house, clone 1C10) in a maximum volume of 100 µL. Also, mice were vaccinated 
with 100 µg endotoxin-free ovalbumin and 25 µg agonistic CD40 Ab. Seven 
days after vaccination, mice were sacrificed and the spleens were obtained for 
further processing. The spleens were mashed through a 70 µm cell strainer and re-
suspended in ACK red blood cell lysis buffer. Lysis buffer was deactivated by ice-
cold RPMI 1640 complete medium (10% FCS, 1% 50 U/mL penicillin, 50 µg/
mL streptomycin). Next, splenocytes were counted and 3x106 cells were stained 
for 30 minutes at 4˚C using directly labeled primary Abs and in the presence 
of 1 µg/mL anti-CD16/32 Ab to block Fc receptor binding. Antigen-specific 
CD8+ T cells were detected by incubation with H2-Kb:SIINFEKL tetramers and 
CD8a Ab prior to staining with other antibodies. After extensive washing with 
PBS, labeled cells were fixed with 1% PFA at 4˚C for 15 minutes, washed and 
measured on a X20 Fortessa SORP flow cytometer (BD Biosciences) and data 
were analyzed by FlowJo software.

Apoptotic cell-derived extracellular vesicles (ApoEVs) induction and 
isolation protocol 
Apoptosis was induced in Mel-JuSo cells (20 nM) by adding the proteasome 
inhibitor bortezomib (Sigma) to the culture medium. The ApoEVs were isolated 
72 hours after the induction apoptosis via differential centrifugation steps: 10 min 
at 400x g, 20 min at 1200x g and 30 min 10.000x g in order to remove cell debris 
(400x g fraction) and larger ApoEVs (1200x g fraction)[51]. All centrifugation 
steps were performed at 4˚C. The pellet containing ApoEVs (10.000x g fraction) 
was used for further experiments. Protein concentration was determined 
by Bradford protein assay kit (ThermoFisher) according to manufacturer’s 
instructions ((ThermoFisher).

Statistics
Statistics were performed using GraphPad Prism 7 software. For the comparison 
of two groups a (paired) student t test was used. For more than two groups a one-
way ANOVA or two-way ANOVA was performed. *P<0.05, **P<0.01, ***P<0.001, 
data is represented as mean ± SEM.

61489 Spohie Horrevorts.indd   203 28-04-20   10:35



Chapter 8

204

Con�ict of interest
The authors declare no conflict of interest.

Author’s contribution
SKH, STTS, JJG, SvV and YK were responsible for design of the experiments; 
data collection was performed by SKH, STTS, DAS, SD, LJWK, RvdV, SAD; 
peptides were made by MA and HK; all authors participated in the data analysis 
and interpretation; SKH, STTS, SvV, TdG and YvK wrote the article. All authors 
critically revised the article and gave their approval for publication.

Funding
This work was supported by Glycotreat ERC advanced 339977 (SKH, STTS, SD, 
YK), KWF VU2014-7200 (DAS, TdG, YK). 

Acknowledgements
We thank all members of the O|2 Flow Cytometry, AO2M Microscopy, GlycO2 
peptide and Mo2Ab facilities of Amsterdam UMC, location VUmc, for their 
technical support and peptide synthesis. We thank Bergman clinics, Bilthoven, 
The Netherlands for providing healthy donor skin. 

61489 Spohie Horrevorts.indd   204 28-04-20   10:35



Palmitoylated antigens enhance tumor recognition by CD8+ T cells

205

8

References
1.  Hodi, F.S.; O’Day, S.J.; McDermott, D.F.; Weber, R.W.; Sosman, J.A.; Haanen, J.B.; Gonzalez, R.; 

Robert, C.; Schadendorf, D.; Hassel, J.C.; et al. Improved Survival with Ipilimumab in Patients with 
Metastatic Melanoma. N. Engl. J. Med. 2010, 363, 711–23.

2.  Wolchock, J.D.; Kluger, H.; Callahan, M.K.; Postow, M.A.; Rizvi, N.A.; Lesokhin, A.M.; Segal, N.H.; 
Ariyan, C.E.; Gordon, R.-A.; Reed, K.; et al. Nivolumab plus Ipilimumab in Advanced Melanoma. N. 
Engl. J. Med. 2013, 369, 122–33.

3.  Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; 
Dummer, R.; Smylie, M.; Rutkowski, P.; et al. Combined Nivolumab and Ipilimumab or Monotherapy 
in Untreated Melanoma. N. Engl. J. Med. 2015, 373, 23–34.

4.  Steinman, R.M.; Banchereau, J. Taking dendritic cells into medicine. Nature 2007, 449, 419–426.
5.  Hildner, K.; Edelson, B.T.; Purtha, W.E.; Diamond, M.; Matsushita, H.; Kohyama, M.; Calderon, B.; 

Schraml, B.; Unanue, E.R.; Diamond, M.S.; et al. Batf3 De±ciency Reveals a Critical Role for CD8α+ 
Dendritic Cells in Cytotoxic T Cell Immunity. 2008, 322, 1097–1101.

6.  Segura, E.; Durand, M.; Amigorena, S. Similar antigen cross-presentation capacity and phagocytic 
functions in all freshly isolated human lymphoid organ–resident dendritic cells. J. Exp. Med. 2013, 210, 
1035–1047.

7.  Nizzoli, G.; Krietsch, J.; Weick, A.; Steinfelder, S.; Facciotti, F.; Gruarin, P.; Bianco, A.; Steckel, B.; 
Moro, M.; Crosti, M.; et al. Human CD1c+ dendritic cells secrete high levels of IL-12 and potently 
prime cytotoxic T-cell responses. Blood 2013, 122, 932–942.

8.  Tel, J.; Schreibelt, G.; Sittig, S.P.; Mathan, T.S.M.; Buschow, S.I.; Cruz, L.J.; Lambeck, A.J.A.; Figdor, 
C.G.; De Vries, I.J.M. Human plasmacytoid dendritic cells e¹ciently cross-present exogenous Ags to 
CD8+ T cells despite lower Ag uptake than myeloid dendritic cell subsets. Blood 2013, 121, 459–467.

9.  Fehres, C.M.; Kalay, H.; Bruijns, S.C.M.; Musaa±r, S. a. M.; Ambrosini, M.; van Bloois, L.; van 
Vliet, S.J.; Storm, G.; Garcia-Vallejo, J.J.; van Kooyk, Y. Cross-presentation through langerin and DC-
SIGN targeting requires di¯erent formulations of glycan-modi±ed antigens. J. Control. Release 2015, 
203, 67–76.

10.  Fehres, C.M.; Beelen, A.J. Van; Bruijns, S.C.M.; Ambrosini, M.; Kalay, H.; Bloois, L. Van; Unger, 
W.W.J.; Garcia-vallejo, J.J.; Storm, G.; Gruijl, T.D. De; et al. In situ Delivery of Antigen to DC-
SIGN+ CD14+ Dermal Dendritic Cells Results in Enhanced CD8+ T-Cell Responses. J. Invest. 
Dermatol. 2015, 135, 2228–2236.

11.  Tang-Huau, T.L.; Gueguen, P.; Goudot, C.; Durand, M.; Bohec, M.; Baulande, S.; Pasquier, 
B.; Amigorena, S.; Segura, E. Human in vivo-generated monocyte-derived dendritic cells and 
macrophages cross-present antigens through a vacuolar pathway. Nat. Commun. 2018, 9, 1-12.

12.  Bonifaz, L.; Bonnyay, D.; Mahnke, K.; Rivera, M.; Nussenzweig, M.C.; Steinman, R.M. E¹cient 
Targeting of Protein Antigen to the Dendritic Cell Receptor DEC-205 in the Steady State Leads to 
Antigen Presentation on Major Histocompatibility Complex Class I Products and Peripheral CD8+ 
T Cell Tolerance. J. Exp. Med. 2002, 196, 1627–1638.

13.  Unger, W.W.J.; Mayer, C.T.; Engels, S.; Hesse, C.; Perdicchio, M.; Puttur, F.; Streng-ouwehand, I.; 
Litjens, M.; Kalay, H.; Berod, L.; et al. Antigen targeting to dendritic cells combined with transient 
regulatory T cell inhibition results in long-term tumor regression. Oncoimmunology 2015, 4, e970462-
1/10.

14.  Schreibelt, G.; Klinkenberg, L.J.J.; Cruz, L.J.; Tacken, P.J.; Tel, J.; Kreutz, M.; Adema, G.J.; Brown, 
G.D.; Figdor, C.G.; Vries, I.J.M. De °e C-type lectin receptor CLEC9A mediates antigen uptake 
and (cross-) presentation by human blood BDCA3+ myeloid dendritic cells. Blood 2012, 119, 2284–
2293.

15.  van Dinther, D.; Stolk, D.A.; van de Ven, R.; van Kooyk, Y.; de Gruijl, T.D.; Den Haan, J.M.M. 
Targeting C-type lectin receptors: a high-carbohydrate diet for dendritic cells to improve cancer 
vaccines. J. Leukoc. Biol. 2017, 102, 1017–1034.

16.  Horrevorts, S.K.; Duinkerken, S.; Bloem, K.; Secades, P.; Kalay, H.; Musters, R.J.; van Vliet, S.J.; 
García-Vallejo, J.J.; van Kooyk, Y. Toll-like receptor 4 triggering promotes cytosolic routing of DC-
SIGN-targeted antigens for presentation on MHC class I. Front. Immunol. 2018, 9, 1–13.

