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General Discussion

What was already known about Th2 polarization,
helminths, and metabolic disorders?
Helminths are the strongest natural inducers of type 2 immune responses, and many
advances in dissecting the mechanisms underlying Th2 polarization have been made using
either models of helminth infection or helminth-derived products. It is now recognized that
helminth molecules can interact with a variety of receptors on dendritic cells (DCs), including
TLRs and CLRs, which either bind or internalize antigens to condition DCs for Th2 skewing via
different mechanisms. For example, various reports have indicated that signaling through
members of the NF-κB and ERK pathways seem to play a role in Th2 polarization. In addition,
filarial-derived cystatins were suggested to regulate immune cell polarization via signalingindependent mechanisms, by interfering with antigen processing. In terms of DC-derived
polarizing signals, up- or downregulation of various soluble factors and/or surface molecules
was shown to contribute to Th2 skewing. Furthermore, various reports have described a role for
T cell-DC interactions and the T cell receptor (TCR) in T cell skewing. Specifically, Th1-inducing
antigens were shown to promote stronger T cell-DC interactions than Th2-inducing antigens
(reviewed in (1)).
Over the past five years, the mechanisms underlying Th2 polarization have received
accelerating interest, since it is now recognized that multiple facets of the Th2-associated
immune response are involved in metabolic regulation (2). For example, IL-4 can regulate the
balance between fatty acid and glucose oxidation in hepatocytes (3), and a negative association
between metabolic syndrome and helminth infection has been reported (reviewed in (4)).
Furthermore, using mouse models of Nippostrongylus brasiliensis infection, a rodent nematode
spontaneously cleared within two weeks, it has been demonstrated that infected mice on a
high-fat diet (HFD) are protected from glucose intolerance, associated with increased white
adipose tissue (WAT) eosinophilia and the expression of M2-related genes (5;6). In a follow-up
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Summary of what was already known
• Helminth-derived molecules can bind a variety of receptors on DCs, including TLRs
and CLRs
• Helminth-derived molecules can modulate DCs for Th2 polarization via signalingdependent and -independent mechanisms
• Th2 skewing by DCs seems to require upregulation of Th2-polarizing signals and / or
downmodulation of Th1-polarizing signals
• Th1-inducing antigens promote stronger T cell-DC interactions than Th2-inducing
antigens
• N. brasiliensis infection protects mice against HFD-induced insulin resistance and
glucose intolerance, increases adipose tissue ILC2s and eosinophils, and promotes
the expression of M2-related genes in WAT
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study, N. brasiliensis was shown to promote accumulation of adipose tissue eosinophils via
the induction of group 2 innate lymphoid cells in mice on a chow diet (7). These landmark
studies are a major contribution to the field, and highlight the interplay between helminths
and metabolic disorders as an exciting area that needs further dissection.

