Immunology

The Journal of cells,

les, systems and

« British Society for

mmunologﬂ

WA [OINOIeA @ ORIGINAL ARTICLE

Selective induction of the Notch ligand Jagged-1 in macrophages
by soluble egg antigen from Schistosoma mansoni involves ERK

signalling

Felicia Goh,"? Katharine M. Irvine,'
Erica Lovelace,' Sheila Donnelly,’
Malcolm K. Jones,* Kristian Brion,’
David A. Hume,” Andrew C.
Kotze,? John P. Dalton,® Aaron
Ingham2 and Matthew J. Sweet"®

'nstitute for Molecular Bioscience, University
of Queensland, Qld, Australia, *CSIRO
Livestock Industries, Queensland Bioscience
Precinct, Brisbane, Qld, Australia, >Institute
for the Biotechnology of Infectious Diseases,
University of Technology Sydney, Ultimo,
Sydney, NSW, Australia, *Queensland Institute
of Medical Research, Royal Brisbane Hospital,
Herston, Qld, Australia, >The Roslin Institute
and Royal (Dick) School of Veterinary Studies,
University of Edinburgh, Roslin, UK, and
°School of Molecular and Microbial Sciences,
University of Queensland, Brisbane, Qld,
Australia

doi:10.1111/j.1365-2567.2008.02979.x
Received 27 April 2008; revised 18 September
2008; accepted 26 September 2008.

The work for this publication was performed
in the Institute for Molecular Bioscience

and CSIRO Livestock Industries.
Correspondence: Dr Matthew J. Sweet,
Institute for Molecular Bioscience, University
of Qld, St. Lucia, QId 4072, Australia.

Email: m.sweet@imb.uq.edu.au

Senior author: Matthew J. Sweet

Introduction

The polarization of acquired immune responses towards
T helper type 1 (Thl), Th2 and Thl7 phenotypes in
infectious disease and autoimmunity determines disease

Summary

Soluble egg antigen (SEA) from the helminth Schistosoma mansoni pro-
motes T helper type 2 (Th2) responses by modulating antigen-presenting
cell function. The Jagged/Notch pathway has recently been implicated in
driving Th2 development. We show here that SEA rapidly up-regulated
mRNA and protein expression of the Notch ligand Jagged-1 in both mur-
ine bone marrow-derived macrophages (BMMs) and human monocyte-
derived macrophages (HMDMs). Another potential Th2-promoting factor,
interleukin (IL)-33, was not transcriptionally induced by SEA in BMMs.
Up-regulation of Jagged-1 mRNA by SEA was also apparent in conven-
tional dendritic cells (DCs), although the effect was less striking than in
BMMs. Conversely, SEA-pulsed DCs, but not BMMs, promoted IL-4 pro-
duction upon T-cell activation, suggesting that Jagged-1 induction alone is
insufficient for instructing Th2 development. A comparison of the
responses initiated in BMMs by SEA and the bacterial endotoxin lipopoly-
saccharide (LPS) revealed common activation of extracellular signal-
regulated kinase-1/2 (ERK-1/2) and p38 phosphorylation, as well as
induction of Jagged-1 mRNA. However, only LPS triggered IxB degrada-
tion, phosphorylation of c-Jun N-terminal kinase (Jnk) and signal
transducer and activator of transcription 1 (Statl) Tyr701, and IL-33 and
IL-12p40 mRNA up-regulation. Inducible gene expression was modified
by the presence of the macrophage growth factor colony-stimulating fac-
tor (CSF)-1, which inhibited Jagged-1 induction by SEA and LPS, but
enhanced LPS-induced IL-12p40 expression. Unlike LPS, SEA robustly
activated signalling in HEK293 cells expressing either Toll-like receptor 2
(TLR2) or TLR4/MD2. Pharmacological inhibition of the ERK-1/2 path-
way impaired SEA- and LPS-inducible Jagged-1 expression in BMMs.
Taken together, our data suggest that Jagged-1 is an ERK-dependent
target of TLR signalling that has a macrophage-specific function in
the response to SEA.

Keywords: antigen presentation; helminths; signal transduction; Th2 cells

progression and severity. Several cytokines and cell-sur-
face ligands can influence this polarization by acting on
Th cells during antigen-induced activation.' In Th2 differ-
entiation, the most important of these is interleukin
(IL)-4, which signals via signal transducer and activator

Abbreviations: APC, antigen-presenting cell; BMM, bone marrow-derived macrophage; CSF-1, colony-stimulating factor 1; DC,
dendritic cell; ERK, extracellular signal-regulated kinase; HMDM, human monocyte-derived macrophage; HPRT, hypoxanthine
phosphoribosyltransferase; Jnk, c-Jun N-terminal kinase; LNFPIII, lacto-n-fucopentaose III; LPS, lipopolysaccharide; PAMP,
pathogen-associated molecular pattern; SEA, schistosome egg antigen; TLR, Toll-like receptor.
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of transcription 6 (Stat6) to trigger transcriptional repro-
gramming and Th2 development.” The IL-IR family
member ST2, which is expressed selectively on Th2 cells,”
is similarly required for primary Th2 development.*
Accordingly, the ligand for this receptor, IL-33, was found
to promote Th2 responses in vivo.”® The Notch signalling
system has also been implicated in Th2 development. For
example, Th2 differentiation was impaired in mice that
lack Notch signalling, and ectopic expression of the Notch
ligand Jagged-1 on antigen-presenting cells (APCs) pro-
moted Th2 development through a Stat6-independent
pathway, leading to the expression of IL-4 and the
transcription factor Gata-3.” Indeed, Notch targeted the
Gata-3 promoter directly® and synergized with this
transcription factor to drive IL-4 expression.’

