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Abstract Since few leukemia-associated antigens (LAA)
are characterized for acute myeloid leukemia (AML),
apoptotic tumor cells constitute an attractive LAA source
for DC-based vaccines, as they contain both characterized
and unknown LAA. However, loading DC with apoptotic
tumor cells may interfere with DC function. Previously, it
was shown in mice that apoptotic blebs induce DC matura-
tion, whereas apoptotic cell remnants (ACR) do not. Here,
we analyzed human monocyte-derived DC (MoDC) func-
tionality in vitro, after ingesting either allogeneic AML-
derived ACR or blebs. We show that MoDC ingest blebs
to a higher extent and are superior in migrating toward
CCL19, as compared to ACR-loaded MoDC. Although
MoDC cytokine production was unaffected, co-culturing
bleb-loaded MoDC with T cells led to an increased T cell
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proliferation and IFNy production. Moreover, antigen-
specific CD8™ T cells frequencies increased to 0.63 % by
priming with bleb-loaded MoDC, compared to 0.16 %
when primed with ACR-loaded MoDC. Importantly, CD8™"
T cells primed by bleb-loaded MoDC recognized their
specific epitope at one to two orders of magnitude lower
concentrations compared to ACR-loaded MoDC. In conclu-
sion, superior ingestion efficiency and migration, combined
with favorable T cell cytokine release and CD8" T cell
priming ability and avidity, point to blebs as the preferred
component of apoptotic leukemic cells for LAA loading of
DC for the immunotherapy of AML.

Keywords Dendritic cell vaccination - Dendritic cell
loading - Apoptotic tumor cells - Blebs - T cell priming -
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Introduction

Dendritic cells (DC) have the ability to ingest and process
exogenous proteins and to present derived peptides thereof
at the cell surface in complex with HLA class II molecules,
or via cross-presentation in the context of HLA class I mol-
ecules. DC can potentiate antigen-specific T cell responses
and are therefore of major interest as mediators of anti-
tumor immunity in vaccination strategies [1, 2]. In order to
induce tumor-specific immune responses, DC are required
to present tumor-associated antigen(s) (TAA). Next to the
generation of DC from chronic and acute myeloid leukemia
(CML and AML, respectively) cells [3, 4], multiple strate-
gies for loading DC with TAA have been investigated, such
as peptide pulsing [5, 6], TAA-specific mRNA electropora-
tion [7-9], and loading of necrotic or apoptotic tumor cells
via phagocytosis [4, 5, 10, 11]. Thus far, the focus has been
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on targeting solid tumors (mostly melanoma), but DC vac-
cination is a potential therapy for treating AML patients
in a minimal residual disease setting as well. Recently, a
small-scale phase I clinical study demonstrated vaccina-
tion of elderly AML patients with autologous AML blast
cell-loaded monocyte-derived DC (MoDC) to be safe and
to induce (transient) disease stabilization and specific CD8™"
T cells [12]. The use of leukemic blasts as a source of leu-
kemia-associated antigen (LAA) for DC loading is particu-
larly attractive, as they contain both characterized and as yet
unidentified LAA and, moreover, pave the way to generate
tumor- and patient-specific vaccines. However, loading DC
with apoptotic blasts could impair DC function, due to the
immunosuppressive nature of apoptotic cells [13-18].
Apoptotic cells undergo multiple macro- and microcel-
lular rearrangements, e.g., cellular condensation, pykno-
sis, karyorrhexis, redistribution of specific organelles into
peripheral membrane protrusions (blebbing), and the expo-
sure of apoptosis-specific structures on the cell membrane,
e.g., phosphatidyl serine, calreticulin as well as alterations
in the glycocalyx that act as “eat-me” signals for phagocytes
[19-22]. During the blebbing phase mainly the endoplasmic
reticulum (ER), RNA and chromatin are enclosed in blebs,
which become detached from the main apoptotic cell at later
stages of apoptosis [21, 23]. Although the exact functional
relevance of blebbing during apoptosis remains elusive, it
was shown that ingestion of blebs by mouse bone marrow-
derived DC (BMDC) induced DC maturation and subsequent
T helper-17 cell activation when co-cultured with spleno-
cytes in vitro, whereas the remaining apoptotic cell remnants
(ACR) did not [30, 31]. Of note, there is some confusion in
the literature regarding the use of the term apoptotic bod-
ies, which is at times used to describe both ACR and blebs
[23, 24]. Although multiple studies have analyzed the effect
of loading apoptotic cells or apoptotic bodies (ACR) on DC,
no studies have been conducted thus far which analyzed the
selective use of apoptotic blebs (microvesicles that require
additional isolation steps) as a source of TAA for human DC
loading. Since blebs have been shown to activate BMDC in
mice [23] and in view of a growing recognition of the need
to utilize the unique mutanome of individual tumors for vac-
cination strategies, DC loaded with AML blast-derived blebs
may constitute an effective vaccine. Here, we compared
MoDC phenotype and function in vitro, after ingestion of
either ACR or blebs derived from a human AML cell line.