How did our studies advance the field?
Mechanisms of Th2 polarization: lessons from studying omega-1
Using Schistosoma mansoni soluble egg antigens (SEA), it had been described that schistosome
antigens can modulate DCs for Th2 polarization by signaling through p42/p44 MAPK (ERK1/2),
which lowers IL-12 production and suppresses Th1 polarization (8). Likewise, it was recently
suggested that nuclear accumulation of the atypical NF-ĸB family member Bcl3 is required
for SEA-induced Th2 polarization by downregulating IL-12 mRNA (9). By studying omega-1 in
chapter 2, we describe a signaling-independent mechanism through which schistosomes can
suppress Th1-polarizing signals. Omega-1, a glycosylated T2 ribonuclease (RNase) secreted by
S. mansoni eggs, was previously identified as the major immunomodulatory component in SEA
(10;11). Using recombinant mutants of omega-1 and a co-culture model of human monocytederived DCs and allogeneic naïve T cells, we demonstrate that omega-1 requires both its
glycosylation and its RNase activity to condition DCs for Th2 polarization. Mechanistically,
omega-1 is bound by its glycans and subsequently internalized via the mannose receptor
(MR), after which the molecule impairs protein synthesis by degrading both ribosomal and
messenger RNA. Interestingly, various Th2-inducing allergens are also RNases (12;13), as well as
the endogenous eosinophil-derived neurotoxin that can amplify DC-mediated Th2 polarization
(14). Together, these reports suggest that any RNase that ends up in the cytosol of DCs may
harbor Th2-priming capacities, through cleavage of ribosomal and/or messenger RNA (1). By
doing so, RNases may inhibit the production of IL-12 and other Th1-inducing molecules like
Delta-4 (15).
It has been proposed that the mere absence of IL-12 and other Th1-inducing molecules
promotes a Th2 response (16), but the results presented in chapter 3 argue against this
hypothesis. In this chapter, we studied the role of the mTOR pathway in T helper polarization
by moDCs, building on various reports that suggest involvement of mTOR in T helper cell
differentiation (17;18). We show that omega-1 and SEA skew Th2 independent of the mTOR
pathway, and additionally demonstrate that blocking the mTOR pathway in LPS-matured
moDCs using rapamycin induces a profound Th2 response. These data, together with our
finding that co-stimulation of moDCs with rapamycin and helminth antigens results in an
additive effect on Th2 cytokine production, led us to conclude that there are mTOR-dependent
and -independent mechanisms for Th2 skewing. Interestingly, we also show that rapamycin,
unlike SEA and omega-1, skews a very potent Th2 response without affecting LPS-induced
IL-12. These data complement early findings showing that mice lacking IL-12 do not develop a
Th2 response to microbial pathogens (19), and suggest that there are active signals involved
in Th2 differentiation.
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In chapter 4, we therefore searched for Th2-associated polarizing signals in the DC proteome,
since maturation of DCs is largely controlled at the posttranscriptional and posttranslational
level (20;21). We employed LC-FTICRMS, a high-throughput gel-free technique for accurate
mass measurement and relative quantitation (22), to analyze proteomes of monocyte-derived
DCs from nine different donors. We found that SEA and omega-1 strongly increase relative
expression of 60S acidic ribosomal protein P2 (RPLP2), which we speculate represent a feedback
mechanism secondary to SEA- and omega-1-induced ribosome degradation. In addition, SEA
and omega-1 decreased expression of HLA-B, involved in MHC class I-dependent antigen
presentation, and CD44, a surface molecule that was previously shown to promote CD4 T cell
proliferation by mediation calcium signaling (23). Decreases in HLA-B and CD44 may suggest
that Th2-inducing conditions interfere with efficient antigen presentation to T cells. Indeed,
both SEA and omega-1 decreased expression of proteins in a protein network enriched for
antigen processing and presentation, which supports the hypothesis that weak interaction
between T cells and DCs at the level of the immunological synapse may contribute to Th2
polarization by helminth antigens. We also performed GeneMANIA analysis (24), which predicts
associations of input genes and related genes, with less stringent thresholds. Analysis of
6h-stimulated samples suggests that SEA and omega-1 may affect cellular glucose metabolism.
However, these results are speculative and need experimental confirmation.
Of note, at the start of the LC-FTICRMS project, we hoped to identify novel Th2-associated
protein networks. However, we confidently identified only few Th2-associated differentially
expressed proteins, which mostly confirmed previously established hypotheses. Because of
time and money investments required for an LC-FTICRMS study, we therefore propose that
this method is most suitable for screening of samples in which strong effects on proteomes
are expected.
