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Induction of tumor-specific cytotoxic CD8+ T cells (CTLs) via
immunization relies on the presentation of tumor-associated
peptides in major histocompatibility complex (MHC) class I
molecules by dendritic cells (DCs). To achieve presentation of
exogenous peptides into MHC class I, cytosolic processing
and cross-presentation are required. Vaccination strategies
aiming to induce tumor-specific CD8+ T cells via this exoge-
nous route therefore pose a challenge. In this study, we describe
improved CD8+ T cell induction and in vivo tumor suppression
of mono-palmitic acid-modified (C16:0) antigenic peptides,
which can be attributed to their unique processing route, effi-
cient receptor-independent integration within lipid bilayers,
and continuous intracellular accumulation and presentation
through MHC class I. We propose that this membrane-inte-
grating feature of palmitoylated peptides can be exploited as
a tool for quick and efficient antigen enrichment and MHC
class I loading. Importantly, both DCs and non-professional
antigen-presenting cells (APCs), similar to tumor cells, facili-
tate anti-tumor immunity by efficient CTL priming via DCs
and effective recognition of tumors through enhanced presen-
tation of antigens.

INTRODUCTION
Despite the success of immune checkpoint inhibitor (ICI) therapy,
numerous advanced-stage melanoma patients still do not experience
clinical benefit.1–3 Cancer vaccines could potentially initiate de novo
or boost existing anti-tumor T cell responses in these patients. Howev-
er, therapeutic vaccination to treat cancer has proved to be challenging,
as the induction of adequate immune responses needs to overcome the
immune dampening mechanisms that sustain the disease. One of the
hurdles in vaccine-induced anti-tumor immunity is the induction of
robust cytotoxic CD8+ T lymphocyte (CTL) responses, which is vital
for tumor killing. Dendritic cells (DCs) are key players in this process,
as they have the unique capacity to take up exogenous antigens for pre-
sentation to both CD4+ T helper (Th) cells and CTLs in the lymph no-
Molecu
This is an open access article under t
des.4 The intracellular mechanisms of exogenously derived antigen
cross-presentation on major histocompatibility complex (MHC) class
I byDCs, and the identification of themain cross-presentingDC 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 conventional DCs (cDC1s).5 In contrast,
human in vitro studies have shown that beside cDC1s, also cDC2s,
plasmacytoid DCs (pDCs), dermal DCs (e.g., CD1a+ dDCs and
CD14+ dDCs), human in vitro-generated monocyte-derived DCs
(moDCs), and Langerhans cells (LCs) (e.g., CD1a+Langerin+

EpCAM+) are able to cross-present exogenous antigen.6–11 Efficient
antigen delivery to DCs is important to reach optimal induction of
T cell responses, and different (receptor) targeting strategies or peptide
modifications have already been investigated. DC-specific receptors,
for example the C-type lectin receptors (CLRs) DEC205, CLEC9A,
DC-SIGN, and Langerin, have been extensively studied as targets for
vaccine delivery.9,12–14Multiple CLRs were shown to be promising tar-
gets by facilitating the induction of efficient cross-presentation of tu-
mor antigens; however, these targeting strategies were mostly limited
to selected DC subsets.15 Another potential drawback of using recep-
tors as targeting molecules is related to inherent receptor dynamics.
Non-recycling CLRs, such as DC-SIGN, can only take up a limited
amount of antigen.16Moreover, not all DC targeting ligands are routed
into efficient cross-presentation pathways.17

Interestingly, already in the 1980s, Hopp and colleagues18 found that
conjugation of a fatty acid moiety to a hepatitis virus epitope
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B Figure 1. Palmitic acid-conjugated peptides induce

enhanced 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 h and

co-cultured o/n with gp100-specific CD8+ T cells. IFNɣ

secretion was used as a measure for T cell activation. Data

are presented asmean±SEMof six individual experiments,

measured in triplicate. Statistical analyses were performed

using a two-way ANOVA with a Sidak post hoc multiple

comparison test. ***p < 0.001. (B) OVA257–264/323–339- and

C16:0 OVA257–264/323–339-loaded BMDCs were co-

culturedwithOT-I T cells for 3 days.Mean±SEMmeasured

in triplicate. Data are representative of three individual

experiments. Statistical analyses were performed using a

two-wayANOVAwithaSidakposthocmultiplecomparison

test. **p < 0.01, ***p < 0.001. (C) moDCs were pulsed with

different concentrations of gp100280–288/45–59 or C16:0

gp100280–288/45–59 for 3 h and co-cultured o/n with gp100-

specific CD4+ T cells. IFNɣ secretion was used as a

measure for T cell activation. Data are presented asmean±

SEM measured in triplicate and representative of three

individual experiments (D) gp100280–288/45–59 and C16:0

gp100280–288/45–59 (30 mM) were injected intradermally into

human skin with (black line) or without (blue line) GM-CSF/

IL-4. At the site of injection punch biopsies were taken and

cultured for 2 days. Themigrated skin APCswere collected

and co-cultured o/nwith gp100-specificCD8+ T cells. IFNɣ

secretion was used as a measure for T cell activation. Data

of two individual donors per condition are shown.
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significantly improved antibody (Ab) responses. Since then, many
studies have been conducted studying peptides modified with a single
palmitic acid (palmitoylation) and highlighted their potential for
increasing immunogenicity of peptide-based vaccination strate-
gies.19–22 However, the underlying mechanisms for enhanced immu-
nogenicity are not entirely elucidated, and the characteristics of the
position and spacer sequence of the lipid vector seem to determine
its processibility.23 As such, peptide mono-palmitoylation on lysine
residues on either the C- or N-terminus of two different synthetic lip-
opeptides was shown to induce efficient CD8+ T cell activation, but
interestingly they were processed via different routes.24 Moreover,
direct mono-palmitoylation to the N-terminal backbone of a viral
peptide was unable to induce CTLs.25 Additional detailed studies
are warranted to further elucidate the immunogenicity of mono-pal-
mitoylated antigens and the associated processing pathways to further
optimize vaccination strategies.

In this study, we describe that mono-palmitoylation directly on the
N-terminus of synthetic long peptide enhances CD8+ and CD4+

T cell activation and induces in vivo tumor suppression. We show
that the superior cross-presentation of palmitoylated peptides results
from efficient cytosolic proteasome-dependent degradation, but also
vacuolar processing. Additionally, we demonstrate that mono-palmi-
toylated peptides effectively integrate in membranes and are effi-
ciently internalized by DCs independent of recycling receptors.
This membrane integration and cross-presentation capacity is not
exclusively attributed to DCs, but also to non-professional antigen-
316 Molecular Therapy: Oncolytics Vol. 21 June 2021
presenting cells (APCs), such as tumor cells or tumor-derived vesi-
cles. Moreover, loading of tumor cells with palmitoylated peptide en-
hances sensitivity to CTL-mediated killing. We therefore propose a
novel application of the use of palmitoylated peptides, in which
they can be exploited as a tool for enrichment of peptide/MHC class
I complexes and subsequent activation of CTLs, following effective
recognition and killing of tumor cells.

