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ABSTRACT Dendritic cells (DCs) are unique in their
ability to stimulate T cells and initiate adaptive immunity.
Injection of mice with the cytokine Flt3-ligand (FL) dramat-
ically expands mature lymphoid and myeloid-related DC
subsets. In contrast, injection of a polyethylene glycol-
modified form of granulocyte/macrophage colony-stimulat-
ing factor (GM-CSF) into mice only expands the myeloid-
related DC subset. These DC subsets differ in the cytokine
profiles they induce in T cells ir vivo. The lymphoid-related
subset induces high levels of the Thl cytokines interferon vy
and interleukin (IL)-2 but little or no Th2 cytokines. In
contrast, the myeloid-related subset induces large amounts of
the Th2 cytokines IL-4 and IL-10, in addition to interferon y
and IL-2. FL- or GM-CSF-treated mice injected with soluble
ovalbumin display dramatic increases in antigen-specific an-
tibody titers, but the isotype profiles seem critically dependent
on the cytokine used. Although FL treatment induces up to a
10,000-fold increase in ovalbumin-specific IgG2a and a more
modest increase in IgG1 titers, GM-CSF treatment favors a
predominantly IgG1 response with little increase in IgG2a
levels. These data suggest that distinct DC subsets have
strikingly different influences on the type of immune response
generated in vivo and may thus be targets for pharmacological
intervention.

Immune responses against T-cell-dependent antigens are het-
erogeneous with respect to the cytokines made by T-helper
cells and the class of antibody secreted by B cells (1-5).
Immune responses dominated by CD4" T cells producing
interferon (IFN) y and B cells secreting IgG2a antibody are
termed “Th1” responses; those dominated by CD4" T cells
producing interleukin (IL)-4 and IL-10 and B cells secreting
IgG1 are termed “Th2” responses. At the individual T-cell
level, considerable heterogeneity of cytokine profiles can be
seen with T-cell clones, raising the possibility that the Th1 and
Th2 global phenotypes may only represent two polar extremes
of all possible single cell phenotypes (4). The type of cytokine
produced early in an immune response appears to be key in
determining whether a Thl-like or Th2-like immune response
is generated. Thus, early production of IL-4 induces further
IL-4 production in T cells whereas IL-12 induces IFNvy in T
cells (1-5). However, the question of which cell types initiate
the polarization of the response is less clear. The antigen-
presenting cell, of which dendritic cells (DCs) are prime
examples (6, 7), is thought to play a key role in determining the
type of immune response (1-5). DCs, through production of
IL-12 (8-10) may preferentially direct the development of Th1
cells in vitro (8) and in vivo (11) whereas other cells, such as B
cells (12, 13) and NK T cells (14), may influence the devel-
opment of Th2 responses.

Attempts to study the regulation of immune responses by
DCs have been impeded by their rarity in tissues. A recent
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solution to this problem has been the identification of DC
growth factors such as Flt3-ligand (FL), which induce a
profound expansion of mature DC subsets in mice (15, 16).
The mature DC subsets generated in FL-treated mice all
express high levels of CD11c and major histocompatibility
complex class II, as well as CD86 and CD40, but differ in their
levels of CD11b expression (15, 16) (Fig. 1). The majority of
cells within the CD11c* CD11b9""/~ subset express high levels
of CD8«a and DEC-205, markers that are expressed on lym-
phoid-related DC subset in mice (17-21). Lymphoid-related
DC have been shown to down-regulate the activation of T cells
in vitro (20, 21) through a Fas-dependent mechanism (20).
Cells within the CD11c™ CD11bb"ight subset do not express
CD8a or DEC-205 but do express F4-80, 33D-1, and other
myeloid-related markers, suggesting that they might be of
myeloid origin (15, 16). These subsets are localized in distinct
microenvironments, with the lymphoid-related subset residing
in the T-cell zones and the myeloid-related subset residing in
the marginal zones of the spleen (16, 21). Both subsets appear
equally competent at stimulating antigen-specific T cell pro-
liferation in vitro (E.M., B.P., C.M., K.B., E. Daro, M. Teepe,
and H. McKenna, unpublished work). However, the lymphoid-
related population can be induced to secrete much higher
levels of biologically active IL-12 than the myeloid-related
population (16), consistent with recent observations in normal
mice (22). In this study, we investigate the ability of these DC
subsets to prime antigen-specific T cells in vivo and examine
the cytokine profiles that they induce in T cells.