Materials and methods
Cell lines

The human HLA-A2-negative AML cell line HL60 (ATCC,
Wesel, Germany) was cultured in RPMI containing 10 %
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FCS, 100 IU/ml penicillin, and 100 pg/ml streptomycin
(all Gibco, Paisley, UK), further referred to as complete
medium.

Generation of MoDC

Peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats of healthy volunteers by centrifugation on
a Ficoll-Paque density gradient medium, after informed
consent. Subsequently, monocytes were isolated from
PBMCs by positive selection using magnetic activated
cell sorting with CD14 microbeads (Miltenyi biotec, Utre-
cht, the Netherlands). MoDC were generated by culturing
monocytes for 5 days at 37 °C in complete medium, in the
presence of 800 U/ml GM-CSF (1 x 107 U/mg, Peprotech,
the Netherlands) and 500 U/ml IL-4 (5 x 10% U/mg, Pepro-
tech, the Netherlands). After 5 days of culture, MoDC were
either used directly or stored in liquid nitrogen until fur-
ther use. One hour after loading MoDC with ACR or blebs,
maturation was induced by a cytokine cocktail consisting
of IL-1B (10 ng/ml, 1 x 10° U/mg, Sanquin, Amsterdam,
the Netherlands), IL-6 (10 ng/ml, 2 x 10° U/mg, R&D sys-
tems, Abingdon, UK), TNFa (200 U/ml, 2 x 107 U/mg,
Sanquin, Amsterdam, the Netherlands), and PGE2 (10 ng/
ml, Sigma-Aldrich, Zwijndrecht, the Netherlands).

Preparation of apoptotic cell fractions

Apoptosis of HL60 cells was induced by adding 3 pM
mitoxantrone dihydrochloride (mitoxantrone; Sigma-
Aldrich, Zwijndrecht, the Netherlands) per 2 x 10° HL60
cells per ml of complete medium, for 48 h at 37 °C, 5 %
CO,. We were unable to perform priming experiments
with MoDC loaded with either ACR or blebs from mitox-
antrone-induced apoptotic HL60 cells, since T cells did
not expand or underwent apoptosis during co-culture (data
not shown). This is likely to be the result of leaked mitox-
antrone from the loaded MoDC. We therefore alternatively
induced apoptosis of HL60 cells by heat shock (HS), as
described before [11]. In short, cells were washed with
RPMI 1640 and resuspended at 5 x 10° cells/ml in RPMI
1640 and subsequently incubated for 2 h at 42 °C. Next, the
cells were irradiated at 5,000 rad, washed, resuspended at
2 x 10° per ml in full medium, and incubated for 48-72 h
at 37 °C, 5 % CO,. The percentage of apoptotic cells was
determined by Sytol6 labeling (Molecular Probes, Leiden,
the Netherlands). In short, 50 x 10? cells were resuspended
in 1 ml PBS, containing 10 % FCS (Greiner Bio-One,
Alphen a/d Rijn, the Netherlands), 20 mM HEPES (Sigma-
Aldrich), 1 ml/ml glucose anhydrous (Baker B.V. Deventer,
the Netherlands), 4 mM L-glutamine (Invitrogen), MEM
amino acids (Sigma-Aldrich). Syto16 (42 nM) and the PgP
pump inhibitor PSC833 (5 wM; a kind gift from Novartis,
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Basel, Switzerland) were added, and the cells were incu-
bated for 30 min at 37 °C, 5 % CO, and washed with an
excess of PBS. The subsequent caspase-dependent loss
of sytol6 labeling was analyzed on a BD FACSCanto™
II flow cytometer (BD Biosciences), to assess the level of
apoptosis. In all cases, >90 % of the cells was apoptotic
[25]. ACR and blebs were isolated by differential cen-
trifugation. The centrifugal force for separating ACR and
blebs was determined by assessing the size and appearance
of the separated fractions by a Zeiss Axioskop 50 fluores-
cence microscope (Zeiss, the Netherlands) and a CM100
BioTwin electron microscope (Philips, the Netherlands).
ACR were isolated by centrifugation at 600x g at 4 °C for
10 min, after which the apoptotic blebs were isolated from
the resulting supernatant by centrifugation at 4,000x g at
4 °C for 10 min. Apoptotic fractions were washed twice
with excess PBS prior to determining the protein concen-
tration. Apoptotic cell material was lysed by 5 cycles of
snap-freezing in liquid nitrogen, followed by thawing in
a water bath at 37 °C. Subsequently, cellular material was
lysed by 5 cycles of sonication (5 s pulse, followed by 5 s
rest) at 18 micron (Sanyo MSE Soniprep 150, Amsterdam,
the Netherlands) in the presence of a protease inhibitor
cocktail, following the manufacturers’ protocol (Complete
Mini Protease Inhibitor Cocktail Tablets, Roche Diagnos-
tics, Almere, the Netherlands). Subsequently, the protein
concentration was determined by analyzing the absorp-
tion at 280/260 nm from 50 pl of lysed samples, using a
ND-1000 Nanodrop spectrophotometer (Thermo Fisher
Scientific, Breda, the Netherlands). ACR and blebs were
either used directly or frozen in liquid nitrogen and thawed
prior to usage.

