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Parasite-lnduced Th2 Polarization Is Associated with
Down-Regulated Dendritic Cell Responsiveness to Thl Stimuli
and a Transient Delay in T Lymphocyte Cycling

Dragana Jankovic,® Marika C. Kullberg, Patricia Caspar, and Alan Sher

The nature of the signals that bias Th effector choice is still not completely understood. Using parasite extracts from pathogens
known to induce polarized Thl or Th2 responses and an in vitro experimental model for priming murine CD4* cells, we
demonstrated that splenic dendritic cells (DC), but not B cells, promote Th1/Th2 differentiation of naive CD4* lymphocytes. Th
polarization in this system was found not to depend on DC secretion of the polarizing cytokines 1L -12/IL -4, but instead correlated
with distinct states of DC activation induced by the different parasite preparations. As expected, conditioning of DC for Thl
development was associated with up-regulation of costimulatory molecules and enhanced chemokine production and required
intact MyD88 signaling. In contrast, conditioning of DC for Th2 differentiation correlated with down-regulation of many of the
same functions and was MyD88 independent. This dampened DC activation was accompanied in the cocultures by a reduction in
the frequency of CD4™ lymphocytes exiting the first division of the cell cycle. When the latter was mimicked by drug-induced
arrest of peptide-primed CD4" cells after the S phase of the first cycle, a marked Th2 polarization was also observed. Together,
these findings suggest that the emergence of | L-4-producing CD4* lymphocytes results from a suppression in DC function leading

to a temporary delay in initial T cell cycling. The Journal of Immunology, 2004, 173: 2419-2427.

Thl and Th2 phenotypes is a well-studied, but incom-
pletely understood aspect of the immune response. Al-
though Th cell differentiation is clearly influenced by a diverse
set of immunological factors, it is currently thought that signals
provided by appropriately stimulated APCs, and in particular
dendritic cells (DC),? are a major determinant underlying this
form of effector choice. Although TCR cross-linking and en-
gagement of costimulatory molecules are necessary for activa-
tion of CD4" lymphocytes, these two events do not appear in
themselves to explain Th1/Th2 commitment. Evidence for a
third signal responsible for Th differentiation came initially
from studies demonstrating that certain infectious agents trigger
highly polarized Thl- or Th2-type responses (1-3). In this
work, pathogen-stimulated APC were shown to promote Thl
development by means of a mechanism requiring IL-12, which
by interacting with IL-12R activates STAT4 signaling in the
responding CD4 cells (4—8). DC were shown to be a major
source of the IL-12 driving Thl polarization (4, 9). Neverthe-
less, recent studies have argued for the existence of additional,
IL-12-independent pathways for Thl effector choice (10-14).
Although the three-signal hypothesis predicts the existence of
an aternative stimulus analogous to I1L-12 for Th2 differentiation,
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the nature of the APC-derived signal involved has been difficult to
define. While IL-4 clearly promotes Th2 development by an
IL-4R/STAT6-dependent mechanism (15-17), there is consider-
able debate as to whether pathogen-primed APC produce the
cytokine. Moreover, evidence from multiple studies indicates that
limited, but highly significant Th2 polarization can occur in the
absence of IL-4R/STAT6 signaling (18-21). Based on the evi-
dence that IL-12-induced IFN-vy prevents the development of Th2
cells and that 1L-12 is minimally produced in response to Th2
stimuli, adefault model was proposed to explain Th2 development
(22). According to this hypothesis, Thl or Th2 effector choice is
determined by the presence or the absence of only a third signal,
that required for Thl priming, with IL-12 being the major
candidate.

Although the default model successfully explains severa key
aspects of Th2 differentiation, it fails to account for a number of
additional features of this process. First, there is now strong evi-
dence that DC primed with Th2 stimuli (e.g., schistosome egg Ag
(SEA)) can promote Th2 development both in vitro and in vivo
(23-26). Additionally, recent studies conclusively demonstrate
that in the absence of the Thl-polarizing signal 1L-12, no default
to a Th2 response occurs following stimulation with Thl-inducing
pathogens (12-14, 27, 28). Interestingly, however, mice deficient
in the TLR adapter molecule MyD88 do revert to a Th2 response
after repeated exposure to Th1l microbial stimuli (14), asdo T cells
stimulated in vitro with LPS-primed MyD88-deficient DC (29),
suggesting a different default pathway distinct from that postul ated
to involve IL-12.

Asalready introduced above, alikely source of the putative third
signal involved in Th effector choice is the Ag-primed DC. One
hypothesis, which has been considered heavily in the past, is that
activation of different subsets of DC leads to differential Th1/Th2
commitment (30—32). Nevertheless, more recent data argue that a
requirement for different subsets is not absolute and that their in-
fluence can be overridden by appropriate external signals that are
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not subset specific (33-35). This process whereby microbial prim-
ing leads to DC with different Th1/Th2 polarizing potential has
been termed conditioning.

