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We have addressed the hypothesis that Notch ligands play a decisive role in determining the
ability of antigen-presenting cells to influence T cell polarization. Dendritic cells displayed
distinct expression profiles of Delta and Jagged ligands for Notch when exposed to
biologically relevant pathogen preparations associated with Th1 or Th2 responses.
Expression of delta4 was increased, and jagged2 decreased, after dendritic cell exposure
to the Th1-promoting bacterium Propionibacterium acnes. In contrast, soluble egg antigen
(SEA) from the parasitic helminth Schistosoma mansoni, a potent Th2 inducer, failed to
significantly alter dendritic cell expression of any of the Notch ligands measured.
Irrespective of this, jagged2-deficient dendritic cells were severely impaired in their ability
to instruct Th2 polarization of naive T cells in vitro. However, the ability of SEA-pulsed
jagged2-deficient dendritic cells to induce a Th2 response in vivo was unimpaired relative to
jagged2-sufficient dendritic cells. Further, jagged2-deficient dendritic cells activated by
P. acnes exhibited no evidence of enhanced (or impaired) Th1 induction in vivo. These data
suggest that, although involved in Th2 direction in vitro, jagged2 is not fundamentally
required for Th2 induction by SEA-activated dendritic cells in vivo.
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Introduction
Conserved throughout the metazoan kingdom, the Notch signalling pathway is remarkable for its extensive versatility, being
utilized for exchanging amplification signals, determining cell
lineages, and even inducing apoptosis [1, 2]. It has recently been
suggested that a possible role for Notch signalling may be to
provide a mechanism by which APC can influence T cell
polarization [3–7], a situation that is complicated by the existence
of four Notch receptors (Notch receptors 1–4) and five Notch
ligands (Delta-like1, Delta-like3 and Delta-like4, and Jagged1 and
Jagged2) in mammals [1].
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Several lines of evidence suggest that signalling through Notch
receptors has an effect on both T cell proliferation and mature
T cell commitment [3, 4, 6, 8, 9]. In the context of CD4+ T cell
polarization, a recent in vivo study showed that blocking the
signalling ability of Notch receptors 1–4 resulted in impaired Th2,
but not Th1, responses [10]. In addition, studies in vitro have
suggested that both Delta and Jagged ligand families may be
associated with T cell differentiation but that Delta ligands
promote Th1 whereas Jagged ligands promote Th2 polarization
[4, 6, 11]. However, this contention remains controversial, with
other reports suggesting that no such association exists, that Delta

* A. Worsley and S. LeibundGut-Landmann contributed equally
to this work.

www.eji-journal.eu

1043

1044

Alan G. F. Worsley et al.

can inhibit T cell cytokine production rather than promote Th1
differentiation [5, 12], or that Jagged may induce Treg, rather than
Th2, differentiation [5, 8, 9, 13–15]. Thus, although evidence is
emerging that Notch has a function in immunity beyond its
developmental role, the exact nature of Notch signalling and the
relative contribution of the two ligand families in the adaptive
immune response is far from clear [6, 16–18].
Dendritic cells (DC) are the most proficient APC at activating
naive T cells. Their ability to dictate the tone of the developing
CD4+ T cell response is thought to be largely determined by the
nature of the stimulus they encounter. However, the molecular
mechanisms that are employed by DC to influence and instruct
T cell polarization are not completely understood, particularly in
the case of Th2 development [19].
In this study we first assessed whether the profile of expression
of Notch ligands by DC was altered in response to Th1- or Th2polarizing pathogens. We then used both in vitro and in vivo
approaches to examine the direct effect of a specific Notch ligand
deficiency in DC on polarization of transgenic and non-transgenic,
naturally occurring polyclonal populations of T cells. We found
that DC expression of the Notch ligand jagged2 was unchanged in
response to the Th2-associated pathogen Schistosoma mansoni and
down-regulated in response to the Th1-associated pathogen
Propionibacterium acnes, and that jagged2–/– DC were severely
impaired in their ability to direct Th2 polarization of OVA-specific
TCR-transgenic T cells in vitro. However, the ability of jagged2–/–
DC to induce either Th2 or Th1 responses in vivo was unaffected.
Thus, our results support an association of defined patterns of
Notch ligand expression by DC responding to different T cellpolarizing pathogens, but suggest a redundant role for jagged2 in
T cell polarization by DC in vivo.

