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Abstract This study focused on the question of how
monocyte-derived dendritic cells (Mo-DCs) that capture
dead tumor cells (Mo-DCs-Tum) secrete interleukin 12
(IL-12) and tumor necrosis factor o (TNF-a). Mo-DCs-~
Tum showed higher secretions of IL-12 and TNF-« than
were shown by Mo-DCs. Enhanced nuclear factor-
kappa B (NF-kB) activation was also induced in Mo-
DCs-Tum within 6 h. The NF-«B inhibitor, pyrrolidine
dithiocarbamate (PDTC), suppressed both IL-12 and
TNF-a secretions from Mo-DCs-Tum. Administration
of recombinant TNF-a or IL-12 enhanced IL-12 or
TNF-a secretion respectively in Mo-DCs-Tum. Addition
of anti-TNF-« or anti-IL-12 neutralizing antibody de-
creased NF-xB activation and IL-12 or TNF-« secretion
in Mo-DCs-Tum. These results suggest that TNF-a or
IL-12 secretion induces NF-xB activation, and it stim-
ulates further TNF-¢ and IL-12 secretions, i.e., an
IL-12/TNF-o/NF-kB autocrine loop, in Mo-DCs-Tum.
Thus, Mo-DCs-Tum secrete a large amount of IL-12
and TNF-a through accelerated NF-xkB activation
induced by the IL-12/TNF-o/NF-xB autocrine loop.
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Introduction

Dendritic cells (DCs) play a pivotal role in T and B cell-
mediated immune responses [3, 5]. Recent advances in
biotechnology have made it possible to generate mono-
cyte-derived DC-like cells (Mo-DCs) in vitro from
peripheral blood monocytes with granulocyte-macro-
phage colony-stimulating factor (GM-CSF) and inter-
leukin 4 (IL-4) {23]. Clinical trials of Mo-DCs pulsed
with autologous tumor cells, 1.e., Mo-DC-based immu-
notherapies, are underway for patients with a variety of
malignancies including malignant melanoma, B-cell
lymphoma, renal cell carcinoma, gastrointestinal carci-
noma, and thyroid carcinoma {9, 13, 16, 22, 24]. How-
ever, Mo-DC-based tumor immunotherapies have had
limited success. One reason is that the level of specific
antigen-MHC complexes on tumors may be low and
thus only a few T-cell clones that recognize tumor
antigens may be activated. It has been shown that
Mo-DCs which capture necrotic tumor cells (N) or
apoptotic tumor cells (A) become mature, i.e., mature
Mo-DCs, and they produce tumor necrosis factor «
(TNF-0) and interleukin 12 (IL-12) [3]. Efficient secre-
tion of IL-12 from Mo-DCs is helpful to overcome this
problem because Thil-type helper T cells are preferen-
tially induced by IL-12 and play an important role in the
antitumor immune response [6, §]. Unfortunately, IL-12
secretion of Mo-DCs generated from patients with
advanced cancer is weaker than that of Mo-DCs from
healthy volunteers [18]. These findings indicate that we
should prepare Mo-DCs which secrete larger amounts of
1L-12 as DC-vaccine source. However, details regarding
the molecular mechanism of how Mo-DCs that capture
dead tumor cells (Mo-DCs-Tum) secrete 1L-12 remain
unclear.

Nuclear factor-kappa B (NF-xB) is responsible for
maturation of DCs and is a major regulator of the
antigen-presenting function of DCs [21]. In resting cells,
NF-«B is located in the cytoplasm as heterodimers of the
structurally related proteins p50, p52, RelA, c-Rel, and
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RelB, both of which are noncovalently associated with
the cytoplasmic inhibitor, inhibitory NF-«xB (IxkB) [17,
25]. Activation of NF-xB is preceded by phosphoryla-
tion of IxB by IxB kinase, which is followed by prote-
olytic removal of IxB and movement of NF-kB to the
nucleus. Nuclear translocation of NF-kB is thought to
reflect activation of NF-xB [1]. After translocation to
the nucleus, NF-xB stimulates transcription of cytokines
such as TNF-¢ and IL-12 [7, 20].

In the present study, we focused on the IL-12 and
TNF-¢ secretions from Mo-DCs-Tum and their molec-
ular mechanism.

Materials and methods
Generation of Mo-DCs

Cultures of human peripheral blood mononuclear cells
(PBMCs) were maintained in RPMI 1640 (Sanko Pure
Chemicals, Tokyo, Japan) supplemented with 10% fetal
bovine serum (FBS; Filtron Pty, Brooklyn, Victoria,
Australia), 100 U/ml penicillin (Meijiseika, Tokyo,
Japan), and 100 pg/ml of streptomycin (Meijiseika)
(hereafter referred to as RPMI medium). Mo-DCs were
generated from the adherent fraction of PBMCs as
described previously [18] but with minor modifications.
In brief, PBMCs were isolated from heparinized
peripheral blood from healthy volunteers by Ficol-
Paque (Life Technologies, Gaithersburg, MD, USA)
density gradient centrifugation. PBMCs were resus-
pended in RPMI medium, plated at a density of
2x10° cells/ml, and allowed to adhere in 24-well culture
plates (Nalge Nunk International, Chiba, Japan). After
an overnight incubation at 37°C, the nonadherent cells
were removed, and the adherent cells were harvested and
cultured in RPMI medium supplemented with GM-CSF
(200 ng/ml; Genetech, China) and IL-4 (500 U/ml;
Osteogenetics, Wuerzburg, Germany). On day 6,
nonadherent cell fractions were collected as immature
Mo-DCs and examined. In the present study, Mo-DCs
from ten healthy donors were prepared and used.

Induction of apoptosis and necrosis in tumor cells

A human gastric carcinoma cell line, GCTM-1, was
established in our laboratory and maintained in RPMI
medium [15]. Complete disruption of the necrotic cells
into fragments was confirmed by light microscopy after
five cycles of freezing with liquid nitrogen and thawing
at 37°C. UV-triggered apoptosis of tumor celis was
induced by 2 mJ/cm® of irradiation with a 120-mJ
UVB lamp (Amersham Biosciences, Piscataway, NJ,
USA). Eight hours after irradiation, induction of
apoptosis was confirmed by double staining with
Hoechst 33342 (Wako Pure Chemical, Osaka, Japan)
and propidium iodide (PI; Sigma, St Louis, MO,
USA). Under fluorescence microscopy, Pl-negative and

Hoechst 33432-positive cells with characteristically
condensed or fragmented nuclei were defined as being
apoptotic. More than 99% of UV-irradiated GCTM-1
cells had the Pl-negative and Hoechst 33432-positive
phenotype and typical apoptotic morphology. Pl-po-
sitive cells were defined as secondary necrotic celis.
Necrosis- or apoptosis-induced tumor cell cultures
were centrifuged at 6,000 g for 10 min, the supernatant
was removed, and the pellets were saved. No con-
tamination of LPS into dead tumor cell fraction was
confirmed with Limulus amebocyte lysate test (Wako,
Tokyo, Japan).

Capture of dead tumor cells by Mo-DCs

Apoptotic or necrotic tumor cells were incubated with
Mo-DCs at a cell ratio of 1:1 at 4°C or 37°C. Four hours
after incubation, cells were collected, washed with pos-
phate-buffered saline (PBS), and stained with Giemsa
(Kokusaishinyaku, Kobe, Japan) to determine the
number of Mo-DCs-Tum that captured N (Mo-DCs-
Tum-N) or A (Mo-DCs-Tum-A). One hundred Mo-DCs
were examined under a light microscope at x400 mag-
nification, and the percentage of Mo-DCs-Tum (%Mo-
DCs-Tum) was calculated. Alternatively, the membrane
components of N or A tumor cells were labeled with the
PKH 26 red fluorescent cell linker kit (Sigma), and Mo-
DCs were labeled with the PKH 67 green fluorescent cell
linker kit (Sigma) according to the manufacturer’s pro-
tocol. Fluorescence-labeled Mo-DCs and dead tumor
cells were cocultured at an original cell ratio of 1:1 for
4 h at 4°C or 37°C, washed, and then applied to a FACS
Calibur flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA). The fluorescence intensity was ana-
lyzed with CELLQuest software (Becton Dickinson).
PKH 26-positive cells in gated Mo-DCs populations
were defined as Mo-DCs-Tum-A or Mo-DCs-Tum-N.