61489 Spohie Horrevorts.indd   205 28-04-20   10:35



Chapter 8

206

17.  Tacken, P.J.; Ginter, W.; Berod, L.; Cruz, L.J.; Joosten, B.; Sparwasser, T.; Figdor, C.G.; Cambi, A. 
Targeting DC-SIGN via its neck region leads to prolonged antigen residence in early endosomes, 
delayed lysosomal degradation, and cross-presentation. Blood 2011, 118, 4111–4119.

18.  Linder, M.E.; Deschenes, R.J. Palmitoylation: policing protein stability and tra¹c. Nat. Rev. Mol. cell 
Biol. 2007, 8, 74–84.

19.  Klechevsky, E. Human dendritic cells-stars in the skin. Eur. J. Immunol. 2013, 43, 3147–3155.
20.  van der Ende, A.; du Maine, A.; Schwarts, A.L.; Strous, G.J. E¯ect of ATP depletion and temperature 

on the transferrin-mediated uptake and release of iron by BeWo choriocarcinoma cells. Biochem. J 
1989, 259, 685–692.

21.  Hildner, K.; Edelson, B.T.; Purtha, W.E.; Diamond, M.; Matsushita, H.; Kohyama, M.; Calderon, B.; 
Schraml, B.; Unanue, E.R.; Diamond, M.S.; et al. Batf3 De±ciency Reveals a Critical Role for CD8α+ 
Dendritic Cells in Cytotoxic T Cell Immunity. 2008, 322, 1097–1101.

22.  Zhu, X.; Ramos, T. V.; Gras-Masse, H.; Kaplan, B.E.; BenMohamed, L. Lipopeptide epitopes 
extended by an NE-palmitoyl-lysine moiety increase uptake and maturation of dendritic cells through 
a Toll-like receptor-2 pathway and trigger a °1-dependent protective immunity. Eur. J. Immunol. 
2004, 34, 3102–3114.

23.  Hertz, C.J.; Kiertscher, S.M.; Godowski, P.J.; Bouis, D.A.; Norgard, M. V; Roth, M.D.; Modlin, R.L. 
Microbial Lipopeptides Stimulate Dendritic Cell Maturation Via Toll-Like Receptor 2. J. Immunol. 
2001, 166, 2444–2450.

24.  Khan, S.; Weterings, J.J.; Britten, C.M.; de Jong, A.R.; Graa³and, D.; Melief, C.J.M.; van der 
Burg, S.H.; van der Marel, G.; Overkleeft, H.S.; Filippov, D. V; et al. Chirality of TLR-2 ligand 
Pam3CysSK4 in fully synthetic peptide conjugates critically in³uences the induction of speci±c CD8+ 
T-cells. Mol. Immunol. 2009, 46, 1084–1091.

25.  Zom, G.G.; Khan, S.; Britten, C.M.; Sommandas, V.; Camps, M.G.M.; Loof, N.M.; Budden, C.F.; 
Meeuwenoord, N.J.; Filippov, D. V; van der Marel, G. A; et al. E¹cient Induction of Antitumor 
Immunity by Synthetic Toll-like Receptor Ligand-Peptide Conjugates. Cancer Immunol. Res. 2014, 2, 
756–764.

26.  Basto, A.P.; Leitão, A. Targeting TLR2 for vaccine development. J. Immunol. Res. 2014, 2014.
27.  Surenaud, M.; Lacabaratz, C.; Zurawski, G.; Lévy, Y.; Lelievre, J.-D. Development of an epitope-

based HIV-1 vaccine strategy from HIV-1 lipopeptide to dendritic-based vaccines. Expert Rev. 
Vaccines 2017, 16, 955–972.

28.  Steller, M.A.; Gurski, K.J.; Murakami, M.; Daniel, R.W.; Shah, K. V.; Celis, E.; Sette, A.; Trimble, 
E.L.; Park, R.C.; Marincola, F.M. Cell-mediated immunological responses in cervical and vaginal 
cancer patients immunized with a lipidated epitope of human papillomavirus type 16 E7. Clin. Cancer 
Res. 1998, 4, 2103–2109.

29.  Launay, O.; Surenaud, M.; Desaint, C.; Ben Hamouda, N.; Pialoux, G.; Bonnet, B.; Poizot-Martin, 
I.; Gonzales, G.; Cuzin, L.; Bourgault-Villada, I.; et al. Long-term CD4+ and CD8+ T-cell responses 
induced in HIV-uninfected volunteers following intradermal or intramuscular administration of an 
HIV-lipopeptide vaccine (ANRS VAC16). Vaccine 2013, 31, 4406–4415.

30.  Salmon-Céron, D.; Durier, C.; Desaint, C.; Cuzin, L.; Surenaud, M.; Hamouda, N. Ben; Lelièvre, J.D.; 
Bonnet, B.; Pialoux, G.; Poizot-Martin, I.; et al. Immunogenicity and safety of an HIV-1 lipopeptide 
vaccine in healthy adults: A phase 2 placebo-controlled ANRS trial. Aids 2010, 24, 2211–2223.

31.  Lehmann, C.H.K.; Baranska, A.; Heidkamp, G.F.; Heger, L.; Neubert, K.; Lühr, J.J.; Ho¯mann, A.; 
Reimer, K.C.; Brückner, C.; Beck, S.; et al. DC subset–speci±c induction of T cell responses upon 
antigen uptake via Fcγ receptors in vivo. J. Exp. Med 2017, 1–20.

32.  Le Gal, F.A.; Prevost-Blondel, A.; Lengagne, R.; Bossus, M.; Farace, F.; Chaboissier, A.; Gras-Masse, 
H.; Engelhard, V.H.; Guillet, J.G.; Gahéry-Ségard, H. Lipopeptide-based melanoma cancer vaccine 
induced a strong MART-27-35-cytotoxic T lymphocyte response in a preclinal study. Int. J. Cancer 
2002, 98, 221–227.

33.  Gahery-Segard, H.; Pialoux, G.; Figueiredo, S.; Igea, C.; Surenaud, M.; Gaston, J.; Gras-Masse, H.; 
Levy, J.-P.; Guillet, J.-G. Long-Term Speci±c Immune Responses Induced in Humans by a Human 
Immunode±ciency Virus Type 1 Lipopeptide Vaccine: Characterization of CD8+-T-Cell Epitopes 
Recognized. J. Virol. 2003, 77, 11220–11231.

34.  Nair-Gupta, P.; Baccarini, A.; Tung, N.; Sey¯er, F.; Florey, O.; Huang, Y.; Banerjee, M.; Overholtzer, 
M.; Roche, P. a.; Tampé, R.; et al. TLR signals induce phagosomal MHC-I delivery from the 
endosomal recycling compartment to allow cross-presentation. Cell 2014, 158, 506–521.

61489 Spohie Horrevorts.indd   206 28-04-20   10:35



Palmitoylated antigens enhance tumor recognition by CD8+ T cells

207

8

35.  Gil-torregrosa, B.C.; Lennon-dum, A.M.; Kessler, B.; Guermonprez, P.; Ploegh, H.L.; Fruci, D.; 
van Endert, P.; Amigorena, S. Control of cross-presentation during dendritic cell maturation. Eur. J. 
Immunol. 2004, 34, 398–407.

36.  Alloatti, A.; Kotsias, F.; Pauwels, A.-M.; Carpier, J.-M.; Jouve, M.; Timmerman, E.; Pace, L.; Vargas, 
P.; Maurin, M.; Gehrmann, U.; et al. Toll-like Receptor 4 Engagement on Dendritic Cells Restrains 
Phago-Lysosome Fusion and Promotes Cross-Presentation of Antigens. Immunity 2015, 43, 1087–
1100.

37.  Rooney, M.S.; Shukla, S.A.; Wu, C.J.; Getz, G.; Hacohen, N. Molecular and Genetic Properties of 
Tumors Associated with Local Immune Cytolytic Activity. Cell 2014, 48–61.

38.  Giannakis, M.; Mu, X.J.; Shukla, S.A.; Qian, Z.R.; Cohen, O.; Nishihara, R.; Bahl, S.; Cao, Y.; Amin-
Mansour, A.; Yamauchi, M.; et al. Genomic Correlates of Immune-Cell In±ltrates in Colorectal 
Carcinoma. Cell Rep. 2016, 15, 857–865.

39.  Sahin, U.; Derhovanessian, E.; Miller, M.; Kloke, B.; Simon, P.; Löwer, M.; Bukur, V.; Tadmor, A.D.; 
Luxemburger, U.; Schrörs, B.; et al. Personalized RNA mutanome vaccines mobilize poly-speci±c 
therapeutic immunity against cancer. Nat. Publ. Gr. 2017, 547, 222–226.

40.  Ott, P.A.; Hu, Z.; Keskin, D.B.; Shukla, S.A.; Sun, J.; Bozym, D.J.; Zhang, W.; Luoma, A.; Giobbie-
hurder, A.; Chen, C.; et al. An Immunogenic Personal Neoantigen Vaccine for Melanoma Patients. 
Nature 2017, 547, 217–221.

41.  Ishida, E.; Lee, J.; Campbell, J.S.; Chakravarty, P.D.; Katori, Y.; Ogawa, T.; Johnson, L.; Mukhopadhyay, 
A.; Faquin, W.C.; Lin, D.T.; et al. Intratumoral delivery of an HPV vaccine elicits a broad anti-tumor 
immune response that translates into a potent anti-tumor e¯ect in a preclinical murine HPV model. 
Cancer Immunol. Immunother. 2019, 68, 1273–1286.

