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Cutting Edge: Resistance to Apoptosis
and Continuous Proliferation of
Dendritic Cells Deficient for TNF
Receptor-11

Jens Oliver Funk,* Henning Walczak,†

Constanze Voigtländer,* Susanne Berchtold,*
Thomas Baumeister,* Pia Rauch,* Susanne Rössner,*
Alexander Steinkasserer,* Gerold Schuler,* and
Manfred B. Lutz2*

The individual roles of the two TNFRs on dendritic cells (DC)
are poorly understood. Investigating bone marrow-derived DC
from TNFR-deficient mice, we found that cultures from
TNFR12/2 mice continue to form proliferating clusters for
6–9 mo. In contrast, DC derived from wild-type, TNFR22/2,
or TNFR1/22/2 mice survived for only 3–4 wk. DC obtained
from these TNFR12/2 long term cultures (LTC) mice show an
unusual mixed immature/mature phenotype. The continuous
proliferation of the LTC is GM-CSF dependent and correlates
with decreased protein levels of the cyclin-dependent kinase
inhibitors p27KIP1 and p21CIP1. Prolonged survival of
TNFR12/2 DC appears to be independent from NF-kB and
Bcl-2 pathways and is rather enabled by the down-regulation
of CD95, resulting in the resistance to CD95 ligand-induced
apoptosis. These data point to proapoptotic signals mediated
via TNFR1 and antiapoptotic signals mediated via TNFR2 in
DC. The Journal of Immunology,2000, 165: 4792–4796.

D endritic cells (DC)3 are a specialized subset of highly
potent APCs of the adaptive immune system that can be
activated by pathogens and inflammatory signals (1).

Several cytokines have been described to influence DC develop-
ment or function (2). The proinflammatory cytokine TNF-a me-

diates different signals for proliferation, functional activation, and
apoptosis of many cell types, including DC (3). Early in hemo-
poiesis, TNF-a, together with GM-CSF, promotes the generation
of DC from CD341 bone marrow precursors (4–6). TNF-a also
plays a role for the migration of DC from peripheral tissues to
lymphoid organs (7, 8). The best known effect, however, is the
induction of DC maturation characterized by the down-regulation
of endocytosis mechanisms and the increased surface expression
of MHC and costimulatory molecules for Ag presentation (9–11).

Two receptors bind the soluble and membrane form of TNF-a.
TNFR1 (p55, CD120a) is expressed on almost every cell type,
whereas TNFR2 (p75, CD120b) expression is restricted to endo-
thelial and hemopoietic cells. The two TNFR bind different sets of
adapter proteins inducing distinct signaling cascades (3, 12, 13).

The most obvious consequences of TNFR deficiency in mice are
impairment of inflammatory responses (14). Whereas TNFR12/2

mice especially show defects in the defense of intracellular patho-
gens (15, 16), the defects to transmit inflammation in TNFR22/2

mice are more general (17). Little is known about the individual
functions of the two TNFR on DC. TNFR1 is expressed on epi-
dermal Langerhans cells; however, TNFR2 appears to be the major
receptor because it promotes Langerhans cell survival in vitro (18)
and mediates their migration (8, 19). In contrast, TNFR1 down-
regulates endocytosis in human monocyte-derived DC as a sign of
maturation (20).

Materials and Methods
Mice

Male or female mice were used at the ages of 1–4 mo. C57BL/6 mice were
kept and bred in our animal facilities. TNFR12/2 (H. Blüthmann, Roche,
Basel, Switzerland, and K. Pfeffer, Technical University of Munich, Mu-
nich, Germany), TNFR22/2 mice (M. W. Moore, Genentech, South San
Francisco, CA), and TNFR1/22/2 mice (H. Blüthmann) were bred under
specific pathogen-free conditions and kept on a mixed C57BL/63 129
genetic background in our facilities.

