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CHAPTER 8

WHAT WAS ALREADY KNOWN

Helminths, being well-known inducers of type 2 immune responses, also promote immune regulatory
networks. The resulting immune modulation conveys 'spill-over’ suppression to hyper-inflammatory
conditions such as allergy*.

Schistosomes, which establish chronic infection in both humans and mice, have been widely used
to dissect the mechanisms underlying the development and activation of regulatory B (Breg) cells,
a prominent member of the immune regulatory network. It is widely recognized that Breg cells are
induced by schistosomes in both humans and mice 3. Breg cells comprise a heterogeneous group of
cells of different cellular origin as well as phenotypical and functional characteristics. Multiple stimuli
are known to contribute to Breg cell activation, of which most-well described are signalling via the B
cell receptor (BCR), CD40 and Toll-like receptors (TLRs). Schistosome antigens have been described to
induce Breg cells*¢, but the molecular identity of the stimulus and the signalling pathways engaged
remain to be characterized.

Hyper-inflammatory conditions such as allergy are less common in helminth-endemic areas. This
relationship has both been studied in humans and in animal models. Human studies have yielded
heterogeneous results over the years’, suggesting that many factors including helminth species, time,
location, intensity and chronicity of infection as well as host genetics influence helminth-mediated
immunomodulation. Advances in understanding helminth-mediated protection from allergy have been
made in animal models, where antigen mixtures and single molecules have been shown to protect from
experimental allergic airway inflammation (AAI) in the absence of infection. A range of mechanisms
mediating protection have been described, including the induction of various components of
the immune regulatory network and suppression of pro-inflammatory responses?®. The description of
single, schistosome-derived molecules that mediate protection against AAI are however limited.

HOW DID OUR STUDIES ADVANCE THE FIELD
Molecular signals for schistosome-induced Breg cell development

Although Breg cells have been most well-characterized in the murine spleen, B cells with regulatory
properties can also be found at other sites. We show that B cells with regulatory properties, protecting
mice from AAJ can be found in the lung of chronically S. mansoni-infected mice (chapter 2). While we
and others have previously shown that S. mansoni-induced splenic Breg cells exert their suppressive
function through interleukin (IL)-10 production and induction of regulatory T (Treg) cells%4, we found
these schistosome-induced pulmonary B cells to be phenotypically different from splenic Breg cells
and to suppress in an IL-10- and Treg cell-independent manner, rather displaying a reduced T helper
2 (Th2)-driving function. This study suggests that B cells with inhibitory properties exist at the site of
inflammation, which are phenotypically and functionally different from ‘classical’ Breg cell subsets
described in the spleen. Our study contributes to the body of evidence that Breg cells reside not
only in lymphoid organs, but can also be found at other sites including human adipose tissue ® and
nasal polyps .

While it is well-established that helminths induce Breg cells, no single helminth-derived molecule
had been described that mediates this effect. We show that the egg glycoprotein IPSE/alpha-1
induces splenic Breg cells in vitro, as assessed by IL-10 production and Treg cell induction, following
direct interaction (chapter 3). Importantly, SEA depleted of IPSE/alpha-1 is also capable of Breg cell
induction, highlighting that there are other, yet unidentified factors in SEA that induce Breg cells. We
found IPSE/alpha-1 to also induce IL-10 production in human CD1d* B cells, thus identifying IPSE/
alpha-1 as the first helminth molecule with direct Breg cell-inducing capacity in both mice and humans.
That the Breg cell-inducing effect can be replicated by a recombinant, plant-expressed version of
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the molecule, as previously described for the S. mansoni egg glycoprotein omega-1 (w-1) 1, is an
important point of departure for further investigations into the therapeutic potential of this molecule.

We could identify IPSE/alpha-1, previously mainly recognized for its capacity to activate
basophils 12 13, as one Breg cell-inducing factor within SEA in vitro, but in vivo multiple signals likely
synergize to induce Breg cells. To study the molecular signals required for Breg cell induction in
schistosomiasis more globally, we analysed the transcriptome of splenic MZ and FO B cells from
chronically S. mansoni infected mice (chapter 4). We found marginal zone (MZ) and follicular (FO) B
cells to display clearly distinct transcriptional profiles, both at steady-state and after infection. Both cell
types moreover clearly responded to infection. We analysed genes, pathways and upstream regulators
that are more unique to one B cell subset or the other, and identified interesting leads for further
investigation. Amongst those, the cytokines IL-1B and IL-6, as well as members of the type I interferon
(IFN-I) family, seem to preferentially activate MZ B cells, which is interesting as initial observations in
the literature suggest their involvement in Breg cell induction* 1>, Furthermore, our data suggest TLR7
and TLR9 as upstream regulators that are more active in MZ than FO B cells, which also aligns with
the literature **%7 and overall suggests the involvement of several innate signals in MZ B cell activation.

