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Dendritic Cells Produce 11-12 and Direct the Development 
of Thl Cells from Naive CD4+ T Cells 

Steven E. Macatonia,’* Nancy A. Hosken,* Mark Litton,+  Paulo  Vieira,+  Chyi-Song  Hsieh,’ 
Janice A. Culpepper,* Maria Wysocka,§ Giorgio Trinchieri,§ Kenneth M. Murphy,’  and 
Anne O’Garra2* 

Departments of *Immunology and ‘Molecular  Biology, DNAX Research  Institute of Molecular and Cellular Biology Inc., 
Palo  Alto, CA 94303; *Department of Pathology, Washington University School of Medicine, St.  Louis, MO 631 10; and 
§The Wistar institute, Philadelphia, PA 19104 

Dendritic cells are APCs that are unique in their potency to stimulate proliferation of primary Ag-specific responses 
in vitro and in vivo. In this study, we demonstrate  that dendritic cells  can produce IL-I 2, a dominant cytokine 
involved in the development of IFN-y-producing T cells. This finding resulted from our observations  that dendritic 
cell-induced Thl development from total CD4+ T cells upon neutralization of  endogenous  levels of IL-4 was 
IL-12-dependent.  Furthermore, we demonstrate  that dendritic cells can induce the  development of Thl cells from 
Ag-specific naive L E C A M - i b r i g h t  CD4+ T cells obtained from aP-TCR  transgenic  mice, provided that CD4+ 
LECAM-Id”” T cells, which produce significant levels of IL-4, are not present in the primary cultures. Production 
of IL-12 by dendritic cells was confirmed by positive immunofluoresence staining with Abs specific for the in- 
ducible IL-12 p40 subunit. This suggests that in addition to inducing proliferation and clonal expansion of naive 
T cells, dendritic cells, by their production of IL-12, play a direct role in the development of IFN-y-producing cells 
that  are important for cell-mediated immune responses. 

endritic cells  have  a  highly  developed  function in 
the immune  system as specialized APCs for the 
initiation of T cell-dependent  immune  responses 

(1-3). Their  strategic positioning in nonlymphoid  tissues 
(e.g., Langerhans cells of the  skin and interstitial  dendritic 
cells)  and  their  ability  to  circulate  via  blood and lymph 
(4-9) to lymphoid organs  as the interdigitating  dendritic 
cells of T cell areas demonstrate  their  important  role in the 
initiation of immune responses  against  invading  patho- 
gens. The ability of dendritic  cells to act as potent APCs 
for  induction of T cell  responses to a  variety of Ags both 
in vitro (1, 2, 9, 10) and in vivo (11-13) may be greatly 
attributable  to  their  ability to  express high  levels of acces- 
sory  and/or  costirnulatory  molecules (2,  14, 15). Dendritic 
cells have  been shown to  induce  several cytokines  during 
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the MLR (16-20), although it is now  likely that apart from 
IL-2 most of these  cytokines may be produced by “mem- 
ory” T cells (21). However, the ability of dendritic  cells  to 
direct the development  of  discrete Th cell subsets from 
naive CD4+ T  cells in the absence of exogenously  added 
cytokines is  still  unclear (22-24). 

Diseases  resulting  from  infection  with  certain  organ- 
isms (e.g., Leishmania major,  Mybacterium  leprae, and 
Schistosoma mansoni) may be resolved  according  to the 
type of Th cell  response  mounted (25). Many studies  have 
indicated that the selective  induction of CD4+ T cells  with 
distinct  lymphokine profiles (26) may be dictated by the 
dose and type of Ag  as well as by the route of immuni- 
zation (27-30). These factors may favor the involvement 
of a particular APC as well as the  production  of  particular 
cytokines by either  accessory  cells/APCs  or T cells in the 
microenvironment. The role of soluble  factors in inducing 
the development of particular Th cell  subsets  is  well  doc- 
umented (31,  32), with  dominant  cytokines  such as IL-4 
(23, 33-35) and IL-12  (36-38) directing Th2 and T h l  re- 
sponses,  respectively. 