Bone marrow (BM)-DC culture

The generation of BM-DC was performed as described in detail (21).
RPMI 1640 (Life Technologies, Gaithersburg, MD) was supplemented
with 100 U/ml penicillin, 100mg/ml streptomycin, 2 mML-glutamine, 50
mM 2-ME, 10% heat-inactivated filtered FCS. GM-CSF was used at 200
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U/ml (PeproTech/Tebu, Rocky Hill, NJ). Where indicated, LPS (Esche-
richia coli 026:B6, Sigma, St. Louis, MO) was used at 1mg/ml, TNF-a
(PeproTech/Tebu) at 500 U/ml, and camptothecin (Sigma), CD95 ligand
(CD95L)-, or TNF-related apoptosis-inducing ligand (TRAIL)-leucine zip-
per trimers (22) at 1mM.

FACS analysis

Cells were stained as described earlier (21) and analyzed on a FACScan
(Becton Dickinson, San Jose, CA). Abs (B7-1, B7-2, CD40, PharMingen,
San Diego, CA; 2F8, Serotec, Oxford, U.K.) or hybridoma supernatants
(ICAM-1, F4/80, N418, NLDC-145, 33D1, 2A1), with appropriate isotype
controls, were used with FITC-conjugated secondary Abs followed by
MHC II counterstaining (M5/114, PE-conjugated, PharMingen). Biotinyl-
ated CD95 (Jo2) was detected by a streptavidin-PE conjugate and double-
stained with a directly FITC-conjugated MHC II Ab (2G9, all PharMin-
gen). For intracellular staining (2A1 supernatant, caspase-3, Bcl-2,
PharMingen), cells were permeabilized with 0.5% saponin. Endocytosis of
FITC-conjugated dextran (m.w. 40,000, Molecular Probes, Eugene, OR)
was conducted at 4°C (unspecific binding) and 37°C (binding and uptake)
at 1 mg/ml for 30 min.

Ag presentation and proliferation assays

Titrated numbers of BM-DC were added to 13 105 purified T cells/well
and plated as triplicates in 96-well flat-bottom plates (Falcon, Becton Dick-
inson, Heidelberg, Germany). After labeling with 1mCi/well [methyl-
3H]thymidine (Amersham) for 16 h, cells were harvested with an Inotech
harvester (Dotticon, Switzerland) on a glass fiber mat, dried, and measured
in a Microbeta 1450 counter (Wallac, Gaithersburg, MD). For cell counting
and thymidine incorporation, 13 105 BM-DC were plated as triplicates in
96-well plates and then counted under trypan blue exclusion or pulsed for
24 h. Cell cycle analysis by 5-bromo-29-deoxyuridine labeling was per-
formed as described (23).

Electromobility shift assays and immunoblotting

The activity of NF-kB was analyzed as described previously (24). NF-kB
consensus oligonucleotides (Promega, Madison, WI) were labeled using
[g-32P]ATP (3000 Ci/mmol, Amersham, Arlington Heights, IL) and T4
polynucleotide kinase (New England BioLabs, Beverly, MA). The speci-
ficity of the NF-kB complexes was also determined by Ab supershift. Im-
munoblotting was performed as described in detail (23). Whole cell lysates
were analyzed by standard SDS-PAGE techniques with anti-p27 (Onco-

gene Research Products, Cambridge, MA), anti-p21 (Santa Cruz Biotech-
nology, Santa Cruz, CA), and anti-CDK2 (PharMingen) Abs.

Results and Discussion
Phenotypical and functional characterization of LTC

While studying the biology of DC derived from different TNFR-
deficient mice, we observed, unexpectedly, that TNFR12/2

BM-DC survived well beyond the point when WT, TNFR22/2, or
TNFR1/22/2 BM-DC had died and only adherent macrophages
remained in the cultures. The life span of such standard MHC II1

BM-DC cultures was maximally 3–4 wk. In sharp contrast,
BM-DC cultures from two independently generated strains of
TNFR12/2 mice (15, 16) survived and proliferated for 6–9 mo in
a GM-CSF-dependent manner. More than 20 independent long
term cultures (LTC; i.e.,.4 wk in culture) had been set up, and all
showed continuous cluster formation as well as morphologically
veiled DC in suspension (not shown).

FACS analysis of LTC showed a largely homogeneous popula-
tion of cells with a mixed immature/mature DC phenotype. They
expressed markers of mature DC (MHC IIhigh, B7-2high, ICAM-
1high, intracellular 2A11) and also markers of immature DC (B7-
1weak, N418weak, F4/801, 2F81) (Fig. 1a). Surprisingly, the LTC
completely lacked the mature DC markers NLDC145 and CD40
and expressed high 33D1 levels, something we had never observed
on WT DC (Fig. 1a). Other early myeloid differentiation markers
such as Gr-1, 3D6, and CD14 were not expressed (not shown).

