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Generation of Tumor Immunity by Bone Marrow-Derived
Dendritic Cells Correlates with Dendritic Cell Maturation Stage*

Marta S. Labeur, Berthold Roters, Birgit Pers, Annette Mehling, Thomas A. Luger,
Thomas Schwarz, and Stephan Grabbe

Bone marrow-derived dendritic cells (BmDC) are potent APC and can promote antitumor immunity in mice when pulsed with
tumor Ag. This study aimed to define the culture conditions and maturation stages of BmDC that enable them to optimally
function as APC in vivo. BmDC cultured under various conditions (granulocyte-macrophage CSF (GM-CSF) or GM-CSF plus
IL-4 alone or in combination with Flt3 ligand, TNF- «, LPS, or CD40 ligand (CD40L)) were analyzed morphologically, pheno-
typically, and functionally and were tested for their ability to promote prophylactic and/or therapeutic antitumor immunity. Each

of the culture conditions generated typical BmDC. Whereas cells cultured in GM-CSF alone were functionally immature, cells
incubated with CD40L or LPS were mature BmDC, as evident by morphology, capacity to internalize Ag, migration into regional
lymph nodes, IL-12 secretion, and alloantigen or peptide Ag presentation in vitro. The remaining cultures exhibited intermediate
dendritic cell maturation. The in vivo Ag-presenting capacity of BmDC was compared with respect to induction of both protective
tumor immunity and immunotherapy of established tumors, using the poorly immunogenic squamous cell carcinoma, KLN205.
In correspondence to their maturation stage, BmDC cultured in the presence of CD40L exhibited the most potent immunostimu-
latory effects. In general, although not entirely, the capacity of BmDC to induce an antitumor immune response in vivo correlated
to their degree of maturation. The present data support the clinical use of mature, rather than immature, tumor Ag-pulsed
dendritic cells as cancer vaccines and identifies CD40L as a potent stimulus to enhance their in vivo Ag-presenting capacityhe
Journal of Immunology, 1999, 162: 168-175.
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of naive T lymphocytes and in the generation of primary for generation of BmDC, resulting in cells with potentially different 3

T cell responses (reviewed in Refs. 1-3). These cellsphenotypes and/or functions, the in vitro regulation of BmDC matu-§
reside in a resting or immature state in nonlymphoid tissues, whergation by relevant molecules in a comparative way and the correlatioR
they efficiently capture and process Ag. Upon activation they ini-with their function in vivo remain to be elucidated. é
tiate a differentiation process that results in decreased Ag-process- Due to their unique capacity to stimulate resting T cells, DC areg
ing capacities, enhanced expression of MHC and costimulatoryhe candidate cell type to use for immunization protocols, espes
molecules, and migration into secondary lymphoid organs, whergjally for induction of antiviral or antitumor immunity (26, 27). It
they trigger naive T cells. This in vivo maturation process is effi- has been demonstrated that murine BmDC are able to promotg
ciently regulated and controlled by a complex array of signalsprophylactic and therapeutic antitumor immunity when pulsedo
present in the DC microenvironment. A number of cytokines andyjith relevant tumor-associated T cell epitopes (28-32). The de&
other factors have been proposed to promote DC growth and difyree of DC differentiation (immature vs mature) may determine®
ferentiation from myeloid progenitor cells, including GM-CSF, their subsequent function. Once pulsed with Ag in vitro, it may bei;
TNF, FI3L, IL-4, and possibly also stem cell factor, IFN-  grgued that immature BmDC are the most appropriate DC to usg
TGF-8, PGE, ionomycin, and others (1-21). In vitro, and possibly ¢4 immunization protocols in vivo because of their capacity toR
in vivo as well, inflammatory stimuli (such as IL-1, IL-6, and TNF) iteralize/process Ag and mature on their way to the regional LN.
(21-23) and contact with T cells (via CD40/CDA0L interaction) ayernatively, however, mature DC may be best suited for in vivo
(24, 25) further activate DC, resulting in mature DC with strong T, notherapy because of their capacity to efficiently present Ag to
naive T cells, and because immature BmDC may induce tolerance
rather than immunity. Since Ag processing (which is maximal in im-
mature DC) and T cell sensitization (which is more effective in mature
Received for publication April 20, 1998. Accepted for publication September DC) are both essential for the development of antitumor immunity, it
10, 1998. is crucial to understand the regulation of DC maturation to gain fur-
The costs of publication of this article were defrayed in part by the payment of pagdher insights into their in vivo function. Presently, no data are avail-
charges. This article must therefore be hereby maddxertisemenin accordance  gple that conclusively address whether terminally differentiated ma-
:V'Tt:lg u.ks.c. Secuontlzss S(:ﬂelyttonf;ZZ t;'s fjcstﬁszgs/alf he Deut hture DC or incompletely differentiated immature DC are best to use
Forslcszhvtvjz;svgv:r?w:;psz%;?t. Tr)llis \r/\?:rlf corntains par?snof the Ph.D. thrggs o?B.eFlejostZr or vaccinations in vivo. . . .
2 Address correspondence and reprint requests to Dr. S. Grabbe, Department of Der- Therefore, to understand the interplay of Cyt_Okmes in the DC I_T?at-
matology, University of Munster, Von-Esmarch Str. 56, D-48149 Munster, Germany.uration process, BmDC generated under various culture conditions
E-mail address: grabbe@uni-muenster.de were directly compared with respect to morphology, phenotype, and
2 Abbreviations used in this paper: DC, dendritic cell(s); Fit3L, Fit3 ligand; GM-CSF, in vitro function. These different BmDC populations were then ana-
granulocyte-macrophage colony-stimulating factor; CD40L, CD40 ligand; BmDC, lyzed in vivo by testing the ability of these cells to migrate into re-

bone marrow-derived dendritic cells; LN, lymph node; CM, complete medium; TA, 7' . ; ;
tumor antigen. gional LN and to promote prophylactic and/or therapeutic antitumor