To more directly define the mechanisms by which pathogen-
conditioned DC prime Thl vs Th2 responses and in particular to
distinguish between the three signal (36) and default models of Th
polarization (22), we used an in vitro system using highly purified
CD11c* DC as APC and naive transgenic (Tg) CD4™" lympho-
cytes specific for an unrelated Ag (OVA) as the responding cell
population. Although similar to the in vitro model using human
cells described by de Jong et al. (23), this protocol differsin the use
of in vivo derived splenic DC and a monoclonal T cell readout.
Using this system, we demonstrate that Th2 conditioning by a
helminth extract manifests as an actual suppression of DC func-
tion, an effect revealed in cultures simultaneously exposed to aThl
parasite stimuli. Moreover, we demonstrate that this down-regu-
lation is associated with a subsequent delay in CD4™ T cell cycling
and the emergence of 1L-4-producing cells. Together, these results
suggest @ model in which Th/Th2 induction by pathogens de-
pends on stimulatory vs inhibitory signals delivered to DC, which
in turn regulate the cytokine secretion capacity of newly primed T
lymphocytes through cell cycle regulation.

Materials and M ethods
Animals

C57BL/6 and BALB/c wild-type (WT) mice were obtained from the Di-
vision of Cancer Treatment, National Cancer Institute (Frederick, MD).
BALB/c IL-4~/~ (37), BALB/c DO.11.10 TCR Tg animals on the RAG-
2"~ background (38), and MyD88 '~ mice (39) backcrossed for four to
five generations onto the C57BL/6 background were maintained at an
American Association of Laboratory Animal Care accredited facility at the
National Institute of Allergy and Infectious Diseases (Bethesda, MD).
OT-Il TCR Tg C57BL/6 animals (40) and I1L-12~/~ mice (41) backcrossed
for five generations onto the BALB/c background were provided by the
National Institute of Allergy and Infectious Diseases Animal Supply Con-
tract at Taconic Farms (Germantown, NY).

Female mice were used for the purification of splenic DC and B cells,
while either males or females were used as Tg CD4* cell donors. Eight- to
12-wk-old animals were used in all experiments.

Parasite extract preparations

Soluble tachyzoite Ag (STAQ) was prepared from sonicated Toxoplasma
gondii tachyzoites, as described (42). SEA was obtained from eggs of
Schistosoma mansoni, according to a standard procedure (43).

Cell preparation and flow cytometric sorting

Spleen cell suspensions were prepared after Liberase (Roche, Indianapalis,
IN) digestion and lysis of RBC by osmotic treatment. DC and B cells were
purified as single-stained populations from total splenocytes stained with
PE anti-CD11c and FITC anti-B220 mAb (BD Pharmingen, San Diego,
CA) using a FACStar sorter (BD Biosystems, San Jose, CA). The purity of
CD11* DC and B220" B cellswas 97.9 = 1.8% and >99%, respectively.

DO0.11.10 TCR Tg CD4" lymphocytes were positively sorted (>99%
purity) from spleen cell suspensions after staining with Cy anti-CD4, FITC
anti-CD11c, and FITC anti-DX5 mAb (BD Pharmingen). Similar results
were obtained when DO.11.10 T cells were sorted using clonotypic KJ1.26
mADb (data not shown). OT-Il TCR Tg CD4" lymphocytes were purified
(>99%) by cell sorting as a CD4+CD62L"9" cell population from total
splenocytes stained with Cy anti-CD4 and FITC anti-CD62L (BD
Pharmingen).

Cdll culture conditions

CD4* lymphocytes (5 X 10°/ml) were incubated with DC or B cells (2.5 X
10°%/ml) in RPMI 1640 complete medium (19) in the presence or absence
of 1 uM OVAg,3 539 iN 0.2 ml vol in round-bottom 96-well plates. When
indicated, riL-12 (10 ng/ml), rIL-4 (10 ng/ml), STAg (5 ng/ml), SEA (20
ng/ml), or STAg plus SEA (at the same concentrations as when tested
individually) was added to the wells. After 72-h culture, supernatants were
replaced with fresh medium containing 10 U/ml rIL-2, and after an addi-
tional 2-3 days, intracellular cytokine staining was performed as described
below. In some experiments, DC were preincubated in medium aone or
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with SEA (50 wg/ml) before addition to wells containing CD4" cells and
peptide with or without STAg or SEA. Progression of the cell cycle of
DO0.11.10 Tg cellswasinhibited by addition of 200 nM paclitaxel (Valeant
Pharmaceuticals, Costa Mesa, CA) (44).

In some experiments, DO.11.10 Tg CD4" cells (1 X 10%ml) were stim-
ulated with plate-bound anti-CD3 mAb (10 wg/ml) (clone 145-2C11; BD
Pharmingen) in the presence of soluble anti-CD28 mAb (1 wg/ml) (clone
37.51; BD Pharmingen). On day 3 culture supernatants were collected and
CD4" lymphocytes were transferred to new wells with fresh medium con-
taining I1L-2 (10 U/ml) and cultured for an additional 2-3 days before
intracellular cytokine staining.

Cell labeling

FACS-purified DO.11.10 Tg CD4* lymphocytes (1 X 107 cells/ml) were
incubated in serum-free RPMI 1640 medium containing CFSE (2.5 uM;
Molecular Probes, Eugene, OR) for 8 min in the dark at room temperature,
followed by incubation for 1 min with 2 ml of FCS. Cells were then washed
three times with complete medium, counted, and plated (10° cells'well)
together with DC or B célls.