As IFN-I have been suggested as one upstream regulator of the transcriptional changes that MZ
B cells undergo in S. mansoni infection, we further investigated whether IFN-I also provide signals for
Breg cell induction in the context of S. mansoni (chapter 5). Schistosomes!®1° and other helminths 2% 2!
induce IFN-I, and a recent report shows that IFN-I provide signals for the induction of human Breg
cells . We found Breg cell IL-10 production in response to S. mansoni antigens to be enhanced by
IFN-I in vitro, but not in vivo. Stimulation with S. mansoni-derived antigens might provide a pre-
activation signal in vitro, but the identification of optimal conditions for Breg cell expansion in vivo
warrants further investigation.

In conclusion, our studies contribute to the understanding of how Breg cells develop and are
activated in response to S. mansoni. S. mansoni actively secretes molecules to target host immunity,
including molecules that directly bind and induce Breg cells such as IPSE/alpha-1. In vivo, multiple
signals synergize leading to optimal Breg cell induction and activation, which seem to be a combination
of both helminth-derived and host-derived factors. The further identification of such factors, their
synergistic effects and the role of tissue-specific niches warrants further investigation.

Identification of single, schistosome-derived molecules for the inhibition of AAI

As discussed in the 2014 review (chapter 6), various helminths and helminth-derived molecules have
been described to modulate allergic disease, and a range of different mechanisms of suppression have
been suggested. However, the role of schistosome eggs in AAI protection was not well defined and
hardly any protective, single molecules had been described. We subsequently showed that isolated
S. mansoni eggs, in the absence of infection, protect from AAI when administered during the allergic
sensitization phase (chapter 7). In contrast to several other studies that previously reported helminth-
and, more specifically, Schistosoma spp.-mediated protection to be dependent on Treg and/or
Breg cells, we still observed protection in the absence of Treg and B cells, respectively. Interestingly,
protection from the allergic type 2 response occurred despite a strong antigen-specific type 2 response
to the eggs. We could reproduce the protective effect of eggs on AAI by treatment with a plant-derived,
recombinant version of the single, egg-derived glycoprotein w-1, for which no such role had been
described before. As for S. mansoni eggs, protection by w-1 also seemed independent of regulatory
lymphocytes and occured despite a strong antigen-specific Th2 response. Protein mutants lacking T2
RNase activity and protein variants with modified glycosylation pattern will help to further assess e.g.
the importance of the ribonuclease activity of w-1 and consequently the (partial) breakdown of MRNA %
in mediating protection. Moreover, tracking experiments as well as mouse lines with mutation in w-1-
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binding receptors mannose receptor (MR) and SIGN-R1 will help to understand which tissues and cells
take up w-1, potentially allowing further insight into the mechanism of protection.

Collectively, our work on the protection from AAI by schistosome-derived eggs or single molecules
has contributed to revealing the diversity in mechanisms involved in mediating bystander suppression
in hyper-inflammatory settings such as allergic asthma. This adds to the expanding realization that
helminths have developed various mechanisms of modulating host immunity which go beyond
the development of regulatory lymphocytes.

DIRECTION FOR FUTURE RESEARCH

Molecular signals for schistosome-induced Breg cell development

It is currently unclear whether Breg cells develop from a committed precursor, or whether any B cell
can acquire suppressive capacity in response to environmental stimuli. It becomes more and more
clear that B cells at different stages of maturation and differentiation (from transitional B cells 24 to
plasma cells 2>-%), and B cells at different sites (from secondary lymphoid organs 2 ?°) to the peritoneal
cavity *® and the lung3! in mice, and in human adipose tissue® and nasal polyps ) possess suppressive
capacities, which argues against a committed precursor. Most recently, natural regulatory plasma cells
have been identified that develop at steady-state and respond by IL-10 production within hours of
stimulation .