D endritic cells (DCY play a critical role in the activation cell stimulatory potential. Although several different protocols exist=,

Ludwig Boltzmann Institute for Cell Biology and Immunobiology of the Skin, De-
partment of Dermatology, University of Munster, Munster, Germany
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immunity to define culture conditions that result in the generation ofbioassay based on the proliferation of the IL-2-dependent murine cell line
DC that are best suited for in vivo immunotherapy. CTLL-2 (33). Briefly, CTLL-2 cells were washed extensively, resuspended

We report here that BmDC generated only in the presence of! CM. and seeded into 96-well, flat-bottom microtiter platesx(510°
cells/well) in the presence of serial dilutions of culture supernatants. In

GM-CSF display an immature phenotype. CD40L and LPS argara|iel, a standard curve was generated using recombinant murine IL-2
strong inducers of full DC maturation. DC cultured in the presenceR&D Systems). After 48 h of incubation, the proliferation of CTLL-2 cells
of GM-CSF and IL-4 with or without the addition of FIt3L or was evaluated photometrically using the Alamar-Blue reagent (BioSource,
TNF-« exhibit an intermediate maturation stage with respect tocamarillo, CA).

phenotype and in vitro Ag-presenting capacity. The cytokine sePhagocytosis and endocytosis

cretion profile of B.;mDC. cultured in Va.'nous vyays difiers signifi- . Phagocytosis and endocytosis was assessed using FITC-conjagatd
cantly. The capacity to induce an antitumor immune response iR, icies and dextran, respectively (Molecular Probes, Leiden, The Neth-
vivo correlates to the degree of DC maturation. BmDC generate@riands). Briefly, 50qul of E. coli particle suspension (0.625 mg/ml) or 20

in vitro migrate rather inefficiently into regional LN after s.c. in- ul of dextran (0.05 mM) was incubated with> 10° BmDC, CTLL-2 (T
jection regardless of the culture conditions and maturation stagé?.e” line used as a negative control), and ML cells (murine macrophage cell

. . ne used as a positive control, provided by Dr. P. Ricciardi-Castagnoli) in
Of all culture conditions tested, BmDC generated in the presenc PMI 1640 medium at 37°C. After 2 h of incubation, cells were harvested

of CD40L mediate the most potent immune responses in Vivoangd resuspended in medium with the addition of trypan blue, which
including the generation of protective and therapeutic tumorquenches the fluorescence of extracellular particles. Next, BmDC were
immunity. washed, resuspended in PBS, and analyzed in a flow cytometer.

M " d Method Mixed lymphocyte reactions
aterials an ethods
Mice BmDC were incubated in graded doses together with 20° allogeneic T O

cells in 96-well culture plates. The primary mixed lymphocyte reactions%
DBA2/N, BALB/c, and C57BL/6 mice (6—10 wk old) were obtained from Were performed in RPMI 1640 supplemented with 10% FCS, 100 U/mI=

o . X K . o
Charles River (Sulzfeld, Germany) and housed according to governmeri€nicillin, 100 mg/ml streptomycin, 0.1 mM nonessential amino acids, 2@

regulations. mM L-glutamine, 1 mM sodium pyruvate, 0.01 M HEPES, (50 2-ME,
20 pg/ml gentamicin, and fug/ml indomethacin. T cells were obtained =
Generation, culture, and flow cytometry of BmDC from spleen cells of C57BL/6 mice by nylon wool nonadherence and subQ

) ) ) _sequent elimination of residual contaminating cells with Ab-coated T ceII3
BmDC were generated as described previously (6) with some modificajsolation columns (Cellect mouse T cell immunocolumns, Biotex, Alberta =
tions. Briefly, bone marrow was collected from tibias and femurs of femalecanada). The resulting cell preparation contairei1% IA* cells. After
BALB/c mice, passed through a nylon mesh to remove small pieces of gays, T cell proliferation was measured by addiftg]fhymidine to the

bone and debris, resuspended in complete medium (CM: RPMI 1640 coreyitures and subsequent liquid scintillation counting after an overnight in-
taining 5% FCS, 5uM 2-ME, 2 mM glutamine, 0.1 mM nonessential cypation period. :