Measurement of cell surface marker expression

For the expression of surface markers and chemokine secretion, DC (10°
cells/well) were cultured under the same conditions as described above in
the presence or absence of STAg and/or SEA, but without CD4™ lympho-
cytes and OVA peptide. After 18-h culture, supernatants were collected,
and DC were incubated with anti-CD16/32 mAb and then stained with PE
anti-CD11c and FITC anti-CD40, FITC anti-CD80, or FITC anti-CD86
(BD Pharmingen) mAb for 15 min at 4°C. Flow cytometric analysis was
performed using a FACScan (BD Biosystems).

Intracellular cytokine staining

Analysis of intracellular cytokine expression was performed, as described
(19). Briefly, on day 3 of culture (before adding IL-2) or on day 5-6 (after
expansion in IL-2), cells were stimulated with PMA (10 ng/ml; Sigma-
Aldrich, St. Louis, MO) and ionomycin (1 wg/ml; Sigma-Aldrich) for 4.5 h
with addition of brefeldin A (10 ng/ml; Sigma-Aldrich) during thelast 2 h.
Intracellular staining was then conducted, as described previously (19), and
cell fluorescence was measured using a FACScan (BD Biosystems). Data
were analyzed using CellQuest software.

Cytokine and chemokine ELISA

Production of IL-4 was assayed in 72-h supernatants from cultures con-
taining CD4" cells, peptide, and DC with or without parasite extracts using
an ELISA kit from Pierce (Woburn, MA). MIP-1a and MIP-13 secreted by
STAg- and/or SEA-conditioned DC were measured in 18-h supernatants by
ELISA (R&D Systems, Minneapolis, MN). The limits of detection were:
IL-4 = 62 pg/ml, MIP-1a = 4.7 pg/ml, and MIP-18 = 7.8 pg/ml. The
statistical significance of differences in amounts of cytokines secreted was
evaluated using Student’s two-tailed t test.

Results
Exposure of DC to parasite extracts results in induction of
polarized Th responses to an unrelated Ag

During T. gondii or S. mansoni infection (45, 46) or after priming
with corresponding soluble extract (STAg or SEA) in the absence
of any adjuvant (14), parasite-specific CD4™ T cellsdisplay highly
polarized Thl or Th2 cytokine profiles, respectively. To determine
whether STAg and SEA are able to promote the development of
Thl and Th2 cellsindependently of direct TCR triggering, we used
an in vitro model system in which FACS-sorted splenic CD11c*
B220~ DC are cocultured with naive CD4" T cells from TCR Tg
D0.11.10 X RAG2 knockout (KO) mice together with an optimal
concentration of the nominal OVA 5,5 554 peptide. In the absence
of conditioning by parasite extracts, DO.11.10 T cells proliferate
extensively, but only a fraction (10-20%) of them acquires the
capacity to produce lymphokines as measured by intracellular cy-
tokine staining (Fig. 1). Addition of STAg or SEA to these cultures
triggers the development of either IFN-y- or IL-4-producing
DO.11.10 CD4™ cells, respectively, while at the same time inhib-
iting the generation of the opposing subset. In the case of SEA, the
observed parasite extract-induced polarization was equivaent to
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FIGURE 1. Parasite extracts promote Th polarization of DO.11.10 Tg
CD4" T cells. Naive DO.11.10 Tg CD4 " lymphocytes were cultured with
FACS-purified splenic CD11c* B220™ DC and OV A 3,5 3,0 Peptide in the
presence or absence of STAg, SEA, rIL-12, or rIL-4 for 3 days. Culture
supernatants were next removed, and the cells were expanded in IL-2-
containing medium for an additional 3-day period. Each culture was then
stimulated with PMA/ionomycin in the presence of brefeldin A, followed
by three-color staining for CD4, IL-4, and IFN-y. The FACS dot plots
shown are gated on CD4 ™" cells and are representative of >15 experiments

performed.

that resulting from addition of the Th2-differentiative cytokine
IL-4. In the presence of STAgQ, the degree of polarization was
somewhat lower than that induced by the corresponding Th1-dif-
ferentiative cytokine IL-12. STAg and SEA maintained their Thl-
vs Th2-polarizing effects over a wide (100-fold) range of doses
tested (data not shown).

Th polarization by parasite extracts depends on the presence of
conditioned DC

Although we used OV A-specific DO.11.10 cells as the readout in
our assay, it was dtill possible that the polarizing influence of
STAg and SEA results from an Ag-nonspecific effect on CD4" T
cells rather than on DC. To test this hypothesis, we analyzed the
phenotype of DO.11.10 cells stimulated with anti-CD3 plus anti-
CD28 mAb in the presence of STAg or SEA, but in the absence of
APC. Asshown in Fig. 2A, addition of either parasite extract failed
to ater the Thl phenotype observed when CD4™" cells are acti-
vated by this APC-independent mechanism.