In conclusion, our work on DCs and T cell polarization has shed light on the requirements
for Th2 skewing by omega-1, which needs both its glycosylation and its RNase activity. We
further show that omega-1 does not engage the mTOR pathway to skew T cells, even though
blocking mTOR using rapamycin enables DCs to polarize a very potent Th2 response. Lastly,
our proteomics study revealed that omega-1 promotes an increase in relative expression of
RPLP2, a ribosomal protein, while downregulating proteins involved in antigen presentation.
Together, these results highlight that there may be multiple routes for Th2 skewing, involving
both signaling-dependent and -independent mechanisms. Follow-up studies will guide design
of drugs that reprogram the innate immune system to induce a type 2-associated immune
response, which would be desirable in the context of active type 1-mediated metabolic
disorders such as obesity and type 2 diabetes.
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Helminths and high-fat diet-induced metabolic disorders
Chapter 5 builds on landmark studies showing that conditions that induce type 2 inflammatory
responses improve metabolic disorders. We demonstrate that chronic infection with S. mansoni
protects against high fat diet-induced weight gain, insulin resistance and glucose intolerance
in mice. We further show that infection does not affect energy expenditure, but enhances
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peripheral glucose uptake and adipose tissue insulin signaling. These effects were associated
with the induction of white adipose tissue (WAT) eosinophilia and M2 polarization. Before our
study, the effect of helminths on metabolic homeostasis had only been reported in the context
of infection with N. brasiliensis, a natural nematode of rodents, and little was studied beyond
whole-body glucose tolerance and insulin sensitivity (5;6). Our study on chronic infection
with S. mansoni thus strengthens and complements these findings, and advances the field
by providing data on a wide array of metabolic parameters in the context of a helminth that
chronically infects millions of people worldwide (25).
In addition, chapter 5 describes that the beneficial effect of S. mansoni infection can be
recapitulated in a pathogen-free setting, through repetitive injections with SEA. Specifically,
SEA protected against HFD-induced insulin resistance and glucose intolerance without affecting
body weight. Although the beneficial effect of SEA injections on glucose and insulin tolerance
had been described previously (26), we are the first to have performed in-depth metabolic
characterization of SEA-injected mice. In addition, we studied immune cell polarization at the
cellular level, and describe that SEA induces a Th2 response, eosinophilia and M2 polarization
in WAT. In liver, SEA also promoted eosinophilia and a Th2 response, which may contribute to
glucose homeostasis by directly regulating hepatic insulin sensitivity and glucose production
via IL-4 and IL-13, respectively (3;27).
Among the different type-2-associated immune cells, the M2 macrophage probably plays
the most central role in the maintenance of glucose homeostasis (2;28). A hallmark of the
M2 phenotype is enhanced expression of the MR (29), which we showed in chapter 2 to be
required for internalization of omega-1 and subsequent Th2 polarization. Although the MR
is widely used as an M2 marker, its role in metabolic homeostasis was not yet studied. In
chapter 6, we explored the role the MR in the context of diet-induced obesity using wholebody MR-/- mice, and describe that MR deficiency protects against high-fat diet-induced
metabolic disorders. Specifically, in mice fed a HFD, lack of MR strongly reduced fat mass gain,
adipocyte hyperplasia, glucose intolerance and insulin resistance, and restored locomotor
activity and energy expenditure. Thus, despite considerable weight gain, the MR-/- mice were
more healthy than WT obese mice. In line with the metabolic phenotype, lack of MR protected
mice from HFD-induced classical activation of macrophages in adipose tissue and liver.
The protective effect of MR deficiency on HFD-induced metabolic disorders was surprising,
given the association between MR and the M2 phenotype (29), and the pivotal role MR plays
in the initiation of type 2 immune responses (30-33). Since we also observed low expression
of MR by M1 macrophages, we speculate that MR can deliver signals directly into MR-bearing
macrophages through interaction with co-receptors, which might result in a pro-inflammatory
phenotype under HFD conditions. It is also important to consider that MR-/- mice lack wholebody expression of the Mrc1 gene, and that MR expression is not restricted to leukocytes
(34). For example, MR is expressed by microglia and astrocytes in the brain (35). Interestingly,
hypothalamic inflammation has been described to contribute to HFD-induced weight gain
(36), and activation of the cholinergic anti-inflammatory reflex was recently demonstrated
to promote metabolic homeostasis (37). Whether the beneficial effect of MR deficiency on