amino acids, and 2p.g/ml gentamicin; all from PAA, Linz, Austria), and
cultured in tissue culture dishes (Becton Dickinson, Heidelberg, GermanyPresentation of peptide Ag to Ag-specific T-T hybridomas in
for 2 h. Nonadherent cells were collected, and aliquots of 10° cells vitro
were placed in 24-well plates (Becton Dickinson) containing 1 ml of CM - ) ) :
with the cytokines listed below. Two-thirds of the medium was replaced onT0 assess the ability of BmDC to present soluble protein Ag or peptide t&
day 3. On days 5 and 7 of culture nonadherent cells were transferred intBfimed T cells, the OVA-specific T-T hybridoma D011.1 was used. This<
six-well plates in CM with cytokines (2.5 10° cells/2 ml/well) and main- ~ hybridoma recognizes the OVis_s30 peptide. For this assay, ¥ 10°
tained for 2 additional days in culture. On day 9 of culture, most of the BmDC/well or 1 X 10° A-20/well (B cell line, H-2! used as positive @
nonadherent cells had acquired typical dendritic morphology, and thesgontrol) were incubated in the presence of 0.0@g50f OVAg,3_sz0pep- R
cells were used as the source of DC in subsequent experiments. At this tinfile (recognized by DO11.1 without requiring processing) (34). DO11.15
point supernatants from the different cultures were collected and stored &€lls (1 X 10°) were added to each well, and the cultures were incubated?
—20°C for cytokine determinations. in a total volume of 20Qul for 24 h at 37°C. One hundred microliters of
Six different combinations of cytokines were used for BmDC genera-Culture supernatant was removed and assayed for IL-2 content using th@
tion. 1) GM-CSF (150 U/ml; R&D Systems, Wiesbaden, Germany); 2) IL-2-responsive cell line, CTLL-2, as described above.
GM-CSF and IL-4 (75 U/ml; PharMingen, Hamburg, Germany); and 3) . . .
GM-CSF, IL-4, and FIt3L (250 ng/ml; Immunex, Seattle, WA) were used In vivo migration N
throughout the culture perioq. Alternatiygly, cells were maintained in GM- BmDC were labeled with the fluorescent dye, PKH2-2 (Sigma), accordind3
CSF and IL-4 for 9 days with the addition of 4) TNE{20 U/ml; Gen- o the manufacturer’s protocol. Briefly, the cells were washed three time$™
zyme, Cambridge, MA), 5) CD40L (&g/ml; Immunex), or 6Escherichia  with PBS to remove FCS. Cells were resuspended in PKH2-2 staining
coli-LPS (0.1pg/ml; Sigma, St. Louis, MO) for the final 2 days of cell solution for 5 min. CM containing 10% FCS was added to the cells, fol-
culture. ) lowed by removal of unbound PKH2-2 by extensive washing with PBS.
Expression of surface molecules was quantitated by flow cytometryThereafter, 5x 10° labeled cells were s.c. injected in 40 of PBS into
using the following Abs: I-&<4 |-E* (M5/114), B7-1 (1G10), B7-2 (GI-  hind footpads of mice. Forty-eight hours after injection, mice were killed,
1), CD11b/Mac-1 (M1/70), and CD40 (all obtained from PharMingen, Sanand regional LN (inguinal and popliteal LN) were removed. Single cell
Diego, CA); CD11c (N418, Endogen, Cambridge, MA); NLDC145 and suspensions of LN cells were subjected to a density gradient (Nycoprep
ICAM-1 (YN1/1.7.4; from American Type Culture Collection, Manassas, 1.077, Nycomed Pharma, Oslo, Norway), and a low density cell fraction,
VA; 10% culture supernatant); anti-rat or anti-hamster IgG-FITC (Boeh-enriched in DC, was harvested after centrifugation at 809 for 30 min.
ringer Mannheim, Mannheim, Germany); and normal rat 19G2b (Phar-Flow cytometric analysis was performed to detect fluorescent cells within
Mingen) as isotype control (g/ml, diluted in PBS/1% FCS(v/V)). For  the LN preparation.
flow cytometry, aliquots of X 10° BmDC were incubated with the mAbs .
for 60 min at 4°C. The cells were washed twice with PBS/0.1% FCS(v/v) Tumor cells and preparation of tumor Ag

and incubated with FITC-conjugated goat anti-rat or goat anti-hamster IgGI'he squamous cell carcinoma KLN205 (syngeneic to DBA2/N mice®j-2

(diluted 1/50 in PBS/1% FCS (v/v)) for 45 min on ice. At the end of this was obtained from American Type Culture Collection (Manassas, VA) and
incubation, propidium iodide (100 nM; Sigma) was added to determine the aintained in tissue culture at 37°C in RPMI 1640 containing 10% FCS,

percentage of dead cells, cells were washed twice and subsequently al 30 Ujml penicillin, 100 mg/ml streptomycin, 0.1 mM nonessential amino
lyzed in a flow cytometer (EPICS XL, Coulter, Miami, FL). No gating was acids, 2 mML-glutamine, 1 mM sodium pyruvate, 0.01 M HEPES buffer,

