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Reciprocal Control of T Helper
Cell and Dendritic Cell
Differentiation

Marie-Clotilde Rissoan,* Vassili Soumelis,*
Norimitsu Kadowaki,?* Geraldine Grouard,’ Francine Briere,’
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It is not known whether subsets of dendritic cells provide different cytokine
microenvironments that determine the differentiation of either type-1 T helper
(T,,1) or T,,2 cells. Human monocyte (pDC1)-derived dendritic cells (DC1) were
found to induce T,,1 differentiation, whereas dendritic cells (DC2) derived from
CD47CD3CD11c plasmacytoid cells (pDC2) induced T2 differentiation by
use of a mechanism unaffected by interleukin-4 (IL-4) or IL-12. The T,,2 cytokine
IL-4 enhanced DC1 maturation and killed pDC2, an effect potentiated by IL-10
but blocked by CD40 ligand and interferon-y. Thus, a negative feedback loop
from the mature T helper cells may selectively inhibit prolonged T,,1 or T2
responses by regulating survival of the appropriate dendritic cell subset.

The cytokine microenvironment plays a key
role in T helper cell differentiation toward the
T}, or T2 cell type during immune respons-
es (I-6). IL-12 induces T differentiation,
whereas IL-4 drives T,;2 differentiation. Be-
cause T helper cell differentiation requires
the presence of different cytokines at an ini-
tial stage of the T cell-dendritic cell (DC)
interaction (/-7), we investigated whether
distinct DC lineages or subsets may produce
different cytokines and directly induce T;1
or T,;2 differentiation.

Humans have two distinct types of DC pre-
cursors. Peripheral blood monocytes (designat-
ed pDC1) give rise to immature myeloid DCs
after culturing with granulocyte-macrophage
colony-stimulating factor (GM-CSF) and IL4
(8—10) or after transmigration through endothe-
lial cells and phagocytosis (/7). These imma-
ture cells become mature myeloid DCs (desig-
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nated DC1) after stimulation with CD40 ligand
(CD40L) or endotoxin (12, 13). The
CD4*"CD3CDlIc plasmacytoid cells (desig-
nated pDC2) from blood or tonsils give rise to
a distinct type of immature DC after culture
with IL-3 (/4-16). These cells differentiate into
mature DCs (designated DC2) after CD40L
stimulation (/7). However, unlike pDC1 and
DCI1, pDC2 and DC2 display features of the
lymphoid lineage: (i) pDC2 and DC2 express
few myeloid antigens, such as CD11b, CDl11c,
CD13, and CD33 (/4); (i) pDC2 cells do not
differentiate into macrophages, following cul-
ture with GM-CSF and M-CSF; (iii) pDC2 and
DC2 have little capacity to phagocytose or
macropinocytose antigens at all stages of their
maturation (/4) (iv) like the putative mouse
lymphoid DCs (/8), pDC2 cells depend on
IL-3, but not GM-CSF for their survival and
maturation (/4) [this can be explained by high
GM-CSF receptor and low IL-3 receptor ex-
pression in pDC1 cells and low GM-CSF re-
ceptor and high IL-3 receptor expression in
pDC2 cells (Fig. 1)]; and (v) pDC2 cells have
high levels of pre-T cell receptor a-chain ex-
pression (/9).

Both myeloid DC1 and “lymphoid” DC2
induce strong proliferation of allogeneic naive
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CD4* T cells (/4). First, we examined the
profile of cytokine production from DCI and
DC2 after CD40L activation. DC1 produced
large amounts of IL.-12 within 24 hours after
CDA40L activation (Fig. 2) as reported (12, 13),
whereas DC2 did not (Fig. 2). In addition,
unlike CD40L-activated DC1, CD40L-activat-
ed DC2 produced little [L-1a , IL-1B, IL-6, and
IL-10, but produced comparable amounts of
chemokine IL-8 (Fig. 2) (20). Neither CD40L-
activated DC1 nor DC2 produced detectable
amounts of IL-4 and IL-13. Quantitative poly-
merase chain reaction (PCR) analyses showed
that CD40L activation up-regulated the expres-
sion of mRNA for IL-12p40, IL-1a, and IL-1B3
in DC1, but not in DC2 (Table 1) (27). Neither
DC1 nor DC2 transcribed detectable amounts
of IL-4 mRNA, either before or after CD40L
activation (Table 1).