Uptake and internalization of ACR and blebs
by- and immuno-phenotyping of MoDC

Prior to inducing apoptosis, HL60 cells were labeled with
1 wM carboxyfluorescein succinimidyl ester (CFSE; Inv-
itrogen, Breda, the Netherlands) and Hoechst 33342 1 pg/
ml (Molecular Probes, Eugene, OR, USA) for fluorescence
microscopic imaging and MoDC were labeled with 1 pM
CellVue Plum (eBioscience, Vienna, Austria). Analysis
of the ingestion of apoptotic material by MoDC was ana-
lyzed by flow cytometry using a BD FACSCanto™ II flow
cytometer and BD FACSDiva™ software.

Internalization of the apoptotic fractions was visualized
using confocal microscopy. Thawed ACR and blebs were
labeled with 1 wM PKH26 red fluorescent cell linker kit
(Sigma-Aldrich), following the manufacturer’s protocol.
MoDC were labeled with 2 wM CFSE and co-cultured
with PKH26-1abeled ACR or blebs for 8 h. Loaded MoDC
were harvested and washed and transferred to 4 wells Lab-
Tek™ Permanox Chamber Slides (Thermo Scientific, the

Netherlands). After overnight adherence, the supernatant
was carefully removed and the loaded MoDC were fixed
using 1 % paraformaldehyde solution for 15 min at 4 °C,
washed with PBS and dried. Vectashield (Vector Labora-
tories, United Kingdom) was added on the slides, which
were covered by a coverslip and analyzed using a Leica
TCS SP2 confocal microscope (Leica Microsystems, the
Netherlands).

MoDC phenotype was determined by flow cytometric
analysis 48 h after loading the apoptotic material, using
fluorochrome-conjugated antibodies CDla, CD54 (Dako
Cytomation), CD14, CD80, CD86, CD209 (BD Bio-
sciences), CD40, CD83 (Beckman Coulter), and the unla-
beled CCR7 antibody (BD Biosciences) followed by PE-
conjugated goat anti-mouse IgM (Beckman Coulter).

Transwell migration assay

Migratory capacity of MoDC after ingesting apoptotic
material was analyzed using a transwell migration assay,
using membranes with a 5 wM pore size (Corning). Spe-
cific versus non-specific migration of 1 x 10° MoDC
(deposited in the upper compartment) was determined by
performing the transwell migration assay in the presence or
absence of 250 ng/ml MIP-3f (added to the lower compart-
ment, CCL19, R&D systems, Abingdon, UK). After 5 h,
the number of migrated viable MoDC was quantified using
FlowCount™ beads (Dako, Enschede, the Netherlands) on
a BD FACSCanto™ II flow cytometer.

MoDC cytokine release

4 x 10* (loaded) MoDC were cultured overnight with
4 x 10* CD40-ligand expressing J558 cells (irradiated at
50 Gy) [26] in the presence of 1,000 U/ml IFNy (San-
quin, Amsterdam, the Netherlands) in a 96-wells plate.
Next, the plates were spun at 1,000x g, and the superna-
tants were directly analyzed for the presence of cytokines
using an inflammatory cytokine bead array (BD Bio-
sciences, Breda, the Netherlands), following the manu-
facturer’s protocol.

Mixed lymphocyte reaction and cytokine release

Peripheral blood lymphocytes (PBL) from healthy donors
were labeled with 1 wM CFSE and subsequently co-
cultured with allogeneic (loaded) MoDC for 6 days, after
which the cells were harvested and labeled with CD3, CD4,
and CD8 (BD biosciences), and the CFSE dilution over the
daughter CD3tCD4" and CD3tCD8™ T cells was meas-
ured using flow cytometry (BD FACSCanto™ II) and ana-
lyzed using BD FACSDiva™ software. Moreover, super-
natants were harvested for cytokine analysis using a Ty1/
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Ty2/Ty17 cytokine bead array (BD Biosciences, Breda, the
Netherlands), following the manufacturers’ protocol.

CD8™ T cell priming and avidity analysis

Autologous in vitro T cell priming experiments were con-
ducted as described previously [27]. In order to analyze
MART-1-specific CD8" T cell outgrowth, we generated a
MART-1 expressing HL60 cell line (as well as a K562 cell
line, referred to as K562-M, as a (HLA-A2) negative con-
trol for the analysis of cytotoxicity) by retroviral transduc-
tion of LZRS-MART-1-IRES-ANGFR, as reported previ-
ously [28].