Antigen-presenting cells, such as macrophages,  have 
been shown to  direct Th l  development by secretion of 
IL-12 (24, 36). This cytokine  is  heterodimeric and com- 
posed of two  distinct but unrelated gene products. The 
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40-kDa (p40) and 35-kDa  (p35) glycosylated protein sub- 
units must be assembled for biologically active 1L-12 to  be 
secreted (39-41). IL-12 augments NK cell- and T cell- 
mediated cytotoxicity and stimulates IFN-y production 
and proliferation of NK cells and T  cells (39,42-45) alone 
or in synergy with IL-2 (42). Although IL-12  is clearly 
produced by monocytes and macrophages upon activation 
(46-48), and the cDNA encoding human IL-12 was  orig- 
inally isolated from  a B lymphoma (41,49), it is not clear 
at this stage what other  normal  cell types produce  this 
cytokine.  Attempts to identify cytokines produced by den- 
dritic cells have been negative to date (22), with the ex- 
ception of reports of IL-1 and macrophage inflammatory 
protein la in freshly isolated epidermal  Langerhans  cells 
(50-53). The  capacity of dendritic  cells to produce cyto- 
kines  such as  IL-la and TNF-cr is controversial, and this 
may reflect the maturational  state and activation signals 
used in different systems (50-53). 

We have recently shown that dendritic cells induce 
strong Ag-specific proliferation of CD4+ T  cells from 
mice expressing an OVA-specific transgenic TCR, but ad- 
dition of Listeria-activated macrophages producing signif- 
icant levels of IL-12  was required for Thl development 
(24,  36).  However, we now show that dendritic cells can 
themselves drive Thl  development by their production of 
IL-12 upon removal of endogenous IL-4. 

Materials  and Methods 
Animals 

Mice transgenic for the DO1 1.10 TCR-aP on a BALB/c genetic back- 
ground (54) were identified at age 4  to 6 wk by staining  PBL with the 
anti-TCR clonotype-specific mAb KJ-26 (55). All transgenic mice used 
were heterozygous for the TCR a and P transgenes. Female nontrans- 
genic BALB/c mice between 6 and 10 wk old were purchased from 
Simonsen Laboratories (Gilroy, CA). 

Culture medium, cytokines, Abs, and antigens 

RPMI 1640  (JR Scientific Inc., Woodland, CA) supplemented with 10% 
FCS (JR Scientific), 0.05 mM 2-ME (Sigma Chemical Co., St. Louis, 
MO), 2 mM L-glutamine, 100 Uiml penicillin, 100 pgiml streptomycin, 
10 mM HEPES buffer, and 1 mM sodium pyruvate was used as culture 
medium (cRPMI). For dendritic cell isolations, RPMI 1640 Dutch mod- 
ification medium (Life Technologies Ltd., Paisley, Scotland) was used 
with glutamine, FCS, 2-ME, penicillin, streptomycin, and sodium pyru- 
vate as described above. 

Recombinant  mouse cytokines were as follows: IFN-y (Schering Re- 
search, Bloomfield,  NJ),  IL-4 (Dr. s. Menon,  DNAX), TNF-a (Genzyrne 
COT., Cambridge, MA), and IL-la (a  kind gift from Dr.  P. Lomedico, 
Roche,  Nutley,  NJ).  Recombinant mouse IL-12 was obtained by transfecting 
COS7 cells with the cDNA encoding p35  and  p40, as described  previously 
(56), which  was  obtained  by  PCR cloning using  published sequences (56). 
Supernantants from mock-transfected cells were used as a control and 
showed no effects in  the concentration range  of IL-12 used. The IL-12 con- 
tent of the supernatants ranged from 2000  to 3000 u/ml (48). 