42.  Ruben, J.M.; Van Den Ancker, W.; Bontkes, H.J.; Westers, T.M.; Hooijberg, E.; Ossenkoppele, G.J.; 
De Gruijl, T.D.; Van De Loosdrecht, A. a. Apoptotic blebs from leukemic cells as a preferred source 
of tumor-associated antigen for dendritic cell-based vaccines. Cancer Immunol. Immunother. 2014, 63, 
335–345.

43.  Ma, W.; Zhang, Y.; Vigneron, N.; Stroobant, V.; °ielemans, K.; van der Bruggen, P.; van den Eynde, 
B.J. Long-Peptide Cross-Presentation by Human Dendritic Cells Occurs in Vacuoles by Peptide 
Exchange on Nascent MHC Class I Molecules. J. Immunol. 2016, 196, 1711–1720.

44.  Tang-Huau, T.L.; Gueguen, P.; Goudot, C.; Durand, M.; Bohec, M.; Baulande, S.; Pasquier, 
B.; Amigorena, S.; Segura, E. Human in vivo-generated monocyte-derived dendritic cells and 
macrophages cross-present antigens through a vacuolar pathway. Nat. Commun. 2018, 9, 1-12.

45.  Aarnoudse, C.A.; Bax, M.; Sánchez-Hernández, M.; García-Vallejo, J.J.; van Kooyk, Y. Glycan 
modi±cation of the tumor antigen gp100 targets DC-SIGN to enhance dendritic cell induced antigen 
presentation to T cells. Int. J. Cancer 2008, 122, 839–846.

46.  Schaft, N.; Willemsen, R.A.; de Vries, J.; Lankiewicz, B.; Essers, B.W.L.; Gratama, J.-W.; Figdor, C.G.; 
Bolhuis, R.L.H.; Debets, R.; Adema, G.J. Peptide Fine Speci±city of Anti-Glycoprotein 100 CTL 
Is Preserved Following Transfer of Engineered TCR Genes Into Primary Human T Lymphocytes. J. 
Immunol. 2003, 170, 2186–2194.

47.  Yssel, H.; Vries, J.E. De; Koken, M.; Blitterswijk, W. Van; Spits, H. Serum-Free Medium for 
Generation and Propagation of Functional Human Cytotoxic and Helper T cell clones. J. Immunol. 
Methods 1984, 219–227.

48.  Hogquist, K.A.; Jameson, S.C.; Heath, W.R.; Howard, J.L.; Bevan, M.J.; Carbone, F.R. T cell receptor 
antagonist peptides induce positive selection. Cell 1994, 76, 17–27.

49.  Barnden, M.J.; Allison, J.; Heath, W.R.; Carbone, F.R. Defective TCR expression in transgenic mice 
constructed using cDNA- based α- and β-chain genes under the control of heterologous regulatory 
elements. Immunol. Cell Biol. 1998, 76, 34–40.

50.  Lutz, M.B.; Kukutsch, N.; Ogilvie, A.L.J.; Rößner, S.; Koch, F.; Romani, N.; Schuler, G. An advanced 
culture method for generating large quantities of highly pure dendritic cells from mouse bone marrow. 
J. Immunol. Methods 1999, 223, 77–92.

51.  Horrevorts, S.K.; Stolk, D.A.; van de Ven, R.; Hulst, M.; van het Hof, B.; Duinkerken, S.; Heineke, 
M.H.; Ma, W.; Dusoswa, S.A.; Nieuwland, R.; et al. Glycan-Modi±ed Apoptotic Melanoma-Derived 
Extracellular Vesicles as Antigen Source for Anti-Tumor Vaccination. Cancers (Basel). 2019, 11, 1–18.

61489 Spohie Horrevorts.indd   207 28-04-20   10:35



Chapter 8

208

Supplementary �gures

Figure S1 | MoDCs were pulsed with di¯erent concentrations of gp100280-288/45-59 and C16:0-gp100280-288/45-59 
for 3 hours and co-cultured O/N with the gp100-speci±c HLA-DRB*0401-restricted T cell line Bridge 
gp:44 B8. IFNγ secretion was used as a measure for T cell activation. Data is presented as mean ± SEM, 
measured in triplicate and is a representative graph of three individual experiments.

Figure S2 | MoDCs were pulsed with 10 µM gp100280-288/45-59, 10 µM C16:0-gp100280-288/45-59 or 100 ng/ml 
LPS for 3 hours. °e next day the cells were stained for expression of the DC maturation markers CD80, 
CD83, CD86 and HLA-DR. Data is depicted as mean + SEM of 6 donors, from 3 individual experiments. 
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General discussion

Cancer immunotherapy is a fast-moving field, which has greatly impacted cancer 
treatment with the discovery and clinical availability of immune checkpoint 
inhibitors (ICIs), i.e. anti-CTLA4 and anti-PD1. This underscores the role of 
the immune system in tumor progression and the possibilities of T cell-mediated 
tumor control. To further enhance clinical outcome or induce anti-tumor responses 
in non-responding patients, in situ vaccination could be instrumental. During my 
PhD trajectory we have been focusing on the design and development of antigenic 
cancer vaccines for optimal delivery to and presentation by dendritic cells (DCs). 
In the final part of this thesis the ingredients needed to generate a cancer vaccine 
are reviewed and the different recipes that could be tested in the search for robust 
vaccine-induced anti-tumor immunity are discussed.

DC targeting
ICIs have the capacity to unleash endogenous T cell responses against a variety of 
cancer types [1–5]. However, due to suppressive environmental factors tumors can 
inhibit the in±ltration of immune cells, the so-called ‘cold tumors’, or the tumor-
in±ltrating lymphocytes (TILs) can become dysfunctional and fail to inhibit 
tumor regression. °ese are two important factors that could explain why many 
patients do not develop durable clinical responses after checkpoint inhibition 
therapy. A promising strategy to kick-start de novo responses is via in situ 
vaccination. DCs, located at the vaccination site, are key players in the initiation 
of vaccine-induced immune activation, as they have the unique capacity to take 
up exogenous antigens, like pathogens or vaccine components for the induction of 
antigen-speci±c T cell responses. After antigen uptake, DCs mature and migrate 
via the lymphatic system to the lymph nodes where they present the antigen via 
the conventional antigen presentation route to MHC class II for the activation 
of CD4+ T cells and cross-present the antigen for activation of cytotoxic CD8+ T 
cells. °e induction of cytotoxic CD8+ T cells is essential for the clinical e¹cacy 
of therapeutic cancer vaccinations as they are responsible for the recognition and 
killing of cancer cells. °ere are two main cross-presentation pathways identi±ed: 
the vacuolar pathway and the cytosolic pathway. In the vacuolar pathway, antigen 
processing, by lysosomal proteases, and loading onto MHC class I molecules 
occurs within the endocytic compartment. In the cytosolic pathway, internalized 
antigens are transported from the endosomes into the cytosol, for degradation by 
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the proteasome. °ereafter, peptides are transported by the transporter associated 
with antigen processing (TAP) into the endoplasmic reticulum or back into the 
endosomal compartment, for loading onto MHC class I [6,7]. 

To stimulate cross-presentation and priming of naïve CD8+ T cells, e¹cient 
targeting of antigens to DCs is key. Since speci±c DC subsets have been pinpointed 
as being superior ‘cross-presenting’ subsets, targeting these speci±c populations 
is one of the strategies being explored. °e Batf3-dependent conventional DC1 
(cDC1) (CD8α+ DC) was identi±ed as the cross-presenting DC subset in 
mice [8], and by targeting antigen to XCR1 combined with an adjuvant potent 
antigen-speci±c cytotoxic CD8+ T cell responses were induced, preventing tumor 
outgrowth [9]. In humans the distinction between cross-presenting and non-
cross-presenting DC subsets is less clear [10–13]. However, the CD141+ DCs 
(cDC1/BDCA3+), characterized by high expression of Clec9A and XCR1 [14], 
have been proposed as the human counterpart of the murine cross-presenting 
CD8α+ DC subset [15,16]. Antigen targeting to Clec9A on human CD141+ 
DCs did augment cross-presentation, resulting in CD8+ T cell activation [17]. 
However, targeting other receptors, such as the C-type lectin receptors (CLRs) 
DEC-205 (also present on cDC1), DECTIN-1, DC-SIGN and Langerin, all 
present on di¯erent DC subsets, also e¹ciently induced antigen-speci±c T cell 
responses in vitro and in vivo. °us, con±rming that other human DC subsets can 
cross-present antigen besides the cDC1 [18–20]. 

°e CLR DC-SIGN is highly expressed on monocyte-derived DCs (moDCs) 
and on dermal CD14+ DCs [19,21]. DC-SIGN recognizes the carbohydrate 
ligands Lewis-antigens and high mannose carbohydrate structures (glycans) [22] 
and targeting antigens to DCs with the use of these glycans or monoclonal Abs 
increases T cell activation [19,23], and induces tumor regression when combined 
with depletion of regulatory T cells (Tregs) in vivo [18]. In Chapter 5 we show 
that apoptotic melanoma cell-derived extracellular vesicles (ApoEVs), which 
harbor tumor-speci±c proteins, can be modi±ed to express DC-SIGN-binding 
(high mannose glycans) ligands on the membrane, resulting in enhanced ApoEV 
internalization and antigen-speci±c CD8+ T cells priming [24]. When using 
glycans for CLR targeting the multivalent presentation of glycans is crucial. CLRs 
are often found on the cell membrane as multimerized receptors (DC-SIGN is a 
tetramer), whereby the spatial organization of the glycans in³uences the binding 

61489 Spohie Horrevorts.indd   214 28-04-20   10:35



General discussion

215

9

a¹nity and speci±city of the antigenic construct [25]. °is was highlighted by the 
fact that high mannose expressing ApoEVs solely bound DC-SIGN and not the 
mannose receptor (MR), even though high mannose glycans also have speci±city 
for the MR. °is is in line with previous work of our group showing that high 
mannose glycans on melanoma proteins (gp100) bound exclusively to DC-SIGN 
on moDCs [26]. Also multivalent liposomes containing the glycan Lewis Y (LeY) 
were e¹ciently internalized by DC-SIGN on moDCs, whereas Langerhans cells 
expressing the CLR Langerin that also has speci±city for LeY, were unable to 
internalize the LeY liposomes [19]. In contrast, synthetic long peptides (SLP) 
conjugated to a single LeY glycan enhanced uptake via Langerin and not DC-
SIGN [19]. 