Breg cells comprise a heterogeneous group of cells that lack a specific marker. The markers
currently used to identify Breg cells are likely not specific enough to selectively target them in cellular
immunotherapy. Novel technologies such as mass cytometry will allow a better characterization of
Breg cell heterogeneity in both animal models and humans, similarly to studies already performed for
Treg cells 32,

Breg cell activation in vivo is more complex than the in vitro Breg cell-activating stimuli which have
been extensively studied. A variety of receptors including BCR, CD40 and TLRs have been described to
be involved in Breg cell activation in different models both in vitro and in vivo. While an inflammatory
environment seems a shared feature between all models and central to Breg cell induction, it has been
suggested that different Breg cell subsets require different additional stimuli for their development
and activation. Innate-like Breg cells may require the ligation of TLRs, while other Bregs especially
in autoimmunity seem to require BCR and CD40 ligation 3. Work from us and others suggests that
Breg cells induced during infection - and in particular during schistosome infections - might be of
the innate-like type that develop in response to inflammatory cytokines and TLR ligation.

With respect to stimuli that might contribute to Breg cell activation in vivo, the gut microbiome
is of particular interest. A recent study shows changes in the gut microbiome following
S. mansoni infection 34, Some studies moreover suggest that gut microbiota can support Breg cell
induction #3536, whereas others describe the development of regulatory plasma cells to be microbiota-
independent ?’. Although changes in the composition of the lung microbiome have both been shown
to promote airway disease*” and to induce Treg cells that can suppress AAI®%, the influence of the lung
microbiota on local B cells has so far not been addressed. It will be of special interest to further define
whether and how changes in microbiome composition, and the subsequent interaction with the host
immune system, contribute to Breg cell induction.

The importance of Breg cell antigen-specificity for maximal and focussed suppressive function,
or for minimizing side effects due to non-specific immune suppression, needs to be addressed in
more detail. It is clear from animal models that BCR signalling is one of the critical stimuli for Breg cell
development at least in models of autoimmunity, as mice with a BCR fixed for a non-relevant antigen
or with impaired BCR signalling harbour less Breg cells and cope less well with EAE 3% 40, However,
stimulation with mitogenic anti-IgM antibody alone does not induce Breg cells*, suggesting that low
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affinity BCR ligation induces regulatory properties rather than the strong signal provided by anti-IgM.
Whereas the importance of B cell specificity in autoimmune models has been acknowledged, the nature
of the antigen(s) remains to be defined. Interestingly, the frequency of IL-10- and IgG4-producing Breg
cells specific for the bee venom allergen phospholipase A2 (PLA) was increased in patients allergic
to bee venom after successful allergen immunotherapy, and reached levels comparable to tolerant
beekeepers, whereas B cells not specific for PLA produced only little IL-10 and IgG4 and did not
respond to allergen immunotherapy . In this study, B cells specific for a defined antigen are the ones
to acquire regulatory properties. In helminth infection, the importance of antigen-specificity for Breg
cell development is less defined.

Helminths release a multitude of antigens, which can potentially activate B cells through the BCR
and innate receptors like TLRs simultaneously. While signalling through TLRs has been repeatedly
reported to induce Breg cells in helminth infection, the relative contribution of BCR signalling should
be further defined by using e.g. mouse models with fixed BCRs as done in the field of autoimmunity.
In addition, studies on Breg cell antigen-specificity are possibly hampered by technical challenges,
such as low abundance of these cells and the co-staining of other, non-specific B cells with labelled
antigens. This could potentially be overcome in the future through advancements in the field of single
cell analysis.

It is furthermore not well understood whether Breg cells acquire suppressive capacity in a tissue-
dependent manner, and what their migration pattern is. Many studies assess splenic Breg cells after
intraperitoneal injection of a stimulus, which does not resemble the physiological situation well.
Studying Breg cells at the site of inflammation and/or tracking B cell residency and migration would
help to understand the role of the tissue micro-environment in Breg cell development and activation.
Interestingly, it has been shown that tumour-infiltrating B cells acquire suppressive capacity upon
exposure to metabolites of the 5-lipoxygenase pathway and growth factors in the tumour micro-
environment*#, suggesting an important role of local signals for Breg cells. Lipoxygenase derivatives
were found in the lipidome of several S. mansoni life-cycle stages **, and it would be interesting to
further investigate those in the context of Breg cell induction during schistosome infections.

In view of potential therapeutic applications of Breg cells in conditions such as allergy and
autoimmunity, it is important to identify conditions for optimal Breg cell activation and to study if
suppression by Breg cells is a lasting phenotype, or whether these cells require frequent (re)stimulation
to exert their function. To this end, the study of Breg cells should always include the characterization
of their suppressive capacity e.g. by adoptive transfer into animal models of allergy or autoimmunity.
This might pose challenges as active suppression via IL-10 is likely a transient feature, with recent cell
activation necessary for active cytokine secretion“. In addition, proof of suppressive capacity might be
more challenging to confirm in humans as it largely relies on in vitro assays *” ¢ that only yield limited
information about in vivo suppressive capacity.