In the context of infectious disease, Thl and Th2 polar-
ization by APCs is strongly influenced by the type of
pathogen encountered. For example, detection of certain
pathogen-associated molecular patterns (PAMPs) such as
CpG DNA by APCs promotes a potent Thl response.'’
In contrast, parasitic worm infections are characteristically
associated with a polarized Th2 response.'' Such effects
may be partly mediated by antagonism of Thl-promoting
pathways; many helminth components can down-regulate
production of IL-12 by APCs in response to Thl-promo-
ting stimuli.'>'® However, even in the absence of a Thl-
polarizing stimulus, several helminth products are able to
modify APC function to promote Th2 development.'*™'®
Perhaps most strikingly, dendritic cells (DCs) co-pulsed
with both helminth products and bacterial products
subsequently directed a Th2-specific response against the
helminth product, but a Thl-specific response against
the bacterial product in vivo."” Such data imply that
helminths directly up-regulate the production of Th2-
promoting factors.

The activation of specific Toll-like receptors (TLRs) by
certain PAMPs can elicit a Th2-promoting phenotype in
APCs. TLR2 ligands promoted Th2 development,'®'® and
low doses of the TLR4 ligand lipopolysaccharide (LPS),
which is classically regarded as a Thl-promoting PAMP,
also promoted Th2 responses.”>*' The Th2-promoting
effects of low-dose LPS may relate to the selective activation
of downstream signalling pathways. LPS, which signals
through multiple adaptor proteins (MyD88, Mal, TRIF and
TRAM),”* primed Th2 development in MyD88-deficient
mice,”>* implying that selective activation of MyD88-
independent pathways favours the Th2 phenotype.

The helminth Schistosoma mansoni, a major pathogen
of humans and livestock, initiates a potent Th2 response
in the host. This Th2 response, which is both host protec-
tive and a mediator of disease pathology, is driven by
antigens derived from eggs lodged in the liver and lungs
[soluble egg antigens (SEAs)].** As an adjuvant, SEA pro-
moted Th2 cytokine and antibody production in vivo,"
an effect that appears to be mediated, at least in part, by
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regulation of APC function.””> Components of SEA are
recognized via TLR3 and TLR4,'®*® which can both signal
in the absence of MyD88.>>**® Expression profiling
using microarrays has been used to identify SEA-respon-
sive genes in DCs,'” but the exact genes involved in
driving Th2 development remain unknown. Of the signal
transduction pathways, SEA selectively activated the extra-
cellular signal-regulated kinase-1/2 (ERK-1/2) pathway?’
and transiently activated nuclear factor (NF)-«B in DCs,'®
but signalling downstream of SEA has not yet been mech-
anistically linked to Th2 development. Although DCs are
clearly central cells in T-cell polarization, in S. mansoni
infections, macrophages have also been reported to
contribute to the Th2 phenotype,” and protect against
immunopathology by down-regulating Thl responses.*
In this study, we set out to determine whether SEA
regulated the expression of potential Th2-promoting
factors (Jagged-1 and IL-33) in macrophages and DCs. In
so doing, we found that SEA robustly induced Jagged-1
expression in an ERK-dependent fashion in macrophages,
in spite of which, SEA-pulsed macrophages did not
promote IL-4 production from splenocytes upon T-cell
activation. SEA was a relatively weak inducer of Jagged-1
in DCs, implying that Jagged-1 has a specific function in
the macrophage response to SEA.

Materials and methods

Preparation of SEA from mouse livers

Ten livers from mice infected with S. mansoni eggs were
frozen, and then finely sliced at room temperature and
incubated overnight at 37° with 0-2 mg/ml collagenase
(Sigma-Aldrich, Castle Hill, NSW, Australia), 100 U/ml
penicillin and 100 pg/ml streptomycin in a total volume
of 50 ml of phosphate-buffered saline (PBS). On the fol-
lowing day, the livers were disaggregated with a mortar
and pestle, passed through a 280-um filter and washed
three times in ice-cold PBS. The resulting cell suspension
was layered onto a Percoll gradient with 0-25 M sucrose
in PBS and centrifuged at 2060 g for 10 min. The pellet
was re-suspended in PBS with 1 mwm ethyleneglycoltetra-
acetic acid (EGTA)/ethylenediaminetetraacetic  acid
(EDTA) and the Percoll layering repeated. At this point,
the pellet was resuspended in deionized H,O and
sonicated on ice to lyse the eggs. The lysate was then
re-centrifuged at 10 000 g for 30 min at 4° and the super-
natant containing the soluble antigens was collected and
stored at —80°. Protein concentration was determined by
a bicinchoninic acid (BCA) assay.