To address whether DC are specifically required for both Thl
and Th2 parasite-induced polarization, we compared the ability of
highly purified DC and B cells to mediate these effects. In this
experiment, we used CFSE-labeled DO.11.10 cells to simulta-
neously assess induction of T cell proliferation when peptide is
presented by either APC population. Both DC and B cells stimu-
lated comparable proliferative responses visualized by CFSE di-
lution on day 3 of culture, and the response observed was not
altered by the addition of either parasite extract (Fig. 2B). In con-
trast, there was amagjor difference in the capacity of DC and B cells
to promote Thl vs Th2 differentiation, with DC, but not B cells
mediating polarization (Fig. 2B). Interestingly, in this experiment,
IFN-vy- or IL-4-producing cells were evident as early as the third
division following stimulation.

The contribution of DC to Th2 polarization was further dis-
sected in experiments in which DC preincubated in medium alone
or with SEA were tested for their ability to induce Th2 polarization
in subsequent DO.11.10 CD4 cell cultures containing peptide only.
As shown in Fig. 3A, DC exposed to SEA for 10, but not 5, h
successfully triggered Th2 commitment. DC preincubated with
STAg were likewise able to promote Th1 polarization, although in
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FIGURE 2. The Th-polarizing effects of STAg and SEA depend on the
presence of DC, but not B cells. A, Naive DO.11.10 Tg CD4* cells were
stimulated by plate-bound anti-CD3 and soluble anti-CD28 mAb with or
without STAg or SEA. On day 3, culture supernatants were removed and
the lymphocytes were transferred to uncoated wells and cultured in IL-2-
containing medium for an additional 3 days, followed by PMA/ionomycin
stimulation and staining for CD4, IL-4, and IFN-vy. The FACS dot plots
shown are gated on CD4 ™" cells. Results are representative of three separate
experiments. B, CFSE-labeled DO.11.10 cells were cultured with FACS-
purified splenic CD11c* B220° DC or CD1lc™ B220" B cells and
OV A 4,3 356 peptide in the presence or absence of STAg or SEA. On day
3, culture supernatants were removed and cells were immediately stimu-
lated with PMA/ionomycin in the presence of brefeldin A, followed by
staining for CD4 and IFN-y or IL-4. The FACS dot plots shown are gated
on CD4™ cells and show the extent of proliferation of DO.11.10 cells as
well as the frequency of IFN-y* or IL-4" cells for each culture condition.
The CFSE intensity of cells cultured in medium alone, corresponding to
undivided cells, is indicated by the asterisk in the top left dot plot. The
findings shown were confirmed in a second repeat experiment.

that case 5 h were sufficient to achieve maximal conditioning (data
not shown).

Th2 polarization by SEA-conditioned DC is not due to DC
exhaustion

To exclude the possibility that the Th2-inducing capacity of SEA-
pretreated DC is the result of the development of a nonresponsive
state (DC exhaustion (47)), we tested the capacity of such DC to
induce Th1l polarization following subsequent exposure to STAQ.
Importantly, in the presence of STAg, SEA-preconditioned DC
induced only a slightly lower frequency of IFN-y* CD4* T cells
compared with control DC preincubated in medium alone (Fig.
3B). The above results indicate that the DC that polarize toward
Th2 in this system remain functional in terms of their ability to
respond to Thl-inducing stimuli, and therefore are not exhausted.
In the same type of experiments, addition of SEA was able to
reverse the Thl-polarizing effect of STAg-preincubated DC (data
not shown). The competence of DC to respond adequately to op-
posing stimuli in a sequential order might be an important feature
of DC that provides the basis for their plasticity.
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FIGURE 3. DC preincubated with SEA promote Th2 polarization.
DO.11.10 Tg CD4™" cells were stimulated with OVA 555 5,9 peptide pre-
sented on DC preincubated in medium aone or with SEA for 5 or 10 h (A)
or for 12 h (B) added alone (A) or in the presence or absence of STAg or
SEA (B). On day 3, culture supernatants were removed and the cells were
expanded in |L-2-containing medium for an additional 3 days, followed by
staining for CD4, IL-4, and IFN-vy. The FACS dot plots shown are gated on
CD4" cells. Similar results were obtained in a repeat experiment.

Polarization does not depend on DC production of either 1L-4
or IL-12

To determine whether the opposing effects of SEA/STAQ are the
result of their ability to selectively induce secretion of the polar-
izing cytokines IL-12/1L-4 by DC, we compared the Th phenotype
of DO.11.10 CD4" cells activated by WT DC and DC from IL-4
KO or IL-12 KO animals conditioned by each parasite extract. As
shown in Fig. 4, IL-4-deficient DC exposed to SEA were unim-
paired in their ability to drive Th2 polarization measured by either
intracellular cytokine staining (Fig. 4A) or the level of 1L-4 found
in the culture supernatants (Fig. 4B). Similarly, STAg-primed DC
from IL-12 KO mice effectively induced Thl differentiation, al-
though the frequency of IFN-y™ cells was decreased relative to
cultures stimulated with WT DC (Fig. 4C). In each case, the ab-
sence of I1L-4/IL-12 failed to result in a compensatory increase in
CD4™" cells with the opposing phenotype (i.e., IFN-y or IL-4,
respectively).