Cytokine secretions by Mo-DCs

Ten thousand Mo-DCs and dead tumor cells obtained
from 1x10* GCTM-1 cells were suspended in 200 pl of
RPMI 1640 containing 1% human albumin. Alterna-
tively, these cell mixtures were incubated with or without
1 pg/ml of anti-TNF-¢ neutralizing IgG (R&D Sys-
tems), 200 U/ml of recombinant human TNF-« (Dai-
nippon Pharmaceutical, Osaka, Japan), 20 pug/ml of
anti-IL-12 neutralizing IgG (R&D Systems), 100 pg/mli
of recombinant IL-12 (Dainippon Pharmaceutical) or
100 uM of pyrrolidine dithiocarbamate (PDTC, Sigma).
Twenty-four hours after the initial culture, cell-free
supernatants were collected by centrifugation and stored
at —80°C until use. The concentrations of IL-12 p40,
IL-12 p70, and TNF-« in the culture supernatants were
measured by ELISA kit specific for 1L-12 p40, IL-12
p70, or TNF-o (Biosource, Camarillo, CA, USA). The
detection limit of each kit was 10 pg/ml.
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Fig. 1a,b Analysis of dead tumor cells by Mo-DCs. a Dead tumor
cells were cocultured with an equivalent number of Mo-DCs for
4 h and then stained with Giemsa. One hundred Mo-DCs were
examined under a light microscope, and the percentage of
Mo-DCs-Tum was calculated (% Mo-DCs-Tum). Results are
presented as mean + SE (bars). The data are representative of
three independent experiments using Mo-DCs generated from ten
different donors. b Membrane components of dead tumor cells
were labeled with PKH 26, and Mo-DCs were labeled with PKH
67. Fluorescence-labeled Mo-DCs were cocultured with dead
tumor cells at a ratio of 1:1 for 4 h at 4°C or 37°C. Data are the
log fluorescence intensity of Mo-DCs gated by cellular size and
granulation phenotype. Fluorescence profiles of Mo-DCs-Tum at
4°C or 37°C are shown. The percentage of double-positive (PKH'
26+, PKH 67+) Mo-DCs is shown in the upper right corner of
each figure. The data are representative of three independent
experiments using Mo-DCs generated from three different donors

Preparation of nuclear extract of Mo-DCs

Monocyte-derived dendritic cells cocultured with dead
GCTM-1 cells for various durations with or without
various agents, including anti-TNF-« neutralizing
mAb, anti-IL-12 neutralizing mAb, or PDTC, were
collected and washed once with PBS. Cells were then
homogenized in 400 pl of hypotonic buffer (10 mM
HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl, 0.1%
Nonidet P-40, and 5% protease inhibitor cocktail
[0.2 mM DTT, 10 mM benzamidine, 7 pg/ml leupep-
tin, 50 pg/ml soybean trypsin inhibitor, 2 pg/ml
aprotinin, 2 pg/ml antipain, 0.7 ug/ml pepstatin,
0.5 mM phenylmethylsulfonyl fluoride, and 0.5 mM
4-(2-aminoethyl) benzenesulfonylfiuoride] [Sigma]), and
then incubated for 10 min on ice. Nuclei collected by
centrifugation at 800 ¢ for 5 min were washed once
with 200 ul of hypotonic buffer and resuspended in
20 pl of low-salt buffer (20 mM HEPES [pH 7.9],
0.02 mM KCI, 1.5 mM MgCl,, 0.2 mM EDTA, 25%
glycerol, and protease inhibitor cocktail). An equal

PKH 67

volume of high-salt buffer (same composition as low-
salt buffer but containing 800 mM KCI) was added
with vortex mixing. Nuclei were incubated for 30 min
at 4°C and centrifuged at 18,000 g for 30 min, and the
supernatants were collected.
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Fig. 2 Secretion of IL-12 p40, TNF-«, and 1L-12 p70 by Mo-DCs.
Mo-DCs (10% were cocultured with 1x10° dead GCTM-1 cells for
24 h. Cell-free culture supernatants were collected, and the
concentrations of of IL-12 p40, TNF-¢, and IL-12 p70 were
measured by ELISA (n=10). Data are the mean + SE (bars);
p values for Mo-DCs-Tum-A vs Mo-DCs-Tum-N are listed. The
data are representative of two independent experiments using
Mo-DCs generated from ten different donors
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Fig. 3 a IL-12 p40 secretion by captured Mo-DCs in the presence
of anti-TNF-« neutralizing antibody (1 ug/ml). Mo-DCs (10% were
cocultured with 1x10° dead GCTM-1 cells for 24 h. Cell-free
culture supernatants were collected, and the concentration of of IL-
12 p40 was measured by ELISA. Data are mean + SE (bars). b IL-
12 p40 secretion by captured Mo-DCs in the presence of
recombinant TNF-a (200 U/ml). Mo-DCs (10 were cocultured
with 1x10° dead GCTM-1 cells for 24 h. Cell-free culture
supernatants were collected, and the concentration of of IL-12
p40 was measured by ELISA. Data are mean + SE (bars). ¢ TNF-
o secretion by Mo-DCs-Tum in the presence of anti-IL-12 (20 pg/
ml). Mo-DCs (10*) were cocultured with 1%10° dead GCTM-1 cells
for 24 h. Celi-free culture supernatants were collected, and the
concentration of TNF-¢ was measured by ELISA. Data are
mean + SE (bars). d TNF-« secretion by captured Mo-DCs in the
presence of recombinant IL-12 (100 pg/mi). Mo-DCs (10%) were
cocultured with 1x10° dead GCTM-1 cells for 24 h. Cell-free
culture supernatants were collected, and the concentration of TNF-
o was measured by ELISA. Data are mean * SE (bars). The data
are representative of three independent experiments using Mo-DCs
generated from ten different donors

Electrophoretic mobility shift assay (EMSA)

Nuclear protein extracts of Mo-DCs were analyzed by
electrophoretic mobility shift assay (EMSA) for
NF-kB nuclear translocation as described previously
[11]. Briefly, nuclear protein extracts of 1x10° cells
were incubated for 30 min at 37°C with binding buffer
(60 mM HEPES [pH 7.5, 180 mM KCl, 15mM
MgCl,, 0.6 mM EDTA, and 24% glycerol), poly (dI-
dC) (Amersham Pharmacia Biotech AB, Uppsala,
Sweden), and ** P-labeled double-stranded oligonu-
cleotide containing the binding motif of NF-xB (5'-
AGTTGAGGGGACTTTCCCAGGC-3)  (Promega,
Madison, WI, USA). These mixtures were loaded onto
a 4% polyacrylamide gel and separated by electro-
phoresis in 0.25xTBE running buffer. The oligomer-
protein complexes were visualized by autoradiography.

