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Dendritic cells (DC) play an essential role in initiating and directing T-cell responses, in part by production
of interleukin-12p70 (IL-12p70), IL-23, and IL-27. However, comparative studies on the capacity for cytokine
production of DC subsets are rare. Here, we compare splenic CD8��, CD4�, and double-negative (DN) DC,
isolated 5 h to 28 days after Leishmania donovani infection, for (i) production of IL-12p70, (ii) accumulation
of IL-12/23p40, IL-12p35, IL-23p19, and IL-27p28 mRNAs, and (iii) their capacity to direct CD4� T-cell
differentiation. At 5 h, conventional DC (cDC) accumulated mRNA for IL-12/23p40 (CD8�>CD4>DN),
IL-23p19 (CD4>CD8�>DN), and IL-27p28 (CD8�>CD4>DN), in an infection dose-dependent manner.
IL-12p70 was restricted to CD8�� cDC, reflecting the subset-specific accumulation of IL-12p35 mRNA. In
contrast, cDC from mice infected for 14 to 28 days accumulated little mRNA for IL-12p40 and IL-12p19, though
IL-27p28 mRNA remained detectable (CD8�>DN>CD4). IL-12p70 secretion by CD8�� cDC was also absent,
reflecting deficient IL-12/23p40, rather than IL-12p35, mRNA accumulation. The capacity of CD8�� cDC
isolated early after infection to direct Th1 cell differentiation was mediated through IL-12/23p40, whereas this
ability in CD4� and DN cDC was independent of IL-12/23p40 and did not result from overexpression of Delta
4 Notch-like ligand. However, DN cDC produced gamma interferon (IFN-�) and also contained a rare
population of CD11chi DX5� IFN-�-producing cells. Our data illustrate the extensive diversity in, and
temporal regulation of, splenic cDC subsets during infection and suggest caution in interpreting data obtained
with unfractionated or minimally purified DC.

Dendritic cells (DC) are central to initiating, maintaining,
and directing T-cell immune responses. Murine splenic con-
ventional DC (cDC) can be divided into three subsets based on
the expression of CD4 and CD8� (22, 49, 64), namely, CD8��

CD4�, CD8�� CD4�, and CD8�� CD4� (double-negative
[DN]) cDC. In early studies, it had been suggested that differ-
ent DC subsets were programmed to prime different T helper
cell responses. Thus, antigen-pulsed CD8�� DC drove a Th2
phenotype, whereas CD8�� DC led to Th1 differentiation (32,
44). However, other studies have shown that the capacity of
DC to influence T-cell priming depends on the microbial stim-
ulus itself. For example, Pulendran and colleagues (43) showed
that DC stimulated by lipopolysaccharide (LPS) derived either
from Escherichia coli or Porphyromonas gingivalis induced op-
posing Th1 or Th2 profiles. While LPS derived from both these
microorganisms induced DC maturation based on changes in
costimulatory molecules, only LPS from E. coli induced
CD8�� DC to produce interleukin-12p70 (IL-12p70) (43). Ad-
ditional evidence that microbial stimuli influence the T-cell
polarizing capacity by DC comes from in vitro studies demon-
strating that CD8��, CD4�, and DN cDC stimulated with
soluble Toxoplasma antigen promoted Th1 differentiation. In
contrast, each DC subset stimulated with zymosan particles

leads to IL-10-mediated Th2 differentiation (33). In spite of
these in vitro data, there is a paucity of analysis dissecting the
respective influence of cDC subsets on Th cell development.
Although IL-12 production by DC appears to determine Th1/
Th2 balance, the recent discovery of IL-12-related cytokines
(IL-23 and IL-27) highlights the importance of reexamining
the role each cytokine plays in T-cell differentiation. IL-23
shares the p40 subunit also utilized by the heterodimeric cyto-
kine IL-12. Recent findings demonstrate that IL-23 rather than
IL-12 is crucial for the pathogenesis of some autoimmune
diseases (9, 38). Specifically, disease-promoting IL-17-produc-
ing Th17 cells, which develop in the presence of IL-6 and
transforming growth factor �, can be expanded by IL-23 (31).
In contrast, studies on the role of IL-27 have demonstrated a
critical role in early events leading to Th1 polarization. How-
ever, infection models using IL-27 knockout mice have ob-
served exaggerated T-cell responses, highlighting an immuno-
regulatory role for IL-27 (18, 46, 62). To date, few studies have
addressed the expression or function of these cytokines during
chronic infectious disease.

Leishmania donovani, a causative agent of visceral leishman-
iasis (VL), is an intracellular protozoan parasite that primarily
infects myeloid cells (27). Control and resolution of this dis-
ease rely at least in part on activation and differentiation of
naı̈ve CD4� T cells into gamma interferon (IFN-�)-secreting
cells that activate parasitized macrophages to produce leish-
manicidal effectors, such as nitric oxide (47). In humans and
experimental mouse models, the development of VL is asso-
ciated with immunological dysfunction (reviewed in reference
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27), and in experimental models, host protective immunity is
expressed in an organ-specific manner (12, 27). Th1-associated
cytokines are abundant (26, 36), Th2 cytokines also contribute
to host protection (53), and both IL-10 (39) and transforming
growth factor � (66) have disease-promoting effects. Although
some aspects of DC function have been described in this
model, the precise role that individual subsets of splenic cDC
play in the development and regulation of T helper cell differ-
entiation during different stages of the disease remain un-
known.