performed, except for elimination of dead cells. and 50uM 2-ME. Upon injection of 2x 10° tumor cells, the tumor grows
Detection of cytokines progressively in syngeneic mice and can produce metastases at late tumor
stages into regional LN. Previous experiments demonstrated that this tumor
IL-1B, IL-10, IL-12, TNF~, and IFN+<y production by BmDC was deter- is very poorly immunogenic (K. Mahnke et al., manuscript in preparation).
mined by ELISA (Endogen (Cambridge, MA) and Laboserv (Giessen, Ger+or preparation of TA, tumor fragments containing tumor-derived anti-
many)). Additionally, IL-2 bioactivity in supernatants was assessed in agenic epitopes were prepared by disrupting 10 KLN205 cells/ml with
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FIGURE 1. Surface phenotype of
BmDC generated under different cul-
ture conditions. Cells differentiated | nc145 )
under distinct culture conditions were 3
analyzed by flow cytometry for the
expression of I|-A, CD1lc,
NLDC145, ICAM-1, CD40, B7-1,

and B7-2 (thick lines). Dotted lines 21 2
show the FACS profiles after staining ICAM-1 f 3

with isotype control mAb; numbers i :

indicate the mean fluorescence inten- = 4

sity. Results are representative of
three different experiments. No gat-
ing was performed, except for elimi- ~ CD40 .
nation of dead cells. £
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four freeze-thaw cycles in liquid nitrogen. Lysates were centrifuged atof other factors. Homotypic BmDC aggregates were more abung
2000 x g for 10 z“” to remove inscf>|ub|e cell ffagme'&tsy and the super-dant in cultures containing either CD40L or LPS, and cell yield >
natant was used as a source of tumor-associated Ag as previous, ) E
described (35). Was hlgher when GM-CSF gr GM-CSF,_ I_L-4, and FIt3L \_/\{ere X
BmDC cultures were harvested and used for immunization experimentddresent in the culture than with the remaining culture conditionsS
To pulse BmDC with TA, 1 mg of TA from KLN205 cells was added to  Significant differences were observed in the morphology and
1-5d>< 106hBSW?hC in t(?M for “_tn ?;gg’cp- Theéegftegéggfo‘i‘)’”e hart‘;]esmd expression of cell surface molecules involved in APC/T cell in-
and washed three times wi . Pulsed Bm were then . : s
injected s.c. into naive recipient mice on the lower abdomen. This immu—teracuons' Compared with the other culture conditions, MHC (?lass
nization was repeated twice at weekly intervals. Two weeks before or 1 wkl, NLDC145, ICAM-1, CD11c, CD40, B7-1, and B7-2 expression
after the immunizations, mice were challenged witk 20° live KLN205 ~ was consistently lower in cells cultured in the presence of GM-
cells s.c. on the lower lateral back, and tumor growth was assessed eveySF only or in cells cultured in GM-CSF, IL-4, and FIt3L, whereas
3 days by measurement with a spring-loaded caliper. . . ! ' ' .
the highest surface expression of these markers was observed in
Statistical analysis cells incubated with CD40L or LPS (Fig. 1). To assess the per-
Student'st test was applied to reveal significant differences in cytokine C?_mage of Contammf’mng macrophages in the different culture con-
production by BmDC generated under different culture conditigns: ditions, the expression of the macrophage-related surface mole-

0.05 was accepted as the level of significance. cules CD11b, F4/80, ER-TR9, ER-HR3, and BM8 was
determined. CD11b was broadly expressed on BmDC, and all
Results BmDC also expressed high amounts of ER-TR9, indicating that
Cell surface phenotype of BmDC generated under different these molecules are not macrophage specific. BmDC generated by
culture conditions culture in GM-CSF alone also broadly expressed BM8, ER-HR3,

The various culture conditions resulted in the generation of BmDCand F4/80 (F4/80, 60%; ER-HR3, 35%; BM8, 80% positive cells),
with typical morphology and fine membrane projections, althoughbut the expression of these markers could be down-regulated by
the number of dendritic processes was enhanced when CD40L @ubsequent culture in LPS or CD40L, which is consistent with
LPS were present in the culture medium and was decreased whehe immature phenotype of these DC (data not shown). In all
cells were maintained in the presence of GM-CSF without additiorother BmDC culture systems, the percentages of cells expressing
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Table I. IL-12, TNF«, and IL-18 production by BmDC generated under different culture conditions

IL-12 TNF-a IL-18
Culture Conditions (pg/ml = SEM) (pg/ml = SEM) (pg/ml £ SEM)
GM-CSF 50+ 12 320+ 18 17+3
GM-CSF + IL-4 164+ 35 200+ 27 21+ 11
GM-CSF + IL-4 + FIt3L 183+ 21 200+ 30 22+ 8
GM-CSF + IL-4 = TNF-« 267+ 56 ND 27+ 14
GM-CSF + IL-4 = CD40L 667+ 23° 200+ 18 27+ 13
GM-CSF + IL-4 = LPS 1000 4P 1800+ 120° 1000+ 294

BmDC (1 X 10%ml) were cultured in medium containing different DC growth factors as describidierials and Methods.
Protein levels of cytokines secreted in supernatants during the last 24 h of the 9-day culture period were determined by ELISA.
Data are shown as the meanSEM of three independent experiments.

bp < 0.05 with respect to the remaining cultures.

significant levels of ER-HR3, BM8, and F4/80 wer&%, indi- cence intensity. Incubation of cells with IL-4 resulted in a marked
cating low numbers of contaminating macrophages in the BmDQown-regulation of FITCE. coli uptake. Further addition of FIt3L,
cultures. TNF-«, CD40L, or LPS did not have additional effects on phago-