MoDC were loaded overnight with MART-1-positive
ACR or blebs and maturated as described above, co-cul-
tured with autologous thawed CD8" T cells and irradi-
ated CD147/CD8~ PBL, and restimulated with loaded
MoDC after 10 days and subsequently every 7 days. The
HLA-A2-restricted expansion of MART-1,, 55, CD8"
T cells was analyzed in each well by tetramer staining,
using flow cytometry (LSRFortessa™, BD Biosciences).
Next, MART-1,4 55, tetramer-positive CD37/CD8 T cells
were sorted using a BD FACSAria III cell sorter (BD Bio-
sciences) and polyclonally expanded. The CD8" T cell
avidity was assessed by co-culture with loaded JY cells
(concentrations ranging from 10 uM to 100 fM), by an
intracellular IFNy readout (BD Biosciences).

Cytotoxicity assay

Cytotoxicity was determined by co-culturing primed and
sorted CD8" T cells [labeled with 50 nM CFSE (Invitro-
gen)], at effector-to-target ratios starting from 0:1 to 10:1,
with 200 nM CellVue (eBiosciences) labeled melanoma Mel
AKR cells (HLA-A2-positive and MART-1-positive; the
Netherlands Cancer Institute, Amsterdam, the Netherlands),
JY cells (HLA-A2-positive, MART-1-negative), or K562-M
(HLA-A2-negative and MART-1-positive). After an over-
night co-culture, target cells were shortly (<5 min) incu-
bated with 50 pl 0.05 % Trypsin—-EDTA solution (Invitro-
gen), suspended by careful tapping and washed with 150 w1
complete medium. Next, the cells were resuspended in a
2 % BD Via-Probe/PBS/0.1 %human serum albumin solu-
tion, incubated for 10 min, and the percentage of BD Via-
Probe-positive CellVue/CFSE™ target cells was measured
using flow cytometry (LSRFortessa™, BD Biosciences).

Statistical analysis
Statistical analysis was performed in GraphPad Prism
version 5 for Windows (GraphPad Software Inc.,), using

a paired two-tailed Student ¢ test. p values <0.05 were
regarded as significant.
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Results

ACR and blebs isolated from HL60 AML cells represent
distinct cellular components

After isolation of ACR and blebs from mitoxantrone treated
apoptotic HL60 cells, we analyzed their morphological
appearance and size, using transmission electron micro-
scopic imaging (Fig. 1a, b). ACR appeared as a heteroge-
neous population of large cellular bodies of approximately
2-10 pm in size with a ruffled plasma membrane that
appeared to be locally disintegrated (Fig. 1a, arrows). Elec-
tron dense areas resided within the ACR (Fig. 1a, asterisk)
that were enclosed by a membrane and represent the lat-
est stages of chromatin translocation to the periphery of
the cell, which was confirmed by fluorescence microscopy
after the labeling of proteins (CFSE) and DNA (Hoechst
33342) in apoptotic ACR (Fig. 1c).

Apoptotic blebs are described as 100-1,000 nM
microvesicles, containing both chromatin and ER. Both
cellular components are actively translocated from the
apoptotic cell into peripheral vesicles during apoptosis and
become enclosed by a sheet of ER membrane and a sheet
of plasma membrane [21, 29]. The isolated fraction con-
tained a heterogeneous population of blebs 200-600 nM in
diameter (Fig. 1b). They were indeed enclosed by a char-
acteristic double membrane, as described previously [21],
and as shown in Fig. 1b, open arrows. Moreover, charac-
teristic structures resembling ER and ribosomes were also
observed (Fig. 1b, closed arrows). Using electron micro-
scopic imaging, we could not detect blebs containing elec-
tron dense areas (chromatin). Fluorescent imaging showed
few blebs to stain positive for Hoechst 33342 (Fig. 1d).

Blebs are ingested by a higher percentage of MoDC
than ACR

We analyzed whether MoDC were able to internalize both
mitoxantrone-induced ACR and blebs, by co-culturing
CFSE-labeled MoDC with PKH?26-labeled apoptotic mate-
rial. Indeed, analysis using confocal microscopy dem-
onstrated that both ACR (Fig. 2a, upper panel) and blebs
(Fig. 2a, lower panel) could be internalized by MoDC.
Next, we quantified the ingestion of ACR or blebs using
flow cytometry (Fig. 2b), by co-culturing MoDC overnight
with either CFSE-labeled ACR or blebs. During co-culture,
MoDC did not receive any additional maturation stimuli
(further referred to as immature DC) or received a matura-
tion inducing cocktail 1 h after initiation of the co-culture,
consisting of the cytokine cocktail IL-1p, IL-6, PGE-2, and
TNF-a (further referred to as maturing DC). Blebs were
ingested by 70 % (mean, range 41-95 %) of the imma-
ture MoDC, whereas ACR were ingested by 46 % (mean,
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Fig. 1 Analysis of isolated apoptotic fractions. a and b Transmission
electron microscopic analysis of isolated ACR (a) and blebs (b). The
isolated ACR fraction contained large cellular bodies of 4-10 wm in
diameter, of which the membrane appeared to be locally disintegrated
(a, arrows). Electron dense areas reside within the ACR (a, asterisks)
that are enclosed by a membrane and represent the latest stages of
chromatin translocation to the periphery of the cell. The bleb frac-
tion contains a heterogeneous population of vesicles which are 0.2—
0.6 wm in diameter and have a double membrane (b, open arrows).

