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Abstract
Preferential activation of regulatory T (Treg) cells limits
autoimmune tissue damage during chronic immune responses
but can also facilitate tumor growth. Here, we show that
tissue-produced inflammatory mediators prime maturing
dendritic cells (DC) for the differential ability of attracting
anti-inflammatory Treg cells. Our data show that prostaglandin E2 (PGE2), a factor overproduced in chronic inflammation
and cancer, induces stable Treg-attracting properties in
maturing DC, mediated by CCL22. The elevated production
of CCL22 by PGE2-matured DC persists after the removal of
PGE2 and is further elevated after secondary stimulation of DC
in a neutral environment. This PGE2-induced overproduction
of CCL22 and the resulting attraction of FOXP3+ Tregs are
counteracted by IFNA, a mediator of acute inflammation,
which also restores the ability of the PGE2-exposed DC to
secrete the Th1-attracting chemokines: CXCL9, CXCL10,
CXCL11, and CCL5. In accordance with these observations,
different DCs clinically used as cancer vaccines show different
Treg-recruiting abilities, with PGE2-matured DC, but not type
1–polarized DC, generated in the presence of type I and type II
IFNs, showing high Treg-attracting activity. The current data,
showing that the ability of mature DC to interact with Treg
cells is predetermined at the stage of DC maturation, pave the
way to preferentially target the regulatory versus proinflammatory T cells in autoimmunity and transplantation, as
opposed to intracellular infections and cancer. [Cancer Res
2008;68(14):5972–8]

Introduction
Type 1 immune responses, dominated by the activation of type 1
effector T cells (Teff; CTLs and Th1) and natural killer (NK) cells,
are critical for the elimination of intracellular pathogens and tumor
cells but can lead to autoimmune tissue damage. The magnitude,
duration, and eventual outcome of type 1 responses are decided by
the balance between immune effector cells and regulatory T (Treg)
cells, characterized by the CD4+CD25high surface phenotype and the
intracellular expression of FOXP3+ (1, 2). In accordance with the
observations of immune dysfunction associated with advanced
cancer, the numbers of FOXP3+ T cells are elevated in blood and
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affected tissues of cancer patients. Two mechanisms have been
proposed to be responsible for this phenomenon: the preferential
recruitment of Treg cells to tumor sites, mediated by the
chemokines CCL22 (MDC/STCP-1) and CXCL12 (SDF-1), the
respective ligands for the Treg-expressed chemokine receptors
CCR4 and CXCR4 (3–8), and enhanced Treg induction (9–11).
Dendritic cells (DC) are the major type of antigen-presenting
cells involved in the induction of immune responses and the
regulation of its character (12–14). The high potency of mature DC
in activating and reverting anergy of T cells has led to the
application of ex vivo–generated DC as cancer vaccines (12, 13).
The current cancer vaccines involving DC matured in the presence
of the prostaglandin E2 (PGE2)-containing cytokine cocktail or
macrophage-conditioned medium have proved to be highly
effective in inducing circulating tumor-specific T cells in the blood
of cancer patients (15–18), but their effectiveness in inducing
clinical responses is still below expectations (19). Although this
discrepancy is likely to result from multiple factors, the recently
reported expansion of FOXP3+ Treg cells in the patients receiving
such vaccines (20) represents one undesirable aspect of vaccination.
To develop a means of limiting the ability of DC-based vaccines
to interact with Treg cells and to test if the ability of DC to interact
with the different T-cell subsets can be imprinted by the conditions
of DC maturation, we evaluated the mechanism of Treg attraction
to human monocyte-derived DCs and analyzed the effect of
different inflammatory mediators on the subsequent ability of
mature DC to attract FOXP3+ Treg cells. We compared the effect
of PGE2, a factor prevalent in chronic inflammation and cancer (21)
and previously implicated in the CCL22-mediated attraction of
Th2 cells (22–24), and IFNa, a mediator of acute inflammation (25)
involved in the induction of Th1-attracting CXCR3 ligands (26–28).
Our data show that CCL22, but not other chemokines similarly
implicated in Treg attraction to different tissues, constitutes the
key DC-produced Treg-attracting chemokine. We report that the
elevated Treg-promoting activity of DCs is a stable feature of
the DCs that have matured in the presence of PGE2, but it can be
antagonized by the presence of IFNa during DC maturation.
The current observations that distinct chemokine profiles are
imprinted in DCs during their maturation and are preserved in
mature DCs after their removal from different inflammatory
environments help to design vaccines that preferentially target the
functionally different T-cell subsets.