Results and discussion
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(data not shown) or cytokine secretion (Fig. 1A) when compared
to unstimulated cells.
The influence of the same stimuli on Notch ligand expression
by DC was determined using quantitative PCR to measure mRNA
levels 6 and 12 h after stimulation (Fig. 1B–D). delta4 expression
was significantly increased over unstimulated control levels in DC
activated with Pa (p<0.03; Fig. 1B), and this was evident from 6 h
post-stimulation. In contrast to this, although showing a trend for
elevated expression by 6 h that returned to control levels by 12 h
post-stimulation, delta1 was not significantly increased in
response to Pa. Although expression of jagged1 was unchanged
in DC responding to Pa, jagged2 expression showed a different
profile, being strikingly decreased by 6 h post-stimulation
(p<0.001; Fig. 1B), and returning to a similar level to unstimulated
cells by 12 h.
Contrary to the dramatic up-regulation that was evident in
response to Pa, expression of delta4 was not significantly altered in
DC exposed to SEA (Fig. 1B). Further, delta1, jagged1, and jagged2
were maintained at equivalent levels to unstimulated controls in
SEA-activated DC at both 6 and 12 h time points. delta3
expression in response to either Pa or SEA failed to show a
consistent pattern in any of the experiments carried out (data not
shown). Although SEA failed to have a marked impact on Notch
ligand expression, exposure to SEA resulted in DC that express
higher levels of jagged2 relative to delta4, whereas exposure to Pa
resulted in DC with the converse phenotype, expressing higher
levels of delta4 relative to jagged2 (Fig. 1B).
These data suggest that DC expression of a restricted cohort of
Notch ligands can be associated with pathogens that induce
distinct Th responses. However, they also reveal that the initial
description of Jagged and Delta ligands as being Th2- or Th1associated, respectively, is an oversimplification, and that expression of related members within the same ligand family does not
appear to be regulated identically.

DC express a defined pattern of expression of Notch
ligands in response to diverse pathogens

Th2 and Th1 responses are capably induced in vivo by
jagged2–/– DC

Previous work has shown that stimulation with the Th1-associated
bacterial product LPS resulted in substantial up-regulation of Delta
by DC, while Th2-associated molecules such as prostaglandin E2
and cholera toxin promoted Jagged expression [6]. We used two
pathogen preparations that are well-characterized as being able to
drive either Th1 (heat-killed P. acnes, Pa) or Th2 (soluble egg
antigen from S. mansoni, SEA) induction via DC [20, 21] to
determine whether we could see any clear pattern of Notch ligand
expression associated with either type of stimulus. Over a 12-h
time course, DC were activated by these stimuli in a manner
consistent with previously published reports [20, 21]. Pa induced
DC maturation, provoking up-regulation of MHC class II and costimulatory molecules (data not shown), as well as secretion of a
range of cytokines including IL-12, IL-6, TNF and IL-10 (Fig. 1A).
In contrast, and in keeping with previously published reports [22],
SEA-activated DC showed little evidence of phenotypic maturation

jagged2 deficiency is embryonic lethal [23]. In order to address the
role of expression of jagged2 in BMDC development and Th
induction, jagged2–/– chimeras were generated by reconstituting
irradiated congenic Ly5.1+ C57BL/6 mice with fetal liver from
Ly5.2+ jagged2–/– (or jagged2+/+ control) embryos. DC were then
grown from BM isolated from jagged2–/– or control chimeras,
pulsed overnight with either Pa or SEA, and their activation status
compared. The absence of jagged2 did not significantly affect
growth, development or activation of the DC in vitro (Fig. 2).
Secretion of cytokines (Fig. 2A) and expression of co-stimulatory
molecules (Fig. 2B) was similar for both control and jagged2–/– DC
in response to SEA or Pa. Further, jagged2–/– DC did not
compensate for jagged2 deficiency by up-regulating expression
of jagged1, delta1, or delta4 in response to either stimulus
(Fig. 2C). Thus, jagged2–/– DC appeared similar to their wild-type
counterparts other than lacking jagged2 expression.
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Figure 1. DC response to SEA or Pa. (A) DC were treated for up to 12 h with either medium alone (squares), 25 lg/mL SEA (circles), or 10 lg/mL Pa
(triangles) in 24-well plates. Cytokines were measured in culture supernatants. Data shown indicate mean " SEM of cytokine measured by ELISA of
duplicate wells, and are representative of five separate experiments. (B) Notch ligand expression by DC in response to Pa or SEA as detailed in (A) was
measured by quantitative PCR. Expression of delta and jagged mRNA was normalised to 18S RNA. Fold change of Notch ligand expression relative to
unstimulated cells (dotted lines) by DC exposed to SEA (black bars) or Pa (grey bars) is shown. Data are mean + SEM of three to six combined
experiments; *p<0.03, **p<0.001, comparing expression by SEA- or Pa-stimulated groups relative to medium controls.