>

Fig. 4 a NF-xB activation in Mo-DCs-Tum. Six hours after
GCTM-1 cell pulsation, nuclear translocation of NF-xkB in Mo-
DCs was detected by EMSA. Lane 1 Mo-DCs (control), Lane 2
Mo-DCs-Tum-A, Lane 3 Mo-DCs-Tum-N, Lane 4 competition
assay by the addition of 100 times NF-xB oligonucleotide. Data are
the ratio of the intensity of Mo-DCs-Tum to control Mo-DCs as
determined by NIH image. b NF-xB activation in Mo-DCs-Tum in
the presence of anti-TNF-o neutralizing antibody (1 pg/ml.
Twelve hours after GCTM-1 cell pulsation, nuclear translocation
of NF-xB p65 in Mo-DCs-Tum was analyzed by EMSA. Lane 1
Mo-DCs-Tum-A, Lane 2 Mo-DCs-Tum-A in the presence of anti-
TNF-u neutralizing antibody, Lane 3 Mo-DCs-Tum-N, Lane 4
Mo-DCs-Tum-N in the presence of anti-TNF-o neutralizing
antibody. Data are the ratio of Mo-DCs-Tum with anti-TNF-o
neutralizing antibody to Mo-DCs-Tum without anti-TNF-o neu-
tralizing antibody as determined by NIH image. ¢ NF-xB
activation in Mo-DCs-Tum in the presence of anti-IL-12 neutral-
izing antibody (20 pg/ml). Twelve hours after GCTM-1 cell
pulsation, nuclear translocation of NF-«B p65 in Mo-DCs-Tum
was analyzed by EMSA. Lane I Mo-DCs-Tum-A, Lane 2 Mo-
DCs-Tum-A in the presence of anti-IL-12 neutralizing antibody,
Lane 3 Mo-DCs-Tum-N, Lane 4 Mo-DCs-Tum-N in the presence
of anti-1L-12 neutralizing antibody. Data are the ratio of Mo-DCs-
Tum with anti-IL-12 neutralizing antibody to Mo-DCs-Tum
without anti-IL-12 neutralizing antibody as determined by NIH
image. The data are representative of three independent experi-
ments using Mo-DCs generated from three different donors

The intensity of the NF-xB band was estimated with
the use of NIH Image version 1.60 software (NIH
Division of Computer Research and Technology,
Bethesda, MD, USA).

Statistical analysis

The Fisher exact probability test was used for statis-
tical analyses. Calculations were carried out with
StatView software (Abacus Concepts, Berkeley, CA,
USA). All results with a p value less than 0.05 were
considered statistically significant.

Results
Mo-DCs capture dead tumor cells

Capture of dead tumor cells by Mo-DCs was essentially
determined with Giemsa staining. When the ratio of
Mo-DCs-Tum to total Mo-DCs (%Mo-DCs-Tum) was
calculated with a light microscope as described in
“Materials and methods,” %Mo-DCs-Tum was not
affected by cellular death pattern, i.e., necrosis or
apoptosis, of tumor cells (Fig. la). The data are
representative of three independent experiments using
Mo-DCs generated from ten different donors. Since
evaluation with microscopy may be dependent on the
investigator’s subjective response, %Mo-DCs-Tum was
also examined with a flow cytometer. As described in
“Materials and methods,” Mo-DCs and dead tumor
cells were prestained with green fluorescence PKH-67
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and red fluorescence PKH-26, respectively. As a result,
Mo-DCs-Tum become double-positive cells (upper right
rectangle in Fig. 1b). The percentage of double-positive
cells in Mo-DCs-Tum-N and Mo-DCs-Tum-A was
87.3% and 72.6%, respectively. Uptake was profoundly
reduced when dead cells were cocultured with Mo-DCs
at 4°C, indicating that nonspecific binding of dead cells
to Mo-DCs was minimal (Fig. 1b). The data are repre-
sentative of three independent experiments. using Mo-
DCs generated from three different donors. Both
Fig. 1a, b, indicate that phagocytotic ability of Mo-DCs
was not affected by death pattern of tumor cells.

Mo-DCs-Tum secrete TNF-¢e and IL-12

We first investigated whether Mo-DCs-Tum secrete IL-
12 or TNF-a. Mo-DCs-Tum secreted both TNF-« and
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IL-12 p40 (Fig. 2). IL-12 p40 secretion (321 + 26 pg/
ml) by Mo-DCs-Tum-N was significantly higher than
that (228 £ 10 pg/ml) of Mo-DCs-Tum-A (p=0.008).
TNF-o secretion (1,390 + 60 pg/ml) of Mo-DCs-Tum-
N was also significantly higher than that
(1,004 + 42 pg/ml) of Mo-DCs-Tum-A (p=0.047).
Concentrations of IL-12 p70 in the culture medium were
below the limits of detection in both Mo-DCs-Tum-A
and Mo-DCs-Tum-N. These data suggest that the death
pattern of tumor cells may affect the production of these
cytokines from Mo-DCs-Tum. The data are represen-
tative of two independent experiments using Mo-DCs
generated from ten different donors.

TNF-¢ and IL-12 secreted from Mo-DCs-Tum induce
further secretion of these cytokines

We next investigated the relationship between TNF-o
secretion and IL-12 secretion in Mo-DCs-Tum (Fig. 3).
When anti-TNF-« neutralizing antibody was added into
the mixture of Mo-DCs and dead tumor cells, IL-12 p40
secretion was significantly decreased (Fig. 3a). Addition
of recombinant TNF-a enhanced IL-12 p40 secretion by
Mo-DCs-Tum-A but not Mo-DCs-Tum-N (Fig. 3b).
Similarly, when anti-IL-12 neutralizing antibody was
added into the mixture of Mo-DCs and A, TNF-«
secretion was significantly decreased. However, TNF-a
secretion by Mo-DCs-Tum-N has not altered signifi-
cantly (Fig. 3c). Addition of recombinant IL-12 signifi-
cantly enhanced TNF-a secretion by Mo-DCs-Tum
(Fig. 3d). Neither cell viability nor total cell number was
changed significantly by the assay (data not shown).
These data suggest that TNF-o and TL-12 stimulate each
other’s cytokine production, i.e., TNF-«/IL-12 autocrine
loop. The data are representative of three independent
experiments using Mo-DCs generated from ten different
donors.

Both IL-12 and TNF-« secreted from Mo-DCs-Tum
induce NF-xB activation in Mo-DCs

Since both IL-12 and TNF-¢ are target genes of NF-xB,
induction of NF-xB activation in Mo-DCs-Tum was
examined (Fig. 4). NF-xB activation was estimated as
translocation of NF-«xB p65 to the nuclei of Mo-DCs by
EMSA. Enhanced nuclear translocation of NF-xB was
observed in Mo-DCs-Tum. Nuclear translocation of
NF-xB was stronger in Mo-DCs-Tum-N than Mo-DCs-
Tum-A (Fig. 4a). In the presence of anti-TNF-« neu-
tralizing antibody, nuclear translocation of NF-xB in
Mo-DCs-Tum was suppressed (Fig. 4b). In the presence
of anti-IL-12 neutralizing antibody, nuclear transioca-
tion of NF-xB in Mo-DCs-Tum was also suppressed
(Fig. 4c). These data suggest the close relationship be-
tween TNF-o, IL-12, and NF-xB. The data are repre-
sentative of three independent experiments using Mo-
DCs generated from three different donors.
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NF-xB inhibitor PDTC suppresses both TNF-«
and IL-12 secretion by Mo-DCs-Tum

To confirm the relationship between TNF-¢o, IL-12, and
NF-«B activation, a specific NF-xB inhibitor PDTC was
used. In the presence of PDTC, nuclear translocation of
NF-kB in Mo-DCs-Tum was certainly suppressed
(Fig. 5a). The data are representative of three indepen-
dent experiments using Mo-DCs generated from three
different donors. IL-12 p40 secretion by Mo-DCs-Tum
in the presence of PDTC was decreased significantly in
comparison to that of Mo-DCs cultured in the absence
of PDTC (Fig. Sb; p<0.001). The data are re-
presentative of three independent experiments using
Mo-DCs generated from ten different donors. Addition
of recombinant TNF-¢ could not ameliorate the de-
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creased IL-12 secretion in PDTC-treated Mo-DCs-Tum
(Fig. 5b). Similarly, TNF-« secretion by Mo-DCs-Tum-
N or Mo-DCs-Tum-A in the presence of PDTC was
decreased significantly in comparison with that in the
absence of PDTC (p<0.001 and p=0.002, respectively;
Fig. 5¢). The data are representative of three indepen-
dent experiments using Mo-DCs generated from ten
different donors. These data indicate the TNF-o/IL-12 /
NF-xB autocrine loop in Mo-DCs-Tum.

