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Little is known about adoptive transfer of allogeneic
ex vivo expanded dendritic cells (eDCs). We investi-
gated the trafficking pattern of eDCs in mice after
allogeneic bone marrow transplantation by using bi-
oluminescence imaging. eDCs were expanded from
bone marrow precursors in the presence of GM-CSF,
interleukin-4, and FIt3L and retrovirally transduced
to express luciferase (luc) and green fluorescence
protein (gfp). Flow cytometry showed polyclonal
DC populations after expansion that consisted of
CD11c*CD11b* and CD11c¢~CD11b™ cells that co-ex-
pressed CD40, CD80, CD86, and MHCIIL eDCs were
functional in mixed lymphocyte reactions and pro-
duced tumor necrosis factor-a on phytohemaggluti-
nin stimulation. The eDCs were then injected intrave-
nously into BALB/c recipient mice that had received
allogeneic bone marrow transplantation 6 weeks pre-
viously. On day 1 after transfer, eDCs were detected
by bioluminescence imaging throughout the lungs
and spleen. In the later course, signals were observed
throughout thymus, lower abdomen, and spleen
throughout a period of more than 42 days. Immuno-
fluorescence microscopy confirmed CD11c positivity
on the gfp™ donor cells, which localized in T-cell
zones of mesenteric lymph nodes, Peyer’s patches,
spleen, and thymus. These findings are important
for adoptive immunotherapies because they indicate
that eDCs migrate efficiently in vivo and are capable

of surviving long term. (Am J Pathol 2005,
167:1321-1331)

Allogeneic bone marrow transplantation (BMT) has been
shown to be effective in the treatment of many hemato-
logical malignancies." In the case of tumor relapse adop-
tive immunotransfer using donor lymphocytes can rein-
duce remission.? However this strategy bears the risk of
severe graft-versus-host disease (GvHD) and prolonged
aplasia.® Therefore additional strategies are warranted.
Little is known about adoptive immunotransfer of alloge-
neic ex vivo expanded dendritic cells (eDCs) after an
allogeneic BMT.

Dendritic cells (DCs) are antigen-presenting cells that
induce primary immune responses by capturing foreign
antigens and presenting them to effector cells of the
adaptive immune system.* DCs express co-stimulatory
molecules that are required for induction of an effective
T-cell immune response.® Furthermore, DCs are also in-
volved in the maintenance of immunological tolerance
and regulation of T-cell-mediated immune responses.® 8
These capacities make DCs a key cell population for
adoptive immunotherapy. Although the understanding of
DC biology is still incomplete, DCs are already used in
adoptive immunotherapies to elicit immunity against can-
cer and infectious diseases.?'°

Mature, autologous DCs pulsed with tumor antigens,
specific proteins, RNA from tumor cells, or tumor lysates
have been successfully used for the treatment of a variety
of malignancies. Specific immune responses have been
observed and in some patients the clinical outcome has
been improved.'" "2 In addition, administration of imma-
ture DCs inhibited proliferation of alloreactive T cells and
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could induce prolongation of graft survival in mice receiv-
ing solid organ transplantation. 7

A major limitation for the clinical use of DCs is the
availability of sufficient cell numbers. In humans, DCs
represent ~0.5% of peripheral blood mononuclear
cells."® Therefore, various groups have explored culture
conditions to improve expansion of DCs ex vivo. Culturing
of bone marrow (BM)-derived cells in the presence of
GM-CSF, interleukin (IL)-4, and FIt3 ligand has been
shown to result in a sufficient expansion of DCs.'®2°
These cells are fully capable of antigen presentation and
other DC functions. Despite effective enrichment proto-
cols little is known about the survival, trafficking, and
function of eDCs after in vivo transfer into allogeneic re-
cipients. This information is essential for the design of
future cellular therapies using eDCs in patients.

To explore the in vivo survival and trafficking of eDCs
we used in vivo bioluminescence imaging (BLI). This
method has proven to be a sensitive technique for visu-
alizing the trafficking and survival of cellular populations
in living animals.®" It allows the serial investigation of a
single animal throughout an extended period of time and
represents a sensitive and specific guidance for his-
topathological tissue sampling.?? BLI is based on the
introduction of a reporter gene encoding for the biolumi-
nescent protein luciferase (luc). Dual function reporter
genes, that express fluc in addition to a fluorescent re-
porter (as for instance gfp), can link in vivo and ex vivo
assays. This offers an opportunity to refine and acceler-
ate studies of cell fates and function after transfer to
unlabeled recipient animals.?’

To explore the in vivo survival and trafficking of eDCs
we used in vivo BLI. This method has proven to be a
sensitive technique for visualizing the trafficking and sur-
vival of cellular populations in living animals.?" It allows
the serial investigation of a single animal throughout a
long period of time and especially in combination with ex
vivo imaging represents a sensitive and specific guid-
ance for histopathological tissue sampling.?® BLI is
based on the introduction of a reporter gene encoding for
the bioluminescent protein luciferase (luc). Dual function
reporter genes, that express luc in addition to a fluores-
cent reporter (as for instance gfp), can link in vivo and ex
vivo assays. This offers an opportunity to refine and ac-
celerate studies of cell fates and function after transfer to
unlabeled recipient animals.?’