MATERIALS AND METHODS

Mice. All mice were housed in a specific-pathogen-free
facility. BALB/c and C57BL/6 mice were purchased from The
Jackson Laboratory; a male DO11.10/SCID mouse was re-
ceived from the laboratory of Marc Jenkins (University of
Minnesota) and was bred to BALB/c/SCID mice in house.
For adoptive transfers, age- and sex-matched recipients were
injected i.v. with 2 X 10° T cells as described (23).

Injections. Mice were injected s.c. with 10 pg of recombi-
nant human FL (human Chinese hamster ovary cell-derived
produced at Immunex) for 9 consecutive days. Recombinant
granulocyte/macrophage colony-stimulating factor (GM-
CSF) was modified with polyethylene glycol at Immunex and
was injected s.c. (5 ug per day) for 5 consecutive days. In
adjuvant studies, chicken ovalbumin (Sigma) was freshly pre-
pared in PBS, was filtered, and was injected s.c.

DCs. DC subsets from FL- and GM-CSF-treated mice were
sorted by flow cytometry as described (15, 16). DCs were
incubated with ovalbumin 323-339 (OVA[323-339]) peptide
at 4°C for 2 hours, were washed, and were injected into the
footpads of reconstituted mice (3 X 103 DCs per footpad).

Abbreviations: IFN, interferon; IL, interleukin; DC, dendritic cell; FL,
Flt3-ligand; TCR, T cell receptor; GM-CSF, granulocyte/macrophage
colony-stimulating factor.
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Fic. 1. Relative expansion of DC subsets from FL- and GM-CSF-
treated mice. Shown is the distribution of CD11c and CD11b on spleen
cells from cytokine treated mice. CD11c™ CD11bPright (myeloid-
related) and CD11c* CD11b 9"/~ (lymphoid-related) subsets of DCs
are defined as shown. Note that, in FL-treated mice, the lymphoid-
related DCs are more prevalent than the myeloid-related DCs. Similar
profiles are obtained with both C57BL/6 and BALB/c strains. Data
are representative of a large number of experiments.

In Vitro Cultures. Popliteal lymph node cells (5 X 10° cells)
were plated in triplicate in 200 ul of DMEM complete
supplemented with 5% fetal bovine serum, together with
different concentrations of OVA[323-339]. Proliferative re-
sponses were assessed after 72 hours of culture in a humidified
atmosphere of 5% CO; in air. Cultures were pulsed with 0.5
wCi tritiated thymidine [3H] for 5 hours, and the cells were
harvested onto glass fiber sheets for counting on a gas-phase
B counter. For cytokine assays, aliquots of culture superna-
tants were removed after 72 hours and were assayed for the
presence of IFNvy, IL-2, IL-4, and IL-10 by ELISAs adapted
from PharMingen protocols.

Measurement of Ovalbumin-Specific Serum Titers. Ninety-
six-well ELISA plates (Maxisorp, Nunc) were coated overnight
with 1 pg/well ovalbumin in PBS at 4°C, were blocked with
PBS/5% fetal bovine serum, and washed with PBS/0.1%
Tween-20. Serum samples were diluted in PBS/5% fetal
bovine serum (starting at 1/100), and threefold dilutions were
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made. Plates were incubated for 2 hours at room temperature,
were washed, and were incubated with alkaline phosphatase-
conjugated anti-IgG1 (1/2,000; PharMingen), anti-IgG2a, an-
ti-IgG2b, or anti-IgM (1/1,000; PharMingen) detecting anti-
bodies for an additional 2 hours at room temperature. Plates
were washed again, and enzyme activity was detected with
p-nitrophenyl phosphate disodium (Sigma). The amount of
reaction product was assessed on an ELISA plate reader at an
OD of 405 nm by using the DELTASOFT program (DeltaPoint,
Monterey, CA). Multiple-point analysis was performed on
each set of isotype titrations by using the BIOASSAY program
(Immunex), selecting a maximum value for each isotype and
determining for each sample the dilution giving half-maximal
OD value, thus generating arbitrary unit-per-milliliter values
as described (24).