138

General Discussion

metabolic homeostasis can be attributed to immune cell signaling, altered neuroinflammation,
defects in the anti-inflammatory reflex, or effects beyond the immune system or the brain,
remains to be determined.
In sum, our work on helminths and high-fat diet-induced metabolic disorders has provided
valuable insights into the effects of helminths and their molecules on metabolic homeostasis.
Of particular interest may be the finding that chronic helminth infection enhances peripheral
glucose uptake and insulin action in WAT, an effect that may be secondary to the induction of
a type 2-associated immune response. Furthermore, our findings on the beneficial effect of
SEA on metabolic homeostasis identify helminth molecules as attractive agents for therapeutic
manipulation of the immune system in the context of metabolic disorders. Lastly, our data on
the unexpected role of MR in the development of metabolic homeostasis provide a novel lead
for studying the etiology of diet-induced metabolic disorders.
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Summary of the new findings
In this thesis, we studied the S. mansoni egg-derived molecule omega-1, a T2 RNase with
strong Th2-polarizing capacities. We investigated how this molecule modulates dendritic
cells for Th2 skewing at the molecular level. Furthermore, we analyzed the effect of high-fat
diet-feeding in mice chronically infected with S. mansoni or chronically exposed to SEA.
Lastly, we performed in-depth metabolic and immune cell profiling of MR-deficient mice
fed a HFD. The main findings are:
• Omega-1 requires both its glycosylation and its RNase activity to condition DCs for
Th2 polarization (Chapter 2)
• Omega-1 is bound and internalized via its glycans by the MR, and impairs protein
synthesis by degrading both ribosomal and messenger RNA (Chapter 2)
• SEA and omega-1 skew Th2 without affecting the mTOR pathway (Chapter 3)
• Blocking the mTOR pathway using rapamycin primes DCs for Th2 skewing without
affecting IL-12 production (Chapter 3)
• SEA and omega-1 alter the DC proteome, with the most pronounced effect on 60S
acidic ribosomal protein P2 and proteins involved in antigen presentation (Chapter 4)
• Chronic S. mansoni infection and SEA treatment protect against metabolic disorders
in HFD-induced obesity, and strongly increase adipose tissue eosinophilia and M2
polarization (Chapter 5)
• Chronic S. mansoni infection reduces adipocyte size and increases peripheral glucose
uptake and WAT insulin sensitivity in HFD-fed mice (Chapter 5)
• Chronic administration of SEA promotes a Th2 response in WAT and liver of HFDinduced obese mice (Chapter 5)
• MR deficiency protects against HFD-induced insulin resistance and glucose intolerance
and decreases HFD-induced classical activation of liver and WAT macrophages
(Chapter 6)
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Directions for future research1
The studies presented in this thesis shed new light on the mechanisms of DC-mediated Th2
polarization by helminth antigens. They further demonstrate that chronic S. mansoni infection
and SEA administration protect against diet-induced metabolic disorders, and propose that
the MR plays an unexpected role in the development of diet-induced insulin resistance. As
this thesis progressed, so did the field, and our findings together with several exciting (new)
areas of research fuel directions for future studies.

DC metabolism and Th2 polarization
Recent studies indicate that modulation of metabolic pathways within immune cells can
regulate their function and, thereby, the outcome of the immune response (38). For example,
BMDCs switch their core metabolism from mitochondrial oxidative phosphorylation to
glycolysis upon TLR-ligation, and inhibition of this switch interferes with maturation, IL-12
expression, and the ability to induce CD4+ T cell proliferation (39;40). The question whether
helminths or their products affect glycolytic reprogramming in DCs, and how this relates to
Th2 polarization, constitutes an exciting new area of research.

The T cell receptor
It has been suggested that T cells are polarized towards Th2 if the interaction between DCs
and T cells is weak (41-43). Interestingly, others have demonstrated that omega-1 reduces the
capacity of BMDCs to form T cell–DC conjugates and diminishes the frequency of CD4 + T cells
progressing through the cell cycle (11). Novel techniques allow for the analysis of DC-T cell
interactions in vivo, through intravital dynamic 2-photon microscopy (43). Future studies
could therefore explore the strength of TCR signaling in the context of helminth-induced Th2
polarization in vitro and in vivo.