In this study, therefore, we directly examined the capacity of
murine splenic cDC subsets from different stages of infection for
the accumulation of cytokine mRNAs and for their capacity to
direct T-cell receptor (TCR) transgenic antigen-specific CD4�

T-cell differentiation. We show that CD8��, CD4�, and DN cDC
isolated from mice immediately after infection skew the differen-
tiation of naı̈ve T cells toward the Th1 phenotype, whereas no
Th1/Th2 bias was observed in T cells stimulated with splenic cDC
derived from chronically infected mice. Furthermore, the polar-
ization of T cells by cDC subsets in vitro appears to be strongly
influenced by the distinct cytokine (IL-12, IL-23, and IL-27) pro-
file of each DC subset. This analysis also revealed the importance
of ensuring DC purity for such studies, with the function of DN
cDC being influenced by rare contaminating interferon-produc-
ing NK cells (IKDC) (7, 8, 58).

MATERIALS AND METHODS

Mice and infection. BALB/c mice (Charles River Laboratories) were used at
6 to 10 weeks of age and housed under specific-pathogen-free conditions.
DO11.10.SCID mice were originally provided by F. Powrie, University of Ox-
ford). OT-II.RAG1�/� mice were originally obtained from The National Insti-
tute of Medical Research, London, United Kingdom. Parasites of the Ethiopian
strain of Leishmania donovani (LV9) were maintained by serial passage in Syrian
hamsters. Amastigotes were isolated from infected spleens, as previously de-
scribed (55), and mice were infected with either 2 � 108 (high-dose [HD]) or
2 � 107 (conventional or low-dose [LD]) L. donovani amastigotes intravenously
in 200 �l of RPMI 1640 (Gibco, Paisley, United Kingdom). Mice were killed by
cervical dislocation. All animal care and experimental procedures were in accord
with United Kingdom Home Office requirements and performed with local
ethical approval.

Splenic DC enrichment. Splenic DC from naı̈ve and infected mice were en-
riched by digesting the spleens in RPMI 1640 supplemented with 0.2 mg/ml
collagenase (10 ml per spleen) for 25 min at room temperature. All subsequent
steps were done between 0 and 4°C. Following collagenase digestion, 5 ml of a
phosphate-buffered saline (PBS) solution containing 50 mM EDTA was added to
the spleen cells, and the digest was passed through a 100-�m strainer to make a
single-cell suspension. Dead cells and highly phagocytic cells were then depleted
prior to CD11c enrichment by magnetic cell sorting using basic microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) following the manufacturer’s
protocol. Briefly, digested splenocytes were incubated with basic magnetic mi-
crobeads for 10 min on ice. After the cells were washed, the cells that had
nonspecifically bound or phagocytosed microbeads were trapped on a separation
column. CD11c� cells were then enriched by incubating anti-CD11c microbeads
for 30 min on ice and then passed over a separation column. CD11chi cells were
routinely 85 to 98% pure. To purify splenic cDC subsets, CD11chi cells were
stained with CD11c-phycoerythrin (PE), CD8�-fluorescein isothiocyanate
(FITC), and CD4-allophycocyanin (APC) (all from BD Pharmingen, San Diego,
CA) and sorted on a FACS vantage cell sorter (BD Biosciences, Mountain View,
CA). Sort gates are described below in Results. Each subset showed greater than
99% purity.

Flow cytometry. For flow cytometry, cells were incubated with 10 �g/ml 2.4G2
anti-Fc receptor monoclonal antibody (MAb) (ATCC, Rockville, MD), followed
by staining with directly conjugated MAbs. Cells were stained with the following:
FITC-conjugated anti-CD8� (53-6.7); anti-CD40 (HM40/3); PE-conjugated anti-
CD11c (HL3); anti-CD49b (DX5); biotinylated conjugated, anti- major histo-
compatibility complex class II (MHC-II) CD80 (16.10A1); CD86 (GL1);

DO11.10 (KJ126); anti-CD11c (HL3); and APC-conjugated CD4 (RM4-5) (all
from BD Pharmingen, San Diego, CA). Labeling with biotinylated antibodies
was visualized with PerCP-streptavidin (BD Pharmingen). Minimal background
staining was observed using appropriate fluorochrome-labeled isotype controls.
All staining was performed on ice in PBS containing 2% fetal calf serum (FCS)
and 5 mM EDTA for 30 min on ice. Flow cytometric analysis was performed with
a FACSCalibur (BD Biosciences, Mountain View, CA) on 50,000 cells and
analyzed using CellQuest software (BD Biosciences).

Real-time reverse transcription-PCR (RT-PCR). RNA was isolated from DC
subsets by using an RNeasy kit according to the manufacturer’s instructions
(Qiagen). RNA was then reverse transcribed into cDNA using the first-strand
cDNA synthesis kit according to the manufacturer’s instructions (Invitrogen).
Oligonucleotides (5�33�) used for the specific amplification of IL-10, IL-12/
23p40 and hypoxanthine phosphoribosyltransferase (HPRT) were as described
in reference 2. Primers used were as follows: for IL-4, forward, CCTCACAGC
AACGAAGAACA; reverse, TGGACTCATTCATGGTGCAG; for IL12p35,
forward, CCTCGGCATCCAGCAG; reverse, TCTGGCCGTCCTCACCA; for
IFN-�, forward, CCTCCTGCGGCCTAGCTC; reverse, GTAACAGCCAGAA
ACAGCCATG; for IL-27(p28), forward, GGCCATGAGGCTGGATCTC;
reverse, AACATTTGAATCCTGCAGCCA; for IL-23p19, forward, TGGCAT
CGAGAAACTGTGAGA; reverse, TCAGTTCGTATTGGTAGTCCTGTTA;
and for Delta 4 Notch-like ligand, forward, CAGAGACTTCGCCAGGAAA
CTC; reverse, GCCAAATCTTACCCACAGCAA. The PCR conditions for all
primers were 95°C (15 s), 62°C (30 s), and 72°C (30 s) for 40 cycles.