In an e¯ort to develop an antigenic construct that enhances uptake both via 
DC-SIGN and Langerin, we developed (Chapter 3) multivalent tumor-speci±c 
glyco-dendrimers (of approximately 100 kD), which target multiple skin DC 
subsets simultaneously through the binding of both DC-SIGN and Langerin 
[27]. To date, only limited CLR targeting vaccines have been tested clinically 
in cancer patients. °e ±rst DC-targeting vaccine that was tested consisted of 
human chorionic gonadotropin beta-chain (hCG-β), conjugated to an anti-MR 
Ab in patients with breast, colon, pancreatic, bladder and ovarium cancer. When 
combined with a TLR-agonist (TLR3 and/or TLR7/8), antigen-speci±c T cells 
could be detected after vaccination and clinical responses were observed in a 
subgroup of patients [28]. However, it remains to be seen whether DC targeting 
in situ results in improved clinical outcome, as comparable studies looking at the 
e¯ect of CLR targeting in humans are lacking. 

In addition to targeting antigen to CLRs, receptors such as CD40 have also been 
investigated for antigen targeting purposes, as they can additionally provide an 
activating signal. Several studies support the bene±t of targeting CD40 during 
HIV infections and cancer. Fusion of a CD40 mAb to HIV peptides has been 
demonstrated to improve human DC activation and to induce HIV-speci±c T cell 
responses that can control HIV replication in vitro [29]. Furthermore, targeting 
an adenovirus-based cancer vaccine via CD40 resulted in increased transduction 
e¹ciency and maturation of human dermal dendritic cells (dDCs) and LN 
residential cells in vitro and increased anti-tumor immunity in vivo (B16 mouse 
melanoma model) [30–32]. 
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An alternative strategy for antigen delivery to DCs is explored in Chapter 8 
where we conjugated a single palmitic acid to a 29-mer peptide (C16:0-peptide), 
containing both the immunodominant CD4+ and CD8+ T cell epitope of the 
melanoma protein gp100. This easy and cost-effective modification enhanced 
antigen loading in both human and mouse DCs, compared to the unmodified 
peptide, boosting CD8+ and CD4+ antigen-specific T cell responses both in vitro 
and in vivo. The unique capacity of palmitic acid to incorporate into membrane 
lipid bi-layers does not restrict antigen delivery to selected DC subsets, and 
therefore exploits the antigen presentation capacity of all DC subsets present 
at the vaccination site. Another advantage of bypassing receptor-mediated 
internalization is that the uptake of C16:0-peptides does not rely on receptor 
dynamics and facilitates continuous antigen loading. This is in contrast to the 
targeting of DC-SIGN, as reported in Chapter 2, since the surface expression 
of this non-recycling receptor quickly decreases after internalization and its 
expression level remain low for a prolonged period of time [23,33]. The expression 
level of DC-SIGN also greatly depends on the maturation status of the DC, as 
surface expression of DC-SIGN decreases on mature DCs.  

Adjuvants for immune activation
DCs need to be properly activated to elicit an e¯ective immune response, therefore 
vaccines are often supplemented with immune-activating compounds (adjuvants). 
While vaccines based on whole pathogens o¯er su¹cient DC-activating signals, 
adjuvants are essential for synthetic vaccines comprising less immunogenic 
antigen formulations, such as peptides or DNA. Frequently used adjuvants in 
therapeutic vaccines for cancer therapy are Toll-like receptor (TLR) agonists or 
immunostimulatory cytokines, like granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and interleukin-2. Drano¯ et al. developed one of the ±rst 
widely studied cancer vaccine platforms (GVAX) by the genetic modi±cation of 
whole tumor cells (murine B16-F10) to secrete GM-CSF, as an immune activating 
agent. Vaccination with GVAX in vivo resulted in a prolonged antigen-speci±c 
anti-tumor immunity [34]. GVAX has also been tested in multiple phase I and 
phase II clinical trials with GM-CSF-secreting allogenic and autologous whole 
tumor cells with varying clinical results [35]. To date, Sipuleucel-T (Provange), 
a DC-based vaccine for the treatment of prostate cancer that makes use of ex 
vivo loading of autologous DC with the prostatic acid phosphatase (PAP) 
antigen fused to GM-CSF for antigen presenting cell (APC) recruitment and 
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maturation, is the only cancer vaccine that has been approved by the Food and 
Drug Administration (FDA). °e approval was granted after multiple phase III 
clinical trials (including the IMPACT study) showed a signi±cant overall survival 
bene±t in the treated patient population [36–38]. °e IMPACT study reported a 
median survival of 25.8 months compared to 21.7 in the placebo-treated patients, 
an improvement in median survival of 4.1 months [36]. Sipuleucel-T is currently 
being tested in combination with ipilimumab (anti-CTLA4) in a phase II clinical 
trial (NCT01804465). IL-2 is another activating cytokine that has been used 
in clinical studies in combination with viral and DNA-based vaccines for the 
induction of vaccine induced immunity (e.g., non-small-cell lung cancer and HIV 
infection) [39,40]. 

One of the most studied DC maturation stimuli are TLR-agonists, including the 
TLR2 agonist PAM3, TLR3 agonist poly(I:C), TLR4 agonists Lipopolysaccharide 
(LPS) and monophosphoryl lipid A (MPLA), TLR7 agonist Imiquimod, TLR7/8 
agonist Resiquimod, TLR9 agonist CpG-ODN [41] and heat shock proteins 
(HSP) that are TLR binding chaperone proteins that also improve peptide 
uptake and presentation by DCs [42,43]. TLR-agonists are well known for their 
ability to mature DCs resulting in the expression of co-stimulatory molecules 
and the secretion of in³ammatory cytokines. °eir capacity to induce T cell-
mediated immune responses makes them a valuable addition to cancer vaccines 
and many are being tested as adjuvants in clinical trials. In Chapter 2 we show 
that the addition of a TLR4-agonist a¯ects the route of cross-presentation when 
simultaneously targeting antigens to DC-SIGN. While antigen processing in 
immature moDCs did not depend on proteolysis by the proteasome, blocking 
the proteasome in moDCs that simultaneously received TLR4-stimulation 
during the DC-SIGN targeting antigen pulse showed a reduced capacity to 
activate antigen-speci±c CD8+ T cells [23]. °ese data suggest that upon TLR-
4 stimulation, internalized antigens are translocated from the endosome into 
the cytosol where the proteasome is located. °is is supported by two studies 
showing that immature moDCs cross-present synthetic long peptides mainly via 
the vacuolar pathway, which is independent of proteasomal degradation [44,45].
Di¯erent studies in murine BMDCs and human moDCs have shown that TLR4-
stimulation promotes cross-presentation by inhibiting phagolysosomal fusion [46] 
and through the induction of reactive oxygen species (ROS) by the endosomal 
NADPH-oxidase complex NOX2, causing lipid peroxidation which facilitates 
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antigen translocation from the endosomes to the cytosol [47]. Further research on 
the e¯ect of di¯erent TLR-ligands on the cross-presentation pathways could give 
valuable new insights for optimal vaccine design.  

Not all vaccine formulations require the co-administration of adjuvants. For 
instance, lipopeptide antigen-based vaccines can have self-adjuvating properties 
because of their binding to TLR2, and are currently being explored for the treatment 
of human papilloma virus (HPV) infections, human immunode±ciency virus 
(HIV) and cancer [48,49]. Lipopeptide vaccines have been developed containing 
mono-, di- (Pam2Cys), and tri-palmitoylated peptides (Pam3Cys) [48]. Di-
palmitoylated peptides are recognized by TLR2 in combination with TLR6, while 
tri-palmitoylated peptides are recognized by TLR2 in combination with TLR1 
[50]. °ere is no consensus in the literature as to whether mono-palmitoylated 
peptides bind TLR2 and can initiate downstream signaling for the induction of 
DC maturation. We developed a mono-palmitoylated peptide vaccine containing 
melanoma antigenic epitopes for the induction of CD8+ T cell responses (Chapter 
8). Our construct was not able to induce moDC maturation, and thus can be paired 
with any adjuvant of choice. It however did facilitate enhanced cross-presentation 
and antigen-speci±c CD8+ T cell activation compared to the unmodi±ed peptide, 
both in vitro and in vivo due to e¹cient receptor-independent binding to lipid 
bilayers, leading to continuous accumulation of tumor peptides and presentation 
through MHC class I. °ese unique properties also allowed non-professional DCs 
and tumor cells to e¹ciently cross-present C16:0-peptides, the latter resulted in 
increased tumor kill by antigen-speci±c CD8+ T cells. 