range 26-86 %) (Fig. 2c, immature). These percentages
decreased to a mean of 63 % (range 13-92 %) and 35 %
(range 6-80 %), respectively, after inducing MoDC matu-
ration (Fig. 2c, maturing). Similar results were obtained
when loading MoDC with ACR or blebs derived from HS-
induced apoptosis (data not shown). Moreover, the uptake
of blebs was significantly increased, whereas there was
no significant difference in the uptake of ACR, compared
to unseparated apoptotic cells (Fig. 2d). Therefore, sub-
sequent experiments were performed using the separated
fractions.

Increased CCR7 expression and migration toward CCL19
by MoDC which have ingested blebs

Next, we determined whether ingestion of mitoxantrone-
induced ACR or blebs altered MoDC phenotype. After 48 h

Structures resembling ER and ribosomes (b, closed arrows) could
be detected in some blebs. ¢ and d Fluorescence labeling with CFSE
(green; protein) and Hoechst 33342 (blue; DNA) of ACR (c) and
blebs (d) derived from apoptotic HL60 cells. Forty-eight hours after
inducing apoptosis using mitoxantrone, most ACR lost all (c; solid
arrows) or most (c; open arrows) chromatin. The isolated bleb frac-
tion contained mainly vesicles that did not stain positive for Hoechst
33342 (d; open arrows). Few blebs did enclose detectable amounts of
chromatin (d; solid arrows)

of co-culture, we could not detect differences in the expres-
sion levels of the tested markers (CDla, CD14, CD40,
CD54, CD80, CD83, and CD86, data not shown), between
ACR- or bleb-loaded MoDC, except for the lymph node
homing receptor CCR7. CCR7 expression was upregulated
on mature MoDC that had ingested either ACR or blebs,
compared to unloaded MoDC (Fig. 3a). We observed a
reduction in the migration toward the lymph node homing
chemokine CCL19 (Mip-38; CCR?7 ligand), after loading
with either ACR or blebs (18 vs. 5.5 % (p = 0.009) and
9.3 % (p = 0.03), respectively; data not shown). However,
MoDC that had ingested blebs were more potent in migrat-
ing toward CCL19, as compared to those that had taken
up ACR; a mean of 14 % (range 2-35 %) of MoDC that
had ingested blebs were able to migrate toward CCL19, as
compared to only 5 % (range 1-16 %) of MoDC that had
ingested ACR (Fig. 3b).
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Unloaded

ACR Blebs

4%

38%

Fig. 2 Uptake of apoptotic material by MoDC. a CFSE-labeled
MoDC (green) were loaded with either PKH26-1abeled ACR or blebs
(red) and analyzed using confocal microscopy. Both ACR (a, top
panel) and blebs (a, lower panel) are internalized by MoDC (yellow),
as visualized by the enclosure of both apoptotic fractions by MoDC
in X, Y, and Z directions. Optical magnification x42 and x3.5 digital
zoom. b Representative flow cytometric analysis of the uptake quan-
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Fig. 3 CCR?7 expression on (loaded) MoDC and subsequent migra-
tion toward CCL19. a Whereas no difference in expression of the
lymph node homing chemokine receptor CCR7 could be detected in
immature MoDC (black bars and circles as individual experiments),
loading of mature MoDC (white bars and squares as individual
experiments) with either ACR or blebs led to an increased expres-
sion of CCR7. This increase was most pronounced when MoDC were
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tification of the apoptotic fractions by MoDC. ¢ Uptake by immature
and maturing MoDC of blebs and ACR (n = 14). d The percentage
ingestion of isolated ACR and blebs, as compared to the unseparated
apoptotic cell preparation, by maturing MoDC (n = 5). Shown are the
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loaded with blebs (n = 3). Shown are the mean values and the SEM.
b In concordance with an increased expression of CCR7, migration of
ACR- or bleb-loaded mature MoDC revealed that MoDC which had
ingested blebs were also able to migrate toward CCL19 (Mip-3p) to
a higher degree (14 %; range 2-35 %) in a transwell migration assay,
compared to ACR (5 %; range 1-16 %) (p = 0.003, n = 8)
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Fig. 4 Cytokine production by (loaded) MoDC after CD40 ligation.
a—c Cytokine production by unloaded, ACR-, or bleb-loaded imma-
ture MoDC after CD40 ligation. Supernatants were analyzed after
overnight incubation in the presence of 1,000 U/ml IFNy. No differ-

Unaffected production of pro-inflammatory cytokines
by MoDC after ingesting either ACR or blebs