) ) ) cytosis. Similar results were obtained using FITC-labeled latex
Cytol_<|_ne production by BmDC generated under different culture yagds instead of FITE- coli (data not shown). o
conditions FITC-dextran was used as a marker for both the macropinosc2
To investigate the modulation of cytokine production and secretiormal fluid phase and the clathrin-coated pit pathway of endocytosig:
profiles of BMDC emerging from the various culture conditions, (36). GM-CSF-treated cells most effectively incorporated this&
supernatants from BmDC cultures were collected and analyzed fdracer, followed by cells differentiated in the presence of TaF- %
IL-18, IL-10, IL-12, TNF-, and IFN+ contents using ELISA and CD40L. Significantly less efficient endocytosis was detectabl@
assays (Table ). in the rest of the cultures. Thus, upon maturation, BmDC appear t§.

Interestingly, addition of LPS to BmDC stimulated the produc- shut off phagocytosis but maintain a reduced, but still detectable§
tion of IL-12 as well as that of proinflammatory cytokines (I3-1  capacity for endocytosis. =
and TNF«), whereas CD40L stimulation selectively induced the %
production of IL-12 but not that of IL-8 or TNF-« by BmDC.  Allostimulatory activity and presentation of OVA peptide =,

Lower amounts of IL-12, TNFe, and IL-13 were measurable in - To further characterize BmDC generated under distinct culture
supernatants of BmDC generated under GM-CSF and IL-4 with ogonditions, BmDC were compared for their capacities to stimulatés
without the addition of TNFe or FIt3L, and very low levels of  alioreactive T cells. Graded numbers of BmDC from each cultureS
these cytokines were detected in supernatants from cells incubate@ndition were incubated with a fixed number of allogeneic TQ
with GM-CSF alone. cells. Fig. 2 shows that approximately 150 BmDC could alreadyZ
None of the tested stimuli induced endogenous production ofrigger a substantial response in all the culture conditions teste®
IFN-y by BmDC, and only minute amounts of IL-10 were detected However, at low stimulator cell concentrations, DC cultured with @
in supernatants from LPS-cultured BmDC (mearSEM, 3.4 pg/  ejther CD40L or LPS were at least twofold more effective than theS
ml * 1.2), but not in any of the other culture conditions. remaining cultures in stimulating naive allogeneic T cells. In someQ
experiments, as few as 30 BmDC/well from these cultures stimug.
lated allogeneic T cell responses ©f100,000 cpm (data not %
The endocytic capacity of BmDC that emerged from the distinctshown). BmDC generated from GM-CSF and IL-4 cultures with or&
culture conditions is shown in Table II. Incubation of BmDC with without the addition of FIt3L or TNFRx exhibited intermediate
FITC-labeledE. coli provided evidence of extensive phagocytosis ability to present alloantigen.
in cells cultured in the presence of GM-CSF, as judged by the To evaluate the capacity of BmDC to present QWA 5.opep-
appearance of many FITC-positive cells with high mean fluorestide to the OVA-specific T-T hybridoma DO11.1, BmDC were
exposed to different concentrations of OMA_;;0peptide and in-
cubated in the presence of DO11.1 cells. As evident from Fig. 3,
CD40L- and LPS-treated cells were the most efficient APC also in
this assay system, since they were able to induce potent IL-2 pro-
duction at low peptide concentrations. In contrast, cells cultured in
the presence of GM-CSF were less efficient in OVA peptide pre-

w .

Phagocytosis and endocytosis

Tc0C

Table Il. Phagocytosis and endocytosis by BmDC generated under
different culture condition®

Mean Fluorescence Intensity

Culture Conditions Phagocytosis Endocytosis sentation than BmDC grown under the other conditions.
GM-CSF 207 211 . _—
GM-CSF + IL-4 25 0.98 In vivo migration
GM-CSF + IL-4 + FitsL 18 0.88 Syngeneic BmDC that had been labeled with a fluorescent dye
GM-CSF + IL-4 = TNF-a 23 1.31 iniected into the hind footpad of mi After 2 d
GM-CSF + IL-4 — CD40L 26 130 were s.c. injected into the hind footpad of mice. After ays,
GM-CSF + IL-4 = LPS 17 0.76 regional LN were removed, and single cell suspensions were an-
Negative control (CTLL cells) 3 alyzed by flow cytometry. In all experiments, dye-labeled BmDC
Positive control (ML cells) 140 2.05 were clearly detectable in draining lymph nodes, but the vast ma-

aBmDC were differentiated in the presence of distinct DC growth and differen- jOrity of in vitro differentiated BmDC injected s.c. into syngeneic
tiation stimuli as described iMaterials and MethodsPhagocytosis and endocytosis  mjce remained at the site of injection and failed to migrate into the

were assessed using FITC-conjugatedcoli particles and FITC-dextran, respec- L L
tively. CTLL-2 and ML cells were used as negative and positive controls. The data angrammg LN regardless of the culture conditions and degree of

representative of three independent experiments. BmDC maturation (Table Ill). In general, approximately 3—10% of