Materials and Methods
Media and reagents. Serum-free CellGenix DC medium (CellGenix, Inc.)
was used to generate DC. The following factors were used to generate
mature DC: recombinant human (rhu) granulocyte macrophage colonystimulating factor (GM-CSF) and interleukin (IL)-4 (gifts from ScheringPlough); IFNa (Intron A, IFNa-2b, Schering-Plough); rhuTNFa, rhuIL-1h,
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and rhuIFNg (Strathmann Biotech); rhuIL-6 (Genzyme); and PGE2 and
polyinosinic acid:poly-CMP (polyI:C; both from Sigma). CD40L-transfected
J558 cells (gift from Dr. P. Lane, University of Birmingham, Birmingham,
United Kingdom) were used as an equivalent to activated CD4+ T cells (29).
All recombinant chemokines used in this study and all chemokine-specific
primary and biotinylated secondary antibodies used in ELISA assays were
purchased from PeproTech.
DC culture. Peripheral blood mononuclear cells obtained from healthy
donors were isolated with lymphocyte separation medium (Cellgro,
Mediatech). Monocytes were isolated on density gradients using Percoll
(Sigma) or Isolate (Irving Scientific) followed by plastic adherence, resulting
in purity of >90% (see refs. 36, 39). Monocytes were cultured for 6 d in
24-well plates (Falcon, Becton Dickinson Labware) at 5  105 cells per well
in rhuGM-CSF and IL-4 (both 1,000 IU/mL). On day 6, DC maturation (48 h)
was induced using the indicated combinations of the following factors:
IL-1h (25 ng/mL), TNFa (50 ng/mL), IFNg (1,000 units/mL), IL-6
(1,000 units/mL), PGE2 (10 6 mol/L), polyI:C (20 Ag/mL), and IFNa
(3,000 units/mL). When indicated, DCs were harvested and seeded at
density of 5  104 in 500 AL with or without J558 cells in CellGenix medium
without any additional factors for the following 24 h. The supernatants were
filtered (0.22 Am) before their use in migration experiments.
Isolation of CD4+ T cells. Mononuclear cells from peripheral blood of
healthy donors were isolated by density gradient separation using
Lymphocyte Separation Medium (Cellgro, Mediatech). CD4+ T cells were
isolated by negative magnetic selection using the EasySep Human CD4
T Cell Enrichment kit (StemCell Technologies, Inc.) according to the
manufacturer’s protocol.
Analysis of chemokine production by Taqman and ELISA. Based on
preliminary kinetic experiments, we determined 6 h to be the optimum
time to measure mRNA expression for IFNa-inducible chemokines and
48 h to be the optimum for PGE2-inducible chemokines. ELISA analysis of
protein secretion by DC for all the chemokines was performed at 48 h,
unless specifically indicated.
For the Taqman analysis, total RNA was extracted using Qiagen RNeasy
kit according to the manufacturer’s protocol. cDNA synthesis was