Cell culture and reagents

Bone marrow-derived macrophages (BMMs) and DCs
were generated by culture of bone marrow cells from
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C57BL/6 or TLR47/~ (C57BL/6 background) mice for
6 days in ‘complete’ RPMI-1640 (medium supplemented
with 10% fetal calf serum, 20 U/ml penicillin, 20 pg/ml
streptomycin and 2 mm L-glutamine) containing either
10 000 U/ml colony-stimulating factor (CSF)-1 (a gift
from Chiron, Emeryville, CA) for BMMs or 0-5 ng/ml
granulocyte—macrophage colony-stimulating factor (GM-
CSF) and IL-4 for DCs. All animal studies were per-
formed in accordance with the University of Queensland
animal ethics guidelines. Human monocyte-derived macro-
phages (HMDMs) were generated by culture of CD14"
monocytes purified using magnetic antibody cell sorting
(MACS) Technology (Miltenyi Biotec, Sydney, NSW,
Australia) in complete Iscove’s modified Dulbecco’s med-
ium (IMDM) with 10 000 U/ml CSF-1 for 6 days. On
day 6, BMMs or HMDMs were plated out and incubated
overnight in 3 ml of medium without CSF-1 at 2-3 mil-
lion cells per well in a six-well plate, unless otherwise
specified. HEK293 cell lines stably transfected with TLR2,
TLR3, TLR4/MD2 or TLRY, kindly provided by Prof.
Doug Golenbock, University of Massachusetts Medical
School, Worcester, MA, were cultured in complete Dul-
becco’s modified Eagle’s minimal essential medium
(DMEM) with 500 pg/ml G418, while parent HEK293
cells were cultured in complete DMEM alone. These cells
were plated overnight in 1 ml of medium (120 000 cells
per well in a 24-well plate) and treated on the following
day.

Cells were treated with 10 ng/ml LPS from S. minnesota
that was purified by gel filtration (Sigma-Aldrich), zymo-
san A from Saccharomyces cerevisiae (Sigma-Aldrich),
PolyIC [double-stranded RNA (dsRNA) synthesized by
Invivogen, San Diego, CA], CpG DNA (phosphorothio-
ate-modified oligonucleotide 2006 5-TCGTCGTTTTGT
CGTTTTGTCGTT-3' for human HEK293-TLRY cells
or phosphorothioate-modified oligonucleotide 1668S
5'-TCCATGACGTTCCTGATGCT-3' for mouse cells;
GeneWorks Pty Ltd, Hindmarsh, SA, Australia), poly-
myxin B sulphate (Sigma-Aldrich) or PD-98059 (Biomol
International L.P., Plymouth Meeting, PA) at the concen-
trations indicated in the figure legends.

RNA and ¢cDNA preparation and real-time polymerase
chain reaction (PCR)

Total RNA was extracted using a QIAprep Spin Miniprep
kit (Qiagen, Melbourne, Vic., Australia) and treated with
DNasel (Invitrogen, Melbourne, Vic., Australia). cDNA
was generated using SuperScript III reverse transcriptase
(Invitrogen) using equivalent amounts of RNA for each
sample. Gene expression was determined by quantitative
real-time PCR (SybrGreen or Tagman) using reagents
from Applied Biosystems (Foster City, CA). Gene-specific
primers were designed using PrRiMER 3 software (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and

synthesized by GeneWorks Pty Ltd. Data were generated
with the comparative threshold cycle (ACr) method by
normalizing to hypoxanthine phosphoribosyltransferase
(HPRT). Primer sequences (all shown 5 to 3') used were:
mouse Jagged-1 forward, AGAAGTCAGAGTTCAGAGG
CGTCC; mouse Jagged-1 reverse, AGTAGAAGGCTGTC
ACCAAGCAAGC; human Jagged-1 forward, CGGGAACAT
ACTGCCATGAAAATA; human Jagged-1 reverse, ATGC
ACTTGTAGGAGTTGACACCA; human HPRT forward,
TCAGGCAGTATAATCCAAAGATGGT; human HPRT
reverse, AGTCTGGCTTATATCCAACACTTCG; mouse
IL-12p40 forward, GGAAGCACGGCAGCAGAATA;
mouse IL-12p40 reverse, AACTTGAGGGAGAAGTAG
GAATGG; mouse IL-33 forward, AGACCAGGTGCTA
CTACGCTA; mouse IL-33 reverse, ACACCGTCGCCTG
ATTGAC; mouse HPRT forward, CAGTCCCAGCGTC
GTGATTAG and mouse HPRT reverse, AAACACTTT
TTCCAAATCCTCGG. Some experiments were performed
for mouse Jagged-1 used Tagman primers from Applied
Biosystems (Melbourne, Vic.,, Australia): Jagged-1
(Mm00496902_m1) and HPRT (Mm00446968_m]1).

Analysis of IL-4 production from anti-CD3-activated
splenocytes

To analyse the ability of SEA-treated BMMs and DCs
to promote IL-4 production from splenocytes upon
T-cell activation, BMMs or DCs were treated overnight
with medium, LPS, SEA or CpG DNA, co-cultured
with splenocytes for 7 days (at a ratio of five spleno-
cytes to one BMM or DC), harvested and transferred
to 48-well plates coated with or without 0-5 pg of anti-
mouse CD3 (Becton Dickinson, North Ryde, Australia)
in fresh media containing the original stimulus
(medium, LPS, SEA or CpG DNA) for a further 3 days.
Supernatants were harvested and IL-4 assays conducted
by sandwich enzyme-linked immunosorbent assay
(ELISA) (OptEIA kit; Becton Dickinson).