RESULTS

Lymphoid and Myeloid-Related DCs from FL-Treated Mice
Prime T Cells in Vivo Equally Efficiently. To investigate the
ability of these DC subsets to prime antigen-specific T cells in
vivo, we used T-cell receptor (TCR) transgenic mice that
contained rearranged TCRa and TCR genes in their germ-
line DNA encoding a TCR specific for the peptide fragment
OVA [323-339] bound to I-Ad class II major histocompati-
bility complex molecules (DO11.10 mice) (25). The transgenic
TCR could be detected with the KJ126 mAb that binds only to
this particular TCR heterodimer (26). Because DO11.10 T
cells contain a small subpopulation of cells with a memory
phenotype, presumably because of activation through a second
endogenously rearranged TCR (27), all of our experiments
were performed with DO11.10/SCID mice, which do not
contain cells with this memory phenotype (26). TCR trans-
genic T cells from DO11.10/SCID mice were adoptively
transferred into syngeneic BALB/c recipients, such that they
constituted a small (<0.3%) but detectable proportion of all T
cells as described (23, 24, 28).
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(4 and B) Kinetics of expansion of antigen-specific (KJ126* CD4%), transgenic T cells in mice primed with lymphoid-related (L-DC;

CD11c* CD11bd!/~) and myeloid-related (M-DC; CD11c* CD11bbrighty DC subsets from FL-treated mice. Sorted DCs were loaded with
OVA[323-339] in vitro and were injected into the footpads of mice reconstituted with transgenic T cells. T-cell expansion was measured by flow
cytometric analysis of lymph node cells at various time points. Data were pooled from six independent experiments with a total of 18-21 lymph
nodes per time point. (C) In vitro restimulation of antigen-specific T cells expanded in vivo, with varying concentrations of OVA[323-339] peptide.
In vitro lymph node cultures were set up 4 days after in vivo priming, were pulsed with [H]? 72 hrs later, and were mashed after 5 hrs.
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F1c. 3. Cytokine production by antigen-specific T cells restimu-

lated in vitro with varying concentrations of OVA[323-339]. In vitro
lymph node cultures were set up 4 days after priming, and supernatants
were assayed 72 hours later by cytokine ELISA. Data are represen-
tative of seven independent experiments.

Lymphoid-related DC and myeloid-related DC subsets from
spleens of FL-treated mice were isolated by flow cytometry,
were loaded with OVA[323-339] in vitro, and were injected
into the footpads of T-cell-reconstituted mice. The ensuing
CD4" OVA-specific T-cell response was monitored by flow
cytometry. Both DC populations could prime T cells in an
antigen-specific manner (Fig. 2.4 and B), with similar kinetics
and magnitude. Thus, 4 days after priming, at the height of the
immune response, the percentage of KI126* CD4* T cells was
~3% in the draining lymph nodes of mice primed with either
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the lymphoid or myeloid DC subset; by day 8, the percentage
in both groups of mice had almost returned to baseline levels.
The absolute numbers of KJ126+ CD4+ T cells in the draining
lymph nodes reflect this kinetics.

At the height of the response, 4 days after priming, the
popliteal lymph nodes were harvested, and single-cell sus-
pensions were prepared and cultured in vitro with various
concentrations of OVA[323-339] to assess the in vitro pro-
liferative capacity of antigen-specific T cells. T cells that had
been primed in vivo by either the lymphoid- or myeloid-
related DCs could proliferate efficiently in vitro on restimu-
lation with antigen; however, there was a 2- to 5-fold increase
in the sensitivity of antigen-specific T-cell proliferation in T
cells that had been primed in vivo with the myeloid DC,
compared with those primed with the lymphoid-related DC
subset (Fig. 2C).