Purified 11B11 rat anti-mouse IL-4 Ab, previously described (57), and 
an isotype-matched control were supplied by Dr. J. Abrams (DNAX) 
(58). IL-12-specific mAbs C15.6.7 and C15.1.2 were as described (59). 
MAbs used for flow cytometric sorting or analysis included: biotinylated 
anti-mouse Mac-1 (M1/70; Caltag, San Francisco, CA), biotinylated 
hamster anti-mouse N418 (hybridoma from American Type Culture Col- 
lection, Rockville, MD) (60), biotinylated anti-mouse CD8a, B220 
(RA3-6B2), and IAd (all from PharMingen, San Diego, CA), and anti- 
mouse CD4-phycoerythrin and lymphocyte endothelial cell adhesion 

molecule-1 (LECAM-1)3-FITC (both from PharMingen). Biotinylated 
NLDC-145 was kindly provided by  Dr. G. Kraal, Free University, Am- 
sterdam, The Netherlands (61). Additional mAbs  for ELISA, including 
anti-mouse IL-4 and IFN-y reagents were purified from serum-free hy- 
bridoma supernatants as previously decribed (24, 58). 

The antigenic OVA peptide from chicken OVA (OVA,,,-,,,) was 
synthesized on an Applied Biosystems Model 430 peptide synthesizer 
(Biosynthesis, Inc., Lewisville, TX). 

Preparation of T cells and APC 

CD4+ T cells were enriched by negative selection using magnetic acti- 
vated cell sorting with a mixture of biotinylated anti-mouse CD8q IAd, 
B220, and Mac-I Abs, as previously described (24) (Miltenyi, Sunny- 
vale, CA). T cells staining positive for CD4 were further purified by 
positive selection using a FACStar""'  flow cytometer (Becton Dickinson, 
Mountain View, CA) to achieve 99.8% CD4+ T cells. Staining did not 
alter the function of the T cells (not shown). In some experiments, CD4+ 
T cells were further subdivided on the basis of LECAM-1 (Mel-14) 
expression (21). 

Dendritic cells were cnrichcd from normal BALB/c spleen cell prep- 
arations, as described previously (24).  by first removing adherent cells by 
overnight culture in plastic flasks, followed by overlayering onto 2-ml 
metrizamide gradients (analytical grade, 13.7%; Nycomed Pharma AS, 
Oslo, Norway) and centrifugation for 10 min  at 600 X g to give a pop- 
ulation enriched for dendritic cells i n  the low density fraction. Enriched 
dendritic cells (N418h'ghMac-1'"") were then further purified to homo- 
geneity by FACS, as previously described (62). 

Stimulation of transgenic CD4+ T cells for 
c ytokine production 

Primary stimulations of CD4+  T cells (2.5 X IO'/well) were conducted 
using OVA peptide (0.3 pM) and dendritic cells (105 or 104/well, 1500 
rad) or RBC-lysed spleen cells (5 X lOb/well, 3000 rad) as APCs in a 
total volume of 2 ml  in 24-well plates. In addition, some cultures received 
cytokines (IL-4 (200Uiml) or IL-12 (1:80 dilution of COS supernatant)) 
or mAbs to block endogenous cytokines, (anti-IL-4 (10 pg/ml), anti- 
IFN-./ (10 ~giml) ,  anti-IL-12 (100 pglml)). Supernatants were collected 
at 48 h. T  cells were expanded threefold into fresh medium, containing 
the same additives at  72 h. Cells were harvested on day 6, washed three 
times, counted, and restimulated with fresh BALBic APC (splenocytes) 
and 0.3 p M  OVA peptide at the cell concentrations described for primary 
cultures. Supernatants were collected at 48 h,  and  in some cases 72 h, for 
measurement of IL-4 and IFN-r. 

Cytokine assays 

IFN-y was detected using a two-site sandwich ELISA (63), which has a 
lower limit of sensitivity of 125 pg/ml (1 U/ml = 0.1 ngiml). The ELISA 
for IL-4 has  been described previously (58) with a lower limit of sensi- 
tivity of 150 pg/ml. 

Detection of cytokines by immunofluorescence 

Cells  were fixed and stained by the paraformaldehyde-saponin procedure 
as described previously (64) and modified (65). Briefly, the fixation and 
staining was performed on Bio-Rad adhesion slides (Bio-Rad Laborato- 
ries, GMBH, Munich, Germany). Before staining, the slides were washed 
once using HBSS-0.1% saponin (Sigma). For staining, 10 pl of rat anti- 
mouse IL-12 p40 Ab (C15.67.6) (59) at 2.5 pg/ml diluted in HBSS- 
saponin was added, and the slides were incubated for 30 min. After one 
wash in HBSS-saponin, 10 &I of FITC-labeled rabbit anti-rat IgG (Vec- 
tor, Burlingame, CA) diluted 1 : 100 in HBSS-saponin was added and the 
slides were incubated for 30 min. After cells were washed 3 times in 
HBSS (no saponin), a biotinylated anti-mouse dendritic cell Ab (NLDC- 
145) (61) was added at 5 pgiml and the slides were incubated for  30 min 
in HBSS. The slides were then washed 3 times in HBSS, and rhodamine- 
labeled avidin (Vector) at 1:200 was added for 30 min. Slides 