performed on 2 Ag of extracted RNA in 20 AL reaction volume using
Retroscript kit (Ambion) according to the manufacturer’s protocol. Realtime analysis was performed on 25 ng of sample cDNA using premade
Taqman primers and probes (see Supplementary Table S1), either from
GenScript or Applied Biosystems, in 25 AL reaction volume using Universal
Taqman kit with UNG (Applied Biosystems) following the manufacturer’s
protocol. Samples were analyzed with an ABI Prism 7700 sequence analyzer
(Applied Biosystems). The expression of each gene was normalized to
HPRT1 and expressed as fold increase (2 DC T), where DC T= [C T (Target gene)]
[C T (HPRT1)].
Supernatants of DC cultures were analyzed for CCL5, CCL22, CXCL9, and
CXCL10 proteins by indirect sandwich ELISA. Briefly, ELISA plates (Corning,
Inc.) were coated overnight at room temperature with 100 AL of primary
antibody at 10 Ag/mL followed by washing and blocking with PBS + 4%
bovine serum albumin (BSA) for 1 h. Samples (50 AL) were added to the
wells and incubated for 1 h and subsequently washed and incubated with
50 AL of biotinylated secondary antibodies at 2.5 Ag/mL for 1 h. The plates
were washed and incubated for 30 min with streptavidin-horseradish
peroxidase conjugate (Pierce Biotechnology, Inc.) and diluted 1:8,000 in
wash buffer (50 mmol/L Tris, 0.2% Tween). The plates were washed and
detected with 50 AL of 3,3¶,5,5¶-tetramethylbenzidine substrate (Pierce
Biotechnology). Reactions were stopped with 2% H2SO4 and absorbance at
450 nm was measured.
Chemotaxis. Chemotaxis assays were performed in 96-(Trans)well plates
with a 3-Am-pore-size polycarbonate filter (Corning). The lower chamber
was filled with 200 AL of rhuCCL22 (100 ng/mL) or CXCL10 (1,000 ng/mL)
and CXCL11 (1,000 ng/mL) in RPMI 1640 with 0.5% BSA (chemotaxis
medium) or DC culture supernatant and 50 AL (2.0  105 cells) of purified
CD4+ T cells were added to the upper chamber. When indicated, CD4+
T cells were treated for 30 min with anti-CCR4 antibody (1G1, 20 Ag/mL; BD
Biosciences) before chemotaxis to block the CCR4-dependent chemotaxis.
Alternatively, CCL22 (200 ng/mL) was added to the upper chamber of the
migration system to abrogate the CCL22 gradient and desensitize the CCR4
responsiveness. Migration chambers were incubated for 3 h at 37jC.
Subsequently, cells from multiple wells were pooled and total RNA was

Figure 1. IFNa and PGE2 cross-regulate the
production of Teff- and Treg-attracting
chemokines by DC. Day 6 monocyte-derived
immature DCs were exposed to PGE2 and/or
IFNa either alone (5) or in the presence of
TNFa (n) as a DC maturation-inducing agent.
A and B, dominant effect of IFNa on the
chemokine production profiles in maturing DC.
A, expression of Treg-attracting (top ) and
Teff-attracting (bottom ) chemokine genes in
the differentially treated DC. *, the data are
expressed as the ratios between the expression
of the individual chemokine genes and HPRT1
(see Materials and Methods) and represent one
of five experiments that all yielded similar
results. B, secretion of CCL5, CXCL9, CXCL10,
and CCL22 proteins by the differentially treated
DC. PGE2-induced CCL22 production was
significantly higher (P < 0.01) compared with the
TNFa treatment alone.
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Figure 2. Dose-dependent cross-regulation of
CCL22 production by TNFa, PGE2, and IFNa.
A, involvement of endogenous prostaglandins in
the production of ‘‘baseline’’ levels of CCL22
by maturing DC. Please note the reduction
(P < 0.05) of the baseline CCL22 production in
the presence of prostaglandin synthesis inhibitor
indomethacin (Indo ; 50 Amol/L; added at the
beginning of cultures). B, dose-dependent
enhancement of CCL22 production in maturing
DC by exogenous PGE2. Indomethacin
(50 Amol/L) was present in all cultures to
eliminate the endogenous PGE2 production.
C, DCs were treated with 1 Amol/L PGE2 but
with increasing doses of TNFa to reveal
TNFa-dependent induction of CCL22 by PGE2.
D, inhibition of CCL22 production by increasing
doses of IFNa in the TNFa-treated (50 ng/mL)
and PGE2-treated (1 Amol/L) DC. Data from one
of two (C and D ) or four (A and B) experiments
that all yielded similar results.

extracted. The presence of Treg cells within the migrated cell population
was analyzed by Taqman for the expression of FOXP3 or CTLA4 mRNA
using the FOXP3-specific (Hs00203958_m1) and CTLA4-specific
(Hs00175480_m1) expression Assay-on-Demand (Applied Biosystems) and
expression was normalized to HPRT1. The FOXP3 protein expression was
confirmed by flow cytometry using the FOXP3 staining kit (eBioscience).
Photomicrographs of total (CD3+) T cells migrated in response to medium,
aDC1, or ‘‘standard’’ DC (sDC) supernatants were obtained using a Zeiss
Axiovert200 inverted microscope with ZeissCAM.
Statistical analysis. All data were evaluated using Student’s t test (two
tailed), with P < 0.05 considered as significant.