Lymphoid- and Myeloid-Related DCs from FL-Treated
Mice Exert Differential Effects on Cytokine Production in
Antigen-Specific T Cells in Vivo. Cytokine production by
antigen-specific T cells primed by the lymphoid or myeloid-
related DC subsets was measured by assaying the culture
supernatants from the cultures described above for IFNvy, IL-2,
IL-10, and IL-4. Assessment of cytokine production in these
cultures revealed that there were no significant differences in
IFN+y and IL-2 production in T cells primed by either DC
subset; however, the myeloid-related DC subset always in-
duced much greater levels of IL-10 and IL-4 production (Fig.
3). Thus, the lymphoid-related subset induced no detectable
IL-4 whereas the myeloid-related subset induced high levels of
IL-4. Furthermore, the T cells primed by the myeloid-related
DC subset exhibited a >100-fold increase in the antigen
dose-dependent sensitivity of IL-10 production, compared
with T cells primed by the lymphoid-related DC subset.
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(4 and B) Kinetics of expansion of antigen-specific (KJ126" CD4 ™), transgenic T cells in mice primed with the myeloid DC (M-DC)

subset in GM-CSF-treated mice. (C) Cytokine production by antigen-specific T cells restimulated in vitro with varying concentrations of
OVA[323-339]. In vitro cultures were set up 4 days after priming, and supernatants were assayed 72 hours later. Data are representative of two

independent experiments.
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GM-CSF Treatment Preferentially Expands a Myeloid-
Related DC Subset, Which Resembles the Myeloid DC in
FL-Treated Mice. Administration (5 days) of a chemically
modified (pegylated) form of GM-CSF (which exhibits an
extended biological half-life, compared with underivatized
GM-CSF) into mice preferentially expands the myeloid-
related DC (CD11c™ CD11b%"~) subset (Fig. 1). This my-
eloid-related DC subset appears to be similar to that generated
by FL-treatment, in so far as it failed to express detectable
CD8a or DEC-205 (E.M., B.P., C.M., K.B., E. Daro, M. Teepe,
and H. McKenna, unpublished work), which have been shown
to be expressed selectively on lymphoid-related DC (15, 16,
19). They are also able to prime naive, antigen-specific T cells
in vitro as efficiently as the myeloid or lymphoid-related DC
subsets from FL-treated mice (E.M., B.P., CM., K.B., E. Daro,
M. Teepe, and H. McKenna, unpublished work).

Similiar experiments with the sorted DC subset from GM-
CSF-treated mice revealed that this putative myeloid-related
population also could prime OV A-specific T cell expansion as
efficiently as the lymphoid and myeloid DC populations from
FL-treated mice (Fig. 4 A and B). As observed previously with
the myeloid-related population from FL treated mice, there
was significant production of IL-4 and IL-10 by the OVA-
specific T cells after restimulation with OVA[323-339] in vitro
(Fig. 4C). These data support the notion the distinct DC
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Fic. 5. Adjuvant effects of FL and GM-CSF in ovalbumin-
immunized mice. Shown are antigen-specific, secondary serum anti-
body titers in FL- and GM-CSF-treated mice after challenge with
ovalbumin. PBS- or cytokine-treated mice were primed and boosted
with ovalbumin, and secondary anti-ovalbumin antibody responses
were measured by ELISA. Each dot represents a single mouse. Data
are pooled from three independent experiments, each of which had
five mice per group. Because the data are not normally distributed, the
Wilcoxon rank sum 2-sided test has been used to analyze the P values.
P values comparing the differences between the PBS, GM-CSF, and
FL groups are shown above each graph.
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subsets prime T cells equally efficiently but elicit different
cytokine profiles in antigen-specific T cells in vivo.