Discussion

We showed that Mo-DCs-Tum secrete comnsiderable
amounts of IL-12 and TNF-« through the IL-12/TNF-a/
NF-«B autocrine loop.
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Fig. 5 a NF-«xB activation in Mo-DCs-Tum in the presence of
100 pM of PDTC. Six hours after the GCTM-1 cell pulsation,
nuclear translocation of NF-kB in Mo-DCs was examined by
EMSA. Lane 1 Mo-DCs-Tum-A, Lane 2 Mo-DCs-Tum-A treated
with 100 uM PDTC, Lane 3 Mo-DCs-Tum-N, Lane 4 Mo-DCs-
Tum-N treated with 100 uM PDTC. Data are the ratio of Mo-
DCs-Tum in the presence of PDTC to Mo-DCs-Tum in the
absence of PDTC as calculated by NIH image. The data are
representative of three independent experiments using Mo-DCs
generated from three different donors. b IL-12 p40 secretion by
Mo-DCs-Tum treated with 100 uM of PDTC with or without 200
U/ml of recombinant TNF-a. Mo-DCs (10*) were cocultured with
1x10° dead GCTM-1 cells for 24 h. Cell-free culture supernatants
were collected, and the concentration of TNF-o was measured by
ELISA. Data are mean =* SE (bars). The data are representative of
three independent experiments using Mo-DCs generated from ten
different donors. ¢ TNF-o secretion by Mo-DCs-Tum in the
presence of 100 pM of PDTC. Mo-DCs (10%) were cocultured with
1x10° dead GCTM-1 cells for 24 h. Cell-free culture supernatants
were collected, and the concentration of TNF-« was measured by
ELISA. Data are mean + SE (bars). The data are representative of
three independent experiments using Mo-DCs generated from ten
different donors

We first showed a possibility that TNF-o secreted
from Mo-DCs-Tum induces further IL-12 secretion
from them, and similarly IL-12 secreted from captured
Mo-DCs induces further TNF-a secretion from them
(Fig. 3). These findings lead to speculation regarding the
existence of a TNF-a/IL-12 autocrine loop in Mo-DCs-
Tum. Antibodies against TNF-« or IL-12, however,
could not completely suppress the secretion of these
cytokines. In addition, recombinant TNF-« did not in-
duce significant IL-12 secretion from Mo-DCs-Tum-N.
Therefore, our data also indicate that some other
mechanisms different from the TNF-¢/IL-12 autocrine
loop play roles in cytokine secretion from Mo-DCs-
Tum. Why do Mo-DCs-Tum secrete both TNF-o and
IL-127 It has been shown that transcription of TNF-« is
regulated by NF-kB activation [20] and that TNF-« acts
in an autocrine manner to induce NF-xB activation in
Mo-DCs [23]. In addition, it has been reported that IL-
12 secretion of DCs from mice with a double knockout
of the NF-xB subunits p50 and cRel was impaired [19].
1L-12 is also a target gene of NF-xB in humans [7].
These data indicate that NF-xB activation plays a key
role in secretion of both TNF-« and IL-12 in Mo-DCs-
Tum. This possibility may be strongly supported by data
showing that an NF-«xB inhibitor, PDTC, significantly
reduced secretion of both TNF-o and IL-12 in Mo-DCs-
Tum (Fig. 5). The next question is what the initial
NF-xB activation factor 1s. Many factors such as
lipopolysaccharides, microbial stimuli, viral infection,
proinflammatory cytokines, double-stranded DNA, and
heat shock proteins (HSPs) have been reported to be
activators of NF-xB [2, 4, 10, 14, 26-28]. We have
shown that both secretion of IL-12 and activation of
NF-xB induced by a streptococcal preparation OK-432
were suppressed when Mo-DCs were pretreated with an
inhibitor of endocytosis, cytochalasin B [12], suggesting
a possibility that NF-xB activation may be induced in
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Fig. 6 Possible model of IL-12 and TNF-a secretions through
IL-12/TNF-0/NF-kB autocrine loop. NF-kB activation is induced
in Mo-DCs-Tum (szep I). NF-xB activation induces secretion of
both TNF-« and IL-12 (szep 2). Both IL-12 and TNF-« secretions
induce further NF-xkB activation (step 3). Enhanced NF-xB
activation induces further secretion of 1L-12 and TNF-«. Thus,
JL-12, TNF-a, and NF-kB form an autocrine loop in Mo-DCs-Tum

Mo-DCs by capture of dead tumor cells. We are now
speculating on at least two possibilities. One possibility
is that capture of dead tumor cells induces first TNF-u
secretion and then TNF-uo secretion stimulates NF-xB
activation. Another possibility is that the capture of
dead tumor cells directly induces NF-xB activation.

In conclusion, it seems likely that captured Mo-DCs
secrete a large amount of 11.-12 and TNF-« through the
IL-12/TNF-o/NF-xB autocrine loop (Fig. 6). Briefly,
NF-xB activation is induced in Mo-DCs-Tum (step 1).
NF-«B activation induces secretions of both TNF-« and
JL-12 (step 2). Both 1L-12 and TNF-« secretions induce
further NF-xB activation (step 3). Enhanced NF-xB
activation induces further secretion of IL-12 and TNF-¢.
Thus, IL-12, TNF-o, and NF-xB form an autocrine loop
in Mo-DCs-Tum. Such an enhanced NF-xB activation
in Mo-DCs-Tum induces them to secrete a large amount
of I1.-12 and TNF-¢. However, it is still unknown to
what degree the IL-12/TNF-0/NF-xB autocrine loop
plays a role in IL-12 and TNF-« secretions from Mo-
DCs-Tum. Identification of an initial signal or key
molecule (step 1 in Fig. 6) operating the IL-12/TNF-¢/
NF-xB autocrine loop might provide new insights that
could foster development of an effective antitumor
immunotherapy.
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Abstract

We investigated the effect of exosomes secreted from human monocyte-derived dendritic cells (Mo-DCs), which are generated
from PBMC:s in response to treatment with GM-CSF and IL-4, on naive CD4" T cell survival in vitro. Exosomes isolated from cul-
ture supernatants of Mo-DCs (>90% purity) were purified with anti-HLA-DP, -DQ, -DR-coated paramagnetic beads. Purified exo-
somes prolonged the survival of naive CD4* T cells (>98% purity) in vitro. Treatment with neutralizing mAb against HLA-DR
significantly decreased the supportive effect of purified exosomes on CD4™ T cell survival. Exosomes increased nuclear translocation
of NF-kB in naive CD4" T cells, and NF-xB activation was significantly suppressed by anti-HLA-DR mAb or NF-«B inhibitor pyr-
rolidine dithiocarbamate (PDTC). In addition, PDTC inhibited the effect of exosomes on naive CD4* T cell survival. Thus, exosomes
secreted by Mo-DCs appear to support naive CD4" T cell survival via NF-xB activation induced by interaction of HLA-DR and

TCRs.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Human monocyte-derived dendritic cells; Multivesicular body; Small membrane vesicle; TCR and MHC interaction

1. Introduction

Prolonged survival of naive CD4" T cells requires
direct contact with self-MHC class II ligands in vivo
[1-3]. CD8" T cells also require exposure to specific self-
MHC class I proteins for prolonged survival [4]. Thus,
interaction between TCR and MHC molecules plays an
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important role in supporting naive T cell survival in vivo
[5,6]. However, there are few reports concerning the role
of TCR and MHC interaction in short-term survival of
naive CD4* T cells in vitro [7].