In the present study we demonstrate that eDCs gener-
ated from BM precursors can be transduced with a retrovi-
ral vector encoding for luc and gfo and can be monitored in
vivo in allogeneic recipients with BLI. The gfp positivity of
eDCs enabled immunofluorescence microscopy on ex-
cised tissues that were carefully sampled based on the
findings of in vivo BLI. On day 1 after transfer eDCs were
detected in the lungs and spleen. During the later course
eDCs were found in lymph nodes, Peyer’s patches, spleen,
and thymus for a period of up to 6 weeks after transfer.
Nonmyeloablative or myeloablative conditioning did not af-
fect migration patterns and in both settings intravenous
injection of eDCs did not induce GvHD.

Materials and Methods

Animals

Male BALB/c (H2%) and C57BL/6 (H2P) mice were ob-
tained from the breeding facility of the Department of
Comparative Medicine, Stanford, CA. Male OSB mice
(gfp transgenic) were purchased from Jackson Labora-
tories (Bar Harbor, ME). All animals were used between 8
to 10 weeks of age and were housed under sterile con-
ditions. Care of animals was in accordance with guide-
lines on protocols approved by the animal care Commit-
tee of Stanford University. Animals were examined at
least once a day for clinical signs of GvHD including
changes in fur, hunched back, weight loss, and diarrhea.

BMT Conditioning Regimens

BALB/c recipient mice were conditioned with either my-
eloablative or nonmyeloablative regimens. Chemokine
responsiveness and tissue inflammation are critical pa-
rameters for DC migration.?®>27 To eliminate any toxic
influence due to the conditioning regimen we adminis-
tered eDCs at least 6 weeks after allogeneic BMT. The
myeloablative conditioning regimen consisted of 800 cGy
total body irradiation administered in two dosages of 400
cGy within an interval of 12 hours, followed by the infusion
of 5 X 10° C56BL/6 BM cells to re-establish hematopoi-
esis. Nonmyeloablative conditioning was performed with
10 doses of 240 cGy total lymphoid irradiation plus 200 ul
of anti-thymocyte serum given for five doses, followed by
the injection of 5 X 107 C57BL/6 BM cells.?®

Generation, Transduction, and Injection of eDCs

BM cells of C57BL/6 mice were harvested from bilateral
femura and tibiae. B and T cells and granulocytes were
removed with anti-CD3-PE and anti-Gr1-PE monoclonal
antibodies (mAb; BD Pharmingen, San Jose, CA) for 30
minutes at 4°C followed by anti-B220-magnetic beads
and anti-phycoerythrin (PE) magnetic beads (Miltenyi,
Auburn, CA) for 20 minutes at 4°C. The remaining cells
were counted and cultured for 1 week in complete RPMI
containing 10% fetal calf serum, 10 ng/ml GM-CSF (Pep-
rotech, Rocky Hill, NJ), 10 ng/ml IL-4 (Peprotech), and 5
ng/ml FIt3 L (R&D Systems, Minneapolis, MN).

For detection of eDCs by BLI, cells were transduced
with the retroviral p3-luc plasmid (kind gift of Dr. G. Fath-
man, Stanford University). P3-luc is a retroviral dual-re-
porter gene construct encoding for green fluorescent pro-
tein (gfp) and the firefly luciferase (luc). Retroviral
transduction of eDCs was performed as described pre-
viously.2® Briefly, ecotropic p3-luc viral particles were
generated by transient transfection using the calcium
phosphate precipitation technique and the PhoenixEco
packaging cell line.®%3" Phoenix cells were a kind gift of
Dr. G. Nolan, Stanford University. Retrovirus-containing
supernatant was harvested and cryopreserved at —80°C.
For transduction of eDCs, half of the media was removed
and the same amount of freshly thawed virus-containing



supernatant was added to the culture in the presence of
16 pg/ml protamine sulfate and cytokines. EDCs were
then centrifuged at 2000 rpm and 32°C for 90 minutes.
After centrifugation, the plates were transferred to a 32°C
incubator for 90 minutes. Subsequently the supernatant
was removed from each well and replaced with fresh
complete media containing IL-4 and GM-CSF. Transduc-
tion was performed on days 3, 4, and 5 of culture. On day
7 of culture, adherent and nonadherent cells were har-
vested and 4 X 10° cells were injected intravenously (via
the tail vein) into allogeneic recipient mice, that had re-
ceived allogeneic BMT 6 to 8 weeks before cell transfer.