We have previously shown that although DC activated with
SEA display a muted activation phenotype, they remain potent
inducers of a Th2 response both in vivo and in vitro [22]. While the
exact mechanism by which this occurs remains unclear, Th2
induction by in vivo transfer of SEA-stimulated DC is an active
process requiring DC expression of MHC class II, CD40, and
NF-jB1 [22]. We first assessed the ability of jagged2-deficient DC
to activate and polarize OVA-specific OTII TCR-transgenic T cells in
vitro. Although equally proficient at stimulating T cell proliferation
(Fig. 3A), jagged2–/– DC displayed a striking impairment in their
ability to provoke Th2 polarization in vitro, in comparison to their
jagged2+/+ counterparts (Fig. 3B).
We then asked whether expression of jagged2 was also
important for polarization of Th cells by DC in a more complex in
vivo setting. jagged2+/+ or jagged2–/– DC were activated with Pa or
SEA and then injected into the footpads of naive C57BL/6 mice.
Four days later draining LN were removed and examined for
cytokine secretion following restimulation with antigen in vitro
(Fig. 3C).
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Pa-activated DC induced a marked Th1 response with high Paspecific IFN-c levels detected in culture supernatants irrespective
of whether transferred DC were jagged2+/+ or jagged2–/–
(Fig. 3C). Contrary to expectation, SEA-stimulated jagged2–/–
DC induced an equivalent or higher IL-4 response after transfer
into naive wild-type animals (Fig. 3C). This was irrespective of the
route of immunization as jagged2+/+ and jagged2–/– DC given i.p.
also showed equivalent ability to induce a Th2 response whether
measured by IL-4 (data not shown) or IL-5, IL-13, and IL-10
(Fig. 3D). Thus, despite the fact that DC maintain expression of
jagged2 after exposure to SEA in vitro (Fig. 1B), and jagged2–/– DC
are severely impaired in their ability to instruct Th2 polarization in
vitro (Fig. 3B), our data suggest that this Notch ligand is not
essential for the establishment of a Th2 response in vivo.
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Concluding remarks