Exosomes were initially described as microvesicles
containing 5'-nucleotidase activity and released from
neoplastic cell lines [8,9]. Electron microscopy has shown
that exosomes have a characteristic saucer-like morphol-
ogy of a flattened sphere limited by a lipid bilayer. They
range from 30 to 100nm in diameter [10]. The most
common procedure for purifying exosomes from cell-
culture supernatants involves a series of centrifugations
to remove dead cells and large debris, followed by a final
high-speed ultracentrifugation to pellet the exosomes
[11,12]. It is generally believed that exosomes are
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membrane vesicles that form within late endocytic com-
partments, multivesicular bodies (MVBs), and are
secreted upon fusion of these compartments with the
plasma membrane of living cells. As a result, all exoso-
mal proteins reported up to now have been found in the
cytosol, in the membrane of endocytic compartments, or
at the plasma membrane. Various cell types secrete exo-
somes. APCs such as dendritic cells (DCs)? and B cells
also secrete exosomes. Recent advances in biotechnology
have made it possible to generate DC-like cells, mono-
cyte-derived DCs (Mo-DCs), in vitro from PBMCs upon
treatment with GM-CSF and IL-4 [13], and Mo-DCs
secrete exosomes [14]. MHC class 11 proteins are very
abundant in exosomes from Mo-DCs as well as other
APCs [15] In addition, APC-derived exosomes contain
specific proteins, such as CD86 and integrins, which are
involved in antigen presentation, suggesting a role of
exosomes in T cell stimulation {16-18]. In fact, it has
been shown that EBV-transformed B cell-derived exo-
somes stimulate human CD4" T cell clones in an anti-
gen-specific manner [10]. T cell stimulation by exosomes
produced by rat mast cells engineered to express mouse
or human MHC class II proteins has been reported [19].
Interestingly, exosomes produced by tumor peptide-
pulsed DCs induce T cell-dependent tumor rejection in
vivo [14].

NF-«xB is a transcription factor that is activated in T
cells by interaction between TCRs and MHC class I or
class II proteins [20-22] and has been shown to play an
important role in the expression of anti-apoptotic genes
[23]. In most resting cells, NF-«xB is located in the cyto-
plasm as a heterodimer of the structurally related pro-
teins p50, pS2, RelA, c-Rel, and RelB. All of these are
noncovalently associated with the cytoplasmic inhibitor
IxB [24]. The most common NF-xB is the p65/p50 het-
erodimer. Activation of NF-kB is preceded by phos-
phorylation of IxB by IxB kinase, which is followed by
proteolytic removal of IxB and movement of NF-xB to
the nucleus. Nuclear translocation of NF-xB is thought
to reflect its activation [25]. Zheng et al [26] reported a
critically important function of NF-kB in TCR-induced
regulation of CD4" T cell survival in p50—/— cRel—/—
mice. In addition, survival of antigen-stimulated T cells
requires NF-xB-mediated inhibition of p73 expression
[22]. Thus a role of NF-xB in T cell survival appears to
be important. However, a role of the NF-xB-activating
pathway in naive CD4" T cell survival has not been iden-
tified in human cells.

Here, we report for the first time that Mo-DC-
derived exosomes support naive CD4* T cell survival

2 Abbreviations used: DC, dendritic cell; Mo-DC, monocyte-derived
dendritic cell; PDTC, pyrrolidine dithiocarbamate; MVB, multivesicu-
lar body; CB, cacodylate buffer; MW, molecular weight; FSC, forward
scatter; SSC, side scatter.

in vitro through interaction between TCRs and
human leukocyte antigen (HLA)-DR, and that TCR-
dependent NF-xB activation may contribute to this
survival.

2. Materials and methods
2.1. Reagents

Pyrrolidine dithiocarbamate (PDTC), an inhibitor of
NF-kB nuclear translocation, was purchased from
Sigma Chemical (Deisenhofen, Germany).

2.2. Preparation of human Mo-DCs and naive CD4* T
cells

Mo-DCs were generated from the adherent fraction
of PBMCs from healthy volunteers, as previously
described but with minor modifications [13]. Briefly,
PBMCs were isolated from heparinized peripheral blood
by Ficol-Paque (Life Technologies, Gaithersburg, MD,
USA) density gradient centrifugation. PBMCs were
resuspended in RPMI 1640 basal medium (Sanko Pure
Chemicals, Tokyo Japan) supplemented with 1% human
albumin (Mitsubishi Pharma, Osaka, Japan), 100 ug/ml
penicillin  (Meijiseika, Tokyo, Japan), and 100 pg/ml
streptomycin (Meifjiseika) (RPMI medium), plated at a
density of 2 x 108cells/ml, and allowed to adhere over-
night at 37°C in 24-well plates (Nalge Nunc Interna-
tional;, Chiba, Japan). Nonadherent cells were removed,
and adherent cells were cultured in RPMI medium con-
taining GM-CSF (100 ng/ml, North China Pharmaceuti-
cal Group, Shijiazhuang, China) and IL-4 (50ng/ml,
Osteogenetics, Wurzburg, Germany). On day 7, nonad-
herent fractions were collected as Mo-DCs. Mo-DCs
were further purified by negative selection with magnetic
beads coated with mouse monoclonal anti-CD2, anti-
CD3, and anti-CDI19 antibodies (Dynabeads, Dynal
Biotech, Oslo, Norway). This depletion procedure
yielded over 90% CD14~, CD80", and HLA-DR* Mo-
DCs as assessed by fluorescence-activated cell sorting
(FACS) (FACS Calibur flow cytometer, Becton—Dickin-
son Immunocytochemistry Systems, Franklin Lakes, NJ,
USA) and analyzed with CELLQuest software (Becton—
Dickinson).

Seven days after the initial culture of nonadherent
cells, PBMCs were collected again from the same healthy
volunteer. CD4" T cells were purified from fresh human
PBMCs with a CD4-positive isolation kit (Dynabeads,
Dynal Biotech) according to the manufacturer’s instruc-
tions. This positive-selection process yielded over 98%
CD4* T cells.

Fresh CD4" T cells and Mo-DCs isolated from the
same healthy volunteer were used throughout this
study.
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2.3. Exosome isolation and purification

Mo-DCs were generated from PBMCs with GM-CSF
and IL-4 as described above. Seven days after the initia-
tion of culture, Mo-DC culture supernatants were col-
lected. Exosomes were isolated as previously described
but with minor modifications [11,12]. Culture superna-
tants were centrifuged at 300g for 5min and then at
1200g for 20 min to eliminate cells and debris. Cell-free
supernatants were clarified through a 0.2-um filter (Sar-
torius AG, Goettingen, Germany) to reduce the number
of contaminating large vesicles shed from the plasma
membrane. The clarified supernatant was subsequently
concentrated through a 100-kDa membrane (YM-100,
Microcon, Millipore, Billerica, MA, USA). In some
experiments, this concentration procedure was repeated
five times with PBS (Wako Pure Chemical Industries,
Osaka, Japan) to eliminate the original culture superna-
tant. The concentrated materials were resuspended in
RPMI medium at the original volume of the superna-
tant. This preparation was denoted crude exosomes.

Exosomes were further purified with human anti-
HLA-DP, -DQ, or -DR-coated paramagnetic beads
(average size: 4.5 pm, Dynal). Briefly, human anti-HLA-
DP, -DQ, or -DR-coated paramagnetic beads were
washed with PBS. And 1.0 x 10® DC-derived exosomes
were mixed with 1.0 x 10® paramagnetic beads. The mix-
ture was incubated at 4°C for 24h on a rotating plate,
and the beads were washed twice on a magnetic rack
with PBS containing 3% BSA (Sigma) and 0.1% NaNj,
(Sigma) (referred to as FACS buffer) to eliminate
unbound or excess exosomes. Finally, exosomes coupled
to the beads were resuspended in RPMI medium at the
original volume of the exosome-containing medium.
This preparation was denoted purified exosomes.