RESULTS
Palmitoylated peptides are efficiently presented by mouse and

human APC subsets in vitro, resulting in potent CD8+ and CD4+

T cell activation

To assess the anti-tumor potential of modified antigens, synthetic long
peptides containing the dominant MHC class I and II epitopes of the
human melanoma antigen gp100 (gp100280–288/45–59) and the mouse
model antigen ovalbumin (OVA257–264/323–339) were synthesized and
conjugated to palmitic anhydride (C16:0), creating mono-palmitoy-
lated peptides. Co-culture of mono-palmitoylated C16:0 peptide-
pulsed human moDCs (Figure 1A) or mouse bone marrow-derived
DCs (BMDCs) (Figure 1B) with either gp100-specific or OVA-specific
(OTI) CD8+ T cells, respectively, showed a highly robust induction of
CD8+ T cells, as reflected by secretion of interferon (IFN)g and T cell
proliferation, that was significantly increased compared to peptide
pulsed conditions. Similar results were observed with CD4+ gp100-
specific T cells, where palmitoylated peptide outperformed unmodified
peptide in the induction of antigen-specific T cells (Figure 1C). It
has previously been suggested that palmitoylated antigens induced
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Toll-like receptor (TLR)-mediated DC activation.26 Analysis on the
activation status of DCs revealed that incubation of moDCs with pal-
mitoylated peptide did not induce increased expression on the matura-
tion markers CD80, CD83, CD86, and human leukocyte antigen
(HLA)-DR (Figure S1). Therefore, increased T cell activation was not
related to phenotypic changes in DCs. Next, the potency of C16:0 pep-
tides in terms of delivering antigens to human skin-resident APCs as a
vaccination strategy was evaluated. To this end, gp100 C16:0 and un-
modified gp100 peptides were injected into the dermis of human
ex vivo skin explants with or without supplementation of the often
used adjuvant combination granulocyte-macrophage colony-stimu-
lating factor (GM-CSF)/interleukin (IL)-4.27 Next crawl-out cells,
which have a mixed phenotype,28 were harvested 48 h after injection,
stained for the presence of C16:0 peptide, or co-cultured with gp100-
specific CD8+ T cells. Interestingly, in the context of the human skin
tissue microenvironment, vaccination with C16:0 gp100 peptide led
to uptake in multiple skin DC subsets (Figure S2) and resulted in
improved presentation to gp100-specific CD8+ T cells compared to un-
modified gp100 peptides, as reflected by increased levels of IFNg in the
supernatant (Figure 1D). Collectively, these data show that multiple
DC subsets efficiently process and present C16:0-modified peptides, re-
sulting in the activation and induction of antigen-specific CD8+ and
CD4+ T cells in vitro and ex vivo.

C16:0 peptides induce robust CD8+ T cell responses in vivo and

enhanced tumor suppression

After validating inmultiple in vitro assays that C16:0 peptides were su-
perior compared to unmodified peptides in facilitating efficient MHC
class I and MHC class II loading and subsequent presentation to
T cells, we aimed to elucidate the in vivo effects of C16:0 vaccination.
C57BL/6 mice were immunized subcutaneously (s.c.) with C16:0 or
unmodified OVA peptide supplemented with adjuvant (monoclonal
anti-CD40). At 7 days post-immunization (p.i.), blood-derived cells
were analyzed by fluorescence-activated cell sorting (FACS) for anti-
gen-specific CD8+ T cells using H-2kb-phycoerythrin (PE) SIINFEKL
tetramer (tet) (see gating strategy in Figure S3). As shown by the fre-
quency of SIINFEKL+ CD8+ T cells, immunization with C16:0 pep-
tides led to a significantly higher induction of antigen-specific
T cells compared to peptide-immunized mice (Figure 2A, left panel).
This difference was still present 21 days after an additional boost that
was given 14 days after the initial immunization (Figure 2A, right
panel). As a final test to assess whether cross-presentation of palmitoy-
lated synthetic long peptides to CD8+ T cells would lead to increased
tumor cell killing in vivo, B16-OVA tumor cells were injected s.c. into
immunocompetent C57BL/6 mice. Mice were divided into groups
based on equal palpable tumor size 9 days after tumor inoculation
(Figure 2B) and vaccinated with either palmitoylated or unmodified
constructs supplemented with adjuvant (agonistic CD40 Ab). An
additional boost vaccination was given 14 days after the initial vacci-
nation. Remarkably, there was an apparent reduction in tumor growth
in mice immunized with C16:0 peptides compared to peptide counter-
parts (Figure 2C), although no differences were found in the frequency
of antigen-specific CD8+ T cells in the blood on day 7 after vaccination
(data not shown). On average, tumors of C16:0-vaccinated mice grew
9.68 mm3 per day compared to 17.27 mm3 in peptide-immunized
mice as analyzed with the linear regression model (Figure 2D). Also,
survival of mice vaccinated with palmitoylated antigens increased
(Figure 2E), since four of six mice were still alive in the C16:0-immu-
nized group 49 days after the start of treatment compared to one of six
mice from the unmodified peptide group (Figure 2F). Overall, these
data confirm a beneficial effect of mono-palmitoylation of peptides
on anti-tumor responses in vivo.

Palmitoylated peptides follow a different processing route than

unmodified peptides and can be cross-presented by Batf3

knockout (KO) DCs

Since increased T cell activation was not related to phenotypic changes
in DCs (Figure S1), we further looked into possible underlying mech-
anisms leading to enhanced cross-presentation by investigating the
processing pathway of C16:0 peptides. Hereto, moDCs were treated
with different inhibitors interfering with peptide processing before
loading with C16:0 or unmodified peptides. After loading, moDCs
were co-cultured with gp100-specific CD8+ T cells, and IFNg levels
were measured as a readout for cross-presentation. Chloroquine was
used as an inhibitor for endosomal acidification, the leupeptin and
cathepsin S inhibitor for blocking of proteolysis, bortezomib to inter-
fere with the proteasome, and primaquine was used to hamper sur-
face-directed transport of recycling endosomes (Figure 3A). Using
this variety of inhibitors allowed us to determine whether the process-
ing of internalized exogenous C16:0 peptides differed from the pro-
cessing of unmodified peptides. Inhibition of the proteasome with bor-
tezomib exerted a significant inhibitory effect on processing and
presentation of C16:0 peptides to T cells compared to unmodified pep-
tide (Figure 3B). Moreover, blocking of proteolysis by the cathepsin S
inhibitor (Figure 3C) and blocking of endosomal acidification via chlo-
roquine (Figure 3D) affected presentation of C16:0 peptides, while no
differences were found for the presentation of unmodified peptide. In
contrast, reducing surface-directed transport of recycling endosomes
by primaquine only affected the presentation of unmodified peptides
(Figure 3E). No differences in IFNg secretion were found after co-cul-
ture of moDCs and T cells pre-incubated with leupeptin (data not
shown). Since trimmed peptides need to be loaded onto MHC class I
molecules and this can either occur in the endosomes or the endo-
plasmic reticulum (ER),29 we used brefeldin A (BFA) to block trans-
port from the ER to the Golgi,30 thereby inhibiting the ER-dependent
MHC class I loading implicated in the cytosolic pathway. Surprisingly,
we did not observe inhibition of cross-presentation by the moDCs
pulsed with the C16:0 peptide, whereas cross-presentation of the un-
modified peptide was inhibited by BFA (Figure 3F). Taken together,
these data suggest that the superior antigen presentation of C16:0 pep-
tides is the result of efficient cytosolic and vacuolar processing that is
different from unmodified peptide. Unmodified peptides seem to
form a peptide/MHC class I complex in vacuoles, illustrated by the
reduction in cross-presentationwhen surface transport of recycling en-
dosomes was blocked with primaquine, but interestingly unmodified
peptides also seem to be loaded onto MHC class I in the ER after pro-
cessing via the cytosolic pathway as seen by the BFA-induced inhibi-
tion of cross-presentation.
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Figure 2. C16:0 peptides induce robust CD8+ T cell responses in vivo and enhance tumor suppression