Real-time quantitative PCR was performed with the SYBR green PCR kit in
an ABI Prism 7000 sequence detection system (Applied Biosystems) according to
the manufacturer’s instructions. Expression of target genes was normalized to
HPRT and expressed as either absolute copy number (target molecules/1,000
HPRT molecule) or relative expression using the change in cycle threshold
(		CT) analysis method (relative expression of the gene in activated DC com-
pared to its naı̈ve counterpart).

Differentiation of TCR transgenic CD4� T cells in vitro. Splenic naı̈ve CD62Lhi

CD44lo cells from DO11.10 ovalbumin (OVA) transgenic mice were prepared as
described previously (16). Primary stimulation cultures were established under non-
polarizing conditions by activation of sorted naı̈ve CD4� T cells (1 � 105/well) with
sorted naı̈ve or infected DC subsets (104/well) and OVA323-339 peptide (0.1 �g/ml)
in the absence of exogenous cytokines or anti-cytokine MAbs. As indicated, 10 �g/ml
blocking anti-IL-12/23p40 MAb (C17.8) or control rat immunoglobulin G2a was
added at the initiation of cultures. On day 4, the culture medium for the cells was
changed and fresh medium was supplemented with IL-2 (40 U/ml). After 1 week, the
T cells were restimulated with unfractionated spleen cells (1 � 105/well) and 2 �g/ml
OVA peptide for 7 h at 37°C. Brefeldin A (5 �g/ml) was added during the last 4 h
of culture. Cells were washed in ice-cold PBS, surface stained with KJ-126, and fixed
with 2% paraformaldehyde for 10 min. Samples were resuspended in PBS contain-
ing 2% FCS and 5 mM EDTA and left overnight in the refrigerator before intra-
cellular staining. Dead cells were excluded by forward scatter and side scatter gating.
The total number of DO11.10 T cells was determined by spiking samples with beads
of known amount and gating on KJ-126� cells during flow cytometry acquisition.

Intracellular cytokine staining. Fixed-cell samples were resuspended in PBS-
EDTA-FCS containing 0.5% bovine serum albumin and 0.5% saponin (saponin
buffer). Cells were then stained with FITC-conjugated anti-IFN-� (XMG 1.2),
and PE-conjugated anti-IL-4 (11B11) for 45 min on ice. FITC- and PE-labeled
isotype controls were used to set gates. Samples were washed twice in saponin
buffer and once in PBS without saponin. Flow cytometric analysis was performed
using a FACSCalibur (BD Biosciences, Mountain View, CA). A total of 50,000
cells were collected and analyzed using CellQuest software (BD Biosciences).

IL-12p70 ELISA. Sorted naı̈ve or infected DC subsets were cultured for 24 h
(1 � 105/well), and IL-12p70 was analyzed in cell culture supernatants. Com-
mercial enzyme-linked immunosorbent assay (ELISA) antibody pairs were used
to detect IL-12p70 (eBioscience) according to the manufacturer’s instruction.
Recombinant cytokines were used to generate standard curves.

Statistics. Statistical analysis was performed using a Student t test. A P of

0.05 was considered significant.

RESULTS

DC maturation following L. donovani infection. The murine
spleen contains three cDC subsets that can be distinguished by
their expression of CD4 and CD8�. To isolate these subsets to
near homogeneity, macrophages and dead cells were first elim-
inated from collagenase-digested spleens by magnetic sorting
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using unconjugated microbeads. In our hands, removal of
autofluorescent macrophages was an essential prerequisite for
subsequent flow cytometric analysis and/or sorting (data not
shown). By combining a subsequent magnetic sort using
CD11c microbeads with flow sorting, CD4�, CD8��, and DN
subsets of cDC could be isolated to �99% purity (Fig. 1).
Similar degrees of purity were achieved using both naı̈ve and
infected mice (data not shown).

We then investigated the effects of infection on the expres-
sion of various cell surface molecules that are associated with
DC activation/maturation. As shown in Fig. 2, all cDC subsets
isolated from naı̈ve mice expressed similar levels of MHC-II,
CD40, CD80, and CD86. DC from mice infected 5 h previously
with 2 � 107 L. donovani amastigotes, the conventional infec-
tion dose used in this model, had minimally augmented levels
of MHC-II, CD86, and to a lesser extent, CD40 (data not
shown). Somewhat more pronounced effects, particularly with
CD86, were seen when the infection dose was increased to 2 �
108 amastigotes (Fig. 2), but even at this dose, while reproduc-
ible, the response was generally not striking, e.g., relative to
responses to strong TLR agonists, such as LPS (data not

shown). Moreover, as reported by us and others (2, 11), up-
regulation of these surface molecules was observed at a pop-
ulation level, suggesting that it was largely mediated by inflam-
matory signals rather than by infection of cDC per se. Parallel
experiments using carboxyfluoroscein succinimidyl ester-la-
beled parasites determined that 
1% of isolated cDC subsets
were infected, with no bias among subsets for uptake of para-
sites (data not shown). In contrast, expression of CD80 was not
increased as a consequence of infection, irrespective of dose
(Fig. 2 and data not shown). The absolute numbers of each
subset did not alter appreciably over 5 h of infection [(9.1 �
0.19) � 105, (3.0 � 0.6) � 105, and (2.2 � 0.4) � 105 versus
(8.8 � 1.1) � 105, (3.3 � 0.4) � 105, and (3.1 � 0.4) � 105