2.4. Naive CD4" T cell culture

CD4" T cells were suspended at a cell density of
1.0 x 10%ml, and 1.5x 10° CD4* T cells were plated in a
96-well flat-bottomed culture plate (150 pl) and cultured
at 37°C for the indicated times. In an experiment using
separated cell-culture system, CD4" T cells (1.5 x 10°
cells) were cultured with Mo-DCs (1.5x 10° cells) in
1.5ml of RPMI medium or were cultured separately in
RPMI medium (1.5ml) with a 0.4-pm separated cell-cul-
ture system (Becton-Dickinson). Cellular viability and the
number of CD4" T cells were determined by trypan blue
dye exclusion and a cell counter (CDA-500, Sysmex Mun-
delin, IL, USA), respectively. T cells and DCs were easily
distinguishable with each cell size using a cell counter.

2.5. Blocking assay for MHC class II molecules

To examine the effect of MHC class 11 proteins on
Mo-DCs or of exosome preparations on naive CD4™ T

cell survival, Mo-DCs (1.0 x 10°cells/ml), crude exo-
somes, or purified exosomes prepared from 1 x 10° Mo-
DC/ml were preincubated with anti-MHC class II mAb
(4 pg/ml, Diaclone Research Besaucon, France) at 37°C
for 1h, and CD4" T cells (1.0 x 10° cells/ml) were added
and cultured at 37 °C for 4 days. Isotype-matched IgG1
mAb was used as a control.

2.6. FACS analysis

A 10x concentrate of crude exosomes (100ul) was
mixed with 100 pl FITC-conjugated anti-HLA-DR mAb
and PE-conjugated anti-CD86 mAb. After a 30-min
incubation at 4 °C, the samples were diluted with FACS
buffer, and the fluorescence intensities of the exosome
preparations were measured with a FACS Calibur flow
cytometer and were analyzed with CELLQuest software.

Purified exosomes were prepared with human anti-
HLA-DP, -DQ, or -DR-coated paramagnetic beads as
described above. Purified exosomes (10pul) were sus-
pended in 100 ul FACS buffer, mixed with FITC-conju-
gated anti-HLA-DR mAb (10ul) and PE-conjugated
anti-CD86 mAb (10pl), and incubated at 4°C for
30min. The samples were washed twice on a magnetic
rack with FACS buffer, followed by reconstitution of the
bead pellets in buffer containing 1% formaldehyde.
Stained and fixed exosome-coupled beads were analyzed
on a FACS Calibur flow cytometer with CELLQuest
software.

2.7. Electrophoretic mobility shift assay

NF-«B activity in nuclei isolated from naive CD4* T
cells was determined by electrophoretic mobility shift
assay (EMSA). Extraction of nuclear proteins and
EMSA were performed as described previously [27).
Briefly, 5 ug of nuclear protein was incubated for 30 min
at room temperature with binding buffer (20 mM Hepes—
NaOH, pH 7.9, 2mM EDTA, 100 mM NaCl, 10% glyc-
erol, and 0.2% NP-40), poly(dI-dC), and **P-labeled
double-stranded oligonucleotide containing the NF-xB
binding motif (Promega, Madison, WI, USA). The
sequence of the double-stranded oligomer used for
EMSA is as follows: 5'-AGTTGAGGGGACTTTCCC
AGGC-3' (sense strand). The reaction mixtures were
loaded on a 4% polyacrylamide gel and electrophoresed
with running buffer 0.25x TBE. After the gel was dried,
DNA-protein complexes were visualized by autoradiog-
raphy.

2.8. Electron microscopy

Exosome-bead complexes were fixed in 3% glutaral-
dehyde in 0.1 M cacodylate buffer (CB) at pH 7.3 for 3h
at 4°C and washed in 0.1 M CB. The complexes were
resuspended and embedded in 4% agar [28]. After the
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agar was cut into 1-mm? pieces, the pieces were fixed in
1% osmium tetroxide in 0.1 M CB overnight and washed
in distilled water. The specimens were dehydrated in a
graded series of ethanol and embedded in Epon 812.
Ultrathin sections were treated with uranyl acetate fol-
lowed by lead citrate and were examined with an elec-
tron microscope (JEM-1200EX, JEOL, Tokyo, Japan).

2.9. Sratistical analysis

Comparison of means among three or more groups
was done by the Scheffé’s method. All results with a p
value of less than 0.05 were considered statistically sig-
nificant.

3. Results
3.1. Mo-DCs support naive CD4™ T cell survival

When naive CD4" T cells were cultured in RPMI
medium in the absence of Mo-DCs, CD4* T cell num-
bers decreased daily. Coculture of CD4" T cells with
Mo-DCs at a ratio of 10:1 significantly supported CD4*
T cell survival (Fig. 1A). Mo-DCs supported CD4* T
cell survival in a dose-dependent manner (Fig. 1B).
Taken together, CD4™ T cells and Mo-DCs were princi-
pally used at a cell ratio of 10:1 throughout this study.
To examine whether direct contact between CD4™ T
cells and Mo-DCs was required to support CD4™ T cell
survival, we used a separated cell-culture system as
described in Materials and methods. When CD4" T cells
were cultured without direct contact with Mo-DCs, the
number of CD4* T cells decreased compared to that in
mixed cultures but increased significantly compared to
that of CD4" T cells alone (Fig. 2A). Because it is
believed that small Mo-DC-derived components that
can pass through 0.4-um filters may have a supportive
effect on naive CD4" T cell survival, we speculated that
cytokines such as IL-4, IL-7, or IL-15 may be involved.
Culture supernatants were filtered with a filter that
allows components smaller than 100kDa to pass
through. Both passed (cytokine-rich) and nonpassed
(cytokine-poor) fractions were re-adjusted to the origi-
nal volume with RPMI medium. Contrary to our expec-
tation, the nonpassed fraction but not the passed
fraction supported naive CD4" T cell survival (Fig. 2B).

We next examined which molecules contribute to the
prolonged in vitro survival of naive CD4" T cells. We
focused on MHC class II proteins, particularly HLA-
DR, which 1s expressed on Mo-DCs. Pretreatment of
Mo-DCs with anti-HLA-DR mAb inhibited the sup-
portive effect on CD4™ T cell survival (Fig. 3A). Interest-
ingly, addition of anti-HLA-DR mAb to the nonpassed
fraction also significantly decreased the number of cells
(Fig. 3B).
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Fig. 1. Coculture with Mo-DCs supports naive CD4" T cell survival.
(A) Purified naive CD4" T cells were cultured in RPMI medium with
(closed triangle) or without (closed diamond) autologous Mo-DCs at
a ratio of 10:1. Cell numbers of the viable CD4" T cells were counted
on the indicated days after dead cell exclusion by trypan blue staining.
Values represent the means =+ SD of triplicate determinations. The
asterisk indicates significant differences <0.0001. The data are repre-
sentative of six independent experiments using Mo-DCs and CD4* T
cells obtained from three different healthy donors. (B) Mo-DCs sup-
port naive CD4* T cell survival in a dose-dependent manner. Purified
naive CD4* T cells (1.5 x 10%/150 ul) were cultured with indicated cell
numbers of Mo-DCs for 5 days. The data are representative of three
independent experiments using Mo-DCs and CD4" T cells obtained
from three different healthy donors.