Antibodies and Flow Cytometry

The following monoclonal antibodies were used for stain-
ing of DCs (clone no.): CD80-PE (16—10A1), Gr1-PE
(RB6—8C5), CD8a-PE (53-6.7), CD19-PE (1D3),
CD11b-PE and CD11b-Cy5 APC (M1/70), CD3mc-PE
(17A2), I-Ab-PE (AF6—120.1), CD86-PE (GL1), CD40-PE
(3/23), H2Kb-PE (AF6—88.5), CD11c-APC (HL3), all pur-
chased from BD Pharmingen. CD11b-TxR was a gift of
Dr. J. Brown (Stanford University). Staining was per-
formed in phosphate-buffered saline (PBS) supple-
mented with 1% calf serum in the presence of purified
anti-CD16/32 to block nonspecific staining. Dead cells
were excluded with propidium iodide. Flow cytometric
analyses were performed on either a FACScan, a modi-
fied dual-laser FACS Vantage, or a LSR flow cytometer.
Fluorescence-activated cell sorting data were analyzed
using FlowJo software (Tree Star, San Carlos, CA). At
least 50,000 cells were analyzed. Cells analyzed for gfp
expression were examined using the fluorescein isothio-
cyanate (FL1) channel on the flow cytometer.

Mixed Lymphocyte Reaction (MLR)

The ability of the eDCs to present antigen and to elicit an
immune response assessed by induction of T-cell prolif-
eration was studied as previously described.®? Cultures
were set up in triplicates in 96-well flat-bottom plates
(Falcon BD, San Jose, CA) in a total volume of 200 wl.
Cells were cultured in RPMI 1640 medium (Life Technol-
ogies, Inc., Gaithersburg, MD) with 10% fetal calf serum
(Sigma Chemical Co., St. Louis, MO), 2 mmol/L L-glu-
tamine, 100 U/ml penicillin, 100 ug/ml streptomycin (Life
Technologies, Inc.) and 5 X 10° mol/L 2-mercaptoetha-
nol (Sigma Aldrich, St. Louis, MO). Fixed numbers of
responders’ cells either from C57BL/6 or BALB/c spleen
and irradiated eDCs from C57BL/6 (allogeneic or synge-
neic stimulator cells) were mixed in specific ratios to
achieve ratios of responders to stimulators (R:S) of 1:0,
1:1, 1:2, and 1:4. After lysis of red blood cells from the
spleens of the two mouse strains the cells were plated at
2 x 10° cells/well. The eDCs at day 7 were harvested,
washed twice, irradiated with 3000 cGy and mixed at 2 X
10%, 4 x 10° and 8 X 10° to get the above-mentioned
ratios of R:S. After 5 days at 37°C in 5% CO, the prolif-
eration of responder cells was assessed. The cells were
pulsed with 1 uCi/well [*H] thymidine in the last 16 to 18
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hours of the assay. Cells were harvested and the amount
of incorporated [®H] thymidine was measured with a har-
vester and read with a Betaplate counter (1205 betaplate;
Wallac/Perkin Elmer, Torrance, CA).

Cytometric Bead Array Immunoassay

eDCs (2 x 10°) in culture at day 7 and freshly isolated
DCs at day 0 were harvested, washed twice, and
plated in triplicates in a flat-bottom 96-well plate. The
cells were incubated with 5 ug/ml phytohemagglutinin
(PHA; Sigma Biochemicals, St. Louis, MO) or media
alone RPMI 1640 in a total volume of 200 ul/well. The
cells were incubated for 48 hours in a humidified incu-
bator at 37°C with 5% CO,. After 48 hours 100 ul of
cell-free supernatant was collected and frozen at
—80°C until cytokine analysis. Cytokines were de-
tected with the cytometric bead array kit (BD Pharmin-
gen) according to the manufacturer’s protocol and as
otherwise described.®33* Briefly, particles (polysty-
rene beads, 7.5 um) are dyed to six different fluores-
cence intensities. Each particle is coupled with a mAb
against one of five cytokines [interferon-vy, tumor ne-
crosis factor (TNF)-«, IL-2, IL-4, IL-5]. The Ab particle
serves as capture for a given cytokine in an immuno-
assay panel and can be detected simultaneously in a
mixture. The mixture of beads detects five cytokines in
one sample. A secondary PE-conjugated mAb stains
the beads proportionally to the amount of bound cyto-
kine, which emits at ~585 nm. The calibrators (stan-
dards ranging from 0 to 5000 pg/ml) for the assay
system are mixtures of all five cytokines. Five standard
curves are thus obtained from one set of calibrators.
After fluorescence intensity calibration and electronic
color compensation procedures, standard, and test
samples were collected and analyzed with FACS Scan
and Cell Quest software (BD Biosciences).

In Vivo BL/

Mice were sedated using an intraperitoneal injection of
ketamine (100 mg/kg; Fort Dodge Animal Health, Fort
Dodge, IA) and xylazine (10 mg/kg; Butler, Columbus,
OH). An aqueous solution of luciferin (150 mg/kg; Xeno-
gen, Alameda, CA) was injected intraperitoneally 5 min-
utes before imaging. Animals were placed into the light-
tight chamber of the charge-coupled device camera
imaging system (IVIS, Xenogen), and a grayscale refer-
ence image (digital photograph) was taken under weak
illumination.3® After switching off the light source, images
of DC distribution in the body were generated using the
photons emitted from Juc-expressing cells within the an-
imal’'s body that were transmitted through the tissue.
Integration times ranging up to 5 minutes (indicated in
legends to figures) were used to collect the data. The
Living Image software program (Xenogen), an overlay on
Igor (WaveMetrics, Lake Oswego, OR), was used for data
acquisition and analysis, and to create a pseudocolor
image representing light intensity (blue, least intense;
red, most intense) and the overlay of this image on the
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reference image to enable anatomical localization. Ani-
mals were imaged from the left lateral, ventral, and dorsal
positions.