CD4�, CD8�, and DN cDC per spleen in naı̈ve mice and mice
infected with a LD for 5 h, respectively]. Thus, in terms of the

FIG. 1. Purification of splenic cDC subsets. CD11c� DC from five
mice were enriched by magnetic activated cell sorting prior to cell
sorting. The purity of each cDC subset used in these studies was �99%
and is shown in the top graph and in the three bottom graphs. Ssc,. side
scatter.

FIG. 2. L. donovani infection induces maturation of splenic cDC
subsets. CD11chi DC subsets from naı̈ve (broken line) or 5-h-infected
(2 � 108) (solid line) BALB/c mice were examined for changes using
a panel of costimulation markers as well as MHC-II. Subsequent to
magnetic activated cell sorting enrichment of CD11c� cells, samples
were stained with CD11c, CD4, and CD8 in combination with the
markers examined above. Histograms were gated on CD11chi cells.
Black histograms represent isotype controls. Data represent cDC subsets
isolated and pooled from five mice per group and are representative of three
experiments.
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regulation of these cell surface molecules, only modest activa-
tion of splenic cDC occurs following infection of BALB/c mice
with L. donovani amastigotes.

cDC from infected mice induce weak CD4� T-cell polariza-
tion. Experimental VL following infection with L. donovani
amastigotes is associated with a mixed cytokine response,
though with some bias toward IFN-� production, particularly
early on during infection (14). To determine whether this was
reflected by the capacity of splenic cDC to polarize CD4� T
cells, we isolated cDC subsets from the spleens of naı̈ve and
5-h-infected mice and assayed their ability to direct the differ-
entiation of OVA-specific TCR transgenic T cells (DO11.10)
under nonpolarizing conditions (Fig. 3). Under our experimen-
tal conditions, CD4� and CD8�� cDC from naı̈ve mice in-
duced a mixed cytokine response in DO11.10 T cells, with a
bias toward the production of IL-4 (IFN-�/IL-4 ratios of ap-
proximately 1:2 and 1:2.5 for CD4� and CD8�� cDC, respec-
tively). These same subsets isolated from mice 5 h after a
conventional infection with L. donovani had heightened capac-
ity to stimulate IFN-� responses (IFN-�/IL-4 ratios of 1.3:1
and 2:1 for CD4� and CD8�� cDC, respectively). Importantly,
the absolute number of cytokine-producing DO11.10 cells
changed little between naı̈ve and infected mice, suggesting that
this result arises from skewing of the differentiation of acti-
vated DO11.10 cells rather than heightened antigen presenta-
tion per se. To determine whether we could drive this response

more effectively, we infected mice with a higher dose of L.
donovani (2 � 108 amastigotes). As shown in Fig. 3, skewing
toward IFN-� became more prominent when CD8�� cDC, but
not CD4� cDC, were used, suggesting that CD8�� cDC are
more sensitive to increasing parasite dose.

Compared to CD4� and CD8�� cDC, DN cDC were both
more efficient at stimulating DO11.10 cells (reflected by the
total number of cytokine-producing cells) and most inherently
biased toward inducing IFN-� (IFN-�/IL-4 ratio of 1.5:1 in
naı̈ve mice). More unexpectedly, DN cDC from 5-h-infected
mice were highly efficient at polarizing DO11.10 cells toward
IFN-� production, and at a high infection dose, this led to a
dramatic loss of IL-4-producing cells (IFN-�/IL-4 ratio of 12:
1). Collectively, these data demonstrate for the first time using
ex vivo-isolated cells that cDC subsets activated as a conse-
quence of L. donovani infection have different capacities to
induce Th cell polarization but that only under extreme con-
ditions of HD infection, and notably with DN cDC, does this
lead to a pronounced reduction in IL-4-producing cells. These
results are thus consistent with the measured CD4� T-cell
cytokine responses observed in the early phase of experimental
VL (36).

Accumulation of IL-12-related subunit mRNA differs among
cDC subsets after L. donovani infection. Although IL-12 has
been attributed with a major role in the differentiation of
CD4� T cells (60), there is increasing evidence that the IL-12-