HEK293-TLR activation assays

Culture supernatants were collected and stored at —20°.
IL-8 levels, used as a read-out of the immunoactivation
of HEK293 cells expressing different TLRs, were quanti-
fied using a sandwich ELISA kit (BD Biosciences, Syd-
ney, NSW, Australia) in accordance with the
manufacturer’s instructions. The basal levels of IL-8 pro-
duced from HEK293 cells expressing different TLRs
before stimulation varied markedly; for example,
~10 pg/ml for HEK293-TLR2 cells and ~1000 pg/ml for
HEK-TLR4/MD2 cells. For this reason, data for each cell
line are presented as fold induction relative to unstimu-
lated controls. ERK-1/2 phosphorylation in HEK293-
TLR2 cells was assessed by immunoblotting as below for
BMMs.
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Immunoblotting

BMMs were lysed in boiling 66 mm Tris—=HCl with 2%
sodium dodecyl sulphate (SDS), 1 mM sodium vanadate,
1 mm sodium pyrophosphate, 1 mm sodium molybdate
and 1 mM sodium fluoride. The resulting lysates were
homogenized at room temperature using 21-gauge nee-
dles and centrifuged, and supernatants were stored at
—70°. When required, proteins were separated via
sodium dodecyl sulphate—polyacrylamide gel electro-
phoresis (SDS-PAGE) (8-12%) and gels transferred to
methanol-activated Immobilon-P polyvinylidene fluoride
(PVDF) membranes (Millipore, Sydney, NSW, Australia).
The blots were then blocked and probed with antibodies
for Jagged-1 (Santa Cruz Biotechnology Inc, Santa Cruz,
CA), phospho (Thr202/Tyr204) and total ERK1/2,
phospho (Tyr701) Statl, phospho (Thr183/Tyr185) c-Jun
N-terminal kinase (Jnk), phospho (Thr180/Tyr182) p38
and IxB-o (all from Cell Signaling Technology Inc.,
Danvers, MA). Secondary antibodies for detection were
horseradish peroxidase (HRP)-conjugated anti-mouse
immunoglobulin G (IgG) (Cell Signaling Technology
Inc.), or anti-goat IgG (Pierce Biotechnology via
Quantum Scientific, Brisbane, Qld, Australia).

Assays for contaminating LPS in SEA preparations

The multiple SEA preparations that were used through the
course of this study were LPS-free as determined by two
approaches. Firstly, LPS levels were below the level of detec-
tion in an automated colorimetric limulus amoebocyte
lysate assay (Charles River Laboratories, Wilmington, MA).
Secondly, we used RAW264-hELAM-d2EGFP (RAW-
ELAM) cells, in which pro-inflammatory stimuli such as
LPS activate the endothelial leucocyte adhesion molecule
promoter to drive inducible expression of the green fluo-
rescent protein (GFP) reporter gene.”’ Cells were cultured
in complete RPMI overnight (120 000 cells in 270 pl per
well of a 24-well plate). On the following day, LPS, SEA or
a sodium chloride vehicle control was incubated in a total
volume of 30 pl for 1 hr at 37° with or without 50 pg/ml
polymyxin B sulphate, an antibiotic that binds to the lipid
A portion of LPS, and then added to RAW-ELAM cells for
5-6 hr. Cells were then washed with PBS and harvested in
PBS/1 mm EDTA/0-1% sodium azide, and levels of GFP
expression (mean cellular fluorescence; arbitrary units)
were quantified by flow cytometry. LPS-inducible expres-
sion of GFP was inhibited by polymyxin B sulphate, whilst
SEA had a minimal effect on GFP expression and poly-
myxin B sulphate had no effect on this response.

Statistical analysis

A Student’s two-tailed ¢-test assuming equal variance was
performed to determine statistical significance for data

SEA induces Jagged-1 in macrophages

from pooled independent experiments, and all graphs
were generated using Microsoft Excel.

Results

CSF-1-starved BMMs provide a cellular system to
characterize Th2-promoting gene expression

Although both Jagged-1 and IL-33 can elicit Th2
responses, very few studies have addressed whether tran-
scription of these genes is inducible by Th2-promoting
parasites in macrophages or DCs. Both genes have been
reported to be LPS-inducible,” and we confirmed these
findings in BMMs (Fig. la,b). We previously reported
that pretreatment of BMMs with the growth factor CSF-1
potently amplified LPS induction of IL-12p40, a subunit
of the Thl-promoting cytokine IL-12;** so we investigated
the priming effect of this cytokine on candidate Th2-pro-
moting genes. LPS-induced expression of both Jagged-1
and IL-33 mRNAs was inhibited when BMMs were cul-
tured overnight in the presence of CSF-1 (Fig. la,b). In
contrast, CSF-1 potently primed BMMs for LPS-inducible
IL-12p40 mRNA expression (Fig. 1c), as previously
observed.*® Thus, CSF-1 negatively regulates the induction
of Th2-promoting genes in a selective manner.

(a) 2 Jagged-1
= @ control
T 15
z O Control + CSF
3 =
LPS
8 05
- o O LPS + CSF
2 8 24
Time (hr)
(b) IL-33 (c) IL-12 p40
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g 0-0008 L 015
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% 0-0004 o
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0 0
2 8 24 2 8 24
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Figure 1. Colony-stimulating factor (CSF)-1 suppresses lipopoly-
saccharide (LPS)-inducible Jagged-1 and interleukin (IL)-33 mRNA
expression, but increases IL-12p40 expression in murine bone mar-
row macrophages (BMMs). BMMs were plated overnight in the pres-
ence or absence of CSF-1 and then treated for 2, 8 and 24 hr with
10 ng/ml LPS or medium as a control. Gene expression (mean of
triplicates + standard error of the mean) was quantified by real-time
polymerase chain reaction (PCR) for Jagged-1 (a), IL-33 (b) and
IL-12p40 (c). The results shown are representative of six similar
experiments. HPRT, hypoxanthine phosphoribosyltransferase.
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SEA induces Jagged-1, but not IL-33, expression in
murine and human macrophages