Results
IFNA and PGE2 cross-regulate the chemokine production
profiles of maturing DC. To develop a means to regulate the
ability of DC to interact with Tregs (as opposed to Teff cells), we
analyzed the production of the chemokines previously implicated
in the attraction of Treg cells, CCL22 (3, 5) and CCL17 (as an
alternative CCR4 ligand), CXCL12 (8), and CCL20 (4, 30), by the
human monocyte-derived DC matured in different inflammatory
conditions. As representatives of Teff-attracting chemokines, we
analyzed the production of the known CXCR3 ligands (CXCL9,
CXCL10, and CXCL11) and the production of CCL5, implicated in
the attraction of type 1 immune cells (31–34). Because the CCL22dependent attraction of Th2 cells can be enhanced by PGE2
(22–24), we tested the effect of PGE2 on production of the above
Treg-attracting chemokines, contrasting it with IFNa, as a
representative mediator of acute inflammation.
Immature DC or DC matured in the presence of TNFa expressed
low levels of CCL22 but did not express any of the other known
Treg-attracting chemokines (CCL17, CCL20, or CXCL12). In
addition, TNFa matured DC produced low levels of CCL5, but
none of the CXCR3 ligands implicated in the attraction of Teff
cells (Fig. 1A and B). Analogous to TNFa, exposure to PGE2 alone
failed to enhance the spontaneous levels of CCL22 expression.
Strikingly, however, the combination of PGE2 with TNFa resulted in
dramatic elevation of CCL22 gene expression (Fig. 1A) and the
secretion of CCL22 protein (Fig. 1B). In accordance with previous
reports (26–28), IFNa strongly enhanced the production of CCL5
and all three CXCR3 ligands (CXCL9, CXCL10, and CXCL11; Fig. 1A).
In addition to the anticipated ability of IFNa to enhance the
production of Teff-attracting chemokines, unexpectedly IFNa also
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proved to be highly effective in reducing the spontaneous DC
production of CCL22 and counteracting the PGE2-induced
enhancement of CCL22 production (Fig. 1A and B). PGE2 failed
to significantly inhibit the early mRNA expression of IFNainducible chemokines (Fig. 1A), resulting in a dominant character
of the IFNa-dependent regulation of the DC secretion of Treg- and
Teff-attracting chemokines at 48 h (Fig. 1B). The expression of
CXCL9, CXCL10, and CXCL11 genes was, however, partially
inhibited by PGE2 at later time of activation (data not shown),
suggesting that the PGE2 may limit the duration of the expression
of the CXCR3 ligand genes.
To determine if the low-level ‘‘spontaneous’’ CCL22 production
by DC can be triggered by DC-produced endogenous PGE2, DCs
were treated with TNFa in the presence or absence of indomethacin (an inhibitor of prostaglandin synthesis). In accordance
with this possibility, indomethacin suppressed the spontaneous
CCL22 production in TNFa-matured DC (Fig. 2A). The elimination
of endogenous PGE2 revealed the wide range of dose-dependent
CCL22-inducing effect of exogenously added PGE2 (Fig. 2B). The
ability of PGE2 to promote the CCL22 production by DC critically
depended on the presence of TNFa, as shown by the inability of
PGE2 to promote the CCL22 production in the absence of TNFa
and the dose dependence of the TNFa effect (Fig. 2C). A similar
synergistic activity of PGE2 and TNFa in inducing CCL22
production was also observed in the case of macrophages
generated from monocytes in the presence of GM-CSF alone
(Supplementary Fig. S1). This CCL22-enhancing effect of PGE2 on
the TNFa-maturing DC was counteracted by IFNa in a dosedependent manner (Fig. 2D).
In contrast to high levels of CCL22 production, in none of the
conditions did DC produce significant levels of the additional
chemokines similarly implicated in Treg attraction, CCL20 and
CXCL12 (Fig. 1A; data not shown), suggesting that CCL22 is the
major DC-associated chemokine responsible for their ability to
attract and interact with Tregs.
Stability of the elevated CCL22 production by PGE2-exposed
DC. Consistent with the preferential activation of the Treg system
at later stages of immune responses, the PGE2-induced CCL22
secretion was undetectable until 24 h after DC stimulation but
continued to accumulate throughout the following period (Fig. 3A).
Moreover, PGE2-matured DC continued to produce high levels of
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CCL22 for 48 h after the removal of PGE2 from the cultures
(Fig. 3B). In contrast, the IFNa-induced production of CXCL10 was
evident within 6 h of DC activation (Fig. 3A), but its continued
secondary secretion after the withdrawal of IFNa required
restimulation with CD40L (Fig. 3B), the interaction with CD40Lexpressing CD4+ Th cells (data not shown), or additional Toll-like
receptor–mediated activation during maturation (see below).
Importantly, the differences in the abilities to produce these Teffattracting versus Treg-attracting chemokines encoded during the
DC maturation by IFNa and PGE2 were fully reproduced after
subsequent CD40L stimulation in the absence of the original
modulating factors. These data indicate that in analogy to the
previously identified ability of maturing DC to ‘‘memorize’’ the
conditions of their maturation and translate these signals into
different levels of production of IL-12 and different ability to induce
the functionally different T-cell responses (14), inflammatory
factors may also prime DC for preferential interaction with
functionally distinct T-cell subsets after leaving the peripheral
tissues and migrating to the draining lymph nodes.
Preferential recruitment of FOXP3+ Treg cells by PGE2exposed DC: key role of CCL22. Because DC matured in the
presence of PGE2 or IFNa had different abilities to produce the
chemokines previously implicated in the preferential attraction of
the regulatory versus Teff cells, we tested their ability to recruit
FOXP3+ T cells, as opposed to other CD4+ T-cell subsets. Although
the overall numbers of freshly isolated peripheral blood CD4+ T cells