' Abbreviations  used in this paper: LECAM-I, lymphocyte endothelial cell ad- 
hesion  molecule-1 ; OVA, OVA-peptide Ag. 
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FIGURE 1. Development  of Thl  cells  resulting from neutralization  of endogenous IL-4 is IL-12-dependent. FACS-purified 
TCR-transgenic CD4+ T  cells (2.5 X 1 05/well) were cultured  with FACS-purified dendritic cells (1 O5 or 1 04/well) prepared from 
normal  mice and OVA  peptide (0.3 pM) in 2-ml volumes in  24-well plates. During  primary stimulation, the cultures contained 
IL-12 at 100 U/ml, anti-IL-4 at 10 mg/ml, or  medium alone  either separately or together with anti-IL-12 mAbs (100 pghl; 
C15.6.7 and  C15.1.2). After 2 days, supernatants were  removed to analyze cytokine  production  in  primary cultures. After 3 
days, the  cultures  were  split into three in  complete  medium  containing the  additives  indicated. After 7 days, the  cells from 
primary cultures  were harvested, washed, and  restimulated (2.5 x l o s  T  cells) with fresh splenocytes and OVA peptide, without 
additives, and supernatants were harvested and tested for  cytokines at 48 h ( A )  and 72 h ( B ) .  IFN-y levels are shown in the 
histogram; IL-4 levels (in ng/ml) are shown in parentheses. This figure shows a representative experiment from five experiments 
conducted. 

were  washed  again and mounted  with buffered glycerol as previously 
described (64). All  experiments  included  isotype-matched  controls for 
both intracellular and extracellular  proteins. 

Resu I t s  
Dendritic cell-driven Th 1 development resulting from 
neutralization of endogenous IL-4 is IL- 12-dependent 

We  have previously demonstrated that dendritic  cells, po- 
tent APCs for  induction of proliferation and clonal  expan- 
sion of OVA-specific CD4+ T  cells  from  unimmunized 
mice, did not induce  development of either  a polarized 
Thl  or Th2 phenotype  (24).  Addition of recombinant IL- 
12, or appropriately activated macrophages  producing 
high levels of IL-12,  was required for  the  development of 
Thl  cells (24). These data suggested that dendritic  cells, 

although capable of expressing high levels of membrane- 
bound accessory or costimulatory molecules, did not pro- 
duce  cytokines necessary for induction of discrete Th sub- 
sets  from  naive  T cells. We now present data showing that 
dendritic cells can drive the development of IFN-y-pro- 
ducing Thl  cells  from CD4+ T cells in the absence of 
IL-4, strongly suggesting that they can indeed produce IL- 
12. Primarily, dendritic  cells induced the development of 
Thl  cells that produce high levels of IFN-y and undetect- 
able IL-4  from total FACS-purified, OVA-specific CD4+ 
T cells upon neutralization of endogenous  levels of IL-4 
(Fig. 1).  As shown in Figure 1,  we demonstrate that the 
development of a Thl  phenotype resulting from the addi- 
tion of anti-IL-4 mAb is significantly inhibited by anti- 
IL-12  mAbs added during primary T cell activation with 
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Ag and dendritic  cells as APCs. Addition of 100 U/ml of 
exogenous IL-12 during primary T cell activation led to 
the development of T  cells that produce high levels  of 
IFN-y upon restimulation, although in this case IL-4  was 
also detectable, probably resulting from  endogenous IL-4 
in primary cultures. To control  for the specificity of the 
anti-IL-12 mAb, we show that recombinant IL-12-medi- 
ated development of T  cells  producing high levels of 
IFN-y was specifically inhibited by anti-IL-12 mAb (Fig. 
l), whereas an isotype-matched  control  mAb  showed no 
effect (not  shown). Addition of anti-IL-12  alone to primary 
cultures of CD4+ T  cells stimulated with Ag presented by 
dendritic  cells caused a modest increase in IL-4 production 
by T cells upon restimulation. Thus,  whereas IL-12 prob- 
ably plays an important role in stimulating  the production 
of high levels  of  IFN-y, it probably plays a  minor role in 
suppression of the IL-4 response to achieve  homeostasis. 
These data, demonstrate that endogenous and biologically 
active levels of IL-12 are present in supernatants of cul- 
tures containing FACS-purified dendritic  cells, CD4+ T 
cells, and Ag, and strongly suggest that the  dendritic  cells 
are producing IL-12. 