To avoid interference of trace amounts of mitoxantrone
with MoDC function (as described in the “Materials and
methods” section), we assessed whether ingestion of either
HS-derived ACR or blebs induced an altered cytokine pro-
file, as compared to unloaded MoDC. To this end, ACR-
or bleb-loaded MoDC were activated by the CD40 ligand
expressing cell line J558 in the presence of 1,000 U/ml
IFNy. After overnight incubation, the concentration of
the Ty-skewing cytokines IL-6 (Ty17), IL-10 (Ty2), and
IL-12p70 (Tyl) was determined in the culture superna-
tants. No clear differences in the production of either IL-6
(Fig. 4a), IL-10 (Fig. 4b) or IL-12p70 (Fig. 4c) could be
detected, when analyzing either unloaded, ACR-, or bleb-
loaded MoDC.

Increased IFNYy production by allogeneic T cells
after priming with bleb-loaded MoDC

Subsequently, we determined whether the loading of
MoDC with either heat shock-derived ACR or blebs led
to changes in T cell activation and/or proliferation, by
priming allogeneic T cells with differentially loaded
MoDC. Loading of immature MoDC with ACR led to a
reduction in CD4" T cell proliferation as compared to
unloaded- and bleb-loaded MoDC (Fig. 5a). In contrast,
mature MoDC loaded with blebs induced a slight, but sig-
nificant increase in CD4" T cell proliferation as compared
to unloaded MoDC (Fig. 5a). No significant differences in
CD8* T cell proliferation could be detected between the
conditions (Fig. 5b).

Next, we determined whether we could detect differ-
ences in Ty skewing by analyzing the cytokines produced
by allogeneic T cells that were stimulated by differen-
tially loaded MoDC. No differences could be detected in
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ences could be detected in the production of the measured cytokines
IL-10 (a), IL-6 (b), or IL-12p70 (c). The mean cytokine concentra-
tions of unloaded MoDC are shown and set to one (n = 3). Shown are
the mean values and the SEM

the production of IL-2, IL-4, IL-6, IL-10, IL17a, or TNFa
(data not shown). However, priming of T cells with bleb-
loaded MoDC led to an increased release of the Thl effec-
tor cytokine IFNy as compared to unloaded or ACR-loaded
MoDC (Fig. 5¢).

Higher frequencies of antigen-specific CD8" T cells with a
higher avidity are primed by bleb-loaded MoDC

Finally, we assessed the priming of antigen-specific CD8*
T cells with MoDC loaded with HS-derived ACR or blebs.
The apoptotic cell fractions were isolated from HLA-
A2-negative HL60 AML cells, transduced with the MART-1
model tumor antigen, in order to prevent direct antigen pres-
entation of the apoptotic cell fractions to T cells. As such,
outgrowth of antigen-specific T cells must be the result of
cross-priming by loaded (HLA-A2-positive) MoDC. Prim-
ing experiments were initiated in 4 healthy donors, with
6-8 wells per donor, and 3-5 restimulation cycles were per-
formed with freshly loaded MoDC. Before each restimula-
tion, the percentage of MART-1,4 55, -positive CD8* T cells
was analyzed. Priming CD8" T cells with differentially
(i.e., with ACR or blebs) loaded MoDC led to an expansion
of MART-1, 35, -specific CD8 T cells in both experimen-
tal conditions (Fig. 6a). However, the maximum percentage
of MART-1,4 55, -positive CD8*" T cells differed dramati-
cally, with 1.01 (mean 0.16 %, range 0.05-1.01 %) versus
11.66 % (mean 0.63 %, range 0.04—11.66 %) of CD8T T
cells primed by ACR- or bleb-loaded MoDC, respectively,
as summarized in Fig. 6b. After sorting and polyclonal
expansion, we analyzed the cytolytic capacity of the primed
MART-1-specific CD8" effector T cells, by co-culturing
them with Mel AKR (HLA-A2TMART-1"-positive tar-
get) or with HLA-A2TMART™ JY or HLA-A2 "MART-1"
K562-M (negative control) target cells. MART-1,¢ 55
CD8™ T cells primed by either ACR- or bleb-loaded MoDC
were capable of lysing Mel AKR at similar rates (Fig. 6¢).
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Fig. 5 Allogeneic mixed lymphocyte reaction with (loaded) MoDC.
a and b CFSE-labeled, CD14-negative, peripheral blood lymphocytes
were cultured with MoDC or MoDC loaded with either heat shock-
induced ACR or blebs for 6 days, after which the CFSE dilution was
analyzed using flow cytometry, as a measure for T cell proliferation.
a The proliferation of CD4" T cells stimulated with ACR-loaded
immature MoDC was diminished compared to unloaded (p = 0.07)
and bleb-loaded immature MoDC (p = 0.04). Moreover, bleb-loaded
mature MoDC induced a significant increase in proliferation of CD4™
T cells, as compared to unloaded MoDC (p = 0.05, n = 7). Statis-
tically significant and relevant p values are shown. b No significant
differences could be detected in CD8™ T cell proliferation, between

Interestingly, analysis of functional T cell avidity by pep-
tide titration followed by IFNy release read-out showed
that MART-1,¢ 55, CD8" T cells primed with bleb-loaded
MoDC were able to recognize HLA class I:peptide com-
plexes loaded with peptide concentrations two orders of
magnitude lower as compared to CD8" T cells primed by
ACR-loaded MoDC (i.e., 12-fold and 107-fold, see Fig. 6d).