DCs and the microenvironment
Accumulating evidence points towards a crucial role for the microenvironment in which DCs
are primed for T cell polarization. For example, epithelial-derived cytokine alarmins like thymic
stromal lymphopoietin (TSLP) and IL-33 condition DCs to skew Th2 (44-46), IL-33 treatment
improves Th2 cytokine production and expulsion of Trichuris muris (47), and mice deficient for
the IL-33 receptor T1/ST2 fail to develop a Th2 response to S. mansoni eggs (48). Importantly,
T1/ST2 is not only present on DCs but also on lymphocyte subsets including ILC2s, which were
shown to potentiate Th2 responses by promoting DC migration and interacting with T cells
via MHC-II (49;50). In addition, it has been suggested that DCs require B cells for the initiation
of a Th2 response since B cells enable proper localization in the lymph node (51). Together,
these studies highlight the importance of studying polarizing alarmins and accessory cells
in the search for mechanisms of Th2 polarization.

Parts of this section are based on the review “Priming dendritic cells for Th2 polarization: lessons learned
from helminths and implications for metabolic disorders” (1).
1
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Helminths, immune cells, and protection against metabolic disorders
It has been demonstrated that maintenance of M2 macrophages in WAT depends on the
presence of IL-4-secreting eosinophils (5), which are sustained by IL-5 and IL-13-producing
ILC2s (7) in non-infected mice. In our study, we observe an increase in cytokine-producing
Th2 cells and eosinophils following chronic exposure to S. mansoni or SEA, but the relative
contribution of each cell type to the beneficial effect on WAT insulin sensitivity and whole-body
metabolic homeostasis remains unknown. Future studies are needed using mice deficient in
different immune cell types or their effector cytokines, in order to understand how helminths
promote metabolic homeostasis.
Furthermore, in relation to the role of the MR in the development of diet-induced
metabolic disorders (chapter 6), the use of conditional knockout mice or adoptive transfer
experiments should elucidate whether the protective effect of MR deficiency on high-fat
diet-induced insulin resistance can be attributed to MR expression by immune or nonimmune cells.

7

Helminth molecules and direct interaction with metabolic cells
A recent landmark study demonstrated that SEA can directly suppress lipogenesis in primary
hepatocytes (26), which led us to hypothesize that helminth molecules may protect against
metabolic disorders by acting as a double-edged sword (Figure 1). Helminth antigens may
regulate glucose homeostasis directly by modulating metabolic pathways, or indirectly
by polarizing a type 2 immune response. Future studies should therefore focus on the
identification of the cellular targets of helminth antigens, as well as the specific helminthderived molecules involved.

Eosinophil
Th2/
ILC2

Reduced
- Fat mass
- Adipocyte size
- Lipogenesis
M2

Th2/
ILC2

Metabolic cells

Improved
- Glucose tolerance
- Insulin resistance
- WAT insulin
sensitivity
- Glucose uptake

Figure 1. S. mansoni and protection against metabolic disorders: A double-edged sword? S. mansoni
egg-derived molecules may protect against metabolic disorders by skewing a type 2 immune response,
or through direct interaction with metabolic cells, like adipocytes or hepatoces.

141

Chapter 7

Remaining questions
• Do helminth antigens affect DC metabolism and does this contribute to the initiation
of a Th2 response?
• Does the strength of TCR signaling play a role in Th2 polarization by helminth antigens?
• What is the role of the microenvironment in DC-mediated for Th2 polarization?
• What is the contribution of different immune cells to the beneficial effect of helminth
antigens on diet-induced metabolic disorders, and how do these immune cells interact?
• Do helminth molecules act on non-immune cells to promote metabolic homeostasis?
• Which helminth-derived single molecules contribute to metabolic homeostasis?
• Can the protective effect of MR deficiency on diet-induced obesity be attributed to
immune or non-immune cells?

Concluding remarks
To date, the mechanisms that govern Th2 polarization are still not fully understood. Future
studies should focus on pinpointing the requirements that qualify DCs for Th2 skewing,
bearing in mind that DCs operate in a microenvironment that may influence priming. It is now
recognized that type 2 immune responses can also regulate energy metabolism, and studying
how helminths generate Th2 responses and contribute to metabolic homeostasis will therefore
not only shed light on the mechanisms that promote control of parasite infection, but may
provide valuable leads for the development of pharmaceutical agents for the treatment of
metabolic disorders.
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