migrating in response to recombinant CCL22 were f2-fold lower
compared with the migration to CXCL10 (or to CXCL11, used as an
alternative CXCR3 ligand), the CCL22-responsive population of
CD4+ T cells was enriched in FOXP3+ cells (and CTLA4+cells), as
shown by Taqman analysis and intracellular staining (Fig. 4A;
Supplementary Figs. S2–S3), consistent with previous reports
showing high activity of CCL22 in the recruitment of Treg cells (3, 5).
In accordance with the differences in CCL22 production between
the differentially matured DC (Figs. 1–3) and our observations
that CCL22 represents the main DC-produced Treg-attracting
chemokine (Fig. 1), the recruitment of FOXP3-expressing cells was
a selective property of the PGE2-matured DC (Fig. 4B). Similar
differences in Treg-attracting activity patterns were observed using
not only the supernatants from the DCs undergoing maturation
in the presence of PGE2 versus IFNa (Fig. 4B) but also the
supernatants from the differentially matured DCs that were
removed from these different environments and recultured for
additional 24 h in the absence of any additional stimuli or
modulators (Fig. 4C).
The recruitment of FOXP3+ cells was completely abrogated in
the presence of CCR4 blocking antibody (Fig. 4C) or by the
disruption of CCL22 gradient using excess CCL22 (data not shown).
Because human DCs produce CCL22 but not an alternative CCR4
ligand, CCL17 (Fig. 1A), these data indicate that CCR4-CCL22
interaction, but not other chemokine systems similarly implicated
in Treg attraction to different tissues (such as CXCL12-CXCR4 and

Figure 3. The ability of DC to produce Teff- and
Treg-attracting chemokines is imprinted during
DC maturation. A, kinetics of CXCL10 and CCL22
protein secretion by DC maturing in the presence
of IFNa (n) or PGE2 (E). TNFa was added
to both types of cultures. Figure represents
combined data from two experiments that
yielded similar results. The difference in CCL22
production between IFNa-treated and
PGE2-treated DC was significant at 24 h
(P < 0.05) and 48 h (P < 0.01) of stimulation.
B, stability of the maturation-induced chemokine
profiles in DC matured with either IFNa or
PGE2 in the presence of TNFa. Chemokine
concentrations in the supernatants from the DC
maturation cultures (top ) and in the 48-h cultures
of the DC harvested, washed, and replated in
the absence (middle ) or presence (bottom ) of
CD40L. In all three situations, the IFNa- versus
PGE2-treated DC showed significant differences
in CCL22 production (P < 0.01, 0.05, and
0.01, respectively). *, below 0.05 ng/mL.
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expand their FOXP3+ Treg cell population (20). In accordance with
the possibility that PGE2 used in the process of their generation
may preferentially promote the interaction of the vaccine-carrying
sDC with Tregs, we observed that sDCs showed high production
of Treg-attracting CCL22 (rather than Teff-attracting chemokines;
Fig. 5A and B) and were highly effective in selectively attracting
CD4+FOXP3+ T cells from freshly isolated bulk population of
CD4+ T cells (Fig. 5C). In contrast, alternatively matured type
1–polarized DC (aDC1) obtained in the presence of IL-1h, TNFa,