Essential role for MyD88 in Thl, but not Th2 priming by DC

We have recently shown that MyD88 expression is required for the
in vivo development of STAg-specific Thl responses following
multiple priming with this parasite extract, while generation of
SEA-specific Th2 responses occurs independently of MyD88
signaling (14). To analyze the influence of MyD88 on parasite
extract-induced conditioning of DC for Th1/Th2 responses, we
compared the ability of sort-purified DC from WT and MyD88-
deficient mice to prime OVA-specific CD4* lymphocytes for in
vitro IFN-y and IL-4 production in the presence of either STAg
or SEA.

Because the MyD88 KO mice are on an H-2° background, we
used OT-Il TgCD4™ T cells that recognize the same OV A peptide
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FIGURE 4. Th polarization by SEA and STAg does not require DC
production of IL-4 and IL-12, respectively. Paralel cultures of DO.11.10
CD4" lymphocytes were performed with peptide and DC isolated either
from WT and IL-4 KO (A) or WT and IL-12 KO (C) animals. The parasite
extracts added as polarization stimuli are indicated. Intracellular cytokine
staining was performed as in Fig. 1. The FACS dot plots shown are gated
on CD4™ cells and are representative of three experiments performed for
each set of DC. B, IL-4 was measured in supernatants collected at 72 h
from cultures containing CD4™" cells, peptide, and WT or IL-4 KO DC
shown in A. The bars represent the mean value = SD.

as DO.11.10 Tg T cells, but in the context of 1-AP (40). In the
presence of WT DC, addition of STAg or SEA promoted the de-
velopment of IFN-+y- or IL-4-producing OT-11 CD4" lymphocyte,
respectively (Fig. 5A), confirming that polarization by these ex-
tracts is not qualitatively dependent on MHC. Nevertheless, the
extent of Th2 polarization by SEA was lower inthe B6 vs BALB/c
background setting (compare the frequency of IL-4™ cellsin Figs.
1 and 5A).

When MyD88 KO DC were substituted for WT DC, the Th2-
polarizing activity of SEA was unaltered over awide range of SEA
concentrations (Fig. 5, A and B), while the ability of STAg to
promote the differentiation of IFN-y* OT-II T cells was com-
pletely lost (Fig. 5A). Unexpectedly, in the latter cultures, despite
the presence of a lymphoproliferative response, there was no in-
crease in the frequency of IL-4-producing cells, as previously ob-
served in in vivo experiments involving Thl stimulation (14). To-
gether, these findings indicate that MyD88 is critical for STAg-
induced Th1 polarization by DC, but fails to regulate Th2 priming
stimulated by SEA-exposed DC.

Recent studies have suggested a role for TLR4 in the induction
of Th2 differentiation by lacto-N-fucopentaose 111 carbohydrates
present in SEA (48). Because this TLR can signal through alter-
native pathways not involving MyD88, it remained possible that
the MyD88-independent Th2 induction by SEA-primed DC results
from TLR4 triggering. Nevertheless, when tested in the in vitro
assay used in the analysis of MyD88 function, SEA-treated TLR4
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FIGURE 5. Differential requirement for MyD88 in STAg- vs SEA-in-
duced Th polarization. A, OT-1I Tg CD4" lymphocytes were cultured with
FACS-purified splenic CD11c™ B220~ DC from WT or MyD88 KO mice
and OVA,5 5,9 peptide in the presence or absence of STAg (5 ng/ml),
SEA (20 pg/ml), rIL-12, or rlL-4 for 3 days, followed by 3-day expansion
in IL-2-containing medium. Cells were then stimulated with PMA/iono-
mycin in the presence of brefeldin A, and three-color staining for CD4,
IL-4, and IFN-y was performed. The graph shows the percentage of IL-4*
and IFN-y* CD4" cells above the background levels observed in cultures
with peptide alone. The bars represent the mean value = SD of data ob-
tained from two experiments performed. B, OT-Il Tg CD4" lymphocytes
were cultured with splenic DC from WT or MyD88 KO mice, as described
in A, but with varying concentrations of SEA. The graph shows the per-
centage of IL-4* CD4* cells above the background levels observed in
cultures with peptide alone.

KO DC induced significant priming of IL-4" OT-Il cells (8 vs 1%
with peptide alone) comparable to that observed with WT DC.
Moreover, in parallel experiments, TLR4-deficient and WT mice
developed equivalent splenic Th2 cytokine responses (IL-4, IL-5,
IL-10, IL-13) following in vivo priming with SEA (data not
shown).