We next examined the nature of primary
allogeneic T cell responses induced by DC1 or
DC2. Naive CD4"CD45RA™ T cells isolated
from human peripheral blood or umbilical cord
blood were cocultured for 7 days with CD40L-
activated DC1, CD40L-activated DC2, or anti-
bodies to CD3 and CD28 (22). The cultured
cells were counted and restimulated with anti-
CD3 and anti-CD28 for either 4 hours for sin-
gle-cell cytokine analyses by flow cytometry
(Fig. 3B) or 24 hours for cytokine secretion
analyses by enzyme-linked immunosorbent as-
say (ELISA) (Fig. 3A). T cells originally cul-

GM-CSF R IL-3 Ro
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o 20
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Q ;|
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= T : I R RN R TR T
109 10" 102 108 102 10" 102 10® 104

Relative fluorescence intensity

Fig. 1. Expression of GM-CSF receptor a chain
(GM-CSF Ra) and IL-3 receptor a chain (IL-3
Ra) on pDC1 and pDC2 (open curve, isotype
control; shaded curve, specific staining).
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tured with DC1 secreted large amounts of in-
terferon-y (IFN-y) (34 to 37 ng/ml, from three
independent experiments), but little 1L-4, IL-5,

REPORTS

and IL-10. T cells originally cultured with DC2
secreted little IFN-y (2 to 4 ng/ml), but large
amounts of IL-4 (230 to 1500 pg/ml), IL-5 (300
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Fig. 2. Cytokine and chemokine secretion by DC 1 after 24 hours of activation with CD40L (open
circtes) and DC2 after CD40L activation for 24 hours (solid squares) or 6 days (solid circles). Each

symbol represents an independent experiment.

to 900 pg/ml), and IL-10 (4 to 10 ng/ml). T cells
originally cultured with anti-CD3 and anti-
CD28 secreted mainly IL-2 (Fig. 3A). These
polarized cytokine production profiles were
confirmed by single-cell cytokine analysis us-
ing in situ immunocytology (23) and by immu-
nofluorescence flow cytometry (Fig. 3B) (24).
Thus, myeloid DC1 and “lymphoid” DC2, re-
spectively, induce Ty;1 versus T2 differentia-
tion in vitro.

Because DC2 cells do not produce detect-
able amounts of IL-4, as determined by both
mRNA (to a sensitivity of 1072 gram) and
protein analysis, it suggests that the DC2-in-
duced T;;2 differentiation is IL-4—independent.
T2 development was not blocked by adding
either polyclonal antibody to IL-4 BDA11 (15
Kg/ml) or monoclonal antibody (mAb) to IL-4
MP4-25D2 (5 pg/ml) at the beginning of DC-T
cell coculture (22). These two antibodies to
IL-4 completely inhibited the IL-4—dependent
proliferation of phytohemagglutinin-stimulated
human T cells or CD40- and 1L-4—dependent
human B cell proliferation and immunoglobulin
E synthesis. Although addition of antibody to
IL-4 increased the number of IFN-y—producing
cells, it did not block the generation of IL-4—
producing cells (Fig. 3B). The DC2-induced
T2 differentiation was not a default mecha-
nism due to an inability of DC2s to produce
IL-12, because polyclonal activation with anti-
bodies to CD3 and CD28 in the absence of
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duce T,,1 versus T,,2 cyto- IFN-y IL-10 B