Bacterial or viral products can also be used for immune activation, due to the 
presence of pathogen-associated molecular patterns (PAMPs), which are the ‘natural’ 
TLR ligands. °e ±rst randomized cancer vaccine trial using a mix of autologous 
irradiated tumor cells obtained from colon cancer patients in combination with 
Bacillus Calmette–Guérin (BCG) was conducted at the Amsterdam UMC 
(location VUmc). °is vaccine was administered in multiple doses starting 4 weeks 
after surgery and resulted in a clinical bene±t for patients with stage II colon cancer, 
in contrast to patients with stage III of the disease [51]. In Chapter 7 we show that 
outer membrane vesicles (OMVs) derived from the gram-negative bacterial strain 
Salmonella typhimurium, induced maturation of human moDCs, murine BMDCs 
and splenic CD11c+ DCs through LPS, which triggered downstream Toll-like 
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receptor signaling via the myeloid di¯erentiation primary response 88 (MyD88) 
adapter protein. OMVs containing OVA epitopes at the vesicle surface were able 
to induce cross-presentation in BMDCs and splenic CD11c+ DCs to OTI CD8+ 
T cells in vitro. Interestingly, OMV-mediated cross-presentation was dependent on 
MyD88 signaling and independent of the Batf3-dependent cDC1 subset, implying 
a synergistic e¯ect of OMVs containing both LPS and antigens for the induction of 
CD8+ T cells responses [52]. Stressed and necrotic cells can also provide immune-
stimulating signals, called damage-associated molecular patterns (DAMPs). For 
example, through the expression of heat-shock proteins and calreticulin or the release 
of high mobility group box 1 (HMGB1) [53]. When cells experience stress-induced 
apoptosis, referred to as immunogenic cell death, DAMPs are expressed on the cell 
surface for immune-activation. In an e¯ort to develop a self-adjuvating apoptotic 
cell-derived extracellular vesicle vaccine (Chapter 5), apoptosis was induced by 
bortezomib (proteasome inhibitor), a potent inducer of immunogenic-cell death, 
in a melanoma cell line. However, our isolated apoptotic cell-derived extracellular 
vesicles (ApoEVs) did not have moDC maturing properties, possibly due to a lack 
of DAMP expression or preservation after ApoEV isolation [24]. Con³icting data 
in the literature exists on the ability of ApoEVs to induce DC maturation, which 
might be explained by the many di¯erences in vesicle origin, vesicle size, production 
and isolation methods and the source of the DCs (mouse vs. human).

Choice of antigen in cancer

Tumor-associated antigens
Most current cancer vaccines are based on tumor-associated antigens (TAAs), 
which are self-antigens that are preferentially expressed or overexpressed in 
cancer cells compared to normal cells, or are involved in tissue di¯erentiation. 
Several TAAs have been tested in clinical trials for their immunogenic properties. 
Examples are human epidermal growth receptor 2 (HER2) [54], survivin (also 
known as BIRC5) [55], mammaglobin-A (MAM-A) [56], melanoma antigen 
recognized by T cells 1 (MART1, also known as melan-A) [57] and Wilms’ tumor 
gene 1 (WT1) [58]. Since, healthy tissues also express these antigens, antigen-
speci±c T cells are usually of low a¹nity due to the deletion of high a¹nity self-
recognizing T cells in the thymus. So far vaccination with TAAs has not resulted 
in improved clinical outcome [2].   
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A di¯erent group of TAAs are the cancer testis antigens (CTAs) expressed only in 
germline cells and not in healthy adult tissues. CTAs most used in therapeutic 
cancer vaccines are: members of the melanoma associated antigen (MAGE) family 
and cancer-testis antigen 1 (also known as NY-ESO-1). In two Phase I clinical 
trials, only modest antigen-speci±c CD8+ T cell responses were observed upon 
vaccination with NY-ESO-1 protein in melanoma patients [59,60]. Furthermore, 
vaccination with MAGE-A3 protein did not increase disease-free survival 
compared to placebo treatment in a Phase III clinical trial in lung cancer patients, 
presumably due to poor immune responses to the vaccine [61]. Nevertheless, in 
combination with other forms of immune therapy, vaccination with TAAs and 
CTAs might result in stronger antigen-speci±c T cell responses. 

Neoantigens
To circumvent the challenges associated with raising an immune response 
against self-antigens (TAAs & CTAs), the focus has shifted to the use of tumor-
specific antigens (neoantigens). Neoantigens are generated in tumor cells by 
genetic mutations and are recognized as non-self by the immune system. Proof 
that neoantigens are important drivers in the induction of tumor-specific T cell 
responses is supported by the correlation between mutational load and clinical 
outcome after ICI treatment [62–64], as well as the effect of neoantigen-specific 
T cells on tumor reduction in both mouse and human settings [65–67]. Through 
tumor sequencing and prediction of immunogenic neoantigen epitopes, cancer 
vaccines can be generated on a per-patient basis. The high costs and long 
manufacturing process of these personalized vaccines limit their application on a 
large scale. In an effort to develop a protocol for the production of a DC-targeting 
tumor-specific antigenic vaccine (Chapter 5), we isolated apoptotic cell-derived 
extracellular vesicles (ApoEVs) from wildtype Mel-juso cells (melanoma cell 
line) and glycan-modified Mel-juso cells. We hypothesized that vesicles derived 
from apoptotic tumor cells contain antigens representing the tumor, which was 
confirmed by the presence of the overexpressed model antigen MART-1 in the 
ApoEVs [24]. Therefore, tumor material might be a valuable source of tumor-
specific antigens for vaccination purposes. However, only a small fraction of all 
somatic tumor mutations leads to the formation of T cell activating neoantigens, 
as such a mutation needs to occur in an MHC binding epitope [68]. Vaccination 
with neoantigens induces potent tumor control in mouse models [66,69] and it 
has recently proceeded to the clinical testing phase. The first two clinical trials 
using neoantigen vaccines for the treatment of cancer in humans shows activation 
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of neoantigen-specific T cells in all patients, and clinical responses in a subset of 
cancer patients [70,71].   

Viral antigens in virally induced cancer
Viral infection can lead to the malignant transformation of the infected cell, 
accompanied by expression of viral antigens in the tumor. Since these antigens 
are highly immunogenic and not expressed by healthy cells, they are very suitable 
vaccine candidates. Many therapeutic vaccines containing HPV-antigens are 
currently being tested in clinical trials. Given their essential role in malignant 
transformation of infected cells by inactivating tumor-suppressors pRB and P53, 
viral proteins E6 and E7 are the most frequently targeted antigens in therapeutic 
HPV vaccines. DNA vaccines targeting E6 and E7 from HPV-16 and HPV-
18 induce E6/E7-speci±c T cell responses and regression of cervical dysplasia 
(high grade CIN2/3 lesions) in Phase I and Phase II clinical trials [72,73]. A 
Phase III trial for the E6/E7 DNA vaccine VGX-3100 is currently ongoing 
(NCT03185013). Furthermore, the HPV-16 E6 and E7 peptide-based vaccine 
ISA101, evoked regression of precancerous lesions in a Phase I clinical trial [74] 
and is currently being tested in more patients (NCT02128126).

In summary, there are major differences regarding the choice of antigen for 
therapeutic cancer vaccines. Since antigens in virally-induced cancers are foreign, 
potent immune responses can be elicited upon vaccination. In contrast, antigens 
from non-viral cancers, TAAs and CTAs, are often self-antigens and therefore 
of low immunogenicity. However, there are many malignancies that have a low 
mutational load and therefore efforts should be made to optimize TAA-based 
vaccines, preferably in combination with ICI treatment. The use of neoantigens in 
therapeutic cancer vaccination has shown promising results and further research 
should determine the efficacy of neoantigen vaccination in a clinical setting.  

Cancer immune regulation and evasion mechanisms

Inducing immune memory formation
To protect against re-infection and recurrence the formation of immune memory 
is important in both viral infection and cancer. Memory T cells can be categorized 
as central memory or e¯ector memory cells. CD45RA- CCR7+ central memory T 
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cells have the capacity to home to secondary lymphoid organs and are important 
for long-term memory formation. On the other hand, CD45RA- CCR7- e¯ector 
memory T cells home to the tissues and rapidly exert e¯ector functions upon 
re-activation [75]. In a mouse model of HPV-induced cancer, e¯ector memory 
CD8+ T cells were generated upon vaccination combined with electroporation, 
and were associated with tumor control and prevention of recurrence [82]. Also 
in melanoma patients, peptide-based vaccination combined with CpG-ODN and 
incomplete Freund’s adjuvant (IFA) was shown to induce e¯ector memory T cells. 
In this study, frequencies of central memory CD8+ T cells were also increased 
upon additional administration of the TLR7 agonist Imiquimod [83]. However, 
results from another clinical trial in melanoma patients suggested that CD8+ T 
cell memory phenotype was not correlated with clinical response upon peptide-
based vaccination [84]. 

CD4+ T cells play a crucial role in the formation of CD8+ memory T cells, both in 
cancer and in infection [76]. °is explains why vaccines only containing a MHC 
class I restricted minimal epitope, raise an initial CD8+ T cell response, but are 
unable to induce strong memory formation [77,78]. °e inclusion of MHC class 
II-restricted, so-called ‘helper’ epitopes, or the use of long peptides containing 
both MHC class I- and MHC class II- restricted epitopes, were successful in 
the induction of CD4+ T cell activation [79]. For example, in a subpopulation of 
prostate cancer patients, a boost with a HER2-derived peptide vaccine (AE37) 
administered 6 months after the initial vaccination, generated CD4+ T cell 
responses, which were still detectable 3 years later [80]. In a follow-up trial of 
lung cancer patients vaccinated with a telomerase peptide, antigen-speci±c T 
cell responses were still detectable in long-time survivors 8 years after the initial 
vaccination [81].