Immunofluorescence Microscopy

Tissues of abdominal and thoracic organs were sampled
and cryopreserved (—80°C) corresponding to time points
and regions of interest defined by BLI. Fresh frozen sec-
tions of 6 to 8 um thickness were mounted on positively
charged precleaned microscope slides (Superfrost/Plus;
Fisher Scientific, Pittsburgh, PA) and stored at —80°C. To
retain the cytoplasmatic gfp signal, the frozen sections
were pretreated with formaldehyde vapor overnight at
—20°C.%¢ Immunofluorescent staining was performed ac-
cording to standard protocols (Current Protocols of Im-
munology, articles 2 to 3). Briefly, after acetone fixation (7
minutes at room temperature) and drying in air (2 min-
utes) the sections were incubated with blocking solution
(2% fetal calf serum in PBS) for 15 minutes. Incubation
with primary antibodies was performed for 1 hour at room
temperature in a humidified chamber. To detect the flu-
orescent signal from gfp, we used a polyclonal anti-green
fluorescent protein antibody (rabbit IgG fraction, anti-gfp;
Molecular Probes, Eugene, OR) as primary antibody in a
1:100 dilution in PBS. The secondary detection was per-
formed using a goat anti-rabbit antibody conjugated to
the green fluorochrome Alexa 488 (Molecular Probes), in
a 1:300 dilution. In addition we also applied a primary
anti-CD11c antibody conjugated with phycoerythrin
(CD11c-PE, BD Pharmingen), in a 1:100 dilution. Nuclear
staining was performed with 4,6-diamidino-2-phenylin-
dole. Washing steps after antibody incubations and 4,6-
diamidino-2-phenylindole staining were done with 1X
PBS (two times for 5 minutes each). For mounting we
used 50% glycerol in H,O and coverslips (no. 1, Fisher
Scientific). Fluorescence microscopic evaluation of im-
munostained frozen sections was performed on a Nikon
microscope (Eclipse, TE 300; Technical Instrument San
Francisco, Burlingame, CA). Microscopic photos were
documented using a digital camera system (Spot; Diag-
nostic Instruments, Sterling Heights, MI).

Results

Ex Vivo Expansion Generates DC Population
with Mature Phenotype and a CD11¢~CD11b™
Population of Potential DC Precursor Type

BM of donor (C57BL/6, OSB) mice was harvested and
depleted of CD3* T cells, B220" B cells, and GR1™
granulocytes to enrich for DC precursors. An average
yield of 44.5 x 10° (+18.7) mononuclear cells was ob-
tained from each mouse. After depletion the total number
of remaining cells was 2.9 X 10° (+1.7) cells per mouse,
equaling 6.9% (£2.5) of the initial cell number. Expansion
of depleted BM cells in the presence of GM-CSF, IL-4,
and FIt3L throughout a period of 7 days led to a 7.3
(+2.6)-fold increase in total cell number. Cells that were

transduced with p3-luc could be expanded 4.9-fold
(=3.5).

The ex vivo expansion resulted in generation of two
cell populations, a CD11c*CD11b™ population and a
CD11c~CD11b™ cell population (Figure 1A). The propor-
tion of CD11c*CD11b™ was 50.7% (range, 40.5 to
65.5%) and the proportion of CD11c CD11b™ was
48.2% (range, 24.7 to 50.3%). CD86, CD80, and CD40
were expressed on both populations; however, the
CD11¢c*CD11b™ population showed a higher level of
expression of these co-stimulatory molecules (Figure 1B).
Furthermore, both cell populations expressed high levels
of MHC class | and Il molecules (IA and H2K), while T-cell
and NK-cell markers were negative (CD3, CD4, CD8, and
NK1.1; Figure 1C). Transduction of cultured eDCs with
the p3-luc plasmid yielded a median transduction effi-
ciency of 19.3% (range, 2 to 36.6%). CD11c"CD11b™
cells were transduced slightly more efficiently than
CD11¢c CD11b™ cells (Figure 1D). Transduction did not
affect the expression of co-stimulatory markers or the
expression of MHC | and Il (data not shown).

eDCs Induce Alloreactive Proliferation in Vitro
and Produce TNF-a on PHA Stimulation