(A) C57BL/6 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 (tet) staining and cells were gated on live/single cells/CD4�/CD8+/tet+. Data points represent indivual mice ± SEM. Statistical

analyses were performed using a one-way ANOVA with a Tukey post hoc multiple comparison test. **p < 0.01, ***p < 0.001. (B) Tumor volume per group at start of s.c.

vaccination. Data represent mean ±SD of sixmice per group. (C) Tumor volume over time in the different treatment groups asmeasured by caliper. Data are shown asmean ±

SEM of six individual mice. (D) Linear regression analysis of tumor growth of OVA257–264/323–339- and C16:0 OVA257–264/323–339-immunizedmice. ***p < 0.001. (E) Survival plot

of mice per group. (F) Individual tumor growth curves of OVA257–264/323–339 (left panel) and C16:0 OVA257–264/323–339 (right panel)-immunized mice. In the OVA257–264/323–339

group, five of six mice developed a tumor >800 mm3, while two of six mice developed a tumor >800 mm3 in the C16:0 OVA257–264/323–339 group.
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If C16:0 peptides use a cross-presentation route that is different from
unmodified peptides, we reasoned that cross-presentation of mono-
palmitoylated peptides might not be reliant on the Batf3-dependent
professional cross-presenting DCs.5 To test this hypothesis, CD11c+

DCs from spleens of wild-type (WT) and Batf3 KO mice were
isolated, loaded with C16:0 or unmodified OVA peptides, and co-
cultured with OVA-specific CD8+ T cells (OT-I) (Figure 3G). Inter-
estingly, C16:0 peptide was efficiently cross-presented by CD11c+

DCs from Batf3 KO mice, whereas presentation of unmodified pep-
tides was significantly reduced, as reflected by CD8+ T cell activation
318 Molecular Therapy: Oncolytics Vol. 21 June 2021
(Figure 3H). Overall, we concluded that the preferential processing
route of C16:0 and unmodified peptides is not shared and that
C16:0 can be efficiently presented by APCs from Batf3 KO mice.

Palmitic acid-conjugated peptides efficiently integrate in

membranes of DCs and are quickly internalized independent of

recycling receptors

After assessing efficient cross-presentation of C16:0 and finding that
C16:0 peptides have a unique processing pathway compared to un-
modified peptide, we next looked into the initial step, that is, cell entry
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and internalization. To allow visualization of C16:0 peptides, we
generated gp100 peptides that include the influenza-derived hemag-
glutinin (HA) peptide sequence, to which high-affinity Abs are avail-
able. HA has an advantage over fluorochrome conjugation by not
altering tertiary structure through modification of amino acid side
chains. Incubation of moDCs with C16:0 peptides at 37�C revealed
that the HA signal of C16:0 peptides was preserved over time,
showing no decay of signal, suggesting that association of C16:0 pep-
tides with DCs was a continuous process (Figure 4A). Moreover, this
signal was superior compared to the control peptide. However, until
this point the exact localization of the C16:0 peptide, i.e., membrane
or intracellular, was unclear. Therefore DCs were incubated for
45 min at 4�C and stained with anti-HAAb conjugated to Alexa Fluor
(AF) 647 for detection of peptide membrane binding and with anti-
HA AF488 for intracellular detection of peptide. To check whether
staining with anti-HA-AF647 occupied all the membrane binding
sites of C16:0 peptide, DCs were fixed after staining and incubated
with anti-HA-AF488. No staining with anti-HA-AF488 was detected,
confirming saturation of anti-HA-AF647 in the first staining step
(Figure 4B, left panel). Subsequently, DCs were permeabilized to
allow staining of C16:0 peptides located in the intracellular space
with anti-HA-AF488. A strong signal for C16:0 peptide was measured
on the cell surface by anti-HA-AF647 and intracellularly by anti-HA-
AF488 (Figure 4B, middle and right panels), indicating efficient mem-
brane integration, but also internalization already at 4�C. Using stim-
ulated emission depletion (STED) super-resolution confocal micro-
scopy, we indeed confirmed strong and uniform integration of
C16:0 peptide in the cell membrane of DCs at 4�C (Figure 4C), sug-
gesting direct association of the lipid tail of the peptide with the lipid
bilayer of the cell. Unmodified peptide was not detectable in themem-
brane of DCs. To investigate whether the continuous uptake and
internalization of the C16:0 peptide could be explained by cellular re-
ceptors known for quick recycling, such as the mannose receptor
(MR), moDCs were depleted for glucose by 2-deoxy-D-glucose
(2DG) 30 min prior to the pulse with C16:0 peptide. Unconjugated
anti-MR Ab was used as a control. After incubating for 45 min at
4�C to only allow binding, cells were fixed and stained for the MR
or HA tag (Figure 4D). Reduction of surface expression levels of
MR after 2DG pre-treatment suggested efficient depletion of glucose
and reduced receptor recycling.31 However, no reduction in binding
of C16:0 peptide was observed after glucose depletion, implying
that the continuous uptake of C16:0 peptide was not dependent on
the binding to a fast-recycling receptor. Additionally, incubation of
DCs at 37�C after a loading step with C16:0 peptide at 4�C and
washing of the product revealed that the total amount of detectable
Figure 3. The addition of a single palmitic acid affects the processing pathway

moDCswere treated with different inhibitors or DMSO control (ctrl) 30min prior to and du

gp100-specific CD8+ T cells. IFNg secretion was determined by ELISA as a measure of

inhibitors. (B–F) Relative IFNg secretion induced by co-culture of gp100-specific CD8+ T

pre-treated with (B) bortezomib, (C) cathepsin S inhibitor, (D) chloroquine, (E) primaquine

subtraction of background (IFNg levels of unpulsed moDCs). Symbols represent th

a paired Student’s t test. *p < 0.05, ***p < 0.001. (G) Overview of experimental setup for a

co-culture with C16:0 or unmodified peptide in WT and Batf3 KO BMDCs. Statistical a
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HA tag decreased over time, not only implying rapid internalization,
but also rapid processing of the C16:0 peptide (Figure 4E). Taken
together, these data suggest that next to a differential processing,
the increased binding and uptake of C16:0 peptides compared to
unmodified peptide facilitates increased cross-presentation and
anti-tumor responses. Moreover, it seems that internalization of
C16:0 peptides is not mediated via recycling receptors or active re-
arrangement of membranes, but that it is rather an energy-indepen-
dent, immediate, and continuous process.