Figure 2. Deficiency in jagged2 does not interfere with BMDC generation
or activation. BMDC were grown from BM derived from jagged2+/+ or
jagged2–/– chimeras and exposed to either medium alone (M),
SEA (S, 25 lg/mL) or Pa (P, 10 lg/mL) for 24 h. (A) Cytokine production
by jagged2+/+ (open bars) or jagged2–/– (black bars) DC. Data shown are
mean + SEM of cytokine measured by ELISA of duplicate wells and are
representative of two separate experiments. (B) Surface expression of
CD80 and CD86 on jagged2+/+ or jagged2–/– DC. Light grey filled
histograms indicate unstimulated DC, black unfilled histograms
indicate DC stimulated with SEA or Pa. Graphs are representative of
two separate experiments. (C) Expression of jagged1, jagged2, delta1, and
delta4 by DC exposed to medium (open bars), Pa (grey bars), or SEA (black
bars) was assessed by quantitative PCR. Data shown are mean + SEM of
expression levels measured in duplicate relative to 18S, and are
representative of five separate experiments.
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Studies examining the effect of wholesale inhibition of Notch
signalling to T cells [6, 10, 15] have demonstrated that signalling
through Notch receptors is required for the establishment of an
effective T cell response. However, the mechanism by which Notch
signalling translates into polarized CD4+ T cell differentiation
remains unclear. Tu et al. [10] described how inhibition of Notch
signalling using dominant-negative MAML-transgenic mice during
live infections of either Leishmania major or Trichuris muris
resulted in a fully capable L. major Th1 response but an impaired
Th2 response and ineffective clearance of T. muris. This suggests
that in complete biological systems Notch signalling is required for
Th2 establishment, but does not reveal which ligands are required
to initiate this immunological response via Notch, or indeed
whether APC expression of Notch ligands is required.
As shown by our expression data, Delta and Jagged ligands are
expressed concurrently by DC in either Th1- or Th2-priming
conditions, but their relative expression changes dramatically
depending upon the stimulus encountered. Conceivably the ratio
of different Notch ligands expressed by APC may ultimately
determine the manner in which Notch signalling affects the
differentiation of a naive T cell. Our results clearly show that DC
expression of jagged2 alone can be critical for Th2 polarization of
naive CD4+ T cells in vitro (Fig. 3B). The presence of the other
Notch ligands (Fig. 2C) could not compensate for the absence of
jagged2 to enable Th2 polarization in vitro (Fig. 3B), indicating
that jagged1, delta1, and delta4 cannot fulfil the signalling
requirement by Notch receptors on CD4+ T cells to establish a
Th2 response in vitro.
In stark contrast to this, in the in vivo setting, DC expression of
jagged2 was dispensable for Th2 induction (Fig. 3C, D). Taken
together, our in vitro and in vivo results suggest that jagged2
signalling is important for Th2 polarization, yet Jagged2
expression need not be limited to the APC driving the response.
For example, the important interaction in vivo may not actually be
between a Notch ligand-bearing APC and a naive CD4+ T cell, but
rather between APC and NKT cells, or a subset of memory CD4+
T cells capable of producing IL-4 rapidly and independently of
STAT6 [24, 25]. It is therefore possible that in vivo the multivariant expression of Notch ligands by APC involves interactions
with multiple cell types since both Notch receptors and ligands can
be found in diverse cell types in addition to T cells and DC [6, 26].
Our in vivo experiments, in which all such cells are present,
reveal that DC expression of the Notch ligand jagged2 plays no
major role during SEA-specific Th2 response induction. jagged2
deficiency impaired neither DC generation nor activation, with
jagged2–/– DC producing equivalent levels of cytokine and
expressing the same levels of surface markers as similarly
stimulated jagged2+/+ controls. Furthermore, transfer of either
jagged2+/+ or jagged2–/– SEA-activated DC resulted in production
of similar quantities of SEA-specific IL-4, IL-5, IL-10, and IL-13 in
recipient mice. Whether this finding is indicative of the provision
of jagged2 by additional cell types, a redundant pathway, or
compensation via other Notch ligands remains to be determined.
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Figure 3. DC expression of jagged2 is dispensable for Th2 or Th1 induction in vivo. (A, B) CD4-purified OTII cells were co-cultured with jagged2+/+ or
jagged2–/– DC in the presence of OVA323–339 peptide (50 ng/mL) alone (medium) or in conjunction with SEA (50 lg/mL) or Pa (10 lg/mL). OTII cells were
labelled with CD4 and CFSE to assess proliferation (A) or were examined for intracellular staining (B). Dotted lines in (A) represent CFSE levels on cells
cultured in the absence of peptide. Plots depicting intracellular staining in (B) are gated on live CD4 cells. Figures refer to percentage of dividing cells
(A) or cytokine-producing cells (B) and results are representative of three independent experiments. (C, D) jagged2+/+ or jagged2–/– DC were exposed to
medium alone (M), Pa (P, 10 lg/mL), or SEA (S, 25 lg/mL), then injected into the footpad (C) or i.p. (D) of naive C57BL/6 recipient mice. Popliteal LN cells
(C) or splenocytes (D) were removed 4 days (C) or 7 days (D) later and then stimulated in vitro with medium (open bars), SEA (black bars), or Pa (grey
bars). Data shown are mean + SD of cytokine measured by ELISA of triplicate wells of combined LN cells (C) or mean + SEM of cytokine measured by
ELISA of three to five mice per group (D), and are representative of three (C) or two (D) separate experiments.

Even so, these results challenge the model that selective expression
of Jagged ligands by DC is responsible for determining Th2
differentiation.

Dendritic cell culture
Murine BMDC were generated in the presence of rGM-CSF
(Peprotech, London, UK) as previously described [20]. DC were
stimulated with 25 lg/mL SEA or 10 lg/mL Pa (measured by
Bradford assay) over a time course, supernatants assessed for
cytokine levels by ELISA, and cells harvested for RNA extraction.