kine production, respec- 30,000 1 Control Ab AntiL-12
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ed in the plots. Figure 4 represents the results
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performed.
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IL-12 did not induce T2 differentiation (Fig.
3A). To support this conclusion, we performed
two experiments. First, neutralizing antibody to
IL-12 (AB-219-NA, 25 pg/ml) was added at
the beginning of the DC-T cell cocultures to
see whether anti—IL-12 could induce IL-4—pro-
ducing T cells in DC1-T cell culture or increase
the number of IL-4—producing cells in the
DC2-T cell cocultures. Although addition of
antibody to IL-12 decreased the percentage of
TFN-y—producing cells in both DC1-T cell and
DC2-T cell cultures (Fig. 3B), it did not induce
IL-4—producing cells nor did it significantly
increase IL-4—producing cell number in
DCI1-T cell or DC2-T cell cultures (Fig. 3B).
Second, IL-12 (5 ng/ml) was added at the be-
ginning of DC2-T cell cocultures, to see if it
could block the generation of IL-4—producing
T cells. Although the addition of IL-12 in-
creased the percentages of IFN-y—producing T
cells, it did not inhibit the number of IL-4—
producing cells. However, IL-12 induced the
IL-4—producing cells to produce IFN-y (Fig.
3B). Thus, DC2 may produce one or more
positive T2 differentiation factors distinct
from IL-4, and its activity can neither be
blocked by IL-12 nor enhanced by anti-IL-12.

A common feature of T cell cytokine-medi-
ated T helper cell differentiation is the positive
autocrine effect. IL-2 promotes the IL-2—pro-
ducing T,0 cells, IL-4 promotes the IL-4-—
producing T};2 cells, IFN-y promotes the IFN-
y—producing Ty, 1 cells, IL-10 promotes the IL-
10—producing regulatory CD4™ T cells (25),
and TGF-B promotes the TGF-B—producing
T3 cells (26). Because negative feedback reg-
ulation represents a general mechanism used by
living organisms to maintain homeostasis of
physiological processes, the immune system
may need a negative feedback mechanism to
control the balance between Ty;1 and T2 re-
sponses in order to prevent T;-mediated auto-
immune inflammatory responses or T;2-medi-

Table 1. Quantitation of cytokine mRNA by PCR
(expressed as femtograms mRNA per 50 ng cDNA)
(27). Results before (=) and after (+) CD40L acti-
vation are shown after experiment number.

Expt.
number IL-12p40 IL-Ta IL-16 IL-4
(cpb4oL)
DC1
1(-) 38 34 41 0
1(+) 12,835 573 2,175 0
2(-) 7 45 60 2
2 (+) 12,460 346 4,165 0
3 (-) 5 44 45 0
3 (+) 40,194 441 763 0
DC2
1(-) 0 12 20 0
1(+) 605 9 16 0
2(-) 0 37 102 0
2 (+) 714 21 50 0
3(-) 0 7 14 0
3 (+) 0 12 45 0

www.sciencemag.org SCIENCE VOL 283
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ated allergic responses. The studies on the reg-
ulation of DC1 and DC2 maturation allowed us
to identify a potential negative feedback loop in
which IL-4 and IFN-y may negatively regulate
Tyl and T2 development, respectively, by
interfering with the survival and maturation of
pDC1 and pDC2.

We observed that IL-4, IL-10, and CD40L
inhibited the IL-3—dependent proliferation of
pDC2 (Fig. 4A, a) (27). In contrast to CD40L,
which enhanced the survival and maturation of
pDC2, IL-4 and IL-10 decreased pDC2 num-
bers during a 6-day culture period in the pres-
ence IL-3 in a concentration-dependent fashion
(Fig. 4A, b and ¢) (27). IL-4 and IL-10 have
an additive effect in killing pDC2 (Fig. 4B).
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The ability of IL-4 and IL-10 to kill pDC2 by
apoptosis was confirmed by direct culture
morphology, Giemsa staining of cytospin
preparations, and double-staining with an-
nexin—fluorescein isothiocyanate (FITC) and
propidiumiodide.