Palmitoylated peptides as a tool for antigen enrichment in tumor

cells and tumor-derived apoptotic vesicles for enhanced

presentation on MHC class I and subsequent recognition by

CTLs

The fact that palmitoylated peptides possess the capability to integrate
into membranes of DCs in an energy and recycling receptor-indepen-
dent manner led us to hypothesize that synthetically palmitoylated
peptides possess a membrane binding ability that is applicable to
any lipid bilayer. Therefore, next to murine and human DCs, the hu-
man melanoma cancer cell lines Mel-JuSo and Mel-BRO, the
leukemic THP-1 cell line, and the B cell lymphoblastoid cell line JY
were incubated with C16:0 or unmodified peptide for 45 min at
4�C. While the unmodified peptide was not detectable, a strong
anti-HA signal was detected in all cells pulsed with C16:0 peptides
(Figure 5A), confirming our hypothesis that palmitoylated peptides
possess a unique capability to integrate into lipid bilayers. Next, we
postulated that, because of this bilayer integrating feature and their
efficient loading into MHC class I, C16:0 peptides might be used as
an efficient tool to enrich tumor cells with MHC class I/peptide com-
plexes. Since the effector phase of T cell-mediated anti-tumor re-
sponses relies on the presentation of tumor antigens in the context
of MHC class I by the tumor cells, and insufficient presentation of
antigenic peptides in MHC class I hampers CTL-mediated tumor
killing, loading of tumor cells with C16:0 peptides would perhaps
allow for improved tumor recognition and killing by antigen-specific
CD8+ T cells. Indeed, loading of human leukemic THP-1 cells (Fig-
ure 5B), as well as murine glioblastoma GL261 cells (Figure 5C),
with C16:0 peptide to enrich gp100 epitope expression on MHC class
I increased killing of tumor cells by gp100-specific MHC class
I-restricted CD8+ T cells. Finally, we reasoned that antigen enrich-
ment could also be established using non-cellular lipid membranes.
Especially tumor-derived extracellular vesicles provide a possible
attractive source to induce patient-specific anti-tumor-immunity,
whose antigenic content could be further enhanced by C16:0 peptides.
To test this hypothesis, apoptotic cell-derived extracellular vesicles
of antigens

ring the 3 h antigen pulse. Thereafter, moDCswere washed and co-cultured o/n with

T cell activation. (A) Illustration of interference in antigen processing by the different

cells with gp100280–288/45–59- or C16:0 gp100280–288/45–59-pulsed moDCs that were

, and (F) brefeldin A. Data are represented as relative to the short peptide control after

e mean of triplicates of seven donors. Statistical analyses were performed with

ntigen presentation with DCs from Batf3 KOmice. (H) Proliferation of OT-I cells after

nalysis was performed with a Student’s t test. **p < 0.01.
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targeting moiety that allows for continuous loading

and processing

(A) HA signal at different time points in fixed and

permeabilized moDCs that were pulsed with

10 mM gp100280–288/45–59 (black circles) or C16:0

gp100280–288/45–59 (black squares) for 45min at 4�C, after
which moDCs were transferred to a 37�C incubator

without washing away the product. Data are shown as

mean ± SEM of three individual experiments. (B) Mem-

brane-bound HA signal (AF647, upper panel) and intra-

cellular HA signal (AF488, lower panel) of moDCs that

were pulsed with C16:0 peptide or left untreated for

45 min at 4�C with and without permeabilization. (C)

Visualization of the membrane localization of the C16:0

gp100280–288/45–59-HA peptide in BMDCs after a 45-min

incubation at 4�C determined by STED confocal micro-

scopy. (D) Mannose receptor (MR) and C16:0 peptide HA

detection in moDCs treated with glucose depletion me-

dium prior to the antigen pulse (45 min at 4�C). Data are

shown as mean ± SEM of four individual experiments.

Statistical analyses were performed with a paired Stu-

dent’s t test. **p < 0.01. (E) Decay of membrane and total

(membrane + intracellular) HA signal at different time

points in moDCs that were pulsed with 10 mM C16:0

gp100280–288/45–59. Graphs are presented as mean ±

SEM of three individual experiments.
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(ApoEVs) were generated from a gp100-expressing melanoma tumor
cell line (Mel-JuSo)32 and pulsed with C16:0 peptide for 30 min,
before their addition to moDCs (Figure 5D). moDCs loaded with
C16:0 peptide-enriched ApoEVs induced superior tumor antigen-
specific T cell activation (Figure 5E). These data therefore confirm
that the membrane-integrating capacity of C16:0 is extended into
enhanced cross-presentation, even by non-professional APCs, such
as tumor cells, and additionally these results provide evidence that
C16:0 peptides can be used to enrich tumor-derived vesicles with an-
tigens. C16:0 peptides thus provide an attractive and efficient plat-
form to increase MHC class I peptide presentation, recognition,
and subsequent killing by antigen-specific T cells.

DISCUSSION
Presentation of antigen-derived peptides in MHC class I molecules is
vital for the induction and priming of CTL-mediated anti-tumor im-
munity and for the subsequent recognition and killing of the tumor
cells by CTLs. For the generation of strong effector CTLs the effi-
ciency of DCs to cross-present antigen is crucial, and this has been
a hurdle in many vaccination studies. Moreover, proper and sufficient
presentation of antigens on tumor cells is a second deficit, limiting
CTL recognition and killing activity. In this study, we show that the
conjugation of a single palmitic acid (C16:0) to a synthetic long anti-
genic peptide greatly improved the binding and uptake, which was
followed by a different intracellular processing route for loading in
MHC class I, leading to strong CTL activation and tumor suppres-
sion. Since the palmitoylation of antigen allows non-targeted associ-
ation with the cell membrane, the increased antigen presentation is
achieved in multiple DC subsets. Moreover, C16:0 peptide loading al-
lowed for an increased peptide/MHC complex density on the surface
of tumor cells, resulting in better MHC class I-mediated recognition
by antigen-specific T cells, in turn leading to improved antigen-spe-
cific tumor killing. Thus, modification of antigen-encoding peptides
with C16:0 provides a multi-pronged improvement of antigen-spe-
cific CTL responses, CD4+ T cell activity, and recognition of tumor
cells, affecting both the induction and effector phase of anti-cancer
immunity.