Both the IL-33/ST2 and Jagged/Notch pathways have
recently been identified as regulators of Th2 develop-
ment.>”® We therefore determined whether SEA, which
potently drives Th2 development,” affected the expres-
sion of either IL-33 or Jagged-1. SEA rapidly up-regulated
the mRNA levels of Jagged-1, but not IL-33 or IL-12p40,
in CSF-1-starved BMMs (Fig. 2a,b and c). This effect was
not attributable to contaminating LPS, as none of the
batches of SEA used contained detectable levels of LPS as
assessed by a limulus amoebocyte lysate assay or induced
GFP expression in RAW-ELAM cells’’ in a polymyxin
B-sensitive fashion (data not shown). Further, LPS
up-regulated mRNA expression of all three mediators, in
contrast to the selective effects of SEA. Jagged-1 up-regu-
lation by SEA was observed over a dose response at the
mRNA level (Fig. 2d) and was also evident at the protein
level using immunoblotting (Fig. 2e). Inducible mRNA
expression was transient, peaking at 2 hr before declining
to baseline by 8 hr (data not shown). SEA and LPS simi-
larly induced Jagged-1 mRNA (Fig. 2f) and protein
(Fig. 2g) in HMDMs, thus confirming that this response
was not restricted to mouse macrophages.

Induction of Jagged-1 by LPS and SEA is not additive
in BMMs

We next determined whether the effect of LPS and SEA
on Jagged-1 expression was additive or synergistic. The
combination of LPS and SEA did not significantly
increase Jagged-1 expression in murine BMMs over levels
induced by either stimulus alone (Fig. 3a), and SEA did
not amplify LPS-inducible IL-33 mRNA expression
(Fig. 3b). This suggests that LPS and SEA may utilize
overlapping signalling pathways to induce Jagged-1
expression. However, SEA did suppress LPS-induced
IL-12p40 mRNA levels (Fig. 3¢), as has previously been
reported in DCs.'? This confirms that the SEA prepara-
tions used in our studies had similar activity to those
used by others.

Induction of Jagged-1 in APCs does not correlate
with permissiveness for Th2 responses

We next compared the effects of SEA on Jagged-1 expres-
sion in BMMs versus conventional, CD11c¢" DCs. SEA
did induce Jagged-1 mRNA expression in DCs, but the
response was less pronounced than in BMMs (Fig. 4a). In
contrast, LPS-inducible IL-12p40 mRNA expression was
higher in DCs than in BMMs (Fig. 4b). As SEA induced
Jagged-1 expression in both BMMs and DCs, we next
assessed whether these cell populations could promote
a Th2 response upon pulsing with SEA. Figure 4(c)

demonstrates that SEA-pulsed DCs, but not SEA-pulsed
BMMs, elicited robust IL-4 production from anti-CD3-
activated splenocytes. Unlike SEA and LPS, the potent
Thl-promoting stimulus, CpG DNA did not prime IL-4
production in these assays. Thus, Jagged-1 induction on
BMMs is insufficient to direct Th2 development, and
must have alternative roles in immune regulation in
response to SEA. To gain some insight into the potential
roles of SEA-inducible Jagged-1 expression in macrophag-
es, we next assessed the mechanism of induction in this
cell type.

SEA signals via both TLR2 and TLR4

Parasite products modulate immune responses via TLR4-
dependent and -independent pathways,®*¢
employed HEK293 cells ectopically expressing different
TLRs to investigate the TLR4 dependence of the SEA sig-
nal. All HEK293-TLR cell lines examined (HEK293-TLR2,
TLR-3, TLR-4/MD2 and TLR-9) responded as expected
to their corresponding PAMP (Fig. 5). SEA modestly
increased IL-8 production (twofold or less) from either
parent HEK293 cells or those expressing TLR9 (Table 1
and Fig. 5a). As PolyIC also triggered some IL-8 produc-
tion from parent HEK293 cells (Table 1), and one report
showed that SEA signalled via TLR3,%° the implication is
that HEK293 cells may express some basal TLR3. We
observed variation in the response of HEK293-TLR3 cells
to SEA, with some batches triggering robust IL-8 produc-
tion (data not shown) and some having modest effects
(Fig. 5b). In contrast, all batches of SEA strongly up-regu-
lated IL-8 production from HEK293 cells expressing
either TLR-2 (Fig. 5¢) or TLR-4/MD-2 (Fig. 5d). Consis-
tent with the activation of multiple TLRs by SEA, TLR4
deletion in BMMs did not significantly affect SEA-
induced Jagged-1 mRNA expression (Fig. 6). We con-
clude that SEA can signal via multiple TLRs, and that
individual TLRs are likely to be functionally redundant
for SEA-inducible Jagged-1 expression.