http://www.jimmunol.org/

172 TUMOR Ag PRESENTATION BY VARIOUS POPULATIONS OF DC

—O— GM-CSF 5000 -
........ O GM-CSF+IL4
—0— GM-CSF+IL4+FIt3L
ol GM-CSF+IL-4=> TNF

—0O— GM-CSF
........ O GM-CSF+IL4
—0— GM-CSF+IL-4+FIt3L

so04 T & GM-CSF+IL-4=>TNF
—&— GM-CSF+IL-4=>CD40L 4000 T
—&— GM-CSF+IL-4=>CD40L
-------- & GM-CSF+IL-4=>LPS - 1
_ ER - GM-CSF+IL-4=>LPS T
g 8
=] 1L
= 4004 E
@ 3000 »
7] -
k) - »
= g
5 =
® 3004 o
2 =
& S 2000
o Tt
1 [=¥
5 =
g 200+ 3
':'9 o
E 1000
= v}
]
a S
100 =1
o
8
0 o : 8
0.0 0.1 1.0 10.0 3
0 ; : : . OVA peptide (ug/ml) 3
100 500 1000 5000 pep ne/ =
. . ©
BmDC/well FIGURE 3. Presentation of OVA peptide by BmDC generated under =<
different culture conditions. BmDC were differentiated as describédan é
FIGURE 2. Allostimulatory capacity of BmDC. BmDC were differen-  terials and Methodand incubated in the presence of graded concentration

tiated in the presence of distinct DC growth and differentiation stimuli asof OVA 5,330 peptide. The OVA-specific T-T hybridoma DO11.1 was E
described irMaterials and MethodsGraded numbers of BmDC were co- used to assess the ability of BmDC to present soluble Ag. Results are thg
incubated with a fixed amount of allogeneic purified T cells for 4 days atmean+ SEM of one representative experiment of three performed_ %
37°C, followed by overnight pulse witt?l]thymidine. Background pro- =1
liferation of BmDC or T cells alone was alwaysl5,000 cpm. Results are Q
the meant SEM of one representative experiment of three performed.

/6

tumor growth, suggesting that s.c. injected DC do not induce tumag
immunity by Ag-independent mechanisms, and that immunizatiorg
the injected BmDC were detectable in regional LN, with a maxi- With TA alone does not induce a tumor-specific immune response}
mum present 48 h after injection. The relatively poor migratory IN contrast to data obtained by others using different tumor models3
capacity of s.c. injected BmDC was not due to interference of thd" the KLN205 tumor model immunization with TA-exposed O
labeling procedure with BmDC viability or migration, since la- BMDC that were generated by culturing cells in GM-CSF and IL-4S
beled and unlabeled BmDC 1) did not differ in vitro with regard to did not lead to consistent and profound protective tumor immunity &
survival or allostimulatory capacity, 2) showed almost equal ran0ssibly due to the low immunogenicity of this tumor cell line. &
dom migration activity when placed into three-dimensional colla-HOwever, immunization of mice with TA-pulsed BmDC generated }3
gen gels and subjected to time-lapse video microscopy, 3) wer# Vitro in the presence of CDA40L dramatically reduced tumor(X
detectable in equally large numbers75% of the injected cells) as 9rowth and incidence, whereas mice immunized with TA-pulsed
viable (trypan blue-excluding) cells in the skin at the injection site,

and 4) were detectable in the regional LN in equally low numbers

when investigated by direct fluorescence microscopy or after laTable lll. In vivo migration of s.c. injected Bm3C

beling by phagocytosis of fluorescdat coli instead of using the
membrane dye (data not shown). Thus, only a small percentage of Culture Conditions % Fluorescent Cells- SEM
BmDC migrates into the regional LN after s.c. injection in mice.

GM-CSF 1.17+0.41

. . . . . GM-CSF + IL-4 1.66+ 0.58
Induction of protective and therapeutic tumor immunity by GM-CSF + IL-4 + FIt3L 117+ 043
TA-pulsed DC GM-CSF + IL-4 = TNF-« 1.80+ 0.23
, , . - GM-CSF + IL-4 = CD40L 2.35% 0.77

To assess which type of DC culture and which DC differentiation GM-CSF + IL-4 = LPS 145+ 043

stage are best suited for in vivo immunotherapy, we tested the pead BmDC <0.2
ablhty of these BmDC to induce protective and therapeutlc immu--—, BmDC were differentiated in the presence of distinct DC growth and differen-

nity against the poorly immunogenic squamous cell carcinOMasjation stimuli as described iMaterials and Methods. Migration of BmDC injected
KLN205. For immunization against the tumor, mice were injecteds.c. into footpads of mice toward the popliteal and inguinal lymph node was assessed

twice at weekly intervals with TA-pulsed BmDC as described in by labeling the BmDC with the fluorescent tracer, PKH2-2, and subsequent flow
y P cytometry of regional LN cells. Numbers are calculated as percent fluorescent cells in

Materials and Methods. Control groups received TA only (data notihe DC-enriched LN cell suspension. Since the total cell number in popiteal and
shown) or BmDC that had not been pulsed with TA. One weekinguinal LN combined is approximately 23 10°, this equals to a recovery rate of