The increased immunity of palmitoylated peptides has been described
before, and interestingly some palmitoylated vaccine formulations
have also shown promising result in clinical trials.33–37 However, pal-
mitoylation exists in different forms, and most previous studies looked
at di-or tri-palmitoylation or mono-palmitoylation that was estab-
lished using a lysine-palmitic acid building block or direct linkage at
the C-terminus.19–25 In the present study, we investigated direct
mono-palmitoylation to the amino acid at the N-terminal end, which
is amore cost-effectivemethod, andwe found that multiple DC subsets
could efficiently present mono-palmitoylated antigens, resulting in
increased induction of antigen-specific CD8+ and CD4+ T cell re-
sponses. Additionally, we demonstrate that immunization with palmi-
toylated peptides enhanced suppression of B16-OVA tumors in vivo.

Mono-palmitoylated peptide vaccines were initially developed to
create a self-adjuvanting peptide vaccine, through the supposed
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Figure 5. Exploiting the membrane-integrating capability of C16:0 peptides as a tool for antigen enrichment in tumor cells and tumor-derived apoptotic

vesicles

(A) HA signal in DCs (humans and mice) and different tumor cell lines (JY, THP-1, Mel-JuSo, and Mel-BRO cells) that were pulsed with 10 mM gp100280–288/45–59 or 16:0

gp100280–288/45–59 for 45 min at 4�C. Data shown are representative of multiple individual experiments. (B) Viability of human THP-1 cells (leukemia) and (C) murine GL261

(glioblastoma) tumor cells that were pulsed with 10 mM C16:0 gp100280–288/45–59 or C16:0 OVA257–264/323–339 and co-cultured with antigen-specific T cells (gp100 CD8+

T cells/CD8+ T cells from OVA-immunized mice). Data show representative experiment measured in triplicate. (D) Overview of experimental setup for antigen enrichment of

apoptotic extracellular vesicles. (E) IFNg secretion by gp100-specific CD8+ T cells after co-culture with moDCs that were incubated with apoptotic cell-derived extracellular

vesicles (ApoEVs) which were first loaded with 10 mM C16:0 gp100280–288/45–59. Data are presented as mean ± SEM of three individual experiments, measured in triplicate.
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binding of palmitic acid to TLR2.38 Antigens conjugated to Pam3
(CysSerLys4) have been shown to activate APCs through TLR2 and
to induce enhanced T cell responses in vivo.39–41 However, there is
322 Molecular Therapy: Oncolytics Vol. 21 June 2021
no consensus in the literature regarding the maturation capacity of
mono-palmitoylated peptides, as they bear little structural resem-
blance with bacterial-derived TLR2 ligands,42 and the bond between
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the peptide and lipid tail and the site of attachment (N-terminal or
C-terminal) differs between vaccine formulations.43 Herein we
report, in line with findings of Andrieu et al.,24 that mono-palmitoy-
lation of peptides did not have DC maturation properties and there-
fore C16:0 peptides could be paired with any adjuvant of choice. This
is important to note, as specific TLR agonists can affect cross-presen-
tation,16,44,45 which could potentially influence T cell priming and
further enhance peptide-based vaccination strategies. Also, pairing
of C16:0 peptides with adjuvants that recruit moDCs to the site of in-
jection such as AddaVax could be an interesting strategy.46

Using different inhibitors, we demonstrate that the processing of
C16:0 peptides follows a different route from that of unmodified pep-
tides. Clearly, processing of C16:0 peptides relied on proteasomal
degradation in the cytosol, endosomal acidification, and vacuolar
processing via cathepsin S. In our hands, BFA did not affect the pro-
cessing of the C16:0 gp100 peptides for presentation to CD8+ T cells,
suggesting that loading of C16:0 gp100 on MHC class I does not rely
on Golgi transport. Other studies have reported that processing of
mono-palmitoylated antigens was exclusively dependent on protea-
somal degradation19 and also dependent on Golgi transport,24 which
is in contrast with our findings. A possible explanation could be that
in both studies a palmitic acid lysine building block was used
compared to the direct N-terminal palmitic acid conjugation used
in our study. This discrepancy highlights once again that the chemical
formulation is critical for determining the intracellular fate of the pal-
mitoylated peptide. In accordance, Verheul et al.23 showed that the
spacer sequence between the epitope sequence and palmitic acid is
causal for its immunogenicity. The question therefore remains what
exact formulation and which corresponding processing route will ul-
timately lead to the most efficient epitope presentation into MHC
class I and thus poses the best strategy for peptide-based vaccines.

We show that C16:0-modified peptides efficiently bind the cell surface
of cells and quickly enter the cell. Their internalization was not (recy-
cling) receptor-mediated, as the uptake was a continuous process and
the membrane binding was not inhibited after lowering expression of
recycling receptors on the membrane by glucose depletion. Our data
suggest that C16:0-modified peptides can incorporate into lipid bila-
yers, a mechanism that is also physiologically used by cells to shuttle
proteins between lipid bilayers.47 This notion was supported by the
observation that C16:0 peptides were concurrently detected in the
extracellular and the intracellular space, when kept at a low
temperature.

The fact that C16:0-modified peptides target lipid bilayers instead of
DC subset-restricted receptors potentially exploits the cross-priming
capacities of multiple DC subsets, as C16:0-modified peptides accumu-
lated in all skin-resident DCs. Interestingly, incubation of tumor cells
with mono-palmitoylated peptides resulted in efficient recognition by
CTLs followed by enhanced killing. Cross-presentation of exogenous
peptides is normally reserved to DCs, but this finding suggests that
cross-presentation of C16:0 peptides is independent of any DC-related
function. As such, any cell type could be made to cross-present after
loading with C16:0 peptides. To further utilize this feature, intra-tu-
moral injections of C16:0 peptides suggest an interesting mode of
application, and future studies need to be conducted to fully prove
the feasibility of this strategy. However, intra-tumoral injection of
the H-2Db-restricted HPV16 E749-57 peptide combined with the
TLR3 ligand polyinosinic-polycytidylic acid (poly(I:C)) has already
been shown to be effective. After intra-tumoral injection, increased fre-
quencies of E7-specific tumor-infiltrating lymphocyte (TIL) CD8+