Since the focus of most therapeutic vaccination strategies relies on inducing e¯ector 
T cell responses, data on the generation of memory T cells upon vaccination is 
generally lacking. In order to prevent tumor recurrence, studying the e¯ects of 
vaccination on memory formation should be a focus point in future research.

T cell exhaustion 
T cell exhaustion is a concept that was originally described in chronic infection 
and occurs when T cells are exposed to antigen for a prolonged period of time. 
This results in upregulation of inhibitory receptors, impaired production of pro-
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inflammatory cytokines and reduced cytotoxic and proliferative capacities. One of 
the major hallmarks of T cell exhaustion is the expression of immune checkpoints 
such as: programmed cell death-1 (PD-1), cytotoxic T-lymphocyte associated 
antigen 4 (CTLA-4), T cell immunoglobulin and ITIM domain (TIGIT), T 
cell immunoglobulin and mucin domain-3 protein (Tim-3) and lymphocyte 
activation gene-3 (LAG-3) [85,86]. The fact that solid tumors progress despite 
the presence of tumor-specific CD8+ T cells, suggests T cell dysfunction in cancer. 
Multiple studies have compared the phenotypic and functional features of T cell 
exhaustion in chronic infection and cancer, finding shared as well as many different 
characteristics. In chronic lymphocytic choriomenigitis virus (LCMV) infection 
T-bet controls effector function in CD4+ and CD8+ T cells and represses the 
expression of PD-1. Exhausted LCMV-specific CD8+ T cells show a loss in Tbethi 

PD-1int  progenitor T cells and an increase in EOMEShi  PD-1hi T cells [87]. In 
contrast, tumor-specific CD8+ T cells lose their EOMES expression during tumor 
progression and show no differential expression of Granzyme B, PD-1 and LAG3 
[88]. Other phenotypic differences observed include distinct expression patterns 
of KLRG-1, CD160, LAG-3 and CTLA-4 in dysfunctional melanoma and EBV-
specific T cells [89,90], suggesting a broad spectrum of T cell dysfunction, further 
influenced by the heterogeneous tumor microenvironment. T cell exhaustion also 
forms a challenge in boosting pre-existing T cells by vaccination. Moreover, T cell 
exhaustion can also be induced upon vaccination, when a vaccination site provides 
an additional source of persistent antigen exposure. Administration of a persistent 
vaccine of peptide and IFA resulted in recruitment of antigen-specific CD8+ T 
cells in response to the vaccination, yet also T cell dysfunction [91]. Limiting 
antigen exposure by using a short-lived vaccine composition improved T cell 
effector functions, as well as T cell homing to the tumor site. Although T cell 
exhaustion is usually associated with CD8+ T cells, in vivo studies on therapeutic 
vaccines for tuberculosis (TB) infection have shown that vaccination with high 
antigen doses also impaired the function and homing of CD4+ T cells [92]. 

These findings illustrate the delicate balance between vaccine-induced T cell 
activation and exhaustion, and underline the importance of determining the 
optimal antigen dose for usage in clinical vaccination studies.

Checkpoint inhibitor combination therapy
As discussed above, checkpoint inhibition is important in reversing antigen-
specific T cell dysfunction in exhausted T cells and could act synergistically 
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when combined with therapeutic vaccination. CTLA-4 block has always been 
regarded as the optimal agent in combination with cancer vaccination as it blocks 
the inhibitory binding of CD28 to CTLA-4, making room for binding of the 
activating B7 complex (CD80/CD86) on DCs that is vital for the induction 
of T cell priming [93]. Additional anti-CTLA-4 treatment improved antigen-
specific T cell responses, tumor control and survival benefit for tumor-bearing 
mice treated with NY-ESO-1, and HER2 based vaccines [94,95]. Early-phase 
clinical trials in pancreatic cancer and melanoma suggested survival benefit for 
patients treated with a combination of CTLA-4 blockade and whole cell-based 
therapeutic vaccination, compared to CTLA-4 blockade alone [96,97]. In contrast 
to CTLA-4 block, anti-PD-1 treatment was developed to re-activate exhausted 
PD-1-expressing tumor-specific T cells in the tumor microenvironment. However, 
recent studies have shown that the CD28/B7 co-stimulatory pathway is essential 
for effective PD-1 therapy in a mouse model of viral infection [98]. These data 
were supported by the observation that proliferating CD8+ T cells in blood of 
non-small lung cancer patients, treated with anti-PD1 were predominantly CD28 
positive [98]. This implies that T cells targeted in anti-PD1 treatment are not 
yet exhausted, as severely exhausted CD8+ T cells lose their expression of co-
stimulatory molecules, including CD28 [99,100]. Moreover, PD-1 block in earlier 
stages of T cell activation could be used in combination with vaccination to induce 
de novo immune responses, as supported by the observed synergistic effect of anti-
PD-1 treatment and therapeutic vaccines in the suppression of tumor growth in 
mouse models of hepatocellular [101], prostate [102] and pancreatic cancer [103], 
and prolonged survival in a mouse model of breast cancer [104]. The efficacy 
of anti-PD-1 and vaccine combinational therapy in mice was further enhanced 
by inhibiting the immunosuppressive cytokine TGF-β [105,106]. Although most 
clinical trials that combine PD-1 blockade with therapeutic vaccination are still in 
their early stages [107], two clinical trials reported complete tumor regression in 
melanoma patients treated with neo-antigen-based vaccines and PD-1 blockade 
[70,71]. Additionally, dual inhibition of PD-1 and CTLA-4 has shown a 
synergistic effect in melanoma and non-small cell lung cancer [3,5], which might 
further benefit from additional cancer vaccination. Currently, multiple clinical 
trials are investigating the effect of the combination of CTLA-4 and PD-1 block 
combined with neo-antigen vaccination in prostate cancer (NCT03532217), 
glioblastoma (NCT03422094) and melanoma (NCT03597282).      
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Overcoming tolerance by regulatory T cells
In immunological tolerance, regulatory CD4+ T cells (Tregs) play an important 
role by suppressing self-reactive effector T cells through various mechanisms. For 
example, it has been proposed that high expression of CTLA-4 on Tregs interferes 
with the priming of naïve T cells through the binding and downregulation of 
co-stimulatory molecules on APCs [108]. The suppression of tumor-specific 
immune responses by Tregs is considered an important obstacle for the efficacy 
of cancer immunotherapy, and therefore Treg depletion or inactivation has been 
widely investigated for the improvement of tumor immunity and cancer vaccines 
[109]. The high expression of CTLA-4 on Tregs has also resulted in the selective 
reduction of Tregs after anti-CTLA-4 treatment in mice [110], and Romano et 
al. showed that ex vivo ipilimumab (anti-CTLA-4) binds human non-classical 
(CD16+) monocytes via engagement of FcγRIIIA which lead to ADCC-mediated 
Treg lysis [111]. Neutralizing antibodies targeting CD25, the α-chain of the IL-2 
receptor that is highly expressed by Tregs, have been demonstrated to decrease 
Treg frequencies and to enhance the immunogenicity of a peptide-based vaccine 
in breast cancer patients [112]. However, this treatment also depleted T effector 
cells and is therefore not frequently used. Treg depletion can also be achieved 
through administration of chemotherapeutic agents such as cyclophosphamide 
[113]. Although low dose cyclophosphamide improved T cell responses in mice 
[114] and melanoma patients [115], vaccine efficacy was not affected in colorectal 
[116] and prostate cancer patients [117]. These results could be explained by the 
possible inhibitory effects of cyclophosphamide on the priming and proliferation 
of effector T cells [116] or the induction of myeloid-derived suppressor cells [117]. 

Given the suppression of CD8+ T cell responses by Tregs, depletion is considered 
a promising strategy for improving therapeutic vaccine efficacy for the treatment 
of cancer. 

Conclusion and future perspectives

Therapeutic cancer vaccination is a promising strategy to kick-start anti-tumor 
immunity. In current vaccination strategies both high (neoantigens, virus-antigens) 
and low immunogenic antigens (TAAs and CTAs) are being investigated as a 
target for vaccine-induced anti-tumor immunity. The focus is shifting towards 
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Figure 1. Strategies used for improving the e¹cacy of antigen-based therapeutic vaccination in cancer. 
Priming of CD8+ cytotoxic T lymphocytes (CTLs) is enhanced by inclusion of both MHC class I and 
MHC class II binding peptides for the activation of CD8+ and CD4+ T cells, respectively. In cancer vaccines, 
antigen uptake and cross-presentation by DCs is enhanced by DC targeting to CLRs via ligands or 
antibodies. Combinational therapy with checkpoint inhibitors and the depletion of Tregs are used to 
improve e¯ector function of pre-existing or newly primed CTLs.

the use of neoantigens, as more data are becoming available underlining the 
role of neoantigens in tumor control [118,119]. However, developing synthetic 
neo-antigenic vaccines are labor intensive and costly, which makes it difficult to 
implement them on a large scale in the clinic. Patient-derived tumor material 
could therefore be an interesting source of tumor-specific antigens for cancer 
vaccination. Different whole-cell vaccines have already been explored like, GVAX 
[35]. By glyco-modifying tumor cell-derived extracellular vesicles (Chapter 5 
and 6), we were able to produce a vaccine comprised of antigens expressed by 
the tumor and DC-targeting ligands for optimal DC loading [24,120]. In our 
human in vitro setting we used the melanoma TAA MART-1 protein as a model 
antigen and in a priming experiment using PBMCs from healthy donors we 
were able to moderately enhance MART-1-specific CD8+ T cell priming. From 
these promising results, two important questions emerge that should be explored 
in further research: one, would neoantigen-specific T cell responses result in a 
stronger antigen-specific responses and two, is there a threshold for the amount 
of antigen necessary for the induction of T cell priming, which will of course 