Functionally, immature DC are efficient in Ag uptake but weak
Ag presenters, whereas mature DC down-regulate endocytosis and
drastically enhance Ag presentation (1). The LTC were weak in
uptake of FITC-conjugated dextran (Fig. 1b) and at the same time
weak in allogenic Ag presentation to T cells (Fig. 1c, left). How-
ever, after maturation with LPS, the Ag-presenting capacity of the
LTC was increased, although not reaching the level of WT
BM-DC (Fig. 1c, right). This LTC maturation was also observed
phenotypically after treatment with LPS, but not with TNF-a or

FIGURE 1. Phenotype and function of
TNFR12/2 LTC. a, Expression of different
MHC II, costimulatory, macrophage, and DC
surface markers by LTC after 2 mo in culture.
b, Comparison of FITC-dextran (DX) endo-
cytosis by LTC with immature (double stain-
ing for MHC II low) and mature (double stain-
ing for MHC II high) WT BM-DC. Mean
fluorescence values were measured by FACS
after 30 min.c, Capacities to stimulate allo-
geneic T cells by untreated and LPS-stimu-
lated WT DC and LTC were compared. [meth-
yl-3H]Thymidine incorporation was measured
in triplicate cultures after 3 days.d, Electro-
mobility shift assay of nuclear extracts of WT
and TNFR12/2 DC using radioactively la-
beled NF-kB oligonucleotides. Arrow, NF-kB
binding activity. As controls, unlabeled
NF-kB oligonucleotides were used.
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CD40 ligation (not shown). Importantly, TNFR22/2 or TNFR1/
22/2 BM-DC also did not mature on stimulation with TNF-a (not
shown), indicating that both TNFR chains are required to induce
DC maturation by TNF-a. The inability of TNFR12/2 DC to re-
spond to TNF-a was further confirmed by lack of NF-kB induction
as judged by gel shift experiments (Fig. 1d). Activation of NF-kB
by TNF, but not LPS, seems to be dependent on TNFR1, as also
observed in total spleen cells (16), which underscores the impor-
tance of TNFR1 for NF-kB activation as a critical signal for DC
maturation (25).

Thus, the continuously proliferating LTC 1) are impaired in both
functional characteristics of immature (endocytosis) and mature
(Ag presentation) DC, typical for proliferating tumor cells, and 2)
express a unique set of markers similar to other DC long term
cultures (26).

Proliferative characteristics of LTC

Both early WT and TNFR12/2 BM-DC expanded readily in the
presence of GM-CSF but not in the absence of GM-CSF or after
LPS treatment (Fig. 2a, top). GM-CSF promotes the growth of
neutrophilic granulocytes, macrophages, and DC from bone mar-
row (21, 27). A 3-wk-old WT BM-DC culture consisted mainly of
macrophages, and the remaining suspension cells did not expand
further in the presence of GM-CSF. In the absence of GM-CSF,
the cells died rapidly (Fig. 2a, bottom). In contrast, the LTC did
not die in the absence of GM-CSF or after LPS treatment and
proliferated on GM-CSF (Fig. 2a, bottom). By removal of GM-

CSF, the LTC survive, whereas the fraction of adherent macro-
phages died. The LTC retained;20–25% S-phase cells, as judged
by 5-bromo-29-deoxyuridine incorporation (not shown). Exoge-
nous TNF-a had no substantial influence on the growth of all cul-
tures (Fig. 2a) but increased the survival of all but TNFR1/22/2

BM-DC (not shown).
Because negative cell cycle signals might be down-regulated in

LTC, we analyzed the expression of cyclin-dependent kinase
(CDK) inhibitors. CDK/cyclin complexes phosphorylate cellular
substrates, thereby controlling progression through the cell cycle.
The CDK inhibitors, particularly the family members p27KIP1 and
p21CIP1, are prominent downstream mediators of exogenous stim-
uli including cytokine-signaling pathways (28). Interestingly, p27
and p21 protein levels were down-regulated;4- to 6-fold in LTC
but not in the other cell types including early (day 10) TNFR12/2

DC; the level of CDK2, the kinase regulating G1-S phase, re-
mained unaltered in all cultures (Fig. 2b).