T cells were detected and survival in vivo was prolonged compared
to intra-muscular vaccination.48 Additionally, a significant increase
of E7 tetramer-negative CD8+ TILs with a phenotype suggestive of an-
tigen specificity (PD-1+/Tim-3+/Lag-3+ or PD-1+/Tim-3+ or PD-1+/
Lag-3+) was observed. The authors proposed that these activated E7
tetramer-negative CD8+ TILs could be specific for other tumor-associ-
ated antigens (TAAs) or neo-antigens induced by epitope spreading.
We hypothesize that this could have been accelerated by the enhanced
E7/MHC class I complexes on the tumor cells, facilitating tumor killing
and epitope spreading. Of course, side effects of intra-tumoral lipopep-
tide vaccination must be considered, since the membrane-integrating
capacity of C16:0 peptides not only applies to DCs, but to all cells,
which could lead to CTL responses against healthy cells, which should
be avoided at all cost. However, in the study mentioned above no
unwanted side effects of intra-tumoral HPV16 E749-57 peptide vacci-
nation were reported. Importantly, the HPV16 peptide used in this
vaccine consisted of only the MHC class I epitope (9-mer) and can
therefore load any MHC class I expressing cell, without the need of
classical cross-presentation, similar to C16:0 peptides. Intra-tumoral
injection of C16:0 peptides might even be favorable over short peptide
vaccination since presentation of short peptides in the vaccination site
may result in defective local CTL responses.49 Overall, this study paves
the way for future studies with palmitoylated peptides to further look
into the effect on the tumor microenvironment, CTL induction, and
recognition of tumor cells by CTLs as a result of increased MHC class
I/epitope complexes and CTL-mediated killing.

The addition of a single palmitic acid is a relatively easy and cost-
effective modification. 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 re-
sponses and improved clinical outcome,50,51 as these T cells are not
submissive to central tolerance. Neo-antigen vaccines induced rela-
tively high response rates in melanoma patients52,53 and are therefore
gaining interest for therapeutic vaccination. Adding a single palmitic
acid to neo-antigenic peptides could potentially further enhance these
responses. In addition, tumor-derived vesicles are an excellent vehicle
for antigen enrichment by mono-palmitoylated peptides, especially
since they harbor a variety of tumor-specific (neo-)antigens, thereby
potentially broadening the induced anti-tumor immunity and avoid-
ing immune escape.54 As such, we showed that ApoEVs can be easily
loaded with C16:0 peptides, which resulted in enhanced antigen-spe-
cific T cell responses.

In summary, in this study we show that the modification of synthetic
long peptides with a single palmitic acid results in efficient antigen
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cross-presentation by APCs and non-professional APCs alike and
induces potent in vivo tumor suppression. Moreover, the superior
binding capacity of the C16:0 peptides does not only enhance antigen
uptake by cells, but it also allows for antigen enrichment of vesicles or
tumor cells and could therefore be used for the development of new
therapeutic vaccination strategies. Thus, the addition of a single pal-
mitic acid is a simple and relatively cheap antigen modification, re-
sulting in a multi-purposed membrane-targeting moiety that can be
used as a vaccine modality for the induction of T cell-mediated im-
munity and for antigen enrichment, leading to enhanced recognition
of tumor target T cells by CTLs.

MATERIALS AND METHODS
Peptide synthesis and characterization

gp100280–288/45–59 (VTHTYLEPGPVTANRQLYPEWTEAQRLDC)
and OVA257–264/323–339 (CEEKSIINFEKLISQAVHAAHAEINEAGR
KEEK) peptides were produced by solid-phase peptide synthesis using
9-fluorenylmethoxycarbonyl (Fmoc)-based chemistry on a Symphony
peptide synthesizer (Protein Technologies). Mono-palmitoylated pep-
tides (C16:0) were prepared by the addition of palmitic anhydride
(3 equiv, Sigma-Aldrich, Darmstadt, Germany) in dichloromethane
(DCM) (Biosolve) to the last N-terminal amino acid of the peptide
sequence using 4-(dimethylamino)pyridine

(DMAP) (Sigma-Aldrich, Darmstadt, Germany) as a catalyst. Next,
cleavage of unmodified gp100 and OVA peptide and C16:0 gp100
and C16:0 OVA lipopeptide was performed with reagent K (trifluoro-
acetic acid [TFA] from Biosolve, Valkenswaard, the Netherlands;
scavengers from Sigma-Aldrich, Darmstadt, Germany) and products
were recovered after precipitation in diethyl ether (Iris Biotech, Mark-
tredwitz, Germany). Purification of peptides and C16:0 peptides was
performed on an Ultimate 3000 high-pressure liquid chromatog-
raphy (HPLC) system (Thermo Fisher Scientific, Waltham, MA,
USA) using a 22 � 250-mm Vydac MS214 prep C18 column (Grace
Alltech, Worms, Germany, elution water/acetonitrile) or a 22 � 250-
mmVydac 214MS1022 prep C4 column (Grace Alltech,Worms, Ger-
many, elution water/2-propanol), respectively. Purity of peptides and
C16:0 peptides was confirmed by HPLC (Vydac 218MS C18 5-mm
4.6 � 250-mm column or ProSphere C4 330A 5-mm 4.6 � 150-mm
column, respectively, both from Grace Alltech, Worms, Germany)
and electrospray mass spectrometry (LCQ Deca XP ion trap mass
spectrometer, Thermo Fisher Scientific, Waltham, MA, USA). For
intracellular tracking the C16:0 gp100 peptide HA98–106 sequence
YPYDVPDYA was inserted before last cysteine on the C-terminus
(VTHTYLEPGPVTANRQLYPEWTEAQRLDYPYDVPDYAC).

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 Lym-
phoprep (Thermo Fisher Scientific, Waltham, MA, USA) and Per-
coll (GE Healthcare, Chicago, IL, USA) gradient and cultured for
5–6 days in RPMI 1640 medium (Invitrogen) supplemented with
10% fetal calf serum (FCS) (Lonza, Basel, Switzerland), 100 U/mL
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penicillin/streptomycin (Lonza, Basel, Switzerland), and 2 mM
glutamine (Lonza, Basel, Switzerland) (complete RPMI 1640) in
the presence of recombinant human IL-4 (500 U/mL) and GM-
CSF (800 U/mL) (ImmunoTools, Friesoythe, Germany). The
THP-1 and JY cell lines were cultured in complete RPMI 1640,
and the Mel-Juso and Mel-BRO cell lines were cultured in complete
Iscove’s modified Dulbecco’s medium (IMDM). The gp100-specific
HLA-DRB*0401-restricted T cell line Bridge gp:44 B855 and the
retroviral T cell receptor (TCR)ab-transduced T cell clone specific
for the gp100280–288 HLA-A2 minimal epitope56 were cultured in
Yssel’s medium57 supplemented with 1% human serum, penicillin,
streptomycin, and glutamine.

Mice

Mice transgenic for OT-I TCR on the C57BL/6 background have been
described previously.58,59 Batf3-deficient mice were obtained from
The Jackson Laboratory and have been described previously.5 Trans-
genic and WT C57BL/6 mice were bred at the animal facility of VU
University (Amsterdam, the Netherlands) under specific pathogen-
free conditions and used at 8–16 weeks of age. All experiments
were approved by the Animal Welfare Body (IvD) of the VU Univer-
sity and performed in accordance with national and international
guidelines and regulations under the project license assessed by the
Dutch Central Authority for Scientific Procedures on animals (CCD).