3.2. Exosomes are present in Mo-DC culture supernatant

We speculated that the HLA-DR-bearing components
in the nonpassed fraction may be insoluble substances
such as membrane fragments or exosomes. Crude exo-
somes and purified exosomes were collected from Mo-
DC culture supernatants as described in Materials and
methods. FACS analysis revealed that 21.5% of the parti-
cles in the crude exosomes were positive for both HLA-
DR and CD86 (data not shown). The FACS cytogram of
purified exosomes coupled to mAb-coated beads showed
three populations: single beads, clumps of two beads, and
clumps of three or more beads, from the dot-plot repre-
sentation of forward and side scatter (Fig.4A-1), as
described previously [29]. Single beads represented more
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Fig. 2. Supportive eflects of Mo-DCs on naive CD4™ T cell survival
without direct cellular contact. (A) Viable cell numbers of naive CD4*
T cells cultured in chambers separated by a membrane with pores
from Mo-DCs (hatched column) or in the mixture without separation
(filled column) were counted on day 5. In only this experiment using
separated cell-culture system, CD4" T cells (1.5 x 10° cells) were cul-
tured with Mo-DCs (1.5 x 10° cells) in 1.5ml of RPMI medium or
were cultured separately in RPMI medium (1.5 ml) with a 0.4-pm sepa-
rated cell-culture system. Open column shows the cell number of via-
ble naive CD4™ T cells cultured without Mo-DCs. Values represent
means =+ SD of triplicate determinations. The asterisks indicate signifi-
cant differences <0.0001. The data are representative of three indepen-
dent experiments using Mo-DCs and CD4* T cells obtained from
three different healthy donors. (B) Naive CD4" T cells were cultured in
the presence of the culture supernatant of Mo-DCs for 3 days and
then the viable.cell numbers of the cells were counted. Each column
shows the viable cell numbers of the T cells cultured with components
smaller than MW 100,000 (hatched column), those larger than MW
100,000 (closed column) or RPMI medium only (open column). Values
represent means = SD of triplicate determinations. The asterisk indi-
cates significant differences 0.0004. N.S. shows not significant. The data
are representative of three independent experiments using Mo-DCs
and CD4" T cells obtained from three different healthy donors.

than 85% of the total number. The populations contain-
ing clumped beads were removed from the analysis by
gating for single beads only. More than 90% of the single
beads were positive for both HLA-DR and CD86 (Fig.
4A-2). These data indicate that 20% of the particles in the
crude exosomes and 90% of the particles in the purified
exosomes consist of intact HLA-DR- and CD86-express-
ing exosomes. Electron microscopic analysis confirmed
that the substances coupled to the beads were exosomes
(Figs. 4B-1 and B-2). These substances showed the
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Fig. 3. Requirement of TCR-MHC class II interaction for the pro-
longed naive CD4"* T cells survival. (A) Viable cell numbers of naive
CD4™ T cells cultured with Mo-DCs for 5 days in the presence of anti-
MHC class IT mAb (4 ug/ml) (hatched column) or isotype-matched
control mAb (closed column) were shown. The asterisk indicates sig-
nificant differences <0.0001. N.S. shows not significant. (B) Naive
CDA4" T cells were cultured in the presence of the culture supernatant
of Mo-DCs (componeénts of larger than MW 100,000) with anti-MHC
class Il mAb (hatched column) or with isotype-matched control mAb
(closed column) for 4 days and then the viable cell numbers of the cells
were counted. The asterisks indicate significant differences <0.0001 (%),
0.002 (%x), and 0.007 (x=#x). N.S. shows not significant. Values represent
means = SD of triplicate determinations. The data are representative
of three independent experiments using Mo-DCs and CD4* T cells
obtained from three different healthy donors.

characteristic saucer-like morphology of a flattened
sphere limited by a lipid bilayer. The exosomes coupled
to the beads ranged from 40 to 140nm in diameter
(means+ SD, 7846+ 11.04nm). The average size of a
bead and a CD4" T cell is 4500 and 7250 nm, respectively.

3.3, Mo-DC-derived exosomes support naive CD4* T cell
survival

To confirm that exosomes are involved in supporting
in vitro naive CD4" T cell survival, purified exosomes
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Fig. 4. Detection of MHC class Il and CD86 molecules in the components of over MW 100,000 supernatant and electron microscopic characteriza-
tion of the component. (A) Purified components in supernatants coupled with anti-HLA-DR mAb-coated beads were stained with anti-HLA-DR or
anti-CD86 mAbs, and then analyzed by FACS. Three populations of the stained beads appeared in the forward (FSC) and side scatter (SSC) plot are
indicated as R1, R2, and R3, respectively and the percentages of each population are also shown (A-1). Histograms show staining of beads for anti-
HLA-DR or anti-CD86 (filled line) or control IgG (bold line) on gated R1 area (A-2). The data are representative of three independent experiments.
(B) Purified components in supernatants coupled with beads were characterized by electron microscope. Small vesicles (arrows) coating on the sur-
face of the bead (B-1), bar = 0.5 um and two vesicles of higher magnification (B-2) are shown, bar = 100 nm. The data are representative of six inde-
pendent experiments using Mo-DCs and CD4" T cells obtained from three different healthy donors.

coupled to mAb-coated beads were used as effector com-
ponents. Purified exosomes but not beads alone signifi-
cantly supported naive CD4% T cell survival in a dose-
dependent manner (Fig. 5A). When beads alone were
added to CD4" T cells, several dying cells were found,
and the beads did not bind firmly to any CD4" T cells.
When exosome-coupled beads (purified exosomes) were
added to CD4™ T cells, only a few dying cells were found,
and the beads bound firmly to several living CD4% T
cells (Fig. 5B). Anti-HLA-DR mAb abrogated the sup-
portive effect of purified exosomes on naive CD4" T cell
survival (Fig. 5C). Anti-HLA-DR mAb also inhibited
the binding of exosome-coupled beads to naive CD4* T
cells (data not shown).

3.4. Exosomes induce NF-x B activation in naive CD4™ T
cells

We hypothesized that interaction between HLA-DR
on exosomes and TCRs on CD4" T cells induces