FIG. 3. L. donovani-activated cDC polarize antigen-specific DO11.10 T-cell differentiation. Sorted DC subsets (1 � 104) from naı̈ve and mice
infected with 2 � 107 (LD) or 2 � 108 (HD) amastigotes were cultured with purified naı̈ve DO11.10 T cells (1 � 105/well) in the presence of 0.1
�g/ml OVA peptide. One week later, cells were restimulated with whole spleen cells and 2 �g/ml OVA peptide for 7 h and subsequently stained
for IFN-� and IL-4. Plots were gated on CD4�/KJ1-26� cells. Data are representative of three independent experiments. The numbers indicate
the percentage of events within the two quadrants.
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related molecule IL-27 can also play a role (20). By competi-
tion for IL-12/23p40, IL-23p19 may also indirectly regulate
IL-12 production. Although previous reports have shown that
human monocyte-derived DC and murine bone marrow-de-
rived DC have different capacities to produce IL-12, IL-23, and
IL-27, to date, a formal comparative analysis of the accumu-
lation of IL-12-related cytokine subunit mRNAs has not been
extended to cDC subsets isolated ex vivo during the course of
experimental microbial infection. Therefore, to address this
question and to determine whether the pattern of DO11.10
cytokine production induced by each cDC subset was a reflec-
tion of differing expression of IL-12-related subunits, we ana-
lyzed cytokine mRNA accumulation using quantitative real-
time RT-PCR. As shown in Fig. 4, all cDC subsets isolated
from naı̈ve mice had low levels of transcripts for IL-12/23p40,
IL-27p28, and IL-23p19. Five hours following conventional,
and more strikingly following HD infection, considerable het-
erogeneity in subunit mRNA accumulation was observed be-
tween the different cDC subsets. CD8�� cDC accumulated the
most IL-12/23p40, as expected from the literature (17), and
also the most IL-27p28 mRNA of the cDC subsets tested. In
contrast, while CD4� cDC from infected mice showed a less
pronounced IL-12/23p40 and IL-127p28 response, this subset
showed the highest accumulation of IL-23p19 mRNA among
the cDC subsets tested. Strikingly, given the results reported
above for DO11.10 differentiation, DN cDC from infected
mice had only minimal change in mRNA accumulation for
each of the three IL-12-related subunits studied.

In order to confirm and extend these results obtained with
cDC subsets from infected BALB/c mice and DO11.10 T cells,
we also analyzed the cDC response in infected C57BL/6 mice
using OVA-specific OT-II TCR transgenic T cells. In our
hands, cytokine production by OT-II cells was less extensive
compared to DO.11.10 cells, but nevertheless, a similar pattern
of cDC-driven responses was observed (Fig. 5A, left panels).
Maximal skewing toward IFN-� was observed with CD8� and
DN cDC subsets, though the ability of DN and CD4� cDC to
skew OT-II cells toward IFN-� was less marked than in the
BALB/c-DO.11.10 system (cf. Fig. 3). Similarly, as shown for
cDC from BALB/c mice (Fig. 4), the IL-12/23p40 response of
DN cDC isolated from infected C57BL/6 mice was also mark-
edly lower than that of CD8� cDC (Fig. 5B), in spite of their
capacity to induce IFN-�-producing T cells. To explore further
the mechanism by which cDC subsets regulated IFN-� produc-
tion by OT-II cells, we blocked IL-12/23p40 function (Fig. 5A,

right panels). As expected, anti-IL-12/23p40 MAb significantly
inhibited the capacity of CD8� cDC to skew T-cell differenti-
ation toward IFN-� (e.g., IFN-�/IL-4 ratio of 3.5:1 reduced to
1:1 in the presence of anti-IL-12/23p40 for cDC isolated from
LD infection). However, blockade of this cytokine had no
impact on the functional activity of DN cDC (e.g., IFN-�/IL-4
ratio of 2.4 versus 2.7 in the absence and presence of blocking
MAb, respectively, with LD infection) or CD4� cDC. A recent
report has suggested that CD8� cDC may drive Th cell differ-
entiation in an IL-12-independent manner via a pathway in-
volving Delta 4 Notch-like ligand, with 20-fold-increased accu-
mulation of Delta 4 Notch-like ligand mRNA being observed
in this subset in response to LPS (50). In contrast, following L.
donovani infection, we observed little change in Delta 4 Notch-
like ligand mRNA accumulation by any of the cDC subsets
examined (Fig. 5C).

Collectively, these data for the first time illustrate the diversity
and complexity of IL-12-related subunit regulation in cDC subsets
during infection with L. donovani. Furthermore, while IL-12/
23p40 largely governed the capacity of CD8�� cDC to induce
IFN-� skewing of CD4� T cells in vitro, this was not the case for
CD4� and DN cDC. Rather, our data suggest that CD4� and DN
cDC, following infection of mice with L. donovani, acquire an
IL-12/23p40- and Delta 4 Notch-like ligand-independent capacity
to induce IFN-� production in CD4� T cells.

Dynamic changes in IL-12-related subunit mRNA accumu-
lation during progressive infection with L. donovani. Func-
tional alterations in splenic cDC have previously been de-
scribed during the later stages of L. donovani infection,
including changes to MHC-I/II expression, reduced IL-12/
23p40, and downregulation of CCR7 (3, 4). To evaluate
whether distinct cDC subsets behaved differently during infec-
tion and might differentially regulate IL-12-related cytokines,
we first extended our analysis to include cDC from mice in-
fected for 24 h and 14 and 28 days. Over the course of longer
infection, the absolute number of each cDC subset continued
to increase with time [(16.6 � 2.7) � 105, (4.7 � 0.8) � 105,
and (8.8 � 1.4) � 105 versus (37.5 � 7.5) � 105, (10.3 � 1.6)
� 105, and (19.1 � 2.9) � 105 CD4�, CD8�, and DN cDC at
days 14 and 28 postinfection (p.i.), respectively]. These data
are shown in Fig. 6A and are also presented as relative to the
levels in naı̈ve mice in Fig. 6B. The capacity of cDC subsets
isolated from mice at these different times after infection to
induce CD4� T-cell differentiation are compared in Fig. 6C. A
number of trends emerge from this analysis. First, on the basis