SO Wwe

The ERK-1/2 pathway is required for Jagged-1
induction by SEA and LPS

SEA reportedly activated ERK-1/2 in a TLR4-dependent
manner in DCs,”” and we therefore investigated whether
SEA activated this, and other TLR-regulated signalling
pathways, in macrophages. Both LPS and SEA triggered
ERK-1/2 and p38 phosphorylation in BMMs, with a max-
imal effect apparent 10-60 min post-stimulation (Fig. 7a).
The effect was selective, as SEA did not trigger IkB degra-
dation, phosphorylation of Jnk or Y701 phosphorylation
on Statl (Fig. 7a). Selective activation of ERK-1/2 in DCs
by the carbohydrate lacto-n-fucopentaose III (LNFPIII)
from SEA was also reported by others.”” In that study,
however, p38 was not activated, in contrast to our
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Figure 2. Soluble egg antigen (SEA) selectively up-regulates Jagged-1 mRNA and protein expression in mouse and human macrophages. Bone
marrow macrophages (BMMs) [plated overnight without colony-stimulating factor (CSF)-1] were treated for 2 hr with 10 ng/ml lipopolysaccha-
ride (LPS), 10 pg/ml SEA or medium as a control (a, b, ¢), or treated for 2 hr with various concentrations of LPS or SEA (d). Human mono-
cyte-derived macrophages (HMDMs) were treated for 2, 4 and 7 hr (f). Gene expression was calculated by real-time polymerase chain reaction
(PCR) for Jagged-1 (a, d, f), interleukin (IL)-33 (b) and IL-12p40 (c). For quantification of protein expression, BMMs (e) or HMDMs (g) were
plated overnight in the absence of CSF-1 and treated for 4 hr with 10 ng/ml LPS, 10 pg/ml SEA or medium as a control. Total Jagged-1 and
extracellular signal-regulated kinase-1/2 (ERK-1/2) protein were visualized by immunoblotting. Results for the mouse experiments are from six
independent experiments, displayed as mean + SEM (a, b, ¢), or are representative of three or more similar experiments (d, e). Results for the
human experiments (f, g) are representative of two similar experiments using different donors. *, P < 0-05; **, P < 0-01; #, P = 0-058; NS, not
significant for either LPS or SEA versus control treatments.

findings involving whole SEA on macrophages. Given that TLR4 agonist (LPS) (Fig. 7b). Given this robust TLR-
SEA was able to signal via TLR2 and TLR4 (Fig. 5¢,d), dependent activation of ERK-1/2 by SEA, we next investi-

both of which normally activate Jnk and NF-kB,” it may gated whether the ERK-1/2 pathway was required for
be that SEA actively inhibits these early signalling events. SEA-induced Jagged-1 expression. The ERK inhibitor
To determine the TLR dependence of ERK-1/2 activa- PD-98059 impaired LPS- and SEA-inducible Jagged-1
tion by SEA, we used the HEK293-TLR system. Because mRNA expression in BMMs (Fig. 7c) and this effect was
SEA activated multiple TLRs (Fig. 5), it was not possible selective as inducible expression of IL-12p40 mRNA was
to address SEA signalling through individual TLRs in a not affected (Fig. 7d). Thus, the ERK-1/2 pathway contrib-
natural macrophage population such as BMMs. SEA, utes to induction of Jagged-1 by LPS and SEA in BMMs.

which had negligible effects on IL-8 production from par-
ent HEK293 cells (Table 1), triggered ERK-1/2 phosphor-

ylation in HEK293-TLR2 cells (Fig. 7b), consistent with Discussion

its effects on IL-8 production from these cells (Fig. 5¢). Inducible expression of Jagged-1 in APCs in response to
The specificity of this system was again confirmed SEA from S. mansoni provides a potential mechanism for
through the use of a TLR2 agonist (zymosan) and a Th2 polarization by this stimulus; however, this remains
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Figure 3. Combinatorial effects of soluble egg antigen (SEA) and
lipopolysaccharide (LPS) on regulated gene expression in bone mar-
row macrophages (BMMs). BMMs were plated overnight in the
absence of colony-stimulating factor (CSF)-1, and then treated for
2 hr with 10 ng/ml LPS, 10 pg/ml SEA, both, or medium as a con-
trol. Gene expression (mean of triplicates + standard error of the
mean) was calculated by real-time polymerase chain reaction (PCR)
for Jagged-1 (a), interleukin (IL)-33 (b) and IL-12p40 (c). The
results shown are indicative of seven similar experiments.

an area of some controversy. Although Jagged-1 knock-
down®® and over-expression’ studies suggest a role for
this cell-surface ligand in Th2 development, a recent
study showed that SEA induced Jagged-2 but not Jagged-
1 in DCs,* whilst others reported that SEA did not regu-
late either Jagged-1 or Jagged-2 mRNA expression in
DCs.*” Furthermore, neither of these studies found any
evidence that Jagged-2 plays a role in DC-mediated Th2
development. In our hands, SEA did modestly induce Jag-
ged-1 gene expression in DCs (Fig. 4a). SEA-mediated
induction of Jagged-1 was, however, rapid and transient
and this may account for the lack of inducible Jagged-1

expression in response to SEA in earlier studies, where
measurements were made at longer time points than
examined here.”>*’ Nonetheless, we found that Jagged-1
induction by SEA was modest in DCs by comparison to
the response observed in BMMs and HMDMs (Fig. 4, 2).
The mechanisms responsible for the reduced response in
DCs are unknown, but it is clearly a selective effect
because IL-12p40 expression was more robustly induced
in DCs than in BMMs.

Despite the strong effect of SEA on Jagged-1 in BMMs,
treatment of these cells with SEA did not promote IL-4
production from splenocytes in response to anti-CD3
stimulation (Fig. 4c). We conclude that, at least in
macrophages, inducible Jagged-1 expression alone is
unlikely to be sufficient for SEA-mediated Th2 polariza-
tion. Whether it contributes to the SEA-induced DC
signal that promotes Th2 responses remains to be deter-
mined, but a recent study found no evidence for Notch
ligands, including Jagged-1, in instructing Thl and/or
Th2 cell fates.*’ IL-33 is also unlikely to be involved
because SEA did not affect expression of this gene,
though it is still possible that other Th2-promoting helm-
inths do. Ym1, a gene product expressed by alternatively
activated macrophages in response to a number of para-
sitic worms,** was also required for Th2 development in
response to simvastatin,” and thus represents a further
candidate for helminth-induced Th2 development.