Because IL-4 and IL-10 are T,2 cyto-
kines, we investigated whether CD40L and
IFN-v could block the negative effect of IL-4
and IL-10 on the survival of pDC2 main-
tained by IL-3. CD40L blocked the killing
effects of IL-4 or IL-10 on pDC2 during a
6-day culture period with IL-3 (Fig. 5A).
CD40L partially rescued pDC2 in the pres-
ence of both IL-4 and IL-10. IFN-y also
blocked the negative effect of IL-4 or IL-10
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Fig. 5. CD40L and
IFN-v rescue pDC2
from cell death in-
duced by IL-4 and IL-
10. (A) CD4OL rescues
a large proportion of
DC2 precursors after 6
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IL-4, and IL-10. (B)
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on pDC2 (Fig. 5B). However, IFN-vy did not
rescue the cells when IL-4 and IL-10 were
both added to the culture. Cells rescued by
either CD40L or IFN-y expressed high levels
of major histocompatibility complex (MHC
class II DR) and costimulatory molecules
(B7.1/CD80 and B7.2/CD86), and stimulated
the proliferation of allogeneic CD4* T cells.

Our study suggests that a negative feed-
back loop may exist in regulating the balance
between Tyl versus Ty2 responses. IL-4, a
key T2 cytokine, kills the pDC2, a profes-
sional antigen-presenting cell subset that in-
duces T,2 differentiation. The ability of
CD40L (a potent DC maturation factor) to
prevent IL-4-induced killing suggests that
IL-4 cannot kill mature DC2 during their
cognate interaction with T cells in established
responses. This may allow the rapid and ef-
ficient development of T ;2 responses needed
for the host defense. However, overproduc-
tion of IL-4 may inhibit the development of
pDC2. By contrast, IL-4 promotes DC1 mat-
uration together with GM-CSF (12, 13).
These opposing effects of IL-4 on DC1 ver-
sus DC2 may enhance T,;1 development, but
inhibit T,;2 development at a late stage of
immune. response. The ability of IFN-y to
protect pDC2 from IL-4—and IL-10—induced
apoptosis and promote DC2 differentiation
may represent an indirect mechanism to in-
hibit T(;1 development at later stages of T, 1
responses. This represents another example
of antagonism between IL-4 and IFN-y (28).

During the last two decades, studies on the
relationship between lineage and function have
been a main focus of B and T lymphocyte
immunology. Mouse DC cells may also have
different lineages with distinct functions (29—
35). Whereas the CD8a CD11¢*CD11b* my-
eloid DC cells are immunogenic for T cells, the
CD8a*CDI11c*CD11b~ lymphoid DC cells
may be tolerogenic (37). This concept is sup-
ported by two findings: (i) the lymphoid DC
subset that appears to be localized within the T
cell areas of mouse spleen highly express MHC
class II-self peptide complexes (32); and (ii)
the myeloid subset that appears to be localized
around the marginal zone—bridging channels
migrates into the T cell areas and produces
IL-12 after endotoxin stimulation (33, 34). Our
results here extend the concept regarding the
functional heterogeneity of DC subsets and
suggest two additional mechanisms for T};1 and
T,,2 regulation. DC1 and DC2 stimulate naive
T helper cells and directly induce their differ-
entiation toward T, 1 or T};2. pDCI1 and pDC2
provide the potential targets for negative feed-
back regulation by IL-4 and IFN-y. Two im-
portant relationships still need to be established:
(i) the relationship between the mechanisms
regulating immunity/tolerance versus T 1/T,2
and (ii) the correlation between mouse and
human DC subsets. These studies may ulti-
mately lead to the understanding of the molec-
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ular mechanism underlying DC2-induced IL-
4—independent Ty,2 differentiation and the dis-
tinct functions of DC subsets in normal and
disease states.
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