Figure 4. PGE2 imprints a stable Treg-attracting function in maturing DC: key
role of CCR4 in the ability of DC to attract FOXP3+ T cells. Purified CD4+ T cells
were loaded into the upper chamber of the Transwells and allowed to migrate
toward recombinant CCR4 or CXCR3 ligands or the supernatants of IFNa- or
PGE2-treated DC. The migrated CD4+ T cells from the bottom chambers were
pooled (eight wells per group, with higher numbers needed for the intracellular
staining experiments) and analyzed by Taqman for the presence of FOXP3+
cells. A, Taqman analysis of CD4+ T cells migrated in response to rhuCCL22 or
to CXCL10 (see Supplementary Fig. S2 for the intracellular expression of FOXP3
protein in the individual CD4+ T cells). Similar data were obtained in two
additional experiments. B, Taqman analysis of the CD4+ T cells migrated in
response to the factors released during the TNFa-driven maturation of DC
exposed to IFNa or PGE2. Insets, frequencies of FOXP3+ T cells in the CD4+
T-cell populations recruited by IFNa- or PGE2-treated DC supernatants. Similar
data were obtained in three additional experiments. C, CD4+ T cells migrating
in response to the supernatants from harvested and reseeded DC after
maturation. *, all mRNA data are normalized for HPRT1. **, the CD4+ T cells
were pretreated with CCR4 blocking antibody before addition to the upper
chambers of the chemotaxis plate. Similar data were obtained using excess
CCL22 to abrogate the CCL22 gradient.

CCL20-CCR6; refs. 3–8, 30), is responsible for the elevated ability of
PGE2-matured DC to attract FOXP3+ T cells.
Elevated Treg-attracting activity of the clinical-grade DC
preparations generated in the presence of PGE2. It has been
recently shown that the vaccination of cancer patients with sDC
matured in the presence of IL-1h, TNFa, IL-6, and PGE2 (35) can

Cancer Res 2008; 68: (14). July 15, 2008

Figure 5. Different clinically applied DC types display strong differences in the
ability to attract FOXP3+ T cells. A, sDC (n) generated in the presence of IL-1h,
TNFa, IL6, and PGE2 (35) and aDC1s (5) matured in the presence of IL-1h,
TNFa, IFNa, IFNg, and polyI:C (36) were tested for the expression of Teff- or
Treg-attracting chemokine genes (left ; also see Supplementary Fig. S5) and the
secretion of the relevant chemokines (right ; P < 0.05). Representative data from
over 10 donors. B, stability of the chemokine production pattern in different types
of clinically applied DC. Chemokine contents in the supernatants from DC
maturation cultures (top ) and in the 48-h cultures of the harvested, washed, and
replated DC in the absence (middle ) or presence (bottom ) of CD40L. aDC1 and
sDC showed significant differences in CCL22 production in all stages tested
(P < 0.01). *, below 0.05 ng/mL. Similar data were obtained in two to four
additional experiments. C, Taqman analysis of freshly isolated purified CD4+
T cells (before migration) and of the CD4+ T cells migrated in response to medium
(negative control, spontaneous migration only), aDC1, or sDC supernatants.
Data from one of five experiments that all yielded similar results. Inset,
frequencies of FOXP3+ T cells in the CD4+ T-cell populations recruited by the
supernatants from aDC1s or sDCs were determined by flow cytometry.
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IFNg, IFNa, and polyI:C (36) showed strongly reduced production
of CCL22 (Fig. 5A and B). Accordingly, although aDC1s were more
effective than sDCs in attracting high numbers of CD4+ T cells
(Supplementary Fig. S2B), in contrast to sDCs, they did not
preferentially recruit FOXP3+ T cells from the total population of
CD4+ T cells (Fig. 5C, inset).
Interestingly, in contrast to the DC matured in the presence of
TNFa plus IFNa alone that stopped the production of CXCL10
directly after removal of these factors (Fig. 3), aDC1 produced the
Teff-attracting chemokines for a prolonged time period, with
CXCL10 being detectable in the supernatants of the cells removed
from the original maturation cocktail even in the absence of CD40L
stimulation (Fig. 5B, middle).