Dendritic cells drive Th I development from CD4+, 
LECAM- Ibrigh' T cells via an IL- 72-dependent 
mechanism in the absence of T cells producing 
significant levels of IL-4 in primary cultures 

The ability of  dendritic  cells to induce IL-12-dependent 
Thl  development upon addition of neutralizing anti-IL-4 
Abs demonstrated the presence of endogenous IL-4 in pri- 
mary CD4+ T cell cultures. A possible source of this IL-4 
is  the  LECAM-ld""  subset of CD4' T  cells which con- 
tains the majority of the "memory/activated" CD4+ T  cells 
and has been shown to secrete significant levels of IL-4 
upon primary stimulation in vitro, in contrast to the "na- 
ive" LECAM-lbrighf subset  (21, 66). Surprisingly, al- 
though the CD4+ T  cells  were obtained from unimmu- 
nized mice bearing a  TCR transgene specific for a  peptide 
of OVA, they contained between 3 and 10% CD4+ T cells 
that expressed low to undetectable levels of LECAM-1 
(Fig. 2). Furthermore, although a proportion of these 
CD4+ LECA"ld"" T cells only expressed an endogenous 
TCR, a significant percentage also stained positive for the 
clonotype TCR transgene, either expressing only the trans- 
genic TCR or the transgenic TCR and  an endogenous TCR, 
as described by Padovan et al. in normal  human T cells and 
by others in TCR-transgenic mice (67-69). 

In keeping with reported findings in normal mice (21, 
66), upon primary stimulation of OVA-specific TCR- 
transgenic CD4+ T  cells with their specific Ag presented 
by dendritic  cells, the purified CD4+ LECAM-ld""  pop- 
ulation produced 2 ng/ml of IL-4, whereas no IL-4 was 
detectable (i.e., <200 pg/ml) in supernatants  from the 
LECAM-lbrigh' population. This supported the suggestion 
that the source of IL-4 in primary cultures of total CD4+ 

populations, which inhibited the development of Thl cells, 
was  this population of LECAM-ld"" CD4+ T cells. In- 
deed, upon removal of this IL-4-producing LECAM-ld"" 
population of CD4+ T  cells using flow cytometry, purified 
CD4+  LECAM-lbright T  cells, in contrast to total CD4+ T 
cells, developed into Thl cells  following  priming with 
dendritic  cells and OVA alone, without the addition of 
rIL-12 or neutralizing Abs directed against IL-4 (Fig. 2). 
Activated B  cells  showed  only the ability to drive  the de- 
velopment of a modest Thl phenotype (<50 ng/ml IFN-y 
per culture) and this development is not inhibited by anti- 
IL-12 Abs (N. Hosken and A. O'Garra, unpublished ob- 
servations).  The  levels of IFN-y produced by the resulting 
T  cell population varied and could often be enhanced by 
the addition of rIL-12 or anti-IL-4 Abs to the priming cul- 
tures (Fig. 2), which may reflect variation in the levels of 
these endogenous  cytokines. Indeed, the most polarized 
Thl population, producing high levels of IFN-y and un- 
detectable IL-4, developed upon neutralization of  low lev- 
els of endogenous IL-4. Development of T cell popula- 
tions  producing the greatest levels of IFN-y was observed 
at higher doses of dendritic  cells and was most evident 
when supernatants were obtained 3 days, rather than 2 
days, after restimulation. This could reflect either  lower 
frequencies of cells within the population that have com- 
mitted to the Thl phenotype or committed Thl cells that 
are at different stages of differentiation or activation. Ad- 
dition of Abs directed against IL-12 to primary cultures of 
CD4+  LECAM-lbright T cells stimulated by dendritic cells 
and OVA specifically inhibited their development into 
Thl  cells that produce high levels of IFN-y. 