NF-xB activation, and, as a result, these cells can sur-
vive even in severe culture conditions. NF-xB activa-
tion of naive CD4" T cells was estimated by EMSA.
Crude exosomes induced NF-xB activation in naive
CD4™ T cells within 30 min. Specificity of DNA bind-
ing was confirmed by a competition study with a 50-
fold excess of unlabeled oligonucleotide. Anti-HLA-
DR mAb (4 pg/ml) was added to crude exosomes 1h
prior to coculture with naive CD4* T cells. Treatment
with anti-HLA-DR mAD suppressed exosome-induced
NF-xB activation. A NF-xB inhibitor, PDTC
(100 uM), was added to naive CD4* T cells 1 h prior to
treatment with crude exosomes. PDTC inhibited
nuclear translocation of NF-xB p65 (Fig. 6). PDTC
inhibited the supportive effect of crude exosomes on
naive CD4" T cell survival in a dose-dependent manner
between 3 and 5uM without significant direct cyto-
toxic effect (Fig. 7). These data suggest that exosome-
induced NF-«xB activation plays a critical role in the
survival of naive CD4" T cells in vitro.
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Fig. 5. Prolonged survival of naive CD4™ T cells by interaction with exo-
somes coupled to anti-MHC class II mAb-coated beads. (A) Viable cell
numbers of naive CD4" T cells cultured with exosomes coupled to anti-
MHC class I mAb-coated beads (closed column) for 5 days are shown.
Viable cell numbers of CD4" T cells alone (open column) and CD4* T
cells with anti-HLA-DR mAb-coated beads only (hatched column) are
also shown. The asterisk indicates significant differences <0.0001 (x) and
0.0029 (+x). N.S. shows not significant. The data are representative of
three independent experiments using Mo-DCs and CD4* T cells
obtained from three different healthy donors. (B) Phase-contrast photo-
micrographs of CD4™ T cells 5 days after coculture with beads (arrow)
alone (left panel) and beads coupled with exosomes (right panel). The
pictures are representative of three independent experiments using Mo-
DCs and CD4" T cells obtained from three different healthy donors. (C)
Viable cell numbers of CD4* T cells cultured with exosome-coupled
beads in the presence (hatched column) or the absence (closed column)
of anti-HLA-DR mAb or in the presence (closed column) of isotype-
matched control mAb. Open column shows the viable cell number of
CD4" T cells alone and CD4" T cells cultured with beads alone. The
asterisk indicates significant differences <0.0001. N.S. shows not signifi-
cant. Values represent means = SD of triplicate determinations. The
data are representative of three independent experiments using Mo-DCs
and CD4™ T cells obtained from three different healthy donors.
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Fig. 6. NF-kB activation in naive CD4" T cells induced by crude exo-
somes. The nuclear translocation of NF-«xB p65 of naive CD4" T cells
in response to exosomes was determined by EMSA. Naive CD4* T
cells were incubated for 30 min for various conditions as below. Lane
A, medium only; lane B, crude exosomes; lane C, crude exosomes with
NF-xB ODN (50x); lane D, crude exosomes with anti-HLA-DR
mAb; and lane E, crude exosomes with PDTC (100 pM). The data are
representative of three independent experiments using Mo-DCs and
CD4" T cells obtained from three different healthy donors.
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Fig. 7. Suppression of exosome-induced prolonged survival of naive
CD4" T cells by NF-kB inhibitor PDTC. Viable cell numbers of naive
CD4" T cells cultured with crude exosomes (closed column), crude
exosomes with indicated concentrations of PDTC (hatched column)
or medium alone (open column) for 5 days are shown. The asterisks
indicate significant differences 0.0016 (), <0.0001 (*x). Values repre-
sent means =% SD of triplicate determinations. The data are representa-
tive of three independent experiments using Mo-DCs and CD4* T
cells obtained from three different healthy donors.

4. Discussion

We showed that Mo-DC-derived exosomes can pro-
long naive CD4" T cell survival in an HLA-DR-depen-
dent manner. Our data also suggest that NF-xB
activation induced by exosomes contributes to this
increased survival.

Several players such as TCRs and CD28 are related
to T cell survival [5,30]. In the last two decades, many in
vivo studies in mice have shown that long-term survival
of naive CD4" T cells requires interaction with self-
MHC class II proteins [1-3]. However, it remains
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unclear whether interaction with these proteins can pro-
long the short-term survival of naive CD4" T cells in
vitro. Recently, it was shown that human Mo-DCs
expressing abundant MHC class II proteins are able to
support short-term survival of T cells in vitro [7]. Inter-
estingly, our present findings indicate that although
HLA-DR is critical for naive CD4" T cell survival in
vitro (Fig. 3A), direct interaction between Mo-DCs and
T cells is not always required (Fig. 2A). It has been
shown that MHC class 11 proteins are very abundant in
exosomes from APCs [10]. In the present study, Mo-DCs
also released exosomes into culture medium, and Mo-
DC-derived exosomes expressed both MHC class I and
CD86 proteins (Fig. 4A). Recently, it was reported that
MHC class II proteins on released exosomes are func-
tional [10,31]. Raposo et al. [10] showed that exosomes
derived from both human and murine B lymphocytes
induce antigen-specific MHC class II-restricted T cell
responses. Vincent-Schneider et al. [31] showed that the
combination of exosomes with DCs results in highly
efficient stimulation of specific T cells and suggested that
exosome-bearing MHC class II complexes are taken up
by dedicated APCs for efficient T cell activation. On the
" basis of these findings, we hypothesized that Mo-DC-
derived exosomes can prolong naive CD4* T cell sur-
vival. To prove this, we used exosomes purified with
human anti-HLA-DP, -DQ, or -DR-coated paramag-
netic beads. To avoid contamination with serum-derived
exosomes [32], we used RPMI 1640 medium supple-
mented with 1% human albumin. Purified exosomes
prolonged naive CD4™ T cell survival in an HLA-DR-
dependent manner (Fig. 5C).

The present study shows a novel function of exo-
somes. Mo-DC-derived exosomes express not only
MHC class II but also CD86 proteins. CD28, which is a
ligand for CD86, is believed to contribute to T cell sur-
vival [29]. In our study, peripheral monocytes, in which
CD86 expression is weak, did not prolong CD4* T cell
survival (data not shown), suggesting a possible role of
a CD28/CDB86 interaction. But our data that specific
antibody against HLA-DR inhibited completely the
effect of exosomes on CD4" T cell survival. These data
indicate that TCR is a likely candidate for transmitting
the wviability signal. However, participation of other
receptors for MHC class II such as LAG-3 has not
been excluded [33]. Furthermore, other molecular
events, such as CD28/CD86 interaction, in addition to
the interaction between TCR and HLA-DR may oper-
ate in prolongation of CD4" T cell survival induced
with exosomes. A role of exosome-bearing CDS86 in
CD4"* T cell survival has not been reported, and the
mechanism of exosome-induced, HLA-DR-dependent
naive CD4" T cell survival is not clear. Several tran-
scription factors such as Ets, NFAT, AP-1, and NF-xB
have been shown to be activated by TCRs or CD28
[20]. Recent studies have indicated that NF-xB plays a

key role in T cell survival. For example, it has been sug-
gested that the PI3K/Akt pathway is important for the
effects of both CD28 and IL-2R [23,34,35], and NF-xB
is thought to be target of Akt [36,37]. More direct evi-
dence that NF-xB contributes to T cell survival has
been reported recently [22,26]. In p50—/— cRel—/—
mice, which exhibit virtually no inducible kB site bind-
ing activity, an essential role of TCR-induced NF-xB
was indicated in T cell survival [26]. In addition, NF-
kB regulated TCR-induced expression of anti-apopto-
tic Bcl-2 family members and NF-kB activation was
not only necessary but was also sufficient for T cell sur-
vival [38]. Wan and DeGregon [22] reported that the
survival of antigen-stimulated T cells requires NF-xB-
mediated inhibition of p73 expression. Our present
data show for the first time that Mo-DC-derived exo-
somes can induce NF-xB activation in naive CD4* T
cells (Fig. 6). PDTC is a stable analog of dithiocarba-
mate and is one of the most widely used inhibitors of
NF-kB signaling [39]. Although it has been postulated
that PDTC acts simply as an antioxidant to inhibit
NF-xB activation [40], it has been shown definitively
that PDTC inhibits NF-xB activation independently of
antioxidative function [41]. In the present study, we
used PDTC to examine contribution of the NF-xB
pathway to exosome-mediated CD4" T cell survival.
PDTC inhibited the supportive effect of exosomes on
CD4" T cell survival in a dose-dependent manner with-
out significant direct cytotoxic effect (Fig. 7). These
results suggest that NF-xB plays an essential role in
exosome-mediated CD4™ T cell survival. However, we
have no definitive evidence as to how exosomes induce
NF-kB in naive CD4" T cells.

It has been reported that DC-derived exosomes may
be used as vectors for vaccination because they express
high levels of functional MHC class I- and class II-pep-
tide complexes, together with CD86 [10,14,19]. A recent
report showed that MHC class I proteins on purified
exosomes from DCs can be directly loaded with peptide
at much greater levels than by indirect loading [17]. Also
reported was a new exosome purification procedure
from Mo-DCs [14], in which ultrafiltration through a
500-kDa membrane and ultracentrifugation into a 30%
sucrose/deuterium-oxide cushion made it possible to
recover up to 50% exosomes. Although the function of
most of the exosome-bearing proteins is unknown at
present, accumulated data on exosome function suggest
that these proteins will become exciting therapeutic tools
in the near future.
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