Effect of simultaneous exposure to STAg and SEA on Th
development vs DC function

To better understand the opposing effects of STAg- and SEA-con-
ditioned DC on Th development, we analyzed the phenotype of
DO0.11.10 Tg CD4™ cells in cultures in which both parasite ex-
tracts were added simultaneously. Under these conditions, only
IFN-y-producing cells were generated (Fig. 4C). A dominant effect
of STAQ vs SEA was observed when either WT or IL-12-deficient
DC were used to present OV A peptide, consistent with the finding
that polarization by STAg alone does not require IL-12. As ex-
pected, when WT DC were replaced with MyD88 KO DC, the Thl
skewing induced by STAg plus SEA was completely abolished,
while the frequency of IL-4" cells was similar to that induced by
MyD88 KO DC conditioned with SEA aone (Fig. 5A).
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To understand why in the case of WT DC the Th2-promoting
effect of SEA islost in the presence of STAg, we next examined
the influence of the two extracts on DC function. FACS-sorted WT
CD11c" splenic DC were cultured in medium, STAg, SEA, or
STAQg plus SEA, and the level of costimulatory molecule expres-
sion was analyzed. DC cultured in medium alone displayed a sig-
nificant level of CD40, CD80, and CD86 (Fig. 6A). In the presence
of STAg, this basal expression wasincreased, as assessed by mean
fluorescence intensity for each marker. In contrast, addition of
SEA clearly failed to activate DC, as none of the markers were
up-regulated.

Unexpectedly, DC cultured in the presence of STAg plus SEA
had an intermediate phenotype. Expression of al three surface
markers was elevated when compared with cells cultured in the
presence of SEA alone, while the induction of CD40 and CD86
was decreased with respect to cultures exposed to STAg aone.
Interestingly, a decrease in the expression of the same two markers
was also evident when DC cultured in the presence of SEA alone
were compared with parallel cultures containing medium only
(Fig. 6A). A marked down-regulatory effect of SEA addition was
also evident when MIP-183, a chemokine previously shown to be
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FIGURE 6. Suppression of STAg-induced DC activation by SEA. The
expression of costimulatory molecules was analyzed on CD11c* B220~
DC exposed for 18 h to medium, STAg, SEA, or STAg plus SEA. A, The
FACS dot plots shown are gated on live cells and represent DC stained for
CD11c and CD40 (top row), CD80 (middle row), or CD86 (bottom row).
The numbers in the top right corner indicate the geometric mean fluores-
cence intensity for the costimulatory molecule analyzed. B, Supernatants
from the DC cultures with or without STAg, SEA, or STAg plus SEA
collected after 18 h were analyzed for the presence of MIP-« and MIP-g.
The bars represent the mean value = SD. The data shown are representa-
tive of three independent experiments performed.
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secreted by STAg-stimulated DC (49), and MIP-1« were measured
in supernatants from the same cultures (Fig. 6B). A similar degree
of suppression of MIP-1 expression was observed from CD11c*
DC preincubated with anti-CD40 mAb and when isolated CD8a™
or CD8a~ DC subpopulations were tested in this assay (data not
shown). SEA addition reduced rather than increased the expression
of the apoptotic marker CD95 on STAg-exposed DC, and it had no
effect on STAg-induced 1L-12 (data not shown), arguing that the
observed suppression by the helminth extract is not the result of
increased cell death or selective loss of CD8a™ DC, respectively.
Of note, despite their down-regulated state of activation, DC iso-
lated from WT or IL-12 KO mice and conditioned with STAg in
the presence of SEA display the ability to polarize CD4™" cells
toward Thl phenotype (Fig. 4C).

SEA-conditioned DC induce a transient block in the first cell
cycle of Ag-driven T cell proliferation

The observation that SEA down-regulates certain DC functions
was unexpected because the degree of CD4" T cell stimulation,
measured by proliferation on day 3, was similar in cultures con-
taining peptide with or without SEA or STAg (Fig. 2). We there-
fore decided to assess the effects of SEA-conditioned DC on cell
division at earlier time points. As shown in Fig. 7A, when assayed
at 36 h following the stimulation with peptide alone, ~17% of
DO.11.10 Tg T cells were found within the gate corresponding to
the population that has undergone one cell division compared with
only ~2% in cultures without peptide. Although STAg addition
resulted in amarginal increase in this percentage, addition of SEA
caused a 73% inhibition in the number of cells exiting the first
cycle compared with cultures stimulated with peptide alone. Inter-
estingly, initial cell activation as measured by size increase (Fig.
7A) and [*H]thymidine incorporation reflecting the number of cells
in S phase (data not shown) was comparable in cultures stimulated
with peptide in the presence or absence of SEA.

To explore the possibility that the observed delay in initia cell
cycling may directly promote Th2 development, we tested the ef-
fect of paclitaxel, a known inhibitor of metaphase/anaphase tran-
sition, on the phenotype of CD4* T cells emerging in cultures
containing DC and peptide alone. When added simultaneously
with the peptide, paclitaxel dramatically augmented the frequency
of IL-4-producing Tg CD4" cells while concomitantly reducing
the number of IFN-y™ cellswhen compared with parallel untreated
cultures (Fig. 7, B and C). Importantly, in cultures stimulated with
STAg, no significant influence of the drug on the frequency of Thl
cells was observed (Fig. 7C), arguing against the possibility that
paclitaxel has nonspecific effects on cell survival. Thus, consistent
with the dominant effect of STAg vs SEA on CD4" polarization
(in the absence of the drug treatment; Fig. 4C), STAg-conditioned
DC are able to override the Th2-priming effect provided by
paclitaxel.