These  data corroborated the preceding findings, sug- 
gesting that dendritic  cells can produce IL-12 and drive 
Thl  development from "naive" CD4+ LECAMbrigh'  T 
cells when CD4+  LECAM-ld"" T cells, which produce 
significant levels of IL-4 during primary stimulations in 
vitro, are absent from priming cultures. The reproducible 
inhibition of IL-12-dependent dendritic cell-driven Thl 
development in total CD4+ populations is thus most un- 
doubtedly a result of significant levels of IL-4 produced by 
the LECA"ld""  CD4+ T  cells. Because adding exoge- 
nous IL-12 (100 Ulml), or Listeria-activated  macrophages 
producing IL-12 (not shown), to cultures of total CD4+ T 
cells containing the CD4+ LECAM-ld"" population can 
drive  the development of T  cells  producing high levels of 
IFN-y (Fig. 1, A and B, left panel), it is possible that den- 
dritic  cells may produce levels of IL-12 insufficient to 
counteract the inhibition of Thl development by endoge- 
nous I t -4  produced by the CD4+ LECAM-ld"" cells. 
OVA-specific T cells  producing high levels of IFN--y de- 
veloped from CD4+  LECAM-ldU" T cells themselves  only 
in the presence of a neutralizing IL-4-specific mAb or 
added rIL-12 (Fig. 2B), and IL-4 was often also present in 
these supernatants.  Thus, the relative levels of T cell-de- 
rived IL-4 vs  APC (macrophage or dendritic cell)-derived 
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FIGURE 2. Dendritic cells drive IL-12-dependent Thl development from "naive" CD4+ LECAM-1 T cells in the absence of 
IL-4-producing CD4+ LECAM-1 T cells. (A) Flow cytometric analysis of CD4+ LECAM-1  and  CD4' LECAM-ldUi1 T cell 
populations in OVA-specific aj3-TCR transgenic mice. Spleen cell suspensions from OVA-specific TCR-transgenic mice were stained 
with CD4-Tricolor, LECAM-1-phycoerythrin, KJ1-26-hiotin/avidin-Texas red,  and  CD3-FITC.  Cells were gated on the basis of 
staining LECAM-1 bright CD4+ or LECAM-I""" CD4+ (as indicated in B), and the gated populations were then assessed for staining 
with KJ1-26  (transgenic TCR clonotype) vs CD3 (A) .  (B) Flow cytometry-sorted TCR-transgenic subpopulations of CD4+ T cells (top, 
CD4+, LECAM-1"''~''"; bottom, CD4+, LECAM-ld""; 2.5 X 105/well) were cultured with  flow cytometry-sorted dendritic cells (IO' 
or 104/well) prepared from normal mice and OVA peptide (0.3 pM)  in 2-mI volumes in 24-well plates.  Experiments were conducted 
as described in Figure 1. This figure shows a representative experiment from five experiments conducted. 

IL-12 strictly control  whether Th l  cells responsible for 
cell-mediated immunity develop in response to Ag. 

Dendritic cells produce I L -  I2 p40 subunit 

Our findings that dendritic  cells induce IL-12-dependent 
Thl development from LECAM-lhrigh' CD4+ T cells 
strongly suggested that dendritic cells may produce IL-12. 
To examine  this and to exclude the possibility that IL-12 
production was stimulated by  a  small  number of contam- 
inating cells, enriched populations of dendritic  cells  were 
examined  for  IL-12 p40 subunit (56) expression by im- 
munostaining  with FITC-labeled Abs directed against 