We have compared the capacities of eDCs derived from
C57BL/6 wild-type (WT) mice, transduced luc™gfp™
eDCs, and transgenic gfo™ eDCs to present antigen and
to induce proliferation in a MLR. Splenocytes (2 X 10°)
from C57BL/6 were co-cultured with irradiated eDCs at
variable numbers to achieve the indicated ratios of re-
sponder (R) to stimulator (S) cells. In the syngeneic set-
ting C57BL/6 splenocytes showed minimal proliferation
when exposed to irradiated eDCs of the same origin
(Figure 2A). In contrast, responder cells (C57BL/6
splenocytes) proliferated vigorously against irradiated
eDCs of allogeneic origin (BALB/c) in a dose-dependent
manner (Figure 2B). We also conducted the MLR with
syngeneic transduced eDCs, which only induced a min-
imal proliferation (Figure 2C), similar to the one induced
by syngeneic WT eDCs. In contrast allogeneic trans-
duced eDCs induced a vigorous proliferation (Figure 2D),
which was similar to the one induced by allogeneic WT
eDCs. Compared with transduced eDCs, the controls
showed a low level of proliferation in unstimulated spleno-
cytes (C57BL/6 origin) in contrast to a high level of pro-
liferation (~50,000 cpm) in the allogeneic control
(C57BL/6:irradiated BALB/c splenocytes, at a ratio of 1:1;
Figure 2, A and B).

Cytokine production of eDCs from C57BL/6 WT mice,
transduced gfoluc™ eDCs, and eDCs from the gfp™
transgenic mice (OSB) was assessed for interferon-vy,
TNF-a, IL-2, IL-4, and IL-5 by cytometric bead array
immunoassays. To perform these studies, freshly isolated
DCs and eDCs (at day 7 after expansion) were evaluated
for their cytokine production with and without PHA stim-
ulation in vitro for 48 hours. The major cytokine produced
by the eDCs after 7 days of expansion was TNF-a. After
stimulation with PHA the three groups (transgenic versus
transduced versus WT eDCs) displayed a comparable
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high level of TNF-a production (Figure 2C). The unstimu-
lated control samples of each group were also compara-
ble, in showing only low levels of basal TNF-a secretion.
Furthermore, we found low levels of TNF-a production in
freshly isolated DCs (day 0) ranging between 73 to 100
pg/ml. No significant production of interferon-v, IL-2, IL-4,
or IL-5 was detected in the samples with and without PHA
stimulation.

Ex Vivo eDCs Home to T Zones of Lymphoid
Organs and Survive in Vivo for up to 42 Days

Transduced C57BL/6 gfo™luc* eDCs were injected intra-
venously into BALB/C recipient mice that had received an
allogeneic BMT 6 to 8 weeks previously. This time point
was chosen to minimize effects of preconditioning on the
trafficking of eDCs. Myeloablative versus nonmyeloabla-
tive conditioning regimens were used to investigate the
influence of mixed chimerism versus complete chimerism
on the trafficking patterns and survival of eDCs. Luc™
eDCs were tracked in vivo by using BLI. In both treatment
groups, 30 minutes after injection of eDCs, biolumines-
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Figure 1. Phenotype of ex vivo eDCs. A: Ex vivo expansion of depleted BM for 7 days (by GM-CSF, IL-4, and FIt3L)
resulted in development of two major cell populations, CD11¢*CD11b* and CD11c¢™ CD11b™ cell populations. B:
CD11c* CD11b* eDCs (bold black line) expressed higher levels of CD80, CD86, and CD40 as compared to the
CD11c™CD11b" cell population (thin black line). All cell populations expressed MHC class T and II. The isotype
control (thin gray line) was negative. C: Ex vivo expansion of depleted BM did not lead to generation of T cells (CD3™,
CD4", CD8™), B cells (CD197), or NK cells (NK1.1%). D: Transduction of the eDCs with the gfp-luc dual function
reporter, during the 1-week expansion resulted in a transduction efficiency of up to 37%. The majority of transduced

cent signals were detectable from the whole body of the
animal with highest intensities appearing throughout the
lungs and spleen (Figure 3, A and B). Signal intensities
decreased significantly during the next 48 hours and light
emission was detectable only from throughout the lungs
and liver. In animals that had received a nonmyeloabla-
tive BMT, bioluminescent signals reappeared throughout
the spleen on day 7 after transfer. From weeks 2 to 6
signal intensities increased in both groups throughout the
spleen, thymus, and lower abdomen, suggesting prolif-
eration or accumulation of the eDCs in vivo (Figure 3, A
and B). Light intensities were quantitated in both groups,
showing no significant differences in the myeloablative
group as compared to the nonmyeloablative group (Fig-
ure 3C). Of note, none of the animals developed acute or
chronic GvHD during the observation period (100 days).