Discussion

Broadening the repertoire of LAA presented by MoDC is
likely to increase the efficacy of DC vaccination. However,
only a limited number of LAA have been characterized to
date, and even fewer can be used in a patient-specific set-
ting. Moreover, patient-specific frame-shift mutations are
described to play a role in anti-tumor immunity [30], most
of which are yet to be defined. The use of whole-tumor
cell vaccines circumvents the need for LAA characteri-
zation and HLA matching and furthermore broadens the
array of presented LAA as well as facilitating personalized
immunotherapy.

The finding that apoptotic blebs, in contrast to ACR, can
induce maturation of bone marrow-derived DC in mice [23,
31] led us to investigate the possibility of using blebs as
source of LAA for DC loading in the context of a vacci-
nation strategy. In the current study, we show that blebs,
as compared to ACR, derived from apoptotic AML cells,
were ingested more efficiently by MoDC. It remains to be

@ Springer

the different loading strategies (n = 7). ¢ Peripheral blood lympho-
cytes were stimulated with (loaded) MoDC for 6 days, after which
the cytokine production was determined in the supernatant. Of the
cytokines tested (IL-2, IL-4, IL-6, IL-10, TNFa, IFNy, and IL-17a),
only IFNy production was significantly altered when T cells were
stimulated with bleb-loaded immature MoDC, leading to the produc-
tion of approximately twofold higher levels of IFNy (2,516 pg/ml), as
compared to both unloaded (1,270 pg/ml) and ACR-loaded immature
MoDC (1,290 pg/ml; n = 4). This difference was overruled by induc-
ing additional maturation (white bars). All bar graphs represent the
mean value and the SEM

determined whether this increase was induced by (1) an
enrichment of eat-me signals (e.g., phosphitadyl serine and
calreticulin) on the surface of blebs, (2) a different mech-
anism of ingestion (phagocytosis vs. receptor-mediated
endocytosis or fusion), or (3) whether the increased uptake
was solely based on spatial considerations as a result of the
approximately tenfold size difference between ACR and
blebs. In the current study, we used the HL60 AML cell line
(and equivalent data were obtained for the K562 CML cell
line; data not shown); future studies should also explore the
use of primary AML blasts in an autologous setting.

One of the hurdles in effective DC vaccination is the lim-
ited migration of (intradermally) injected DC from the site
of injection toward the afferent lymph node [32]. Although
not significant, we observed a trend toward increased CCR7
expression after loading, which was especially evident after
loading with blebs and subsequent MoDC maturation. This
could be a result of the presence of danger-associated molec-
ular patterns [33] that could potentially have an additive
effect following cytokine-induced maturation. Importantly,
the observed increase in migration toward CCL19 of MoDC
after taking up blebs is clearly favorable in this regard.
Apart from CCR7 expression, neither ingestion of ACR nor
of blebs resulted in clear alterations in phenotype, nor in
cytokine production of MoDC. Contradictory data have been
published on the effects of apoptotic cells on DC maturation.
Presentation of self-antigens by DC under non-inflammatory
conditions has been shown to induce self-tolerance [13].
Moreover, ingestion of apoptotic cells by DC inhibits NFxB
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Fig. 6 CD8" T cell cross-priming, cytotoxicity, and avidity. a Prim-
ing of CD8™ T cells (gated on FCS/SSC, 7AAD~, CD3*, and CD8™)
with heat shock-induced ACR- or bleb-loaded MoDC led to an
expansion of MART-1,¢_35; -specific CD8T T cells, as measured by
tetramer staining. No tetramer positivity was observed when CD8' T
cells were primed with unloaded MoDC (data not shown). b A total
of 4 priming experiments with CD8" T cells and autologous MoDC
from healthy donors were performed. Four to six wells were initi-
ated per donor, and the percentage of MART-1,¢ 55, -positive CD8*
T cells was assessed before each restimulation (3-5 restimulations
per donor). Positive wells were defined as >0.03 % and >15 Tm*
events or >20 Tm™ events in two subsequent measurements, and the
maximum percentage positivity of each well was determined within
each priming experiment. The mean percentage of expanded MART-
156351 CD8T T cells that were primed with ACR-loaded MoDC was
0.16 % (range 0.05-1.01 %), as compared to 0.63 % (range 0.04—
11.66 %) when primed with bleb-loaded MoDC. ¢ Co-culture of