B cells are important therapeutic targets in many diseases with an immune component, including
autoimmunity and cancer. Most prominently, B-cell depletion by anti-CD20 monoclonal antibody
(rituximab) has been approved for the treatment of certain forms of leukaemia and rheumatoid
arthritis (RA), and is under investigation for e.g. treatment of multiple sclerosis (MS) *. Treatment
with anti-CD20 affects the balance of CD20-expressing and non-expressing B cells. It preferentially
leaves immature, transitional B cells - a population that contains progenitor Breg cells %> > - intact,
thus targeting the Breg cell compartment indirectly. Another monoclonal antibody that, in addition
to inhibiting pro-inflammatory B cells, might affect the Breg cell compartment is an IL-6R antagonist
(tocilizumab), which has been shown to increase the TGF-f expression of CD25* Breg cells when used
in RA patients 2. Finally, IFNB therapy commonly applied in patients with certain types of MS increases
IL-10 production not only by monocytes and T cells °* %, but also by B cells and plasmablasts .
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None of these treatments have been developed to directly target Breg cells and the results are merely
off-target effects. Proof-of-concept studies in mice have shown that suppressive Breg cells can be
expanded, either in vivo by agonistic anti-CD40 antibody %, or ex vivo by stimulation with CD40L, IL-4
and IL-21 7. More research is however necessary to understand the conditions that lead to optimal
Breg cell activation and targeted suppressive function especially in vivo before novel therapies based
on Breg cells can be developed.

With respect to applying treatment that targets the Breg cell compartment in allergy or asthma,
any such treatment would have to be advantageous, meaning be of higher efficacy or lower side
effects, compared to the currently applied options including anti-IgE therapy and allergen-specific
immunotherapy. Anti-IgE treatment targets IgE produced by pro-allergic B cells as one of the central
players in allergy and asthma, but is only short-lived *8. Allergen-specific immunotherapy (AIT) aims to
restore tolerance to the allergen by shifting the Th2 and IgE-dominated response to a more balanced
one including IgG4 isotype switch and regulatory cells like Treg and Breg cells, achieving more long-
lasting effects > . Drawbacks of AIT are that it takes 3-5 year before AIT treatment reaches its full
beneficial effect, and that this curative effect gradually declines over time . Furthermore, the question
remains how much of the symptom suppression is dependent on the induction of a long-lasting pool
of (memory) Breg cells. Nevertheless, an interesting strategy could be to develop a new generation
of allergen immunotherapeutics including an (helminth-derived) adjuvant component that specifically
boosts the Breg cell compartment to perhaps shorten treatment time and increase the timespan of
the curative effect.

Identification of single, schistosome-derived molecules for the inhibition of AAI

Although some of the clinical trials using Trichuris suis eggs (TSO) to treat patients with allergic
and autoimmune conditions initially showed promising results, the progress in the field has slowed
down in recent years. Larger trials have failed to confirm the early results, and efforts to use live
infections as treatment strategies have diminished. Single, well-defined helminth-derived molecules
circumvent the risks that full infections bear and are therefore advantageous. The identification of such
immunomodulatory candidate molecules benefits from systemic approaches using computational
tools and screening in high-throughput assays, such as already applied for the excretory-secretory
products of H. polygyrus and S. mansoni adult worms 24, The search for candidate molecules can by
guided by the immunological activity of parasite-derived antigen mixtures such as excretory-secretory
products, followed by molecule identification using e.g. fractionation, screening assays or proteomics
approaches. Additionally, molecules of interest can also be identified in the absence of data from
antigen mixtures, by e.g. identifying cytokine and chemokine homologues or family member of proteins
already known to be of interest, such as proteases and protease inhibitors, members of the venom-
allergen-like (VAL) family and lectins ®>-%¢. Notably, potential immunomodulatory molecules do not only
include (glyco)proteins, but also lipids 7, short chain fatty acids’*, and exosomes containing proteins,
lipids and nucleic acids7#74.