FL and GM-CSF Dramatically Enhance Antibody Produc-
tion to Soluble Antigens but Differ in the Class of Antibodies
They Induce. To determine whether these differences in T-cell
cytokine profiles could influence the class of antibody pro-
duced in vivo, we performed the following experiment. Co-
horts of BALB/c or C57BL/6 mice were treated with either FL
or GM-CSF for 9 and 5 days, respectively, to induce maximal
expansion of DCs. The effects of FL. and GM-CSF on expand-
ing DC subsets in vivo does not appear to depend on the strain
of mice used (data not shown). On the final day of cytokine
treatment, mice were injected s.c. with various doses of ovalbu-
min in PBS. Twenty-one days later, identical immunizations
were performed with no cytokine treatment. One week later
(day 28), mice were bled, and the ovalbumin-specific antibody
titers were determined by ELISA. Both FL and GM-CSF
significantly enhanced the ovalbumin-specific antibody titers
of all isotypes analyzed (Fig. 5) compared with the ovalbumin-
immunized, PBS-treated control mice. Consistent with our
recent observations (24), FL treatment resulted in a >10,000-
fold increase in IgG2a titers but a much more modest increase
in IgG1 titers over PBS-treated controls. However, GM-CSF
treatment resulted in a much weaker IgG2a response than
FL-treatment, and this was more apparent in the C57BL/6
strain, in which GM-CSF failed to stimulate IgG2a (Fig. 5). In
contrast, GM-CSF stimulated significant levels of IgG1, and,
in some cases, the levels of IgG1 stimulated were significantly
higher than those in FL-treated mice.

The data in Fig. 5 are pooled from three independent
experiments, each of which had five mice per group. The
variability in the IgG2a OV A-specific antibody titers in mice
treated with FL or GM-CSF is caused largely by variability
between individual experiments. The source of this experiment
to experiment variation is not known. Nevertheless, each
experiment showed exactly the same trends between groups;
compared with GM-CSF- and PBS-treated mice, FL-treated
mice not only displayed much larger titers of IgG2a OVA-
specific antibody but also had much higher frequency of
responders. This is evident from the means of the graphs as
well as with differences in the numbers of nonresponders
within each group. The nonresponders are stacked at the
bottom of the graph for each group. Thus, although both FL
and GM-CSF acted as adjuvants, there were class-specific
differences in the antibody profiles generated by each cyto-
kine, with FL giving a predominantly IgG2a response and
GM-CSF favoring an IgG1 response. These results reflect the
differences in cytokine profiles observed in T cells stimulated
by the distinct DC subsets.

DISCUSSION

The results presented in this paper suggest that distinct DC
subsets may differentially regulate the Th1/Th2 balance of an
immune response in vivo. Although both the lymphoid and
myeloid-related DC subsets can prime antigen-specific T cells
equally efficiently, they induce distinct cytokine profiles in T
cells. The lymphoid-related DCs induce the Thl cytokines
IFNvy and IL-2 whereas the myeloid-related DC subset induces
high levels of the Th2 cytokines IL-4 and IL-10, in addition to
the Th1 cytokines.

Mechanism of T-Cell Cytokine Skewing by Distinct DC
Subsets. The precise mechanism by which these DC subsets
mediate their effects is, at present, unclear but may well relate
to potential differences in the repertoire of costimulatory
molecules expressed by the subsets. The difference is unlikely
to be accounted for by the B7 molecules, by CD40, or by the
levels of class II major histocompatibility complex—peptide
complexes on the surfaces because the myeloid- and lymphoid-
related DC subsets in FL-treated mice express similar levels of
all of these molecules (4). However, potential differences in the
expression of costimulatory molecules such as OX-40 ligand
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[which may stimulate IL-4 production in T cells (29)] may
account for the functional dichotomy of the two subsets.
Another factor that could contribute to this dichotomy is the
cytokines made by the DCs themselves. Lymphoid-related
DCs can be induced to secrete higher levels of biologically
active IL-12 than myeloid DCs (16, 22). Therefore, the former
may have induced greater IFN+y production in T cells than the
latter. However, our experiments suggest that even the rela-
tively low levels of IL-12 produced by the myeloid-related DC
subset is sufficient to induce abundant IFN+y production in T
cells. Clearly the expression of Th2-inducing cytokines such as
IL-4 (1) and IL-6 (30) by the DC subsets warrants further
investigation.