When T cells cultured with DC and peptide alone were arrested
in the G,/M phase of thefirst cell cycle by addition of nocodazole,
an inhibitor of metaphase initiation, a similar increase in the fre-
quency of Th2 cells was observed (data not shown). In contrast,
addition of L-mimosine, which arrests cells in the late G, phase,
failed to promote Th2 development even when the drug was re-
moved after 48 h, alowing the DO.11.10 T cells to resume pro-
liferation (data not shown). Together, our results argue that I1L-4-
producing CD4* cells selectively emerge from precursors whose
progression through thefirst cell cycleisimpeded after the S phase
in the presence of DC that have not been Th1 conditioned.

DIMINISHED DC ACTIVATION ASSOCIATED WITH Th2 POLARIZATION
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FIGURE 7. Th2 priming by SEA correlateswith adelay in exit from the
first T cell division and can be mimicked by drug-induced mitotic arrest. A,
CFSE-labeled DO.11.10 Tg CD4™" cells were cultured with DC in medium
aone or in the presence of peptide with or without STAg or SEA for 36 h.
The cells were then subjected to flow cytometry for measurement of CFSE,
as described in Fig. 2B. The FACS dot plots shown are gated on CD4"
cells. The percentage of cells that have completed the first cell cycle, de-
fined by decreased CSFE staining, is indicated on each plot. Forward scat-
ter is shown on the y-axis as a parameter of cell size. The findings shown
were confirmed in a repeat experiment. B, DO.11.10 Tg CD4* lympho-
cytes were cultured with DC and peptide alone or in the presence of pac-
litaxel for 3 days. Following an additional incubation for 2 daysin IL-2-
containing medium, cells were stimulated with PMA/ionomycin in the
presence of brefeldin A, and three-color staining for CD4, IFN-v, and IL-4
was performed. The FACS dot plots shown are gated on CD4™" cells. Sim-
ilar results were obtained in two additional experiments. C, DO.11.10 Tg
CD4" lymphocytes were cultured with DC and peptide with or without
STAg in the presence or absence of paclitaxel, as described in B. The
FACS dot plots shown are gated on CD4* cells. The data shown are rep-
resentative of two independent experiments performed.

Discussion
As shown in this work, DC conditioned with T. gondii or S. man-
soni extracts promote the development of Thl or Th2 DO.11.10 Tg
CD4" cdlsin vitro following priming with nominal peptide. They
do so by augmenting the frequency of cytokine-positive cells and
function as a third signal for T cell activation. Nevertheless, as
documented in the present study, the nature of the third signals
leading to Thl vs Th2 differentiation involves distinct, opposing
effects on both the APC and responding T cells. Importantly, while
DC must receive a strong positive signal to prime for Thl devel-
opment, Th2 differentiation is associated with an actual suppres-
sion in DC responses normally induced by Thl stimuli.
Although the polarizing parasite extracts we studied induce
markedly different responses in both DC and T cells, they unex-
pectedly share a number of important functional properties. Nei-
ther STAg nor SEA exert their polarizing effect by acting directly
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on CD4™ T cells, but instead require APC and in particular DC to
promote Th differentiation. Moreover, in each case, the biasing of
Thl or Th2 development by the extracts is not dependent on the
induction of the polarizing cytokines IL-12 or IL-4 from DC. Fi-
nally, in Tg T cells stimulated with DC conditioned with either
parasite stimulus, the signature lymphokines IFN-y and IL-4 ap-
pear in differentiating cells after the third cell division. Previous
studies have suggested that Th polarization is associated with a
difference in the number of CD4 cell divisions undergone before
phenotypic determination (50, 51). Our observation that differen-
tiated Thl and Th2 effectors arise after the same number of cell
divisions argues against this as an obligatory mechanism.

Despite the above similarities, conditioning of DC by STAg vs
SEA differs in several important aspects. First, while Thl polar-
ization by STAQ requires MyD88™* DC, Th2 polarization by SEA
is MyD88 independent. This finding is in agreement with our pre-
vious studies indicating that MyD88-deficient mice develop nor-
mal Th2 responses following multiple immunization with SEA
(14). Taken together, both observations suggest that Th2 polariza-
tion by SEA does not involve triggering of the classica MyD88-
dependent pathway in DC. Inasmuch as SEA-induced Th2 differ-
entiation is maintained in the TLR4 /™ setting, it appears that Th2
development in this model does not require TLR4-dependent
MyD88-independent signaling either. Nevertheless, the develop-
ment of Th2 responses to inhaled OVA plus low dose LPS (52)
and Th2 polarization by helminth glycan (48) have both been re-
cently shown to be TLR4 dependent, suggesting that under certain
circumstances TLR signaling may promote Th2 development.

A second distinction between STAg and SEA concerns the na-
ture of the DC populations required for polarization. Thus, as pre-
viously demonstrated by MacDonald et a. (24) and independently
confirmed by us (data not shown), SEA-conditioned bone marrow-
derived DC are fully capable of inducing Th2 polarization. In con-
trast, the same cells fail to polarize toward Thl when exposed to
STAQg (J. Aliberti and D.J., unpublished data). The latter observa-
tions argue that the receptors involved in Th2 polarization by SEA
are more widely distributed among DC populations than those me-
diating STAg-induced Th1 polarization.