Given that the induction of Jagged-1 by SEA was selec-
tive (other TLR-inducible genes, e.g. IL-33 and IL-12p40,
were not induced; Fig. 2) and was more pronounced in
macrophages than DCs (Fig. 4), there is likely to be a
macrophage-specific function for Jagged-1 in the response
to SEA. Whether such a function is integral to, or inde-
pendent of, macrophage-regulated adaptive immunity
remains to be clarified. Macrophages do express Notch
receptors,** so one possibility is that Jagged-1 acts in a
autocrine/juxtacrine manner, perhaps contributing to the
development of alternatively activated (M2) macrophages,
which have important functions during Th2 responses.*®
M2 macrophages, for example, protect against immuno-
pathology in schistosomiasis by down-regulating Thl
responses.” If macrophage-expressed Jagged-1 does con-
tribute to the Th2 phenotype, the lack of IL-4 production
in splenocytes cultured with BMMs in our system (Fig. 4)
may point towards such an indirect mechanism, rather
than a more direct effect on Th2 development. Another
possibility is that TLR-inducible Jagged-1 provides a sur-
vival signal to macrophages, given that other macrophage
survival factors (including CSF-1) acutely induced Jagged-
1 expression in BMMs.* Intriguingly, Lunatic Fringe, a
protein that specifically inhibits Jagged-1 signalling
through Notch-1,*> was also expressed in macrophages
but was down-regulated by TLR4 ligation (our unpub-
lished microarray data). Whether LPS and SEA promote
autocrine Notch-1 signalling via inducible Jagged-1 in
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Figure 4. Jagged-1 induction in antigen-presenting cells (APCs) does not correlate with permissiveness for T helper type 2 (Th2) responses
(a and b). Bone marrow macrophages (BMMs) [plated overnight without colony-stimulating factor (CSF)-1] or dendritic cells (DCs) were
treated for 2 hr with 10 ng/ml lipopolysaccharide (LPS), 10 pg/ml soluble egg antigen (SEA) or medium as a control. Gene expression was
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experiments.

macrophages will be addressed in future studies. There is
also evidence that SEA and other helminth products can
suppress Thl responses by down-regulating LPS-induced
IL-12 production in macrophages/DCs.'>"> Our findings
are consistent with these studies (Fig. 3c), but whether
SEA-inducible Jagged-1 is involved in this suppression
remains to be determined.

Alternatively, SEA inhibition of IL-12 production may
relate to more direct effects on signalling. SEA did not
trigger Jnk phosphorylation in BMMs, and caused mini-
mal degradation of IxkB (Fig. 7a), despite signalling via
TLR4 and TLR2 (Fig. 5¢,d). As degradation of IxB and
the subsequent release of NF-kB into the nucleus are
involved in driving IL-12 expression,*” this finding is con-
sistent with the inhibitory effect of SEA on LPS-induced
IL-12p40 gene expression (Fig. 3c). Even the phosphoryla-
tion of ERK-1/2 and p38 was diminished compared with
LPS (Fig. 7a), despite the fact that SEA was as active as
LPS on HEK293-TLR4 cells (Fig. 5d) and robustly active
on HEK293-TLR2 cells (Fig. 5¢). The implication is that,
whilst SEA signals via TLR2 and TLR4, it acts as only a
partial agonist in macrophages. This might result in selec-
tive activation of a subset of TLR signalling pathways, as
well as inhibition of responses to classical TLR2 and
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TLR4 agonists. It is possible that activation of other path-
ways, such as those involving C-type lectins,”® may also
contribute to this selective response.

Partial agonists of TLR4 do exist. A recent study
showed that monophosphoryl lipid A, which signals via
TLR4 but is substantially less potent than LPS, signalled
via TRIF but only weakly through the MyD88 adaptor
protein.*® One possibility, therefore, is that SEA signals
primarily via TRIF, in contrast to LPS, which also signals
strongly via MyD88. Indeed, selective activation of
MyD88-independent signalling may be associated with
Th2 development: LPS primes Th2 responses in MyD88-
deficient mice,”>*> and SEA has been shown to induce
Th2 polarization in DCs via MyD88-independent path-
ways.”®

What are the components of SEA that are detected by
TLR2 and TLR4? The carbohydrate LNFPIII is present in
SEA and has been reported to signal via TLR4 to activate
ERK-1/2*7 and NF-kB'® in DCs. In our hands, even at
very high concentrations, LNFPIII conjugated to bovine
serum albumin (BSA) had only very modest effects, as
compared with SEA, on Jagged-1 expression in BMMs
(data not shown). Thus, we are uncertain as to whether
this carbohydrate moiety contributes to the effects of SEA
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expressing TLR3, which represents four independent experiments) are displayed as fold induction (relative to unstimulated cells) + standard error

of the mean.