To test if these results were an effect of the retroviral
transduction of eDCs with p3-luc, we performed identical
experiments with eDCs derived from gfp-transgenic do-
nor mice. In organs harvested at day 42 after injection of
transduced gfp "luc™ eDCs or gfo-transgenic eDCs, gfp™
DCs were found in Peyer's patches, spleen, lymph
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Figure 2. Expanded DCs are capable of inducing alloreactive proliferation and
TNF-a production after PHA stimulation. We analyzed the capacity of eDCs to
induce proliferation in a MLR. Splenocytes (2 X 10°) from C57BL/6 mice were
co-cultured with irradiated eDCs at variable numbers at the indicated ratios of
responder (R) to stimulator (S) cells. A: In the syngeneic setting C57BL/6
splenocytes showed minimal proliferation when exposed to irradiated eDCs of
the same origin. B: In contrast, responder cells (C57BL/6 splenocytes) prolifer-
ated vigorously against irradiated eDCs of allogeneic origin (BALB/c) in a
dose-dependent manner. C: Syngeneic transduced eDCs induced only minimal
proliferation and were therefore similar to syngeneic WT eDCs. Dz In contrast
allogeneic transduced eDCs induced a vigorous proliferation that was similar to
the one induced by allogeneic WT eDCs. The controls demonstrated only a low
level of proliferation of unstimulated splenocytes (C57BL/6 origin), in contrast to
a high level of proliferation (~30,000 cpm) in the allogeneic control (C57BL/6:
irradiated BALB/c splenocytes, at a ratio of 1:1). E: Cytokine production of eDCs
from C57BL/6 WT mice, transduced gfp*luc™ eDCs, and eDCs from gfp*
transgenic mice (OSB) was assessed for TNF-a production by cytometric bead
array immunoassays. After stimulation with PHA the three groups displayed a
comparable high level of TNF-a production of more than 5000 pg/ml. The
unstimulated control samples of each group were also comparable, in showing
only a low basal level of TNF-a secretion.

nodes, and thymus by immunofluorescence microscopy
(Figure 4; a to h). In the Peyer’s patches we observed
gfo-transgenic and gfo*luct eDCs in parafollicular and
subepithelial dome regions. The gfo™ eDCs co-stained
with anti-CD11c (Figure 4, a and b). Occasionally, we
observed gfo* eDCs interacting with gfo~ DCs. In con-
trast the B cell follicles of Peyer's patches were clearly
spared. In mesenteric lymph nodes and thymus we found
that transduced eDCs were localized more frequently in
subcapsular regions, whereas transgenic eDCs demon-
strated a more dispersed distribution in cortical and sub-
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Figure 3. /n vivo BLI of recipients after adoptive transfer of allogeneic eDCs.
Displayed are bioluminescent images of a representative animal throughout
time (of a group of 10 animals) that had received nonmyeloablative (A)
versus myeloablative (B) conditioning followed by injection of gfp* uc*
eDCs. The animals were monitored throughout a time course of 42 days. In
vivo BLI was performed on eight different time points (A, B) as indicated. C:
Quantification of the in vivo BLI signals (total body emission of photons per
animal) showed a similar course of signal strength throughout time, com-
paring the myeloablative (myeloabl.) to the nonmyeloablative (non-myelo.)
conditioning.

cortical regions of these organs (Figure 4; c, d, g, h).
Tissues from liver and skin of all experimental mice re-
mained negative for eDCs throughout the observation
period (shown are representative samples of day 42 after
transfer; Figure 4, m and n). All of the control tissues from
irradiated BALB/c mice were completely negative for gfp
(Figure 4; ito ).

The proportion of gfio™ eDCs in the spleen of represen-
tative transplanted animals on day 42 was quantified by
flow cytometry. Although the percentage of gfo™ eDCs
was rather low (~1%), specific gating on this gfo™ pop-
ulation revealed a clear population of CD11c™ and
CD11b™ cells (Figure 5). Furthermore, gio* eDCs were
detected by immunostaining and fluorescence micros-
copy, in frozen tissues of the spleen throughout a time
course of 42 days (Figure 6). On days 2 and 7 most of the
eDCs were located in perivascular regions, showing a
morphology of oval- to polygonal-shaped cells with bean-
like nuclei (Figure 6, b and c¢). In addition to their positivity
for gfp these cells also displayed membrane-bound
CD11c (Figure 6a). From day 14 until day 42, the eDCs
displayed long extended dendrons and were found
within the periarteriolar lymphoid sheaths of the spleen
(Figure 6; d to h). Irradiation controls, as well as tissues of
WT BALB/c and C57BL/6 mice did not show any g™
cells (Figure 6i).
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Figure 4. Detection of gfp-positive transduced and transgenic eDCs in allogeneic recipients by immunofluorescence microscopy at day 42 after adoptive transfer.
eDCs could be observed for up to 6 weeks (42 days) after transplantation in different lymphatic organs such as the spleen, the peripheral lymph nodes, and the
Peyer’s patches (PPs). EDCs were found in locations typical for myeloid DCs as for instance the parafollicular T-cell zones of PPs (a, e) and the periarteriolar
lymphoid sheaths (PALS) of the spleen (b, f). Co-stainings with a phycoerythrin-labeled antibody conjugate (red) directed against the DC-specific murine surface
marker CD11c showed membrane-bound positivity of eDCs (a, b). Furthermore, eDCs at many spots were found in close proximity to CD11c-positive but
gfp-negative DCs, while B-cell follicles were clearly spared (a, b). Morphology and localization of eDCs were similar, comparing samples of mice that had received
transduced gfp" luc” eDCs (a—d) to mice that had received transgenic gfp" eDCs (e~h). Control samples of BALB/c mice, which had received the same
preconditioning regimen as the other groups without adoptive transfer, did not show any gfp* cells, while the autofluorescence background in general was rather
low (i-D). Insets show digitally amplified magnifications of g/p* eDCs (e=h). Samples of skin and liver were negative for transduced and transgenic eDCs
throughout the observation period. Shown are representative samples on day 42 after transfer of transgenic eDCs (m, n).