61489 Spohie Horrevorts.indd   226 28-04-20   10:35



General discussion

227

9

also be influenced by TCR-avidity and antigen-specific naïve T cell frequencies. 
While it is understandable that much of the ongoing research is focused on the 
use of neoantigens, TAAs could also have a place in tumor vaccination strategies, 
especially in patients with low mutational tumors or as a strategy to broaden tumor 
immunity by epitope spreading. Therefore, it is important that we investigate the 
mechanisms for optimal DC loading, antigen presentation and DC maturation, so 
they can be manipulated to optimize antigen-specific T cell responses. For example, 
research has shown that antigen loading and presentation can be stimulated via the 
targeting of receptors that efficiently direct their cargo to the cross-presentation 
pathway [19,23]. However, alternative antigen delivery systems, like palmitoylated 
antigens (Chapter 8), also result in efficient DC loading and cross-presentation. 
By not restricting uptake via receptor targeting, potentially all the T cell priming 
capacities of DCs could be exploited. Especially, since compared to the mouse, 
all human DCs seem to be able to cross-present antigen [11–13,21]. It would 
therefore be interesting to compare the immune-stimulatory effect of vaccination 
with palmitoylated peptides to CLR-targeted peptides (DC-SIGN of DEC205). 
Moreover, the maturation of DCs is vital, as T-cell priming is dependent on co-
stimulation [121]. In cancer vaccination strategies different adjuvant formulations 
are used. Additional research should not only focus on the capacity of adjuvants 
to mature human DCs, but also on the effect they have on antigen presentation/
cross-presentation, and how TLR-stimulation can affect antigen retention, 
routing and presentation by DCs (Chapter 2). Furthermore, the formulation of 
the vaccine should be taken into account as the retention of antigens at the vaccine 
site could recruit antigen-specific T cells, diverting attention from the tumor 
site and possibly leading to T cell exhaustion, as antigen administered with IFA 
results in the retention and dysfunction of antigen-specific CD8+ T cells at the 
site of vaccination [122]. In addition to vaccine design, the timing of treatment 
initiation could potentially influence the clinical success of in situ vaccination. 
Many clinical trials are performed in patients with advanced/metastatic disease. 
The immune-inhibitory effect of the tumor microenvironment may already be too 
strong to counteract using a vaccination strategy. Therefore, cancer vaccination 
should also be explored in an adjuvant setting [123], for example as therapy after 
tumor resection, preferably, in combination with other forms of immunotherapy. 
Checkpoint inhibition has so far been the most promising, establishing that 
ICI could synergize the effect of cancer vaccination and reverse existing T cell 
dysfunction. 
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The different vaccine compositions used in clinical trials, as well as the large 
variation in dosage and treatment schedule, makes it difficult to pinpoint which 
types of antigens, delivery methods or adjuvants are optimal for inducing antigen-
specific immune responses. The field would benefit from comparative studies 
on the optimal vaccine composition per cancer type. Lastly, the formation of 
immunological memory following therapeutic cancer vaccination has not received 
much attention yet. However, since memory T cells play an essential role in 
preventing tumor recurrence, a broader understanding of memory formation 
might improve the clinical benefit of therapeutic cancer vaccines.
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English summary

The immune system is essential for our existence by providing protection against 
pathogens. In addition to recognizing pathogens, the immune system can also 
recognize and eliminate cancer cells. The recent clinical success of immunotherapy 
highlights the potential role of the immune system in future cancer treatments. 
Dendritic cells (DCs) are important cells that often form the basis of an immune 
response. DCs recognize pathogens, absorb them and present pieces of these 
pathogens (antigen-derived peptides) on their cell surface. Several immune 
stimulating structures present on these pathogens activate the DCs, causing 
them to migrate to the lymph nodes. There, the DCs present the antigen-derived 
peptides to T cells in combination with activating molecules expressed on their cell 
membrane. This combination of antigen presentation and immune stimulation 
leads to activation of antigen-specific T cells in the lymph nodes. There are two 
types of T cells present in the lymph nodes: the CD8+ T cells and the CD4 + T 
cells. The latter are also called the CD4 helper cells and they provide additional 
stimuli to other immune cells to enhance an immune response. The CD8+ T 
cells, also known as cytotoxic T cells, can recognize and eliminate infected and 
cancerous cells by secreting toxic agents. Despite the fact that cytotoxic cells are 
able to recognize and kill cancer cells, a large part of the population still has to 
deal with cancer.

Cancer cells can inhibit the immune system by secreting anti-inflammatory 
cytokines and facilitate expression of immune “checkpoints” such as the CTLA-4 
and PD-1 molecules on T cells. Blocking these two receptors with antibodies 
seems to be a promising cancer treatment, especially in melanoma patients. 
However, not all patients respond to this form of therapy and therefore many 
studies are aimed at unravelling the underlying mechanisms. There are indications 
that patients who do not have T cell infiltration into the tumor respond poorly 
to checkpoint inhibition therapy. A possible way to boost the immune response is 
through vaccination. 

Each vaccine consists of antigens (fragments of pathogens or cancer cells) and 
an adjuvant, immune-stimulatory substances that activate DCs. To eliminate 
cancer cells you need good CD8+ T cells. To induce tumor-specific CD8+ T cells 
through vaccination, efficient internalization of the vaccine by DCs is essential, 
as well as presentation in MHC class I molecules present on the cell surface. 
In Chapter 2, we looked at the DC-specific C-type lectin receptor (CLR) DC-
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SIGN, a receptor that binds certain sugars (such as: Lewis A, B, X and Y and 
mannose). Conjugating melanoma antigens to DC-SIGN-specific antibodies 
stimulated uptake and activated melanoma-specific CD8+ T cells. We also show 
in Chapter 2 that an adjuvant, in this case a TLR4 agonist, not only leads to 
the expression and secretion of immune-stimulating molecules, but also has an 
effect on the intracellular antigen routing. This possibly leads to a more efficient 
presentation of the antigens to T cells.

Melanoma antigens can also be directly conjugated to sugar structures (glycans), 
which are the natural ligands for the CLRs DC-SIGN and Langerin. Both CLRs 
can be found on antigen presenting cells present in the skin. DC-SIGN+ dermal 
DCs are located in the dermal layer of the skin, while the  Langerin+ Langerhans 
cells are located in the epidermal layer of the skin. Previous research has shown 
that DC-SIGN and Langerin prefer conjugates with a different molecular 
weight. Langerin binds peptides that are linked to a sugar, while DC-SIGN binds 
glycan-coated liposomes. Liposomes are larger lipid-containing vesicles that can 
incorporate antigens. In Chapter 3 we investigated whether we could design a 
construct that would both bind Langerin and DC-SIGN. By attaching sugars 
to various antigenic structures, we have developed a molecule with a molecular 
weight of approximately 100kD, coupled to a Lewis Y (LeY) glycan that binds 
both Langerin and DC-SIGN. This allows multiple CLRs to bind the same 
molecule, so multiple antigen-presenting cell types can be targeted to enhance 
anti-tumor immune responses.  

To induce the widest possible range of different T cells for optimal tumor 
recognition and destruction, a vaccine should contain multiple antigens. These 
antigens may be overexpressed self-antigens or antigens that originate from 
mutations in the tumor cell. This last type of antigens, the neo-antigens, are 
specific to the tumor and therefore not subject to immune tolerance, a mechanism 
that protects us from immune responses to self-antigens. The tumor itself is a 
potent source of these tumor-specific neo-antigens. In Chapter 5 we investigated 
the use of tumor material as a source for tumor-specific antigens. Induction of 
controlled cell death in glycan-modified melanoma cells results in the formation 
of extracellular vesicles (EVs) that express oligomannose glycans on their surface 
membrane. Oligomannoses are a natural ligand of DC-SIGN and expression of 
these glycans on the surface of the vesicles results in an increased uptake and 
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presentation of tumor-specific antigens by DCs to T cells. In Chapter 6 we 
modified the EVs of a glioblastoma cell line by incorporating the LeY glycans into 
the vesicle membrane. The EVs bound the DCs through DC-SIGN resulting in 
an increased uptake compared to the unmodified EVs. The glycan modification 
of vesicles from tumor cells is therefore a very potent carrier of patient-specific 
antigens for vaccination strategies.

In Chapter 7 we show that “outer membrane vesicles” (OMVs) derived from the 
gram-negative bacterium Salmonella typhimurium activate DCs via the binding 
of lipopolysaccharide to Toll-like receptors on the DC. This triggers a signalling 
cascade in the cell that leads to the expression of immune-stimulating receptors 
on the surface of both mouse and human DCs. DCs loaded with ovalbumin-
enriched OMVs were able to activate CD8+ T cells. This makes OMVs an 
attractive vaccination product, containing both adjuvant and antigen. 

In Chapter 8 we have looked at an alternative way of antigen delivery to DCs, 
not through sugar structures, but through coupling of a fatty acid tail. By linking 
a fatty acid tail to an antigen, DCs can be efficiently loaded with antigens, 
because the construct inserts into the cell membrane, a double lipid structure. We 
have demonstrated that this mechanism leads to a rapid uptake of antigens and 
efficient presentation to the T cell. We have demonstrated both in vitro and in 
vivo that efficient loading of DCs with these peptides results increased activation 
of melanoma-specific T cells.  