1L-12 p40 (Fig. 3A, green). Cells were simultaneously 
counter-stained with the dendritic cell-specific Ab NLDC- 
145 (61) conjugated to biotin and developed with strepta- 
vidin-rhodamine (Fig. 3C, red). Double-stained dendritic 
cells stained with anti-IL-12-FITC and NLDC-145-rho- 
damine were yellow (Fig. 3E) and this represented most of 
the dendritic  cells.  The enriched dendritic cell preparation 
also contained infrequent IL-12-expressing cells (Fig. 3E, 
green)  which did not stain  positive  for  the  dendritic  cell 
marker. The fields B, D,  and F, in  Figure 3 show  isotype- 
matched controls  for either intracellular (IL-12) or extra- 
cellular (NLDC-145) proteins, or both proteins together, 
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FIGURE 3. Dendritic  cells  produce  IL-12 p40 protein.  Dendritic  cells  were  stained, as described in Materials andMehds, with 
FITC-labeled  anti-IL-12 p40 Abs (green, top left) and  then  surface-stained with a dendritic  cell-specific biotidstreptavidin-rhoda- 
mine-conjugated  mAb,  NLDC-145  (red, middle left). When  FlTC  and  rhodamine  are  combined  and  double  exposed  they  reflect  a 
yellow  color (bottom left). A, C, and E show  the  appropriate  isotype-matched  controls. 

respectively. To enhance IL-12 production, dendritic cells (Fig. 3), and was  localized to the  Golgi  apparatus in dendritic 
were first cultured with  TCR-transgenic CD4+ T cells plus cells  staining  positive  for NLDC-145. 
(Fig. 3) or minus (not shown) OVA for 6 to 20 h, as this 
incubation with Ag and  T cells appeared to increase the 
expression of L l 2  by dendritic cells. This would support 
fjndings by Gennann et al. (70), who  show  that L 1 2  ex- We demonstrate  in this study  that dendritic cells can pro- 
pression by granulocyte-macrophage  CSF-derived  bone  mar-  duce E-12, a  dominant cytokine involved  in the develop- 
row  macrophages is induced  by  culturing  with  syngeneic Thl ment of IFN-y-producing  T cells. This finding resulted 
celIs plus A g .  The greatest  level  of  staining  for IL12 p40 was from our observations that dendritic cell-induced Thl de- 
observed  at  approximately 20 h  after  initiation of the  cultures  velopment from total CD4+ T cells, upon  neutralization of 

Discussion 
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endogenous  levels of IL-4 was  IL-12-dependent. Further- 
more, dendritic cells induced the development of T h l  cells 
from Ag-specific naive  LECAM-lbright  CD4+ T cells  ob- 
tained from  aP-TCR  transgenic  mice,  provided that CD4+ 
LECAM-ld"" T cells  which  produce significant  levels of 
IL-4 were not present in the  primary  cultures.  Production 
of  IL-12 by dendritic  cells  was confirmed by positive im- 
munofluorescence staining with Abs specific for the in- 
ducible  IL-12  p40  subunit. 

These data suggest that in addition to inducing  strong 
proliferation and clonal expansion of naive T cells, den- 
dritic cells, by their  production of IL-12, may play  a  role 
in the development of IFN-y-producing cells, which  are 
important  for  cell-mediated  immune responses. This un- 
derscores the importance of soluble  as well as  membrane- 
bound  signals delivered between T cells and APC/acces- 
sory  cells in the  initiation of an immune response. The 
strict  regulation of dendritic cell-induced T h l  develop- 
ment by IL-4-producing LECAM-ld""  CD4+ T cells  is 
probably critical  for  achieving  the appropriate immune re- 
sponse  from rapidly expanding  as well as differentiating  T 
cells with minimum immunopathology (71). 