A growing body of literature shows that helminths including S. mansonimodulate allergic asthma via
various mechanisms that are not limited to the induction of regulatory lymphocytes ’°. Bioinformatics-
guided approaches such as dual transcriptomics and genomics databases such as WormBase ParaSite
will not only aid the identification of immunomodulatory candidate molecules, but can also support
the prediction of functional characteristics, interactions with host immunity and ultimately the putative
mechanisms of action based on the presence of known homologues, predicted folding structures and
functional domains7¢¥.
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Helminth parasites do not only directly interact with host immune cells to modulate immune
responses, but also do so indirectly by their effect on the intestinal microbiome. Rodent intestinal
nematodes have been shown to change the microbiome composition and thereby reduce AAI severity,
or confer protection to respiratory syncytial virus (RSV) infection 2 & 8 Whether helminths, and in
particular Schistosoma spp. residing in the vasculature, alter the intestinal microbiome in humans,
e.g. by the release of eggs in the intestinal lumen, is currently less well understood as studies come to
conflicting conclusions 34 8-8_ Future studies should therefore address the role of the microbiome in
Breg cell induction in more detail.

Studies investigating the role of single, helminth-derived molecules are often limited by
the amount and purity of the natural, isolated protein, and heterologous expression systems often lead
to unintended alterations in the glycan composition. The development of a plant-derived expression
system for schistosome molecules allows to produce large amounts of recombinant, helminth-
glycosylated proteins'?, and the generation of protein mutants and variants with altered glycosylation
will help to understand the role of protein activity and glycosylation pattern in protection.

There are multiple factors that might explain the mixed results obtained in clinical trials so far,
and that thus are crucial points of consideration for the development of helminth-based therapies
in the future, such as the timing, intensity/dose and localization of helminth infection or exposure to
helminth-derived products. The body of evidence from studies in both animal models and humans
suggest that, while exposure to helminths is able to prevent disease onset, treatment of established
allergic disease is much harder to achieve. The importance of early-life exposure to microbial agents is
supported by studies showing that growing up in a traditional farming environment with exposure to
certain bacteria and fungi®”-8 as well as unprocessed farm milk protects against allergies and asthma.
These studies suggest that stimuli shaping the immature immune system are critical for the protection
against allergy and asthma later in life, and that in consequence also helminth-based therapies might
have the most impact at a stage where the immune system can still be shaped. Supporting evidence also
comes from studies on the impact of maternal helminth exposure on the offspring’s susceptibility to
allergy and asthma®> 1. As a prophylactic application of helminth-based therapies to the general public
is likely not feasible and bears risks of side effects, such approach would require the identification of
people at risk of developing allergy or asthma later in life, e.g. because of their genetic pre-disposition
or aberrant immune reactions to allergens.

Most clinical trials so far have assessed helminth infections or their products that are restricted
to the intestine, such as T. suis OVA. While intestinal exposure might be sufficient to alleviate local
inflammation such as observed in inflammatory bowel disease, it might prove insufficient to induce
systemic immunomodulation and suppress inflammation at distal sites such as the lung. With
respect to treatment based on helminth-derived molecules, the choice of administration route could
potentially overcome questions of local versus systemic exposure. Regarding the dose of treatment,
animal studies naturally use higher infection or molecule doses than found in humans, where strict
ethical regulations require dose escalation studies to determine that maximum tolerated dose and to
minimize side effects ®2. The intraperitoneal administration of large doses of compound as employed in
the majority of animal studies, in which the principles guiding human clinical trials are rarely applied,
therefore provide only very limited guidance for translation into the human situation. Furthermore,
once immunomodulatory candidate molecules are identified, it has to be assessed whether they can
directly be applied in humans or whether alternative strategies are needed. For example, reproduction
by small molecules or modified molecules that contain only the active motifs needed for interaction
with host cells °* % might be warranted to minimize side effects due to high immunogenicity of
foreign, parasite-derived proteins in the human host. It however remains to be established whether
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immunogenicity is a concern, as there are examples of pathogen-derived molecules where this is
not the case. The hookworm molecule AIP-2 is an example of a helminth product that is minimally
immunogenic in mice ®, and the bacteria-derived product streptokinase has been successfully used in
humans despite its immunogenicity *.

Additional efforts to fully understand the multiple variables at interplay that determine the effect of
helminth infections and helminth-derived products on hyper-inflammatory conditions such as allergy
may provide valuable leads for the development of novel pharmaceutical agents for the treatment of
allergic disorders.

CONCLUDING REMARKS

The human immune system successfully distinguishes between benign and harmful agents, and
mounts the appropriate response, in the majority of cases. It is however not without error, as apparent
from e.g. allergic and autoimmune disorders. The rapid pace at which our living environments change,
faster than any evolutionary adaptation can take place, poses challenges for the immune system.
A deeper understanding of fundamental immunological processes, including immunomodulation such
as induced by parasitic agents, might open up opportunities to develop novel treatment options based
on targeted intervention in immune processes.
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