activation and induces the production of regulatory cytokines
(e.g., IL-10, TGFp), whereas the production of pro-inflam-
matory cytokines (e.g., IL-12 and TNFa) is hampered fol-
lowing Toll-like receptor ligation [14—18]. The expression
of co-stimulatory molecules and T cell stimulatory capac-
ity by apoptotic cell-loaded DC is diminished compared
to unloaded DC [34-36]. In contrast, apoptotic cell-loaded
DC have also been shown to induce T cell responses [37,
38]. The contradictory data on apoptotic cell loading strate-
gies for DC vaccination purposes could be a result of either
the method of apoptosis induction or the method of isola-
tion after induction with different bleb: ACR contents of the
resulting product. Moreover, discrepancies observed after
administration of apoptotic cells in murine models could
be a result of the ingestion by different phagocytes (DC vs.
macrophages and non-professional phagocytes).

In contrast to dampening MoDC function and T cell
activation, both ACR and bleb-loaded MoDC were able
to stimulate T cells, although loading MoDC with ACR,

Target : Effector ratio [MART-12HS" Peptide ]

sorted and expanded MART-1,¢ ;5; -specific CD8™ T cells at increas-
ing effector-to-target ratios with JY, or K562-M target cells, did not
result in an increase in cytotoxicity, as measured by 7AAD-positive
target cells (¢ fop four panels; representative example of 2 cytotox-
icity experiments). However, co-culture with Mel AKR target cells
showed an increasing cytotoxicity with increasing number of effector
cells, by MART-1,4 5, -specific CD8" T cells primed with both ACR-
and bleb-loaded MoDC (¢ lower two panels). The highest ratio (1:10)
was set to 100 %, in order to visualize the IC50 values. Maximum
7AAD positivity of MEL AKR was 80 % and 61 %, when co-cul-
tured with, respectively, ACR-primed or bleb-primed CD8™ T cells.
d T cell avidity analysis showed that MART-1,4 5, -specific CD8*
T cells primed with bleb-loaded MoDC (triangles) could detect
12-fold and 107-fold lower MART-1%°"% peptide concentrations, as
compared to those primed with ACR-loaded MoDC (circles; avidity
assays from 2 independent successful priming experiments)

without the induction of DC maturation (using IL-18,
IL-6, PGE-2, and TNF-a), did diminish CD4" T cell pro-
liferation compared to unloaded or bleb-loaded MoDC.
Importantly, co-culture of PBL with bleb-loaded (imma-
ture) MoDC led to Ty 1 skewing, based on the significantly
higher levels of IFNy production, compared to unloaded
and ACR-loaded MoDC. Our data are in keeping with
data obtained by Fransen et al. [23], although we could not
detect an increase in IL-17 production by PBL after stimu-
lation with bleb-loaded MoDC (data not shown). This lack
of IL-17 production in a MLR could be a result of (1) spe-
cies difference, (2) the origin of the DC used (MoDC vs.
BMDC), or (3) the responder cells used in the MLR (PBL
vs. splenocytes) and does not exclude the induction of
IL-17 producing T cells in vivo.

We observed a higher percentage of MART-1,¢ 35 -spe-
cific CD8* T cells when primed with bleb-loaded MoDC in
the conducted priming experiments, which can be explained
by multiple factors. For instance, the increase in uptake of
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blebs by MoDC could lead to an increased antigen load per
MoDC, by which these MoDC are able to present LAA in
a greater number of HLA class I molecules, or for a pro-
longed period of time. Also, blebs could contain more read-
ily processible sources of antigen, e.g., defective ribosomal
products (DRIPs), rapidly degradable poly-peptides, and
translated proteins, due to the presence of the ER. These
antigen sources have been described to lead to very efficient
presentation in the context of HLA class I and are essential
sources of presented antigen during viral infections [39, 40].
Whether the presence of these peptides in blebs is elevated
remains to be elucidated, but DRIPs within autophagosomes
have been reported to be efficiently cross-presented [41].
Combined with the efficient uptake, this could render blebs
a more effective source of LAA compared to ACR.

Our observation that bleb-loaded MoDC prime CD8™
T cells of higher avidity compared to ACR-loaded MoDC
is likely to be an effect of the ingested blebs on the func-
tionality of the MoDC, rather than differences in process-
ing and presentation efficiency of the antigen. As we found
no differences in, e.g., release of IL-12p70 or other T cell
stimulatory cytokines or expression levels of co-stimula-
tory molecules, the underlying mechanism in this regard as
yet remains obscure. Nevertheless, this impressive differ-
ence in functional avidity clearly indicates a preferred use
of blebs over ACR for immunotherapeutic purposes.

In conclusion, we have shown that ingestion of human
apoptotic blebs derived from the AML cell line HL60 can
induce lymph node migration capacity in MoDC as well
as the ability to prime IFNy producing effector T cells
and high-avidity tumor reactive CTL. Using bleb-loaded
MoDC for the induction of tumor-directed cytotoxic T cell
responses could therefore be a potent novel strategy for
treating AML patients.
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