Discussion in a broad range of immunotherapeutic protocols. Due to
' the low numbers of DCs in the peripheral blood in hu-
Autologous ex vivo expanded DCs are capable of gener- mans these cells have been expanded with cytokines for

ating potent immunological reactions and are being used adoptive immunotherapy.® Despite the use of autologous

eDCs for vaccination little is known about the biological
activity, survival, and trafficking of eDCs after injection
into allogeneic hosts. This knowledge is clearly needed
for future adoptive immune therapies using eDCs.

In the present study we investigated the survival and
trafficking of allogeneic murine eDCs in recipients that
had received allogeneic BMT. To visualize migration,

o5t : homing, and survival we used DCs that were expanded in

o1 1 1o 100 1000 To1 1 10 100 1000 the presence of GM-CSF, IL-4, and FLT3L and trans-

GFP CD11b . . .

) duced with a dual retroviral reporter gene encoding gfp
Figure 5. The g/p* donor cells show typical DC markers at day 42 after | Thi h all
adoptive transfer. Spleens of recipient animals were harvested on day 42 after and luc. IS approach a owed us to detect transduced
adoptive transfer of gfp™ transgenic eDCs and analyzed for their gfp expres- gfp*/chr eDCs in ||V|ng animals by app|y|ng BLI. Further-
o , rescence-activated cell sorting. Gating e ofb cells R . . ! X
sion by fluorescence-activated cell sorting. Gating on the g/p" cells (left) more it helped to gwde specmc tissue sampllng for flow

showed that the majority (94%) were consisting of CD1 1ct and CD11b™ cells . ; ” )
(right). cytometric analysis and immunofluorescence microsco-
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Figure 6. Time course of eDC migration in the spleens of allogeneic recipients. b to h: gfp* eDCs (shown in green) could be observed in the periarteriolar
lymphatic sheaths (PALS) of the spleen, at all seven time points analyzed in this study (day 2 until day 42). a to ¢: Although the morphology of eDCs on day 2
and day 7 (b, ©) appears somehow immature, by showing a rather macrophage-like phenotype (oval to polygonal shape), immunofluorescence stainings showed
a clear positivity (red) for CD11c (a). d: From day 14 on, g/p™ eDCs showed a more mature phenotype with long extended dendrons. e~h: This phenotype could
be observed throughout day 42 (6 weeks), while eDCs were still located in the PALS. i: The control tissue of an untreated BALB/c mouse, which had received
the same conditioning regimen, without transfer of eDCs, was completely negative in the green channel. Overall the signal-to-noise (background) ratio was
successfully enhanced by applying an additional immunofluorescence staining, using an anti-gfp-Alexa-488 conjugate. b to i: Nuclei were counterstained with

4,6-diamidino-2-phenylindole, displayed in blue.

py.2”~4° Because myeloablative or a nonmyeloablative
conditioning before allogeneic BMT influences the kinet-
ics of chimerism and the development of tolerance, the
type of conditioning might affect survival and trafficking
of allogeneic eDCs.*"*? For this reason the experiments
were performed under both conditions.

Depleted BM cells expanded ex vivo with GM-CSF,
IL-4, and FIt3L differentiated mainly into two cell popula-
tions of CD11¢c*CD11b™ or CD11c CD11b™ cells.
These DC populations expressed co-stimulatory mole-
cules such as CD80, CD86, and CD40, did not express
CD8 or B220 and were potent stimulators of allogeneic T
cells in MLR experiments. These data indicate that the
expanded DCs in a large part consisted of mature DCs,
capable of mounting a strong immune response. This
was also supported by the findings of cytokine analyses,
showing that eDCs produced large amounts of TNF-«
after stimulation with PHA. The phenotype and the type of
cytokine production were not altered by retroviral trans-
duction when compared to eDCs of WT or transgenic

origin. Furthermore, transduction did not alter the capac-
ity of eDCs to induce alloreactive proliferation in an MLR,
comparing allogeneic transduced eDCs to allogeneic WT
eDCs.