In many cell types, p27 protein level is down-regulated on pro-
ductive stimulation of cells and is a prerequisite for the passage of
the cells through G1-S (28). Importantly, p27 acts as a haplo-in-
sufficient tumor suppressor in mice (29), and reduced p27 protein
expression in tumors correlates well with survival of cancer pa-
tients. Therefore, the down-regulation of p27 and p21 in LTC
likely points to an alteration of the p27/p21-regulatory mecha-
nisms and might contribute to their long-lasting proliferation.
Whether this may further contribute to DC tumorigenesis is cur-
rently under investigation.

Apoptosis signaling in LTC

The continuous proliferation of the LTC may explain their expan-
sion but not their prolonged survival. The two major pathways of
mitochondrial apoptosis (Bcl-2 family) and death receptor-medi-
ated apoptosis (TNFR1, TRAILR, CD95) were therefore investi-
gated. No differences were found in Bcl-2 family mRNA and Bcl-2

FIGURE 2. Proliferation characteristics of LTC.a, WT or TNFR12/2

BM-DC were seeded at 13 105 cells/well, and living cells were counted
after 24, 48, 72, and 96 h under the indicated treatments.b, Whole cell
extracts of the respective BM-DC (day 8) and LTC were analyzed by
immunoblotting. One representative of four independent experiments is
shown. p21 protein is expressed at very low levels, and the blot is exposed
;5 times longer than the p27 blot.

FIGURE 3. CD95 down-regulation and resistance to apoptosis of LTC.
a, FACS analysis of 8-day-old BM-DC and 5-wk-old LTC for expression
of MHC II to dissect DC maturation stages and CD95. b, Percentages of
FACS-analyzed cells undergoing apoptosis after treatment with different
reagents indicated by cytoplasmic membrane permeability for propidium
iodide (PI) after 48 h. Error bars represent the SD from the means of three
independent experiments. LZ, leucine zipper.
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protein levels (not shown). The LTC were equally susceptible to mi-
tochondrial cell death induced by camptothecin, as judged by active
caspase-3 induction (not shown) or membrane permeability for
propidium iodide (Fig. 3b). This indicates that the mitochondrial
apoptosis cascade is intact and that antiapoptotic effects mediated
via Bcl-2 may not contribute to the extended survival of LTC.

Importantly, both early TNFR12/2 and LTC DC had shown
reduced CD95 levels (Fig. 3a). Accordingly, these cells were re-
sistant to apoptosis induced via CD95 cross-linking by a CD95L-
leucine zipper trimer, whereas a large proportion of all other
BM-DC died (Fig. 3b). Other stimuli, such as LPS and a TRAIL-
leucine zipper trimer, did not significantly induce apoptosis in any
culture (Fig. 3b). Taken together, TNFR1 deficiency in BM-DC
leads to decreased CD95 expression, which results in a block of
CD95-mediated apoptosis. This may be an important prerequisite
for long term survival of DC.

Little is known about TNFR signaling in DC during develop-
ment. After sorting of lineage2 c-kit1 cells from mouse bone mar-
row, no TNFR12/2 DC could be generated with GM-CSF and
human TNF-a, the latter binding the mouse TNFR1 only (6). Us-
ing whole BM cultures supplemented with GM-CSF, BM-DC
grew equally well from WT, TNFR12/2, TNFR22/2, and TNFR1/
22/2 mice. However, all but WT BM-DC remained phenotypically
and functionally immature (our unpublished observation) because
they were unable to respond to paracrine TNF-a production by
macrophages in the culture (30). Thus, both TNF receptors are
required to transmit TNF-a signals for DC maturation (Fig. 4).
Importantly, both the absence of TNFR1 and the presence of
TNFR2 are required to enable long term survival of DC, as DC
lacking both TNFR or only TNFR2 did not survive (Fig. 4). The
molecular antiapoptotic pathways involved are under current
investigation.