. P . . .. 3-10% of the injected BmDC. The data are representative of four independent ex-
after the last immunization, mice were Cha"enged by S.C. Ir‘Jec'“c“‘beriments. No statistically significant differences in migration were present between

of viable KLN205 cells. Control groups were not protected againsthe groups of BmDC injected (except for dead BmDC).
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tion was not complete, since, for example, LPS-stimulated DC that

800 4 Ly BmDC w/o tumor antigen . -
were phenotypically and functionally mature generated a weaker
—0— GMCSF S i i
in vivo immune response than those cells that were incubated in
"""" O GM-CSE+ILA 6/6 CD40L, which had largely the same degree of maturity but differed
—O— GM-CSF+IL4+FI3L significantly in their cytokine secretion profile.
ol GM-CSF+IL-4=>TNF CD40L was found to be a strong inducer of full DC maturation,
6004 g GM-CSF+IL-4=>CD40L as evident by down-regulation of phagocytosis, low endocytic ca-

pacity, and up-regulation of MHC class Il, the adhesion molecules
CDl11c and ICAM-1, and the costimulatory molecules B7-1 and
B7-2. In addition, cells incubated with CD40L secreted high levels
of IL-12 and were very efficient in presenting alloantigen or pep-
tide Ag in vitro. In vivo, these mature DC were excellent in the
promotion of antitumor immunity. Thus, the ability of the CD40L
differentiated cells to promote antitumor immunity correlates to
their high efficiency of stimulating resting T cells and to the high
production of IL-12, which is in accordance with in vitro data
obtained by others (24, 25). At present, we do not know yet
whether these features are responsible for their potent in vivo im-
munostimulatory capacity. We speculate, however, that the 1L-12
production by DC is critical for their in vivo function, since in g
other systems, IL-12 was shown to generate a polarization of thg§
immune response toward the Thl pathway in vivo. IL-12 is also
potent inducer of IFNy and TNFe production by both NK cells &
and T cells (37), and these cytokines are critically involved in thex
development of cell-mediated immune responses (38), which i3
crucial for the induction of antitumor immunity. In this direction,
FIGURE 4. Induction of protective tumor immunity by BmDC. Groups Zitvogel et al. showed that the neutralization of both IfNnd
of six mice were immunized with TA-pulsed BmDC as describeilax- TNF-a or the administration of anti-IL-12 Abs in mice totally
terials and Methods. The immunizations were conducted twice at W99k|Yabrogates the DC-induced anti-MCA205 tumor response (30). A
interyals, ar_1d a_II mice were ch_allenged vv_ith KLN205 cells 1 wk after thethe same time, however, LPS-stimulated DC were less capable
last |mmgn|zat|on. Control animals received BmDC that had r_lot bee romoting tumor immunity than CD40L-treated BmDC, although 3
pulsed with TA. The g_raph s_hows the mean tu_mor volume over time. Th h d simil ts of IL-12 in vitro and had an in .trog
number of tumor-bearing animals compared with the total number of mice ey Se(_:rEte similar amoun invi invi =
in each group is indicated. matgratlon stage_comparable tq that of C_D40L-cultur¢_ad BmDCg
Besides the functional characteristics previously described for tH&
CD40L-generated cells, the cells cultured in the presence of L 3
. . - roduced, in addition to IL-12, high levels of TNkand IL-18. [=
BmDC that were cultured with GM-CSF alone did not exhibit any Klthough a role for these cytokin?es in tumor resistance ﬁgs alsg

protective tumor immunity (Fig. 4). been suggested (11, 39), the different cytokine secretion profiles

m Irr‘]t? iec(:jondl ts$t of i);?t?”r:nevr\:tsr‘ cell Is etmetrgc;nfg rfrgqmirth%ﬁ? O\t/eEPS- vs CD40L-stimulated BmDC may contribute to their differ- &
entioned culture conditions were also tested for their ability to, .~ " = " g oo %

promote therapeutic tumor immunity. Tumors established for 14 In contrast to other laboratories (8), in our hands BmDC differ-&

days were treated by s.c. injection of TA-pulsed BmDC at a site ntiated in the presence of only GM-CSF consistently generatefl!

distant from the tumor. In accordance with the other data obtalnelgmmature DC as evident by morphological, phenotypical, amﬁ