The key distinction between Thl and Th2 polarization high-
lighted in this study relates to the state of DC activation and sub-
sequent T cell proliferative responses triggered by different para-
site extracts. The existence of this dichotomy was previously noted
by investigators examining Th differentiation in both human and
murine in vitro systems (23, 24, 53). MacDonald and colleagues
(24) have shown that bone marrow-derived DC exposed to SEA or
Propionebacterium acnes extract, a Thl-polarizing agent, potently
stimulate Ag-specific Th2 or Thl responses in vivo as well as
polyclonal Th2 or Thl responsesin vitro. In that report, bone mar-
row DC exposed to SEA were shown to be minimally activated in
comparison with the same APC exposed to P. acnes Ag. The phe-
notype of DC simultaneously exposed to both SEA and P. acnes
Ag was not analyzed in the latter study.

Our observations are consistent with the above results aswell as
data from a recent study by Zacone and colleagues (54) in which
SEA was shown to inhibit LPS-induced IL-12 production by bone
marrow-derived DC. In the experiments reported here, the inhib-
itory effect of SEA was reveaed in cultures in which DC were
simultaneously exposed to STAg and SEA and was shown to be
selective in terms of the cellular functions targeted. Thus, while
addition of SEA resulted in decreased chemokine secretion and
surface expression of CD40 and CD86, responses such as IL-12
production and CD80 expression were not affected in the STAg-
stimulated splenic DC cultures used. This differential influence of
SEA may be explained by SEA targeting DC populations other
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than the CD8a™ subset previously implicated in the response to
STAg (49). Alternatively, its effect may be the result of a specific
interference with a pathway(s) that is more widely distributed and
not involved in Thl conditioning of DC. Although both of these
interpretations are consistent with the finding that SEA fails to
influence the outcome of STAg stimulation as assessed by the
degree of Thl polarization of Tg CD4™" cells (Fig. 4), we favor the
latter hypothesis because: 1) the decrease in the intensity of CD40
and CD86 staining on DC cultured in the presence of STAg plus
SEA vs STAg aone appears to affect all CD11c™ cells (Fig. 6),
and 2) SEA isableto exert a Th2-polarizing effect on both isolated
CD8a~ DC and CD8a" DC (data not shown). A comparative
analysis of gene expression in STAg vs STAg plus SEA-stimu-
lated CD11c™ DC has been initiated to attempt to identify the
precise signaling pathways involved.

The concept that Th2 polarization by SEA involvesablunting of
early activation signals is also supported by our observation of
retarded CD4 T cell cycling in cultures containing DC exposed to
this extract. The mechanism underlying this transitory delay,
which persistsfor one cell division, isunclear. Although we cannot
rule out the involvement of an inhibitory factor produced by SEA-
stimulated DC, it is likely that the observed impairment in initial
T cell responsiveness results from the down-regulation in DC
function documented in this study. Indeed, SEA was shown to
decrease the expression of two important costimulatory molecules
(CD40 and CD86) that play arole in T cell priming, and it is
probable that additional signals involved in stimulation of T cell
function are aso affected by exposure to the extract. Because
CD40 has been shown to be essential for SEA-induced Th2 re-
sponses in vivo (55), its reduced expression on DC is unlikely on
its own to be responsible for Th2 polarization.

Regardless of the precise inhibitory signal delivered by SEA-
conditioned DC, our findings with cell cycle inhibitors support the
concept that the induction of adelay in exiting thefirst division can
directly promote Th2 differentiation. One possibility is that this
retardation in early cell cycling leads to a more rapid induction of
autocrine IL-4, which is known to be sufficient for promoting Th2
development (21, 56). Indeed, at 72 h, we observed significant
levels of IL-4 in cultures exposed to SEA, but not peptide alone or
peptide plus STAg, and this cytokine production occurred even
when IL-4-deficient DC were used as APC. Our observation that
Th2 differentiation involves a delay in the first cell cycle is con-
sistent with previous studies demonstrating Th2 polarization by
low doses of nominal Ag (57-59) in that subthreshold TCR sig-
naling might be expected to result in suboptimal early T cell cy-
cling. The mechanism by which delayed cell cycling could lead to
early IL-4 expression upon activation of Th cells is unclear. At
present, both positive activators such as GATA-3 (60—62) and
inhibitors such as ROG, FOG-1, or Runx 1 (63-65) have been
implicated as molecular determinants of IL-4 gene activation
within differentiating CD4 lymphocytes.

The major implication of the present study is that in contrast to
Thl polarization, Th2 differentiation is promoted by negative sig-
nals. This concept is consistent with observations in other Th2
induction systems involving alergic (66, 67) as well as helminth-
triggered responses (53, 68), in which decreased rather than in-
creased CD4 T cell function has been noted. The findings reported
in this work now link this behavior to down-regulatory signals in
the APC compartment itself, which in turn are associated with
retarded lymphocyte activation.
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