Many  previous  attempts to identify  cytokines  pro- 
duced by dendritic  cells  have  been  negative  (22),  and 
the  capacity  of  dendritic  cells  to  produce  cytokines  such 
as I L - l a  and  TNF-a  is  controversial.  Our  data  regard- 
ing  the  production  of  IL-12  by  dendritic  cells  suggest 
that  the  interdigitating  dendritic  cells  in  the  spleen  may 
produce  only low levels  of  IL-12,  as  they  cannot  drive 
the  development of OVA-specific Th l  cells  from  total 
populations of CD4+ T cells  unless  significant  amounts 
of exogenous  IL-12  are  added  to  the  system  to  over- 
come  the  inhibitory  effects of IL-4 or IL-4-producing T 
cells  are  removed  from  primary  cultures.  This  differen- 
tial  production of cytokines by dendritic  cells  may  re- 
flect the  maturational  state  and  activation  signals  used 
in different  systems (50-53), which  would  be in keep- 
ing with a recent  report  that  high  levels of IL-12  are 
produced by human  dendritic  cells  after  certain  condi- 
tions of activation (G. Schuler,  personal  communica- 
tion).  However,  low  levels of IL-12  produced by den- 
dritic  cells  during  cognate  MHC-restricted  presentation 
of Ag  to  naive  CD4+ T cells  may  be  an  eficient  mech- 
anism  for  influencing  an  immune  response  toward  cell- 
mediated  immunity by production of high  levels of 
IFN-y by  T cells. 

The  potent  capacity of CD4+  LECAM-ld"" T cells 
containing  OVA-specific  TCR-transgene  bearing  cells, 
to inhibit  IL-12-dependent  dendritic  cell-driven T h l  de- 
velopment,  prompts  speculation on their  origin  and  as to 
whether  they  are  indeed  "memory/activated"  cells (21). 
The  ratio of clonotype  positive  cells  (KJ1-26+)  having 
only  one  transgenic  TCR,  vs  those  expressing a trans- 
genic  TCR  plus a second  endogenous  TCR,  is  very  sim- 
ilar  in  the  CD4+  LECAM-lb"gh'  and  LECAM-ld"" 
populations,  suggesting  that  neither  population  was  en- 

riched  in  the  CD4+  LECAM-ld""  subset.  This  sug- 
gested  that if the loss of  expression  of  LECAM-1 
resulted  from  antigenic  stimulation it was  via  the  trans- 
genic  TCR.  In  contrast,  there  was a reproducible 2.5- 
fold  increase in the  clonotype  negative  CD4+  LECAM- 

population,  which is often  higher in older  mice, in 
keeping  with a memory/activated  phenotype  that  results 
from  stimulation by environmental  Ags.  Loss of expres- 
sion of LECAM-I  by  the  CD4+, KJ1-26+ T cells  may 
have  resulted  from  stimulation of the  transgenic  TCR in 
vivo by  a cross-reactive  Ag  or a superantigen  provided 
by  a foreign  organism.  Alternatively,  these  CD4+ 
LECAM-ld""  cells  might  represent a separate  lineage, 
programmed  to  differentiate  along  this  pathway in the 
absence of Ag  exposure,  as  previously  documented (72- 
75).  That  the  CD4+  LECAM-ld"" T cells  may  represent 
a distinct  postively  selected  lineage  may  be  suggested 
by their  requirement  for  OVA-specific  stimulation,  al- 
though-IL-4  producing  cells  within  this  population may 
be  activated  via a bystander  mechanism.  Regardless of 
the evolution of the  LECAM-ld""  CD4+ T cells  pro- 
ducing  significant  levels of IL-4  during  primary in vitro 
stimulation, it is  clear  that  they  mediate  an  important 
role in regulating T h l  cell development  and  cell-medi- 
ated  immunity. 

In summary,  we  show  that  dendritic  cells  produce  the 
cytokine IL-12 and  can  drive T h l  development in the 
absence of IL-4.  These  data  underscore  the  importance 
of soluble as well as membrane-bound signals delivered be- 
tween T cells and dendritic cells in the initiation of an im- 
mune response. It is likely that in most infectious diseases, a 
balanced immune response is required in which cell-medi- 
ated immune mechanisms and humoral responses cooperate 
to eradicate the pathogen. Thus, it is logical that the ability of 
interdigitating dendritic cells to drive Thl  phenotype devel- 
opment by their production of IL-12, as well as massive 
clonal expansion, should be under strict regulatory control. 
This tight regulation of dendritic cell IL-12-induced Th l  de- 
velopment by IL-4-producing T cells is probably critical for 
achieving the appropriate immune response from rapidly ex- 
panding as well as differentiating T cells with minimum 
immunopathology. 

Idul l  
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