Confocal microscopy

To image cells pulsed with C16:0 peptides (C16:0 gp100 or C16:0
OVA), we used C16:0 peptides containing the HA amino acid
sequence. AF647-labeled anti-HA (clone 6E2, Cell Signaling Technol-
ogy, Danvers, MA, USA) Ab was used to visualize the location of the
C16:0 peptides. Stained cells were fixed with 2% paraformaldehyde
(PFA)/PBS and mounted on glass slides using a Shandon Cytospin
(Marshall Scientific, Hampton, NH, USA). 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
405-nm UV laser (set at 2% power). Individual excitation of fluoro-
chromes was adjusted and tailored to the label, with AF488 excited
at 495 nm (20% power) and AF647 excited at 650 nm (25% power).
For STED super-resolution using the HC PL APO CS2 �100/1.40 oil
immersion objective, AF647 fluorochrome was depleted using the
775-nm STED depletion laser set at 100% power. Acquisition of the
AF647 signal was performed by the HyD detector set at 663–
740 nm. For STED imaging a single-pixel resolution of 19 � 19 nm
was used.

Binding and uptake experiments

Immature moDCs were incubated with 10 mM gp100 or C16:0 gp100
(both containing a HA tag) at 4�C. Subsequently, moDCs were trans-
ferred to 37�C, and on t = 15-, 30-, and 60-min samples were taken.
Next, the cells were fixed on ice with 1%–4% PFA (Electron Micro-
scopy Sciences, Hatfield, PA, USA) and after extensive washing
stained for the detection of the HA tag with an AF647-anti-HA Ab
(Cell Signaling Technology, Danvers, MA, USA, clone 6E2). For
intracellular detection of the HA tag, moDCs were permeabilized
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with 0.1% saponin prior to staining with anti-HA AF488. To analyze
the effect of glucose depletion on C16:0 gp100 binding, moDCs were
pre-treated with glucose depletion medium (RPMI 1640 glucose-free
medium, supplemented with 50 mM 2-deoxy-D-glucose [Sigma,
Darmstadt, Germany] and 0.02% sodium azide) for 30 min prior to
(at 37�C) and during the 45-min antigen pulse at 4�C. Thereafter,
cells were fixed and stained to detect the MR Ab (clone 19.2, BD Bio-
sciences, San Jose, CA, USA) or HA tag (clone 6E2, Cell Signaling
Technology, Danvers, MA, USA) on the cell surface. Stained cells
were measured on an X20 LSRFortessa SORP flow cytometer (BD
Biosciences, San Jose, CA, USA) or a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA, USA), and data were analyzed by
FlowJo software.

DC maturation assay

Immature moDCs were seeded in a 96-well U-bottom plate (Greiner
Bio-One, Kremsmünster, Austria) at a density of 50 � 103 cells per
well and pulsed with the different peptides or 100 ng/mL lipopolysac-
charide (LPS) (InvivoGen, Toulouse, France). After 3 h, DCs were
washed and cultured for an additional 16–18 h overnight (o/n). Matu-
ration marker expression on the moDCs was detected using the
following Abs: fluorescein isothiocyanate (FITC)-labeled anti-CD80
(clone 2D10, BioLegend, San Diego, CA, USA), PE-Cy7-labeled
anti-CD83 (clone HB15e, eBioscience, San Diego, CA, USA),
PE-labeled anti-CD86 (clone 2331 [FUN-1], BD Biosciences, San
Jose, CA, USA), and Brilliant Violet (BV)510-labeled anti-HLA-DR
(clone G46-6, BD Biosciences, San Jose, CA, USA). Stained cells
were measured on an X20 LSRFortessa SORP flow cytometer (BD
Biosciences, San Jose, CA, USA), and data were analyzed by FlowJo
software.

Human antigen presentation experiments

Immature moDCs were seeded in 96-well plates (Greiner Bio-One,
Kremsmünster, Austria) at 20 � 103 cells/well and incubated with
10, 1, or 0.1 mM gp100 or C16:0 gp100 peptide. After 3 h, moDCs
were washed and co-cultured o/n with gp100-specific CD8+

T cells46 or the gp100-specific HLA-DRB1*0401-restricted T cell
line Bridge gp:44 B8,45 at a concentration of 10 � 104 cells per well
(effector to target cell [E:T] ratio of 1:5). IFNg secretion in the super-
natant was measured by sandwich ELISA. To determine the effect of
proteasomal and endosomal inhibitors, moDCs (20 � 103 cells/well)
were incubated with chloroquine (50 mM, Sigma, Darmstadt, Ger-
many), MG132 (50 mM, Selleckchem, Houston, TX, USA), bortezo-
mib (10 nM, Sigma, Darmstadt, Germany), primaquine (50 mM,
Sigma, Darmstadt, Germany), cathepsin S inhibitor (50 mM, Calbio-
chem, San Diego, CA, USA), leupeptin (15 mM, Calbiochem, San
Diego, CA, USA), or vehicle (control is treated with the highest
DMSO concentration used in the experiment; vehicle control peptide
and C16:0 peptide are the same for all the inhibitors) for 30 min at
37�C prior and during the 3-h pulse with gp100, C16:0 gp100, or short
peptide. After 3 h the DCs were washed and co-cultured with gp100-
specific CD8+ T cells46 (10� 104 cells per well, E:T ratio of 1:5). IFNg
secretion, as a measure of T cell activation, was analyzed by sandwich
ELISA (eBioscience, San Diego, CA, USA).
Murine antigen presentation experiments

BMDCs were cultured as described by Lutz et al.60 OT-I transgenic
mice were sacrificed and spleens were mechanistically dissociated
by mashing them through a 100-mm cell strainer. Red blood cells
were lysed using ACK lysis buffer (0.15 M NH4Cl, 10 mM KHCO3,
0.1 mM EDTA) and washed before purification using MagniSort
mouse CD8-negative isolation kits according to the manufacturer’s
instructions (eBioscience/Thermo Fisher Scientific, Waltham, MA,
USA). Purified CD8+ T cells were labeled using 2 mM CFSE (5-(and
6)-carboxyfluorescein diacetate, succinimidyl ester) and counted
before co-culture. BMDCs and purified T cells were co-cultured for
3 days at 37�C, stained and measured on an X20 LSRFortessa
SORP flow cytometer. Results were calculated and presented as per-
centage responding cells (calculated as (cells at the start of culture/
number of cells that went into division) � 100).