Signals from gfo™luc* eDCs initially localized to re-
gions throughout the lungs, and later in the course to
abdominal sites, thymus, and spleen. Initially after in-
jection the total light emission decreased significantly,
followed by an increase in signal intensity indicative of
cellular proliferation in vivo. Analysis of BLI-positive
organs with immunostaining and fluorescence micros-
copy confirmed infiltration of transduced eDCs in lym-
phoid tissues including Peyer’s patches, lymph nodes,
spleen, and thymus. These donor-derived gfp™ trans-
genic and transduced eDCs were found in typical lo-
calizations as the periarteriolar lymphoid sheaths of the
spleen and subcortical T-cell zones of lymph nodes,
indicating that their migration capacities were con-
served. Only slight differences were observed for mes-
enteric lymph nodes and thymus in which transduced



eDCs were found more often in subcapsular regions
whereas transgenic eDCs showed a more dispersed
distribution in cortex and paracortex. We did not ob-
serve differences in the migration pattern of eDCs com-
paring mice preconditioned with either myeloablative
or nonmyeloablative conditioning.

Previous studies have suggested that DCs have a
relatively short half life in the range of 2 to 9 days.***4 In
contrast, transduced gfo*luc™ eDCs in our study were
detectable with BLI for at least 42 days and in some
animals for up to 100 days. However, there have also
been reports in the literature, that donor DCs can be
detected in recipients for a significantly longer period of
time.*56 Rastellini and co-workers®” expanded liver-de-
rived DCs with GM-CSF and injected these cells into
allogeneic recipients 7 days before transplantation of
pancreatic islets from the same donor strain. Donor MHC
class II* cells with distinct DC morphology were first
observed in the spleen 24 hours after the injection and
maximal numbers were seen on day 5. Thereafter the
mean number declined but donor-derived MHC 11 cells
were detectable for at least 2 months. These cells were
detected in close proximity to arterioles in T-cell-depen-
dent zones and were not observed in islet graft recipients
pretreated with syngeneic, liver-derived DC progeni-
tors.*” Furthermore a recent report by Zhang and co-
workers®® described, that ex vivo expanded mature DCs
can proliferate in co-culture with splenic stroma cells and
differentiate into a regulatory subset. This report under-
lines that the dogma of mature DCs as being end-stage
cells that always die within a few days should be modi-
fied. It furthermore supports our findings that eDCs home
specifically to the periarteriolar lymphatic sheaths sug-
gesting that these lymphoid compartments might have a
special capacity in enabling long-term DC survival.

Bioluminescence is an ATP-dependent process and
therefore linked to the metabolic activity of the cells. The
decrease in signal shortly after injection of transduced
eDCs followed by a modest increase in signal intensity
suggests that a majority of transferred cells might have
died during the first 48 hours after injection and that only
a small fraction of eDCs survived and potentially prolifer-
ated. Stimulation of BM using GM-CSF, IL-4, and FLT3L
induced polyclonal expansion of eDCs leading mainly to
CD11c*CD11b™ and CD11c~CD11b™ cells. However,
we also saw a small population of cells that expressed
CD80, CD86, and CD40 but were negative for CD11c
and CD11b (data not shown). These cells might repre-
sent a population of DC precursors, still existent after the
expansion of DCs that could be capable to mature and
survive long term. The question which compartment of
polyclonal eDCs is capable of long-term engraftment and
survival is of significant interest for adoptive immuno-
therapy. This question can only be answered using
highly purified CD11¢c*CD11b™, CD11c"CD11b*, and
CD11c"CD11b™ cells, which is the focus of ongoing
studies.

After BMT very little is known about the effects and
interactions of adoptively transferred donor-derived DCs
in the host. Shlomchik and co-workers*® and Zhang and
colleagues®® showed that the balance of donor- and
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host-derived DCs is crucial for the development of GvHD
and that depletion of host-derived DCs leads to a reduc-
tion in GvHD risk. Recently, Merad and colleagues®’
showed that depletion of host Langerhans cells before
transplantation of alloreactive donor T-cells prevents skin
GvHD. However, it has also been reported that host-
derived DCs expanded in the presence of IL-10 protect
animals from GvHD and leukemic relapse in an alloge-
neic BMT model.*9:°952 |nterestingly, in our experiments
administration of donor-derived eDCs did not induce clin-
ical or subclinical signs of GvHD as measured by sur-
vival, weight loss, changes of fur tone, diarrhea, or histo-
logical alterations. Furthermore the lack of signal of in vivo
BLI throughout the ears combined with negative findings
of immunofluorescence on corresponding skin samples
supported the view, that eDCs did not exhibit skin hom-
ing.?® These observations correspond well with the re-
cent findings of Matte and colleagues,®® who showed
that allogeneic donor DCs do not cause GvHD on their
own, but are capable of intensifying the severity of GvHD,
once it is initiated by host antigen-presenting cells.

To our knowledge, this is the first report investigating
the serial trafficking patterns and survival of adoptively
transferred allogeneic donor eDCs in mice that had re-
ceived an allogeneic BMT. We demonstrated that ex vivo
expanded DCs maintain their capability of homing to
lymphoid organs and are detectable for at least 6 weeks
in allogeneic transplant recipients. The type of condition-
ing did not appear to influence migration patterns and
survival. Furthermore, injection of allogeneic eDCs did
not induce GvHD. In summary, the findings of this study
show that eDCs home to lymphatic organs and in part
survive long term. This is of importance for adoptive
immunotherapies because it indicates that eDCs could
sustain desired clinical effects in a long-term manner.
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