CD95 and its coreceptor CD95L (mRNA and protein) are both
expressed on murine BM-DC (26, 31, 32). However, DC were
found to be resistant to apoptosis mediated by incubation with

either the anti-CD95 Ab Jo2 or CD95L expressed on T cells (32).
We found CD95 to be functionally active because apoptosis was
induced in a substantial proportion of WT (Fig. 3b), TNFR22/2,
and TNFR1/22/2 DC (not shown) after treatment with a trimeric
CD95L-leucine zipper. In contrast, apoptosis was not induced in
early TNFR12/2 or LTC DC, both of which had down-regulated
CD95 (Fig. 3). The expression of CD95 is maintained only when
TNFR1 is present on DC, indicating a functional relationship. A
similar relationship has been found only in microglia, in which
CD95 up-regulation by TNF-a led to a susceptibility to apoptosis
(33). Our data indicate that apoptosis of DC can occur via CD95
under certain conditions. DC seem to rapidly disappear from lym-
phoid tissues after successful Ag presentation to T cells (34). This
might be due to apoptosis, possibly induced by activated T cells to
terminate immune responses at the DC level.

Conclusions

Signal transduction via members of the TNF receptor superfamily
is pivotal for the balance between survival and cell death. We show
that BM-DC derived from two independently generated strains of
TNFR12/2 mice (15, 16) survived for 6–9 mo in culture with
GM-CSF. These novel long term TNFR12/2 DC may not only
serve as a stable source of DC but also as a useful tool for the
analysis of apoptosis signaling pathways in DC (Fig. 4).
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We thank H. Blüthmann, K. Pfeffer, and M. Moore for providing the
TNFR2/2 mice; G. Tiegs for breeding of the TNFR22/2 mice; E. Rieser,
H. Stahl, and D. Süss for expert technical assistance; and R. M. Steinman,
K. Pfeffer, A. S. Baur, and members of our laboratories for discussion and
comments on the manuscript.

References
1. Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of

immunity. Nature 392:245.
2. Lutz, M. B., G. Girolomoni, and P. Ricciardi-Castagnoli. 1996. The role of cy-

tokines in functional regulation and differentiation of dendritic cells.Immunobi-
ology 195:431.

3. Kollias, G., E. Douni, G. Kassiotis, and D. Kontoyiannis. 1999. On the role of
tumor necrosis factor and receptors in models of multiorgan failure, rheumatoid
arthritis, multiple sclerosis and inflammatory bowel disease.Immunol. Rev. 169:
175.

4. Santiago-Schwarz, F., E. Belilos, B. Diamond, and S. E. Carsons. 1992. TNF in
combination with GM-CSF enhances the differentiation of neonatal cord blood
stem cells into dendritic cells and macrophages.J. Leukocyte Biol. 52:274.

5. Caux, C., B. Vanbervliet, C. Massacrier, D. C. de Dezutter, S., B. Vis, C. Jacquet,
K. Yoneda, S. Imamura, D. Schmitt, and J. Banchereau. 1996. CD341 hemato-
poietic progenitors from human cord blood differentiate along two independent
dendritic cell pathways in response to GM-CSF1 TNFa. J. Exp. Med. 184:695.

6. Zhang, Y., N. Mukaida, J. Wang, A. Harada, M. Akiyama, and K. Matsushima.
1997. Induction of dendritic cell differentiation by granulocyte-macrophage col-
ony-stimulating factor, stem cell factor, and tumor necrosis factora in vitro from
lineage phenotypes-negative c-kit1 murine hematopoietic progenitor cells.Blood
90:4842.

7. Roake, J. A., A. S. Rao, P. J. Morris, C. P. Larsen, D. F. Hankins, and
J. M. Austyn. 1995. Dendritic cell loss from nonlymphoid tissues after systemic
administration of lipopolysaccharide, tumor necrosis factor, and interleukin 1.
J. Exp. Med. 181:2237.

8. Stoitzner, P., M. Zanella, U. Ortner, M. Lukas, A. Tagwerker, K. Janke,
M. B. Lutz, G. Schuler, B. Echtenacher, B. Ryffel, F. Koch, and N. Romani. 1999.
Migration of Langerhans cells and dermal dendritic cells in skin organ cultures:
augmentation by TNF-a and IL-1b. J. Leukocyte Biol. 66:462.