Tumor-loading experiments

20 � 103 cells/well of human THP-1 cells and 20 � 103 cells/well of
mouse GL261 cells were pulsed with peptide or C16:0 peptide for 3 h,
then washed and co-cultured with human gp100-specific CD8+

T cells or OVA-primed CD8+ T cells from OVA-immunized mice
or (E:T ratio of 1:5 and 1:2, respectively) o/n. The next day, the tumor
cells were harvested (using EDTA) and stained with fixable viability
dye (FVD) eFluor 780 (Thermo Fisher Scientific, Waltham, MA,
USA), the amount of tumor kill was measured on an X20 LSRFortessa
SORP flow cytometer (BD Biosciences, San Jose, CA, USA), and data
were analyzed by FlowJo software.

Human skin explant experiments

Human skin explants from healthy donors were obtained within 24 h
after surgery (Bergman Clinics, Bilthoven, the Netherlands). gp100 or
C16:0 gp100 peptides were diluted in serum-free medium (for two
donors themediumwas supplementedwithGM-CSF [262.5U/mL], re-
combinant human [rh]IL-4 [112.5 U/mL], and injected intradermally
[i.d.] [20 mL]). A punch biopsy (8mm) was taken at the site of injection
and cultured for 2 days in a 48-well plate containing 1 mL of complete
IMDM supplemented with 10 mg/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), allophyco-
cyanin (APC)-labeled anti-CD1a (clone HI149; BD Biosciences,
San Jose, CA, USA), BV421-labeled anti-EpCAM (clone EBA-1;
BioLegend), AF488-labeled anti-HA and FVD (Thermo Fisher Scienti-
fic, Waltham, MA, USA), or co-cultured with gp100-specific CD8+

T cells56 (E:T ratio of 1:5) o/n. The stained cells were measured on an
X20 LSRFortessa SORP flow cytometer (BD Biosciences, San Jose,
CA, USA) and data were analyzed by FlowJo software. Informed con-
sent frompatients that underwent correctivebreast or abdominal plastic
surgerywas obtainedaccording tohospital guidelines and in accordance
with the “Code for Proper Use of Human Tissues” as formulated by the
Dutch Federation of Medical Scientific Organizations.

Isolation murine CD11c+ splenic DCs from Batf3 KO mice

Splenic CD11c+ DCs from Batf3 KO mice were isolated using a com-
bination of enzymatic digestion and magnetic-activated cell sorting
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(MACS) using a CD11c magnetic isolation kit according to the man-
ufacturer’s instructions (MagniSort, eBioscience/Thermo Fisher Sci-
entific, Waltham, MA, USA). In short, mice were sacrificed and the
spleens were isolated and cut into small pieces using sterile scissors
in 385 mg/mL Liberase TL (2 Wünsch Units) and incubated for
20 min at 37�C. Enzymes were deactivated using ice-cold RPMI
1640 complete medium (10% FCS, 50 U/mL penicillin, 50 mg/mL
streptomycin, HEPES/EDTA). After digestion, cells were run through
a 100-mm cell strainer and extensively washed beforeMACS. Purity of
CD11c+ cells was typically >96% of alive cells.

Vaccination experiments

Mice were vaccinated s.c. with OVA or C16:0 OVA peptide supple-
mented with 25 mg of agonistic CD40 Ab (in-house, clone 1C10) in
a maximum volume of 100 mL. Seven days after vaccination, mice
were sacrificed and the spleens were obtained for further processing.
The spleens were mashed through a 100 mm cell strainer and resus-
pended 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 mg/mL streptomycin). Next, splenocytes were counted
and 3� 106 cells were stained for 30 min at 4�C using directly labeled
primary Abs and in the presence of 1 mg/mL anti-CD16/32 Ab to
block Fc receptor binding. Antigen-specific CD8+ T cells were de-
tected by incubation with H-2Kb:SIINFEKL tetramers and CD8a
Ab prior to staining with other Abs. After extensive washing with
PBS, labeled cells were fixed with 1% PFA at 4�C for 15 min, washed,
and measured on an X20 LSRFortessa SORP flow cytometer (BD Bio-
sciences, San Jose, CA, USA) and data were analyzed by FlowJo
software.

Tumor challenge and therapeutic vaccination

C57BL/6 animals were inoculated s.c. in the flank with 100 mL of PBS
containing 3 � 105 B16-OVA cells (kind gift from Prof. T.N. Schu-
macher, Netherlands Cancer Institute) under anesthetic conditions
using 2%–3% isoflurane. Tumor growth was monitored three
times/week by digital caliper and calculated by: 43 � p� abc (where a
represents width of tumor/2, b represents length of tumor/2, and c
represents average of a and b/2). Nine days after tumor inoculation
all tumors were palpable (average size 20 mm3) and mice were ran-
domized into treatment groups. Mice were s.c. immunized with
30 nmol C16:0 or unmodified peptide supplemented with 25 mg of
anti-CD40. An additional boost vaccination was given 14 days after
the initial immunization. Mice were sacrificed when tumor reached
a size >800 mm3 or at the end of the study (day 49).

ApoEV induction and isolation protocol

Apoptosis was induced in Mel-JuSo cells by adding 20 nM protea-
some inhibitor bortezomib (Sigma, Darmstadt, Germany) to the cul-
ture medium for 72 h. The ApoEVs were isolated after the induction
apoptosis via differential centrifugation steps: 10 min at 400 � g,
20 min at 1,200 � g, and 30 min at 10,000 � g in order to remove
cell debris (400 � g fraction) and larger ApoEVs (1,200 � g frac-
tion).32 All centrifugation steps were performed at 4�C. The pellet
containing ApoEVs (10.000 � g fraction) was used for further exper-
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iments. Protein concentration was determined by a Bradford protein
assay kit (Thermo Fisher Scientific,Waltham,MA, USA) according to
the manufacturer’s instructions (Thermo Fisher Scientific, Waltham,
MA, USA).

Statistical analysis

Statistics were performed using GraphPad Prism 7 software. For the
comparison of two groups a (paired) Student’s t test was used. For
more than two groups, a one-way ANOVA or two-way ANOVA
was performed. Tumor growth was analyzed with a linear regression
model. *p < 0.05, **p < 0.01, ***p < 0.001. Data are represented as
mean ± SEM.
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Supplementary Figure 1

Figure S1. C16:0 peptide does not induce DC maturation (A) human moDC were incubated with unmodified peptide, C16:0 peptide, medium or LPS for 3hrs. 
Cells were washed and cultured o/n and stained for different maturation markers.
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Supplementary Figure 2

Figure S2. HA-tag detection in human skin crawl out dDCs. (A) Ex vivo human skin was intra-dermally injected with 30 µM unmodified gp100 or C16:0- p100 peptide  in serum free medium.  
Punch biopsies were taken at the site of injection and cultured for 2 days.  The crawl out cells were collected and stained for HLA-DR, CD1a, CD14, EpCAM and the HA-tag. 
Figure is representative for multiple individual experiments.
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Figure S3. Gating strategy SIINFEKL+ CD8+ T-cells  (A) Mouse blood or spleen was processed and stained with an antibody mxi containing CD8, CD4, Fixable Viability Dye (FVD), SIINFEKL tetramer.
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