FIG. 4. Differential accumulation of IL-12-related subunit mRNAs in cDC subsets. CD11chi DC subsets were sorted on the basis of CD4 and
CD8� expression from naı̈ve and infected (2 � 107 [LD] or 2 � 108 [HD] parasites/mouse). (A) IL-12/23p40 mRNA, (B) IL-23p19 mRNA, and
(C) IL-27p28 mRNA accumulation in CD4�, CD8��, and DN DC were examined by real-time RT-PCR. Target genes were normalized against
HPRT. Data represent the means plus standard errors of the means (error bars) for three separate experiments.
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of the total number of cytokine-producing DO11.10 cells, we
observed no deficit in antigen presentation by isolated cDC
subsets from mice infected for 14 or 28 days compared to those
from naı̈ve mice. These data suggest that any changes to
MHC-II or costimulatory molecule expression associated with
APC dysfunction during long-term L. donovani infection (25)
are likely negated by optimal stimulation in vitro with peptide
antigen. Second, compared to the ex vivo analysis after a 5-h
infection, IL-12/23p40 expression by CD8�� cDC waned over
time, commensurate with a decline in the capacity of these cells
to drive IFN-� production. Thus, whereas CD8�� cDC from
5-h-infected mice stimulated DO11.10 cells to differentiate
with an IFN-�/IL-4 ratio of 2.25:1, this was reduced to 1:1 with
CD8�� cDC from mice infected for 28 days. Third, the early
IL-23p19 response made by CD4� cDC was more transient
than that of CD8�� cDC, but nevertheless both subsets re-
turned to baseline levels of mRNA for this IL-12-related sub-
unit by day 14 of L. donovani infection. Last, although evident
in both CD4� and CD8�� cDC early after infection, IL-27p28

mRNA accumulation was sustained only in CD8�� and DN
cDC isolated from long-term-infected mice. However, these
increases in IL-27p28 mRNA accumulation do not correlate
with the capacity to induce IFN-� and IL-4 production in
DO11.10 T cells. Together, these data illustrated
a complex and dynamic regulation of cDC function during
the evolution of experimental VL.

Regulation of IL-12/23p40 rather than IL-12p35 dictates the
level of bioactive IL-12p70 in chronically infected mice. The
regulation of IL-12p70 expression has been attributed to reg-
ulation of either IL-12p40 or IL-12p35, depending upon the
cell type examined (24, 52). As shown in Fig. 7A, cDC isolated
from mice 5 h p.i. secreted IL-12p70, a response that was
largely restricted to CD8�� cDC and that was induced in vivo
in an infection dose-dependent manner. In contrast, none of
these cDC subsets produced IL-12p70 when isolated from mice
at day 28 p.i. In addition, IL-12p35 mRNA accumulation was
clearly observed in CD8�� cDC in a dose-dependent manner
at 5 h p.i. and was also readily detectable above the levels seen

FIG. 5. Regulation of Th cell differentiation by IL-12/23p40 and Delta 4 Notch-like ligand. (A) Sorted DC subsets (1 � 104) from naı̈ve
C57BL/6 mice and C57BL/6 mice infected with 2 � 107 (LD) or 2 � 108 (HD) amastigotes were cultured with purified naı̈ve OT-II T cells (1 �
105/well) in the presence of 0.1 �g/ml OVA peptide and in the presence of either a control rat immunoglobulin G2a (IgG2a) MAb (left panels)
or anti-IL-12/23p40 MAb (right panels). One week later, the cells were restimulated with whole spleen cells from B6.CD45.1 mice and 2 �g/ml
OVA peptide for 7 h and subsequently stained for IFN-� and IL-4. Plots were gated on CD4� CD45.1� cells. The numbers indicate the percentage
of events within the two quadrants. (B and C) IL-12/23p40 (B) and Delta 4 Notch-like ligand (C) mRNA accumulation for each cDC subset from
infected mice is shown relative to mRNA accumulation in the same subset isolated from naı̈ve mice. Data are derived from one experiment using
cells obtained from five mice as cDC donors.
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in naı̈ve mice in CD8�� cDC isolated at day 28 p.i. (Fig. 7B).
In contrast, IL-12/23p40 mRNA accumulation was near or
below basal levels in all cDC subsets examined at day 28 p.i.
(Fig. 7C). Analysis of mRNA accumulation in these ex vivo
cDC therefore demonstrated that regulation of IL-12/23p40
was the dominant means of controlling IL-12p70 protein pro-
duction. These data are supported by the paucity of IL-12/
23p40� cells detectable in the spleen of long-term-infected
mice by immunohistochemistry (13).

Rare IFN-�-producing CD11chi DX5� cells copurify with
DN cDC. An unexpected outcome of this study was the finding
that DN cDC were very efficient at inducing skewing of CD4�

T-cell differentiation, even when isolated from naı̈ve mice, and
yet this subset accumulated little mRNA compared to CD4�

and CD8�� cDC for the IL-12-related members analyzed
here. Another factor known to direct the differentiation of
naı̈ve T cells is IFN-� (51), and transcripts for this cytokine
have previously been found in human and murine DC subsets

(17). However, this literature has recently become less clear
following the identification of a subset of NK cells (CD11c�

DX5�) that share DC markers, so-called IKDC (7, 8, 58). As
shown in Fig. 8, by RT-PCR, CD4� and CD8�� cDC isolated
from either naı̈ve or 5-h-infected mice had minimal IFN-�
transcript accumulation. In contrast, IFN-� mRNA accumula-
tion was clearly evident in DN cDC and notably elevated in
infected mice (Fig. 8A). To determine whether this finding
reflected IFN-� production by DN cDC or by IKDC, we used
intracellular cytokine staining to directly assess IFN-� protein
production. As shown in Fig. 8B, a significant population of
IFN-�-producing cells was observed in ex vivo CD11chi cells
that coexpressed DX5, the CD49b antigen found on both NK
cells and IKDC. By gating the IFN-�-producing CD11chi

DX5� (0.03% of total CD11chi cells) and CD11chi DX5� cells
(0.02% of total CD11chi cells), we were able to determine their
expression of CD4 and CD8�. Notably, the majority of
CD11chi DX5� IFN-�� cells were negative for both CD4 and

FIG. 6. Cytokine subunit mRNA accumulation and T-cell differentiating capacity of cDC subsets are altered during the course of infection.
(A) Splenic CD11chi DC subsets were isolated from naı̈ve and LD-infected mice (2 � 107) at different times (5 h, 24 h, day 14 [d14], and day 28 [d28]).
Ex vivo analysis of IL-12/23p40, IL-23p19, and IL-27p28 mRNA accumulation in CD4� (white bars), CD8�� (gray bars), and DN (black bars) DC were
examined by real-time RT-PCR. Target genes were normalized against HPRT. (B) Data from panel A are summarized as changes in the accumulation
of cytokine mRNA from infected DC subsets compared to their naı̈ve counterpart. (C) Sorted DC subsets from naı̈ve and infected mice (5 h, day 14,
and day 28) were cultured with purified naı̈ve DO11.10 T cells in the presence of 0.1 �g/ml OVA peptide. Expanded cells were subsequently restimulated
with whole spleen cells and 2 �g/ml OVA peptide and stained for IFN-� and IL-4. Plots were gated on CD4�/KJ1-26�. The numbers indicate the
percentage of events within the two quadrants. Data are representative of three independent experiments.
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CD8� (85%), indicating that DN cDC contained appreciable
contamination with IFN-�-producing IKDC. Furthermore,
within the CD11chi DX5� IFN-�� population, DN cDC re-
mained the major producer of IFN-�, with only modest con-
tributions from CD4�and CD8�� DC. These results mirrored
results of our mRNA analysis and indicated that true DN cDC
and to a much lesser extent other cDC subsets isolated from
5-h-infected mice can accumulate IFN-� transcripts. Neverthe-
less, the ability of DN cDC to skew CD4� T-cell differentiation
(Fig. 3, 5, and 6) cannot be distinguished from the impact of
IKDC in the assays reported above.

DISCUSSION

The interaction between phenotypically and functionally
heterogenous DC and naı̈ve T cells in secondary lymphoid
organs shapes the type and magnitude of an immune response
to an invading pathogen. There are numerous reports demon-

strating the capabilities of DC in directing CD4� T-cell differ-
entiation (29, 32, 45, 67), but fewer experiments have ad-
dressed the function of DC subsets ex vivo. Furthermore,
despite the fact that interactions of DC subsets with other
species of Leishmania have been reported (37, 65), relatively
little is known about the function of DC subsets in relation to
long-term L. donovani infection.

In this study, we examined the changes in IL-12-related
subunit mRNA accumulation and IL-12p70 protein in cDC
subsets during various stages of infection and the relative ca-
pacity of each subset to shape the differentiation of TCR trans-
genic CD4� T cells in vitro. We showed that cDC subsets have
different capacities to secrete IL-12p70 and accumulate each
subunit mRNA following infection of BALB/c mice and that
the overall response profile of each DC subset was modified
during the course of infection. During the early phase of in-
fection (5 h to 24 h), cDC accumulated mRNA for IL-12/
23p40, IL-12p35, and IL-23p19 to modest levels. However,

FIG. 7. Lack of bioactive IL-12p70 in cDC from chronically infected mice reflects the absence of IL-12/23p40 rather than IL-12p35 mRNA
accumulation. Cytokine production by purified splenic CD11chi cell subsets from naı̈ve mice and mice infected for different time periods (5 h or
28 days [d28]) were examined using ELISA to determine secreted IL-12p70 (A) and real-time RT-PCR methods (B and C). (A) cDC subsets were
seeded at a concentration of 1 � 106/ml, and samples were collected after 24 h of culture to determine IL-12p70 levels. (B and C) For ex vivo
cytokine mRNA expression, relative quantitation analysis of target genes was normalized against HPRT, and each DC subset was calibrated against
its naı̈ve counterpart. Data are shown as means plus standard errors of the means (error bars) for the five mice in each group. rE, relative
expression; N.D., not detectable.