9. Caux, C., D. C. Dezutter, D. Schmitt, and J. Banchereau. 1992. GM-CSF and
TNF-a cooperate in the generation of dendritic Langerhans cells.Nature 360:
258.

10. Santiago-Schwarz, F., N. Divaris, C. Kay, and S. E. Carsons. 1993. Mechanisms
of tumor necrosis factor-granulocyte-macrophage colony-stimulating factor-in-
duced dendritic cell development.Blood 82:3019.

11. Sallusto, F., and A. Lanzavecchia. 1994. Efficient presentation of soluble antigen
by cultured human dendritic cells is maintained by granulocyte/macrophage col-
ony-stimulating factor plus interleukin 4 and downregulated by tumor necrosis
factor a. J. Exp. Med. 179:1109.

12. Wallach, D., E. E. Varfolomeev, N. L. Malinin, Y. V. Goltsev, A. V. Kovalenko,
and M. P. Boldin. 1999. Tumor necrosis factor receptor and Fas signaling mech-
anisms.Annu. Rev. Immunol. 17:331.

FIGURE 4. Model of TNFR signaling in DC. For DC maturation, both
TNFR are required. The induction of apoptosis via TNFR1 seems to be
inactive in DC, whereas TNFR2 contributes to DC proliferation and sur-
vival. Generation of TNFR12/2 BM-DC in the presence of GM-CSF leads
to CD95 down-regulation with a loss of sensitivity to apoptosis induced by
CD95L. This enables subsequent down-regulation of the cell cycle inhib-
itors p27 and p21. These antiapoptotic and proproliferative characteristics
both contribute to the sustained growth of BM-DC for up to 9 mo.

4795The Journal of Immunology

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


13. Yeh, W.-C., R. Hakem, M. Woo, and T. W. Mak. 1999. Gene targeting in the
analysis of mammalian apoptosis and TNF receptor superfamily signaling.Im-
munol. Rev. 169:283.

14. Peschon, J. J., D. S. Torrance, K. L. Stocking, M. B. Glaccum, C. Otten,
C. R. Willis, K. Charrier, P. J. Morrissey, C. B. Ware, and K. M. Mohler. 1998.
TNF receptor-deficient mice reveal divergent roles for p55 and p75 in several
models of inflammation.J. Immunol. 160:943.

15. Rothe, J., W. Lesslauer, H. Lotscher, Y. Lang, P. Koebel, F. Kontgen, A. Althage,
R. Zinkernagel, M. Steinmetz, and H. Bluethmann. 1993. Mice lacking the tu-
mour necrosis factor receptor 1 are resistant to TNF-mediated toxicity but highly
susceptible to infection byListeria monocytogenes.Nature 364:798.

16. Pfeffer, K., T. Matsuyama, T. M. Kundig, A. Wakeham, K. Kishihara,
A. Shahinian, K. Wiegmann, P. S. Ohashi, M. Kronke, and T. W. Mak. 1993.
Mice deficient for the 55 kd tumor necrosis factor receptor are resistant to en-
dotoxic shock, yet succumb toL. monocytogenesinfection.Cell 73:457.

17. Erickson, S. L., F. J. de Sauvage, K. Kikly, K. Carver-Moore, S. Pitts-Meek,
N. Gillett, K. C. Sheehan, R. D. Schreiber, D. V. Goeddel, and M. W. Moore.
1994. Decreased sensitivity to tumour-necrosis factor but normal T-cell devel-
opment in TNF receptor-2-deficient mice.Nature 372:560.

18. Koch, F., C. Heufler, E. Kampgen, D. Schneeweiss, G. Bock, and G. Schuler.
1990. Tumor necrosis factora maintains the viability of murine epidermal Lang-
erhans cells in culture, but in contrast to granulocyte/macrophage colony-stimu-
lating factor, without inducing their functional maturation.J. Exp. Med. 171:159.

19. Wang, B., H. Fujisawa, L. Zhuang, S. Kondo, G. M. Shivji, C. S. Kim,
T. W. Mak, and D. N. Sauder. 1997. Depressed Langerhans cell migration and
reduced contact hypersensitivity response in mice lacking TNF receptor p75.
J. Immunol. 159:6148.