Table 1. Interleukin (IL)-8 production in response to soluble egg
antigen (SEA) and other Toll-like receptor (TLR) ligands in HEK293
cells'

Treatment (IL-8) fold induction

Medium control 1-0 £ 0-0
H,O control 09 +0-1
LPS (10 ng/ml) 0-7 + 0-1
SEA 1.5+ 02
Zymosan 0:6 £ 0-1
PolyIC 5.0 + 0-1
CpG DNA 2006 0-6 +£0-1

"HEK293 cells were plated overnight in complete Dulbecco’s modi-
fied Eagle’s minimal essential medium (DMEM) and then treated for
24 hr with SEA and various TLR ligands with matched negative con-
trols. IL-8 levels in culture supernatants were determined by enzyme-
linked immunosorbent assay (ELISA). Results from five independent
experiments are displayed as fold induction (relative to unstimulated
cells) + standard error of the mean.

we have observed in macrophages. Similarly, phosphati-
dylserine derived from eggs and adult schistosomes has
been shown to signal via TLR2 on DCs,** although this
study also reported that SEA itself did not. In our experi-
ments, SEA was a very potent activator of signalling
downstream of TLR2 (Fig. 5¢). Yet another study showed
that dsRNA derived from SEA activates DCs in a TLR3-
dependent manner, and that live eggs also act partly via

30 -
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Figure 6. Induction of Jagged-1 mRNA by soluble egg antigen (SEA)
is not dependent upon Toll-like receptor 4 (TLR4). TLR4™™ (K/O)
and wild-type bone marrow macrophages (BMMs) were treated for
2 hr with 10 ng/ml lipopolysaccharide (LPS), 10 pg/ml SEA or med-
ium control. Jagged-1 mRNA levels were determined by real-time
polymerase chain reaction (PCR) and data from six independent
experiments are displayed as fold induction (relative to unstimulated
cells) + standard error of the mean. *, P < 0-00001 compared with
wild-type cells.

this pathway,? although it may not be required to con-

trol infection.® We also found that SEA could activate
signalling via TLR3 (Fig. 5b and data not shown), but this
effect was variable, presumably because the dsRNA in
SEA preparations was susceptible to degradation. Another
study showed that immature DCs internalized SEA via
C-type lectins,’® raising the possibility that these receptors
also regulate SEA-triggered signalling. Given the complex-
ity of SEA, it is perhaps unsurprising that so many
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lated kinase-1/2 (ERK-1/2) (Thr202/Tyr204),
phospho p38 (Thr180/Tyr182) and total ERK-
1/2 were visualized by immunoblotting. The

and activator of transcription 1

(b)

results displayed are representative of three
independent experiments. (b) HEK293-TLR2
cells were stimulated with 10 ng/ml LPS,
10 pug/ml SEA, 20 pg/ml zymosan or medium
control for 30 min and ERK-1/2 levels visual-
ized by immunoblotting. (¢, d) BMMs were
pre-incubated for 15 min with and without
30 pm PD-98059, followed by stimulation for
2 hr with 10 ng/ml LPS, 10 pug/ml SEA, or
medium control. Jagged-1 (c) and interleukin
(IL)-12p40 (d) mRNA levels were determined
by real-time polymerase chain reaction (PCR),
and data from seven independent experiments
are displayed as fold induction (relative to
unstimulated cells) + standard error of the
mean. *, P <0-05 compared with non-
PD-98059-treated samples.

pathways have been implicated in its detection, and that
knockout of a single TLR gene (TLR4) failed to ablate
inducible Jagged-1 expression (Fig. 6).

SEA activated ERK-1/2 in a TLR-dependent manner
(Fig. 7b), and pharmacological inhibition of the ERK-1/2
pathway prevented induction of Jagged-1 in response to
SEA or LPS (Fig. 7c). Despite the well-recognized effects
of TLR agonists in activating the ERK-1/2 pathway,’"
there is actually very little known about functional conse-
quences of TLR-induced ERK-1/2 activation. One func-
tion may be in constraining the development of a Thl
response. For example, inactivation of the Tpl2/Cot gene,
which encodes a serine/threonine kinase required for
maximal ERK-1/2 activation in response to TLR ligands,
resulted in a Thl-skewed phenotype upon challenge with
Leishmania major.”> TLR-induced IL-10 production is
dependent on ERK-1/2,>* which may contribute to this
phenotype. Our data identifies Jagged-1 as an ERK-
dependent immediate TLR response gene, which may also
constrain Th1 responses.

An understanding of the transcription factors involved
in Jagged-1 induction would further our knowledge of
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SEA-mediated signalling. To date, the Jagged-1 gene has
not been analysed thoroughly at the promoter level. Tcf/
Lef (T cell-specific factor/lymphoid enhancer binding fac-
tor)-binding sites were found within the promoter region
of human, mouse and rat Jagged-1,>® indicating that
Jagged-1 may be a target of the Wnt signalling pathway.
Although Wnt5A is a target of TLR signalling in macro-
phages,” it seems unlikely that this or other TLR-induc-
ible Wnt family members are responsible for Jagged-1
induction by SEA and LPS because of the rapid nature of
the response (Fig. 1a). We have not attempted to perform
Jagged-1 promoter studies in macrophages because
Jagged-1 mRNA was constitutively expressed and not
regulated by SEA in the RAW264 macrophage-like cell
line (data not shown), which is commonly used for pro-
moter analyses. Our own informatics analysis confirmed
the existence of potential Tcf/Lef-binding sites, as well as
those for the interferon regulatory factor family, upstream
and downstream of the Jagged-1 transcription start site
(data not shown). Whether any of these factors are
responsible  for SEA-inducible Jagged-1 expression
remains to be clarified. In summary, we have demon-
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strated that SEA robustly induced expression of the Notch
ligand Jagged-1 in mouse and human macrophages by an
ERK-dependent mechanism. The future identification of

specific functions of inducible Jagged-1 in macrophages
will provide insights into the immune-modulating effects
of SEA and the host response to helminth infection.
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