In conclusion, in this thesis we describe that antigen uptake by DCs can be 
stimulated by conjugating them to sugars or lipids. Antigens that are specifically 
targeted to DCs and Lagerhans cells induce anti-tumor immunity and, combined 
with the appropriate adjuvant, they are promising constructs for cancer vaccination 
strategies.
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Dutch summary

Het immuunsysteem is essentieel voor ons bestaan door bescherming te bieden 
tegen ziekteverwekkers (pathogenen) van buitenaf. Naast het herkennen van 
ziekteverwekkers kan het immuunsysteem ook kankercellen herkennen en 
onschadelijk maken. Het recente klinische succes van immuuntherapie benadrukt 
de rol die het immuunsysteem kan spelen in de behandeling van kanker in de 
toekomst. Dendritische cellen (DCs) zijn belangrijke cellen die vaak aan de 
basis staan van een immuunreactie. DCs zijn antigeen-presenterende cellen 
die pathogenen herkennen, deze opnemen en kleine stukjes hiervan (peptiden) 
presenteren op hun celoppervlak. Verschillende immuunstimulerende structuren 
die aanwezig zijn op deze pathogenen activeren DCs, waarna ze migreren naar de 
lymfeklieren. Daar presenteren de DCs de peptiden aan T-cellen in combinatie 
met activerende moleculen die de DCs tot expressie brengen op hun celmembraan. 
Deze combinatie van antigeenpresentatie en immuunstimulatie leidt tot activatie 
van antigeen-specifieke T-cellen in de lymfeklieren. Er zijn twee type T-cellen 
aanwezig in de lymfeklieren: de CD8+ T-cellen en de CD4+ T-cellen.  Deze laatste 
worden ook de CD4 helper cellen genoemd en zij geven extra stimuli aan andere 
immuuncellen om een immuunreactie te versterken. De CD8+ T-cellen, ook 
wel cytotoxische T-cellen genoemd, kunnen heel specifiek geïnfecteerde cellen 
of kankercellen herkennen en uitschakelen door het uitscheiden van celdodende 
stoffen. Ondanks dat cytotoxische T-cellen in staat zijn om kankercellen te 
herkennen en onschadelijk te maken, krijgt nog steeds een groot deel van de 
bevolking te maken met kanker. 

Kankercellen kunnen het immuunsysteem remmen door het uitscheiden van 
anti-inflammatoire cytokines en faciliteren expressie van immuun ‘checkpoints’, 
zoals de CTLA-4 en PD-1 moleculen op T-cellen. Het blokkeren van deze twee 
receptoren met antistoffen als kankerbehandeling lijkt veelbelovend, voornamelijk 
in melanoompatiënten. Toch reageren niet alle patiënten op deze vorm van therapie 
en daarom zijn veel onderzoeken erop gericht om de achterliggende mechanismen 
te ontrafelen. Er zijn aanwijzingen dat patiënten die geen infiltratie van T-cellen 
in de tumor hebben slechter reageren op checkpoint inhibitie therapie. Een 
mogelijke manier om de immuunrespons extra aan te zwengelen is via vaccinatie.

Elk vaccin bestaat uit antigenen (deeltjes van ziekteverwekker of kankercellen) en 
een adjuvans, immuunactiverende stoffen die DCs activeren. Om kankercellen te 
elimineren heb je goede CD8+ cytotoxische T-cellen nodig. Om middels vaccinatie 
tumor-specifieke CD8+ T-cellen te induceren is het essentieel dat het vaccin 
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efficiënt door DCs wordt opgenomen en op het celoppervlak gepresenteerd wordt 
in MHC klasse I moleculen. In hoofdstuk 2, hebben we gekeken naar de DC-
specifieke C-type lectine receptor (CLR) DC-SIGN, een receptor die specifieke 
suikers (zoals: Lewis A, B, X en Y en mannose) bindt en vervolgens opneemt. Door 
melanoomantigenen te koppelen aan DC-SIGN-specifieke antistoffen werd de 
opname gestimuleerd en melanoom-specifieke CD8+ T-cellen geactiveerd. Tevens 
laten we in hoofdstuk 2 zien dat een adjuvans (in dit geval een TLR4 agonist) niet 
alleen leidt tot de expressie en secretie van immuunstimulerende moleculen, maar 
ook effect heeft op de route die de antigenen in de DC afleggen, wat mogelijk 
leidt tot een efficiëntere presentatie van de antigenen aan T-cellen.

Melanoomantigenen kunnen ook direct worden gekoppeld aan suikerstructuren 
(glycanen), de natuurlijke liganden van DC-SIGN en Langerin, beide CLRs 
die in de huid voorkomen. DC-SIGN+ dermale DCs bevinden zich in de 
dermale laag van de huid (lederhuid), terwijl de Langerin+ Langerhans cellen 
in de epidermale laag van de huid (opperhuid) zitten. Eerder onderzoek heeft 
aangetoond dat DC-SIGN en Langerin verschillende structuren met een ander 
moleculair gewicht prefereren. Langerin bindt peptiden die gekoppeld zijn aan 
een suiker, terwijl DC-SIGN glycaan gecoate liposomen bindt. Liposomen 
zijn grotere vetblaasjes die antigen kunnen bevatten. In hoofdstuk 3 hebben wij 
onderzocht of we een construct konden ontwerpen dat zowel Langerin als DC-
SIGN bindt. Door suikers aan verschillende antigeenstructuren te bevestigen 
hebben we een molecuul ontwikkeld met een gewicht van ongeveer 100kD, 
gekoppeld aan een Lewis Y  (LeY) glycaan dat zowel Langerin als DC-SIGN 
bindt. Hiermee kan met één molecuul meerdere CLRs gebonden worden, 
waardoor meerdere antigeenpresenterende celtypen efficiënt worden beladen en 
anti-tumor immuunresponsen kunnen worden versterkt. 

Om een zo een breed mogelijk scala van verschillende T-cellen te induceren voor 
optimale tumorherkenning en destructie, kan een vaccin meerdere antigenen 
bevatten. Deze antigenen kunnen zelf-antigenen zijn die in tumor hoger tot 
expressie worden gebracht of antigenen die zijn ontstaan door mutaties in de 
tumorcel. Het laatste type antigenen, de neo-antigenen, zijn specifiek voor de 
tumorcel en daarom niet onderhevig aan immuuntolerantie, een mechanisme 
dat ons beschermt voor immuunreacties tegen lichaamseigen antigenen. Een 
goede bron van tumor-specifieke antigenen is de tumor zelf. In hoofdstuk 5 
hebben we onderzocht hoe we tumormateriaal kunnen gebruiken als een bron 
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voor tumorspecifieke antigenen. Door de inductie van gecontroleerde celdood in 
glycaan-gemodificeerde melanoomcellen ontstaan celfragmenten (extracellular 
vesicles, EVs) die deze glycanen (oligomannose) tot expressie brengen op hun 
membraanoppervlak. Oligomannose is een natuurlijk ligand van DC-SIGN en 
expressie van deze glycanen op het oppervlak van de vesicles resulteert in een 
verhoogde opname en presentatie van tumor-specifieke antigenen door DCs aan 
T-cellen. In hoofdstuk 6 hebben we EVs van een glioblastoom cellijn gemodificeerd 
door middel van de incorporatie van de LeY glycanen in het vesicle membraan. 
De EVs bonden de DCs middels DC-SIGN en werden beter opgenomen dan 
de niet-gemodificeerde EVs. De glycaanmodificatie van vesicles afkomstig van 
tumorcellen is een zeer potente bron van patiënt-specifieke antigenen voor 
vaccinatie strategieën.  

In hoofdstuk 7 laten we zien dat ‘outer membrane vesicles’ (OMVs) afkomstig van 
de gram-negatieve bacterie Salmonella typhimurium DCs activeren via de binding 
van lipopolysaccharide aan Toll-like receptoren op de DC. Hierdoor worden 
eiwitten in de cel aangezet die leiden tot de expressie van immuunstimulerende 
receptoren op het oppervlak van zowel muis als humane DCs. DCs die beladen 
waren met OMVs en het antigeen ovalbumine bevatten waren instaat om CD8+ 
T-cellen te activeren. Hiermee zijn OMVs een aantrekkelijk product dat zowel 
adjuvantia als antigenen kan bevatten.

In hoofdstuk 8 hebben we gekeken naar een alternatieve manier van DC belading 
met tumor antigenen. Dit keer niet middels suikerstructuren, maar middels een 
vetstaart. Door het koppelen van een vetstaart aan een antigeen kunnen DCs 
efficiënt met antigenen beladen worden, doordat het construct zich met de vetstaart 
in het celmembraan, een dubbel lipide structuur, nestelt. Wij hebben aangetoond dat 
dit mechanisme leidt tot een snelle opname van antigenen en een efficiënte route 
voor antigeenpresentatie aan de T cel. We hebben zowel in vitro als in vivo laten 
zien dat efficiënte belading van DCs met deze peptiden resulteert in een toename 
van geactiveerde melanoom-specifieke T-cellen. 

Concluderend, in dit proefschrift beschrijven we dat antigeen opname door DCs 
gestimuleerd kan worden door ze te conjugeren aan suikers en vetten. Antigenen 
die specifiek worden ‘getarget’ naar DCs en Lagerhans cellen induceren anti-
tumor immuniteit en zijn, gecombineerd met het juiste adjuvans, veelbelovende 
constructen voor kankervaccinatie strategieën.  
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