FIG. 8. CD11c� DX5� DC are the major producers of IFN-�. (A) CD11chi DC subsets from naı̈ve mice and mice infected with a low dose for
5 h were sorted on the basis of CD4 and CD8 expression, and ex vivo IFN-� mRNA accumulation in sorted CD4�, CD8�, and DN DC was
examined by real-time RT-PCR. Target genes were normalized against HPRT. Data represent the means plus standard errors of the means (error
bars) from three separate experiments. (B) Splenic CD11chi cells from mice infected for 5 h with L. donovani were enriched using CD11c
microbeads. Enriched CD11chi cells were then cultured in brefeldin A (10 �g/ml) for 4 h and surface stained with antibodies for CD11c, CD4, CD8,
and CD49b (DX5). Fixed-cell samples were then permeabilized and stained for intracellular IFN-�. Dot plots were gated on CD11chi cells.
Quadrant gates were set on isotype controls. The numbers indicate the percentage of events within the three quadrants. This figure shows the
results of one experiment that was representative of three independent experiments.
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accumulation of these mRNAs and the secretion of IL-12p70
was dramatically reduced during the course of infection. Fur-
thermore, we showed that mRNA accumulation in cDC
broadly correlated with CD4� T-cell differentiation in vitro.
While CD8�� and DN splenic cDC subsets isolated from the
acute phase of infection efficiently polarized naı̈ve CD4� T
cells into IFN-�-secreting cells, this bias was lost when the
same subsets were isolated from chronic stages of infection.
There is now strong evidence that the cytokine milieu has an
overriding influence in shaping adaptive immune responses
(10, 19, 21, 32, 41, 56, 64, 67). Consistent with previous reports
on other pathogens (41, 45, 64, 67), we confirmed CD8�� cDC
as the dominant producer of IL-12p70 in response to L. dono-
vani infection after 5 h, although CD4� cDC also express low
levels of this cytokine after a HD infection. In experimental
VL, cDC were shown to be a critical source of early IL-12
production following infection (13, 15), and IL-12/23p40�/�

mice on a B6 (Slc11a1 mutant) background were more per-
missive of hepatic (13, 40, 48) and splenic (13, 48) parasite
growth. Nevertheless, whereas IL-12/23p40�/� mice had he-
patic parasite burdens similar to those of IFN-��/� mice by
week 12 p.i., this was not the case for IL-12p35�/� mice,
suggesting a late-acting (12 weeks p.i.) role of IL-23 in the liver
(40). Neither the outcome of L. donovani infection in mice
lacking IL-23p19 nor the comparative effects of IL-12/23p40
and IL-12p35 deficiency in the spleen have been described.
The mechanism(s) by which IL-12/23p40 mRNA accumulation
and IL-12p70 protein secretion by splenic cDC was reduced
during infection remain to be identified. Leishmania parasites
are known to actively inhibit IL-12 production in infected mac-
rophages, in addition to making macrophages refractory to
normal IL-12-inducing stimuli (5, 15), but few DC are infected
either early or late during infection (11, 30). However, IL-10, a
factor known to suppress DC function and IL-12 production
(35), is abundant in later stages of splenic infection (39, 54, 57).

Whereas the central role of IL-12 in the generation of Th1
cells has long been appreciated, IL-27 and IL-23, two cytokines
structurally related to IL-12, were initially reported to play
important roles in the regulation of IFN-� production from
naı̈ve and memory T cells, respectively (23, 42, 61). Our real-
time PCR analysis of the IL-27p28 subunit revealed that this
mRNA accumulates in DC from infected mice compared to
naı̈ve mice and is maintained in CD8�� cDC even at day
28 p.i.. Although preliminary data described a role for IL-27 in
IFN-� responses, it is now clear that IL-27 can also limit the
intensity and duration of innate and adaptive immune re-
sponses (20). TCCR�/� mice, which lack IL-27 signaling, fail
to mount an efficient Th1-type response in a Leishmania major
model (1). In contrast, TCCR�/� mice mount a robust Th1
response after L. donovani infection and control parasite bur-
dens significantly faster than wild-type mice do, although this
was associated with development of liver pathology (46). In
addition, we also showed that IL-23p19 mRNA accumulated
transiently in DC, primarily in the CD8�� subset. While IL-23
has been implicated in the expansion of IL-17-producing
CD4� T cells, to date, we have failed to detect CD4� IL-17�

T cells in the spleens of infected mice (data not shown). In
addition to cytokine-mediated mechanisms governing Th cell
differentiation, other factors may also have played a role. En-
hanced levels of costimulation may have altered the thresholds

for T-cell activation, though no strict correlations between
CD80 and CD86 expression have been found (34). Delta-
Notch interactions have also recently received attention in
inducing Th cell subset bias (50). However, as reported here,
we have found no correlation between expression of Delta 4
Notch-like ligand and cDC subset behavior.

Finally, it has been reported by several laboratories that DC
have the capacity to produce IFN-� (17, 41, 56). By using
intracellular cytokine staining, we directly identified that 60%
of CD11chi IFN-�� cells in the spleens of L. donovani-infected
mice are positive for DX5, likely representing a subset of NK
cells defined as IKDC (6–8, 58, 63). These data highlight the
fact that even under stringent sorting conditions, the functions
attributed to cDC subsets may be biased by minor contaminant
populations. Nevertheless, mirroring data from real-time RT-
PCR, some CD11chi IFN-�� cells were DX5�, indicating a
capacity to accumulate IFN-� transcripts within the cDC pop-
ulation. Likewise, a small but significant contribution to IFN-�
production was made by CD8�� and CD4� DC. The early
IL-12/23p40 and IL-27p28 produced by CD8�� and CD4� DC
may suggest an autocrine pathway regulating IFN-� in these
subsets (28, 59). However, the signals required for IFN-� pro-
duction in DN cDC are as yet unknown.

In conclusion, we have shown that in response to infection
with L. donovani, splenic cDC subsets differentially accumu-
lated IL-12/23p40, IL-23p19, and IL-25p28 mRNA and se-
creted IL-12p70 during the course of the infection in a manner
progressively likely to favor parasite survival. Further studies
will be required to determine the functional importance of
each cDC subset to the eventual outcome of infection.
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