Discussion
The current data indicate that the character of the inflammatory
environment can affect the balance between Teff and Treg cell
activation by instructing the maturing DC to adopt a stable
propensity to interact with each of these T-cell types. Our results
show that in analogy to the previously identified ability of maturing
DC to memorize the conditions of their maturation and translate
them into different ability to induce the functionally different T-cell
responses (14, 36, 37), maturing DC can also be primed for
preferential interaction with the functionally different T-cell
subsets.
Although numerous chemokines, including CCL20, CCL22, and
CXCL12, respectively, signaling via CCR20, CCR4, and CXCR4, are
known to preferentially attract Treg to different tissues (refs. 3–8,
30 reviewed in ref. 38), our data show that the ability of human DC
to attract FOXP3+ Treg cells is strictly CCR4 dependent (Fig. 4C),
implicating the key role of CCL22, the only DC-produced CCR4
ligand (see Fig. 1A).
Furthermore, our data indicate that PGE2, including the
endogenously produced PGE2 (Fig. 2A) and the PGE2 produced
by tumor tissues (Supplementary Fig. S4), is a potent inducer of the
Treg-attracting propensity of human DCs. In contrast to this
common mediator of chronic inflammation (21), IFNa, a factor
produced at the early stages of intracellular infections and known
to promote the production of Teff-attracting chemokines (26–28),
proved to be a potent antagonist of Treg-attracting DC function.
Although similar CCL22-antagonistic function has been reported in
the case of IFNg (22), the factor produced by NK and T cells, the
current data indicate that the suppression of Treg recruitment can
be also driven by the factors released from directly infected stromal
cells at the earliest stages of acute infection, facilitating the early
induction of the pathogen-specific immunity.
Interestingly, the IFNa-induced production of CXCL10 (and
other CXCR3 ligands; data not shown) was evident within 6 h of DC
activation and was terminated following the elimination of the
IFNa signal. In contrast, CCL22 induction occurred with substan-
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tial delay and was produced at high concentrations over prolonged
period of time. This particular kinetics of the PGE2-induced
production of CCL22 and the resulting Treg attraction is consistent
with the role of PGE2 in preserving tissue homeostasis and limiting
the duration of the inflammatory type responses.
The ability of PGE2 to prime DC for elevated attraction of Treg
cells adds to the previously postulated ability of this agent to
promote the de novo induction of Treg cells (9–11), as well as to its
previously defined ability to suppress the functions of Th1-type
cells (39–42), and to promote the recruitment of Th2 cells (22–24).
Although the ability of PGE2 to promote the attraction of Tregs is
likely to be advantageous in limiting the duration of physiologic
immune responses and the associated tissue damage, it is also
likely to contribute to the limited effectiveness of responses against
PGE2-overproducing cancers (43–46), able to imprint high CCL22producing function in DC (Supplementary Fig. S4).
Importantly, the PGE2-induced Treg-attracting phenotype persisted in DC even after the removal of PGE2, with the second wave
of the CCL22 production being further elevated after the secondary
stimulation of the PGE2-exposed DC with CD40L. Similarly, the
elevated production of CXCL10 by IFNa-matured DC could also be
observed following CD40L-mediated restimulation of DCs in the
absence of IFNa. This ability of DC to memorize the conditions of
their maturation, reflecting them in their subsequent chemokine
production, is likely to have implications for the therapeutic use of
DC to preferentially activate different T-cell subsets. Although
PGE2-matured DCs have been shown to expand the numbers of
FOXP3+ Treg cells in cancer patients (20), it remains to be seen
whether such undesirable effects can be reduced in the clinical
trials involving aDC1s or other DC types obtained in the absence
of PGE2.
In summary, the current data show that the inflammatory
factors present during DC maturation imprint the differential
ability of mature DC to interact with distinct T-cell subsets. Our
data help to explain the hyperactivation of the Treg system in the
setting of chronic infections and cancer and facilitate the design
of the immunotherapies aimed at the selective activation of the
inflammatory versus regulatory type of immune cells.
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