The question of whether the DC subsets interact directly
with the T cells in vivo or whether they transfer antigen to a
third cell type is intriguing, particularly given the resurgent
interest in the phenomenon of “cross-priming” (31, 32).
Thus, it is possible that antigen is transferred from the
exogenous DC subset to some endogenous APC population,
which then may present it to T cells. If the lymphoid and
myeloid DC subsets differed in their abilities to hand over
antigen to other antigen-presenting cells, this potentially
could lead to differences in T-cell priming or in the cytokines
made by the T cells.

Adjuvant Effects of FL and GM-CSF. Whatever the mech-
anism, the differential cytokine skewing in T cells by distinct
DC subsets appears to result in strikingly different antibody
profiles being elicited by FL and GM-CSF (Fig. 5). In C57BL/6
mice, GM-CSF (which preferentially expands the myeloid DC
subset; Fig. 1) elicits significant increases in IgG1 titers but no
IgG2a production (Fig. 5). In contrast, FL (which expands both
the lymphoid and myeloid DC subsets, at a numeric ratio of
~3:1; Fig. 1) elicits modest increases in IgGl titers but
dramatic increases in IgG2a titers (Fig. 5). These differences
in antibody profiles are consistent with the cytokine profiles
induced in T cells. Lymphoid-related DCs would prime T cells
to become Thl T cells, which enhance IgG2a secretion by B
cells. Myeloid-related DCs would prime T cells to make
abundant IL-4 and IL-10 (in addition to IFNvy and IL-2), and
it is likely that the Th2 cytokines would mitigate the effects of
IFNv, thus favoring an IgG1 response. Similar though less
striking trends are observed in BALB/c mice. This strain
difference may be attributed to potential differences in pro-
duction of IL-18 (33) or IL-la by the DC subsets in the
different strains. Both IL-18 and IL-1« can potentiate IL-12-
induced Th1 development in BALB/c but not C57BL/6 mouse
strains (34).

Perspectives. These data are consistent with recent obser-
vations (35) that indicate that lymphoid and myeloid DCs in
normal mice also can induce distinct cytokine profiles in T
cells. Both studies suggest that the lymphoid and myeloid DCs
prime T cells equally efficiently in vivo. We currently are
investigating whether lymphoid-related DCs could tolerize
CD4+ T cells in vivo via a Fas-dependent mechanism (20).
One possibility is that CD4+ T cells may be tolerized in vivo
by repeated stimulation with lymphoid- but not myeloid-
related DC. Indeed, the 2- to 5-fold less efficient in vitro
stimulation of T cells, which were primed in vivo by the
lymphoid DCs (Fig. 2C), may represent a dampening of the
T-cell response by activation-induced cell death. In this con-
text, it is worth noting that activated Th1 cells, rather than Th2
cells, are susceptible to Fas-mediated apoptosis (36, 37).
Therefore, the lymphoid and myeloid DC subsets initially may
prime T cells equally efficiently, but, on repeated stimulation
by the lymphoid DCs, the resulting Thl T cells may be more
susceptible to Fas-mediated apoptosis.

Finally, the functional differences of the DC subsets de-
scribed here should be viewed in the context of their geo-
graphical separation in lymphoid microenvironments. In the
spleen, the lymphoid and myeloid DC subsets are localized in
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the T-cell zones and the marginal zones, respectively (16). The
possibility that these subsets may be exposed to different types
of antigens because of their geographical isolation and differ-
ences in their cell-surface markers must now be investigated.

In summary, our data suggest that the class of immune
response generated in vivo can be controlled differentially by
distinct DC subsets. This may provide a unique opportunity to
elicit optimally effective immunity in different clinical settings
by using distinct DC subpopulations. Thus, in various autoim-
mune diseases or in Helicobacter pylori infections, the prospect
of using myeloid-related DC or GM-CSF to vaccinate against
pathogenic Thl responses may be attractive. In contrast,
lymphoid-related DCs that promote protective Thl responses
may hold great promise in tumor immunotherapy, antiviral
immunity, and in allergy.
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