Animals and reagents
Generation of chimeric bone marrow
C57BL/6 mice were bred and maintained in the animal facilities at
the University of Edinburgh or at Cancer Research UK. A heatkilled preparation of the Gram+ bacterium P. acnes (ATCC
No. 6919) was used as a Th1 stimulus, while SEA (prepared inhouse [20]) was used for its Th2-driving capacity. Animal work
was carried out under UK Home Office Project license, and was
approved locally by Ethical Review Committee.
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Fetal livers from Ly5.2+ jagged2+/– # jagged2+/– matings were
removed from day-14.5 embryos, and jagged2–/– fetuses were
identified by PCR [23]. Irradiated Ly5.1+ recipients were
reconstituted with cells from jagged2–/– or jagged2+/+ womb
mates. DC were grown from BM 8–20 wk later. Donor origin of DC
was verified by flow cytometry (data not shown).
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Determination of DC activation status

Determination of Notch ligand expression

Cytokine levels were measured in DC supernatants by ELISA using
commercial mAb (BD Pharmingen or R&D Systems). Phenotype
was assessed by flow cytometry using mAb for CD11c, CD80 and
CD86 (Pharmingen). Samples were acquired by FACSCalibur
using CellQuest software and analysed using FlowJo software
(TreeStar, Ashland, OR).

Total RNA was extracted from 1 # 106 DC using Trizol (Invitrogen)
and cDNA generated using Reverse Transcriptase System with
random hexamers (Promega, UK). Notch ligand expression was
assessed by quantitative PCR using SYBR green (Invitrogen), a
Chromo4 detector and Opticon Monitor software (MJ Research).
Relative expression values were calculated by dividing the
acquired expression quantity for the gene of interest using SYBR
by the expression quantity of 18S rRNA, and using a serially
diluted standard of pooled cDNA or using the 2–DDC(t) method.
Primers used were (50 –30 ): murine jagged2 forward
GTCGTCATTCCCTTTCAGTTCG, reverse AGTTCTCATCACAGCGTACTCG; murine jagged1 forward GCAACGACCGTAATCGCATC,
reverse TGCCTGAGTGAGAAGCCTTTTC; murine delta4 forward
AGGTGCCACTTCGGTTACACAG,
reverse
CAATCACACACTCGTTCCTCTCTTC; delta1 forward GCACTACTACGGAGAAGGTTGCTC, reverse TCACACCCTGGAGACAGATTG; 18S
forward GTAACCCGTTGAACCCCATT, reverse CCATCCAATCGGTAGTAGCG.

Assessment of DC priming ability in vitro
CD4+ T cells were purified from the spleen and LN of OTII mice by
positive selection using magnetic sorting (Miltenyi). For studies
measuring proliferation, OTII CD4+ cells were stained with
carboxyfluoroscein succinimidyl ester (CFSE, 5 lM). CD4+ cells
(2 # 105) were co-cultured for 3 days with 2 # 104 jagged2+/+ or
jagged2–/– DC in the presence of OVA323–339 peptide (50 ng/mL)
alone or in conjunction with SEA (50 lg/mL) or Pa (10 lg/mL).
On day 3, CFSE-labelled CD4+ cells were washed, stained with
anti-CD4-allophycocyanin (Pharmingen), then assessed by flow
cytometry as described above. For measurement of intracellular
cytokine, non-CFSE-labelled CD4+ cells were stimulated for 4 h
with PMA (10 ng/mL), ionomycin (1 lg/mL), and Brefeldin A
(10 lg/mL). Cells were then washed and stained with anti-CD4allophycocyanin before being fixed using Cytofix/Cytoperm (BD
Pharmingen), according to manufacturer's protocol. Intracellular
cytokines were labelled with anti-IFN-c-FITC and anti-IL-4-PE
(both from Pharmingen).

Assessment of DC priming ability in vivo
DC activated overnight with either SEA or Pa were injected into
mice (2 # 105 per footpad or 3 # 105 i.p.). In some experiments,
DC were also pulsed with OVA peptide (data not shown). Cell
suspensions were prepared from spleens removed 7 days after i.p.
DC transfer, or popliteal LN cells 4 days after footpad injection. In
some experiments, mice received 4 # 106 OTII cells 1 day
previously. Spleen and LN cells were cultured in X-Vivo 15TM
serum free medium (Cambrex Bio Science, Wokingham, UK) with
2 mM L-glutamine (Gibco, Paisley, UK) and 50 lM 2-ME (Sigma,
Poole, UK) without or with SEA at a final concentration of 15 lg/
mL, Pa at 1 lg/mL, or OVA peptide at 1 lM. Supernatants were
harvested after 72 h (splenocytes) or 48 h (LN cells) for cytokine
analysis by ELISA. Results did not differ significantly when
transferred DC had been activated with SEA or Pa for 6 h rather
than overnight (data not shown). In OTII co-transfer experiments,
SEA was not found to consistently act as an adjuvant for OVA
peptide-specific IL-4 production (data not shown).

Statistical analysis
The one-sample t-test was used to determine whether means
significantly differed in comparison to a standardized control
value.
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