20. Sallusto, F., M. Cella, C. Danieli, and A. Lanzavecchia. 1995. Dendritic cells use
macropinocytosis and the mannose receptor to concentrate macromolecules in the
major histocompatibility complex class II compartment: downregulation by cy-
tokines and bacterial products.J. Exp. Med. 182:389.

21. Lutz, M. B., N. Kukutsch, A. L. Ogilvie, S. Rossner, F. Koch, N. Romani, and
G. Schuler. 1999. An advanced culture method for generating large quantities of
highly pure dendritic cells from mouse bone marrow.J. Immunol. Methods 223:77.

22. Walczak, H., R. E. Miller, K. Ariail, B. Gliniak, T. S. Griffith, M. Kubin,
W. Chin, J. Jones, A. Woodward, T. Le, et al. 1999. Tumoricidal activity of tumor
necrosis factor-related apoptosis-inducing ligand in vivo.Nat. Med. 5:157.

23. Funk, J. O., S. Waga, J. B. Harry, E. Espling, B. Stillman, and D. A. Galloway.
1997. Inhibition of CDK activity and PCNA-dependent DNA replication by p21
is blocked by interaction with the HPV-16 E7 oncoprotein.Genes Dev. 11:2090.

24. Pahl, H. L., and P. A. Baeuerle. 1995. A novel signal transduction pathway from
the endoplasmatic reticulum to the nucleus is mediated by transcription factor
NF-kB. EMBO J. 14:2580.

25. Rescigno, M., M. Martino, C. L. Sutherland, M. R. Gold, and
P. Ricciardi-Castagnoli. 1998. Dendritic cell survival and maturation are regu-
lated by different signaling pathways.J. Exp. Med. 188:2175.

26. Winzler, C., P. Rovere, M. Rescigno, F. Granucci, G. Penna, L. Adorini,
V. S. Zimmermann, J. Davoust, and C. P. Ricciardi. 1997. Maturation stages of
mouse dendritic cells in growth factor-dependent long-term cultures.J. Exp. Med.
185:317.

27. Inaba, K., M. Inaba, M. Deguchi, K. Hagi, R. Yasumizu, S. Ikehara,
S. Muramatsu, and R. M. Steinman. 1993. Granulocytes, macrophages, and den-
dritic cells arise from a common major histocompatibility complex class II-neg-
ative progenitor in mouse bone marrow.Proc. Natl. Acad. Sci. USA 90:3038.

28. Funk, J. O., and D. A. Galloway. 1998. Inhibiting CDK inhibitors: new lessons
from DNA tumor viruses.Trends Biochem. Sci. 23:337.

29. Fero, M. L., E. Randel, K. E. Gurley, J. M. Roberts, and C. J. Kemp. 1998. The
murine genep27Kip1is haplo-insufficient for tumour suppression.Nature 396:177.

30. Yamaguchi, Y., H. Tsumura, M. Miwa, and K. Inaba. 1997. Contrasting effects
of TGF-b1 and TNF-a on the development of dendritic cells from progenitors in
mouse bone marrow.Stem Cells 15:144.

31. Lu, L., S. Qian, P. A. Hershberger, W. A. Rudert, D. H. Lynch, and
A. W. Thomson. 1997. Fas ligand (CD95L) and B7 expression on dendritic cells
provide counter- regulatory signals for T cell survival and proliferation.J. Im-
munol. 158:5676.

32. Ashany, D., A. Savir, N. Bhardwaj, and K. B. Elkon. 1999. Dendritic cells are
resistant to apoptosis through the Fas (CD95/APO-1) pathway.J. Immunol. 163:
5303.

33. Spanaus, K. S., R. Schlapbach, and A. Fontana. 1998. TNF-a and IFN-g render
microglia sensitive to Fas ligand-induced apoptosis by induction of Fas expres-
sion and down-regulation of Bcl-2 and Bcl-xL.Eur. J. Immunol. 28:4398.

34. Ingulli, E., A. Mondino, A. Khoruts, and M. K. Jenkins. 1997. In vivo detection
of dendritic cell antigen presentation to CD41 T cells.J. Exp. Med. 185:2133.

4796 CUTTING EDGE

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