_to (ila(tje, F;’hmg r %rgwth wast n;grk?rc]ily reduced W??DT(I)CLE Yverz(;r.‘functional analyses in vitro as well as in vivo. Most likely, this F
Jt?cne thIv v :nimn?ennet;\a? mwit?n pTrisenlceé) BmDC tlh nte;] O'I'difference is due to the use of different protocols for DC genera-
bo ’ olte ed" GMUCOSFe IaLpz)l/ d FItS-IE)u Ise induced & ;dtion. Clearly, our data also show that IL-4 is a potent enhancer of
e(;en ?u u_re tm ) t’h -F', an h also Irljpuscet' a T?rde mouse DC maturation, which is in agreement with data obtained
rBe lé%'on n urtnor gr(:wt ( IgD?OLV\tI er?a(ljs I -shlmu a ed by others (21, 29, 30, 32). Compared with DC differentiated in the
thr']; 'mn\:ver:gtl:graas %oozgl ?FS b5, reated cells when use IrEJresence of GM-CSF alone, supplementation of IL-4 significantly
IS immu Py '9 enhanced DC differentiation, leading to an intermediate degree of
Di . maturation. Expression of MHC class Il Ags and the costimulatory
IScussion molecules B7-1 and B7-2 was higher on DC cultured with GM-
One of the most promising approaches to establish vaccinatio€SF and IL-4 than on those cultured with GM-CSF alone. Fur-
protocols for the induction of T cell-mediated immune responses ishermore, DC grown in GM-CSF plus IL-4 were more potent stim-
to generate autologous DC, couple them ex vivo with Ag, and useilators of mixed lymphocyte reactions as well as more efficient in
these Ag-exposed APC for immunization purposes. The aim of thif\g presentation than cells grown in medium containing GM-CSF
study was to directly compare and define culture conditions foralone. Thus, and in agreement with other publications investigat-
BmDC that result in the generation of cells able to induce primarying human DC (9, 24, 25), this combination of cytokines provided
immune responses in vivo. In this respect our results emphasize thgpod conditions for the generation of cells with the characteristic
necessity of considering the stage of DC maturation when desigrphenotype and functional properties of DC in the murine system.
ing approaches for prophylaxis or therapy of tumors using DC-However, these in vitro generated BmDC retarded tumor growth
based immunization protocols. Our data indicate that, in generabnly to some extent when DC were injected before tumor chal-
the capacity to induce a tumor-specific immune response in vivdenge and were poorly able to induce the rejection of preexisting
correlates to the degree of DC maturation. However, this correlatumors. These data contrast with the results of studies performed
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TUMOR Ag PRESENTATION BY VARIOUS POPULATIONS OF DC

by Mayordomo et al. (32), which indicate that BmDC grown in
medium containing GM-CSF and IL-4 are capable of generating a
complete protective antitumor immune response. It is unlikely that
this discrepancy is due to the inadequate quality of the BmDC
generated in our study, given their immunophenotype and func-
tional properties in vitro. Instead, it may be attributed to the use of
different tumor models. The KLN205 is a very poorly immuno-
genic tumor, as determined by the fact that it generates no con-
comitant immunity and that vaccination with dead tumor cells
alone or together with CFA, with irradiated cells, or with soluble
TA did not affect tumor growth after a subsequent challenge with
viable KLN205 cells (data not shown).

Surprisingly, the addition of TNk or FIt3L to the GM-CSF
plus IL-4 cultures did not substantially affect the morphology or
the in vitro functions of these cells. However, in vivo tumor ex-
periments showed the ability of these cells to prevent tumor
growth in some of the injected animals when tumor cells were
injected after DC vaccination, whereas GM-CSF and IL-4 differ-
entiated cells were able to retard tumor growth but not to prevent
it. Interestingly, however, BmDC generated in the presence o
FIt3L decreased tumor growth in a similar way as that observed bi
the CD40L differentiated BmDC, when tumor challenge precede
BmDC vaccination. Despite the functional similarities found in ®
these cultures in vitro (GM-CSF and IL-4; GM-CSF, IL-4, and é‘”
FIt3L; and GM-CSF, IL-4, and TNFk), different antitumor re- 3
sponses were determined in vivo. The mechanisms underlyin
these differences remain to be elucidated. <

The capacity of DC to migrate into T cell areas of LN is a key%
event in initiating immunity, and it may be critical for sensitization =
against tumor Ags. Thus, we were surprised by our consistent fin@:
ing that BmDC appear to migrate very inefficiently into regional é
LN after s.c. injection, at least in the murine system. Howeverg
these data are in agreement with those of other groups (40—-42p,
who also reported that the majority of DC that were s.c. injected&
remained at the site of injection and failed to migrate to the LN. In<
contrast, in vitro generated DC injected into the s.c. tissue of chimg
panzees were reported to migrate rapidly and apparently co £
pletely to the regional LN (43). This different migratory behavior =
of BmDC may be due to different properties of chimpanzee an
murine BmDC, respectively, or may reflect the fact that large num&
bers of DC (4x 10°) were injected directly adjacent to the ingui- i
nal LN in that study. We believe that the poor migratory capacity*”
of s.c. injected BmDC was not a technical artifact, since Iabelec%’
and unlabeled BmDC exhibited equal in vitro survival, randomF
migration in collagen gels, and allostimulatory capacity, and iden-
tical results were obtained when using an entirely different labeling
technique. Thus, s.c. injection may not be an optimal cell delivery
system for in vitro generated BmDC, at least in the mouse. Nev-
ertheless, although only a small number of labeled BmDC was
detected in the LN, a potent in vivo immunostimulatory capacity
was observed in most cases, resulting in the generation of protec-
tive and therapeutic tumor immunity. In our hands, incubation of
BmDC with CD40L is currently the most potent stimulus to gen-
erate efficient in vivo immunostimulatory activity of murine
BmDC. Thus, it might be crucial to optimize the maturation stage
and migratory capacities of DC for designing future strategies us-

with TA-pulsed BmDC or, as a control, with BmDC that had not been pulseding TA-pulsed DC for tumor immunotherapy.

with TA. The immunizations were conducted twice at weekly intervals. The
graphs & andb) show the mean tumor volume in groups of six mice. Only a
minority of the tumors regressed completely when treated with only two in-
jections of TA-pulsed BmDC. b, two different populations of mature BmDC
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